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Synopsis 
 

 

The wall design equations available in major codes of practice (e.g. AS3600 and 

ACI318) are intended for the design of normal strength concrete load bearing walls 

supported at top and bottom only. These codes fail to recognise any contribution to 

load capacity from restraints on the side edges. They also fail to give guidance on 

the applicability of the equations to high strength concrete. Further, they do not 

consider slender walls. In many situations walls have side edges restrained and are 

composed of high strength concrete with high slenderness ratios. The recognition of 

these factors in the codes would result in thinner walls and consequently savings in 

construction costs. 

 

In this thesis, the focus is on the development of a design formula and new design 

methods for axially loaded reinforced concrete wall panels. The design of walls 

having side restraints and being composed of high strength concrete is given 

particular attention. An experimental program has been undertaken to obtain data 

for the derivation of applicable formulae and to verify the analytical methods 

developed herein. 

 

Note that, the test results and other data available in published literature have also 

been used to develop the design formula. The formula encompasses effective 

length, eccentricity and slenderness ratio factors and is proposed for normal and 

high strength concrete walls simply supported at top and bottom only (one-way) and 

simply supported on all four sides (two-way). 

  

The major portion of the experimental program focuses on a series of normal and 

high strength concrete walls simply supported at top and bottom only (one-way), 

and simply supported on all four sides (two-way) with eccentric axial loading. The 
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behaviour of the test panels is noted, particularly the difference between the normal 

and high strength concrete panels.  

 

A Layer Finite Element Method (LFEM) is used as an analytical tool for walls in 

two-way action. The LFEM gives comparable results to the test data and the 

proposed design formula. 

 

As part of the research, a program named WASTABT has also been developed to 

implement a more accurate analytical method involving the instability analysis of 

two-way action walls. WASTABT is proven to be a useful design tool in situations 

where the walls have 

 

(i) various reinforcement ratio in one or two layers;  

(ii) composed of normal or high strength concrete;  

(iii) various eccentricity. 
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Notation 
 
 
a = height of wall 

au = 
w

2

w

we t
t

H
2000

1














α  

Ac = total area of concrete section 

Ag = Ltw, gross area of wall panel section 

Ai = area of element 

An = net area of a cross-section 

Ar = area of reinforcement 

Asc = cross-sectional area of steel in a column section 

Asi = number of steel layers 

Asv = area of vertical steel in wall section 

Aw = gross sectional area of web 

b = width of a cross-section 

B = 
)1(6

)b/h()LL/1(

0

222

ρ−ε
+π  

c = 0.8352(L/t)-0.0052(L/t)2 

Cc = resultant force from concrete rectangular stress block 

Cs = resultant force from compression reinforcement 

d = horizontal centre to centre distance between restrained edges of 

the shear wall or the horizontal distance of the free edge to the 

restrained edge of the shear wall 

d0 = distance from the extreme compression fibre of the concrete to 

the centroid of the outermost layer of tensile reinforcement but 

not less than 0.8D 

db = diameter of reinforcing bar or clear transverse dimension of a 

web panel 

dw = depth of a web 
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D = depth of the section 

D = concrete material matrix 

D = overall depth of the column 

e = eccentricity of the load measured at right angles to the plane of 

the wall 

e’ = 
perimeter defined by 

E

crw

P
M

6
t

e +−  

ea = (Hwe)2/2500tw, an additional eccentricity due to deflections in 

the wall 

ex = eccentricity of in-plane load in x direction 

ex,1, ex,2 = numerically top end and bottom end eccentricity, respectively 

ey = eccentricity of in-plane load in y direction 

E0 = initial elastic modulus 

Ec = modulus of elasticity of concrete 

Es, Esh = Young’s modulus of steel at the elastic and plastic, respectively 

Esec = secant modulus at peak stress 

Et = tangent modulus 

f = additional eccentricity used in DIN1045 

f(I1, J2) = yield function 

f’c = characteristic compressive cylinder strength of concrete 

fcf = flexural cracking strength of concrete 

fcu = characteristic compressive cubic strength of concrete 

fr = concrete stress 

fsy, fy = yield strength of steel 

ft = tensile stress of concrete 

fuf  minimum tensile strength of the bolt  

fup = tensile strength of a ply 

fuw = nominal tensile strength of weld metal 

fw = equivalent design stress on a web panel 

fy = yield stress used in design 

F1 = 0.55, a function of eccentricity 

F2 = [1-(H/32tw)2], a function of slenderness or allowable direct 

compressive working stress in a wall 
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Fij = internal resistance force acting on beams 

G12, G23, G31 = shear moduli of concrete 

Gc
12, Gc

23, Gc
31 = cracked shear moduli for crack in one direction 

h = depth of the rib (maximum wall thickness) 

H = unsupported height of the wall 

Hwe = effective height of the wall 

i,j  = segment number in horizontal and vertical direction, 

respectively 

I = moment of inertia 

I1, J2 = normal and shear stress invariants, respectively 

Ixx  I abut the cross-section major principal x-axis 

Iy = I about the cross-section minor principal y-axis 

k = '
cf66.24  or the effective length factor, depends on end 

conditions 

kf = form factor for members subject to axial compression 

kl = load height effective length factor 

km = 
*
2

*
1

M
M

4.06.0 − ≥ 0.4, depends on the respective and moments of 

the column or wall section 

kr = effective length factor for restraint against lateral rotation 

kt = twist restraint effective length factor 

L = horizontal distance between centres of lateral restraints, or 

horizontal length of the wall 

Le = effective length of a column, equivalent to the effective height 

of a wall or effective length of compression member 

Lw  Length of a fillet weld in a welded lap splice connection 

m = fy/f’c, the ratio of yield strength of steel to compressive strength 

of concrete 

m, n = number of column and beam strip, respectively 

madd = additional moment due to slenderness 

M = bending moment corresponding to the assumed strain profile. 

M* = factored magnified moment 
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*
0M  = total primary moment N*e 

*
1M  = smaller of the moments acting at the end of a column or wall 

section 
*
2M  = larger of the moments acting at the end of a column or wall 

section 
*
xxM  = amplified moment in x-axis 

*
yyM  = amplified moment in y-axis 

M0 = nominal out-of plane member moment capacity 

Mb = nominal member moment capacity 

Mcr = cracking moment of the wall section without any axial force 

Mij = moment at each grid point 

Mmax = maximum moment due to eccentric loading 

Mn = ultimate moment capacity of member 

Ms = nominal section member capacity 

Mub = ultimate balanced moment when ku = 0.6 

Mxi = internal resisting moment per unit width in x direction 

Myi = internal resisting moment per unit width in y direction 

n, nst = number of element and number of steel layers, respectively 

n* = ultimate axial design load (BS8110) 

nw = ultimate design axial strength of a wall in compression (BS810) 

N = externally applied force 

N* = ultimate axial design load. 

Nc = π2EI/(Le)2, the critical buckling load 

Nc = nominal section capacity in compression 

Ni = normal forces 

Nu = ultimate design axial strength of a wall in compression 
(AS3600) 

Nub = ultimate strength in compression of a cross-section when  
ku = 0.6 

Nuo = ultimate strength in compression without bending, of an axially 

loaded cross-section 

Nt = nominal section capacity in tension 

Ntf = nominal tension capacity of a bolt 

Nx = in-plane load per unit width in x direction 
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Ny = in-plane load per unit width in y direction 

OWNS = one-way action panels with normal strength concrete 

OWHS = one-way action panels with high strength concrete 

p = axial unit stress at failure 

P, Pu = axial load capacity of wall or ultimate axial capacity  = 

0.85f’cLtw 

Pcr = 
2)t/L(

kE  

PE = Euler buckling load 

Pnw = ultimate design axial strength of a wall in compression 

(ACI318) 

Pn = ultimate axial compression load of member 

Q = })]t120/(L[1{Af67.0 2
wg

'
c −φ  

r = radius of gyration of the section. Usually taken as 0.3D or 0.3b, 

as appropriate to the direction of bending where D and b are the 

cross-section dimensions of the rectangular section or gg A/I  

re  radius of gyration 

ry = radius of gyration about minor principal y-axis 

R = 

)t/L(
)]}fA/)fA[(1{fAfA

w

fvsvyhshyvsv
'
cg ++

 

Rby = nominal bearing yield capacity 

Rsy = nominal yield capacity of a stiffened web 

Sx = plastic section modulus 

t = layer thickness in shell element 

tp = thickness of a ply 

tw = thickness of the wall 

Ts = resultant force from tension reinforcement 

TAHS = two-way acting panels with varying aspect ratio 

TWNS = two-way action panels with normal strength concrete 

TWHS = two-way action panels with high strength concrete 

u, v, w = nodal displacements 

u0 = displacement of orthogonal projection to the middle surface 
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u0i,, v0i, w0 = displacement of orthogonal projection to the middle surface 

v1, v2 = unit vector in x and y axes, respectively 

Vb = nominal shear buckling capacity 

Vf = nominal shear capacity of a bolt 

Vu = nominal shear capacity of a web with a uniform shear stress 

distribution 

Vv = nominal shear capacity of a web 

Vw = nominal shear yield capacity of a web 

W = spacing of vertical ribs 

x, y, z = local coordinates 

X,Y, Z = global coordinates 

yi = distance from concrete element layer to section centroid 

Yij = initial deflection at each grid point 

ym = deflection at middle of wall 

Ymn = central deflection 

ysi = distance from steel layer to section centroid 

ze = effective section modulus 

Z = 
002.0

5.0

ou5 −ε
 

Zx = elastic section modulus 

α = 
2.0'

c )f(
2  when f’c > 50 MPa and 1=α when f’c <50 MPa, 

reduction factor for high strength concrete 

α = 
1

NN
/NN

ubuo

*
uo <

−
φ−

,  a reduction factor applied to the deflection to 

allow for the influence of axial load 
α = effective length factor and is equal to H/L 

α = eccentricity parameter 

wt
e1

1

−
=α                      for H/tw < 30 

88.0

w
w t

H

18

t
e1

1









×

−
=α    for H/tw ≥ 30 
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α, β = material parameters associated with yield condition 

α1, α2 = rotations according to a set of surface orthogonal vectors 

αa = compression member factor 

αb = compression member slenderness reduction factor 

αc = compression member section constant 

αij = 
∑∑
= =

Φ
j

1q

q

nP
iq  

αm = moment magnification factor for bending 

αs = slender reduction factor 

αt, εm = tension stiffening parameters 

αv = shear buckling coefficient for a web 

β = effective length factor 

βd = DL/(DL+LL), the ratio of dead to total load 

δ = km/(1-N*/Nc), the moment magnification factor 

ε0 = initial strain vector or the concrete strain corresponding to the 

concrete ultimate strength, f’c 

ε2ou = correspond to 0.2f’c on the descending par of concrete stress-

strain curve 

ε5ou = 
1000f145

f28.00.3
'
c

'
c

−
+

, correspond to 0.5f’c on the descending par of 

concrete stress-strain curve 

εcm = strain at the extreme compressive fibre 

εi  strain in each concrete layer 

εp = equivalent or effective plastic stain of concrete 

εs, εs’, = strain in tension and compression reinforcement, respectively 

εt = strain at the extreme compressive fibre 

εu = ultimate compressive strain of concrete 

εx, εy, εz = normal strain with respect to x, y, z axes, respectively 

φ = strength reduction factor 

φm = curvature in the middle of wall 

φx0 = maximum curvature in x direction 
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φy0 = maximum curvature in y direction 

γ = effective length factor and equal to H/L 

ϒxy, ϒyz, ϒzx  = principal shear strains 

χ = 
140

)t/e21)(r/Le(1 +
− coefficient taking account of the additional 

influences arising from slenderness and of nominal and 

additional eccentricity 

δ = 
)N/N1(

k

c
*
m

−
the moment magnification factor 

δb = amplification factor 

κ = 
2

2

2

)H/LL/H(
)1(12

+







µ−

π , for simply supported case, a 

constant conforming to boundary conditions and any remaining 

dimensional requirements 

λ  elastic buckling load factor 

λe = plate element slenderness 

λw = coefficient dependent on concrete type and wall dimensions 

λy = section yield slenderness limit 

µ = poisson’s ratio 

θij = average slope at each grid point 

ρ, ρω = reinforcement ratio in a wall 

ρm = ratio of yield steel to gross concrete area 

ρv, ρh = vertical and horizontal reinforcement ratio in a wall, 

respectively 

σ = stress in concrete 

σ0 = initial stress vector 

σ1, σ2, σ3 = principal shear strains 

σi, σsi = stress acting on the element and steel layer, respectively 

σc = stress in concrete element 

σx, σy, σz = normal stresses with respect to x, y, z axes, respectively 

Φ = curvature 

Φij = curvature at each grid point 
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τ12, τ23, τ31 = principal shear stresses 

ξ, η, ζ = curvilinear coordinates 

∆ = deflection 

∆x = width of each column strip 

∆y = width of each beam strip 

∆ynew = new value of width of beam strip and is obtained based on the 

mid-span deflection 
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CHAPTER 1 
 

 

 

 

INTRODUCTION 
 

 

1.1 Background 

 

In the past, concrete walls were designed in most structures for protection against 

the external environment with little consideration for the capability of the wall as a 

structural member. This approach was mainly due to the very low allowable design 

stresses for walls specified in early versions of published concrete codes. 

 

Over the years, reinforced concrete walls have gained greater acceptance, by 

practising engineers, as load carrying structural members. This acceptance is due to 

the increased research undertaken on concrete walls and the subsequent increase in 

allowable design stresses incorporated in various current concrete codes. 

 

Reinforced concrete walls are now considered important structural elements with 

major design codes devoting separate chapters to wall design. Reinforced concrete 

load bearing walls can be used in various design situations including the design of: 

 

(i) walls to act as integral components in core wall systems; 
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(ii) shear walls to resist lateral loads, such as wind or seismic effects, acting in-

plane;  

(iii) external walls to resist combinations of horizontal and in-plane vertical forces. 

  

The main objective of this research is to investigate the behaviour of axially loaded 

walls in which eccentricity causes secondary bending. Also envisaged is the 

development of a new design and more sophisticated design approach. 

 

In recent years reinforced concrete wall construction has become increasingly 

popular, worldwide. The trend towards reinforced concrete core walls in highrise 

buildings and the increased acceptance of tilt-up precast structures are the reasons 

for this newfound popularity in reinforced concrete wall usage. 

 

Due to both the advances in concrete technology and the popularity of high strength 

concrete, significant cost reductions can be obtained through the use of thinner 

walls in high-rise structures. Thinner walls reduce the cost of buildings as well as 

increase the net lettable space of a building. It is thus becoming increasingly 

important to carry out an accurate, less conservative design of core walls 

(Fragomeni, 1995). 

  

At present, national concrete codes of practice such as the Australian Concrete 

Standard (AS3600-01) and the American Concrete Institute Code (ACI318-99) 

devote separate chapters to wall design. The AS3600-01 and ACI318-99 wall 

design equations are only intended for load bearing walls supported at top and 

bottom. The codes fail to recognise any contribution to load capacity from restraints 

on the side edges, which are common feature of core walls.  

 

When such walls are slender, they become susceptible to buckling, which is 

normally not a design consideration in a conventional concrete member. Also these 

code methods only consider walls restrained at the top and bottom, with free 

vertical edges, when carrying vertical loads. Such a wall behaves in one-way action 

depicted by uniaxial curvature in the direction of loading (see Figure 1.1 (a)). 

However, in practice, axially loaded walls can behave in two-way action, where 

biaxial curvature will occur in the directions parallel and perpendicular to that of 
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loading. Figure 1.1 (b) shows a typical example of two-way action on a wall loaded 

axially.  

 

 
(a) One-way action              (b) Two-way action 

Figure 1.1 Walls with or without side’s supports 

 

 

Further, concrete codes are restricted to walls of normal strengths concrete only. 

That is, AS3600-01 is restricted to concrete strengths of between 20 and 65 MPa, 

even though designers are using the same methods to analyse axial load capacities 

of wall panels with concrete strengths in excess of 65 MPa. Although ACI318-99 

does not have such a restriction for use on the maximum concrete strength, the 

empirical design equations prescribed in the code are based on tests carried out on 

normal strength concrete walls. Thus a better understanding of wall behaviour 

especially of high strength concrete walls is desirable and more sophisticated design 

guidelines are needed for the safe design of walls. 

 

An extensive literature review undertaken on the design of concrete walls suggests 

that limited research has been done in Australia and other countries in this area. 

However, only a few of these studies concentrated on the behaviour of wall panels 

supported on all four sides with high strength concrete under in-plane vertical 

loading. 
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1.2 Aims  

 

The main aims of this research are to: 

 

1. develop a more realistic design formula to calculate the axial load capacity of 

wall panels, covering the various concrete strengths and support conditions 

encountered; 

 

2. develop a more accurate analytical method to calculate the axial load capacity of 

wall panels with varying concrete strengths and support conditions, as an 

alternative to the approximate methods suggested in the major codes; 

 

3. validate the design formula and the analytical method developed in 1 and 2 

above. 

 

More specifically, the design formula is to be verified for use in the analysis of the 

axial load capacity of normal and high strength reinforced concrete walls. 

 

The new design method is to incorporate an instability analysis for its development 

and also to be verified from the experimental results as well as the predictions from 

proposed formula. An Layered Finite Element Method (LFEM) and a program to be 

developed called WASTABT will be used for its purpose of comparisons. 

 

 

1.3  Organisation of Presentation 

 

The format of this thesis can be broadly divided into three main components: 

literature review; experimental program and data analysis; development of the 

design formula and other analytical work.  

 

(i)  The literature review 
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Chapter 2 and 3 outline the design procedures and the literature available on the 

analyses of the axial load capacities of concrete wall panels. After various code 

design methods are scrutinised, outcomes of relevant published research by other 

workers in this area are reviewed. The shortcomings of previous methods and 

comparisons are noted and are given more attention in later chapters. It was found 

that there has been a lack of significant research on walls with high strength 

concrete, walls supported on all sides and slender walls (H/tw > 30). Consequently, 

the areas given significance in this thesis are high strength concrete, support 

conditions and slenderness ratios. 

 

 

(ii) The experimental program and data analysis 

The experimental program is described in detail in Chapter 4. This chapter 

discusses the test rig set-up and the testing of eighteen normal and high strength 

concrete wall panels having various dimensions. Twelve of the panels tested were 

simply supported on all four sides (two-way action). Six panels were simply 

supported at top and bottom only (one-way action). Particular attention was paid to 

failure mechanisms, load-deflection characteristics and, in particular, ultimate 

failure loads. The results from the experimental program are presented and 

evaluated in Chapter 5. 

 

The main objectives of the experimental program were to: 

a) obtain comparisons between normal strength and high strength concrete 

panels in both one-way and two-way actions so that distinct provisions 

could be made for high strength concrete walls; 

b) observe the behaviour of axially loaded wall panels varying with respect to 

slenderness ratios (H/tw) and in one and two-way action 

c) observe the behaviour of axially loaded panels with various aspect ratios in 

two-way action. 

 

To obtain the information and data required, the wall panels were subjected to a 

uniformly distributed in-plane axial load with an eccentricity of tw/6. This approach 

allowed for comparisons with published research results and the proposed formula 
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developed in this research. Since, only the axial load capacities of concrete wall 

panels were studied, no horizontal in-plane or lateral forces were applied. 

 

 

(iii) Analytical work and development of design formula 

The analysis component of the thesis involved a comparative study of the 

experimental results with the proposed formula and predictions from two other 

analytical methods as outlined in the following paragraph.  

 

The application of the Layer Finite Element Method (LFEM) is detailed in Chapter 

6. Chapter 7 presents an iterative method of analysis for wall panels in two-way 

action. A program named WASTABT (see Appendix C) is developed to implement 

this numerical method.  

 

The unified formula for analysing the axial load capacity of normal and high 

strength concrete wall panels are given for both one- and two-way panels in Chapter 

8. This chapter also highlights the background behind the derivation of the proposed 

formula. Conclusions and recommendations for further studies are given in Chapter 

9. 
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CHAPTER 2 
 

 

 

 

WALL DESIGN – CODE PROVISIONS 
 

 

2.1  Introduction 

 

The increased importance of wall design can be seen in the recent introduction of 

individual chapters in major international concrete codes of practice. A review of 

current wall design methods, prescribed in various national concrete codes, 

demonstrates that differences do exist between codes. The differences start with the 

definition of what constitutes a wall. When the length of a wall is reasonably short, 

it virtually becomes columns. For this reason a majority of design guidelines treat 

the design of walls as an extension of the design of columns. The concrete codes do 

in fact recommend walls to be designed as columns when certain simplifying 

criteria are met.  

 

This chapter discusses the salient features of three major international codes, 

namely the Australian Concrete Standard (AS3600-01), the British Concrete 

Standard (BS8110-97) and the American Concrete Institute Code (ACI318-99). The 

German Concrete Code (DIN1045-88) and the Eurocode 2 (ENV-EC2-92) are also 

discussed for their treatment of the effects of side supports on the failure load 

capacity of walls. A comparison of predicted load capacities using the major code 
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recommendations has also been carried out. The need for improved wall design 

methods is identified after a critical analysis of the comparison. 

 

 

2.2 Australian  Concrete Standard (AS3600-01) 

 

Currently, the design of reinforced concrete walls in Australia is undertaken using 

the guidelines given in the Australian Concrete Standard (AS3600-01). It gives two 

methods for the design of concrete walls. Section 11 specifies a simplified equation 

that can be used for the design of the walls when certain loading and bracing 

restrictions are met. The code also allows for any wall to be designed as a column 

using the provisions of Section 10. The simplified design method is very 

conservative and is generally applicable to walls in one-way bending (see section 

1.1). However, in practice, walls can also be supported on all four sides giving rise 

to two-way behaviour. Hence the simplified method has limitations, and being 

empirical its scope of application is also limited. 

 

As most research studies on concrete walls prior to the 1990s were undertaken 

overseas, the Australian Concrete Standard (AS3600-01) traditionally adopted its 

wall design method from other international codes. The simplified design method is 

based on the complementary moment method recommended in the British Concrete 

Standard (BS8110-97), with only design factors being different. The more accurate 

column design method, also recommended for wall design, was taken from the 

moment magnifier method given in the American Concrete Institute Code (ACI318-

99). 

 

 

2.2.1 Simplified Design Method for Braced Walls Subject to 

Vertical Forces Only 

 

In the simplified design method, the ultimate design axial strength per unit length of 

a braced wall in compression is given in the following formula. 
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 '
cawu )0.6f2e1.2e(tN −−φ=φ  (2.1) 

 

where  

φ = 0.6 for compression member 

tw = thickness of the wall (mm) 

f’c = characteristic compressive cylinder strength of concrete (MPa) 

e = eccentricity of the load measured at right angles to the plane of the wall 

(mm) 

ea = an additional eccentricity due to deflections in the wall and 

)/(2500t)(He w
2

wea = (mm) 

Hwe = the effective height (mm) 

 

The assumptions made are as follows: 

 

a) The vertical load transmitted to a wall by a discontinuous concrete floor or roof 

shall be assumed to act at one-third the depth of the bearing area measured from 

the span face of the wall. 

 

b) Where there is an in-situ concrete floor, continuous over the wall, the load shall 

be assumed to act at the centre of the wall. 

 

c) The resultant eccentricity of the total vertical load on a braced wall, at any level 

between horizontal lateral supports, shall be calculated on the assumption that 

the resultant eccentricity of the entire vertical load above the upper support is 

zero. 

 

 

2.2.2 Determination of Effective Height (Hwe) 

 

The effective height, Hwe, of a braced wall shall be taken as follows: 
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a) where restrained against rotation at both ends by: 

(i) floors, Hwe = 0.75H        

       where H = the unsupported height of the wall 

(ii) intersecting walls or similar members, Hwe = 0.75L or 0.75H, whichever is 

the lesser  

       where L =  the horizontal distance between centre of  lateral supports. 

 

b) where not restrained against rotation at both ends by: 

(i) floors, Hwe = 1.0H               

(ii) intersecting walls or similar members, Hwe = 1.0L or 1.0H, whichever is the 

lesser  

  

 

2.2.3 Theoretical Background for Australian Concrete Standard 

(AS3600-01) Formula 

 

Some of the assumptions made in the derivation of the Australian Concrete 

Standard (AS3600-01) formula (Equation 2.1) are as follows: 

 

1) The wall is unreinforced (the contribution of nominal reinforcement is ignored). 

2) The eccentricity is applied at the top and there is no eccentricity at the bottom. 

3) The tensile strength of concrete is zero. 

 

Figure 2.1 shows the deflected shape of a wall under buckling. The stress 

distribution in the middle section is assumed to be linear, as shown in Figure 2.1(a), 

where ‘d’ is the uncracked depth of the middle section and σ is the maximum stress. 

The derivation of Equation 2.1 utilising Figure 2.1 is as follows: 

Eccentricity of axial load Nu at the middle = my
2
e

+  

where ym is the deflection in the middle (Figure 2.1), and therefore a is given in 

 

 m
w y

2
e

2
t

a −−=  (2.2) 
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tw

e Nu

Nu
a

σ

d

d

cE/σ

P

(a) Stress in the middle section

(b) Strain in the middle section

ym

 

Figure 2.1 Buckling of Wall 

 

The line of action of force Nu and the resultant of the stress distribution should 

coincide for equilibrium. 

Therefore 
3
da = , and hence, 

 )y2et(
2
3d mw −−=  (2.3) 

 

The resultant force of the stress distribution is:  

 d
2
1N u σ=  

 )y2et(
4
3

mw −−σ=  (2.4) 

 

The stress σ is limited to a maximum value of 0.8f’c to satisfy the linear stress 

assumptions, i.e.  

 '
cf8.0=σ  (2.5) 
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The deflected shape, bending moment and curvature distributions along the wall are 

shown in Figure 2.2. The bending moment resulting from the eccentricity e is linear 

(and triangular in shape) and the deflection ym is approximately sinusoidal. The 

curvature resulting from the bending moment is also shown in Figure 2.2. If the 

curvature distribution is approximated to a triangular shape, the deflection at the 

centre is: 

 

 m

2
we

m 8
H

y φ=  (2.6) 

 

Equation (2.6) is obtained using deflections by integration of the bending-moment 

theory (Gere and Timonshenko, 1990). 

 

Hwe

y

ym

Nue

mφ

 
  (a) Deflected shape (b) Bending 

moment 
(c) Curvature 

Figure 2.2 Deflected shape, bending moment and curvature diagram 

 

Since the curvature distribution is assumed to be sinusoidal, the value 1/8 in 

Equation (2.6) will become 1/π2. The actual factor, therefore, will be in the vicinity 

of 1/π2 to 1/8, depending on the curvature distribution. 

 

 

The curvature in the middle of the wall as per Figure 2.2 is therefore: 
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d
E/ c

m
σ

=φ  
dE
f8.0

c

'
c=  (2.7) 

 

For design purposes, the uncracked depth of the section, d, is limited to tw/4 (load 

applied at the centre of the panel thickness). Thus, the maximum curvature occurs 

when: 

 wt
4
1d =  (2.8) 

 

The elastic modulus of normal strength concrete is assumed to be '
cc f1000E =  and 

hence Equation (2.7) becomes: 

 

 
w

m t
0032.0

=φ  (2.9) 

 

When substituting Equation (2.9) for Equation (2.6), the following relationship for 

ym results: 

 

 
w

2
we

m t2500
H

y =  (2.10) 

 

This is the same as ea given in the AS3600-01 formula. Finally, the allowance for 

concrete creep is made by a 20 % increase in eccentricity e. The inclusion of all of 

the above in Equation (2.4) will result in the AS3600-01 formula, Equation (2.1). 

 

Although f’c is restricted to 20 to 65 MPa range, the AS3600-01 formula is also 

used to design walls with higher concrete strengths which may result in non-

conservative designs. Therefore, more testing is required to verify its use for the 

design of such walls.  

 

 



Chapter 2 Wall Design –Code Provisions 2-8 

Experimental and theoretical studies of normal and high strength concrete wall panels  

2.2.4 Reinforcement Requirement 

 

The area of reinforcement required is not calculated from the applied loads but via 

Clause 11.6 of the code (AS3600-01) to satisfy minimum structural and durability 

requirements. Thus the wall shall have a minimum reinforcement in accordance 

with the following: 

 

a) ρv ≥ 0.0015 in the vertical direction   

 

b) ρh ≥ 0.0025 in the horizontal direction;  

      When there are no restraints against horizontal shrinkage or thermal 

movements, ρh = 0 for walls less than 2.5 m overall in horizontal direction or  

           ρh ≥ 0.0015 otherwise. 

The reinforcement ratio (ρ) is given as ρ = Ar/Ag, where Ar is the cross-sectional 

area of the reinforcement and Ag is the area of the wall cross-section. 

 

c) For walls greater than 500mm thick, the minimum reinforcement required near 

each surface may be calculated using 250 mm for tw. 

 

d) The minimum clear distance between the parallel reinforcing bars shall be 

sufficient enough to ensure proper compaction to comply with code 

requirements, but shall not be less than 3db. The maximum centre-to-centre 

spacing of the parallel reinforcing bars shall be 2.5tw or 500 mm, whichever is 

lesser. 

 

e) For walls greater than 200 mm thick, the vertical and horizontal reinforcement 

shall be provided in two grids, one near each face of the wall. 

 

2.2.5 Limitations 

 

The main limitations of the wall design equation, prescribed in the Australian 

Concrete Standard (AS3600-01), are given below. 
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a) The wall is considered as simply supported at top and bottom only. 

 

b) The maximum slenderness ratio, Hwe/tw, is restricted to 30, except for walls in 

which, N* < 0.03f’cAg in which case the ratio may be increased to 50. 

 

c) Concrete strength is not to exceed 65 MPa. 

 

d) A minimum eccentricity of 0.05tw is to be applied. 

 

e) The effect of reinforcement content on axial load capacity is ignored. 

 

f) The contribution of aspect ratios H/L, is not considered. 

 

g) The walls are primarily subject to in-plane vertical forces (if in-plane horizontal 

and vertical forces exist, the simplified equation is used for vertical effects and 

the horizontal shear effects are to be considered using Clause 11.5). 

 

 

2.2.6 AS3600-01 Column Design Method 

 

Walls subject to in-plane vertical forces can also be designed as columns, in 

accordance with Section 10 of AS3600-01, if vertical reinforcement is provided in 

two-layers.  

 

Based on elastic analysis, the column design method uses a moment magnifier to 

estimate the secondary moment induced in the column. The section strength is then 

compared to the factored design axial force, N*, and factored magnified moment, 
*
0M , to check for structural adequacy. 
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The moment magnifier factor, δ, is used to account for the additional bending 

moments due to slenderness effects (a column is considered slender, if 25
3/D

Le
≥ ), 

and is applied in the design by multiplying the largest design bending moment by 

the moment magnifier, as shown in Equation (2.11). 

  

 *
0

* MM δ=  (2.11) 

 

Since a braced column exists in a rectangular frame, side way action is prevented by 

the bracing of one form or another. Thus, the lateral deflection for a column, not 

subjected to lateral load, is due to rotation of the top and bottom joints only. For 

such a case the moment magnifier is taken to be equal to 

 

 0.1
)N/N1(

k

c
*
m ≥

−
=δ  (2.12) 

 

where *
2

*
1

m M
M

4.06.0k −=  but 0.1k4.0 m ≤≤  

also *
2

*
1

M
M  is taken as negative for bending in single curvature and positive in the for 

double curvature bending, and *
1M  and *

2M are design moments at the column ends. 

The axial buckling load, 2
e

2

c )L(
EIN π

= , is also further simplified by the substitution 

of EI as follows: 

 

 )]1/()M(d200[
)L(

N dub02
e

2

c β+φ
π

=  (2.13) 

 

where φMub = the design strength in bending of the cross-section and φ =0.6. 

Also, βd = G/(G+Q) is taken as zero when Le/r ≤ 40 and N* ≤ M*/2D (i.e. when the 

eccentricity of the applied load is large). Note that, D is the overall depth of the 

column. 
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The amount by which the column moment is magnified depends very much on the 

effective length of the column. If the member is sufficiently short, the magnifying 

effect is negligible. According to Clause 10.3.1 of AS3600-01 a braced column may 

be regarded as short if uo
**

2
*
1 N6.0/)N1)(M/M1(60r/Le −+≤ or 25, whichever is 

greater, where Nuo is the ultimate compressive strength of an axially loaded cross-

section without eccentricity.  

 

Note that for an unbraced column, the limit is Le/r ≤ 22, and the calculation of the 

moment magnifier, δ, is slightly more detailed and is described in Clause 10.4 of 

AS3600-01. 

 

In using the column method, the upper limit for the slenderness ratio is Le/r =120, 

which equates to Hwe/tw =36 (assuming r = 0.3tw). This limit is higher than the limit 

specified for the simplified method (i.e. Hwe/tw =30). 

 

For walls designed as columns, the cross-sectional area of reinforcement, Asc, must 

satisfy the limitations of 0.01Ag ≤ Asc ≤ 0.04Ag. However, if Ascfsy >0.15N*, a 

reduced value of Asc may be used. It is obvious from this requirement that the 

reinforcement required for columns is much higher than that specified by the 

simplified design method. 
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2.3 British Concrete Standard (BS8110-97) 

 

Section 3.9.4 of the British Concrete Standard (BS8110-97) deals with the design of 

plain concrete walls. This section recommends that the design ultimate axial force 

in a plain concrete wall may be calculated on the assumption that the members 

transmitting forces onto walls are simply supported. 

 

 

2.3.1 Determination of Design Ultimate Axial Force Using 

Simplified Method 

 

The equations prescribed in BS8110-97 for the determination of design ultimate 

axial load per unit length for different types of concrete walls are as follows: 

For stocky braced plain concrete walls: 

 

 cuww 2e)f0.3(tn −≤  (2.14a) 

 

where nw is the ultimate axial load per unit length of a wall in compression and fcu is 

the characteristic compressive cube strength of concrete (MPa). 

 

For slender braced plain concrete walls: 

 

 cuaww )f2e1.2e0.3(tn −−≤  (2.14b) 

where )/(2500t)(He w
2

wea =  

 

For unbraced plain walls: 

 

 cux,1ww )f2e0.3(tn −≤   (2.14c) 

           and  cux,2ww )f2e0.3(tn −≤  (2.14d) 
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where ex,1 and ex,2 are the resultant eccentricity calculated at the top and bottom of 

the wall, respectively. 

 

 

2.3.2 The Effective Height 

 

The effective heights of braced plain concrete walls are:  

a) where any lateral supports resist both rotational and lateral movements at both 

ends   Hwe = 0.75L;  where any lateral support resists both rotational and lateral 

movements at one end and the other end is free, Hwe = 2.0L. 

 

b) where any lateral support resist only lateral movements at both ends, Hwe = Lo; 

where any lateral support resists only lateral movement at one end and the other 

end is free, Hwe = 2.5Lo. 

Note that L is the horizontal distance between centres of lateral restraints and Lo is 

clear height of wall between lateral supports. 

 

The effective heights of unbraced plain concrete walls are: 

a) for wall supporting, at it’s top, a roof or floor slab spanning at right angle:     

                Hwe = 1.5L 

b) for other walls:  
       Hwe = 2.0L 

 

 

2.3.3 Theoretical Background for British Concrete Standard 

(BS8110-97) Formula 

 

The British Concrete Standard (BS8110-97) equation is based on the assumption of 

a simple rectangular stress-block with an average stress of cufωλ . From Figure 2.3 

the force per metre on the wall is given as: 
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 )e2t(fn wcuww −λ=  (2.15) 

nw
e

x=tw-2e

cu
f

w
λ

 

Figure 2.3 Stress-block under ultimate conditions (Source: Rowe et al., 1972) 

 

The coefficient λω is dependent on the type of concrete and on the wall dimensions 

considered. In the previous British code (CP110-1972), λω varied from 0.3 to 0.5 

but BS8110-1985 allows λω to be equal to 0.3 for all conditions. BS8110-97 

conservatively uses the lower bound value. This lower bound value is applied to 

take account of the increased difficulties of controlling the quality of concrete used 

in the finished wall (Rowe et al., 1972). 

 

To allow for the additional deflection developed in the slender walls, the 

configuration in Figure 2.4 is used to calculate the actual wall capacity. The total 

eccentricity in the central region is taken as 0.6e + ea. Equation (2.15) can thus be 

transformed into Equation (2.16) as follows: 

 

 
)2e-1.2e-(t0.3f     

))e2(0.6e(t0.3fn

awcu

awcuw

=
+−=

 (2.16) 

 

This expression gives an empirical equation for the strength in terms of actual 

eccentricity, e, and the additional eccentricity, ea. The additional eccentricity, ea, is 

given in the column design of BS8110-97 as follows: 
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 w
2

wwea t)t/H)(2000/1(e α=  (2.17) 

where 

ea = the deflection due to the additional moment induced by the axial force. 

α = 
1

NN
/NN

ubuo

*
uo <

−
φ−

, a reduction factor applied to the deflection to allow for 

the influence of axial load. 
Nub = the ultimate strength in compression of a cross-section when ku = 0.6. 

Nuo = the ultimate strength in compression without bending, of an axially loaded  

cross-section. 

 

For walls, α is taken as 0.8 and, therefore, for design purposes Equation (2.17) 

becomes: 

 

 ea = (Hwe)2/2500tw (2.18) 

 

The only major differences between the AS3600-01 and BS8110-97 formulae 

presented herein are the strength factors and the concrete compressive strength 

values used. Consequently, if the readily assumed relationship of f’c = 0.8fcu is used, 

Equation (2.16) would yield: 

  

 '
caww )fe2e2.10.375(tn −−=  (2.19) 

e

Deflection of wall , ea

Total eccentricity
taken as 0.6e+ea

 

Figure 2.4 Eccentricity in a slender wall (Source: Rowe et al., 1972) 
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Also, if φ = 0.6 is substituted in Equation (2.1) then 

 

 '
cawu )fe2e2.10.36(tN −−=φ  (2.20) 

 

Note that Equations (2.16) and (2.20) are almost identical. The slight differences 

may be attributed to the larger factored basic loads (n*=1.4DL + 1.6LL) used in 

BS8110-97. The AS3600-01 equation uses the factored basic load as N* = 1.25DL 

+ 1.5LL. Note that DL and LL stand for dead load and live load, respectively. 

Further details in this respect are discussed in Section 2.7. 

 

 

2.3.4 Limitations 

 

Since the Australian Concrete Standard (AS3600-01) equation is based on the 

British equation, the limitations set out in Section 2.2.5 generally hold except for 

the following additional ones for the British equation: 

 

a) An element wider than 4 times its thickness is considered a wall. 

 

b) Higher minimum reinforcement is required for crack control, i.e.  

 ρω = 0.0025 in both directions (for Grade 460 steel) 

 ρω = 0.0030 in both directions (for Grade 250 steel) 

 

c) A minimum load eccentricity of emin = 0.05t or 20 mm, whichever is greater. 

 

It is important to note that, in both cases, any contribution to wall strength due to 

additional reinforcement is not reflected in the equations. 
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2.3.5 Alternative to Design Equation  

 

Section 3 of the BS8110-97 outlines an alternative procedure for the design of 

reinforced concrete walls. The code calculates the failure load using the following 

formula 

 yscccuw fA67.0Af35.0n +≤  (2.21) 

where  

Ac = total area of concrete 

Asc = area of steel in compression 

fy = yield strength of steel reinforcement 

 

If the wall is not subjected to a significant moment, due to the nature of the 

structure and the arrangement of the structural elements, the above equation is 

increased to: 

 yscccuw fA75.0Af4.0n +≤  (2.22) 

For this alternative design method to be valid, the slenderness ratio of the wall must 

satisfy: 

 

a) for braced walls: 

 Hwe/tw ≤ 40, or Hwe/tw ≤ 45 if vertical reinforcement exceeds 1 % 

b) for unbraced walls: 

 Hwe/tw ≤ 40 

 

The slenderness effects can be ignored for short walls. Reinforced walls are defined 

as short if the height-to-thickness ratios are: 

 

a) Hwe/tw ≤ 15 for braced walls 

b) Hwe/tw ≤ 10 for unbraced walls 
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It should be noted that nw is the total design axial load on the wall due to design 

ultimate loads, provided the walls are designed for a uniformly distributed imposed 

load and the span on either side of the wall does not differ by more than 15%. 

 

If the wall is slender and does not fit the short column criteria (stated previously), 

an additional moment must be calculated to account for the load and deflection 

effects. This additional moment is determined as follows: 

 

 uadd a*nm =  (2.23) 

 

where  

 w

2
we

u t
t

H
2000

1a 













α=  (2.24) 

 

The additional moment is then added to complement the original moment to obtain 

the total moment required for the design or analysis. 

 

 

2.4 American Concrete Institute Code (ACI318-99) 

 

Similar to AS3600-01, the American Concrete Institute Code (ACI318-99) gives 

two methods for the design of concrete walls. Chapter 14 of the ACI318-99 

specifies a simplified equation, while Chapter 10 allows the walls to be designed as 

columns. 

 

 

2.4.1 Empirical Design Method 

 

Chapter 14 of the American Concrete Institute (ACI318-99) deals with wall design. 

ACI318-99 uses an empirical design equation to calculate the design axial load 

strength. The design axial load strength φ Pnw of a wall is to be computed as: 
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 ])(kH/32t[1Af 0.55P 2
wg

'
cnw −φ=φ  (2.25) 

 

where φ is 0.7 for compression members; Ag is the gross area of the wall section; 

k is the effective length factor for different end conditions, and is equal to: 

 

a) 0.8 for walls braced at the top and bottom against lateral translations and 

restrained against rotation at one or both ends. 

 

b) 1.0 for walls braced at the top and bottom against a lateral translation and 

unrestrained against rotations at both ends. 

 

c) 2.0 for walls not braced. 

 

 

2.4.2 Reinforcement Requirements 

 

According to Clauses 14.3.2 and 14.3.3 of the ACI318-99, the minimum 

reinforcement ratio is: 

 

ρv  = 0.0012 for deformed bars ≤ 16mm in diameter or welded wire fabric (mesh) 

      = 0.0015 for other deformed bars (> 16 mm diameter) 

  

ρh  = 0.002  for deformed bars ≤ 16mm in diameter or welded wire fabric (mesh)  

      = 0.0025 for other deformed bars (>16mm in diameter). 

where ρv and ρh are the vertical and horizontal steel ratios, respectively. 

 

The vertical reinforcement does not need to be enclosed by lateral ties if the area of 

the vertical reinforcement is not greater than 0.01 times the gross concrete area, or 

where the vertical reinforcement is not required as compression reinforcement. 
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If the minimum reinforcement criteria are not met, the design axial strength is 

reduced to: 

 

 ])(kH/32t[1Af 0.45P 2
wg

'
cnw −φ=φ  (2.26) 

 

where φ = 0.65 in Equation (2.26) (ACI318.1-1983). Also if Equation (2.26) is used 

H/tw ≤ 24 and the minimum thickness is 140 mm. 

 

 

2.4.3 Background to Empirical Equation 

 

The first ACI code provisions pertaining to reinforced concrete load bearing walls 

appeared in Section 1109 of the 1928 ACI Code. From 1928 to 1956, subtle 

modifications to the wall design parameters were made in the ACI code, as shown 

in Table 2.1. 

 

The 1963 ACI Code presented the first major change in the design procedure for 

reinforced concrete load bearing walls since the original 1928 provisions, by 

introducing an equation for allowable compressive stress as: 

 

 ](H/40t)[1Af 0.225P 2
g

'
c −φ=  (2.27) 

 

Since then many researchers including Kripanarayanan (1977), Oberlender and 

Everard (1977), Pillai and Parthasarathy (1977), Zielinski et. al. (1982, 1983) and   

Saheb and Desayi (1989) have suggested further modifications to the empirical 

formula. The work of these researchers is reviewed in Chapter 3. 

 

The ACI empirical wall design equation is appropriately named as it is purely 

derived from experimental test results and has been progressively modified over the 

years, to more accurately concur with the experimental results (Fragomeni 1995). 
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Table 2.1 ACI code parameters modifications (Source: Oberlender, 1973) 

Year 1928 1936 1941 1956 
Code section 

Parameter 
1109 1112 1112 1112 

Working 
Compressive 

Stress 

0.0625f’c 

for H/tw >25 

0.125f’c 

for H/tw >15 

0.2f’c 

for H/tw <10 

0.11f’c 

for10<H/tw <15 

0.25f’c 

for H/tw <10 

0.15 f’c 

for10< H/tw <25 

waived 

Maximum H/t  25 25  
fire-

resistive 
buildings 

non-fire 
resistive 
building Reinforcement 

requirement ρv, ρh ≥  
0.0025 

ρv, ρh ≥  
0.002 

≥  0.0025 

for bars 

≥ 0.002 

for welded wire 

≥  0.0025 

for bars 

≥ 0.002 

for welded wire 

ρh= 
0.0025 

ρv= 
0.0015 

 

fire-
resistive 
buildings 

non-fire 
resistive 
building 

Reinforcement 

Maximum 
spacing 457.2mm  

(18 inch) 
609.6mm 
(24 inch) 

457.2mm 

(18 inch) 

457.2mm 

(18 inch) 
waived 

. One-store 

Minimum tw 
H/10 152.4 mm 

(6 inch) 

 

152.4mm 

(6inch) 

 

 

152.4mm 

(6 inch) 

 

Waived 

 
 
 

2.4.4 Limitations 

 

Chapter 14 of the ACI318-99 code also sets out the following limitations: 

 

a) Limited to planar, solid rectangular sections and generally applies to vertical 

load carrying members (i.e. axial load is the prime load). 

 

b) Applicable to walls simply supported at top and bottom only. 
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c) The equation (Equation (2.25)) applies to walls where H/tw ≤ 25 or L/tw ≤ 25, 

whichever is less for load bearing walls and the minimum thickness is 100 mm 

(L = the supported length of the wall), except for external basement and 

foundation walls, where tw ≥ 190mm. For non-bearing walls, tw ≥ 1/30th of the 

supported height or length, whichever is shorter. 

 

d) Walls more than 250 mm thick, except for basement walls, shall have 

reinforcement in each direction placed in two layers parallel to the faces of the 

wall and shall not be spaced apart more than 3tw nor 450 mm. 

 

e) The resultant load must fall within the middle third of the wall thickness at all 

sections along the length of the undeformed wall, i.e. eccentricity not greater 

than tw/6. 

 

 

2.4.5 Alternative to Design Equation (Column Method) 

 

The ACI318-99 column design method is described in Clause 10.11, and is almost 

identical to the description in Section 2.3.5, of the AS3600-01 method. The 

difference lies in the calculation of EI that is given in the conservative expression in 

the ACI318-99 code case and therefore Nc becomes: 

 

 )]1/()5.2/IE[(
)L(

N dgc2
e

2

c β+
π

=  (2.28) 

 

where Ec is the modulus of elasticity and Ig is the moment of inertia of the gross 

section of concrete. βd = G/(G+Q), the same as AS3600-01 column method (Section 

2.2.6). This equation however was not meant for members with a single layer of 

reinforcement as mentioned above.  

 

An equation for Nc for such walls is (PCA, 1984): 
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 )]t/e5.0/()/IE[(
)L(

N wigc2
e

2

c −β
π

=  (2.29) 

 

where, the EI value must fall between 0.1(EcIg/βi) and 0.4(EcIg/βi). Also the φ factor 

is left out in these EI equations, but is included with the critical buckling load. 

 

According to ACI318-99 Clause 10.11.4, the magnifying effect is neglected if 

Le/r  ≤  34 –12 *
2

*
1

M
M  for a member braced against sideway and  

Le/r  ≤  22                for an unbraced member. 

 

Otherwise, the column is taken as slender and the moment magnifier must be 

applied. Also this method can be used when Le/r  ≤  100. (Note: here Le =kH and 

also the ratio *
2

*
1 M/M  is taken as a positive in the single curvature in ACI318-99). 

 

It is interesting to note that appropriate substitution and manipulation using an 

eccentricity equal to 0.05tw, can help rewrite Equation (2.1) as: 

 

 





















φ=φ

2

w

we
w

'
cu t4.34

H
-1tf564.0N  (2.30) 

    

This is very similar to the ACI 318-99 empirical wall design formula given in 

Equation (2.25). 

 

 

2.5 German Concrete Code (DIN1045-88) 

 

The German concrete code, “Structural use of Concrete” (DIN1045-88) gives a 

more rigorous and detailed design method for walls, in contrast to the Australian, 

the American and the British codes, which give simplified wall design methods as 

described in the earlier sections. Clause 25.5 of the German code sets out a detailed 
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design procedure for walls. In particular, Clause 25.5.4 sets out the assumptions for 

wall design and the check for safety against buckling for walls.  

 

It is not the intention to cover all aspects of DIN1045-88, in particular the effect of 

slenderness ratios with respect to effective lengths will be discussed here. Also 

some of the main features of DIN1045 will be discussed.  

 

 

2.5.1 Reinforcement Requirement 

 

Walls provided with reinforcement less than 0.5% of the statically required cross 

section are not considered as a reinforced concrete wall and should be designed as 

unreinforced walls. The statically required cross-section is defined as the area 

required to resist the nominal load, without considering the second order effects 

(DafStb, 1984). 

 

According to the concrete design guide produced by DafStb (1984), the effective 

height factors recommended in DIN1045-88 for walls supported on two, three or 

four sides cannot be recommended for unreinforced walls, as this would involve the 

hazard of having vertical cracks, while trying to resist bending in the horizontal 

direction. Thus concrete walls need transverse reinforcement of at least: 

 

1. 1/5th of the vertical reinforcement, when Hwe/tw <10, or 

2. 1/2th of the vertical reinforcement, when Hwe/tw > 20. Intermediate values may 

be interpolated. 

 

 

2.5.2 Effect of Slenderness Ratio 

 

Generally, the designer has to decide whether a standard design is sufficient or 

whether safety against buckling should be included in the design. The check for 

safety against buckling may be dispensed with when: 
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a) the slenderness ratio, Le/r <20; 

 

b) the specific load eccentricity e/tw >3.5 for Le/r < 70, or e/tw > (3.5/70)( Le/r) for 

Le/r  >70; 

 

c) for braced walls at both ends Le/r < (45 – 25 M*
1/M*

2), otherwise b) must be 

satisfied. M1 and M2 are moments at the top and bottom, respectively. 

 

For walls of medium slenderness, i.e. Le/r < 70, an additional eccentricity, ea, is 

calculated using the following expressions: 

 

 5.0
wewa )t/e1.0)(20r/L)(100/t(e +−=      for 0 < e/tw < 0.3  (2.31a) 

 )20r/L)(160/t(e ewa −=                             for 0.3 < e/tw < 2.5 (2.31b)  

 )t/e5.3)(20r/L)(160/t(e wewa −−=         for 2.5 < e/tw < 3.5 (2.31c) 

 

For walls of slenderness ratios, 70 ≤ Le/r ≤ 200, the safety check is considered 

adequate, if it is proven that, when subject to 1.75 times the service load (in the 

least favourable arrangement), a stable state of equilibrium is possible, which take 

account of the member deflections, and permissible stresses are not exceeded under 

service conditions (DafStb, 1984). 

 

For plain concrete walls (unreinforcement concrete walls), DIN1045-88 gives a 

coefficient, χ, which takes account of the additional influences arising from 

slenderness and of the nominal and additional eccentricity. This leads to 

approximate solutions only applicable for e/tw <0.2 in the entire slenderness range 

(Le/r ≤ 70). 

 

The permissible load for slender unreinforced walls should be reduced by 

multiplying the maximum permissible load of the section by χ. The experssion for χ 

is given as: 
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140

)t/e21)(r/L(
1 we +

−=χ  (2.32) 

 

where gg A/Ir =  

 

 

2.5.3 Effective Height 

 

DIN1045-88 has methods for determining the effective lengths of walls restrained 

on two, three and four sides, and it is the only code considered in this study to 

acknowledge and incorporate the effects of side supports into wall design. 

 

According to the standard, restrained sides are deemed to be provided by floor 

plates, stiffening walls (which are intended to prevent load bearing walls from 

buckling) and other sufficiently stiff members (which play an important part in the 

determination of the effective height of the wall). Stiffening walls and members 

must either be built at the same time as the load bearing walls or be frictionally 

connected to the walls. To be considered effective, the length of the stiffening walls 

must be at least one-fifth the storey height (unless a specific check is made that the 

section formed by the stiffened and the stiffening wall will not buckle). 

 

An appropriate effective height, Hwe, is calculated as a function of storey height, H, 

by the incorporation of an effective length factor, i.e. Hwe =βH. 

 

The value of  β is determined as follows: 

 

a) For walls restrained on two sides: 

 β = 1.0 where the wall is not restrained against rotation. 

= 0.85 for walls restrained on two sides being rigidly connected to floors at 

the top and bottom by means of in-situ concrete and by reinforcement to 

resist all corner moments. 
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b) For walls restrained on three sides:  

 3.0
)L3/H(1

1
2 ≥

+
=β  (2.33) 

 

 where L = the horizontal centre to centre distance between the restrained edges 

of the shear wall or the horizontal distance of the free edge to the restrained 

edge of the shear wall. 

 

c) For walls restrained on all four sides: 

 2)L/H(1
1

+
=β                              for H < L (2.34a) 

 H2/L=β                                       for H > L (2.34b) 

 

 

2.6 Eurocode (ENV-EC2-92) 

 

No simplified design formula is presented in Eurocode-92 (ENV-EC2-92) for the 

design of concrete walls. Only a more detailed column design method is presented, 

which is similar to that presented for the BS8110-97 (Section 2.3.5). Walls are acted 

upon, like columns, by axial loads, bending moments and shear. 

 

The code investigates whether an element is slender and, if so, takes second order 

effects into account. (This is the same as the ‘additional moment method in the 

BS8110-97, Equation (2.23)). Otherwise the wall element is designed as a short 

(stocky) member, considering primary loads only with negligent deflection.  

 

The following rules are established in ENV-EC2-92: 

 

a) The minimum area of vertical reinforcement should not be less than 0.4 % of 

the cross-sectional area of the wall. The maximum longitudinal reinforcement 
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should not exceed 4 % of the cross-sectional area of the wall. Half the amount 

of steel should be located in each face. 

 

b) The distance between adjacent vertical reinforcing bars should not be greater 

than twice the wall thickness or 300 mm, whichever is less.  

 

c) When the vertical reinforcement ratio reaches 2 % of Ag, the wall should be 

adequately restrained transversely by closed stirrups.  

 

d) The amount of the horizontal reinforcement should not be less than half the one-

quarter of the longitudinal bars and the spacing should be limited to the smaller 

of 300 mm or twice the wall thickness tw.  

 

e) The length of the wall Lw should be greater than or equal to four times the width 

tw. It is suggested that the minimum wall thickness should not fall below 150 

mm.  

 

 

2.7 Comparison of Design Axial Loads - A Parametric 

Study 

 

The design axial loads obtained using the various code equations are compared in 

this section. The comparison includes varying eccentricity values and incorporates 

different factors of dead load and live load. 

  

Table 2.2 gives a comparison of the wall design prediction formulae from the 

Australian (AS3600-01), the American (ACI318-99) and the British (BS8110-97) 

codes. The design formulae given in Equations (2.1), (2.14b) and (2.25) have been 

rearranged in design axial strength ratio form and are adjusted to highlight f’cAg and 

H/tw, as common variables. The equations are also presented in a graphical form 

using some parametric values. The design axial strength ratios versus the 

slenderness ratios are thus plotted in Figure 2.5 for each equation. 
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The input data used to plot the graph were: 

f’c = 30MPa, ρv = 0.0031 (the minimum reinforcement ratios allowed in code 

methods), and Hwe = H (k =1.0). The eccentricity was taken as tw/6 (the maximum 

eccentricity allowed in the ACI318 code). For all equations square walls were 

considered, i.e. H = L. 

 

 Table 2.2 Design axial strength ratios of different code formulae (e =  tw/6, φ = 0.6 
or 0.7) 

Code Expression Design axial strength 
ratio 

AS3600-01 [ ]2
wg

'
cu )t/H)(1000/1(1Af288.0N −=φ  φNu/f’ctw 

ACI318-99 [ ]2
wg

'
cnw )t/H)(1024/1(1Af385.0P −=φ  φPnw/f’ctw 

BS8110-97 [ ]2
wg

'
cw )t/H)(1000/1(1Af3.0n −=  nw/f’ctw 
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Figure 2.5 Comparison of code methods for design axial strength (e = tw/6, φ = 0.6 
or 0.7) 

 

The following observations can be made using the expressions in Table 2.2 and 

Figure 2.5: 
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a) Axial strength ratios predicted by the design equations become negative values 

when H/tw becomes 32 or more. 

 

b) Both Table 2.2 and Figure 2.5 only considered the effective height Hwe as equal 

to H. In this case the ACI318-99 and AS3600-01 slenderness ratio limits are 25 

and 30, respectively. If a wall is braced and restrained against rotation at both 

ends, then Hwe=0.75H for AS3600-01. This allows for slenderness ratios up to 

40 in case of the AS3600. However for the ACI318-99 methods the slenderness 

ratio remains at 25.  

 

c) The ACI318-99 empirical formula generally appears to allow for higher design 

axial loads for different values of slenderness ratios.  

 

d) The AS3600-01 equation with φ = 0.6 and BS8110-97 equation are similar in 

their predictions.  

 

e) The AS3600-01 code allows the effective height to be considered as the lesser 

value of the distance between the horizontal restraints or the distance between 

the vertical restraints, whereas the ACI318-99 code stipulates the vertical 

distance only. 

 

If eccentricity is taken as tw/20, the prediction equations for axial strength ratios 

become as shown in Table 2.3 and the design axial strength ratios versus the 

slenderness ratios can be plotted as in Figure 2.6. 

 

Table 2.3 Comparison of code formulae for design axial strengths (e = tw/20, φ = 
0.6 or 0.7) 

Code Expression Design Axial ratio 

AS3600-01 [ ]2
wg

'
cu )t/H)(1175/1(1Af3384.0N −=φ  φNu/f’ctw 

ACI318-99 [ ]2
wg

'
cnw )t/H)(1024/1(1Af385.0P −=φ  φPnw/f’ctw 

BS8110-97 [ ]2
wg

'
cw )t/H)(1175/1(1Af3525.0n −=  nw/f’ctw 
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Figure 2.6 Comparison of code methods for design axial strength with φ value (e = 
tw/20, φ = 0.6 or 0.7) 

 

The following observations are made using the expressions in Table 2.3 and Figure 

2.6: 

 

a) Generally, AS3600-01 and ACI318-99 designs show relatively similar 

predictions when eccentricity is equal to tw/20.  

 

b) For slenderness ratios, H/tw, up to 20, the ACI318-99 formula with  φ = 0.7, 

clearly shows a higher axial load capacity than the AS3600-01 formula with φ = 

0.6. However, for H/tw > 20, the ACI318-99 curve decreases at a more dramatic 

rate than the corresponding AS3600 curve. This dramatic reduction in capacity 

may be the reason for the lower slenderness ratio limits in the ACI318 code. 

Recall that the maximum H/tw allowed in the ACI318-99 code is 25, whereas 

the AS3600-01 code may be used for cases with H/tw values up to 30. 

 

c) Figures 2.5 and 2.6 indicate that the ACI318-99 empirical method gives exactly 

the same axial load capacities for different values of slenderness ratios for both 

eccentricity of tw/6 and tw/20. The reason for this is that this method is valid for 
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eccentricities between 0 to tw/6. On the other hand, AS3600-01 and BS8110-97 

can be used for a range of eccentricities greater than e = tw/20. 

 

To determine the influence of the factored loads on the respective wall equations, 

the design axial strength ratios have been adjusted to incorporate the respective 

factored loads. To make the comparison, the factors for dead load and live load 

have been averaged. The expressions in Table 2.3 are then divided by this average 

to produce the equations given in Table 2.4. Figure 2.7 has been plotted using Table 

2.4 with e = tw/6. 

 

Table 2.4 Revised code formulae with average loading factors (e = tw/6, φ = 0.6 or 
0.7) 

 DD LL Average Expression 

AS3600-01 1.25 1.50 1.375 [ ]2
wg

'
c )t/H)(1000/1(1Af209.0*N −=

ACI318-99 1.40 1.70 1.55 [ ]2
wg

'
c )t/H)(1024/1(1Af248.0*P −=  

BS8110-97 1.40 1.60 1.50 [ ]2
wg

'
c )t/H)(1000/1(1Af2.0n −=  
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Figure 2.7 Comparison of code methods with factored loads for design axial 
strengths with φ value (e = tw/6, φ = 0.6 or 0.7) 
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 The following observations can be made about the expressions in Table 2.4 and 

Figure 2.7: 

 

a) The AS3600-01 and ACI318-99 design equations give quite similar results 

when the factored loads are included in the equations and for φ = 1. However, 

when the reduction factors are included, the axial strength ratios of the ACI318-

99 formula are greater than those of AS3600-01 formula. The design axial loads 

predicted by the BS8110-97 formula appears to be slightly lower than but of 

similar trend to that predicted by the AS3600-01 formula with φ = 0.6.  

 

b) The ACI318-99 empirical method with φ = 0.7 gives higher axial loads than the 

other two major national code formulae. Hence, heavier loads may be applied 

using this code method over the other methods for the same wall section and the 

same concrete strength. 

 

 

2.8 Conclusions 

 

The major national design codes were reviewed. The overall conclusions are as 

follows: 

 

a) The national design codes prescribe similar rules for the minimum 

reinforcement for temperature and shrinkage control. However, the 

contributions of reinforcement are not directly reflected in these equations.  

 

b) The code methods are applicable to normal strength concrete only.  

 

c) For a slenderness ratio beyond 32, the codes predicted zero or negative load 

capacity.  

 



Chapter 2 Wall Design –Code Provisions 2-34 

Experimental and theoretical studies of normal and high strength concrete wall panels  

d) The effect of side supports has not been considered in most major codes except 

in DIN1045, which however, is hampered in its consideration by the lack of 

simplified method. 

 

Hence the current practices available to calculate failure loads for reinforced 

concrete walls are limited in scope. Therefore a need for a more detailed study of 

walls exists, and a simple method including the effects of high strength concrete, 

reinforcement, and side supports is needed. 

 

The used of high strength concrete (HSC) in major construction projects is a 

relatively new development compared to normal strength concrete (NSC). HSC is 

currently considered as concrete with a 28-day uniaxial compressive strength in the 

range of 65 to 100 MPa. HSC has been used in many modern multi-storey 

buildings, bridges and off-shore structures. These concrete structures allow more 

slender columns and core walls, thereby creating greater office space and reducing 

construction costs. The core wall case study presented in Chapter 8 illustrates the 

benefits of using high strength concrete. 

 

In Australia, the AS3600-01 code is intended only for normal strength concrete (up 

to 65 MPa). It does not prohibit the use of high strength concrete but only provides 

the general design principles. Design formulae for high strength concrete members 

are not available in this case. Designers wishing to specify concrete with strengths 

greater than 65 MPa will need to justify their design procedures to relevant building 

authorities. 
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CHAPTER 3 
 

 

 

 

LITERATURE SURVEY - REVIEW AND 

COMPARISONS 
 

 

3.1 Introduction 

 

Many researchers have investigated the behaviour of reinforced concrete walls 

either in one-way or in two-way action. 

 

Most of the studies have been carried out on axially loaded concrete walls with 

supports at the top and bottom only (one-way action). Seddon (1956) contributed to 

the development of the British Standard (BS8100) formulae. Similarly Leabu 

(1959), Oberlender (1973), Pillai and Parthasarathy (1977), Kripanarayanan (1977), 

Zielinski et al. (1982,1983) and Saheb and Desayi (1989, 1990) made significant 

contributions to the development of the American Concrete Institute (ACI318) 

formulae. Fragomeni (1995) reviewed and investigated the wall design methods in 

the Australian Concrete Standard (AS3600). 

  

Two-way action refers to the bending behaviour of axially loaded concrete walls, 

with supports on all sides.  Studies carried out on two-way walls were by Swartz 
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and Rosebraugh (1974), Saheb and Desayi (1990) and, recently, by Attard (1994), 

Fragomeni (1995) and Maheswaran and Sanjayan (1997).  

 

This chapter reviews and discusses the work carried out by the above mentioned 

researchers, including experimental details and the prediction equations. 

Comparisons of the predicted values with the experimental values are also 

undertaken.  

 

 

3.2 Research on Axially Loaded Walls Supported at Top 

and Bottom (One-Way Action) 

 

The various research studies that have been carried out on walls in one-way action 

are discussed in the following sections. 

 

3.2.1 Seddon (1956) 

 

Seddon (1956) contributed to the British Standard wall design equation, and to a 

better understanding of the behaviour of concrete wall panels under axial and 

eccentric loading. Several wall panels were tested in one-way action, with various 

slenderness ratios (H/tw = 18 to 54) and cube strengths (fcu = 13.4MPa to 34.5MPa) 

under pure axial and eccentric uniformly distributed loadings.   

 

The conclusions reached by Seddon (1956) were: 

 

a) Panels with H/tw (slenderness) values, less than 20, failed by crushing, while 

those with larger H/tw values invariably failed by buckling.  

 

b) The contribution of reinforcing steel to the strength of the panel was minimal 

when the vertical reinforcement was placed in a single layer. However, the 

double layer reinforcement was more effective in increasing the axial strength. 
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Also, the double layer configuration was more effective in preventing the 

tension failure in panels when load eccentricities were small.   

 

c) The reduction in strength due to an eccentricity of 1/6th of the wall thickness, 

was more than 17% compared to concentric loading cases. It was recommended 

to minimise the eccentricity by the careful arrangement of the walls. 

 

d) The possibility for increases in strength of panels for aspect ratios (H/L) less 

than 1.5 was realised. The increases could be up to the cube strength of concrete 

when slenderness is as small as 0.75and loading was purely axial.  

 

Seddon’s (1956) conclusions and insights into dimensional and material factors of 

reinforced concrete walls contributed markedly to the establishment of the British 

Standard equation in which normal eccentricities and additional eccentricities, due 

to slenderness, are allowed for. 

 

 

3.2.2 Research Relating to the ACI318 Wall Equation 

 

Studies by researchers like Leabu (1959), Oberlender (1973), Pillai and 

Parthasarathy (1977), Kripanarayanan (1977), Zielinski et al. (1982, 1983), and 

more recently Saheb and Desayi (1989), seem to focus on the ACI code empirical 

wall design equation (ACI318-99). These researchers have either contributed to the 

development of the equation or have suggested modifications for various 

conditions. 

 

 

3.2.2.1  Leabu (1959) 

 

Leabu (1959) studied the problems of precast concrete wall panels and suggested an 

equation for allowable direct compressive stress in concrete wall panels under pure 

axial load, based on the working stress method, as: 
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This equation incorporated the use of the slenderness ratio. It was almost identical 

to the ACI318 (1963) empirical equation, with the only difference being the factor 

0.2 which was changed to 0.225 in the latter. The use of this formula requires the 

loading to be within the middle third of the section. 

 

The ACI building code (ACI318, 1971) adopted the  “Ultimate strength design 

method”, as opposed to the “Working stress method”, and the empirical equation 

for allowable direct compressive stress in concrete walls was accordingly adjusted 

to:  

 

 ])
t40

H(1[Af55.0P 2

w
g

'
cu −=  (3.2) 

 

Other researchers fitted their experimental findings around the above equation and 

gave suggestions for further improvements. They also gave an insight into the 

behavioural patterns of reinforced concrete walls. 

 

 

3.2.2.2 Oberlender (1973) 

 

Oberlender (1973) tested 54 wall panels with slenderness ratios (H/tw) varying from 

8 to 28, aspect ratios (H/L) from 1 to 3.5 and thicknesses equal to 75 mm with 

hinged top and bottom edges under uniformly distributed axial and eccentric 

loadings. The eccentricity was applied at 1/6th of the wall thickness. The 

reinforcement was disposed in double layers symmetrically and separately placed 

within the wall thickness. Vertical reinforcement ratios (ρv) were more than the 

minimum requirements and varied between 0.0033 and 0.0047. The compressive 

cylinder strength of the concrete was between 28 and 42 MPa and yield strength of 

steel ranged from 512.8 to 604.2 MPa. 
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The following conclusions were reached: 

 

a) The ACI318-1971 column magnified moment design procedure given in 

ACI318-1971 was more comparable to test results than the ACI318 empirical 

wall design equation.  

 

b) Under axial and eccentric loading, panels with H/tw values less than 20 failed by 

crushing while those with larger values of H/tw failed due to buckling. The 

lateral deflections at the instant of failure did not increase dramatically for H/tw 

values less than 20, while a dramatic increase was observed for values more 

than 20.  

 

c) The reduction in strength due to an eccentricity of tw/6 of the wall thickness 

varied from 18 percent to 50 percent for variation in slenderness ratios from 8 to 

28 respectively. 

 

d) In the verification of the empirical wall design equation, prescribed in ACI318 

(1971), the test failure loads were on the higher side when the strength 

reduction of factor φ =0.7 was used, particularly for H/tw ratios greater than 20. 

 

e) After examination of test data, the equation proposed by Oberlender (1973) for 

the axial load capacity of a wall was derived as: 
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3.2.2.3 Pillai and Parthasarathy (1977) 

 

While Oberlender (1973) concentrated on testing walls with two layers of 

reinforcement where such reinforcement enhances wall strengths in cases of 

eccentric loading, Pillai and Parthasarathy (1977) concentrated on the behaviour of 

panels with a central single layer of reinforcement. The authors tested 18 panels 

with slenderness ratios varying from 5 to 30, aspect ratios from 0.57 to 3.0 and 
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thicknesses from 40 to 80 mm. The walls were simply supported at top and bottom 

only with uniformly distributed eccentric loads. The value of eccentricity was fixed 

at 1/6th of the wall thickness. The concrete compressive strength varied from 15.9 to 

31.6 MPa and steel yield strengths ranged from 238 to 354 MPa. The objective of 

the investigation was to verify the theoretical ultimate strengths predicted by 

extended column concept and the empirical method for wall design recommended 

in the ACI318 (1971). 

 

The following conclusions were reached: 

 

a) The panels with lower slenderness ratios failed by cracking and splitting near 

the edges while those with ratios in excess of 20 failed because of horizontal 

cracks at mid height on the tension face. 

 

b) The influence of the steel ratios on ultimate strengths was negligible. 

 

c) The column theory method (Section 10 of the ACI318 (1971)) with moment 

magnification was found to be less conservative compared to the test results and 

the empirical equation (Equation of column theory method of ACI318 (1971)). 

 

d) The proposed empirical equation by Pillai and Parthasarathy (1977) was : 

 

 ])t50/H(1[Af57.0P 2
wg

'
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The equation was recommended only for walls with a single layer of reinforcement 

and slenderness ratios less than 30. 

 

 

3.2.2.4 Kripanarayanan (1977) 

 

Kripanarayanan (1977) made important contributions to the modification of the 

empirical design equation recommended in the ACI code and the design of precast 
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(tilt-up) panels. A theoretical analysis was made for the ultimate strength of walls 

of thicknesses 200, 250 and 300 mm, with vertical reinforcement ratios between 

0.15 and 1 percent. The compressive strength of concrete was 28.1 MPa and the 

yield strength of steel was 421.9 MPa. The eccentricity was applied at 1/6th of the 

wall thickness. 

 

Kripanarayanan (1977) showed that the ACI Code empirical equation (ACI318, 

1971) was made up of the product of two functions, F1 and F2, as shown below: 

  

 2g
'
c1u FAfFP =  (3.5) 

where F1=0.55, and is a function of eccentricity and F2=[1-(H/32tw)2], and is a 

function of slenderness. 

 

 

Kripanarayanan (1977) concluded that: 

 

a) The strength part of the design equation, F1, gives a satisfactory estimate of 

wall capacities for both plain and minimally reinforced short wall elements 

under reasonably concentric loads.  

 

b) A substantial increase in wall capacity can be obtained only if the amount of 

vertical reinforcement is of the order of 0.75 to 1.0 percent of the gross cross-

sectional area of the wall. The minimum reinforcement, ρv = 0.0025, did not 

increase the wall capacity significantly and this may be the reason why 

reinforcement contribution has not yet been incorporated into empirical wall 

design equations. 

 

c)  The slenderness part of the design equation, F2, does not give a realistic 

estimate of the capacity for walls with pin-ended supports. For this reason 

Kripanarayanan (1977) recommended a change to F2 to include a k factor (i.e. 

F2=[1-(kH/40tw)2]).  
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The recommendations by Kripanarayanan (1977) have been accepted by the ACI 

and are incorporated in the current ACI318 code (Equation 2.25). 

 

3.2.2.5 Zielinski et al. (1982, 1983)  

 

The work of Zielinski et al. (1982) focused on testing panels with ribs around all 

edges. The experimental program consisted of five full-scale (2260 mm × 1120 mm 

× 38 mm thick). Four panels with perimeter ribs (and additional cross ribs in two 

cases) were tested under concentric uniformly distributed load at the centre of the 

panels. The other panel was loaded with an eccentricity of tw/6. The overall width 

to membrane thickness ratio was 32 while the ratio of height to overall thickness of 

rib was 13.5. The aspect ratio, with respect to overall dimensions, was 2.25. The 

thickness of panels was 38 mm. The overall size of the perimeter ribs was 75 mm × 

200 mm. The mesh reinforcement in the panels was in two layers with the yield 

strength varying from 512.7 to 537.3 MPa. Concrete strengths ranged from 33.1 to 

37.3 MPa. 

 

In further studies Zielinski et al. (1983), tested three more panels. However, the test 

models used in this latter research were specially designed for the testing. Unlike 

the previous research, these panels had a thin wall membrane of 38 mm thickness 

and were stiffened with perimeter ribs placed across the centre of the membrane to 

form a ribbed wall of symmetric I-shape cross section with a very thin web. Each 

panel dimensions were height = 2260 mm, length = 1120 mm and thickness = 38 

mm. Single wire mesh was used with the yield strength varying from 512.7 to 537.3 

MPa. 

  

The following outcomes were obtained: 

 

a) In the case of the thin wall panels with small cross-sectional areas and larger 

ratios of steel (similar to those tested) a revised equation should be used, as 

given below: 

 )]1m(1][)t40/h(1[Af55.0P m
2

wg
'
cu −ρ+−=   (3.6) 
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where  

m  = fy/f’c the ratio of yield strength of steel to compressive strength of 

concrete 

     ρm = ratio of yielded steel to gross concrete area 

     tw   = thickness of the wall element 

     h    =  depth of the rib. 

 

The equation is applicable only to panels which have reasonably concentric 

loading (e ≤  tw/6) and thin wall panels, compared to those studied (L/t < 32 

and H/tw < 72). 

 

b) The panels having perimeter ribs failed at the slab/rib intersection. Two of these 

panels had intermediate cross ribs, and developed pronounced separation of the 

main wall element from the ribs. Generally, the inclusion of ribs resulted in 

improved stiffness and rigidity of panels as well as improved strength.  

 

c) In all cases the failure of the panels occurred due to crushing along a horizontal 

line near the junction of the membrane with the top or bottom horizontal rib.  

 

The work of Zielinski et al. (1982,1983) gave an insight into the use of ribs to 

increase the wall capacity for thinner wall sections. The application of the proposed 

empirical formula was limited as it applied only to panels with restricted 

dimensional properties. The use of ribs, and consequently more reinforcement, 

increases costs compared to planar walls, but the ribbed panels have the advantage 

of added strength. This added strength is reflected by the inclusion of the 

reinforcement ratio in the equation. 

 

 

3.2.2.6 Saheb and Desayi (1989) 

 

Saheb and Desayi (1989) tested 24 reinforced concrete wall panels in one-way 

action. The authors investigated the influence of the slenderness ratios (varied from 

17 to 32), aspect ratios (varied from 0.67 to 2.0) and vertical and horizontal 
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reinforcement ratios on the ultimate strength of the wall panels. Two layers of 

meshes were used in both directions of the panels and the vertical reinforcement 

varied from 0.17 to 0.86 %; while the horizontal reinforcement varied from 0.20 to 

0.51 %. The yield strength of the mesh wires and steel bars were 460MPa and 558 

MPa, respectively. Cube compressive strengths (fcu) were between 20.17 to 25.17 

MPa and axial loading was set at a constant eccentricity of tw/6. 

 

The authors compared their results to previous researchers’ methods and proposed 

modified equations. The following assumptions were made by Saheb and Desayi 

(1989) in the development of wall design equations: 

 

a) The load on the panel is reasonably concentric; thus e/tw ≤ 1/6. 

b) The panel contains at least nominal amounts of steel in vertical and horizontal 

directions. 

c) The maximum limit of the slenderness ratio is 32. 

d) At h/t = 0, the magnitude of Pue/(f’cLtw) is assumed to be equal to 0.55. 

e) The vertical steel yields at ultimate load. 

 

The proposed equations were: 
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From their test results the authors concluded that:  

 

a) The ultimate strength of the wall panels decreases linearly with an increase in 

aspect ratio. The reduction in ultimate load is about 16.6 %, for an increase in 

H/L from 0.67 to 2.0. 
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b) The ultimate strength of the wall panels decreases nonlinearly with an increase 

in the slenderness ratio. The decrease in ultimate load is about 35 % for an 

increase in H/tw from 9 to 27. 

 

c) The ultimate strength of the wall panels increases almost linearly, with an 

increase in the vertical steel.  The increase in the ultimate load is about 55% for 

an increase in ρv from 0.175% to 0.85%.   

 

d) The effect of the horizontal steel on the ultimate strength of wall panels is 

negligible. 

 

e) The prediction equations from previous researchers overestimate ultimate load. 

 

The proposed empirical equation, modified using the ACI and Zielinski et al. 

(1983) equations for the estimation of reinforced concrete panels in one-way action 

includes the effects of reinforcement, slenderness and aspect ratios. The method 

safely predicts the ultimate load in a majority of test data, and hence, after 

introducing a suitable value for φ, can be used in the design of reinforced concrete 

wall panels. 

 

The limitations of these equations are that they may be only used for slenderness 

ratios (H/tw) lesser than or equal to 32 and eccentricity of tw/6.  Note that these 

equations and those from the previous researchers already mentioned do not 

consider the effect of high strength concrete.  

 

 

3.2.3 Waddick and Swifte (1991) 

 

Waddick and Swifte (1991) tested three large panels of 2 m × 1 m × 25 mm thick. 

Concentric uniformly distributed axial loadings were applied. The reinforcement 

used consisted of 2.5 mm diameter wire mesh, with centre to centre spacing of 25 
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mm, placed in the middle of the panel thickness. Hence very small reinforcement 

ratios were used in the concrete panels (ρh = 0.36, ρv = 0.32). The yield strength of 

the steel ranged from 138.86 to 146.49 MPa and the concrete compressive strength 

was between 28 and 42 MPa.   

 

The results obtained were as follows: 

 

a) All three specimens failed at the relatively low loads of 357 kN, 450 kN and 

380 kN. Note also the differences in failure load of similar panels. 

 

b) The typical failure mode was bucking, where single curvature was obtained. i.e. 

cracking was horizontal and located at about the mid-point, the region of 

highest deflections. 

 

 

3.2.4 Fragomeni (1995) 

 

Fragomeni (1995) carried out extensive tests to study normal and high strength 

concrete wall behaviour. In Stage 1, sixteen wall panels of varying slenderness 

ratios (H/tw =12 to 25), aspect ratios (H/L = 2 to 5), thinness ratios (L/tw = 3.75 to 

12.5) and concrete strengths varying from 32.9 MPa to 67.4 MPa were tested as 

one-way walls. All walls had minimum reinforcement ratios. Stage 2 consisted of 

four panels which had a single layer of reinforcement 10 mm from the tension face 

as opposed to reinforcement in the centre, as in Stage 1. Most of the walls were 50 

mm in thickness.  

 

Fragomeni (1995) concluded that the failure mode of an axially loaded wall panel 

depended on the concrete strength, slenderness ratio, and the amount of 

reinforcement used. In the testing program, the position of the “minimum” 

reinforcing mesh centrally placed or towards the tension face, did not have an effect 

on the failure mode. However, the change in concrete strength from normal to high 

(from approximately 40 MPa to 70 MPa) did have an impact on the failure mode. 
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The author concluded that the direct interpolation of the current wall design 

equation for high strength concrete (HSC) may be a dangerous practice, particularly 

when only a minimum amount of reinforcement is provided.  

 

A modification to the AS3600 (1994) wall design equation was proposed by 

Fragomeni (1995) to allow for the inclusion for HSC parameters. The following 

two tiered equations were proposed to include HSC parameters in the AS3600 

(1994) equation: 

 

 '
cawu f6.0)e2e2.1t(N −−φ=φ             when  20 ≤ f’c ≤ 50 (3.8a) 

 ]80/)50f(1[30)e2e2.1t(N '
cawu −+−−φ=φ  

                                                              when  50 ≤ f’c ≤ 80 (3.8b) 

 

Although the concrete strength of the panels ranged from 40 MPa to 70 MPa, the 

author concluded that the equations’ validity could be extended to 80 MPa, due to 

the conservative approach taken and the incorporation of the φ factor in the design. 

 

The followings outcomes were observed for the tested panels: 

 

a) Panels with slenderness ratios, H/tw, values 12 to 15 failed by crushing, while 

walls having slenderness of 20 to 25 exhibited bending type failure. 

 

b) High strength concrete walls showed a more brittle failure mode in one-way 

action. 

 

c) The results highlighted that the concrete code formulae safely predicted the 

failure load of the normal strength concrete test panels, but over-estimated the 

failure load of high strength concrete panels. 

 

The limitations of this study are that the proposed design formulae are still not 

applicable when slenderness ratios are greater than 30 and the test panels were of 

very small dimensions. Even though the author included HSC parameters in 

Equations (3.8a) and (3.8b) reinforcement effects were not included. 
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3.2.5 Sanjayan (1998) 

 

Sanjayan (1998) tested four reinforced concrete wall panels to investigate the 

influence of reinforcement. Walls 1 and 2 were reinforced with single mesh F81 (8 

mm nominal diameter bars at 100 mm centre to centre) centrally; Wall 2 had more 

reinforcement added with 12 reinforcing bars of 12 mm diameter. Wall 3 was 

reinforced with a single layer of F52 mesh (5 mm nominal diameter at 200 mm 

centre to centre) at the middle. Wall 4 had no conventional reinforcement but was 

reinforced with steel fibres. The fibre volume was 1.22 %. The concrete 

compressive strengths ranged from 58.5 to 60.5 MPa. The axial loading was set at a 

constant eccentricity of tw/2. Dimensions for each panel were 2000 mm × 1500 mm 

× 50 mm thick.  

 

The proposed equation for the axial load capacity of a wall was given as: 
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The following conclusions were reached: 

 

a) The amount of reinforcement in the wall does not have any influence on the 

load capacity of the walls. 

 

b) The type of reinforcement also does not seem to have any influence on the load 

capacity of the walls. Fibre reinforcement seems to produce a less ductile wall 

than the walls reinforced with mesh and bars. 

 

c) When walls have typical amounts of reinforcement (<1%), the commonly used 

design method may be conservative for certain types of walls in estimating the 
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load capacity. This is because the contribution from flexural cracking strength is 

not considered. 

 

 

3.2.6 Butler (1998) 

 

Butler (1998) tested eight reinforced concrete panels in one-way in-plane action. 

The author investigated the influence of the ultimate strength on normal and high 

strength concrete wall panels. A single layer F41 mesh (4 mm nominal diameter 

bars at 100 mm centre to centre) was placed centrally in the panels with both 

vertical and horizontal reinforcement ratios (ρv and ρh) being 0.31%. The yield 

strength of mesh was over 450 MPa. The concrete strengths varied between 48.5 to 

75.2 MPa and axial loading was set at a constant eccentricity of tw/6. Each panel 

had the dimensions- 1200 mm × 1200 mm × 40 mm thick.  

 

The following conclusions were reached: 

 

a) The failure of normal strength concrete panels consisted of both bonding 

failures and the shearing of aggregates. 

 

b) The failure of high strength concrete panels were dominated by the shearing of 

aggregates. 

 

c) The experimental axial strength ratios were significantly lower than those 

calculated by Fragomeni’s (1995) proposed equation.   
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3.2.7 Comparison of Various Equations with Experimental Results 

 

In this section, equations derived by the various researchers are summarized and 

compared with some of the published experimental results.  

 

Table 3.1 gives a summary of experimental tests carried out and an overview of the 

work undertaken by various researchers on walls in one-way action. Also plotted in 

Figure 3.1 are the experimental results for various reinforced concrete walls (with 

an eccentricity of tw/6) along with ACI318-99 and AS3600-01 wall equation 

predictions. Figure 3.2 presents similar experimental results for walls with an 

eccentricity of tw/2 and no eccentricity along with ACI318-99 and AS3600-01 (with 

tw/6) wall equation predictions.  

 

As seen in Figure 3.1 and 3.2, most experimental tests have been carried out on 

concrete walls with slenderness ratios between 10 and 30, using mainly normal 

strength concrete. Generally, the major national codes have followed the general 

trend of test results. However, as illustrated in these figures, these design equations 

predict zero load capacity beyond H/tw = 32, while the experimental results showed 

significant load capacities for such walls. Also when high strength concrete panels 

were tested, the axial strength ratios were significant but the major national 

concrete codes do not apply.  

 

Only a few researchers have carried out tests on walls with varying eccentricity 

values. Even though AS3600-01 can be used for a range of eccentricities, the 

application is still limited and more tests are needed in this area. Also other 

limitations of the code methods are that the effect of reinforcement on failure loads 

is ignored. However, the amount of reinforcement does have an influence on the 

ultimate failure loads, and more importantly, provides a significant contribution to 

capacity when walls have side supports. Therefore, there needs to be more detailed 

study of walls with an aim to result in a simple method for design which would 

include the effects of high strength concrete, reinforcement, slenderness, aspect, 

eccentricity and side supports. 
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Table 3.1 Summary of one-way action tests panels and variables used by different 
researchers 

Research Number 
of test 

Concrete 
Strength 
(MPa) 

Slenderness 
ratio (H/tw) 

Aspect 
ratio 
(H/L) 

Steel ratio 
(ρv) 

Eccen-
tricity 

(e) 

Seddon (1956) N/A 17.5 to 28 18 to 54 1.5 0.008 single 
0.004 double 

0 to 
tw/3 

Leabu (1959) Theoretical 
analysis - - - - - 

Oberlender 
(1973) 54 28 to 42 8 to 28 1 to 3.5 0.0033 single 

0.0047 double tw/6 

Pillai and 
Parthasarathy 

(1977) 
18 16 to 31.5 16 to 31.5 5 to 30 0.0015 or 

0.003 tw/6 

Kripanarayan
an (1977) 

Theoretical 
analysis 28 0 to 32 0 to 0.66 - tw/6 

Zielinski et al. 
(1977) 5 33 to 37.5 72 2.25 N/A 0, tw/6 

Saheb and 
Desayi (1982, 

1983) 
24 20.2 to 

25.17 12 to 27 0.67 to 
2.0 

0.00173 to 
0.00856 tw/6 

Sanjayan 
(1998) 4 58.5 to 

60.5 40 1.33 0.0094 to 
0.0122 tw/2 

Waddick and 
Swifte (1991) 3 41.1 to 

43.2 80 2 0.00245 0 

Fragomeni et. 
al (1995) 20 36 to 60.7 12 to 25 2 to 5 0.0025 to 

0.0031 tw/6 

Butler (1998) 8 48.5 to 
75.2 30 1 0.00266 to 

0.002894 tw/6 

 

H/tw

N
u

/f
' cL

t w

0 5 10 15 20 25 30 350

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Pillai/Parthasarathy (1977)
Saheb/Desayi (1989)
Fragomeni (1995)(NSC)
Fragomeni (1995)(HSC)
Butler (1998)(NSC)
Butler (1998)(HSC)
AS3600-01
ACI318-99

 

Figure 3.1 Experimental test results of one-way wall by various researchers (e = 
tw/6) 
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Figure 3.2 Experimental test results of one-way wall by various researchers (e = 0 
and tw/2) 

 

 

Equations of Oberlender (1973), Pillai and Parthasarathy (1977), Kripanarayanan 

(1977) (which constitutes the current ACI formula), Zielinski (1982, 1983), Saheb 

and Desayi (1989), Fragomeni (1995) and Sanjayan (1998) are presented in Table 

3.2. A comparison of these equations is also carried out with selected experimental 

results by different researchers in Table 3.3. All of the experimental walls were 

subjected to a load eccentricity equal to tw/6 and consisted of either normal or high 

strength concrete. Computed values using wall design formulae recommended in 

the AS3600-01 and the ACI318-99 are also given.  
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Table 3.2 Design axial strength formulae for one-way action 

 Equation Design axial strength expression 
Oberlender/Everard(1973) 

Equation (3.3) 
])t30/H(1[Af60.0P 2

wg
'
cu −=  

Pillai/Parthasarathy(1977) 
Equation (3.4) 

])t50/H(1[Af57.0P 2
wg

'
cu −=  

Kripanarayanan (1977) 
Equation (3.5) 

])t32/H(1[Af55.0P 2
wg

'
cu −=  

Zielinski et. al. (1982,83) 
Equation (3.6) 

)]1m(1][)t40/H(1[Af55.0P m
2

wg
'
cu −ρ+−=  

Saheb/Desayi (1989) 
 

Equation (3.7a) 
 
 
 

Equation (3.7b) 
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for H/L ≥ 2.0 
Fragomeni (1995) 
 

Equation (3.8a) 
 

Equation (3.8a) 

 
'
cawu f6.0)e2e2.1t(N −−=  

]80/)50f(1[30)e2e2.1t(N '
cawu −+−−=  

50 ≤ f’c ≤ 80 
Sanjayan (1998) 

Equation (3.9) )MM(
'e

1P ocr −=  

 

 

The following general observations can be made. 

 

By observing Table 3.2 it can be noted that most of the proposed equations, except 

Fragomeni’s Equation (3.8) and Sanjayan’s Equation (3.9) do not consider the 

contribution of eccentricities and only Equation (3.8) considers the contribution of 

high strength concrete. Hence the application of each is limited in scope, 

particularly when high strength concrete is used. For example, as shown in Table 

3.3 all of the equations overestimated the predicted actual failure load of the high 

strength concrete panel 6b. Yet all equations, except Equations (3.4) and (3.6), 

significantly underestimated the failure load of panel 4b.  

 

Note that Equations (3.4) and (3.6) are limited to specific situations of panels with 

ribs and high reinforcement ratios. 
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Table 3.3 Comparison of failure loads using various experimental test models in 
one-way action 

 
Ultimate capacity (kN)  

M
odel 

H×L×tw 

(mm) 

 

f’c  (M
Pa) 

H
/tw  

E
xperim

ental 

A
C

I318-99 

A
S3600-01 

E
quation  (3.3) 

E
quation  (3.4) 

E
quation  (3.5) 

E
quation  (3.6) 

E
quation  (3.7a &

 b) 

E
quation  (3.8a &

 b) 

A5 800×700×80 20.8 10 932.0 577.5 502.7 620.6 636.8 577.5 614.5 591.4 502.7 

A6 400×700×80 15.2 5 647.5 468.1 408.3 508.9 492.3 468.1 472.4 468.1 408.3 

B5 800×700×80 22.7 10 971.2 632.0 550.1 679.2 696.8 632.0 656.6 632.0 550.1 

B6 400×700×80 15.6 5 559.2 468.1 408.3 508.9 492.3 468.1 472.4 468.1 408.3 

T
ests by Pillai  &

 
Parthasarathy (1977) C2 1200×500×48 20.6 25 343.4 33.0 23.8 0.0 180.8 33.0 119.2 29.7 23.8 

WAR-1 600×900×50 17.9 12 484.3 105.9 88.9 90.6 211.2 105.9 165.5 101.6 88.9 

WAR-2 600×600×50 17.9 12 314.8 379.9 330.2 405.1 431.7 379.9 412.9 390.0 330.2 

WAR-3 600×400×50 17.9 12 198.3 253.2 220.1 270.0 287.8 253.2 275.3 260.0 220.1 

WAR-4 600×300×50 17.9 12 147.4 168.8 146.8 180.0 191.9 168.8 183.5 173.3 146.8 

WAR-4 600×300×50 17.3 12 147.4 126.6 110.1 135.0 143.9 126.6 134.1 126.6 110.1 

WSR-1 450×300×50 17.9 9 214.2 131.7 114.7 142.0 143.5 131.7 135.8 131.7 114.7 

WSR-2 600×400×50 17.3 12 254.1 163.9 142.5 174.8 186.3 163.9 173.6 163.9 142.5 

WSR-3 900×600×50 17.3 18 298.0 195.6 168.8 199.8 258.1 195.6 228.2 195.6 168.8 

Tests by Saheb &
 D

esayi (1989) 

WSR-4 1350×900×50 17.3 27 373.7 123.6 101.5 89.0 315.1 123.6 233.6 123.6 101.5 

2a 1000×300×50 42.4 20 231.8 213.2 183.2 212.0 304.5 213.2 262.4 184.7 183.2 

4a 1000×300×40 35.7 25 198.6 91.8 77.1 78.5 183.1 91.8 143.6 79.6 77.1 

6a 600×200×40 38.3 15 162.6 131.5 114.0 137.9 158.9 131.5 144.8 118.3 114.0 

8a 420×210×35 39.6 12 158.2 137.6 119.6 146.7 156.3 137.6 148.6 140.3 119.6 

2b 1000×300×50 65.4 20 263.5 328.8 282.5 327.0 469.7 328.8 410.6 289.1 257.6 

4b 1000×300×40 54.0 25 216.8 138.9 116.6 118.8 277.0 138.9 220.5 122.2 113.4 

6b 600×200×40 67.4 15 178.0 231.4 200.6 242.6 279.7 231.4 259.3 211.9 181.2 

T
ests by Fragom

eni (1995) 

8b 420×210×35 67.4 12 233.0 234.1 203.5 249.7 266.1 234.1 250.5 236.6 183.8 
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3.2.7.1 Varying Slenderness Ratio 

 

The design axial load curves obtained by the equations in Tables 3.2 and 

experimental results in Table 3.3 are presented in a graphical form in Figure 3.3. 

 

The following input data was used to plot the Figure 3.3: 

 

fy = 400MPa, f’c = 30MPa for Equations (3.3) to (3.7), and f’c = 70 MPa for 

Equation (3.8b), ρv = 0.0031, k = 1.0 and φ = 1.0. The equations were also plotted 

for the cases H = L.  

 

Kripanarayanan (1977) used Oberlender & Everard’s (1973) data, as well as his 

own theoretical work, to derive his equation. Observing Figure 3.3 shows that  

these two equations generally underestimated failure loads for panels with H/tw 

>20.   

 

Even though Equation (3.8b) accounts for the effect of the high strength concrete, 

the predictions start differing from the experimental values significantly, for higher 

slenderness ratios. Since most of the researchers’ formulae give conservative 

strength ratios up to H/tw < 30, the equations give greater discrepancies for greater 

slenderness ratios. For example as shown in Table 3.3, WSR-4, with a slenderness 

ratio of 27, failed at 373.7 kN. The predicted failure load by Saheb and Desayi’s 

Equation (3.7) was 123.6 kN.  

 

As mentioned in Chapter 2, the AS3600-01and ACI318-99 equations give negative 

results for walls that have load capacities beyond slenderness ratios of 30. As seen 

in Figure 3.3, most other formulae also give negative strengths for H/tw > 32, even 

though the formulae of Pillai & Parthasarathy (1977), Kripanarayanan (1977) and 

Zielinski et. al. (1982,1983) show that load capacities can reach the slenderness 

ratios of 40 and 50 respectively. However those equations do not follow the general 

trend shown by the high strength concrete test walls. The axial strength ratios of the 

high strength wall panel tested by Fragomeni (1995) and Butler (1998), are 

significantly underestimated by these equations. Also these equations do not 
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include the effect of eccentricity and while the contribution of reinforcements is not 

included. The Pillai and Parthasarathy (1977) equation (Equation (3.4)) does not 

show the rapid reduction in strength that is predicted by the other equations for high 

slenderness values. Pillai and Parthasarathy’s (1977) test panels had only central 

reinforcement compared to the double layers used in the other researchers tests. 

 

It is evident that more testing is required for high strength concrete walls in one-

way action with slenderness ratios between 20 and 40 to extend the current 

formulae beyond H/tw  = 30. 
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Figure 3.3 Comparison of Design axial strengths predicted by different wall 
formulae (One-way action) 

 

The following general observations can be made. 

 

Equations (3.7) and (3.5) seem more reliable as they are based on both individual 

analysis and the work of other researchers.  Some of the other formulae are based 

on certain special conditions and must be applied with care. For example Equation 
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(3.6) should be used only for ribbed panels similar to those tested, while Equation 

(3.8b) is the only equation with the contribution of high strengths of concrete. This 

equation follows the general trend of the axial strength ratio of high strength 

concrete wall test results, but is also limited to a slenderness ratio of 30.  

 

 

3.2.7.2 Varying Aspect Ratio 

 

When considering aspect ratios (H/L) (by varying L only and keeping H/tw 

constant, H/tw = 20) the axial strength ratios obtained from most of the proposed 

equations remain constant, with varying aspect ratios as shown in Figure 3.4.  

However, the axial strength ratios obtained by Saheb and Desayi’s (1989) Equation 

(3.7a, b) decreases linearly up to H/L = 2, and then becomes constant. The study by 

Saheb and Desayi (1989) represents the only equation to account for aspect ratio. 
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Figure 3.4 Design axial strength ratio versus aspect ratio in one-way action 
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3.2.7.3 Varying Reinforcement 

 

The influence of the contribution of percentage of vertical reinforcement (ρv) is 

investigated in Figure 3.5. Only Equations (3.6) and Equation (3.7a, b) showed any 

variation with steel ratio. These equations included the effects of reinforcement 

ratios. 
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Figure 3.5 Design axial strength ratio versus vertical steel ratio in one-way action 
 

 

3.2.7.4 Varying Concrete Strength 

 

Figure 3.6 presents the design axial stress versus the concrete strength. The H/tw 

was held at 20, eccentricity was equal to tw/6 and φ = 1. Figure 3.6 shows that the 

design axial stress increases linearly with concrete strengths for all formulae. This 

seems reasonable for the concrete range considered, but these equations are 

applicable to normal strength concrete wall only. However, as shown by 

Fragomeni’s (1995) equation, high strength concrete parameters need to be 

included, and the linear interpolation of the results is not valid for concrete 

strengths higher than 50 MPa. Fragomeni (1995) found that an average increase of 
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concrete strength (by 55.8%) resulted in an average increase in wall strength (by 

27.0%) for concrete strengths between 35 and 70 MPa. Therefore the simple 

extrapolation of code formulae intended for normal concrete strengths, is not 

desirable for higher concrete strengths. This is illustrated by the F curve in Figure 

3.6. 
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Figure 3.6 Design axial strength ratio versus concrete strength in one-way action 
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3.3 Research on Axially Loaded Walls Supported on All 

Sides 

3.3.1 General 

 

Two-way action (Figure.1.4 (b)) considers the behaviour of concrete walls with 

side supports under axial compression. The studies and code formulae discussed so 

far involve the design of walls in one-way action. The suggested equations 

discussed in the previous section are intended for normal strength concrete load 

bearing walls where end restraints are usually provided at the top and bottom edges 

only. However the equations fail to recognise any contribution to load capacity 

from restraints at side edges, which are very common in practice.  

 

Investigations on the strength and behaviour of reinforced concrete walls in two-

way action have been conducted by Ernest (1952), Swartz et al. (1974), Saheb & 

Desayi (1990), Aghayere & MacGregor (1990), Waddick and Swifte (1991) and 

recently by Roongsang (1994), Attard (1994), Fragomeni (1995) and Maheswaran 

& Sanjayan (1997). This section discusses the work carried out by these researchers 

and compares the values predicted by the suggested formulae with experimental 

failure load. 

 

 

3.3.2 Ernest (1952) 

 

Ernest (1952) tested 10 small-scale rectangular reinforced concrete the panels, 

which were simply supported along all the four edges (two-way action). The 

uniformly distributed loading was applied in the direction of the height. The 

slenderness ratios (H/tw) were between 13 and 80. The aspect ratios (H/L) were 

equal to 0.5 to 1.0, the thinness ratios (L/tw) varied from 26.67 to 80 and 

thicknesses varied from 12 mm to 38 mm. The reinforcement was placed in a single 

layer located symmetrically, with respect to thickness and consisted of 25 mm × 25 
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mm spacing welded wire mesh (1 inch spacing). The concrete strength was 32 

MPa.  

 

The following conclusions were reached: 

 

a) Higher stresses occurred at the centre of the panel, at or near the ultimate loads. 

The possibility for the redistribution of stress, where vertical edge elements 

carry more load than centre elements, was realized. The test panels exhibited 

abrupt type of failures. 

  

b) A Rankine-Gordon type of empirical equation has been suggested and given as: 

 

 
cr

'
c

'
c

P/cf1
f

P
+

=  (3.10) 

 

where 

  P = axial unit stress at failure  

 2cr )t/L(
EP κ

=  and  2
2

2

)H/LL/H(
)1(12

+







µ−

π
=κ  and c is 3, an empirical 

constant derived from the tests. 

 

c) As an alternative, the tangent-modulus theory was also found to give reasonable 

estimates of failure loads by the use of tangent-modulus instability curves. 

 

 

3.3.3 Swartz, Rosebraugh and Berman (1974a  1974b) 

 

Swartz, Rosebraugh and Berman (1974a, 1974b) tested 24 rectangular reinforced 

concrete wall panels, which were simply supported along all the four edges (two-

way action). In all cases, the mode of failure was similar to that of a simply 

supported slab, subjected to a uniform load applied transversely. Panel thicknesses 

were 0.75, 1.0 and 1.5 inches (19, 25.4 and 31.8mm), with eight panels constructed 
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for each thickness. All panels were 8 feet long (2.44m) and 4 feet wide (1.22m). 

Hence, the test panels had: slenderness ratios (H/tw) varying from 76 to 128; 

thinness ratios (L/tw) varying from 38.4 to 64; thickness varying from 19 to 31.8 

mm; and aspect ratios (H/L) equal to 2.0.  

 

The reinforcement was placed in one or double layers, located symmetrically within 

the wall thickness, and the reinforcement ratios varied from 0.001 to 0.002. The 

concrete strengths varied from 16.67 to 27.54 MPa and the yield strength of steel 

was 540.08 MPa. 

 

The following formula was proposed to predict the average or membrane stress at 

the onset of buckling in the concrete wall panels. 

 

 ])B4(B[Bf425.0f 5.02'
ccr ++−=   (3.11) 

   

and   

 
)1(6

)b/h()LL/1(B
0

222

ρ−ε
+π

=  

 

where L = a/b, if a/b < 1 and  L = 1,  if a/b ≥ 1. a, b and h  are wall length, width 

and thickness, respectively. 

 

Several assumptions were made: 

• The tangent-modulus wall buckling theory was used, assuming isotropic 

material behaviour; 

• The small deflection theory prevails and initial imperfections are neglected; 

• The load is applied as pure axial compression; 

• The wall is simply supported along all edges;  

• The concrete was assumed to be uncracked at the onset of buckling; 

• The stress-strain relationship for concrete was taken as parabolic;  

• The additional bending stiffness provided by the steel was neglected. 
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The authors concluded that: 

 

a) Simply supported rectangular reinforced concrete walls, subjected to uniaxial 

compression, may fail by buckling at stress levels considerably lower than the 

material’s compressive strength (about 51 to 87 % of f’c). 

 

b) The buckling is two-dimensional with biaxial curvature. 

 

c) The presence of steel reinforcement is essentially inconsequential with regard to 

the initial buckling stress, but is important with respect to the plate ductility and 

total load capacity. 

 

d) The proposed formula for predicting the stress in the concrete, when buckling 

commences, is both reasonably conservative and accurate. It is recommended 

that this formula be used for design when applicable. 

 

The equation was compared with experimental results as well as with Ernest’s 

(1952) formula. The equation was proven to be reasonably conservative and 

accurate. Even though loading was assumed to be uniaxial, walls in practical 

situations almost always have eccentricities. The application of the equation also 

requires the value of the ultimate concrete strain ε0, a parameter that is not normally 

measured in standard concrete cylinder tests. In most situations, a reasonable value 

for strain, ε0, needs to be assumed when calculating the failure load for a given wall 

panel.  

 

 

3.3.4 Saheb and Desayi (1990) 

 

Saheb and Desayi (1990) tested 24 small-scale reinforced concrete wall panels. 

They investigated the influence of slenderness ratios (H/tw varied between 17 and 

32), aspect (H/L varied between 0.67 and 2.0) and vertical and horizontal 

reinforcement ratios on the ultimate strength of wall panels. Also, ultimate cracking 
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load and lateral deflections of identical panels in two-way action and one-way 

action were compared. 

 

The reinforcement was placed in two layers symmetrically on the two faces of the 

wall and was fabricated form steel bars with diameters varying from 2 mm to 5 

mm.  

The vertical reinforcements varied from 0.173 to 0.856%, while the horizontal 

reinforcements varied from 0.199 to 0.507%. The cube compressive strengths of the 

concrete (fcu) varied between 20 and 25 MPa and the axial loading was set at a 

constant eccentricity of tw/6. 

 

 Saheb and Desayi (1990) proposed two equations for predicting the ultimate 

strength of wall panels in two-way action. The first equation was empirical and was 

arrived at from trial and error fitting of test data. The second proposed equation was 

semi-empirical and was developed from a modification of the buckling strength of 

thin rectangular metal plates. 

 

 

First proposed equation 

 

Assumptions made in the development of the first equation were as follows: 

 

• The load on the panels is reasonably concentric; thus e/tw ≤ 1/6; 

• The panel contains at least the minimum amount of steel in vertical and 

horizontal directions to resist shrinkage and temperature effects; 

• The maximum limit of thinness ratio (L/tw) is 60; 

• The aspect ratio of H/L of panels was between 0.5 and 2.0; 

• At L/tw = 0, the magnitude of Pu/(f’cLt) is taken to be equal to 0.67; and 

• For an increase of aspect ratio from 0.67 to 2.0, an increase of about 16% in 

strength is considered to be safe; 
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The two last assumptions are based on a preliminary examination of test data with 

the aim of the safe prediction of a large proportion of test results. The developed 

equation is: 

  

 )}L/H(12.01}{)]t120/(L[1{Af67.0P 2
wg

'
cu +−φ=  (3.12a) 

 

for 2.0 >(H/L) >0.5 and L/t < 60. The Equation 3.12a can be expressed in a short 

form as 

 





+=

L
H12.01Q/Pu  (3.12b) 

where })]t120/(L[1{Af67.0Q 2
wg

'
c −φ=  

 

 

Second proposed equation 

 

The developed semi-empirical equation is: 

  

 )t/L/()fc()Lt/(P w
'
c2wu φ=  (3.13a) 

  

where the constant c2 is unknown. The equation has been rewritten as: 

  

 cRPu φ=  (3.13b) 

where          
)t/L(

)]}fA/)fA[(1{fAfA
R

w

fvsvyhshyvsv
'
cg ++

=     

and c = 0.8352(L/t)-0.0052(L/t)2   for L/t < 60 

 

Saheb and Desayi (1990) concluded that:  

a) The ultimate strengths of wall panels in two-way action were found to increase 

linearly with aspect ratios (H/L). The increase was about 26% for an increase in 

H/L from 0.67 to 2.0. 

b) The ultimate strengths of wall panels in two-way action were found to reduce 

nonlinearly with an increase in thinness ratios (L/tw) or slenderness ratio (H/tw). 
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The reduction was about 37% for an increase in L/tw from 6 to 18, or an 

increase of H/tw from 9 to 27. 

 

c) The increase in vertical steel ratio caused a linear increase in the ultimate 

strength of the panel. The increase was about 54 % for increases in ρv from 

0.175 % to 0.75 % with H/tw = 12 and H/L = 0.67. Also it was about 43% for an 

increase of ρv from 0.33 % to 0.85 % for panels with H/tw =24 and H/L = 1.5.  

 

d)  The effect of horizontal steel ratio on the ultimate strength of the wall panel 

was found to be insignificant.  

 

e) Of the two equations, the first equation was found to be in better agreement 

with the test data, and a lower coefficient of variation resulted when all tests 

were considered. 

 

f) A comparison of the lateral deflections, cracking loads and ultimate loads of 

identical panels tested under two-way and one-way action showed that the 

panels in two-way action were more rigid and stronger, due to the support 

provided to them on all four edges. 

 

 

3.3.5 Aghayere and MacGregor (1990) 

 

An analytical model was presented by Aghayere and MacGregor (1990) based on 

the following assumptions: 

 

• The section is rectangular; 

• The concrete strength is taken as 90 % of cylinder strength (f’c); 

• the rectangular stress block is used in the analysis; 

• The concrete loaded under combined bending and compression fails at a strain 

of 0.0038; 

• A perfect bond is assumed between steel and concrete; and 
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• The effects of creep and shrinkage strains are neglected. 

 

Aghayere and MacGregor (1990) proposed a method of analysis based on an 

assumed deflection method. In this way, the calculation of the strength of a panel 

was reduced to a one degree of freedom problem. Material non-linearity was taken 

into account using a moment-curvature relationship that included tension-stiffening 

effects. An equation was developed to calculate the transverse load for a given set 

of in-plane loads Nx and Ny. 

 

 Thus, Equation (3.14) was given for eccentrically loaded panels to calculate in-

plane loads. Initially, the maximum eccentricity for a given set of in-plane loads 

was calculated and then by interpolation, the maximum in-plane load for a given 

eccentricity could be obtained. 

 

The proposed equation was: 
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where   

a =  length of plate in y direction 

b =  length of plate in x direction 

ex = eccentricity of in-plane load in x direction 

ey = eccentricity of in-plane load in y direction 

Mxi = internal resisting moment per unit width in x direction 

Myi = internal resisting moment per unit width in y direction 

Nx = in-plane load per unit width in x direction 

Ny = in-plane load per unit width in y direction 

φx0 = maximum curvature in x direction 

φy0 = maximum curvature in y direction 

 

The procedure to obtain maximum eccentricity ey for a given set of in-plane loads 

Nx and Ny per unit width and eccentricity ex is as follows: 
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a) Obtain the M-N-φ relationships for sections of unit width at the centre of the 

wall in the x and y directions, for the given values of load Nx and Ny. 

 

b)  Assume a value for φy0 and calculate φxo = (a2 / b2) φy0. 

 

c) From the M-N-φ relationships derived in step (a), obtain Mxi and Myi 

corresponding to φx0 and φy0, respectively. 

 

d) Calculate the eccentricity, ey, from Equation (3.14) for the assumed value of φy0 

in step (b). 

 

e) Increment φy0 and repeat steps (b), (c) and (d) 

 

This procedure gives a plot of eccentricity, ey versus the maximum curvature φy0 in 

the y direction. The peak of this curve is taken as the maximum eccentricity for the 

given in-plane loads. It should be noted that, even though the analysis has been 

presented for biaxial in-plane loads, it has only been checked against uniaxially 

loaded walls. The method is quite time consuming and considered difficult to apply 

in practice. 

 

 

3.3.6 Waddick and Swifte (1991) 

 

Waddick and Swifte (1991) tested three 2 m high × 1 m wide × 25 mm thick (H/tw 

= 80 and L/tw = 40) wall panels, simply supported on all four sides with concentric 

axial loading. The walls were composed of concrete of normal strengths ranging 

from 37.9 MPa to 42.6 MPa and reinforced centrally with 2.5 mm diameter wire 

mesh of 25 mm spacing (ρv = 0.00245, ρh = 0.00315).  

 

All three walls failed in a brittle manner, showing crack patterns indicative of 

double curvatures in the walls. The failure loads ranged from 357 kN to 450 kN. 

The limitations of this study are: firstly, the slenderness ratios were very high, 
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which is not common in actual structures; and secondly the test panels were not 

subject to the effects of eccentric loads.  

 

 

3.3.7 Roongsang (1994) 

 

Roongsang (1994) tested a total of three 2 m high × 1 m wide × 50 mm thick (H/tw 

= 40 and L/tw = 20) wall panels. Two of the panels were supported on all four sides 

(two-way action) and the other was supported on two parallel sides only (one-way).  

 

In two-way action, one specimen was concentrically loaded, while the other was 

loaded axially at an eccentricity equal to one-sixth of the panel thickness. The third 

panel was also loaded axially at an eccentricity equal to one-sixth of the panel 

thickness in one-way action. The average concrete strength was 45 MPa. The 

reinforcement used consisted of 6.1mm diameter micro deformed bars, with centre 

to centre spacing of 100 mm, placed centrally. The horizontal and vertical 

reinforcement ratios were 0.0058 each.  

 

Both two-way specimens failed in brittle manner, showing crack patterns clearly 

indicative of double curvature in the walls. The failure load for the concentrically 

loaded wall in two-way action was 1854 kN and for the eccentrically loaded two-

way wall it was 899 kN. The failure load for the concentrically loaded wall was 

more than double that of the eccentrically loaded one. The test specimen in one-

way action exhibited a typical one-way buckling failure with a failure load of 340 

kN. 

 

One limitation of this study was that the effect of the reinforcing ratio was not 

considered. It is possible that the reinforcement content (0.588%) had an effect on 

the wall capacity obtained. Additionally the specimens were tested in a horizontal 

position and, as such, the effect of gravity on the panel surface could contribute to 

greater deflection and lesser failure load. 
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3.3.8 Attard (1994) 

 

Attard (1994) used the tangent modulus theory to obtain a solution for the capacity 

of concrete walls. He investigated the buckling load of rectangular simply 

supported concrete walls under pure concentric uniform compression. The concrete 

was assumed to be fully in compression so that a uniaxial stress-strain relationship 

could be used. The contribution of reinforcement was ignored. The method is valid 

for concrete strengths varying from 20 MPa to 120 MPa. When compared with the 

experimental results of Swartz et al. (1974), the buckling formula was adequate. 

However, the results of Saheb and Desayi (1989, 1990) did not correlate well as the 

eccentricities considered were different. 

 

To analyse the buckling load, Attard (1994) proposed the following amplified 

moment equations:  
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where the amplification factor δb is given by: 
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Mxx and Myy denote the buckling moments per unit length about the x and y-axes, 

respectively. The minimum eccentricity used was 0.05tw. Ec and Esec are elastic 

modulus and secant modulus of concrete, respectively. The buckling load Nx is 

obtained using the column design method. 

 

The limitations of these equations are that the buckling load needs to be obtained 

from an approximation analysis and it is difficult to incorporate varying 

eccentricities into the equations. Also Ec and Esec are difficult to determine when 

the behaviour is non-linear. 
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3.3.9 Fragomeni (1995) 

 

Fragomeni (1995) proposed a modification to the AS3600 (1994) wall design 

equation, using the results of Saheb and Desayi (1990) and his own testing of four 

small scale wall panels. . The author also incorporated  the effective height factors 

from the German concrete code DIN 1045 (1988). The two tiered equation for walls 

supported on all four sides are given as: 

 

 )e2e2.1t(f7.0N aw
'
cu −−φ=φ        when  20 ≤ f’c ≤ 50   (3.17a) 

]80/)50f(1)[e2e2.1t(35N '
cawu −+−−φ=φ    when  50 ≤ f’c ≤ 80 (3.17b) 

  

where φ =0.6 for compressive members and Hwe  = β H, in which β = 1/[1+(H/L)2] 

for H ≤  L and  β =  L/2H for H > L. 

 

Two small-scale normal strength concrete panels and two high strength concrete 

panels, having slenderness ratios of 12 and 15, and simply supported on all four 

sides, were tested by Fragomeni (1995). The following conclusion were observed 

from the tested panels:  

 

a) The location of failure was in the top half of the panels closer to the top loading 

ram. This result was similar to some of the less slender one-way panels, which 

also exhibited crushing failure in this area. 

 

b) The crushing failure mode was expected considering the low slenderness ratios 

used and the contribution to the compressive strength provided by the side 

restraints. 

 

c) To obtain a buckling failure mode (i.e. bulging in the centre) higher slenderness 

ratios would be required.  

 

d) As expected, the panels with lower slenderness ratios and e = tw/6 attained their 

ultimate material failure loads well before any buckling occurred. 
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e) The increase in concrete strengths of similar panels by 84.2 % and 96.5 % 

resulted in only 49.4 % and 29.9 % increases in wall strengths, respectively. 

 

f) The failure loads of the two normal strength panels predicted tested in two-way 

action were 25 to 40% more than the identical panels tested in one-way action.  

 

The limitations of this study was that the design formulae  were still not applicable 

when the slenderness ratios were greater than 30 and the test panels were of very 

small dimensions. Also, the contributions of the reinforcement were not included 

and the equations sometimes overestimated the failure load when compared to test 

results by Saheb and Desayi (1990). 

 

 

3.3.10  Raviskanthan (1997) 

 

Raviskanthan’s (1997) research focused on a parametric study using a commercial 

finite element analysis package and test results from various researchers. A 

modified wall design equation, based on the Australian Standard (AS3600, 1994) 

equation, was proposed. The intent was to extend the validity of the AS3600-1994 

equation to concrete strengths beyond 50 MPa.  

 

The proposed equation for the ultimate design axial strength per unit length for 

walls in one- and two-way action was: 
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where a = 0.5(tw - 1.2e - 2ea) and d = horizontal centre to centre distance between 

restrained edges of wall. 
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β is defined the same way as in Fragomeni (1995)’s equation and Ast = area of 

tensile steel per unit width of the wall. 

 

Interestingly the formula also includes a variable for steel, which is not considered 

in most of the current design formulas. When the effect of reinforcement is ignored 

(Ast  = 0), Equation (3.18) is the same as the AS3600 (1994) wall design formula. 

 

Again, this design method is not applicable when the slenderness ratio is greater 

than 30 and it shows greater discrepancy when aspect ratios are greater. Overall 

comparisons with existing experimental works show that this design method 

underestimates the failure load, significantly.  

 

 

3.3.11  Sanjayan and Maheswaran  (1999) 

 

Sanjayan and Maheswaran (1999) tested eight wall specimens simply supported on 

all sides and loaded in a horizontal position. The test procedure was similar to that 

used by Roongsang (1994) except that the loading was provided by a series of jacks 

providing constant loading, as opposed to constant displacements. 

  

The specimens were divided into two series. Series-1 consisted of five specimens, 

Walls-1 to 5, reinforced with single square mesh F81. Series-2 consisted of three 

specimens, Walls- 6 to 8, reinforced with double square mesh F81. Walls 1, 4 and 7 

were tested with eccentricity equal to tw/2, and Walls 2, 3, 5, 6 and 8 were tested 

with eccentricity equal to tw/6. All the panels were 2 m long × 1.5 m wide × 50 mm 

thick. The slenderness ratio (H/tw) was therefore 40 and the aspect ratio (H/L) was 

1.33. The reinforcements for all specimens were provided centrally and 

reinforcement ratios varied from 0.0085 to 0.169. The walls had high concrete 

strengths ranging from 77.5 to 86.5 MPa. 
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The failure loads for Walls 1, 4 and 7 were 524.4 kN, 560.5 kN and 647.3 kN, 

respectively. Walls 2, 3, 5, 6 and 8 had failure loads of 1256.6 kN, 1434.8 kN, 

870.5 kN, 1510.2 kN and 1532.6 kN, respectively. It can be noted that the load 

capacity increased dramatically with decrease in eccentricity.  

 

The major conclusions and recommendations from this research are summarised 

below: 

 

a) Equations available for wall design in current codes of practice do not 

effectively include the effects of side supports. 

 

b) Current code methods available for calculating in-plane loads severely 

underestimate the failure loads. 

 

c) The failure modes of wall panels tested at an eccentricity equal to tw/6 were 

sudden and explosive. This outcome was due to the crushing of the concrete, 

followed by the yielding of the reinforcing steel. 

 

d)  The failures were ductile when wall panels were tested at an eccentricity equal 

to tw/2. 

 

The limitations of the studies are that: 

a) Specimens were tested in a horizontal position with eccentricity of opposite 

direction in gravity and, as such, the effect of gravity on the panel surface could 

contribute to lesser deflection and higher failure load. 

 

b) Minimum reinforcement was not considered and therefore the contribution of 

reinforcement is difficult to decipher. 

 

c)  Additional reinforcement was placed at the loading zone that may lead to 

higher wall capacities. 
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3.3.12   Comparisons of Two-way Methods 

 

In this section, the proposed equations derived by various researchers for walls in 

two-way action are summarized and compared with some of the published 

experimental results. The details of walls tested in two-way action are shown in 

Table 3.4, while Table 3.5 shows the available design axial strength formulae for 

walls in two-way action. Also plotted in Figure 3.7 are the available experimental 

results for the capacity of two-way reinforced concrete walls versus slenderness 

ratio (with various concrete strengths and eccentricity = tw/6). Figure 3.8 presents 

similar experimental results for walls with an eccentricity of tw/2. 

 

As can be seen in Table 3.4 and 3.5, and illustrated in Figure 3.7 and 3.8, many of 

the experimental works have considered various parameters. However, more 

studies are needed in certain areas. Only a few studies have been undertaken for 

high strength concrete walls and only a few considered the effect of varying 

reinforcement and eccentricity. Even though some studies were undertaken for 

slenderness ratios (H/tw) > 40, there is a distinct lack of testing of walls with H/tw 

between 20 and 30. The work of Swartz et al. (1974) is comprehensive, but 

eccentricities considered were zero and hence high capacities resulted. It should 

also be noted that walls with H/tw > 30 and e = tw/6 showed significant load 

capacities, while the use of the code formulae would have yielded zero capacity for 

them. 
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Table 3.4 Summary of two-way action tests panels and variables used 

Researcher Number 
of tests 

Concrete 
Strength (MPa) 

Slenderness 
ratio (H/tw) 

Aspect 
ratio (H/L) 

Eccen- 
tricity (e) 

Ernest (1952) 10 31.5 15.1 to 75.5 0.58 to 1.04 0 
Swartz et. al.  

(1974) 24 16.7 to 27.0 75 to 128.5 2.0 0 

Saheb and Desayi 
(1990) 24 20.2 to 25.2 9 to 25 0.67 to 2.0 tw/6 

Aghayere & 
MacGregor (1990) 

Theoretical 
analysis - - - - 

Waddick & Swift 
(1991) 3 37.9-42.6 80 2.0 0 

Roongsang (1994) 2 44.2-44.7 40 2.0 0, tw/6 

Attard (1994) Theoretical 
analysis - - - - 

Fragomeni (1995) 4 37.3 to 73.3 12 to 15 2.0 to 3.0 tw/6 
Raviskanthan 

(1997) 
Theoretical 

analysis - - - - 

Sanjayan & 
Maheswaran (1997) 8 65 to 90.5 40 1.33 tw/6 

 

Table 3.5 Design axial strength formulae 

Equation Design axial strength expression 

Ernest (1952) 
Equation(3.10) 
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Attard (1994) 
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Fragomeni (1995) 
 

Equation(3.17a) 
 

Equation(3.17b) 
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Figure 3.7 Two-way experimental test results by researchers (e = tw/6) 
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Figure 3.8 Two-way experimental test results by researchers (e = 0, tw/2) 
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Based on the proposed equations in Table 3.5, comparisons of strengths for walls 

two-way action were carried out in Table 3.6, using test data provided by different 

researchers. All the experimental models consisted of either normal or high strength 

concrete. As mentioned in Chapter 2, the design formulae recommended in 

AS3600-01 and ACI318-99 do not consider the effect of two-way action, and hence 

those equations were not included in this comparison. Also the equations of 

Aghayere and MacGreor (1990)(Equation (3.14)), Attard (1994)(Equation (3.15a & 

b)) and Raviskanthan (1997)(Equation (3.18)) are not considered in this comparison 

due to the lack of information on the material properties as well as the complicated 

iterative procedures that would have been required. 

 

As seen in Table 3.6, Ernest (1952) and Swartz et al. (1974) equations generally 

overestimated the ultimate load for normal strength concrete panels. The main 

reason for this was that these two equations do not consider the effect of 

eccentricity. Also these equations exhibited the greatest discrepancy for high 

strength concrete walls.  

 

Equations (3.12a), (3.13b) and (3.17a & b) give reasonable results for low 

slenderness, but are inaccurate for very high slenderness values. Also Equations 

(3.12a) and (3.13b) were generally too conservative for high strength concrete 

panels. Moreover these equations are not applicable when eccentricities are varied. 

Equation (3.17a & b) is only applicable when eccentricities are varied, but the 

predicted failure loads obtained by these equations are still too conservative. 

 

Generally, Equation (3.17b) by Fragomeni (1995) gives a good prediction, however 

it sometimes overestimates failure loads. For example, as shown in Table 3.6, Wall 

5 with the vertical reinforcement ratio (ρv) of 0.85 % failed at 870.5 kN. Equation 

(3.17b) predicted a failure load of 1887.0 kN for this wall. Some reasons for this 

overestimation are that the equation does not include the contribution of 

reinforcements and that its application is limited when slenderness ratios (H/tw) are 

greater than 30.  
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Generally, it is clear from Table 3.6 that the equations currently available to predict 

failure loads of high strength concrete wall panels with high slenderness ratio, do 

not give reasonable results.  

 

Table 3.6 Comparison of failure loads using various experimental tests models in 
two-way action 

Ultimate capacity (kN)  

M
odel 

H × L × tw 

(mm) 

 

f’c (M
Pa) 

E
ccentricity (e) 

H
/tw  

E
xperim

ental 

E
quation (3.10) 1 

E
quation (3.11) 2 

E
quation (3.12a) 

E
quation (3.13b) 

E
quation (3.17a &

 b) 3 

WAR-1(P) 600×900×50 17.9 tw/6 12 555.9 736.4 678.4 568.5 626.3 419.0 

WAR-2(P) 600×600×50 17.9 tw/6 12 416.5 483.9 454.6 398.0 439.7 289.2 

WAR-3(P) 600×400×50 17.9 tw/6 12 284.9 327.3 303.5 281.1 305.7 196.8 

WAR-4(P) 600×300×50 17.9 tw/6 12 235.2 250.7 227.7 222.0 235.8 148.7 

WSR-1(P) 450×300×50 17.3 tw/6 9 283.9 243.6 221.1 215.6 229.3 144.3 

WSR-2(P) 600×400×50 17.3 tw/6 12 346.7 318.1 294.7 273.0 297.1 191.1 

WSR-3(P) 900×600×50 17.3 tw/6 18 463.3 470.5 441.3 386.5 427.1 280.8 

T
ests by Saheb &

 D
esayi (1990) WSR-4(P) 1350×900×50 17.3 tw/6 27 534.0 715.8 658.7 551.9 623.4 406.8 

11a 600×200×40 37.3 tw/6 15 198.2 274.5 253.6 271.4 273.2 166.1 

11b 600×200×40 68.7 tw/6 15 296.2 491.4 467.1 499.9 476.5 274.6 

12a 420×210×35 37.3 tw/6 12 208.8 244.1 233.0 246.0 255.3 152.1 
T

ests by  
Fragom

eni 
(1995) 

12b 420×210×35 73.3 tw/6 12 271.2 459.5 457.9 483.5 468.0 263.3 

Wall-2 2000×1500×50 77.5 tw/6 40 1256.6 5254.0 4861.0 3826.2 4220.6 2519.9 

Wall-3 2000×1500×50 90.5 tw/6 40 1434.8 6088.1 5676.4 4468.0 4882.9 2824.6 

Wall-5 2000×1500×50 50.5 tw/6 40 870.5 3488.2 3167.5 2493.2 2845.3 1887.0 

Wall-6 2000×1500×50 65.0 tw/6 40 1510.2 4442.5 4076.1 3209.1 3365.3 2226.9 

Wall-8 2000×1500×50 83.0 tw/6 40 1532.6 5608.0 5204.9 4097.8 4282.3 2648.8 

Wall-1 2000×1500×50 65.00 tw/2 40 524.4 4442.5 4077.0 3209.1 3583.9 980.0 

Wall-4 2000×1500×50 96.00 tw/2 40 560.5 6438.3 6021.4 4739.6 5163.0 1299.8 

T
ests by M

ahesw
aran &

 Sanjayan 
(1997) 

Wall-7 2000×1500×50 82.50 tw/2 40 647.3 5575.9 5173.5 4073.1 4256.8 1160.5 

 
Equation (3.10)1 and Equation (3.11)2, proposed by Ernest (1952) and Swartz et al. (1974), assume that the 

walls are concentrically loaded. 

Equation (3.17a)3, proposed by Fragomeni (1995), assumes that the concrete strengths (f’c) are between 20 to 

50 MPa.  
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3.3.12.1 Varying Slenderness Ratio 

 

For further observation, the design axial strength ratios (Nu/f’cLtw) obtained by the 

equations of Saheb & Desayi (Equation 3.12a & 3.13b) and Fragomeni (Equation 

3.18a & b) are presented graphically in Figure 3.9. Also plotted in this figure, are 

the available experimental results for the capacity of two-way reinforced concrete 

walls with normal strength concrete (NSC) and high strength concrete (HSC). The 

following input data was used to plot the graph: 

 

fy = 400MPa, f’c = 30MPa (f’c = 80 MPa for Equation 3.17b), ρv = 0.0031, k=1.0 

and φ = 1.0. The equations were also plotted for the cases H = L. 
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Figure 3.9 Comparison of Design axial strengths predicted by different wall 
formulae (Two-way action) 

 

The curves in Figure 3.9 illustrate the large increases in strength achieved when 

reinforced concrete wall panels are supported on four sides compared to panels 

being supported at top and bottom only.  

 



Chapter 3: Literature Survey-Review and Comparisons 3-47 

 

Experimental and theoretical studies of normal and high strength concrete wall panels 

The two-way equations of Saheb and Desayi (Equation 3.12a, 3.13b) give 

significant increases in strength for all slenderness values and do not exhibit a 

dramatic fall off for H/tw >20.  These equations do not follow the general trend of 

test results for walls in two-way action, in particular these equations indicate the 

inflexibility for walls with H/tw >15.  

 

Even though Fragomeni’s equations (Equation 3.17a & b) show a non-linear 

decrease in the axial strength ratio for increasing slenderness and show good 

agreement with high strength concrete wall panels, Equation 3.17a & b seems not 

to be applicable for larger slenderness ratios. 

 

Two other observations regarding eccentricity and reinforcement can be made on 

the tests done so far. Although previous researchers focused on the eccentricities of 

0 to tw/6, it is difficult to deduce their effect on load capacity, except that different 

types of failure modes were experienced. Similarly the effect of the reinforcement 

ratio is also difficult to decipher. Both aspects need to be examined further. 

 

There is also a definite trend of increased research on walls in two-way action and 

of high strength concrete. This is because most previous research focused on walls 

in one-way action made of normal strength concrete. Fragomeni (1995) focused 

mainly on the one-way action behaviour of walls with high strength concrete, while 

others researchers have focused on normal concrete strength walls in two-way 

action. It is evident that more testing is still required for both normal and high 

strength concrete walls in two-way action with slenderness ratios between 20 and 

40. Additionally more tests are required on walls with varying aspect ratios (H/L) 

as two-way action not only depends on H/tw but also on H/L.  

 

 

3.3.12.2 Varying Aspect Ratio 

 

Figure 3.10 gives axial strength ratios versus the aspect ratios (H/L) with H/tw kept 

constant at 20 for the equations by Saheb and Desayi (Equation (3.12a, 3.13b)) and 

Fragomeni (Equation (3.18a)). The non-linear increases in axial strengths are 
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evident for increases in H/L. However the axial strength ratios obtained by 

Equation (3.17a) shows a constant value for H/L greater than 2. Also the axial 

strength ratios obtained by Equation (3.17b) are too conservative for the overall 

H/L range and the equation does not have any effect for various H/L.  
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Figure 3.10 Design axial strength ratio versus aspect ratio in two-way action 
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Figure 3.11 Design axial strength ratio versus vertical steel ratio in two-way action 
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The influence of vertical reinforcement (ρv) is presented in Figure 3.11. Only 

Equation (3.13b) shows an increase in strength ratios as it included the effects of 

the reinforcement ratios. However the axial strength ratios obtained by Equation 

(3.13b) do not show the general trend of the experimental results. Equations (3.17a 

& b) are conservative, but these equations did not include the effect of 

reinforcements. Thus it can be seen that more work is needed for ρv greater than 

0.004.  

 

Figure 3.12 shows that design axial stress increases linearly with concrete strength, 

for all three formulae. This seems reasonable for the concrete range considered, but, 

as shown later, linear interpolation of the results for high strength concrete (HSC) 

may not be valid. A similar phenomenon was obtained in the investigation of walls 

in one-way action. Only Equation (3.17b) is conservative for HSC walls with H/tw 

< 30, however this equation is not reliable for H/tw > 30, as has already been stated.  

 

E
E

E
E

E
E

E
E

E

E

E

S
S

S
S

S
S

S
S

S

S

S

F
F

F
F

F
F

F F F
F

F

f'c (MPa)

D
es

ig
n

ax
ia

ls
tre

ss
-N

u
/A

g
(M

Pa
)

20 30 40 50 60 70 800

5

10

15

20

25

30

35

40

45

50

55

60

65

Equation (3.12a)
Equation (3.13b)
Equation (3.17a & b)
NSC
HSC with H/tw < 30
HSC with H/tw > 30

E
S
F

 

Figure 3.12 Design axial strength ratio versus concrete strength in two-way action 
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3.4 Concluding  Remarks 

 

A review of research undertaken on reinforced concrete walls has been undertaken. 

The review focused on axially loaded walls in one- and two-way action. It was 

concluded that, in comparison to research on one-way action, work on two-way 

action has received limited attention. 

 

This review of recent research on reinforced concrete walls has found that: 

  

a) Simplified code methods do not incorporate the influence of side supports, high 

strength concrete, reinforcement ratios and walls with slenderness ratio greater 

than 30. 

 

b) Most of the two-way studies focused on high strength concrete panels with high 

slenderness ratios (H/tw ≥ 40). However, the nature of real conditions has not 

been taken into account in the testing. For example, Sanjayan and Maheswaran 

(1999) tested specimens in a horizontal position with eccentricity of opposite 

direction in gravity. Also Fragomeni (1995) tested very small scale panels with 

low slenderness ratios.  

 

c) More work is required on high strength concrete walls in both one- and two-

way action with slenderness ratios between 20 and 40. Although research 

showed deficiencies in the current design methods, the limited tests carried out 

by each researcher means that only general observations can be made. 

 

d) The impact of reinforcement and eccentricity on axial load capacity needs to be 

studied more thoroughly as well as the effect of various aspect ratios on walls in 

two-way action. 

 

The majority of investigations undertaken so far have focused on improving the 

available formulae by using typical test results. Most have been based on walls 

simply supported at top and bottom, slenderness ratios of 30 or below, minimum 

steel ratios, and using concrete strengths between 20 and 35 MPa. These wall 
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design formulae have been applied extensively over the years. Although they can 

be considered reliable for normal strength concrete, they can yield conservative 

designs due to the nature of real conditions. Once these areas are further 

investigated, major national design code methods will have a wider scope. 

 

Further improvements may be made to the simplified formulae discussed in this 

chapter through the incorporation of variables such as high slenderness ratios (H/tw 

>30), aspect ratios, steel ratios, concrete strengths and restraint conditions which 

would result in higher design axial wall capacities. 

 

In particular, the following are still wanting: 

 

(a) Capacity of high strength concrete with high slenderness ratios both in one- and 

two-way action has limited research and  

 

(b) High strength concrete walls in two-way action with various aspect ratios have 

not been investigated sufficiently. 

 

The use of the current design formulae for walls with these two particular 

characteristics may not be appropriate. Consequently, high strength concrete walls 

and walls supported on all four sides will be investigated more closely in this 

research. 
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CHAPTER 4 
 

 

 

 

EXPERIMENTAL PROGRAM 
 

 

4.1 Introduction 

 

This chapter presents the details of the experimental program undertaken on 

reinforced concrete walls both in one and two-way action under eccentric loading. It 

includes the planning, design, casting and testing of the reinforced concrete wall 

specimens. Also included are the design and fabrication of the test rig used for the 

testing of the walls. 

 

The selection of the test panels was the first major consideration in order to ensure 

the adequate design of the test rig. That is, the capacity of the panels to be tested 

was required to be less than the maximum design load allowable on the test rig 

assembly. Researchers such as, Ernest (1952), Swartz et. al. (1974), Saheb and 

Desayi (1989, 1990), Fragomeni (1995), Vidulin (1997) and Maheswaran (1995) 

have designed various test rigs and then based on their experimental results derived 

axial load capacity formulae for reinforced wall panels, as shown in Chapter 3. 

Therefore included in this chapter is a review which critically examines the test rigs 

used in previous research on concrete walls. An adequate test rig was then designed 
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for the extensive experimental program to eliminate the limitations of previous test 

rigs. 

 

 

4.2 Review of Past Experimental Work 

 

This section of the chapter briefly reviews previous test rig designs. In particular, 

the support conditions are investigated. Also discussed in this section are the 

advantages and limitations of the test rigs. Although the test set-up for the different 

studies varied, some common features were found and were adopted in the current 

test program.  

 

 

4.2.1 Ernest (1952) 

 

Ernest (1952) conducted two-way action wall tests on ten reinforced concrete walls. 

The test load was applied through a crosshead, to achieve the required load 

uniformity across the top of the panels. A steel block was also secured to a floor 

beam at the bottom of the test rig. The steel blocks were grooved with a V-notch of 

135 degrees to simulate the simple support condition without eccentricity either at 

the top or bottom of the panels. The corner edge of a 50.8 × 50.8 × 6.35 mm equal-

angle section was placed within the V-notched steel block to allow rotation along 

the panel length.  The equal-angle section was welded to channels that clamped the 

panel by screws. This configuration was called the knife-edge assembly. A 

schematic of the knife-edge assembly for the top and bottom supports is shown in 

Figure 4.1. 

 

Ernest (1952) used two 76.2 mm channels to simply support the sides. The channels 

were clamped together with a series of bolts to sandwich the test panel in place. 

These side supports provided the necessary stiffness to restrict the panel from 

rotating along the horizontal direction, while at the same time allowing free rotation 

about the vertical direction. 
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Screw

135° Groove
Crosshead

Test Panel
Channel

Angle Section

Channel
(welded)

 

Figure 4.1 Load restraints used by Ernest (1952) 

 

The limitations of this test rig were that the test panel did not fully rotate at the top 

and bottom supports and there sometimes would be slippage out of the groove. 

When the concrete panels were fully restrained with a series of screws at the top 

and bottom support, the effects of the height needed to be reduced as the simple 

support condition no longer existed. 

 

 

4.2.2 Swartz et. al. (1974) 

 

Swartz et al. (1974) also conducted two-way action wall tests on twenty four 

reinforced concrete walls.  To simulate the top and bottom supports, two 50.8 × 

50.8 × 6.35 mm equal-angle sections were connected, by a series of bolts, to a 6.35 

mm thick plate. To facilitate the rotation, 25.4 mm diameter rods were welded to 

the plate. A 76.2 × 12.6 mm bearing plate was cut to make a mill groove which held 

the rods and specimens. A detailed diagram is shown in Figure 4.2(a). 

 

For the side supports, equal-angles were also clamped to plates in a manner simular 

to the top and bottom supports, however an equal-angle was welded instead of 

being connected by rods.  Figure 4.2(b) shows the details of the side clamp.The test 

load was applied via a crosshead, to achieve the required load uniformity across the 

top of the panels. A steel block was also secured to a floor beam at the bottom of 

the test rig. The steel blocks were grooved with a V-notch of 135 degrees. 
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Angle

Weld

Bearing plate

Rod

Angle

Weld
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Milled Groove

Angle

 (a) Detail of top and bottom clamp            (b) Detail of side clamp 

Figure 4.2 Load Restrained used by Swartz et. al. (1974) 

 

 

4.2.3 Saheb and Desayi (1989, 1990) 

 

Saheb and Desayi (1989, 1990) tested concrete panels both in one- and two-way 

action using an Amsler universal testing machine. Top and bottom support 

conditions required simple supports with eccentricity. The support condition was 

simulated by placing a 25 mm diameter steel rod between two 20 mm thick steel 

plates of 50 mm width. The 25 mm diameter rod was placed between two 8 mm 

diameter steel guide bars, one on either side, and welded along the length to one of 

the plates such that the axis of the rod was at an eccentricity of tw/6. The assembly 

is shown in Figure 4.3. The advantage of this support system is that it can be easily 

modified for various eccentricities.  

Eccentricity

20 mm Top plate

20 mm Bottom plate

25 mm Ø roller

8  mm Ø 
guide bars 

test panel

Hook for chain

 

Figure 4.3 Support condition of top hinged edge (Saheb & Desayi, 1989, 1990) 
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The sides of the test panel were restrained by 100 × 100 × 6 mm equal angle 

sections as shown in Figure 4.4. The panels were made to sit within the angles to 

provide the simple support needed. The angle sections were secured by 75 × 75 × 6 

mm batten plates which were joined to the overall test rig frame. The outer rig was 

bolted together which allowed it to be dissembled when a test panel was placed 

within the rig. 

 

Bottom braces Batten plates

Concrete panel

100×100×6 mm angle section300×100 mm channel section

Figure 4.4 Side support condition (Saheb and Desayi, 1989 and1990) 

 

 

The limitation of this side restraint set-up is that it does not fully allow rotation 

along the vertical directions. This is due to full restraints between the batten plates 

and the concrete panels. Another problem was that the concrete wall side edges 

were exposed to damage when trying to rotate. 

 

 

4.2.4 Fragomeni (1995) 

 

Fragomeni’s (1995) test rig was designed to facilitate loading at an eccentricity of 

tw/6. The load was applied along the top edge of the panel length. The panels were 

simply supported on all four sides. Simple supports for the top and bottom were 

achieved by placing 22 mm steel bars between the loading plates and concrete 

panels. The configuration for the top support is shown in Figure 4.5. To create fixity 

between the rig and the specimen, a layer of plaster was applied between the steel 

bearing plate and the wall. 
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The design of the side supports was of a similar arrangement to that of Saheb and 

Desayi’s (1989, 1990). It involved placing a 50 × 50 × 50 mm equal-angle section 

along the vertical edge of the panel. These angles were secured by welding them to 

the bottom bearing plate and providing extra bracing in the form of angle sections 

which were placed diagonally at mid-height of the vertical support to the bottom 

bearing plate. Hence they could act as V-groove side supports. The details are 

shown in Figure 4.6. 

 

The disadvantages with the restraints used by Fragomeni (1995) were that the panel 

relied upon the shear capacity of the plaster and frictional capacity of the steel 

bearing plate against the roller to prevent lateral movement. Another problem was 

that the concrete wall side edges were exposed to damage when trying to rotate. 

Steel flate plate
Bolted to load cell and welded to top loading

Top steel loading plate
600 × 75 ×15

unit (mm)

Steel bearing plate
600 × 75 ×15
attached to wall specimen
by layer of plaster

Plaster Layer
attaches wall to
steel bearing plate

Eccentricity tw/6
22F

Guide bar

Figure 4.5 Test rig set-up for walls supported on top (Fragomeni (1995)) 

 

Vertical and Diagonal
50 x 50 x 5 angles

Concrete panel

75

600
 

Figure 4.6 Test rig set-up for walls supported on all sides (Fragomeni (1995)) 
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4.2.5 Vidulin (1997) 

 

The top and bottom restraints used by Fragomeni (1995) in testing wall panels in 

one and two-way action appear to represent a true simple support conditions and are 

schematically shown in Figure 4.7. This design for top and bottom restraints 

appears identical to the design adopted by Vidulin (1997). 

 

The advantage of the test rig Fragomeni (1995) used, in comparison to Vidulin’s 

(1997) test rig, is that both the top and bottom distributed loads were fixed and not 

capable of moving laterally or rotating during testing due to the plaster layer. The 

design of Vidulin’s (1997) test rig supports will be addressed in detail later as a 

modification to the test rig was adopted in this research. 

 

 The side restraints used by Vidulin (1997) were simular to those used by Saheb and 

Desayi (1989, 1990) and Fragomeni (1995). Hence the disadvantages of the 

restraints used by Vidulin (1997) were similar to the disadvantages for Fragomeni’s 

(1995) test rig.  

 

steel bearing plate
1200 x 40 x 16 mm

Eccentricity
t/6 16 mm

Guide bars

Test panel

steel  plate

 

Figure 4.7 Top and bottom support (Vidulin (1997)) 
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4.2.6 Maheswaran (1995) 

 

Maheswaran (1995) tested specimens in a horizontal position on the floor. An 

overview of test rig arrangement is shown in Figure 4.8. The closed loading frames 

were used to apply the eccentric in-plane load. The independent loading frames 

were designed to carry 1000 kN capacity hydraulic jacks each located at 305 mm 

centre to centre. The loading frames were used to apply the eccentric in-plane load 

and each loading frame consisted of two 580 mm long vertical I-sections and four 

36 mm diameter high strength steel rods on the top and bottom as shown in Figure 

4.8. The eccentric load from the hydraulic jacks was transferred to the steel plates 

by a 70 mm long × 19 mm diameter high strength steel rod. The steel plates, which 

were clamped to the wall panel with 37.5 mm diameter high strength bolts, 

transferred the load on to the wall panels by friction. 

 

The I-section shown in Figure 4.9 was designed to simulate a simply supported 

pinned edged boundary condition.  

 

The limitation of this test rig is that the lateral deflection will be lesser than in actual 

structures. This is due to the application of the eccentricity in a direction opposite to 

the gravity. Also concrete panels needed to be drilled to connect high tensile bolts.  

 

 

Figure 4.8 Test rig set-up (Maheswaran 1996) 
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Figure 4.9 Test rig set-up side view (Maheswaran 1996) 

 

 

 

4.3 Material Properties 

 

This section presents details of the constituent material properties required in the 

casting of panels for this experiment viz. concrete and steel.  

 

 

4.3.1 Concrete 

 

A local ready-mix concrete supplier batched normal and high strength concrete for 

all the test specimens. The maximum aggregate size was 10 mm. The high strength 

concrete mix consisted of silica fume and super-plasticiser, in addition to the 

normal concrete constituents. No admixtures were used in the normal strength 

mixes. Three test cylinders for each test panel were cast at the same time as the 

panel was cast to obtain the average compressive strength of the concrete. The 

target strengths for the normal and high strength concrete were 40 MPa and 80 

MPa, respectively. The slump requirement was 120 mm. The details of the mix 

design, for high strength concrete as supplied, are shown in Appendix A. 
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4.3.2 Steel 

 

All the wall panels were reinforced with a single F41 mesh (consisting of 4 mm 

diameter bars with spacing of 100 mm), placed centrally in the panel cross-section. 

The vertical and horizontal reinforcement ratios, ρv and ρh, were both 0.0031 for all 

panels, satisfying the minimum requirements of the Australian Concrete Standard 

(AS3600-01) and the American Concrete Institute Code (ACI318-99). 

 

The tensile tests were conducted on reinforcing bar test pieces (300 mm) in a 

Universal Tension Machine. The properties of the results are given in Table 4.1. A 

total of four test pieces were selected, two were tested with normal surface of 

reinforcing bars (Test 1, 2), while the other two tests were for rusted surfaces of 

reinforcing bars (Test 3, 4). A typical stress-strain curve for Test 1 is shown in 

Figure 4.10. 

Table 4.1 Steel Properties (F41) 

Test 
Nominal 
diameter 

(mm) 

Actual 
Diameter 

(mm) 

Area 
(mm2) 

Nominal 
yield stress 

(MPa) 

Yield Stress 
(MPa) 

Ultimate 
Stress (MPa) 

1 4.0 3.97 12.38 450 659.9 688.0 

2 4.0 3.97 12.38 450 644.1 656.3 

3 4.0 4.03 12.76 450 473.6 638.5 

4 4.0 4.03 12.76 450 488.2 678.3 
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Figure 4.10 Stress - strain curve for reinforcing steel  
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4.4 Panel Designations, Dimensions and Reinforcements 

 

A total of eighteen wall panels were cast and tested in five stages. The panels of the 

first and second stages were, respectively, of normal and high strength concrete, 

tested in one-way action. The third and fourth stage panels were, respectively, of 

normal and high strength concrete tested in two-way action. The nominal 

slenderness ratios varied from 25 to 40. This slenderness range was used, as current 

codes of practices and other available empirical formulae had slenderness ratios 

limited to less than 30 and it was identified earlier that an extension of the scope of 

the formulae was required. The fifth stage panels had varying aspect ratios with 

high strength concrete. 

 

The dimensions and material properties of the walls tested are summarised in 

Tables 4.2 to 4.6. The panels have been designated as one-way action (OW) and 

two-way action (TW). They have also been designated as normal strength concrete 

(NS) and high strength concrete (HS) specimens. Therefore, panels designated as 

OWNS (Stage 1) and OWHS (Stage 2) were tested in one-way action, while the 

panels designated as TWNS (Stage 3) and TWHS (Stage 4) were tested in two-way 

action. The designation TA refers to the two-way acting panels with varying aspect 

ratio (Stage 5). 

 

The reinforcement used was described in Section 4.3.2. The typical example of  

reinforcement layout is shown in Figure 4.11. This minimum reinforcement ratio 

was taken to keep the reinforcement to approximately the minimum level required 

by the national codes of practices.  

 

   Unit : mm 

Table 4.2 Panel dimensions (Stage 1)  Table 4.3 Panel dimensions (Stage 2) 
Wall 

Panels 
H L tw H/t H/L Wall 

Panels 
H L tw H/t H/L 

OWNS2 1200 1200 40 30 1 OWHS2 1200 1200 40 30 1 

OWNS3 1400 1400 40 35 1 OWHS3 1400 1400 40 35 1 

OWNS4 1600 1600 40 40 1 OWHS4 1600 1600 40 40 1 
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Table 4.4 Panel dimensions (Stage 3)  Table 4.5 Panel dimensions (Stage 4) 

Wall 
Panels 

H L tw H/t H/L Wall 
Panels 

H L tw H/t H/L 

TWNS1 1000 1200 40 25 1 TWHS1 1000 1200 40 25 1 

TWNS2 1200 1200 40 30 1 TWHS2 1200 1200 40 30 1 

TWNS3 1400 1400 40 35 1 TWHS3 1400 1400 40 35 1 

TWNS4 1600 1600 40 40 1 TWHS4 1600 1600 40 40 1 

 

 

Table 4.6 Panel dimensions (Stage 5) 

Wall Panels H L tw H/t H/L 

TAHS1 1600 1400 40 40 1.14 

TAHS2 1400 1000 40 35 1.4 

TAHS3 1600 1200 40 40 1.33 

TAHS4 1600 1000 40 40 1.6 

 

cL

cL

1200

1200

100

40

Reinforcement
F41 mesh

(12 x 4 mm diameter both direction)

 

Figure 4.11 Arrangement of reinforcement in panel (unit : mm) 
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4.5 Formwork for Test Panel 

 

The formwork for the casting of the test panels was fabricated by placing three 

rectangular timber planks (2400 mm × 1200 mm × 20 mm thick, made of form-ply 

wood) side by side, on a level concrete floor. Timber beams of 40 mm thickness 

were placed on the top of the timber planks at locations as required by the 

dimension of the wall panel to be cast. They were connected to the bottom planks 

by screws spaced at 200 mm centres along the beams. The cross gaps on the top of 

the screws were covered with plasticine or silicone to provide a flat surface so that 

it could be removed to facilitate the unscrewing of the bolts after casting to remove 

the cast wall panels.  

 

Two sets of the formwork layout as shown in Figure 4.12, were prepared for each 

group of panels so that identical specimens for one- and two-way action could be 

cast simultaneously.  
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Figure 4.12 Typical example of formwork plates 

 

The entire assembly was placed horizontally on the level floor of the casting yard, 

adjacent to the structural laboratory. However, due to space limitations, each batch 

of concrete walls was located in a slightly different place after casting.  One mould 

was placed under a roof and another uncovered. For this reason the concrete 
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strength was expected to vary between these walls, even though they were batched 

at the same time.   

 

I-bolt holes were made using cylindrical wood (diameter =15 mm, height = 40 mm) 

and then capped by plastic pipe. The purpose of these holes was to provide a device 

to lift the panels and also to partly support the panel segments after failure occurs 

during testing. The I-bolt holes were located 20 mm from each side and 15 mm 

from the top of the cast panels. These locations would minimize their influence on 

the behaviour of the wall panels during load tests. Although current industry 

practice for lifting precast wall panels is accomplished by inserts located on the 

sides of the panels, this method was not used in the current test program. Since 

failure of two-way action panels was predicted to occur in the centre and in each 

corner, any lifting devices located in this area would produce a stress concentration 

and precipitate a premature failure of the wall panel. Thus, the ultimate strength of 

the wall would not have been obtained accurately. 

 

As indicated previously, four panels were cast at one time along with 12 concrete 

cylinders. Plates 4.1 to 4.4 illustrate the casting sequence of the wall panels. The 

appropriate concrete mix was placed in the formwork (Plate 4.2) and the 

compaction was achieved using a vibrator (Plate 4.3). The top surface was trowelled 

to obtain a smooth finish (Plate 4.4).  
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Plate 4.1  Form work and Reinforcement 
lay out 

 

Plate 4.2 Placing of concrete in progress 

 

 

 

Plate 4.3 Vibration of concrete in 
progress 

 

Plate 4.4 Trowelling of concrete surface 
in progress 

 

 

4.6 Curing  

 

One hour after the placing of the concrete, the concrete panels were covered with 

wet hessian bags. The bags were kept moist until the specimens were cured. The 

concrete cylinders were removed from their moulds and cured in a similar manner 

with wet hessian.  
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After 28 days, the test panels were carefully removed from the formwork. The 

specimens were placed on a level floor ready for testing. Due to the unavailablily of 

laboratory staff, it was difficult to test all the walls exactly 28 days after casting. 

Generally the walls were tested at an age between 29 and 70 days, ensuring that the 

desired strengths were attained.  

 

 

4.7 Test rig Set-up 

 

When planning a concrete wall testing program, the emphasis must be placed on 

replicating support and load conditions, as encountered in the real situation. The test 

rig in the case of axially loaded walls must satisfy two main conditions. Firstly, the 

supports of the wall panel to be tested must be allowed to rotate freely, while at the 

same time they should not move or deflect laterally. Secondly, the axial load must 

be uniformly distributed across the length of the test panel at a certain eccentricity.  

 

The design of the frame, to support the testing mechanism, was conducted in such a 

way that the configuration and capacity of the frame could resist the expected 

design loads. The loading beam was designed to be stiff and deep enough to 

distribute and transmit the load across the panel length. The floor beam was 

designed to support the panel and a restraining system was developed to restrict the 

loading beam from rotating or moving laterally during testing. The design of the 

side restraints involved evaluating past test rigs (as shown in Section 4.2) and 

developing a simple and economical design. The top and bottom restraints were 

designed for the dual purpose of providing free rotation and an eccentricity for the 

applied load. 

 

The details of test rig arrangement, made to test the specimens with hinged edges at 

top and bottom, or simply supported on all four edges, under eccentrically applied 

uniform load along the length of test panels at both ends, are described in the 

following section. 
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4.7.1 Test Frame 

 

The frame was designed to support the load testing mechanism and the 

configuration and capacity of the frame was checked to ensure appropriate 

resistance to the expected design loads. An overview of the test rig is shown in 

Figure 4.13 and Plate 4.5. The frame consisted of two main steel 310UC columns 

each 4000 mm long. These columns were connected, by 8 mm Complete Fillet 

Weld, to 800 × 400 × 50 mm thick steel base plates, with two 200 × 200 × 12 mm 

triangular gussets. The thick base plate was required to support the 38 mm diameter 

hold-down bolts under each column, as shown in Appendix B (Item 1). A series of 

channel members (4@380PFC) were used as cross beams to support the load testing 

frame. The cross-beams were connected to the columns by four bolts  (each 30 mm 

diameter) on each side at a 70 mm spacing. 

 

The test frame was designed to support three independent hydraulic loading jacks, 

each of 80 tonne capacity. These hydraulic jacks were attached to a strong mounted 

plate under the cross-beams. The jacks were required to transmit a uniformly 

distributed load across the top through a loading beam (250UC) at an eccentricity of 

tw/6. To resist the load and to minimize the partially unloaded region, a pair of load 

bearing stiffeners were added to the loading beam which were used to support the 

web beneath the loads, as seen in Figure 4.13 and Appendix B (Items 4 and 5). The 

bottom beam (250UC) was identical to the upper beam and both beams had small 

guide plates at three different locations to prevent lateral movement.   

 

The details of the calculations and the detailed drawings of the test rig are shown in 

Appendix B. 

 

 

4.7.2 Simple Supports at Top and Bottom  

 

The support conditions at the top and bottom of the panels, in the investigation of 

one-way or two-way action of the walls, were to be of a simple support type. The 
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top and bottom hinged support conditions were each simulated by placing a 23 mm 

diameter high strength steel rod on a 50 mm thick steel plate of 150 mm width and 

varying lengths. This simulation corresponded to the different test panel dimensions 

as shown in Figure 4.14.  

 

Two 20 mm × 20 mm angle sections were clamped to the thick plate by a series of 

bolts. The 23 mm diameter rod was welded in three locations along the length of the 

plate. The concrete panels were restrained with a series of screws at the top and 

bottom support. These screws could be adjusted for various eccentricities.  Details 

of the simply supported top hinged edge are shown in Figure 4.14 and Plate 4.6.  

 

 

4.7.3 Simple Supports at Side Edges 

 

To achieve the hinged support conditions for two-way action walls, the edges of the 

panels had to be effectively stiffened so that rotation about the horizontal direction 

was prevented but the panels were free to rotate in the vertical direction. To achieve 

this, two parallel-flanged channel sections (150 PFC), extending along the height of 

each of the wall panels, were placed on both sides of the panel. The flanges were 

placed parallel to the panel faces, to take advantage of the stronger axis of the 

section, as shown in Figure 4.13 and Plate 4.7. A square hollow section (SHS) was 

used to secure the channel sections to the panels. The hollow section had 

dimensions of 40 × 40 × 4 mm and was placed along the unloaded edges of the 

panel. A more detailed drawing of the side restraints is shown in Appendix B (Item 

9). 

 

 

4.7.4 Lateral Stability 

 

A total of six lateral bracings in the form of steel channel (150PFC) were used in 

the loading frame (See Appendix B) to provide lateral stability to the frame under 

test conditions. 
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Figure 4.13 Test rig design details 

 

 

Plate 4.5 Test rig set-up for two-way panels 
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Figure 4.14 Details of top hinged edge 

 

 

 

 

Plate 4.6 Top hinge edge and side restraint (Side view) 
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Plate 4.7 Side restraints (Top view) 

 

 

4.7.5 Upper and Bottom Beams 

 

The loading beam was required to distribute the concentrated loads from the three 

hydraulic cylinders uniformly along the test panel length. When the force was 

applied to the top of the flange, it was dispersed uniformly through the top flange, at 

a slope of 1:2.5, and the force was then dispersed through the web of the beam at a 

slope of 1:1, as shown in Figure 4.15. The distribution of the force was considered 

effective until it reached the neutral axis of the section. 

 

Figure 4.15 shows the dispersion of the force, due to the end force of the hydraulic 

cylinder plunger, through the flange and the web. Pairs of load bearing stiffeners 

were added to the 200UC72.9 to support the web beneath the loads. The stiffeners 

added were 225 mm long and 108 mm wide, with a thickness of 20 mm. A detailed 

drawing is shown in Appendix B. 
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Plunger

 
Figure 4.15 Dispersion of force through flange and web of a 200UC72.9 

 

 

4.8 Test Procedure 

 

The walls were loaded in increments of approximately 50 kN at the beginning and 

the size of the load increments became smaller as it was close to the failure load. At 

each load increment, crack patterns and deflections were recorded. The latter 

allowed the load-deflection history to be traced accurately. Dial gauges were used 

to record the out-of-plane displacements or deflections. They were placed at quarter 

and three-quarter heights, and at the centre of the panels, as indicated in Figure 

4.13. Also deflections were obtained at quarter-mid-side length. All of these gauges 

were located on the compression side of the walls to prevent possible damage to the 

gauge. The total travel available for each gauge was 10 mm, advancing in 

increments of 0.001 mm during the testing. 

  

 

4.9 Loading Conditions 

 

The loading in the test program was of a uniformly distributed nature along the 

length of the panel at the top and bottom edges, and the loading was applied at an 

eccentricity of 1/6th of the thickness. An accurate eccentricity was obtained by 

adjusting the screws in the simply supported top and bottom hinged edges.  
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A uniform distribution could be obtained by the method of equivalent concentrated 

loads at discrete points. This distribution was achieved experimentally by 

transmitting the load from the fixed head of the testing device to the top hinge 

through distributing beams with bearing plates (see Figure 4.15).  

 

 

4.10  Pilot Test 

 

To ascertain the optimal panel size and certain material aspects, three pilot tests 

were carried out on walls with different slenderness ratios (H/tw) with either normal 

or high strength concrete. One pilot test was carried out in one-way action and the 

other two were tested in two-way action.    

 

During the first pilot test, which tested a panel simply supported at the top and 

bottom only (one-way action), some basic problems became apparent. For instance, 

difficulties arose in obtaining eccentric loading. This was due to the uneven wall 

thicknesses along the four edges and in each corner of the panel. Careful alignment 

of the wall specimen was therefore required to obtain an axial load eccentricity of 

tw/6. Thin “packing” steel plates (1 mm or 2 mm) were required to be placed on 

either one side or both sides of the top and bottom hinged edges. Also, the 

importance of the transducer calibration and correct wall positioning were realised.  

 

The second pilot test consisted of a wall panel in two-way action with normal 

strength concrete.  It was realised that an uneven wall thickness may lead to side 

supports not fully rotating and hence giving a higher failure load than the expected 

value. The importance of transducer and load cell calibrations to obtain accurate 

readings was also realised during data collection. 

 

The third pilot test consisted of a wall panel in two-way action with high strength 

concrete. Due to the explosive nature of the failure of the panel, a modification to 

the test rig surroundings was required. Consequently the placement of outer frames 

plus cross bracing was needed to protect the surrounding transducers. This was 

particularly essential for high strength concrete walls in one-way action, where the 
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brittle manner of failure was expected, and the wall may split into two separate 

parts. Also the loading rate was adjusted during the testing so that explosive types 

of failure could be minimised. It was, however, realised that a constant loading rate 

was essential so that all testing was uniform. 

 

Table 4.7 gives a summary of the pilot tests. The overall test results were rather 

satisfactory except for the fact that there were some improper and inadequate 

alignments of the test panels. This problem was rectified for the actual experimental 

tests where more reasonable results were obtained. 

 

Table 4.7 Summary of pilot tests 

Pilot test Dimension 
H×L×tw 

f’c  
(MPa) 

Failure 
Load 
(kN) 

1 (one-way) 1400×1400×40 48.3 518.0 

2 (two-way) 1400×1400×40 41.7 1353.8 

3 (two-way) 1200×1200×40 75.6 912.3 
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CHAPTER 5 
 

 

 

 

EVALUATION OF TEST RESULTS 
 

 

5.1 Introduction 

 

This chapter presents the results obtained from the extensive experimental program, 

along with a comprehensive discussion of the various failures modes, axial failure 

loads and deflection behaviour of the 18 concrete wall panels tested. In addition, the 

failure loads of the test panels are compared with the predicted values, using the wall 

design formulas recommended in the Australian Concrete Standard (AS3600-01), the 

American Concrete Institute Code (ACI318-99) and other available design formulae 

from previous researchers.  

 

The results have been divided into two major sections – one for panels tested in one-

way action (Stages 1 and 2) and the other section for those tested in two–way actions 

(Stages 3, 4 and 5).  

 

 

 

 

 



Chapter 5: Evaluation of Test Results 5-2 

Experimental and theoretical studies of normal and high strength concrete wall panels  

5.2 Test Panel Compressive Strengths and Thicknesses 

 

The concrete compressive cylinder strength results and actual panel thicknesses for 

the wall panels are given in Table 5.1. Three standard concrete cylinders 

(dimensions: 100 mm diameter and 200 mm height) were cast for each wall 

specimen at the same time and were subjected to the same curing conditions. The 

cylinders were tested in compression, using the standard method prescribed in 

AS1012.8.1 (2000), at the same time as the walls. The average value of the three 

cylinders was taken as the compressive strength of the tested concrete panel. These 

strengths were subsequently used in the theoretical analyses (Chapters 6 and 7) for 

the prediction of the ultimate loads for the panels, as well as for a comparison with 

the test results. 

 

Table 5.1 Cylinder strengths for test panels and averages panel thickness 

MODEL Thickness
(mm) 

Casting 
Date 

Testing 
Date 

Curing 
duration 

(days) 

f'c 
(MPa) 

OWNS2 41.6 23/06/00 12/02/01 234 35.7 

OWNS3 41.4 8/02/01 27/03/01 47 52.0 

OWNS4 41.3 27/06/00 17/08/00 55 51.0 

OWHS2 41.6 15/08/00 16/03/01 213 78.2 

OWHS3 41.8 13/03/01 24/04/01 42 63.0 

OWHS4 42.2 13/03/01 21/05/01 69 75.9 

TWNS1 41.7 8/02/01 30/05/01 111 45.4 

TWNS2 41.4 23/06/00 26/01/01 217 37.0 

TWNS3 42 8/02/01 3/08/01 204 51.0 

TWNS4 41.1 23/06/00 26/01/01 217 45.8 

TWHS1 41.6 13/03/01 30/05/01 78 68.7 

TWHS2 41.9 13/03/01 12/07/01 121 64.8 

TWHS3 41.8 13/03/01 24/04/01 42 60.1 

TWHS4 41.9 15/08/00 11/10/00 57 70.2 

TAHS1 42.0 10/04/01 22/05/01 42 77.8 

TAHS2 42.3 10/04/01 22/05/01 42 77.8 

TAHS3 41.9 10/04/01 9/05/01 29 73.8 

TAHS4 42.1 10/04/01 22/05/01 42 77.8 
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The cylinders were tested in the Samuel Denision Material Testing System – 3000 

kN compression testing machine. Due to slight differences in the curing 

environment, and in actual test time (date), concrete strengths were slightly different, 

even when some walls were cast on the same day using the same concrete batch. The 

details of the casting procedures have already been described in Chapter 4.  

 

Difficulties in finishing the surfaces of the cast panels, made it almost impossible to 

obtain the nominal 40 mm uniform thickness for the overall panel surface. Hence, the 

panel thicknesses presented in Table 5.1, were calculated as the average of the 

thicknesses measured at the four corners and at four middle side positions in each 

panel. 

 

 

5.3 Walls in One-way Action 

 

This section discusses the experimental results for the walls tested in one-way action, 

supported at the top and bottom only, Stages 1 and 2. The crack patterns and the 

types of failure modes of the normal and high strength concrete panels tested in one-

way action are described here. Also discussed are load versus deflection curves, 

failure loads, axial strength ratio versus slenderness ratio curves, and axial stress 

versus concrete strength curves. 

 

 

5.3.1 Crack Patterns and Failure Modes 

5.3.1.1 Normal Strength Concrete Panels 

 

The crack patterns observed on both the tension and the compression faces of the 

Stage 1 walls after failure are shown in Plates 5.1 to 5.6. These panels were of 

normal strength concrete and were loaded with eccentricity equal to tw/6. They 
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deflected in a single curvature in the vertical direction with maximum deflection 

occurring along the centre of the panels. 

 

The crack patterns of panels OWNS2, OWNS3 and OWNS4 on the tension face, 

were horizontal (perpendicular to the loading direction) with failure occurring near 

the centre of the panels, signifying bending failure.  

 

Although bending failure was predominant in these panels, there was adequate 

evidence to suggest that some compressive crushing failure also occurred in the walls 

OWNS2 and OWNS4, by observing Plates 5.2 and 5.4 showing the compression 

faces.  

 

In general, for the case of less slender walls (eg. OWNS2), it was found that normal 

strength concrete walls tended to crush before the yielding of the reinforcement. 

However, crack patterns of wall OWNS3 indicated that a more brittle failure mode 

occurred, as indicated by the appearance of one large horizontal crack through the 

panel. The brittle nature of the panel may be due, in part, to the concrete strength of 

wall OWNS3, which was higher than the concrete strength of the less slender panel, 

OWNS2.  

 

 

5.3.1.2 High Strength Concrete Panels 

 

The crack patterns of the Stage 2 panels, after failure are shown in Plates 5.7 to 5.12. 

These panels were of high strength concrete and were loaded with eccentricity also 

equal to tw/6. The panels also deflected in a single curvature in the vertical direction 

with maximum deflection occurring along the centre of the panels. 

 

The crack patterns of panels OWHS2, OWHS3 and OWHS4, on the tension faces, 

were similar to these of the normal strength concrete panels, being horizontal 

(perpendicular to the loading direction). As in Stage 1, failure occurred near the 

centre of the panels;  signifying bending failure being intensified by buckling.  
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In contrast to the Stage 1 panels, all Stage 2 panels developed a single large crack, 

commencing at the tension faces, that continued right through the panel thickness. 

All the Stage 2 panels split in two separate parts (as seen in Plate 5.7 to 5.12) in a 

similar failure mode to Stage 1 panel OWNS3. This indicates that the high strength 

concrete panels possessed a more brittle failure mode, with some yielding of 

reinforcement taking place before concrete failure. This suggests that the use of very 

slender and high strength concrete wall panels may be dangerous in practice, when 

only minimum reinforcement is provided, as abrupt failure may occur. 

 

Plate 5.1 Wall OWNS2 tension face Plate 5.2 Wall OWNS2 compression face

 

 

 

 

Plate 5.3 Wall OWNS3 tension face Plate 5.4 Wall OWNS3 compression face
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Plate 5.5 Wall OWNS4 tension face Plate 5.6 Wall OWNS4 compression face

Plate 5.7 Wall OWHS2 tension face Plate 5.8 Wall OWHS2 compression face 

 

Plate 5.9 Wall OWHS3 tension face Plate 5.10 Wall OWHS3 compression face 
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Plate 5.11 Wall OWHS4 tension face Plate 5.12 Wall OWHS4 compression face 

 

 

5.3.2 Load versus Lateral Deflection Characteristics 

 

The deformation response exhibited by a structure under load is usually known as its 

structural behaviour. The structural behaviour is normally explained using a load 

versus deflection diagram. This section graphically shows the load versus lateral 

deflection profiles for both the normal and high strength concrete walls tested in one-

way action (Stages 1 and 2 panels). 

 

The load versus lateral deflection curves for the walls tested in Stages 1 and 2 are 

shown in Figures 5.1 to 5.3. The locations of the lateral deflections are at the quarter 

(top) and three-quarter (bottom) heights, and at the centre (middle) of the panels. 

Deflections were also obtained at quarter point over the length of the walls at mid-

height. The details of the locations of the dial gauges that measured lateral deflection 

are shown in Figure 4.13 (Chapter 4). 

 

Importantly the maximum deflections were obtained just prior to failure load being 

reached. Most of the panels tested failed in a brittle mode and the sudden failure of 

these panels made it difficult to record deflection precisely at failure. Thus in these 

figures, the absolute maximum failure loads and the corresponding maximum 

deflections are not shown.  
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The curves for the OWNS-labelled walls (Figures 5.1 to 5.3) show that the walls 

exhibited a ductile failure behaviour. This was reflected in the continually increasing 

values of the deflections as the test loads approached failure. The OWNS curves 

were linear for the initial loading regimes, and then followed by non-linear trends 

with lateral deflections increasing rapidly as failure was approached. The linearity of 

the curve was up to 40 to 50% of the ultimate loads for the normal strength concrete 

panels. 

 

For the OWHS-labelled walls (Figures 5.1 to 5.3), the curves are essentially straight 

lines with relatively low deflections. The specimens showed a more brittle type of 

failure in that they were unable to sustain any more loading after reaching the 

maximum load. The linearity was up from 70 to 80% of the ultimate loads for the 

high strength concrete panels. 

 

Further review of the deflection diagrams in Figures 5.1 to 5.3 shows that the 

deflections at the wall centre are generally proportional to those at the mid-quarter 

points. This indicates that the centre and mid-quarter points move in an approximate 

single curvature manner in the vertical direction, which is typical of one-way 

behaviour. 

 

In general, the maximum deflections of the OWNS walls, at the centre of the panels, 

are more than similar deflections for the OWHS walls, for the same axial load. A 

comparison of the lower slenderness ratio of panels (OWHS3) with the higher 

slenderness ratio of panels (OWHS4) indicates that a greater maximum deflection 

occurred at mid-height for the higher slenderness ratio panels. 
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Figure 5.1 Load versus lateral deflection curves for walls OWNS2 and OWHS2 
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Figure 5.2 Load versus lateral deflection curves for walls OWNS3 and OWHS3 
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Figure 5.3 Load versus lateral deflection curves for walls OWNS4 and OWHS4 
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5.3.3 Failure Loads 

 

The failure loads for all the panels tested in one-way action (Stages 1 and 2 panels) 

were recorded and expressed as a dimensionless quantity, axial strength ratio 

(Nu/f’cLtw), in Table 5.2. These test results are used to study the effects of the two 

primary parameters: slenderness ratio (H/tw) and concrete strength (f’c).  

 

 

5.3.3.1 Failure Load of Test Panels 

 

Apart from experimental failure loads, the ultimate failure loads predicted by the 

current AS3600-01 design formula and the ACI318-99 are also shown in Table 5.2. 

The numbers in parentheses give the percentage increases in concrete strengths and 

wall strengths between identical normal and high strength concrete panels tested.   

 

Table 5.2 Failure loads for wall panels supported at top and bottom only 
(Stages One and Two) 

 
Wall 

Panels 

Concrete 
Strength 

  f’c (MPa) 

Failure 
Load 

N (kN) 

Axial 
strength ratio 

(Nu/f’cLtw) 

AS3600-01 
(Eq 2.1) 

(kN) 

ACI318-99 
(Eq 2.25) 

(kN) 

OWNS2 35 253.10 0.151 80.64 111.89 

OWNS3 52.0 426.73 0.147 N/A# N/A# 

St
ag

e 
1 

OWNS4 51.0 441.45 0.135 N/A# N/A# 

 

OWHS2 
78.2 

(123.4 %↑) 
482.65 

(90.7 %↑) 
0.129 

(12.8%↓) N/A# N/A# 

 

OWHS3 
63.0 

(21.2 %↑) 
441.45 

(3.4 %↑) 
0.125 

(14.9%↓) N/A# N/A# 

St
ag

e 
2 

 

OWHS4 
75.9 

(48.8 %↑) 
455.84 

(3.3 %↑) 
0.094 

(32.3 %↓) N/A# N/A# 

 

# Note the code formulae give negative results for these walls implying zero axial 
strength. 
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The following observations can be made from the table: 

 

a) The axial strength ratios for both normal (OWNS) and high strength (OWHS) 

concrete panels were found to decrease gradually with increasing slenderness 

ratios. The reduction in axial strength ratios in the normal strength concrete 

(OWNS) panels was approximately 10.6% when H/tw increased from 30 to 40. 

Also the reduction in the axial strength ratios in the high strength concrete 

(OWHS) panels was approximately 27.1% when H/tw increased from 30 to 40. 

 

b) In comparison, the reduction in the axial strength ratios found by Saheb and 

Desayi (1989) was about 41% when H/tw was increased from 9 to 27.  It should 

be noted that Saheb and Desayi’s (1989) panels were only of moderate 

slenderness ratios and of normal strength concrete. It seems that for higher 

slenderness ratios (H/tw > 30), the axial strength ratios decrease gradually with 

increasing slenderness ratios. More details about the effects of the varying 

slenderness ratios are given in Section 5.3.3.2. 

 

c) The axial strength ratios of high strength concrete panels were generally smaller 

than that for the normal strength concrete panels. This result seems to indicate 

that the wall failure load does not increase linearly with the concrete strength. For 

example the results show that for the OWHS4 wall, a 48.8% increase in concrete 

strength (from the OWNS4 wall) led to only a 3.3% increase in failure load. 

 

d) The conservative nature of the code formulae was evident. For example, when 

H/tw > 30, there was a distinct load capacity from the test results whereas the 

code formulae gave no strength. It should be noted that the AS3600-01 and the 

ACI318-99 formulae do not apply to walls with slenderness ratios greater than 30 

in one-way action. 

 

e) The code formulae are not intended for high strength concrete walls. This 

demonstrates the need for a revamped formula for high strength one-way action 

wall panels.   
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5.3.3.2 Failure Load versus Slenderness Ratio 

 

To observe the effects of the slenderness ratios more closely, axial strength ratios for 

all test panels Stages 1 and 2 were plotted against the slenderness ratios (H/tw) as 

shown in Figure 5.4. The curves, given by the AS3600-01 and the ACI318-99 wall 

design formulae, were also plotted in this figure. It can be noted that the AS3600-01 

and ACI318-99 formulae safely predict the failure loads, but only for the walls with 

slenderness ratio equal to 30. This limitation has already been discussed in Chapter 2. 

For slenderness ratios greater than 30, the code equations significantly under-predict 

or give no capacity at all compared to the results obtained in testing. 
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Figure 5.4 Axial strength ratio versus slenderness ratio for walls in one-way action  

 

The following observations were made from the test results plotted in Figure 5.4: 

 

a) Based on previous researchers’ experimental results, it was found that the axial 

strength ratios decrease nonlinearly and significantly with increased slenderness 

ratios up to slenderness ratios of 30. This is indicated by the trends of the code 

equation curves. Beyond the slenderness ratio of 30, the axial strength ratios were 

observed to decrease at a slower rate with increases in the slenderness ratios, 

according to the test results.  
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b) The axial strength ratios of high strength concrete wall panels were smaller than 

those of the normal strength concrete wall panels. The effect of using higher 

strength concrete did increase wall strength but not in a linear fashion, as 

suggested by the code prediction formulae. This result suggests that prediction 

formulae may be needed to be modified for high strength concrete panels. 

 

 

5.3.3.3 Axial Stress versus Concrete Strength 

 

The axial stresses (Nu/Ag) obtained from the test panels were plotted against the 

concrete strengths in Figure 5.5. Figure 5.5 also includes prediction curves from 

available design formulae (reviewed in Chapter 3) to compare the test results. 

 

From Figure 5.5 it is evident that the increased concrete compressive strength 

influenced the axial stress of the test panels. However, none of equations were 

reliable when H/tw >30 for either normal or high strength concrete walls. This is 

expected as previous equations were derived for H/tw < 30 and only for normal 

strength concrete walls. This outcome highlights the necessary development of a 

one-way action wall equation for higher slenderness and higher strength concrete. 
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 Figure 5.5 Axial stress versus concrete strength (One-way action) 
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5.3.4 Comparison of Test Results 

 

The failure loads of the current test panels were compared with the ultimate wall 

strengths obtained using the various available prediction methods in Table 5.3. 

  

Table 5.3 Comparison of test results in one-way action 

Wall 
Panels 

Failure 
Load 
(kN) 

O
berlender (1973) 
E

quation (3.3) 

Pillai &
 

Parthasarathy 
(1977) 

E
quation (3.4)

K
ripanarayanan 

(1977) 
E

quation (3.5) 

Z
ielinski et al. 
(1982,1983) 

E
quation (3.6) 

Saheb &
 D

esayi 
(1989) 

E
quation(3.7a,b) 

Fragom
eni (1995) 

E
quation(3.8a,b) 

OWNS2 253.10 0.00 625.12 114.12 412.33 125.54 80.64 

OWNS3 426.73 N/A# 846.52 N/A# 375.37 N/A# N/A# 

OWNS4 441.45 N/A# 669.77 N/A# 0.00 N/A# N/A# 

OWHS2 482.65 0.00 1369.31 249.99 903.21 275.00 155.81 

OWHS3 441.45 N/A# 1025.59 N/A# 454.78 N/A# N/A# 

OWHS4 455.84 N/A# 996.78 N/A# 0.00 N/A# N/A# 

# Note these formulae give negative results for these walls implying zero axial 
strength. 
 

As can be seen in Table 5.3, none of these formulae give a good prediction of 

ultimate load for slender panels with H/tw between 30 and 40. Even though the 

equation of Pillai and Parthasarathy (1977) showed failure loads for each test panel, 

these values generally overestimated wall strengths by significant amounts. The 

equations of Zielinski et al (1982, 83) also showed inconsistent results, either 

significantly over-predicting or under-predicting failure of the test panels.  It should 

be noted that these equations (as indicated in Chapter 3) were devised for panels with 

H/tw < 30 and are, therefore, only applicable to specific cases. 

 

It is clear from Table 5.3 that the empirical methods available to predict the failure 

loads of one-way action wall panels subjected to eccentric loads do not give 

reasonable results, particularly when slenderness ratios greater than 30 and high 

concrete strengths are used. This further illustrates the need for a modified equation 

to predict the axial wall strength for such walls. 
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5.4  Walls in Two-way Action 

 

This section discusses the experimental results for the walls tested in two-way action, 

Stages 3, 4 and 5. The crack patterns and the types of failure modes for both normal 

and high strength concrete wall panels tested in two-way action are described. Also 

discussed are load versus deflection curves, failure loads, axial strength ratio versus 

slenderness ratio curves and axial stress versus concrete strength curves. 

 

 

5.4.1 Crack Patterns and Failure Modes 

5.4.1.1 Normal Strength Concrete Panels 

 

Plates 5.13 to 5.20 show the crack patterns observed on both the tension and the 

compression faces of the Stage 3 walls after failure. These panels were of normal 

strength concrete and loaded with an eccentricity equal to tw/6. 

 

The crack patterns of panels TWNS1, TWNS2, TWNS3 and TWNS4 on the tension 

faces, developed in a two-way, biaxial curvature manner similar to that shown in 

Figure 1.4(b). In addition, cracks were observed at the corners of the wall panels. 

Typically, explosive types of failures were observed. 

 

Plate 5.13 shows that the crack pattern of wall panel TWNS1 propagated from the 

centre and progressed to all four corners. The cracks were quite symmetric in both 

the horizontal and vertical directions. Similar cracks were also observed on the 

compression face (Plate 5.14), which also shows evidence of cracked concrete at all 

edges. The reason for such cracking was that some twisting moment occurred near 

the corners, caused from the holding down of the side edges by the side supports and 

the application of eccentric loads onto the loading edges. 

 

Although the bending failure was prominent in this panel, there was adequate 

evidence to suggest that compressive crushing failure also occurred in TWNS1 at the 
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compression face. The crushing failure mode was expected considering the low 

slenderness ratio  (H/tw ≤ 25) of the wall tested. 

 

The crack patterns of TWNS2, 3 and 4 indicates that these panels failed by bending 

at the middle, with major cracks originating from two corners and meeting at the 

centre of panels (parabolic shape). Several minor cracks then propagated in the 

opposite two corners. It was also observed that the crack patterns were quite 

symmetrical in the vertical direction.  

 

From a comparison of the crack patterns of TWNS2 and TWNS4, it is found that 

TWNS2 had major cracks occurring from the centre to the upper two corners 

(concave), while the cracks for TWNS4 occurred from the centre to the bottom two 

corners (convex).   

 

It can be postulated that the reason the cracks did not occur symmetrically was as 

follows: although the best attempts were made to achieve simple supports, the panels 

may not have attained fully fixed side supports. Hence, the panels may only have 

partially rotated along the side supports. A similar but slight problem may have 

occurred at the top and bottom supporting members. 

 

 

Plate 5.13 Wall TWNS1 tension face Plate 5.14 Wall TWNS1 compression face 
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Plate 5.15 Wall TWNS2 tension face Plate 5.16 Wall TWNS2 compression face 

 

Plate 5.17 Wall TWNS3 tension face Plate 5.18 Wall TWNS3 compression face 

 

 

Plate 5.19 Wall TWNS4 tension face Plate 5.20 Wall TWNS4 compression face 



Chapter 5: Evaluation of Test Results 5-18 

Experimental and theoretical studies of normal and high strength concrete wall panels  

5.4.1.2 High Strength Concrete Panels 

 

Plates 5.21 to 5.36 show the crack patterns observed after failure, for Stage 4 and 5 

panels, on both the tension and the compression faces of the panels. The test 

specimens in Stages 4 and 5, which were square and rectangular in shape, 

respectively, were of high strength concrete and loaded with an eccentricity equal to 

tw/6. 

 

Similar to the two-way action walls of normal strength concrete, the crack patterns of 

these panels developed in a two-way, biaxial curvature action. The cracks were quite 

symmetrical, both in the horizontal and vertical directions, except for wall TWHS2. 

Also sudden and explosive types of failure were observed. As for the crack patterns 

for walls in Stage 3, some twisting moment near the corners of the specimens caused 

some torsional cracks near the corner edges. 

 

The crack patterns of TWHS2 show that the cracks propagated from near the top 

region of the wall and were symmetric about the vertical direction. Similar cracks 

were also observed on the compression face. This phenomenon was also observed in 

panels TWNS2 and TWNS4 of Stage 3. Although bending failure was prominent in 

these panels, there was adequate evidence to suggest that compressive crushing 

failure also occurred in TWHS1 and TWHS2 at the compression face. A crushing 

failure mode was expected considering the low slenderness ratios used. The crack 

pattern of TWHS3 and TWHS4 were identical, with horizontal cracks being 

observed near the centre of the panels. This crack then propagated to all four corners.  

 

The Stage 5 panels, which were designed to have varying aspect ratios (H/L), also 

had cracks developed in two-way biaxial curvature with some evidence of half wave 

action. It was expected that some half waves would develop in the vertical direction, 

as indicated by Timoshenko and Gere (1961) plate theory. When a plate has a height 

twice greater than its length then it buckles in two half waves. Even though the test 

panels in Stage 5 were not exactly H/L = 2, almost two half were observed at failure. 

As the two half waves were not exact, the contraflexural point was below the centre 

of panel. This is the reason why the main horizontal crack developed in these walls 

below the centre. 
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Plate 5.21 Wall TWHS1 tension face Plate 5.22 Wall TWHS1 compression face 

 

  

Plate 5.23 Wall TWHS2 tension face Plate 5.24 Wall TWHS2 compression face 

 

 

Plate 5.25 Wall TWHS3 tension face Plate 5.26 Wall TWHS3 compression face 
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Plate 5.27 Wall TWHS4 tension face Plate 5.28 Wall TWHS4 compression face 

 

Plate 5.29 Wall TAHS1 tension face Plate 5.30 Wall TAHS1compression face 

Plate 5.31 Wall TAHS2 tension face Plate 5.32 Wall TAHS2 compression face 
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Plate 5.33 Wall TAHS3 tension face Plate 5.34 Wall TAHS3 compression face 

 

  

Plate 5.35 Wall TAHS4 tension face Plate 5.36 Wall TAHS4 compression face 
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 Table 5.4 presents the locations of the horizontal cracks for the TA panels where the 

maximum deflection in each panel occurred. These horizontal cracks (Hc) were 

measured from the top of the test panels. Also the effective height of the wall (Hwe), 

which was derived using Fragomeni’s (1995) Equation 3.17b, are included in this 

table. Moreover, the ratios of horizontal crack locations to the length of the panels 

(Hc/L) were obtained and are presented in the last column of the table. 

 

 

Table 5.4 Location of horizontal cracks in TAHS panels 

 H 
(mm) 

L 
(mm) H/L Hwe  = βH 

(mm) 
HC  

(mm) HC/L 

TAHS1 1600 1400 1.1 700 1014 0.72 

TAHS2 1400 1000 1.4 500 935 0.94 

TAHS3 1600 1200 1.3 600 1210 1.01 

TAHS4 1600 1000 1.6 500 1025 1.03 

 

 

As seen in Table 5.4, the ratios of Hc/L are close to 1, except for the ratio 

corresponding toTAHS1.This  corresponds to the occurrence of half waves where Hc 

is taken from top of the walls and is approximately equal to the length L. As seen in 

Plates 5.29 to 5.36, even if the cracks do not show exactly two half waves, it is clear 

that the main horizontal crack developed below the centre approximately where Hc = 

L.  

 

Also indicated in Table 5.4, effective heights (Hwe) obtained from Fragomeni (1995) 

do not give reasonable results when compared with experimental work (Hc). 

Fragomeni (1995) adopted an effective height factor (β) from Gere and Timonshenko 

(1961) plate theory that is used for uniform compressive loads applied concentrically 

at the centre of wall panel thickness. Hence, when a load eccentricity is applied, the 

contribution of effective height may be needed to be modified. This was done in 

Section 8.3.2. 
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5.4.2 Load versus Lateral Deflection Characteristics  

 

Figures 5.6 to 5.11 show the relationship of loads versus lateral deflections for all 

walls panels in two-way action. The curves in these figures were drawn from the test 

data points in a manner similar to the previous figures for walls in one-way action. 

The lateral deflections could only be read just prior to failure. Hence, the deflections 

near or at failure load were not obtained. This problem has already been mentioned 

in Section 5.3.  

 

For both the normal and high strength concrete panels, the curves are generally linear 

for the initial loading regions, followed by an increasingly non-linear curve as the 

lateral deflections increase rapidly, as the loads approach failure. The linearity was 

up to 60 % to 80 % of the ultimate loads in both normal and high strength concrete 

panels. All the specimens showed a brittle type of failure in which they were unable 

to sustain any further loading after reaching the maximum load.  

 

The following observations were made from the findings depicted by the load-

deflection curves: 

 

a) In reviewing  Figures 5.6 to 5.9, it seems that similar load deflection paths were 

followed for the panel pairs TWNS and TWHS. The high strength concrete 

panels, however, continued to obtain the higher ultimate load.  

 

b) The slope of the linear portions of the load versus lateral deflection curves 

decreased as the wall height increased, illustrating a higher rate of the deflection 

for larger height walls. However, the maximum lateral deflection obtained for 

TWHS2 was more than expected. A reason for this may be that the eccentricity 

of the applied load was shown to be slightly more than tw/6 after observation of 

the test video. 

 

c) Generally, the deflections at quarter point over the length of the walls at mid-

height (see Figure 4.13, Dial Gauge 4 ) were quite similar to top and bottom-

quarter deflections (Dial Gauge 1 and 3). This was obvious as the side, top and 
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bottom-quarter points should have moved, approximately, by the same amount 

due to the curvatures taking place in both the vertical and horizontal directions. 

 

d) A comparison of the deflections of walls tested in one- and two-way action found 

that the maximum deflections at the centre of walls in two-way action were 

generally smaller than those for the walls in one-way action. 

 

e) The maximum deflections for the TAHS walls (Figures 5.10 to 5.11) were also 

obtained at the centre of the panels. However, as can be clearly seen from the 

crack patterns, the maximum deflection did not occur centrally but at a vertical 

distance from the top equal to its width. The deflections in the TAHS panels 

seem to have generally decreased with a decrease in panel width, as the load 

approached the panel’s ultimate load. It was observed that the curvature in the 

horizontal direction was more predominant than the curvature in vertical 

direction for the TAHS panels.  
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Figure 5.6 Load versus lateral deflection 
curves for TWNS1 and TWHS1 

Figure 5.7 Load versus lateral deflection 
curves for TWNS2 and TWHS2 
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Figure 5.8 Load versus lateral deflection 
curves for TWNS3 and TWHS3 

Figure 5.9 Load versus lateral deflection 
curves for TWNS4 and TWHS4 
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Figure 5.10 Load versus lateral deflection 
curves for TAHS1 and TAHS2 

Figure 5.11 Load versus lateral deflection 
curves for TAHS3 and TAHS4 

 

 

5.4.3 Failure Loads 

 

The failure loads for all the panels tested in the two-way action (Stages 3, 4 and 5) 

were recorded and are expressed as a dimensionless quantity, axial strength ratio 

(Nu/f’cLtw), in Tables 5.5 and 5.6. These results were used to study the effects of 

three primary parameters: slenderness ratios (H/tw), aspect ratios (H/L) and concrete 

strengths. 
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5.4.3.1 Failure Load of Test Panels  

 

 In Tables 5.5 and 5.6, the numbers in the parentheses give the percentage increase in 

concrete and wall strengths between the identical normal and high strength concrete 

panels that were tested. The experimental failure ratios Nu (two-way) / Nu (one-way) 

are also given in Table 5.5. 

  

Table 5.5 Failure loads for Stages 3 and 4 wall panels supported on all sides  

Wall 
Panels 

Concrete 
Strength 

  f’c (MPa) 

Failure Load 
(kN) 

test ratio 
Nu (two-way) 
Nu (one-way) 

Axial strength 
ratio 

(Nu/f’cLtw) 
TWNS1 45.4 765.18  0.422 
TWNS2 37.0 735.75 2.9 0.415 
TWNS3 51.0 1177.20* 2.8 0.412 
TWNS4 45.8 1177.20* 2.7 0.402 

TWHS1 68.7 
(51.3%↑) 

1147.77 
(50.0%↑) 

 0.418 
(0.9%↓) 

TWHS2 64.8 
(75.1%↑) 

1177.20* 
(60.0%↑) 2.4 0.379 

(8.6%↓) 

TWHS3 60.1 
(17.8%↑) 

1250.78 
(6.3%↑) 2.8 0.372 

(9.9%↓) 

TWHS4 70.2 
(53.3%↑) 

1648.08 
(40.0%↑) 3.6 0.367 

(8.7%↓) 
* Note that the hydraulic jacks measured 40 tonnes for these specimens (40×3×9.81kN). The accuracy 
of jack was ± 1 tonne ( = 9.81 kN).  

Table 5.6 Failure loads for wall panels supported on all sides (Stage 5) 

Wall 
Panels 

Concrete 
Strength 

  f’c (MPa) 

Failure Load 
(kN) 

Axial strength 
ratio 

(Nu/f’cLtw) 
TAHS1 77.8 1618.65 0.372 

TAHS2 77.8 1118.34 0.299 

TAHS3 73.8 1265.49 0.429 

TAHS4 77.8 1442.07 0.463 

 

The following observations can be made from the data in the tables: 

  

a) The axial strength ratios for both normal (TWNS) and high strength (TWHS) 

concrete panels were found to decrease gradually with increasing slenderness 
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ratios. The reduction in the axial strength ratio for the normal strength concrete 

(TWNS) panels was approximately 4.7% when H/tw was increased from 25 to 40. 

Also the reduction in the axial strength ratios for the high strength concrete 

(TWHS) panels was approximately 12.2% when H/tw was increased from 25 to 

40. 

 

b) In Comparison, the reductions in the axial strength ratios found by Saheb and 

Desayi (1990) was about 31.5% when H/tw increased from 12 to 27.  It should be 

noted that Saheb and Desayi’s (1990) panels were only of lower slenderness and 

of normal strength concrete. It seems that for the higher slenderness ratios (H/tw 

>30), the axial strength ratios decrease very gradually with an increase in the 

slenderness ratios. More details about the effects of varying slenderness ratios 

will be given in Section 5.4.3.2.  

 

c) Fragomeni (1995) found that for an average concrete strength increase of 90.4% 

the average decrease in axial strength ratios was 39.%. However, his panels had 

lower slenderness ratios (H/tw = 15 and 12). In the current study, the axial 

strength ratios of the high strength concrete panels were generally smaller than 

that of the normal strength panels. Also when the concrete strengths were 

increased by an average of 49.4%, there was an average 7.0% decrease in the 

axial strength ratios. These further emphasise the need for an adjusted formula 

for high strength concrete walls. 

 

d) The axial strength ratios of panels were found to increase linearly with an 

increase in the aspect ratios as shown in Table 5.6, except for the TAHS2 panel. 

Details of the effects of the varying aspect ratios, with relevant figures, will be 

discussed in Section 5.4.3.3. Wall TAHS2 had a very low failure load (1118.34 

kN) and this may be partly due to a greater eccentricity than tw/6.  

 

e) A comparison of the failure loads of panels in both one- and two-way action, 

showed that the failure loads increased, by an average of 2.9 times when walls 

were supported on four sides as compared to only two sides. This implies that the 

side support caused an increase in wall strength. Interestingly, Timoshenko and 
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Gere’s plate theory (1961) anticipates the increase in strength is about 4 times, 

when a square isotropic thin plate is submitted to axial loading.  

 

It must be recalled that the code equations do not consider the effect of the two-way 

action and thus this result demonstrates the need for a revamped formula for high 

strength concrete two-way action wall panels, as the extra capacity gained is quite 

significant.   

 

 

5.4.3.2 Failure Load versus Slenderness Ratio 

 

To observe the effects of the slenderness ratios (H/tw) more closely, the axial strength 

ratios for all panels tested in Stages 3 and 4 are plotted against the slenderness ratio 

(H/tw), as shown in Figure 5.12. The axial strength ratios for both the TWNS and 

TWHS panels were found to decrease with increasing slenderness ratios. The 

reduction in the axial strength ratios for normal strength (TWNS) panels was 

approximately 4.7%, when H/tw was increased from 25 to 40, as stated above. Also 

the reduction in the axial strength ratios in the high strength (TWHS) panels was 

approximately 12.2% when H/tw was increased from 25 to 40. 

 

The following observations can be made from the data in Figure 5.12. 

  

a) Based on Saheb and Desayi’s (1990) test results, it was expected that an increase 

in H/tw up to 27 would lead axial strength ratios to significantly decrease non-

linearly. However, the current study found that, for H/tw beyond 25, the axial 

strength ratios decreased gradually with an increase in H/tw. 

 

b) As H/tw increased, the slope of the axial strength ratio versus slenderness ratio 

curves for high strength concrete panels was greater than that of a normal 

strength concrete panel. This phenomenon was also observed for walls in one-

way action (see Figure 5.4).  
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Figure 5.12 Axial strength ratio versus slenderness ratio for walls in two-way action 

 

 

5.4.3.3 Failure Load versus Aspect Ratio (H/L) 

 

To study the influence of the aspect ratios (H/L) accurately, all other parameters 

must be kept constant and only the aspect ratios can be varied.  Figure 5.13 shows 

the general trend of axial strength ratios against H/L for the selected panels. This 

trend did not include the value for TAHS2, as that panel had a very low failure load, 

due to the greater eccentricity than tw/6, described earlier. 

  

As can be observed in Figure 5.13, the axial strength ratios were found to increase 

linearly with H/L. The increase in the axial strength ratio was approximately 26.2% 

for an increase of H/L from 1 to 1.6, when H/tw was kept constant and equal to 40. 

Similarly it was found for walls TWHS3 and TAHS3 that there was an increase of 

15.3% in axial strength ratio for an increase of H/L from 1 to 1.4, when H/tw was 

equal to 35.  
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Even though the trends of variation of H/L found here are similar to those found by 

Saheb and Desayi (1990), a greater increase in the axial strength ratio of 26% was 

observed for an increase of H/L from 0.5 to 2.0 by those researchers. The slenderness 

ratios of the panels in Saheb and Desayi’s (1990) research were very low (H/tw = 12) 

however when compared to the current research (H/tw = 30 and 40). This H/tw 

difference seems to explain the different strength increases.  
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Figure 5.13 Influence of aspect ratios on failure loads 

 

 

5.4.3.4 Axial Stress versus Concrete Strength 

 

The axial stresses (Nu/Ag) were plotted against the concrete strengths for the two-

way action panels in Figure 5.14. Figure 5.14 also included prediction curves from 

available design formulae to compare the test results. From Figure 5.14 it is evident 

that the concrete compressive strength has an obvious influence on the axial stress of 

concrete walls. However, none of prediction equations were reliable. Even though 

Equation (3.17 b) is conservative for high strength concrete walls with H/tw < 30, it 

underestimates capacities for walls with H/tw greater than 30, as has already been 
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stated in Chapter 3. This highlights the necessity to include concrete strength as a 

parameter in new wall strength predict formulae for two-way action walls. 
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Figure 5.14 Axial strength ratio versus concrete strength (Two-way action) 

 

 

5.4.4 Comparison of Test Results 

 

Comparisons of the test failure loads with the ultimate loads, obtained by the three 

equations proposed by other researchers, are shown in Table 5.7. 

 

The failure loads obtained from Saheb & Desayi’s (1990) two equations are about 

double the experimental values. The failure loads obtained by Fragomeni’s (1990) 

equation show a better prediction, however the values still underestimate the walls 

with higher slenderness ratios (H/tw > 35) and also higher aspect ratios (H/L). Recall 

that the TAHS2 failed pre-maturely. 
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Table 5.7 Comparison of test results 

 
Wall 

Panels 

Failure 
Load 
(kN) 

Saheb & Desayi 
(1990) 

Equation (3.12a)  

Saheb & Desayi 
(1990) 

Equation (3.13b)  

 
Fragomeni  

(1995) 
Equation (3.17a, b) 

 
TWNS1 765.18 1303.6 1359.3 858.1 

TWNS2 735.75 1249.4 1297.2 770.8 

TWNS3 1177.2 1960.8 1967.6 1101.4 

TWNS4 1177.2 1955.2 1950.4 984.9 

TWHS1 1147.8 1972.6 2016.6 1165.9 

TWHS2 1177.2 2188.2 2203.5 1234.3 

TWHS3 1250.8 2310.7 2300.5 1225.1 

TWHS4 1648.1 2996.8 2929.9 1346.7 

TAHS1 1618.7 3037.0 2955.2 1465.8 

TAHS2 1118.3 2721.0 2642.5 1403.6 

TAHS3 1265.5 2209.9 2176.2 1226.1 

TAHS4 1442.1 2377.5 2296.9 1273.4 

 

 

It is clear from the above table that the empirical methods available to predict failure 

loads of wall panels in two-way action, subjected to eccentric loads, do not give 

reasonable results. Hence it can be generally noted that a more reliable design 

equation is needed for wall panels that are supported on all four sides. Such an 

equation could incorporate the effect of side restraints and also higher strengths 

concrete.  
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CHAPTER 6 
 

 

 

 

ANALYSIS OF WALLS USING LFEM  
 

 

6.1 Introduction 

 

The finite element method of analysis provides the engineer with the capability to 

analyse very complex structural systems in a much more realistic manner. The 

method provides for a more accurate numerical solution for concrete structures, 

especially if the finite element program has an appropriate element which can 

accurately model concrete over its entire stress range and solve problems using non-

linear analysis technique. The layered finite element method is used to model the 

behaviour of reinforced concrete wall panels tested in this research. 

 

This chapter initially presents a brief overview of the layered finite element method 

(LFEM) developed by Guan and Loo (Guan and Loo, 1994,1995, 1997; Loo and 

Guan, 1997) for cracking and failure analysis of reinforced concrete wall panels. A 

description of the important aspects of the LFEM is given, including the geometric 

and material models and solution method. The LFEM is then used to conduct a 

comparison with the experimental results and a parametric study to analyse a range 

of reinforced concrete wall panels. The parametric study focuses on the effect of 

varying panel properties such as slenderness ratios, aspect ratios, reinforcement 
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ratios and eccentricities. The failure modes and crack patterns, obtained using the 

method, are also presented.  

 

Taking into consideration material and geometric non-linearities, the LFEM is 

capable of solving three-dimensional problems involving reinforced concrete 

elements and tracing both flexural and shear cracking up to failure. The LFEM is 

also capable of determining the load-deflection response and the ultimate load 

capacity of concrete elements. 

 

 

6.2 Geometric Modelling of Concrete and Reinforcement 

 

In this layered finite element analysis the shell element can be used to simulate 

concrete wall panels. The advantage of this element is its efficiency and accuracy 

by assuming that the straight line initially normal to the shell middle surface 

remains straight after the deformation of the structure. 

 

This assumption also establishes a direct relationship between the displacement 

vector u, at any point of the shell, the displacement u0 of its orthogonal projection 

to the middle surface, and the rotations of the normal α1 and α2, defined according 

to a set of surface orthogonal vectors, as shown in Figure 6.1. Hence u can be 

expressed as:  

 

 21120 vvtuu αα −+=  (6.1) 

    

where  t is the  thickness of element at each node, v1, v2 are respectively the unit 

vectors in global x and y axes. 
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Figure 6.1 Displacement of a point in a shell element due to the rotation of the 
orthogonal line to the middle surface 

 

The components of the displacement vector at the middle surface u0 = (u0i,, v0i, w0i), 

together with the rotations (α1, α2) result in five degrees of freedom for each node 

of the element. It is useful to express the displacement field interpolation through a 

set of shape functions Ni, i=1,2,…N formulated with two natural co-ordinates in the 

plane of the shell (ξ, η). For an iso-parametric element, the same shape functions 

will be used to interpolate the geometry from the nodal coordinates.  

 

The position (x) of an arbitrary point of the shell is obtained by:  

 

 ∑ ∑
= =
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By introducing the shape function in Equation (6.2) into Equation (6.1) the 

following expression is obtained 
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or in terms of the compact notation: 

 



Chapter 6: Analysis of Walls using LFEM 6-4 

 

Experimental and theoretical studies of normal and high strength concrete wall panels 

 

 au Θ=   (6.4) 

 

where a is defined as a vector which includes all displacement components 

(displacement and rotations) of all the nodes of the element. Also,  
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ΘΘΘ=Θ N21 ...,,,  (6.6) 

 

where each submatrix   iΘ  (i=1,2,….,N) characterizes the contribution of each node 

to the interpolation of the displacement field. The Matrix iΘ  has the following 

explicit form: 
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6.2.1 Definition of Strains and Stresses 

 

A vector, ε, can determine the strain state of a certain point, which includes five 

components: εx, εy, γxy, γyz and γzx. The strain components are obtained from 

movements through the conditions of kinematic compatibility, including their 

quadratic terms, to account for the finite displacements. Therefore ε is defined by: 

 



Chapter 6: Analysis of Walls using LFEM 6-5 

 

Experimental and theoretical studies of normal and high strength concrete wall panels 

 





































∂
∂

+
∂
∂

∂
∂

+
∂
∂

∂
∂

+
∂
∂

∂
∂
∂
∂

=



























=

z
'v

y
'w

z
'u

x
'w

x
'v

y
'u

x
'v

x
'u

}{

yz

xz

xy

y

x

γ
γ
γ
ε
ε

ε  (6.8) 

  

Thus the compact form is ε =  Ba , where  B is the strain-displacement matrix.  

  

The stress components, corresponding to the strain components in Equation (6.8), 

are defined, in the local system, as:  

  

 σ = D(ε - ε0) + σ0 (6.9) 

 

where σ0 is the initial stress vector, ε0 is the initial strain vector and D is the 

concrete material matrix. 

 

The concept of a layered finite element model was introduced in order to handle 

plasticity over the cross-section of the element. In the layered model, each element 

is subdivided into a chosen number of layers, as illustrated in Figure 6.2.  

 

Each layer has its own material properties. For example, the concrete characteristics 

are specified individually for each layer over its thickness. Also a smeared layer of 

equivalent thickness represents the reinforcement bars. 
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Figure 6.2 Concrete and steel layers using LFEM (Source: Guan and Loo, 1997) 

 

 

6.3 Material Modelling 

6.3.1 Concrete 

 

In this section the constitutive behaviour of concrete is described in a form suitable 

for numerical computation. Essentially the same constitutive relationships are 

employed for the elasto-plastic shell analysis and the plastic modelling of the 

reinforced concrete elements. Some detailed expressions are provided for the 

relatively more intricate shell formulation. 

 

 

6.3.1.1  Yield Condition 

 

During this research, the transverse shear effects of wall panels were taken into 

account and, therefore, a triaxial yield criterion must be employed. This criterion 

was formulated in terms of the first two stress invariants and only two material 

parameters were involved in its definition: 
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 0
2/1

1221 ]I)J3([)J,I(f σ=α+β=  (6.10) 

 

where I1, I 2 are normal and shear stress in variants, respectively; α and β are the 

material parameters associated with the yield condition; and σ0 is the equivalent 

effective stress taken as the compressive stress from a uniaxial test. In terms of 

principal stress the expression for yielding can be written as: 

  

 2
0321323121

2
3

2
2

2
1 )()]()[( σ=σ+σ+σα+σσ+σσ+σσ−σ+σ+σβ  (6.11) 

 

The von-Mises yield condition was recovered by assuming α = 0 and β = 1.0. The 

stress state in the thick plates and shells was usually not far from a biaxial one, 

since the stress normal to the thickness (σz) was neglected. Therefore, it was 

reasonable to obtain the material parameters by fitting biaxial stress test results. The 

uniaxial compression test and the biaxial test under equal stress (σ1, σ2) were used 

to define these constants. If Kupfer et. al’s (1969) results are employed then the use 

of Equation (6.11) gives: α = 0.355σ0 and β = 1.355 and Equation (6.11) can be 

written, in terms of the stress components, as: 
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  (6.12) 

 

This expression is compared in Figure 6.3 with the experimental results of Kupfer 

et. al. (1969) biaxial stress space. In the perfectly plastic model, σ0 was taken as the 

ultimate stress '
cf , obtained from a uniaxial compression test. An elastic response 

was assumed up to the effective stress value σ0 = '
cf , after which a perfectly plastic 

response followed until the crushing surface was reached. In the work-hardening 

model the initial yield surface was attained when the effective stress reached 30 

percent of the peak stress '
cf .  
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When the effective stress, defined by the yield function, reached the ultimate stress 
'
cf , a perfectly plastic response was assumed until the crushing surface was 

encountered.  

 

Figure 6.3 and 6.4 show both models for one- and two-dimensional stress states, 

respectively. 
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Figure 6.3 One-dimensional representation of concrete constitutive model 
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Figure 6.4 Two-dimensional representation of concrete constitutive model (Owen 
et. al., 1983) 
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6.3.1.2  Hardening Rule 

 

The hardening rule defines the motion of the subsequent yield surface space (or 

loading surfaces) during the plastic deformation. The rule determines the relation 

between the loading surfaces f(σ) (or effective stress) and the plastic work (or 

accumulated plastic strain). The concept of effective stress and plastic strain makes 

it possible to extrapolate from a simple uniaxial test to the multi-axial situation. In 

the present work the relation between effective stress and effective plastic strain 

was extrapolated from the uniaxial stress-strain relationship using the conventional 

‘Madrid Parabola’. 

 

 2

0

0
0 2

EE ε
ε

−ε=σ  (6.13) 

 

where E0 is the initial elasticity modulus, ε is the total strain and ε0 is the total strain 

at peak stress f’c. 

 

Substituting the elastic strain component 0e E/σ=ε into Equation. (6.4), results in: 

 

 p0
2
0p0 E2E εε+ε−=σ  (6.14) 

 

where εp is the plastic strain component and ε0 can be taken as 2 f’c/E0 for the 

normal concrete.  

 

The crushing type of concrete fracture is a strain controlled phenomenon. The lack 

of available experimental data on the concrete’s ultimate-deformation capacity 

under a multiaxial stress state resulted in the appropriate strain criterion being 

developed by simply converting the yield criterion described in terms of stresses 

directly into strains. Thus, 

         
2
u
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'
2 I)J3( ε=α+β  (6.15) 
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where I’1 and J’2 are the strain invariants and εu is the ultimate total strain 

extrapolated from uniaxial test results. Using the material parameters α and β, 

determined from Kupfer’s (1969) results, the crushing condition can be expressed in 

terms of the total strain components as: 
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where εu reaches the value specified as the ultimate strain, the material is assumed 

to lose all its strength and rigidity. 

 

 

6.3.1.3   Tensile Behaviour of Concrete 

 

The response of the concrete under tensile stresses was assumed to be linear elastic 

until the fracture surface was reached. This tensile type of fracture, or cracking, is 

governed by a maximum tensile stress criterion. The cracks were assumed to form 

in planes perpendicular to the direction of the maximum principle tensile stress as 

soon as this stress reached the specified concrete tensile strength ft. In order to avoid 

further complexities, cracks were assumed to form only in planes perpendicular to 

the structural plane (xy-plane).  

 

After cracking occurred, the elasticity modulus and the Poisson’s ratio was reduced 

to zero in the direction perpendicular to the cracked plane. A reduced shear modulus 

was employed. 

 

Taking 1 and 2 as the two principle directions in the plane of the structure, the 

stress-strain relationship for concrete cracked, in one direction, was: 
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When the tensile stress in the second-direction reaches the value f’t, a second 

cracked plane perpendicular to the first one was assumed to form, and the stress-

strain relationship becomes: 
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 (6.18) 

 

As cracked concrete was anisotropic, these relations must be transformed to the 

reference axes xy. 

 

 

6.3.1.4   Tension Stiffening 

 

Once the tensile strength is reached at an integration point, a cracked plane is 

assumed to form and, upon further straining the normal and shear stiffness across 

the crack plane and the corresponding normal and shear stresses are gradually 

released. To account for these, the tension stiffness effect and cracked shear 

stiffness are taken into account.  

 

A gradual release of the concrete stress component, normal to the cracked plane, 

was adopted in this work. The process of loading and unloading the cracked 

concrete is shown in Figure 6.5. The value of ft is taken as the modulus of the 

rupture of the concrete and the fictitious elastic modulus is given as:  
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where αt and εm are the tension stiffening parameters and εi is the maximum value 

reached by the tensile strain at the point currently under consideration. The constant 

values αt = 0.6 and εm = 0.002 used by Owen et. al. (1984), can be followed. 
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Figure 6.5 Tension stiffening model for concrete 

 

 

For high strength concrete, α was modified from 0.8 to 0.9 and  

 

 00195.0f104895.1 '
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m +×=ε −  (6,20) 

 

 

6.3.1.5   Cracked Shear Modulus 

 

Shear stress can be transferred across the rough surfaces of cracked concrete. Also, 

the dowel action of the steel bars contributes to the shear stiffness across the cracks. 

Further, crack width together with aggregate size, reinforcement ratio and bar size 

play a major role in the shear transfer mechanism of reinforced concrete structures.  

 

A common procedure to account for aggregate interlock and dowel action in a 

smeared cracking model is to attribute an appropriate value to the cracked shear 

modulus Gc and the cracked shear modulus is assumed to be a function of the 

current tensile strain. For concrete cracked in one direction: 
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where G is the uncracked concrete shear modulus and ε1 is the tensile strain in 

direction 1. 

 

For concrete cracked in both directions: 
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6.3.2 Reinforcement 

 

To model the constitutive relationship of the reinforcing steel, the widely used 

simple bilinear model, was used in this study. Using this method, the reinforcing 

steel exhibited strain hardening effect and was taken to be elastic-plastic (Figure 

6.6) 

 



Chapter 6: Analysis of Walls using LFEM 6-14 

 

Experimental and theoretical studies of normal and high strength concrete wall panels 

Esh

Es

fy

fy

ε

σ
1

1

yε uε

 

Figure 6.6 Stress-strain curve for reinforcing steel 

 

In Figure 6.6, Es and Esh are the Young’s modulus of steel at the elastic and plastic 

stages and fy is the yield strength of steel; εy and εu are the yielded and the ultimate 

strain of the reinforcing steel. 

 

Th material modelling of constitutive relationships for concrete and steel are 

discussed in this chapter. The tensile and compressive behaviour of concrete and 

reinforcing steel are reviewed in some detail. In addition, the chapter also expounds 

some important aspects associated with cracking including crack modelling, tension 

stiffening effect and cracked shear modulus. 

 

 

6.4 Solution Strategy  

 

Due to the non-linear stress-strain characteristics of concrete and steel, the 

associated finite element equations used were highly non-linear. There exist various 

methods for solving non-linear problems. For the reinforced concrete wall analysis 

the Modified Newton-Raphson method was adopted to incorporate the constitutive 

laws for concrete and steel.  
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Program LFEM runs on the IBM SP2 supercomputer, installed at the Queensland 

Parallel Supercomputing Facility, which is located at Griffith University Nathan 

Campus in Brisbane.  

 

 

6.5 Benchmark Tests 

 

Based on the test results from thirteen reinforced concrete walls by Saheb & Desayi 

(1989, 1990), benchmark tests were carried out on the performance of the LFEM. 

The comparison was based on the axial failure load values from walls that were 

simply supported at top and bottom only and simply supported on all four sides with 

properties and results summarised in Table 6.1. 

 

In the finite element model of the reinforced concrete wall panels, a 10 × 10 mesh 

was used (See Figure 6.8(b)).  Each panel was subdivided into eight concrete layers 

of different thicknesses (See Figure 6.8(c)).  The concrete layers were thinnest for 

both the bottom and the top layers and gradually increased towards the mid-surface 

of the element. The reinforcement mesh in the wall panels was, simulated by two 

(smeared) steel layers.  

 

The analysis was carried out on a strip of wall subjected to an eccentric axial load of 

tw/6. The strip of wall was treated as a column and the eccentric load was converted 

to a centric load with equal end moment as shown in Figure 6.7. The load is applied 

at increment of 5 kN for the first five load steps and reduced to increments of 2 kN 

for the second five load steps and then reduced to increments of 1 kN for the rest of 

the load steps. 

 

Due to the symmetry in the geometry of the reinforced concrete wall, only half the 

length of the wall was considered in this study. This wall is shown as the area filled 

with hatched lines in Figure 6.8(a). 
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1990) 
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The boundary conditions of the LFEM played a major role in the modelling. The 

top and bottom edges were free to rotate about the X-axis and were free to move 

about the Z-axis. For the two-way action wall panel boundary conditions, the side 

edges was also restrained against any movement and was free to rotate about the Y-

axis.  

 

It took considerable time to process and obtain solutions from the analysis. The 

average analysis took 6 to 7 hours for each run.  

 

The results in Table 6.1 indicate that the ratios of the test to LFEM failure loads 

vary from 0.81 to 1.34, with a mean of 1.05 and a standard deviation of 0.14. These 

benchmark tests indicate that the predictions are satisfactory. The crack patterns, as 

well as the brittle failure mechanisms, were also reasonably well predicted. For 

example, Figure 6.9 shows the typical crack pattens of wall WAR-2(P) obtained 

from the LFEM and the experimental results. It should be noted that the slenderness 

ratios (H/tw) for these walls varied from 9 to 27, for low to medium slenderness. 

Also concrete strengths were fairly low being less than 20 MPa. 

 

Table 6.1 Comparison of previous test results and LFEM  

  Wall 
Designation H L tw f’c 

Failure 
Load (kN) 

LFEM 
(kN) 

LFEM 
Experimental

WAR-2 600 600 50 17.9 314.80 380.1 1.20 

WAR-3 600 400 50 17.9 198.29 233.1 1.09 

WSR-1 450 300 50 17.3 214.18 186.9 0.87 

WSR-2 600 400 50 17.3 254.10 252.0 0.99 

WSR-3 900 600 50 17.3 298.02 304.4 1.02 

O
ne

-w
ay

 

WSR-4 1350 900 50 17.3 373.65 445.2 1.19 

WAR-1(P) 600 900 50 17.9 555.96 630 1.13 

WAR-2(P) 600 600 50 17.9 416.46 441 1.06 

WAR-3(P) 600 400 50 17.9 284.89 300.3 1.05 

WSR-1(P) 450 300 50 17.3 283.91 231 0.81 

WSR-2(P) 600 400 50 17.3 346.68 315 0.91 

WSR-3(P) 900 600 50 17.3 463.28 483 1.04 
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ay
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WSR-4(P) 1350 900 50 17.3 533.99 714 1.34 

                                                                                              Mean =  1.05 
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The analysis slightly over-predicted the failure load of panels, which would be 

considered safe when an appropriate capacity reduction factor, φ, is applied in 

design. 
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Figure 6.9 Crack pattern of WAR-2(P) 

 

 

6.6 Comparative Study 

 

The main purpose of this study was to compare the ultimate failure behaviour of 

reinforced concrete walls subjected to the LFEM with the current experimental 

results. In total, six concrete walls, in one-way action and twelve concrete walls, in 

two-way action, either of normal or high strength concrete, were investigated. These 

walls had higher slenderness ratio (H/tw) values (25 to 40) than those in the 

benchmark tests.  
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6.6.1 Numerical Modelling 

6.6.1.1   Geometric Modelling 

 

For the benchmark test models, due to symmetry in the geometry of reinforced 

concrete walls, only half panel lengths were considered in this study. For this 

comparative study, also a similar 10 × 10 mesh was generated; eight concrete layers 

of different thickness were adopted; the uniformly distributed load with eccentricity 

of tw/6 was applied; and the same boundary conditions were used. The only 

difference between the benchmark tests and comparative study was that a single 

(smeared) steel layer was used to simulate the central reinforcement mesh in the 

comparative study to simulate the wall panels tested. For the uniformly distributed 

load modelling, a series of central point loads, with bending moments, were applied 

at the top and bottom of the panels, to simulate the actual test eccentric loading of 

tw/6. 

 

 

6.6.1.2   Material Modelling 

 

As some of the test panels were of high strength concrete, some modifications were 

required to be made to input parameters in the LFEM for the high strength concrete 

material modelling. This included for Young’s modulus and ultimate tensile stress 

of high strength concrete.  

 

Setunge and Darvall (1995) suggest that a best fit relationship for high strength 

concrete flexural tensile strength ( '
ct f5.0f = ). This relationship is valid for the 

full range of compressive strengths and may be used as conservative lowerbound 

estimates. Rangan (1998) suggests that measured values show good correlation with 

the high strength concrete modulus of elasticity equation  

( 5.1'
c )2300/(6900f3320E ρ+= ). 
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6.6.2 Walls Supported at Top and Bottom only 

 

A comparison of the test and LFEM for failure load values of the walls in one-way 

action with normal and high strength concrete, (Stages 1 and 2), are summarised in 

Table 6.2. 

 

The results seem quite reasonable. They indicate that the ratios of the test to LFEM 

failure loads varied from 0.76 to 1.31, with a mean of 1.02 and a standard deviation 

of 0.19.  The results do indicate that some variation has occurred and this may be 

due, in part, to the fact that the actual thicknesses were assumed to be 40 mm in all 

of the panels (while in fact, thicknesses varied slightly from this value in order to 

achieve a simpler finite element model. The other possible cause for the difference 

in the results is that the modelling of the uniformly distributed loading with 

eccentricity was simplified to a series of point loads and bending moments. 

However the average results of 1.02 is considered a satisfactory prediction, 

particularly considering the higher slenderness ratios used, when compared to the 

benchmark tests. It should also be noted that the larger difference of 1.31 was in the 

case of the normal strength panel of 35.7 MPa, otherwise the other ratios from the 

higher concrete strength panels were closer to unity. 

 

 

Table 6.2 Comparison of one-way action test panels results and LFEM 
Wall 

Designation f'c 
Failure 

Load (kN) 
LFEM 
(kN) 

LFEM 
Experimental 

OWNS2 35.7 253.1 331.8 1.31 

OWNS3 52.0 426.7 378.0 0.89 

OWNS4 51.0 441.5 336.0 0.76 

OWHS2 78.2 482.7 546.0 1.13 

OWHS3 63.0 441.5 462.0 1.05 

OWHS4 75.9 455.8 441.0 0.97 

                                                                                    Mean =1.02 
                                                                Standard deviation = 0.19 
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The crack patterns as well as the brittle failure mechanisms were also reasonably 

predicted. Figure 6.10 shows a typical example of the deflection and the crack 

patten of the tension side of OWHS2 obtained by the LFEM. 
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(a) Deflected shape (half length) (b) Crack pattern (half length) 

Figure 6.10 Deflected shape and crack pattern of OWHS2 using LFEM 

 

This clearly shows a single curvature occurring in the vertical direction and a 

maximum deflection occurring along the middle of the panel. Cracks developed at 

the tension faces and several crack creases were propagated near the centre of the 

tension face. The OWHS2 (see Plate 5.7) test results show that only one similar 

single large crack developed at the tension faces in the middle of the panel. The 

reason may be that the experimental test panels exhibited brittle material behaviour, 

while the LFEM predicted less brittle behaviour due to the constitutive material 

modelling in the LFEM. 

 

 

6.6.3 Walls Supported on All Four Sides 

 

A comparison of the test and LFEM for failure load values of walls in two-way 

action with normal and high strength concrete (Stages 3, 4 and 5) is summarised in 

Table 6.3. 
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The results indicate that the ratios of the test to LFEM failure loads varied from 

0.87 to 1.55, with a mean of 1.14 and a standard deviation of 0.24. Again this 

indicates that some variation has occurred, similar to the OWNS and OWHS panels. 

Moreover the differences may also have been attributed to variations in the degree 

of freedom in the side supports. The TAHS models had greater discrepancies in 

their failure loads. This seems to indicate that when walls with aspect ratios (H/L) > 

1 are used, the LFEM predictions over-estimate the results. The failure load 

obtained for wall TAHS2 had a greater discrepancy but it should be remembered 

that wall TAHS2 had an unexpected low failure load. This may have been due to 

the greater eccentricity than tw/6, which was already been discussed in Chapter 5. If 

the TAHS2 value were removed, the mean ratio would become 1.10 and standard 

deviation became 0.22. Overall, the results are considered to give a reasonable 

prediction.  

 

 

Table 6.3 Comparison of two-way action panels test results and LFEM 
Wall 

Designation f’c 
Failure 

Load (kN) 
LFEM 
(kN) 

LFEM 
Experimental 

TWNS1 45.4 765.2 840.0 1.10 

TWNS2 37.0 735.8 1050.0 1.43 

TWNS3 51.0 1177.2 1344.0 1.14 

TWNS4 45.8 1177.2 1134.0 0.96 

TWHS1 68.7 1147.8 998.0 0.87 

TWHS2 64.8 1177.2 1134.0 0.96 

TWHS3 60.1 1250.8 1092.0 0.87 

TWHS4 70.2 1648.1 1554.0 0.94 

TAHS1 77.8 1618.7 1638.0 1.01 

TAHS2 77.8 1118.3 1734.6 1.55 

TAHS3 77.8 1265.5 1806.0 1.43 

TAHS4 77.8 1442.1 1982.4 1.37 

                                                                          Mean = 1.14 
                                                                          Standard Deviation = 0.24 
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The crack patterns as well as the brittle failure mechanisms were also reasonably 

predicted. Figure 6.11 shows a typical example of the deflection and the crack 

patten of the tension side of TWHS2 obtained by the LFEM. 
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(a) Deflected shape (b) Crack pattern 

Figure 6.11 Deflected shape and crack pattern of TWHS2 using LFEM 

 

 

The half length of the deflected shape in TWHS2 shows that biaxial curvature 

occurs along both the X and Y-axis; the cracks propagated from the centre of the 

wall to near all corners; and the crack patterns were quite symmetrical about the 

horizontal direction. Although the test crack patterns were similar to the those 

obtained from the LFEM, more cracks appeared in the LFEM modelling compared 

to the experimental test results of TWHS2 (see Plate 5.23). The reason for this extra 

cracking may be that the experimental test panels exhibited more brittle material 

behaviour, while the LFEM predicted a less brittle behaviour due to the constitutive 

material modelling in LFEM. 

 

Since a good agreement between the experimental and LFEM results has been 

observed in Sections 6.5 and 6.6, the non-linear analyses could be successfully used 

to study the behaviour of walls.  
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6.7 Parametric Study 

 

In order to better understand the behaviour of load bearing wall panels, a parametric 

study carried out using the LFEM to obtain the failure load for walls of different 

material and geometric models. In the parametric study, only two-way action was 

considered as: i) this is one of the major focuses of this thesis and ii) the area was 

identified as requiring further investigation (Fragomeni, 1995). Fragomeni (1995) 

did and extensive studied on walls in one-way action.  

 

The reinforced concrete walls were allowed to vary in both their slenderness ratio 

(H/tw) and aspect ratio (H/L). Additionally this study included the variation of 

eccentricity (e), concrete compressive strengths (f’c) and reinforcement ratios (ρ). 

 

In the parametric study, a total of 384 models were analysed. The heights of the 

reinforced concrete walls was 3000 mm and lengths varied from 750 to 4500 mm. 

The thicknesses of the walls varied from 75 to 150 mm and reinforcement ratios 

varied from 0.15% to 1%. It should be noted that when the lengths and thicknesses 

of the concrete walls were varied other structural and material parameters of LFEM 

models were kept the same. Each reinforced concrete wall model had a single 

uniform layer of reinforcement at the centre of the wall, which was assumed to be 

of a yield stress of 450 MPa. Reinforcement in two layers is investigated using the 

other procedure described in the next chapter. Details of the reinforced concrete 

wall dimensions, material properties and input data for the LFEM are presented in 

Appendix C. 

 

The results of the parametric study will now be discussed according to variations in 

slenderness and aspect ratio. 
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6.7.1 Variation of Slenderness Ratios 

 

For the parametric study the slenderness ratios (H/tw) were varied from 20 to 50 for 

an aspect ratio (H/L) equal to 1, and from 20 to 40 for an aspect ratio equal to 

0.667. Figure 6.12 to 6.17 show axial strength ratios (Nu/f’cLtw) versus slenderness 

ratio for panels with various reinforcement ratios (ρ), eccentricities (e) and concrete 

strengths (f’c).   

 

It can be seen in Figures 6.12 to 6.17 that the axial strength ratios (Nu/f’cLtw) 

obtained from the LFEM, decreased with an increase in the wall slenderness ratios 

(H/tw). This finding is expected as seen in the experimental results.  

 

A further finding is that larger eccentricities commonly give much lesser axial 

strength ratios. This aspect was not investigated in the experimental program but 

was expected. 

 

Importantly the figures illustrate that significant axial strengths were obtained for 

H/tw > 30 for two-way action walls. This illustrates again, the ineffectiveness of the 

simplified code formulae, where they give no axial capacity for H/tw > 30, which is 

definitely not correct, particularly in the case of two-way action walls. 
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Figure 6.12 Axial strength ratio versus slenderness ratio of wall (H/L = 1, e = tw/20) 
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Figure 6.13 Axial strength ratio versus slenderness ratio of wall (H/L = 1, e = tw/10) 
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Figure 6.14 Axial strength ratio versus slenderness ratio of wall (H/L = 1, e = tw/6) 
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Figure 6.15 Axial strength ratio versus slenderness ratio of wall (H/L = 1, e = tw/2) 
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Figure 6.16 Axial strength ratio versus slenderness ratio of wall (H/L = 0.667, e = 
tw/20 and tw/10) 
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Figure 6.17 Axial strength ratio versus slenderness ratio of wall (H/L = 0.667, e = 
tw/6 and tw/2) 
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The following observations can be made from Figures 6.12 to 6.17: 

 

• When eccentricity is equal to tw/20, as shown in Figure 6.12, Nu/f’cLtw decreases 

in a slight non-linear manner as H/tw increased. As a result the failure appears to 

be predominantly due to crushing rather than buckling.  

 

• For eccentricities tw/10 and tw/6, as shown in Figure 6.13 and 6.14 respectively, 

Nu/f’cLtw significantly decreases with an increase in H/tw, particularly beyond 

H/tw of 30. The failure is predominantly by buckling with these eccentricities, 

particularly when H/tw greater than 30. A similar phenomenon was also found 

when an eccentricity equal to tw/2 is used, as shown in Figure 6.15. However, it 

was found that the Nu/f’cLtw decreased only slightly for increases in H/tw.  

 

• The axial strength ratios (at a fixed slenderness) were higher when eccentricity 

was reduced. For example in comparing Figures 6.12 and 6.13 at H/tw = 40, the 

axial strength ratio was higher (for similar panels) when eccentricity was lower. 

 

• More steel reinforcement (ρ) led to higher axial strength ratios, however no 

significant increases are noted beyond H/tw >40. 

 

Table 6.4 presents the extrapolated values (for walls with H/L = 1, ρ = 0.003) from 

the LFEM and the results show the increases in wall strength achieved. 

 

These results indicate that, when the concrete strength is increased by 66.7% 

(between 30 MPa to 50 MPa), the wall strength increased by approximately 60% for 

slenderness ratios (H/tw) of 20. Further wall strengths increased between 50% and 

0% for H/tw of 30 to 50, respectively. These results suggest that, at lower 

slenderness ratio, concrete strengths have a significant effect (linear) on wall 

strength, but that effect diminishes as slenderness ratios approach 50. 

 

A similar result was found when H/L was equal to 0.667 (see Figure 6.16). The 

average increase of f’c by 66.7% (between 30 to 50 MPa) with eccentricity =tw/20 

and H/tw = 20 resulted in wall strengths increasing by 57.8%. On the other hand, 



Chapter 6: Analysis of Walls using LFEM 6-30 

 

Experimental and theoretical studies of normal and high strength concrete wall panels 

with the same parameter (i.e. H/L = 0.667 and e = tw/20), and H/tw = 40, the wall 

strength increased by only 30%.  

 

Interestingly, when increasing the concrete strengths from 50 MPa to 80 MPa (i.e. a 

increase of 60%), wall strengths increased by about 40 to 50% when varying H/tw 

between 20 to 50. Two observations can be made: the effect of high strength 

concrete (HSC) on wall strength is slightly diminished  (not quite linear), but at a 

higher slenderness ratio the advantage of HSC is evident. 

 

As observed from experimental results in Chapter 5 a similar result to the above 

result also occurred; that is an increase in wall strength of about 50.0% resulted for 

an increase of concrete strength of 51.3% (f’c = 45.4 MPa to 68.7 MPa) in TWNS1 

to TWHS1 (H/tw = 25). For the walls with greater slenderness (TWNS4 and 

TWHS4, H/tw = 40) an increase in wall strength of about 40% was obtained for an 

increase in concrete strength of 53% (45.8 MPa to 70.2 MPa). 

 

Table 6.4 Percentage ultimate strength increment due to concrete strength (H/L =1, 
ρ = 0.003) 

Ultimate load increment  
Failure Load (kN) Load ratio Concrete 

Strength 
(MPa) 

H 
tw tw/20 tw/10 tw/6 tw/2 tw/20 tw/10 tw/6 tw/2 

20 10800 10080 9072 3255     

30 7161 6633 5838 1428     

40 5252 4137 3095 777     

 

30MPa 

50 3801 2961 2247 609  

     N*(50MPa)/N*(30MPa) 

20 17010 16349 14070 4284 1.6 1.6 1.6 1.3 

30 10950 10365 8316 1785 1.5 1.6 1.4 1.3 

40 7056 5376 4053 966 1.3 1.3 1.3 1.2 

 

50 MPa 

50 3822 2961 2226 630 1.0 1.0 1.0 1.0 

     N*(80MPa)/N*(50MPa) 

20 24480 22890 20370 5880 1.4 1.4 1.4 1.4 

30 16080 14910 11277 2520 1.5 1.4 1.4 1.4 

40 9807 7560 5544 1470 1.4 1.4 1.4 1.5 

 

80 MPa 

50 5334 3171 3192 924 1.4 1.1 1.4 1.5 
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As mentioned briefly earlier, it was observed that the load capacities of the walls 

were very sensitive to the eccentricities of the in-plane loads and that the wall 

strength decreased dramatically with increases in eccentricities. For example, at 

H/tw = 20, f’c = 30 MPa and ρ = 3%, the wall strength decreased by 70% when 

eccentricity was increased from tw/20 to tw/2. Also with H/tw of 50, f’c = 30 MPa 

and ρ = 3%, the wall strength decreased by 84%. Similarly when f’c was equal to 50 

and 80 MPa, the wall strength decreased by 70% to 80% when eccentricity varied 

between tw/20 to tw/2 at the overall slenderness ratios.  

 

The contributions of the steel reinforcements (ρ) were less obvious. But generally 

more ρ led to slightly higher axial strength ratios (Nu/f’cLtw). For example, when 

H/tw = 20, e = tw/20 and f’c = 30 MPa (see Figure 6.12), increasing ρ from 0.0015 to 

0.01 gives an increase in axial strength ratio of about 14%. In cases of high 

slenderness, for example when H/tw of 50 with other parameters have the same as 

above, the Nu/f’cLtw increased only 0.5%. As a result, when H/tw is high, the 

increased reinforcement ratios do not contribute to the wall strengths and so could 

be ignored. This was expected as the reinforcement was placed in one layer were its 

effect on strength would be considered minimal, even at 1%. This can be the reason 

that slender concrete walls tend to buckle before yielding of the reinforcement.  

 

A similar phenomenon was found when H/L was equal to 0.667 (See Figure 6.16). 

It can be concluded that the effect of the reinforcements ratios become diminished 

when the aspect ratio was small. The details of this parameter will be discussed 

more in next section. 

 

In general, the increased concrete strengths affect wall strength and failure modes. It 

is more critical when lower eccentricities and higher slenderness ratios are used. 

The load eccentricity and the steel reinforcement ratios do not contribute much to 

load capacity when higher slenderness ratios.  
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6.7.2 Variation of Aspect Ratios 

 

The parametric study also focused on the effects of aspect ratios (H/L). The aspect 

ratios were varied from 0.667 to 2, with slenderness ratios equal to 20, 30 and 40. 

Figures 6.18 to 6.23 show the axial strength ratios versus the aspect ratio for various 

reinforcement ratios (ρ), eccentricities (e) and concrete strengths (f’c). In varying 

the aspect ratios (H/L), the length L was varied, with H/tw remaining constant. 

 

The axial strength ratios (Nu/f’cLtw) obtained from the LFEM increase nonlinearly 

with increasing aspect ratio.  The increase in wall strength is significant for H/L 

between 0.5 and 1.0, and moderate for H/L between 1.0 and 2.0.  
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ρ= 0.006 (f'c=50, H/t w=20, e=tw/10)
ρ= 0.01 (f'c=50, H/t w=20, e=tw/10)

 

Figure 6.18 Axial strength ratio versus aspect ratio for R.C. Wall  (H/tw = 20, f’c = 
30 & 50 MPa, e = tw/20 & tw/10) 
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Figure 6.19 Axial strength ratio versus aspect ratio for R.C. Wall (H/tw = 20, f’c = 
30 & 50 MPa, e = tw/6 & tw/2) 
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Figure 6.20 Axial strength ratio versus aspect ratio for R.C. Wall (H/tw = 30, f’c = 
30 & 50 MPa, e = tw/20 & tw/10) 
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Figure 6.21 Axial strength ratio versus aspect ratio for R.C. Wall  (H/tw = 30, f’c = 
30 & 50 MPa, e = tw/6 & tw/2) 
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Figure 6.22 Axial strength ratio versus aspect ratio for R.C. Wall (H/tw = 40, f’c = 
30 & 50 MPa, e = tw/20 & tw/10) 
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Figure 6.23Axial strength ratio versus aspect ratio for R.C. Wall (H/tw = 40, f’c = 30 
& 50 MPa, e = tw/6 & tw/2) 

 

 

The following observations can be made from assessing Figures 6.18 to 6.23: 

 

• When eccentricities are equal to tw/20 and tw/10, as shown in Figures 6.18, 6.20 

and 6.22, the Nu/f’cLtw increases non-linearly as H/L increases. For 

eccentricities of tw/2, as shown in Figures 6.19, 6.21 and 6.23, the Nu/f’cLtw 

increases almost linearly with increases in H/L. 

 

• The increase of eccentricity significantly decreases the average axial strength 

ratios especially for walls with higher slenderness ratios. For example, for H/tw 

= 20, f’c=30 MPa and ρ = 3% (see Figure 6.19), the Nu/f’cLtw decreased by 

29%, when the eccentricities varied from tw/6 to tw/2. Also, for H/tw = 30, f’c 

=30 MPa and ρ = 3% (see Figure 6.21), the average Nu/f’cLtw decreased by 70% 

for the same variation in eccentricities. It is found that the percentage decreases 

in axial strength ratios with varying eccentricities were more significant for 

walls with higher H/tw values. 
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• When varying H/L from 0.667 to 1, for H/tw = 20 with eccentricity = tw/20, 

f’c=30 MPa and ρ = 3% (see Figure 6.18), the average axial strength ratios 

increase by 9%. While varying H/L from 0.667 to 1, for H/tw = 40 (See Figure 

6.22), the average axial strength ratios increase by 50%. Hence an increase of 

aspect ratio, and at the same time, increase of the slenderness ratio, led to 

significant increases in the axial strength ratios.  

 

• When the concrete strength was increased by 66.7% (between 30 MPa to 50 

MPa), the wall strengths increased by approximately 60% for H/tw = 20, as 

similar results obtained in Section 6.7.1.  

 

• More steel reinforcement (ρ) led to slightly greater axial strength ratios. For 

example, when H/L  =1, H/tw = 20, e = tw/20 and f’c = 30 MPa, an increase of ρ 

from 0.0015 to 0.01 led to an average Nu/f’cLtw increase of 15.3%. However, the 

reinforcement ratios did not contribute to the wall strength when H/L was less 

than 1 with H/tw greater than 30 

 

 

 

6.8 Conclusions 

 

The results from studies in this chapter indicate that the LFEM can be used to 

predict the axial load behaviour of wall panels in both one- and  two-way action.  

 

The parametric study in this chapter showed that: 

 

• The axial strength ratios (Nu/f’cLtw) obtained from the LFEM, decreased with an 

increase in the wall slenderness ratios (H/tw). When lower eccentricity (i.e. e < 

tw/20) is applied, the failure appears to be crushing and for eccentricities tw/10 

and tw/6, the failure is predominantly by buckling.  
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• When H/tw was increased, the contribution of the steel in normal strength 

concrete wall panels led to a slight increase in the axial strength ratios, while for 

similar cases in high strength concrete walls there was no effect. Hence 

increased vertical reinforcement increases axial strength ratios slightly but only 

up to H/tw equal to 30. Beyond this value of H/tw, the contribution of steel can 

be ignored.  

 

• An increase of aspect ratio, and at the same time, increase of the slenderness 

ratio, led to significant increases in the axial strength ratios. 

 

• The increase in wall strength obtained from the LFEM is about 60% for an 

increase of concrete strength of 66.6% (30 MPa to 50 MPa). The increase in 

wall strength obtained from the LFEM is also about 40.0% for an increase of 

concrete strength of 60.0% (50 MPa to 80 MPa).  

 

• The increases of reinforcement ratios with increases of aspect ratios led to 

increases in the average axial strength ratio. However, the reinforcement ratio 

did not contribute axial strength ratio with lower aspect ratios (H/L < 1).  
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CHAPTER 7 
 

 

 

 

ANALYSIS OF WALLS USING WASTABT  
 

 

7.1 Introduction 

 

Even though the LFEM, presented in Chapter 6, provides a good prediction of the 

experimental results, the time required to input the panel’s geometric and material 

data is excessive. Also it took considerable computing time to obtain the analytical 

results. An average analysis takes 6 to 7 hours for each run. The LFEM also 

requires certain assumptions (i.e. the eccentric load was converted to a concentric 

load plus two equal end moments) to predict the behaviour of concrete wall panels. 

Hence, a new method may be desirable to obtain a more precise prediction of 

ultimate load of wall panels which will require less computation time and simpler 

input data. 

 

In this chapter, a computer-based numerical technique that predicts the instability 

load of concrete walls in two-way action is presented. This method is an extended 

version of the technique developed by Fragomeni (1995) for walls in one-way 

action. This new method includes the influence of high strength concrete, as well as 

the effect of reinforcement utilising beam-column theory. The program, called 

WASTABT, was developed using the MATLAB computing package.  
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Initially this chapter provides an overview of the wall instability method used to 

produce WASTABT. The program WASTABT was then used to conduct a 

comparison with the experimental results and a parametric study to analyse 

reinforced concrete panels in two-way action. The parametric study, similar to 

Chapter 6, focuses on the effect of varying panel properties such as slenderness 

ratios (H/tw), aspect ratios (H/L) and reinforcement ratios (ρ), as well as the effect 

of eccentricities (e). When varying the panel properties, the concrete strengths (f’c) 

were also varied to obtain the contribution of failure loads. 

 

 

7.2 Development of Computer Program WASTABT 

7.2.1 Overview 

 

The iterative instability analysis method has been implemented in program 

WASTABT to find the maximum deflection, ultimate load and bending moment of 

concrete wall panels. This program also allows the display of moment-curvature 

profiles.  

 

In the analysis, the wall is treated as a beam-column of unit width and height, 

subjected to an axial force and two equivalent end moments, which account for the 

eccentric loading and secondary effects. The unit strip is treated as a plane-strain 

problem and concrete stress-strain models exhibiting different behaviour in 

compression and tension can be used. These models are required to calculate the 

moment-curvature characteristics of the axially loaded wall section.   

 

The wall section is given a preliminary deflection shape (e.g. sine curve) which is 

continually updated and used with moment-curvature characteristics to find the 

instability length and height of the wall section for a particular axial load.  

 

The development of program WASTABT can be divided into three stages: input 

values, moment curvature and instability analysis, as shown in Figure 7.1. 
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1. Input Values

Concrete and steel strengths
Wall height, width, and thickness
Reinforcement detail
Initial axial load, load increment
and eccentricity

2. Moment-Curvature

Selection of stress-strain model
Calculation of stress and strain
Calcualtion of moment-curvature values

3. Instability Analysis

Assume deflection shape and midspan
deflection
Calculate the moment at various wall
segments
Ascertain corresponding curvature values
Determine max deflection and failure load
Plot deflection profile  

Figure 7.1 Overview of WASTABT program 

 

 

7.2.2 Input Values 

 

The first stage (Input Values) requires the designer to input the dimensions, 

properties and loading conditions of the wall panel to be analysed. These inputs are 

then used to calculate the full moment-curvature relationship using material stress-

strain relationships. This stage has been adopted from the technique developed by 

Fragomeni (1995). 
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7.2.3 Moment-Curvature Calculation Procedure 

 

Due to the complex behaviour of concrete, the moment-curvature relationship 

cannot be found in an explicit form, and an iterative technique is required to obtain 

the relationship. The following two assumptions were made in the analysis: plane 

sections before bending remains plane after bending; and torsional resistances, 

shear deformation and Poisson’s effects are neglected. 

  

The steps in this iterative procedure, with the aid of Figure 7.2 are outlined as 

follows: 

 

1. Divide the rectangular cross-section into a reasonable number of elements 

parallel to the neutral axis, as shown in Figure 7.2 (a). 

 

2. Define a curvature value, Φ, for which the bending moment is to be determined, 

as shown in Figure 7.2 (b). 

 

3. Assume a strain value at the extreme compressive fibre, εcm, as in Figure 7.2 (b). 

This value is usually a percentage of the maximum allowable compressive 

strain, εcm. WASTABT defines maximum εcm as 0.05. 

 

4. Establish a linear strain profile, Figure 7.2 (b), based on the curvature value κ, 

and the assumed extreme compression fibre strain εcm. 

 

5. Obtain the strain value at the centroid of each element and steel layer, ε, using 

the linear strain profile. 

 

6. Obtain the stress value at the centroid of each element and steel layer, σ, using 

the concrete and steel stress-strain relationships, as shown in Figure 7.2 (c). The 

strain across the reinforcing bar is assumed uniform and equal to the strain at the 

bar centroid. 

 



Chapter 7: Analysis of Walls using WASTABT 7-5 

Experimental and theoretical studies of normal and high strength concrete wall panels  

7. The axial force, N, corresponding to the assumed stress-strain profile, can then 

be determined by assuming the forces of the individual elements as: 

 

 ∑ ∑
= =

σ+σ=
n

1i

n

1i
sisiii

st

AAN  (7.1) 

 

where  

N = externally applied axial load 

σi, σsi = stress acting on the element and steel layer (Figure 7.2 (d)), respectively 

Ai and Asi= area of the element and steel layer, respectively 

n, nst = number of element and number of steel layers, respectively 
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 (a)             (b)         (c)  (d)  

Figure 7.2 Stress and Strain distribution 

 

The compressive forces are considered as positive, while the tensile forces are 

considered as negative. The sum of the forces should equal the externally 

applied axial force. If the difference between the numerically computed axial 

force and the externally applied axial force, N, is not within an acceptable 

tolerance, i.e. 10-5 N, then the assumed strain value at the extreme compressive 

fibre in Step 3 is modified and the procedure is repeated. 

 

8. If the imbalance in axial force is within the allowable tolerance, a point on the 

moment-curvature curve can be obtained using the equation, 
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∑ ∑
= =

σ+σ=  (7.2) 

 

where M is the bending moment corresponding to the assumed strain profile of 

the section and yi and ysi are the distances from the element and the steel centroid 

to the section centroid, respectively. 

 

9. Repeating the procedure for different values of curvature, κ, the full moment-

curvature relationship for the specified axial force can be obtained, i.e. repeat 

Steps 2 to 8 

 

Material failure occurs when the maximum moment in the wall reaches the ultimate 

moment capacity of the section. This is generally the case for short walls. Stability 

failure occurs when the wall fails by buckling before reaching the ultimate moment 

capacity of the wall section. This is generally the case for slender wall elements and 

tilt-up panels. The ultimate moment capacity of a wall section is defined as the peak 

moment value on the moment-curvature curve.  

 

Hence the determination of the moment-curvature relationship involves the use of 

mathematical stress-strain models for concrete and steel in the next stage. 

 

 

7.2.3.1  Stress-Strain Models for Concrete 

 

Numerous concrete stress-strain models are available for calculating the moment- 

curvature characteristics of a wall section using the stress-strain characteristic of the 

concrete. The stress-strain model selected for the analysis will depend on the 

model’s ability to closely resemble the stress-strain characteristics of the concrete.  

Models exist for: normal strength and high strength concrete; concrete in 

compression or tension, as well as; confined and unconfined concrete.  
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Some stress-strain models can better predict normal strength concrete 

characteristics while others are better suited to high strength concrete. Separate 

stress-strain models also exist for concrete in compression and in tension.  

  

In this study, WASTABT only considers the concrete stress-strain models for 

unconfined concrete conditions. This means that the concrete section does not 

consist of longitudinal steel or reinforcement in the form of stirrups. 

 

 

Kent and Park (1971) Model 

 

The uniaxial stress-strain relationship proposed by Kent and Park (1971) is based on 

experimental evidence and consists of a parabolic ascending portion and a linear 

descending portion (Figure 7.3). It was assumed that confinement by rectilinear ties 

does not enhance concrete strength, only the slope of the linear falling branch of the 

stress-strain curve is reduced. As this model was based on the testing of normal 

strength concrete, it should be restricted to modelling concrete with compressive 

strengths less than 50 MPa.  

 

The Kent and Park (1971) model is defined by the following expressions: 
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The values of ε5ou and ε2ou correspond to 0.5f’c and 0.2f’c on the descending part of 

the stress-strain curve. 
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Figure 7.3 Kent and Park (1971) stress-strain model 

 

 

Fafitis and Shah (1986) Model 

 

Two separate expressions for the ascending and descending portions of the stress-

strain curve are used to define the stress-strain relationship proposed by Fafitis and 

Shah (1986). The model (Figure 7.4) was developed using the experimental results 

of axially loaded laterally confined concrete columns and is applicable for confined 

and unconfined concrete with uniaxial compressive strength up to 80 MPa. The 

expressions that defined the Fafitis and Shah (1988) model are as follows: 

 

 



















ε
ε

−−=σ
A

0

'
cc 11f                     ε < ε0 (7.4a) 

 ))(kexp(f 15.1
0

'
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where 00195.0f104895.1 '
c

5
0 +×=ε − , '

c

0c

f
E

A
ε

= and  '
cf66.24k =  

Ec is initial elastic modulus of concrete. 
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Figure 7.4 Fafitis and Shah (1988) stress-strain model 

 

 

 

Veho and Ghali (1977) Model 

 

The Veho and Ghali (1977) model is used to model concrete in tension. The 

uniaxial stress-strain relationship is shown in Figure 7.5. The relationship assumes a 

linearly ascending and a bilinear descending portion. 

 

The Vebo and Ghali (1977) model is defined by the following expressions: 

 

 

 tE 1tt ε=σ                                        εt  ≤ε1 (7.5a) 

 )(Ef9.0 1t2trt ε−ε+=σ                ε1 ≤  εt ≤  ε2 (7.5b) 

 )(Ef45.0 2t3trc ε−ε+=σ             ε2 ≤  εt ≤  ε3 (7.5c) 
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c

r
1 E
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c

r
2 E
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r
3 E
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=ε  

 



Chapter 7: Analysis of Walls using WASTABT 7-10 

Experimental and theoretical studies of normal and high strength concrete wall panels  

σ

3ε

rf9.0

rf45.0

1ε 2ε  

Figure 7.5 Vebo and Ghali (1977) stress-strain model 

  

 

7.2.3.2 Steel  Stress-Strain Model 

 

To model the constitutive relationship of the reinforcing steel in the WASTABT 

program, a similar relationship, as described in Section 6.3.2, was adopted. 

However this method does not include the effect from reinforcing bars strain 

hardening. Hence the stress-strain relation of the reinforcing steel, in both tension 

and compression, is assumed to be elastic perfectly plastic. The elastic modulus of 

steel, Es, is taken as 200,000MPa. 

 

 

7.2.3.3  Moment-Curvature Relationships in Normal and High Strength   

Concrete  

 

Moment-curvature relationships were obtained with WASTABT using the concrete 

wall section made of normal and high strength concrete analysed by Fragomeni 

(1995). This aids in the verification of the WASTABT program. 

 

The wall cross-section analysed by Fragomeni (1995), was 600 mm high by 200 

mm wide by 40 mm thick. The F41 standard mesh used for the panel (4 mm 

diameter bars at 100 mm centres in both direction) with the steel yield strength 
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being 450 MPa, and the mesh was placed in the centre of the wall panel thickness. 

The concrete compressive strengths used were 37.3 MPa and 68.7 MPa of normal 

and high strength concrete respectively.  

 

The moment curvature relationship for the normal strength concrete wall, as shown 

in Figure 7.6, reveals that the strength of the wall section improved by increasing 

the axial compressive force, up to a certain value, after which the strength declined. 

The relationship also shows that the section’s ductility continually deteriorates with 

an increase in the axial compressive force. The curve for the high strength concrete 

wall shows that an increase of axial compressive force provides a more brittle 

behaviour for the moment-curvature relationship. 
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Figure 7.6 Moment- curvature relationships 
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7.2.4 Instability Analysis of Two-way Action Walls 

 

The numerical instability analysis is designed to find ultimate load and the 

maximum mid-span deflection, as well as to plot the moment-curvature relation for 

two-way action walls.  

 

The wall panel was modelled as a series of vertical strips (column) and horizontal 

strips (beams) parallel to the edges of the panel, as shown in Figure 7.7. It can be 

postulated that, when columns tend to buckle, due to the applied vertical loads, the 

beams resist the buckling of the columns. The deflected columns exert horizontal 

forces on the beams and the beams, in turn, exert these forces on the columns in the 

opposite direction to resist the deflection. The critical load is obtained by satisfying 

the equilibrium conditions between the external loads and the internal resistances at 

each grid point (intersecting point of beam and column). The iterative numerical 

integration of moment curvature diagrams of strips was used to establish the 

deflected shape of the wall. 
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Figure 7.7 Strips layout in reinforced concrete panels 
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Since the wall geometry and the loadings were symmetric about two perpendicular 

axes parallel to the wall edges, one quarter of the wall was considered for the 

analysis. Hence the total number of column strips is 2m and they are numbered 

from 1 at the side edge to m at the centre. Also, the total number of beam strips is 

2n and they are numbered as 1 from the top or bottom edge to n at the centre. The 

width of each column and beam strip is ∆x = a/2m and ∆y = b/2n, respectively.  

 

The step-wise process of the instability analysis is explained as follows: 

 

 

Step 1  

 

For a specified central deflection Ymn, the initial deflection at each grid point is 

assumed as follows (which satisfies the boundary conditions). 

 

 





 απ







 π

=
n2
jsin

m2
isinYY mnij  (7.6) 

 

where α is the effective length factor and is equal to H/L.  

 

The initial value for the beam strip depth, ∆y, is assumed. Generally it is taken as 

half the height divided by the number of subdivides. 

 

The moment-curvature relationship is calculated for the horizontal wall cross-

section of depth ∆y in the method described in Section 7.2.3. The beam strips are 

subjected to zero axial loads because the in-plane movements are not allowed in 

that direction. 

 

The internal forces exerted on each grid point along the beams, due to deflection of 

the wall, are calculated. The following equations are presented for the jth beam. 

 

Curvature 2

2

dx
Yd

−=Φ  and from finite difference, 
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Figure 7.8 Modelling of wall in beam 
case 

Figure 7.9 Modelling of wall in column 
case 

 

 

Hence 

at point 1, as shown in Figure 7.7, Φ1j = 0, hence M1j = 0 (simply supported edge); 

at point 2,  2
j3j2j2 )x/()YY2( ∆−=Φ then M2j corresponding to Φ2j is obtained from 

the M-Φ curve. Note, this procedure uses  part of the spline method. 

Hence x/MF j2j2 ∆=  

 

At point 3, 2
j4j2j3j3 )x/()YYY2( ∆+−=Φ  

M3j corresponding to Φ3j is obtained from the M-Φ curve.  

Hence x/)MxF2(F 2j1j3 ∆−∆=  

 

At point 4, 2
j5j3j4j4 )x/()YYY2( ∆+−=Φ  

M4 corresponding to Φ4j is obtained from the M-Φ curve. 

Hence x/)MxF2xF3(F 3j2j1j4 ∆−∆−∆=  

 

Similarly, the forces at the subsequent stations are calculated, in a systemic forward 

marching manner. The force Fij, at the grid point (i,j), is finally given in the 

following algorithm: 
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 )x/M(F)ki(iFF j)1i(kj

1i

1k
j1ij ∆−−−= +

−

=
∑  (7.8) 

 

Step 2 

 

The internal resistance Fij, found acting on the beams, will act on the columns. 

Hence, the moment on the column will be a combination of the moment due to the 

eccentric loading, the moment due to the ultimate load with initial deflection, and 

moment due to the internal resistance Fij.  

 

Hence, the following iterative procedure is performed to find moments along the 

column strip.  

 

Moment at jth point 

 ∑∑
==

∆−−∆−++=
n

jl
ilik

j

1k
maxijij yF)jl(yF)kj(MPYM   (7.9) 

 

where P is the ultimate axial capacity of a centrally loaded section and  is equal to 

0.85f’cAg. Mmax is the moment due to eccentric loading. Then the new curvature, 

Φij, corresponding to Mij, is obtained from M-Φ curve. 

 

 

Step 3  

 

The average slope, θij, and the new deflection, Yij, at each station are obtained by 

numerically integrating the curvature and the slope. 
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A new value for ∆y is obtained based on the mid-span deflection of the middle 

column. 

 
mn

mn
ynew

Y
α

=∆   (7.12) 

 

The new value of ∆ynew, obtained in Step 3, is then used in Step 2. Steps 2 and 3 are 

then repeated until the values of Ymn converge within the tolerance of 0.1.  

 

The deflections at all grid points are then revised as: 

 

 2
ijij yY ∆α=  (7.13) 

 

If Ymn converges and the defined Yij increases from initial Ymn by certain 

increments in Step 1, it repeats Steps 2 and 3, as above. The program will be 

stopped when Mij has a greater value than those obtained by Equation 7.2. Figure 

7.10 shows the flow chart of the WASTABT program. 
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Mij corresponding to Fij is
obtained from the M-F curve.
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Figure 7.10 Flow chart for instability analysis procedure 
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7.3 Comparative Study 

 

The main purpose of this study was to compare the ultimate failure loads predicted 

by the WASTABT program, with the current experimental results. In total, 12 

different two-way action walls of either normal or high strength concrete (Stages 3, 

4 and 5) were investigated. 

 

 

7.3.1 Numerical Modelling 

 

Due to the symmetry in the geometry of the reinforced concrete walls, only a 

quarter of the panel dimension was adopted and a 10 × 10 mesh was used in this 

instability analysis (see Figure 7.11). Each mesh element is subdivided into ten 

concrete layers of equal thicknesses. There could have been more mesh generation 

but it takes more computer running time with, generally, the average analysis taking 

8 to 12 minutes for each run. 

 

 

cL

cL

Quarter of panel dimension

10 x10 Mesh generation

1200

1200

 

Figure 7.11 Mesh generation of TWNS2 (All dimensions are in mm) 
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7.3.2 Results 

 

A comparison of the experimental results and the WASTABT predicted failure 

loads for the normal and high strength concrete models in two-way action is 

summarised in Table 7.1. 

 

The results indicate that the ratios of the experimental results and the WASTABT 

failure loads varied from 0.94 to 1.42, with a mean of 1.05 and a standard deviation 

of 0.12. The failure load obtained for wall TAHS2 had a greater discrepancy, but as 

already discussed in Chapter 5 wall TAHS2 having a very low failure load. If the 

TAHS2 value was removed the mean becomes 1.02 with a standard deviation of 

0.049.  Hence the results show that WASTABT is a better predictor of the failure 

loads of normal and high strength concrete panels compared to LFEM, which had a 

mean of 1.14 for the same sets of experimental results. 

 

Table 7.1 Comparison of two-way action test panels results and WASTABT 

Experimental WASTABT 

 
Failure 

Load (kN)
Deflection

(mm) 
Failure 

Load (kN) 
Deflection 

(mm) 

WASTABT 
Experimental 

TWNS1 765.2 4.98 771.8 3.71 1.01 

TWNS2 735.8 9.18 785.0 3.54 1.07 

TWNS3 1177.2 5.71 1213.8 3.82 1.03 

TWNS4 1177.2 7.32 1146.0 4.92 0.97 

TWHS1 1147.8 4.90 1074.5 3.77 0.94 

TWHS2 1177.2 11.15 1242.6 3.70 1.06 

TWHS3 1250.8 9.71 1344.6 4.00 1.07 

TWHS4 1648.1 4.83 1680.3 4.60 1.02 

TAHS1 1618.7 6.59 1777.6 4.00 1.10 

TAHS2 1118.3 6.05 1587.1 3.70 1.42 

TAHS3 1265.5 7.76 1279.7 3.77 1.01 

TAHS4 1442.1 4.83 1375.5 3.77 0.95 

         Mean = 1.05 
                               Standard Deviation = 0.12 
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The typical deflected shapes of walls TWNS2 and TAHS3 (the quarter dimension 

of the panels) are shown in Figure 7.12 and Figure 7.13, respectively. Figure 7.12 

shows that the maximum deflection occurs at the centre of the wall panel. As 

expected for TAHS walls, Figure 7.13 shows that the maximum deflection occurs 

below the centre of the wall. The maximum deflections in experiment were 

observed at the centre and below the centre of the walls for TWNS2 and TAHS3, 

respectively as predicted.  
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Figure 7.12 Deflected shape of wall TWNS2 
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Figure 7.13 Deflected shape of wall TAHS3 
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7.4 Parametric Study 

 

Having established that the instability method is a good predictor of axial load 

capacity, a parametric study was carried out using WASTABT. As with the LFEM 

(Chapter 6), varying slenderness ratios (H/tw), aspect ratios (H/L), eccentricities (e), 

reinforcement ratios (ρ) and concrete strengths (f’c) were considered in this study.  

 

It is important to note that each reinforced concrete wall model had a single uniform 

layer of steel reinforcement at the centre of the wall and that the steel reinforcement 

was assumed to have a yield stress of 450 MPa. Further the program, WASTABT, 

was similarly used to investigate the reinforcement placed in both faces of the wall 

section. The details of the reinforced concrete wall dimensions and material 

properties are presented in Appendix D. 

 

 

7.4.1 Variation of Slenderness Ratios  

 

Using an aspect ratio (H/L) equal to 1, vertical reinforcement ratio (ρ) equal to 

0.0031 for all the panels and axial loading at an eccentricity of tw/6, the slenderness 

ratio (H/tw) was varied from 20 to 60. (Note: Concrete strengths of 30, 50 and 80 

MPa were used with these parameters). Figure 7.14 shows the variation of the axial 

strength ratios with respect to various slenderness ratios, for three different concrete 

strengths, (f’c = 30, 50 and 80 MPa). 

 

It can be seen in Figure 7.14 that the axial strength ratios, obtained using program 

WASTABT, decrease with an increase in the H/tw of the walls. The decrease in 

strength is more pronounced beyond H/tw = 30. The results obtained from the 

LFEM study were slightly different. When H/tw was less than 30, the axial strength 

ratio decreased significantly, but beyond this point (H/tw = 30) the rate of decrease 

was much slower. The results obtained from WASTABT illustrated that, when 

normal strength concrete was used, the failure was due to buckling rather than 

crushing beyond the slenderness ratio of 20.  
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The axial strength ratios in the high strength concrete (f’c ≥ 50 MPa) walls gradually 

decreased slowly up to a slenderness ratio of 35 and then the rate of decrease 

increased significantly beyond that H/tw.  
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Figure 7.14 Axial strength ratio versus slenderness ratio for R.C. Wall (H/L = 1,      
e = tw/6, ρv = 0.0031) 

 

 

An investigation of the relationship between concrete strength and axial strength 

ratio is given in Table 7.2, For example, the WASTABT analysis showed that for 

H/tw = 20, an average increase in concrete strength by 66.7% (from 30 to 50 MPa) 

resulted in an average increase in wall strength by 60%. This ratio was similar to the 

value obtained for LFEM (60%). For an increase in concrete strength from 30 to 50 

MPa, the strength ratio obtained by WASTABT remained unchanged with H/tw. On 

the other hand, for the same increase in concrete strength, the wall strength obtained 

by LFEM decreased linearly with H/tw values.  

 

Also indicated in Table 7.2 is a different result when high strength concrete is 

presented. For example, the WASTABT analysis showed that for H/tw = 20 to 50, 

an average increase in concrete strength of 60% (from 50 to 80 MPa) resulted in an 
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average increase of wall strength of 30%. The results are similar in using LFEM 

where the increase in wall strength for all slenderness ratios (for a 60% increase  in 

concrete strengths) was constant (at 40%). 

 

 

Table 7.2 Strength increase observation due to concrete strength (H/L =1, ρ = 
0.003, e = tw/6) 

Load strength ratios  
Nu / Nu 

Concrete 
strength ratio 

(MPa) 

H 
tw WASTABT LFEM 

N*(50MPa) / N*(30MPa) 

20 1.6 1.6 

30 1.6 1.4 

40 1.6 1.3 

50 MPa 
30 MPa 

(66.7% ↑) 

 

50 1.6 1.0 

N*(80MPa) / N*(50MPa) 

20 1.3 1.4 

30 1.3 1.4 

40 1.3 1.4 

80 MPa 
50 MPa 

(60.0% ↑) 

50 1.3 1.4 

 

 

 

7.4.2 Variation of Aspect Ratios  

 

In the next part of the parametric study, the aspect ratios were varied from 0.875 to 

1.5 with respect to axial strength ratios.  All the panels were subjected to loads with 

eccentricity of tw/6, with the reinforcement ratio being equal to 0.0031. Figures 7.15 

and 7.16 were produced using constant H/tw values equal to 40 and 60 respectively. 

Each figure also included three different concrete strengths (30, 50 and 80 MPa). 
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Figure 7.15 Axial strength ratio versus aspect ratio for R.C. Wall  (H/tw  = 40) 
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Figure 7.16 Axial strength ratio versus aspect ratio for R.C. Wall (H/tw = 60) 

 

The axial strength ratios (Nu/f’cLtw) obtained from the WASTABT increased 

nonlinearly with an increase in aspect ratio. Similar results were obtained for the 

different slenderness ratios of 40 and 60. For example an increase in H/L from 1.0 
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to 2.0 resulted in an average increase in axial strength ratio of 11.8% when H/tw was 

40. Comparatively, the average increase was 11.0% for H/tw of 60. 

 

When the concrete strength was increased by 66.7% (between 30 MPa to 50 MPa) 

for H/L=1, the wall strengths increased by approximately 60% for H/tw = 40, 

similar results as obtained in Section 7.4.1. 

 

 

7.4.3 Variation of Reinforcement Ratios 

 

The reinforced concrete section was investigated for reinforcement effects, (i.e. 

from the placement of the reinforcement centrally or in two layers). Figure 7.17 to 

7.19 show the axial strength ratios versus the reinforcement ratios for three different 

concrete strengths and slenderness ratios, with reinforcement placed centrally.  

 

An increase in reinforcement ratios resulted in only a slight increase in axial 

strength ratios. For example, increasing ρ from 0.0015 to 0.01 when H/tw = 20, 

showed average axial strength ratios increases of about 2.92% and 4.55% for 30 and 

50 MPa concrete respectively. However the values obtained from the LFEM were 

generally slightly higher as shown in Table 7.3.  

 

ρv

N
u

/f
'c

Lt
w

0.002 0.004 0.006 0.008 0.010.45

0.475

0.5

0.525

0.55

0.575

0.6

H/tw = 20
H/tw = 30
H/tw = 40

 
ρv

N
u

/f
'c

Lt
w

0.002 0.004 0.006 0.008 0.010.45

0.475

0.5

0.525

0.55

0.575

0.6

H/tw = 20
H/tw = 30
H/tw = 40

 

Figure 7.17 Axial strength ratio versus 
vertical reinforcement ratio (f’c = 30 MPa)

Figure 7.18 Axial strength ratio versus 
vertical reinforcement ratio (f’c = 50 MPa)
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Figure 7.19 Axial strength ratio versus vertical reinforcement ratio(f’c = 80 MPa) 

 

 Table 7.3 Comparison of axial strength ratio increment in percentage within 
reinforcement ratio increment (from 0.0015 to 0.01) 

WASTABT (%) LFEM (%) 

Concrete strength (MPa) Concrete strength (MPa) H/tw 

30 50 80 30 50 80 

20 2.92  4.55 5.56 9.39 6.76 11.11 

30 3.08 3.23 1.96 5.79 1.01 0.75 

40 0 0 0 0.58 0.45 0 

 

 

In particular note that the WASTABT results indicated that no significant increase 

in strength was realised when the centrally placed reinforcement content was 

increased at H/tw = 40. Thus, when H/tw is high, the contributions of the steel in 

both normal and high strength concrete wall panels had no effect. A similar 

phenomenon was found in the results obtained from the LFEM. Hence an increase 

in vertical reinforcement slightly increases axial strength ratios, but only for H/tw < 

30, beyond which value of H/tw, the contribution of steel can be ignored.  

 

The program, WASTABT, was similarly used to investigate the reinforcement 

placed in both faces of the wall section. The clear cover to reinforcement in each 

face was 20 mm. Figures 7.20 to 7.22 show the axial strength ratios versus the 

double-layered reinforcement ratios for three different concrete strengths (30, 50 

and 80 MPa), with various slenderness ratios (H/tw). 
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Figure 7.20 Axial strength ratio versus 
vertical reinforcement ratio (f’c = 30 

MPa) 

Figure 7.21 Axial strength ratio versus 
vertical reinforcement ratio (f’c = 50 

MPa) 
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Figure 7.22 Axial strength ratio versus vertical reinforcement ratio (f’c = 80 MPa) 

 

A comparison of reinforcement being placed centrally or in each face showed that 

significant strength increases occurred when two layers were used, when the 

concrete strength was 30 MPa. For example, increasing ρ from 0.0015 to 0.01 when 

H/tw = 20, showed average axial strength ratios increases of about 11.4%. This 

would be expected, considering the fact that the steel in the tension face of the wall 

would contribute to an increase in the wall strength. In the higher strength walls of 

50 and 80 MPa whereas such steel was placed in two layers there was no significant 

increase in wall strength, which was similar to reinforcement being placed centrally. 
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Tables 7.4 to 7.6 give the extrapolated values from Figures 7.20 to 7.22, which 

indicate the possible increases in strength that can be achieved. 

 

Table 7.4 Strength increase due to different reinforcement ratios (f’c  = 30 MPa) 
Failure load (kN) 

(for specified steel ratio in each 
face) 

Load ratio Load ratio Load ratio 
 

H 
tw 

0.15 
 % 

0.3 
 % 

0.6 
 % 

1   
% 

N*(0.3%) 
N*(0.15%) 

N*(0.6%) 
N*(0.15%) 

N*(1%) 
N*(0.15%) 

20 5140.8 5214.2 5434.6 5728.3 1.01 1.06 1.11 

30 3182.4 3280.3 3378.2 3525.1 1.03 1.06 1.11 

40 2203.2 2239.9 2276.6 2313.4 1.02 1.03 1.05 

 

Table 7.5 Strength increase due to different reinforcement ratios (f’c  = 50 MPa) 
Failure load (kN) 

(for specified steel ratio in each 
face) 

Load ratio Load ratio Load ratio  
H/tw 0.15 

% 
0.3  
% 

0.6  
% 

1   
% 

N*(0.3%) 
N*(0.15%) 

N*(0.6%) 
N*(0.15%) 

N*(1%) 
N*(0.15%) 

20 8115.1 8200.8 8323.2 8568 1.01 1.03 1.06 

30 5059.2 5140.8 5304 5467.2 1.02 1.05 1.08 

40 3488.4 3549.6 3610.8 3733.2 1.02 1.04 1.07 

 

Table 7.6 Strength increase due to different reinforcement ratios (f’c  = 80 MPa) 
Failure load (kN) 

(for specified steel ratio in each 
face) 

Load ratio Load ratio Load ratio  
H/tw 0.15 

% 
0.3  
% 

0.6  
% 

1   
% 

N*(0.3%) 
N*(0.15%) 

N*(0.6%) 
N*(0.15%) 

N*(1%) 
N*(0.15%) 

20 10575 10771 10967 11163 1.02 1.04 1.06 

30 6789.1 6789.1 6789 6920 1.00 1.00 1.02 

40 4602.2 4602 4602 4602 1.00 1.00 1.00 

 

For the slenderness ratio (H/tw) of 20, the results indicate that an increase in wall 

strength, between 6 and 11% can be achieved if the vertical reinforcement content is 

increased by 6.5 times, with the concrete strength of 30 MPa (i.e. from 0.15% to 

1%). When concrete strengths are 50 MPa and 80 MPa, the increases are smaller. 

For example, the wall strength only increased about 6 to 8% and 2 to 6% when the 



Chapter 7: Analysis of Walls using WASTABT 7-29 

Experimental and theoretical studies of normal and high strength concrete wall panels  

vertical reinforcement was increased by 6.5 times, with the concrete strength of 50 

MPa and 80 MPa, respectively. 

 

Also the increase in wall strength did not appear to contribute much for high 

strength concrete with higher slenderness ratios. As mentioned earlier no such 

increases in strength can be expected when the reinforcement is placed centrally or 

the reinforcement placed in both faces with higher slenderness ratios (H/tw).  

 

 

7.4.4 Variation of Eccentricities  

 

A brief study of the eccentricity (e) effects, using the WASTABT, gives some 

interesting results. Figure 7.23 indicates that the wall sections are sensitive to 

changes in eccentricity. The eccentricities varied from tw/20 to tw/3 while the 

reinforcement ratios of all panels were equal to 0.003 and H/tw varied from 20 to 60. 
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Figure 7.23 Influence of eccentricity on axial load 

 

It can be seen in Figure 7.23 that at lower slenderness ratios, the axial load 

attainable using the less eccentric load is much higher. Generally, for eccentricities 

equal to tw/20, tw/10 and tw/6 the axial strength ratios decreased at a relatively faster 
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rate at low slenderness but as H/tw increased beyond H/tw of 30, the rate of decrease 

was much slower for all concrete strengths. The results obtained from e = tw/3 

shows that the axial strength ratios decreased very little as H/tw increased, for 

concrete strengths of both 30 and 50 MPa. A similar phenomenon was also found 

from the LFEM results for e = tw/2. 

 

Table 7.7 extrapolates the values from WASTABT, indicating that increases in wall 

strength can be achieved. For eccentricities between t/20 and t/6, an increase of 

concrete strength from 30 to 50 MPa (66.7% increase) resulted in an increase of 

wall strength of 60%    

 

Table 7.7 Percentage ultimate strength increment due to concrete strength (H/L =1, 
ρ = 0.003) 

Ultimate load increment (%) 
Failure Load (kN) Load ratio Concrete 

Strength 
(MPa) 

H 
tw tw/20 tw/10 tw/6 tw/3 tw/20 tw/10 tw/6 tw/3 

20 6903.4 6242.4 4259.5 807.8     

30 4504.3 3965.8 3182.4 489.6     

40 3231.4 2790.7 1909.4 330.5     

 

30MPa 

60 1787.0 1493.3 1052.6 195.8  

     N*(50MPa)/N*(30MPa) 

20 11383.2 9792.0 6487.2 856.8 1.6 1.6 1.6 1.1 

30 7425.6 6201.6 5140.8 489.6 1.6 1.6 1.6 1.0 

40 5079.6 4467.6 2998.8 306.0 1.6 1.6 1.6 0.9 

 

50 MPa 

60 2856.0 2407.2 1672.8 163.2 1.6 1.6 1.6 0.8 

     N*(80MPa)/N*(50MPa) 

20 15471.4 12925.4 8029.4 587.5 1.4 1.3 1.2 0.7 

30 10183.7 8225.3 5353.0 N/A 1.4 1.3 1.3 N/A* 

40 6756.5 5581.4 3623.0 N/A 1.3 1.2 1.2 N/A* 

 

80 MPa 

60 3721.0 2741.8 1893.1 N/A 1.3 1.1 1.1 N/A* 

N/A* that WASTBT program is not applicable at these properties 

 

Further, when increasing the concrete strength from 50 MPa to 80 MPa (i.e. an 

increase of 60%), at the slenderness ratio of 20 and 30, the wall strength increased 

by 40%. However, for the same concrete strength increases in the slenderness ratio 

of 40 and 60, the wall strength only increased by 30%. Similarly, when e is equal to 



Chapter 7: Analysis of Walls using WASTABT 7-31 

Experimental and theoretical studies of normal and high strength concrete wall panels  

tw/10, tw/6 and tw/2, the relation of the wall strength ratio gradually decreased with 

respect to increases of H/tw. Similar results were obtained from the LFEM the 

concrete strength was increased by 60% (50 MPa to 80 MPa) and the wall strength 

increased by about 40% when varying H/tw between 20 and 50. Finally, the load 

ratios obtained from both the WASTABT and LFEM results also show that 

increases in eccentricity lead to decreases in load ratios.  

 

 

7.5 Conclusions 

 

The results from studies in this chapter indicate that WASTABT can be used to 

predict the axial load behaviour of wall panels with two-way action. WASTABT 

gives good predictions of strength for Stages 3, 4 and 5 walls. 

 

The parametric study in this chapter showed that: 

 

• The axial strength ratios, obtained using program WASTABT, decrease with an 

increase in the H/tw of the walls. The decrease in strength is more pronounced 

after H/tw > 30.  

 

• The axial strength ratios (Nu/f’cLtw) obtained from the WASTABT increase 

nonlinearly with an increase in aspect ratio. However, the reinforcement ratio 

did not contribute to axial strength ratio for walls with lower aspect ratios (H/L 

< 1). Also when H/tw is high, the contributions of the steel in both normal and 

high strength concrete wall panels had no effect. 

 

• A comparison of strength for the walls with a single layer of reinforcement 

placed centrally or two layers of reinforcement in each face showed that 

significant strength increases occurred when two layers were used. However the 

increase in wall strength did not appear to be much for high strength concrete 

walls with higher slenderness ratios.  
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CHAPTER 8 
 

 

 

 

DESIGN FORMULA FOR CONCRETE WALLS 
 

 

8.1  Introduction 

 

The analysis of axially loaded wall panels simply supported on all four sides is 

more complex than the analysis of walls supported at top and bottom only. The 

effect of side supports provides an additional stiffness to the wall system that 

inhibits the natural one-way bending failure exhibited in the more slender wall 

panels. Although researchers have derived equations for the ultimate load of 

concrete walls (as discussed in Chapter 3), these equations are limited in application 

and at times, too conservative while other times, unsafe. The shortcomings of these 

previous equations have already been discussed in Chapter 3. In this chapter, a 

modified all-encompassing formula is presented that calculates the ultimate axial 

load capacity of reinforced concrete walls.  

  

The modified formula extends the scope of the current AS3600-01 equation by 

including the effect of side supports, high strength concrete and high slenderness 

values. As discussed earlier in Chapter 2, the main limitation of the current code 

equations is that it is only applicable to normal strength concrete walls simply 
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supported at top and bottom only. Also the current code equations are limited to  

slenderness ratios (H/tw) less than 30. 

 

Even though Fragomeni (1995) proposed four equations for normal and high 

strength concrete walls in one- and two-way action, modifications were still 

required to ensure a satisfactory design formula for walls particularly when side 

supports, higher H/tw and high concrete strengths are present.  

 

The proposed formula is of a purely empirical nature and is based on the principle 

of safe prediction with respect to the available test data. The data used to derive the 

formula consisted of the 18 test results from the present investigation and 

experimental test data from previous work undertaken by other researchers (Pillai 

and Parthasarathy (1977), Saheb and Desayi (1989, 1990), Fragomeni (1995) and 

Maheswaran and Sanjayan (1997)) . A comparative study of the predicted ultimate 

strength of wall panels using the new formula with test results has also been carried 

out. 

 

 

8.2 Column Method 

 

The design of reinforced concrete columns according to major concrete codes is 

undertaken using ultimate strength design. Ultimate strength methods assume that 

the cross-section of a member attains full load capacity. The strength computation is 

based on the condition of equilibrium and the compatibility of strains. Figure 8.1 

shows a typical column section under the consideration of a linear strain distribution 

over the cross-section. Note in Figure 8.1, an equivalent stress block with a 

maximum compressive strength of 0.85f’c and ultimate compressive concrete strain 

of 0.003 is assumed. 
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Figure 8.1 Wall cross-section geometry 

 

The resulting forces of each component of the wall section becomes: 

Concrete compression force,  w
'
cc atf85.0C =    (8.1) 

Compression reinforcement force,  )f85.0f(AC '
c

'
sy

'
ss −=    (8.2) 

Tension reinforcement force,   stsys AfT =     (8.3) 

 

  

Compatibility of strain provides: 

Compression reinforcement strain   uc c
'dc
ε

−
=ε    (8.4) 

Tension reinforcement strain    ut c
cd
ε

−
=ε    (8.5) 

Compression reinforcement stress   
c

)dc(003.0EEf scssy
−

=ε=  (8.6) 

Tension reinforcement stress    
c

)cd(003.0EEf sts
'
sy

−
=ε=  (8.7) 
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From the equilibrium condition, a summation of forces and moments show that: 

 ∑ −+= TCC;0F scy  (8.8) 

 ∑ −+−−+−−= )dx(T)dxt(C)
2
axt(C;0M 12wswc     (8.9) 

where 
2
t

x w=   

 

Therefore the interaction equations are 

 stsystg
'
cn Af)AA(f85.0P +−=   (8.10) 

 )dx(T)dxt(C)
2
axt(CM 12wswcn −+−−+−−=   (8.11) 

   and 
n

n

P
Me =  

 

If As = A’s  = 0 

then  Cs and T = 0 and therefore 

 )
2
a

2
t

(CM w
cn −=  and cn CP =  (8.12) 

 nn MeP =   (8.13) 

hence  

 )
2
axt(CeP wcn −−=   (8.14) 

 )
2
axt(e w −−=  or  )e2t(a w −=   (8.15) 

 

When e = 0 is substituted into Equation (8.15), a = tw, and if e = tw/6 is substituted a 

= 2tw/3. 

 

In the case of e = tw/6 and therefore a = 2tw/3, substituting into Equation (8.14) 

leads to: 
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 w
'
c

w'
c

'
ccn Ltf566.0

3
t2

Lf85.0Laf85.0CP ====  (8.16) 

 

Therefore the axial strength ratio 566.0
Ltf
P

w
'
c

n =  when e = tw/6 with no 

reinforcement present, and the slenderness ratio (H/tw) approaches zero.  

 

Table 8.1 shows the relation of other axial strength ratios derived with various 

eccentricities using the column method. 

 

Table 8.1 Relationship of axial strength ratio and eccentricity obtained from column 
method 

 e = 0 e = tw/20 e = tw/10 e = tw/6 e = tw/2 

Nu/f’cLtw 0.85 0.765 0.68 0.566 0 

 

If steel is centrally placed within the wall thickness, tw, then d1 = d2 = tw/2 in 

Equation (8.11) and becomes: 

 )
2
a

2
t

(C)d
2
t

(T)d
2
t

(C)
2
a

2
t

(CM w
c1

w
2

w
s

w
cn −=−+−+−=  (8.17) 

 

Thus Equation (8.17) becomes the same as Equation (8.12). This means that similar 

axial strength ratios (Nu/f’cLtw) for different eccentricities will be obtained whether 

the vertical reinforcement is placed at the centre of wall or contribution of the 

reinforcement is ignored on panel.  

 

The above results (Table 8.1) can be used as a reference for new design formula 

when H/tw approaches 0. Also, based on the results obtained from the column 

method, new design methods can be anticipated to the axial strength ratios for both 

one-way and two-way action such as the results obtained from the current 

experiments indicate that the buckling capacity of concrete walls in two-way action 

is approximately 2.8 to 3 times that of one-way action walls, when e = tw/6.  
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8.3 Proposed Equation 

 

Chapter 3 discussed the predicted equations that are proposed by previous 

researchers. The conclusion reached was that there were still limitations remaining 

in the equations and more work was required. Even though Fragomeni (1995) 

adopted high strength concrete parameters in the design equations, the predicted 

failure load of some high strength concrete panels are still not reliable using his 

equations. 

 

Based on the parametric study using the LFEM and the WASTABT results, it was 

concluded that increased high concrete strengths reduced axial strength ratios 

(Nu/f’cLtw). This was confirmed from the results of the experimental data. However, 

none of the current equations give variations in axial strength ratios when higher 

concrete strengths are used. Thus the reduction of the axial strength ratios for higher 

strengths of concrete should be incorporated into any new design formula.  

 

The other important aspect is the incorporation of effective length factors for walls 

supported on all four sides. The effective length factor (β), proposed by Fragomeni 

(1995) has been utilised here and modified to obtain more reliable results. Finally, 

the applicability of the formula for higher slenderness values is necessary, as the 

experimental results indicated that load capacities were still obtained for Hw/t > 30. 

 

 

8.3.1 Simplified Design Method for both One- and Two-way Action  

 

This thesis proposes that the wall design formula incorporates the behaviour both in 

one- and two-way action walls.  

 

Assumptions involved in the development of the equation are as follows: 

 

a) The panel contains at least the minimum amount of steel in the vertical 

directions (i.e. ρ = 0.003). 
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b)  At H/tw = 0, the magnitude of Nu/f’cLtw is taken to be equal to 0.566 for e = 

tw/6, as shown in Table 8.1. Similarly the initial axial strength ratios (when H/tw 

= 0) derived in Table 8.1 for various eccentricities are used. 

 

c) For H/tw greater than 30 and an increase in concrete strengths from 30 to 50 

MPa (66.7% increases), an increase in wall strength by about 40% is obtained. 

 

d) For H/tw greater than 30, when H/L increase from 0.5 to 1 an increase of about 

30% in wall strength is obtained.  

 

e) The increase in strength of one-way to two-way identical panels is 

approximately 2.8 to 3 times, when H/tw = 40. 

 

By incorporating the above assumption and relevant parameters into the wall 

strength equation prescribed by AS3600-01 (Equation 2.1), the new formula 

proposed herein for the strength prediction of walls become:  

 

 )e2e2.1t(f0.2N aw
7.0

cu −−φ=φ  (8.18) 

 

where  

φ = 0.6 for compression member 

Nu = design axial strength per unit length of wall (N/mm) 

tw = thickness of the wall (mm) 

f’c = Characteristic compressive cylinder strength of concrete (MPa) 

e = eccentricity of the load measured at right angles to plane of the wall (mm) 

ea = an additional eccentricity due to deflections in the wall and 

)/(2500t)(He w
2

wea = (mm) 

Hwe = the effective height (mm) 
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The following comments can be made regarding the proposed formula: 

 

a) Equation (8.18) differs to current code wall design equations in that the wall 

strength does not increase in direct proportion to concrete strength. As shown in 

Chapter 5, 6 and 7, wall strength does not increase linearly with concrete 

strength and Equation (8.18) indicates the variation is with respect to (f’c)0.7. 

 

b) Equation (8.18) approaches the initial axial strength ratios (when H/tw = 0) 

derived in Table 8.1 when various eccentricities are used.  

 

c) Equation (8.18) considers modified effective heights to allow for walls with 

various supports and walls with a larger range of slenderness ratio (from 0 to 

50). Details of effective height (Hwe) are discussed below. 

 

 

8.3.2 Determination of Effective Height (Hwe) 

 

If a wall is not only supported at top and bottom but also on its all sides, the effect 

of the side supports is to add an additional stiffness to the wall system so as to 

inhibit the natural one-way bending failure exhibited in the more slender wall 

panels.  

 

According to Timoshenko and Gere (1961) plate theory, the buckling capacity of a 

homogeneous plate simply supported on four sides (i.e. H/L = 1.0) is approximately 

4 times that of plate acting like a column. 

 

To allow for the additional stiffness, Fragomeni (1995) adopted effective height 

factor β (where Hwe = βH) for walls in two-way action. This parameter was based 

on the specification given in the German concrete code, DIN1045, However this 

effective height factor (β) was derived for panels loaded at no eccentricity. 

According to Timonshenko and Gere (1961), β will be affected from various 

loading eccentricities when plates are loaded under combined uniform compression 
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and bending. The authors found that, when load eccentricity increases, the β value 

becomes smaller.  

 

The results obtained from the current experiments indicate that the buckling 

capacity of concrete walls in two-way action is approximately 2.8 to 3 times that of 

one-way action walls, when e = tw/6. As a result, Hwe is modified to compensate for 

such a problem, by the incorporation of an additional eccentricity parameter (α) in 

the effective height factor β by Fragomeni (1995) that is defined in the effective 

height equation:  

 

 Hwe = βH (8.19) 

 

Hence the following effective length factors are defined: 

  

 1=β      for H/tw  < 30, simply supported top and bottom only  

 88.0

wt
H

18









=β    for H/tw  ≥ 30, simply supported top and bottom only 

 2

L
H1

1







+

α=β       for  H ≤ L when all four all sides are restrained 

 
H2
L

α=β        for H > L when all four all sides are restrained 

 

where α is eccentricity parameter and  is equal to:  

 

wt
e1

1

−
=α             for H/tw  < 30 

 88.0

w
w t

H

18

t
e1

1









×

−
=α  for H/tw  ≥ 30 
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8.3.3 Comparison of Proposed Formula with Test Results and 

Other Available Formulae 

8.3.3.1  Comparison of walls in one-way action 

 

The calculated strengths from Equation (8.18) and other prediction equations were 

compared with the experimental test results of the six normal and high strength 

concrete walls from Stages 1 and 2. The mean of the ratio φNu/N* and its standard 

deviation were calculated and presented in Table 8.2.  

 

As stated in Section 5.3.4, none of the current available formulae give a good 

prediction for more slender panels (H/tw between 30 to 40). Only Equation (3.4) (by 

Pillai & Parthasarathy, 1977) and Equation (3.6) (by Zielinski et. al, 1982, 1983) are 

included in this table as they give strength value for H/t > 30. As stated in Chapter 

2, the AS3600-01 and the ACI318-99 equations do not apply to walls with 

slenderness ratios greater than 30 in one-way action and are therefore not included 

in this comparison. 

  

Table 8.2 Comparison of concrete test panel results with design equations (Stages 1 
and 2) 

Wall 
Panels 

Equation (3.4) 
N*(Test) 

Equation (3.6) 
N*(Test) 

Equation(8.18) 
N*(Test) 

OWNS2 2.47 1.63 0.99 

OWNS3 1.98 0.88 0.80 

OWNS4 1.52 0.00 0.78 

OWHS2 2.84 1.87 0.90 

OWHS3 2.32 1.03 0.88 

OWHS4 2.19 0.00 1.00 

Mean 
Standard Deviation 

2.22 
0.45 

0.90 
0.79 

0.89 
0.09 

 

 

The modified formula (Equation (8.18)) gives a safe estimate of failure load for all 

panels and the mean (predicted/test) of 0.89 with standard deviation of 0.09. Even 
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though Equation (3.6) has a mean close to unity, the standard deviation is too high. 

This suggests that the Equation (8.18) is more conservative and more reliable due to 

the lower standard deviation. 

 

The modification is acceptable because of the increased strength obtained in the 

testing and the application of the capacity reduction factor (φ = 0.6) assures that all 

the experimental test results fall well above the predicted design load. A good 

correlation of various concrete strengths can also be obtained.  

 

Figure 8.2 shows the design axial strength ratios that were obtained using the 

modification formula with respect to H/tw. Fragomeni’s (1995) results on high 

strength concrete panels tested in one-way action, along with current test data were 

included for comparison in Figure 8.2. The input data for the Equation (8.18) of the 

concrete strengths (f’c) was 30, 50 and 80 MPa with eccentricity (e) equal to tw/6 in 

all cases.  
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Figure 8.2 Comparison of modified formula and experimental test results: Varying 
H/tw (H/L = 1, e = tw/6, φ = 1, one-way) 

 

As seen in Figure 8.2, the modified formula agrees well with the experimental 

results, with the experimental results showing the proposed formula trends. 
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The effect of concrete strength on axial strength ratio is evident. The axial strength 

ratios (at a fixed slenderness) are higher when the concrete strength is at a lower 

value. However, previous design methods did not consider this matter. Even if 

Fragomeni’s (1995) Equation (3.8) accounts for the effect of high strength, the 

predictions start differing from experimental values significantly for higher 

slenderness ratios. 

 

Note also from Figure 8.2 that if H/tw = 0, the axial strength ratios were 0.58, 0.5 

and 0.43 for concrete strengths of 30, 50 and 80 MPa, respectively. The axial 

strength ratio for 30 MPa concrete indicates a good agreement with the result 

obtained from column method when eccentricity = tw/6 (see Table 8.1). 

 

Figure 8.2 also shows that, when H/tw > 30, the axial strength ratio obtained from 

the modified formula is almost linear. This is to compensate for the walls of high 

slender having a buckling failure rather than a crushing failure. This result again 

illustrates the ineffectiveness of the simplified code formulae that give no axial 

capacity for H/tw > 30. Again the modified formula follows the general trend of 

current experimental test results. 

 

More comparisons of failure loads for walls in one-way action using the proposed 

formula and previously recommended equations, against the test results (by 

previous researchers) were undertaken in Table 8.3. (Details of dimensions and 

failure loads of test panels are shown in Table 3.3).   

 

The results indicate that the ratios of the experimental test results and modified 

Equation (8.18) varied from 0.38 to 1.07, with a mean of 0.84 and a standard 

deviation of 0.20. While there are some ratios that are greater than 1 

(overestimation), there generally is a good agreement between the experimental test 

results and the Equation (8.18). The results also indicate that AS3600-01 gives a 

more conservative result than Equation (8.18). 
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Table 8.3 Comparison of failure loads using modified formula in one-way action 
 

Model 

A
C

I318-99 
N

*(T
est) 

A
S3600-01  

N
*(T

est) 

E
quation  (3.3)  

N
*(T

est) 

E
quation  (3.4)  

N
*(T

est) 

E
quation  (3.5)  

N
*(T

est) 

E
quation  (3.6)  

N
*(T

est) 

E
quation  (3.7)  

N
*(T

est) 

E
quation  (3.8)  

N
*(T

est) 

E
quation (8.18)  

N
*(T

est) 

A5 0.62 0.54 0.67 0.68 0.62 0.66 0.63 0.54 0.72 

A6 0.72 0.63 0.79 0.76 0.72 0.73 0.72 0.63 0.91 

B5 0.65 0.57 0.70 0.72 0.65 0.68 0.65 0.57 0.74 

T
ests by Pillai &

Parthasarathy 
(1977) 

B6 0.84 0.73 0.91 0.88 0.84 0.84 0.84 0.73 1.07 

WAR-1 0.22 0.18 0.19 0.44 0.22 0.34 0.21 0.18 0.96 

WAR-2 1.21 1.05 1.29 1.37 1.21 1.31 1.24 1.05 0.98 

WAR-3 1.28 1.11 1.36 1.45 1.28 1.39 1.31 1.11 1.04 

WAR-4 1.15 1.00 1.22 1.30 1.15 1.24 1.18 1.00 1.05 

WAR-4 0.86 0.75 0.92 0.98 0.86 0.91 0.86 0.75 1.03 

WSR-1 0.61 0.54 0.66 0.67 0.61 0.63 0.61 0.54 0.78 

WSR-2 0.65 0.56 0.69 0.73 0.65 0.68 0.65 0.56 0.79 

WSR-3 0.66 0.57 0.67 0.87 0.66 0.77 0.66 0.57 0.80 

T
ests by Saheb &

 D
esayi (1989) 

WSR-4 0.33 0.27 0.24 0.84 0.33 0.63 0.33 0.27 0.38 

2a 0.92 0.79 0.91 1.31 0.92 1.13 0.80 0.79 0.86 

4a 0.46 0.39 0.40 0.92 0.46 0.72 0.40 0.39 0.44 

6a 0.81 0.70 0.85 0.98 0.81 0.89 0.73 0.70 0.78 

8a 0.87 0.76 0.93 0.99 0.87 0.94 0.89 0.76 0.84 

2b 1.25 1.07 1.24 1.78 1.25 1.56 1.10 0.98 1.02 

4b 0.64 0.54 0.55 1.28 0.64 1.02 0.56 0.52 0.54 

6b 1.30 1.13 1.36 1.57 1.30 1.46 1.19 1.02 1.06 

T
ests by Fragom

eni (1995) 

8b 1.00 0.87 1.07 1.14 1.00 1.08 1.02 0.79 0.82 
 Mean 0.81 0.70 0.84 1.03 0.81 0.93 0.79 0.69 0.84 

Standard 
Deviation 

0.31 0.27 0.34 0.34 0.31 0.32 0.30 0.25 0.20 

 

 

8.3.3.2  Comparison of walls in two-way action 

 

The calculated strengths from Equation (8.18) are compared with the test results of 

the 12 normal and high strength concrete wall panels from Stages 3, 4 and 5. The 
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mean of the ratio Nu/N* and its coefficient of variation were calculated, and are 

presented in Table 8.4.  

 

Only the available formulae for two-way action, such as Equations (3.12), (3.13) 

and (3.18), are compared to Equation (8.18).  

  

The proposed equation (Equation (8.18)) seems to give a good conservative mean at 

approximately 92% and the lowest standard deviation. This mean value ensures that 

most of test results are safely predicted, except for wall TAHS2. The failure loads 

obtained for wall TAHS2 had great discrepancies. The TAHS2 panel failed 

prematurely a problem that has already been discussed in Chapter 5. 

 

Table 8.4 Comparison of concrete test panel results with design equations (Stage 3, 
4 and 5) 

Wall 
Panels 

Equation (3.12)
N*(Test) 

Equation (3.13)
N*(Test) 

Equation (3.18) 
N*(Test) 

Equation(8.18) 
N*(Test) 

TWNS1 1.70 1.78 1.12 0.94 

TWNS2 1.70 1.76 1.05 0.96 

TWNS3 1.67 1.67 0.94 0.87 

TWNS4 1.66 1.66 0.84 0.91 

TWHS1 1.72 1.76 1.02 0.83 

TWHS2 1.86 1.87 1.05 0.89 

TWHS3 1.85 1.84 0.98 0.88 

TWHS4 1.82 1.78 0.82 0.86 

TAHS1 1.88 1.83 0.91 0.91 

TAHS2 2.43 2.36 1.26 1.21 

TAHS3 1.75 1.72 0.97 0.88 

TAHS4 1.65 1.59 0.88 0.83 

Mean 1.81 1.80 0.98 0.92 

Standard 
Deviation 

0.21 0.19 0.12 0.10 
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Even though Equation (3.18) has a better mean (0.98 compared to 0.92 by proposed 

equation), the standard deviation is slightly high. Additionally some ratios are 

greater than 1, suggesting that the equation sometimes over-estimates the failure 

load. All of results obtained from Equations (3.12) and (3.13) show over-estimated 

failure loads, which could be due to the fact that those equations do not consider the 

effect of such a high slenderness ratios.  

 

Figure 8.3 shows the design axial strength ratios obtained by new formula (8.18) 

with respect to H/tw. Saheb and Desayi’s (1990), Fragomeni’s (1995) and current 

experimental test results in two-way action were included in Figure 8.3 for 

comparison. This figure also included the parametric study results. The prediction 

equation lines are for concrete strengths (f’c) of 30, 50 and 80 MPa respectively. 

The eccentricity was set at tw/6 and steel reinforcement ratio (ρ) equal to 0.003. 

 

As seen in Figure 8.3, the proposed equation is in agreement with the test results. 

Similar to the comparison of walls in one-way action, axial strength ratios (at a 

fixed slenderness) are higher when the concrete strength is at a lower value. Note 

that the previous design methods do not consider this matter.  

 

Further, as shown in Figure 8.3, when H/tw > 30, the axial strength ratio obtained 

from the proposed formula shows an almost linear trend to compensate for the fact 

that walls of higher slenderness have a buckling failure mode rather than crushing 

failure. The result again illustrates the effectiveness of the simplified code formulae 

that give no axial capacity for H/tw > 30. The modified formula follows the general 

trend of the current test results. 
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Figure 8.3 Comparison of modified formula and test results: Varying H/tw (H/L = 1, 
e = tw/6, two-way) 

 

In addition further comparison of the results and Equation (8.18) with respect to 

aspect ratio is given in Figure 8.4, with f’c = 30, 50 and 80 MPa, and H/tw = 40.  
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Figure 8.4 Comparison of test results to modified formula: Varying H/L (H/tw = 40, 
e = tw/6, two-way) 
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As can be observed in Figure 8.4, the axial strength ratios were found to increase 

non-linearly with H/L. The increase in axial strength ratio was about 33% for an 

increase of H/L from 1 to 1.6. The experimental results obtained from Stage 5 

(TAHS) illustrated about a 26.2% increase in the strength for an increase of H/L 

from 1 to 1.6. Hence there is a good agreement between Equation (8.18) and the 

experimental results. Further the proposed formula indicates, the increase in 

strength was about 30% for an increase of H/L from 0.5 to 1. 

 

The general shape of Equation (8.18) is very similar to both parametric studies 

(LFEM and WASTAB). The proposed Equation (8.18) conservatively predicts all 

failure loads and thus is safe to use in design, for H/tw = 40 and various concrete 

strength. 

 

Further comparison of the LFEM and WASTAB results and Equation (8.18) with 

respect to aspect ratio is given in Figure 8.5 and 8.6, with f’c = 30, 50 and 80 MPa, 

and H/tw = 20, 30 respectively. 
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Figure 8.5 Comparison of analytical results 
and proposed formula: Varying 
H/L (H/tw = 20, e = tw/6, two-
way) 

Figure 8.6 Comparison of analytical results 
and proposed formula: Varying 
H/L (H/tw = 30, e = tw/6, two-
way) 
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As can be observed from Figures 8.5 and 8.6, the axial strength ratios were also 

found to increase non-linearly with H/L as expected. Also there is a good agreement 

between the parametric results (LFEM and WASTAB) and Equation (8.18).  

 

The design axial stress (Nu/Ag) obtained from Equation (8.18) is presented 

graphically in Figure 8.7. The current experimental results are also included in the 

figure. The figure shows that the design axial stress increases linearly with the 

concrete strength. Hence Equation (8.18) is illustrated as reasonable for the concrete 

range considered, while the linear interpolation of results is valid for concrete 

strengths greater than 100 MPa. 
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Figure 8.7 Comparison of test results to proposed formula: Varying f’c (H/tw = 40, e 
= tw/6, two-way) 

 

 

More comparison studies were carried out with previous available experimental test 

results in two-way action (from Table 3.6). They are presented in Table 8.6. This 

comparison included the equations proposed by Saheb and Desayi (1990) and 

Fragomeni (1995). 
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The results indicate that the ratios of the test results and the proposed formula 

varied from 0.4 to 2.22, with a mean of 1.06 and a standard deviation of 0.47. While 

some ratios are greater than 1 (overestimation), generally there is a good agreement 

between the test results and Equation (8.18). The results obtained from other 

available equations are less conservative than Equation (8.18). 

 

Table 8.5 Comparison of failure loads using modified formula in two-way action 
  

Model Equation (3.12a) 
N*(Test) 

Equation (3.13b) 
N*(Test) 

Equation (3.17) 
N*(Test) 

Equation  (8.18) 
N*(Test) 

WAR-1(P) 1.02 1.13 0.75 0.90 

WAR-2(P) 0.96 1.06 0.69 0.83 

WAR-3(P) 0.99 1.07 0.69 0.83 

WAR-4(P) 0.94 1.00 0.63 0.76 

WSR-1(P) 0.76 0.81 0.51 0.62 

WSR-2(P) 0.79 0.86 0.55 0.67 

WSR-3(P) 0.83 0.92 0.61 0.73 

T
ests by Saheb &

 D
esayi (1990) WSR-4(P) 1.03 1.17 0.76 0.90 

11a 1.37 1.38 0.84 0.81 

11b 1.69 1.61 0.93 0.83 

12a 1.18 1.22 0.73 0.70 

T
ests by  

Fragom
eni 

(1995) 

12b 1.78 1.73 0.97 0.87 

Wall-2 3.04 3.36 2.01 1.74 

Wall-3 3.11 3.40 1.97 1.70 

Wall-5 2.86 3.27 2.17 2.22 

Wall-6 2.12 2.23 1.47 1.52 

Wall-8 2.67 2.79 1.73 0.40 

Wall-1 6.12 6.83 1.87 1.29 

Wall-4 8.46 9.21 2.32 1.59 

T
ests by M

ahesw
aran &

 
Sanjayan (1997) 

Wall-7 6.29 6.58 1.79 1.24 

 Mean 2.40 2.58 1.20 1.06 

Standard 
deviation 

2.15 2.35 0.63 0.47 

 

The failure loads obtained from the Maheswaran and Sanjayan (1997) models have 

greater discrepancies, but as already discussed in Section 3.3.11, walls having very 

high failure load. 
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CHAPTER 9 
 

 

 

 

CONCLUSION  
 

 

9.1  Conclusions 

 

The research in this thesis has focused on the development of a design formula and 

a new design method for axially loaded reinforced concrete wall panels. 

 

After an extensive literature review, it was concluded that the design methods 

available in various current codes of practice fail to include three critical 

components. These are: the lack of design formulae/methods for high strength 

concrete walls; the restrictions on slenderness ratios to H/tw < 30; the omission of 

side restraints in calculating axial load capacities of walls supported on all four 

sides. Other factors deemed to require further investigation include the effect of 

reinforcement with respect to its placement and content and the influence of the 

aspect ratio, H/L. 

 

As part of the thesis research, an experimental program has been undertaken to 

investigate these shortcomings of the current codes. The major portion of the 

program focused on testing a series of twelve normal and high strength concrete 
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walls simply supported on all four sides, and subjected to eccentric axial loadings. 

Six wall panels simply supported at top and bottom only were also tested to failure. 

 

An all-encompassing Layered Finite Element Method (LFEM) was used as an 

accurate analytical method for the comparison of the test results (see Chapter 6). 

Also a computer program named WASTABT has been developed to implement the 

analytical method developed herein for analysis of walls supported on all four sides 

(see Chapter 7).  

 

Both these analytical methods gave good predictions for the test results. Hence, the 

LFEM and WASTABT have proved to be very useful tools for the accurate analysis 

of wall panels. Parametric studies have also been carried out using the LFEM and 

WASTABT.  The study focused on the effect of varying different panel properties, 

such as wall slenderness ratios, aspect ratios, reinforcement ratios, eccentricities and 

concrete strengths on their ultimate strengths. 

 

Data from the limited published research and tests conducted by other researchers in 

this area (as reviewed in Chapter 3) are used, in conjunction with the experimental 

results of the present study and the parametric studies (obtained by LFEM and 

WASTABT), to formulate a new design formula (as detailed in Chapter 8). This 

formula has been generated using the available test data and it incorporates the 

unique effective length factors. The new formula (Equation 8.18) for walls in both 

one- and two-way action is proposed as: 

 

)e2e2.1t(f0.2N aw
7.0

cu −−φ=φ  (9.1) 

 

The special feature of this unified formula is its applicability to both normal and 

high strength concrete walls. Also, it catered for the effective of aspect ratios. 

Comparisons with test data, the LFEM and program WASTABT confirmed that the 

new formula is accurate and reliable. 
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9.2  Recommendations and Scope for Future Research 

 

 

The following areas of research concerning concrete wall panels remain relatively 

unexplored and could form the basis of future research: 

 

1. More laboratory testing should be carried out on two-way walls incorporating 

fully fixed support condition with various eccentricities, aspect ratios 

(particularly H/L < 1) and reinforcement ratios. Testing on walls with two layers 

of steel are desirable as well as the use of high strength steel (fsy =500 MPa) in 

the wall panels.  

 

2. Detailed study of the strength and behaviour of wall panels with openings (i.e. 

for windows and doors) would lead to more practical design information. 

 

3. A rigorous long-term research program is required to study the time-dependent 

behaviour of concrete walls. 

 

4. Research on fire resistance of wall panels and the dynamic analyses of both one- 

and two-way action wall panels should also be given due attention.   
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APPENDIX A 
 

 

 

 

MIX PROPORTIONS FOR HIGH STRENGTH 

CONCRETE 
 

 

Table A.1 High strength concrete mix design (CSR Construction Materials) 

Material Mass 
(kg/m3) 

Supplier Works, 
Quarry, Pit 

specification 

Type GP Cement 530 QCL Bulwer Island AS3972 
Kaolite 60 Pozzolanic Calide AS3582.1 

10 mm Aggregate 1000 CSR 
Readymix 

Beenleigh AS2758.1 

Coarse Sand 550 CSR 
Readymix 

Oxenford AS2758.1 

Fine Sand 240 CSR 
Readymix 

Oxenford AS2758.1 

Water reducing 
Agent 

1770 
(ml/m3) 

WR Grace Archerfield AS1478/79 

Superplastisicer 6000 
(ml/m3) 

WR Grace Archerfield AS1478/79 
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 APPENDIX B 
 
 
 
 

TEST RIG DESIGN and DETAIL DRAWING 
 
 
 
 
 
 

B.1 Design Beam 

B.1.1Design moment capacity for bending 
 
 
 

sM*M φ≤   C 5.1 
 
where   Ms = fy ze 
 
 
 Try 380 PFC 
 

 6.5
250
300

6.17
10100

250
f

t
b y

e =
−

==λ    )9ep( =λ<   C 5.2.1 

 
Therefore the effective section modulus (Ze) shall be lesser of Sx or 1.5 Zx 
 
 
Hence 1.5Zx =1.5x3.59x106  =  5394.86x103  

 Ms =300x5394.86x103 = 1618.46x106 

 

∴ φ Ms=1456.6x106 
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Calculate   M* 
 
 
 
                  800kN    800kN    800kN 

 Reaction 1200kN           2 m          Reaction 1200kN 
 
 
Therefore the moment at middle of beam is M = -1200 x 1 +800 x 0.5 =800 kNm 
 
∴ M* =1.25x800 =1000 kNm 
 
Therefore M*(=1000kNm) < φ Ms (1456.6 kNm)                                 O.K 
 
 

B.1.2 Segment with Fully or Partial Restrains at Both End (C 5.3.2.4) 
 

 
fy

250)m5080(
r
L

y

β+≤  

 

  where 
A
I

r y
y =  = 148.32 

 therefore R. H. S =80+50x(-1)x 
300
250 =27.38 

 and L. H. S = 2000/148.32 =13.48 
 
 
Hence segments are fully restrained 
 
 

B.1.3. Calculate the Nominal Member Capacity (Mb) 
 
  ssmb MM αα=  C 5.6.1.1 
 where αm =1.13 T 5.6.1 
 

 and 







−+








=α

0

s

2

0

s
s M

M3
M
M6.0              C 5.6.1.1 (2) 
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M  C 5.6.1.1 (3) 

 
 and      LkkkL rlte =  C 5.6.3 
  
 
Because of Fully restrained both ends 
    kt =1 T 5.6.3.(1)    
    kl = 1 T 5.6.6.(2) 
     kr =0.7  T 5.6.3.(3) 
 
∴ Le = 1400 
 
 and M0  = 1618.46x106 
 and  αs  = 0.997 
 
 finally Mb =  1.13x0.997x1618.46x106 = 1822.59x106 Nmm 
 
 
 Therefore  M* ≤  φ Mb O.K. 
 
 
 

B.1.4 Shear Capacity of Webs 
  
The maximum V*  = 800 kN 

 
The nominal shear capacity (Vv) of a web where the shear stress distribution is 
approximately uniform shall be taken as  

 
 uv VV =  C 5.11 
 
When the maximum web panel depth to thickness ratio 
 
  

   

250
f
82

10
380

t
d

yw

p ≤=  C 5.11.2 

 

 Therefore    )8.74(

250
300

8238 =≤   O. K.  
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B.1.5 Then Check Shear Yield Capacity 
 
 Vu =Vw C 5.11.4 
 and  Vw = 0.6fyAw 
  where Aw = twxd1 

 Hence  Vw =0.6x300x13.35x103  = 2403.27x103 N 
 
 Therefore φVw = 0.9x2403.27x103 =1682.29 kN 
 
∴V*≤φVw O.K. 
 
 

B.1.6 Shear Buckling Capacity 
 
 wwvv VVV ≤α=  C 5.11.5
  

 where  

2

y

w

p

v

250
f

t
d

82

































=α  C 5.11.5.1 

 
 and dp/dw =d1/tw =34.5 (B.H.P) 
 
 hence αv  = 4.71 
 
 
 Therefore it does not buckling    
 
Finally 4 x 380 PFC is O.K. 
 
 
 

B.1.7 Check Deflection of Member 
 

 
xx

4

EI
wl

384
5

=∆    = 0.457mm 
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B.2 Design of Column 
 
 
 Total load = 2400 kN, hence, each column is loaded 1200kN. 
    and  N* =1.25x1200 =1500 kN 
 
 

B.2.1 Nominal Section Capacity 
 
 N* ≤ φ Ns  C 6.0 
 
 Ns  = kfAnfy   C 6.2.1 
  
 Guess fy=300, ft=1.0, αb =0  and λn =100 
 
     Then αc = 0.541 T 6.3.3(3)
  
 

 
yfc

*

fk
NA

φα
= =10288.1 mm2 

 
 
 
 Try 310UC118 (Ag = 15000mm2) 
 
 Even if 250UC can be adopted, it will drilled holes to connect beams (PFC) 
 
 Ag=1500  λy = 77.5 mm 
 
 
∴ λ=Ley/ry =2000/77.5 = 25.81< 100(αm) Assumed before O.K 
 Therefore φNc = 0.9x0.8x1x15000x300 = 3424x103 N 
 
∴ N*  ≤ φ Nc O.K. 
 
 

 

 

B.2.2 Member Subject to Axial Tension 
 
 N*  ≤ φ Nt  C 7.1 
 
 where Nt = Agfy or lesser of 0.85 x kt x An xfy  C 7.2 
 
 Assume the hole diameter is 32 mm and 31 holes in each flange. 
 Therefore 15000 – 4 x πx322 /4 =11783 mm2 
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∴ Nt = 0.85x0.85x11783x300 =2553.97 kN 
 
 Therefore N*≤ φNt (=2298.57 kN)     O.K. 
 
 
 
 

B.3 Connection between Column and Channel (beam) 

B.3.1 Bolt Strength Limit States 
 
Total load is 2400 kN and hence each channel shear fore will be 
 
 
 V* =1.25x2400/4=750kN 
  V* ≤ φ Vf  C 9.3.2 
 
 
 where Vf = τufx kr x ΣAn 
 and τuf = 0.62 fuf  C 9.3.2.1 

and kr =1 for  length less than 300 mm and kr = 0.75 for length greater than 300 
mm 

 
 
 
If use M30 bolts 
∴ Vf =0.62x830x1x4x519 = 1068.3 kN 
 
Therefore V* ≤ φVf (=961.47 kN)   O.K. 
 
 
 
 

B.3.2 Ply in Bearing  
 
A ply subject to a design bearing force due to a bolt in shear shall satisfy 
 
V* ≤  φVb  C 9.3.2.4 

 
 310UC118   tw =11.9mm 
 380PFC       tw = 10mm  taken as lesser plate fail by bearing or tear 
 
 Vb = 3.2 x df   x tp x fup=3.2x30x10x440=422.4 kN 
 
The shear capacity of M30 is 267.07 kN  
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 Therefore  V*(267.07) ≤ Vb(=0.8x442.4 kN) O.K. 
 
 
 

B.3.3 Tearing 
 
Generally 300 mm from bolt centre to edge. AICS recommends standard pitch of   
70 mm and 50 mm edge distance to suit all bolts. 

 
Therefore tearing web for 70 mm spacing 
 
 φVb = φaextpx fuf = 0.9x70x10x440 = 277.2 kN      
 
∴ Therefore the minimum distance should be greater than 70 mm. 
 
 

B.4 Connection between Column and Basement plates 
 
Bolt subject to combined shear and tension C 9.3.2.3 
 

 0.1
N
N

V
V

2

tf

tf

2

f

f ≤







φ

+







φ

 

 
 
 where )AnAn(kf62.08.0V oxcnrutf +×××=φ   C 9.3.2.1 
               utstf fA8.0N ××=φ   C 9.3.2.2 
 
 let say shear force is equal to 10% of axial load. 
 
 
Therefore axial load is 120kN 
 

kN15012025.1V*
f =×=  

kN1500120025.1N*
tf =×=  

 
 
If M36 bolts are used, 
 
 )7566(160062.08.0Vf ××××=φ =1349.91x103N 
 
 83068178.0Ntf ×××=φ =3254.93x103N 
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 0.1
93.3254

1500
91.1349

150 22

≤





+






  O.K. 

 

B.5 Connection between Column(310UC118) and Basement 
 
 
 Vw ≤ φVw  C 9.7.3.10 
 
 
 and Vw =0.6ttfuwkr 
 The perimeter of column =1342.6 mm, and Lw≤ 1.7 therefore kr=1 
 T 9.7.10 (2) 
 
 fuw = 410 MPa (E41xx) T 9.7.10 (1) 
 
∴φVw= 1113.268 kN 
 
 
 
If H is equal to 100MPa then 101.36/A =6.76kN 
 
 58.10136.10176.6f 22

r =+=  

 fw=0.33x410 =135MPa (permissible shear stress for E41xx) 
 
 
Try 8 mm fillet welding 
 

 fv=fr/tt = 96.17
2/8
58.101

= MPa therefore < 135 MPa O.K. 

 
 
 

B.6 Design Bracing 
 

B.6.1 Bracing between column and floor 
 
Assume the load will be equal to (total load)/40 
Therefore 2400/40=60kN 
 
 Hence N*=1.25x60=75kN,  

 and horizontal force is 22 7575 + =106.06kN 
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B.6.2 Design for Axial Tension 
 
 
Try 230PFC (even if small section of beam can be adopted, it will be over-
design   for bracing) 
 
 
 N*  ≤ φ Nt  C 7.1  
 
 Where Nt = Agxfy or lesser of 0.85 x kt x An xfy  C 7.2 
 
 and Nt=3200x340=1088kN 

          Nt = 0.85x0.85x3200x410 =1017.2 kN 
 
 
Therefore N* ≤  φNt (=915.55 kN)     O.K. 
 
 
 

B.6.3 Nominal Section Capacity for Axial Compression 
 
 
 N* ≤ φ Ns  C 6.0 
 where Ns  = kfAnfy =979.2kN  C 6.2.1 
 
 
Therefore N* ≤ φNs O.K. 
 
 
 

B.6.4 Nominal Member Capacity 
 
Nc=αcNs≤Ns   C 6.3.3 

 
250
f

)k(
r

L y
f

e
n 






=λ   

         
250
340)1(

4.91
2830







= =36.11 

 
20503.15

)5.13(2100

n
2
n

n
a +λ−λ

−λ
=α =16.95 

 
 ban αα+λ=λ =44.58 
 )5.13(00326.0 −λ=η =0.101>0 O.K. 



Appendix B      B-10 

Experimental and theoretical studies of normal and high strength concrete wall panels  

 2

2

90
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90







 λ

η++





 λ

=ξ =2.744 

 therefore 































ξλ

−−ξ=α
2

c
9011 =0.886 

 
∴ Nc  ≤ φNc( = 867.38kN) O.K. 
 
(about 8 times stronger than N*) 
 
 
 
 

B.6.5 Bracing in Side Column 
 
 
 N*=1.25x60=75kN (Same as before) 

Therefore horizontal force is 22 7575 + =106.06kN  
 
 

B.6.6 Design for Axial Tension 
 
 Try 230PFC (even if small section of beam can be adopted, it will be over-design 
for bracing) 

  
 N*  ≤ φ Nt 
 
 
       Where Nt = Agxfy or lesser of 0.85 x kt x An xfy 

              Nt=3200x340=1088kN 

            or  Nt = 0.85x0.85x3200x410 =1017.2 kN 
 
 
Therefore N*≤ φNt (=915.55 kN)     O.K. 
 
 
 

B.6.7 Nominal Section Capacity 
 
 
N* ≤ φ Ns  C 6.0 
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 where Ns  = kfAnfy   C 6.2.1 
 
Therefore N* ≤  φNs(= 979.2kN) O.K. 
 
 
 

B.6.8 Nominal Member Capacity 
 
Nc= αcNs ≤ Ns   C 6.3.3 
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=λ   
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20503.15
)5.13(2100

n
2
n

n
a +λ−λ

−λ
=α =16.95 

 

ban αα+λ=λ =44.58 
)5.13(00326.0 −λ=η =0.101>0 O.K. 

2
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1
90







 λ

η++





 λ

=ξ =2.744 

therefore 































ξλ

−−ξ=α
2

c
9011 =0.886 

 
∴ φNc = 867.38kN O.K. 
 
(about 8 times stronger than N*) 
It will be attached in both side as shown in Figure yy. 
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B.7 Design Load Capacity 
 
Each loading cylinder capacity is 800kN 
 
Try  200UC72.9 
tf=14.2, tw=8.6, fy=300, d1=225   
 
R*=800kN 
 

B.7.1  R* ≤ φRb   
    
Where Rb is the lesser value of Rby(bearing  yield capacity) or Rbb(bearing buckling 
capacity) 
where Rby=1.25xbbfxtwxfy  C. 5.13.3 

where bbf=bs+5xtf=105+5x14.2=176 
 
and bw=d2/2=225/2=112.5 
 
Therefore Rby=1.25x176x6.3x300=415.8kN 
 
Bearing buckling capacity 
Rbb=αc x Ns  C. 5.13.4 

     =αc x kf x An x fy 
 
where kf=1  C. 6.2.2 
and An=tw x bb=8.6x105=903mm2 
 

250
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)k(
r

L y
f

e
n 






=λ  

 
where (Le/r)=2.5 x (d1/tw) = 65.4 

     ( )
250
300)1(4.65= =71.65  C 6.3.3 
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)5.13(2100

n
2
n

n
a +λ−λ

−λ
=α =20.06  C 6.3.3 

 

ban αα+λ=λ =71.65 
)5.13(00326.0 −λ=η =0.019>0 O.K. 
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therefore 































ξλ

−−ξ=α
2

c
9011 =0.954 

 
 
Rbb = 0.954x8.6x176x 300=433.3kN 
 
 
Thus Not satisfactory. 
As a result, design load bearing stiffeners under the concentrated loads are required.  
 
 
Hence stiffener will assume as  
 
 
Then Rsy=RbyxAsxfys  C 5.14.1 
And As = 2x100x20=4000mm2, fsy =300MPa 
Therefore Rsy = 415.8x4000x300/1000=1615.8 
 
Therefore R* ≤ φRsy (=1454kN) O.K. 
 
 

B.7.2 Buckling Capacity 
 
R* ≤ φRsb  C5.14.2 
Where Rsb = αcxAexfy 
 

)250/f(/t5.17 yw =137.38mm  
S/2=500/2=250>137.38mm O.K. 
 
Ae = 2x137.38x8.6+2x100x20=6363.06mm2 
Ie = (100x2+8.6)3x20/12=15.13x106 

re=
Ae
Ie =48.76mm 

 

250
300)1(

76.48
225

n 





=λ =5.055  C 6.3.3 

αb=0 
αc=1 
therefore 
Rsb=1x6363.06x300=1908.918kN 
Therefore R*≤φRsb O.K. 
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B.7.3 Calculate the Overlap Loading Area 
 
 
The load distribution through the beam must be checked so that either the uniformly 

distributed load has partially overlapped or part of the length of the panel is partially 

unloaded. The partially overlapped load area of the panel is the region indicated by 

the triangle in below. For 1000 mm panels, overlap percentage of load is calculated 

in triangle area of overlapped load area (6302.76 mm2) on the smallest area of panel 

(1000 × 1000 mm) and hence the overlap percentage is (6302.76×2)/(1000)2 × 100 

= 1.26 %. Thus, the overlapped loading area is relatively smaller than the concrete 

test panels and the overlap of loading can be ignored. 

 
 

Plunger

 
Figure B.1 Distribution of the concentrated loads 
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Figure B.2 Detail drawing of test rig 
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×  

 
Figure B.3 Detail drawing of column 
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Figure B4 Detail drawing of column Beam (outer) 
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Figure B.5 Detail drawing of beam (inner) 

 
 
 

 
Figure B.6 Detail drawing of upper and lower load beams 
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LC

 
 
 

Figure B.7 Detail drawing of bracing 1 

 
 
 
 

 
 
 

Figure B.8 Detail drawing of bracing 2 
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Figure B.9 Detail drawing of bracing 3 

 

 
Figure B.10 Detail drawing of side support 
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Figure B.11 Detail drawing of cylinder mounting plates 

 
 
 

 
 

Figure B.12 Detail drawing of location plate 
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 APPENDIX C 
 

 

 

 

LFEM : PARAMETRIC STUDY and INPUT DATA 
 

 

C.1  Parametric Study Data and Results by LFEM 
 

 

Table C.1 Parametric study data and results by LFEM 

H L tw H/tw H/L f'c e ρ Nu x-raio H L tw H/tw H/L f'c e  ρ Nu x-raio

       0.0015 5250 0.778        0.0015 2625 0.875

3000 1500 150 20 2 30 t/20 0.0030 5460 0.809 3000 1000 100 30 3 30 t/20 0.0030 2730 0.910

       0.0060 5880 0.871        0.0060 2835 0.945

       0.0100 6300 0.933        0.0100 2940 0.980

       0.0015 5040 0.747        0.0015 2454 0.818

3000 1500 150 20 2 30 t/10 0.0030 5250 0.778 3000 1000 100 30 3 30 t/10 0.0030 2583 0.861

       0.0060 5670 0.840        0.0060 2730 0.910

       0.0100 6090 0.902        0.0100 2940 0.980

       0.0015 4620 0.684        0.0015 2310 0.770

3000 1500 150 20 2 30 t/6 0.0030 4830 0.716 3000 1000 100 30 3 30 t/6 0.0030 2310 0.770

       0.0060 5040 0.747        0.0060 2520 0.840

       0.0100 5250 0.778        0.0100 2625 0.875

       0.0015 1890 0.280        0.0015 1071 0.357

3000 1500 150 20 2 30 t/2 0.0030 1890 0.280 3000 1000 100 30 3 30 t/2 0.0030 1092 0.364

       0.0060 1995 0.296        0.0060 1113 0.371

       0.0100 1995 0.296        0.0100 1134 0.378

       0.0015 8610 0.765        0.0015 3990 0.798

3000 1500 150 20 2 50 t/20 0.0030 8820 0.784 3000 1000 100 30 3 50 t/20 0.0030 4200 0.840

       0.0060 9240 0.821        0.0060 4410 0.882

       0.0100 9660 0.859        0.0100 4620 0.924

       0.0015 8190 0.728        0.0015 3780 0.756

3000 1500 150 20 2 50 t/10 0.0030 8400 0.747 3000 1000 100 30 3 50 t/10 0.0030 3885 0.777

       0.0060 8820 0.784        0.0060 3990 0.798

       0.0100 9450 0.840        0.0100 4410 0.882

       0.0015 7560 0.672        0.0015 3360 0.672
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3000 1500 150 20 2 50 t/6 0.0030 7770 0.691 3000 1000 100 30 3 50 t/6 0.0030 3570 0.714

       0.0060 8190 0.728        0.0060 3780 0.756

       0.0100 8400 0.747        0.0100 3990 0.798

       0.0015 2898 0.258        0.0015 1533 0.307

3000 1500 150 20 2 50 t/2 0.0030 3024 0.269 3000 1000 100 30 3 50 t/2 0.0030 1554 0.311

       0.0060 3045 0.271        0.0060 1556 0.311

       0.0100 3066 0.273        0.0100 1564 0.313

       0.0015 10746 0.796        0.0015 6930 0.770

3000 3000 150 20 1 30 t/20 0.0030 10800 0.800 3000 3000 100 30 1 30 t/20 0.0030 7161 0.796

       0.0060 11435 0.847        0.0060 7623 0.847

       0.0100 12348 0.915        0.0100 7992 0.888

       0.0015 9986 0.740        0.0015 6381 0.709

3000 3000 150 20 1 30 t/10 0.0030 10080 0.747 3000 3000 100 30 1 30 t/10 0.0030 6633 0.737

       0.0060 10899 0.807        0.0060 7074 0.786

       0.0100 11309 0.838        0.0100 7416 0.824

       0.0015 8600 0.637        0.0015 5598 0.622

3000 3000 150 20 1 30 t/6 0.0030 9072 0.672 3000 3000 100 30 1 30 t/6 0.0030 5838 0.649

       0.0060 9114 0.675        0.0060 5880 0.653

       0.0100 9408 0.697        0.0100 5922 0.658

       0.0015 2835 0.210        0.0015 1281 0.142

3000 3000 150 20 1 30 t/2 0.0030 3255 0.241 3000 3000 100 30 1 30 t/2 0.0030 1428 0.159

       0.0060 3318 0.246        0.0060 1575 0.175

       0.0100 3486 0.258        0.0100 1701 0.189

       0.0015 16380 0.728        0.0015 10500 0.700

3000 3000 150 20 1 50 t/20 0.0030 17010 0.756 3000 3000 100 30 1 50 t/20 0.0030 10950 0.730

       0.0060 17955 0.798        0.0060 11340 0.756

       0.0100 18995 0.844        0.0100 12075 0.805

       0.0015 16065 0.714        0.0015 9795 0.653

3000 3000 150 20 1 50 t/10 0.0030 16349 0.727 3000 3000 100 30 1 50 t/10 0.0030 10365 0.691

       0.0060 17955 0.798        0.0060 11205 0.747

       0.0100 18995 0.844        0.0100 11205 0.747

       0.0015 13650 0.607        0.0015 8316 0.554

3000 3000 150 20 1 50 t/6 0.0030 14070 0.625 3000 3000 100 30 1 50 t/6 0.0030 8316 0.554

       0.0060 14280 0.635        0.0060 8316 0.554

       0.0100 14574 0.648        0.0100 8400 0.560

       0.0015 3780 0.168        0.0015 1680 0.112

3000 3000 150 20 1 50 t/2 0.0030 4284 0.190 3000 3000 100 30 1 50 t/2 0.0030 1785 0.119

       0.0060 4830 0.215        0.0060 1995 0.133

       0.0100 5040 0.224        0.0100 2163 0.144

       0.0015 23400 0.650        0.0015 15360 0.640

3000 3000 150 20 1 80 t/20 0.0030 24480 0.680 3000 3000 100 30 1 80 t/20 0.0030 16080 0.670

       0.0060 25840 0.718        0.0060 17060 0.711

       0.0100 27720 0.770        0.0100 18060 0.753

       0.0015 22050 0.613        0.0015 14700 0.613

3000 3000 150 20 1 80 t/10 0.0030 22890 0.636 3000 3000 100 30 1 80 t/10 0.0030 14910 0.621

       0.0060 23940 0.665        0.0060 15120 0.630

       0.0100 24990 0.694        0.0100 15330 0.639

       0.0015 18900 0.525        0.0015 11256 0.469

3000 3000 150 20 1 80 t/6 0.0030 20370 0.566 3000 3000 100 30 1 80 t/6 0.0030 11277 0.470



Appendix C      C-3 

Experimental and theoretical studies of normal and high strength concrete wall panels 

       0.0060 20790 0.578        0.0060 11298 0.471

       0.0100 21000 0.583        0.0100 11340 0.473

       0.0015 5250 0.146        0.0015 2310 0.096

3000 3000 150 20 1 80 t/2 0.0030 5880 0.163 3000 3000 100 30 1 80 t/2 0.0030 2520 0.105

       0.0060 6279 0.174        0.0060 2730 0.114

       0.0100 6930 0.193        0.0100 2940 0.123

       0.0015 14805 0.731        0.0015 9800 0.726

3000 4500 150 20 1 30 t/20 0.0030 15435 0.762 3000 4500 100 30 0.7 30 t/20 0.0030 9800 0.726

       0.0060 16064 0.793        0.0060 10705 0.793

       0.0100 16097 0.795        0.0100 10733 0.795

       0.0015 13650 0.674        0.0015 8484 0.628

3000 4500 150 20 1 30 t/10 0.0030 14385 0.710 3000 4500 100 30 0.7 30 t/10 0.0030 8526 0.632

       0.0060 14700 0.726        0.0060 8526 0.632

       0.0100 15750 0.778        0.0100 8547 0.633

       0.0015 11550 0.570        0.0015 6132 0.454

3000 4500 150 20 1 30 t/6 0.0030 12390 0.612 3000 4500 100 30 0.7 30 t/6 0.0030 6195 0.459

       0.0060 12768 0.631        0.0060 6237 0.462

       0.0100 12810 0.633        0.0100 6258 0.464

       0.0015 2730 0.135        0.0015 1260 0.093

3000 4500 150 20 1 30 t/2 0.0030 2940 0.145 3000 4500 100 30 0.7 30 t/2 0.0030 1470 0.109

       0.0060 3297 0.163        0.0060 1470 0.109

       0.0100 3780 0.187        0.0100 1512 0.112

       0.0015 23310 0.691        0.0015 14700 0.653

3000 4500 150 20 1 50 t/20 0.0030 24360 0.722 3000 4500 100 30 0.7 50 t/20 0.0030 16800 0.747

       0.0060 25200 0.747        0.0060 16800 0.747

       0.0100 27090 0.803        0.0100 16800 0.747

       0.0015 22050 0.653        0.0015 11403 0.507

3000 4500 150 20 1 50 t/10 0.0030 22680 0.672 3000 4500 100 30 0.7 50 t/10 0.0030 11445 0.509

       0.0060 24150 0.716        0.0060 11529 0.512

       0.0100 24990 0.740        0.0100 11550 0.513

       0.0015 19110 0.566        0.0015 8022 0.357

3000 4500 150 20 1 50 t/6 0.0030 19530 0.579 3000 4500 100 30 0.7 50 t/6 0.0030 8085 0.359

       0.0060 19740 0.585        0.0060 8148 0.362

       0.0100 20160 0.597        0.0100 8169 0.363

       0.0015 3360 0.100        0.0015 1680 0.075

3000 4500 150 20 1 50 t/2 0.0030 3780 0.112 3000 4500 100 30 0.7 50 t/2 0.0030 1680 0.075

       0.0060 4137 0.123        0.0060 1890 0.084

       0.0100 4599 0.136        0.0100 1890 0.084

       0.0015 1575 0.933        0.0015 5082 0.502

3000 750 75 40 4 30 t/20 0.0030 1596 0.946 3000 4500 75 40 0.67 30 t/20 0.0030 5103 0.504

       0.0060 1659 0.983        0.0060 5145 0.508

       0.0100 1806 1.070        0.0100 5145 0.508

       0.0015 1470 0.871        0.0015 3969 0.392

3000 750 75 40 4 30 t/10 0.0030 1512 0.896 3000 4500 75 40 0.67 30 t/10 0.0030 3969 0.392

       0.0060 1559 0.924        0.0060 4011 0.396

       0.0100 1734 1.028        0.0100 4032 0.398

       0.0015 1386 0.821        0.0015 2856 0.282

3000 750 75 40 4 30 t/6 0.0030 1449 0.859 3000 4500 75 40 0.67 30 t/6 0.0030 2877 0.284

       0.0060 1491 0.884        0.0060 2898 0.286
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       0.0100 1554 0.921        0.0100 2898 0.286

       0.0015 735 0.436        0.0015 714 0.071

3000 750 75 40 4 30 t/2 0.0030 742 0.440 3000 4500 75 40 0.67 30 t/2 0.0030 756 0.075

       0.0060 749 0.444        0.0060 798 0.079

       0.0100 756 0.448        0.0100 819 0.081

       0.0015 2604 0.926        0.0015 6573 0.390

3000 750 75 40 4 50 t/20 0.0030 2625 0.933 3000 4500 75 40 0.67 50 t/20 0.0030 6615 0.392

       0.0060 2635 0.937        0.0060 6636 0.393

       0.0100 2646 0.941        0.0100 6657 0.394

       0.0015 2100 0.747        0.0015 5145 0.305

3000 750 75 40 4 50 t/10 0.0030 2289 0.814 3000 4500 75 40 0.67 50 t/10 0.0030 5166 0.306

       0.0060 2415 0.859        0.0060 5187 0.307

       0.0100 2436 0.866        0.0100 5187 0.307

       0.0015 1995 0.709        0.0015 3696 0.219

3000 750 75 40 4 50 t/6 0.0030 2205 0.784 3000 4500 75 40 0.67 50 t/6 0.0030 3717 0.220

       0.0060 2310 0.821        0.0060 3738 0.222

       0.0100 2310 0.821        0.0100 3759 0.223

       0.0015 1050 0.373        0.0015 903 0.054

3000 750 75 40 4 50 t/2 0.0030 1050 0.373 3000 4500 75 40 0.67 50 t/2 0.0030 945 0.056

       0.0060 1050 0.373        0.0060 987 0.058

       0.0100 1050 0.373        0.0100 1029 0.061

       0.0015 4995 0.740        0.0015 3822 0.71

3000 3000 75 40 1 30 t/20 0.0030 5252 0.778 3000 3000 60 50 1 30 t/20 0.0030 3801 0.7 

       0.0060 5461 0.809        0.0060 3801 0.7 

       0.0100 5461 0.809        0.0100 3801 0.7 

       0.0015 4137 0.613        0.0015 2961 0.548

3000 3000 75 40 1 30 t/10 0.0030 4137 0.613 3000 3000 60 50 1 30 t/10 0.0030 2961 0.548

       0.0060 4158 0.616        0.0060 2961 0.548

       0.0100 4179 0.619        0.0100 2961 0.548

       0.0015 3087 0.457        0.0015 2247 0.416

3000 3000 75 40 1 30 t/6 0.0030 3095 0.459 3000 3000 60 50 1 30 t/6 0.0030 2247 0.416

       0.0060 3108 0.460        0.0060 2247 0.416

       0.0100 3087 0.457        0.0100 2247 0.416

       0.0015 741 0.110        0.0015 609 0.113

3000 3000 75 40 1 30 t/2 0.0030 777 0.115 3000 3000 60 50 1 30 t/2 0.0030 609 0.113

       0.0060 861 0.128        0.0060 609 0.113

       0.0100 903 0.080        0.0100 609 0.113

       0.0015 7035 0.625        0.0015 3822 0.425

3000 3000 75 40 1 50 t/20 0.0030 7056 0.627 3000 3000 60 50 1 50 t/20 0.0030 3822 0.425

       0.0060 7098 0.631        0.0060 3801 0.422

       0.0100 7119 0.633        0.0100 3801 0.422

       0.0015 5355 0.476        0.0015 2961 0.329

3000 3000 75 40 1 50 t/10 0.0030 5376 0.478 3000 3000 60 50 1 50 t/10 0.0030 2961 0.329

       0.0060 5397 0.480        0.0060 2961 0.329

       0.0100 5439 0.483        0.0100 2961 0.329

       0.0015 4032 0.358        0.0015 2247 0.250

3000 3000 75 40 1 50 t/6 0.0030 4053 0.360 3000 3000 60 50 1 50 t/6 0.0030 2226 0.198

       0.0060 4053 0.360        0.0060 2226 0.198

       0.0100 4074 0.362        0.0100 2226 0.198
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       0.0015 903 0.080        0.0015 609 0.054

3000 3000 75 40 1 50 t/2 0.0030 966 0.086 3000 3000 60 50 1 50 t/2 0.0030 630 0.056

       0.0060 1050 0.093        0.0060 672 0.060

       0.0100 1134 0.101        0.0100 693 0.062

       0.0015 9786 0.544        0.0015 5313 0.369

3000 3000 75 40 1 80 t/20 0.0030 9807 0.545 3000 3000 60 50 1 80 t/20 0.0030 5334 0.370

       0.0060 9828 0.546        0.0060 5460 0.379

       0.0100 9828 0.546        0.0100 5565 0.386

       0.0015 7770 0.432        0.0015 3150 0.219

3000 3000 75 40 1 80 t/10 0.0030 7560 0.420 3000 3000 60 50 1 80 t/10 0.0030 3171 0.220

       0.0060 7560 0.420        0.0060 3192 0.222

       0.0100 7560 0.420        0.0100 3234 0.225

       0.0015 5523 0.307        0.0015 3171 0.220

3000 3000 75 40 1 80 t/6 0.0030 5544 0.308 3000 3000 60 50 1 80 t/6 0.0030 3192 0.222

       0.0060 5565 0.309        0.0060 3213 0.223

       0.0100 5586 0.310        0.0100 3234 0.225

       0.0015 1260 0.070        0.0015 861 0.060

3000 3000 75 40 1 80 t/2 0.0030 1470 0.082 3000 3000 60 50 1 80 t/2 0.0030 924 0.064

       0.0060 1575 0.088        0.0060 945 0.066

       0.0100 1680 0.093        0.0100 1008 0.070
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C.2  LFEM Sample Input 
 

Sample input data and output are provided for a selected numerical example (wall of TWNS4) presented in 
this thesis. 

 

 

 

C.2.1 a1.in  
 
INPUT:  PROBLEM TITLE 

TWNS4 concrete wall panel  (N-mm)  

(D=1600, W=1600, T=40mm model:rov:0.0031,roh:0.0031,f'c=45.79 input unit in mm, N) 

INPUT:  NPOIN,NELEM,NVFIX,NNODE,NMATS,NGAUS,NGAUZ,NCOLA 

INPUT:  NALGO,NINCS,NLAYR,NCRIT,LARGE,NREST,NDES,NCANA,NSPAN 

8,1,80,8,10,3,2,0,2,35,100,4,1,0,2,2,0 

INPUT:  MREPN,MNODE 

8,8 

INPUT:  GRAVI(1),GRAVI(2),GRAVI(3),ANVEL 

0,0,0,0 

INPUT:  NUMEL,(LNODS(NUMEL,INODE),INODE=1,NNODE),MATNO(NUMEL) 

1,1,2,3,4,5,6,7,8,1 

INPUT:  IPOIN,(COORD(IPOIN,IDIME),IDIME=1,8) 

1,0,0,20,0,0,0,-20,0 

2,400,0,20,0,400,0,-20,0 

3,800,0,20,0,800,0,-20,0 

4,800,800,20,0,800,800,-20,0 

5,800,1600,20,0,800,1600,-20,0 

6,400,1600,20,0,400,1600,-20,0 

7,0,1600,20,0,0,1600,-20,0 

8,0,800,20,0,0,800,-20,0 

INPUT:  NUMEL,(LNODS(NUMEL,INODE),INODE=1,NNODE),MATNO(NUMEL) 

1,1,2,3,4,5,6,7,8,1 

INPUT:  MESH GENERATION 

INPUT DATA INFORMATION FOR MESH GENERATION 

INPUT:  KBLOC,NDIVX,NDIVY 

INPUT:  (WEITX(IDIVX),IDIVX=1,NDIVX) 

INPUT:  (WEITY(IDIVY),IDIVY=1,NDIVY) 

1,10,10 

80,80,80,80,80,80,80,80,80,80 

160,160,160,160,160,160,160,160,160,160 

INPUT:  NUMEL,MATNO(NUMEL) 

1,1 

2,2 

3,3 

4,4 

5,5 

6,6 

7,7 

8,8 

9,9 

10,10 

11,11 

12,12 

13,13 

14,14 

15,15 

16,16 

17,17 

18,18 

19,19 

20,20 

21,21 

22,22 

23,23 

24,24 

25,25 

26,26 

27,27 

28,28 

29,29 

30,30 

31,31 

32,32 

33,33 

34,34 

35,35 

36,36 

37,37 

38,38 

39,39 

40,40 

41,41 

42,42 

43,43 

44,44 

45,45 

46,46 

47,47 

48,48 

49,49 

50,50 

51,51 

52,52 

53,53 

54,54 

55,55 

56,56 

57,57 

58,58 

59,59 

60,60 

61,61 

62,62 

63,63 

64,64 

65,65 

66,66 

67,67 

68,68 

69,69 

70,70 

71,71 

72,72 

73,73 

74,74 

75,75 

76,76 

77,77 

78,78 

79,79 

80,80 

81,81 

82,82 

83,83 

84,84 

85,85 

86,86 

87,87 

88,88 

89,89 

90,90 

91,91 

92,92 

93,93 

94,94 

95,95 

96,96 

97,97 

98,98 

99,99 

100,100 

INPUT:  NOFIX(IVFIX),IFPRE,(PRESC(IVFIX,IDOFN),IDOFN=1,NDOFN) 
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1,10100,0,0,0,0,0 

2,100,0,0,0,0,0 

3,100,0,0,0,0,0 

4,100,0,0,0,0,0 

5,100,0,0,0,0,0 

6,100,0,0,0,0,0 

7,100,0,0,0,0,0 

8,100,0,0,0,0,0 

9,100,0,0,0,0,0 

10,100,0,0,0,0,0 

11,100,0,0,0,0,0 

12,100,0,0,0,0,0 

13,100,0,0,0,0,0 

14,100,0,0,0,0,0 

15,100,0,0,0,0,0 

16,100,0,0,0,0,0 

17,100,0,0,0,0,0 

18,100,0,0,0,0,0 

19,100,0,0,0,0,0 

20,100,0,0,0,0,0 

21,100,0,0,0,0,0 

22,10101,0,0,0,0,0 

32,10010,0,0,0,0,0 

33,10101,0,0,0,0,0 

53,10010,0,0,0,0,0 

54,10101,0,0,0,0,0 

64,10010,0,0,0,0,0 

65,10101,0,0,0,0,0 

85,10010,0,0,0,0,0 

86,10101,0,0,0,0,0 

96,10010,0,0,0,0,0 

97,10101,0,0,0,0,0 

117,10010,0,0,0,0,0 

118,10101,0,0,0,0,0 

128,10010,0,0,0,0,0 

129,10101,0,0,0,0,0 

149,10010,0,0,0,0,0 

150,10101,0,0,0,0,0 

160,10010,0,0,0,0,0 

161,10101,0,0,0,0,0 

181,11010,0,0,0,0,0 

182,10101,0,0,0,0,0 

192,10010,0,0,0,0,0 

193,10101,0,0,0,0,0 

213,10010,0,0,0,0,0 

214,10101,0,0,0,0,0 

224,10010,0,0,0,0,0 

225,10101,0,0,0,0,0 

245,10010,0,0,0,0,0 

246,10101,0,0,0,0,0 

256,10010,0,0,0,0,0 

257,10101,0,0,0,0,0 

277,10010,0,0,0,0,0 

278,10101,0,0,0,0,0 

288,10010,0,0,0,0,0 

289,10101,0,0,0,0,0 

309,10010,0,0,0,0,0 

310,10101,0,0,0,0,0 

320,10010,0,0,0,0,0 

321,10100,0,0,0,0,0 

322,100,0,0,0,0,0 

323,100,0,0,0,0,0 

324,100,0,0,0,0,0 

325,100,0,0,0,0,0 

326,100,0,0,0,0,0 

327,100,0,0,0,0,0 

328,100,0,0,0,0,0 

329,100,0,0,0,0,0 

330,100,0,0,0,0,0 

331,100,0,0,0,0,0 

332,100,0,0,0,0,0 

333,100,0,0,0,0,0 

334,100,0,0,0,0,0 

335,100,0,0,0,0,0 

336,100,0,0,0,0,0 

337,100,0,0,0,0,0 

338,100,0,0,0,0,0 

339,100,0,0,0,0,0 

340,100,0,0,0,0,0 

341,100,0,0,0,0,0 

INPUT:  NCLAY(ILAYR),NSLAY(ILAYR) 

INPUT:  (MACON(ILAYR,ICONL),ICONL=1,NCONL), 

INPUT:  (MASTE(ILaYR,ISTEL),ISTEL=1,NSTEL) 

8,2 

1,2,3,4,5,6,7,8,9,10 

8,2 

11,12,13,14,15,16,17,18,19,20 

8,2 

21,22,23,24,25,26,27,28,29,30 

8,2 

31,32,33,34,35,36,37,38,39,40 

8,2 

41,42,43,44,45,46,47,48,49,50 

8,2 

51,52,53,54,55,56,57,58,59,60 

8,2 

61,62,63,64,65,66,67,68,69,70 

8,2 

71,72,73,74,75,76,77,78,79,80 

8,2 

81,82,83,84,85,86,87,88,89,90 

8,2 

91,92,93,94,95,96,97,98,99,100 

8,2 

101,102,103,104,105,106,107,108,109,100 

8,2 

111,112,113,114,115,116,117,118,119,120 

8,2 

121,122,123,124,125,126,127,128,129,130 

8,2 

131,132,133,134,135,136,137,138,139,140 

8,2 

141,142,143,144,145,146,147,148,149,150 

8,2 

151,152,153,154,155,156,157,158,159,160 

8,2 

161,162,163,164,165,166,167,168,169,170 

8,2 

171,172,173,174,175,176,177,178,179,180 

8,2 

181,182,183,184,185,186,187,188,189,190 

8,2 

191,192,193,194,195,196,197,198,199,200 

8,2 

201,202,203,204,205,206,207,208,209,210 

8,2 

211,212,213,214,215,216,217,218,219,220 

8,2 

221,222,223,224,225,226,227,228,229,230 

8,2 

231,232,233,234,235,236,237,238,239,240 

8,2 

241,242,243,244,245,246,247,248,249,250 

8,2 

251,252,253,254,255,256,257,258,259,260 

8,2 

261,262,263,264,265,266,267,268,269,270 

8,2 

271,272,273,274,275,276,277,278,279,280 

8,2 

281,282,283,284,285,286,287,288,289,290 

8,2 

291,292,293,294,295,296,297,298,299,300 

8,2 

301,302,303,304,305,306,307,308,309,310 

8,2 

311,312,313,314,315,316,317,318,319,320 

8,2 

321,322,323,324,325,326,327,328,329,330 

8,2 

331,332,333,334,335,336,337,338,339,340 

8,2 

341,342,343,344,345,346,347,348,349,350 

8,2 

351,352,353,354,355,356,357,358,359,360 

8,2 

361,362,363,364,365,366,367,368,369,370 

8,2 

371,372,373,374,375,376,377,378,379,380 

8,2 

381,382,383,384,385,386,387,388,389,390 

8,2 
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391,392,393,394,395,396,397,398,399,400 

8,2 

401,402,403,404,405,406,407,408,409,410 

8,2 

411,412,413,414,415,416,417,418,419,420 

8,2 

421,422,423,424,425,426,427,428,429,430 

8,2 

431,432,433,434,435,436,437,438,439,440 

8,2 

441,442,443,444,445,446,447,448,449,450 

8,2 

451,452,453,454,455,456,457,458,459,460 

8,2 

461,462,463,464,465,466,467,468,469,470 

8,2 

471,472,473,474,475,476,477,478,479,480 

8,2 

481,482,483,484,485,486,487,488,489,490 

8,2 

491,492,493,494,495,496,497,498,499,500 

8,2 

501,502,503,504,505,506,507,508,509,510 

8,2 

511,512,513,514,515,516,517,518,519,520 

8,2 

521,522,523,524,525,526,527,528,529,530 

8,2 

531,532,533,534,535,536,537,538,539,540 

8,2 

541,542,543,544,545,546,547,548,549,550 

8,2 

551,552,553,554,555,556,557,558,559,560 

8,2 

561,562,563,564,565,566,567,568,569,570 

8,2 

571,572,573,574,575,576,577,578,579,580 

8,2 

581,582,583,584,585,586,587,588,589,590 

8,2 

591,592,593,594,595,596,597,598,599,600 

8,2 

601,602,603,604,605,606,607,608,609,610 

8,2 

611,612,613,614,615,616,617,618,619,620 

8,2 

621,622,623,624,625,626,627,628,629,630 

8,2 

631,632,633,634,635,636,637,638,639,640 

8,2 

641,642,643,644,645,646,647,648,649,650 

8,2 

651,652,653,654,655,656,657,658,659,660 

8,2 

661,662,663,664,665,666,667,668,669,670 

8,2 

671,672,673,674,675,676,677,678,679,680 

8,2 

681,682,683,684,685,686,687,688,689,690 

8,2 

691,692,693,694,695,696,697,698,699,700 

8,2 

701,702,703,704,705,706,707,708,709,710 

8,2 

711,712,713,714,715,716,717,718,719,720 

8,2 

721,722,723,724,725,726,727,728,729,730 

8,2 

731,732,733,734,735,736,737,738,739,740 

8,2 

741,742,743,744,745,746,747,748,749,750 

8,2 

751,752,753,754,755,756,757,758,759,760 

8,2 

761,762,763,764,765,766,767,768,769,770 

8,2 

771,772,773,774,775,776,777,778,779,780 

8,2 

781,782,783,784,785,786,787,788,789,790 

8,2 

791,792,793,794,795,796,797,798,799,800 

8,2 

801,802,803,804,805,806,807,808,809,810 

8,2 

811,812,813,814,815,816,817,818,819,820 

8,2 

821,822,823,824,825,826,827,828,829,830 

8,2 

831,832,833,834,835,836,837,838,839,840 

8,2 

841,842,843,844,845,846,847,848,849,850 

8,2 

851,852,853,854,855,856,857,858,859,860 

8,2 

861,862,863,864,865,866,867,868,869,870 

8,2 

871,872,873,874,875,876,877,878,879,880 

8,2 

881,882,883,884,885,886,887,888,889,890 

8,2 

891,892,893,894,895,896,897,898,899,900 

8,2 

901,902,903,904,905,906,907,908,909,910 

8,2 

911,912,913,914,915,916,917,918,919,920 

8,2 

921,922,923,924,925,926,927,928,929,930 

8,2 

931,932,933,934,935,936,937,938,939,940 

8,2 

943,942,943,944,945,946,947,948,949,950 

8,2 

951,952,953,954,955,956,957,958,959,960 

8,2 

961,962,963,964,965,966,967,968,969,970 

8,2 

971,972,973,974,975,976,977,978,979,980 

8,2 

981,982,983,984,985,986,987,988,989,990 

8,2 

991,992,993,994,995,996,997,998,999,1000 

INPUT:  NUMAT 

INPUT:  (PROPS(NUMAT,IPROP),IPROP=1,NPROP) 

1 

26221.47,26221.47,0.2,0.05,23.544e-

6,10925.6,10925.6,10925.6,2.0977,45.79,0.00008,0.0035,0.0026,0,0,0,0,0,0,0,0,0,0,0,0,0,0.0

02,0.6,20,-20 

2 

26221.47,26221.47,0.2,0.15,23.544e-

6,10925.6,10925.6,10925.6,2.0977,45.79,0.00008,0.0035,0.0026,0,0,0,0,0,0,0,0,0,0,0,0,0,0.0

02,0.6,20,-20 

3 

26221.47,26221.47,0.2,0.35,23.544e-

6,10925.6,10925.6,10925.6,2.0977,45.79,0.00008,0.0035,0.0026,0,0,0,0,0,0,0,0,0,0,0,0,0,0.0

02,0.6,20,-20 

4 

26221.47,26221.47,0.2,0.45,23.544e-

6,10925.6,10925.6,10925.6,2.0977,45.79,0.00008,0.0035,0.0026,0,0,0,0,0,0,0,0,0,0,0,0,0,0.0

02,0.6,20,-20 

5 

26221.47,26221.47,0.2,0.45,23.544e-

6,10925.6,10925.6,10925.6,2.0977,45.79,0.00008,0.0035,0.0026,0,0,0,0,0,0,0,0,0,0,0,0,0,0.0

02,0.6,20,-20 

6 

26221.47,26221.47,0.2,0.35,23.544e-

6,10925.6,10925.6,10925.6,2.0977,45.79,0.00008,0.0035,0.0026,0,0,0,0,0,0,0,0,0,0,0,0,0,0.0

02,0.6,20,-20 

7 

26221.47,26221.47,0.2,0.15,23.544e-

6,10925.6,10925.6,10925.6,2.0977,45.79,0.00008,0.0035,0.0026,0,0,0,0,0,0,0,0,0,0,0,0,0,0.0

02,0.6,20,-20 

8 

26221.47,26221.47,0.2,0.05,23.544e-

6,10925.6,10925.6,10925.6,2.0977,45.79,0.00008,0.0035,0.0026,0,0,0,0,0,0,0,0,0,0,0,0,0,0.0

02,0.6,20,-20 

9 

220e3,4e5,0,0.0031,0,-0.1,0,0,400,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0 

10 

220e3,4e5,0,0.0031,0,0.1,0,0,400,1.5708,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0 

1 

1 

1 
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(Note: This can be done by the “copy and paste” process 

after the data for the first element has been prepared) 
 

 

C.2.2 a3.in  
Load input data 
 
INPUT: title 

INPUT THE LOADS APPLIED TO THE STRUCTURAL 

INPUT: NPRES,NUCLO,NBODY,NEDGE 

INPUT: LPOIN,LDOFN,CARGA 

0,6,0,0         (uniform load in panel area - mid column) 

1,2,10000 

1,5,66666 

2,2,10000 

2,5,66666 

3,2,10000 

3,5,66666 

0,4,0,0   

2,2,10000 

2,5,66666 

3,2,10000 

3,5,66666 

0,4,0,0   

2,2,10000 

2,5,66666 

3,2,10000 

3,5,66666 

0,4,0,0   

2,2,10000 

2,5,66666 

3,2,10000 

3,5,66666 

0,4,0,0   

2,2,10000 

2,5,66666 

3,2,10000 

3,5,66666 

0,4,0,0   

2,2,10000 

2,5,66666 

3,2,10000 

3,5,66666 

0,4,0,0   

2,2,10000 

2,5,66666 

3,2,10000 

3,5,66666 

0,4,0,0   

2,2,10000 

2,5,66666 

3,2,10000 

3,5,66666 

0,4,0,0   

2,2,10000 

2,5,66666 

3,2,10000 

3,5,66666 

0,4,0,0   

2,2,10000 

2,5,66666 

3,2,10000 

3,5,66666 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,0,0,0 

0,6,0,0 

5,2,-10000 

5,5,-66666 

6,2,-10000 

6,5,-66666 

7,2,-10000 

7,5,-66666 

0,4,0,0   

5,2,-10000 

5,5,-66666 

6,2,-10000 

6,5,-66666 
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0,4,0,0   

5,2,-10000 

5,5,-66666 

6,2,-10000 

6,5,-66666 

0,4,0,0   

5,2,-10000 

5,5,-66666 

6,2,-10000 

6,5,-66666 

0,4,0,0   

5,2,-10000 

5,5,-66666 

6,2,-10000 

6,5,-66666 

0,4,0,0   

5,2,-10000 

5,5,-66666 

6,2,-10000 

6,5,-66666 

0,4,0,0   

5,2,-10000 

5,5,-66666 

6,2,-10000 

6,5,-66666 

0,4,0,0   

5,2,-10000 

5,5,-66666 

6,2,-10000 

6,5,-66666 

0,4,0,0   

5,2,-10000 

5,5,-66666 

6,2,-10000 

6,5,-66666 

0,4,0,0   

5,2,-10000 

5,5,-66666 

6,2,-10000 

6,5,-66666 
 

a4.in  

 

INPUT: title 

INPUT THE LOAD INCREMENT INFORMATION 

INPUT: FACTO,TOLER,MITER,NOUTP(1),NOUTP(2) 

INPUT: FACTO 

1.0,0.035,100,2,2 (FLW5) toler=0.035 

0.5 

0.1 

0.05 

0.05 

0.05 

0.05 

0.01 

0.01 

0.01 

0.01 

0.01 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

 

C.2.3 a30.in  
Information for Matlab drawing 
 
INPUT: title 

INPUT: N1,N2,ILAY 

11,11,1 

 

C.2.4 a50.in  
Information for Matlab drawing (Layer 1) 
 
INPUT: title 

INPUT: N1,N2,ILAY 

11,11,1  (FL) 

 
 

C.2.5 Sample Output data 
TWNS4 concrete wall panel  (N-mm)                                                

(D=1600, W=1600, T=40mm model:rov:0.0031,roh:0.0031,f'c=45.79 input unit in mm,  

 

  TOTAL NUMBER OF STRUCTURE NODES     =    8 

  TOTAL NUMBER OF ELEMENTS            =    1 

  TOTAL NUMBER OF PRESCRIBED NODES    =   80 

  NUMBER OF NODES PER ELEMENT         =    8 

  TOTAL NUMBER OF DIFFERENT MATERIALS =   10 

  NUMBER OF GAUSS POINTS PER ELEMENT 

  NGAUS  (BENDING & MEMBRANE)         =    3 

  NGAUZ  (SHEAR)                      =    2 

 

 

  NUMBER OF VARIABLES PER ELEMENT     =   40 

  SET CONSTRAINTS FOR 9-NODE LAGRANGIAN    0 

  NALGO:1-INITIAL,2-N-R,3-MODIFIED N-R=    2 

  TOTAL NUMBER OF LOAD INCREMENTS     =   35 

  TOTAL NUMBER OF LAYER PATTERNS      =  100 

  NCRIT:1-VON, 2-TRESC, 3-OTTOSEN     =    4 

  LARGE DEFORMATION PARAMETER         =    1 

  (0-GEOMETRICALLY LINEAR, 1-NONLINEAR) 

  RESTART FACILITY PARAMETER          =    0 

  (0-START THE ANALYSIS) 

  (1-RESTART THE ANALYSIS FROM LAST 

   CONVERGED LOAD INCREMENT) 

  SOFTTENING TYPE                     =    2 

  CRACK ANALYSIS INDEX: 2-2D, 3-3D    =    2 

 

 

 

 X-GRAVITY  Y-GRAVITY  Z-GRAVITY  ANGULAR VELOCITY 

 

    .00000    .00000    .00000         .00000 

 

  NODAL POINT COORDINATES IN CM: 

 

    NODE NO.    X-AXIS        Y-AXIS        Z-AXIS       PRESSURE 

 

       1          .000          .000        20.000          .000 

                  .000          .000       -20.000          .000 

       2       400.000          .000        20.000          .000 

               400.000          .000       -20.000          .000 

       3       800.000          .000        20.000          .000 

               800.000          .000       -20.000          .000 

       4       800.000       800.000        20.000          .000 

               800.000       800.000       -20.000          .000 

       5       800.000      1600.000        20.000          .000 

               800.000      1600.000       -20.000          .000 

       6       400.000      1600.000        20.000          .000 
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               400.000      1600.000       -20.000          .000 

       7          .000      1600.000        20.000          .000 

                  .000      1600.000       -20.000          .000 

       8          .000       800.000        20.000          .000 

                  .000       800.000       -20.000          .000 

 

0     AUTOMATIC DATA GENERATION FROM   8  LOCATION POINTS AND  1  DATA 

BLOCKS 

 

0     NUMBER OF NODES PER ELEMENT =  8 

 

0     DATA BLOCKS 

 

0BLOCK NO.---------DEFINITION POINTS--------- 

 

    1    1    2    3    4    5    6    7    8 

 

0     LOCATION POINTS 

 

0    POINT NO.    X-COORD.       Y-COORD. 

 

         1         .00000         .00000 

         2      400.00000         .00000 

         3      800.00000         .00000 

         4      800.00000      800.00000 

         5      800.00000     1600.00000 

         6      400.00000     1600.00000 

         7         .00000     1600.00000 

         8         .00000      800.00000 

 

0     DATA BLOCK NO.  1 

      ----------------- 

0     NO. OF DIV. IN FIRST DIRECTION  = 10 

      NO. OF DIV. IN SECOND DIRECTION = 10 

 

0     LIST OF WEIGHTING FACTORS IN FIRST DIRECTION 

       80.000   80.000   80.000   80.000   80.000 

       80.000   80.000   80.000   80.000   80.000 

 

0     LIST OF WEIGHTING FACTORS IN SECOND DIRECTION 

      160.000  160.000  160.000  160.000  160.000 

      160.000  160.000  160.000  160.000  160.000 

 

 

 

          **** GENERATED MESH DATA **** 

 

0          NUMBER OF NODAL POINTS =  341 

0              NUMBER OF ELEMENTS =  100 

 

0    NODAL POINT COORDINATES 

 

0     NODE NO.    X-COORD.       Y-COORD. 

 

         1         .00000         .00000 

         2       40.00000         .00000 

         3       80.00000         .00000 

         4      120.00000         .00000 

         5      160.00000         .00000 

         6      200.00000         .00000 

         7      240.00000         .00000 

         8      280.00000         .00000 

         9      320.00000         .00000 

        10      360.00000         .00000 

        11      400.00000         .00000 

        12      440.00000         .00000 

        13      480.00000         .00000 

        14      520.00000         .00000 

        15      560.00000         .00000 

        16      600.00000         .00000 

        17      640.00000         .00000 

        18      680.00000         .00000 

        19      720.00000         .00000 

        20      760.00000         .00000 

        21      800.00000         .00000 

        22         .00000       80.00000 

        23       80.00000       80.00000 

        24      160.00000       80.00000 

        25      240.00000       80.00000 

        26      320.00000       80.00000 

        27      400.00000       80.00000 

        28      480.00000       80.00000 

        29      560.00000       80.00000 

        30      640.00000       80.00000 

        31      720.00000       80.00000 

        32      800.00000       80.00000 

        33         .00000      160.00000 

        34       40.00000      160.00000 

        35       80.00000      160.00000 

        36      120.00000      160.00000 

        37      160.00000      160.00000 

        38      200.00000      160.00000 

        39      240.00000      160.00000 

        40      280.00000      160.00000 

        41      320.00000      160.00000 

        42      360.00000      160.00000 

        43      400.00000      160.00000 

        44      440.00000      160.00000 

        45      480.00000      160.00000 

        46      520.00000      160.00000 

        47      560.00000      160.00000 

        48      600.00000      160.00000 

        49      640.00000      160.00000 

        50      680.00000      160.00000 

        51      720.00000      160.00000 

        52      760.00000      160.00000 

        53      800.00000      160.00000 

        54         .00000      240.00000 

        55       80.00000      240.00000 

        56      160.00000      240.00000 

        57      240.00000      240.00000 

        58      320.00000      240.00000 

        59      400.00000      240.00000 

        60      480.00000      240.00000 

        61      560.00000      240.00000 

        62      640.00000      240.00000 

        63      720.00000      240.00000 

        64      800.00000      240.00000 

        65         .00000      320.00000 

        66       40.00000      320.00000 

        67       80.00000      320.00000 

        68      120.00000      320.00000 

        69      160.00000      320.00000 

        70      200.00000      320.00000 

        71      240.00000      320.00000 

        72      280.00000      320.00000 

        73      320.00000      320.00000 

        74      360.00000      320.00000 

        75      400.00000      320.00000 

        76      440.00000      320.00000 

        77      480.00000      320.00000 

        78      520.00000      320.00000 

        79      560.00000      320.00000 

        80      600.00000      320.00000 

        81      640.00000      320.00000 

        82      680.00000      320.00000 

        83      720.00000      320.00000 

        84      760.00000      320.00000 

        85      800.00000      320.00000 

        86         .00000      400.00000 

        87       80.00000      400.00000 

        88      160.00000      400.00000 

        89      240.00000      400.00000 

        90      320.00000      400.00000 

        91      400.00000      400.00000 

        92      480.00000      400.00000 

        93      560.00000      400.00000 

        94      640.00000      400.00000 

        95      720.00000      400.00000 

        96      800.00000      400.00000 

        97         .00000      480.00000 

        98       40.00000      480.00000 

        99       80.00000      480.00000 

       100      120.00000      480.00000 

       101      160.00000      480.00000 

       102      200.00000      480.00000 

       103      240.00000      480.00000 

       104      280.00000      480.00000 

       105      320.00000      480.00000 

       106      360.00000      480.00000 

       107      400.00000      480.00000 

       108      440.00000      480.00000 
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       109      480.00000      480.00000 

       110      520.00000      480.00000 

       111      560.00000      480.00000 

       112      600.00000      480.00000 

       113      640.00000      480.00000 

       114      680.00000      480.00000 

       115      720.00000      480.00000 

       116      760.00000      480.00000 

       117      800.00000      480.00000 

       118         .00000      560.00000 

       119       80.00000      560.00000 

       120      160.00000      560.00000 

       121      240.00000      560.00000 

       122      320.00000      560.00000 

       123      400.00000      560.00000 

       124      480.00000      560.00000 

       125      560.00000      560.00000 

       126      640.00000      560.00000 

       127      720.00000      560.00000 

       128      800.00000      560.00000 

       129         .00000      640.00000 

       130       40.00000      640.00000 

       131       80.00000      640.00000 

       132      120.00000      640.00000 

       133      160.00000      640.00000 

       134      200.00000      640.00000 

       135      240.00000      640.00000 

       136      280.00000      640.00000 

       137      320.00000      640.00000 

       138      360.00000      640.00000 

       139      400.00000      640.00000 

       140      440.00000      640.00000 

       141      480.00000      640.00000 

       142      520.00000      640.00000 

       143      560.00000      640.00000 

       144      600.00000      640.00000 

       145      640.00000      640.00000 

       146      680.00000      640.00000 

       147      720.00000      640.00000 

       148      760.00000      640.00000 

       149      800.00000      640.00000 

       150         .00000      720.00000 

       151       80.00000      720.00000 

       152      160.00000      720.00000 

       153      240.00000      720.00000 

       154      320.00000      720.00000 

       155      400.00000      720.00000 

       156      480.00000      720.00000 

       157      560.00000      720.00000 

       158      640.00000      720.00000 

       159      720.00000      720.00000 

       160      800.00000      720.00000 

       161         .00000      800.00000 

       162       40.00000      800.00000 

       163       80.00000      800.00000 

       164      120.00000      800.00000 

       165      160.00000      800.00000 

       166      200.00000      800.00000 

       167      240.00000      800.00000 

       168      280.00000      800.00000 

       169      320.00000      800.00000 

       170      360.00000      800.00000 

       171      400.00000      800.00000 

       172      440.00000      800.00000 

       173      480.00000      800.00000 

       174      520.00000      800.00000 

       175      560.00000      800.00000 

       176      600.00000      800.00000 

       177      640.00000      800.00000 

       178      680.00000      800.00000 

       179      720.00000      800.00000 

       180      760.00000      800.00000 

       181      800.00000      800.00000 

       182         .00000      880.00000 

       183       80.00000      880.00000 

       184      160.00000      880.00000 

       185      240.00000      880.00000 

       186      320.00000      880.00000 

       187      400.00000      880.00000 

       188      480.00000      880.00000 

       189      560.00000      880.00000 

       190      640.00000      880.00000 

       191      720.00000      880.00000 

       192      800.00000      880.00000 

       193         .00000      960.00000 

       194       40.00000      960.00000 

       195       80.00000      960.00000 

       196      120.00000      960.00000 

       197      160.00000      960.00000 

       198      200.00000      960.00000 

       199      240.00000      960.00000 

       200      280.00000      960.00000 

       201      320.00000      960.00000 

       202      360.00000      960.00000 

       203      400.00000      960.00000 

       204      440.00000      960.00000 

       205      480.00000      960.00000 

       206      520.00000      960.00000 

       207      560.00000      960.00000 

       208      600.00000      960.00000 

       209      640.00000      960.00000 

       210      680.00000      960.00000 

       211      720.00000      960.00000 

       212      760.00000      960.00000 

       213      800.00000      960.00000 

       214         .00000     1040.00000 

       215       80.00000     1040.00000 

       216      160.00000     1040.00000 

       217      240.00000     1040.00000 

       218      320.00000     1040.00000 

       219      400.00000     1040.00000 

       220      480.00000     1040.00000 

       221      560.00000     1040.00000 

       222      640.00000     1040.00000 

       223      720.00000     1040.00000 

       224      800.00000     1040.00000 

       225         .00000     1120.00000 

       226       40.00000     1120.00000 

       227       80.00000     1120.00000 

       228      120.00000     1120.00000 

       229      160.00000     1120.00000 

       230      200.00000     1120.00000 

       231      240.00000     1120.00000 

       232      280.00000     1120.00000 

       233      320.00000     1120.00000 

       234      360.00000     1120.00000 

       235      400.00000     1120.00000 

       236      440.00000     1120.00000 

       237      480.00000     1120.00000 

       238      520.00000     1120.00000 

       239      560.00000     1120.00000 

       240      600.00000     1120.00000 

       241      640.00000     1120.00000 

       242      680.00000     1120.00000 

       243      720.00000     1120.00000 

       244      760.00000     1120.00000 

       245      800.00000     1120.00000 

       246         .00000     1200.00000 

       247       80.00000     1200.00000 

       248      160.00000     1200.00000 

       249      240.00000     1200.00000 

       250      320.00000     1200.00000 

       251      400.00000     1200.00000 

       252      480.00000     1200.00000 

       253      560.00000     1200.00000 

       254      640.00000     1200.00000 

       255      720.00000     1200.00000 

       256      800.00000     1200.00000 

       257         .00000     1280.00000 

       258       40.00000     1280.00000 

       259       80.00000     1280.00000 

       260      120.00000     1280.00000 

       261      160.00000     1280.00000 

       262      200.00000     1280.00000 

       263      240.00000     1280.00000 

       264      280.00000     1280.00000 

       265      320.00000     1280.00000 

       266      360.00000     1280.00000 

       267      400.00000     1280.00000 

       268      440.00000     1280.00000 

       269      480.00000     1280.00000 

       270      520.00000     1280.00000 
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       271      560.00000     1280.00000 

       272      600.00000     1280.00000 

       273      640.00000     1280.00000 

       274      680.00000     1280.00000 

       275      720.00000     1280.00000 

       276      760.00000     1280.00000 

       277      800.00000     1280.00000 

       278         .00000     1360.00000 

       279       80.00000     1360.00000 

       280      160.00000     1360.00000 

       281      240.00000     1360.00000 

       282      320.00000     1360.00000 

       283      400.00000     1360.00000 

       284      480.00000     1360.00000 

       285      560.00000     1360.00000 

       286      640.00000     1360.00000 

       287      720.00000     1360.00000 

       288      800.00000     1360.00000 

       289         .00000     1440.00000 

       290       40.00000     1440.00000 

       291       80.00000     1440.00000 

       292      120.00000     1440.00000 

       293      160.00000     1440.00000 

       294      200.00000     1440.00000 

       295      240.00000     1440.00000 

       296      280.00000     1440.00000 

       297      320.00000     1440.00000 

       298      360.00000     1440.00000 

       299      400.00000     1440.00000 

       300      440.00000     1440.00000 

       301      480.00000     1440.00000 

       302      520.00000     1440.00000 

       303      560.00000     1440.00000 

       304      600.00000     1440.00000 

       305      640.00000     1440.00000 

       306      680.00000     1440.00000 

       307      720.00000     1440.00000 

       308      760.00000     1440.00000 

       309      800.00000     1440.00000 

       310         .00000     1520.00000 

       311       80.00000     1520.00000 

       312      160.00000     1520.00000 

       313      240.00000     1520.00000 

       314      320.00000     1520.00000 

       315      400.00000     1520.00000 

       316      480.00000     1520.00000 

       317      560.00000     1520.00000 

       318      640.00000     1520.00000 

       319      720.00000     1520.00000 

       320      800.00000     1520.00000 

       321         .00000     1600.00000 

       322       40.00000     1600.00000 

       323       80.00000     1600.00000 

       324      120.00000     1600.00000 

       325      160.00000     1600.00000 

       326      200.00000     1600.00000 

       327      240.00000     1600.00000 

       328      280.00000     1600.00000 

       329      320.00000     1600.00000 

       330      360.00000     1600.00000 

       331      400.00000     1600.00000 

       332      440.00000     1600.00000 

       333      480.00000     1600.00000 

       334      520.00000     1600.00000 

       335      560.00000     1600.00000 

       336      600.00000     1600.00000 

       337      640.00000     1600.00000 

       338      680.00000     1600.00000 

       339      720.00000     1600.00000 

       340      760.00000     1600.00000 

       341      800.00000     1600.00000 

 

0          ELEMENT NODAL CONNECTIONS 

 

0  ELE.  -------------NODAL POINTS-----------      MAT NO. 

 

  

    1    1    2    3   23   35   34   33   22         1 

    2    3    4    5   24   37   36   35   23         2 

    3    5    6    7   25   39   38   37   24         3 

    4    7    8    9   26   41   40   39   25         4 

    5    9   10   11   27   43   42   41   26         5 

    6   11   12   13   28   45   44   43   27         6 

    7   13   14   15   29   47   46   45   28         7 

    8   15   16   17   30   49   48   47   29         8 

    9   17   18   19   31   51   50   49   30         9 

   10   19   20   21   32   53   52   51   31        10 

   11   33   34   35   55   67   66   65   54        11 

   12   35   36   37   56   69   68   67   55        12 

   13   37   38   39   57   71   70   69   56        13 

   14   39   40   41   58   73   72   71   57        14 

   15   41   42   43   59   75   74   73   58        15 

   16   43   44   45   60   77   76   75   59        16 

   17   45   46   47   61   79   78   77   60        17 

   18   47   48   49   62   81   80   79   61        18 

   19   49   50   51   63   83   82   81   62        19 

   20   51   52   53   64   85   84   83   63        20 

   21   65   66   67   87   99   98   97   86        21 

   22   67   68   69   88  101  100   99   87        22 

   23   69   70   71   89  103  102  101   88        23 

   24   71   72   73   90  105  104  103   89        24 

   25   73   74   75   91  107  106  105   90        25 

   26   75   76   77   92  109  108  107   91        26 

   27   77   78   79   93  111  110  109   92        27 

   28   79   80   81   94  113  112  111   93        28 

   29   81   82   83   95  115  114  113   94        29 

   30   83   84   85   96  117  116  115   95        30 

   31   97   98   99  119  131  130  129  118        31 

   32   99  100  101  120  133  132  131  119        32 

   33  101  102  103  121  135  134  133  120        33 

   34  103  104  105  122  137  136  135  121        34 

   35  105  106  107  123  139  138  137  122        35 

   36  107  108  109  124  141  140  139  123        36 

   37  109  110  111  125  143  142  141  124        37 

   38  111  112  113  126  145  144  143  125        38 

   39  113  114  115  127  147  146  145  126        39 

   40  115  116  117  128  149  148  147  127        40 

   41  129  130  131  151  163  162  161  150        41 

   42  131  132  133  152  165  164  163  151        42 

   43  133  134  135  153  167  166  165  152        43 

   44  135  136  137  154  169  168  167  153        44 

   45  137  138  139  155  171  170  169  154        45 

   46  139  140  141  156  173  172  171  155        46 

   47  141  142  143  157  175  174  173  156        47 

   48  143  144  145  158  177  176  175  157        48 

   49  145  146  147  159  179  178  177  158        49 

   50  147  148  149  160  181  180  179  159        50 

   51  161  162  163  183  195  194  193  182        51 

   52  163  164  165  184  197  196  195  183        52 

   53  165  166  167  185  199  198  197  184        53 

   54  167  168  169  186  201  200  199  185        54 

   55  169  170  171  187  203  202  201  186        55 

   56  171  172  173  188  205  204  203  187        56 

   57  173  174  175  189  207  206  205  188        57 

   58  175  176  177  190  209  208  207  189        58 

   59  177  178  179  191  211  210  209  190        59 

   60  179  180  181  192  213  212  211  191        60 

   61  193  194  195  215  227  226  225  214        61 

   62  195  196  197  216  229  228  227  215        62 

   63  197  198  199  217  231  230  229  216        63 

   64  199  200  201  218  233  232  231  217        64 

   65  201  202  203  219  235  234  233  218        65 

   66  203  204  205  220  237  236  235  219        66 

   67  205  206  207  221  239  238  237  220        67 

   68  207  208  209  222  241  240  239  221        68 

   69  209  210  211  223  243  242  241  222        69 

   70  211  212  213  224  245  244  243  223        70 

   71  225  226  227  247  259  258  257  246        71 

   72  227  228  229  248  261  260  259  247        72 

   73  229  230  231  249  263  262  261  248        73 

   74  231  232  233  250  265  264  263  249        74 

   75  233  234  235  251  267  266  265  250        75 

   76  235  236  237  252  269  268  267  251        76 

   77  237  238  239  253  271  270  269  252        77 

   78  239  240  241  254  273  272  271  253        78 

   79  241  242  243  255  275  274  273  254        79 

   80  243  244  245  256  277  276  275  255        80 

   81  257  258  259  279  291  290  289  278        81 

   82  259  260  261  280  293  292  291  279        82 

   83  261  262  263  281  295  294  293  280        83 

   84  263  264  265  282  297  296  295  281        84 

   85  265  266  267  283  299  298  297  282        85 
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   86  267  268  269  284  301  300  299  283        86 

   87  269  270  271  285  303  302  301  284        87 

   88  271  272  273  286  305  304  303  285        88 

   89  273  274  275  287  307  306  305  286        89 

   90  275  276  277  288  309  308  307  287        90 

   91  289  290  291  311  323  322  321  310        91 

   92  291  292  293  312  325  324  323  311        92 

   93  293  294  295  313  327  326  325  312        93 

   94  295  296  297  314  329  328  327  313        94 

   95  297  298  299  315  331  330  329  314        95 

   96  299  300  301  316  333  332  331  315        96 

   97  301  302  303  317  335  334  333  316        97 

   98  303  304  305  318  337  336  335  317        98 

   99  305  306  307  319  339  338  337  318        99 

  100  307  308  309  320  341  340  339  319       100 

 

 

  SUPPORT INFORMATION : 

 

  *** DISPLACEMENT COMPONENTS: U,V,W,THETA-X,THETA-Y *** 

  *** CONDITION OF DEGREE OF FREEDOM                 *** 

  *** 1 - RESTRAINED                                 *** 

  *** 0 - FREE                                       *** 

 

 

  NODE NO.    CODE                     PRESCRIBED VALUES 

 

     1        10100       .00000    .00000    .00000    .00000    .00000 

     2          100       .00000    .00000    .00000    .00000    .00000 

     3          100       .00000    .00000    .00000    .00000    .00000 

     4          100       .00000    .00000    .00000    .00000    .00000 

     5          100       .00000    .00000    .00000    .00000    .00000 

     6          100       .00000    .00000    .00000    .00000    .00000 

     7          100       .00000    .00000    .00000    .00000    .00000 

     8          100       .00000    .00000    .00000    .00000    .00000 

     9          100       .00000    .00000    .00000    .00000    .00000 

    10          100       .00000    .00000    .00000    .00000    .00000 

    11          100       .00000    .00000    .00000    .00000    .00000 

    12          100       .00000    .00000    .00000    .00000    .00000 

    13          100       .00000    .00000    .00000    .00000    .00000 

    14          100       .00000    .00000    .00000    .00000    .00000 

    15          100       .00000    .00000    .00000    .00000    .00000 

    16          100       .00000    .00000    .00000    .00000    .00000 

    17          100       .00000    .00000    .00000    .00000    .00000 

    18          100       .00000    .00000    .00000    .00000    .00000 

    19          100       .00000    .00000    .00000    .00000    .00000 

    20          100       .00000    .00000    .00000    .00000    .00000 

    21          100       .00000    .00000    .00000    .00000    .00000 

    22        10101       .00000    .00000    .00000    .00000    .00000 

    32        10010       .00000    .00000    .00000    .00000    .00000 

    33        10101       .00000    .00000    .00000    .00000    .00000 

    53        10010       .00000    .00000    .00000    .00000    .00000 

    54        10101       .00000    .00000    .00000    .00000    .00000 

    64        10010       .00000    .00000    .00000    .00000    .00000 

    65        10101       .00000    .00000    .00000    .00000    .00000 

    85        10010       .00000    .00000    .00000    .00000    .00000 

    86        10101       .00000    .00000    .00000    .00000    .00000 

    96        10010       .00000    .00000    .00000    .00000    .00000 

    97        10101       .00000    .00000    .00000    .00000    .00000 

   117        10010       .00000    .00000    .00000    .00000    .00000 

   118        10101       .00000    .00000    .00000    .00000    .00000 

   128        10010       .00000    .00000    .00000    .00000    .00000 

   129        10101       .00000    .00000    .00000    .00000    .00000 

   149        10010       .00000    .00000    .00000    .00000    .00000 

   150        10101       .00000    .00000    .00000    .00000    .00000 

   160        10010       .00000    .00000    .00000    .00000    .00000 

   161        10101       .00000    .00000    .00000    .00000    .00000 

   181        11010       .00000    .00000    .00000    .00000    .00000 

   182        10101       .00000    .00000    .00000    .00000    .00000 

   192        10010       .00000    .00000    .00000    .00000    .00000 

   193        10101       .00000    .00000    .00000    .00000    .00000 

   213        10010       .00000    .00000    .00000    .00000    .00000 

   214        10101       .00000    .00000    .00000    .00000    .00000 

   224        10010       .00000    .00000    .00000    .00000    .00000 

   225        10101       .00000    .00000    .00000    .00000    .00000 

   245        10010       .00000    .00000    .00000    .00000    .00000 

   246        10101       .00000    .00000    .00000    .00000    .00000 

   256        10010       .00000    .00000    .00000    .00000    .00000 

   257        10101       .00000    .00000    .00000    .00000    .00000 

   277        10010       .00000    .00000    .00000    .00000    .00000 

   278        10101       .00000    .00000    .00000    .00000    .00000 

   288        10010       .00000    .00000    .00000    .00000    .00000 

   289        10101       .00000    .00000    .00000    .00000    .00000 

   309        10010       .00000    .00000    .00000    .00000    .00000 

   310        10101       .00000    .00000    .00000    .00000    .00000 

   320        10010       .00000    .00000    .00000    .00000    .00000 

   321        10100       .00000    .00000    .00000    .00000    .00000 

   322          100       .00000    .00000    .00000    .00000    .00000 

   323          100       .00000    .00000    .00000    .00000    .00000 

   324          100       .00000    .00000    .00000    .00000    .00000 

   325          100       .00000    .00000    .00000    .00000    .00000 

   326          100       .00000    .00000    .00000    .00000    .00000 

   327          100       .00000    .00000    .00000    .00000    .00000 

   328          100       .00000    .00000    .00000    .00000    .00000 

   329          100       .00000    .00000    .00000    .00000    .00000 

   330          100       .00000    .00000    .00000    .00000    .00000 

   331          100       .00000    .00000    .00000    .00000    .00000 

   332          100       .00000    .00000    .00000    .00000    .00000 

   333          100       .00000    .00000    .00000    .00000    .00000 

   334          100       .00000    .00000    .00000    .00000    .00000 

   335          100       .00000    .00000    .00000    .00000    .00000 

   336          100       .00000    .00000    .00000    .00000    .00000 

   337          100       .00000    .00000    .00000    .00000    .00000 

   338          100       .00000    .00000    .00000    .00000    .00000 

   339          100       .00000    .00000    .00000    .00000    .00000 

   340          100       .00000    .00000    .00000    .00000    .00000 

   341          100       .00000    .00000    .00000    .00000    .00000 

 

 

LAYER PATTERN  NCONL  NSTEL     MATERIAL NUMBER PER CONCRETE AND STEEL 

LAYER 

 

     1           8      2       1    2    3    4    5    6    7    8    9   10 

     2           8      2      11   12   13   14   15   16   17   18   19   20 

     3           8      2      21   22   23   24   25   26   27   28   29   30 

     4           8      2      31   32   33   34   35   36   37   38   39   40 

     5           8      2      41   42   43   44   45   46   47   48   49   50 

     6           8      2      51   52   53   54   55   56   57   58   59   60 

     7           8      2      61   62   63   64   65   66   67   68   69   70 

     8           8      2      71   72   73   74   75   76   77   78   79   80 

     9           8      2      81   82   83   84   85   86   87   88   89   90 

    10           8      2      91   92   93   94   95   96   97   98   99  100 

    11           8      2     101  102  103  104  105  106  107  108  109  100 

    12           8      2     111  112  113  114  115  116  117  118  119  120 

    13           8      2     121  122  123  124  125  126  127  128  129  130 

    14           8      2     131  132  133  134  135  136  137  138  139  140 

    15           8      2     141  142  143  144  145  146  147  148  149  150 

    16           8      2     151  152  153  154  155  156  157  158  159  160 

    17           8      2     161  162  163  164  165  166  167  168  169  170 

    18           8      2     171  172  173  174  175  176  177  178  179  180 

    19           8      2     181  182  183  184  185  186  187  188  189  190 

    20           8      2     191  192  193  194  195  196  197  198  199  200 

    21           8      2     201  202  203  204  205  206  207  208  209  210 

    22           8      2     211  212  213  214  215  216  217  218  219  220 

    23           8      2     221  222  223  224  225  226  227  228  229  230 

    24           8      2     231  232  233  234  235  236  237  238  239  240 

    25           8      2     241  242  243  244  245  246  247  248  249  250 

    26           8      2     251  252  253  254  255  256  257  258  259  260 

    27           8      2     261  262  263  264  265  266  267  268  269  270 

    28           8      2     271  272  273  274  275  276  277  278  279  280 

    29           8      2     281  282  283  284  285  286  287  288  289  290 

    30           8      2     291  292  293  294  295  296  297  298  299  300 

    31           8      2     301  302  303  304  305  306  307  308  309  310 

    32           8      2     311  312  313  314  315  316  317  318  319  320 

    33           8      2     321  322  323  324  325  326  327  328  329  330 

    34           8      2     331  332  333  334  335  336  337  338  339  340 

    35           8      2     341  342  343  344  345  346  347  348  349  350 

    36           8      2     351  352  353  354  355  356  357  358  359  360 

    37           8      2     361  362  363  364  365  366  367  368  369  370 

    38           8      2     371  372  373  374  375  376  377  378  379  380 

    39           8      2     381  382  383  384  385  386  387  388  389  390 

    40           8      2     391  392  393  394  395  396  397  398  399  400 

    41           8      2     401  402  403  404  405  406  407  408  409  410 

    42           8      2     411  412  413  414  415  416  417  418  419  420 

    43           8      2     421  422  423  424  425  426  427  428  429  430 

    44           8      2     431  432  433  434  435  436  437  438  439  440 

    45           8      2     441  442  443  444  445  446  447  448  449  450 

    46           8      2     451  452  453  454  455  456  457  458  459  460 

    47           8      2     461  462  463  464  465  466  467  468  469  470 

    48           8      2     471  472  473  474  475  476  477  478  479  480 

    49           8      2     481  482  483  484  485  486  487  488  489  490 

    50           8      2     491  492  493  494  495  496  497  498  499  500 
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    51           8      2     501  502  503  504  505  506  507  508  509  510 

    52           8      2     511  512  513  514  515  516  517  518  519  520 

    53           8      2     521  522  523  524  525  526  527  528  529  530 

    54           8      2     531  532  533  534  535  536  537  538  539  540 

    55           8      2     541  542  543  544  545  546  547  548  549  550 

    56           8      2     551  552  553  554  555  556  557  558  559  560 

    57           8      2     561  562  563  564  565  566  567  568  569  570 

    58           8      2     571  572  573  574  575  576  577  578  579  580 

    59           8      2     581  582  583  584  585  586  587  588  589  590 

    60           8      2     591  592  593  594  595  596  597  598  599  600 

    61           8      2     601  602  603  604  605  606  607  608  609  610 

    62           8      2     611  612  613  614  615  616  617  618  619  620 

    63           8      2     621  622  623  624  625  626  627  628  629  630 

    64           8      2     631  632  633  634  635  636  637  638  639  640 

    65           8      2     641  642  643  644  645  646  647  648  649  650 

    66           8      2     651  652  653  654  655  656  657  658  659  660 

    67           8      2     661  662  663  664  665  666  667  668  669  670 

    68           8      2     671  672  673  674  675  676  677  678  679  680 

    69           8      2     681  682  683  684  685  686  687  688  689  690 

    70           8      2     691  692  693  694  695  696  697  698  699  700 

    71           8      2     701  702  703  704  705  706  707  708  709  710 

    72           8      2     711  712  713  714  715  716  717  718  719  720 

    73           8      2     721  722  723  724  725  726  727  728  729  730 

    74           8      2     731  732  733  734  735  736  737  738  739  740 

    75           8      2     741  742  743  744  745  746  747  748  749  750 

    76           8      2     751  752  753  754  755  756  757  758  759  760 

    77           8      2     761  762  763  764  765  766  767  768  769  770 

    78           8      2     771  772  773  774  775  776  777  778  779  780 

    79           8      2     781  782  783  784  785  786  787  788  789  790 

    80           8      2     791  792  793  794  795  796  797  798  799  800 

    81           8      2     801  802  803  804  805  806  807  808  809  810 

    82           8      2     811  812  813  814  815  816  817  818  819  820 

    83           8      2     821  822  823  824  825  826  827  828  829  830 

    84           8      2     831  832  833  834  835  836  837  838  839  840 

    85           8      2     841  842  843  844  845  846  847  848  849  850 

    86           8      2     851  852  853  854  855  856  857  858  859  860 

    87           8      2     861  862  863  864  865  866  867  868  869  870 

    88           8      2     871  872  873  874  875  876  877  878  879  880 

    89           8      2     881  882  883  884  885  886  887  888  889  890 

    90           8      2     891  892  893  894  895  896  897  898  899  900 

    91           8      2     901  902  903  904  905  906  907  908  909  910 

    92           8      2     911  912  913  914  915  916  917  918  919  920 

    93           8      2     921  922  923  924  925  926  927  928  929  930 

    94           8      2     931  932  933  934  935  936  937  938  939  940 

    95           8      2     943  942  943  944  945  946  947  948  949  950 

    96           8      2     951  952  953  954  955  956  957  958  959  960 

    97           8      2     961  962  963  964  965  966  967  968  969  970 

    98           8      2     971  972  973  974  975  976  977  978  979  980 

    99           8      2     981  982  983  984  985  986  987  988  989  990 

   100           8      2     991  992  993  994  995  996  997  998  999 1000 

 

 

ELE  NUMAT     ELEMENT MATERIAL PROPERTIES 

 

 CONCRETE PROPERTIES 

 ------------------- 

IELE  NO.     E1        E2    POSS12 THICK   DENSE      G12       G13       G23 

   1    1 .2622E+05 .2622E+05  .200  .0500 .235E-04  .1093E+05  .1093E+05  .1093E+05 

   1    2 .2622E+05 .2622E+05  .200  .1500 .235E-04  .1093E+05  .1093E+05  .1093E+05 

   1    3 .2622E+05 .2622E+05  .200  .3500 .235E-04  .1093E+05  .1093E+05  .1093E+05 

   1    4 .2622E+05 .2622E+05  .200  .4500 .235E-04  .1093E+05  .1093E+05  .1093E+05 

   1    5 .2622E+05 .2622E+05  .200  .4500 .235E-04  .1093E+05  .1093E+05  .1093E+05 

   1    6 .2622E+05 .2622E+05  .200  .3500 .235E-04  .1093E+05  .1093E+05  .1093E+05 

   1    7 .2622E+05 .2622E+05  .200  .1500 .235E-04  .1093E+05  .1093E+05  .1093E+05 

   1    8 .2622E+05 .2622E+05  .200  .0500 .235E-04  .1093E+05  .1093E+05  .1093E+05 

 

 STEEL PROPERTIES 

 ---------------- 

IELE  NO.     ES        ES1     ES2  THICKS  DENSES    COORS      xxxx       xxx 

   1    9 .2000E+06 .4000E+06  .000  .0031 .000E+00 -.1000E+00  .0000E+00  .0000E+00 

   1   10 .2000E+06 .4000E+06  .000  .0031 .000E+00  .1000E+00  .0000E+00  .0000E+00 

 

 

(Note: Concrete and steel properties are repeated) 

 

MAX FRONTWIDTH ENCOUNTERED =  130 

 

  ELEMENT NO. =    1 

  DISTRIBUTED LOAD INDICATOR   (NPRES) =    0 

  NUMBER OF CONCENTRATED LOADS (NUCLO) =    6 

  BODY LOAD INDICATOR          (NBODY) =    0 

  EDGE LOAD INDICATOR          (NEDGE) =    0 

 

  CONCENTRATED LOAD IS APPLIED 

  LOCAL NODAL NUMBER      (LPOIN) =    1 

  NODAL VARIABLE NUMBER   (LDOFN) =    2 

  CONCENTRATED LOAD VALUE (GARGA) =   10000.000 

 

  CONCENTRATED LOAD IS APPLIED 

  LOCAL NODAL NUMBER      (LPOIN) =    1 

  NODAL VARIABLE NUMBER   (LDOFN) =    5 

  CONCENTRATED LOAD VALUE (GARGA) =   66666.000 

 

  CONCENTRATED LOAD IS APPLIED 

  LOCAL NODAL NUMBER      (LPOIN) =    2 

  NODAL VARIABLE NUMBER   (LDOFN) =    2 

  CONCENTRATED LOAD VALUE (GARGA) =   10000.000 

 

  CONCENTRATED LOAD IS APPLIED 

  LOCAL NODAL NUMBER      (LPOIN) =    2 

  NODAL VARIABLE NUMBER   (LDOFN) =    5 

  CONCENTRATED LOAD VALUE (GARGA) =   66666.000 

 

  CONCENTRATED LOAD IS APPLIED 

  LOCAL NODAL NUMBER      (LPOIN) =    3 

  NODAL VARIABLE NUMBER   (LDOFN) =    2 

  CONCENTRATED LOAD VALUE (GARGA) =   10000.000 

 

  CONCENTRATED LOAD IS APPLIED 

  LOCAL NODAL NUMBER      (LPOIN) =    3 

  NODAL VARIABLE NUMBER   (LDOFN) =    5 

  CONCENTRATED LOAD VALUE (GARGA) =   66666.000 

 

 

  ELEMENT NO. =    2 

  DISTRIBUTED LOAD INDICATOR   (NPRES) =    0 

  NUMBER OF CONCENTRATED LOADS (NUCLO) =    4 

  BODY LOAD INDICATOR          (NBODY) =    0 

  EDGE LOAD INDICATOR          (NEDGE) =    0 

 

  CONCENTRATED LOAD IS APPLIED 

  LOCAL NODAL NUMBER      (LPOIN) =    2 

  NODAL VARIABLE NUMBER   (LDOFN) =    2 

  CONCENTRATED LOAD VALUE (GARGA) =   10000.000 

 

  CONCENTRATED LOAD IS APPLIED 

  LOCAL NODAL NUMBER      (LPOIN) =    2 

  NODAL VARIABLE NUMBER   (LDOFN) =    5 

  CONCENTRATED LOAD VALUE (GARGA) =   66666.000 

 

  CONCENTRATED LOAD IS APPLIED 

  LOCAL NODAL NUMBER      (LPOIN) =    3 

  NODAL VARIABLE NUMBER   (LDOFN) =    2 

  CONCENTRATED LOAD VALUE (GARGA) =   10000.000 

 

  CONCENTRATED LOAD IS APPLIED 

  LOCAL NODAL NUMBER      (LPOIN) =    3 

  NODAL VARIABLE NUMBER   (LDOFN) =    5 

  CONCENTRATED LOAD VALUE (GARGA) =   66666.000 

 

 

 (Note: DISTRIBUTED LOAD INDICATOR repeated up to total number of element) 

  

 

 

0           TOTAL NODAL FORCES FOR EACH ELEMENT 

 

 ELE. NO.                        NODAL FORCES 

 

    1        .0000E+00   .1000E+05   .0000E+00   .0000E+00   .6667E+05 

             .0000E+00   .1000E+05   .0000E+00   .0000E+00   .6667E+05 

             .0000E+00   .1000E+05   .0000E+00   .0000E+00   .6667E+05 

             .0000E+00   .0000E+00   .0000E+00   .0000E+00   .0000E+00 

             .0000E+00   .0000E+00   .0000E+00   .0000E+00   .0000E+00 

             .0000E+00   .0000E+00   .0000E+00   .0000E+00   .0000E+00 

             .0000E+00   .0000E+00   .0000E+00   .0000E+00   .0000E+00 

             .0000E+00   .0000E+00   .0000E+00   .0000E+00   .0000E+00 

 

    2        .0000E+00   .0000E+00   .0000E+00   .0000E+00   .0000E+00 

             .0000E+00   .1000E+05   .0000E+00   .0000E+00   .6667E+05 

             .0000E+00   .1000E+05   .0000E+00   .0000E+00   .6667E+05 

             .0000E+00   .0000E+00   .0000E+00   .0000E+00   .0000E+00 
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             .0000E+00   .0000E+00   .0000E+00   .0000E+00   .0000E+00 

             .0000E+00   .0000E+00   .0000E+00   .0000E+00   .0000E+00 

             .0000E+00   .0000E+00   .0000E+00   .0000E+00   .0000E+00 

             .0000E+00   .0000E+00   .0000E+00   .0000E+00   .0000E+00 

 

nrtap= 10   nwtap= 11 

 kincs= 0 

 

0     INCREMENT NUMBER     1 

 

0     LOAD FACTOR           =   1.00000 

0     CONVERGENCE TOLERANCE =    .03500 

0     MAX NO. OF ITERATIONS =  100 

 

0     INITIAL OUTPUT PARAMETER =    2 

0     FINAL OUTPUT PARAMETER   =    2 

 

 iincs= 1   iiter= 1   kresl= 1 

 10:00:04 

 

 

 

 IN CONVER          ITERATION NUMBER  1 

 ************************************** 

  

      ============= 

0     DISPLACEMENTS 

      ============= 

 

0      NODE    X-DISP        Y-DISP        Z-DISP        XZ-ROT        YZ-ROT 

       ----    ------        ------        ------        -------       ------- 

  

         1   .000000E+00   .207740E+00   .000000E+00  -.138830E-03   .803219E-03 

         2  -.145821E-02   .197021E+00   .000000E+00  -.267988E-03   .771154E-03 

         3  -.271259E-02   .193943E+00   .000000E+00  -.277129E-03   .137746E-02 

         4  -.244839E-02   .189295E+00   .000000E+00  -.226540E-03   .163053E-02 

         5  -.181778E-02   .190277E+00   .000000E+00  -.213766E-03   .214015E-02 

         6  -.129064E-02   .186693E+00   .000000E+00  -.185407E-03   .232429E-02 

         7  -.676405E-03   .188154E+00   .000000E+00  -.169150E-03   .272377E-02 

         8  -.121427E-03   .185231E+00   .000000E+00  -.149737E-03   .285877E-02 

         9   .482526E-03   .187173E+00   .000000E+00  -.136980E-03   .320985E-02 

        10   .108673E-02   .184605E+00   .000000E+00  -.123022E-03   .329760E-02 

        11   .173714E-02   .186856E+00   .000000E+00  -.111224E-03   .360582E-02 

        12   .242846E-02   .184599E+00   .000000E+00  -.994338E-04   .365439E-02 

        13   .318998E-02   .187157E+00   .000000E+00  -.889663E-04   .392663E-02 

        14   .406876E-02   .185224E+00   .000000E+00  -.785115E-04   .393940E-02 

        15   .506719E-02   .188149E+00   .000000E+00  -.698366E-04   .417914E-02 

        16   .643202E-02   .186785E+00   .000000E+00  -.594096E-04   .416271E-02 

        17   .801455E-02   .190527E+00   .000000E+00  -.533831E-04   .438077E-02 

        18   .109502E-01   .189944E+00   .000000E+00  -.454673E-04   .431664E-02 

        19   .139625E-01   .195819E+00   .000000E+00  -.490032E-04   .451836E-02 

        20   .198998E-01   .203168E+00   .000000E+00  -.962016E-04   .450646E-02 

        21   .263535E-01   .225823E+00   .000000E+00  -.199595E-03   .496801E-02 

        22   .000000E+00   .178634E+00   .000000E+00  -.840882E-03   .000000E+00 

        23   .850073E-03   .174798E+00   .726712E-01  -.714801E-03   .708671E-03 

        24   .395490E-03   .170867E+00   .129780E+00  -.578567E-03   .130691E-02 

        25   .525232E-03   .168941E+00   .176199E+00  -.476608E-03   .185264E-02 

        26   .953073E-03   .167925E+00   .214300E+00  -.392666E-03   .230801E-02 

        27   .155108E-02   .167599E+00   .245620E+00  -.321149E-03   .268710E-02 

        28   .224890E-02   .167889E+00   .270984E+00  -.256989E-03   .299504E-02 

        29   .296838E-02   .168928E+00   .290954E+00  -.198243E-03   .323787E-02 

        30   .348848E-02   .171161E+00   .306045E+00  -.145921E-03   .341658E-02 

        31   .271779E-02   .177129E+00   .316753E+00  -.973139E-04   .355827E-02 

        32   .000000E+00   .189337E+00   .324002E+00   .000000E+00   .355903E-02 

        33   .000000E+00   .154483E+00   .000000E+00  -.149285E-02   .000000E+00 

        34   .545657E-03   .155230E+00   .559639E-01  -.146448E-02   .269306E-03 

        35   .606950E-03   .153267E+00   .109469E+00  -.142496E-02   .365472E-03 

        36   .983633E-03   .152944E+00   .162187E+00  -.133838E-02   .620250E-03 

        37   .115477E-02   .151448E+00   .210437E+00  -.123446E-02   .806499E-03 

        38   .109998E-02   .151047E+00   .255227E+00  -.113813E-02   .105004E-02 

        39   .105965E-02   .149710E+00   .296153E+00  -.104390E-02   .122718E-02 

        40   .104251E-02   .149714E+00   .334032E+00  -.957715E-03   .145440E-02 

        41   .105276E-02   .148774E+00   .368487E+00  -.874596E-03   .161162E-02 

        42   .107732E-02   .149106E+00   .400049E+00  -.795866E-03   .181313E-02 

        43   .110666E-02   .148478E+00   .428571E+00  -.720267E-03   .194242E-02 

        44   .112800E-02   .149131E+00   .454405E+00  -.647634E-03   .211573E-02 

        45   .111254E-02   .148843E+00   .477464E+00  -.577287E-03   .221594E-02 

        46   .104682E-02   .149862E+00   .497974E+00  -.509212E-03   .235958E-02 

        47   .871359E-03   .150020E+00   .515895E+00  -.442618E-03   .242916E-02 

        48   .544666E-03   .151643E+00   .531352E+00  -.377800E-03   .254343E-02 

        49  -.134857E-04   .152577E+00   .544358E+00  -.312787E-03   .258118E-02 

        50  -.442119E-03   .154960E+00   .555042E+00  -.248814E-03   .265057E-02 

        51  -.100838E-02   .156607E+00   .563150E+00  -.180450E-03   .263679E-02 

        52  -.746043E-03   .159961E+00   .567047E+00  -.105031E-03   .272280E-02 

        53   .000000E+00   .158604E+00   .567428E+00   .000000E+00   .268083E-02 

        54   .000000E+00   .134314E+00   .000000E+00  -.169630E-02   .000000E+00 

        55   .692006E-03   .133816E+00   .137033E+00  -.163219E-02   .256784E-03 

        56   .957650E-03   .132651E+00   .265083E+00  -.149016E-02   .562182E-03 

        57   .988546E-03   .131508E+00   .379761E+00  -.131473E-02   .865154E-03 

        58   .845939E-03   .130770E+00   .479166E+00  -.112620E-02   .116042E-02 

        59   .627909E-03   .130585E+00   .563146E+00  -.939088E-03   .142591E-02 

        60   .310643E-03   .131013E+00   .632013E+00  -.755686E-03   .165084E-02 

        61  -.155498E-03   .132192E+00   .686088E+00  -.574584E-03   .182764E-02 

        62  -.654963E-03   .134233E+00   .725455E+00  -.390934E-03   .194990E-02 

        63  -.775323E-03   .136517E+00   .749345E+00  -.193265E-03   .201512E-02 

        64   .000000E+00   .137405E+00   .758166E+00   .000000E+00   .204301E-02 

        65   .000000E+00   .114919E+00   .000000E+00  -.198698E-02   .000000E+00 

        66   .190392E-03   .114561E+00   .781342E-01  -.197616E-02   .782499E-04 

        67   .461140E-03   .114595E+00   .155210E+00  -.193413E-02   .202065E-03 

        68   .599963E-03   .114093E+00   .230115E+00  -.187561E-02   .290025E-03 

        69   .713877E-03   .113840E+00   .302896E+00  -.180344E-02   .400466E-03 

        70   .744460E-03   .113330E+00   .372281E+00  -.171586E-02   .502099E-03 

        71   .702335E-03   .113104E+00   .438085E+00  -.161793E-02   .620449E-03 

        72   .645710E-03   .112698E+00   .500040E+00  -.151554E-02   .721747E-03 

        73   .541330E-03   .112642E+00   .557808E+00  -.140861E-02   .835614E-03 

        74   .413349E-03   .112417E+00   .611367E+00  -.129869E-02   .931657E-03 

        75   .256210E-03   .112576E+00   .660462E+00  -.118683E-02   .103684E-02 

        76   .846947E-04   .112589E+00   .705196E+00  -.107371E-02   .112109E-02 

        77  -.100716E-03   .113005E+00   .745355E+00  -.959634E-03   .121178E-02 

        78  -.285167E-03   .113280E+00   .781068E+00  -.844616E-03   .127948E-02 

        79  -.444343E-03   .113950E+00   .812125E+00  -.728454E-03   .135187E-02 

        80  -.602992E-03   .114472E+00   .838612E+00  -.610966E-03   .140084E-02 

        81  -.634296E-03   .115288E+00   .860299E+00  -.491719E-03   .145380E-02 

        82  -.690801E-03   .115988E+00   .877577E+00  -.377128E-03   .148350E-02 

        83  -.561815E-03   .116814E+00   .889968E+00  -.260689E-03   .151806E-02 

        84  -.256973E-03   .116855E+00   .897163E+00  -.127639E-03   .151244E-02 

        85   .000000E+00   .117537E+00   .899448E+00   .000000E+00   .152599E-02 

        86   .000000E+00   .953534E-01   .000000E+00  -.209309E-02   .000000E+00 

        87   .274235E-03   .951680E-01   .167872E+00  -.205041E-02   .140070E-03 

        88   .439560E-03   .947660E-01   .329374E+00  -.194153E-02   .280268E-03 

        89   .430826E-03   .943371E-01   .479320E+00  -.177035E-02   .432240E-03 

        90   .271492E-03   .940652E-01   .613739E+00  -.156201E-02   .586669E-03 

        91   .180190E-04   .940802E-01   .730274E+00  -.132923E-02   .734021E-03 

        92  -.267256E-03   .944441E-01   .827365E+00  -.108083E-02   .864939E-03 

        93  -.500416E-03   .951417E-01   .903992E+00  -.821707E-03   .972123E-03 

        94  -.578346E-03   .960452E-01   .959453E+00  -.554194E-03   .105022E-02 

        95  -.374698E-03   .968639E-01   .992991E+00  -.275691E-03   .109569E-02 

        96   .000000E+00   .972333E-01   .100413E+01   .000000E+00   .111734E-02 

        97   .000000E+00   .760220E-01   .000000E+00  -.223200E-02   .000000E+00 

        98   .913969E-04   .760556E-01   .887154E-01  -.222196E-02   .495282E-04 

        99   .144734E-03   .759342E-01   .176792E+00  -.219686E-02   .901194E-04 

       100   .203381E-03   .758783E-01   .263431E+00  -.214945E-02   .142552E-03 

       101   .228158E-03   .757263E-01   .347828E+00  -.208467E-02   .191274E-03 

       102   .226881E-03   .756366E-01   .429466E+00  -.200783E-02   .243888E-03 

       103   .201705E-03   .754931E-01   .507782E+00  -.191775E-02   .294368E-03 

       104   .146225E-03   .754380E-01   .582293E+00  -.181629E-02   .349530E-03 

       105   .713149E-04   .753557E-01   .652570E+00  -.170497E-02   .401592E-03 

       106  -.230274E-04   .753873E-01   .718266E+00  -.158630E-02   .455954E-03 

       107  -.124981E-03   .754066E-01   .779066E+00  -.146053E-02   .505503E-03 

       108  -.230942E-03   .755520E-01   .834769E+00  -.132940E-02   .555733E-03 

       109  -.326840E-03   .756859E-01   .885097E+00  -.119324E-02   .599464E-03 

       110  -.408674E-03   .759419E-01   .929961E+00  -.105319E-02   .642244E-03 

       111  -.464849E-03   .761702E-01   .969111E+00  -.909588E-03   .677167E-03 

       112  -.473344E-03   .764835E-01   .100249E+01  -.762704E-03   .710110E-03 

       113  -.457399E-03   .767399E-01   .102992E+01  -.613297E-03   .734461E-03 

       114  -.379900E-03   .770206E-01   .105141E+01  -.463377E-03   .757492E-03 

       115  -.281409E-03   .771818E-01   .106675E+01  -.311851E-03   .771432E-03 

       116  -.164038E-03   .774077E-01   .107601E+01  -.156473E-03   .781162E-03 

       117   .000000E+00   .773515E-01   .107907E+01   .000000E+00   .777874E-03 

       118   .000000E+00   .569529E-01   .000000E+00  -.228761E-02   .000000E+00 

       119   .673984E-04   .569110E-01   .182943E+00  -.225409E-02   .613578E-04 

       120   .893537E-04   .567964E-01   .360392E+00  -.215164E-02   .126430E-03 

       121   .451707E-04   .566733E-01   .527149E+00  -.199126E-02   .195336E-03 

       122  -.626646E-04   .566134E-01   .678960E+00  -.178212E-02   .265883E-03 

       123  -.205688E-03   .566715E-01   .812343E+00  -.153472E-02   .335286E-03 

       124  -.337843E-03   .568690E-01   .924638E+00  -.125862E-02   .398805E-03 

       125  -.405730E-03   .571796E-01   .101386E+01  -.961240E-03   .452244E-03 

       126  -.369324E-03   .575266E-01   .107858E+01  -.649170E-03   .492620E-03 

       127  -.224936E-03   .578005E-01   .111782E+01  -.325923E-03   .516799E-03 

       128   .000000E+00   .578961E-01   .113094E+01   .000000E+00   .525927E-03 

       129   .000000E+00   .379757E-01   .000000E+00  -.234917E-02   .000000E+00 

       130   .473570E-05   .379561E-01   .937921E-01  -.234067E-02   .180841E-04 
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       131   .147289E-04   .379516E-01   .186880E+00  -.231447E-02   .381757E-04 

       132   .106010E-04   .379134E-01   .278597E+00  -.227227E-02   .565575E-04 

       133   .174941E-05   .378892E-01   .368359E+00  -.221458E-02   .767263E-04 

       134  -.205523E-04   .378477E-01   .455490E+00  -.214144E-02   .967518E-04 

       135  -.529613E-04   .378256E-01   .539451E+00  -.205463E-02   .118028E-03 

       136  -.948583E-04   .377995E-01   .619679E+00  -.195531E-02   .139001E-03 

       137  -.143456E-03   .378009E-01   .695716E+00  -.184438E-02   .160856E-03 

       138  -.196019E-03   .378063E-01   .767116E+00  -.172348E-02   .181663E-03 

       139  -.247848E-03   .378444E-01   .833486E+00  -.159330E-02   .202808E-03 

       140  -.294464E-03   .378892E-01   .894499E+00  -.145523E-02   .222380E-03 

       141  -.331654E-03   .379657E-01   .949824E+00  -.131002E-02   .241651E-03 

       142  -.354669E-03   .380449E-01   .999242E+00  -.115897E-02   .258658E-03 

       143  -.359928E-03   .381472E-01   .104248E+01  -.100266E-02   .274770E-03 

       144  -.346883E-03   .382429E-01   .107940E+01  -.842038E-03   .287898E-03 

       145  -.310171E-03   .383477E-01   .110979E+01  -.677826E-03   .299598E-03 

       146  -.255403E-03   .384288E-01   .113358E+01  -.511494E-03   .308489E-03 

       147  -.182026E-03   .385114E-01   .115062E+01  -.342981E-03   .315767E-03 

       148  -.891436E-04   .385341E-01   .116091E+01  -.171746E-03   .318460E-03 

       149   .000000E+00   .385737E-01   .116432E+01   .000000E+00   .320176E-03 

       150   .000000E+00   .190160E-01   .000000E+00  -.236656E-02   .000000E+00 

       151  -.153383E-04   .190032E-01   .189033E+00  -.233307E-02   .176640E-04 

       152  -.472451E-04   .189752E-01   .372769E+00  -.223578E-02   .357658E-04 

       153  -.105590E-03   .189456E-01   .546239E+00  -.207893E-02   .546249E-04 

       154  -.185406E-03   .189326E-01   .704976E+00  -.187044E-02   .742168E-04 

       155  -.267930E-03   .189504E-01   .845183E+00  -.161888E-02   .935912E-04 

       156  -.326470E-03   .190034E-01   .963779E+00  -.133317E-02   .111519E-03 

       157  -.334957E-03   .190839E-01   .105836E+01  -.102140E-02   .126823E-03 

       158  -.277794E-03   .191723E-01   .112713E+01  -.690867E-03   .138562E-03 

       159  -.157514E-03   .192419E-01   .116888E+01  -.348114E-03   .145917E-03 

       160   .000000E+00   .192710E-01   .118287E+01   .000000E+00   .148598E-03 

       161   .000000E+00   .764715E-04   .000000E+00  -.238203E-02   .000000E+00 

       162  -.995335E-05   .758866E-04   .951671E-01  -.237347E-02  -.218879E-06 

       163  -.254556E-04   .741530E-04   .189684E+00  -.234898E-02  -.452302E-06 

       164  -.416777E-04   .712832E-04   .282877E+00  -.230745E-02  -.731316E-06 

       165  -.639752E-04   .674449E-04   .374109E+00  -.225030E-02  -.105653E-05 

       166  -.916541E-04   .625336E-04   .462766E+00  -.217857E-02  -.140820E-05 

       167  -.123467E-03   .570341E-04   .548283E+00  -.209270E-02  -.184660E-05 

       168  -.160771E-03   .507173E-04   .630101E+00  -.199389E-02  -.232400E-05 

       169  -.199353E-03   .443087E-04   .707736E+00  -.188306E-02  -.286936E-05 

       170  -.238557E-03   .376575E-04   .780724E+00  -.176173E-02  -.345372E-05 

       171  -.274414E-03   .312299E-04   .848652E+00  -.163057E-02  -.406833E-05 

       172  -.304148E-03   .251921E-04   .911159E+00  -.149089E-02  -.458517E-05 

       173  -.324297E-03   .194543E-04   .967905E+00  -.134349E-02  -.503248E-05 

       174  -.331850E-03   .146617E-04   .101863E+01  -.118952E-02  -.551557E-05 

       175  -.326000E-03   .104396E-04   .106305E+01  -.102976E-02  -.592325E-05 

       176  -.302551E-03   .707989E-05   .110100E+01  -.865373E-03  -.626303E-05 

       177  -.266016E-03   .441450E-05   .113226E+01  -.697016E-03  -.654097E-05 

       178  -.213105E-03   .241724E-05   .115674E+01  -.525732E-03  -.675036E-05 

       179  -.149433E-03   .106049E-05   .117427E+01  -.352152E-03  -.689680E-05 

       180  -.794631E-04   .256161E-06   .118485E+01  -.176489E-03  -.698847E-05 

       181   .000000E+00   .000000E+00   .118837E+01   .000000E+00  -.701751E-05 

       182   .000000E+00  -.188608E-01   .000000E+00  -.236573E-02   .000000E+00 

       183  -.163858E-04  -.188529E-01   .188963E+00  -.233209E-02  -.184389E-04 

       184  -.492896E-04  -.188387E-01   .372607E+00  -.223441E-02  -.376207E-04 

       185  -.108338E-03  -.188307E-01   .545947E+00  -.207711E-02  -.580892E-04 

       186  -.188252E-03  -.188441E-01   .704518E+00  -.186841E-02  -.797484E-04 

       187  -.269860E-03  -.188888E-01   .844546E+00  -.161674E-02  -.101276E-03 

       188  -.326757E-03  -.189658E-01   .962973E+00  -.133119E-02  -.121433E-03 

       189  -.333907E-03  -.190644E-01   .105741E+01  -.101993E-02  -.138435E-03 

       190  -.276200E-03  -.191646E-01   .112609E+01  -.689902E-03  -.151371E-03 

       191  -.156379E-03  -.192404E-01   .116778E+01  -.347646E-03  -.159413E-03 

       192   .000000E+00  -.192715E-01   .118175E+01   .000000E+00  -.162311E-03 

       193   .000000E+00  -.378141E-01   .000000E+00  -.234791E-02   .000000E+00 

       194   .398673E-05  -.377958E-01   .937385E-01  -.233930E-02  -.181968E-04 

       195   .132393E-04  -.377950E-01   .186767E+00  -.231283E-02  -.384651E-04 

       196   .827030E-05  -.377629E-01   .278408E+00  -.227020E-02  -.571753E-04 

       197  -.147967E-05  -.377474E-01   .368076E+00  -.221200E-02  -.778148E-04 

       198  -.243130E-04  -.377165E-01   .455091E+00  -.213823E-02  -.984573E-04 

       199  -.577699E-04  -.377075E-01   .538917E+00  -.205081E-02  -.120382E-03 

       200  -.996277E-04  -.376951E-01   .618983E+00  -.195062E-02  -.142459E-03 

       201  -.148107E-03  -.377123E-01   .694843E+00  -.183913E-02  -.165385E-03 

       202  -.200592E-03  -.377330E-01   .766065E+00  -.171833E-02  -.187614E-03 

       203  -.250558E-03  -.377863E-01   .832255E+00  -.158835E-02  -.210060E-03 

       204  -.295379E-03  -.378450E-01   .893087E+00  -.145074E-02  -.230617E-03 

       205  -.331242E-03  -.379329E-01   .948243E+00  -.130613E-02  -.250977E-03 

       206  -.352448E-03  -.380222E-01   .997514E+00  -.115552E-02  -.268813E-03 

       207  -.356571E-03  -.381324E-01   .104062E+01  -.999733E-03  -.285687E-03 

       208  -.342782E-03  -.382341E-01   .107744E+01  -.839665E-03  -.299429E-03 

       209  -.305835E-03  -.383432E-01   .110775E+01  -.676006E-03  -.311594E-03 

       210  -.251532E-03  -.384272E-01   .113148E+01  -.510174E-03  -.320802E-03 

       211  -.179065E-03  -.385116E-01   .114847E+01  -.342136E-03  -.328280E-03 

       212  -.875799E-04  -.385353E-01   .115873E+01  -.171329E-03  -.331097E-03 

       213   .000000E+00  -.385751E-01   .116213E+01   .000000E+00  -.332848E-03 

       214   .000000E+00  -.567813E-01   .000000E+00  -.228642E-02   .000000E+00 

       215   .672672E-04  -.567442E-01   .182835E+00  -.225226E-02  -.609023E-04 

       216   .875057E-04  -.566449E-01   .360076E+00  -.214807E-02  -.126116E-03 

       217   .407461E-04  -.565482E-01   .526463E+00  -.198586E-02  -.196469E-03 

       218  -.677082E-04  -.565237E-01   .677778E+00  -.177583E-02  -.269189E-03 

       219  -.207421E-03  -.566201E-01   .810578E+00  -.152801E-02  -.341105E-03 

       220  -.334075E-03  -.568462E-01   .922352E+00  -.125272E-02  -.406992E-03 

       221  -.396951E-03  -.571733E-01   .101117E+01  -.957093E-03  -.462019E-03 

       222  -.359738E-03  -.575269E-01   .107563E+01  -.646727E-03  -.503101E-03 

       223  -.218918E-03  -.578023E-01   .111472E+01  -.324825E-03  -.527553E-03 

       224   .000000E+00  -.578980E-01   .112780E+01   .000000E+00  -.536742E-03 

       225   .000000E+00  -.758385E-01   .000000E+00  -.223203E-02   .000000E+00 

       226   .936390E-04  -.758728E-01   .887105E-01  -.222175E-02  -.487308E-04 

       227   .148630E-03  -.757547E-01   .176761E+00  -.219590E-02  -.886275E-04 

       228   .208251E-03  -.757036E-01   .263338E+00  -.214730E-02  -.140578E-03 

       229   .233246E-03  -.755598E-01   .347620E+00  -.208104E-02  -.189193E-03 

       230   .228288E-03  -.754836E-01   .429063E+00  -.200201E-02  -.241408E-03 

       231   .202101E-03  -.753553E-01   .507126E+00  -.190989E-02  -.292346E-03 

       232   .144169E-03  -.753255E-01   .581302E+00  -.180628E-02  -.348933E-03 

       233   .695590E-04  -.752644E-01   .651199E+00  -.169244E-02  -.403335E-03 

       234  -.213146E-04  -.753235E-01   .716493E+00  -.157403E-02  -.458746E-03 

       235  -.123240E-03  -.753665E-01   .776889E+00  -.144944E-02  -.509946E-03 

       236  -.225605E-03  -.755288E-01   .832202E+00  -.131991E-02  -.562052E-03 

       237  -.314903E-03  -.756814E-01   .882176E+00  -.118566E-02  -.606561E-03 

       238  -.393201E-03  -.759445E-01   .926769E+00  -.104690E-02  -.650017E-03 

       239  -.445762E-03  -.761770E-01   .965696E+00  -.904633E-03  -.685046E-03 

       240  -.453974E-03  -.764911E-01   .998900E+00  -.758998E-03  -.718207E-03 

       241  -.439845E-03  -.767456E-01   .102621E+01  -.610688E-03  -.742594E-03 

       242  -.365068E-03  -.770245E-01   .104761E+01  -.461620E-03  -.765567E-03 

       243  -.270798E-03  -.771835E-01   .106289E+01  -.310772E-03  -.779417E-03 

       244  -.158452E-03  -.774077E-01   .107212E+01  -.155967E-03  -.789081E-03 

       245   .000000E+00  -.773511E-01   .107517E+01   .000000E+00  -.785765E-03 

       246   .000000E+00  -.951592E-01   .000000E+00  -.209533E-02   .000000E+00 

       247   .287896E-03  -.949741E-01   .168027E+00  -.205118E-02  -.137181E-03 

       248   .458327E-03  -.945803E-01   .329449E+00  -.193818E-02  -.275234E-03 

       249   .446058E-03  -.941831E-01   .478913E+00  -.176169E-02  -.427937E-03 

       250   .277001E-03  -.939742E-01   .612390E+00  -.155051E-02  -.584481E-03 

       251   .289533E-04  -.940587E-01   .727778E+00  -.131650E-02  -.736830E-03 

       252  -.239181E-03  -.944634E-01   .823952E+00  -.107153E-02  -.870358E-03 

       253  -.467008E-03  -.951658E-01   .900016E+00  -.816818E-03  -.977832E-03 

       254  -.548993E-03  -.960563E-01   .955206E+00  -.552044E-03  -.105496E-02 

       255  -.358413E-03  -.968611E-01   .988642E+00  -.274994E-03  -.109961E-02 

       256   .000000E+00  -.972253E-01   .999754E+00   .000000E+00  -.112095E-02 

       257   .000000E+00  -.114723E+00   .000000E+00  -.199287E-02   .000000E+00 

       258   .206190E-03  -.114364E+00   .783620E-01  -.198170E-02  -.764618E-04 

       259   .491440E-03  -.114393E+00   .155631E+00  -.193847E-02  -.198524E-03 

       260   .642433E-03  -.113884E+00   .230672E+00  -.187791E-02  -.284607E-03 

       261   .763142E-03  -.113627E+00   .303482E+00  -.180263E-02  -.393134E-03 

       262   .793643E-03  -.113121E+00   .372728E+00  -.171013E-02  -.493402E-03 

       263   .737101E-03  -.112918E+00   .438188E+00  -.160633E-02  -.610153E-03 

       264   .685695E-03  -.112528E+00   .499595E+00  -.149530E-02  -.715887E-03 

       265   .581796E-03  -.112538E+00   .556665E+00  -.138411E-02  -.832550E-03 

       266   .439587E-03  -.112373E+00   .609510E+00  -.127550E-02  -.930584E-03 

       267   .293065E-03  -.112597E+00   .657878E+00  -.116603E-02  -.103504E-02 

       268   .130665E-03  -.112655E+00   .701922E+00  -.105785E-02  -.112185E-02 

       269  -.575965E-04  -.113062E+00   .741571E+00  -.949821E-03  -.121714E-02 

       270  -.231626E-03  -.113337E+00   .776958E+00  -.838401E-03  -.128279E-02 

       271  -.389128E-03  -.113997E+00   .807828E+00  -.724895E-03  -.135350E-02 

       272  -.554755E-03  -.114500E+00   .834218E+00  -.609202E-03  -.140139E-02 

       273  -.595417E-03  -.115299E+00   .855860E+00  -.491033E-03  -.145350E-02 

       274  -.661023E-03  -.115985E+00   .873123E+00  -.376977E-03  -.148241E-02 

       275  -.541968E-03  -.116800E+00   .885515E+00  -.260746E-03  -.151644E-02 

       276  -.247050E-03  -.116835E+00   .892713E+00  -.127715E-03  -.151049E-02 

       277   .000000E+00  -.117514E+00   .895000E+00   .000000E+00  -.152397E-02 

       278   .000000E+00  -.134131E+00   .000000E+00  -.170464E-02   .000000E+00 

       279   .736270E-03  -.133621E+00   .137709E+00  -.163934E-02  -.254555E-03 

       280   .104989E-02  -.132419E+00   .266225E+00  -.149291E-02  -.557050E-03 

       281   .111750E-02  -.131223E+00   .380822E+00  -.130738E-02  -.855984E-03 

       282   .924688E-03  -.130594E+00   .478778E+00  -.110255E-02  -.114929E-02 

       283   .713271E-03  -.130717E+00   .560268E+00  -.918679E-03  -.142820E-02 

       284   .409267E-03  -.131153E+00   .628087E+00  -.748564E-03  -.164642E-02 

       285  -.966890E-04  -.132246E+00   .681925E+00  -.573762E-03  -.182188E-02 

       286  -.623502E-03  -.134234E+00   .721327E+00  -.391691E-03  -.194231E-02 

       287  -.761410E-03  -.136485E+00   .745293E+00  -.193947E-03  -.200678E-02 

       288   .000000E+00  -.137363E+00   .754146E+00   .000000E+00  -.203442E-02 

       289   .000000E+00  -.154322E+00   .000000E+00  -.150275E-02   .000000E+00 

       290   .561862E-03  -.155065E+00   .563413E-01  -.147421E-02  -.269984E-03 

       291   .642025E-03  -.153091E+00   .110212E+00  -.143419E-02  -.366419E-03 

       292   .103985E-02  -.152750E+00   .163265E+00  -.134647E-02  -.621175E-03 
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       293   .123995E-02  -.151223E+00   .211787E+00  -.124061E-02  -.807438E-03 

       294   .122996E-02  -.150773E+00   .256768E+00  -.114027E-02  -.105108E-02 

       295   .124840E-02  -.149377E+00   .297686E+00  -.103978E-02  -.123092E-02 

       296   .135556E-02  -.149326E+00   .335537E+00  -.936596E-03  -.145010E-02 

       297   .147274E-02  -.148318E+00   .369236E+00  -.824741E-03  -.161754E-02 

       298   .140863E-02  -.149148E+00   .398958E+00  -.746383E-03  -.179611E-02 

       299   .134562E-02  -.148918E+00   .426002E+00  -.689686E-03  -.191013E-02 

       300   .126895E-02  -.149402E+00   .451292E+00  -.634207E-03  -.210010E-02 

       301   .115809E-02  -.148995E+00   .474179E+00  -.573314E-03  -.220125E-02 

       302   .106337E-02  -.149958E+00   .494624E+00  -.508260E-03  -.234550E-02 

       303   .869804E-03  -.150074E+00   .512567E+00  -.443132E-03  -.241355E-02 

       304   .533477E-03  -.151659E+00   .528067E+00  -.379067E-03  -.252825E-02 

       305  -.264268E-04  -.152566E+00   .541132E+00  -.314335E-03  -.256618E-02 

       306  -.453948E-03  -.154928E+00   .551878E+00  -.250214E-03  -.263560E-02 

       307  -.101389E-02  -.156558E+00   .560034E+00  -.181507E-03  -.262180E-02 

       308  -.749331E-03  -.159899E+00   .563964E+00  -.105592E-03  -.270785E-02 

       309   .000000E+00  -.158544E+00   .564353E+00   .000000E+00  -.266589E-02 

       310   .000000E+00  -.178487E+00   .000000E+00  -.846422E-03   .000000E+00 

       311   .837364E-03  -.174640E+00   .731645E-01  -.719967E-03  -.713594E-03 

       312   .376446E-03  -.170653E+00   .130712E+00  -.581929E-03  -.131642E-02 

       313   .503775E-03  -.168590E+00   .177293E+00  -.473998E-03  -.186411E-02 

       314   .862238E-03  -.167120E+00   .214241E+00  -.374470E-03  -.234133E-02 

       315   .123113E-02  -.168091E+00   .244373E+00  -.317874E-03  -.265660E-02 

       316   .205887E-02  -.168090E+00   .269224E+00  -.255045E-03  -.297061E-02 

       317   .282606E-02  -.168979E+00   .289122E+00  -.198406E-03  -.321632E-02 

       318   .338705E-02  -.171147E+00   .304279E+00  -.146771E-03  -.339597E-02 

       319   .266013E-02  -.177081E+00   .315061E+00  -.978979E-04  -.353845E-02 

       320   .000000E+00  -.189242E+00   .322340E+00   .000000E+00  -.353949E-02 

       321   .000000E+00  -.207592E+00   .000000E+00  -.140569E-03  -.804721E-03 

       322  -.148779E-02  -.196868E+00   .000000E+00  -.269894E-03  -.774745E-03 

       323  -.277466E-02  -.193781E+00   .000000E+00  -.279093E-03  -.138442E-02 

       324  -.255538E-02  -.189114E+00   .000000E+00  -.228483E-03  -.164012E-02 

       325  -.197771E-02  -.190061E+00   .000000E+00  -.214943E-03  -.215292E-02 

       326  -.152537E-02  -.186391E+00   .000000E+00  -.185652E-03  -.233951E-02 

       327  -.100455E-02  -.187702E+00   .000000E+00  -.165597E-03  -.274464E-02 

       328  -.476055E-03  -.184684E+00   .000000E+00  -.140891E-03  -.285378E-02 

       329   .122887E-03  -.186455E+00   .000000E+00  -.129501E-03  -.320425E-02 

       330   .620505E-03  -.184515E+00   .000000E+00  -.127453E-03  -.327342E-02 

       331   .121018E-02  -.187462E+00   .000000E+00  -.117300E-03  -.356480E-02 

       332   .194030E-02  -.185011E+00   .000000E+00  -.957899E-04  -.363574E-02 

       333   .273292E-02  -.187408E+00   .000000E+00  -.885004E-04  -.390278E-02 

       334   .370167E-02  -.185361E+00   .000000E+00  -.780658E-04  -.391767E-02 

       335   .477526E-02  -.188219E+00   .000000E+00  -.698620E-04  -.415507E-02 

       336   .620174E-02  -.186809E+00   .000000E+00  -.596834E-04  -.413971E-02 

       337   .783488E-02  -.190523E+00   .000000E+00  -.536207E-04  -.435815E-02 

       338   .108037E-01  -.189922E+00   .000000E+00  -.457569E-04  -.429463E-02 

       339   .138418E-01  -.195781E+00   .000000E+00  -.492145E-04  -.449672E-02 

       340   .197796E-01  -.203105E+00   .000000E+00  -.963535E-04  -.448514E-02 

       341   .262287E-01  -.225702E+00   .000000E+00  -.199703E-03  -.494681E-02 

  

      ========= 

0     REACTIONS 

      ========= 

 

0      NODE     X-REAC        Y-REAC        Z-REAC      XZ-MOMENT     YZ-MOMENT 

       ----     ------        ------        ------      ---------     --------- 

  

         1   .494950E+04   .000000E+00   .228898E+04   .000000E+00   .000000E+00 

         2   .000000E+00   .000000E+00   .518244E+03   .000000E+00   .000000E+00 

         3   .000000E+00   .000000E+00   .109358E+04   .000000E+00   .000000E+00 

         4   .000000E+00   .000000E+00  -.294571E+03   .000000E+00   .000000E+00 

         5   .000000E+00   .000000E+00   .505539E+03   .000000E+00   .000000E+00 

         6   .000000E+00   .000000E+00  -.124961E+03   .000000E+00   .000000E+00 

         7   .000000E+00   .000000E+00   .247327E+03   .000000E+00   .000000E+00 

         8   .000000E+00   .000000E+00  -.349877E+01   .000000E+00   .000000E+00 

         9   .000000E+00   .000000E+00   .109379E+03   .000000E+00   .000000E+00 

        10   .000000E+00   .000000E+00   .337263E+02   .000000E+00   .000000E+00 

        11   .000000E+00   .000000E+00   .596751E+02   .000000E+00   .000000E+00 

        12   .000000E+00   .000000E+00   .413711E+02   .000000E+00   .000000E+00 

        13   .000000E+00   .000000E+00   .286011E+02   .000000E+00   .000000E+00 

        14   .000000E+00   .000000E+00   .521599E+02   .000000E+00   .000000E+00 

        15   .000000E+00   .000000E+00  -.163914E+02   .000000E+00   .000000E+00 

        16   .000000E+00   .000000E+00   .926871E+02   .000000E+00   .000000E+00 

        17   .000000E+00   .000000E+00  -.121292E+03   .000000E+00   .000000E+00 

        18   .000000E+00   .000000E+00   .265735E+03   .000000E+00   .000000E+00 

        19   .000000E+00   .000000E+00  -.642354E+03   .000000E+00   .000000E+00 

        20   .000000E+00   .000000E+00   .101142E+04   .000000E+00   .000000E+00 

        21   .000000E+00   .000000E+00  -.375124E+03   .000000E+00   .000000E+00 

        22   .318210E+04   .000000E+00  -.354508E+04   .000000E+00  -.101881E+06 

        32  -.783722E+04   .000000E+00   .000000E+00   .447954E+05   .000000E+00 

        33   .204124E+04   .000000E+00   .832813E+03   .000000E+00  -.482063E+05 

        53  -.243845E+04   .000000E+00   .000000E+00   .383151E+05   .000000E+00 

        54   .508016E+04   .000000E+00  -.744900E+03   .000000E+00  -.135219E+05 

        64  -.534310E+04   .000000E+00   .000000E+00   .544570E+05   .000000E+00 

        65   .251536E+04   .000000E+00  -.444534E+03   .000000E+00  -.246410E+05 

        85  -.261597E+04   .000000E+00   .000000E+00   .368686E+05   .000000E+00 

        86   .511848E+04   .000000E+00  -.111993E+03   .000000E+00  -.247620E+05 

        96  -.503280E+04   .000000E+00   .000000E+00   .650813E+05   .000000E+00 

        97   .266626E+04   .000000E+00  -.165841E+03   .000000E+00  -.491591E+04 

       117  -.261788E+04   .000000E+00   .000000E+00   .344072E+05   .000000E+00 

       118   .544903E+04   .000000E+00  -.222734E+03   .000000E+00  -.808719E+04 

       128  -.534511E+04   .000000E+00   .000000E+00   .700388E+05   .000000E+00 

       129   .275445E+04   .000000E+00  -.125149E+03   .000000E+00  -.339757E+04 

       149  -.268525E+04   .000000E+00   .000000E+00   .356772E+05   .000000E+00 

       150   .553268E+04   .000000E+00  -.181387E+03   .000000E+00  -.272627E+04 

       160  -.537843E+04   .000000E+00   .000000E+00   .715861E+05   .000000E+00 

       161   .277634E+04   .000000E+00  -.112973E+03   .000000E+00   .358290E+02 

       181  -.269591E+04   .274040E-08   .000000E+00   .358869E+05   .000000E+00 

       182   .553287E+04   .000000E+00  -.181289E+03   .000000E+00   .282627E+04 

       192  -.538061E+04   .000000E+00   .000000E+00   .714760E+05   .000000E+00 

       193   .275443E+04   .000000E+00  -.125646E+03   .000000E+00   .342048E+04 

       213  -.268763E+04   .000000E+00   .000000E+00   .355710E+05   .000000E+00 

       214   .544517E+04   .000000E+00  -.223037E+03   .000000E+00   .799294E+04 

       224  -.535448E+04   .000000E+00   .000000E+00   .697569E+05   .000000E+00 

       225   .266156E+04   .000000E+00  -.167061E+03   .000000E+00   .479259E+04 

       245  -.262569E+04   .000000E+00   .000000E+00   .342477E+05   .000000E+00 

       246   .509351E+04   .000000E+00  -.116039E+03   .000000E+00   .243250E+05 

       256  -.505430E+04   .000000E+00   .000000E+00   .647842E+05   .000000E+00 

       257   .249156E+04   .000000E+00  -.448916E+03   .000000E+00   .243838E+05 

       277  -.262861E+04   .000000E+00   .000000E+00   .367652E+05   .000000E+00 

       278   .502448E+04   .000000E+00  -.755411E+03   .000000E+00   .131895E+05 

       288  -.535375E+04   .000000E+00   .000000E+00   .543622E+05   .000000E+00 

       289   .201986E+04   .000000E+00   .826681E+03   .000000E+00   .483418E+05 

       309  -.242916E+04   .000000E+00   .000000E+00   .383038E+05   .000000E+00 

       310   .320305E+04   .000000E+00  -.355334E+04   .000000E+00   .102570E+06 

       320  -.775747E+04   .000000E+00   .000000E+00   .447976E+05   .000000E+00 

       321   .496972E+04   .000000E+00   .229733E+04   .000000E+00   .000000E+00 

       322   .000000E+00   .000000E+00   .517441E+03   .000000E+00   .000000E+00 

       323   .000000E+00   .000000E+00   .109006E+04   .000000E+00   .000000E+00 

       324   .000000E+00   .000000E+00  -.305920E+03   .000000E+00   .000000E+00 

       325   .000000E+00   .000000E+00   .508660E+03   .000000E+00   .000000E+00 

       326   .000000E+00   .000000E+00  -.172154E+03   .000000E+00   .000000E+00 

       327   .000000E+00   .000000E+00   .273119E+03   .000000E+00   .000000E+00 

       328   .000000E+00   .000000E+00   .267151E+02   .000000E+00   .000000E+00 

       329   .000000E+00   .000000E+00   .310082E+03   .000000E+00   .000000E+00 

       330   .000000E+00   .000000E+00   .220894E+03   .000000E+00   .000000E+00 

       331   .000000E+00   .000000E+00  -.211371E+03   .000000E+00   .000000E+00 

       332   .000000E+00   .000000E+00  -.131139E+03   .000000E+00   .000000E+00 

       333   .000000E+00   .000000E+00   .819973E+02   .000000E+00   .000000E+00 

       334   .000000E+00   .000000E+00   .562727E+02   .000000E+00   .000000E+00 

       335   .000000E+00   .000000E+00  -.161290E+02   .000000E+00   .000000E+00 

       336   .000000E+00   .000000E+00   .100991E+03   .000000E+00   .000000E+00 

       337   .000000E+00   .000000E+00  -.120355E+03   .000000E+00   .000000E+00 

       338   .000000E+00   .000000E+00   .270109E+03   .000000E+00   .000000E+00 

       339   .000000E+00   .000000E+00  -.640629E+03   .000000E+00   .000000E+00 

       340   .000000E+00   .000000E+00   .101402E+04   .000000E+00   .000000E+00 

       341   .000000E+00   .000000E+00  -.374413E+03   .000000E+00   .000000E+00 

 iincs= 1   iiter= 2   kresl= 1 

 10:00:15 

 

 

 

 IN CONVER          ITERATION NUMBER  2 

 ************************************** 

  

0   DISPLACEMENTS   CONVERGENCE CODE =   1   NORM OF RESIDUAL SUM RATIO =   

.145681E+02 

    ROTATIONS       CONVERGENCE CODE =   1   NORM OF RESIDUAL SUM RATIO =   

.135235E+02 

 iincs= 1   iiter= 3   kresl= 1 

 10:00:25 

 

 

 

 IN CONVER          ITERATION NUMBER  3 

 ************************************** 

  

0   DISPLACEMENTS   CONVERGENCE CODE =   1   NORM OF RESIDUAL SUM RATIO =   

.412600E+00 

    ROTATIONS       CONVERGENCE CODE =   1   NORM OF RESIDUAL SUM RATIO =   

.489853E+00 

 iincs= 1   iiter= 4   kresl= 1 
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 10:00:44 

 

 

 

 IN CONVER          ITERATION NUMBER  4 

 ************************************** 

  

0   DISPLACEMENTS   CONVERGENCE CODE =   1   NORM OF RESIDUAL SUM RATIO =   

.390270E-01 

    ROTATIONS       CONVERGENCE CODE =   1   NORM OF RESIDUAL SUM RATIO =   

.636228E-01 

 iincs= 1   iiter= 5   kresl= 1 

 10:00:55 

 

 

 

 IN CONVER          ITERATION NUMBER  5 

 ************************************** 

  

0   DISPLACEMENTS   CONVERGENCE CODE =   0   NORM OF RESIDUAL SUM RATIO =   

.148969E-01 

    ROTATIONS       CONVERGENCE CODE =   1   NORM OF RESIDUAL SUM RATIO =   

.360190E-01 

 iincs= 1   iiter= 6   kresl= 1 

 10:01:05 

 

 

 

 IN CONVER          ITERATION NUMBER  6 

 ************************************** 

  

0   DISPLACEMENTS   CONVERGENCE CODE =   0   NORM OF RESIDUAL SUM RATIO =   

.960279E-03 

    ROTATIONS       CONVERGENCE CODE =   0   NORM OF RESIDUAL SUM RATIO =   

.254552E-02 

      ============= 

0     DISPLACEMENTS 

      ============= 

 

0      NODE    X-DISP        Y-DISP        Z-DISP        XZ-ROT        YZ-ROT 

       ----    ------        ------        ------        -------       ------- 

  

         1   .000000E+00   .208351E+00   .000000E+00  -.157428E-03   .811090E-03 

         2  -.135313E-02   .197581E+00   .000000E+00  -.298204E-03   .828801E-03 

         3  -.208067E-02   .194135E+00   .000000E+00  -.273888E-03   .153007E-02 

         4  -.166503E-02   .189645E+00   .000000E+00  -.229102E-03   .181355E-02 

         5  -.896980E-03   .190797E+00   .000000E+00  -.221483E-03   .236610E-02 

         6  -.244210E-03   .187401E+00   .000000E+00  -.191257E-03   .258167E-02 

         7   .398369E-03   .189140E+00   .000000E+00  -.182072E-03   .300850E-02 

         8   .101028E-02   .186490E+00   .000000E+00  -.157214E-03   .317176E-02 

         9   .157501E-02   .188760E+00   .000000E+00  -.147872E-03   .354594E-02 

        10   .213277E-02   .186491E+00   .000000E+00  -.132937E-03   .365926E-02 

        11   .270653E-02   .189031E+00   .000000E+00  -.122026E-03   .399090E-02 

        12   .331952E-02   .187032E+00   .000000E+00  -.109678E-03   .406333E-02 

        13   .400163E-02   .189826E+00   .000000E+00  -.979083E-04   .435791E-02 

        14   .479401E-02   .188107E+00   .000000E+00  -.868094E-04   .439072E-02 

        15   .570426E-02   .191221E+00   .000000E+00  -.774716E-04   .464899E-02 

        16   .697553E-02   .190021E+00   .000000E+00  -.660711E-04   .464818E-02 

        17   .846505E-02   .193896E+00   .000000E+00  -.607384E-04   .488071E-02 

        18   .113365E-01   .193389E+00   .000000E+00  -.528762E-04   .483213E-02 

        19   .143001E-01   .199304E+00   .000000E+00  -.603136E-04   .504989E-02 

        20   .206130E-01   .206808E+00   .000000E+00  -.843863E-04   .503655E-02 

        21   .271592E-01   .229894E+00   .000000E+00  -.187919E-03   .548059E-02 

        22   .000000E+00   .179295E+00   .000000E+00  -.942111E-03   .000000E+00 

        23   .890986E-03   .175347E+00   .816716E-01  -.812904E-03   .793332E-03 

        24   .666491E-03   .171383E+00   .146030E+00  -.655196E-03   .148269E-02 

        25   .993499E-03   .169605E+00   .198143E+00  -.534514E-03   .210655E-02 

        26   .145656E-02   .168905E+00   .240802E+00  -.441877E-03   .262525E-02 

        27   .200674E-02   .168935E+00   .276203E+00  -.365427E-03   .305804E-02 

        28   .262621E-02   .169530E+00   .305218E+00  -.295799E-03   .341166E-02 

        29   .326485E-02   .170811E+00   .328255E+00  -.229684E-03   .369254E-02 

        30   .370584E-02   .173210E+00   .345716E+00  -.169353E-03   .390044E-02 

        31   .284575E-02   .179291E+00   .358154E+00  -.111875E-03   .405660E-02 

        32   .000000E+00   .191741E+00   .365549E+00   .000000E+00   .406292E-02 

        33   .000000E+00   .155175E+00   .000000E+00  -.169037E-02   .000000E+00 

        34   .473490E-03   .155901E+00   .631969E-01  -.165812E-02   .303654E-03 

        35   .435647E-03   .153936E+00   .123903E+00  -.161811E-02   .426191E-03 

        36   .793877E-03   .153581E+00   .183861E+00  -.152022E-02   .715254E-03 

        37   .973247E-03   .152073E+00   .238790E+00  -.140410E-02   .934321E-03 

        38   .928027E-03   .151678E+00   .289828E+00  -.129772E-02   .121389E-02 

        39   .920240E-03   .150357E+00   .336463E+00  -.119113E-02   .142747E-02 

        40   .953238E-03   .150388E+00   .379597E+00  -.109237E-02   .169149E-02 

        41   .101626E-02   .149491E+00   .418863E+00  -.996593E-03   .188432E-02 

        42   .104627E-02   .149902E+00   .454884E+00  -.910997E-03   .211635E-02 

        43   .108411E-02   .149353E+00   .487585E+00  -.827673E-03   .227424E-02 

        44   .111722E-02   .150079E+00   .517273E+00  -.746020E-03   .247319E-02 

        45   .110796E-02   .149861E+00   .543874E+00  -.666695E-03   .259630E-02 

        46   .104141E-02   .150945E+00   .567596E+00  -.589733E-03   .275981E-02 

        47   .865467E-03   .151161E+00   .588380E+00  -.513553E-03   .284660E-02 

        48   .536298E-03   .152833E+00   .606330E+00  -.438834E-03   .297519E-02 

        49  -.263990E-04   .153810E+00   .621437E+00  -.363139E-03   .302435E-02 

        50  -.457458E-03   .156220E+00   .633718E+00  -.287342E-03   .310346E-02 

        51  -.103329E-02   .157899E+00   .642969E+00  -.205011E-03   .309620E-02 

        52  -.789156E-03   .161311E+00   .647716E+00  -.119253E-03   .318697E-02 

        53   .000000E+00   .159958E+00   .648436E+00   .000000E+00   .314846E-02 

        54   .000000E+00   .134944E+00   .000000E+00  -.193762E-02   .000000E+00 

        55   .534203E-03   .134422E+00   .156537E+00  -.187011E-02   .315201E-03 

        56   .679587E-03   .133199E+00   .303315E+00  -.171264E-02   .678867E-03 

        57   .649743E-03   .132023E+00   .435239E+00  -.151420E-02   .104192E-02 

        58   .486207E-03   .131300E+00   .549913E+00  -.130108E-02   .139596E-02 

        59   .285136E-03   .131168E+00   .647096E+00  -.108888E-02   .171490E-02 

        60   .661659E-05   .131655E+00   .727100E+00  -.879755E-03   .198408E-02 

        61  -.403237E-03   .132884E+00   .790137E+00  -.670724E-03   .219542E-02 

        62  -.833897E-03   .134964E+00   .836100E+00  -.456527E-03   .234208E-02 

        63  -.874428E-03   .137282E+00   .864099E+00  -.227373E-03   .242279E-02 

        64   .000000E+00   .138167E+00   .874348E+00   .000000E+00   .245406E-02 

        65   .000000E+00   .115464E+00   .000000E+00  -.229464E-02   .000000E+00 

        66   .837099E-04   .115109E+00   .901625E-01  -.228190E-02   .102405E-03 

        67   .261999E-03   .115126E+00   .179134E+00  -.223402E-02   .252190E-03 

        68   .315338E-03   .114604E+00   .265712E+00  -.216980E-02   .365175E-03 

        69   .349693E-03   .114326E+00   .349956E+00  -.208912E-02   .501418E-03 

        70   .313522E-03   .113792E+00   .430356E+00  -.199110E-02   .628360E-03 

        71   .215766E-03   .113546E+00   .506746E+00  -.188137E-02   .771741E-03 

        72   .121720E-03   .113123E+00   .578761E+00  -.176443E-02   .897780E-03 

        73  -.504484E-05   .113058E+00   .646013E+00  -.164205E-02   .103567E-02 

        74  -.143514E-03   .112828E+00   .708472E+00  -.151610E-02   .115458E-02 

        75  -.297250E-03   .112988E+00   .765797E+00  -.138789E-02   .128103E-02 

        76  -.451548E-03   .113003E+00   .818118E+00  -.125731E-02   .138518E-02 

        77  -.606902E-03   .113422E+00   .865150E+00  -.112508E-02   .149397E-02 

        78  -.751903E-03   .113700E+00   .907029E+00  -.991444E-03   .157786E-02 

        79  -.862988E-03   .114373E+00   .943490E+00  -.856068E-03   .166434E-02 

        80  -.965766E-03   .114898E+00   .974629E+00  -.718906E-03   .172544E-02 

        81  -.933993E-03   .115717E+00   .100015E+01  -.579439E-03   .178830E-02 

        82  -.923561E-03   .116421E+00   .102045E+01  -.443377E-03   .182516E-02 

        83  -.720402E-03   .117250E+00   .103501E+01  -.305531E-03   .186466E-02 

        84  -.329640E-03   .117288E+00   .104353E+01  -.149858E-03   .186251E-02 

        85   .000000E+00   .117976E+00   .104625E+01   .000000E+00   .187728E-02 

        86   .000000E+00   .958253E-01   .000000E+00  -.243746E-02   .000000E+00 

        87   .441428E-04   .956238E-01   .195498E+00  -.238959E-02   .182553E-03 

        88   .680519E-05   .951856E-01   .383827E+00  -.226683E-02   .364188E-03 

        89  -.154893E-03   .947117E-01   .559065E+00  -.207167E-02   .557199E-03 

        90  -.402545E-03   .943993E-01   .716560E+00  -.183264E-02   .750897E-03 

        91  -.673753E-03   .943839E-01   .853437E+00  -.156327E-02   .934235E-03 

        92  -.909997E-03   .947245E-01   .967757E+00  -.127411E-02   .109636E-02 

        93  -.103665E-02   .954046E-01   .105818E+01  -.970526E-03   .122860E-02 

        94  -.963068E-03   .962953E-01   .112372E+01  -.655227E-03   .132478E-02 

        95  -.575059E-03   .971053E-01   .116340E+01  -.326766E-03   .138123E-02 

        96   .000000E+00   .974754E-01   .117660E+01   .000000E+00   .140652E-02 

        97   .000000E+00   .764105E-01   .000000E+00  -.261947E-02   .000000E+00 

        98  -.355099E-04   .764395E-01   .104091E+00  -.260799E-02   .662521E-04 

        99  -.108338E-03   .763104E-01   .207450E+00  -.257926E-02   .123194E-03 

       100  -.167895E-03   .762412E-01   .309170E+00  -.252496E-02   .192748E-03 

       101  -.249806E-03   .760724E-01   .408323E+00  -.245097E-02   .258100E-03 

       102  -.345639E-03   .759638E-01   .504321E+00  -.236294E-02   .326757E-03 

       103  -.448999E-03   .757994E-01   .596488E+00  -.225925E-02   .393006E-03 

       104  -.565577E-03   .757236E-01   .684268E+00  -.214178E-02   .463677E-03 

       105  -.682581E-03   .756204E-01   .767144E+00  -.201244E-02   .530769E-03 

       106  -.800202E-03   .756325E-01   .844701E+00  -.187437E-02   .599522E-03 

       107  -.905433E-03   .756331E-01   .916554E+00  -.172749E-02   .662795E-03 

       108  -.995714E-03   .757612E-01   .982445E+00  -.157389E-02   .725718E-03 

       109  -.105746E-02   .758791E-01   .104204E+01  -.141395E-02   .781094E-03 

       110  -.108862E-02   .761206E-01   .109520E+01  -.124903E-02   .834346E-03 

       111  -.107809E-02   .763359E-01   .114164E+01  -.107950E-02   .878500E-03 

       112  -.100637E-02   .766378E-01   .118125E+01  -.905877E-03   .919334E-03 

       113  -.898215E-03   .768847E-01   .121383E+01  -.728911E-03   .950237E-03 

       114  -.718870E-03   .771575E-01   .123936E+01  -.550779E-03   .978351E-03 

       115  -.511583E-03   .773129E-01   .125759E+01  -.370427E-03   .995925E-03 

       116  -.282364E-03   .775367E-01   .126860E+01  -.185912E-03   .100785E-02 

       117   .000000E+00   .774791E-01   .127224E+01   .000000E+00   .100529E-02 

       118   .000000E+00   .572496E-01   .000000E+00  -.270048E-02   .000000E+00 

       119  -.200463E-03   .572000E-01   .215947E+00  -.266166E-02   .863808E-04 

       120  -.417750E-03   .570629E-01   .425541E+00  -.254295E-02   .175780E-03 
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       121  -.646956E-03   .569083E-01   .622743E+00  -.235648E-02   .268561E-03 

       122  -.868032E-03   .568129E-01   .802541E+00  -.211247E-02   .361536E-03 

       123  -.104295E-02   .568357E-01   .960779E+00  -.182226E-02   .451418E-03 

       124  -.112527E-02   .570008E-01   .109422E+01  -.149677E-02   .532791E-03 

       125  -.106889E-02   .572838E-01   .120039E+01  -.114465E-02   .600744E-03 

       126  -.847436E-03   .576096E-01   .127751E+01  -.773736E-03   .651796E-03 

       127  -.475195E-03   .578705E-01   .132429E+01  -.388811E-03   .682476E-03 

       128   .000000E+00   .579609E-01   .133995E+01   .000000E+00   .693837E-03 

       129   .000000E+00   .381767E-01   .000000E+00  -.278445E-02   .000000E+00 

       130  -.135864E-03   .381562E-01   .111184E+00  -.277477E-02   .262517E-04 

       131  -.261899E-03   .381477E-01   .221550E+00  -.274452E-02   .544656E-04 

       132  -.394790E-03   .381032E-01   .330316E+00  -.269558E-02   .811731E-04 

       133  -.521961E-03   .380706E-01   .436799E+00  -.262840E-02   .109593E-03 

       134  -.648640E-03   .380189E-01   .540209E+00  -.254296E-02   .137459E-03 

       135  -.769163E-03   .379853E-01   .639912E+00  -.244138E-02   .166392E-03 

       136  -.880571E-03   .379469E-01   .735242E+00  -.232481E-02   .194885E-03 

       137  -.978589E-03   .379354E-01   .825649E+00  -.219437E-02   .223979E-03 

       138  -.105962E-02   .379277E-01   .910606E+00  -.205192E-02   .251721E-03 

       139  -.111830E-02   .379528E-01   .989629E+00  -.189824E-02   .279390E-03 

       140  -.115051E-02   .379849E-01   .106233E+01  -.173490E-02   .305030E-03 

       141  -.115237E-02   .380494E-01   .112829E+01  -.156278E-02   .329887E-03 

       142  -.112055E-02   .381173E-01   .118725E+01  -.138340E-02   .351944E-03 

       143  -.105277E-02   .382095E-01   .123886E+01  -.119748E-02   .372523E-03 

       144  -.950577E-03   .382962E-01   .128296E+01  -.100615E-02   .389477E-03 

       145  -.810621E-03   .383934E-01   .131927E+01  -.810307E-03   .404340E-03 

       146  -.641226E-03   .384685E-01   .134771E+01  -.611577E-03   .415728E-03 

       147  -.444183E-03   .385468E-01   .136808E+01  -.410127E-03   .424811E-03 

       148  -.221208E-03   .385665E-01   .138038E+01  -.205394E-03   .428560E-03 

       149   .000000E+00   .386053E-01   .138445E+01   .000000E+00   .430614E-03 

       150   .000000E+00   .191184E-01   .000000E+00  -.281390E-02   .000000E+00 

       151  -.296288E-03   .191031E-01   .224703E+00  -.277403E-02   .263239E-04 

       152  -.579575E-03   .190679E-01   .443184E+00  -.265943E-02   .523106E-04 

       153  -.834281E-03   .190276E-01   .649612E+00  -.247516E-02   .790262E-04 

       154  -.103631E-02   .190017E-01   .838709E+00  -.222947E-02   .105948E-03 

       155  -.115611E-02   .190056E-01   .100593E+01  -.193199E-02   .131942E-03 

       156  -.116514E-02   .190453E-01   .114754E+01  -.159288E-02   .155627E-03 

       157  -.104386E-02   .191140E-01   .126061E+01  -.122162E-02   .175599E-03 

       158  -.790288E-03   .191931E-01   .134290E+01  -.826926E-03   .190796E-03 

       159  -.426088E-03   .192566E-01   .139288E+01  -.416889E-03   .200255E-03 

       160   .000000E+00   .192839E-01   .140964E+01   .000000E+00   .203659E-03 

       161   .000000E+00   .780914E-04   .000000E+00  -.283166E-02   .000000E+00 

       162  -.152745E-03   .775537E-04   .113243E+00  -.282265E-02  -.310504E-06 

       163  -.307554E-03   .759399E-04   .225712E+00  -.279460E-02  -.592789E-06 

       164  -.455545E-03   .732953E-04   .336617E+00  -.274644E-02  -.479173E-06 

       165  -.598585E-03   .697059E-04   .445201E+00  -.268007E-02  -.290939E-06 

       166  -.733271E-03   .651075E-04   .550789E+00  -.259554E-02  -.531719E-06 

       167  -.855511E-03   .598660E-04   .652667E+00  -.249436E-02  -.946565E-06 

       168  -.964587E-03   .537935E-04   .750189E+00  -.237779E-02  -.142468E-05 

       169  -.105447E-02   .474709E-04   .842768E+00  -.224688E-02  -.199780E-05 

       170  -.112352E-02   .409361E-04   .929861E+00  -.210325E-02  -.261215E-05 

       171  -.116741E-02   .344657E-04   .101096E+01  -.194774E-02  -.323268E-05 

       172  -.118323E-02   .282014E-04   .108563E+01  -.178189E-02  -.378515E-05 

       173  -.116793E-02   .221704E-04   .115346E+01  -.160657E-02  -.428354E-05 

       174  -.111984E-02   .169834E-04   .121412E+01  -.142319E-02  -.477605E-05 

       175  -.103939E-02   .123090E-04   .126727E+01  -.123263E-02  -.519492E-05 

       176  -.924578E-03   .848679E-05   .131270E+01  -.103629E-02  -.556039E-05 

       177  -.781918E-03   .537250E-05   .135013E+01  -.834973E-03  -.586263E-05 

       178  -.610904E-03   .297782E-05   .137946E+01  -.629954E-03  -.609213E-05 

       179  -.419849E-03   .131636E-05   .140046E+01  -.422015E-03  -.625611E-05 

       180  -.216520E-03   .310600E-06   .141314E+01  -.211531E-03  -.635768E-05 

       181   .000000E+00   .000000E+00   .141735E+01   .000000E+00  -.639165E-05 

       182   .000000E+00  -.189602E-01   .000000E+00  -.281565E-02   .000000E+00 

       183  -.297013E-03  -.189492E-01   .224700E+00  -.277455E-02  -.249099E-04 

       184  -.581045E-03  -.189268E-01   .443167E+00  -.265828E-02  -.523322E-04 

       185  -.836094E-03  -.189068E-01   .649464E+00  -.247322E-02  -.808238E-04 

       186  -.103806E-02  -.189065E-01   .838386E+00  -.222731E-02  -.109878E-03 

       187  -.115702E-02  -.189373E-01   .100542E+01  -.192981E-02  -.138061E-03 

       188  -.116465E-02  -.190021E-01   .114686E+01  -.159086E-02  -.163989E-03 

       189  -.104233E-02  -.190908E-01   .125978E+01  -.122005E-02  -.185770E-03 

       190  -.788455E-03  -.191837E-01   .134196E+01  -.825875E-03  -.202265E-03 

       191  -.424865E-03  -.192551E-01   .139188E+01  -.416371E-03  -.212490E-03 

       192   .000000E+00  -.192849E-01   .140862E+01   .000000E+00  -.216137E-03 

       193   .000000E+00  -.380128E-01   .000000E+00  -.278155E-02   .000000E+00 

       194  -.136656E-03  -.379933E-01   .111315E+00  -.277188E-02  -.239224E-04 

       195  -.263519E-03  -.379880E-01   .221818E+00  -.274198E-02  -.501617E-04 

       196  -.396636E-03  -.379491E-01   .330453E+00  -.269290E-02  -.782457E-04 

       197  -.524149E-03  -.379242E-01   .436811E+00  -.262515E-02  -.108963E-03 

       198  -.651026E-03  -.378824E-01   .540084E+00  -.253939E-02  -.137697E-03 

       199  -.772051E-03  -.378609E-01   .639641E+00  -.243741E-02  -.167393E-03 

       200  -.883109E-03  -.378354E-01   .734806E+00  -.232018E-02  -.196971E-03 

       201  -.981002E-03  -.378389E-01   .825035E+00  -.218925E-02  -.227076E-03 

       202  -.106250E-02  -.378465E-01   .909812E+00  -.204677E-02  -.256065E-03 

       203  -.111892E-02  -.378871E-01   .988654E+00  -.189305E-02  -.285002E-03 

       204  -.114949E-02  -.379337E-01   .106117E+01  -.173014E-02  -.311729E-03 

       205  -.115045E-02  -.380104E-01   .112695E+01  -.155864E-02  -.337729E-03 

       206  -.111712E-02  -.380897E-01   .118576E+01  -.137972E-02  -.360641E-03 

       207  -.104851E-02  -.381911E-01   .123724E+01  -.119432E-02  -.382028E-03 

       208  -.945823E-03  -.382853E-01   .128122E+01  -.100354E-02  -.399657E-03 

       209  -.805857E-03  -.383882E-01   .131744E+01  -.808268E-03  -.415045E-03 

       210  -.637060E-03  -.384673E-01   .134581E+01  -.610070E-03  -.426816E-03 

       211  -.441064E-03  -.385484E-01   .136613E+01  -.409142E-03  -.436146E-03 

       212  -.219589E-03  -.385697E-01   .137840E+01  -.204904E-03  -.440046E-03 

       213   .000000E+00  -.386089E-01   .138246E+01   .000000E+00  -.442141E-03 

       214   .000000E+00  -.570770E-01   .000000E+00  -.269156E-02   .000000E+00 

       215  -.200996E-03  -.570313E-01   .216409E+00  -.265528E-02  -.867638E-04 

       216  -.418180E-03  -.569072E-01   .425606E+00  -.253848E-02  -.174774E-03 

       217  -.648819E-03  -.567762E-01   .622417E+00  -.235117E-02  -.268576E-03 

       218  -.869917E-03  -.567135E-01   .801734E+00  -.210625E-02  -.363301E-03 

       219  -.104179E-02  -.567750E-01   .959393E+00  -.181565E-02  -.455696E-03 

       220  -.111937E-02  -.569706E-01   .109230E+01  -.149070E-02  -.539382E-03 

       221  -.105884E-02  -.572743E-01   .119804E+01  -.114014E-02  -.609129E-03 

       222  -.837189E-03  -.576109E-01   .127486E+01  -.770959E-03  -.661105E-03 

       223  -.468933E-03  -.578762E-01   .132148E+01  -.387521E-03  -.692198E-03 

       224   .000000E+00  -.579678E-01   .133709E+01   .000000E+00  -.703682E-03 

       225   .000000E+00  -.762282E-01   .000000E+00  -.262628E-02   .000000E+00 

       226  -.332353E-04  -.762578E-01   .104261E+00  -.261264E-02  -.680533E-04 

       227  -.104325E-03  -.761310E-01   .207752E+00  -.258114E-02  -.124760E-03 

       228  -.162316E-03  -.760649E-01   .309445E+00  -.252437E-02  -.192747E-03 

       229  -.243540E-03  -.759026E-01   .408522E+00  -.244787E-02  -.256223E-03 

       230  -.341453E-03  -.758047E-01   .504339E+00  -.235774E-02  -.323870E-03 

       231  -.445617E-03  -.756532E-01   .596274E+00  -.225207E-02  -.390088E-03 

       232  -.564767E-03  -.756003E-01   .683748E+00  -.213273E-02  -.461805E-03 

       233  -.681045E-03  -.755175E-01   .766271E+00  -.200132E-02  -.530901E-03 

       234  -.792455E-03  -.755551E-01   .843441E+00  -.186233E-02  -.600692E-03 

       235  -.899591E-03  -.755795E-01   .914887E+00  -.171591E-02  -.665143E-03 

       236  -.987357E-03  -.757262E-01   .980390E+00  -.156388E-02  -.730111E-03 

       237  -.104277E-02  -.758653E-01   .103962E+01  -.140558E-02  -.786755E-03 

       238  -.107082E-02  -.761168E-01   .109249E+01  -.124195E-02  -.840736E-03 

       239  -.105691E-02  -.763399E-01   .113867E+01  -.107387E-02  -.885044E-03 

       240  -.985458E-03  -.766457E-01   .117809E+01  -.901481E-03  -.926282E-03 

       241  -.879546E-03  -.768936E-01   .121052E+01  -.725651E-03  -.957383E-03 

       242  -.703357E-03  -.771672E-01   .123594E+01  -.548487E-03  -.985568E-03 

       243  -.500486E-03  -.773221E-01   .125410E+01  -.368956E-03  -.100318E-02 

       244  -.276480E-03  -.775457E-01   .126507E+01  -.185204E-03  -.101506E-02 

       245   .000000E+00  -.774877E-01   .126869E+01   .000000E+00  -.101247E-02 

       246   .000000E+00  -.956357E-01   .000000E+00  -.244183E-02   .000000E+00 

       247   .570293E-04  -.954327E-01   .195843E+00  -.239254E-02  -.179926E-03 

       248   .257682E-04  -.949977E-01   .384280E+00  -.226546E-02  -.359378E-03 

       249  -.137141E-03  -.945468E-01   .559189E+00  -.206452E-02  -.551736E-03 

       250  -.391728E-03  -.942916E-01   .715829E+00  -.182119E-02  -.747023E-03 

       251  -.657319E-03  -.943422E-01   .851625E+00  -.155112E-02  -.935187E-03 

       252  -.876919E-03  -.947318E-01   .964980E+00  -.126411E-02  -.109991E-02 

       253  -.999828E-03  -.954259E-01   .105475E+01  -.964512E-03  -.123330E-02 

       254  -.931386E-03  -.963127E-01   .111994E+01  -.652248E-03  -.132891E-02 

       255  -.557566E-03  -.971150E-01   .115946E+01  -.325645E-03  -.138470E-02 

       256   .000000E+00  -.974818E-01   .117262E+01   .000000E+00  -.140981E-02 

       257   .000000E+00  -.115276E+00   .000000E+00  -.230332E-02   .000000E+00 

       258   .971156E-04  -.114919E+00   .904763E-01  -.229012E-02  -.100645E-03 

       259   .287999E-03  -.114930E+00   .179734E+00  -.224094E-02  -.249100E-03 

       260   .351754E-03  -.114400E+00   .266545E+00  -.217494E-02  -.359781E-03 

       261   .392759E-03  -.114114E+00   .350910E+00  -.209130E-02  -.493869E-03 

       262   .357212E-03  -.113580E+00   .431296E+00  -.198864E-02  -.619231E-03 

       263   .251141E-03  -.113348E+00   .507458E+00  -.187280E-02  -.760716E-03 

       264   .164345E-03  -.112936E+00   .579056E+00  -.174787E-02  -.889634E-03 

       265   .366182E-04  -.112928E+00   .645713E+00  -.162091E-02  -.102931E-02 

       266  -.118138E-03  -.112758E+00   .707459E+00  -.149463E-02  -.114945E-02 

       267  -.246762E-03  -.112981E+00   .764084E+00  -.136497E-02  -.127664E-02 

       268  -.393139E-03  -.113046E+00   .815684E+00  -.123850E-02  -.138425E-02 

       269  -.556461E-03  -.113461E+00   .862128E+00  -.111277E-02  -.149817E-02 

       270  -.690627E-03  -.113747E+00   .903609E+00  -.983060E-03  -.158038E-02 

       271  -.800295E-03  -.114418E+00   .939804E+00  -.850781E-03  -.166553E-02 

       272  -.910735E-03  -.114930E+00   .970784E+00  -.715561E-03  -.172572E-02 

       273  -.889173E-03  -.115737E+00   .996211E+00  -.577419E-03  -.178782E-02 

       274  -.888952E-03  -.116431E+00   .101645E+01  -.442172E-03  -.182415E-02 

       275  -.697522E-03  -.117254E+00   .103098E+01  -.304819E-03  -.186317E-02 

       276  -.318468E-03  -.117287E+00   .103948E+01  -.149540E-03  -.186076E-02 

       277   .000000E+00  -.117973E+00   .104220E+01   .000000E+00  -.187535E-02 

       278   .000000E+00  -.134771E+00   .000000E+00  -.194776E-02   .000000E+00 

       279   .566213E-03  -.134236E+00   .157382E+00  -.187963E-02  -.313002E-03 

       280   .750057E-03  -.132972E+00   .304850E+00  -.171848E-02  -.673322E-03 

       281   .753117E-03  -.131738E+00   .437006E+00  -.151193E-02  -.103075E-02 

       282   .566612E-03  -.131090E+00   .550658E+00  -.128035E-02  -.137981E-02 



Appendix C      C-21 

Experimental and theoretical studies of normal and high strength concrete wall panels 

       283   .381109E-03  -.131261E+00   .645354E+00  -.106615E-02  -.171339E-02 

       284   .125999E-03  -.131775E+00   .724018E+00  -.869967E-03  -.197910E-02 

       285  -.325356E-03  -.132936E+00   .786601E+00  -.667633E-03  -.218997E-02 

       286  -.788669E-03  -.134976E+00   .832445E+00  -.455950E-03  -.233537E-02 

       287  -.853136E-03  -.137269E+00   .860432E+00  -.227545E-03  -.241525E-02 

       288   .000000E+00  -.138148E+00   .870692E+00   .000000E+00  -.244633E-02 

       289   .000000E+00  -.155022E+00   .000000E+00  -.170252E-02   .000000E+00 

       290   .478877E-03  -.155745E+00   .636470E-01  -.167017E-02  -.304510E-03 

       291   .448958E-03  -.153766E+00   .124806E+00  -.163010E-02  -.427275E-03 

       292   .816683E-03  -.153390E+00   .185212E+00  -.153206E-02  -.716252E-03 

       293   .101312E-02  -.151855E+00   .240568E+00  -.141545E-02  -.934349E-03 

       294   .100754E-02  -.151399E+00   .291965E+00  -.130574E-02  -.121405E-02 

       295   .104322E-02  -.150016E+00   .338860E+00  -.119532E-02  -.142895E-02 

       296   .117320E-02  -.150001E+00   .382346E+00  -.108443E-02  -.168097E-02 

       297   .134380E-02  -.149039E+00   .421248E+00  -.962553E-03  -.187839E-02 

       298   .141582E-02  -.149883E+00   .455544E+00  -.857364E-03  -.209477E-02 

       299   .141520E-02  -.149721E+00   .486339E+00  -.783058E-03  -.224134E-02 

       300   .132467E-02  -.150296E+00   .515184E+00  -.723522E-03  -.245804E-02 

       301   .120434E-02  -.149984E+00   .541454E+00  -.657043E-03  -.258195E-02 

       302   .110306E-02  -.151024E+00   .564915E+00  -.584403E-03  -.274728E-02 

       303   .902646E-03  -.151207E+00   .585588E+00  -.511031E-03  -.283298E-02 

       304   .559730E-03  -.152850E+00   .603476E+00  -.437841E-03  -.296206E-02 

       305  -.102616E-04  -.153806E+00   .618572E+00  -.363039E-03  -.301136E-02 

       306  -.447868E-03  -.156204E+00   .630880E+00  -.287471E-03  -.308996E-02 

       307  -.102353E-02  -.157868E+00   .640162E+00  -.205089E-03  -.308277E-02 

       308  -.783300E-03  -.161272E+00   .644917E+00  -.119362E-03  -.317334E-02 

       309   .000000E+00  -.159913E+00   .645627E+00   .000000E+00  -.313515E-02 

       310   .000000E+00  -.179151E+00   .000000E+00  -.948570E-03   .000000E+00 

       311   .852076E-03  -.175184E+00   .822736E-01  -.819756E-03  -.799128E-03 

       312   .603154E-03  -.171145E+00   .147248E+00  -.661417E-03  -.149550E-02 

       313   .902499E-03  -.169208E+00   .200047E+00  -.539929E-03  -.212273E-02 

       314   .137509E-02  -.167965E+00   .242260E+00  -.427389E-03  -.267002E-02 

       315   .181915E-02  -.169297E+00   .276230E+00  -.351997E-03  -.303614E-02 

       316   .253083E-02  -.169675E+00   .304003E+00  -.289243E-03  -.339329E-02 

       317   .319736E-02  -.170844E+00   .326720E+00  -.228014E-03  -.367443E-02 

       318   .365541E-02  -.173195E+00   .344153E+00  -.169530E-03  -.388167E-02 

       319   .281505E-02  -.179253E+00   .356594E+00  -.112578E-03  -.403859E-02 

       320   .000000E+00  -.191674E+00   .364051E+00   .000000E+00  -.404462E-02 

       321   .000000E+00  -.208195E+00   .000000E+00  -.159495E-03  -.812771E-03 

       322  -.139490E-02  -.197416E+00   .000000E+00  -.300546E-03  -.833397E-03 

       323  -.216555E-02  -.193955E+00   .000000E+00  -.275998E-03  -.153900E-02 

       324  -.180992E-02  -.189443E+00   .000000E+00  -.231507E-03  -.182565E-02 

       325  -.110729E-02  -.190554E+00   .000000E+00  -.223795E-03  -.238303E-02 

       326  -.528068E-03  -.187045E+00   .000000E+00  -.193462E-03  -.260552E-02 

       327   .823881E-04  -.188576E+00   .000000E+00  -.174608E-03  -.304681E-02 

       328   .627798E-03  -.185828E+00   .000000E+00  -.151494E-03  -.318507E-02 

       329   .118136E-02  -.187872E+00   .000000E+00  -.145218E-03  -.356200E-02 

       330   .174057E-02  -.186183E+00   .000000E+00  -.136072E-03  -.366119E-02 

       331   .241168E-02  -.189377E+00   .000000E+00  -.115324E-03  -.398266E-02 

       332   .302909E-02  -.187305E+00   .000000E+00  -.997438E-04  -.406034E-02 

       333   .371204E-02  -.190003E+00   .000000E+00  -.943310E-04  -.434226E-02 

       334   .456467E-02  -.188195E+00   .000000E+00  -.852876E-04  -.437414E-02 

       335   .552279E-02  -.191254E+00   .000000E+00  -.765650E-04  -.462887E-02 

       336   .683770E-02  -.190017E+00   .000000E+00  -.659917E-04  -.462854E-02 

       337   .836244E-02  -.193869E+00   .000000E+00  -.607788E-04  -.486062E-02 

       338   .112759E-01  -.193355E+00   .000000E+00  -.512808E-04  -.481210E-02 

       339   .142638E-01  -.199288E+00   .000000E+00  -.575964E-04  -.502652E-02 

       340   .205594E-01  -.206739E+00   .000000E+00  -.838126E-04  -.501690E-02 

       341   .270978E-01  -.229797E+00   .000000E+00  -.188888E-03  -.546185E-02 

  

      ========= 

0     REACTIONS 

      ========= 

 

0      NODE     X-REAC        Y-REAC        Z-REAC      XZ-MOMENT     YZ-MOMENT 

       ----     ------        ------        ------      ---------     --------- 

  

         1   .494290E+04   .000000E+00   .262460E+04   .000000E+00   .000000E+00 

         2   .000000E+00   .000000E+00   .216741E+03   .000000E+00   .000000E+00 

         3   .000000E+00   .000000E+00   .123624E+04   .000000E+00   .000000E+00 

         4   .000000E+00   .000000E+00  -.409761E+03   .000000E+00   .000000E+00 

         5   .000000E+00   .000000E+00   .594600E+03   .000000E+00   .000000E+00 

         6   .000000E+00   .000000E+00  -.209051E+03   .000000E+00   .000000E+00 

         7   .000000E+00   .000000E+00   .304094E+03   .000000E+00   .000000E+00 

         8   .000000E+00   .000000E+00  -.573672E+01   .000000E+00   .000000E+00 

         9   .000000E+00   .000000E+00   .124412E+03   .000000E+00   .000000E+00 

        10   .000000E+00   .000000E+00   .470063E+02   .000000E+00   .000000E+00 

        11   .000000E+00   .000000E+00   .609315E+02   .000000E+00   .000000E+00 

        12   .000000E+00   .000000E+00   .529582E+02   .000000E+00   .000000E+00 

        13   .000000E+00   .000000E+00   .301718E+02   .000000E+00   .000000E+00 

        14   .000000E+00   .000000E+00   .568186E+02   .000000E+00   .000000E+00 

        15   .000000E+00   .000000E+00  -.167281E+02   .000000E+00   .000000E+00 

        16   .000000E+00   .000000E+00   .114461E+03   .000000E+00   .000000E+00 

        17   .000000E+00   .000000E+00  -.157996E+03   .000000E+00   .000000E+00 

        18   .000000E+00   .000000E+00   .344948E+03   .000000E+00   .000000E+00 

        19   .000000E+00   .000000E+00  -.694939E+03   .000000E+00   .000000E+00 

        20   .000000E+00   .000000E+00   .923541E+03   .000000E+00   .000000E+00 

        21   .000000E+00   .000000E+00  -.265571E+03   .000000E+00   .000000E+00 

        22   .321650E+04   .000000E+00  -.366483E+04   .000000E+00  -.115344E+06 

        32  -.805028E+04   .000000E+00   .000000E+00   .501456E+05   .000000E+00 

        33   .205637E+04   .000000E+00   .958986E+03   .000000E+00  -.545123E+05 

        53  -.243509E+04   .000000E+00   .000000E+00   .405831E+05   .000000E+00 

        54   .494239E+04   .000000E+00  -.789236E+03   .000000E+00  -.192221E+05 

        64  -.520585E+04   .000000E+00   .000000E+00   .627667E+05   .000000E+00 

        65   .240232E+04   .000000E+00  -.496545E+03   .000000E+00  -.297258E+05 

        85  -.249867E+04   .000000E+00   .000000E+00   .424990E+05   .000000E+00 

        86   .486587E+04   .000000E+00  -.114800E+03   .000000E+00  -.315032E+05 

        96  -.474121E+04   .000000E+00   .000000E+00   .770645E+05   .000000E+00 

        97   .251859E+04   .000000E+00  -.191175E+03   .000000E+00  -.727739E+04 

       117  -.244733E+04   .000000E+00   .000000E+00   .410485E+05   .000000E+00 

       118   .512404E+04   .000000E+00  -.251311E+03   .000000E+00  -.116880E+05 

       128  -.497856E+04   .000000E+00   .000000E+00   .840536E+05   .000000E+00 

       129   .257944E+04   .000000E+00  -.142354E+03   .000000E+00  -.475016E+04 

       149  -.249096E+04   .000000E+00   .000000E+00   .430603E+05   .000000E+00 

       150   .517182E+04   .000000E+00  -.214600E+03   .000000E+00  -.396020E+04 

       160  -.498318E+04   .000000E+00   .000000E+00   .865788E+05   .000000E+00 

       161   .259224E+04   .000000E+00  -.117383E+03   .000000E+00  -.320289E+02 

       181  -.249568E+04  -.208374E-10   .000000E+00   .434832E+05   .000000E+00 

       182   .517185E+04   .000000E+00  -.230057E+03   .000000E+00   .393805E+04 

       192  -.498566E+04   .000000E+00   .000000E+00   .864612E+05   .000000E+00 

       193   .257919E+04   .000000E+00  -.147426E+03   .000000E+00   .484737E+04 

       213  -.249366E+04   .000000E+00   .000000E+00   .429445E+05   .000000E+00 

       214   .511958E+04   .000000E+00  -.204628E+03   .000000E+00   .120345E+05 

       224  -.498909E+04   .000000E+00   .000000E+00   .837362E+05   .000000E+00 

       225   .251352E+04   .000000E+00  -.232623E+03   .000000E+00   .721739E+04 
       245  -.245585E+04   .000000E+00   .000000E+00   .408620E+05   .000000E+00 

       246   .484158E+04   .000000E+00  -.110507E+03   .000000E+00   .309504E+05 

       256  -.476559E+04   .000000E+00   .000000E+00   .766964E+05   .000000E+00 

       257   .238071E+04   .000000E+00  -.500142E+03   .000000E+00   .295677E+05 

       277  -.251433E+04   .000000E+00   .000000E+00   .423851E+05   .000000E+00 

       278   .490135E+04   .000000E+00  -.798612E+03   .000000E+00   .189917E+05 

       288  -.523143E+04   .000000E+00   .000000E+00   .624924E+05   .000000E+00 

       289   .204868E+04   .000000E+00   .954103E+03   .000000E+00   .546473E+05 

       309  -.243340E+04   .000000E+00   .000000E+00   .405547E+05   .000000E+00 

       310   .326633E+04   .000000E+00  -.367365E+04   .000000E+00   .116018E+06 

       320  -.801112E+04   .000000E+00   .000000E+00   .502978E+05   .000000E+00 

       321   .497169E+04   .000000E+00   .263572E+04   .000000E+00   .000000E+00 

       322   .000000E+00   .000000E+00   .213885E+03   .000000E+00   .000000E+00 

       323   .000000E+00   .000000E+00   .123931E+04   .000000E+00   .000000E+00 

       324   .000000E+00   .000000E+00  -.420982E+03   .000000E+00   .000000E+00 

       325   .000000E+00   .000000E+00   .604695E+03   .000000E+00   .000000E+00 

       326   .000000E+00   .000000E+00  -.265694E+03   .000000E+00   .000000E+00 

       327   .000000E+00   .000000E+00   .330651E+03   .000000E+00   .000000E+00 

       328   .000000E+00   .000000E+00   .350196E+01   .000000E+00   .000000E+00 

       329   .000000E+00   .000000E+00   .427023E+03   .000000E+00   .000000E+00 

       330   .000000E+00   .000000E+00   .461116E+02   .000000E+00   .000000E+00 

       331   .000000E+00   .000000E+00  -.166723E+03   .000000E+00   .000000E+00 

       332   .000000E+00   .000000E+00  -.299746E+02   .000000E+00   .000000E+00 

       333   .000000E+00   .000000E+00   .253955E+02   .000000E+00   .000000E+00 

       334   .000000E+00   .000000E+00   .926019E+02   .000000E+00   .000000E+00 

       335   .000000E+00   .000000E+00  -.311372E+02   .000000E+00   .000000E+00 

       336   .000000E+00   .000000E+00   .131926E+03   .000000E+00   .000000E+00 

       337   .000000E+00   .000000E+00  -.153848E+03   .000000E+00   .000000E+00 

       338   .000000E+00   .000000E+00   .328370E+03   .000000E+00   .000000E+00 

       339   .000000E+00   .000000E+00  -.664737E+03   .000000E+00   .000000E+00 

       340   .000000E+00   .000000E+00   .904242E+03   .000000E+00   .000000E+00 

       341   .000000E+00   .000000E 
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 APPENDIX D 
 

 
 
 

WASTABT: PARAMETRIC STUDY AND 

PROGRAM SOURCE CODE 
 
 

D.1 Parametric Study Data and Results by WASTABT 

 
 

 

 

Table D.1 Parametric study using WASTABT (varying slenderness ratios, ρ 
=0.003) 

 
Model H L tw fc e H/tw H/L Def 

(mm) 
LOAD 
(kN) 

Axial-
ratios

n1 800 800 40 30 t/6 20 1 2.6 473.28 0.493 
n2 1000 1000 40 30 t/6 25 1 3 581.40 0.4845 
n3 1200 1200 40 30 t/6 30 1 3 673.20 0.4675 
n4 1400 1400 40 30 t/6 35 1 3.4 756.84 0.4505 
n5 1600 1600 40 30 t/6 40 1 3.8 848.64 0.442 
n6 1800 1800 40 30 t/6 45 1 4.2 918.00 0.425 
n7 2000 2000 40 30 t/6 50 1 4.6 958.80 0.3995 
n8 2200 2200 40 30 t/6 55 1 5 1009.80 0.3825 
n9 2400 2400 40 30 t/6 60 1 5.4 1052.64 0.3655 
m1 800 800 40 50 t/6 20 1 3 720.8 0.4505 
m2 1000 1000 40 50 t/6 25 1 3.4 901 0.4505 
m3 1200 1200 40 50 t/6 30 1 3.4 1060.8 0.442 
m4 1400 1400 40 50 t/6 35 1 3.8 1190 0.425 
m5 1600 1600 40 50 t/6 40 1 3.8 1332.8 0.4165 
m6 1800 1800 40 50 t/6 45 1 4.6 1438.2 0.3995 
m7 2000 2000 40 50 t/6 50 1 5 1530 0.3825 
m8 2200 2200 40 50 t/6 55 1 5.4 1570.8 0.357 
m9 2400 2400 40 50 t/6 60 1 5.8 1672.8 0.3485 
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h1 800 800 40 80 t/6 20 1 5.6 896 0.35 
h2 1000 1000 40 80 t/6 25 1 4.4 1115.2 0.3485 
h3 1200 1200 40 80 t/6 30 1 4.8 1338.24 0.3485 
h4 1400 1400 40 80 t/6 35 1 4.8 1561.28 0.3485 
h5 1600 1600 40 80 t/6 40 1 4.8 1740.8 0.34 
h6 1800 1800 40 80 t/6 45 1 5.2 1860.48 0.323 
h7 2000 2000 40 80 t/6 50 1 5.6 2012.8 0.3145 
h8 2200 2200 40 80 t/6 55 1 6 2094.4 0.2975 
h9 2400 2400 40 80 t/6 60 1 6 2219.52 0.289 
 
 
 
 
 

Table D.2 Parametric study using WASTABT (varying aspect ratios, ρ =0.0031) 

 H L tw f’c e H/tw H/L LOAD 
(kN) 

Axial-
ratios 

a1 2400 1200 60 30 t/6 40 2.000 1231.20 0.57 
a2 2400 1600 60 30 t/6 40 1.500 1640.16 0.5695 
a3 2400 2000 60 30 t/6 40 1.200 1989.00 0.5525 
a4 2400 2400 60 30 t/6 40 1.000 2203.20 0.51 
a5 2400 2800 60 30 t/6 40 0.857 2441.88 0.4845 
b1 2400 1200 60 50 t/6 40 2.000 2052.00 0.57 
b2 2400 1600 60 50 t/6 40 1.500 2733.60 0.5695 
b3 2400 2000 60 50 t/6 40 1.200 3213.00 0.5355 
b4 2400 2400 60 50 t/6 40 1.000 3549.60 0.493 
b5 2400 2800 60 50 t/6 40 0.857 N/B N/B 
c1 2400 1200 60 80 t/6 40 2.000 2764.80 0.48 
c2 2400 1600 60 80 t/6 40 1.500 3655.68 0.476 
c3 2400 2000 60 80 t/6 40 1.200 4406.40 0.459 
c4 2400 2400 60 80 t/6 40 1.000 4602.24 0.3995 
c5 2400 2800 60 80 t/6 40 0.857 N/B N/B 
d1 2400 1200 40 30 t/6 60 2.000 619.20 0.3774 
d2 2400 1600 40 30 t/6 60 1.500 816.00 0.37 
d3 2400 2000 40 30 t/6 60 1.200 979.20 0.365 
d4 2400 2400 40 30 t/6 60 1.000 1052.64 0.358 
d5 2400 2800 40 30 t/6 60 0.857 1142.40 0.34 
e1 2400 1200 40 50 t/6 60 2.000 1032.00 0.3774 
e2 2400 1600 40 50 t/6 60 1.500 1360.00 0.37 
e3 2400 2000 40 50 t/6 60 1.200 1564.00 0.361 
e4 2400 2400 40 50 t/6 60 1.000 1672.80 0.3485 
e5 2400 2800 40 50 t/6 60 0.857 N/B N/B 
f1 2400 1200 40 80 t/6 60 2.000 1418.88 0.3695 
f2 2400 1600 40 80 t/6 60 1.500 1871.36 0.3655 
f3 2400 2000 40 80 t/6 60 1.200 2230.40 0.3485 
f4 2400 2400 40 80 t/6 60 1.000 2219.52 0.289 
f5 2400 2800 40 80 t/6 60 0.857 N/B N/B 
 



         Appendix D      D- 

Experimental and theoretical studies of normal and high strength concrete wall panels 

3 

 
 

Table D.3 Parametric study using WASTABT (Varying reinforcement ratio, single 
layer) 

 
 H L tw f’c e H/tw ρ LOAD Axial-ratios

s1 2400 2400 120 30 t/6 20 0.0015 4993.92 0.578 
s2 2400 2400 120 30 t/6 20 0.0030 5067.36 0.5865 
s3 2400 2400 120 30 t/6 20 0.0060 5140.80 0.595 
s4 2400 2400 120 30 t/6 20 0.0100 5140.80 0.595 
s5 2400 2400 80 30 t/6 30 0.0015 3182.40 0.5525 
s6 2400 2400 80 30 t/6 30 0.0030 3182.40 0.5525 
s7 2400 2400 80 30 t/6 30 0.0060 3231.36 0.561 
s8 2400 2400 80 30 t/6 30 0.0100 3280.32 0.5695 
s9 2400 2400 60 30 t/6 40 0.0015 2203.20 0.51 
s10 2400 2400 60 30 t/6 40 0.0021 2203.20 0.51 
s11 2400 2400 60 30 t/6 40 0.0030 2203.20 0.51 
s12 2400 2400 60 30 t/6 40 0.0060 2203.20 0.51 
s13 2400 2400 60 30 t/6 40 0.0100 2203.20 0.51 
s14 2400 2400 120 50 t/6 20 0.0015 8078.40 0.561 
s15 2400 2400 120 50 t/6 20 0.0030 8200.80 0.5695 
s16 2400 2400 120 50 t/6 20 0.0060 8323.20 0.578 
s17 2400 2400 120 50 t/6 20 0.0100 8445.60 0.5865 
s18 2400 2400 80 50 t/6 30 0.0015 5059.20 0.527 
s19 2400 2400 80 50 t/6 30 0.0030 5100.00 0.5313 
s20 2400 2400 80 50 t/6 30 0.0060 5140.80 0.5355 
s21 2400 2400 80 50 t/6 30 0.0100 5222.40 0.544 
s22 2400 2400 60 50 t/6 40 0.0015 3488.40 0.4845 
s23 2400 2400 60 50 t/6 40 0.0021 3549.60 0.493 
s24 2400 2400 60 50 t/6 40 0.0030 3549.60 0.493 
s25 2400 2400 60 50 t/6 40 0.0060 3549.60 0.493 
s26 2400 2400 60 50 t/6 40 0.0100 3549.60 0.493 
s27 2400 2400 120 80 t/6 20 0.0015 10575.36 0.459 
s28 2400 2400 120 80 t/6 20 0.0030 10771.20 0.4675 
s29 2400 2400 120 80 t/6 20 0.0060 10967.04 0.476 
s30 2400 2400 120 80 t/6 20 0.0100 11162.88 0.4845 
s31 2400 2400 80 80 t/6 30 0.0015 6658.56 0.4335 
s32 2400 2400 80 80 t/6 30 0.0030 6658.56 0.4335 
s33 2400 2400 80 80 t/6 30 0.0060 6658.56 0.4335 
s34 2400 2400 80 80 t/6 30 0.0100 6789.12 0.442 
s35 2400 2400 60 80 t/6 40 0.0015 4602.24 0.3995 
s36 2400 2400 60 80 t/6 40 0.0021 4602.24 0.3995 
s37 2400 2400 60 80 t/6 40 0.0030 4602.24 0.3995 
s38 2400 2400 60 80 t/6 40 0.0060 4602.24 0.3995 
s39 2400 2400 60 80 t/6 40 0.0100 4602.24 0.3995 
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Table D.4 Parametric study using WASTABT (Varying reinforcement ratio, double 
layers) 

 
 H L tw f’c e H/tw ρ LOAD Axial-ratios
ds1 2400 2400 120 30 t/6 20 0.0015 5140.80 0.595 
ds2 2400 2400 120 30 t/6 20 0.0030 5214.24 0.6035 
ds3 2400 2400 120 30 t/6 20 0.0060 5434.56 0.629 
ds4 2400 2400 120 30 t/6 20 0.0100 5728.32 0.663 
ds5 2400 2400 80 30 t/6 30 0.0015 3182.40 0.5525 
ds6 2400 2400 80 30 t/6 30 0.0030 3280.32 0.5695 
ds7 2400 2400 80 30 t/6 30 0.0060 3378.24 0.5865 
ds8 2400 2400 80 30 t/6 30 0.0100 3525.12 0.612 
ds9 2400 2400 60 30 t/6 40 0.0015 2203.20 0.51 
ds10 2400 2400 60 30 t/6 40 0.0021 2239.92 0.5185 
ds11 2400 2400 60 30 t/6 40 0.0030 2239.92 0.5185 
ds12 2400 2400 60 30 t/6 40 0.0060 2276.64 0.527 
ds13 2400 2400 60 30 t/6 40 0.0100 2313.36 0.5355 
ds14 2400 2400 120 50 t/6 20 0.0015 8115.12 0.5636 
ds15 2400 2400 120 50 t/6 20 0.0030 8200.80 0.5695 
ds16 2400 2400 120 50 t/6 20 0.0060 8323.20 0.578 
ds17 2400 2400 120 50 t/6 20 0.0100 8568.00 0.595 
ds18 2400 2400 80 50 t/6 30 0.0015 5059.20 0.527 
ds19 2400 2400 80 50 t/6 30 0.0030 5140.80 0.5355 
ds20 2400 2400 80 50 t/6 30 0.0060 5304.00 0.5525 
ds21 2400 2400 80 50 t/6 30 0.0100 5467.20 0.5695 
ds22 2400 2400 60 50 t/6 40 0.0015 3488.40 0.4845 
ds23 2400 2400 60 50 t/6 40 0.0021 3519.00 0.4888 
ds24 2400 2400 60 50 t/6 40 0.0030 3549.60 0.493 
ds25 2400 2400 60 50 t/6 40 0.0060 3610.80 0.5015 
ds26 2400 2400 60 50 t/6 40 0.0100 3733.20 0.5185 
ds27 2400 2400 120 80 t/6 20 0.0015 10575.36 0.459 
ds28 2400 2400 120 80 t/6 20 0.0030 10771.20 0.4675 
ds29 2400 2400 120 80 t/6 20 0.0060 10967.04 0.476 
ds30 2400 2400 120 80 t/6 20 0.0100 11162.88 0.4845 
ds31 2400 2400 80 80 t/6 30 0.0015 6789.12 0.442 
ds32 2400 2400 80 80 t/6 30 0.0030 6789.12 0.442 
ds33 2400 2400 80 80 t/6 30 0.0060 6789.12 0.442 
ds34 2400 2400 80 80 t/6 30 0.0100 6919.68 0.4505 
ds35 2400 2400 60 80 t/6 40 0.0015 4602.24 0.3995 
ds36 2400 2400 60 80 t/6 40 0.0021 4602.24 0.3995 
ds37 2400 2400 60 80 t/6 40 0.0030 4602.24 0.3995 
ds38 2400 2400 60 80 t/6 40 0.0060 4602.24 0.3995 
ds39 2400 2400 60 80 t/6 40 0.0100 4602.24 0.3995 
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D.2 WASTABT Program 
Source Code 

 
D.2.1 Main Program 
 
home; 
clear all; 
close all; 
format short 
 
%SCRIPT File: WASTABT.m 
%Purpose: To predict the instability load 
of concrete walls  
%         in two-way action 
% 
 
%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%% 
% Part 1: USER INPUT     % 
%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%% 
 
% Concrete properties - INPUT  
 
fc =input('Please input concrete strength 
(MPa)= '); 
H =input('Please input Height of wall 
panel(mm)= '); 
w =input('Please input width of wall 
panel(mm)= '); 
t =input('Please input thickness of wall 
panel(mm)= '); 
 
nel = 10;     %Number of 
cross-sectional layers 
tel = t/nel;   %Calculate thickness 
of wall element 
Ael = w*tel;   %Calculate area 
of wall element 
nsegv=6;     %Number of 
column strip 
nsegh=5;     %Number of 
beam strip  
 
loadinc =input('Please input initial load 
increment = '); 
 
v = 0.15; 
hw=H/w; 
 
% Steel properties - INPUT 

fsy =input('Please input steel yield 
strength (MPa)= '); 
 
% Number of reinforcing steel layers 
nrsl=input('please input number of steel 
layers (1 or 2 layers)='); 
if nrsl == 2 
   nst = 2; 
   xst21=input('please input effective 
depth dc =');  %measured from top to 1st 
bar 
   xst22=input('please input effective 
depth d =');   %measured from top to 2nd 
bar 
   xst = [xst21 xst22]; 
   nbh=input('input number of bars in 
horizontal direction='); 
   diah =input('input diameter of 
horizontal bars='); 
   nbv=input('input number of bars in 
horizontal direction='); 
   diav=input('input diameter of vertical 
bars='); 
   nbars = [nbh nbv]; 
   dia = [diah diav]; 
else 
   nst = 1; 
   xst11=input('please input effective 
depth d =');  %measured from top to 1st 
   xst = [xst11]; 
   nbv=input('input number of bars ='); 
   nbars = [nbv]; 
   diav=input('input diameter of bars='); 
   dia = [diav]; 
end 
 
% Concrete stress-strain parameters 
if fc >50  
   Ec = 3320*sqrt(fc)+6900; 
else 
   Ec = 2400^1.5*0.043*sqrt(fc); 
end 
 
% Select stress-strain model 
modelconc = 1; 
modeltens = 1; 
 
 
% Steel area in each layer 
for i=1:nst 
   Ast(i) = nbars(i)*(pi/4)*dia(i)*dia(i); 
end 
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% Distance to element centroid from wall 
centroid 
for i=1:nel 
   xel(i) = tel*(i - 0.5); 
   yel(i) = t/2 - xel(i); 
end 
 
% Distance to steel centroid from wall 
centroid 
for i=1:nst 
   yst(i) = t/2 - xst(i); 
end 
 
% Ultimate strength of Plain Concrete 
section 
Ag = w*t; 
Pu = 0.85*fc*Ag; 
 
% Axial force and moment acting on wall 
- INPUT 
P = loadinc*Pu; 
Mmax = 0.166*t*P;  %ecc 
 
% Is P.C. section capable of supporting 
axial load? 
if P > Pu 
   fprintf('\n This section can not support 
the axial load \n\n'); 
end 
 
% Specify tolerance for moment-
curvature iterations 
if P==0 
   tol = 10^-5; 
else 
   tol = P*10^-5; 
end 
 
% Intialize values for moment-curvature 
iterations 
curval(1) = 0; 
momval(1) = 0; 
valfound = 1; 
 
% Moment-curvature iteration process 
 
cancel = 'n'; 
for curvature = 1e-6:1e-5:50e-4 
   %for curvature = 1e-5:50e-6/10:50e-4 
   Lval = 0.0; 
   Rval = 0.003; 
    
   continue = 'y'; 
   iter = 0; 
    

   while continue == 'y' 
      iter = iter + 1; 
      ecm = (Lval + Rval)/2; 
      xNA = ecm/curvature; 
       
      % Stress at element centroid 
      if fc < 50 
         for i=1:nel 
            yNA = xNA - xel(i); 
            strain = (yNA/xNA)*ecm; 
            if strain > 0 
               sigconc(i) = 
KentPark(Ec,fc,v,abs(strain)); %Kent and 
Park 
            else 
               sigconc(i) = 
VeboGhali(Ec,fc,abs(strain));  %Veho 
and Ghali 
            end 
         end 
      else 
         for i=1:nel 
            yNA = xNA - xel(i); 
            strain = (yNA/xNA)*ecm; 
            if strain > 0 
               sigconc(i) = 
Fafitis(Ec,fc,v,abs(strain));  %Fafitis and 
Shah 
            else 
               sigconc(i) = 
VeboGhali(Ec,fc,abs(strain));  %Veho 
and Ghali 
            end 
         end 
      end 
       
      % Stress at steel centroid 
      for i=1:nst 
         yNA = xNA - xst(i); 
         strain = (yNA/xNA)*ecm; 
         if strain > 0 
            sigsteel(i) = 
SteelComp(fsy,abs(strain)); 
         else 
            sigsteel(i) = 
SteelTens(fsy,abs(strain)); 
         end 
      end 
       
      % Force in steel 
      for i=1:nst 
         Fst(i) = sigsteel(i)*Ast(i); 
      end 
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      % Numerically determined axial 
force 
      N = sum(sigconc)*Ael + sum(Fst); 
       
      % Difference in actual vs numerical 
axial load 
      dP = abs(P - N); 
       
      % Corresponding moment for 
curvature point 
      if dP <= tol 
         valfound = valfound + 1; 
         M = 0.0; 
         for i=1:nel 
            M = M + sigconc(i)*Ael*yel(i); 
         end 
         for i=1:nst 
            M = M + sigsteel(i)*Ast(i)*yst(i); 
         end 
         A(valfound) = curvature; 
         B(valfound) = M; 
         continue = 'n'; 
      else 
         if N > P 
            Lval = Lval; 
            Rval = ecm; 
         else 
            Lval = ecm; 
            Rval = Rval; 
         end 
      end 
       
      % Determine if number of iterations 
is excessive 
      if iter >= 100 
         continue = 'n'; 
         cancel = 'y'; 
      end 
   end 
   if cancel == 'y' 
      break 
   end 
end 
 
% Display moment-thrust-curvature 
results & graph 
fprintf('\n Curvature \t Moment \n '); 
for i=1:valfound 
   fprintf('\n %e \t %.3f',A(i),B(i)*10^-5); 
end 
 
figure 
 
plot(A,B,'o'), title('Moment-Thrust-
Curvature Relationship'),... 

   xlabel('Curvature, 1/mm'), 
ylabel('Moment, Nmm'), grid on ,... 
    
hold on; 
xx=0:max(A)/100:max(A); 
yy=spline(A,B,xx); 
plot(xx,yy,'r'); 
 
% Wall properties 
% Height-deflection iteration process 
(column strip) 
Dx=w/(2*nsegh); 
Dy=H/(2*nsegv); 
Mu = max(B); 
 
% Specify tolerance for wall iterations 
tol = 0.1; 
 
iterate = 'y'; 
continue='y'; 
cancel='y'; 
 
intdef=0.08*H/t-((60-fc)*2/100); 
for Yo=intdef:t/100:t 
 
   disp(['step= ' int2str(Yo*100/t) '  ' 
num2str(Yo)]); 
    
   for i = 1:nsegh+1 
      for j = 1:nsegv+1 
         Y(i,j)=Yo*sin(pi*(j-
1)/(2*nsegv))*sin(pi*hw*(i-
1)/(2*nsegh)); 
      end 
   end 
   for j=1:nsegv+1 
      ph(1,j)=0; 
   end 
   for i=2:nsegh 
      for j=1:nsegv+1 
         ph(i,j)=(2*Y(i,j)-Y(i-1,j)-
Y(i+1,j))/(Dx*Dx); 
      end 
   end 
   for j=1:nsegv+1 
      ph(nsegh+1,j)=(2*Y(nsegh+1,j)-
2*Y(nsegh,j))/(Dx*Dx); 
   end 
   disp(' '); 
   disp('curvature'); 
   disp(ph); 
    
   if ph(i,j)>max(A); 
      iterate='n'; 
      disp('program stop'); 
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      disp('decrease load increment'); 
      continue='n'; 
      cancel='y'; 
      break 
   else 
      continue='y'; 
   end 
    
   % M from  
   Mold=zeros(nsegh+1,nsegv+1); 
   for i=1:nsegh+1 
      for j=1:nsegv+1 
         Mold(i,j)= spline(xx,yy,ph(i,j)); %  
         Mold(1,j)=0; 
      end 
   end 
    
   hold on; 
   plot(ph,Mold,'o'); 
    
    
   %Calculte interal F value 
   Fel=zeros(nsegh+1,nsegv+1); 
   for i=1:nsegh+1 
      for j=1:nsegv+1 
         Fel(1,j)=Mold(2,j)/Dx; 
         sum=0; 
         if i <= nsegh  
            for k=1:i-1 
               Fel(i,j) = i*Fel(1,j)-sum-
(Mold((i+1),j)/Dx); 
               sum=sum+(i-k)*Fel(k+1,j); 
            end 
         else 
            for k=1:i-1 
               Fel(i,j) = i*Fel(1,j)-sum-
(Mold((i-1),j)/Dx);    
               sum=sum+(i-k)*Fel(k+1,j); 
            end 
         end 
      end 
   end 
    
    
   iterate = 'y'; 
   while iterate == 'y' 
      % Dy value is guessed first then calc 
Dynew then sub into here. 
       
      Mnew=zeros(nsegh+1,nsegv+1); 
      for i=1:nsegh+1 
         for j=1:nsegv+1 
            Mnew(1,j)=0; 
            sumx=0; 
            sumy=0; 

            for k=1:j 
               for l=j:nsegv+1 
                  sumx=sumx+(j-
k)*Fel(i,k)*Dy; 
                  sumy=sumy+(l-j)*Fel(i,l)*Dy; 
                  Mnew(i,j) = 
P*Y(i,j)+Mmax+sumx-sumy; 
                  Mnew(i,1)=Mmax; 
                  Mnew(1,j)=0; 
               end             
            end 
         end 
      end 
       
      disp('Mnew'); 
      disp(Mnew); 
       
      if (Mnew(i,j)>max(B));  %if Mnew 
greater than Material M value then 
program stop 
         iterate='n'; 
         disp('program stop'); 
         disp('decrease load increment 
Mnew2'); 
         continue='n'; 
      end 
       
      if continue=='n' 
         break 
      end 
             
      pov = find(yy==max(yy)); 
      yy1=yy(1:pov); 
      xx1=xx(1:pov); 
      phnew=zeros(nsegh+1,nsegv+1); 
      for i=1:nsegh+1 
         for j=1:nsegv+1 
            phnew(i,j)= 
spline(yy1,xx1,Mnew(i,j)); 
         end 
      end 
       
      %These sitha values have considered 
both v and h direction 
      beta=zeros(nsegh+1,nsegv+1); 
      for i=2:nsegh+1 
         for j=2:nsegv+1 
            sum=0; 
            for k=i:nsegh+1 
               for l=j:nsegv+1 
                  sum=sum+phnew(k,l); 
                  beta(i,j)=sum; 
                  %beta(i,1)=0; 
               end 
            end 
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         end 
      end 
       
      alpa=zeros(nsegh+1,nsegv+1); 
      for i=2:nsegh+1 
         for j=2:nsegv+1 
            sumz=0; 
            for m=1:i 
               for n=1:j 
                  sumz=sumz+beta(m,n)*Dy;   
               end 
            end 
            alpa(i,j)=sumz; 
         end 
      end 
       
      if alpa(i,j)<0; 
         disp('Prgram stop'); 
         disp('decrease your initial load 
increment'); 
         iterate='n'; 
         break 
      else 
         iterate='y'; 
      end 
       
      if iterate == 'n' 
         break 
      end 
       
             
      
Dynew=sqrt(Yo/alpa(nsegh+1,nsegv+1)); 
       
      if abs(Dy-Dynew)<= tol 
         for i=1:nsegh+1 
            for j=1:nsegv+1 
               
Ynew(i,j)=alpa(i,j)*Dynew*Dynew; 
               sumz=0; 
            end 
         end 
         disp('----------'); 
         disp('The deflection'); 
         disp(Ynew); 
          
         disp('========='); 
         disp(['ultimate load is  ' 
num2str(P/1e3) ' kN']); 
          
          
         continue='y'; 
         iterate='n'; 
         break 
      else 

         Dy = Dynew; 
         iterate='y'; 
      end 
   end 
   if continue=='n' 
      break 
   end 
  
end    
 
 
if iterate=='n' 
    
   disp(' '); 
   disp('----------'); 
   disp('The maximum deflections'); 
   disp(Ynew); 
          
   figure 
   surfc(Ynew);     %disp deflection shape 
   view(-138,48); 
   disp('========='); 
   disp(['ultimate load is  ' num2str(P/1e3) 
' kN']); 
 
 
   disp('Program stop'); 
    
elseif  continue == 'n' 
   disp('Program stop'); 
end 
 
 
 
 
D.2.2 Subprogram for Fafitis and 
Shah (1986) 
 
%function Stress = Fafitis(f0,e0,Fk,FA,e) 
function Stress = Fafitis(Ec,fc,v,ec) 
 
f0 = fc; 
f0 = f0/(1 - v^2); 
Ec = Ec/(1 - v^2); 
e0 = 0.00195 + 1.4895e-5*f0; 
Fk = 24.66*f0; 
FA = Ec*e0/f0;   
 
if ec <= e0 
   Sc = f0*(1 - ((1 - ec/e0)^FA)); 
else  
   Sc = f0*exp(-Fk*(ec - e0)^1.15); 
end 
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if Sc < 0 
   Sc = 0; 
end 
 
Stress = Sc; 
 
 
 
 
D.2.3 Subprogram for Kent and 
Park (1971) 
 
function stress = KentPark(Ec,fc,v,ec) 
 
Eco = Ec/(1 - v^2); 
So = fc/(1 - v^2); 
e5ou = (3.0 + 0.29*fc)/(145*fc - 1000); 
Z = 0.5/(e5ou - 0.002); 
slope = (fc - 0.5*fc)/(0.002 - e5ou); 
e2ou = e5ou - (0.5*fc - 0.2*fc)/slope; 
if ec <= 0.002 
   Sc = So*(2*ec/0.002 - (ec/0.002)^2); 
end 
 
if (0.002 <= ec)&(ec <= e2ou) 
   Sc = So*(1.0 - Z*(ec - 0.002)); 
end 
 
if ec > e2ou 
   Sc = 0.0; 
end 
 
 
 
D.2.4 Subprogram for Veho and 
Ghali (1977) 
 
function stress = VeboGhali(Ec,fc,et) 
 
fr = 0.62*sqrt(fc); 
 
e1 = 1.2*fr/Ec; 
e2 = 2.1*fr/Ec; 
e3 = 11.1*fr/Ec; 
 
Et1 = 0.75*Ec; 
Et2 = -0.5*Ec; 
Et3 = -Ec/20; 
 
if et <= e1 
   St = Et1*et; 
end 
 
if (e1 <= et) & (et <= e2) 

   St = 0.90*fr + Et2*(et - e1); 
end 
 
if (e2 <= et) & (et <= e3) 
   St = 0.45*fr + Et3*(et - e2); 
end 
 
if et > e3 
   St = 0.0; 
end 
 
stress =  - St; 
 
 
 
 
 
D.2.5 Subprogram for Steel 
Properties 
 
function stress = SteelComp(fsy,ec) 
Es = 200000; 
Sc = ec*Es; 
if Sc >= fsy 
   Sc = fsy; 
end 
 
stress = Sc; 
% fsy -Yield strength of steel, MPa 
% et - Strain in tension 
% Es -Young's Modulus of steel, MPa 
% St -Stress in tension 
 
function stress = SteelTens(fsy,et) 
 
Es = 200000; 
St = et*Es; 
if St >= fsy 
   St = fsy; 
end 
 
stress = - St; 
 
 


