
1 INTRODUCTION 
 
Reinforced concrete (RC) walls with eccentric axial 
loads can be designed using the simplified design 
method. The previous Australian Concrete Standard 
(AS3600-01) and current American Concrete Insti-
tute Code (ACI318-14) are intended for load-bearing 
walls supported at top and bottom only or one-way 
action (OW). In practice, walls behaving in two-way 
action supported on three sides (TW3S) and sup-
ported on four sides (TW4S) are usually encountered 
in monolithic concrete structures, particularly in core 
walls of tall buildings. Figure 1 illustrates the hypo-
thetical deflection and cracking characteristics at 
failure of axially loaded walls with various boundary 
conditions. Due to extensive experimental research, 
the current AS3600-09 guidelines include effective 
length factors for walls with various support condi-
tions. However, the code is restricted to walls with 
effective height to thickness ratios (Hwe/tw) of less 
than 30, and does not significantly account for open-
ings such as doors or windows.   

Herein, a wall without openings will be referred to 
as a solid wall, and a wall with openings as an open-
ing wall. While many researchers have investigated 
the behaviours of RC solid and opening walls, either 
in OW or TW4S, limited experiments have been 
conducted on TW3S walls. Only three studies have 
been published to date, including: seven walls tested 
by Doh et al. (2008) (two solid walls and five walls 

each with a small opening), six walls with variable 
opening configurations tested by Doh et al. (2010) 
and one opening wall tested by Lima et al. (2014). 

The main objective of this paper is to investigate 
and analyse previous research conducted on TW3S 
walls. The test data is evaluated against the AS3600-
09 simplified wall design equation and the results of 
other research studies. Subsequently, the behaviours 
of RC walls are investigated by the Finite Element 
Method (FEM) using ABAQUS software.   

 
 
 
 
 
 
 

 
 
                (a) OW       (b) TW3S            (c) TW4S 
Figure 1. Walls with boundary conditions (Doh et al. 2008). 

2  AS3600-09 WALL DESIGN EQUATION 
 
For the simplified method described in Section 11 of 
the AS3600-09, the ultimate design axial strength 
per unit length of a braced wall in compression is 
given by the following formula: 

'
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ABSTRACT: The purpose of this paper is to review and analyse previous research conducted on axially load-
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from the FEM in which a sound agreement is observed for high strength concrete walls. Some contradictory 
results between the FEM and experimental tests are also observed, particularly when the effects of different 
opening locations are investigated. The paper concludes by summarising the issues in previous studies and 
highlighting some areas where further investigations on RC walls, with three sides restrained, are required. 
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where ϕ = 0.6 is the capacity reduction factor, tw is 
the wall thickness (mm), e is the load eccentricity 
(mm) which has a minimum of 0.05tw, f’c (MPa) is 
compressive concrete strength (20 ≤ f’c ≤ 100 MPa) 
and ea = Hwe

2/(2500tw) is the additional eccentricity 
due to the deformation of the wall. The effective 
height as stipulated in Clause 11.4 shall be taken as 
Hwe = kHw in which the factor k is determined for 
various support conditions as follows: 

(i) For OW with floors providing lateral support 
at both ends, k = 0.75 when walls are re-
strained against rotation at both ends, and k = 
1.0 when walls are not restrained against ro-
tation at one or both ends. 

(ii) For TW3S provided by floors and intersect-
ing walls, k = 1/[1+(Hw/3Lw)2] ≥ 0.3, but less 
than obtained from (i). 

(iii) For TW4S provided from floors and inter-
secting walls, k = 1/[1+(Hw/Lw)2] for Hw ≤ 
Lw or k = Lw/2Hw for Hw > Lw.  

where for all items, Hw is the floor-to-floor unsup-
ported height and Lw is the horizontal length. 
 The AS3600-09 only allows the effects of open-
ings in TW4S panels to be neglected if the total area 
of openings is less than 1/10 of the area of the wall, 
and the height of any opening is less than 1/3 of the 
height of the wall. In other cases, the area of wall be-
tween opening and support shall be designed as 
TW3S, or the area between two openings shall be 
designed as OW. 

3 EXPERIMENTAL PROGRAM REVIEW 
 
Doh et al. (2008), Doh et al. (2010) and Lima et al. 
(2014) reported that the TW3S walls experienced bi-
axial bending. The majority of cracking propagated 
diagonally from the restrained corners to the open-
ing, then horizontally from the opening to the unre-
strained edge. The particular cracking mode indi-
cates two-way behaviour close to the restrained end 
and one-way behaviour between unsupported edges. 

Table 1 gives the concrete strengths, opening di-
mensions, ultimate loads (Nu,EXP) and axial strength 
ratios (Nu/f’cLwtw) of OW and TW3S walls in previ-
ous research publications (Lee 2008, Doh et al. 
2008, Doh et al. 2010, Lima et al. 2014). The results 
of these experimental tests will be reviewed in this 
section to highlight areas where further studies of 
TW3S panels are needed. All RC walls presented in 
Table 1 were 1200 mm high × 1200 mm in length × 
40 mm thick. All the panels were reinforced with a 
single layer of F41 mesh with a design yield strength 
of 450 MPa placed centrally within the panel cross-
section. The vertical and horizontal reinforcement 
ratios ρv and ρh were both 0.0031 for all the wall 
panels, satisfying the minimum requirements in the 
AS3600-09. The test panels were subjected to a uni-
formly distributed axial load with an eccentricity of 

tw/6. Details of the test setup and support conditions 
can be found in the original articles.  

Table 1 indicates the contradictory results among 
the collected test data. The axial strength ratios were 
found to increase from OW to TW3S. As seen in 
Table 1, the axial strength ratios of O50W1C1.2 to 
TSNC, O90W1C1.2 to TSHC and OW-NF to 
TW3S-NF led to percentage increases in strength of 
21.0%, 79.0% and 49.7%, respectively. However, 
Table 1 also reveals a contradiction of the aforemen-
tioned observation. In terms of walls having door 
type openings, the O65D1C1.2 and O65D1L1.2 
panels with lower concrete strength and larger open-
ing size had the same, and even higher, axial 
strength ratios compared with the TSHB600 panel. 
Similarly, a considerable discrepancy between re-
search conducted by Doh et al. (2010) and Lima et 
al. (2014) was observed as well.  In particular, the 
TSHC450, OW-NF and TW3S-NF specimens had 
identical opening dimensions. The concrete strength 
used for TSHC450 was higher than those used for 
OW-NF and TW3S-NF, yet relatively low ultimate 
strength was recorded for the TSHC450 wall. Addi-
tionally, Table 1 shows that an axial strength ratio of 
0.196 was obtained for the TSNC specimen, whereas 
for the TSHC375 specimen, with much higher con-
crete strength and slightly bigger opening size, less 
axial strength ratio (0.125) was achieved. Even 
though the effect of openings in reduction of ulti-
mate load capacity in RC walls is undeniable, the 
range of this effect still requires more research. 

 
Table 1.  Concrete strengths, opening dimensions, 
ultimate loads and axial strength ratios.  

 
 
 

Panel  
designation 

f’c  
(MPa) 

Opening 
size (mm) 

Nu,EXP 

(kN) 
Nu,EXP *
f’cLwtw 

Lee 
(2008)

OW 

O50W1C1.2 53.0 300 × 300 309.0 0.162 
O90W1C1.2 95.1 300 × 300 470.9 0.138 
O65D1C1.2 60.3 750 × 300 243.7 0.112 
O65D1L1.2 60.3 750 × 300 206.0 0.095 

Doh 
et al. 
(2008)

TW3S

TSNO 50.1 None 502.2 0.209 
TSHO 80.4 None 809.3 0.210 
TSNC 50.1 300 × 300 353.2 0.196 
TSNR 50.1 300 × 300 421.1 0.233 
TSNL 50.1 300 × 300 257.5 0.143 
TSHC 80.4 300 × 300 715.2 0.247 
TSHL 80.4 300 × 300 668.1 0.231 

Doh 
et al. 
(2010)

TW3S

TSHC375 78.5 375 × 375 323.4 0.125 
TSHC450 78.5 450 × 450 267.5 0.114 
TSHC525 78.5 525 × 525 210.7 0.099 
TSHR300 78.5 300 × 600 147.0 0.078 
TSHL300 78.5 300 × 600 126.6 0.067 
TSHB600 78.5 600 × 300 267.5 0.095 

Lima 
et al. 
(2014)

OW OW-NF 54.7 450 × 450 273.9 0.167 

TW3S TW3S-NF 60.0 450 × 450 450.0 0.250 

* Effective length Lwe was used for Lw in case of opening wall 
where Lwe = Lw – Lo. 
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Many researchers, notably Fragomeni & Mendis 
(2001), Doh & Fragomeni (2005) and Lee (2008), 
found that for a particular percentage increase in 
concrete strength, the test results did not provide the 
same percentage increase in wall strength. Moreo-
ver, the test results showed a lower percentage in-
crease in wall strength. Doh & Fragomeni (2005) 
proposed a formula varying with concrete strength 
function (f’c)0.7

 instead of (f’c). However, Table 2 in-
dicates that the ultimate strength of the walls in-
creased significantly, particularly with 60% increase 
in concrete strength (from 50.1 to 80.4 MPa) result-
ing in 61%, 102% and 159% enhancements in wall 
strength for a solid panel, panel with an opening at 
the centre and panel with an opening near the side 
restraint, respectively.  

In addition, Doh et al. (2008) found that the posi-
tion of the opening greatly affected the axial strength 
ratio of a TW3S wall panel. The axial strength ratio 
of panels with an opening near the side restraint was 
observed to be smaller than that of the panels with 
an opening near the free end. As such, it was report-
ed that as the distance between the vertical restraint 
and the opening location increased, the ultimate 
strength of the wall panel increased. However, the 
FEM results, which are presented in Section 4 of this 
paper, differed from these findings.  

Based on all these observations, the significant 
difference in test results from previous experiments 
can be attributed to different test set-ups and/or im-
perfection in the testing conditions such as possible 
dimensional variations, material irregularities and 
variations in restraint or loading conditions, which 
considerably affected the test results. 

 
Table 2.  Comparison of percentage increase in wall 
strength.  
Panel      Nu,EXP  Percentage increase in strength (%)  
designation   (kN)   Test  Doh & Fragomeni (2005) 

TSHO    809.3   61 .0     39.0 
TSNO    502.2        
TSHC    715.2   102.0     39.0 
TSNC    353.2        
TSHL    668.1   159.0     39.0    
TSNL    257.5     

 
In this study, the code formula was found to yield 

negative strength values for walls with different 
support conditions, indicating zero load-bearing ca-
pacity, in cases where slenderness ratios of Hw/tw > 
30 with various aspect ratios (Hw/Lw). Despite this, 
the prediction is identified as inaccurate according to 
the results of previous experimental studies (San-
jayan 2000, Doh & Fragomeni 2005). Figure 2 de-
picts the effect on axial strength ratios versus aspect 
ratios for walls with different support conditions of 
Hw/tw = 40 and e = tw/6, particularly in predictions 
from the AS3600-09 equation compared to the test 
results. As seen in Figure 2, the AS3600-09 equation 

predicted zero strength for OW walls with all values 
of Hw/Lw, and when Hw/Lw ≤ 1.5 for TW3S and 
Hw/Lw ≤ 0.5 for TW4S. However, the previous test 
results have evidently shown that OW and TW4S 
panels with Hw/tw up to 40 were capable of carrying 
significant loading. The same outcome is intuitively 
expected from TW3S panels with Hw/tw up to 40. 
Note that Fragomeni & Doh (2010) compared the 
test data of TW3S solid panels (Table 1) with the 
AS3600-09 equation and it was noticed that the 
equation also resulted in conservative predictions.   

The outcome of this section has identified issues 
in previous studies and provided an overview of the 
conservative nature of the current design code. It is 
evident that the performance of TW3S walls has not 
been thoroughly addressed, indicating that more in-
vestigation is required in this area.  
     
 

 
 
 
 
 
 
 
 
 
 
 

 
            
Figure 2. Axial strength ratios versus aspect ratios for walls 
with different support conditions of Hw/tw = 40 and e = tw/6. 

4 NUMERICAL MODELLING USING ABAQUS 

4.1 Material properties and constitutive models 

4.1.1 Concrete 
Concrete damaged plasticity (CDP) was used to 
simulate the behaviours of concrete. The key factors 
of this model are: damage variable, yield criterion, 
flow rule and viscous parameter. The tensile fracture 
and compressive plastic behaviour are completed by 
specifying the evolution laws of damage, which rep-
resents the stiffness degradation. The damage index 
varies from 0 to 1 representing no damage to com-
plete failure. The compression and tension damages, 
dc and dt respectively, were calculated by the equa-
tions below after the peak stress (Lima et al. 2016):  

c t
c t' '

c ct

d 1  and d 1
f f

 
     (2) 

The initial elastic modulus of concrete may be 
computed from the empirical equations in the 
AS3600-09 with ±20% accuracy: 
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1.5 ' '
c c c

1.5 ' '
c c c

E (0.043 f  )          where f 40 MPa,  or

E (0.024 f 0.12) where f 40 MPa 

  

   
 (3) 

In all simulations, the initial (undamaged) elastic 
stiffness of concrete was taken to be Eit = 0.9Ec. The 
concrete density ρ was assumed to be 2400 kg/m3 
and the Poisson’s ratio was taken as ν = 0.2. The 
complete stress-strain curve for unconfined concrete 
under compression was derived using the model 
proposed by Lu & Zhao (2010):  

    2

it 0 0 0'
c c L

it 0 0

11.5

' 0
c c L

L 0

E / E / /
f     for 0

1 (E / E 2)( / )

/ 1
f 1 0.25          for 

/ 1



     
      

     

    
            

(4) 

in which ε0 = 700f’c
0.31 × 10-6 and E0 = f’c / ε0 

2it it
L 0

0 0

E E
(0.1 0.8) (0.1 0.8) 0.8

E E

 
       

 
  

The value of εL corresponds to stress level of 
0.8f’

c on the descending branch of the stress-strain 
curve. The tensile stiffening model proposed by 
Fields & Bischoff (2004) was used for simulation: 

3
cr

t it cr

0.8( ) 10
t it cr cr

E                          for 0

e E      for   

      

     
 (5) 

where εcr = f’ct/Eit and f’ct = 0.36√f’c		as specified in 
the AS3600-09. 

The CDP model allows defining the shape of the 
yield surface by means of the two parameters Kc and 
σb0/σc0: the first parameter describes the shape of the 
deviatoric plane, while the latter describes the ratio 
between the initial equibiaxial to the uniaxial com-
pressive yield stress. The default values Kc = 2/3 and 
σb0/σc0 = 1.16 in the ABAQUS user’s manual were 
used in this paper (Hibbitt et al. 2011). The CDP 
model assumes non-associated potential plastic flow. 
The flow potential follows the Drucker-Prager hy-
perbolic function. The allowed dilation angle ψ 
ranges from 0o to 56o. Nielsen (1999) correlated the 
friction angle of concrete, ϕ, with the dilation angle 
of concrete, ψ, by an equation given as sin(ϕ) = 
tan(ψ). Jiang & Wu (2012) derived a formula pre-
dicting the friction angle of unconfined concrete, 
which provided results close to the value of approx-
imately 37o. The dilation angle ψ = 31o was thus 
used in the present study. This value was also uti-
lised by other researchers in their FEM investiga-
tions (Lee et al. 2014, Valls & Carreras 2015). The 
default flow potential eccentricity ξ = 0.1 was used 
(Hibbitt et al. 2011). In the ABAQUS documenta-
tion, the default value of the viscosity parameter μ is 
zero. Defining a minute value (close to zero) for the 

viscosity parameter can help to avoid the conver-
gence difficulties, without compromising results 
(Hibbitt et al. 2011). In this study, a small viscosity 
parameter μ = 10-4 was used. Similar approaches 
have been used in previous research studies as well 
(Valls & Carreras 2015, Lima et al. 2016).  

4.1.2 Steel reinforcement and steel restraints 
The stress-strain curve of the steel reinforcement 
was assumed to be elastic-perfectly plastic material 
and identical in compression and tension. As it is 
commonly used for most steel types, the elastic 
modulus and Poisson’s ratio for steel were taken to 
be Es = 210 GPa and ν = 0.3, respectively. 

The stress-strain curve of the steel restraints was 
assumed to be elastic material with the same Es and ν 
as those of the steel reinforcement. 

4.2 Numerical analysis and nonlinear solution 

The concrete was modelled by the use of C3D8R el-
ements, eight-node brick with reduced integration 
and hourglass control. The steel reinforcement was 
represented by discrete truss elements in linear 
(T3D2) order. The reinforcement was embedded in a 
concrete region in which the concrete and the rein-
forcement shared the same node and perfect bonding 
was assumed. The rough friction formulation was 
implemented in order to prevent the wall from losing 
contact with the restraints, so that boundary condi-
tions could be correctly applied. Both RC wall and 
restraints were assumed to be impenetrable rigid 
bodies by hard contact simulation. The modified 
Riks method was used for analysis of all numerical 
models. Automatic stability was used to avoid di-
vergence solution. For considering the geometric 
nonlinearity, the Nlgeom setting was also activated. 
Mesh convergence sensitivity was conducted to de-
termine optimal finite element (FE) mesh, providing 
a relatively accurate solution with low computation-
al time. The sizes of mesh for other parts, including 
reinforcement and restraints, were maintained in or-
der to investigate the mesh sensitivity in the concrete 
part. Typical mesh sensitivity for the TW3S-NF 
panel is presented in Table 3. Hereafter, all the re-
sults of numerical models will be referred to as hav-
ing a global mesh size of 20 for Hw and Lw and a lo-
cal mesh size of 3 for tw of the concrete parts.  

 
Table 3.  Mesh convergence study of the TW3S-NF. _____________________________________________ 
The size of mesh seed  Number       Nu,FEM  Nu,FEM      
Global           Local  of elements    (kN)  Nu,EXP    _____________________________________________ 

30     3        3888  463.3        1.03    
20     3        9576  441.2     0.98    
12     3        25,668  415.9     0.92    
30     5        6480   495.6     1.10 
20     5      15,960  459.2     1.02  
12     5      42,780  448.9        1.00 
30     7     9072   527.3     1.17 
20     7      22,344  472.0     1.05 
12      7      59,892  422.3     0.94 _____________________________________________    
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Figure 3 presents the load-deflection responses of 
TW3S-NF panel predicted by the FEM as well as 
those recorded in the experimental study, where a 
close correlation between the FEM and test results 
was observed. The crack patterns in the concrete 
structure using CDP model can be visualised by the 
concept of an effective crack direction. The direction 
of vector normal to the crack plane is assumed to be 
parallel to the direction of the maximum principal 
plastic strain (PE, Max. Principal). Figures 4-7 illus-
trate that the cracking behaviour was well predicted 
by the FEM, indicating the simulations were able to 
capture the failure mechanism in the test specimens. 
A larger number of cracks spread over a greater area 
can be seen in the FEM results as compared to the 
experimental observations. This is because a crack is 
displayed at any point at which the tensile equivalent 
plastic strain is greater than zero and the maximum 
principal plastic strain is positive regardless of the 
length or width of the crack. In the experiments, 
however, many of the smaller cracks were either not 
visible to the human eye or merged together forming 
a larger and more localised crack. Furthermore, the 
FEM results revealed that the major cracks initially 
propagated diagonally from the restrained corners 
and then horizontally from the unrestrained edge to-
wards the diagonal cracks. This observation differed 
from which was reported in the literature as previ-
ously mentioned in Section 3. 

In Table 4, the results show that the ratios of the 
FEM to the test failure load varied from 0.79 to 2.15, 
with a mean of 1.19 and a standard deviation of 
0.43. While satisfactory predictions were yielded by 
the FEM for high strength concrete panels, there 
were great discrepancies in the predicted values for 
normal strength concrete panels. Specifically, the 
failure load of the TSNL in the FEM was much 
higher than in the experiment. If the TSNL value 
was removed, the mean and the standard deviation 
would become 1.06 and 0.20, respectively. Addi-
tionally, the outcome from the FEM can be consid-
ered to be more reasonable than the experimental re-
sults regarding the percentage increases in wall 
strength (Table 5). However, the predicted en-
hancements were lower than the proposed value by 
Doh & Fragomeni (2005). Moreover, the study 
found that the ultimate strength of walls with an 
opening near the side restraint tended to be higher 
than walls with an opening at the centre or near the 
free end. Although these predicted values did not 
corroborate the observations from the experimental 
tests, the results would seem reasonable. If an open-
ing is created near the side restraint, according to the 
stress distribution from the FE analysis of the solid 
wall (Fig. 4a), it can be seen that this opening loca-
tion is in the low stress concentration region. Hence, 
it is believed that creating the opening near the side 
restraint cannot significantly affect the ultimate 
strength of the walls in opposition with the other 

opening locations. The FEM results also indicate 
that the ultimate strength of walls with an opening 
near the free end was slightly higher than walls with 
an opening at the centre. 

        
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
                           
Figure 3. Comparison of load-deflection response. 
 
 
 
 
 
 
 
 
 
  
 
 (a) Correlated PE in the FEM    (b) Test (Doh et al. 2008) 
Figure 4. Crack pattern of the TSNO specimen. 
 
 
 
 
 
 
 
 
 
  
 
(a) Correlated PE in the FEM        (b) Test (Doh et al. 2008) 
Figure 5. Crack pattern of the TSNR specimen. 
 
 

 
 
 
 
 
 
 

 
 
  (a) Correlated PE in the FEM       (b) Test (Doh et al. 2008) 
Figure 6. Crack pattern of the TSNL specimen. 
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  (a) Correlated PE in the FEM     (b) Test (Lima et al. 2014) 
Figure 7. Crack pattern of the TW3S-NF specimen. 
 
Table 4. Actual and predicted failure loads of panels. ________________________________________ 
Panel      Nu,EXP  Nu,FEM   Nu, FEM 

designation   (kN)       (kN)    Nu,EXP ________________________________________ 
TSNO    502.2   596.5    1.19 
TSNR    421.1   500.3    1.19 
TSNC    353.2   485.9    1.38 
TSNL    257.5   553.5    2.15 
TSHO    809.3   727.5    0.90 
TSHC    715.2   562.5    0.79 
TSHL    668.1   652.1    0.98 
TW3S-NF   450.0   441.2    0.98 
          Mean   1.19 
     Standard Deviation    0.43 ________________________________________ 
 
Table 5.  Comparison of percentage enhancement in 
wall strength. 
Panel    Nu,EXP Nu,FEM Percentage increase (%)                 
designation (kN)      (kN)  Test  FEM  Doh &                         

            Fragomeni (2005)  
TSHO   809.3  727.5   61.0   22.0   39.0  
TSNO   502.2  596.5 
TSHC   715.2  562.5      102.0   15.8   39.0   
TSNC   353.2  485.9 
TSHL   668.1  652.1     159.0   17.8   39.0   
TSNL   257.5  553.5 

5 CONCLUSIONS 

There is little research published on the behav-
iours of TW3S walls. Furthermore, a number of con-
tradictions were observed in the experimental results 
in that research. The Australian Standard (AS3600-
09) wall design equation was found to be inadequate 
in predicting the failure load for TW3S panels of 
high slenderness ratios with various aspect ratios 
and/or with the presence of openings. This paper al-
so presented FE analysis, which has been validated 
against laboratory tests. Some inconsistent results 
were observed between the FEM simulations and 
experimental tests. The research on the behaviours 
of TW3S walls is thus, relatively unexplored.  

The provision of a simplified guideline/formula 
for calculating the load capacity of TW3S panels 
with broader applicability is a necessary requirement 
for engineering application. A comprehensive exper-
imental and numerical study is currently underway 

at Griffith University to facilitate the development of 
reliable TW3S wall design models for engineering 
application. 
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