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Abstract: Existing research on progressive collapse of building structures mainly focuses on 4 

concrete and steel frame structures. To investigate the progressive collapse resistance of high-rise 5 

reinforced concrete (RC) frame shear wall structures, two typical 15-story building models are 6 

designed with equivalent overall lateral resistance to seismic actions. However the structural layouts 7 

in resisting the lateral forces are quite different for the two buildings. Building A is a weak 8 

wall-strong frame structure whilst Building B is a strong wall-weak frame system. 3-D finite 9 

element models of the two structures are established using fiber beam and multilayer shell elements. 10 

The progressive collapse resistances of the frames and the shear walls in both structures are 11 

evaluated under various column (shear wall) removal scenarios. Results demonstrate that there is a 12 

difference in progressive collapse prevention performance for different structural layouts. The 13 

progressive collapse resistance tends to be inadequate for the strong wall-weak frame system. Such 14 

a system is subsequently re-designed using the linear static AP method proposed in GSA2003, 15 

through which the reliability and efficiency of the method is confirmed. The outcome of this study 16 

has provided a reference for progressive collapse prevention designs of typical and representative 17 

high-rise RC frame shear wall structures.  18 

Key words: Progressive collapse; High-rise frame shear wall structure; Alternative load path 19 

method; Collapse resistance. 20 

Introduction 21 

Progressive collapse is considered as a type of chain reaction failure that follows the initial damage 22 

in a relatively small portion of a structure (Ellingwood and Leyendecker 1978). Progressive 23 

collapse of building structures, which is a significant threat to public safety, has been studied for 24 
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more than 40 years since the collapse of the Ronan Point Apartment in 1968.  25 

Existing research studies have investigated the progressive collapse resistance of primarily 26 

frame type of structures via experimental and numerical methods. By the experimental means, 27 

Sasani et al. (2011a) studied the progressive collapse resistance of an actual 11-story RC frame 28 

structure following an initial damage of four adjacent columns and two beam segments. It should be 29 

noted that large-scale tests of an entire structural system remain challenging given the limitations of 30 

test facilities and costs involved. Thus, structural components or sub-structure systems are 31 

frequently tested to study their progressive collapse behaviors under large deformations. Such tests 32 

include: a one-third scale four-bay and three-story planner RC frame (Yi et al. 2008), continuous 33 

beam sub-assemblages (Su et al. 2009), interior beam-column sub-assemblages (Kai and Li 2011), 34 

large-scale beam-column sub-assemblages (Sadek et al. 2011), a two-story steel moment frame 35 

(Chen et al. 2011) and a steel-concrete composite frame with rigid beam-to-column connections 36 

(Guo et al. 2013).  37 

In addition to the experimental studies, numerical simulation techniques have also been 38 

extensively employed in collapse analysis because they are effective and suitable for studying the 39 

behavior of entire building structures. Parametric studies can also be easily conducted using 40 

numerical means, covering static or dynamic, linear or nonlinear analysis. Extensive numerical 41 

simulations of progressive collapse of frame structures have been performed, such as steel frames 42 

analyzed using the pushdown method (Kim et al. 2009), a 20-story steel frame structure considering 43 

different column removal scenarios (Fu 2009), an existing 8-story steel frame simulated using a 44 

nonlinear dynamic finite element procedure (Kwasniewski 2010), RC frame wall structures based 45 

on a macro model-based approach (Bao and Kunnath 2010), RC structures analyzed using a bar 46 

fracture model (Sasani et al. 2011b) and a steel frame building using a 3-D nonlinear model (Li and 47 

El-Tawil 2013). Despite these research efforts, existing numerical and theoretical studies primarily 48 

focus on the frames itself within a frame shear wall structure. The performance and contribution of 49 

the shear walls in the progressive collapse process are much less concerned.  50 

In this study, the finite element models of two 15-story RC frame shear wall buildings, which 51 

http://www.sciencedirect.com/science/article/pii/S0141029609004428


 

are designed according to the Chinese routine design codes, are established to evaluate their 52 

progressive collapse resistances via the nonlinear dynamic AP method. The structure that cannot 53 

effectively resist progressive collapse is re-designed using the linear static AP method specified in 54 

GSA guideline (GSA 2003), through which the reliability and efficiency of the existing design 55 

method are evaluated.  56 

Design Details of Two Frame Shear Wall Building Models 57 

The two frame shear wall building structures are referred to as Building A and Building B. They are 58 

designed following the Chinese design codes (i.e., the Code for Design of Concrete Structures 59 

(MOHURD 2010a) and the Code for Seismic Design of Buildings (MOHURD 2010b)). Buildings 60 

A and B, both of 15 stories, have equivalent story heights - the height of the first story is 4.5 m and 61 

that of each remaining stories (the second to the fifteenth stories) is 3.6 m. The total height of each 62 

building is 54.9 m. The dead load on each story is 7.0 kN/m2, whereas the live load on each story is 63 

2.0 kN/m2. Both buildings have the same seismic design intensity of VII (the peak ground 64 

acceleration for a 10% exceedance probability in 50 years is 0.10 g, where g is the acceleration of 65 

gravity) and site class of II (soil shear wave velocity 500m/s≥vs≥250 m/s). Such a seismic design 66 

requirement is equivalent to that the design ground acceleration is 0.10g for type B ground and a 67 

non-collapse requirement specified in Eurocode 8 (CEN 2003). Due to the same seismic design 68 

intensity and site class chosen for both buildings, they are regulated to have the same seismic 69 

resistance and the same detailing requirement, i.e. the minimum reinforcement ratio and the 70 

maximum axial compression ratio of the structural components are identical. This in turn yields an 71 

identical overall lateral resistance for both buildings. The difference between the two buildings is 72 

that: Building A is a weak wall-strong frame structure whilst Building B is a strong wall-weak 73 

frame system, as is shown in their floor plan (symmetrical half) (see Figure 1). That results in 74 

Building A having higher reinforcement ratio in its frame beams and columns than that of Building 75 

B, which in turn leads to higher redundancy of the frames in Building A in resisting progressive 76 

collapse. For Building B, on the other hand, more RC walls are arranged to provide adequate lateral 77 

resistance for seismic prevention. As is shown in Figure 1, the shear walls are singly arranged in 78 

Building A but in Building B, they are arranged in a common “C” shape.  79 
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(a) Building A (b) Building B 

Figure 1 Floor plan of the building models (unit: m) 

Table 1 displays the dimensional and material parameters of the structural members in these 80 

two buildings. Although the strength of the longitudinal reinforcing steel in Building A is lower than 81 

that in Building B, the reinforcement ratio of Building A is much larger. Therefore, the lateral 82 

capacity of the fames in Building A is higher whereas the overall lateral capacities of the two are 83 

identical. 84 

Table 1 Parameters of structural elements in Building A and Building B 85 

 Building Beams Coupling beams Columns 
Shear walls 

(thickness) 

Floor slabs 

(thickness) 

Cross Section 
A 300 mm × 600 mm 400 mm × 700 mm 600 mm × 600 mm 400 mm 

(thickness) 

120mm 

120mm B 250 mm × 450 mm 300 mm × 700 mm 600 mm × 600 mm 300 mm  120mm 

Concrete A & B C30 (fc=20.1MPa)  
1st~10th story: C40 (fc=26.8MPa) 

11th~15th story: C35 (fc=23.4MPa) 

Longitudinal 

reinforcing steel 

A 
HRB335 

(fy=335MPa)a HRB400 (fy=400MPa) 

B HRB400 (fy=400MPa) 

Hoop reinforcing 

steel 
A & B HPB 300 (fy=300MPa) 

Note: fc = compressive strength of concrete; fy = yield strength of steel 86 

a As the beam section of Building A is relatively larger, lower strength steel is used to satisfy the minimum requirement of the 87 

reinforcement ratio specified in the design code. Otherwise, the beams will be significantly over-strength. 88 

89 



 

The Finite Element Model 90 

The finite element models of Buildings A and B are established based on the general finite-element 91 

program MSC.MARC (MSC 2007), which has an excellent nonlinear computational capacity. The 92 

beams, columns and coupling beams are simulated using the fiber beam model developed by the 93 

authors, whereas the shear walls are simulated using the multilayer shell model of MSC.MARC. In 94 

addition to the brief description below of these two element models, more detailed information can 95 

be found in the work of Lu et al. (2013a). In the existing literature (Tsai and Lin 2008, Kokot et al. 96 

2012), the slab contribution to the progressive collapse resistance was often neglected which 97 

produced conservative outcomes. This study follows the same strategies where the loads on the slab 98 

(including its own weight) are assigned to the corresponding beams according to the load 99 

distribution relationship. 100 

Fiber Beam Model  101 

According to the successful work of Lu et al. (2013a), a section of the fiber beam model is divided 102 

into 36 concrete fibers and 4 reinforcement fibers (see Figure 2a). Different material properties are 103 

considered for steel, concrete cover (unconfined) and core (confined) concrete fibers. The concrete 104 

constitutive model proposed by Légeron et al. (2005) is adopted to take into account the 105 

confinement effect of the stirrups. The reinforcement fiber can be defined with equivalent 106 

reinforcement area. Thus, cutoff of the longitudinal bars in beams can be modeled by altering the 107 

reinforcement fiber areas at different sections along the beam. For the finite element models of 108 

Buildings A and B, each frame element (beam or column) is subdivided into six fiber beam 109 

elements to ensure sufficient accuracy (Lu et al. 2013a). 110 
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(a) Section mesh (b) Comparison between numerical simulation and test result 

Figure 2 Fiber beam model 

In order to verify the feasibility and accuracy of the fiber beam model for simulating the 111 

structural collapse, an experimental test of RC assemblies under a column removal scenario (Lew et 112 

al. 2011) is simulated herein. Figure 2b indicates that the experimental load-displacement behavior 113 

can be well predicted by the fiber beam model. Validation of the fiber beam model on both system 114 

and component levels has also been done previously by Lu et al. (2013a) through simulation of two 115 

compressive-flexural column tests and a RC planner frame collapse test. 116 

Multilayer Shell Model 117 

In both buildings, the shear wall is made up of a middle wall and two boundary elements (see 118 

Figure 3a). In the numerical model, the integrated shear wall is modeled by the multilayer shell 119 

elements. The additional reinforcing bars within the boundary elements are simulated by the truss 120 

elements which are embedded in the multilayer shell model at the corresponding nodal locations 121 

(see Figure 3b). The mesh size of the multilayer shell element is 300mm×300mm and that of the 122 

truss element is also 300mm in the Z direction (see Figure 3b). The multilayer shell model is 123 

composed of a number of concrete and steel layers, for which the thickness and material properties 124 

can be defined separately. The reinforcing bars in the shear walls are defined as one or more steel 125 

layers with an equivalent reinforcement ratio. Based on the previous successful studies using the 126 

layered elements (Lu et al. 2011, Lu et al. 2013a), each of the shear walls concerned is divided into 127 



 

ten concrete layers and four steel layers to simulate the longitudinal and transverse steel bars on 128 

both the inner and outer sides of the wall. Note that MSC.MARC defines the steel layers following 129 

a bilateral constitutive material law. As such, an orthotropic material model must be adopted for the 130 

steel layers. In other words, the material properties are defined in the longitudinal direction of the 131 

reinforcing bars while those in the orthogonal direction are defined as zero.  132 
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(a) Dimensions of the shear wall  (b) Element mesh  

Figure 3 Modeling of the shear wall 

The multilayer shell element model (including the embedded truss element) has been validated 133 

by Lu et al. (2013a) through simulation of a shear wall and two RC tube specimens. In addition, 134 

more successful applications of the above two types of elements in simulating structural collapses 135 

can be found in the work of Li et al. (2011) and Lu et al. (2011, 2013a, 2013b).  136 

Nonlinear Dynamic AP Analysis 137 

The nonlinear dynamic AP method is one of the most accurate methods for progressive collapse 138 

analysis because it explicitly considers material and geometric nonlinearities, as well as the 139 

dynamic effect. Using this method, progressive collapse resistances of these two RC frame shear 140 

wall structures can be comprehensively studied, following sudden removal of frame columns or 141 

shear walls. For column removals, four typical scenarios (i.e., a corner column, a long edge column, 142 



 

a short edge column and an interior column) on each story (see Figure 1) are assumed to be 143 

considered. Note that only one column is removed in each analysis.  144 

For shear wall removals in Buildings A and B, different removal approaches are considered 145 

according to DoD2010 (DoD 2010). The DoD2010 (DoD 2010) specifies that for each load-bearing 146 

wall of length greater than 2H, a length that is twice the clear story height H can be removed; 147 

whereas if the length of the wall is less than 2H, the entire length of the wall can be removed. Based 148 

on these specifications, the entire length of the wall in the Y-direction (i.e., 6 m in Building A which 149 

is less than 2H (2H = 7.2 m)) is removed, as shown in Figure 1a. In Building B, three removal 150 

approaches of the inner load-bearing walls are implemented, as detailed in Figure 1b. “Removal 151 

approach 1” is similar to that used for Building A, i.e., the entire length of the shear wall in the 152 

Y-direction is removed. “Removal approach 2” refers to the removal of the entire length of the wall 153 

in the X-direction. For “Removal approach 3”, a length of the wall that is equal to the story height 154 

H in both the X- and Y-directions is removed from the inner walls, in which one or both of the 155 

interconnecting walls is load-bearing (DoD 2010). In this study, the removal scenarios of the shear 156 

walls from the bottom, mid and top stories (i.e., the 1st, 7th and 15th stories) are considered to 157 

evaluate the progressive collapse responses of these two structures.  158 

According to GSA2003 and DoD2010, the procedures of the nonlinear dynamic AP method 159 

involve: (a) starting at a zero load, monotonically increase the acceleration of gravity from 0 to 1g 160 

to the entire model (i.e., the column or wall section has not been removed yet) until the gravity load 161 

is fully applied; and (b) after the static equilibrium in gravity load and internal forces is reached, the 162 

target structural element is rapidly removed and the nonlinear dynamic response of the structure is 163 

analyzed until the structure collapses or reaches a new steady state. In this paper, the DoD2010 164 

collapse criterion for RC frames is used to identify the structural collapse. In the following analysis, 165 

it is found that when the vertical displacement of the joint (at the top of the removed column or 166 

shear wall) exceeds the threshold value specified in DoD2010, i.e. 1/5 of the shortest span of the 167 

connecting beams, the deformation of the structure continues to develop without converging, which 168 

confirms the rationality of the threshold value as the collapse criterion. 169 



 

Progressive Collapse Resistance of the Two Structures 170 

Removal of the Frame Columns in Building A 171 

As summarized in Table 2, no progressive collapse occurs in Building A irrespective of the removal 172 

of any column from any story. As a typical example, Figure 4 presents the structural behavior 173 

following the removal of the corner column from the 1st-story. To better illustrate the overall 174 

deformation of this building, Figure 4a shows its deformed shape with a deformation amplification 175 

factor of 20. The vertical displacement-time history responses of the joints at the top of the removed 176 

corner columns from selected stories are illustrated in Figure 4b, in which the removal of a column 177 

(or a shear wall in the last two sub-sections) on the xth-story is represented by "xth". Note that the 178 

displacement-time history response is presented from 0-1 s only in Figure 4b because the 179 

displacements are found to reach a stable free vibration status prior to 1 s. Figure 4b also indicates 180 

that amongst the removal scenarios from three different stories, the removal of the 15th-story 181 

column results in the minimum displacement. When the column from the lower story is removed, 182 

larger axial force in the column is subsequently released, resulting in a larger vertical displacement 183 

at the joint (top of the removed column). It can be observed from Figure 4b that the largest vertical 184 

displacement of the joint is only 37.8 mm, much smaller as compared to the span of the beam (5 m). 185 

According to the work of Li et al. (2011), when the vertical displacement of the joint is small, 186 

progressive collapse is predominantly resisted by the bending moment of the beam ends, namely, by 187 

the flexural capacity of the beam. For Building A, similar phenomena are also observed when the 188 

edge or interior column is removed. This is due to the strong frames of this building, in which the 189 

reinforcement in the beam ends exhibits higher redundancy. This in turn leads to higher flexural 190 

capacities of the beam ends and much enhanced progressive collapse resistance of the frames within 191 

Building A. The above analysis results confirm that Building A can provide an effective alternative 192 

load path after any typical frame column is removed; thus, progressive collapse can be prevented in 193 

this building. 194 

195 



 

Table 2 Outcome of frame column removal scenarios for Building A and Building B 196 

Building analyzed 

Removed column 

Corner column  Short edge column Long edge column Interior column 

Building A No collapse No collapse No collapse No collapse 

Building B Collapse No collapse Collapse Collapse 

 197 

X

Z

Y

-35.00

-26.25

-17.50

-8.75

0.00

1
st
-story column 

removed
Deformation Factor = 20

Disp Z

st

 

-50

-40

-30

-20

-10

0

0.0 0.2 0.4 0.6 0.8 1.0

D
is

p
la

ce
m

en
t 

(m
m

)

Time (s)

st th th1 7 15

 
(a) After the corner column on the 1st-story is 

removed (t=1.00 s / unit: mm) 

(b) Vertical displacement of the joint at the top of the 

removed column on the xth-story 

Figure 4 Removal of the corner column in Building A 

Removal of the Frame Columns in Building B 198 

For Building B, Table 2 indicates that progressive collapse does not occur when the short edge 199 

column on any story is removed. However, collapse is triggered when the corner, the long edge or 200 

the interior column is removed from any story. Following removal of the short edge column, the 201 

amount of unbalanced gravity loads resisted by the connecting beams is less than that resisted by 202 

the beams in the other areas. This implies that the progressive collapse resistance demand under the 203 

short edge column removal scenario is the lowest, which enables the survival of the building after a 204 

column removal catastrophe. As a typical example, Figure 5 demonstrates the removal scenario of 205 

the long edge column in Building B. The deformed shape due to the 7th-story column removal is 206 

presented in Figure 5a, in which progressive collapse is found to occur on and above the 7th-story. 207 

Figure 5b shows that the vertical displacement of the joint continues to increase to more than 1 m 208 



 

(i.e., 1/5 of the beam span) without converging, and an irreversible collapse process occurs. Figure 209 

5b also displays the displacement-time history responses after the long edge column is removed 210 

from the 1st and the 15th stories. Similar progressive collapse phenomena are also observed.  211 
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(a) After the long edge column on the 7th-story is 

removed (t=0.83 s / unit: mm) 

(b) Vertical displacement of the joint at the top of the 

removed column on the xth-story 

Figure 5 Removal of the long edge column in Building B 

As mentioned previously, the frames in Building B are weaker than those in Building A, 212 

resulting in a significantly lower collapse resistance than that of Building A. The analysis results 213 

reveal that the chosen high-rise RC frame shear wall structure (Building B), designed to provide 214 

lateral capacity mainly via the shear walls, presents a greater risk of progressive collapse on its 215 

frame component; thus, a special collapse prevention design is required. 216 

Removal of the Shear Wall in Building A 217 

For Building A, the analysis results indicate that progressive collapse does not occur when the shear 218 

wall is removed from any representative story (i.e., 1st, 7th, and 15th stories). Figure 6a illustrates the 219 

deformed shape of Building A after the shear wall in the Y-direction is removed from the 1st-story. 220 

Figure 6b shows the vertical displacement-time history responses of the joints (at the top of the 221 

removed wall) when the shear wall is removed from the xth-story (x=1, 7 and 15). It is noted that 222 

when the shear wall on the lower story is removed, the joint displacement is larger and it takes 223 

longer for the structure to reach a stable state. Although a significant displacement is observed, the 224 

structure can reach a new stable state and progressive collapse does not occur. The maximum 225 

displacement of the joint is approximately 118 mm, which is also significantly smaller than the 226 



 

threshold value for progressive collapse (i.e., 1/5 of the beam span, 1000 mm). 227 
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(a) After the 1st-story shear wall is removed (t=1.50 s / unit: 

mm) 

(b) Vertical displacement-time history of the joint after the 

removal of the xth-story shear wall  

Figure 6 Removal of the shear wall in Building A 

Removal of the Shear Wall in Building B 228 

For Building B, the shear wall removal is considered under three different removal approaches. The 229 

analysis results reveal that regardless of which removal approach is selected, the structure can 230 

adequately redistribute the unbalanced gravity loads to prevent progressive collapse after the shear 231 

wall is removed from any representative story. Figure 7a shows the deformed shape after part of the 232 

interconnecting shear wall is removed from the 1st-story (Removal approach 3 in Figure 1b). The 233 

vertical displacement-time history responses of the joints (at the top of the removed wall), as 234 

illustrated in Figure 7b, indicate that the structural deformation is very small (approximately 0.52 235 

mm).  236 
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(a) After the 1st-story shear wall is removed  

(Removal approach 3) (t=1.00 s / unit: mm) 

(b) Vertical displacement-time history after the removal of the 

1st-story shear wall  

Figure 7 Removal of the 1st-story shear wall in Building B 

Although the design redundancy of the frame (mainly influenced by the reinforcement ratio 237 

and the member size) in Building B is much lower than that in Building A, the vertical displacement 238 

of Building B following the removal of the xth-story shear wall is much smaller. This is because the 239 

redundancy of the shear walls (mainly influenced by the number and arrangement of the shear walls 240 

while the reinforcement ratio has less effect) in Building B is larger as its shear walls are 241 

interconnected to form a “C” shape (Figure 1b). Thus the deflection response of Building B is 242 

significantly reduced, resulting in better performance than Building A, in which the shear walls are 243 

arranged in only one direction. For Building A, in spite of the lower redundancy of the shear walls, 244 

the frame connected with the removed shear wall has higher reinforcement ratio (in order to meet 245 

seismic resistant requirements) which can serve as an alternative load path to resist progressive 246 

collapse. In summary, in RC frame shear wall structures designed to satisfy the seismic 247 

requirements, the shear walls are robust enough to resist progressive collapse. 248 

Despite the fact that both Buildings A and B can resist progressive collapse after the removal 249 

of the shear wall, their alternative load paths are rather different. Figure 8 displays the reaction 250 

forces FZ at the column supports after the removal of the 1st-story shear wall in the Y-direction for 251 

Building A (Figure 8a) and Building B (Removal approach 1, Figure 8b). In Building A, the 252 

redistribution of the internal forces mainly relies on the frame columns adjacent to the removed 253 



 

shear wall. On the other hand, the internal force redistribution in Building B relies primarily on the 254 

remaining interconnecting shear walls. Hence, Building B provides higher progressive collapse 255 

resistance under wall removal scenarios than Building A, because its “C” shaped walls have much 256 

higher redundant capacity than that of the frames in Building A. 257 
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(a) Building A (b) Building B 

Figure 8 Reaction force FZ at the column supports (unit:1000kN) 

Note: n1; (n2); n3%. n1: FZ before the removal of the shear wall; n2: FZ after the removal of the shear wall; n3: percentage difference in 258 

FZ 259 

Progressive Collapse Prevention Design of the Frames in Building B 260 

The above nonlinear dynamic AP analysis results indicate that the collapse resistance of the frames 261 

in Building B is inadequate. As such, Building B is re-designed against progressive collapse 262 

through the linear static AP method specified in Section 4.1.2 and Section 4.1.3 of GSA2003. The 263 

step-by-step design procedure is as follows: (1) from the top floor to the bottom floor, remove a 264 

frame column from the location being considered (four respective locations on each floor, as is 265 

shown in Figure 1b) and conduct a linear-static analysis of the remaining structure. Only one 266 

column is removed in each analysis. The static loads applied to the model follow the values 267 

specified in GSA2003 (i.e. Load = 2(DL + 0.25LL), where DL is the dead load and LL is the live 268 

load.). From the static analysis, the internal forces (e.g. the bending moments of the frame elements) 269 

QUD can be obtained. (2) Conservatively set the DCR values as 1.5 (for atypical structural 270 

configurations in GSA2003) for the frame elements. Then the expected ultimate QCE of the frame 271 



 

elements can be obtained by QUD/DCR. (3) If the ultimate loading capacity of the frames is lower 272 

than QCE, then the frame element is re-designed (by increasing the amount of reinforcement) 273 

according to QCE and the increased steel percentages are calculated. The analysis indicates that the 274 

reinforcement ratio in frame columns is not necessary to be increased. For the mid-span sections of 275 

beams, their ultimate bending capacities are usually larger than QCE and only a few sections need to 276 

be re-designed by increasing the reinforcement ratio. However, the ultimate bending capacities at 277 

the beam ends are much smaller than QCE and therefore the reinforcement ratio at these locations 278 

must be considerably increased. This is in accordance with the research findings of Li et al. (2011) 279 

in that progressive collapse resistance is predominantly provided by the bending moment of the 280 

beam ends under small deformations. Table 3 summarizes the reinforcement amount in the frame 281 

beams before and after performing the progressive collapse prevention design. It can be seen that 282 

the reinforcement amount has an 8.70% increase in the re-designed structure. 283 

Table 3 Comparison of the amount of longitudinal reinforcement in beams using different design methods for Building B 284 

Story  

Original 

structure 

Linear static AP method Nonlinear dynamic AP method 

Steel 

reinforcement (t) 

Steel 

reinforcement (t) 
Increase* (t) 

Percentage 

increase 

Steel 

reinforcement (t) 
Increase* (t) 

Percentage 

increase 

15 2.415 2.632 0.217 9.00 % 2.478 0.063 2.61 % 

14 3.001 3.187 0.186 6.17 % 3.086 0.085 2.83 % 

13 3.001 3.169 0.168 5.57 % 3.086 0.085 2.83 % 

12 3.004 3.189 0.185 6.13 % 3.092 0.088 2.93 % 

11 3.004 3.200 0.196 6.52 % 3.092 0.088 2.93 % 

10 3.121 3.326 0.205 6.59 % 3.215 0.094 3.01 % 

9 3.121 3.333 0.212 6.82 % 3.215 0.094 3.01 % 

8 3.121 3.344 0.223 7.17 % 3.215 0.094 3.01 % 

7 3.121 3.357 0.236 7.59 % 3.215 0.094 3.01 % 

6 2.714 3.023 0.309 11.37 % 2.751 0.037 1.36 % 

5 3.031 3.298 0.267 8.79 % 3.107 0.076 2.51 % 

4 2.721 3.032 0.311 11.43 % 2.840 0.119 4.37 % 

3 2.721 3.049 0.328 12.05 % 2.840 0.119 4.37 % 

2 2.721 3.068 0.347 12.76 % 2.840 0.119 4.37 % 

1 2.598 2.983 0.385 14.81 % 2.718 0.120 4.62 % 

Total 43.415 47.190 3.775 8.70 % 44.790 1.375 3.17 % 

Note: t = tonne. 285 

a Compared with the original structure. 286 



 

For comparison, the nonlinear dynamic AP method is also used to re-design Building B 287 

through which the minimum demand of reinforcement to resist progressive collapse is obtained. 288 

The design procedure follows that: (1) from the top floor to the bottom floor, conduct a dynamic 289 

analysis for each column removal scenario as explained in the section “Nonlinear Dynamic AP 290 

Analysis”. Again, only one column is removed in each analysis. It should be noted that the loads 291 

applied to the model are equal to DL+0.25LL. (2) If collapse occurs after a column is removed, then 292 

slightly increase the reinforcement ratio in the frame beams connected to or exactly above the 293 

removed column. Note that, in this step, to ensure minimum reinforcement demand is met, the 294 

reinforcement ratio should be gradually increased. (3) Re-run Step 1 until no collapse occurs. 295 

During the nonlinear dynamic design process, the initial static analysis results should be referred to, 296 

in particular those beam sections having much lower bearing capacity than QCE. In addition, 297 

increasing the reinforcement ratio at the beam ends is more effective to prevent collapse than 298 

increasing it at the mid-span sections. Table 3 also lists the minimum demand of reinforcement 299 

(with a 3.17% increase) in resisting progressive collapse which is calculated via the nonlinear 300 

dynamic AP method. It is evident that the linear static AP method is slightly conservative as 301 

compared to the minimum reinforcement demand required by the nonlinear dynamic AP method. 302 

To verify the reliability of the linear static AP method, the re-designed Building B is analyzed 303 

again using the nonlinear dynamic AP method. Results show that the re-designed structure can 304 

adequately resist progressive collapse following removal of any frame column from any story. This 305 

suggests that the progressive collapse resistance of Building B can be significantly enhanced after a 306 

collapse prevention design is implemented. Results also demonstrate that the linear static AP 307 

method specified in GSA2003 is reliable and efficient for collapse prevention designs of typical and 308 

representative high-rise RC frame shear wall structures. 309 

Conclusion 310 

Two typical 15-story RC frame shear wall building models, with equivalent overall lateral 311 

resistance to seismic actions, are established in this study to evaluate their progressive collapse 312 

resistances. However the structural layouts in resisting the lateral forces are quite different for the 313 



 

two buildings: One is a weak wall-strong frame structure and the other is a strong wall-weak frame 314 

system. 3-D finite element models are constructed based on general finite element program 315 

MSC.MARC. The modeling techniques are described in some detail with validations. The 316 

progressive collapse resistances of the two building models are evaluated via the nonlinear dynamic 317 

AP method under various column (shear wall) removal scenarios. The analysis results demonstrate 318 

that: if the RC frame shear wall building is designed to resist the horizontal seismic actions mainly 319 

through the shear walls, the collapse resistance of the frames tends to be inadequate and thus, a 320 

special collapse prevention design is required. On the other hand, if the frames serve as the main 321 

lateral-resistant components, then the overall collapse resistance can be enhanced by the seismic 322 

design and in turn a progressive collapse can be adequately prevented. Further, this study suggests 323 

that the shear walls should be interconnected in the floor plane, for example in a “C” or a tube shape, 324 

provided that the functional requirements can be met. This is because interconnected shear walls 325 

can provide adequate alternative load path and thus possess superior collapse resistance. Moreover, 326 

detailed progressive collapse prevention design procedure is given for frames with inadequate 327 

collapse resistance. The design and analysis outcomes also confirm that the linear static AP method 328 

specified in GSA2003 is reliable and efficient for progressive collapse prevention designs of typical 329 

and representative high-rise RC frame shear wall structures. 330 
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