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Abstract: To reduce the possible adverse effects of axial tensile force on reinforced concrete 13 

(RC) walls, bonded prestressed concrete (PC) walls are recommended for use in high-rise 14 

buildings. These could offer an initial axial compressive load to balance the possible axial 15 

tensile force of a RC wall induced by strong ground motions. In this study, three PC short-leg 16 

walls with a high-aspect-ratio of 2.0 were tested for various loading patterns, including constant 17 

axial forces and variable axial forces, combined with cyclic shear loading. Test results indicated 18 

that failure modes varied with loading patterns, including flexure-shear failure (coupled 19 

constant axial tension and cyclic shear loading), shear compression failure (coupled constant 20 

axial compression and cyclic shear loading), and flexure failure (coupled variable axial forces 21 

and cyclic shear loading). Variable axial forces led to the normalized tension-shear strength and 22 
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compressive-shear strength of PC short-leg walls decreasing by 8.5% and 9.1%, respectively, 23 

and the tension-shear ultimate ratio decreasing by 35%. The ultimate drift ratio of PC short-leg 24 

walls ranged from 1.8% to 3.7%. Variable axial loads decreased the pre-yield secant stiffness 25 

in tension-shear and compression-shear loading, while the influence on post-yield secant 26 

stiffness was less pronounced. Variable axial forces did not increase the maximum crack width 27 

of PC short-leg walls, but clearly decreased the accumulated energy of PC short-leg walls as 28 

they changed the shape of hysteretic curves. Finally, a finite element model of PC short-leg 29 

walls was developed and the accuracy of the model was evaluated using experiment results, 30 

including its hysteretic characteristics and lateral displacement profiles. 31 

Keywords: Bonded prestressed concrete wall; variable axial forces; high-aspect-ratio; strength; 32 

finite element model. 33 

1. Introduction 34 

Shear walls are the typical major lateral load-carrying components in high-rise buildings 35 

due to their high lateral strength and stiffness. Under strong ground motions, some reinforced 36 

concrete (RC) shear walls may be subjected not only to a constant vertical compressive load 37 

from gravity but also to combined variable axial forces (from compression to tension), moments, 38 

and shear forces. For instance, in a coupled wall system with a high coupling ratio, the axial 39 

forces induced by coupling beam shears may result in the wall pier sustaining a net axial tensile 40 

force, combined with shear and bending actions induced by lateral loading, as illustrated in Fig. 41 

1(a). Other examples are core wall or slender shear wall structures, as depicted in Fig. 1(b) and 42 

(c), where the peripheral walls may be subjected to the tensile forces caused by an overturning 43 

moment from lateral loading. Such coupled axial tension-shear action is a critical loading 44 
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condition for RC walls and may lead to significant structural damage, as identified by past 45 

earthquake reconnaissance (e.g., 2010 Chile earthquake [1] and experimental tests of core wall 46 

systems [2]). 47 

   

(a) Coupled wall (b) Core wall (c) Shear wall structure 

Fig. 1. RC walls undergoing combined axial tension, bending moment and shear force. 

Past research on RC walls subjected to constant axial tensile force and cyclic shear loading 48 

found that axial tension significantly decreased the lateral stiffness and strength of RC walls 49 

[3,4,5,6,7,8,9], resulting in a redistribution of lateral force among the walls. To prevent the 50 

adverse impact of large axial tensile forces, the Chinese Technical Guideline of Peer Review 51 

for Seismic Design of Super-Tall Buildings [10] specifies a strict limit on the axial tensile force 52 

of RC walls. According to this guideline, under design basis earthquakes (DBEs), the nominal 53 

tensile stress of RC walls (n = N/Ag) should be less than the tensile strength of concrete, where 54 

N and Ag are the axial tensile force and gross cross-sectional area of the wall section, 55 

respectively. Otherwise, the steel-concrete composite walls (e.g., steel reinforced concrete 56 

(SRC) walls and steel-plate composite walls) [11,12,13] are recommended for use instead of 57 

RC walls. Notably, in Chinese practical construction, steel-concrete composite walls are often 58 
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used for thick walls but seldom used for thin walls; this is because slender steel profiles present 59 

difficulties in terms of their positioning, erection, and connection. This research proposed 60 

another promising alternative approach using bonded prestressed concrete (PC) walls. The 61 

prestressedstrands in PC walls can provide an initial axial compressive load to balance the 62 

possible axial tensile force of walls induced by strong ground motions, thus controlling the 63 

development of cracks and enhancing the lateral strength and stiffness of the walls. It is 64 

important to note that this kind of prestressed concrete approach is probably not suitable for 65 

walls subjected to a high axial compressive force. This is due to the additional axial 66 

compression induced by prestressed strands would further increase the axial compressive force 67 

ratio and decrease the ductility of structural walls. 68 

While a number of precast unbonded post-tensioned concrete walls have been studied in 69 

recent years [14 ,15 ,16 ], literature on the seismic behavior of bonded PC short-leg walls is 70 

extremely limited. Thus, the objective of this study was to investigate the seismic behavior of 71 

bonded PC short-leg walls subjected to various types of loading pattern. An experimental 72 

program was conducted in which three PC short-leg walls with a larger-aspect-ratio of 2.0 were 73 

tested for different loading patterns, including constant axial forces and variable axial forces 74 

(ranged from compression to tension), combined with cyclic shear loading. The test results were 75 

detailed in terms of failure modes, hysteretic response, strength and stiffness, deformation 76 

capacities, deformation components, crack width, and axial deformation. Additionally, a finite 77 

element (FE) model was developed using OpenSees software to simulate the hysteretic 78 

behavior of PC short-leg walls under the various types of loading pattern. 79 



6 

 

2. Experimental Program 80 

2.1. Details of test walls 81 

A typical residential building located in Xi’an, China, with a total height of 138.6 m served 82 

as a prototype building to guide the design of test wall specimens. The sectional depth and 83 

thickness of the prototype wall in the lower stories of the residential building were 3.0 m and 84 

1.0 m, respectively. It needs to note that the prototype wall is a part of a T-shaped wall in the 85 

short side direction and had a low sectional depth-to-thickness ratio of 3. Such walls with a 86 

depth-to-thickness less than 8.0 are defined as short-leg walls according to Chinese technical 87 

specification for concrete structures of tall building (JGJ 3-2010) [17]. The test wall specimens 88 

were fabricated to approximately 1/4 scale of the prototype wall, with a length and thickness of 89 

0.72 m and 0.24 m, respectively. A total of three wall specimens (labeled HPCW0, HPCW1 and 90 

HPCW2) were designed, each with identical geometric dimensions, as depicted in Fig. 2. The 91 

clear height of the test specimens was 1.44 m, resulting in a shear-to-span ratio of 2.0.  92 

A top beam and foundation beam were fabricated together with the wall to allow for load 93 

application and anchorage of the wall specimen to reaction floor. The foundation beam was 94 

fabricated first, followed by construction of the wall and top beam. A total of twelve D14 95 

(diameter of 14 mm) steel reinforcing bars were used as longitudinal reinforcement for each 96 

boundary element, corresponding to a 3.94% reinforcement ratio. The vertically distributed 97 

reinforcement in the wall web comprised D6 steel rebars at a spacing of 90 mm, corresponding 98 

to a 0.26% reinforcement ratio. The horizontally distributed reinforcement comprised D6 steel 99 

rebars at a spacing of 85 mm, corresponding to a 0.28% reinforcement ratio. The boundary 100 

transverse reinforcement consisted of D8 steel rebars fabricated as rectangular hoops with a 101 
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vertical spacing of 70 mm, corresponding to a 2.60% volumetric transverse reinforcement ratio. 102 

In addition, a total of seven D15.2 (nominal diameter = 15.2 mm) strands were arranged along 103 

the wall length. The strands were installed in corrugated steel pipes (CSP) cast together with 104 

the wall body. Fasteners and nuts were used at the two ends of the strands to apply post-tension 105 

forces. Having applied these forces to the strands, a high strength grouting material was injected 106 

into the corrugated steel pipe from the reserved holes in the foundation (see Fig. 2(b)) to 107 

enhance the connection between the strands and surrounding concrete. 108 
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(b) Elevation view 

Fig. 2. Geometry and reinforcement of specimens (units: mm). 

2.2. Material properties 109 

The strength grade of the concrete used in these wall specimens was C50 (nominal cubic 110 

compressive strength fcu,n = 50 MPa). However, the average compressive strength obtained from 111 

standard 150 mm cubes fcu on the test day was 60.0, 54.2, and 66.1 MPa for specimens HPCW0, 112 

HPCW1, and HPCW2, respectively. The axial compressive strength of concrete fc and axial 113 

tensile strength of concrete ft were assumed to be 0.76fcu and 0.395fcu
0.55, respectively in 114 

accordance with the Chinese Code for Design of Concrete Structures GB 50010-2010 [18]. 115 

Grade HRB400 (nominal yield strength fy,n = 400 MPa) and G1860 (nominal yield strength 116 

fy,n = 1860 MPa) were used for reinforcement and strands. Table 1 summarizes the properties of 117 
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the reinforcement and strands, which were the average values obtained from three standard 118 

coupon tests. The ultimate strength and uniform elongation (i.e., measured strain corresponding 119 

to the peak stress) listed in this table are also the average values measured from three standard 120 

coupon tests. 121 

Table 1. Material properties of reinforcement and strand. 122 

 

Diameter  

(mm) 

Yield strength 

fy (MPa) 

Ultimate strength 

fu (MPa) 

Uniform elongation  

δ (%) 

Reinforcement 

 

6 454 690 13.7 

8 500 749 10.9 

14 480 665 13.3 

Strand 15.2 1801 1869 3.0 

 123 

2.3. Test setup and instrumentation  124 

The test setup is presented in Fig. 3. The foundation beam was anchored to the strong 125 

reaction floor, and the top beam was connected to three hydraulic actuators. The two vertical 126 

hydraulic actuators were used to apply axial loads, while one horizontal hydraulic actuator was 127 

used to apply cyclic shear loads. An out-of-plane support was used to prevent out-of-plane 128 

displacement and twisting of the wall during testing. The horizontal loading centroid was 1.44 129 

m from the wall base, resulting in a shear-to-span ratio of 2.0 for wall specimens. 130 

Load cells were utilized to measure the applied axial loads and lateral loads. Twenty-one 131 

linear variable differential transformers (LVDTs) were utilized to measure the displacement at 132 

different locations of the wall, as shown in Fig. 4(a). The configuration of LVDTs made it 133 

http://www.baidu.com/link?url=SzoL6D3WjZD9S4xtcqJhlQ1Q1iIlujWDl7BiV2SjL6O9x4QXotbKq5lo79kLoPiySCpVqlx3Ta3usmeooqM4FAKwLmaqTBvqbQBN36wxTDWBWcuHVPDFrwFALkhibtQD
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possible to determine the global displacement of the wall (LVDTs D1 and D2), wall average 134 

vertical strains and flexure deformations (LVDTs from D5 to D10), wall shear deformation 135 

(LVDTs from D11 to D14), possible rotation and slip of foundation beam (LVDTs from D15 to 136 

D17), vertical strain distribution over the cross-section at the wall bottom (LVDTs D5, D18 to 137 

D20, and D8), and wall axial deformation (LVDTs D21). Fifteen strain gauges were used to 138 

monitor the strains on reinforcement and strands, as depicted in Fig. 4(b). 139 

  

(a) Schematic drawing (b) Photograph 

Fig. 3. Test setup. 
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(a) Displacement transducers (b) Strain gauges 

Fig. 4. Layout of instruments. 

2.4 Loading protocol 140 

Two types of loading protocol were considered in the test program, details of which are as 141 

follows. 142 

Specimens HPCW0 and HPCW2: A constant axial tensile force Nt was applied to 143 

specimen HPCW0 while a constant axial compressive force Nc was applied to specimen 144 

HPCW2. The values of Nt and Nc are presented in Table 2. As depicted in Fig. 5(a), prior to 145 

yielding of the specimen, two levels of lateral drift with one cycle at each drift level were 146 

applied to the wall. After the specimen reached the predicted yield drift Δy,p corresponding to 147 

0.3% drift ratio, lateral displacement was increased at the predicted yield drift increments, with 148 

two cycles at each drift level. Note that the preliminary FE analysis using Opensees software 149 

was conducted to predict the lateral force-displacement curve of the specimen and the predicted 150 

yield drift was determined using the idealized force-displacement curve method in accordance 151 

with ASCE/SEI 41-13 [19]. During the test, loading to the west direction was defined as positive 152 

loading and loading to the east as negative loading. The test terminated when the lateral load 153 

capacity of the wall fell below 85% of the lateral peak load or when the wall could not sustain 154 

the axial force due to fracture of reinforcement or crushing of boundary concrete. 155 

Specimen HPCW1 was subjected to coupled variable axial forces and cyclic shear 156 

loading. The loading pattern was designed to mimic the loading history of a wall pier in a 157 

coupled wall system under cyclic pushover loads, as detailed in Reference [20]. One wall pier 158 

sustained increased axial tensile force induced by coupling beam shears along with an increased 159 
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lateral drift; the axial tensile force then remained constant after all coupling beams yielded, 160 

despite further increase in lateral drift. When the pushover force was reversed, the wall pier 161 

sustained axial compressive force induced by the reversed shear forces of the coupling beam. 162 

Fig. 5(b) presents the relationship between axial force and cyclic lateral drift applied to the 163 

specimen. Positive loading is used as an example to illustrate the loading protocol. First, an 164 

initial axial compressive force Ng, representing the gravity load, was applied to the wall. Prior 165 

to the predicted yield drift Δy,p, the axial load varied linearly with the applied lateral drift from 166 

Ng at zero drift to the targeted axial tensile force Nt at drift Δy,p (see the OA phase in Fig. 5(b)). 167 

Two levels of lateral drift (i.e., P1 and P2 point in Fig. 5(b)) with one cycle at each drift level 168 

were used in this loading stage. After the specimen yielded, the axial tensile force was 169 

maintained at a constant value of Nt until the lateral drift attained the targeted lateral drift (e.g., 170 

mΔy,p), as depicted in the AB phase in Fig. 5(b). For the unloading phase, the axial force 171 

unloaded linearly from the targeted axial tensile force Nt to the initial axial compressive force 172 

Ng at the lateral drift decreased to (m-1)Δy,p, as depicted in the BC phase in Fig. 5(b). The initial 173 

axial compressive force Ng was then maintained at a constant level and the lateral drift 174 

decreased further to zero, as illustrated in the CO phase in Fig. 5(b). The loading process in the 175 

negative loading direction was similar to that in the positive loading direction. The history of 176 

cyclic lateral drifts for specimen HPCW1 was identical to that for specimens HPCW0 and 177 

HPCW2, as presented in Fig. 5(a). The entire loading process including the application of axial 178 

load and cyclic lateral load was controlled by program. 179 
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(a) Cyclic shear loading history 

(b) Combined variable axial load and cyclic 

lateral loading 

Fig. 5. Loading protocol for all test wall specimens. 

The values of axial loads Ng, Nt and Nc applied to the wall specimens were obtained from 180 

pushover analysis of the walls in the prototype building, and are listed in Table 2. The prototype 181 

walls were estimated to have a tensile force demand of approximately Nt = 3Agftk under design 182 

basis earthquakes (DBEs), where Ag denotes the gross cross-sectional area of the wall and ftk 183 

denotes the standard value of the tensile strength of concrete. Because the Chinese Technical 184 

Guideline of Peer Review for Seismic Design of Super-Tall Buildings requires the nominal 185 

tensile stress of RC walls (n = N/Ag) to be less than the value of ftk, the prestressed force of the 186 

prototype wall was determined as Np=2Agftk, thus ensuring that the remaining net tensile force 187 

of the wall section did not exceed Agftk. The values of loads applied to the wall specimens were 188 

scaled from the prototype wall loads. Axial compressive force ratio nc = N/(Agfc
’) and 189 

normalized concrete tensile stress nt = N/(Agft) were used to quantify the magnitude of the axial 190 

force, where Ag denotes the gross cross-section of the wall, and fc
’ and ft denote the axial 191 

compressive strength and tensile strength of concrete, respectively. The gravity load Ng of 192 

HPCW2 corresponded to an axial compressive force ratio nc = 0.14, while the total value of 193 
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nc,tot reached 0.24 when the prestressed force was included. At an axial compressive load of Nc 194 

= 3022 kN, the total axial compressive force ratio nc,tot reached 0.45. Although the axial tensile 195 

load led to a large normalized concrete tensile stress nt = 2.0, the net normalized concrete tensile 196 

stress nt, tot was reduced to 0.67 when the load balanced by the prestressed force was excluded. 197 

Due to the strong boundary element, the calculated in-plane tension-flexural and compression-198 

flexural strength of the overall wall specimen were approximately 2.0 and 1.5 times its in-plane 199 

shear strength. The flexural strength of the PC short-leg wall was assessed from cross-section 200 

analysis using the XTRACT [21] program and the measured material properties , while the 201 

shear strength was calculated using ACI 318-19 [22] equations presented later in the paper. 202 

Table 2. Values of axial load applied for wall specimens. 203 

Spec. 

no 

Prestressed  

force 

 Initial axial  

force 

 Targeted axial  

compressive force 

 Targeted axial  

tensile force 

Np (KN)  Ng (KN) nc nc,tot  Nc (kN) nc nc,tot  Nt (kN) nt nt,tot 

HPCW0 

-912 

 

-1197 

0.15 0.27  

-3022 

0.38 0.50  

1369 

2.1 0.70 

HPCW1 0.17 0.30  0.42 0.55  2.2 0.74 

HPCW2 0.14 0.24  0.35 0.45  2.0 0.67 

Note: The values of nc and nt do not consider the contribution of the prestressed force, whereas 204 

the values of nc,tot and nt,tot do consider this contribution. 205 

3. Experimental results  206 

3.1. Observed damage and failure modes 207 

The following sections describe the experimentally observed behavior of each wall 208 



15 

 

specimen based on visible damage (cracking, spalling, crushing, buckling, fracture, etc.). 209 

Specimen HPCW0: This specimen was tested under the combined constant axial tensile 210 

force and cyclic lateral loading. Horizontal cracks with a maximum width of 0.15 mm were 211 

observed at the east wall boundary after the application of axial tensile force, as presented in 212 

Fig. 6(a). It needs to note that although the axial tensile forces applied by two vertical actuators 213 

were identical in the test, horizontal cracks were mainly observed at the east boundary and wall 214 

web. Analysis of the measured displacement data (LVDTs D15 and D16 in Fig. 4(a)) indicates 215 

that the foundation beam had a slight rotation during the application of axial tensile forces due 216 

to non-uniformly distributed restraint forces provided by the anchorage bolts, which led to an 217 

additional bending moment on the wall. The additional bending moment induced an increased 218 

tensile demand on wall’s east boundary than the west boundary, thus resulting in unsymmetrical 219 

distribution of cracks. At 0.1% lateral drift, horizontally flexural cracks with a maximum width 220 

of 0.15 mm were observed at both wall boundaries. At approximate 0.3% lateral drift, boundary 221 

longitudinal reinforcement yielded, followed by the development of inclined cracks with a 222 

maximum width of 0.40 mm on the wall web during the loading cycle to 0.6% lateral drift, as 223 

depicted in Fig 6(b). Thereafter, the width of inclined cracks increased noticeably and diagonal 224 

compressive struts from the boundary element to the wall web were observed, following which 225 

a peak lateral load was reached at 2.7% lateral drift, as shown in Fig. 6(c). At the peak load, the 226 

boundary core concrete did not significantly damage, and the measured strain indicated that the 227 

boundary transverse reinforcement had not yielded yet. Upon further increased drift loading, 228 

gradual strength degradation was observed due to the crushing and spalling of wall web 229 

concrete. When loading to a 3.9% lateral drift, flexure-shear failure occurred and the lateral 230 
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load dropped to 85% of peak load due to serious spalling of web concrete along the diagonal 231 

compressive struts near the boundary element-web interface, as illustrated in Fig. 6(d). 232 

Importantly, no obvious spalling and crushing of cover concrete was observed in either wall 233 

boundary for specimen HPCW0, as presented in Fig. 6(d). 234 

    

(a) N=1369 kN (b) θ = -0.6 % (c) θ = -2.7 % (d) θ = 3.9 % 

Fig. 6. Photographs of specimen HPCW0: (a) After applying axial tensile force; (b) 0.6% 

lateral drift; (c) Peak lateral load; (d) End of testing. 

The reinforcement strain also reflects the progressive failure of specimen HPCW0. Fig. 7 235 

depicts the measured strain of boundary longitudinal reinforcement (at the east wall boundary 236 

end) and horizontally distributed reinforcement (at the 450 mm height above the wall 237 

foundation). Before an approximate 1.5% lateral drift, the variation of horizontally distributed 238 

reinforcement strain was relatively small (as shown in Fig. 7(b)) and the tension strain of 239 

boundary longitudinal reinforcement was close to linearly increasing as top displacement 240 

increased (as illustrated in Fig. 7(a)). This indicated that the flexural mechanism dominated the 241 

lateral behavior in this loading stage. During an approximate 1.5%-2.1% lateral drift, the 242 

tension strain of boundary longitudinal reinforcement continuously increased and there was a 243 

E W E W E W E W
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sudden increase in the tension strain of horizontally distributed reinforcement. Thereafter, the 244 

tension strain of boundary longitudinal reinforcement steadily decreased as top displacement 245 

increased while the strain of horizontally distributed reinforcement further increased and 246 

attained a tension strain of approximately 0.3%, indicating that shear mechanism dominated the 247 

lateral behavior in this stage. Notably, the strain gauges did not work when the strain 248 

approximated 0.3% (this phenomenon also observed in the following sections). These 249 

observations are consistent with the definition of flexure-shear failure which comprises 250 

flexural-control behavior before yielding, followed by shear failure at a larger drift ratio [23]. 251 

  

(a) Boundary longitudinal reinforcement (b) Horizontally distributed reinforcement 

Fig. 7. Strains of reinforcement in specimen HPCW0. 

Specimen HPCW2: This specimen was tested under the combined constant axial 252 

compressive force and cyclic lateral loading. Horizontally flexural cracks with a maximum 253 

width of 0.05mm were observed at both wall ends during the first cycle to 0.2% lateral drift. As 254 

lateral drift increased, inclined cracks developed on each side of the wall, extending from the 255 

wall top corner toward the wall bottom corner at another side  at 0.6% drift, as shown in Fig. 256 
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8(a). The angle of inclined cracks was steeper and the distribution of inclined cracks was sparser 257 

than that of specimen HPCW0 because specimen HPCW2 had a high compressive force. At a 258 

drift ratio of 0.9% in negative loading, multiple vertical cracks were observed at an approximate 259 

200 mm height of the west wall boundary end. When loading to 1.2% lateral drift, the wall 260 

specimen attained peak lateral load after the width of inclined cracks increased significantly, 261 

and there was slight spalling of cover concrete at both wall boundaries adjacent to the wall-262 

foundation block interface, as presented in Fig. 8(b). During the loading cycle to 2.1% lateral 263 

drift, concrete in the core of both wall boundaries crushed and the cover concrete of the wall 264 

web spalled, which initiated shear compression failure and a fall in lateral load to 85% of peak 265 

load, as depicted in Fig. 8(c)-(d). The measured strain indicated that the boundary transverse 266 

reinforcement reached 0.0026 at the peak load and 0.0058 at the final failure (yield strain of 267 

boundary transverse reinforcement is 0.0025), indicating significant development of confining 268 

effect to the core concrete. Furthermore, although HPCW2 had a high axial compressive force 269 

ratio (the true axial compressive ratio was 0.45), no obvious buckling of longitudinal 270 

reinforcement was observed during the tests until failure occurred. 271 

    

(a) θ = 0.6 % (b) θ = 1.2% (c) θ = 2.1 % (d) θ = 2.1% 

Fig. 8. Photographs of specimen HPCW2: (a) 0.6% lateral drift; (b) Peak lateral load; (b) 

E W E W E W EW Back
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End of testing; (d) Back face of the wall at the end of testing. 

Fig. 9 depicts the measured strain of boundary longitudinal reinforcement and horizontally 272 

distributed reinforcement in specimen HPCW2. Due to the high axial force ratio, the boundary 273 

longitudinal reinforcement of specimen HPCW2 was in compression (negative value) and the 274 

compressive strain was close to changing linearly as top displacement varied, as illustrated in 275 

Fig. 9(a). The strain of horizontally distributed reinforcement exhibited a more rapid increase 276 

than that of boundary longitudinal reinforcement due to the fast development of incline cracks 277 

and shear compression failure, as shown in Fig. 9(b). 278 

  

(a) Boundary longitudinal reinforcement (b) Horizontally distributed reinforcement 

Fig. 9. Strains of reinforcement in specimen HPCW2. 

Specimen HPCW1: This specimen was tested under the combined variable axial load and 279 

cyclic lateral loading. The axial load was tension in the pull direction (positive loading) and 280 

compression in the push direction (negative loading). Horizontally flexural cracks with a 281 

maximum width of 0.1 mm were observed at the east wall boundary at 0.2% lateral drift in 282 

positive loading (under coupled axial tension-shear loading to the west direction). When 283 
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loading to a 0.6% lateral drift, inclined cracks with a maximum width of 0.2 mm developed 284 

from the boundary zone and extended toward the wall web, as presented in Fig. 10(a), which 285 

was similar to what happened to the HPCW0. At a lateral drift of 0.9% in negative loading 286 

(under coupled axial compression-shear loading to the east direction), multiple vertical cracks 287 

were observed at approximately 150 mm height of the east wall boundary end, followed by 288 

minor spalling of cover concrete at the wall end. The specimen attained peak lateral load at 1.2% 289 

lateral drift in negative loading due to crushing and spalling of cover concrete at the east wall 290 

boundary, as illustrated in Fig. 10(b). When the wall was loaded in the compression-shear 291 

direction to a 2.4% lateral drift, serious crushing of core concrete at the east wall boundary and 292 

buckling of longitudinal reinforcement occurred. The measured strains of the boundary 293 

transverse reinforcement reached 0.0039 at the peak load and 0.014 at the final failure. This 294 

initiated flexure failure during the first cycle to a 3.0% lateral drift in the tension-shear direction 295 

due to fracture of boundary longitudinal reinforcement in the east wall boundary, as depicted in 296 

Fig. 10(c)-(d). 297 

    

(a) θ = -0.6 % (b) θ = -1.2 % (c) θ = -2.4 % (d) θ = 3.0% 

Fig. 10. Photographs of specimen HPCW1: (a) 0.6% lateral drift; (b) Peak lateral load in the 

negative loading; (c) Buckling of reinforcement; (d) Fracture of boundary reinforcement. 
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Fig. 11 presents the measured strain of boundary longitudinal reinforcement and 298 

horizontally distributed reinforcement in specimen HPCW1. Prior to compression-shear peak 299 

load, the strain variation of horizontally distributed reinforcement was relatively small (as 300 

shown in Fig. 11(b)) and the strain of boundary longitudinal reinforcement was close to 301 

changing linearly as top displacement varied (as depicted in Fig. 11(a)), indicating that the 302 

flexural mechanism dominated the lateral behavior in this loading stage. Following 303 

compression-shear peak load, the compression strain of boundary longitudinal reinforcement 304 

steadily decreased due to buckling of the boundary longitudinal reinforcement. It is important 305 

to note that although specimen HPCW1 and HPCW2 exhibited an approximately compressive 306 

strain in boundary longitudinal reinforcement, buckling of boundary longitudinal reinforcement 307 

was observed for specimen HPCW1 because a large tensile strain developed in the longitudinal 308 

reinforcement during positive loading (coupled axial tension-shear loading), as illustrated in 309 

Fig. 11(a). The strain of horizontally distributed reinforcement significantly increased after 310 

compression-shear peak load due to the development of incline cracks, as shown in Fig. 10(b)-311 

(c). 312 
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(a) Boundary longitudinal reinforcement (b) Horizontally distributed reinforcement 

Fig. 11. Strains of reinforcement in specimen HPCW1. 

It is important to note that the classification of failure modes in this study was based on 313 

these rules proposed by Paulay and Priestley [24] and specifications in JGJ 3-2010 (China code) 314 

[17]. Flexure failure is characterized by cracking of concrete at plastic hinge zone, yielding of 315 

boundary longitudinal reinforcement, and then crushing of concrete or fracture of boundary 316 

longitudinal reinforcement. Flexure-shear failure is characterized by flexural cracking at the 317 

plastic hinge zone, yielding of boundary longitudinal reinforcement in tension, and then 318 

yielding of horizontal shear reinforcement and spalling of wall web concrete. The flexure-shear 319 

failure was indicated where flexural yielding was followed by shear failure at a large drift ratio 320 

[23]. Paulay and Priestley [24] classified the shear failure into diagonal tension failure, diagonal 321 

compression failure and sliding shear failure. Diagonal tension failure is generally observed in 322 

walls with insufficient horizontal shear reinforcement and is characterized by corner-to-corner 323 

diagonal crack, yielding or fracture of horizontal shear reinforcement. Diagonal compression 324 

failure is triggered by crushing of the diagonal compression struts in a wall with adequate shear 325 

reinforcement, of which the average shear stress is high. However, according to JGJ 3-2010, 326 

diagonal compression failure is further classified into diagonal compression failure and shear-327 

compression failure based on whether the horizontal shear reinforcement yields or not. If the 328 

horizontal shear reinforcement does not yield, diagonal compression failure classified by 329 

Paulay and Priestley is also defined as diagonal compressive failure in JGJ 3-2010. If the 330 

horizontal shear reinforcement yields, diagonal compression failure classified by Paulay and 331 

Priestley is defined as shear-compression failure in JGJ 3-2010. Sliding shear failure often 332 
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occurs because the yielding of vertical reinforcement (leading to an open crack at wall base) 333 

and concrete crushing (spreading along the wall length) lead to a weak sliding surface under 334 

the force or displacement reversal. 335 

For specimen HPCW0, flexural cracking of boundary concrete and yielding of boundary 336 

longitudinal reinforcement was observed firstly (caused by flexure mechanism), followed by 337 

the development of inclined cracks, yielding of horizontal shear reinforcement, and spalling of 338 

web concrete (caused by shear mechanism), as shown in Fig. 6. Therefore, the failure mode of 339 

HPCW0 was defined as flexure-shear failure. For specimen HPCW2 that had a high axial 340 

compressive force ratio of 0.45, shear cracks were firstly developed on each side of the wall, 341 

extending along the diagonal direction of the wall web, as shown in Fig. 8(a). Afterward, the 342 

horizontal shear reinforcement and boundary longitudinal reinforcement yielded at the same 343 

lateral drift, followed by crushing of boundary concrete, as shown in Fig. 8(d). Therefore, the 344 

failure mode of HPCW2 was defined as shear-compression failure. Although the yielding of 345 

boundary longitudinal reinforcement was observed for specimens HPCW0 and HPCW2, the 346 

yielding of boundary longitudinal reinforcement was in tension for HPCW0 caused by flexural 347 

mechanism while in compression for HPCW2 caused by shear-compression mechanism. 348 

3.2. Lateral load-displacement responses 349 

Fig. 12 presents the lateral load-displacement hysteretic response for the three wall 350 

specimens. The points corresponding to the yielding of boundary longitudinal rebars, yielding 351 

of vertically and horizontally distributed rebars, and yielding of boundary transverse rebars can 352 

also be identified in Fig. 12. In addition, the flexural strength capacity Vfl@Mn, Vfl@My and 353 

Vfl@Mp, and shear strength capacity Vs are also plotted in Fig. 12. The Vfl@Mn, Vfl@My and 354 
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Vfl@Mp corresponded to the cover concrete ultimate compressive strain of 0.003, first yielding 355 

of boundary longitudinal rebar, and peak flexural strength, respectively. The flexural strength 356 

capacity was calculated using the XTRACT program. The confined concrete model proposed 357 

by Saatcioglu and Razvi [25] was incorporated for boundary core concrete to reflect the 358 

confinement effect provided by transverse reinforcement. The Kent-Park model [26] was used 359 

for cover concrete and web wall concrete. The measured uniaxial stress-strain curves of rebars 360 

and strands were used for the XTRACT analysis. In addition, the tension-flexure peak strength 361 

of HPCW0 and HPCW1 was controlled by the fracture of strands due to their low uniform 362 

elongation, as listed in Table 1. 363 

The shear strength capacity Vn was calculated based on the design equations specified in 364 

ACI 318-19 (U.S. code) [22] and JGJ 3-2010 (China code) [17], as presented in Table. 3. In 365 

ACI 318-19 code formulae, the influence of axial compressive load on the shear strength of a 366 

PC wall is not considered directly, while a net axial tension is used in calculating the tension-367 

shear strength of a PC wall subjected to axial tension. In JGJ 3-2010 code formulae, the net 368 

axial load is used in calculating the shear strength of a PC wall subjected not only to axial 369 

compression but also axial tension. 370 

Table 3. Design formulae for shear strength of PC wall. 371 

Design code Design formulae 

ACI 318-19 

(U.S.) [22] 

( )'

n c h yh gV f f A +=  

Where: α=0.25 for λ ≤ 1.5; α = 0.17 for λ ≥ 2.0; α=0.17(1+0.29N/Ag) 

for wall subjected to a net axial tension 

JGJ 3-2010 ( )n
sh

t w w0 w0yh

1
0.4 0.1 0.8

0.5

A
V f b h N f h

s
= + +
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(China) [17] 

Where Vn denotes the shear strength of the PC wall, fc’ denotes the compressive strength of 372 

concrete in MPa; ρh denotes the ratio of horizontally distributed rebars; fyh denotes the yield 373 

strength of horizontally distributed rebars; Ag denotes the gross area of wall section; λ = Mhw0/V 374 

denotes the shear-to-span ratio of the wall; N is the total axial force of the wall concrete, 375 

including the prestressed force, which is positive for compression and negative for tension; ft 376 

denotes the axial tensile strength of concrete; bw denotes the wall thickness and hw0 denotes the 377 

effective sectional depth of the wall; s denotes the vertical spacing of horizontally distributed 378 

rebars; Ash denotes the area of horizontally distributed rebars within the spacing s. 379 

The following observations can be made based on the results presented in Fig. 12: (1) For 380 

specimen HPCW0 which had a constant axial tensile force and exhibited flexure-shear failure, 381 

the hysteretic curves remained stable even under the large drift and the peak load was attained 382 

after yielding of boundary longitudinal rebars followed by horizontally and vertically 383 

distributed rebars. It is important to note the boundary longitudinal rebars yielded by tension 384 

for specimen HPCW0. Although specimen HPCW0 had a constant axial tension, its hysteretic 385 

curves in the positive and negative directions exhibited somewhat asymmetric. This is due to 386 

the cracks were asymmetrically distributed after applying the axial tension, as presented in 387 

Section 3.1. (2) For specimen HPCW1 which had a variable axial load, the hysteretic curves 388 

differed substantially in two loading directions due to the asymmetric loading pattern. The 389 

hysteretic curves displayed significant strength degradation in negative loading (coupled axial 390 

compression-shear loading direction) due to concrete crushing and longitudinal rebar buckling 391 

on the east wall boundary, and no obvious strength degradation in the positive direction 392 
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(coupled axial tension-shear loading direction) until the cessation of testing. Furthermore, the 393 

yielding of reinforcement first occurred by tension in positive loading, and thereafter by 394 

compression in negative loading. (3) For specimen HPCW2 which had a constant axial 395 

compression force, the hysteretic curves were full and exhibited rapid post-peak strength 396 

degradation due to serious concrete crushing of both wall boundaries. The boundary 397 

longitudinal rebars and horizontally distributed rebars yielded at approximately the same lateral 398 

drift. Note that the boundary longitudinal rebars yielded by compression for specimen HPCW2 399 

due to high axial compressive force ratio (the true axial compressive ratio was 0.45), as 400 

presented in Fig. 12(b). (4) A notable phenomenon was that lateral load increased along with a 401 

simultaneous decrease in axial tensile force and lateral drift was observed for specimen HPCW1 402 

in the positive unloading stage, as shown in the BC phase in Fig. 12(b). This is because the 403 

increase in wall lateral capacity caused by a decrease in axial load exceeded the decrease in 404 

wall lateral capacity induced by the decrease in lateral drift. (5) Although flexural yielding 405 

strength Vfl @ My and flexural strength Vfl @ Mn (εc=0.003) were attained for the three wall 406 

specimens, shear-controlled failure was observed for HPCW0 and HPCW2. This is because the 407 

strong boundary elements provided substantial flexural strength capacity, which is more prone 408 

to develop inclined shear cracks on the wall web and trigger shear-dominated failure, even after 409 

the yielding of boundary longitudinal reinforcement and cover concrete attained a compressive 410 

strain of 0.003. However, for HPCW1 which had a variable axial load, the buckled boundary 411 

reinforcement (as presented in Fig. 10(c)) in the coupled axial compression-shear loading 412 

direction was attributed to the fracture of boundary reinforcement in the coupled axial tension-413 

shear loading direction, which led to a flexure-controlled failure. (6) The calculated tension-414 
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shear strength based on two design codes formulae were highly similar and significantly 415 

underestimated the tension-shear strength of PC walls with an experimental-calculated strength 416 

ratio of 2.46. The compression-shear strength calculated by ACI 318-19 (U.S. code) formulae 417 

was smaller than that of JGJ 3-2010 (China code) formulae because the influence of axial 418 

compression on the compression-shear strength of PC walls was not considered in ACI 318-19. 419 

The two design equations also significantly underestimated the compression-shear strength 420 

with experimental-to-calculated strength ratios of 1.58 and 2.06, respectively. This is because 421 

the strong boundary element and vertical strands also increase the shear strength capacity of PC 422 

walls, but were not considered in these equations. (7) XTRACT provided a reasonable 423 

estimation of the tension-flexure peak strength of PC walls subjected to coupled variable axial 424 

load and horizontal shear loading. 425 
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（c）HPCW2 

 

Fig. 12. Lateral force versus top displacement response for all test walls. 

3.3. Lateral strength and deformation capacities 426 

Table 4 illustrates the measured yield load (Vy), corresponding to yield drift (Δy) and yield 427 

drift ratio (θy), the peak load (Vp), corresponding to peak drift (Dp) and peak drift ratio (θp), the 428 

normalized peak lateral load (Vp/Ag
'

cf ), the ultimate drift (Du), and ultimate drift ratio (θu). 429 

The measured yield point was determined using the idealized force-displacement curve method 430 

in accordance with ASCE/SEI 41-13[19]. Ultimate drift was defined as the post-peak drift at 431 

the instant when the lateral load decreases to 85% of the peak load. The values of θu of 432 

specimens HPCW0 and HPCW2 listed in Table 4 are the average values of ultimate drift ratio 433 

in positive and negative loading. For specimen HPCW1, where the lateral load increased during 434 

the unloading stage (BC phase in Fig. 12(b)), the peak load was defined as the maximum lateral 435 

load in the loading phase. 436 

The following observations can be derived from Table 4. (1) Compared with specimen 437 

HPCW0 and HPCW2 which had a constant axial load, the normalized peak strength of HRCW1 438 
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with variable axial load decreased by 8.5 % and 9.1% in positive loading (coupled axial tension-439 

shear loading) and negative loading (coupled axial compression-shear loading), respectively. 440 

(2) Compared with specimen HPCW0 which was subjected to constant tensile force, the 441 

ultimate drift ratio of specimen HPCW1 with variable axial forces decreased by 35% in tension-442 

shear loading. This is likely to be attributable to the boundary longitudinal rebar that buckled 443 

in prior compression-shear loading and easily fractured in reversed tension-shear loading. The 444 

three wall specimens had ultimate drift ratios ranging from 1.8% to 3.7%, exceeding the elasto-445 

plastic drift ratio limit of 1/100 specified in the Chinese design code (GB 50010-2010). (3) 446 

Although specimens HPCW1 and HPCW2 had compression-shear peak strengths of 447 

'

c0.70 gf A   and '

c0.77 gf A   which exceeded the limited value of '

c0.66 gf A   specified in 448 

ACI 318-19 [22] to guard against diagonal-compression failure, no diagonal-compression 449 

failure was observed in these tests, indicating that the limited value may be conservative for PC 450 

walls. A similar phenomenon was also observed for RC walls in prior studies in which the ratio 451 

of wall length to boundary element length was less than 6.0 (the ratio was equal to 3.0 for 452 

specimens HPCW1 and HPCW2 in this study) [27,23]. 453 

Table 4. Lateral strength and deformation capacities of test walls. 454 

Spec.no Direction 

Dy 

(mm) 

θy 

(%) 

Vy 

(kN) 

Dp 

(mm) 

θp 

(%) 

Vp 

(kN) 

p

'
g c

V

A f

 
Du 

(mm) 

θu 

(%) 

HPCW0 

W+ 10.3 0.72 491.6 47.8 3.32 617.9 

0.59 

47.8 

3.7% 

E- -10.8 -0.75 -629.7 -44.0 -3.06 -755.4 -58.3 

HPCW1 

W+ 10.1 0.70 448.4 35.1 2.44 594.2 0.54 35.1 2.4% 

E- -8.8 -0.61 -696.9 -19.6 -1.36 -779.1 -0.70 -33.6 2.3% 
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HPCW2 

W+ 4.6 0.32 819.2 11.9 0.83 979.9 

0.77 

25.5 

1.8% 

E- -5.2 -0.36 -791.3 -13.3 0.92 -915.4 -26.7 

4. Discussion of test results 455 

4.1 Stiffness degradation and accumulated energy 456 

Fig. 13 presents the peak-to-peak lateral secant stiffness degradation and normalized 457 

lateral secant stiffness degradation (normalized by the calculated elastic lateral stiffness K0) for 458 

the three wall specimens. (1) Before approximate yield drift ratio of 0.7%, specimen HPCW1 459 

which had variable axial forces showed more pronounced stiffness degradation in tension-shear 460 

loading than that of specimen HPCW0 which had constant tensile force. Thereafter, the 461 

difference in stiffness degradation was less pronounced between specimens HPCW0 and 462 

HPCW1. It needs to note that compared with other specimens, specimen HPCW1 which had 463 

variable axial forces showed sharply lateral secant stiffness degradation in the first three loading 464 

levels. This is because in the first three loading levels, the target axial force corresponding to 465 

lateral drift levels changed from compression (first loading level) to tension (second and third 466 

loading levels), as shown in Fig. 5(b). (2) Specimen HPCW2, which had constant axial 467 

compressive force, exhibited more pronounced stiffness degradation than specimen HPCW1 in 468 

negative loading (coupled axial compression-shear loading). (3) The lateral secant stiffness at 469 

yield drift (Δ/Δy = 1.0, Δy is the yield drift) was 0.18 and 0.67 of the calculated elastic lateral 470 

stiffness for specimens HPCW0 (coupled constant axial tension-shear loading) and HPCW2 471 

(coupled constant axial compression-shear loading). The lateral secant stiffness values of the 472 

two specimens were the average values measured in positive and negative loading. For 473 

specimen HPCW1 that had a coupled variable axial loading and cyclic lateral loading, the 474 
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lateral secant stiffness at yield drift was 0.12 and 0.28 of the calculated elastic lateral stiffness 475 

in tension-shear and compression-shear loading directions, respectively. Although the specimen 476 

HPCW1 in the compression-shear loading direction had an identical axial compressive force as 477 

specimen HPCW2, the former had an obvious lower lateral secant stiffness than that of 478 

specimen HPCW2. This is because each loading cycle of HSCW1 was comprised of the axial 479 

tension-shear loading followed by axial compression-shear loading, and the cracks developed 480 

in the preceding tension-shear loading resulted in a decrease of lateral secant stiffness in the 481 

followed compression-shear loading. (4) With the increasing lateral drift, the lateral secant 482 

stiffness of specimens HPCW0 and HPCW1 was approximately identical at two times yield 483 

drift (Δ/Δy = 2.0). The lateral secant stiffness was 0.08, 0.09, and 0.28 of the calculated elastic 484 

lateral stiffness for specimens HPCW0, HPCW1 and HPCW2, respectively at three times yield 485 

drift (Δ/Δy = 3.0). 486 

  

(a) Lateral scant stiffness (b) Normalized lateral stiffness 

Fig. 13. Lateral scant stiffness degradation for all test walls. 

Fig. 14 presents a comparison of the accumulated energy dissipation for the three wall 487 

specimens, which were obtained by calculating the area enclosed in the hysteretic loops. As 488 
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shown, although variable axial load had a limited influence on the lateral peak strength of the 489 

PC short-leg wall (as discussed in section 3.3), the accumulated energy dissipation of specimen 490 

HPCW1 with variable axial load was significantly smaller than that of specimens HPCW0 and 491 

HPCW2. This indicated that the variable axial load decreased the accumulated energy 492 

consumption dissipation of the PC short-leg wall. This is because the variable axial load 493 

changed the shape of the hysteretic loops of HPCW1 (as shown in Fig. 12(b)), resulting in a 494 

small area enclosed in these loops, especially in positive loading (coupled axial tension-shear 495 

loading). 496 

 

Fig. 14. Accumulated energy dissipation for wall specimens. 

4.2 Maximum crack width 497 

Fig. 15 presents the measured maximum crack width values at the peak load of the first 498 

cycle at each lateral drift level. The widest cracks in Fig. 15 are inclined cracks on the wall web 499 

mainly caused by coupled axial force and shear mechanism. The values for specimen HPCW0 500 

and HPCW2 were the average values measured in positive and negative loading. As indicated 501 

in Fig. 15, the maximum crack width for each wall specimen increased approximately linearly 502 

as lateral drift increased, which is consistent with prior studies for RC members under the 503 
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coupled axial compression-flexure-shear [28]. The maximum crack width of specimen HPCW1 504 

in negative loading (couple axial compression-shear loading) was slightly smaller than that of 505 

specimen HPCW2, indicating that variable axial load had a limited influence on the maximum 506 

crack width of a PC wall subjected to axial compression and cyclic shear loading. In addition, 507 

the maximum crack width of specimen HPCW1 in positive loading (couple axial tension-shear 508 

loading) was significantly smaller than that of specimen HPCW0 which had constant axial 509 

tension. To summarize, the variable axial load did not increase the maximum crack width of 510 

PC walls. Except for specimen HPCW0 which had a constant axial tension, the maximum crack 511 

width of the other wall specimens was significantly less than 1.0 mm (which is the limiting 512 

value for considering repairability in AIJ code [29]) at the elasto-plastic drift ratio limit of 1.0% 513 

specified in the Chinese design code (GB 50010-2010) [18]. This indicates that the damage to 514 

the two other wall specimens after 1.0% drift loading was reparable. 515 

 

Fig. 15. Maximum crack width for all test walls. 

4.3 Deformation components 516 

Fig. 16 depicts the calculated methods of flexural and shear deformations. The flexural 517 

deformations were computed by integrating the rotations calculated from the LVDTs along both 518 
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wall edges (D5 to D10 in Fig. 4) using the equation (1)-(2) proposed by Massone and Wallace 519 

[30]. The shear deformations were computed for each region by two pairs of inclined LVDTs 520 

(D11 to D14 in Fig. 4) using equation (1)-(2) also proposed by Massone and Wallace [30]. The 521 

wall lateral deformation resulting from reinforcement strain penetration at the wall-foundation 522 

interface was not calculated separately but was instead included in the flexural component 523 

because it was extremely difficult to quantify. 524 

f s f, s,

1 1

n n

i i

i i

D D D D D 
= =
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d d 
D D 

− − −
= −  (2) 

Where, Δ denotes the total lateral displacement; Δf denotes the total flexural displacement; Δs 525 

denotes the total shear displacement; Δf,i and Δs,i denote the flexural and shear displacement at 526 

the ith region, as shown in Fig. 16(a); δR,i and δL,i denote the vertical deformation of each wall 527 

side at the ith reigion which can be measured by LVDTs (D5 to D10 in Fig. 4), as shown in Fig. 528 

16(b); δRS,i and δLS,i denote the diagonal lengths for X configuration at the ith region which can 529 

be calculated using the test data of LVDTs (D11 to D14 in Fig. 4), as shown in Fig. 16(b); dR,i 530 

and dL,i denote the vertical lengths of each wall side at the ith region which can be calculated 531 

using test data of LVDTs (D5 to D10 in Fig. 4), as shown in Fig. 16(b); hi denotes the height of 532 

the ith region; L denotes the wall depth; ξ is a factor and is taken as 0.67 [30]. 533 
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(a) Lateral deformation (b) Flexural and shear deformation at ith region 

Fig.16 Calculation of flexural and shear deformations 

Fig. 17 depicts the contributions of flexural and shear deformations at the first cycle of 534 

each lateral drift level. The following observations can be made regarding the results presented 535 

in Fig. 17: (a) The contribution of shear deformations to top displacement tended towards 536 

continuous growth with the increasing lateral top displacement for all test walls, which was due 537 

to the development of inclined cracking and spalling of web concrete, and yielding of 538 

horizontally distributed rebars (as discussed in section 3). (b) For specimen HPCW0 which had 539 

a constant axial tension and exhibited flexure-shear failure, the shear deformation contribution 540 

increased as lateral displacement increased and exceeded 60% of lateral top displacement at the 541 

peak lateral load. (c) For specimen HPCW1 which was subjected to variable axial forces, the 542 

shear deformation contributed approximately 38% and 27% of lateral top displacement at the 543 

peak lateral load in the positive and negative loading directions, respectively. (d) For specimen 544 

HPCW2 that had a constant axial compression, the shear deformation contributed only 22% of 545 
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lateral top displacement at the peak lateral load, significantly smaller than that of specimen 546 

HPCW0. This is because the axial tension led to more cracks and larger crack widths for 547 

specimen HPCW0 which decreased the shear stiffness and therefore resulted in larger shear 548 

deformation. This is consistent with the past finding by Beyer et al. [31, 32] that the axial 549 

tension increases the shear deformation contribution of RC walls. 550 

  

(a) HPCW0 (b) HPCW1 

 

(c) HPCW2 

Fig. 17. Deformation components for all test walls. 

4.4. Axial deformation 551 

Fig. 18 presents the measured axial deformation versus top displacement relationship for 552 
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the three wall specimens. The axial deformation responses of each wall specimen at 1.8% lateral 553 

drift are highlighted to illustrate the characteristics of axial deformation response of PC walls 554 

under different loading patterns. The positive axial deformation was axial elongation, while 555 

negative axial deformation was axial shortening. The following observations can be made 556 

regarding the results presented in Fig. 18: (a) For specimen HPCW0 which had a constant axial 557 

tension, the maximum axial deformation magnitude at each peak lateral displacement appeared 558 

to linearly increase as lateral displacement increased. This is consistent with previous test 559 

results of RC shear walls under constant axial tension [9, 33]. (b) For specimen HPCW1 which 560 

had a variable axial load, the axial deformation responses were markedly different in two 561 

loading directions due to the asymmetric loading pattern, as presented in Fig. 18(b). The 562 

increasing rate of axial elongation deformation in the OA and BC phase in which the axial load 563 

and lateral load changed simultaneously was larger than that in AB and CO phase which had a 564 

constant axial load. (c) For specimen HPCW2 which had a higher axial compressive force, the 565 

wall specimen gradually shortened as lateral displacement increased due to crushing and 566 

spalling of boundary concrete. 567 

  

(a) HPCW0 (b) HPCW1 
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(c) HPCW2 

Fig. 18. Axial deformation versus top displacement response for all test walls. 

5. Comparison between PC wall and RC wall specimens 568 

Cheng et al. [9] conducted a series tests for coupled axial tension-flexure behavior of RC 569 

walls (HSW1 through HSW4) that had an aspect-ratio of 2.0. Specimen HSW4 had an 570 

approximately identical shear-to-span ratio, reinforcement ratio, and normalized concrete 571 

tensile stress nt to specimen HPCW0 in this study, as presented in Table 4. After applying the 572 

axial tensile force, dense horizontal cracks were observed on the RC wall specimen HSW4, 573 

with a maximin crack width of 6.5 mm as shown in Fig. 19(a). However, the PC wall specimen 574 

HPCW0 had a maximum crack width of 0.1 mm, which was significantly smaller than that of 575 

HSW4 due to the existence of initial prestressed force. When subjected to cyclic shear loads, 576 

the RC wall specimen HSW4 failed by fracture of boundary longitudinal reinforcement due to 577 

a high axial tensile force, as presented in Fig. 19(b), whereas the PC wall specimen HPCW0 578 

failed by flexure-shear failure due to crushing and spalling of web concrete, as presented in Fig. 579 

19(b). The initial compressive force provided by strands prevented the extremely high tensile 580 

strain demand on boundary longitudinal reinforcement induced by large axial tensile force, and 581 
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thus ensured full development of the concrete compression strength capacity. The ultimate drift 582 

of HPCW0 reached 3.7%, significantly larger than the HSW4’s ultimate drift of 1.3%. 583 

Table 4. Comparison between slender RC wall and PC wall 584 

Spec. no λ nt 

Reinforcement ratio 

Failure modes Ultimate drift ratio 

ρv/ρh ρb 

HSW4 2.0 1.7 0.58% / 0.56% 2.3% Flexure failure 1.3% 

HPCW0 2.0 2.1 0.45% / 0.42% 3.1% Flexure-shear failure 3.7% 

 585 

    

HSW4 HPCW0 HSW4 HPCW0 

(a) After application of axial tensile force  (b) After failure 

Fig. 19. Photographs of RC wall and PC wall specimens  

6. Numerical model for prestressed RC shear walls 586 

6.1. Model description 587 

Unlike RC shear walls, numerical simulation of the seismic response of PC walls, 588 

especially for variable axial load, has seldom been reported in the literature. Therefore, in this 589 

study, a numerical model was developed to simulate the nonlinear cyclic response of PC walls 590 
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subjected to various types of loading paths. The accuracy of the model in capturing the key 591 

response of PC walls was assessed by comparing it with the test results. 592 

The numerical model was developed using the finite-element program OpenSees [34]. Fig. 593 

20 presents a typical numerical model of PC walls. In this model, boundary elements were 594 

modeled using the displacement-based beam-column fiber element, which can ensure both 595 

reasonable levels of accuracy and convergence efficiency for shear walls with a high-aspect-596 

ratio [35, 36]. The four-node plane-stress quad element with eight degrees of freedom (DOFs) 597 

was used to model the PC wall panel. The loading beam was simulated using elastic beam 598 

elements. The longitudinal reinforcement and strands embedded in boundary elements were 599 

represented by a number of discrete fibers of steel. The strands in the wall web were modeled 600 

using a two-node truss element. It is necessary to note that the high strength grouting material 601 

and corrugated pipes were not considered in this model for simplicity. 602 

The unconfined concrete (concrete cover) and the confined concrete (confining effect 603 

induced by the stirrups) in boundary elements were simulated using a Concrete02 material 604 

model. The corresponding compressive stress and strain values at the peak and crushing point 605 

of unconfined concrete and confined concrete were calculated using the Scott-Kent-Park model 606 

[26] and Saatcioglu-Razvi model [25], respectively. The residual compressive strength was 607 

assumed to be 0.2 times the peak strength of the concrete. The longitudinal reinforcement and 608 

strands were simulated using the uniaxial Steel02 material model proposed by Menegotto and 609 

Pinto [37]. The values for yield strength fy and Young's modulus E0 were determined from the 610 

rebar tensile tests, as presented in Table 2. The strain-hardening ratio b equaled 1.0%. The 611 

parameters controlling the cyclic stiffness degradation characteristics of this model were 612 
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calibrated as R0 = 18.0, cR1 = 0.925, and cR2 = 0.15, as recommended in OpenSees. The PC 613 

panel of the wall specimen adopted the plane stress RC material model, named 614 

FAReinforcedConcretePlaneStress in OpenSees, which is based on the Cyclic Softened 615 

Membrane Model (CSMM) proposed by Mansour and Hsu [38 ]. The cracked reinforced 616 

concrete was assumed to be a continuum material in the smeared crack model. The material 617 

properties were characterized by a set of smeared stress-strain relationships for the concrete and 618 

the steel. Further detailed information on the CSMM can be found elsewhere [38]. The buckling 619 

and low-cycle fatigue of reinforcement and strands were not considered in this model. 620 

The connecting behavior between the PC panel and strands in the wall web was simulated 621 

using the command “equalDOF”. This was also used to model the deformation compatibility 622 

between the boundary elements and the web elements. All nodes at the base of the model were 623 

entirely fixed. After trying various mesh sizes, the mesh size depicted in Fig. 20 was sufficient 624 

to obtain the required accuracy and improve the convergence efficiency. The axial load were 625 

applied to the nodes of the loading beam. In addition, the compressive force to wall induced by 626 

the pre-tension of strands were applied to the loading beam nodes, while the prestressed stress 627 

of strands was deducted from the yield strength of strands in the numerical model. 628 



42 

 

 

Fig. 20. Numerical model of PC wall. 

6.2. Verification of the numerical model 629 

6.2.1 Lateral force-top displacement response 630 

Fig. 21 presents a comparison between the measured and predicted lateral force-top 631 

displacement hysteretic loops of all test wall specimens. In general, the numerical models were 632 

able to capture the general hysteretic responses of PC short-leg walls with reasonable accuracy, 633 

not only for wall specimens under a constant axial load but also under a variable axial load, 634 

including the peak lateral strength, initial stiffness, and cyclic pinching behavior for most of the 635 
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applied lateral drift levels. The error of peak lateral strength between experimental and 636 

predicted results was typically less than 10% ( Note: the error values are the average values 637 

under positive and negative loading). Furthermore, the numerical model also predicted to a 638 

reasonable level the deformation capacity because it captured the cracking and crushing of 639 

concrete in the wall boundary regions and wall web, which was primarily responsible for 640 

initiating the experimentally-observed strength degradation. In particular, the numerical model 641 

captured the phenomenon of specimen HPCW1 whereby the lateral load increased when the 642 

axial tensile force and lateral drift decreased simultaneously, as depicted in the BC phase in Fig. 643 

21(b). 644 

  

(a) HPCW0 (b) HPCW1 
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(b) HPCW2 

Fig. 21. Comparison of the hysteretic response for all test walls. 

6.2.2 Lateral displacement distribution 645 

Comparisons of measured and predicated lateral displacement distribution profiles along 646 

the height of all wall specimens at 0.6% and 1.2% lateral drift are illustrated in Fig. 22. The 647 

displacement profiles were generated at peak top displacements during the first loading cycle 648 

for both measured and predicted results. The shape of the measured and predicted lateral 649 

displacement distribution profiles matched reasonably well, demonstrating that the numerical 650 

model captured the experimentally-observed lateral deformations along with the wall height. 651 

The lateral displacement deformation profiles were almost linear along with wall height for 0.6% 652 

and 1.2% lateral drift for specimen HPCW0 that was subjected to constant axial tension and 653 

failed due to crushing of web concrete, indicating that shear deformation was relatively larger 654 

for the wall specimen. This is consistent with the analytical results of deformation components 655 

presented in Fig. 17(a). For specimens HPCW1 and HPCW2 which exhibited flexure and shear 656 

compression failure, respectively, slightly nonlinear lateral deformations were observed within 657 

the bottom region of the wall because flexural deformation was relatively larger for the two 658 

specimens. This is also consistent with the analytical results of deformation components 659 

presented in Fig. 17(b)-(c).  660 
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(a) HPCW0 (b) HPCW1 (c) HPCW2 

Fig. 22. Comparison of the lateral displacement response for all test walls. 

6.2.3 Axial deformation responses 661 

Fig. 23 compares the measured and predicted axial deformation responses for all test wall 662 

specimens. The numerical model was capable of capturing the axial deformation response of 663 

specimens HPCW1 and HPCW2, including the maximum axial deformation magnitude at each 664 

peak lateral displacement and the residual axial deformation at zero lateral displacement. For 665 

specimens HPCW2 and HPCW1, the wall gradually shortened in coupled compression-shear 666 

loading due to the crushing of wall boundary concrete, which was also represented in this 667 

numerical result (as shown in Fig. 23(b)-(c)). Specimen HPCW0 shows different axial 668 

elongation in the positive and negative loading directions, while the numerical model only 669 

accurately predicts the axial elongation in the negative loading. The axial elongation of 670 

specimen HPCW0 in positive loading was larger than that in the negative loading, especially at 671 

large drifts. Such difference was related to unsymmetrically distributed horizontal cracks that 672 

were developed during the application of axial tensile force and caused by non-uniformly 673 

distributed restraint forces to foundation beams, as shown in Fig. 6(a) and discussed in 674 
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Subsection 3.1. The horizontal cracks concentrated at the east wall boundary significantly 675 

developed and widened when loading in the positive direction (loading to the west direction), 676 

which led to an increased axial elongation in positive loading. Because the numerical model 677 

assumed an ideal boundary condition that did not consider the non-uniformly distributed 678 

restraint forces to foundation beams, it produced nearly identical axial elongation in both 679 

loading directions. 680 

  

(a) HPCW0 (b) HPCW1 

 

(c) HPCW2 

Fig. 23. Comparison of the axial deformation for all test walls. 

In addition, the calculated strains from the numerical model were also compared with the 681 
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measured strain data (e.g., the strains of boundary longitudinal reinforcement). It indicates that 682 

while the model can reasonably track the measured strains for the specimens at low drifts, it 683 

cannot accurately predict the strains at large drifts, because it cannot simulate the buckling of 684 

reinforcement. Because the test specimens are limited, the numerical model will be further 685 

validated and developed using more test data in the future. 686 

7. Conclusions 687 

An experimental study was conducted to investigate the seismic behavior of high-aspect-ratio 688 

bonded prestressed concrete (PC) short-leg walls under various loading patterns. The major 689 

findings are summarized as follows: 690 

(1) Loading patterns have significant effects on the failure patterns of PC short-leg walls. For a 691 

wall specimen subjected to constant axial tensile force (net normalized concrete tensile stress 692 

level nt,tot = 0.67), a flexure-shear failure was observed due to web concrete crushing. For a wall 693 

specimen with constant axial compression (total axial compressive force ratio nc,tot =0.45), shear 694 

compression failure was observed due to boundary concrete crushing. For a wall specimen with 695 

variable axial load, flexure failure occurred due to boundary concrete crushing in the 696 

compression-shear loading direction, followed by fracture of boundary longitudinal rebars in 697 

the tension-shear loading direction. 698 

(2) Loading patterns had significant effects on the hysteretic response of PC short-leg walls. 699 

Especially for wall specimen subjected to variable axial load, an interesting phenomenon that 700 

lateral load increased with a simultaneous decreasing of axial load and lateral drift was observed 701 

in the tension-shear unloading stage. 702 

(3) Variable axial load decreased the normalized tension-shear and compression-shear strength 703 
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by 8.5% and 9.1%, respectively. In addition, the limited value specified in ACI 318-19 to guard 704 

against diagonal compression failure appeared to be conservative for PC short-leg walls. 705 

(4) Variable axial load decreased the pre-yield secant stiffness in tension-shear and 706 

compression-shear loading, while the influence on post-yield secant stiffness was less 707 

pronounced. Variable axial load did not increase the maximum crack width of PC short-leg 708 

walls, but clearly decreased the accumulated energy dissipated by PC short-leg walls.  709 

(5) Shear deformation contributed to more than 60% of lateral top displacement at the peak 710 

lateral load for a wall specimen exhibiting flexure-shear failure, but contributed to only 22% 711 

for wall specimens exhibiting shear compression failure. The shear deformation contributed 712 

approximately 38% and 27% of lateral top displacement at the peak lateral load in tension-shear 713 

and compression-shear loading, respectively, for wall specimens subjected to variable axial 714 

force. 715 

(6) A numerical model was developed based on the cyclic softened membrane model to 716 

simulate the cyclic lateral response of PC short-leg walls, which can well simulate the global 717 

response PC short-leg walls with different loading patterns, including hysteretic response and 718 

lateral displacement profile. 719 
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