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Abstract: This study examines the design provisions of the Chinese GB 50011-2010 code for 6 

seismic design of buildings for the special boundary elements of T-shaped reinforced concrete 7 

walls and proposes an improved design method. Comparison of the design provisions of the GB 8 

50011-2010 code and those of the American code ACI 318-14 indicates a possible deficiency in 9 

the T-shaped wall design provisions in GB 50011-2010. A case study of a typical T-shaped wall 10 

designed in accordance with GB 50011-2010 also indicates the insufficient extent of the boundary 11 

element at the non-flange end and overly conservative design of the flange end boundary element. 12 

Improved designs for special boundary elements of T-shaped walls are developed using a 13 

displacement-based method. The proposed design formulas produce a longer boundary element at 14 

the non-flange end and a shorter boundary element at the flange end, relative to those of the GB 15 

50011-2010 provisions. Extensive numerical analysis indicates that T-shaped walls designed using 16 

the proposed formulas develop inelastic drift of 0.01 for both cases of the flange in compression 17 

and in tension. 18 

 19 

Keywords: code comparison, displacement-based method, seismic design; special boundary 20 

element; T-shaped wall 21 

1. Introduction 22 

Reinforced concrete (RC) shear walls are widely used as lateral force-resistant components in 23 

high-rise buildings because they provide high lateral stiffness and strength. When subjected to 24 

severe ground motion, RC walls are expected to form plastic hinges at the wall base, which then 25 

dissipate the seismic energy and reduce the dynamic response of the entire structure accordingly 26 

(Moehle et al., 2011). To ensure sufficient inelastic deformation capacity, wall boundary elements 27 

that are strengthened using longitudinal and transverse reinforcement are needed for the critical 28 

region (i.e., the plastic hinge region) of RC walls.  29 

Special boundary elements with closely spaced transverse reinforcement that are used to 30 

confine the concrete and to postpone buckling of the longitudinal rebars are placed where 31 

combined seismic and gravity loading would result in high compressive strain demand. The 32 

special boundary element must be provided over a wall depth at which the compressive strains 33 

exceed the compressive strain capacity of the unconfined concrete, which is typically 0.003 or 34 

0.0033. The ACI 318-14 code provisions specify simplified formulas to determine the extent of 35 

the special boundary element based on the flexural compressive depth for both rectangular and 36 

flanged wall sections. The Chinese code for seismic design of buildings, GB 50011-2010, provides 37 

a specific table to determine the extent of the special boundary element based on the ductility 38 

demand and the axial force ratio of the wall. This table has been calibrated via an extensive 39 
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analysis of rectangular-shaped RC walls (Liang, 2007), but it lacks a thorough validation for 40 

T-shaped RC walls. There is therefore a clear need to examine the GB 50011-2010 provisions for 41 

the special boundary elements of T-shaped walls. 42 

Over the past two decades, a number of experimental tests have been performed to examine 43 

seismic behavior and to validate the design provisions of the New Zealand code and of ACI 318 44 

for T-shaped RC walls (e.g., Goodsir, 1985; Choi et al., 2004; Thomson and Wallace, 2004; 45 

Brueggen, 2009). These tests have indicated that the free end of the wall web is prone to 46 

premature failure in crushing of concrete and buckling of the longitudinal rebars if the boundary 47 

element at the non-flange end is insufficient. The non-flange end of T-shaped walls should thus be 48 

provided with a longer boundary element relative to rectangular walls. 49 

The objective of this paper is to examine the GB 50011-2010 design provisions for T-shaped 50 

RC walls, and to develop an improved design for such T-shaped walls using a displacement-based 51 

method. T-shaped walls may be subjected to multi-directional loading throughout the duration of 52 

an earthquake motion (Brueggen, 2009), but this paper focuses on the performance of T-shaped 53 

walls when subjected to lateral loading parallel to the wall web. The second section compares the 54 

design provisions for special boundary elements of T-shaped walls in ACI 318-14 with those in 55 

GB 50011-2010. In the third section, the behavior of typical T-shaped walls that have been 56 

designed to meet the ACI 318-14 and GB 50011-2010 provisions is examined via numerical 57 

analysis. The fourth section proposes an improved design for the boundary elements of T-shaped 58 

RC walls, which aims to update the current GB 50011-2010 provisions. Finally, an extensive 59 

analysis is performed to validate the reliability of the proposed T-shaped wall design. 60 

2. Comparison of T-shaped Wall Design between US and Chinese Codes 61 

Two important issues are considered in the design of special boundary elements for RC walls: 62 

the extent of the boundary elements and the required amount of boundary transverse 63 

reinforcement. The following compares the provisions on these two issues specified by ACI 64 

318-14 and GB 50011-2010. 65 

2.1 Extent of special boundary elements 66 

The ACI 318-14 provisions use a displacement-based method to determine whether special 67 

boundary elements are required for RC walls (Moehle, 2014). The structural system is analyzed to 68 

determine the top-level displacement δu under design basis earthquake (DBE) motion and the 69 

corresponding maximum value of the wall axial force N. Special boundary elements are required 70 

for RC walls if 71 

 
 u900 /

h
c

H
  (1) 72 

where c denotes the flexural compression depth corresponding to the nominal moment strength 73 

under axial force N; h denotes the depth of the wall section; and H denotes the wall height. 74 

When a special boundary element is required, the ACI 318-14 provisions require it to extend 75 

horizontally from the wall edge by a distance lc, which is given by: 76 

 c max( 0.1 , / 2)l c h c   (2) 77 
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The ACI 318-14 provisions also specify for T-shaped walls that the boundary element at the 78 

flange end, if required, must include the effective flange width in compression and must extend at 79 

least 305 mm into the web. 80 

The GB 50011-2010 provisions determine whether or not special boundary elements are 81 

required, based on the ductility demand and the design axial force ratio nd=Nd/fc,dA for RC walls, 82 

where Nd denotes the design axial compressive force applied to the wall, fc,d denotes the design 83 

value of the axial compressive strength of concrete, and A denotes the cross-sectional area of the 84 

wall. The seismic grade is an important design parameter in GB 50011-2010, which reflects the 85 

ductility demand on the structural systems and components. Seismic grades ranging from I to IV 86 

correspond to a high ductility requirement gradually decreasing to a low ductility requirement. 87 

Special boundary elements are required if the design axial force ratio exceeds 0.1 for highly 88 

ductile walls (Seismic Grade I, seismic intensity of 9), 0.2 for highly ductile walls (Seismic Grade 89 

I, seismic intensities of 6–8), and 0.3 for moderately ductile walls (Seismic Grades II and III). 90 

Note that in the calculation of the design axial force ratio, a value of 1.2 is considered for the load 91 

factor and a value of 1.4 is considered for the strength reduction factor of concrete (i.e., the ratio 92 

of the nominal value of material strength to the design value). In addition, the GB 50011-2010 93 

provisions only include the gravity load effect in the calculation of the axial force ratios of 94 

structural walls, while the axial force that is induced by seismic action is excluded. 95 

Table 1 summarizes the extent of the special boundary elements required by the GB 96 

50011-2010 provisions for T-shaped walls. The non-flange end of the wall requires a slightly 97 

longer boundary element than the flange end. Increases in the ductility demand and in the axial 98 

force ratio lead to an increase in the extent of the special boundary elements. 99 

 100 

Table 1. Extents of special boundary elements of T-shaped walls specified in GB 50011-2010 101 

Location 

Grade I (seismic 

intensity of 9) 

Grade I (seismic 

intensities of 6 to 8) 
Grades II and III 

nd≤0.2 nd>0.2 nd≤0.3 nd>0.3 nd≤0.4 nd>0.4 

Flange end 0.15h 0.20h 0.10h 0.15h 0.10h 0.15h 

Non-flange end 0.20h 0.25h 0.15h 0.20h 0.15h 0.20h 

Note: h denotes the depth of the wall section, and nd denotes the design value of the axial force 102 

ratio. 103 

 104 

To compare the provisions for special boundary elements in the ACI 318-14 and GB 105 

50011-2010 codes, a typical T-shaped wall section is considered for a case study. Figure 1 shows 106 

the cross-sectional geometry of the wall. The wall’s sectional depth, flange width, web thickness, 107 

and flange thickness are 5400, 5200, 400, and 400 mm, respectively. Figure 2 shows the extent of 108 

the special boundary elements of the wall when designed as per the two design codes under 109 

various axial force ratios. The boundary element at the flange end is not required for this wall by 110 
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the ACI 318-14 provisions, while it is required by the GB 50011-2010 provisions, as shown in 111 

Figure 2(a). Both codes require the boundary elements to be provided at the non-flange end for 112 

this wall. Figure 2(b) indicates that when the design axial force ratio exceeds 0.25, the ACI 318-14 113 

provisions require a significantly longer special boundary element at the non-flange end than the 114 

GB 50011-2010 provisions. Code comparison (Liu 2014) also shows that Eurocode 8 requires a 115 

much longer boundary element at the non-flange end than GB 50011-2010 for highly ductile 116 

T-shaped walls, which indicates a possible deficiency in the T-shaped wall design provisions of 117 

GB 50011-2010. 118 

5200

lcf1

4
0
0

400

5
0
0
0

Boundary 

element

l c
f2

l c
w

Total extent of boundary element 

at flange end lcf=lcf1+lcf2

Extent of boundary element 

at non-flange end lcw

 119 
Fig. 1. T-shaped wall section used for case study (units: mm). 120 
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(a) Flange end (b) Non-flange end 

Fig. 2. Comparison of the extents of special boundary elements of T-shaped walls. 
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2.2 Amount of boundary transverse reinforcement 123 

A discrepancy exists in the treatment of the transverse reinforcement of the special boundary 124 

elements between the ACI 318-14 and GB 50011-2010 code provisions. According to the ACI 125 

318-14 provisions, the entire boundary element region is required to have a uniform level of 126 

transverse reinforcement. In contrast, in the GB 50011-2010 provisions, the boundary element is 127 

divided into two regions, as shown in Figure 3. Region I is intended to have double the amount of 128 

transverse reinforcement used in Region II as higher compressive strains are expected to develop 129 

in Region I under the combined axial compression and bending moment. 130 

Region I Region II

Boundary element
 131 

Fig. 3. Special boundary elements of T-shaped walls. 132 

 133 

Based on the ACI 318-14 provisions, the amount of boundary transverse reinforcement must 134 

satisfy the following equations: 135 

'

c c

shy

yv

0.09
sb f

A
f

                            (3-a) 136 

'

c c

shx

yv

0.09
sh f

A
f

                            (3-b) 137 

where Ashx and Ashy denote the cross-sectional areas of the boundary transverse rebars in the x and 138 

y directions, respectively, at a vertical spacing s (see Figure 4); bc and hc denote the width and the 139 

depth of the confined core concrete, respectively (see Figure 4); fyv denotes the yield strength of 140 

the transverse rebars; and fc
’ denotes the cylinder compressive strength of the concrete. 141 

y

y

x x
bc

hc

 142 
Fig. 4. Boundary transverse reinforcement required by ACI 318-14. 143 

 144 

In GB 50011-2010, the amount of transverse reinforcement required is expressed in terms of 145 

the stirrup characteristic value λv (known as the mechanical volumetric ratio in Eurocode 8), 146 

which is given by: 147 
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 v s yv c/f f    (4) 148 

where s denotes the volumetric transverse reinforcement ratio (i.e., the ratio of the volume of the 149 

transverse reinforcement over that of the concrete core confined by that transverse reinforcement), 150 

fyv denotes the yield strength of the transverse reinforcement, and fc denotes the axial compressive 151 

strength of the concrete. 152 

The amount of boundary transverse reinforcement required is determined based on the 153 

ductility demand and the design axial force ratio according to the GB 50011-2010 provisions. 154 

Figure 5 shows the stirrup characteristic value v at Region I of the boundary element required by 155 

the GB 50011-2010 provisions, and compares it with the equivalent value of the boundary 156 

transverse reinforcement required by the ACI 318-14 provisions. For comparison, the design 157 

values of material strength specified in GB 50010-2010 are used in the calculations of both the 158 

axial force ratio and the stirrup characteristic value. Figure 5 indicates that the amount of 159 

boundary transverse reinforcement required by the ACI 318-14 provisions is more than 37% 160 

higher than that required by the GB50011-2010 provisions. 161 

 162 

0

0.05

0.1

0.15

0.2

0.25

0.1 0.2 0.3 0.4 0.5 0.6

GB50011-2010  Grade I (Intensity 9)

GB50011-2010  Grade I (Intensities 6 to 8)

GB50011-2010  Grades II and III

ACI 318-14D
e
s
ig

n
  
s
ti
rr

u
p

 c
h

a
ra

c
te

ri
s
ti
c
 v

a
lu

e
 λ

v

Design axial force ratio nd  163 
Fig. 5. Comparison of required amounts of boundary transverse reinforcement. 164 

3. Performance Comparison of T-shaped Walls: Case Study 165 

3.1 Design of T-shaped walls for case study 166 

A case study is performed to compare the performance of T-shaped walls that were designed 167 

according to the GB 50011-2010 provisions with those designed according to the ACI 318-14 168 

provisions. A typical T-shaped wall with a cross-section of the type shown in Figure 1 is used in 169 

this case study. This cantilever wall has an aspect ratio (i.e., a height-to-width ratio) of 3. The 170 

design axial compressive force and the shear force applied at the top of the cantilever wall are 171 

36000 and 3670 kN, respectively, and result in a bending moment of 55000 kN·m being 172 

developed at the wall base. The concrete used in the wall has a strength grade of C45 (nominal 173 

axial compressive strength fck = 29.6 MPa and design axial compressive strength fc,d = 21.2 MPa). 174 

The longitudinal boundary rebars have a strength grade of HRB400 (nominal yield strength fy = 175 

400 MPa and design yield strength fyd = 360 MPa), and the other rebars have a strength grade of 176 
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HRB335 (nominal yield strength fy = 335 MPa and design yield strength fyd = 300 MPa). The 177 

design axial force ratio of the wall is 0.5. 178 

Two T-shaped walls are designed as a Grade I wall (seismic intensity of 8) according to the 179 

GB 50011-2010 provisions and as a special structural wall using the ACI 318-14 provisions, and 180 

are referred to as TWGB and TWACI, respectively. Figure 6 shows the sectional geometries and the 181 

reinforcement details of these two walls. The special boundary element at the non-flange end of 182 

TWACI is very long, and has a length of approximately 0.55 times the wall’s sectional depth, while 183 

that of TWGB is only 0.2 times the sectional depth. In contrast, the special boundary element at the 184 

flange end is not provided for TWACI according to the ACI 318-14 provisions, while TWGB has a 185 

boundary element at the flange–web intersection, as required by the GB 50011-2010 provisions. 186 

The total cross-sectional area of the boundary elements at the two ends of TWGB is 23% larger 187 

than the corresponding area of TWACI. 188 

The two walls have similar levels of distributed reinforcement and longitudinal boundary 189 

reinforcement. The stirrup characteristic value of the boundary transverse reinforcement of TWACI 190 

is 0.3, while the values of TWGB in Region I and Region II are 0.27 and 0.13, respectively. The 191 

total amount of boundary transverse reinforcement of TWACI is 30% higher than that of TWGB. 192 
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(a) TWGB (b) TWACI 

Fig. 6. T-shaped wall sections designed according to the (a) Chinese and (b) US codes (units: 193 

mm). 194 

3.2 Analysis model 195 

Cross-sectional analysis of the T-shaped wall is performed using Xtract software, which 196 

assumes that a plane section remains plane after bending. A model that was developed by Mander 197 

et al. (1988) is used to represent the uniaxial strain-stress relationship of the concrete in 198 

compression. This model can reflect the effects of the confinement provided by the transverse 199 

reinforcement. Figure 7(a) shows the strain-stress relationships of the concrete at the various 200 
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regions of the walls. The tensile strain-stress relationship of the concrete is simplified as a bilinear 201 

curve (see Figure 7(a)), where ft denotes the axial tensile strength of the concrete, Ec denotes the 202 

Young’s modulus of the concrete, and the ultimate tensile strain εtu is assumed to be 2ft/Ec. A 203 

bilinear model, as shown in Figure 7(b), is then adopted to represent the strain-stress relationships 204 

of the rebars, where the hardening modulus is assumed to be 1% of the Young’s modulus of the 205 

steel. The nominal material strength values specified in the GB 50010-2010 code are used in this 206 

analysis. 207 
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Fig. 7. Uniaxial stress-strain relationship curves of the wall materials. 208 

 209 

After the moment-curvature relations of the wall sections are calculated in the cross-sectional 210 

analysis, the lateral displacement of a flexural-dominated cantilever wall can then be obtained by 211 

integrating the curvature up the height of the wall. After the wall yields fully at its base, a plastic 212 

hinge model is used to provide an approximate assessment of the wall’s lateral drift. This model 213 

assumes that the plastic deformation of the wall is concentrated at the plastic hinge of the wall 214 

base, as shown in Figure 8(a). The plastic curvature is assumed to be uniformly distributed along 215 

the plastic hinge, and the plastic hinge length lp is assumed to be half of the wall’s sectional depth 216 

(Thomsen and Wallace, 2004). Therefore, the lateral deformation Δ at the top of the wall is 217 

calculated as follows: 218 

 21

3
H 

                    

(for M<My)

  

 (5a) 219 

 2

y y p

1
( )

3
H l H     

             

 (for M≥My)

   

(5b) 220 

where   denotes the curvature of the wall’s base section, H denotes the height of the cantilever 221 

wall, y  denotes the yield curvature of the wall section, M denotes the bending moment at the 222 

wall base, and My denotes the yielding flexural strength of the wall section. Using these equations, 223 

the lateral force-displacement relationship of a cantilever wall can be obtained from the sectional 224 

moment-curvature relationship estimated from the Xtract analysis. The P-Δ effect can be included 225 

with the wall base moment, which is calculated as M = FH + NΔ, where F and N are the lateral 226 

and axial compressive forces, respectively. 227 
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 228 

Fig. 8. Plastic hinge model of cantilever wall. 229 

Four T-shaped RC cantilever wall specimens that were tested in previous studies are used to 230 

validate the numerical model. Table 2 summarizes the major design parameters of these wall 231 

specimens. The shear-to-span ratios of these cantilever wall specimens varied from 1.75 to 3, and 232 

their design axial force ratios varied from 0.17 to 0.29. All specimens failed in a flexural mode. 233 

Figure 9 shows the lateral force versus displacement relationships of the specimens that were 234 

obtained from the numerical model compared with the corresponding test results. These T-shaped 235 

wall specimens all showed unsymmetrical hysteretic responses, with higher stiffness and strength 236 

values and lower ductility in the flange-in-tension loading direction. While the numerical analysis 237 

overestimates the stiffnesses of the wall specimens because it neglects the wall’s shear 238 

deformation, it generally captures the strength and deformation characteristics of these wall 239 

specimens correctly.  240 

Table 2. Design parameters of T-shaped wall specimens. 241 

Specimen no. bf  tf / m  h  tw / m nd
 

lcw / h 
Shear-to-span 

ratio 

T800-2 in Li (2011) 0.8  0.1 0.8  0.1 0.29 0.14 1.75 

SDT800-05 in Zhang and Li 

(2013) 
0.8  0.1 0.8  0.1 0.17 0.14 1.75 

TW1 in Thomsen and Wallace 

(2004) 
1.2  0.1 1.2  0.1 0.20 0.14 3 

TW2 in Thomsen and Wallace 

(2004) 
1.2  0.1 1.2  0.1 0.20 0.36 3 

Note: bf denotes flange width; tf denotes flange thickness; h denotes depth of the wall 242 

cross-section; tw denotes web thickness; and lcw denotes the extent of the boundary element at the 243 

non-flange end. 244 

 245 
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(c) TW1 in Thomsen and Wallace (2004) (d) TW2 in Thomsen and Wallace (2004) 

Fig. 9. Analysis results of experimental specimens. 246 

3.3 Performance of T-shaped walls 247 

Figure 10 shows the lateral force versus displacement relationship of TWGB and TWACI, as 248 

estimated by numerical analysis. The results indicate that, for the flange-in-compression loading 249 

direction, the lateral force versus displacement curves of the two walls are quite similar. This is 250 

consistent with the test observation by Thomsen and Wallace (2004), where two T-shaped wall 251 

specimens showed very similar behavior for the flange-in-compression loading direction, despite 252 

the fact that they had different boundary elements at the non-flange end. Both TWGB and TWACI 253 

develop significantly high inelastic drift of approximately 0.03. At this drift of 0.03, the 254 

compressive zone depth is a small fraction of the total depth of the wall and the compressive strain 255 

at the flange end is 0.002, which is lower than the compressive strain capacity of unconfined 256 

concrete. Therefore, provision of special confinement reinforcement at the flange end is likely to 257 

be unnecessary for these walls. A recent test by Lu et al. (2015) also indicates that this conclusion 258 

is likely; in the test, the T-shaped wall specimen had a flange-to-web area ratio (i.e., the ratio of 259 

the cross-sectional area of the flange to that of the web) and an axial force ratio that were similar 260 

to those of TWGB and TWACI, although the specimen included steel profiles that were embedded in 261 

the wall boundary. 262 

 263 
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Fig. 10. Lateral force-displacement relationship curves of T-shaped walls. 264 

 265 

For the flange in tension, TWGB shows much more rapid degradation of post-peak load 266 

strength than TWACI. TWGB corresponds to an ultimate drift of 0.008, which is defined as the 267 

post-peak drift at the instant when the lateral load decreases to 85% of its peak value. The inelastic 268 

drift ratio capacity of TWGB is lower than the value of 0.01 required in the GB 50011-2010 code 269 

provision. At the drift of 0.008, the unconfined web concrete beyond the boundary element 270 

developed a large compressive strain of 0.006, which significantly exceeds the value of 0.0033. 271 

This premature failure caused by crushing of the web concrete indicates the inadequate extent of 272 

the special boundary element at the non-flange end of TWGB. TWACI successfully developed 273 

inelastic drift of 0.03. At the drift of 0.03, the boundary element at the non-flange end of TWACI is 274 

over the region where the compressive strains exceed 0.0033. 275 

This case study demonstrates that the provisions of GB 50011-2010 for T-shaped walls might 276 

actually provide an inadequate boundary element at the non-flange end and an overly conservative 277 

boundary element at the flange end of these walls. Special boundary elements designed per the 278 

ACI 318-14 provisions appear to be appropriate to ensure the high inelastic drift capacity of the 279 

T-shaped walls. However, it should be noted that GB 50011-2010 requires an inelastic drift ratio 280 

capacity of 0.01 for RC walls, while US codes generally require much higher inelastic drift ratio 281 

capacity. For example, the LATBSDC (2008) requires an inelastic drift ratio capacity of 0.03 for 282 

RC wall structures. The formulas of the ACI 318-14 code may then lead to overly conservative 283 

design of the boundary element at the non-flange end for T-shaped walls with a design inelastic 284 

drift of 0.01. 285 

4. Improved T-shaped Wall Design 286 

Wallace (1994) proposed a displacement-based design method for RC walls, which then 287 

formed the basis of the ACI 318-14 design provisions for RC walls. In this section, this 288 

displacement-based method is extended for T-shaped walls with a target deformation capacity that 289 

is in line with the GB 50011-2010 provisions. Based on this method, simplified formulas that can 290 

be used to determine the extent of the boundary elements of T-shaped walls will be proposed to 291 

update the existing GB 50011-2010 provisions. For displacement-based design, the strain 292 

distribution in each section is assumed to satisfy the condition that the plane sections remain plane 293 
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after bending, and the use of this assumption was found to be appropriate for the analysis of 294 

flexural-dominated T-shaped walls (Thomson and Wallace, 2004). 295 

4.1 Extent of special boundary element at the non-flange end 296 

At the target drift, the special boundary element should be provided over a wall depth where 297 

the compressive strains exceed a limiting value of 0.0033 (see Figure 11). Therefore, the extent of 298 

the special boundary element lc is given by: 299 

 
c 0.0033 /l c    (6) 300 

where c denotes the flexural compressive depth of the wall at the design drift, and  denotes the 301 

wall base section curvature at the design drift. 302 

Tension

Compression

Strain distribution

Boundary 

element

T-shaped section

c

lc

cu=0.0033

 = ·c

 303 
Fig. 11. Calculation of the extent of boundary element at the non-flange end for T-shaped walls. 304 

 305 

The test results of Thomson and Wallace (2004) indicated that the flexural compression depth 306 

c of a T-shaped wall shows little variation after boundary longitudinal reinforcement yielding 307 

occurs. Therefore, the value of c at the drift of 0.01 is approximately equal to the value 308 

corresponding to the wall’s moment strength under axial force N, which is approximately 309 

equivalent to Eq. (7). The equation neglects the influence of the unbalanced axial forces of the 310 

longitudinal rebars at both ends. This unbalanced force is found to be negligible relative to the 311 

applied axial load for most T-shaped walls with axial force ratios of more than 0.1. 312 

 
cc w

N
c

f t
          (7) 313 

where N denotes the axial compressive force applied to the wall, fcc denotes the axial compressive 314 

strength of the confined concrete,  and  are equivalent stress block parameters, and tw denotes 315 

the web thickness. The actual axial compressive force applied to the wall is calculated using: 316 

d c,d

G

n f A
N


                                  (8) 317 

where nd is the design axial force ratio, fc,d is the design value of the axial compressive strength of 318 

concrete, A denotes the gross cross-sectional area of the T-shaped wall, and G =1.2 denotes the 319 

load factor for gravity. 320 

The curvature of the wall base section  can be estimated from the rotation of the wall’s 321 
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plastic hinge by assuming that the curvature is distributed uniformly along the plastic hinge, and is 322 

given by: 323 

p p/ l                                   (9) 324 

where θp denotes the rotation of the plastic hinge and lp denotes the plastic hinge length. Because a 325 

large volume of the test data that was collected in FEMA P-58 indicates that the rotation of the 326 

plastic hinges in slender wall specimens is nearly identical to the inelastic drift ratio in each case, 327 

the value of θp is thus used as the design inelastic drift of these walls, i.e., 0.01. Note that the 328 

plastic hinge length is taken to be half of the depth of the wall section h. 329 

Substitution of Eqs.(7) to (9) into Eq.(6) yields 330 

 c,d d

c

G cc w

1 1
0.17

f n A
l h

f t 
  .              (10) 331 

For concrete with strength grades in the range from C30 to C60, which is the range that is 332 

commonly used for RC walls, the values of  vary slightly from 0.77 to 0.8. Therefore, a 333 

conservatively selected value of 0.77 is used for  in the following analysis. 334 

In accordance with the work of Qian et al. (2002), the axial compressive strength of confined 335 

concrete fcc can be estimated as follows: 336 

cc v ck(1 1.76 )f f                               (11) 337 

where λv denotes the stirrup characteristic value of the boundary transverse reinforcement, and fck 338 

denotes the nominal value of the axial compressive strength of the unconfined concrete, fck = 1.4 339 

fc,d. Therefore, the ratio of fc,d/fcc can be calculated as follows: 340 

 
c,d

cc v

1

1.4 2.46

f

f 



    

   (12) 341 

Because the value of v for the special boundary elements of RC walls varies from 0.12 to 0.20 in 342 

line with the GB 50011-2010 provisions, the ratio of fc,d/fcc varies slightly from 0.59 to 0.53, and a 343 

value of 0.60 is thus used in the following analysis for simplicity. 344 

Substitution of the values for G,  and fc,d/fcc into Eq. (10) yields 345 

 c d

w

0.65 0.17
l n A

h A
   (13) 346 

where Aw = twh denotes the cross-sectional area of the wall web. This indicates that the relative 347 

extent of the special boundary element at the non-flange end of a T-shaped wall relies on the 348 

flange-to-web area ratio and the design axial force ratio. Increases in the flange-to-web area ratio 349 

and the axial force ratio lead to increased requirements for the extent of the boundary element. 350 

4.2 Extent of special boundary element at flange end 351 

A similar analysis is now applied to the T-shaped walls for the flange-in-compression loading 352 

direction. Two cases are taken into account, i.e., where the compression zone is within the flange 353 

or is beyond the flange. If Eq. (14) is satisfied, then the compression zone is within the flange; 354 

otherwise, the zone extends into the web. 355 
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d c,d

G

d

f

ck f ck f f

0.8
n AN

c t
f b f

n A

b

f

b  
                        (13) 356 

where bf denotes the effective width of the flange, and tf denotes the flange thickness. 357 

In the former case, the length of the special boundary element lc is given by: 358 

d

c

f

0.0033 / =0.8 0.17
n A

l c h
b

                         (14) 359 

If lc<0, i.e., if bfh/(ndA)>4.7, the special transverse reinforcement is not necessarily required to 360 

confine the concrete at the flange-web intersection. Otherwise, the entire effective width of the 361 

flange will be designed as a special boundary element. 362 

In the latter case, i.e., where the compression zone extends into the web, the flexural 363 

compressive depth c is calculated as follows: 364 

d c,dck f w f df f
f f

ck w ck w w w wG

( ) 1
( 1) 0.8 1.3( 1)

N - f b t t n Ab b
c t t

f t f t

A

t t

n f

t  


           (15) 365 

Then, the length of the special boundary element lc is given by: 366 

 d f
c f

w w

0.0033 / 0.8 1.3( 1) 0.17
n A b

l c t h
t t

       (16) 367 

Figure 12 shows the design procedure for the boundary element at the flange end of a 368 

T-shaped wall. It should be noted here that the special boundary elements at the two edges shall at 369 

least be over the ordinary boundary element zones that are specified by the GB 50011-2010 370 

provisions. 371 
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 372 

Fig. 12. Design procedure for boundary element at flange end. 373 

5. Validation of the Proposed Design Formulas 374 

An extensive analysis is implemented to validate the reliability of the proposed design 375 

formulas. A total of 12 numerical T-shaped wall models are considered, where the flange width, 376 
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the axial force ratio, and the shear-to-span ratio of the wall are all taken as variables. Figure 13 377 

shows the sectional geometry of these walls, and Table 3 summarizes the design parameters. Two 378 

cases of flange width are considered: a wide flange of 5.2 m and a moderate flange of 2.4 m. 379 

Three design values of the axial force ratio are considered, where 0.2, 0.4, and 0.6 correspond to 380 

the low, moderate, and high axial force ratios, respectively. The shear-to-span ratios of the walls 381 

are assumed to be 2.5 and 3.5. 382 

The special boundary elements of these walls are designed using the proposed formulas. The 383 

transverse reinforcement of boundary elements are designed according to the GB 50011-2010 384 

provisions. Table 3 presents the extents of the boundary elements and Figure 13 shows the 385 

reinforcement details of these walls. It should be noted that, with the exception of T2400-2.5-0.6 386 

and T2400-3.5-0.6, special boundary elements are not required at the flange ends of the walls and 387 

ordinary boundary elements are therefore provided at the flange-web intersections. 388 
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(a) Wall section (except for T2400-2.5-0.6 and 

T2400-3.5-0.6) 

(b) Wall section for T2400-2.5-0.6 and 

T2400-3.5-0.6 

Fig. 13. Sectional geometries and reinforcement details of T-shaped walls (units: mm). 389 

 390 

Table 3. Design parameters of T-shaped walls. 391 

Wall no. 

Flange 

width bf 

(m) 

Shear-to-span 

ratio 
nd 

Extent of boundary 

element (m) 

Stirrup characteristic 

value λv 

Non-flange 

end lcw 

Flange 

end lcf 
Region I Region II 

T2400-2.5-0.2 

2.4 2.5 

0.2 0.4 0.8 0.10 0.10 

T2400-2.5-0.4 0.4 1.0 0.8 0.26 0.13 

T2400-2.5-0.6 0.6 2.0 2.8 0.22 0.11 

T2400-3.5-0.2 2.4 3.5 0.2 0.4 0.8 0.1 0.1 
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Note: For the wall nomenclature, the first number denotes the flange width (units: mm), the 392 

second number denotes the shear-to-span ratio, and the third number is the design axial force ratio. 393 

 394 

Using the section analysis produced by Xtract and the plastic hinge model described in 395 

subsection 3.2, the lateral force-displacement relationship curves of these T-shaped walls can be 396 

estimated, as shown in Figure 14. The results indicate that in both cases, where the flange is either 397 

in compression or in tension, the ultimate drift ratios of all these walls exceed 0.01, which is the 398 

inelastic drift ratio required by the GB 50011-2010 provisions. 399 
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Fig. 14. Lateral force-displacement relationship curves of the T-shaped walls. 400 

 401 

Figure 15 compares the extent of the boundary element at the non-flange end of the walls 402 

when designed according to the GB 50011-2010 provisions and when using the proposed design 403 

T2400-3.5-0.4 0.4 1.0 0.8 0.26 0.13 
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5.2 3.5 

0.2 0.4 0.8 0.10 0.10 

T5200-3.5-0.4 0.4 1.8 0.8 0.22 0.11 

T5200-3.5-0.6 0.6 3.0 0.8 0.23 0.12 



18 

 

formulas. The figure also indicates the locations where the compressive strain exceeds 0.0033 at 404 

the base sections of these walls at the drift of 0.01. It is shown that use of the proposed design 405 

formulas results in a special boundary element of appropriate extent, while use of the GB 406 

50011-2010 provisions may lead to a boundary element at the non-flange end less than the region 407 

where the compressive strain exceeds 0.0033 when the walls are subjected to moderate to high 408 

axial force ratios. 409 
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Fig. 15. Extent of the boundary elements at the non-flange ends of the walls. 410 

 411 

The analysis results also indicate that for a flange in compression, the maximum compressive 412 

strains developed at the flange end are less than 0.0033 for these T-shaped walls, except for the 413 

cases of T2400-2.5-0.6 and T2400-3.5-0.6. The boundary elements at the flange ends of 414 

T2400-2.5-0.6 and T2400-3.5-0.6 are over the region where the compressive strain exceeds 415 

0.0033. These results thus validate the effectiveness of the proposed design formulas. 416 

Figure 16 presents the total extent of the boundary elements at two edges for the T-shaped 417 

walls. The proposed design formulas produce a longer boundary element at the non-flange end 418 

and a shorter boundary element at the flange end, when compared with the walls that were 419 

designed according to the GB50011-2010 provisions. As such, the proposed design does not 420 

require a larger total area for the boundary elements than those produced using the GB 421 

50011-2010 provisions, but does still lead to improved performance in the T-shaped walls. 422 
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Fig. 16. Total extent of boundary elements at two edges for the T-shaped walls. 423 

 424 

The numerical analysis results also indicate that, at the drift of 0.01, the maximum 425 

compressive strain that developed at the wall edges is less than the compressive strain capacity of 426 

the confined concrete in the boundary element. The compressive strain capacity of the confined 427 

concrete is defined as the post-peak strain at the instant when the compressive stress decreases to 428 

50% of the peak stress value, and it is estimated using the empirical formulas in Mander et al. 429 

(1988).  430 

6. Conclusions 431 

This paper compares the designs of the special boundary elements for T-shaped RC walls 432 

based on the requirements of the GB 50011-2010 and ACI 318-14 codes. A displacement-based 433 

design method for the T-shaped walls is proposed, and is validated by extensive numerical 434 

analysis. The major conclusions obtained from this study are as follows: 435 

1) The GB 50011-2010 design provisions produce shorter special boundary elements at the 436 

non-flange end when compared with the designs based on the ACI 318-14 provisions, while the 437 

former require longer boundary elements at the flange end than the latter. 438 

2) A case study of the performance of typical T-shaped walls under high axial force ratios indicates 439 

that the boundary element at the non-flange end designed in accordance with the GB 50011-2010 440 

provisions is insufficient, while the design of the boundary element at the flange end is overly 441 

conservative. 442 

3) The numerical analysis indicates that the proposed displacement-based design results in 443 

improved performance for the T-shaped walls, and this improvement does not require an increase 444 

in the total area of the boundary elements at the two ends when compared with the designs based 445 

on the GB 50011-2010 provisions. 446 

Large-scale testing on T-shaped walls will be necessary for further validation of the proposed 447 

design formulas, and this will form the subject of our future studies. 448 
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