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ABSTRACT 
 
 Squat reinforced concrete walls are important components in nuclear structures. Shear strength is one of the key 
parameters for the force-based design of such walls. Predictive equations are available in the open literature for the shear 
strength of squat walls under seismic loading but these equations vary significantly in format and yield considerably different 
estimations for a given wall. Results of prior tests of  187 small-to-large scale squat walls with boundary elements (138 
barbell and 49 flanged walls) are evaluated with the objective of analyzing the utility of four predictive equations: Chapter 21 
of ACI 318-05 [1], Chapter 11 of ACI 318-05 [1], Barda et al. [2] and ASCE 43 [3]. ASCE 43 equation provides the best 
estimates of ultimate shear strength of squat reinforced concrete walls with barbells and flanges with a median ratio of the 
predicted to measured strengths close to 1.0 with a small coefficient of variation. All four equations overestimate the ultimate 
shear strength in a median sense. 
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INTRODUCTION 
 
 Squat reinforced concrete walls are widely used in safety-related nuclear structures. Building codes, manuals of 
practice, guidelines and the open literature provide a number of predictive equations for the peak shear strength of such walls. 
These procedures use parameters such as aspect ratio, horizontal rebar ratio, vertical rebar ratio and axial force to estimate 
shear strength. Prior studies have indicated that the scatter in the shear strength predicted by these equations is substantial, 
which is problematic because shear strength is the key variable for force-based design and performance assessment. 
 Herein, the results of tests of 187 squat walls with boundary elements (138 barbell and 49 flanged cross sections) 
with aspect ratios (hw / lw) up to 1.60 are compiled and reduced to evaluate peak strength. First, the experimentally measured 
peak (ultimate) strengths of the 187 walls are compared with nominal (ultimate) strengths predicted by four equations1: 1) 
Chapter 21 of ACI 318-05 [1]; 2) Chapter 11 of ACI 318-05 [1]; 3) Barda et al. [2]; and 4) ASCE 43 [3]. Nominal rather than 
design strengths are used for the comparison because the strength reduction factor is not intended to account for bias in the 
strength equation. In the comparison that follows, reported material strengths and member dimensions are used to compute 
nominal strengths. The mean and median values as well as the scatter in the ratio of the computed to measured strengths 
provide valuable insight into the utility of each strength equation and the simplified models upon which the equations are 
based. 
 In a companion study [4], the authors investigated the utility of these equations to predict the ultimate shear strength 
of squat rectangular walls without boundary elements. The study revealed that the procedures of ACI 318-05 [1] provides 
better estimates of the ultimate shear strength than the procedures of Barda [2] and ASCE 43 [3], with mean and median 
values of the ratio of predicted to experimental strength close to 1.0. The procedures of Barda [2] and ASCE 43 [3] 
consistently over-predicted the ultimate shear strength of squat rectangular walls without boundary elements. 
 
EXPERIMENTAL DATA 
 
 A significant number of tests of squat reinforced concrete walls with various cross sections (rectangular, barbell and 
flanged) were conducted from circa 1950 to date in countries including the United States, Canada, Chile, England, France, 
Germany, Japan, New Zealand, Switzerland, Portugal, Mexico, and Taiwan. Experiments with barbell cross-sections 
intended to simulate walls framed by columns at both ends and flanged cross sections simulated walls framed by other walls 
oriented in the perpendicular direction. The authors compiled the response data for rectangular walls elsewhere [4]: this study 
summarizes the response of barbell and flanged walls only. The data for the 187 squat walls considered in this study were 
compiled in [5], originating from the experiments of Antebi et al., Barda et al., Benjamin and Williams, Bouchon et al., 
Hirosawa, Kabeyasawa and Somaki, Kitada et al., Maier and Thürlimann, Mo and Chan, Naze and Sidaner, Ogata and 
Kabeyasawa, Palermo and Vecchio, Rothe, Shiga et al., Synge, and XiangDong.  

                                                 
1 The equations presented by the Chapters 11 and 21 of ACI 349-01 [6] to calculate the ultimate shear strength of reinforced concrete squat 

walls are identical to the corresponding equations presented by Chapters 11 and 21 of ACI 318-05. 
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 The 187 walls were selected based on the following criteria: 1) minimum web thickness of 50 mm (1.97 in.); 2) 
symmetric rebar layout; 3) no diagonal reinforcement or additional wall-to-foundation rebar to control sliding shear; and 4) 
aspect ratios (hw / lw) less than or equal to 1.60, corresponding to a maximum moment-to-shear ratio1 (M / Vlw) of 1.77.  
 Although the walls in the database included walls with aspect ratios (hw / lw) up to 1.60, 57% of the walls had aspect 
ratios between 0.5 and 0.75 and 89% of the walls had aspect ratios less than 1.0. The web thickness of the walls ranged from 
50 to 200 mm (1.97 to 7.87 in.). Approximately 80% of the walls had web thicknesses between 50 and 80 mm (1.97 to 3.15 
in.) Wall length varied between 507 and 3960 mm (19.96 and 155.91 in.); the wall height varied between 400 and 2020 mm 
(15.75 and 19.53 in.). The ratios of the boundary element area (total flange or barbell area, Abe) to the total area of the wall 
(At) varied between 0.217 and 0.738. Approximately 75% percent of the walls had Abe /At values between 0.3 and 0.5. Fifty-
four walls were tested with axial load2 that ranged between 0.013 Atfc' and 0.321 Atfc'. Reported concrete compressive 
strength3 varied from 10 to 66 MPa (1451 to 9573 psi), 78% of the walls had compressive strengths between 15 and 35 MPa 
(2176 and 5076 psi). Horizontal rebar ratios ranged between 0.00 and 0.0258; 63% of the walls had horizontal rebar ratios 
less than 0.005 and 91% of the walls had horizontal rebar ratios less than 0.01. Vertical rebar ratios ranged between 0.00 and 
0.0254; 62% of the walls had vertical rebar ratios less than 0.005 and 91% of the walls had rebar ratios less than 0.01. 
Boundary element reinforcement (rebar in the flanges or barbells) was provided in all 187 walls within a range of 0.35 and 
8.27% of each boundary element area. Eight of the 187 walls in the dataset did not have horizontal web reinforcement; eight 
walls did not have vertical web reinforcement; seven had neither horizontal nor vertical web reinforcement and included only 
boundary element reinforcement at wall ends. The reported yield stress of the wall vertical and horizontal web reinforcement 
ranged between 271 and 623.7 MPa (39.3 and 90.5 ksi). The reported yield stress for the boundary element reinforcement 
ranged between 260.8 and 605 MPa (37.8 and 87.7 ksi). 
 The selected walls were tested using one of five types of loading: monotonic (static); repeated (static), cyclic (quasi-
static), blast and dynamic. Monotonically loaded specimens (58 of 187) were subjected to incrementally increasing load in 
one direction until failure. Repeatedly loaded specimens (7 of 187) were loaded in one direction and were unloaded prior to 
being subjected to a higher lateral force. Cyclically loaded specimens (88 of 187) were subjected to fully reversed force or 
displacement histories following conventional testing protocols. Blast tests (30 of 187) consisted of specimens loaded with 
large amplitude dynamic pulses. Dynamic tests (4 of 187) were conducted using earthquake simulators. 
 
ULTIMATE SHEAR STRENGTH OF SQUAT REINFORCED CONCRETE WALLS 
 
 Four sets of equations based on the procedures provided in Chapter 21 of ACI 318-05 [1], Chapter 11 of ACI 318-05 
[1], Barda et al. [2] and ASCE 43 [3], are used herein to predict the peak (ultimate) shear resistance of the 187 squat walls.  
 ACI 318-05 provides two semi-empirical equations, both based on the modified truss analogy approach, for 
evaluating the strength of squat reinforced concrete walls. The equation in Section 21.7 of ACI 318-05 (Special reinforced 
concrete structural walls and coupling beams) is intended for seismic design. The second equation, in Section 11.10 (Special 
provisions for walls), is to be used for general design. Equation Set I below is from Section 21.7 of ACI 318-05.  
 
 ( )1 c c h yh w cV f f A 0.83 f Aw′ ′= α + ρ ≤  (1) 

 
 Chapter 21 of ACI 318-05 imposes an upper limit of 0.83 cf ′  MPa (10 cf ′  psi) on the ultimate shear stress–a limit 
intended to prevent diagonal compression failure. A lower limit of 0.25% is imposed on the horizontal and vertical wall 
reinforcement ratios. For walls with aspect ratios less than or equal to 2.0, ACI 318-05 Chapter 21 requires that the vertical 
reinforcement ratio be no less than the horizontal reinforcement ratio. 
 The procedure for evaluating the shear strength per Section 11.10 of ACI 318-05, Equation Set II, is given by the 
following four equations. 
 
 2 c s c wV V V 0.83 f t d′= + ≤ 1  (2) 
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w
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V 0.274 f t d

4l
′= +  (3) 

 

                                                 
1 Moment-to-shear ratios are normalized by the actual wall length in this paper. 
2 Self weight of the specimen was not included in the axial load calculation. 
3 Some authors used cube strength rather than cylinder strength to report the compressive strength of concrete; cube strengths were 
converted to cylinder strengths per Mindess et al. [7]. 
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The following conditions apply per Section 11.10.6 of ACI 318-05: the shear strength provided by concrete is taken as the 
lesser of the values provided by equations (3) and (4); and equation (4) does not apply when . ACI 318-05 
Chapter 11 imposes an upper limit of 0.83

u u wM / V l / 2 0− ≤
cf ′  MPa (10 cf ′  psi) on the ultimate shear stress. The ratio of the minimum 

horizontal reinforcement is restricted to 0.25%; the ratio of minimum vertical reinforcement ratio is determined by 
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 Equation Set III was proposed by Barda et al. [2] to predict the ultimate shear strength of squat walls.  
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 Equation Set IV is prescribed by Equations 4.2-4 and 4.2-3 of ASCE 43 [3] (equations (8) through (10) below) to 
compute the ultimate shear strength of squat walls with barbells or flanges. The equation is applicable for walls with aspect 
ratios hw / lw of 2 or less and vertical and horizontal reinforcement ratios less than or equal to 1%. If the reinforcement ratios 
exceed 1%, the combined reinforcement ratio ρse, (calculated using equation 10) is limited to 1%. ASCE 43 imposes an upper 
limit of 1.66 cf ′  MPa (20 cf ′  psi) on the ultimate shear stress. 
 
 4 n 3V d tw= υ  (8) 
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 se v hA Bρ = ρ + ρ  (10) 
 
EFFECT OF BARBELLS AND FLANGES ON THE ULTIMATE SHEAR STRENGTH 
 
 The effect of barbells and flanges on the ultimate shear strength of squat reinforced concrete walls has not been 
studied and the effect is ignored in design practice. Lee and Stojadinovic [8] and Kim et al. [9] studied a geometrically 
similar and relevant problem, namely, the transfer of shear force from a steel W-shape beam (wall with flanges or barbells) to 
a column (foundation). Those studies, albeit of a different material, showed that beam theory does not apply at discontinuities 
of stiffness (the beam-column interface), that in the elastic range up to 50% of the shear force is transferred from the beam 
(wall) to the column (foundation) through the beam (wall) flanges, and that the shear stress is minimized near the mid-depth 
of the beam (wall). The percentage of shear force transferred through the beam web increased slightly with plastic straining 
of the beam flanges. The same trends are expected for reinforced concrete walls with flanges and barbells on a stiff 
foundation because the boundary conditions are similar. Aside from materials, the major difference between the steel 
connections and the squat walls considered here is the moment-to-shear ratio, which is high for the steel connections and low 
for the squat walls. (Plastic straining of the flanges in a reinforced squat wall due to overturning moments will be negligible.)  
 None of the four sets of predictive equations presented above account for the effect of the barbells and flanges on 
the ultimate shear strength of reinforced concrete squat walls, and assume, per Bernoulli beam theory, that only the web of 
the wall is effective in resisting shear force. Since the four sets of predictive equations were calibrated using data from tests 
of walls with barbells and flanges, they overestimate the shear resistance of rectangular walls [4], which is unconservative for 
force-based design and inappropriate for performance-based seismic design.  
 Figure 1 presents the variation of shear stress [normalized by the product of web area Aw and cf ′ ] obtained using 
experimentally determined ultimate strength (Vult) with M / Vlw for squat walls with and without barbells and flanges. All 
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walls represented in the figure were shear-critical (see the assumptions in the following section); detailed information on the 
walls with rectangular cross-sections can be found elsewhere [4]. Figure 2 presents a similar plot to figure 1 except the 
experimentally determined ultimate shear strength is normalized by the total wall area (At) and not by the web area (Aw). In 
figure 1, the normalized shear stresses obtained for walls with barbells and flanges are significantly higher than those 
obtained for walls with rectangular cross sections. Figure 1 reveals that the effective shear area for walls with barbells and 
flanges is substantially larger than the web area and that barbells and flanges can significantly increase the ultimate shear 
strength of squat walls. Figure 2 reinforces this observation by showing that the data is not clustered with respect to the cross-
section type (as in figure 1) when the ultimate shear strength is normalized by the total wall area (At). Analysis of the failure 
mechanisms in the walls with normalized shear stress greater than 10 cf ′ (psi units) is on-going. 
 
 

 
 
Fig. 1 Variation of shear stress [normalized by the product of 

web area (Aw) and cf ′ ] obtained using experimentally 
determined ultimate strength (Vult) with M / Vlw

Fig. 2 Variation of shear stress [normalized by the product of 
total wall area (At) and cf ′ ] obtained using experimentally 

determined ultimate strength (Vult) with M / Vlw
 
 
COMPARISON OF PREDICTIONS AND EXPERIMENTAL RESULTS 
 
 During data evaluation, it was observed that the walls tested under large amplitude dynamic pulses (blast loading) 
had 25% higher ultimate shear strength on average than identical walls tested under pseudo-static monotonic loading (Antebi 
et al.). This result is expected since the compressive and tensile strengths of concrete increase substantially at high-strain 
rates. Given that the focus of the study is the seismic behavior of squat walls, for which the strain-rate effects are 
insignificant, the data from the blast tests (30 of the 187 selected walls) were not included in the dataset that is analyzed 
below. 
 To compare the shear strength predictions with the experimental results, the failure mode of the tested walls must be 
dominated by shear. The theoretical moment capacity of each wall was estimated using cross-section strain compatibility 
analysis. A commercially available cross-section analysis code (XTRACT) [10] was used to model each wall using the wall 
geometry, material properties (concrete compressive strength, rebar yield strength and rebar rupture strength), reinforcement 
layouts and axial forces identified in the source documents. The shear force associated with the development of wall flexural 
strength (shear-flexural strength, Vflex) was calculated and compared with the measured ultimate strength (Vult) for each wall 
in the database. Twenty-three walls (10 barbell and 13 flanged) of the 157 walls that developed their theoretical flexural 
strength prior to peak measured moment in the wall were excluded from further analysis. 
 The accuracy of the four predictive equations identified above is evaluated using the experimentally measured peak 
strengths of the 134 shear-critical squat walls remaining in the database: 98 barbell and 36 flanged walls. The effective depth 
of the tension reinforcement (used in equations 2, 3, 4, 5, 7 and 8) for each wall in the database was computed using 
XTRACT [10]. 
 
ACI 318-05 Chapter 21 Equation 
 Figure 3 presents the variation of the V1 / Vult and V1* / Vult ratios with wall horizontal reinforcement ratio, in which  
V1* is calculated using Equation Set I without imposing the upper shear stress limit of 0.83 cf ′  MPa (10 cf ′  psi). The 
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vertical dashed line in this figure (and in figure 4) represents the limiting value of ρhfyh in Chapter 21.7 of ACI 318-05 for 
Grade 60 reinforcement. Values of V1 / Vult and V1* / Vult greater than 1.0 represent an overprediction (unconservative 
estimate) of the measured ultimate strength. Equation Set I overpredicts the ultimate shear strength of 13% of the walls in the 
database yielding mean and median V1 / Vult ratio values of 0.73 and 0.66, respectively. The standard deviation and 
coefficient of variation associated with the V1 / Vult ratio values are 0.27 and 0.37, respectively. A comparison of the 
predictions of V1 and V1* in figure 3 indicates that the upper shear stress limit, linked to the change of failure mode from 
diagonal tension to diagonal compression, governs the ultimate shear strength of walls with ρhfyh larger than approximately 3 
MPa (435 psi). 
 
ACI 318-05 Chapter 11 Equations 
 Figure 4 presents the variation of V2 / Vult with wall horizontal reinforcement ratio. Comparison of figures 3 and 4 
shows that Equation Set II yields more conservative predictions of ultimate shear strength than Equation Set I, which is 
expected since the effective shear area for Equation Set II (d1tw) is smaller than that of Equation Set I (Aw). Both equations 
follow similar trends with respect to ρhfyh. Equation Set II overpredicts the ultimate shear strength of 9% of the walls in the 
database. The mean and median ratios of V2 / Vult are 0.64 and 0.60, respectively. The standard deviation and coefficient of 
variation associated with the V2 / Vult ratios are 0.22 and 0.34, respectively. 
 
 

  
Fig. 3 Variation of V1 / Vult and V1* / Vult with ρhfyh Fig. 4 Variation of V2 / Vult with ρhfyh

 
 
Barda et al. (1977) Equation 
 Equation Set III is based on the work of Barda et al. [2] who tested 8 reinforced concrete squat walls with flanges. 
Figure 5 presents the variation of V3 / Vult with wall vertical reinforcement ratio1. The dashed line in figure 5 (and in figure 6) 
represents the limiting value of ρvfyv in Chapter 21.7 of ACI 318-05 for Grade 60 reinforcement. As seen in figure 5, 
Equation Set III underpredicts the ultimate shear strength of the majority of the walls that do not comply with the minimum 
vertical reinforcement requirements of ACI 318-05. Equation Set III overpredicts the ultimate shear strength of 26% of the 
walls in the database with mean and median of V3 / Vult ratio values of 0.85 (0.86 for flanged walls, 0.85 for barbell walls) 
and 0.83, respectively. The standard deviation and coefficient of variation of the ratio V3 / Vult are 0.25 (0.27 for flanged 
walls, 0.24 for barbell walls) and 0.29, respectively. 
 Figure 6 presents the variation of shear stress [force normalized by the product of effective shear area (d2tw) 
and cf ′ ] computed using Equation Set III (V3) and the measured ultimate strength (Vult), with ρvfyv. The shear strength 
predictions of Equation Set III are not subject to an upper bound, which is not the case for the other three equation sets. As 
seen in figure 6, Equation Set III produces conservative estimates of the experimentally observed ultimate shear strength for 

                                                 
1 Equation Set III uses the vertical and not horizontal reinforcement ratio to calculate ultimate shear strength. 
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lightly reinforced walls, with the degree of conservatism decreasing as the wall reinforcement ratio increases.  
 
ASCE 43 Equations 
 Figure 7 presents the variation of the V4 / Vult and V4* / Vult ratios with the combined wall reinforcement ratio (ρsefy), 
where V4* is calculated using Equation Set IV without the upper shear stress limit of 1.66 cf ′  MPa (20 cf ′  psi). The ASCE 
43 equation provides reasonable estimates of ultimate shear strength with mean and median predicted vs. measured ratio 
values of 0.97 and 0.96, respectively. The standard deviation and coefficient of variation for the V4 / Vult ratios are 0.26 and 
0.27, respectively. Equation Set IV overpredicts the ultimate strength of 47% of the walls in the squat wall database which 
corresponds to the highest percentage of unconservative estimations of ultimate shear strength of the four equation sets 
studied.  The upper shear stress limit of 1.66 cf ′  MPa (20 cf ′  psi) controls the shear strength of 8 of the 134 walls in the 
database (figure 7). The effect of the upper shear stress limit of 1.66 cf ′  MPa (20 cf ′  psi) on the shear strength predictions 
of Equations Set IV is modest. The mean and median ratios of V4* / Vult are both 0.98. 
 Figure 8 presents the variation of shear stress [force normalized by the product of effective shear area (d3tw) and 

cf ′ ] computed using Equation Set IV (V4) and the measured ultimate strength (Vult), with ρsefy. The measured normalized 
shear stresses for 18 walls exceeded the upper shear stress limit of 1.66 cf ′  MPa (20 cf ′  psi). 
 
 

 
 

Fig. 5 Variation of V3 / Vult with ρvfyv Fig. 6 Variation of normalized shear stress obtained using 
Equation Set III (V3) and experimentally determined ultimate 

strength (Vult) with ρvfyv
 
 
SUMMARY AND CONCLUSIONS 

 
 The experimentally measured peak (ultimate) strengths of the 134 reinforced concrete squat walls (98 barbell and 36 
flanged walls) were compared with nominal (ultimate) strengths predicted by four different equations of Chapter 21 of ACI 
318-05 [1], Chapter 11 of ACI 318-05 [1], Barda et al. [2] and ASCE 43 [3]. The median ratios of predicted ultimate shear 
strength to the experimental ultimate shear strength for these procedures are 0.66, 0.60, 0.83 and 0.96, respectively. The 
scatter in the values of ultimate shear strength predicted by all equations is substantial. The best predictions of ultimate shear 
strength squat walls with barbells and flanges were obtained using ASCE 43 equation (equation set IV), which gave median 
and mean values of strength ratios (predicted / experimental) close to 1.0 and produced the smallest coefficient of variation 
for the walls in the database. 
 The effect of barbells and flanges on the ultimate shear strength of squat walls is significant. Relevant studies on 
steel W-shape beams have clearly indicated the importance of elements beyond the web for the computation of shear 
resistance. However, none of the procedures evaluated herein either account for the effect of barbells and flanges or 
accommodate failure mechanisms that acknowledge the presence of these elements. Importantly, although the predictive 
equations generally produce low estimates of maximum strength, they cannot be used with confidence to predict the shear 
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resistance of squat walls with geometries or rebar distributions that are different from those of the walls in the database 
because the modes of failure of such walls are not understood and thus not incorporated in the equations. 

 
 

 
 

Fig. 7 Variation of V4 / Vult and V4* / Vult with ρsefy Fig. 8 Variation of normalized shear stress obtained using 
Equation Set IV (V4) and experimentally determined ultimate 

strength (Vult) with ρsefy
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NOMENCLATURE 
 
Abe = total boundary element area (mm2) 
At = total wall area (mm2) 
Av = area of horizontal reinforcement within a distance of s (mm2) 
Aw = area of the wall bounded by the web thickness (tw) and wall length (lw) (mm2) 
d1 = distance from extreme compression fiber to area centroid of the wall vertical reinforcement in tension and 

assumed equal to 0.8lw unless a larger value is determined by a strain compatibility analysis (mm) 
d2 = distance from extreme compression fiber to area centroid of the wall vertical reinforcement in tension (mm) 
d3 = distance from the extreme compression fiber to the location of the resultant of forces in vertical reinforcement in 

tension, which may be determined from a strain compatibility analysis  and is assumed equal to 0.6lw if no analysis 
is performed (mm) 

fc' = compressive strength of concrete (MPa) 
fy = rebar yield stress (MPa) 
fyh = yield stress of the horizontal rebar (MPa) 
fyv = yield stress of the vertical rebar (MPa) 
hw = heigth of the wall (mm) 
lw = length of the wall (mm) 
Mu = moment at the section (N-mm) 
Nu = axial load that is negative in tension (N) 
s = spacing of the horizontal reinforcement in the wall (mm) 
tw = thickness of the wall (mm) 
Vc = nominal shear strength provided by the concrete (N) 
Vflex = shear force associated with the development of flexural strength (N) 
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Vs = nominal shear strength provided by horizontal reinforcement (N) 
Vu = shear force at the section (N) 
Vult = experimentally-determined shear strength (N) 
V1 = shear strength (N) predicted using procedures of Chapter 21.7 of ACI 318-05 [1] 
V2 = shear strength (N) predicted using procedures of Chapter 11.10 of ACI 318-05 [1] 
V3 = shear strength (N) predicted using Barda equation [2] 
V4 = shear strength (N) predicted using procedures of ASCE 43 [3] 
αc = aspect-ratio coefficient, which per ACI 318-05, is equal to 0.25 for hw / lw ≤ 1.5, 0.166 for hw / lw ≥ 2 and varies 

linearly for 1.5  h≤ w / lw ≤ 2 
ρh = horizontal rebar ratio within the wall-web 
ρse = combined reinforcement ratio that is equal to Aρv+Bρh (A and B are defined in table 1 as a function of aspect 

ratio) 
ρv = vertical rebar ratio within the wall-web 
νn = nominal maximum shear stress (MPa) 
 
 

Table 1. Variables used in ASCE 43 strength equations (Equation Set IV) 
 

hw / lw ≤ 0.5 A = 1 B = 0 

0.5 ≤  hw / lw ≤ 1.5 A = − hw / lw +1.5 B = hw / lw − 0.5 

hw / lw ≥ 1.5 A = 0 B = 1 
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