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Abstract. This paper presents an analytical study on the behavior of rectangular reinforced concrete walls with an aspect ratio
between one and tow. Several experiments on such walls have been selected to be studied. Database from various
experiments were collected and nominal shear wall strengths have been calculated using formulas, such as those of the ACI
(American), NZS (New Zealand), Mexican (NTCC), and Wood equation. Subsequently, nominal shear wall strengths from
the formulas were compared with the ultimate shear wall strengths from the database. These formulas vary substantially in
functional form and do not account for all variables that affect the response of walls. There is substantial scatter in the
predicted values of ultimate shear strength. New semi empirical equation are developed using data from tests of 41 walls with
the objective of improving the prediction of ultimate strength of walls with the most possible accuracy.
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1. Introduction

The ultimate shear strength of reinforced concrete walls and the design criteria to adequately resist shear has
been the focus of many experimental and analytical studies [Hidalgo P A ] [1]. One popular approach to
predicting the ultimate shear strength of reinforced concrete walls used by researches is the derivation of
empirical expressions based on test results (for example Barda [Barda F 1977] et al. and Wood [Wood S 1990 ]
). Most of the seismic design provisions found in modern building codes, such as American Code provisions
(ACI 318, 2008) [ACI 2008], Mexican code (NTCC 2004) [Concrete Design Committee 2006 ] and New
Zeeland code (NZS 2006) [G. del Distrito Federal 2004] use empirical or semi-empirical equations to estimate
the ultimate shear strength of reinforced concrete walls. These procedures use parameters such as aspect ratio,
horizontal and vertical reinforcement ratio, and axial load to estimate the ultimate shear strength. A data base of
67 rectangular reinforced walls with an aspect ratio between one and two are used to evaluate the accuracy of the
four cited equations. The experimentally measured ultimate shear strengths of the database walls are compared
with ultimate shear strengths predicted by four pervious cited equations. This comparison has 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 design and performance assessment. New semi-empirical equation was proposed
for such walls with the objective of improving the prediction of ultimate strength.

2. Data Base

Aimed at assessing the adequacy of cited models available for predicting the ultimate shear strength of
reinforced concrete walls, a database of 67 experiments are constructed and contain all relevant information.
The test specimens in the database are selected using the following criteria: 1) a minimum web thickness of 5
cm; 2) symmetric reinforcement layout; 3) aspect ratio less or equal to tow, and 4) rectangular cross section. The
data for the 67 walls tests were obtained from Hirosava [Hirosawa. M. 1975 ], Maier [Maier J. 1985 ], Lefas
[Lefas DI 1990 ], Rothe [Rothe 1992 ], Pilakoutas [Pilakoutas K 1995], Salonikios [Salonikios TN 2000],
Zhang [Zhang L X B 1998], Kuang [Kuang J S 2008] and Tran [[Tran T A 2010]. The Failure modes of walls
included in the database are shear failure and flexure failure. As the interest of this study is to evaluate the
available existing models and to propose a new model to predict the ultimate shear strength, 41 specimens were
selected for this study. All the 41 selected specimens had a shear failure mode. Figure 1 presents summary
information on the 41 walls included in this database.

3. Comparaison of wall shear strengths

The experimental shear strength data of the walls documented in section tow are used herein to investigate the
accuracy of the calculation procedures presented in Table.1l to predict the ultimate shear strength of walls.
General statistical parameters related to the ratio of the predicted to measured ultimate shear strength of the walls
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are presented. The mean and median values of the shear strength ratios presented in Table 2 for equation (3),
which represent Mexican equation (VNTC), indicate that this equation is the most accurate of the four because
the mean and median ratio for this equation is 1,14 and 0,11, respectively, and the standard deviation and the
coefficient of variation are relatively small compared than ACI, NZS Wood equation.
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Figure 1.  Histograms of geometric and material properties of the 41 Transition walls

Table 1 Statistics of the ratio of ultimate shear strength predicted using equations 1 to4 to measured ultimate
shear strength

Model Concrete contribution (V) Steel con (V) Note
ACI 318-2008(1) (o/F)A Prfynd Ve + Vs <083/fA

IfH/L <150 =025
IfH/L > 2,0 = 0.171f 1.5< H/L <2, o : is given by interpolation

NZS 2006 f 027\/f. + &)c d (Avfynd/$HA Ve + Vs < 0.2fit,,dy
Min 0.1/F + 02Ny
i 0.05\/f; + Q]twd
v, 2
NTCC =
2004(3) Ifz < 15,V = 0.27\/f.Lt,, Prfyn Ve+Vs < 0-2\/Efwth

H
If 72 2&pye < 0015,V = 03¢,d(0.2 + 20p,)/fe

H
If T2 2&py 20015V, = 0.166,d\/f;
Wood (1990) (4) 0.5\F.A

fc (MPa):concrete compressive strength, A (mm2): area of the wall bounded by web thickness and wall length. tw (mm), H(mm): wall height : web thickness, L(mm): wall length,
d=0.80L, My (N.m): moment at the section, Vi (N):shear force at the section, Nuy(N) : axial load, pn: horizontal web reinforcement ratio; f;n (MPa): yield stress of horizontal web
reinforcement, pu: ratio of wall vertical reinforcement in tension, Ay (m?) : area of horizontal reinforcement within a distance S (m), f,v (MPa): yield stress of vertical web reinforcement, pn:
vertical web reinforcement ratio

Table 2 Statistics of the ratio of ultimate shear strength predicted using equations 1 to4 to measured ultimate
shear strength

Mean | Median | Value Max | Value Min St. Dev cov
Vaci/Vexp 1,21 1,13 2,58 0.49 0,38 0,31
Vizs/Vexp 1,35 1,24 2,31 0,42 0,51 0,38
Vrc/Vexp 1,14 1,11 1,98 0,52 0,30 0,26
Vwol Vexe 1,28 1,20 2,03 0,69 0,35 0,27

4. Proposed Model

The results presented in section 3 showed that all four equations are inaccurate, because the coefficients of
variation associated with the distributions of the ratio of predicted to experimental ultimate shear strength are
generally large. An ideal equation would provide a mean ratio of predicted to measured peak shear strengths of
1.0 and a small dispersion as measured by a coefficient of variation. The ideal equation or model to predict the
ultimate shear strength of rectangular reinforced concrete walls should consider the following design variables:
1) aspect ratio, 2) vertical web reinforcement ratio, 3) axial force, 4) boundary element reinforcement ratio, and
5) concrete compressive strength for completeness [16]. To determine the general form of the regression model,
a simple free body diagram that is based on the occurrence of inclined (shear) cracks in a reinforced concrete
wall is presented in Figure 2. The forces along a crack that crosses through the upper corner of the wall web are
used to form the free body diagram.
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Figure 2. Free body diagram

Based on the elementary calculation of strength of materials, a relationship is established between the external
and internal forces, as shown in equations (1) and (2).

ZM/O =Fyh=FuY, = FaX R LI2-Fy Yy + Ry X ~Fe x%, =0 @
Fo =(Fu Y, +Fo X, + R, LI2+Fy,y, —Fy X, +Fex,)h ™ @)

Equation (2) gives the ultimate shear strength of the wall (free body diagram) as a function of all forces
contributes to the shear strength except the aspect ratio. To introduce the parameter, a simplified form of
equation (2) is given as follows:

Vi =04A= [((%PAH Ty + 0P Ty + 0T 01N +(oF, | A)kh 1y7A @)

In equation (3), pAH, pAV and pAE, represent the horizontal, vertical and boundary element reinforcement
ratio, respectively, and cAH, cAV, 6AE represent its reinforcement yield stress, respectively. fc represents the
compressive concrete strength, Fv represents the axial load, h and | is the height and the length of the wall,
respectively. The values of the unknown coefficients (a1 to a7) of the model are calculated using the nonlinear
regression based on the nonlinear least square method. The new equation to estimate the ultimate shear strength
of walls with aspect ratio between one and two is given by equation the following equation:

Vi =[((0320,,04 ~044p,5, +0.061p,0,¢ +05L15))+(-0.078F, | A)fh/1)** A
(4)

Table 3 Statistics of the ratio of ultimate shear strength predicted using equations 1 to4 to measured ultimate
shear strength

Mean | Median | Value Max | Value Min | St. Dev cov SSE
Vac/Vexe | 1,21 1,13 2,58 0.49 0,38 0,31 3,76E+11
Vnzs/Vexp | 1,35 1,24 2,31 0,42 0,51 0,38 7,97E+11
Vnte/Vexp | 1,14 1,11 1,98 0,52 0,30 0,26 2,39E+11
Vwo/ Vexe | 1,28 1,20 2,03 0,69 0,35 0,27 3,59E+11
V! Vexp 1,00 1.00 1,39 0,70 0,18 0,18 8,15E+10
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Figure 3. Variation of the ratio VM/VEXP and VNTC/VEXP with the design variable

Table 3 shows that the model VM provide the best estimates of the ultimate shear strength with mean and
median ratio of predicted to experimentally measured shear strength of 1.00 and 1.00, respectively, and a
coefficient of variation of 0.18and, which is the smallest among the procedures investigated. The error sum of
squares statistics associated with each model presented in the last column of Table 3 also reveal that model VM
produces the smallest error in calculating the ultimate shear strength. Based on this remarks, it's allow to say that
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the forms of the four equations presented in section 2 do not take into account all factors that affect the shear
strength of transition walls.

Figure 3 present the variation of the ratio of the calculated to experimental shear strengths for model VM with
the design parameters, namely, boundary element reinforcement ratio, vertical web reinforcement ratio,
horizontal web reinforcement ratio, vertical web reinforcement ratio, concrete compressive strength, aspect ratio,
and axial load. In a well-specified model, the data points in Figure 3 should be scattered without a trend in a
shallow band around the value of 1.0 for the ratio of calculated to experimental ultimate shear strength. The
figures indicate that model VM captures the ultimate shear strength accurately for all design variables over their
corresponding ranges. The majority of the ratios associated with model VM are between 0.70 and 1.39 whereas
the ratios for model VNTC are widely scattered and range between 0.52 and 1.98.

5. Conclusion

The study reported herein on the ultimate shear strength for rectangular reinforced concrete walls with aspect
ratio between one and tow. The scatter in the values of ultimate shear strength predicted by the four equations
evaluated in this study is substantial. The best predictions of ultimate strength (mean, median ratio of predicted
to measured ultimate shear strength close to 1.0 and a small coefficient of variation) are obtained using the
Mexican equations (NTCC2004). From the comparison of measured strengths in tests and calculated strengths
using the proposed model, it is clear that the model is reliable. Average measured-to-calculated strengths ratio
was 1.00 and a coefficient of variation of 0.18. The proposed model (VM) perform significantly better than the
equations currently used for predicting the ultimate shear strength of walls with aspect ratio between one and
tow, and take in account all design variable those affect the ultimate shear strength.
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