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by Jimmy Chandra and Susanto Teng

In this study, an analytical model using the strut-and-tie concept
was developed to predict reinforced concrete (RC) low-rise wall
shear strengths. In the model, the failure mode considered was
crushing of the diagonal compression strut. To accurately determine
the strut area, a formula for calculating depth of compression zone
at the bottom of BRI was derived with the aid of nonlinear finite
element analysis. A total of 100 RC low-rise wall specimens failing
in shear obtained from available literature were used to verify the
accuracy of wall strength predictions of the prop@Rd strut-and-
tie model. Furthermore, strength predictions from building codes
and other analytical models were also included for comparison
purposes. The analysis results show that the proposed strut-and-tie
model is conservative and it has the lowest crq'icfeu! of varia-
tion as compared to other methods in predicting the shear strength
of RC low-rise walls. In addition, the predictions of the proposed

del are quite consistent and less scattered for wide ranges of
wall height-length ratios and concrete compressive strengths.

Keywords: building code predictions; reinforced concrete (RC) wall shear
strengths; strut-and-tie.

INTRODUCTION

The use of reinforced concrete (RC) walls has become
increasingly popular nowadays due to their superior perfor-
mance against lateral loads such as wind and earthquake
loads.! In addition, not only for lateral loads, RC walls
can also be useq; resist gravity loads as well. Thus, it is
important to be able to determine the strength of RC walls
accurately to provide safe and economical design, as these
are two major concerns for structural engineers. Previous
studies by the authors>* show that the flexural strength of

walls can be reasonably well predicted using flexural
ory for members subjected to axial load and bending
moment. However, for the shear strength, empirical building
code formulas*® underestimate RC wall shear strengths by
a significant margin, especially for high-strength concrete
(HSC) walls, and the overall predictions are quite scattered.
pcrel‘ore, there was a need to develop an analytical model
ased on rational theory to accurately predict the shear
strength of RC walls.

The rational theory for predicting RC members’ shear
strength was developed in early 1900s based on the truss
analogy.%” The theory was further developed to predict the
shear strength of RC members more accurately.®? For RC
low-rise walls having a height-length ratio (/,/L,) less
than 2.5, many researches have been conducted to predict
the shear strength.'"™'? All those theories are able to predict
the shear strength of RC low-rise walls with certain accu-
racy. However, in their truss models, it was assumed that
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shear stress distribution over an entire wall cross section
was uniform which is only valid for RC low-rise walls with
boundary elements having H,/L,, less than 1.0.'"'" More-
over, the calculation of RC low-rise wall shear strengths
using their models needs an iterative procedure to obtain a
solution that satisfies equilibrium and compatibility condi-
tions as well as c@stitutive law of materials. Thus, it may
not be practical toguscd by engineers to estimate the shear
strength of RC low-rise walls.

In this study, an analytical model for predicting RC
low-rise wall shear strengths was developed based on the
strut-and-tie concept. RC low-rise walls having H,/L, less
than 2.5 can be categorized as disturbed regions where a
plane section does not remain plane. In this case, the strut-
and-tie model is considered as a rational approach to predict
the strength of disturbed regions.'* Later on, experimental
wall strengths obtained from available literatures were used
to verify the accuracy of the proposed strut-and-tie model.
In addition, strength predictions from building codes** and
other strut-and-tie models'>'® were included as well for
comparison purposes.

RESEARCH SIGNIFICANCE

This study focused on the development of an analytical
model based on the strut-and-tie concept to predict RC
low-rise wall shear strengths. It is expected that the model

uld serve as a rational yet simple approach for predicting
gc shear strength of RC low-rise walls. Furthermore, the
study conducted here provides a new formula for calcu-
lating the depth of the compression zone at the bottom of
RC low-rise walls in which the assumption of plane section
remains plane (linear strain distribution) is not valid. The
formula was developed with the aid of nonlinear finite
element analysis (FEA) gBing ATENA software.'” This is
important to accurately predict the shear strength of RC
low-rise walls.

BUILDING CODES AND OTHER ANALYTICAL
2 MODELS
ACI 318-19* and Eurocode 8" are two reference building
codes that are adopted in many countries. As such, those two
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Fig. 1—Strut-and-tie mechanisms proposed by Hwang and Lee.””

building codes and other strut-and-tie models proposed by
other researchers'>'® are reviewed briefly as follows.
ACI 318-19

According to ACI 318-19,* the nominal shear strength ¥,
of RC special structural walls can be calculated as follows

V.=A, (oec).\ff+p,f_,,)

ACI 318-19 also states that the value of F, shall not exceed
0.834,,Nf.' (in N).

Eurocode 8 (EN 1998-1:2£94)

According to Eurocode & (ECR), the shear strength of RC
walls subjected to earthquake loadings can be taken as the
lesser value of shear resistance from two failure modes: 1)
diagonal compression failure Fgyma.; and 2) diagonal tension
fagres, either Vg, , or Vy,.

iagonal compression failure of web due to shear—For
the case of diagonal compression failure, the shear strength
is calculated as follows

Vg = 0B, 2v [,/ (cotB+ tan ©) (1

where the recommended value of «,, is as follows

?0 for non-prestressed structures (1a)
( 1.0+ qu'::f;'d) f()r 0= qu = Uzsfm’ [lb]
1.25 for 0.25f < 6, < 0.5% (1c)

2.5 (1.0 — o /fea) for 0.5fy < o, < 1.0fy (1d)
The recommended value for v, is 0.6 [1.0 — f.,/250] (f4
in MPa).
EC8 recommends that the values of cotd and tanb are
taken as 1.0.
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Diagonal tension faglure of web due to shear—If a, = Mg,/
(VeaL,) = 2.0, where Mg, is the design bending moment at
the base of the wall and Vg, is the design shear force, the
shear strength is given by Vpy,

A, .
Vias = =2y cOLO @)
' s

If o, = Mpy/(Vgy L) < 2.0, the shear strength is given
by Vg

Vg = V.rm_.- + 0‘75pbfhrd..frbu'ua.w Lu' (3]

Hwang and Lee’s model

Hwang and Lee'® proposed a softened strut-and-tie model
or calculating the shear strength of RC walls. The model
has the term “softened™ because it takes into account the
softening behavior of cracked concrete. In the model, the
eyternal forces were resisted by a combination of concrete
compression struts and steel tension ties as shown in Fig. 1.
There are three load paths—that is, vertical, horizontal, and
diagonal components which are calculated according to their
relative stiffness (R,. R;, and R), ann?nese components are
combined together to become the diagonal compression
force acting on nodal zone C,;. The nominal capacity of the
nodal zone can be calculated using Eq. (4a). Then, the shear
strength of R@yvall according to this model can be taken as
the horizontal component of the diagonal compression force
that is corresponding to the nominal capacity of the nodal
zone

C,, =KL, (4a)

where K is strut-and-tie index, which is defined as follows
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F
oy B
K= cosB sinf

{ 2 2
D+ F, | sin 0 + F‘ | cos 0
cosBL 2 sin@ 2

=1.00

(4b)

and ( is softening coefficient of cracked diagonal concrete
strut, which in this model, it is calculated as (3.35/V.") < 0.52.

Kassem’s model

Kassem'® propgwed a strut-and-tie model and closed-form
design fmmulalg" predicting the shear strength of squat
walls. The model uses three shear-resisting mechanisms—
that is, diagonal, horizontal, and vertical mechanisms—
similar to lgwang-Lee’s model." In this model, a parametric
expression to calculate the shear strength of squat walls was
developed and calibrated using data of 645 walls obtained
from literature. The design formulas developed are as
follows (in SI units):

For walls with rectangular cross section

'’
7 =027 7| wk, sin(26)+0.1 Iw,__d—+U.3(Jo),_cor(H) |t.d, = U.S}M.T.r“dx

(52)

For walls with flanged cross section

H
V, =047 1| wk, sin(20) +0.150, =

’

+1.760,_cot(8) |r,d, =1.25/77.d,

(5b)

PROPOSED STRUT-AND-TIE MODEL

In this study, an analytical model for predicting RC
low-rise wall shear strengths was developed based on the
strut-and-tie concept. The behavior of RC low-rise wall
having a height-length ratio (/,/L,) less than 2.5 is domi-
nated by shear mode'®!"? and it can be categorized as a
disturbed region where a plane secggn does not remain
plane and shear stress is not uniform within the wall panel.
Thus, the strut-and-tie model is considered a more appro-
priate approach to predict the strength as compared to the
sectional design model which includes concrete resis-
tance to shear ¥, due to tensile stresses in concrete.'*?" In
contrast to Hwang and Lee’s softened strut-and-tie model'
that uses three compression struts, the model developed in
this study uses only one diagonal compression strut to be
simple. Furthermore, the contribution of web reinforcement
is accounted in terms of confinement effect to the diagonal
compression strut.

Eguilibrium of proposed strut-and-tie model

Eiti ally, a typical RC low-rise wall with axial load P and
lateral load " as displayed in Fig. 2 has reaction forces at the
bottom of the wall—that is, horizontal reaction force that
is eqgl to V, vertical reaction force, and bending moment
that can be represented by a combination of tension force
T and compression force C. To simplify the load transfer
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Fig. 2—FEquilibrium of proposed strut-and-tie model.

mechanism, a resultant force R 1s used to replace the axial

d P and tension force T in the equilibrium equation. The
resultant force R and lateral load ¥ are equilibrated at point
A by diagonal compression force D and thus, it forms a strut-
and-tie model. The diggpnal compression force D is equil-
ibrated at point B by compression force C and horizontal
reaction force that is equal to 7. The governing failure mode
of the model is crushing of diagonal compression strut
which represents shear failure of the wall web. The internal
and external forces equilibrium of the model is described as
follows

R=(C=Dsinf (6)
V= Dcosf (7)

Determination of depth of compression zone at
bottom of wall

In this model, gcpth of compression zone at the bottom
of wall ¢ as displayed in Fig. 2 has to be determined first

fore calculating the diagonal compression strut capacity.

nitially, the authors calculated the depth of compression
zone ¢ based on flexural theory with the assumption of
linear strain distribution along the wall cross section. Never-
theless, this assumption led to inaccurate predictions of RC
wall shear strengths. This was because the assumption might
not be valid for RC low-rise wall that can be categorized as
disturbed region in which a plane section does not remain
plane. Thus, in this model, the value of ¢ is calculated using
a formula that was derived using nonlinear FEA.

First, some parameters that influence the depth of the
compression zone were identified. Based on flexural theory,
these parameters are concrete strength £.', vertical reinforce-
ment area in the edge column or boundary element 4, and
value of axial load P. Referring from the flexural theory for
a member subjected to axial load and bending moment, it is
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Fig. 3—Comparison of envelope curves between experimental result and finite element analysis (FEA): (a) Specimen S-7 tested
by Gupta and Rangan’’; and (b) Specimen J7 tested by Teng and Chandra.”® (Note: 1 kN = (.22 kip.)

clear that the value of ¢ decreases if the value of /.’ increases.
In contrast, the value of ¢ increases if the value of 4, or P
creases. Moreover, the authors added shear span ratio or
wall height-length ratio (/,./L,.) as additional parameter that
affects the value of c¢. This was because in similar cases of
disturbed region—that is, deep beams—it was shown that
the value of ¢ increases if the shear span ratio decreases.?!
Second, after identifying parameters influencing the value
of ¢ and their qualitative relationships, the following step
was to determine quantitative relationships between these
parameters and the value of ¢. The main objective was to
express the value of ¢ as a function of these parameters (f.',
A, P, and H,/L,). For this objective, nonlinear FEA using
ATENA software'” was used to determine multiplication
factors for each parameter. The software was used because
its superior capability to perform nonlinear analysis of RC
structures and it has advanced material models for concrete
and steel reinforcement. In this study, RC wall specimen S-7
having H,/L,. of 1.0 tested by Gupta and Rangan'? and RC
wall specimen J7 having H,/L, of 2.0 tested by Teng and
Chandra®? were used to validate the accuracy of the finite
element model. The comparison of envelope curves between
experimental result and FEA of those specimens is displayed
in Fig. 3. It can be seen that the finite element model can
predict well the force-drift relationship of thg specimens.
Subsequently, a parametric study using a typical wall
specimen similar to the ones tested by Teng and Chandra®
with varying parameters mentioned earlier was done to
obtain the value of ¢ at the peak loading condition of each
specimen. For concrete strength, two values were used—that
is, f."= 50 and 100 MPa (7.25 and 14.50 ksi). For vertical
reinforcement area in the edge column or boundary element,
two values were used—that is, 4, = 1200 and 2400 mm?
(1.86 and 3.72 in.%). For axial force, three values of axial
load ratio (ALR) were used—that is, 0.0, 0.1, and 0.2. For
H, /L., three values were used—that is, 0.4, 1.0, and 2.0. In
addition, the authors also attempted to vary the boundary
element width h—that is, 120, 250, and 500 mm (4.72, 9.84,
and 19.69 in.)—to observe the relationship between ¢ and b
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Fig. 4—State of normal stresses in vertical axis at maximum
lateral load of typical wall specimen analyzed using ATENA
software.’”

An example of analysis results of a typical wall specimen is
displayed in Fig. 4.

In total, 108 specimens were analyzed and the values of ¢
obtained at the peak loading condition of each specimen were
measured. These values were then plotted against varying
parameters to obtain the quantitative relationships. These
relationships can be seen in Fig. 5 to 7. The parameters f.'
and P are combined into one and normalized with wall web
area to become P/(f,'4,) because this is more frequently used

a parameter. From the figures, it can be seen that the value
9 ¢ increases linearly with increment of P/(f,'4,) and A,/
A, In contrast, the value of ¢ decreases exponentially with
increment of H,/L,. These analysis results are consistent
with qualitative relationships mentioned previously. Hence,
the value of ¢ can be expressed as follows

c=L |¢+c, L+r;3 Ao [ H. =d, (8)
4 %l

w W

Equation (8) contains Eur constants that need to be deter-
mined. Constants ¢, ¢;, and ¢; can be derived from Fig.
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Fig. 6—Values of ¢/L,, obtained from nonlinear FEA plotted against Ag/A,: (a) cases for be= 120 mm (4.72 in.); (b) cases for
by =250 mm (9.84 in.); and (c) cases for by = 300 mm (19.69 in.).
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Fig. 8—Relationships between ¢ and varying parameters with average regression lines and their equations.
5 to 7 by plotting regression lines for each data series. From the figure, the values of ¢3, ¢, and ¢4 were determined as
the equations of the regression lines, the constants were 0.5, 6.0, and 0.4, respectively. Subsequently, the value of ¢,
obtained and then the average constant value from all data was obtained by trial-and-error approach to achieve the most
series was calculated. The average regression lines as well suitable values of ¢ that were in good agreement with the
as the average constant values are presented in Fig. & From values of ¢ obtained from nonlinear FEA. Thus, the value of
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c; was found to be 0.35. Moreover, from the nonlinear FEA,
it was noted that the value of ¢ should not be taken greater

n effective depth of wall d,.. In this model, 4, is defined
as the distance from center to center of the edge columns or
boundary elements or it can be taken as 80% of wall length
0.8L,, in the case of an RC wall without edge columns or
boundary elements.

Capacity of diagonal compression strut

Capacity of the diagonal compression strut D, is a product
of effective strut strength (/. and the strut area A4, as
described by

D, =Cf'4,, (%)

In this model, the value of effective strut strength is taken
as recommended by Eurocode 2.%* The code considers reduc-
tion of concrete strut strength due to tensile stresses that
cause cracks in the concrete strut. Moreover, in this model,
increment of concrete strut strength because of confinement
effect from transverse reinforcement is also considered using
recommendation by FIP Commission 3.** Thus, the soft-
ening coefficient for strut strength C in this model can be
described as follows

£=0.6(1-£//250) = 0.80 (1 + 1.60,,m,) =0.85 (10)

where a,, and o, are defined as

ﬂﬁﬂﬁ%5&4 (11)
mw=4wL (12)
£

Because the definition of transverse reinforcement herein
that provides confinement effect to the concrete strut is the
one that is perpendicular to the strut axis, it is needed to
represent vertical and horizontal web reinforcement of the
RC low-rise wall to be the transverse reinforcement of the
concrete strut as defined by FIP Commission 3.%* Therefore,
in this model, the term pf; is represented as

pf, =p.f, cosO+p, [, sin0 (13)

where 0 is defined as

o=tan” | — 1 (14)
L, —r=0.5¢

In this model, the value of 0 is limited to 31 = 0 <
59 degrees.

The strut area A, is d@fined as a product of strut depth
multiplied by strut width. Strut depth a, is the perpendicular
projection of depth of compression zone at the bottom of
wall ¢ to the strut axis as displayed in Fig. 2, while strut
width can simply be taken as the thickness of wall web ¢,.
Finally, the nominal wall shear strength due to crushing of
diagonal compression strut ¥, is defined as
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V,= D,cosb (15)

An example of RC wall shear strength calculation using the
proposed strut-and-tie model can be seen in the Appendix.

COMPARISON WITH EXPERIMENTAL RESULTS
To examine the accuracy of the proposed strut-and-tie
del, experimental wall strengths of 100 specimens
collected from past experiments on RC low-rise walls
failing in shear'>'*****7 were compared with calculated
shear strengths from the model. Subsequently, the predic-
ns from the proposed strut-and-tie model were also
compared with predictions from building codes*” and other
strut-and-tie models.">'% The analysis results are presented
in terms of ratio of the experimental shear strengths to calcu-
lated shear strengths ¥,/ ¥,. The ratio below 1.00 means that
the prediction overestimates the shear strength whereas the
ratio above 1.00 means that the prediction underestimates
the shear strength. These results are presented in Table 1.
Moreover, the ratio was also plotted against H,/L,. (refer to
Fig. 9) and f,’ (refer to Fig. 10) to observe the variation of
predictions as affected by those parameters.

From the statistical parameters of F.,,/V, as presented in
Table 1, it can be concluded that on average, all methods are
conservative in predicting the shear strength of RC low-rise
walls. Hwang and Lee’s model® has the average value
E?,-"V,, of 1.29, which is the closest to 1.00 but overestimates

e shear strength of many RC low-rise walls (approximately
22 outof 100 specimens), whereas the proposed strut-and-tie
model only overestimates seven out of 100 specimens. This
means Hwang and Lee’s model'® needs a lower strength
reduction factor (below 0.68) as compare@go the proposed
model (approximately 0.83) to ensure safe predictions of RC
low-rise wall shear strengths. The proposed model has the
average value V..,/V, of 1.35, which is the second closest
to 1.00 and it has the lowest coefficient of variation (COV)
of 0.19 as compared to other methods. This is definitely
an advantage of the proposed model over other methods.
Furthermore, as can be seen in Table 1, Eurocode 8° is indeed
the most conservative method with average value ¥,,,/V, of
2.13 and the code underestimates the shear strength of all
100 specimens collected in this study. Moreover, Kassem’s
model'® has the highest COV of 0.37 with the average value
Vo'V of 1.40 while ACI 318* has similar average value
VeV (1.41) and sligha lower COV (0.35).

From Fig. 9 and 10, 1t can be seen that the predictions of
the proposed strut-and-tie model are quite consistearmd less
scattered for various ranges of H,/L, and f.’, as compared
to the predictions by other methods. From Fig. 9, it can be
seen that ACI 318-19* is more conservative for walls with
lower H,/L,. while it is the opposite for Hwang and Lee’s
model”® and Kassem’s model.'® From Fig. 10, except for
Kassem’s model,'® it can be seen that the predictions of most
methods are closer to 1.00 for walls with /.” below 60 MPa
(8.70 ksi) and they are more conservative for walls with

/." above 60 MPa (8.70 ksi). In addition, the predictions of

Eurocode & are quite scattered for various ranges of H,/L,
and f.", and there is no clear trend that can be observed from
these figures.
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Table 1—Ratio of experimental and calculated wall shear strengths

K
MNo. Specimen ID | £, MPa PALA) HJL, puf. MPa P MPa ACI318-19¢ | EC# | Hwang-Lee" Kassem'” Proposed model
Hirosawa"*
1 72 17 012 0.94 207 109 1.33 1.71 1.13 1.79 142
2 73 21 0.10 0.94 207 109 1.28 168 1.00 1.61 1.28
3 74 21 0.10 0.94 207 240 0.82 145 1.0 1.60 117
4 75 14 015 0.94 207 240 097 209 1.39 207 147
5 T6 15 0.14 0.94 207 447 0.92 1.94 1.30 188 116
& 77 18 011 0.94 207 447 091 178 1.23 1.84 118
7 T8 14 015 0.94 207 257 0. 1.52 1.0 1.50 109
8 &2 21 0.10 188 1.63 240 0.72 1.22 0.95 1.66 1.20
9 &3 18 011 188 1.63 240 070 1.26 1.02 1.73 1.25
Barda et al.**
10 Bl-1 29 0.00 046 272 248 1.65 304 1.23 0.9y 1.52
11 B2-1 16 0.00 046 2.76 250 1.51 345 1.72 1.06 1.39
12 B3-2 27 0.00 046 272 256 1.48 323 1.18 0.93 1.29
13 B6-4 21 0.00 046 1.24 248 1.25 272 1.39 1.22 1.33
14 B7-5 26 0.00 021 2.65 251 1.56 4.64 1.09 098 111
15 BR-5 23 0.00 086 2.64 248 1.24 224 1.82 1.02 1.57
gt‘dcl\as etal.™
16 SW-7 43 0.00 1.00 344 1.12 1.30 206 .88 1.45 1.03
17 SW-g 42 0.00 1.00 1345 1.26 1.36 202 0.7 1.28 086
Corley et al*’
18 B2 4 0.00 2.40 1.54 3.35 0.76 1.31 1.04 0.92 1.04
19 B3 45 0.00 2.40 1.46 ile 091 1.56 1.27 1.14 1.30
20 B6 2 0.14 2.40 1.4% 322 1.10 1.96 1.56 1.28 178
21 BT 49 0.08 2.40 1.42 308 1.18 205 1.1 1.07 1.40
2 BR 42 0.09 2.40 1.32 665 0.94 1.38 1.13 1.00 1.31
23 BY 44 0.09 2.40 1.34 2.91 1.25 217 1.12 1.12 1.49
24 B10 46 0.09 2.40 1.35 2.92 050 1.56 0.81 0.80 117
25 Fl 38 0.00 240 1.58 373 050 145 1.41 1.20 1.51
26 F2 46 0.08 240 1.44 292 1.13 1.96 091 091 1.28
Maeda™
27 MAEO3 58 0.03 0.535 33 383 1.46 282 1.02 .56 1.09
28 MAEOT 58 0.03 0.55 6.42 6.42 1.52 238 1.10 1.10 1.1
Okamoto™
29 W4RMG &2 0.02 0.74 4.44 4.44 1.10 1.99 .88 0.70 116
30 W4RM4 &2 0.02 0.74 4.12 4.12 1.12 197 .86 .68 1.14
31 WT2IME &2 0.02 0.74 724 7.24 1.33 189 1.20 0.95 141
32 WT2IM6 &2 0.02 0.74 6.65 665 1.30 1.93 1.17 0.93 1.38
33 WT2IME 102 0.02 0.74 724 7.24 1.23 1.93 1.14 .88 1.40
34 WoehME 102 0.02 0.74 9.41 9.41 1.44 204 1.33 1.03 1.49
Gupta and Rangan'™

35 51 T 0.00 1.00 545 289 1.11 1.58 0.9y 0.6l 1.03
36 8.2 65 007 1.00 545 289 1.96 224 1.32 1.06 1.55
37 53 69 0.13 1.00 545 289 228 228 1.23 1.21 1.53
38 54 75 0.00 1.00 8.00 289 1.58 216 1.43 0.82 1.32
39 8-5 73 0.06 1.00 8.00 289 2,10 243 1.42 1.10 1.49
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Table 1 (cont.)—Ratio of experimental and calculated wall shear strengths

oy
No. Specimen 1D | £% MPa PALAL) H.J/L, P MPa P MPa ACI318-194 ECs* Hwang-Lee™ Kassem'® Proposed model
40 5-6 71 0.13 1.00 800 2.89 259 200 140 1.37 1.62
41 87 71 0.06 1.00 543 5.45 1.52 205 141 1.12 1.56
Kabeyasawa and Hiraishi*
42 WoOR 103 0.09 118 575 5.75 148 193 1.35 110 1.89
43 W-12 138 0.09 118 575 146 185 1.21 1.02 1.99
44 No. 1 63 0.13 118 1.58 1.58 225 219 1.11 091 1.48
43 No. 2 71 0.12 118 275 275 1.590 193 118 0489 1.55
46 No. 3 72 0.12 118 422 422 Lol 184 1.23 108 1.59
47 No. 4 103 0.14 118 422 422 1.84 188 122 111 1.70
48 MNo. 5 77 0.11 1.76 422 422 141 150 107 0.94 1.55
49 No. 6 74 0.12 118 931 931 145 186 1.26 109 1.34
30 No. 7 72 0.12 118 792 7.92 1.57 201 134 118 1.50
51 No. 8 76 0.11 118 11.52 11.52 1Lo6 213 145 1.25 1.45
Farvashany et al *'
52 HSCW1 104 0.04 1.25 6.74 2.51 220 236 1.56 1.00 1.62
33 HSCW?2 93 0.09 1.25 6.74 2.51 200 248 Lo0 118 1.78
34 HSCW3 14 0.09 1.25 4.01 2.51 1.96 185 1149 091 1.38
33 HSCW4 w1 0.22 1.25 4.01 2.51 208 159 1.13 1.23 1.56
56 HSCW3 84 0.09 1.25 6.74 4.0 1.93 207 142 118 1.66
57 HSCW6 kLl 0.05 1.25 6.74 4.0 177 194 149 106 1.63
58 HSCWT 102 0.08 1.25 4.01 4.0 185 194 1.39 108 1.67
Burgueno et al.**
39 MOSC 46 0.08 2.25 6.54 814 185 208 246 168 1.62
60 MOSM 39 0.09 2.25 6.54 814 214 323 276 189 1.81
61 M10C 36 0.06 2.25 700 871 1.56 219 222 146 1.39
62 MI10M 84 0.04 2.25 700 871 1.53 209 243 1.62 1.51
63 M15C 102 0.03 2.25 707 880 127 177 209 145 1.37
64 M15M 111 0.03 2.25 703 875 1.38 1598 233 165 1.54
63 M20C 131 0.03 2.25 6.44 10659 111 1.72 1.92 143 1.35
(1] M20M 115 0.03 2.25 6.44 10.69 1.34 1.95 227 1.59 1.49
Cheng et al.*
67 Mol iv .00 0.94 139 1.39 092 1.76 0.69 124 0.93
ih] M115 38 0.00 0.94 1.21 241 068 114 068 1.23 0.83
68 Hol 44 0.00 0.94 389 389 087 137 108 1.81 1.12
T0 HI113 44 0.00 0.94 330 3.30 [IR.1] 139 0ee 170 1.13
71 Ho0X 42 0.00 0.94 389 389 [IR.1] 141 110 185 1.14
Teng and Chandra™
72 N 103 0.05 1.00 171 1.7 285 325 1.62 1.29 1.65
73 12 w7 0.05 1.00 434 1.7 305 348 1.75 1.20 1.7
74 J3 111 0.05 1.00 171 4.34 209 236 1.71 1.51 1.87
73 J4 94 0.05 1.00 171 1.7 1897 235 144 206 1.19
T6 15 103 0.05 2.00 171 1.7 1.73 436 107 [IR.1] 1.07
77 Jo w7 0.05 2.00 434 1.7 214 330 1.33 098 1.29
T8 17 111 0.05 2.00 171 4.34 146 258 1.23 1.24 1.52
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Table 1 (cont.)—Ratio of experimental and calculated wall shear strengths

[
MNo. Specimen ID | £, MPa PALAL) HJL, puf. MPa P MPa ACI318-19¢ | ECg* | Hwang-Lee Kassem' Proposed model

Baek et al. ™

9 NS2 37 0.07 2.00 317 4.37 1.34 210 1.98 336 1.72

80 HS2 37 0.07 2.00 374 4.54 1.30 204 1.93 331 1.72

81 NS2L 37 0.07 2.00 30 216 1.40 257 1.31 246 143

82 HS2L 37 0.07 2.00 2.80 2.27 1.45 263 1.41 264 154
Baek et al *

83 NSIM 33 0.07 1.00 317 4.37 1.26 177 1.37 221 131

&4 HS1M 33 0.07 1.00 4.67 4.54 1.17 1.64 1.28 2.06 122

85 NS0.5M 45 0.07 0.50 432 4.37 1.50 233 1.19 2.55 125

&6 HS0.5M 37 0.07 0.50 38T 4.54 1.54 240 1.29 2.74 129
Baek et al *

&7 SWi1 20 0.00 2350 0.82 1.14 0.91 1.90 1.36 225 1.30

Lt Sw2 20 025 2350 0.82 1.14 1.14 236 0.92 1.62 1.28

&0 SW3 20 0.00 2350 0.97 108 0.90 1.90 1.30 215 1.21

o0 Sw4 20 025 2350 0.97 108 1.17 248 0.92 1.63 1.26

o1 SWs 37 0.14 2350 0.82 1.14 1.20 286 0.79 1.42 106

92 SWe 37 0.14 2350 0.97 108 1.21 295 0.79 1.41 1.02
Hube etal ¥

o3 WSL1 29 0.00 1.00 1.21 1.21 0.85 1.31 0.77 129 087

g WSL3 29 0.00 1.00 1.56 1.56 1.01 1.50 1.02 1.70 1.13

05 WSL4 29 0.00 1.00 (U .88 1.13 1Le0 0.92 1.51 1.03

96 WSLS 29 0.00 1.00 0.80 0.89 1.00 1.58 0.82 1.34 0.91

o7 WSL6 29 0.00 1.00 0.62 0.62 1.12 1.e6 0.84 1.34 0.92

o8 WSL7 29 0.00 1.00 1.51 1.51 0.89 1.34 0.87 1.46 1.00

o9 WELE 29 0.00 1.00 1.07 1.07 0.94 1.49 0.80 1.34 0.93

100 WSL9 29 0.00 1.00 1.12 1.12 1.07 1.67 0.92 1.54 1.07

Statistical parameters

Minimum value 0.68 1.14 .68 0.61 0.83

Maximum value 3.05 330 2.76 336 1.99

Average value 1.41 213 1.29 1.40 1.35

Standard deviation 0.50 0.70 041 0.52 025

Coefficient of variation 0.35 033 0.32 0.37 019

CONCLUSIONS
23 The authors have developed an analytical method based
on the strut-and-tie concept to calculate the shear strength
of reinforced concrete (RC) low-rise walls. The following
conclusions can be made:

1. The proposed strut-and-tie model was verified with a total
of 100 RC low-rise walls (wall height-length ratio [H, /L, ]
less than 2.5) failing in shear that were selected from avail-
able literature.'>'%222537 The analysis results show that the
model is conservative in predicting the shear strength of

low-rise walls with an average value of the ratio of the
experimental shear strengths to calculated shear strengths
ViV, of 1.35. While Hwang and Lee’s model' has the
average value V,,,/¥, of 1.29, which is the closest to 1.00,
it overestimates the shear strength of 22 specimens whereas
the proposed model only overestimates seven specimens.

70

It is generally known that a strut-and-tie model serves as a
lower-bound theory.'*

2. As compared to building codes** and other strut-and-tie
models, !¢ the proposed strut-and-tie model has the lowest
coeflicient of variation (0.19) in predicting the shear strength
of RC low-rise walls. This is clearly an advantage of the

posed model over other methods. In addition, the predic-
tions of the proposed model are also quite consistent and less
scattered for wide ranges of H, /L, and concrete compressive
strengths.
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NOTATION

A, = gross area of concrete section bounded by web thickness and
length of section in direction of shear force considered

A, = area of concrete section of individual vertical wall segment
considered

A4, = wall gross cross-sectional area

Ay = total area of vertical reinforcement in one boundary element

A area of diagonal concrete strut

A cross-sectional area of shear reinforcement

A, wall web area
depth of diagonal concrete strut
width of boundary element
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i
P
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minimum width (thickness) of wall between tension and
compression chords
width of wall web
compression force in compression zone
diagonal compression force acting on nodal zone
nominal capacity of nodal zone
depth of compression zone at bottom of wall
compression force in diagonal strut
nominal strength of diagonal concrete strut
effective depth of wall
tension force in horizontal tie
tension force in vertical tie
concrete cylinder compressive strength
design value of concrete compressive strength
characteristic compressive cylinder strength of concrete at
28 days
specified yvield strength of reinforcement.
yield strength of vertical reinforcement in boundary element
design value of vield strength of horizontal web reinforcement
vield strength of horizontal shear reinforcement
vield strength of transverse reinforcement.
yield strength of vertical shear reinforcement
design yield strength of shear reinforcement
height of wall
distance measured from point of application of external shear
force to wall base
strut-and-tie index
ratio of depth of compression zone at wall base to effective
depth of wall
wall length
design bending moment at base of wall
axial load applied at top of wall
resultant force of external axial force and tension force in
tension tie
wall shear ratio resisted by diagonal mechanism
wall shear ratio resisted by horizontal mechanism
wall shear ratio resisted by vertical mechanism
distance measured from point of application of resultant force to
nearest wall edge
spacing of shear (web) reinforcement
tension force in tension tie
thickness of boundary element
thickness of wall web
applied external shear force
concrete contribution to overall shear strength
design shear force
experimental wall shear strength
nominal shear strength of RC wall
shear resistance of a member with shear reinforcement
design shear resistance of a member without shear reinforcement
design value of maximum shear force which can be sustained by
member
design value of shear force which can be sustained by the
yielding shear reinforcement
inner lever arm, which is taken as 0.8 L, (L, is wall length)
coefficient defining relative contribution of concrete strength to
nominal wall shear strength which may be taken as 0.25 for i,/
(0 < 1.5, 0.17 for H,/L, = 2.0, and varies linearly between 0.25
and 0.17 for H,/L, between 1.5 and 2.0; where [1,/L,, is height-
to-length ratio of wall
coefficient taking account of state of stress in compression chord
coefficient@@king account of confinement effect of web rein-
forcement to concrete strut strength, related to spacing of web
reinforcement
modification factor reflecting reduced mechanical properties of
lightweight concrete, all relative to normal weight concrete of
same compressive strength

le between concrete compression strut and wall axis perpen-

icular to shear force (Eurocode 8)

angle of diagonal compression strut with respect to horizontal
axis (Hwang-Lee's model, Kassem's model, and proposed
model)
strength reduction factor for concrete cracked in shear
reinforcement ratio
ratio of vertical reinforcement in boundary element
average horizontal web reinforcement ratio
(Wio of area of distributed transverse (horizontal) shear
reinforcement to gross concrete area perpendicular to that
reinforcement

p. =  average vertical web reinforcement ratio

G, =  mean compressive stress, measured positive, in conerete due to
design axial force

@, =  horizontal web reinforcement index which can be defined as [ps
Al

m, =  vertical web reinforcement index which can be defined as [p, f.
|

w, =  coefficient flking account of confinement effect of web rein-
forcement 10 concrete strut strength, related to ratio of web
reinforcement

W = a non-dimensional function which can be defined as [(0.95 —
42500 (f" in MPa)

4 = softening coefficient of concrete in compression
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g APPENDIX

n example of RC wall shear strength calculation using
the authors’ proposed strut-and-tie model is given herein. A
specimen taken from Teng and Chandra® is used—that is,
Specimen J5. The procedure is given as follows (in SI units):

Specimen J5 data:
%}ncrete compressive strength, £."= 103.3 MPa
all gross cross-sectional area, 4, = 196,000 mm?
Axial load applied at top of wall, P= 1012 kN (compression)
Wall height, H,, = 2000 mm
Wall length, L,, = 1000 mm
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Thickness of wall web, £, = 100 mm

Width of boundary element, b= 500 mm

Thickness of boundary element, #,= 120 mm

Ratio of vertical reinforcement in boundary element, p;, =
0.0388

Yield strength of vertical reinforcement in boundary element,

fin= 630 MPa

Ratio of vertical shear (web) reinforcement in wall, p, =

0.0028

Yield strength of vertical shear reinforcement, f,, = 610 MPa

tio of horizontal shear (web) reinforcement in wall, p; =

0028

Yield strength of horizontal shear reinforcement, f, =

610 MPa

Experimental wall shear strength, 7., = 595.76 kN

Calculation of nominal shear strength (V)
agmording to proposed strut-and-tie model:
. Calculate ¢ using Eq. (8) and the corresponding A4,

04

P A, \H
c=L,[035405——+6L || x| <d,
s, A NL, )

=04
c:1000[0.35+0.5 1L012.000 o 2328 )[2000)

103.3x 100,000 100,000 /i 1000
¢=408.23 mm < 880 mm (OK)

Calculating T assuming yielding of reinforcement:
T, from vertical reinforcement in boundary element

T -py* bex % f
T, =10.0388 x 500 x 120 = 630
T, = 1466.64 kN
7> from vertical web reinforcement that is in tension
Ty=p, 5 (Ly—c— 1) X t,% f;,
75 =0.0028 = (1000 —408.23 — 120) = 100 = 610
T, =80.58 kN

Calculating r by taking wall edge in tension as reference
point
T, xarm, + 7, xarm, + Px0.5L
r= . .
n+T,+P

1466.64 < 0.5120+ 50.58X[I2(J+U.SX{IU(JU—4[}8.23—I2L}}]+1UI2 # 500
" 1466.64 + 8058 +1012

r=243.31 mm
Calculate 0 using Eq. (14)

0=tan™ 1
L, —r—=05c

73
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0= tan-! [ 2200 )
1000 —243.31-0.5x 408.23

0 =75.9 degrees

Then, take 6 = 59 degrees
Calculating 4,,,

A.urr =a; * i,
Ay, = c > sinb = ¢,
Ay = 408.23 % 8in59° x 100

A, =34,992.14 mm?

2. Calculate C using Eq. (10):
Calculating ¢, using Eq. (11)

Then, take o, = 0.4
Calculating o, using Eq. (12)

pfy = pfyy cosO + pyf, sind

pf, = 0.0028 x 610 * cos59° + 0.0028 x 610 x sin59°

of,=2.34
w, =4 p‘f’:
A
234
"7 7033
o, =0.09

£=0.6 (1 —1.7250) < 0.80 (1 + 1.6a,m,) < 0.85
£=0.6(1-103.3/250) = 0.80 (1 + 1.6 x 0.4 x 0.09)
£=0.30
3. Calculate D, using Eq. (9)
D, = Ufi Ay,
D,=0.30 = 103.3 = 34,992.14
D,=1077.18 kN
4. Calculate ¥, using Eq. (15)
V,=D,cos0
V,=1077.18 »* cos59°
V,=554.79 kN

Thus, Vo'V, = 595.76/554.79 = 1.07.
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