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Drift Capacity of Reinforced Concrete Structural Walls with

Special Boundary Elements
by Saman A. Abdullah and John W. Wallace

Performance of reinforced concrete (RC) walls in recent labora-
tory tests and in recent strong earthquakes has revealed that thin
wall boundaries are susceptible to concrete crushing, reinforcing
bar buckling, and lateral instability. To address this concern,
a wall database with detailed information on more than 1000
tests was assembled to enable the study of the impact of various
parameters on wall deformation capacity. For this study, the
data are filtered to identify and analyze a dataset of 164 tests on
well-detailed walls generally satisfying ACI 318-14 provisions for
special structural walls. The study indicates that wall deforma-
tion capacity is primarily a function of the ratio of wall neutral
axis depth-to-compression zone width (c/b), the ratio of wall
length-to-compression zone width (1,/b), wall shear stress ratio
(Vma/NE.), and the configuration of boundary transverse reinforce-
ment. Based on these observations, an expression is developed to
predict wall drift capacity with low coefficient of variation.

Keywords: compression zone width; cross-sectional aspect ratio; drift
capacity; overlapping hoops; structural wall; wall shear stress.

INTRODUCTION

Reinforced concrete (RC) structural walls are commonly
used as lateral force-resisting elements in tall and moder-
ately tall buildings because they provide substantial lateral
strength and stiffness and are assumed to provide the needed
nonlinear deformation capacity if detailed according to
ACI 318. Major updates to ACI 318 design provisions for
slender walls occurred in 1983, 1999, and 2014. In 1983,
an extreme compression fiber stress limit of 0.2f." under
bending and axial stress was introduced to determine if
special boundary transverse reinforcement was required,
whereas in 1999, an alternative to the stress-based approach,
a displacement-based approach, was introduced to eval-
uate the need for special boundary transverse reinforce-
ment for slender, continuous walls. In 2014, more stringent
detailing requirements for slender (%,//,, > 2.0) walls were
introduced to address issues associated with detailing and
lateral stability of thin walls, and to include a minimum wall
thickness for sections that are not tension-controlled. The
ACI 318-83 provisions were based on research conducted
by the Portland Cement Association (PCA) (Oesterle et
al. 1976 and 1979) and Paulay and Goodsir (1985), which
demonstrated that large lateral drift ratios could be achieved
when compression zones in yielding regions were adequately
detailed to remain stable, whereas the 1999 additions were
based primarily on the work by Wallace and Moehle (1992),
Wallace (1994), and Thomsen and Wallace (2004) to develop
a displacement-based approach to assess wall boundary
detailing requirements. The 2014 changes to ACI 318 were
based on observations from recent earthquakes and labora-
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tory tests (Wallace 2012; Wallace et al. 2012; Nagae et al.
2011; Lowes et al. 2012).

Even with the 2014 updates, the underlying premise of
the ACI 318-14 approach to design and detailing of special
structural walls is that walls satisfying the provisions of
Sections 18.10.6.2 through 18.10.6.4 possess drift capacities
in excess of the expected drift demands. However, recent
research has shown that wall drift capacity is impacted by
wall geometry, configuration of boundary transverse rein-
forcement, and level of wall shear stress. For example,
Segura and Wallace (2018a) studied the relationship
between wall thickness and lateral drift capacity and found
that thin walls possess smaller lateral drift capacities than
thicker walls that are otherwise similar. Furthermore, it
has been found that thin, rectangular sections confined by
an outer hoop and intermediate legs of crossties, which is
a detail allowed by ACI 318-14, Section 18.10.6.4, at wall
boundaries, is less stable in compression than sections that
use overlapping hoops for confinement (Welt 2015; Segura
and Wallace 2018a). Finally, Whitman (2015) suggested,
using finite element analysis, that the confined length of a
boundary element should be increased over that currently
required, to address the increase in compression demands
that result from higher shear demands.

This research focuses on assessing which wall design
parameters have the greatest impact on wall lateral drift
capacity by assembling a detailed database that includes data
from more than 1000 large-scale tests. The data are filtered
to identify a dataset of 164 tests on walls that are ACI 318-14
code-compliant, or nearly code-compliant, and results for
these tests are analyzed. The data analysis is then used to
develop an expression to predict mean wall drift capacity
prior to substantial lateral strength loss with low coefficient
of variation (COV).

RESEARCH SIGNIFICANCE

Recent research has indicated that wall lateral drift
capacity is significantly impacted by wall geometry,
detailing, and compression and shear stress demands;
however, current ACI 318-14 provisions do not adequately
address the role of these parameters on wall drift capacity.
Instead, it is assumed that all walls satisfying requirements of
ACI 318-14 (Sections 18.10.6.1 through 18.10.6.4) possess
adequate drift capacity to meet the estimated drift demands
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Fig. I—Histograms of dataset (164 tests) used in this study.

determined from analysis. A test database is assembled and
analyzed to study the impact of various design parameters
and derive an expression for the lateral drift capacity of
slender walls with ACI 318-14 special boundary elements.

EXPERIMENTAL RC WALL DATABASE

Prior to the mid-1990s, relatively few large-scale experi-
mental studies had been conducted on relatively slender rein-
forced concrete structural walls (Oesterle et al. 1976, 1979;
Paulay and Goodsir 1985). However, since then, a substan-
tial number of experimental studies have been conducted
to assess the impact of various design parameters on wall
load-deformation responses and failure modes. Several
attempts have been made to assemble wall databases (for
example, NEEShub Shear Wall Database [Lu et al. 2010],
and the SERIES Database 2013) to assist in the develop-
ment of code provisions and to validate analytical models
for RC walls; however, these databases do not contain suffi-
cient information to allow detailed and robust assessment of
wall lateral drift capacity. In addition, a significant number
of tests have been conducted since the 2010 Chile and
2011 New Zealand earthquakes, and data from these more
recent tests are typically not included in these databases.
To address these issues, a new database was developed,
referred to as UCLA-RCWalls, which includes information
from more than 1000 wall tests from more than 200 exper-
imental programs reported in the literature. The database
includes detailed information about the tests—that is, wall
cross-section, loading protocol, configuration of boundary
transverse reinforcement, and material properties. The
database also includes backbone relations (base shear-total
top displacement, base moment-base rotation, and/or base
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shear-top shear displacement), consisting of seven points
(origin, cracking, general yielding, peak, ultimate, residual,
and collapse). Ultimate deformation capacity is defined as
the total displacement or rotation at which strength degrades
20% from the peak strength, which has been widely used
to define deformation at strength loss (Elwood et al. 2009).
Finally, the database also contains analytical (or computed)
data such as moment-curvature relationships, nominal and
yield moment strength M, and M,, and curvature ¢, and
¢,; neutral axis depth ¢ and wall shear strength computed
according to ACI 318-14.

An important aspect of the database involved addressing
the impact of different test setups (cantilever wall tests
[Thomsen and Wallace 2004], versus panel/partial height
wall tests [Segura and Wallace 2018a]) on wall lateral drift
capacity. For the wall panel tests and partial wall height tests,
the UCLA-RCWalls database includes the drift capacity at
the effective height M, puse/ Vi pase» determined as the sum of
the measured displacement at the top of the panel (exper-
imental) and the estimated contribution of elastic bending
deformations between the top of the test specimen and the
effective height (Segura and Wallace 2018Db).

For this study, which focuses on the drift capacity of walls
with special boundary elements (SBEs), the UCLA-RCWalls
database was filtered to include only wall tests satisfying the
following requirements:

(a) Quasi-static, reversed cyclic loading;

(b) Measured concrete compressive strength, f.'> 3 ksi
(20.7 MPa);,

(c) Ratio actual tensile-to-yield strength of boundary
longitudinal reinforcement f,/f, > 1.2;
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Table 1—Correlation coefficients, R, for design parameters and wall drift capacity

Design Agh provided!
parameter c/b lw/b Vmux/\jfl‘" P/Agfl" Ash‘required hr/b Plong.BE p[awub* ﬁ/f} lBE/lw* C/lw lurC/bz
Correlation |~ (¢ | 056 -030 | -0.08 0.13 002 | -025|-032| —0.14 | —0.07 | 0.06 | -0.32 | —0.68
coefficient, R
"Piswes 1S Web transverse reinforcement ratio; /zz/1,, is length of confined boundary normalized by wall length.

(d) Rectangular, or nearly rectangular, compression
zone b;

(e) Wall web thickness #,, > 3.5 in. (90 mm);

(f) A minimum of two curtains of web vertical and hori-
zontal reinforcement;

(g) Shear span ratio, M/V1,, > 1.0;

(h) Boundary longitudinal reinforcement ratio p;,,g5z> 6

JF(psi) / £,10.5 £/ (MPa) / £,] ;

(1) Ratio of provided-to-required (per ACI 318-14, Section
18.10.6.4) area of boundary transverse reinforcement,
Ash,provided/ Ash,r‘equired > 073

(j) Ratio of vertical spacing of boundary transverse rein-
forcement to minimum diameter of longitudinal boundary
reinforcement s/dj, < 8.0;

(k) Centerline distance between laterally supported
boundary longitudinal bars 4, between 1.0 and 9.0 in.
(25 and 230 mm); and

() Reported strength loss due to flexural tension or
compression failure—that is, tests were excluded if some
noticeable strength loss was not observed (only three tests
were excluded for this reason), or if walls exhibited shear
(for example, diagonal tension, diagonal compression, and
sliding at the base) or lap slice failures prior to yielding of
longitudinal reinforcement.

Based on the selected filters, a total of 164 test specimens
were identified. Histograms for various database parame-
ters for the 164 tests are shown in Fig. 1, where P/(4.f.")
is the axial load is normalized by concrete compressive
strength f." and gross concrete area A, and M/VI, is the
ratio of base moment-to-base shear normalized by wall
length /,. The filters were selected to identify walls that
satisfied, or nearly satisfied, ACI 318-14, Chapter 18 provi-
sions for special structural walls, including requirements for
boundary transverse reinforcement in Section 18.10.6.4. A
concrete compression strength limit of 3 ksi (20.7 MPa) was
specified in accordance with requirements of ACI 318-14
Section 18.2.5 for special seismic systems. Walls with web
thickness ¢,, less than 3.5 in. (90 mm) were not included
because use of two layers of web reinforcement along
with realistic concrete cover is not practical. At least two
curtains of web reinforcement were specified to be consis-
tent with ACI 318-14 Section 18.10.2.2. The limit on ratio
Julfy 1s slightly less restrictive than the limit of 1.25 spec-
ified in ACI 318-14 Section 20.2.2.5. The specified limits
on s/d, < 8.0 and Ay, yrovided! Ashrequirea = 0.7 are slightly less
restrictive than the current limits in ACI 318-14 Section
18.10.6.4 of 6.0 and 1.0, respectively, to include more data.
The limit on pj., 5z Was included to avoid brittle tension
failures (Lu et al. 2016). ACI 318-14, Section 18.10.6.4¢,
requires /1, ., not exceeding the lesser of 14 in. (355 mm)
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or 2b/3; however, most of the tests in the database were
conducted at 25 to 50% scale; therefore, 4, ,,, for the wall
tests should generally be between 3.5 and 7.0 in. (89 and
178 mm) for the 14 in. (355 mm) limit. Based on the range
of A, used to filter the data, 95% of the specimens have 4, <
6 in. (152 mm), which is reasonable, whereas the histogram
for h,/b presented in Fig. 1(f) indicates that a majority of
tests have /,/b <3/4, which is slightly higher than the current
limit of A,/b < 2/3.

The histogram for the parameter M/VI,, presented in
Fig. 1(d), indicates that 44 tests in the reduced database
have 1.0 <M/VI,, <2.0 and 120 tests with M/V1,, >2.0. Tests
with M/V1,, > 2.0 are generally appropriate for assessing the
drift capacity of walls designed using ACI 318-14, Section
18.10.6.2, which requires M/VI, > 2.0, whereas the other
tests are more appropriate for walls designed according
to ACI 318-14, Section 18.10.6.3. Walls with M/VI, <
1.0 are not included because they are generally governed
by shear failure. In subsequent assessments presented
herein, either the entire dataset of 164 tests is used, or
subsets for 1.0 < M/V1,,< 2.0 and M/V1,, > 2.0 are used, as
deemed appropriate.

In ACI 318-14, Eq. (18.10.6.2), roof drift demand
d,/h,, determined using ASCE 7 analysis procedures
is used to assess the need for SBEs; however, no specific
check is required to ensure that the roof drift capacity of
a wall with SBEs exceeds the roof drift demand. An alter-
native approach to use plastic rotation was not considered
in this study because ACI 318-14 does not include a defi-
nition for plastic hinge rotation and plastic hinge rotation
capacities from wall tests are not always measured in tests
or reported in the literature. However, it would be a rela-
tively simple task to covert roof drift to rotation (elastic and
plastic) over an assumed plastic hinge length. To facilitate
comparison of test drift capacities with drift demands deter-
mined from analysis, drift capacities for the 164 tests corre-
sponding to the effective height 4.5 = 0.7h,, were adjusted
to determine roof level #,, drift ratios to be consistent with
ACI 318-14, Eq. (18.10.6.2), which uses roof level drift
demand to assess the need for special boundary elements. To
accomplish this task, the increase in elastic drift between /gy
and 4,, was estimated analytically based on the ASCE 7-10
Section 12.8 equivalent lateral force procedure for a Class B
site in Los Angeles with number of stories estimated based
on Ay (Fig. 2) and an approximate test scale. The wall effec-
tive bending stiffness between 4.5 and £, was determined
at first yield of boundary longitudinal reinforcement based
on a computed moment-curvature relation included in the
database. Use of this approach typically increased the elastic
roof level displacements by 10 to 20%, which is relatively
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Fig. 2—Conversion of elastic drift from he and h,,.

small compared to nonlinear displacements, which are due
to plastic hinge rotation at the wall base, and thus nonlinear
drift at s,y and A, are equal.

PARAMETERS THAT IMPACT WALL LATERAL
DRIFT CAPACITY

Parameters likely to impact the lateral drift capacity of
walls with SBEs (Table 1) were selected based on a review
of current codes/standards and available literature (ACI
318-14; ASCE 41-13; Oesterle et al. 1976 and 1979; Brown
et al. 2006; Birely 2012; Segura and Wallace 2018a). Based
on this review, the following parameters were expected to
have the greatest impact on wall lateral drift capacity: 1)
ratio of wall neutral axis depth-to-width of the compression
zone ¢/b, where ¢ is computed for an extreme fiber concrete
compressive strain of 0.003; 2) ratio of the wall length-to-
width of the compression zone /,,/b; 3) ratio of the maximum
wall shear stress ratio v,,./\f."; and 4) the configuration of
the boundary transverse reinforcement used—that is, use of
overlapping hoops versus a single perimeter hoop with inter-
mediate crossties. Other parameters investigated (Table 1)
did not significantly impact wall lateral drift capacity, as will
be shown in subsequent paragraphs.

A series of linear regression analyses were performed
to identify the most influential parameters, on wall drift
capacity. Correlation coefficients R, for the complete dataset
of 164 tests for various parameters are presented in Table 1.
Parameters c¢/b, [,/b, and vmax/\/fc’ produce the highest
correlation coefficients with wall drift capacity, with R being
0.66, 0.56, and 0.30, respectively. A similar approach indi-
cated that use of overlapping hoops versus a single perimeter
hoop with supplemental legs of crossties impacted lateral
drift capacity. Other parameters, such as proese, /./b, and
c/l,, produce modest R-values; however, the impact of these
parameters are already incorporated into ¢/b and /,/b. Other
parameters, within the range of the filtered data, had little
impact on lateral drift capacity. A more detailed assessment
of the four more significant parameters is presented in the
following paragraphs by using results from companion
tests and results from the dataset of 164 tests. Following
this presentation, a general expression to predict wall drift

186

== Chun et al. (2013) & Chun (2015)

=1 Chun et al. (2013), Chun (2015),

& Chun and Park (2016)

54 ~=#— Segura and Wallace (2018a)

- =@ Xiao and Guo (2014) & Zhi et al. (2015)

12 14 16

Drift Capacity (%)
S
|

[

4 6 8 10
Iyb
Fig. 3—Drift capacity of companion specimens against
cross section slenderness ratio.

capacity is presented that includes the influence of these
four parameters.

Impact of I,,/b

Brown et al. (2006) assembled a building inventory of
post-1991 designed mid-rise buildings using structural walls
as the primary lateral load resisting system on the west
coast of the United States. The building inventory indicated
that walls with /,/b > 15 are quite common; however, due
to limitations associated with laboratory testing, it is noted
that there are only a handful of test specimens (six tests)
with SBEs and very slender cross sections /,/b > 20 in the
selected dataset, as seen from Fig. 1(e). The complete data-
base of more than 1000 tests includes 38 tests with /,/b > 20;
however, 32 of them do not meet the filtering criteria for the
reduced dataset because they either failed in shear, did not
have sufficient boundary transverse reinforcement, or were
tested under monotonic loading.

Although the linear regression analysis indicated a fairly
strong correlation between /,/b and drift capacity, various
parameters are changing and it is not always clear which
variables are impacting drift capacity. Therefore, the
reduced dataset (164 tests) was examined to find companion
tests—that is, tests where the change in ratio /,/b is due to
changes of primarily one parameter at a time (either wall
length /,, or wall compression zone width b). Results for
drift capacity versus /,/b are presented in Fig. 3 for four
series of companion test specimens with SBEs (Chun 2015;
Chun and Park 2016; Chun et al. 2013; Segura and Wallace
2018a; Xiao and Guo 2014; Zhi et al. 2015) and indicate
substantial reductions in wall drift capacity. The reason for
this is not obvious. For example, consider two cantilever
walls constructed with the same materials and of the same
height 4,, pushed to the same top displacement §, > 5, with
identical values of wall length /,, neutral axis depth ¢/,
and wall shear stress v,,,ax/\/fc', where /,/b is varied by only
changing b. For this to be the case, wall longitudinal rein-
forcement would have to be changed to maintain the ratios
of ¢/l,,and v,,,,/Nf." as b changes. Because yield displacement
(that is, associated with first yield of boundary longitudinal
reinforcement) is related to c/l,, the yield displacements are
equal, and therefore, the inelastic displacements are equal.
Based on the common assumption that wall plastic hinge
length 1, is related to wall length /,—that is, /, = 0.5/,, and
assuming plane sections remain plane after loading (which
has been shown to be reasonably true, refer to Thomsen
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and Wallace 2004), then the strain gradient along the cross
section at all locations would be identical. Under these
conditions and assumptions, there is no reason to expect that
the drift capacities of the two walls should be different. The
one important parameter that is not constant in this example
is the ratio of neutral axis depth to the wall compression
zone thickness ¢/b. Segura and Wallace (2018b) has shown
that, for slender walls that fail due to flexural compression
(concrete crushing, reinforcement buckling, and lateral
instability of the compression zone), ratio ¢/b is as shown
in the subsequent section, an important variable as the
compressive strains tend to concentrate over a wall height
that is more closely related to b than /,,. The walls tested
by Segura and Wallace (2018a) have similar drift capacities
to the other companion test specimens presented in Fig. 3,
which have lower values of /,/b, because other parameters
are influencing drift capacity, as mentioned previously and
discussed as follows.
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and in the web. Figure 4 and Table 1 indicate that wall drift
capacity is strongly correlated with A,, with drift capacity
varying between 1.25 and 3.25% as A, reduces from 80 to 0.
The cluster of data points with A, =~ 80 includes the tests by
Birely (2012), which have a rather slender cross section /,,/b
~ 20 and a relatively large ratio of ¢/b = 4 to 5, although the
ratio of ¢/l,, = 0.20 to 0.25 is not vastly different than many
other tests included in the dataset (refer to Fig. 1).

The results plotted in Fig. 4 have very important design
implications. For design level shaking (DE), ASCE 7-10
Section 12.12.1 limits allowable interstory drift ratio to 0.02
for typical RC buildings in Risk Category I and II that are
taller than four stories and use structural walls as a lateral-
force-resisting system. At maximum considered earthquake
(MCE) level shaking, which is commonly used to assess
collapse prevention, this limit is typically taken as 0.03. If
roof drift is approximated as three-quarters of peak inter-
story drift, then the peak roof drift demand allowed by ASCE
7-10 is approximately 0.0225. Results presented in Fig. 4
indicate that the drift capacities of RC walls with SBEs vary
substantially—that is, all RC walls with SBEs do not have
the same drift capacity, and walls with A, > 50 have a mean
drift capacity less than that allowed by ASCE 7-10. Results
are presented for two ranges of A, in Fig. 4(a) and for the
entire dataset in Fig. 4(b), to show that trends are similar.
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Table 2—Companion wall specimens with special detailing and different levels of wall shear stress

Viacl AL | Viesd NG| Vsl
Reference Test ID PIASL., % | MIVL, | Piong.8e> %o in psi in psi Aw\/f;’ inpsi| ¢/, % | 1,/b | c¢/b | Drift capacity, %
(i No. 5 183 2.0 6.4 5.7 3.43
Kishimoto et al. 40 79 35 3.0 03
(2008) No. 6 17.7 3.0 4.1 3.7 3.82
Kabeyasawa NW-1 10.9 2.0 8.9 9.4 7.5 2.75
and Matsumoto 2.1 20 8.5 1.7
(1992) NW-2 10.2 1.3 9.6 13.4 10.9 1.49
I DHSCW-02 2.1 9.3 8.7 8.9 34 1.7 3.24
L‘a;‘(f;le; al. 21.0 2.7 5.0
(2013) DHSCW-04 1.5 9.7 12.8 12.4 33 1.6 2.80
Tran and Wallace | RW-A20-P10-S38 \ » 3.0 44 45 3.6 17 50 1.4 3.20
7. . )
(2015) RW-A20-P10-S63 6.7 6.7 6.8 6.1 22 1.7 3.04
Tran and Wallace | RW-A15-P10-851 7.7 3.0 5.9 5.6 49 18 14 3.34
1.5 8.0
(2015) RW-A15-P10-S78 6.4 5.7 8.2 7.4 6.9 21 1.7 3.06
: 1A 9.3 4.0 7.6 3.4 2.8 437
Hines et al. 1.6 20 | 45| 09
(2002) 2A 9.7 2.0 7.9 6.5 5.8 2.92
. 1B 83 4.0 3.1 2.7 439
Hmzes o al. 1.6 3.6 20 | 45| 09
(2002) 2B 8.5 2.0 5.8 5.4 2.92
Kabeyasawa et HWI1 -8.0 23 s . 6.2 4.1 12 0 1.3 2.00
al. (1996) HW2 79 2.0 ' ’ 9.2 6.1 17 1.9 1.70
Matsubara et al N 45 1.5 1.6 75 7.7 6.2 22 3.2 2.55
ctal. 14.5
(2013) N(M/Qd3.1) 5.3 3.1 15 7.1 4.1 3.1 24 3.5 278
R3 6.9 5.9 73 7.1 6.1 25 4.7 1.97
Oesterle (1986) 2.4 18.7
R4 7.4 3.4 6.1 3.6 35 19 3.6 2.30
B3 1.1 4.6 2.5 2.3 5 0.3 4.44
Oesterle et al. 0.0 24 63
(1976) BS 3.7 7.6 7.0 6.2 10 0.6 278
. DHSCW-01 28.0 2.1 10.2 10.0 46 2.3 3.03
Liang et al. 2.7 10.0 5.0
(2013) DHSCW-03 21.0 15 11.8 125 34 1.7 2.97
PWI1 9.5 2.8 4.9 3.6 3.2 22 43 1.70
Birely (2012)" 34 20
PW2 13.0 22 4.7 48 4.6 25 5.1 1.66

"Although these specimens were intended to be companion specimens, there is a moderate variation between the two specimens.

Notes: ¥, 4c7is nominal wall shear strength in accordance with ACI 318-14, Section 18.10.4; Vg, is wall shear strength corresponding to nominal flexural strength A4,; 1 ksi = 1000

psi = 6.895 MPa.

The findings suggest strongly that changes to ACI 318-14
are needed to address this issue. A possible approach to
address this issue would be to include a drift demand versus
drift capacity provision in ACI 318, for example, similar to
demand-to-capacity checks for moment or shear strengths,
or drift capacity of slab-column connections (ACI 318-14,
Section 18.14.5), to meet a specified level of reliability.

Impact of v, /|f.’

As noted earlier, wall shear stress demand, expressed as
Vimax/\f.', has a significant impact on wall lateral drift capacity,
where v, = Vil Aoy and V. 1s taken as the maximum shear
force that develops in the wall where yielding of tension
reinforcement under combined bending and axial stresses
limits the shear force demand, and 4., = [,,  t,. It is noted
that, because the database includes only walls tested under
quasi-static loading, the impact of dynamic shear amplifica-
tion is not considered (Keintzel 1990; Eberhard and Sozen
1993). Even for relatively slender walls, which are defined
in ACI 318-14 as Ah,/I,, > 2.0, there is ample evidence that
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wall lateral drift capacity is impacted by shear, for example,
refer to experimental studies presented in Fig. 5 and Table 2
and trends shown in Fig. 6(b). Kolozvari et al. (2015) used
a shear-flexure interaction model to demonstrate that shear
transfer from diagonal compressive struts into the flexural
compression zone results in higher concrete compressive
strains than would result from bending and axial load alone,
and also tends to increase the neutral axis depth modestly.
As well, ASCE 41-13 Tables 10-19 and 10-21 include wall
modeling parameters (for example, plastic rotation capaci-
ties at lateral strength loss and at axial failure) that depend
on the level of wall shear stress, with values of 4\7.’ and
6. psi (0.33V7," and 0.5Vf,’ MPa) for walls with lower and
higher shear demands, respectively. Currently, ACI 318-14
Section 18.10.4.4 allows wall shear stress demands as high
as 10V7,' psi (0.83Vf,’ MPa) for individual wall segments,
although the average shear stress demand on walls resisting
a common shear force is limited to 8\/f/ psi (O.67\/fc' MPa).

As was done earlier for parameter /,/b, the impact of
shear stress on wall lateral drift capacity is first evaluated
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in database.

by using companion tests, where the primary test variable
is wall shear stress. In general, for the companion speci-
mens, a change in shear stress demand was accomplished
by either varying M/VI, or the quantity of longitudinal
reinforcement (refer to programs presented in Table 2);
for this latter condition, in addition to shear stress, wall
moment capacity and neutral axis depth are also impacted.
Figure 5 shows wall drift capacity versus shear stress ratio
(that is, vye/\f.") for 13 pairs of companion specimens and
indicates that higher shear demands have a detrimental
impact on wall drift capacity, even for relatively low shear
demands—that is, vmu/\/fc’ psi <5 (v,,mx/\/ﬁ’ MPa < 0.42).
Table 2 provides detailed information about the results
plotted in Fig. 5. It also is noted that the impact (slope) of
shear stress is different from one pair of companion speci-
mens to another, indicating that other parameters may also
be at play (for example ¢/b, because increasing this ratio also
tends to reduce drift capacity). Drift capacities versus A, are
plotted in Fig. 6(a) for the entire dataset (164 tests) with M/
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V1, > 1.0 and in Fig. 6(b) for the slender walls (120 tests) in
the dataset with M/V1,,> 2.0 to demonstrate that shear stress
demand impacts drift capacity beyond what can be attributed
to changes in other variables. The tests are separated into
two bins, one for low-to-modest and the other for higher
shear stress demands. The trend lines plotted in Fig. 6(a) and
(b), which are offset by approximately 0.5% drift, clearly
indicate that higher shear demand has a significant negative
impact on wall drift capacity. Therefore, it is appropriate that
the level of shear stress demand on a wall should be consid-
ered when assessing drift capacity, which is consistent with
ASCE 41-13 Table 10-19, where the modeling parameters
and acceptance criteria vary with level of wall shear stress.

Overlapping hoops

As noted earlier, one of the primary reasons to develop
the database was to assess the impact of different detailing
options on wall drift capacity. ACI 318-14, Section 18.7.5.2a,
states that “transverse reinforcement shall comprise either
single or overlapping spirals, circular hoops, or rectilinear
hoops with or without crossties”; therefore, both configura-
tions are allowed and are assumed to be equivalent. To assess
the impact of overlapping hoops on lateral drift capacity,
very detailed information on the configuration of boundary
transverse reinforcement used in each test was included in
the database. Different types of overlapping hoop configura-
tions observed in the database are shown in Fig. 7, whereas
different configurations used for supplemental crossties
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combined with a single perimeter hoop are shown in Fig. 8.
It is noted that ACI 318-14, Section 25.3.5, requires that
crossties shall have a seismic hook (135 degrees) at one end
and a 90-degree hook at the other end, and that the 90-degree
hooks on successive crossties engaging the same longi-
tudinal bars must be alternated end for end vertically and
along the perimeter of the boundary element. For columns,
ACIT 318-14, Section 18.7.5.2, requires use of seismic
hooks (135 degrees) on both ends of crossties for high axial
load ratios and high concrete compressive strengths (f.'
> 10,000 psi [69 MPa]); however, this provision does not
apply to walls. As noted in Fig. 8, a range of crosstie config-
urations are included in the database. Tests with 135- to
135-degree hooks on crossties were primarily conducted in
Japan, where the Architectural Institute of Japan (ALJ 2010)
requires their use, and China. Test results that use a single
perimeter hoop with headed bar crossties for wall boundary
transverse reinforcement (Fig. 8(c)) are limited to the studies
by Mobeen (2002) and Seo et al. (2010). However, walls
tested using headed bars for crossties have relatively small
ratios of /,/b and ¢/b, such that A, < 6 and strength degrada-
tion for these tests resulted from longitudinal bar fracture;
therefore, these tests, by themselves, do not provide suffi-
cient insight into the effectiveness of headed bars used for
transverse reinforcement within SBEs.

Of the 164 tests, analysis of the dataset indicates that 51
tests used overlapping hoop configurations such as those
shown inFig. 7, whereas 51 and 31 tests used a combination of
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a perimeter hoop and crossties with 90- to 135-degree hooks
and 135- to 135-degree hooks, respectively. Twenty-eight tests
used a single hoop without intermediate legs of crossties,
and the rest (3 tests) used headed bars as intermediate legs
combined with a single perimeter hoop such as that shown in
Fig. 8(c); however, these three tests have ¢/b < 1.3 and A, <6.
Drift capacity versus ¢/b and Ay, for v/ Nfo' psi < 5 [Viae Nf'
MPa < 0.42] and v, /Nf.' psi > 5 [Viar /Nf.' MPa > 0.42] are
shown inFig. 9(a) and (b), respectively. For the lower shear
stress range, use of overlapping hoops provides improved
drift capacity of, ¢/b > 2.5 or A, > 40 (Fig. 9(a)), whereas the
use of a perimeter hoop with 135- to 135-degree crossties
results in only a slight increase in drift capacity over the use
of 90- to 135-degree crossties. It is noted that, for ¢/b > 2.5,
the provided length of confinement was, on average, 118%
of that required by ACI 318-14, which is defined as at least
the greater of ¢ — 0.10/,, and ¢/2; therefore, the test results
in the database were not significantly overdesigned with
respect to length of confinement provided. The phenom-
enon of “90-degree hook opening prematurely” for walls
with larger A, ratios has been observed in recent laboratory
programs (Birely 2012), with approximately 80 < A, < 100
and Segura and Wallace (2018a), with approximately 45 <
A» < 60. For the Segura and Wallace (2018Db) tests, 2.0 < ¢/b
<4.0 and 0.2 < ¢/l,, < 0.3. Observations indicated that once
cover concrete spalled and longitudinal bar buckling initi-
ated, crosstie hooks opened and the long leg of the perimeter
hoop was ineffective in resisting the forces exerted on it by
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Fig. 10—Impact of some boundary element details on drift capacity of walls with SBEs.

the buckling longitudinal reinforcement, leading to concrete
crushing of the core of the SBE and subsequent lateral insta-
bility of the boundary. For values of A, > 50, use of overlap-
ping hoops results in a 50 to nearly 100% increase in drift
capacity (Fig. 9(a)). Interestingly, use of overlapping hoops
for the tests with high shear stresses—that is, vmax/\/fc’ psi >
5 (v,,,ax/\/fc’ MPa > 0.42) does not indicate a clear trend of
increased drift capacity (Fig. 9(b)); however, it is noted that
relatively few tests exist for A, > 40 to evaluate this trend.
Given these observations, it would seem prudent to require
the use of overlapping hoops for ratios of ¢/b > 2.5; alterna-
tively, the impact of the reduced drift capacity of the wall
could be accounted for in the design process. This issue is
addressed later.

Other factors

As noted earlier, the primary variables impacting wall
lateral drift capacity were ¢/b, I,/b, v,,,ax/\/fc ', and configura-
tion of the boundary transverse reinforcement used. However,
for completeness, the influence of other variables on lateral
drift capacity is presented herein to demonstrate that they
do not significantly impact lateral drift capacity. Parameters
considered include: 1) minimum A, rovided/ Ash required; 2) S/dp;
3) h/hy,max; 4) degree of lateral support provided (support for
all boundary longitudinal bars versus every other bar); and
5) P/Af.". For these variables, the dataset of 164 tests was
further reduced to include only those tests that fully satisfy
the ACI 318-14 provisions, particularly those related to
quantities A, provided> > S/dp, hy, and Iy, resulting in a reduced
dataset of 78 code-compliant wall test specimens. Results
are discussed in subsequent paragraphs.
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Results presented in Fig. 10(a) indicate that providing
ratios of Ay, provided/ Ashrequirea Modestly greater than 1.0,
does not significantly increase wall lateral drift capacity.
Similarly, results presented in Fig. 10(b) demonstrate that
variations in s/d, (and s) also have little influence on wall
lateral drift capacity, particularly for the practical range of
3 <s/d, < 6, suggesting that the current ACI 318-14 limits
are sufficient. Additional investigation indicated no signif-
icant difference in drift capacity trends for 3 < s/d, < 4
and 4 < s/d, < 6. Comparison of test results where lateral
support was provided for every boundary longitudinal bar
by corners of a crosstie or hoop leg versus for every other
longitudinal boundary bar (for example, Fig. 10(c)), indi-
cates only a slight improvement in drift capacity when
all bars are supported, although data are limited for A,
> 60 for configurations where all bars are supported. It is
noted that, for columns with high axial load P, > 0.34,f.
or high concrete strength (f." > 10,000 psi [69 MPa]), ACI
318-14 Section 18.7.5.42(f) requires that every longitudinal
bar around the perimeter of a column have lateral support
provided by the corner of a hoop or by a seismic hook,
and the value of 4, cannot exceed 8 in. (200 mm). For wall
with SBEs, ACI 318-14, Section 18.10.6.4(e), requires #,
not exceed the least of 14 in. (356 mm) or 25/3. The 14 in.
(356 mm) limit governs only for relatively thick walls (b
> 21 in. [533 mm]); no walls within the reduced database
fell into this category. Figure 10(d) indicates that, for the
range of 4, within the dataset (that is, 0.3 < /A0 < 1.0),
and assuming an average test scale factor of 40% for all
tests, Aomee = 0.4 X 14 in. = 5.6 in. (142 mm), variations
in £, had no impact on wall drift capacity. An alternative
approach, where /1, was normalized to the wall compression
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Fig. 11—Impact of axial load ratio P/Af." on drift capacity of walls with SBEs.

zone width b, did not alter the trends noted in Fig. 10(d).
Based on the information provided herein, requiring wall
SBEs to satisfy the same requirements (ACI 318-14, Section
18.7.5.2(1)), for columns with high axial load P, > 0.34,f." or
high concrete strength (f."> 10,000 psi [69 MPa]) would be
expected to only slightly improve wall lateral drift capacity.
However, as noted, due to the lack of data, adding such a
requirement might be prudent.

Axial load is typically assumed to have a significant
impact on wall (or column) lateral drift (or plastic rotation)
capacity. For example, in UBC 1997 Section 1921.6.6.3
and ASCE 41-13 Section 10.7.1.1, if axial load on a wall
exceeded 0.34,f.', the lateral strength of the wall could not
be considered. Additionally, ASCE 41-13 Tables 10-19 and
10-20 use axial load ratio as a primary term for selecting
modeling parameters and acceptance criteria for both
flexure- and shear-controlled walls. However, as noted
earlier in Table 1, axial load ratio by itself had no clear
correlation with wall drift capacity (correlation coefficient,
R =0.08). Variation of wall drift capacity against axial load
ratio P/A,f." is shown in Fig. 11(a) for the entire dataset with
M/VI,>1.0 and in Fig. 11(b) for slender walls in the dataset
with M/ VI, >2.0, whereas trends for two levels of P/A,f."are
shown in Fig. 11(c). From Fig. 11, it is clear that there is no
significant trend between axial load ratio (ranging from 0.0
to 0.35) and wall drift capacity. It is noted that the slender-
ness parameter A, described earlier incorporates the impact
of axial load through neutral axis depth.

DRIFT CAPACITY PREDICTION

A primary objective of this study was to develop an empir-
ical model to predict lateral drift capacity of structural walls
with SBEs. Key variables impacting lateral drift capacity
have been identified, such as, A, = /,,c/b?, vmax/\/ﬁ’, and the
use of overlapping hoops versus a single perimeter hoop
with intermediate legs of crossties. Other variables also were
investigated and found to not substantially influence lateral
drift capacity for cases were ACI 318-14 detailing provisions
for SBEs are satisfied. It is important to note herein that the
authors are not saying that these parameters do not influ-
ence lateral drift capacity, defined as a 20% drop in strength
from the peak lateral load, only that changes in these param-
eters within ranges that are permissible or reasonable for
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Fig. 12—Comparison of predicted drift capacity with exper-
imental drift capacity.

SBEs do not influence (or change significantly) the lateral
drift capacity. Application of linear regression analyses for
the dataset of 164 tests, including the variables that signifi-
cantly impact lateral drift capacity, resulted in the following
predictive equation for mean drift capacity d./4, of walls
with SBEs

S (op)=3.85- 0 Yo

h, o 10/ psi

B A
< (%)=3.85— "t~ Vmar
h, o 083/ MPa

(M

where A, is /,,¢/b?; o is 60 where overlapping hoops are used,;
and 45 where a combination of a single perimeter hoop
with supplemental crossties is used. The first term in Eq. (1)
represents the maximum mean drift capacity, whereas the
second term represents the impact of ¢/b and /,/b, which
incorporate the influence of material properties (for example,
/y and £.), axial load, geometry, and quantities and distri-
bution of longitudinal reinforcement at the boundaries and
within the web, on lateral drift capacity, whereas the third
term incorporates the reduction in wall drift capacity due to
the level of wall shear stress normalized by the maximum
shear stress allowed by ACI 318-14, Section 18.10.4.4, for
an isolated wall. The drift capacities predicted with Eq. (1)
are compared with experimental drift capacities in Fig. 12(a)
for the entire dataset of 164 walls and for the 44 walls with
1.0 < M/VI, < 2.0. The mean and coefficient of variation
(COV) are 1.0 and 0.15, respectively, over the entire range
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of drift values, from roughly 1.25 to 3.5% drift. In addition,
Eq. (1) was applied to the subset of 78 fully ACI 318-14 code-
complaint walls identified previously, and the mean and COV
of 1.03 and 0.137 are obtained, indicating that the result is
not sensitive to the dataset used to derive Eq. (1). For the
majority of the test specimens in the dataset, b did not vary
over c¢ (in a few cases for walls with boundary columns and
thinner webs, ¢ did extend modestly into the thinner web);
however, for more complex cases, for example, biaxial
loading on a flanged wall, an average or representative value
of b would need to be defined to compute drift capacity.
In such cases, the drift capacity is likely to be relatively
large, such that this case is not critical, whereas cases with
flanges in tension producing large compression on a narrow
compression zone are likely to be critical.

To facilitate the implementation of Eq. (1) into design
recommendations or ACI 318, Eq. (1) was simplified
modestly as Eq. (2)

%(%)=4.0—ﬂ T

N o 104/ f. psi )

8_8(%):4.0_&_\/”,#

h, o 0.83,/f'MPa
where o is 50 where overlapping hoops are used, and 40
where a combination of a single perimeter hoop with supple-
mental crossties are used. The drift capacities predicted
with the simplified equation (Eq. (2)) are compared with
experimental drift capacities observed in Fig. 12(b) for
the entire dataset of 164 walls and for the 44 walls with
1.0 <M/V1,, <2.0. The drift capacities predicted with Eq. (2)
are slightly conservative, with mean and COV of 0.97 and
0.16, respectively.

CONCLUSIONS AND RECOMMENDATIONS

Based on the findings of this study, the following conclu-
sions with regards to behavior of structural walls with SBEs
can be drawn:

1. Displacement capacity of special structural walls that
satisfy the detailing requirements of ACI 318-14, Section
18.10.6.4, is primarily a function of ¢/b, 1,/b, v,,,ax/\/fc', and
use of overlapping hoops versus a single perimeter hoop with
supplemental crossties. Depending on these variables, the
lateral drift capacity can be as low as 1.25% and as high as
3.5%. In general, lower drift capacities result for walls with
1,/b>15, ¢/b> 3.0, and wall shear stress levels approaching
the ACI 318-14 limit of 10V’ psi (0.83Vf.' MPa) for an indi-
vidual wall.

2. ACI 318-14 Section 18.10 provisions for special struc-
tural walls do not ensure that the walls have roof drift capacity
at 20% strength loss greater than the maximum roof drift
demand allowed by ASCE 7-10, which is approximated as
three-quarters of the allowable story drift of 0.02 x 1.5 =0.03
for MCE level demands, or 0.0225. Drift capacities for a signif-
icant number of walls in the dataset are less than 0.0225.

3. A slenderness parameter, A, = /,,c/b*, was defined that
provides an efficient means to account for the impact of slen-
derness of the cross section /,/b and the slenderness of the
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compression zone on the cross section ¢/b on wall lateral
drift capacity. The slenderness parameter A, considers the
impact of concrete and reinforcement material properties,
axial load, wall geometry, and quantities and distributions
of longitudinal reinforcement at the boundary and within
the web.

4. The drift capacity of walls with higher shear stress ratio
(that is, Vue/Nf' psi > 5 [Vaae/Nf.' MPa > 0.42]) is approxi-
mately 0.5% drift less than walls with low-to-moderate shear
stress ratios (that is, v,,m/\/fc’ psi<s [v,,,ax/\/fc' MPa < 0.42]).
Over the full range of shear stress ratios, shear demand can
reduce wall drift capacity by as much as 1.0% drift.

5. For low-to-modest shear stress ratios—that is,
Vmad N pSi < 5 (Vo Nf,! MPa < 0.42), use of overlap-
ping hoops, as opposed to use of a single perimeter hoop with
supplemental crossties, provides improved drift capacity
if, ¢/b > 2.5 or A, > 40. No clear trend of increased drift
capacity is observed where overlapping hoops are used for
walls with higher shear stress ratios—that is, vmax/\/fc’psi >5
(v,,,ax/\/fc' MPa > 0.42); however, given the relatively sparse
data for higher shear stresses, use of overlapping hoops is
recommended for all cases.

6. The drift capacity of SBEs with a single perimeter
hoop and crossties with 135- to 135-degree hooks is slightly
higher than for SBEs with a single perimeter hoop and
crossties with alternating 90- to 135-degree hooks; however,
neither is as effective as using overlapping hoops because
crossties with either 90- or 135-degree hooks are prone to
opening that leads to rebar buckling and crushing of the
entire boundary region. Use of overlapping hoops results
in an increase in drift capacity from 0.2 to 0.5% drift as A,
increases from 40 to 100.

7. A drift capacity equation that depends on A, = [,c/b?,
level of wall shear stress, and configuration of boundary
transverse reinforcement was developed that accurately
predicts the lateral drift capacity of walls with SBEs, with
mean and coefficient of variation of approximately 1.0 and
0.15, respectively.

8. There is no real correlation between axial load ratio
(ranging from 0.0 to 0.35) and wall drift capacity; therefore,
limits on wall axial load (stress) alone are not recommended.

9. It is recommended that future experimental programs
focus on walls with /,/b > 20 and ¢/b > 4 (or walls with
A > 80), to address gaps in the test database given that walls
with these parameters are common in practice.
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