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Recent earthquakes and laboratory tests have demonstrated that
thin, slender walls may not possess the deformation levels allowed

in U.S. codes and standards. A study of the lateral drift capacity of

well-detailed walls was conducted, indicating equivalent perfor-
mance is not expected for all walls that satisfy ACI 318-14 provi-
sions. A lateral drift capacity prediction equation was developed
in a displacement-based design format and was shown to agree
with experimentally measured drift capacities for a small data-
base of slender wall laboratory tests. It was demonstrated that,
in addition to provided boundary transverse reinforcement, drift
capacity of slender walls is most impacted by compression depth
(c), wall thickness (b), and wall length (1,). Based on experimental
data, drift capacities greater than 2% may be expected for code-
compliant walls designed such that c/b < 2.5, while drifts lower
than 1% are expected when c/b > 5.0.

Keywords: boundary element; compression strain; confinement; detailing;
drift capacity; reinforced concrete; shear wall, structural wall; wall thickness.

INTRODUCTION

ACI 318-14 design provisions for slender walls are based
on research that has demonstrated that large lateral drift
ratios can be achieved when compression zones in yielding
regions are adequately detailed to remain stable (for example,
Oesterle et al. [1976], Paulay and Goodsir [1985], Thomsen
and Wallace [1995], and Brueggen et al. [2017]). However,
recent studies (Wallace 2012) and laboratory tests (Nagae
et al. 2012; Lowes et al. 2012; Segura and Wallace 2018)
have revealed that code-compliant walls may experience
brittle compression failure prior to reaching the lateral drift
limits or plastic rotations allowed by U.S. design codes and
standards (that is, ASCE 7, ASCE 41). Segura and Wallace
(2018) studied the relationship between wall thickness and
lateral drift capacity, finding that thin walls (for example,
less than approximately 12 in. [305 mm] thick) may 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 crossties,
which is a detail allowed by ACI 318-14 at wall boundaries,
may be substantially less stable in compression than those
using overlapping hoops, without crossties, for confinement
(Welt 2015; Segura and Wallace 2018). Drift limitations for
thin walls are not currently addressed in ACI 318; instead,
it is assumed that all walls satisfying ACI 318-14 Special
Structural Wall provisions possess adequate ductility to meet
the drift demands.

Experimental data from the tests conducted by Segura
and Wallace (2018) are used to identify performance limita-
tions (axial compression and tension strain limits) for

ACI Structural Journal/May 2018

code-compliant walls in which the lateral drift capacity is
limited by flexure-compression (concrete crushing and
longitudinal reinforcement buckling) or flexure-tension
(fracture of longitudinal reinforcement). Extreme fiber
strain limits identified in the tests are used to formulate a
relationship to predict the lateral drift capacity of code-
compliant walls as a function of wall thickness (), wall
length (/,,), and compression depth (c). In addition, experi-
mentally measured drift capacities are presented for a small
database of well-detailed walls, and it is demonstrated that
the drift prediction formulation is in good agreement with
the experimental data for the walls in the database.

RESEARCH SIGNIFICANCE

Despite recent changes to ACI 318-14, the role of wall
thickness and confinement detailing on slender wall perfor-
mance have not been fully addressed. Because of the wide-
spread use of slender walls in areas impacted by strong
earthquakes, it is critical to understand the design conditions
(for example, wall thickness, compression depth) for which
walls designed to current ACI provisions do not provide
sufficient drift capacity. It is equally important to identify
the conditions for which current code requirements provide
adequate drift capacity, so that all walls are not required to
be detailed for the worst-case scenario.

LATERAL DEFORMATIONS IN SLENDER WALLS

The lateral displacement at the top of a cantilever wall
(3,) is composed of the flexural and shear responses (that
is, 8, = &y + §,). Slender walls are designed to yield in
flexure prior to reaching the shear strength of the wall;
thus, the inelastic response is dominated by flexural behavior.
Figure 1 presents the plastic hinge model formulation used
to express the lateral flexural displacement () at the top of
a cantilever wall in terms of elastic drift (5,) and inelastic
drift (8;,). For a cantilever wall that is effectively contin-
uous from the base of the structure to the top of the wall,
flexural yielding occurs at the bottom of the wall where the
overturning moment is largest. Inelastic drift is assumed to
occur as plastic rotation (0,) centered about the centroid of
the plastic curvature profile (x in Fig. 1). For a known
plastic curvature profile, denoted ¢,(x) in Fig. 1(a), 0, can be
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Fig. I—Cantilever wall curvature profile and lateral flexural displacement.

determined by integrating ¢,(x) over the height of the plastic

HP
curvature profile (denoted H, in Fig. 1): 0, = [0 ,(X)dx. As
0

illustrated in Fig. 1(b), it is common to idealize plastic curva-
ture as constant over an assumed plastic hinge length (/,), in
which case 8, may be expressed by Eq. (1)

6f = 6/,'y + 6/,)7 = Sffy + ep(hw -x ) = Sf,'y + ((I)u - (I)y)lﬁ(hw - lp/ 2) (1)

where ¢, is the curvature at yielding of longitudinal reinforce-
ment; and ¢, is the ultimate curvature associated with §, and
[, Assuming plane sections remain plane, ¢, in Eq. (1) can be
defined as the extreme fiber compression strain (g.) divided by
the compression depth (c), leading to the definition of 0, and J,
in Eq. (2a) and (2b), respectively. At large ductility demands
(9. = ¢, — ¢,), Eq. (2b) can be simplified (Eqn. (2¢)) by recog-
nizing that 0, is nearly equal to /A, (that is, h,, = h,, — [,/2);
hence, plastic drift (3/,/A,) can be directly related to extreme
fiber compression strain for an assumed plastic hinge length
and a given compression depth, typically assumed to be rela-
tively constant for €. > 0.003

8(.‘
0, = (?_q)’jl” (2a)
S, 1(e
s ) CRAC I
o, €
];,p =0, = ?c[p (2¢)

For ACI 318-99 through 318-14, detailing of slender walls
is based on Eq. (2¢) (Wallace and Orakcal 2002). Special
Boundary Element (SBE) detailing (that is, boundary trans-
verse reinforcement) is required if Eq. (2¢) indicates g, >
0.003, commonly associated with crushing of unconfined
concrete, for the design roof displacement (3,). In ACI 318,

a plastic hinge length of one-half the length of the wall
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(!, = 1,/2) is assumed, and inelastic flexural displacement
is assumed to be equal to the design displacement (that is,
3, = §;,). This is considered conservative because §,, which
is determined by a structural analysis of the building, also
includes elastic flexural and shear deformations. Other than
the requirement for SBEs, ACI 318 does not place a limit on
compression strain or lateral drift for slender walls.

DEFORMATION AND STRAIN CAPACITY OF
SLENDER WALLS

Laboratory tests on walls with SBE detailing (Nagae et al.
2012; Lowes et al. 2012; Segura and Wallace 2018) indi-
cate a drift or strain limit may be necessary to avoid brittle
compression failure in well-detailed walls. The objectives of
the wall tests conducted by Segura and Wallace (2018) were
to identify the causes of poor performance of walls in recent
earthquakes and laboratory tests, and to quantify critical
design limitations (for example, compression and tension
strain limits, minimum wall thickness) that could be incor-
porated into future building code releases. Data from these
tests are used in the following sections; therefore, pertinent
information is presented for the experimental program. The
reader is referred to the research report (Segura 2017) for
a detailed discussion of the test specimens, experimental
setup, instrumentation, and loading protocol. Figure 2 shows
cross-sectional geometry and reinforcement details of the
seven, approximately one-half scale, wall panel specimens
which represented approximately the bottom 1.5 stories of an
eight-story cantilever wall. The specimens ranged between
6 and 9 in. (152 and 229 mm) in thickness, and were all
90 in. (2286 mm) in length and 84 in. (2134 mm) in height.
SBE detailing was provided at the boundaries of all seven
walls, except at the thick, flange boundary of Specimen
WP4. At the boundaries of Specimens WP1 to WP4, and at
the east boundaries of WP6 and WP7, confinement consisted
of a single outer hoop with crossties. For Specimen WPS5,
and at the west boundaries of specimens WP6 and WP7,
continuous transverse reinforcement, which is similar to
overlapping hoops, was used.

The test setup and instrumentation layout are shown
in Fig. 3. Loading was applied using two vertical actua-
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Fig. 2—Reinforcement layout. (a) Specimens WP1, WP2, and WP3; (b) Specimen WP4, (c) Specimen WP5, and (d) Specimens

WP6 and WP7. (Note: 1 in. = 25.4 mm.)
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Fig. 3—Test setup and instrumentation layout. (Note:
lin. =254 mm.)

tors, one horizontal actuator, and two hydraulic jacks. The
vertical actuators applied a moment couple to the top of the
wall panels, and the horizontal actuator applied shear and
additional overturning moment. The applied moment and
shear force were representative of the demands given by
ASCE 7-10 Equivalent Lateral Force Procedure (ASCE/
SEI 2010) at the bottom of an eight-story wall with constant
story height and story mass up the height of the wall. Most
of the axial load was applied by the two hydraulic jacks, and
the remainder was applied using the two vertical actuators.
In addition to the instrumentation shown in Fig. 3, a digital
image correlation (DIC) system was used to measure strains
on the surface of specimens. The DIC system consists of a
software package (Barthés 2015), digital single-lens reflex
cameras, and lighting equipment. The front surface of each
specimen was prepared with a random pattern of black paint
speckles atop a white painted surface, and high-resolution
images of the specimens were taken throughout the tests.
The resulting pixelated images possess a unique grayscale
pattern. The DIC software computes surface strains by
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Fig. 4—Normalized base moment versus lateral drift at top
of specimen for Specimens WP4 (b = 6 in. [152 mm]) and
WP7 (b = 9in. [229 mm]). (Note: I in. = 25.4 mm.)

comparing the deformation of small subsets of this grayscale
pattern to an undeformed reference image.

Experimentally measured base moment versus top lateral
displacement responses are presented in Fig. 4 for one of
the thinnest walls tested (WP4; b = 6 in. [152 mm]) and
the thickest wall tested (WP7; b = 9 in. [229 mm]). Of the
seven specimens, WP4 and WP7 demonstrated the smallest
drift capacity and largest drift capacity, respectively. The
displacements reported in Fig. 4 were measured by sensors
82 in. (2083 mm) above the specimen footings (Fig. 3),
which is approximately the middle of the second story in
the full-height prototype wall. Thus, lateral drift ratios in
Fig. 4 are essentially first-story interstory drifts. Except for
WPS5, brittle compression failures were observed for all the
6 in. (152 mm) thick walls prior to reaching lateral inter-
story drift ratios expected for Design Earthquake (DE) and
Maximum Considered Earthquake (MCE) demands, which
could approach 2% and 3%, respectively. Compression
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failures were also observed for Specimens WP6 and WP7,
which were 25% and 50% thicker than WP1 through WP4,
although interstory drift ratios of at least 3% were measured
prior to failure. It is noted that lateral drift demands are typi-
cally determined for the DE spectra, which are defined in
ASCE 7 as two-thirds of the MCE spectra. Thus, to meet
the performance objective of ASCE 7 of a low probability of
collapse for MCE demands, it may be reasonable to require
code-compliant walls to demonstrate interstory drift capaci-
ties that are at least 1.5 times the interstory drift ratio allowed
by code. This means that code-compliant walls in buildings
classified as Seismic Risk Category I or II may be expected
to possess interstory drift capacities on the order of 3%,
which was not the case for the thinnest specimens (WP1 to
WPS5). To achieve drift ratios greater than 2% and 3%, it may
be necessary to impose a minimum wall thickness require-
ment. Alternatively, a variable drift limit, which accounts for
lower drift capacities of thin walls, could be implemented.
To this end, a compression strain limit (g,) of 0.008 has
been enforced in the Chilean reinforced concrete standard
DS No. 60 (MINVU 2011), based on research conducted
following the 2010 Maule earthquake (Massone 2013). The
compression strain limit in the Chilean code is intended for
walls in stiff buildings with detailing similar to that required
by ACI 318-14 Section 18.10.6.5, which is less stringent
than SBE detailing (ACI 318-14 Section 18.10.6.4). The
strain limit has been implemented in a displacement-based
design (DBD) format, similar to Eq. (2a) to (2¢), assuming
€, = 0.008 and /, = /,/2. DS No. 60 estimates roof drift as
plastic rotation about the base of the wall (that is, d,/A, =
0,), and elastic curvature may either be included (DS No.
60 Eq. 21-7b), in keeping with Eq. (2a), or neglected (DS
No. 60 Eq. 21-7a). For the case in which elastic curvature
is neglected (Eq. (2¢)), the drift limit (5,,../%,,) can be deter-
mined in accordance with Eq. (3)

el
Opar _ Ealy _ _Ea 3)
h c 2(c/l)

w

Figure 5 presents axial strain profiles for Specimens WP2,
WP4, and WP7 measured prior to strength loss, defined
herein as a 20% reduction in lateral strength from peak
capacity. The reported strains were measured over a gauge
length of approximately /,/2 (44 in. [1118 mm]), which is
consistent with the assumed plastic hinge length in Eq. (3).
The maximum measured extreme fiber compression strain
for WP2 (g, = 0.0092), WP4 (g, = 0.0079), and WP7
(8 = 0.012) each exceeded or closely matched the 0.008
Chilean strain limit. With the exception of Specimens WP3
(& = 0.0063) and WP7 (g, = 0.012), maximum compres-
sion strain measurements ranged between 0.008 and 0.009
(Segura 2017). The results suggest that the 0.008 compres-
sion strain limit enforced in the Chilean code may be suitable
for thin, code-compliant walls, which is discussed in further
detail later. It is noted that ACI 318-14 limits the spacing
of boundary transverse reinforcement to one-third of the
compression zone thickness (s < b/3). The 3 in. (76 mm) and
3.75 in. (95 mm) spacings at the east and west boundaries of
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Fig. 5—Axial strain profiles prior to strength loss for Speci-
mens WP2 (b = 61in. [152 mm]), WP4 (b =6 in.; [152 mm]),
and WP7 (b = 9in. [229 mm]). Strains measured over gauge
length equal to approximately 1,/2 (44 in. [1118 mm]).

Specimen WP3 (b = 6 in. [152 mm)]), for which the smallest
€., value was measured, both exceeded the 2 in. (51 mm)
limit imposed by this requirement.

To evaluate the validity of a DBD drift limit (for example,
Eq. (3)) using the extreme fiber compression strain limits
identified in Fig. 5, a small database of tests conducted on
thin, well-detailed rectangular and T-shape walls was assem-
bled. Test specimens were included in the database because
they satisfied the following criteria: 1) the shear span-depth
ratio (M/V1,,) was at least 2.0 (slender wall); 2) the wall was
designed for moderate to high compression depth (that is,
c/l, > 0.10); 3) confinement consisted of either an outer
hoop and crossties or overlapping hoops; 4) the quantity of
boundary transverse reinforcement was at least 50% of that
required by ACI 318-14; 5) the spacing of boundary trans-
verse reinforcement was no larger than 8d,; and 6) premature
anchorage failure was not reported. Table 1 contains details
for 20 walls that were selected for inclusion in the database,
including the cross-sectional shape of the walls, wall thick-
ness, M/V1,, applied axial load, the quantity and spacing of
transverse reinforcement, and the reported drift capacity.

Specimens WP1 to WP7 were so-called “wall panel”
specimens that did not represent full-height cantilever walls.
For these seven walls, and for three of the eight experi-
mental programs included in the database that employed a
unique loading scheme (Paulay and Goodsir 1985; Lowes
et al. 2012; Brueggen et al. 2017), lateral drift capacities
were approximated at the effective height (44) of the wall to
enable a direct comparison of wall panel and cantilever wall
experimental results. The effective height is defined herein
as the ratio of the base overturning moment-to-shear (/.5 =
M,/ V), which is consistent with wall height (4,,) for a canti-
lever wall test. Drift capacities at Ay (8,/h.y) were deter-
mined by approximating elastic flexural and shear deforma-
tions above the panel test region using effective cracked and
uncracked flexural and shear stiffness values recommended
in ASCE 41 (ASCE/SEI 2013). For WP1 to WP7, drift
predictions (3,/h.7) made using ASCE 41 effective stiffness
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Table 1-Slender wall experimental database

No. of tests/No.
Author (year) included Cross section shape | b, in. (mm) MV, PAof " rest” AglAser sldy, S,/h, %

(1) @ (3) ) (5) ©) (7) ®) ©)

Shiu et al. (1981) 2/1 Rectangular 4.0 (102) 2.9 0 0.98 2.7 2.8
Paulay and Goodsir (1985) 4/4 Rectangular (3) 3.9(100) | 2.6t033 | 0.15t00.27 | 0.78t0 1.04 | 3.3t06.0 | 2.1t03.3

T-shape (1)

Th"mse(“l;g‘;)wauace 4/4 Re;_t:;‘agp‘g?rzgz) 4.0 (102) 3.0 0.06 0 0.09 | 04610 0.85 | 3.3t08.0 | 1.3t02.5
Brueggen et al. (2017) 2/2 T-shape 6.0 (152) 3.5 0.04t0 0.06 | 0.89 to 1.28 32 2.1t02.3"

Aaleti et al. (2013) 32 Rectangular 6.0 (152) 2.7 0 0.83 t0 0.87 4.0 2.0
Tran and Wallace (2012) 52 Rectangular 4.0 (102) 2.0 0.07 0.84t0 1.08 | 2.7t04.0 | 3.0t03.1
Lowes et al. (2012) 4/4 Rectangular 6.0 (152) 2.0t02.8 | 0.10t00.13 | 1.30 to 1.76 4.0 1.2to 1.97

Matsubara et al. (2013) 3/1 Rectangular 4.7 (120) 3.0 0.07 1.09 3.5 2.5F

"Determined using test-day material properties.

fSpecimen did not represent full height cantilever wall.

Note: P,/Aof o5 1S axial stress ratio; Ay/A s is ratio of the area of confining reinforcement provided (4,) to that required by ACI 318-14 (A4 4¢y); s/d, is ratio of boundary transverse

reinforcement spacing (s) to longitudinal bar diameter (d}); and 8,// is reported drift capacity.

recommendations were similar to those made using experi-
mentally measured effective stiffness values. To be consis-
tent with the DBD formulation of Eq. (2a) to (2¢), which
only accounts for flexural behavior, the flexural contribution
to 8,/h.; was determined for each of the walls included in
the study by subtracting shear deformations. In addition,
plastic flexural drift capacity and plastic rotation capacity
were determined for each of the database walls. Figure 6
reports the total drift capacity (5,/A), flexural drift capacity
(84/hey), and plastic flexural drift capacity (5;,./h;) for
cach of the database walls and the seven specimens tested
by Segura and Wallace (2018). Total drift capacities for the
walls included in the study ranged between 1.2% and 4.0%.
The percent contribution of 4, and &, to total drift capacity
is indicated in the figure for each wall. On average, plastic
flexural drift comprised 70% of the total response, and
elastic flexural drift accounted for 17% of the total response.
The remainder is attributed to shear, which tends to be rela-
tively small (approximately 13% on average for the walls
in the database) for slender walls. Further details about the
methods used to approximate wall panel lateral drift capac-
ities and to determine flexural deformations for each of the
walls can be found in Segura (2017).

For 19 of the walls included in the study, confinement
consisted of a single outer hoop with or without crossties,
which is a detail allowed by ACI 318-14 for transverse
reinforcement at wall boundaries. For these specimens, the
plastic drift capacities reported in Fig. 6 were compared to
predicted drift capacities determined according to Eq. (2b)
and (2¢) using the range of extreme fiber compression strain
limits identified for WP1 to WP7 (Fig. 5: &, = 0.008 to
0.012). The compression strain limits in Fig. 5 correspond
to a gauge length of /,/2; therefore, a plastic hinge length
of [, = [,/2 was assumed, making it possible to approximate
plastic rotation capacity as a function of c¢//,, (Eq. (2¢)),
plotted in Fig. 7(a) for &, = 0.008 and ¢, = 0.012. The
results plotted in Fig. 7(a) demonstrate that rotation capacity
generally decreases as ¢/l,, increases. As shown in Fig. 7(a),
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Fig. 6—Total drift capacity, flexural drift capacity, and
plastic flexural drift capacity at effective height.

rotation capacity is significantly overestimated for approxi-
mately one-third of the walls in the study, even though the
range of predicted plastic rotation capacity, using &., = 0.008
and 0.012, is relatively large for a given c//,. In Fig. 7(b),
the ratio of measured-to-predicted plastic drift capacity
(S4pu/Ssp prediciea) 15 presented for each of the walls. The
predicted drift capacities in Fig. 7(b) were determined
according to Eq. (2b), which is the more complex form of Eq.
(2¢) (that is, Fig. 7(a)). The ratio of wall length-to-thickness
(1,/b) is indicated on the horizontal axis. It is observed that
the best plastic drift predictions (8;,.,/0;, prediciea = 1) are
made for the walls with /,/b = 15, which is understandable
because /,/b was 15 for five of the seven tests used to define
the strain limits used for the prediction (Fig. 2). However,
drift capacity is overestimated (87,./0rp predicea < 1) for the
walls with the largest length-to-thickness ratio (/,,/b > 15) and
underestimated for walls such that /,/b < 10. It is important
to point out that a plastic hinge length related to wall length
(1, = ,/2) was assumed for all results plotted in Fig. 7(a) and
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Fig. 7—(a) Plastic flexural drift capacity versus c/l,, for
walls with single outer hoop and crosstie confinement detail;
and (b) ratio of measured-to-predicted plastic flexural drift
capacity versus wall length-to-thickness ratio (1/b).

7(b). Based on this assumption, two walls of the same length
(ly1 = l,2), designed for the same compression depth (c; =
¢,), and with different wall thickness (b, > b,), are predicted
to have the same drift or rotation capacities (Eq. (2b) and
(2¢)) because ¢/, is the same for the two walls. This contra-
dicts experimental observations reported by Segura and
Wallace (2018), which indicate wall thickness influences
plastic drift/rotation capacity. It is noted that Specimens
WP2 (b= 6 in. [152 mm]), WP6 (b =7.5 in. [191 mm]), and
WP7 (b =9 in. [229 mm)]) exhibited a wide range of plastic
rotation capacities (Fig. 7(b)), between 1.5% and 3.4%, even
though c¢/I,, was comparable for the three walls (c¢//,, = 0.18
to 0.22). On the other hand, plastic rotation capacities for
Specimens WP2 (0,, = 1.5%) and WP4 (0,, = 1.2%), which
were both 6 in. (152 mm) thick, were similar over a wider
range of ¢/1,, (¢/l,,= 0.22 to 0.30). Both observations indicate
that using /, = /,,/2 to approximate the plastic rotations in Fig.
7(a) is not suitable. Researchers have indicated that inelastic
compression behavior (crushing/spalling of concrete and
buckling of longitudinal reinforcement) occurs over a short
height in thin wall sections, and it has been suggested that a
plastic hinge length related to wall thickness (/, = ab, where
a is a constant) may be better suited to estimate the plastic
curvature capacity of thin walls (Wallace 2012; Takahashi et
al. 2013; Arteta 2015). In this case, Eq. (2¢) can be expressed
directly in terms of wall thickness and compression depth

(Eq. (4))
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Fig. 8—Specimen WP4 axial strains prior to failure (+1.5%):
(a) full axial strain field determined from digital image
correlation (DIC) analysis; and (b) comparison of average
axial strains measured within bottom 14 in. (356 mm) of wall
using DIC and LVDT sensors (DIC analysis conducted with
Optecal [Barthés 2015]).

80 90

Field and laboratory observations suggest o-values
ranging between approximately 1.0 and 3.0; that is, crushing
and spalling of concrete have been observed to occur over
a height of one to three times the thickness of the wall.
Figure 8(a) presents the full axial strain field, determined
from digital image correlation analysis (Barthés 2015), for
specimen WP4 at the loading step just prior to strength loss.
Inelastic tension strains (approximately € > 0.002) were
well distributed up the height of the wall; however, soft-
ening occurred in the compression zone following crushing/
spalling of cover concrete, and inelastic compression strains
(g8 £-0.002) concentrated over a short height at the base of
the wall. Similar behavior was observed for all seven tests
specimens (WP1 to WP7) with compression strains concen-
trating within the bottom 14 in. (356 mm) of the walls, corre-
sponding to a-values between 1.6 (b =9 in. [229 mm]) and
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2.3 (b=06in. [152 mm]). Figure 8(b) compares the measured
axial strains, within the bottom 14 in. (356 mm) of Specimen
WP4, determined using the DIC analysis and LVDT sensors.
Due to softening in the compression zone, the strain profile
is nonlinear and the extreme fiber tension and compression
strains are nearly equal in magnitude. The behavior shown
in Fig. 8 agrees with a study conducted on lightly confined
walls (Takahashi et al. 2013) in which drift capacity was
shown to be well predicted using o = 2.5 with a corre-
sponding compression strain limit of €., = 0.007. However,
based on the extreme fiber compression strain reported in
Fig. 8(b) (g., > 0.02), ., = 0.007 appears to be low for walls
with SBE detailing.

Figure 9(a) reports the maximum compression strains
measured within the bottom 14 in. (356 mm) of the wall for
Specimens WP1 to WP7. Markers are included in Fig. 9 to
indicate whether strength loss occurred due to compression
(abrupt boundary/web crushing) or tension rupture of longi-
tudinal reinforcement. Markers indicating tension failure
may be considered lower-bound estimates of the compres-
sion strain capacity. For cases in which compression failure
was observed, compression strains ranged between 0.022
and 0.036 prior to strength loss. It is noted that average
compression strains measured by sensors above the 14 in.
(356 mm) height did not exceed 0.002 at any time during
the test. The horizontal axis of Fig. 9(a) indicates the wall
thickness of the specimens for which compression strain
measurements are reported. The trend in Fig. 9(a) suggests
that, as wall thickness increases, compressive strain
capacity increases for a constant gauge length (/, = 14 in.
[356 mm]). The strains reported in Fig. 9(a) are regularized
to wall thickness in Fig. 9(b) such that the values reported in
Fig. 9(b) represent the term ag, in Eq. (4). At all the bound-
aries where compression failures were observed, og,
exceeded 0.05 prior to strength loss.

Figure 9(c) presents the maximum tension strains
measured at the boundaries of all seven walls prior to
strength loss. The confinement details used at each wall
boundary is indicated on the vertical axis. Wall boundaries
confined by continuous transverse reinforcement (Detail
BE-4) remained stable when subjected to the compres-
sion strains reported in Fig. 9(a), and strength loss was
attributed to tension rupture of longitudinal reinforcement,
preceded by buckling of longitudinal reinforcement in all
cases. Conversely, compression failures were observed at all
boundaries using crossties, regardless of whether the cross-
ties had 90°-135° hooks (Details BE-1 and BE-2) or 135°-
135° (Detail BE-3). Tension strains exceeding 0.04 were
measured prior to strength loss for cases in which tension
failures were observed. The results indicate a tension strain
limit on the order 0.04 may be warranted, which is discussed
in further detail later.

As shown in Fig. 9(a), oe, exceeded 0.05 at all wall
boundaries that experienced compression failures. The
predicted plastic rotation capacity according to Eq. (4), using
aeql, = 0.05b, is plotted in Fig. 10 along with measured
plastic rotations for the walls included in the study. The data
in Fig. 10 demonstrate significantly less dispersion than
Fig. 7(a) ([, = [,/2), and predicted rotation capacities
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Fig. 9—(a) Maximum compression strain prior to failure
measured over 14 in. (356 mm) gauge length at base of
wall; b) maximum compression strain regularized to wall
thickness; and c) maximum tension strain prior to failure
versus confinement detail used at boundary (Detail BE-1: all
longitudinal bars laterally restrained by hoop or 90°-135°
crosstie; Detail BE-2: every other longitudinal bar restrained
by hoop or 90°-135° crosstie; Detail BE-3: all longitudinal
bars laterally restrained by hoop or 135°-135° crosstie; and
Detail BE-4: all longitudinal bars laterally restrained by
continuous transverse reinforcement [no crossties]).

(Eq. (4)) closely match test data using a single compression
strain limit. The test data and predictive equation indicate
flexural drift capacities greater than 2% may be expected
for ¢/b < 2.5, and drifts less than 1% may be expected for
c/b>S5.

While the test results in Fig. 10 appear to agree reasonably
well with the prediction, rotation capacities are overesti-
mated for a few of the walls. In Fig. 11(a), the ratio of
measured-to-predicted plastic drift capacity is compared to
the shear span-depth ratio (M/V1,), an indicator of the rela-
tive flexural and shear demands. It can be seen that &, is
overpredicted for walls with M/V1,, < 3.0 (that is, relatively
high shear demand), which might suggest that the compres-
sion strain capacity of the walls with M/V1,, < 3.0 is smaller
than that of the relatively slender walls (M/VI, > 3.0).
However, walls with M/VI,, < 3.0 typically exhibit more
notable interaction between the flexural and shear responses
than relatively slender walls (Massone and Wallace 2004;
Tran and Wallace 2012; Kolozvari et al. 2015). As a result,
degradation of the shear-resisting mechanism may occur as
wide flexural cracks open in the plastic hinge region, leading
to significant nonlinear shear deformations and larger stain
demands along diagonal compression struts. As shown in
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Fig. 10—Plastic rotation capacity versus c/b for walls with
single outer hoop and crosstie confinement detail.

Fig. 11(c) and 11(d), shear deformations &; comprised 15 to
35% of the total response for walls with M/V1,, < 3.0 and
design shear stress (v, = V,/A.,) greater than
3\/ . (psi) (0.25\/ /. [MPa]), while shear comprised less
than 10% of the total deformation for the relatively slender
walls (M/V1,,> 3.0), which all had low shear stress demands

(v, <341/ [psi]). In Fig. 11(b), total measured plastic defor-
mations, including shear (that is, 6,, = &, + 9,,), are
compared to the predicted inelastic drift capacity. Inelastic
shear deformations 9o, were determined by subtracting an
assumed elastic contribution, estimated using the effective
cracked shear stiffness values recommended in ASCE 41
(GAyr = 0.4E.4.,). When inelastic shear is included, the
predicted plastic drift capacity is reliable for all measured
values of M/V1,, and shear stress demand v,. On average, the
measured plastic drift capacity 8, is 1.19 times the predicted
value, indicating that the walls with M/VI,, < 3.0 likely
possess similar compression strain capacity to that reported
in Fig. 9(a) and 9(b), with a larger portion of the compres-
sion strain demand attributed to inelastic shear (that is,
compression strut) than is observed for walls with M/VI,, >
3.0. Further research may be necessary to quantify the
impact of shear demand on the compression strain demand
at wall boundaries, and to determine whether the trend
shown in Fig. 11(b) (8,4 > Ofpu_prediciea) applies for walls with
shear stress demands close to the maximum allowed by ACI

318 (104 £/ [psi] [0.8/ ) (MPa)]).

Figure 10 primarily reports the drift capacities at which
compression failure occurred; however, for a few of the
walls, drift capacity was limited by tension rupture of longi-
tudinal reinforcement, preceded by initial buckling of longi-
tudinal reinforcement in all cases. At the limit state of tension
rupture, Eq. (2¢) can be expressed in terms of a tension strain
limit g, according to Eq. (5)

8/17 €
_P tu l 5
h (lw—c]” ©)

W

The tension strain limits shown in Fig. 9(c) were measured
over an assumed plastic hinge length of [, = /,/2. As shown
in Fig. 8(a), inelastic tension strains were able to spread over
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Fig. 11—(a) Ratio of measured-to-predicted plastic drift
capacity versus M/Vl,; (b) ratio of total measured plastic
drift capacity (Spy = Ogpu + Ospy) to predicted plastic drift
capacity versus M/V1,, (c) percent contribution of shear
deformation (J) to total drifi capacity (6,) versus M/V1,,.;
and (d) percent contribution of shear deformation to total
drift capacity versus design shear stress.

the full height of the approximately 1.5-story panel speci-
mens, which is approximately equal to /,. Thus, assuming a
plastic hinge length of /, = /,/2, with the tension strain limits
in Fig. 9(c) (g, = 0.04), will likely produce a lower-bound
estimate of the plastic drift capacity at the limit state of tension
rupture (Eq. (5)) because plastic curvature is neglected above
1,/2. If axial tension deformations above /,/2 are considered
for the specimens that reached ¢, > 0.04, g, is at least 0.05
when strains are regularized to /, = /,/2, which is expected to
provide a more accurate estimate of the plastic drift capacity
of a wall at the flexure-tension limit state.

DRIFT CAPACITY LIMIT FOR SLENDER WALLS

Equation (6) summarizes the recommended drift limit
(8uar/hy) for a Special Structural Wall with SBE detailing,
expressed in terms of compression depth (c), wall thickness
(b), and wall length (/,,). The drift limit includes elastic defor-
mations (8,/4,) and contains terms related to the predicted
drift capacities associated with the compression strain limit
(Eq. (4)) and tension strain limit (Eq. (5))

) )
an_axz _y+% <| X4 0.025 (6)
h h, clb h, 1-cll,

w

The elastic drift in Eq. (6) can be estimated for a given load
pattern (for example, ASCE 7 Equivalent Lateral Force or
Response Spectrum Analysis) using appropriate effective
stiffness values (for example, ASCE 41-13). For preliminary
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design, elastic drift may be estimated as 6,/A,, = (11/40)¢,/4,,
where ¢, = 0.0025//,, may be assumed based on the recom-
mendations of Wallace and Moehle (1992). For simplicity,
the elastic contribution may be neglected as is done in ACI
318 for determining the need for SBE detailing at wall
boundaries. For the case in which elastic deformations are
neglected, the drift limit of Eq. (6) is shown in Fig. 12(a)
for several compression depth demands (c¢//,, = 0.1 to 0.38).
The drift capacity associated with the tension strain limit is
shown as a horizontal line, for each ¢/I,, value, which places
an upper limit on the allowable drift for lower wall length-
to-thickness ratios (/,/b) at which the compression strain
limit will not govern the drift capacity of the wall.

The drift limits in Eq. (6) and Fig. 12(a) are intended for
comparison to roof drift ratio demands (3,/4,,). For the walls
included in the study, lateral drift ratios were measured at /g
which is less than the roof height (%,,). It is noted that plastic
drift ratio is essentially constant up the height of the building
64/, = 0, [Fig. 1(c)]); therefore, the trends in Fig. 10 and
11, which do not include elastic deformations, are valid at
the roof level. However, elastic drift ratio, which comprised
approximately 10 to 30% of the total drift capacity at /. for
the database walls (Fig. 6), increases with height according
to Eq. 1 (that is, &;,/h = y¢,h). Based on the ASCE 7 Equiv-
alent Lateral Force load distribution, #4,, is approximately
1.3 to 1.4 times A, for a shear wall building between 3 and
10 stories in height, and even higher for taller buildings. In
Fig. 12(b), the drift limits of Eq. (6) and Fig. 12(a) (3,4x)
are compared to the lateral roof drift capacities (5, at 4,,) for
the database walls, which were determined by amplifying
elastic drifts assuming 4,, = 1.3A.5 Because shear deforma-
tions are small, they were neglected above /.5 Due to the
difference in height between h.; and 4, 3,/h,, is only 6%
higher than §,/h. on average, for the walls in the study. It
is noted that, because of the small differences between drift
ratios at &, and A,z amplification of elastic drifts was not
very sensitive to the choice of 4,,/A.; As shown in Fig. 12(b),
measured drift capacities at /,, are generally greater than or
equal to 1.25 times the drift limit of Fig. 12(a) (that is, elastic
deformations neglected), except for a few walls for which
Sulheyyr > 3% (8,/hey indicated on horizontal axis), which is
acceptable given the large observed deformation capacity.
When elastic deformations are included (Eq. (b)), 8,/0,4x 18
close to 1.0 for most of the walls.

For new building design (ASCE 7; ACI 318), the design
drift ratio (6,/h,) is based on Design Earthquake (DE)
demands that are assumed as two-thirds of MCE demands.
Equation (6) is a limit state formulation, intended for collapse
prevention, which makes it more suitable for comparison to
MCE demands. In this case, the design drift ratio (3,/4,,) and
drift limit (5,,,,/h,,) should be compared in accordance with

Eq. (7)

1.56, &
u S max 7
- . ()

w w

Based on the limited results presented in Fig. 12(b)—that
is, 0,/8,..c generally greater than or equal to 1.0—Eq. (7) is
expected to provide a low probability of collapse for a shear
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Fig. 12—(a) Recommended drifi capacity limit for Special
Structural Walls with SBEs, and (b) comparison of measured
drift capacities and drift limit.

wall building subjected to MCE demands, consistent with
the building code intent. A detailed reliability study, using
a larger database of experimental tests, may help to further
explore the level of reliability associated with the use of
Eq. (7) for DE and MCE demands.

In Fig. 13, plastic rotation capacities for walls with over-
lapping hoop configurations, which are not included in
Fig. 10, are compared to those with hoop and crosstie
configurations. In general, the walls with overlapping hoops
demonstrate larger plastic rotation capacities for a given
¢/b. Linear trend lines suggest walls with overlapping hoops
possess approximately 1% more drift capacity, on average,
for a given value of ¢/b. According to Fig. 13, it may be
reasonable to allow drifts larger than those recommended in
Fig. 12(a) if transverse reinforcement is provided by over-
lapping hoops. A detailed survey of monotonic and cyclic
tests on code compliant boundary element specimens may
help to quantify the compression and tension strain limits
for transverse reinforcement exceeding that required by ACI
318-14. It is noted that the drift capacity for walls designed
with enhanced detailing may be governed by tension rupture
of longitudinal reinforcement except for walls with moderate
or large compression depths (that is, ¢/b > 4).

SUMMARY AND CONCLUSIONS
Experimentally measured flexural drift capacities
were presented for a small database of walls with well-
detailed boundary zones. The measured drift capacities
were compared to a drift limit formulation developed in a
displacement-based design (DBD) format. The drift limit
was calibrated based on axial (flexural) compression and

893



~ 0.04 - - -
= o ¢ Hoop & cross-ties
= ¢ 0 O Overlapping hoops
= 0.03 -
e |
<) ]
E |
= 0.02 I:I‘
3
£ |
P 0.01 - ‘
>
= |
~ 0 T T T ‘
1 2 3 4 5 6

c/b

Fig. 13—Plastic rotation capacity versus c/b: impact of
boundary transverse detailing.

tension strain limits identified in seven wall tests conducted
as part of this experimental program. The following obser-
vations and conclusions are made:

1. Experimental data indicate that drift capacity increases
as wall thickness (b) increases for a given compression
depth (c¢). A lateral drift limit equation was formulated in a
displacement-based design (DBD) format, based on exper-
imentally measured compression strain and tension strain
limits, and good agreement of the drift limit with experi-
mental data was observed for relatively slender walls (M/V1,
> 3.0). The predictive equation and test data indicate drift
capacities greater than 2% may be expected for code-com-
pliant walls designed such that the compression depth is
less than 2.5 times the wall thickness (¢/b < 2.5), while drift
capacities less than 1% are expected for walls with ¢/b >
5. Additional research is suggested to quantify the impact
of shear span-depth ratio (M/V1,) and shear stress on the
compression strain demands at wall boundaries.

2. For DBD, it is common to assume a plastic hinge length
of one-half the length of the wall in order to capture inelastic
curvature. It was shown that drift predictions using a DBD
format may be unconservative for relatively long walls (that
is, I,/b > 15), and overly conservative for shorter walls (that
is, /,/b < 10), when compression strain capacity is assumed
to be constant (for example, €., = 0.008) and plastic hinge
length is assumed to be related to wall length. This is because
drift capacity is assumed to be directly related to the ratio of
compression depth to wall length (c/l,,). By this definition,
two walls with the same ¢//,, and different wall thicknesses
are expected to possess similar drift capacity, although it has
been shown that thinner walls tend to be less ductile.

3. For thick walls and/or walls designed for relatively low
compression (for example, ¢/b < 3), drift capacity may be
limited by tension rupture of longitudinal reinforcement. A
tension strain limit of 0.05, with an associated plastic hinge
length of [, = 1,,/2, is suggested based on a review of limited
test data.

4. Based on the information presented, equivalent perfor-
mance is not expected for all walls that satisfy ACI 318-14
provisions. Walls with lower ¢/b and/or overlapping hoop
confinement are more stable in compression, making
it possible to achieve larger inelastic deformations. An
approach that involves comparing drift demands to drift
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capacities for individual walls is presented that would enable
a designer to make informed decisions about the impact of
building (wall) layout and wall proportioning and detailing
on expected building performance. Another approach might
be to suggest a minimum wall thickness and/or minimum
detailing requirements to achieve a given drift demand.
A detailed survey of monotonic and cyclic tests on code-
compliant boundary element specimens is suggested to quan-
tify the compression and tension strain limits of confinement
details exceeding ACI 318-14 requirements.
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NOTATION
A, = gross area of concrete bounded by web thickness and length
b = width of compression face
c = distance from extreme compression fiber to neutral axis
d, = nominal diameter of bar
E. = modulus of elasticity of concrete
E;, = modulus of elasticity of reinforcing steel
1 = specified compressive strength of concrete

specified yield strength of reinforcement
length of wall in direction of shear force
center-to-center spacing of transverse reinforcement
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