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ABSTRACT OF THE DISSERTATION

Seismic Performance Limitations of Slender Reinforced Concrete Structural Walls

by

Christopher Lee Segura
Doctor of Philosophy in Civil Engineering
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Professor John Wright Wallace, Chair

Based on a substantial amount of research on the seismic performance of reinforced concrete
structural walls (shear walls), modern design provisions for mid-rise and high-rise shear wall
buildings have been developed with the goal of achieving significant ductility in the event of strong
earthquake ground shaking. Observations following recent earthquakes in Chile (2010) and New
Zealand (2011) have demonstrated that shear wall buildings designed according to modern seismic
design codes for tension-controlled action may be vulnerable to brittle compression failure. For
walls designed to yield in compression, current reinforced concrete design standards in the United
States (ACI 318-14) assume that ductility is ensured if code-prescribed confinement provisions
are satisfied at wall boundaries; however, recent laboratory tests suggest that thin, code-compliant
walls may be susceptible to compression failure prior to achieving the inelastic deformation

capacity assumed by current U.S. design codes (i.e., ASCE 7-10, ASCE 41-13).



Seven, approximately one-half scale, ACI 318-14 compliant wall specimens (designated WP1-
WP7) were subjected to reversed cyclic lateral loads and constant axial load. The specimens
represented approximately the bottom 1.5 stories of an eight story cantilever wall. The first phase
of testing (WP1-WP4) was conducted to identify potential deficiencies in current provisions. Test
variables for the phase 1 specimens included the configuration of boundary longitudinal
reinforcement, quantity and arrangement of boundary transverse reinforcement, and compression
depth (influence by axial load, quantity of longitudinal reinforcement, and wall cross-section). For
the second phase of testing (WP5-WP7), walls were designed either with thicker cross-sections,
improved boundary transverse reinforcement details (i.e., continuous transverse reinforcement
detail rather than hoop and cross-tie detail), or both. Phase 2 specimens were constructed with
improved web details whereby longitudinal reinforcement was placed inside of transverse
reinforcement and, in some cases, cross-ties were used to provide lateral restraint to longitudinal
reinforcement.

Abrupt compression failures occurred at plastic rotations as low as 1.1% for the thinnest walls.
Plastic rotations greater than 2.5% were observed for walls that were 25% and 50% thicker and/or
constructed with more stringent confinement detailing than required by ACI 318-14. Based on
experimental results, it is suggested to improve the deformation capacity of thin walls by avoiding
the use of cross-tie confinement, and using overlapping hoops or continuous transverse
reinforcement instead. Within the web region of walls, it is recommended to provide transverse
reinforcement for web longitudinal reinforcement within the plastic hinge region. 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 database 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 (lw). 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 ¢/b>5.0.
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Chapter 1 Introduction

1.1 Overview

In areas impacted by large magnitude earthquakes, reinforced concrete structural walls (shear
walls) are commonly used as the primary lateral seismic force-resisting system for mid-rise and
high-rise construction. Because of the rarity of large magnitude earthquakes at a particular building
site, modern seismic design codes (i.e., ASCE 7-10, ACI 318-14) allow for inelastic response of
the seismic force-resisting system. For mid-rise and high-rise shear wall (slender wall) buildings,
flexural yielding, usually at a single critical region near the base of the wall, is the desired
mechanism to achieve a ductile response. Research has demonstrated that slender walls can
achieve large lateral drift ratios when compression zones in yielding regions are adequately
detailed to remain stable (Oesterle, et al., 1976; Paulay, et al., 1985; Thomsen, et al., 2004;
Brueggen, 2009); thus, ACI 318-14 design provisions for slender walls are intended to prevent
premature compression failure. It is assumed that code-compliant walls can achieve the lateral drift
limits imposed by buildings codes (i.e., ASCE 7-10, ASCE 41-13) by means of a tension-
controlled failure mechanism. However, field observations of slender walls following the 2010
Maule earthquake in Chile and the 2011 Christchurch earthquake in New Zealand, both in
locations where seismic design codes similar to those used in the U.S. have been adopted,
demonstrated the potential for code-compliant walls to experience brittle compression failure.
Damage was generally concentrated near the base of walls and included wall boundary and web
crushing, buckling of longitudinal reinforcement, and out-of-plane instability of wall boundary
regions (Massone, et al., 2012; Wallace, et al., 2012).

Studies conducted following the earthquake in Chile revealed that damage occurred primarily in

newer buildings which were likely to contain walls that were taller, thinner, and designed for larger
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axial stress demands than typical designs of previous decades (Massone, et al., 2012). It is
anticipated that a similar trend toward less conservative designs has occurred in the U.S. over the
past few decades as engineers have sought to produce more economical designs, spurred by
advances in structural modeling capabilities, less conservative design approaches/provisions, and
other factors (e.g., use of higher strength concrete). Of particular importance is the fact that it is
now standard practice in many parts of the world, including the U.S., to construct rectangular walls
and walls comprised of rectangular sections (i.e., T-shape, I-shape, C-shape, etc.), although recent
laboratory tests on ACI 318 compliant rectangular walls (Nagae, et al., 2012; Lowes, et al., 2012)
and rectangular boundary element specimens (Arteta, 2015; Welt, 2015) have demonstrated the
inability of relatively thin rectangular sections to remain stable when subjected to compression
yielding. The laboratory tests presented in this report were conducted to address issues that led to
observed poor wall performance, to identify potential deficiencies in current ACI 318 design
provisions, and to evaluate the performance of walls designed with details exceeding the
requirements of ACI 318-14.

1.2 Research Significance

The objective of the research reported in this paper is to characterize critical performance
limitations of slender walls. For walls designed to yield in compression, ACI 318 assumes that
ductility is ensured if code-prescribed confinement provisions are satisfied at wall boundaries;
however, recent laboratory tests suggest that code-compliant walls may be susceptible to
premature compression failure. Furthermore, the role of wall thickness and confinement detailing
on slender wall performance have not been fully addressed in ACI 318-14. Because of the
widespread use of slender walls in areas impacted by strong earthquake ground shaking, it is

critical to understand the design conditions (e.g., wall thickness, compression depth) for which



walls designed to current ACI provisions do not provide sufficient deformation capacity to satisfy
code-allowable drift limits. It is equally important to identify the conditions for which current code
requirements provide adequate deformation capacity, so that all walls are not required to be
designed and detailed for the worst-case scenario.

Numerous tests have been conducted on isolated walls in the past several decades. Due to
laboratory constraints, however, a large majority of these tests were conducted at small scale, and
very few test specimens had geometry and reinforcement arrangement representative of modern
walls. Many experiments have been conducted with little or no axial load and applied lateral
loading that might not represent the demands on high-rise buildings. Very little experimental data,

therefore, exists on modern wall designs that satisfy current code provisions.

1.3 Organization of the Document

This document presents details of an experimental program intended to address potential issues
identified in recent earthquakes and laboratory tests. It is organized into six chapters. Chapter 1
provides an introduction and research motivation. Chapter 2 provides a review of relevant
scientific literature related to modern slender wall design and construction. Current U.S. building
code requirements for structural walls are discussed in Chapter 2, followed by observations
reported following the 2010 earthquake in Chile and the 2011 earthquake in New Zealand.
Previous research on slender walls is discussed with an overview of several experimental
programs. Chapter 2 ends with a summary of the literature review and research objectives and
goals. The design of the test specimens is discussed in Chapter 3, and details of the experimental
program are provided in Chapter 4. An overview of the experimental results and a detailed
description of observed behavior for each of the test specimens is presented in Chapter 5. A

detailed analysis of experimental results is provided in Chapter 6. In Chapter 7, a lateral drift



capacity limit formulation is presented and compared to experimental results for the seven tests
reported herein, as well as laboratory tests from eight other experimental programs. Chapter 8

provides a summary and conclusions of the research.



Chapter 2 Literature Review

In this chapter, current provisions for the design of slender walls are discussed, followed by a
review of observations to shear wall buildings following the 2010 earthquake in Chile and the
2011 earthquake in New Zealand. Following that, previous experimental work conducted on
slender walls is discussed. A summary and research objectives are included at the end of the
chapter.

2.1 Current Provisions for Shear Wall Buildings: ASCE 7-10 and ACI 318-14

ASCE/SEI 7-10 Minimum Design Loads for Buildings and Other Structures, herein referred to as
ASCE 7-10, provides provisions for the design and analysis of new buildings. For typical
structures without irregularities, either a linear or nonlinear analysis may be used to determine the
response of the structure to Design Earthquake (DE) level demands (ASCE/SEI, 2010). Linear
analyses are based on the Equivalent Lateral Force (ELF) Procedure of ASCE 7-10 Section 12.8
— a static analysis in which lateral seismic story forces are distributed vertically up the height of
the structure based on the design seismic base shear (ASCE/SEI, 2010). The seismic base shear is
determined from the code-prescribed pseudo-spectral acceleration at the building site (related to
location and soil conditions) for the building’s fundamental period. A linear modal response
spectrum analysis (ASCE 7-10 Section 12.9) or response history analysis (ASCE7-10 Chapter 16)
may also be used. In both cases, an adequate number of modes must be considered such that the
modal mass participation for all modes considered is at least 90%.

For a linear analysis, ASCE 7-10 Table 12.2-1 prescribes the seismic force reduction factor (R)
and displacement amplification factor (Cq4) for each LFRS. For a Special Reinforced Concrete
Shear Wall building (ASCE7-10 designation) R=5 and Cq= 5. Analysis response parameters (i.e.,

forces and displacements) resulting from the analysis are reduced by R, and displacements are



amplified by Cq. The reduced forces are used to design individual components of the LFRS, and
the amplified displacements are compared to code-allowable interstory drift limits given in Table
12.12-1 (Figure 2-1). For typical shear wall buildings (i.e., classified as Risk Category | or Il
according to ASCE 7-10), allowable interstory drift limits are 2.5% of the story height for
structures that are four stories or less, and 2% of the story height for taller structures. Only the
structural components designated as part of the lateral seismic force-resisting system (LFRS) are
used to determine the effective stiffness of the structure.

Table 12.12-1 Allowable Story Drift, A.**

Risk Category
Structura lorll 1l v

Structures, other than masonry shear wall structures, 4 stories or less above the basa as 0.0254 0.0204,, 0.0154,,
defined in Section 11.2, with interior walls, partitions, ceilings, and exterior wall systems

that have been designed to accommodata the story drifis.

Masonry cantilever shear wall structures 0.0104, 0.010% 0.070¢,
(Other masonry shear wall structures 0.007 4, 0.00Th, 0.007 ..
All other structures 0.020%,, 0.0154,, 0,070,

=h,, is the story height below Level x

*For seismic force-resisting systams comprised solely of moment frames in Seismic Design Catagories D, E, and F, the allowsable story drift shall
comply with the requirements of Section 12.12.1.1.

*There shall be no drift limit for single-story structures with interior walls, partitions, ceilings. and exterior wall systems that have been designed
to accommodate the story drifts. The structure separation requirement of Section 12.12.3 is not waived.

“Structures in which the basic structural systemn consists of masonry shear walls designed as vertical elemants cantilevered from their base or
foundation support which are so constructed that moment transfer between shear walls (coupling) is negligible.

Figure 2-1: ASCE 7-10 Table 12.12-1 Allowable Drift Limits

The American Concrete Institute (ACI) Building Code Requirements for Structural Concrete (ACI
318-14) and Commentary provides minimum requirements for design and construction of
structural concrete members in a building (AClI Committee 318, 2014). ACI 318-14 S4.4.6.1
dictates the selection of the Seismic Design Category (SDC) in accordance with ASCE 7-10. SDCs
are determined based on an importance factor assigned to the structure and the anticipated
earthquake ground motion intensity at the building site (ASCE/SEI, 2010). For structures assigned

to SDC D, E, and F, provisions of ACI 318-14 Chapter 18 apply to structural systems designated



as part of the seismic force-resisting system, as well as structural members not designated as part
of the seismic force-resisting system but required to support other loads while undergoing
deformations associated with earthquake effects. For structures assigned to SDC B and C, Chapter
18 applies only to structural systems designated as part of the seismic force-resisting system (ACI
Committee 318, 2014).

The provisions of Chapter 18 are considered the minimum requirements for a cast-in-place or
precast concrete structure to sustain a series of oscillations into the inelastic range without critical
deterioration in strength (i.e., a low probability of collapse). The ability of the structure to maintain
its strength in the inelastic range is critical because the Design Earthquake forces defined in ASCE
7-10 are considered less than those corresponding to linear response at the anticipated earthquake
intensity (i.e., R>1). Except for structures assigned to SDC A, for which Chapter 18 does not apply,
Special Structural Walls (ACI 318 designation) are required to satisfy dimensioning and detailing
requirements of S18.10 (ACI Committee 318, 2014). Requirements of S18.10 are summarized in
the following sections.

2.1.1 Design Forces, Design Strength, and Wall Web Detailing

Special Structural Walls (ACI 318 designation) are required to resist the shear force, axial force,
and overturning moment demands imposed by gravity loads in combination with earthquake
inertial forces. Design forces (Py, Vi, and My) are determined according to the analysis methods of
ASCE 7-10 Chapter 12 (ELF procedure or response spectrum analysis) or Chapter 16 (response
history analysis) with load combinations that include gravity loads simultaneously with the effects
of vertical and horizontal earthquake ground motions. Design wall strength is taken as the nominal

strength reduced by a strength reduction factor (¢).



Axial and flexural capacity (Pn, My) are determined by a section analysis, assuming a linear strain
profile (i.e., plane sections remain plane assumption) and accounting for all concrete and
developed reinforcement within wall boundary elements, the wall web, and effective flange
widths. An elastic perfectly plastic stress-strain model is used to represent longitudinal
reinforcement in tension and compression. The contribution of concrete in tension is neglected,
and a maximum extreme compression fiber strain (&) of 0.003 is assumed for concrete in
compression. The concrete compressive stress-strain behavior may be idealized using an
equivalent rectangular stress block or any other shape that is in good agreement with
comprehensive material testing (ACI Committee 318, 2014). To determine the nominal (design)
strength (gPn,#Mn), ¢ is taken as 0.90 for tension-controlled sections and 0.65 for compression-
controlled sections. Sections are considered tension-controlled if the extreme tension fiber strain
(&) is greater than or equal to 0.005 when &=0.003. Compression-controlled sections are defined
as sections in which & is less than or equal to the reinforcing bar yield strain (g=f,/Es) when
&=0.003. Linear interpolation is used to determine ¢ for sections falling into the transition region
between tension-controlled and compression-controlled sections.

The nominal wall shear strength is determined by Eqn. 2.1
W, = #A, (@ AT+ ) 2.1
where ¢=0.60 when V, is less than the shear demand required to develop the nominal flexural

strength (i.e., Vo/Vu@Mn<1.0), and ¢=0.75 when V, is sufficient to develop M, (ACI 318-14 Table

$21.2.1). For an individual wall, ACI 318-14 limits Vi to 10A,,,/f"_ . For all vertical walls sharing

a common lateral force, Vi is limited to 8AW/1‘ '. . The upper limit of strength to be assigned to



any one member is imposed to limit the degree of redistribution of shear force (ACI Committee

318, 2014).

2.1.2 Boundary Element and Web Detailing

ACI 318-14 boundary element detailing requirements are described in detail in this section. Some
changes have been incorporated into ACI 318-14 to address issues identified for slender walls in
recent earthquakes and laboratory tests. A comparison of ACI 318-11 and ACI 318-14 provisions
is made at the end of the section (Table 2-1) to summarize detailing requirements and to outline
the changes incorporated in ACI 318-14.

Two design approaches for evaluating detailing requirements at wall boundaries are included in
ACI 318-14 S18.10.6: (1) a displacement-based approach (S18.10.6.2) by which detailing
requirements are determined directly based on expected lateral displacements of the wall, and (2)
a stress-based approach (S18.10.6.3) by which detailing requirements are determined based on the
extreme fiber compression stress. The displacement-based approach is based on the assumption
that inelastic response of the wall is dominated by flexural action (i.e., slender wall) at a critical,
yielding section (ACI Committee 318, 2014).

For walls that are effectively continuous from the base of the structure to the top of the wall and
designed to have a single critical section for flexure and axial loads, the need for Special Boundary
Element (SBE) detailing may be determined using either the displacement-based approach or the
stress-based approach. By the displacement-based approach, compression zones are required to be
reinforced with SBEs when the largest neutral axis depth (c) calculated for the factored axial load
and nominal moment strength consistent with the design displacement (d,) exceeds a critical value
given by Eqn. 2.2.

|
P R— 2.2
600(1.55, /h,)
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A minimum value for the design roof drift ratio (&w/hw) in Egn. 2.2 of 0.005 is imposed. Eqgn. 2.2
was derived using the plastic hinge formulation, summarized in Figure 2-2, to relate the roof lateral
drift demand (du/hw) to the strain demand at the extreme compressive fiber within the plastic hinge
region of the wall. The lateral displacement at the top of a cantilever wall is comprised of the
flexural and shear responses (i.e., du=0¢+3s). Slender walls are designed to yield in flexure prior to
reaching the nominal shear strength of the wall; thus, the inelastic response is dominated by
flexural behavior. Figure 2-2(a) presents the plastic hinge model formulation used to express the
lateral flexural displacement (5r) at the top of a cantilever wall in terms of elastic drift (6+y) and
inelastic drift (8¢p). For a cantilever wall that is effectively continuous 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. Elastic drift can be estimated as J; , =y¢thz, where ¢y is the

curvature at flexural yielding and hw is the height of the wall if it is assumed that the wall cross-
section is uniform up its full height and if the increased stiffness of the uncracked section, in the
upper stories, is neglected. The value of y depends on the applied loading pattern: y=11/40 for an
inverted triangular loading pattern (as shown in Figure 2-2), and y=1/3 for a lateral point load
applied at the top of the wall, which is a common laboratory testing configuration to simulate
lateral earthquake inertial forces. According to the plastic hinge model, inelastic drift is assumed

to occur as plastic rotation (0p) centered about the centroid of the plastic curvature profile (x in
Figure 2-2). For a known plastic curvature profile, denoted ¢p(X) in Figure 2-2(a), 6p can be

determined by integrating over the height of the plastic curvature profile (denoted H, in Figure

H

p
2-2): 9p = I ¢p (X)dx. As illustrated in Figure 2-2(b), it is common to idealize plastic curvature
0
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as constant over an assumed plastic hinge length (lp), in which case &, may be approximated by

Eqn. 2.3, which neglects shear deformations:

5,6 =68, ,+5 , =rpn +0,(h, —X)=y,h] +(4 -4, )1, (h, —1,/2) 2.3

Of
> '_’ | 6f !p
. |
E, g ~ |+ + |
x4 b : :
15 *ta\ "  © ll" WLz
\ | ] | i<—>|<—>| |<—>| I|<—>
"l_’l l d’y ¢p(x=0) | | d)y ¢u'¢y 1 ]
Y Actual Curvature Idealized Curvature Lateral
Profile Profile Displacement
(a) (b) (c)

Figure 2-2: Plastic hinge model for cantilever walls - (a) Actual curvature profile; (b)
Idealized curvature profile; and (c) Lateral displacements for idealized curvature profile

Assuming plane sections remain plane, ¢u in Eqn. 2.3 can be defined as the extreme fiber
compression strain (ec) divided by the compression depth (c), leading to the definition of 6, and
dtp in Egns. 2.4 and 2.5, respectively. At large ductility demands, Eqn. 2.5 can be simplified (Eqn.
2.6) by recognizing that 0y is nearly equal to &p/hw (i.e., hwa hw-15/2); hence, plastic drift (5¢,p/hw)
can be directly related to extreme fiber compression strain for an assumed plastic hinge length and

a given compression depth, typically assumed to be relatively constant for £.>0.003.
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Eqgn. 2.2 is based on the simplified formulation of Eqn. 2.6, where inelastic rotation is assumed to
occur at the base of the wall. In Egn. 2.2, elastic deformations are neglected such that 6u~dfp. A
plastic hinge length equal to one-half the length of the wall (I,=1w/2) is assumed and SBE detailing
is required when the extreme fiber compressive strain exceeds 0.003 (Wallace, et al., 2002), in

which case Eqn. 2.6 can be rearranged and expressed as Eqgn. 2.7.

|

0.003!
e = Iﬁso.oos S o<  __0.003l, , 27
p

: 5./n,  2(5,/h,) " 600(5,/h,)

-

In the 2014 version of ACI 318, a 1.5 multiplier on &/hw was added to Eqn. 2.7, which results in
Eqgn. 2.2, to produce detailing requirements more consistent with the building code performance
intent of a low probability of collapse in Maximum Considered Earthquake (MCE) level shaking
(ACI Committee 318, 2014).

Figure 2-3 demonstrates the impact of neutral axis depth on the need for SBE detailing for design
roof drift ratio demands up to 0.02. For typical design roof drift ratios (&./hw=0.01-0.02), SBEs are
required when the neutral axis depth exceeds approximately 10% of the wall length. For a neutral

axis depth greater than 0.22lw, SBEs are always required.
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Figure 2-3: Impact of neutral axis depth (c/lw) and design roof drift ratio (éu/hw) on the need
for SBEs

Where SBEs are required by the displacement-based approach, they must extend vertically above
and below the critical section at least the greater of I, and Mu/4V,. Where the critical section occurs
at the wall base, the boundary transverse reinforcement is required to be extended into the support
a length equal to or greater than the development length of the largest longitudinal bar.

By the stress-based approach of S18.10.6.3, SBEs are required at wall boundaries and edges
around openings of structural walls where the maximum extreme fiber compressive stress,
corresponding to load combinations including earthquake effects, exceeds 0.2f”. The extreme fiber
compressive stress is determined for the factored axial load and overturning moment using a linear
elastic model of the gross section properties. Where SBEs are required by the stress-based
approach, they are permitted to be discontinued where the calculated extreme fiber compressive
stress is less than 0.15f%. The stress-based approach is typically considered to be overly
conservative for most slender walls, requiring confinement when extreme fiber compression
strains may be reasonably low (i.e., £.<0.003) for the expected lateral drift demands (Wallace, et

al., 1992; Wallace, et al., 2002).
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Where SBEs are required by either the displacement-based approach or the stress-based approach,
S18.10.6.4 provides dimensioning and detailing requirements. A minimum confined length (lse),
measured horizontally from the extreme compression fiber (Figure 2-4), is required to satisfy Eqn.
2.8. The first term, c-0.1lw, was derived to limit the compressive strain at the inner edge of hoop
reinforcement to 0.003 at the design roof drift ratio. The value of ¢/2 provides a minimum length

of the SBE.

c-0.1,
Iy, > 2.8
cl2

The width of the flexural compression zone, b (Figure 2-4), over the length determined by Iy in
Eqgn. 2.8 must be at least hy/16, where hy is the clear story height of the wall. This slenderness limit
was introduced in the 2014 edition of ACI 318 based on lateral instability failures of slender walls
observed in recent earthquakes and laboratory tests (ACI Committee 318, 2014). A minimum
compression zone thickness of 12 in. (305 mm) is enforced for walls where c/lw > 3/8. A value of
c/lw > 3/8 indicates a section that is not tension-controlled, and the minimum thickness has been
imposed to reduce the likelihood of lateral instability of the compression zone after spalling of

cover concrete (ACI Committee 318, 2014).
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Figure 2-4: SBE detailing (ACI Committee 318, 2014)

SBE transverse reinforcement is required to be comprised of single or overlapping spirals, circular
hoops, or rectilinear hoops with or without cross-ties. Where rectilinear cross-ties are used, they
are required to provide lateral support to longitudinal reinforcement with alternating 90°-135°
seismic hooks engaging peripheral longitudinal reinforcing bars (Figure 2-5). Horizontal spacing
of transverse reinforcement (hy) is required to satisfy Eqn. 2.9. The value used for hy in Eqn. 2.9 is
taken as the largest value of x; in Figure 2-5. The term 2/3b in Eqgn. 2.9 was introduced in the 2014
version of ACI 318 and is intended to provide more uniform spacing of hoops and cross-ties for

thin walls (ACI Committee 318, 2014).

h, <9 2 2.9
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Figure 2-5: SBE transverse reinforcement (ACI Committee 318, 2014)

Vertical spacing of transverse reinforcement (s) is required to satisfy Eqn. 2.10 which is based on
ACI 318 provisions for Special Moment Frame columns. The spacing requirements are intended
to provide adequate confinement for concrete in compression and to restrain longitudinal

reinforcement buckling following spalling of concrete cover.

b/3 (a)
s <{6d, (b) 2.10
4'-g4--+(14 ‘“xjgs-- ©

The quantity of transverse reinforcement provided in SBEs (Asn), using rectilinear hoops and cross-
ties, is required to satisfy Eqn. 2.11(a) and Eqn. 2.11(b). Egn. 2.11(a) was applied to wall SBEs
prior to the 1999 version of ACI 318. It has been reinstated in the 2014 edition due to concerns
that Egn. 2.11(b) by itself does not provide adequate transverse reinforcement for thin walls where

concrete cover accounts for a significant portion of the wall thickness. For SBEs with rectangular
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cross-sections, Ag and Ach in Eqgn. 2.11(b) are defined as Ag=lneb and Ach=bcibc> based on the
dimensions shown in Figure 2-4 and Figure 2-5. Comparison of Eqgns. 2.11(a) and (b) indicates

that Egn. 2.11(a) will govern for cases where Ag/Ach >1.3.

o.3(i—1Jf'° (a)
AL AT,

sh, fr
(b)

2.11
0.09

it
Where SBEs are not required, ordinary boundary element (OBE) detailing is required if the
longitudinal reinforcement ratio at the wall boundary exceeds 400/fy. For OBEs, vertical spacing
of transverse reinforcement (s) is limited to the smaller of 8 in. (203 mm) and 8dy of the smallest
primary flexural reinforcing bars. Within a distance equal to the greater of I and My/4V, above
and below sections at which yielding is expected, vertical spacing is limited to the smaller 6 in.
(152 mm) and 6db. The vertical spacing requirements are intended to inhibit buckling of
longitudinal reinforcement that may occur as the result of cyclic load reversals. Horizontal spacing
of transverse reinforcement (hy) is limited to 14 in. (356 mm) if the boundary longitudinal
reinforcement ratio exceeds 400/fy. Where rectilinear cross-ties are used, they are required to
provide lateral support to longitudinal reinforcement with alternating 90°-135° seismic hooks
engaging peripheral longitudinal reinforcing bars (Figure 2-5). Table 2-1 compares the SBE and
OBE requirements of ACI 318-11 and ACI 318-14.

Wall web reinforcement ratios, o and o, are generally required to be greater than or equal to
0.0025 and comprised of two curtains of web reinforcement. The maximum allowable spacing of
web longitudinal and transverse reinforcement is 18 in. (457 mm). Where SBEs are required,

horizontal web reinforcement is required to be anchored in the confined core of the boundary

17



element using standard hooks or heads, and web bars must extend to within 6 in. (152 mm) of the

end of the wall (Figure 2-4).

Table 2-1: Boundary transverse reinforcement detailing — ACI 318-11 & ACI 318-14

Variable ACI 318-11 ACI 318-14
IW IW
Displacement-based design €= 600(3, /h,) ¢ 600(L53, /h,)
approach, SBE required if: y v
where é‘u/hW >0.007 where é'u/hW >0.005
| SBE L > c-0.1, L > c-0.1,
be OBE be = C/2 be = C/2
.. b > h_U
gégg\éﬁllo)ns for SBE | No requirement 16
Y b=12in. ifc/l,>3/8
14 in.
SBE h << 2 b
hx h, <14 in. 3
OBE h <14 in.
b/3 b/3
SBE | s< 6d, s< 6d,
PEPYTN Eotully PP FEPYTN Evtully P
S 3 3
o< 8in
. | 8d,
OBE | s<8in. .
s < 6in. in yielding region
~ | 6d,
| 0.3@_1]&
Asn (provisions for | <o An 5 0091 An Ay f
SBEs only) sh, f,, sh, f'
‘ 0.09—¢
yt
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2.2 Research Leading up to Current U.S. Code Provisions

Design provisions for Special Structural Walls (ACI 318 designation) were first introduced into
the 1971 version of ACI 318, and code changes ensued in ACI 318-77 and ACI 318-83 based
primarily on research conducted at the Portland Cement Association (PCA) on isolated walls with
various cross-sectional geometries and with boundaries designed with and without confinement
(Cardenas, et al., 1973; Cardenas, et al., 1973; Oesterle, et al., 1976; Barda, et al., 1977; Oesterle,
et al., 1979; Cardenas, et al., 1980; Corley, et al., 1981; Shiu, et al., 1981; Oesterle, et al., 1984).
The stress-based approach for special boundary detailing of wall boundaries was introduced into
ACI 318-83 (SA.5.3.1) based on this research (ACI Committee 318, 1983), and remains in ACI
318-14. ACI 318-83 requirements for determining the geometry of the confined boundary region
were more stringent than those of ACI 318-14, requiring that the boundary element be designed to
resist all factored overturning and axial load demands (i.e., ¢P, = B,); thus, the contribution of
the web in resisting compression was neglected. The minimum quantity of transverse
reinforcement (Ash) and maximum hoop spacing (s) allowed by ACI 318-83 were based on
provisions for columns of Special Moment Frames, and were also more stringent than ACI 318-

14 requirements:

o.3[ﬁ—1]';°
iz A " 2.12
sh, f
0.12—¢
fyt
{b/4
s<{ 2.13
4

Requirements for the horizontal distribution of boundary transverse reinforcement were similar to

the 2011 version of the code. The provisions of ACI 318-83 often resulted in barbell shape walls
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with boundary “columns”. This was considered economical because the boundary “columns” were
required to resist all compression demands due to axial load and overturning, and a thinner web
could be used to resist shear demands.

The 1985 earthquake in Chile (EERI, 1986) presented a good opportunity to assess design and
construction practice for modern shear wall buildings. Research following the earthquake (Wood,
et al., 1987; Wallace, et al., 1992) indicated that approximately 400 modern reinforced concrete
buildings were subjected to strong ground shaking with little or no apparent damage. The buildings
ranged between 5 and 23 stories in height and most of them contained structural walls. It was
reported that the Chilean code-prescribed lateral seismic forces were similar to those used in the
highest seismic risk regions in the United States; however, the Chilean code did not require
confinement at wall boundaries and construction inspection was less stringent than U.S. standards.
Good performance of the shear wall buildings was attributed to the large stiffness of the buildings
due to the large ratio of wall area to floor plan area (Aw/Ar). Wallace and Moehle (1992) pointed
out that U.S. seismic design codes in place at the time (e.g., the Uniform Building Code) would
have classified the predominant form of concrete construction in the affected region as bearing
wall construction and that bearing wall buildings could rarely be constructed economically in the
U.S. because U.S. design codes prescribed larger design lateral seismic forces for bearing wall
systems than for ductile moment-resisting frames and dual systems. The 1985 earthquake
demonstrated that the type of bearing wall construction used in Chile could be an economical
choice. Wallace and Moehle demonstrated that U.S. code requirements were overly conservative
for the design of slender walls in the majority of structural wall buildings, and that more
economical designs could be achieved using a displacement-based approach (Wallace, et al., 1992;

Wallace, 1994). The displacement-based approach was introduced into the 1999 version of ACI
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318 (Wallace, et al., 2002) with validating support from a number of tests on isolated walls

(Thomsen, et al., 1995; Thomsen, et al., 2004; Paulay, et al., 1985; Wood, et al., 1996).

2.3 Observed Damage to Shear Walls in Recent Earthquakes

The February 27, 2010 earthquake in Chile (EERI, 2010) affected the most densely populated
region in the country and caused damage to a large number of mid-rise and high-rise buildings.
Massone et al. (2012) reported that 1,939 construction permits were issued between 1985 and 2009
for reinforced concrete buildings with nine or more stories, most of which were shear wall
buildings. Damage occurred primarily in these newer buildings, of which approximately 40 were
severely damaged requiring repair or, in rare cases, demolition. A comparison of typical
construction practice in the region prior to and following the 1985 earthquake (Massone, et al.,
2012; Wallace, et al., 2012) revealed that shear wall buildings constructed after 1985 tend to be
taller with thinner walls. Whereas pre-1985 buildings are typically less than 15 stories with 20-30
cm (8-12 in.) thick walls, buildings constructed after 1985 are typically 15 to 20 stories with 15-
20 cm (6-8 in.) thick walls. While the ratio of wall area to floor plan area (Aw/Ay), for which good
performance of shear wall buildings was attributed in the 1985 earthquake, has remained relatively
consistent, the ratio of wall area to seismic weight (Aw/W) for newer buildings is smaller because
of the increase in typical building height. Furthermore, walls in modern buildings in Chile are often
adjoined in transverse directions along a central corridor of the building, resulting in complex
shapes (e.g., T-shape, L-shape) for which large tensile and compression strain demands may occur.
The combination of these factors indicates that modern buildings are likely to be designed for
larger drift demands, and larger axial stress and strain demands than typical designs of previous
decades. It is likely that a good number of these buildings were designed according to

NCh433.0f96 (Instituto Nacional de Normalizacion (INN), 1996), which was adopted in 1996.
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The analysis approaches allowed by NCh433.0196 are similar to those of ASCE 7-10, including
an equivalent static procedure (similar to ASCE 7-10 ELF procedure) and modal response
spectrum analysis. NCh433.0f96 references ACI 318-95 provisions for the design of shear walls;
however, based on the good performance of shear wall buildings in the 1985 earthquake, the
requirement for confinement at wall boundaries was excluded.

Observed damage to shear walls in Santiago, Vifia del Mar, and Concepcidn (Figure 2-6) following
the 2010 earthquake (Figure 2-6) generally included crushing and spalling of concrete, buckling
of vertical reinforcement, and lateral (out-of-plane) buckling of wall compression zones (Wallace,
et al., 2012). Damage typically occurred near the base of walls over a very short height, often
extending along the full length of the wall. Large spacing of transverse reinforcement and opening

of 90° hooks was observed at the boundaries of damaged walls. Wallace et al. (2012) pointed out

that prior to the 2010 earthquake, lateral instability failures had primarily been observed only in
laboratory tests. Also, the damage patterns observed in the field suggested that lateral instabilities
were not likely driven by prior tensile yielding of reinforcement as studied by previous research
(Paulay, et al., 1993; Chai, et al., 1999); rather, the instabilities appeared to occur following, or as
the result of, crushing of the thin compression zone.

To address issues with compression failure and high axial load ratio in thin walls, a compression
strain limit of 0.008, with a corresponding gage length equal to one-half the length of the wall (i.e.,
I,=Iw/2), has been enforced in the Chilean reinforced concrete standard, DS No. 60 (MINVU,
2011). The strain limit has been implemented in a displacement-based design format, similar to
Egns. 2.4 and 2.6. DS No. 60 estimates roof drift as plastic rotation about the base of the wall (i.e.,
du/hw=0p), and elastic curvature may either be included (DS No. 60 Eqgn. 21-7b), in keeping with

Eqn. 2.4, or neglected (DS No. 60 Eqn. 21-7a), as is the case for Eqgn. 2.6.
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Figure 2-6: Observed damage to shear walls in Chile: a) Concrete crushing, b) Rebar
buckling, and c) Lateral (out-of-plane) instability, Images: Wallace et al. (2012)

The February 22, 2011 earthquake in New Zealand (EERI, 2011) was centered just outside of
Christchurch, the second largest city in the nation, causing strong ground shaking in Christchurch’s
Central Business District (CBD). Kam et al. (2011) presented metrics of the building stock in the
CBD, indicating that 175 buildings between 5 and 22 stories in height were in place at the time of
the earthquake. Of these, 25% were shear wall buildings. While reinforced concrete buildings were
generally considered to have performed well, significant damage to many modern shear wall
buildings suggested issues related to complex wall shapes, lack of confinement in wall webs
outside of confined boundary regions, low vertical reinforcement ratios, and splices in plastic hinge
regions. General observations indicated that modern walls tend to be thin, designed with low
vertical (axial) reinforcement ratios, and likely designed for larger axial stress demands than older
walls. Damage to modern shear walls included crushing and spalling of concrete, lateral (out-of-
plane) buckling of wall webs, and buckling and fracture of vertical reinforcement (Kam, et al.,

2011; Elwood, 2013).
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Figure 2-7: Observed damage to shear walls in Christchurch: a) Lateral (out-of-plane)
instability, b) Web crushing, and c) Reinforcement fracture, Images: Elwood et al. (2013)

2.4 Tests on Well-Detailed Slender Walls

Numerous tests conducted on isolated walls are available in scientific literature; however, due to
laboratory constraints, a large majority of these tests were conducted at relatively small scale (e.qg.,
1/4 to 1/3), and very few test specimens have geometry, reinforcement arrangement, and applied
loading representative of modern design and construction practice for slender walls. A good
number of experiments were conducted on walls with barbell-shape cross-sections, and many of
the tests have been conducted with little or no axial load, relatively low vertical boundary
reinforcing ratios, and boundary detailing that either does not represent typical design and
construction practice (e.g., boundaries with a square hoop enclosing only four primary vertical
reinforcing bars) or does not satisfy current ACI 318 confinement provisions. As a result, the
demands at boundaries of these walls may not be representative of modern, ductile walls. A select
number of tests are presented here with a focus primarily on walls with rectangular or T-shape

cross-sections.
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2.4.1 PCA: Oesterle et al. (1976 and 1979) and Shiu et al. (1981)

Oesterle et al. (1976; 1979) summarized the results of 16 tests on isolated walls with various cross-
sectional shapes (rectangular, barbell, and flanged) and varying boundary detailing. All test
specimens were 75 in. (1905 mm) long and 15 ft. (4572 mm) tall with a 4 in. (102 mm) thick web
(Figure 2-8). Design steel reinforcement yield strength (fy) was 60 ksi (414 MPa) for all specimens,
and design nominal concrete compressive strength (fc) was 6 ksi (41.4 MPa) for all but one of
wall.

The experimental test setup for the first phase of testing is shown in Figure 2-9. Lateral load was
applied at the top of the specimens. For the two rectangular shaped specimens, designated R1 and
R2, no axial load was applied. The boundary regions of R1 and R2 extended 10% of the length of
the wall (0.10ly) from wall edges. For specimen R1, the quantity of boundary vertical and
transverse reinforcement was relatively low (Figure 2-8b), consisting of four No. 3 vertical
reinforcing bars and a 0.20 in (5 mm) diameter hoop spaced at 4 in. (102 mm, s/dy=10.7) up the
height of the wall. For specimen R2 (Figure 2-8c), boundary reinforcement consisted of six No. 4
vertical bars up the height of the wall. Boundary transverse reinforcement consisted of a 6 mm
(0.24 in) diameter hoop and cross-tie spaced at 1.33 in. (33.9 mm, s/d»=2.7) in the lower 6 ft. (1829
mm) of the wall (i.e., plastic hinge region) and a 0.20 in (5 mm) diameter hoop spaced at 4 in. (102
mm, s/dy=10.7) in the top 9 ft. (2743 mm) of the wall. For design material properties, the
compression depth for specimens R1 and R2, for an extreme fiber compression strain of 0.003, is
0.05lw and 0.10lw, respectively. As such, special boundary transverse detailing would be required
by the displacement-based approach of ACI 318-14 for a design roof drift ratio of 2.4% for
specimen R1 and 1.8% for specimen R2. Specimen R2 contained approximately 94% of the

boundary transverse reinforcement that would be required by ACI 318-14 for a special boundary
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element, and satisfied ACI 318-14 hoop spacing requirements. Specimen R1, on the other hand,
had large hoop spacing (s/d»=10.7) that would not satisfy ACI 318-14 provisions for an ordinary

boundary element.
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Figure 2-8: Oesterle et al. (1976) rectangular walls — a) Specimens dimensions, b) Specimen
R1 cross-section, and ¢) Specimen R2 cross-section
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Figure 2-9: Oesterle et al. (1976) experimental test setup
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The experimentally measured applied lateral load vs. lateral drift at the top of the walls (i.e., at a
height of 15 ft. [4572 mm] above the base of the wall) are presented in Figure 2-10 and Figure
2-11. For specimen R1, initial strength loss occurred at approximately 1.67% drift due to buckling
of vertical reinforcement at the wall edge. Reversal of the load resulted in tension fracture of the
previously buckled bars at approximately 2.22% drift. It was reported that the wall was able to
carry 80% of its peak capacity for 3 consecutive cycles up to 1.67% drift levels. For specimen R2,
a small out-of-plane instability of the compression zone was first observed while loading to 1.67%
rotation. During cycles to drift levels of 2.22%, a 3 in. (76.2 mm) out-of-plane displacement was
measured approximately 42 in. (L1067 mm) above the base of the wall. Supplemental lateral bracing
was applied to simulate the presence of a floor slab; however, fracture of vertical reinforcement,
additional lateral deformations, and crushing of concrete resulted in strength loss in the following
cycles. It was reported that the wall was able to carry 80% of its peak capacity for 3 consecutive

cycles up to 2.22% drift levels.
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Figure 2-10: Specimen R1 lateral load vs. drift at top of wall
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Figure 2-11: Specimen R2 lateral load vs. drift at top of wall

Shiu et al. (1981) conducted two tests to explore the impact of openings in structural walls. One
wall, designated, CI-1, did not contain any openings while the other wall, designated PW-1,
contained openings with coupling beams at each story height. The cross-sectional dimensions of
specimen CI-1 (Figure 2-12b) were the same as specimens those of Oesterle et al. (1976) R1 and
R2; however, the wall was 18 ft. (5486 mm) in height and included 2.5 in. (63.5 mm) thick slabs
at each story (Figure 2-12a). Design material properties were f,=60 ksi (414 MPa) and f’c=3 ksi
(20.7 MPa).

Similar to specimens R1 and R2, lateral loads were applied at the top of the specimens and no axial
load was applied. Boundary regions extended 0.17ly from each end of the walls. Boundary
reinforcement for specimen CI-1 (Figure 2-12b) consisted of twelve No. 4 vertical bars enclosed
by a 0.20 in (5 mm) diameter hoop. Hoops were spaced at 1.33 in. (33.9 mm, s/dy,=2.7) in the
lower 6 ft. (1829 mm) of the wall and at 4 in. (102 mm, s/d,=10.7) in the top 12 ft. (3657 mm) of
the wall. For design material properties, the compression depth for an extreme fiber compression

strain of 0.003, is 10.1 in. (0.14lw [258 mm]). For this compression depth, special boundary
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transverse detailing would be required by ACI 318-14 displacement-based approach for a design
roof drift ratio of 0.8%. Specimen CI-1 contained approximately 85% of the boundary transverse
reinforcement that would be required by ACI 318-14 for a special boundary element and satisfied
ACI 318-14 hoop spacing requirements; although, ACI 318-14 would require supplemental cross-

ties to support every other vertical bar.
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Figure 2-12: Shiu et al. (1981) specimen Cl-1 — a) Overall geometry, and b) Cross-section

The experimentally measured applied lateral load vs. lateral drift at the top of the wall (i.e., at a
height of 18 ft. [5486 mm] above the base of the wall) is presented in Figure 2-13. Strength loss
for specimen CI-1 occurred due to degradation of the shear resisting mechanism during cycles to
2.78% drift ratio. The failure mechanism was reported as shear sliding along a wide horizontal
crack that formed at mid-height of the first story. As sliding occurred, shear resistance was

provided primarily by dowel action of boundary vertical reinforcement.
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Figure 2-13: Specimen CI-1 lateral load vs. drift at top of wall

2.4.2 Paulay and Goodsir (1985)

Paulay and Goodsir (Paulay, et al., 1985; Goodsir, 1985) conducted tests on four walls, three of
which had a rectangular cross-section and one that had a T-shape cross-section. The experimental
test setup is shown in Figure 2-14a. The primary objectives of the tests were to examine New
Zealand seismic design code provisions for wall slenderness and confinement. Axial load for all
four tests was applied eccentrically, resulting in strong axis (in-plane) bending due to the applied
axial load. The resulting distribution of moment up the height of the wall, due to the applied lateral
and axial loading, was, therefore, dependent on the direction of loading as shown in Figure 2-14b.
The applied axial load was also direction dependent. For negative loading, a small axial load,
approximately equal to 0.05Ac//"c, was applied. In the negative loading direction, an axial load
between approximately 0.15A¢/"c and 0.30Acyf"c was applied. This scheme of applied axial load

and moment was chosen to impose large cyclic tension/compression strain reversals at the east
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boundaries of the walls such that failure modes due to out-of-plane instability and boundary/web

crushing could be studied. Design material properties were f,=55.1 ksi (380 MPa) and f’c=3.6 ksi

(25 MPa).
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Figure 2-14: Paulay and Goodsir (1985) — a) Experimental test setup, and b) Loading pattern

An elevation view of a typical rectangular specimen (Wall 1) is show in Figure 2-15a, and cross-
sectional dimensions and reinforcement details for Wall 1 and Wall 3 (T-shape) are shown in
Figure 2-15b and Figure 2-15c, respectively. All four walls were 94.5 in. (2400 mm) in height with
a 3.9 in. (100 mm) thick web. The three rectangular walls (designated Wall 1, Wall 2, and Wall 4)
were 59.1 in. (1500 mm) long, and the T-shape wall was 51.2 long with a 27.6 in (700 mm) wide
flange. A 3.9 in. (100 mm) thick slab was constructed at the second story of each specimen. Wall
1, Wall 2, and Wall 3 each had a first story unsupported height of 39.4 in. (1000 mm; hw/b=10),
and Wall 4 had a shorter unsupported height (31.5 in. [800 mm]; hw/b=8).

For Wall 1 and Wall 4, the confined boundary regions extended 0.22l, from the east edge of the
wall and 0.16l., from the west edge of the wall. For Wall 2, the east and west boundaries were both

the same as the west boundary of Wall 1. Design axial load for Wall 1 was 0.30Acyf"c and 0.05A¢f "
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for loading in the positive and negative loading directions, respectively. Based on observations of
Wall 1, the target axial load for the other walls was reduced to 0.15A¢f"c in the positive loading
direction. For nominal material properties under the design axial load, the compression depth for
loading causing compression at the east boundary (i.e., positive loading) is 0.391,, for Wall 1, 0.24l
for Wall 2 and Wall 4, and 0.30l. for Wall 3. According to the displacement-based approach of
ACI 318-14, this range of compression depths would dictate the need for special boundary
detailing. In general, the four walls either satisfied or nearly satisfied ACI 318-14 requirements for
the quantity (i.e., cross-sectional area) of boundary transverse reinforcement, confined length, and
vertical and horizontal spacing of boundary transverse reinforcement (s, s/d, and hy). It is worth
mentioning that the transverse reinforcement detail used at the boundaries of the walls, shown in
Figure 2-16, utilizes overlapping hoops supporting all vertical bars at hoop corners. ACI 318-14
allows details utilizing an outer hoop with 90°-135° cross-tie hooks laterally supporting every
other vertical bar. Previous research (Moehle, et al., 1985; Mander, et al., 1988) suggests that hoop
and cross-ties configurations provide confinement and bar buckling inhibiting capabilities nearly
as effective hoop configurations, although these tests were either conducted on square columns
(Moehle, et al., 1985) or included cross-ties with 180° hooks engaging every vertical bar (Mander,

etal., 1988).
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Figure 2-15: Paulay & Goodsir (1985) specimen dimensions and reinforcement — a)
Elevation view, b) Rectangular walls, and c¢) T-shape Wall (Wall 3)

Figure 2-16: Paulay & Goodsir (1985) overlapping hoop detail

For Wall 1, strength loss occurred due to crushing of the compression region. It was reported that
the failure appeared to initiate in the unconfined web portion of the wall. Axial compression strains
of 0.011 were measured in this region in the previous cycle. The failure occurred following one

successful excursion to approximately 2% lateral drift ratio. Photos of the wall at the end of the
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test are provided in Figure 2-18. The damaged region extended well into the web, causing crushing
over approximately 75% of the length of the wall (Figure 2-18b). Of particular interest is the height
over which damage appears to have spread at the confined edge of the wall. At the east edge,
crushing and spalling of concrete extends vertically approximately half the height of the first story,

which is significantly higher than field observations in Chile.
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Figure 2-18: Wall 1 damage at end of test — a) East boundary and b) South face

Strength loss for Wall 2 occurred following two complete cycles to approximately 2.4% drift ratio
(Figure 2-19a). Failure occurred at a small positive load due to lateral (out-of-plane) buckling of

the east edge of the wall (Figure 2-19Db).
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Figure 2-19: Wall 2 — a) Base moment vs. drift at top of wall, and b) Buckling of wall

A similar failure mode was observed for Wall 3 and Wall 4, combining aspects of the failures
observed in Wall 1 and Wall 2. For Wall 3, while attempting a second loading cycle to a target
drift ratio of approximately 3.3% (Figure 2-20), the east boundary began to displace out-of-plane;
however, lateral displacements appeared to decrease after which a brittle crushing failure was
observed (Figure 2-21). Similar to Wall 1, it was reported that crushing likely initiated in the
unconfined web region of the wall where a compression strain of 0.024 was recorded prior to the
failure. Failure occurred for Wall 4 following one successful cycle to approximately 3% lateral
drift ratio. Just before the failure occurred, axial compression strains of 0.026 and 0.036 were

measured in the unconfined web and confined boundary, respectively.
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Figure 2-21: Wall 3 damage — a) Out-of-plane deformation at east boundary, and b) Web
crushing
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Figure 2-22: Wall 4 — a) Base moment vs. drift at top of wall, and b) Damage at east boundary

2.4.3 Thomsen and Wallace (1995, 2004)

Thomsen and Wallace (1995; 2004) conducted tests on two rectangular walls and two T-shape
walls, primarily as validation for displacement-based design methodologies. The overall geometry
of the walls and experimental test setup are shown in Figure 2-23. All four walls were 12 ft. (3658
mm) tall and 4 ft. (1219 mm) long with a 4 in. (102 mm) thick web. The T-shape walls included a
4 ft. (1219 mm) long and 4 in. (102 mm) thick flange. Lateral loads were applied at the top of the
walls by a single actuator, and hydraulic jacks mounted above the walls applied axial load. Design
material properties were f,=60 ksi (414 MPa) and f°.=4 ksi (27.4 MPa). For all tests, an axial load

equal to 0.10Acf"c was applied.
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Figure 2-23: Thomsen and Wallace (1995) — a) Overall geometry, and b) Test setup

Cross-sectional dimensions and reinforcement details for the test specimens are shown in Figure
2-24 and Figure 2-25. Confinement details for specimens RW1, RW2, and TW1 consisted of outer
hoops either with or without supplemental cross-ties. For specimen TW2, transverse reinforcement
at the web boundary consisted of overlapping hoops and one cross-tie. The confined boundaries at
the edges of the rectangular walls and at the web boundary of TW1 extended 0.16lw from wall
edges. The confined region at the web boundary of specimen TW2 was longer, extending 0.36lw
from the edge of the wall. For nominal material properties under the design axial load, the
compression depth is 0.20ly for the rectangular walls and 0.45l, for loading causing compression
at the web boundary of the T-shape walls. According to the displacement-based approach of ACI
318-14, special boundary detailing would always be required for the T-walls and would be required
for the rectangular walls for a design roof drift ratio greater than or equal to 0.54%.

In general, boundary transverse reinforcement details for the four walls did not satisfy ACI 318-
14 provisions. Specimen TW2 contained approximately 92% of the boundary transverse

reinforcement required by ACI 318-14, and vertical spacing of boundary transverse reinforcement
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(s/d»=4.0) was code-compliant. Specimens RW1 and TW1 contained approximately 74% of the
confinement area required by ACI 318-14; however, spacing of hoops exceeded code requirements
(s/db=8.0>6.0) and the length of the confined region at the web boundary of TW1 was intentionally
designed shorter than required by code. Specimen RW2 satisfied vertical spacing requirements,
but horizontal spacing requirements were not satisfied (hx=1.5b >2/3b) and the requirement for

cross-ties on every other vertical bar was not met.
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Figure 2-24: Cross-section details of rectangular walls (RW1 and RW2)
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Figure 2-25: Cross-section details of T-shape walls (TW1 and TW2)

Experimentally measured lateral load vs. lateral drift results are presented in Figure 2-26. For
specimen RW1, buckling of the outermost boundary vertical bars at each end of the wall occurred
during the first cycle to 2% drift ratio. Strength loss occurred due to buckling of vertical
reinforcement at approximately 2.5% drift (Figure 2-26a) while attempting to load to 3% drift the
first time. For specimen RW2, buckling of vertical reinforcement at the walls edges was observed
during the first cycle to 2.5% drift. During the second cycle to 2.5% drift, minor crushing of the

boundary occurred with a small drop in strength. The test was terminated after the second 2.5%

drift cycle (Figure 2-26b) because of excessive damage to the boundary (Figure 2-27a).
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For specimen TW1, strength loss occurred suddenly due to crushing of the boundary and web at

approximately 1.25% drift ratio (Figure 2-26¢). For specimen TW2, crushing and spalling of cover

concrete on the front and rear faces of the wall, at the web boundary, occurred during cycles to

1.5% and 2% drift with little visible distress to the confined region. Minor strength loss occurred

due to minor crushing of the confined web boundary during both cycles to 2.5%. During the first

3% drift cycle, failure occurred due to lateral (out-of-plane) instability of the web boundary (Figure

2-27b).
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Figure 2-26: Lateral load vs. drift — a) RW1, b) RW2, ¢) TW1, and d) TW2
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Figure 2-27: Thomsen and Wallace (1995) observations — a) Boundary crushing (RW2), and
b) Lateral (out-of-plane) instability (TW2)

2.4.4 Johnson (2007), Aaleti et al. (2013)

Researchers at the University of Minnesota and lowa State University (Johnson, 2007; Aaleti, et
al., 2013) investigated the performance of walls with and without longitudinal reinforcement
splices in the plastic hinge region of the wall. Three rectangular walls, with different splice details
and with identical geometry and reinforcement, were tested. One of the walls had continuous
longitudinal reinforcement with no splice (designated RWN), one wall used mechanical couplers
to splice longitudinal bars (RWC), and the other wall had lap splices (RWS). Axial load was not
applied for any of the tests. Design material properties were f,=60 ksi (414 MPa) and f’c=5 ksi
(27.4 MPa).

Specimen geometry and reinforcement details are shown in Figure 2-28. All three walls were 90

in. (2286 mm) long, 6 in. (152 mm) thick, and 21 ft. (6401 mm) in height. Lateral loads were
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applied at the top of the walls. Out-of-plane movement was prevented at the top of the walls using
an out-of-plane restraint system. Intermediate out-of-plane support was not provided. Longitudinal
reinforcement was different at the two ends of the wall. At one end, a large quantity of
reinforcement was used to simulate the large quantity of reinforcement present in the flange of a
T-shape wall. The other boundary represented the web region of a T-shape wall. Confinement at
this boundary extended 0.091y, from the edge of the wall and consisted of a hoop and one cross-tie
spaced at four times the diameter of the smallest longitudinal reinforcing bar (s/d»,=4.0). The
asymmetric boundaries made it possible to impose a short compression depth for the case with the
“flange” boundary in compression and a longer compression depth for the case with the “flange”
in tension. For nominal material properties, the compression depth was 0.19l, for loading causing

compression at the “web” boundary.
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Figure 2-28: Aaleti et al. (2013) — a) Specimen cross-section, and b) Elevation view

The experimentally measured lateral load vs. drift is shown in Figure 2-29 and photos of the typical
failure modes are shown in Figure 2-30. As is apparent from the figure, the applied loading pattern
was asymmetric, resulting in larger cyclic tension strains at the “web” boundary. Specimens RWN
and RWC each experienced out-of-plane instability (Figure 2-30a) at the “web” boundary at
approximately -2% drift following an excursion to +2.5% drift. For both walls, compression

loading at the “web” boundary was terminated following the occurrence of out-of-plane buckling.
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For specimen RWS, strength loss was observed while loading to -1% drift following an excursion
to +2% drift. The loss of strength was attributed to failure of the lap splice. Slippage of the spliced
bars (Figure 2-30b) occurred immediately outside of the spliced region, reducing the load resisted
by the bars.

The researchers concluded that lap splices should be avoided in the plastic hinge region of
structural walls because their presence have the potential to reduce the drift capacity and energy

dissipating capabilities of a wall.
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Figure 2-29: Aaleti et al. (2013) lateral load vs. drift —a) RWN, b) RWC, and ¢) RWS
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Figure 2-30: Aaleti et al. (2013) observed damage — a) Specimen RWC out-of-plane buckling,
and b) Specimen RWS lap slice failure

2.4.5 Dazio et al. (2009)

Dazio et al. (2009) conducted tests on six wall panels designed for moderate seismic risk and
representing typical design and construction practice in Central Europe. All six specimens had
rectangular cross-sections and relatively low boundary vertical reinforcing ratios. The walls
represented the lower portion of a six story wall. The primary objectives of the tests were to
investigate the effect of steel reinforcement ductility properties and vertical reinforcing ratios.
Axial load demands for the walls ranged between 0.05Acq/"c and 0.13Acf’c. The overall geometry
of the walls and experimental test setup are shown in Figure 2-31. All six walls were 78.7 in (2000

mm) long, 5.9 in. (150 mm) thick, and 159 in. (4030 mm) in height.
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Lateral loads were applied at the top of the walls by two actuators mounted in series, and axial
load was applied at the center of the walls using post-tensioning rods. Average test day steel
reinforcement yield strength (fy) varied between 70 ksi (485 MPa) and 95 ksi (656 MPa), and
average test day concrete compressive strength ranged between 5.6 ksi (38.3 MPa) and 6.6 ksi
(45.6 MPa). In general, the steel reinforcement used in the tests did not meet ductility and strength

requirements of U.S. standards for seismic design applications (i.e., ASCE A615/A706).
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Figure 2-31: Dazio et al. (2009) — a) Test setup, and b) Overall dimensions

Cross-sectional geometries and reinforcement details of the test specimens are shown in Figure
2-32. The confined boundaries of walls WSH1 and WSH2 extended 0.10l,, from the edges of walls.
Boundaries of WSH3 and WSH5 extended 0.13lw from wall edges, and the boundary of WSH6
extended 0.191y, from the edges of the wall. For test day material properties, compression depth for

an extreme fiber compression strain of 0.003 and the applied axial load ranged between 0.10lw
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(WSH1) and 0.20lw (WSH5). For these values, special boundary detailing would be required by
the ACI 318-14 displacement based procedure for design drift ratios between 0.6% and 1.1%.

Boundary transverse reinforcement details consisted of either an outer hoop with a single cross-tie
(specimens WSH1, WSH2, WSH3), U-bars with no supplemental cross-ties (WSH4), or
overlapping hoops (WSH5 and WSH6). Transverse reinforcement was spaced at 12.5dy for the
specimen with U-bars. Spacing ranged between 6.3dy and 7.5dy for walls with hoop and cross-tie
configurations, and between 4.2dp, and 6.3dp for walls with overlapping hoops. In general,
boundary transverse reinforcement details for the six walls did not satisfy ACI 318-14 provisions.
For test day material properties, the test specimens contained between approximately 50% and

90% of the transverse reinforcement required by ACI 318-14.
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Figure 2-32: Dazio et al. (2009) specimen cross-section dimensions and reinforcement details

Experimentally measured lateral load vs. lateral drift results are presented in Figure 2-33 and
photos of specimens following failure are shown in Figure 2-34. Strength loss for specimen WSH1,
which contained the reinforcement with the poorest ductility properties, occurred due to fracture
of web vertical reinforcement. The first fracture of web reinforcement occurred at approximately
0.68%, and fracture of boundary vertical bars occurred at approximately 1.1%. The load-carrying

capacity of WSH1 dropped below 80% of the peak capacity prior to 1% drift. WSH2 was
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constructed with reinforcement similar to that of WSH1, although the ductility properties were
slightly improved. At approximately 1.16% drift, first fracture of web vertical reinforcement
occurred. In the following cycles at 1.5% drift levels, fracture of several web bars occurred along
a large crack in the web (Figure 2-34b). Spalled cover concrete at the wall edges revealed buckled
bars at the boundary. Upon load reversal, the previously buckled bars fractured.

Specimen WSH3 contained reinforcement with better ductility properties that WSH1 and WSH2,
and the quantity of vertical reinforcement at the boundaries was larger. At approximately 1.7%
drift, spalling of concrete revealed first signs of buckling of vertical reinforcing bars at the edge of
the wall. Subsequent cycles resulted in further buckling of vertical bars followed by fracture of
previously buckled reinforcement at 1.79%. Vertical reinforcement for specimen WSH4 had
similar ductility properties and the same arrangement as WSH3, but no confinement was provided
at the boundaries of the wall. Spalling of concrete and buckling of boundary reinforcement
occurred nearly simultaneously at 1.02% drift. At 1.63% drift, a sudden drop in load-carrying
capacity occurred due to crushing of the compression zone.

Specimen WSHS5 had a higher axial load and lower reinforcement ratio than WSH3 and WSH4,
but the flexural strength was similar. At 1.01% drift, first fracture of web vertical bars was detected
and first signs of buckling of boundary vertical bars was observed. Significant strength loss
occurred at approximately 1.35% due to fracture of web and boundary vertical bars. WSH6 was
subjected to the same axial load as WSH5, but the vertical reinforcement ratio was the same as
WSH3 and WSH4. The onset of bar buckling in the well-confined boundary region was detected
at 1.7% drift. At 1.87% drift, strength loss initiated and strength dropped to approximately 80% of
peak capacity by 2.11% drift. The actuators ran out of stroke capacity at 2.11%, although it was

reported that the boundary was critically damaged and additional loading would have likely
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resulted in compression failure. Loading in the opposite direction resulted in abrupt crushing at

the other boundary at 1.93% drift.
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Figure 2-33: Dazio et al. (2009) lateral load vs. drift —a) WSH1, b) WSH2, ¢) WSH3, d)
WSH4, e) WSH5, and f) WSH6
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Figure 2-34: Dazio et al. (2009) test specimen photos after failure —a) WSH1, b) WSH2, c)
WSH3, d) WSH4, e) WSH5, and f) WSH6

2.4.6 Brueggen (2009)
Brueggen (2009) conducted bidirectional loading tests on two T-shape walls designed according

to ACI 318-02. Both walls included a 3.5 in. (89 mm) thick slab at each story. One specimen,
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designated NTW1, was four stories in height and the other, designated NTW2, was two stories in
height. Loading was applied to represent the loads expected in the bottom two or four stories of a
six story wall. Lateral drifts and forces were applied in a complex sequence to investigate the
effects of multidirectional loading. The applied axial load was approximately 0.07Acyf"c. For
specimen NTW2, however, the applied axial load was increased by approximately 10% to account
for the weight of the two additional stories in NTW1.

Cross-sectional geometries and elevation views of the two specimens are shown in Figure 2-35
and Figure 2-36. Reinforcement was relatively similar between the two specimens with a few
exceptions: 1) Longitudinal reinforcement for NTW1 was continuous from the base to the top
while specimen NTW2 included a splice at the bottom of the second story, 2) the flange of NTW1
had heavily reinforced boundary elements while longitudinal reinforcement in the flange of NTW?2
was distributed, 3) the confined length at the web boundary of NTW2 was longer than that of
NTW1, and 4) shear reinforcement in the flange of NTW2 was spaced closer than that of NTW1.
Design material properties were fy=60 ksi (414 MPa) and f"c=5 ksi (27.4 MPa).

Confinement details at the web boundary of specimen NTW1 consisted of three overlapping hoops
and a single cross-tie. Confinement extended 0.25ly from the edge of the wall. Confinement at the
web boundary of specimen NTW?2 extended 0.291,, from the edge of the wall and consisted of a
long, rectangular outer hoop with three square, inner hoops. For nominal material properties under
the design axial load, the compression depth was 0.32ly for loading causing compression at the

web boundary of the T-shape walls.
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Figure 2-36: Brueggen (2009) specimen NTW2
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Experimentally measured lateral load vs. drift are shown in Figure 2-37 and observed damage
following failures is shown in Figure 2-38. The load-deformation plots in Figure 2-37 ae for
loading in the web direction. Strength loss occurred due to crushing of the confined boundary
region at 2% drift for NTW1 and at 2.5% drift for NTW2.

The study concluded that bidirectional loading is unlikely to cause significantly larger compression
strains at the web boundary or in the unconfined web of the wall. It was recommended to base
confined depths on the compression depths determined by sectional analyses in orthogonal

directions.

‘Web Direction Load vs. Displacement Response

Load (k)

Displacement (in.}

Displacement (in.)

a) b)

Figure 2-37: Brueggen (2009) lateral load vs. drift —a) NTW1, and b) NTW2
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Figure 2-38: Brueggen (2009) observed damage —a) NTW1 web crushing, b) NTW2 web
crushing, and ¢) NTW2 web after failure

2.4.7 Birely (2011), Lowes et al. (2012)

Researchers at the University of Washington and at the University of Illinois Urbana-Champaign
(Birely, 2011; Lowes, et al., 2012) conducted tests on four rectangular wall panels that represented
the bottom three stories of a ten story wall. The objective of the tests was to study the seismic
performance of characteristic rectangular walls found in modern buildings. Based on a survey of
mid-rise buildings constructed on the West Coast of North America, aspects of modern wall
designs were characterized and used to design the test specimens. Test variables, chosen based on
gaps identified between the survey and previous research on slender walls, included shear demand,

arrangement of vertical reinforcement, and continuity of vertical reinforcement (i.e., 3 vertical
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reinforcement was spliced in three walls). The test setup and overall geometry of the walls are
shown in Figure 2-39a, and cross-section dimensions and reinforcement are shown in Figure 2-39b
and Figure 2-39c for the two configurations of vertical reinforcement tested. All four walls were
10 ft. (3048 mm) long, 6 in. (152 mm) thick, and 12 ft. (3657 mm) in height. Lateral loads were
applied at the first and second story, 4 ft. (102 mm) and 8 ft. (203 mm) above the base of the wall.
Axial load, overturning moment, and additional lateral load were applied at the top of the wall.
Axial load applied to the walls ranged between 0.095Acy/"c and 0.13Acyf".

Specimens PW1, PW2, and PW3 each included a splice in the plastic hinge region at the base of
the wall. For specimen PW1, loading represented the triangular load distribution of the ASCE 7-
10 Equivalent Lateral Force Procedure; whereas, the loading scheme for the other three walls
represented a uniform distribution of lateral story forces. Specimen PW3 was constructed with
uniformly distributed vertical reinforcement. The other walls were constructed with heavily

reinforced boundaries.
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Figure 2-39: UW/UIUC planar walls — a) Test setup and overall geometry; b) Cross-section
for specimens PW1, PW2 & PW4; and c) Cross-section for specimen PW3

57



The confined boundaries of the walls extended 0.10ly, from the edges of walls. For all four walls
boundary transverse reinforcement consisted of an outer hoop and 5 supplemental cross-ties with
90°-135° hooks spaced at 4.0dy. All boundary vertical bars were supported laterally by a hoop
corner or cross-tie. For test day material properties, compression depth for an extreme fiber
compression strain of 0.003 and the applied axial load ranged between 0.22l and 0.25l. For these
values, special boundary detailing would be required by the ACI 318-14.

Experimentally measured base moment vs. drift results are presented in Figure 2-41 and photos of
specimen PW2 (spliced) and PW4 (no splice) are shown in Figure 2-40. For specimen PW1, bar
buckling and damage to the confined boundary regions were observed at the height of the splice
during the 1% and 1.5% drift cycles. Strength loss occurred during the second 1.5% drift cycle due
to fracture of vertical reinforcement. Specimen PW2, which was subjected to a larger shear demand
than specimen PW1, failed due to boundary/web crushing and vertical bar buckling in the region
of the splice at 1.05% drift (Figure 2-40a). For specimen PW3, which was constructed with
uniformly distributed longitudinal reinforcement, buckling of vertical bars minor crushing of the
confined boundary were observed during 1% drift cycles. Strength loss occurred suddenly at
1.28% rotation due to boundary/web crushing. Specimen PW4, which did not contain a splice at
the base of the wall, experienced strength loss due to boundary and web crushing during the second
cycle loading to 1% drift (Figure 2-40b). Damage concentrated at the base of the wall, unlike the
other walls where damage concentrated within the splice region.

It was pointed out that failures in the walls with a higher shear demand occurred due to crushing,
while strength loss for the wall with a lower shear demand occurred due to fracture of vertical

reinforcement. Of particular interest is the low drift capacity, ranging between 1% and 1.5% at the
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top of the specimens, for code-compliant walls, and the fact that the unspliced wall demonstrated

the lowest drift capacity.

b)

Figure 2-40: Photos after test - a) PW2 (spliced), and b) PW4 (no splice)
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Figure 2-41: UW/UIUC planar walls base moment vs. drift — a) PW1, b)PW2, ¢c) PW3, and d)
PW4

2.4.8 Tran (2012), Tran and Wallace (2015)

A study was conducted at the University of California, Los Angeles to assess the seismic
performance of moderate aspect ratio walls designed according to ACI 318 (Tran, 2012; Tran, et
al., 2015). Two of the walls, designated RW-A20-P10-S38 and RW-A20-P10-S63, had an aspect
ratio of hw/lw=2.0 which is the minimum allowed for walls designed according to the displacement-
based design approach in ACI 318-14 (i.e., slender wall). The two walls differed primarily by the

shear stress demand: specimen RW-A20-P10-S38 was designed to resist a shear stress demand

less than 4./f"_(psi) (0.33 fr (Mpa)) whereas specimen RW-A20-P10-S63 was designed to
resist a shear stress demand greater than 6./f " (psi) (0.5 f' (MPa)). Geometry and
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reinforcement details for the two walls are shown in Figure 2-42. Both walls were 4 ft. (1219 mm)
long, 6 in. (152 mm) thick, and 12 ft. (3657 mm) in height. The axial load and lateral load were
applied at the top of the wall at a height of 8 ft. (203 mm) above the footing of the walls. The

applied axial load was equal to 0.073Acf".

A==Ei=s A== &
¢ B1 (B i B1 ) 82 e e
g as= == g mas ::
| pepas . . HH| #386in. .
#202in 5‘? = —0 a5 H 8
L 248 HH #202in. |HH
@ HH tH @E - Sis HH
z2tll DEaB5.5in. @. man a1l #3\6in. \23
sy |HE o . HH HH
O O @ )
£ .
3 i
‘l Adin. ‘L | 84ln. |
Al Al
B1-B1 B2-B2
a#4 DEaD5.5in. Detall A 106
| G_) : ¥ (2‘ B#6 = 386D Detal A
£ 7 T . (@ F) -
§ A/ A [ B A N/ /At
' w w w v w - :
£l Tl& / / ‘.I'II /( #284in. :9 | 1= H/ 7 v/ 7 #204in,
D P ; = - Vs /
g ‘M #202in @ * #202in
3 DSLE5.5In. —" 3 £306in. ——— 2
|aeen b sson ] wer P
Li2sip) 3e2in [312in 5855 b, 34pSind 322in L 12sin, Lizsib] 2e2n. ha7sib ARSI, 875 382in. Lhasin,
481, A ¥ Al P + 3 +
a) b)

Figure 2-42: Tran (2012) wall geometry and reinforcement details; b) Specimen RW-A20-
P10-S38; and c) Specimen RW-A20-P10-S63

Experimentally measured lateral load vs. lateral drift results are presented Figure 2-43 for the two
walls which were both able to reach 3% lateral drift prior to strength loss. The researchers found
that the contribution of nonlinear shear deformations was significantly larger for the wall with
larger applied shear stress, with shear contributing to 15% and 35% of the total top displacement

for specimens RW-A20-P10-S38 and RW-A20-P10-S63, respectively.

61



Drift Ratio (%)

-4 -3 -2 -1 0 1 2 3 4
g L 7 1 5 [ w &5 | ¢ 0 w1 ¢ 0 51
-1 | — RW-A20-P10-S38 — 1000
200 — | — RW-A20-P10-S63 B
- |  Firstyielding vn — 800
150 — A Initialspaling L 7 T 24 P57 i

0O Initiation of rebar V@mn)
T buckling
100 — | 4 Diagonal tension

- | X Out-of-plane buckling

Vn
vV@Mn

o
Lateral Load (kN)

. Lateral Load (kips)
o

> |
B D LA _SLHA) V@Mn
100 — ""‘7"‘_7',%’/1/ 4vn il
4 . I/ // B
150 —| __,.Q,(/J/" | v@Mn -600
= = = = = \n -
T L -800
-200 — i
. L -1000
-250 ) I 1 I ) I 1 1 I ) I 1 I )
4 3 2 -1 0 1 2 3 4

Lateral Displacement (in.)

Figure 2-43: Tran (2012) lateral load vs. drift

2.4.9 Matsubara et al. (2013)

Matsubara et al. (2013) conducted five experimental tests on wall specimens representing the
plastic hinge region of a wall designed to yield in flexure. Four of the five specimens did not satisfy
ACI 318 SBE detailing because confinement in the boundary regions was provided only by cross-
ties with no closed hoops. Furthermore, the loading pattern applied to those four walls (M/VI,=1.5)
was more representative of a low-rise wall than a slender wall. However, one specimen, designated
N(M/Qd3.1), was constructed with a single outer hoop and cross-ties and designed for a shear
span-to-depth ratio (M/VIy) of 3.1. The cross-sectional geometry and an elevation view showing
the typical reinforcement layout for the specimens are shown in Figure 2-44. The specimen was

constructed with a thickened boundary on one end of the wall to impose large compression
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demands at the thin boundary of the wall. The quantity and spacing of transverse reinforcement at

the thin boundary region satisfied ACI 318-14 SBE requirements.

a[qnop 0 1@+
:

A3
a)
300 1440
I 1 1
—
300/ |[ ) (71 Z]gﬂlzo
-
b)

Figure 2-44: Matsubara et al. (2013) specimen N(M/Qd3.1) — a) Wall elevation and
reinforcement details; and b) Cross-sectional geometry and reinforcement

Cyclic lateral loading was applied 214 in. (5446 mm) above the wall footing. The applied axial
load was approximately 0.07Acf"c. For test day material properties, compression depth for an
extreme fiber compression strain of 0.003 and the applied axial load is approximately 25% of the
length of the wall (c=0.25ly). The measured lateral load vs drift ratio is shown in Figure 2-45(a).
Strength loss occurred at 2.5% drift due to a flexural-compression failure mode (concrete crushing
and reinforcement buckling). The flexural contribution to the lateral deformation is shown in

Figure 2-45(b). At failure, flexural drift was just under 2%, comprising 80% of the total response.
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A schematic of damage to the specimen following the compression failure is shown in Figure
2-45(c). Damage in the compression region concentrated over a 300 mm (11.8 in.) height and
extended more than half the length of the wall from the boundary. The researchers found that the
detailing used for the specimen improved the ductility in comparison to the other walls without a

closed hoop and generally constructed with less boundary transverse reinforcement.
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Figure 2-45: Matsubara et al. (2013) specimen N(M/Qd3.1) — a) Lateral load vs. drift ratio; b)
Flexural drift vs. lateral load; and ¢) Observed damage
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2.5 Summary and Research Objectives

Based on a substantial amount of research on the seismic performance of reinforced concrete
structural walls (shear walls), modern design provisions for mid-rise and high-rise shear wall
buildings have been developed with the goal of achieving significant ductility in the event of strong
earthquake ground shaking. Observations following recent earthquakes in Chile (2010) and New
Zealand (2011) have demonstrated the potential for shear wall buildings designed according to
modern seismic design codes to experience brittle failures. Considering the similarities in design
and construction practice in the U.S., Chile, and New Zealand, observations from these
earthquakes have important implications for U.S. design codes. Based on the extent of damage
observed in Chile and New Zealand, it is likely that performance limitations for slender walls have
been reached by current design and construction practice. It is important to understand the
performance limitations of walls designed for large ductility demands. Some potential issues that
must be addressed include:

1. Due to a number of factors, including advances in structural modeling capabilities and less
conservative design codes, modern walls are likely to be constructed with thinner
compression regions and designed for larger demands (i.e., lateral drift, axial load) than
walls in previous decades. Research on construction practice trends in Chile (Massone, et
al., 2012) identified an important trend for mid-rise and high-rise shear wall buildings:
while average building heights have increased over the past few decades, the ratio of wall
area to floor plan area has remained relatively constant, cross-sections have become
thinner, and axial stress ratios have increased. Furthermore, complex wall configurations
consisting of orthogonal walls framing together are likely to result in deep neutral axis

depths on thin compression zones. Given the extent of damage observed in Chile and New
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Zealand and in recent laboratory tests, it is vital to understand the performance limitations
of thin, code-compliant walls. Also, it is important to understand the design limitations
necessary to achieve code-allowable drift demands. This may include limits related to axial
load, wall geometry (i.e., thickness), compression depth, and extreme fiber compression
strain.

Brittle failures modes have been observed in code-compliant walls at drift demands less
than those allowed by building codes (Lowes, et al., 2012). Recent tests on well-detailed
boundary element specimens (Arteta, 2015; Welt, 2015) suggest that confinement details

utilizing an outer hoop and 90°-135° cross-ties, a detail allowed to meet ACI 318

requirements, may not provide ductile resistance to the compression strain demands likely
to be imposed on thin wall sections. These research programs have focused on
characterizing the strain capacity of thin sections with various confinement details, but the
research has been conducted on isolated boundary element specimens subjected to uniform
stress and strain. It is important to characterize the strain capacity of the boundary element
of a wall which is subjected to a strain gradient and shear stress and strain. Similar wall
specimens and boundary element specimen designs may make it possible to extrapolate
uniform stress/strain tests to behavior in a wall.

Field observations in Chile reported little or no flexural cracking at buckled compression
zones, in some cases, suggesting that instability may have resulted from damage in
compression rather than as the result of inelastic strain reversals. Buckling was observed
for a wall in Christchurch with a slenderness ratio of 8.9, which is much less than the value
of 16 instated in ACI 318-14 and previously used in UBC-97 (ICBO 1997). Previous

research has explored the subject of global buckling following large tensile strains
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excursions (Paulay, et al., 1993; Chai, et al., 1999), but the absence of flexural cracks in
Chile indicates that thin walls may experience instability due to damage in compression.
Because a ductile yielding response is dependent upon stability of the compression zone,
it is important to understand the mechanics that may lead to lateral instability and to explore
the geometric constrains necessary to maintain stability.

4. Web crushing and buckling of vertical reinforcement over a significant length of the wall
were observed in Chile and New Zealand. In such a damaged state, it is possible that
residual strength and axial load-carrying capacity are greatly reduced. Building collapse
risk, therefore, may be higher in the main event and in the event of a significant aftershock.
Few experimental tests have assessed residual strength and axial load-carrying capacity,
although this information is critical to characterize collapse risk.

The objective of this research is to conduct experiments to address the issues summarized above.
Seven reinforced concrete wall panel specimens, with reinforcement representative of modern
design and construction practice, were designed in accordance with ACI 318-14. The tests were
designed to: 1) assess performance limitations of thin, code-compliant walls and understand the
design limits necessary to achieve code-allowable drift limits for thin walls; 2) assess the strain
capacity of thin wall compression zones with various reinforcement arrangements; 3) study the
mechanisms leading to lateral instability of wall compression zones; 4) and assess residual strength

and axial load-carrying capacity of thin walls following damage at wall boundaries.
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Chapter 3 ~ Specimen Design

This chapter summarizes the design of seven, approximately one-half scale, wall panel specimens
tested in the Structural/Earthquake Engineering Research Laboratory at UCLA. The test matrix
was developed to address the research objectives identified in Chapter 2. Details of the geometry

and reinforcement for the seven specimens are provided following the test matrix.

3.1 Test Matrix

Seven, approximately one-half scale, reinforced concrete structural wall panel specimens
(designated WP1-WP7) were designed according to ACI 318-14 provisions for Special Structural
Walls. The wall panels represented approximately the lower 1.5 stories of an eight story cantilever
wall. The tests were conducted in two phases. The first phase of testing (WP1-WP4) was conducted
to identify potential deficiencies in current ACI 318 provisions, and the second phase (WP5-WP7)
was conducted to study the role of wall thickness and evaluate the impact of confinement and web
detailing on the deformation capacity, failure mode, and residual lateral strength and axial load
capacity of walls. Six of the specimens had a rectangular cross-section, and one specimen (WP4)
had a T-shaped cross-section with an enlarged boundary region at one end of the wall. All seven

specimens were designed for an applied axial load of 0.10A¢/f’c and peak shear stress of

approximately 2.5,/ ", (psi) (0.2 f' (MPa)) at the nominal flexural capacity (Mn) of the wall.

The walls were designed such that the shear demand at nominal flexural capacity (Vu@Mn) was
much lower than the nominal shear capacity (Vn) to enable the study of flexural behavior. All seven
wall panel specimens were 90 in. (2286 mm) in length and 84 in. (2134 mm) in height (Figure
3-3). Design concrete compressive strength (°c) and steel reinforcement yield strength (f,) were 5

ksi (34.5 MPa) and 60 ksi (414 Mpa), respectively.
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Figure 3-1 summarizes four different boundary reinforcement arrangements, all allowed by ACI
318-14, that were used to design the test specimens. Details BE-1, BE-2, and BE-3 each utilize an
outer hoop and cross-ties. Cross-ties for BE-1 and BE-2 are designed with 90°-135° hooks. Details
BE-1 and BE-2 differ only by the arrangement of longitudinal reinforcement: in boundary regions
utilizing detail BE-1, all longitudinal reinforcement is laterally restrained by a hoop corner or
cross-tie hook, whereas every other longitudinal bar is laterally restrained in boundary regions
utilizing detail BE-2. For detail BE-3, cross-ties are designed with 135°-135° hooks, a detail
intended to prevent opening of cross-tie hooks following crushing/spalling of cover concrete.
Detail BE-4, referred to herein as continuous transverse reinforcement, is fabricated as a
continuous piece of steel to replicate the transverse reinforcement layout of a hoop and cross-tie
configuration. The continuous transverse reinforcement detail is expected to provide confinement

and buckling inhibiting performance similar to configurations that utilize overlapping hoops.

(LIS LLLES

a) BE-1 ¢) BE-2

(LTS (13

b) BE-3 d) BE-4

Figure 3-1: Boundary details — a) BE-1; b) BE-2; c) BE-3; and d) BE-4

Three different web reinforcement arrangements, all allowed by ACI 318-14, used to design wall
test specimens are shown in Figure 3-2. In detail WEB-1, web longitudinal reinforcement is
positioned outside of web transverse reinforcement, which provides no lateral restraint to inhibit

buckling of longitudinal bars following concrete crushing/spalling. For details WEB-2 and WEB-
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3, web longitudinal bars are placed inside of transverse bars. Cross-ties with 135° hooks at each

end are utilized in detail WEB-3.

Figure 3-2: Web details — a) WEB-1; b) WEB-2; and c) WEB-3

The testing matrix is provided in Table 3-1, and a detailed description of each specimen is provided
in Section 3.2. The primary test variables for each specimen were: WP1) the boundary
reinforcement detail used (i.e., Detail BE-1 with all longitudinal reinforcement laterally restrained
by a hoop or cross-tie vs. Detail BE-2 with every other longitudinal bar laterally restrained); WP2)
the quantity of boundary transverse reinforcement (Asn); WP3) the spacing of boundary transverse
reinforcement (s and s/dv); WP4) the compression depth (c), influence by axial load, quantity of
longitudinal reinforcement, and wall cross-section; WP5) the boundary transverse reinforcement
detail (i.e., Detail BE-4 consisting of continuous transverse reinforcement rather than detail BE-1
utilizing cross-ties); and WP6 and WP7) the thickness of the compression zone (b).

Wall thickness was 6 in. (152 mm) for specimens WP1-WP4, 7.5 in. (191 mm) for specimen WP6,
and 9 in. (229 mm) for specimen WP7. Specimen WP5 was designed with a 6 in. (152 mm) thick
web along one-half the length of the wall and a 7.5 in. (191 mm) thick web along the other half of

the wall. The six rectangular specimens were designed such that the neutral axis depth, determined
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using an extreme fiber compression strain of 0.003 (consistent with ACI 318-14 requirements) for
an axial load of 0.10Ac/f"c, was approximately 20% of the length of the wall (c/l»=0.20). The T-
shaped specimen (WP4) was designed such that the neutral axis depth was approximately 30% of
the length of the wall (c/1w=0.30) for loading causing compression at the web boundary. For
loading causing compression at the flange boundary, the neutral axis depth is less than 10% of the
length of the wall (c/lw<0.10). SBE detailing was used at the boundaries of all seven walls except
for at the flange boundary of specimen WP4, at which compression yielding would not be expected
for typical design roof drift values (8./hw=0.01-0.02) due to the small compression depth.

For specimens WP1-WP4, the quantity of boundary transverse reinforcement provided was nearly
identical to the amount required by ACI 318, and web and boundary detailing consisted of detail
WEB-1 and details BE-1 and BE-2. For specimens WP1-WP3, details BE-1 and BE-2 were used
at opposite ends of the wall. As such, fewer longitudinal bars were provided at BE-1 boundaries
than at BE-2 boundaries. Similar longitudinal reinforcing ratios were desired at wall ends in order
to achieve c/lw~0.20 for loading in both directions; hence, larger diameter bars were used at BE-1
boundaries as compared to those at BE-2 boundaries. For specimens WP1 and WP2, the ratio of
boundary transverse reinforcement spacing to longitudinal bar diameter (s/dy) was 3.2 and 4.0 at
BE-1 and BE-2 boundaries, respectively. Specimen WP3 was designed with a larger spacing of
transverse reinforcement such that s/d, was 6.0, the largest spacing allowed by ACI 318-14, at
each boundary.

Specimen WP5 was designed with continuous transverse reinforcement (detail BE-4) at each end
of the wall and the quantity of boundary transverse reinforcement selected was approximately
twice the amount required by ACI 318-14. In the web of the wall, longitudinal bars were placed

inside of transverse reinforcement and cross-ties were provided to laterally restrain longitudinal
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reinforcement (web detail WEB-3). Specimens WP6 and WP7 were each designed using web
detail WEB-2 over one-half the length of the wall and detail WEB-3 in the other half of the wall.
At one end of each wall, boundary detailing was similar to specimens WP1-WP4 except that cross-
tie hooks had 135°-135° hooks (boundary detail BE-3). At the other end of the wall, continuous
transverse reinforcement (detail BE-4) was used and transverse reinforcement exceeded the
quantity required by ACI 318-14 by approximately 60%.

Table 3-1: Test specimen matrix

b Boundary Web Asn/ Asn/ o/d ol
i i b w
ID Primary Variable(s) detail detail Sbe | Ashrea
in. (mm) | (Figure 3-1) | (Figure 3-2) % - - -
Longitudinal reinforcement BE-1 3.2
WP1 arrangement 6.0 (152) BE-2 WEB-1 0.77 1.02 40 0.20
Quantity of transverse BE-1 i 3.2
WP2 | < ement (A 6.0 (152) BE.2 WEB-1 1.28 124 | ;0| 020
Spacing of transverse BE-1 0.91
WP3 reinforcement (s) 6.0 (152) BE.2 WEB-1 0.82 1.09 6.0 | 0.20
WP4 | Neutral axis depth (c) 6.0 (152) BE-1 WEB-1 1.21 1.23 3.2 | 0.30
WQP5 | Boundary & web detailing Sg 833 BE-4 WEB-3 1.54 2.05 32 | 020
1. Wall web thickness (b)
BE-3 WEB-2 0.77 1.02
WP6 | 2. B_ogndary & web 7.5 (191) BE-4 WEB-3 193 164 3.2 | 020
detailing
1. Wall web thickness (b)
BE-3 WEB-2 0.77 1.02
WP7 iégﬁ?:;ary & web 9.0 (229) BE-4 WEB-3 193 164 32 | 020
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3.2 Description of Test Specimens

The overall geometry of the wall panel specimens is shown in Figure 3-3. All seven specimens
were 90 in. (2286 mm) in length and 84 in. (2134 mm) in height. The test specimens were designed
with a footing and a thickened top cap to connect to the laboratory strong floor and to apply

actuator loads at the top of the specimens.

111" 30"

1:£" Top Cap Top Cap 1{["
Wall Panel Wall Panel
Specimen Specimen "
84" . 84"
90 ¢£¢2
30" Footing Footing 30"
! 138" ) 36"

Figure 3-3: Test specimen elevations (Conversion: 1”=25.4mm)

Cross-sectional geometry and reinforcement details of the test specimens are shown in Figure 3-4
through Figure 3-10. Specimens WP1-WP4 had a 6 in. (152 mm) thick web. The web thickness
for specimen WP5 was 6 in. (152 mm) over one-half the length of the wall and 7.5 in. (191 mm)
over the other half other wall. Specimens WP6 and WP7 had a web thickness of 7.5 in. (191 mm)
and 9 in. (229 mm), respectively. Specified concrete compressive strength was 5 ksi (34.5 MPa)

for all specimens, and specified steel reinforcement yield strength was 60 ksi (414 MPa) for all

73



reinforcing bars. ASTM A615/A706 Grade 60 (60 ksi [414 MPa] nominal yield strength) deformed
bars were used for all No. 3, No. 4, No. 5, and No. 6 reinforcing bars. For specimens WP1-WP4,
1/4" and 5/16” diameter wire (0.252 in. [6.4 mm] and 0.319 in. (8.1 mm) nominal diameter,
respectively) was used as boundary transverse reinforcement. At one end of specimen WP3, A615
Grade 60 deformed No. 3 bars were used as boundary transverse reinforcement. Measured yield
strengths for the 1/4" and 5/16” diameter wire used for WP1-WP4 were slightly less than the
specified value of 60 ksi (414 Mpa). To achieve the desired yield strength, smooth 1/4" and 5/16”
diameter wire were used for specimens WP5-WP7. Further details on the materials properties of
reinforcing steel used for the tests is summarized in Section 4.1. Mechanical headed anchors were
used at the ends of boundary vertical reinforcement to avoid congestion in specimen footings and
top caps. Vertical web and boundary reinforcement extended 24 in. (610 mm) into specimen
footings and 12 in. (305 mm) into specimen top caps. Web longitudinal and transverse
reinforcement for specimens WP1-WP4 (Figure 3-4 through Figure 3-7) consisted of two curtains
of No. 3 bars spaced at 8 in. (203 mm) on-center. Web longitudinal reinforcement was placed
outside of transverse reinforcement as allowed by ACI 318-14. For specimens WP5-WP7, web
reinforcement was similar to specimens WP1-WP4 except that transverse bars were spaced at 6
in. (152 mm) on-center and web longitudinal reinforcement was placed inside of transverse
reinforcement (Figure 3-8 through Figure 3-10). Also, cross-ties spaced at 6 in. (152 mm) were
used in the web of specimens WP6 and WP7 over one-half the length of the wall (Figure 3-9 and
Figure 3-10) and in specimen WP5 over the full length of the wall (Figure 3-8).

Except at the web boundary of specimen WP4, boundary regions extended 14 in. (356 mm) from
wall edges. Boundary longitudinal reinforcement for specimens WP1-WP3 consisted of eight No.5

bars at one end (pir=2.92%) and fourteen No. 4 bars at the opposite end (pib=3.27%). Compression
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depth, determined using an extreme fiber compression strain of 0.003 for an axial load of 0.10Ac/f"c
(270 Kkip [1201 kN]), was 19.1 in. (0.21lw; 485 mm) for loading causing compression at the
boundary with eight No. 5 bars and 17.9 in. (0.20lw; 455 mm) for loading causing compression at
the boundary with fourteen No. 4 bars. Boundary longitudinal reinforcement for specimen WP5
consisted of seven No. 5 bars and five No. 4 bars at the 7.5 in. (191 mm) thick boundary
(p1b=2.98%) and ten No. 5 bars at the 6 in. (152 mm) thick boundary (pin=3.65%). A different axial
load was assumed for loading in opposite directions such that the design axial load was 0.10blyy".
For loading causing compression at the thicker boundary (b=7.5 in. [191 mm)]), the applied axial
load was 337.5 kip (1501 kN), and the applied axial load was 270 kip (1201 kN) for loading
causing compression at the 6 in. (152 mm) thick boundary. Compression depth, determined using
an extreme fiber compression strain of 0.003 under the applied axial load, was 17.8 in. (0.20lw;
452 mm) for loading causing compression at the thicker boundary, and 18.8 in. (0.21lw; 478 mm)
for loading causing compression at the thinner boundary. Specimen WP6 had ten No. 5 boundary
longitudinal bars at each end of the wall (piv=2.92%), and specimen WP7 had twelve No. 5
boundary longitudinal bars at each end (pi=2.92%). Compression depth for specimen WP6,
determined using an extreme fiber compression strain of 0.003 for the applied axial load (337.5
kip; 1501 kN), was 17.9 in. (0.20lw; 455 mm). For specimen WP7, compression depth at an extreme
fiber compression strain of 0.003 for the applied axial load (405 kip; 1802 kN) was 17.5in. (0.191w;
445 mm).

For specimen WP4, the web boundary region extended 18 in. from the edge of the wall and the
flange boundary region extended 14 in. from the opposite edge of the wall. Boundary longitudinal

reinforcement consisted of ten No. 5 bars at the web boundary (pin=2.84%) and fourteen No. 6

bars at the flange boundary (pin=3.44%). Compression depth, determined for an extreme fiber
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compression strain of 0.003 for the applied axial load (270 kip; 1201 kN), was 26.7 in. (0.30lw;
678 mm) for loading causing compression at the web boundary and 5.6 in. (0.06lw; 142 mm) for
loading causing compression at the flange boundary.

Table 3-2 provides details for SBE boundary longitudinal and transverse reinforcement including
the longitudinal reinforcement bar size and quantity, transverse reinforcement bar size and spacing
(s), the quantity of transverse reinforcement in the direction parallel to the length of the wall (Ashi)
and perpendicular to the length of the wall (Asn2), and the ratio of the quantity of transverse
reinforcement to the amount required by ACI 318-14 (As/Ashreqa)-

Table 3-2: Special Boundary Element (SBE) details

. ACI 318-14
Transverse Reinforcement .
o Requirements
Longitudinal
ID Reinforcement ) At/ Asnal Egn. 2.11 At/
Bar Size S
sbe1 sbeo (a) (a) Ash,req'd

in. (mm) % % % %
WP1 8 No.5 14" | 200(08) | 077 | 100 | 062 | 0.75 | 1.02

14 No. 4 ' ' ' ' ' ' '
WP2 8 No.5 516> | 200(50.8) | 1.28 | 178 | 1.03 | 0.75 | 1.4

14 No. 4 ' ' ' ' ' ’ '
8 No.5 No. 3 3.75(95.3) 0.91 1.18 1.21
WP3 14 No. 4 5/16” 3.00 (76.2) 0.82 1.07 062 | 0.75 1.09
WP4 10 No. 5 5/16” 2.00 (50.8) 1.21 1.78 098 | 0.75 1.23

7No.5+5No. 4 » 1.54 1.60 0.62

WP5 10 No. 5 5/16 2.00 (50.8) 154 184 0.50 0.75 | 2.05
5/16” 0.77 1.15 1.02
WP6 10 No. 5 1/a" 2.00 (50.8) 123 184 050 | 0.75 164
5/16” 0.77 0.94 1.02
WP7 12 No. 5 14" 2.00 (50.8) 193 150 042 | 075 | 1'p
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Figure 3-4: Specimen WP1 reinforcement (Conversion: 17°=25.4 mm)
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Figure 3-5: Specimen WP2 reinforcement (Conversion: 17°=25.4 mm)
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Figure 3-6: Specimen WP3 reinforcement (Conversion: 17°=25.4 mm)
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Figure 3-7: Specimen WP4 reinforcement (Conversion: 17=25.4 mm)

80



111"

l\
12“
—— No.3 @ 8"
o = No.3 @ 6"
5/16" @ 2" 5/16" @ 2"
7 No. 5+ i //—10 No. 5
24"
90"
138"
No.3 @ 6" !
" " " " " w N
5/16" @ 2 Curae sne@2f
7No.5+ 5No.4 16 No.3 10 No.5
Y -
7‘5" 6"
4@3n 4" 7 @ " 4" 4@3"
90" 1”

81

Figure 3-8: Specimen WP5 reinforcement (Conversion: 17=25.4 mm)
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Figure 3-9: Specimen WP6 reinforcement (Conversion: 1”=25.4 mm)
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Figure 3-10: Specimen WP7 reinforcement (Conversion: 1”=25.4 mm)
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Chapter 4  Experimental Program

This chapter summarizes the details of the experimental program including construction materials,
test setup, loading protocol, experimental control, specimen instrumentation, and construction
procedures.

4.1 Materials

Information related to the concrete and reinforcing steel used for each of the test specimens is
discussed in this section. Test-day material properties are summarized, and individual material

test results are provided.

4.1.1 Concrete

Normal-weight concrete with a design twenty-eight day compressive strength (f°c) of 5 ksi (34.5
MPa) was specified for all test specimens. A 3/8 in. (9.5 mm) maximum aggregate size and 7 in.
(178 mm) slump were specified to allow consolidation of concrete around heavily reinforced
boundary regions and to accommodate pumping of concrete approximately 200 ft. (61m) from a
truck outside of the laboratory.

For each specimen, 6 in. x 12 in. (152 mm x 305 mm) plain concrete cylinders were tested under
uniform compression to determine average test-day concrete compressive strength. The tests were
conducted at UCLA on a 220 kip (979 kN) capacity universal testing machine. The compressive
stress-strain results are shown in Figure 4-2 for each cylinder tested, and measured peak
compressive strength (f’crst), and the corresponding strain (o est), are reported in Table 4-1.
Average fcest and &o test Values for a particular wall panel test specimen are summarized in Table

4-2 and indicated in Figure 4-2 for each test specimen. Strain measurements were determined using
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a single compressometer with a 5 in. (127 mm) gage length (Figure 4-1). Values of /¢ test and &co,test

are compared in Figure 4-3 for all cylinders tested and grouped according to test specimens.

Figure 4-1: Concrete cylinder test setup
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Figure 4-2: Concrete cylinder compressive stress-strain relationship — (a) WP1, (b) WP2, (c)
WP3, (d) WP4, (e) WP5, (f), WP6, and (g) WP7
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Table 4-1: Measured compressive strength and corresponding strain for concrete cylinders

D Wall Test | Cylinder Cylinder Cylinder Fetest &cotest
Date Test Date | Maturation Days # psi (Mpa)
1 5083 (35.0) | 0.0033
WP1 | 8/29/2014 | 9/1/2014 23 2 5339 (36.8) | 0.0027
3 5136 (35.4) | 0.0023
1 6206 (42.8) | 0.0025
WP2 9/16/2014 | 9/23/2014 45 2 6120 (42.2) | 0.0027
3 5809 (40.0) | 0.0025
WP3 9/30/2014 | 10/10/2014 62 L 6260 (43.2) | 0.0025
2 6025 (41.5) | 0.0026
1 6593 (45.5) | 0.0029
WP4 | 10/22/2014 | 10/24/2014 76 2 6781 (46.8) | 0.0032
3 6624 (45.7) | 0.0028
WP5 2/23/2016 | 2/22/2016 117 L 7008 (48.3) | 0.0029
2 6881 (47.4) | 0.0027
1 6946 (47.9) | 0.0026
WP6 3/14/2016 | 3/23/2016 147 2 6471 (44.6) | 0.0026
3 6712 (46.3) | 0.0026
1 6985 (48.2) | 0.003
WP7 4/27/2016 5/2/2016 187
2 7100 (49.0) | 0.0031
Table 4-2: Average compressive strength and corresponding strain
Wall Test | Cyli Cylinder i f &
D ylinder Maturation # Cylinders  test co,test
Date Test Date Days Tested psi (Mpa)
WP1 | 8/29/2014 9/1/2014 23 3 5186 (35.8) 0.0028
WP2 | 9/16/2014 | 9/23/2014 45 3 6045 (41.7) 0.0026
WP3 | 9/30/2014 | 10/10/2014 62 2 6143 (42.4) 0.0026
WP4 | 10/22/2014 | 10/24/2014 76 3 6666 (46.0) 0.0030
WP5 | 2/23/2016 | 2/22/2016 117 2 6945 (47.8) | 0.0028
WP6 | 3/14/2016 3/23/2016 147 3 6710 (46.3) 0.0026
WP7 | 4/27/2016 5/2/2016 187 2 7043 (48.6) | 0.0031
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Figure 4-3: Concrete cylinder average compressive strength (fctest) and peak strain (&cojtest)

4.1.2 Reinforcing Steel

ASTM A615 and A706 (ASTM A615/A615M-16, 2016; ASTM A706/A706M-16, 2016) Grade
60 (60 ksi [414 MPa] nominal yield strength) reinforcement was specified for all test specimens.
All No. 3, No. 4, No. 5, and No. 6 reinforcing bars conformed to ASTM A615/A706 Grade 60
standards. Because ASTM A615/A706 Grade 60 reinforcement is not available in the United
States in bar sizes smaller than No. 3, 1/4" (actual nominal diameter of 0.252 in. [6.4 mm]) and
5/16” (actual nominal diameter of 0.319 in. [8.1 mm]) wire reinforcement with properties similar
to ASTM A615/A706 were used. For specimens WP1-WP4, cold-drawn Grade 80 (80 ksi [552
MPa] nominal yield strength) deformed wire was used. The deformed wire was heat treated to
reduce the yield strength and to achieve ductility properties similar to Grade 60 ASTM A615/A706
steel. For specimens WP5-WP7, hot-rolled smooth wire to better match ASTM A615/A706 Grade
60 properties.

For each bar size, 24 in. (610 mm) long sample bars were tested in direct tension to determine as-
built steel mechanical properties. The tests were conducted at UCLA on a 220 kip (979 kN)

capacity universal testing machine. For specimens WP1-WP4, additional sample bars were tested
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by Twining prior to the UCLA tests. The tensile stress-strain result for each bar tested at UCLA is
shown in Figure 4-7 for specimens WP1-4 and in and Figure 4-8 for specimens WP5-7. The stress-
strain curve for 5/16” wire for specimens WP1-WP4 was inferred from Twining strength test
results because no additional samples were available for testing at UCLA. Strain measurements
were determined using linear variable differential transducers (LVDTSs) with an 8 in. (203 mm)
gage length (Figure 4-4). The stress-strain at which rupture occurred is indicated by an “x” in
Figure 4-7 and Figure 4-8. The reported rupture strain was determined from LVDT results for tests
in which rupture occurred within the gage length. For each bar, marks were placed on the bar at 1
in. (25 mm) intervals prior to the test. For tests in which rupture occurred outside of the gage
length, reported rupture strain was determined using these marks over an 8 in. (203 mm) length in
which rupture occurred (Figure 4-5). For tests in which rupture occurred outside the gage length,
a dashed line is shown in Figure 4-7 and Figure 4-8 to indicate the strains measured in the ruptured
zone.

Bar cross-sectional dimensions and average measured mechanical properties are provided in Table
4-3. Stress and strain values corresponding to yield (fytst, &), tensile strength (fpeak, &peak), and
rupture (frup, &up) are given, along with the strain at which strain-hardening initiated (&n). Yield
stress was determined using a 0.2% strain offset from the initial elastic branch. Typical stress-

strain results are shown in Figure 4-6 for each bar size tested.
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Figure 4-4: Steel reinforcement tension test setup

Figure 4-5: Rupture strain measurement outside gage length
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Table 4-3: Steel reinforcement tensile stress-strain properties

Test Bar Diameter Area Ty test &y &sh fpeak Epeak frup Erup
ID | Size | jn.(mm) | in2(mm? | ksi(Mpa) | -- — | ksi(Mpa) | -- | ksi(Mpa) | --
1/4" | 0.252(6.4) | 0.05(32.2) | 48.9(337) | 0.0017 | 0.005 | 58.5(403) | 0.059 | 31.0(214) | 0.075
wpy | 3/16” | 0319(81) | 0.08(516) | 56.9(406) | 0.0020 | 0.004 | 698 (481) | 0.057
WpP2 | No.3 | 0.375(9.5) | 0.11(71.3) | 83.9(578) | 0.0029 | 0.008 | 105.3 (726) | 0.103 | 85.8(592) | 0.134
WP3 | No.4 | 0.500(12.7) | 0.20 (127) | 73.4 (506) | 0.0025 | 0.013 | 107.8 (743) | 0.111 | 102.5 (707) | 0.142
WP4 "0 5 | 0.625 (15.9) | 0.31 (198) | 77.0 (531) | 0.0027 | 0.011 | 107.6 (742) | 0111 | 78.6 (542) | 0.154
No.6 | 0.750(19.1) | 0.44 (285) | 76.9 (530) | 0.0027 | 0.014 | 104.8 (723) | 0.138 | 81.2(560) | 0.186
1/4" | 0.252(6.4) | 0.05(32.2) | 70.6 (487) | 0.0024 | 0.012 | 86.8(598) | 0.092 | 52.1(359) | 0.096
Wp5 | 3/167 | 0319(8.1) | 0.08(51.6) | 63.7 (439) | 0.0022 | 0.016 | 77.1(531) | 0.071 | 34.5(238) | 0.103
WP6 | No.3 | 0.375(9.5) | 0.11(71.3) | 65.8 (454) | 0.0023 | 0.012 | 102.4 (706) | 0.124 | 85.3 (588) | 0.167
WPT 1 No.4 | 0500 (12.7) | 0.20 (127) | 74.1 (511) | 0.0026 | 0.004 | 105.5 (728) | 0.138 | 77.4 (534) | 0.163
No.5 | 0.625(15.9) | 0.31(198) | 70.9 (489) | 0.0024 | 0.012 | 97.1(669) | 0.143 | 64.9 (447) | 0.169
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Figure 4-6: Steel reinforcement tensile stress-strain relationship — (a) Specimens WP1-WP4
and (b) Specimens WP5-WP7

91



(edIA) $s21S (edIA) $sa1S (edIA) SSADS

c o cc oo e 2o o 2 e c o cec o e
o o o o o O o O o o o o o o o <O o o o o o o o O
X = T A T A= o X~ n T AH A= o X E T @A T A=
TR PO N TR BRSO B I PR N TR PR TP O B TP O T NI U T EUN P Y
- L L=
=] = =]
!
| © . e
S ’ [=}
g I \ | - 8
™~ o o
' L~ &
S g c£ z
L = L = L =
j] ] =]
Nt N -
«© W © W 7%}
= -2
=1 e bt
L L S
2 2
o o 3
L A L | = T T T o T T T T o
8 883 89 8° 2R8889RKR° TI88828° g
(183) s (153) ssa.)§ (1s3) ssa§
(edIA) sso.0§ (edIA) S90S (edN) ssang
c oo o o o o o c o c 2o o o o o 2o 2 o 9 e S
o o o o o o o O o o o o o o o <O o o o o o o o <O
0 M~ o vy F N ool — o L e S T T o T o B B 0 -~ L v e o= O
IR PR NP TP RPU TP RO I I PR R TP RPU TP RO I Loy
| o | o .
[=} (=} e
- X -2
o o
v X
L P L X |%
™~ L ™ 4 o
Lo~ I Lo~ \\
< £ R X =
L = L = -, L =
= - i
el St N
%S %S 170}
o o 3
L L S
o o .
—T T T © —T T T o T T o
8 88 8 ¥ R ° T E8E 888 I I ° & 8888 38 & ° 2
- - - T -~ =

(183)) ssa§ (183)) s (1s3)) ssang
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Figure 4-8: Steel reinforcement tensile stress-strain relationship for specimens WP5-WP7 —
(a) No. 3 bars, (b) No. 4 bars (c) No. 5 bars, (d) 1/4" wire, and (e), 5/16” wire
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4.2 Test Setup

The loading pattern applied to the test specimens was determined based on the Equivalent Lateral
Force (ELF) Procedure of ASCE 7-10 Chapter 12 (ASCE/SEI, 2010). Figure 4-9a shows the
distribution of code prescribed vertical story forces (Pi) and lateral story seismic forces (Fx,) on an
eight-story cantilever wall. The resulting shear force, overturning moment, and axial force
diagrams for the code prescribed loading are also shown.

For a slender wall designed to yield in flexure, a single critical section is expected to occur near
the base of the wall for the loading shown in Figure 4-9a. Inelastic deformations are expected to
concentrate within the lower portion of the wall (plastic hinge region), making it possible to capture
inelastic response using a wall panel specimen representative of the plastic hinge region of the wall
(Figure 4-9b). Figure 4-9b depicts the boundary conditions that need to be applied to a wall panel
specimen to achieve the loading conditions at the base of the cantilever tall. At the top of the wall
panel specimen, a vertical load is applied to produce the axial load demand expected at the base of
the wall, and a moment is applied to capture the overturning demand due to the lateral story forces.
A lateral force is applied at the top of the specimen to capture the shear demand resulting from the

story forces and to obtain a moment gradient over the height of the panel specimen.
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Figure 4-9: a) Code force distribution on prototype wall, and b) Applied loading pattern for
wall panel specimen

A schematic diagram of the experimental test setup used to achieve the boundary conditions of
Figure 4-9b is shown in Figure 4-10, and photos of the test setup for a typical specimen are shown
in Figure 4-11 and Figure 4-12. Specimen footings were secured to the laboratory strong floor
using 1.25 in. (32 mm) diameter high-strength post-tensioning rods spaced 24 in. (610 mm) apart.
Loading was applied using two vertically-aligned 400 kip (1779 kN) nominal capacity actuators
with +/- 18 in. (457 mm) stroke capacity (designated Actuator 1 and Actuator 2 in Figure 4-10),
one horizontally-aligned 300 kip (1335 kN) nominal capacity actuator with +/- 12 in. (305 mm)
stroke capacity (designated Actuator 3 in Figure 4-10), and two 220 kip (981 kN) capacity
hydraulic jacks with 6 in. (152 mm) stroke capacity. The three actuators applied loads to a steel
load transfer beam that was attached to specimen top caps using 1.25 in. (32 mm) diameter high-
strength post-tensioning rods. The hydraulic jacks were mounted above a second load transfer

beam (designated Axial Load Transfer Beam in Figure 4-10) and were each attached to a 1.25 in.
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(32 mm) diameter high-strength post-tensioning rod that was anchored to the laboratory strong
floor.

Axial compression was applied to the wall panel specimens using the two hydraulic jacks and the
two vertical actuators. The two vertical actuators, spaced 18 ft. (5486 mm) apart, applied opposing
vertical forces to apply an overturning moment at the top of the specimens. The horizontal actuator
applied a lateral force 114 in. (2642 mm) above the top of specimen footings, imposing lateral
shear force and additional overturning moment to achieve the desired moment gradient.

Two vertically-aligned control sensors, mounted at opposite ends of the wall, monitored the
average rotation at the base of the wall over an assumed hinge length of one-half the length of the
wall (lw/2=45 in. [1143 mm]). Out-of-plane movement of the specimen top caps was prevented by
an out-of-plane restraint system (Figure 4-12) that connected to a strong wall parallel to the test

specimens.
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4.3 Testing Protocol

A free body diagram of the test setup is shown in Figure 4-13. At the beginning of each test, axial
load was applied by the hydraulic jacks and by the two vertical actuators. Following application
of the axial load, reversed-cyclic moment and shear were applied by the two vertical actuators and
the horizontal actuator. Equation 4.1 demonstrates the components of the actuator loads used to

apply the loading boundary conditions shown in Figure 4-9b.

F’u = Pjacks + Pl + P2 (a)
v, =F, (b) 4.1

My, =-AFRX +AF,x, (C)
The lateral forces on the eight-story wall shown in Figure 4-9a are proportional (i.e., Fxi=aij Fx;

where «ij is a constant). Their magnitude is based on the geometry of the wall (i.e., story heights)

and the distribution of story mass. Because they are proportional, the resulting moment-to-shear
ratio (M/V) at any particular section along the height of the wall is constant. For an eight-story wall
with uniform story height (hs; = hsj) and story mass (ms; = ms), the magnitude of the moment at
the top of the first story is approximately 80% of the base moment (M1/Mp =~ 0.80). A relationship
between the applied lateral force and the applied moment at the top of the specimens (Miop/Vy) Was
derived to ensure that the ratio M1/My, was constant throughout the tests. My and My, are defined in

Equation 4.2.

M, =-AR X +AF,X, + F (X, —h,) (a)
M, = -AF X +AF,X, + FX, (b)

4.2

For a constant M1/Mp, denoted £, Miwp/Vy is defined by Equation 4.3 based on the definitions of

Equations 4.1 and 4.2.
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Equation 4.3 is used to derive a relationship between the moment at the base of the wall and the

M, —ARX +AFRX, +F (% —h,) _ My, +Vy (%-h) =¢ (a)
M, B —ARX +AFX, + FyX, ) Migp +VuXs i
M 1-J)-h

top — XS( g) S (b)
v, (¢-1)

applied lateral force (Mp/Vy).

Table 4-4 summarizes the loading pattern for each test. Mp/Vy was held constant at the value

reported in Table 4-4 for the duration of each test. Two values are reported for specimen WP5

M, B —-AF X + AR X, + X,

Vu F3

M M X.(1-C)—=h

M, ex = @=)=h
V, \Y/ (g’—l)

(@)

because a different axial load was applied in the two loading directions.

Table 4-4: Wall panel loading protocol

VU
o Py Mn VamMm, blwﬁ M, 1V, M, IV, 1,
kip (kN) | k-ft (kN-m) | kip (kN) f ' in psi (MPa) ft. (m)

@) ) ®) (4) ®) (6) ()
WP1 | 270(1201) | 2198(2981) | 78.2(348) 2.05(0.17) 28.1(8.56) 3.75
WP2 | 270(1201) | 2198 (2981) | 78.2(348) 2.05(0.17) 28.1 (8.56) 3.75
WP3 | 270(1201) | 2198 (2981) | 78.2(348) 2.05(0.17) 28.1 (8.56) 3.75
WP4 | 270 (1201) | 3392 (4599) | 77.1(343) 2.02 (0.17) 44.0 (13.4) 5.87
wps | 3375 (1501) | 2550 (3470) | 955 (425) 2.00(0.17) 26.8 (8.17) 3.57

270 (1201) | 2338(3170) | 87.2(388) 2.28 (0.19) 26.8 (8.17) 3.57
WP6 | 337.5(1501) | 2559 (3469) | 95.5 (425) 2.00 (0.17) 26.8 (8.17) 3.57
WP7 | 405(1802) | 3018 (4092) | 115 (512) 2.00(0.17) 26.3(8.03) 3.50
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Figure 4-13: Testing protocol free-body diagram

The testing protocol consisted of force-controlled cycles followed by increasing displacement-
controlled cycles until failure was observed (Figure 4-14). Force-controlled cycles were conducted
such that the moment at the base of the wall (My) reached 1/8, 1/4, 1/2, and 3/4 of the expected
yield moment (My) for three cycles at each target load level. Displacement-controlled cycles were
based on wall hinge rotation, determined as the average rotation between two control sensors at
opposite ends of the wall (Figure 4-13). Hinge rotation was measured over an assumed hinge length
of one-half the length of the wall. Displacement-controlled cycles targeted 0.25%, 0.375%, 0.50%,
0.75%, 1%, 1.5%, 2%, and 3% hinge rotation. Three cycles were performed at each target rotation
level up to 1.5% rotation. For cycles exceeding 1.5% rotation, two cycles were performed at each
increment level. Positive loading corresponds to loading causing compression at the west boundary

of the walls.
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4.4 Experimental Control and Data Acquisition
The loads applied by the horizontal actuator and the two vertical actuators were measured by load
cells attached to the actuator extension rods. Actuator displacements were measured by linear
variable differential transducers (LVDT) mounted to the outside of the actuators. All three
actuators were connected to a single hydraulic pump by two hydraulic lines each — one line
supplied hydraulic oil from the pump to the actuator cylinder and the other returned oil from the
actuator cylinder to the pump. Flow of oil into and out of actuator cylinders was regulated by the
actuator’s servo-valve which connected to the oil supply line on one side of the valve and to the
return line on the other side of the valve. The servo-valves were commanded by a MTS FlexTest
GT controller that operates a proportional-integral-derivative (PID) control feedback loop based
on feedback signals from actuator load cells and LVDTSs.
The hydraulic jacks were connected to a manually-operated hydraulic hand pump. Two strain
gages were mounted on opposite sides of the post-tensioning bars to which the jacks were attached.
The axial load applied to wall specimens by the hydraulic jacks was monitored throughout the tests
based on calibrated strain gage measurements. Prior to testing specimen WP5, a digital pressure
gauge was installed on the hydraulic line of the hand pump. For specimens WP5-WP7, the axial
load applied by the jacks was monitored both by strain gage data and digital pressure gauge data.
The three actuators were controlled on a set of equations to satisfy the following conditions (based
on the protocol discussed in Section 4.3):

1. The total axial load applied by the two vertical actuators and the hydraulic jacks was

constant throughout the test (PjackstP1+P2 = Py). The value of the target axial force (Py)

for each test is given in Table 4-4.
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2. The ratio of base moment to base shear (Mb/Vy) was constant throughout the test. The value
of Mu/V,, for each test is given in Table 4-4.

For specimens WP1-WP4, Actuator 1 was run in displacement-control and the forces in Actuators
2 and 3 were slaved to Actuator 1. The control equations were as follows:

1. Actuator 1 displacement (1) commanded manually, base moment and rotation between
control sensors at opposite ends of wall (hinge rotation) monitored until target force (base
moment) or displacement (hinge rotation) value reached
Control equation 1: 1 = manual command

2. The sum of Actuator 1 force, Actuator 2 force, and the force applied by hydraulic jacks
commanded to target axial load (Py) given in Table 4-4: PjackstF1+F2 = Py
Because the axial load jacks were manually-controlled (i.e., they were not connected to the
MTS FlexTest GT), Pjacks is considered a constant and the control equation included only
the forces applied by Actuators 1 and 2: F1+F2 = Py - Pjacks. It should be pointed out that
F1=P1+AF: and F2=P.+AF; as designated in Figure 4-13.

Control equation 2: F1+F2 = control constant

3. Actuator 3 force commanded proportional to Actuator 1 force (Fs=aF1 where o is a
constant), o input as control constant to satisfy My/V, target value from Section 4.3
Control equation 3: Fz=aF1

The control equations were modified following testing of the first four specimens (WP1-WP4)
because some shortcomings of the control technique were identified. The shortcomings identified
were:

1. A hinge rotation was not directly commanded. When damage and strength loss occurred,

it was not always possible to hold a given rotation level.
105



2. The forces in Actuators 2 and 3 were directly commanded based on the force in Actuator

1: Fs=aF1and F2 = Py - Pjacks - F1, Where Py - Pjacks IS @ constant. The possibility of an

unstable loading condition existed when crushing initiated at the east boundary of the wall.
For specimens WP5-WP7, a rotation was directly commanded in the control equations and the
method of achieving a constant My/Vy was changed. The modified control equations were as
follows:

1. Rotation between Actuator 1 and Actuator 2 commanded manually, rotation calculated as

0, =0, . . .
—£—L where X, + X, is the horizontal distance between Actuators 1 and 2.

X +X
Base moment and rotation between control sensors at opposite ends of wall (hinge rotation)

monitored until target force (base moment) or displacement (hinge rotation) value reached

. 0, —0,
Control equation 1: —=—+ xl = manual command
+
2

2. The sum of Actuator 1 force, Actuator 2 force, and the force applied by hydraulic jacks
commanded to target axial load (Pu) given in Table 4-4: F1+F2+Pjacks = Py
Control equation 2: F1+F, = control constant

3. Mp/Vy commanded as target value from Section 4.3, Mu/V, calculated from a static analysis

3 -AREX +AF,X, + KX,
F3

(Figure 4-13): M,
g "V
-AFEX +AFX, + FX,
FS

= control constant

Control equation 3:
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4.5 Instrumentation

Figure 4-15 through Figure 4-24 provide details of the location and type of sensors used to
measured wall deformations. Test specimens were carefully instrumented to measure flexural
deformations, shear deformations, and reinforcing bar strains throughout the tests. Three
horizontally-aligned linear variable differential transducers (LVDTSs) were attached to a rigid
reference frame and measured wall lateral deformations at different heights. A fourth LVDT was
attached to the reference frame and measured horizontal sliding of specimen footings. Two
vertically-aligned LVDTs measured uplift of specimen footings from the laboratory strong floor.
Out-of-plane movement of specimen top caps was measured using LVDTs that attached to a strong
wall parallel to the test specimens.

Columns of vertically-mounted LVDTSs were attached to the front (south) and rear (north) faces of
specimens, as well as the face of the flange of specimen WP4, to measure wall axial (flexural)
deformations at various locations along the length of the walls. Slip-extension was measured at
the interface of the wall and footing and at the interface of the wall and top cap. Wall shear
deformations were measured using three pairs of LVDTs arranged in X-configurations, and shear
sliding deformation was measured at the base of the wall using a horizontally-mounted LVDT.
For each test, approximately forty strain gages were used at various locations to measure strains
in boundary and web longitudinal reinforcement, boundary transverse hoops and cross-ties, and
web transverse reinforcement. Strain gages on vertical bars were used to track first yield and full

yield of primary flexural reinforcement.
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Figure 4-15: LVDT layout for specimen WP1
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Figure 4-20: Strain gage layout for specimen WP3
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A non-contact measurement system was used to measure surface strains on the front face of
specimens. The equipment and instrumentation setup are shown in Figure 4-25. The system
utilized two digital single-lens reflex (DSLR) cameras, two strobe flashes, and a digital image
correlation (DIC) software package (Barthes, 2015). The surface of test specimens was prepared
with a light coat of white paint that served as a contrast for a random speckle pattern applied to the
front face of specimens using black paint (Figure 4-26). Each black speckle was approximately 5
to 20 pixels in width and height. Approximately thirty-two high resolution images were taken from

each camera during each cycle, and the images were processed using the DIC software.

!'-- | Cunera 2 MR

~‘uu*.~

_—_ T B I < B

%

]
Strobe 2

Figure 4-25: Digital image correlation equipment and setup
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Figure 4-26: Speckle pattern on front face of wall panel specimen
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4.6 Construction
Test specimens were constructed in the UCLA Structural/Earthquake Engineering Laboratory in
two phases. Construction for specimens WP1-WP4 was completed in August, 2014, and
construction for specimens WP5-WP7 was completed in October, 2015. Formwork and concrete
placement were handled by Webcor Builders, and steel reinforcement was supplied and fabricated
by Gerdau Reinforcing Steel.
Construction photos are shown in Figure 4-27 through Figure 4-38. All specimens were cast in an
upright position. Each specimen was constructed in two concrete pours, resulting in a construction
joint at the wall-footing interface (Figure 4-32). Strain gages were applied to reinforcing bars at
various locations within the wall panel test region (Figure 4-27). The strain gages were installed
at UCLA upon delivery of reinforcement to the UCLA laboratory. The construction sequence for
a typical specimen was as follows:

1. Reinforcement cut and bent at Gerdau’s shop and delivered to UCLA laboratory

2. Strain gages installed on reinforcing bars (Figure 4-27)

3. Formwork assembled for footings (Figure 4-32)

4. Footing and boundary region reinforcing cages assembled (Figure 4-28 - Figure 4-30)

5. Footing reinforcement placed in formwork (Figure 4-32)

6. Boundary reinforcing cages and wall web reinforcement placed (Figure 4-32)

7. Concrete poured to top of footing (Figure 4-32)

8. Formwork and shoring assembled for wall panel specimen and top cap (Figure 4-37)

9. Top cap reinforcing cage assembled and placed in formwork

10. Concrete poured to top of specimen top cap (Figure 4-38)
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Figure 4-27: Reinforcement with strain gages installed and lead wires attached

Figure 4-28: Boundary region reinforcing cages — specimen WP1
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Figure 4-29: Boundary region reinforcing cages — specimen WP4
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Figure 4-30: Boundary region reinforcing cages — specimens WP6 and WP7

123



wrilhBEEED R v LS

Figure 4-31: Footing formwork with footing and wall reinforcement
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Figure 4-32: Concrete footing with wall reinforcement
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Figure 4-33: Typical wall reinforcement layout
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Figure 4-35: View of wall reinforcement from above
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Figure 4-36: Wall web reinforcement — cross-ties supporting longitudinal bars on one side
only
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Figure 4-37: Typical wall and top cap formwork and shoring
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Figure 4-38: Specimen concrete curing
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Chapter5  Summary of Experimental Results

In this chapter, a summary of experimental results for the seven test specimens is provided, along
with a detailed description of test day observations for each wall. For reference, cross-sectional
geometry and reinforcement details are presented for all seven specimens in Figure 5-1. The testing
matrix is presented in Table 5-1, indicating the primary test variable, wall thickness, applied axial
load, compression depth, confinement detail (i.e., outer hoop and cross-ties or continuous
transverse reinforcement), and ratio of provided-to-required boundary transverse reinforcement.
An overview of the test variables and more detailed drawings are provided in Sections 3.1 and 3.2,
respectively. The compression depth and the required quantity of boundary transverse
reinforcement reported in Table 5-1 were calculated using design material properties (i.e., fy and

’c) as well as test day material properties (i.e., fytest and ¢ test).
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Figure 5-1: Cross-sectional geometry and reinforcement details
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Table 5-1: Test Matrix (conversion: 1 in.=25.4 mm, 1 kip=4.448 kN)

i Axial
Specimen/ Primary b Load Confinement A/ | Asn/ « -
Test - - wx | Sldo | cllw” | cllw
Boundary - Detail Anci Anci
Variable in ki
. p
West Reference o o 3.2 0.21 0.23
WP1 East Specimen 6.0 270 HCT 90°-135 1.02 0.80 20 1020 | 022
West o o 3.2 0.21 0.22
WP2 East Ash 6.0 270 HCT 90°-135 1.24 1.00 20 020 021
West 0 o 1.21 1.38 0.21 | 0.21
WP3 East s/db 6.0 270 HCT 90°-135 1.09 087 6.0 0.20 0.20
WP4 West I 6.0 270 HCT 90°-135 1.23 0.91 32 | 030 | 0.30
East - | 006 [ 007
West Boundary | 7.5 | 3375 0.20 | 0.17
WPS "East | Detail | 6.0 | 270 CTR 205 | 157 | 32 Moot 0.9
WP6 West b 75 | 3375 CTR 1.64 1.30 32 | 020 | 0.18
East ' ' HCT 135°-135° | 1.02 0.90 ’ ' '
West CTR 1.64 1.24
We7 East b 2 405 HCT 135°-135° 1.02 0.85 3.2 0.20 0.18
Ash1: area of transverse reinforcement in direction perpendicular to wall length; Aaci: area of transverse
reinforcement required by ACI 318-14
HCT: single outer hoop and cross-ties (90° or 135° cross-tie hook indicated); CTR: continuous transverse
reinforcement
* Determined using nominal material properties; ™ Determined using test day material properties

5.1 Measured Base Moment and Shear vs. Hinge Rotation

Experimentally measured base moment and shear versus hinge rotation responses for each
specimen are presented in Figure 5-2. The moment and shear reported in Figure 5-2 have been
corrected to account for the deformed configuration of the actuators at each loading step. Hinge
rotation was measured over an assumed plastic hinge length of one-half the length of the wall (lp=
Iw/2). Positive loading corresponds to loading causing compression at the west boundary of the
walls (east and west boundaries indicated in Figure 5-1). For each specimen, the ASCE 41 moment
versus hinge rotation backbone (ASCE/SEI, 2010) is included for comparison. The slope of the
elastic branch of the ASCE 41 backbone was determined using an effective cracked stiffness of

0.5Eclg, and the nominal flexural capacity was calculated according to ACI 318-14 using test day

material properties.
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Table 5-2 provides a summary of the measured hinge rotation and base overturning moment for
loading in both directions at four points: 1) horizontal flexural cracking of concrete at wall
boundaries; 2) first yield of boundary longitudinal reinforcement (determined from strain gage
data); 3) peak strength; and 4) strength loss (determined at the largest rotation for which lateral
strength exceeded 80% of peak strength). The applied axial force (Py) and nominal flexural
strength (Mn) are provided in Table 5-2 for reference. The reported M, values were calculated
using test day material properties. In Section 6.3, the total lateral displacement measured at the top
of the specimens, at a height of 82 in. (2083 mm) above the footing of the walls, is reported for
each specimen. The contribution of flexural and shear deformations to the total lateral
displacement at the top of the specimens is reported in Sections 6.3.1 and 6.3.2. The lateral
displacement and drift ratio at the effective height of the walls is approximated in Section 6.5, and
summarized in Table 6-1 for the four loading points indicated in Table 5-2.

For the phase 1 tests (WP1-WP4), measured hinge rotation at strength loss ranged between 1.31%
(WP4) and 1.59% (WP1). For comparison, ASCE 41 assumes 75% of the peak lateral strength can
be maintained at approximately 2.2% rotation for specimens WP1-WP3 and approximately 2.0%
rotation for specimen WP4, which are both approximately 1.5 times the measured rotation
capacities of the four specimens. On the other hand, the phase 2 specimens (WP5-WP7)
demonstrated rotation capacities in excess of 2.0%, reaching as high as 3.0% for the thickest

specimen (WP7).
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Figure 5-2: Base moment/shear vs. hinge rotation (conversion: 1 kip=4.448 kN, 1 kip-ft=1.356
kN-m)
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Table 5-2: Experimental Results Summary (conversion: 1 kip=4.448 kN, 1 kip-ft=1.356 kN-m)

Axial

Flexural

Force Strength Cracking Yielding Peak Load Strength Loss
ID éﬁggt'ggn Py My G Mer | MM, ) My | MM | Ghesk | Mpeak | MMy a Mo | MM,
kip k-ft rad. k-ft - rad. k-ft --- rad. k-ft - rad. k-ft
Positive 2515 0.050% 1023 0.41 0.21% 2162 0.86 1.26% 2687 1.07 1.59% 2273 0.90
w Negative a7 -2455 -0.057% | -1009 0.41 -0.20% | -1955 0.80 -1.46% | -2531 1.03 -1.97% | -2107 0.86
Positive 2560 0.049% 1122 0.44 0.22% 2301 0.90 1.35% 2800 1.09 1.52% 2677 1.05
e Negative a7 -2497 -0.053% -993 0.40 -0.20% | -1921 0.77 -1.41% | -2528 1.01 -1.79% | -2124 0.85
Positive 2566 0.048% 906 0.35 0.19% 1984 0.77 1.38% 2833 1.10 1.51% 2280 0.89
e Negative a7 -2502 -0.050% -896 0.36 -0.19% | -1882 0.75 -1.38% | -2518 1.01 -1.52% | -2260 0.90
Positive 4183 0.054% 1190 0.28 0.21% 2857 0.68 0.91% 4151 0.99 1.31% 4011 0.96
e Negative o -3104 -0.060% | -1249 0.40 -0.21% | -2501 0.81 -2.90% | -3118 1.00 -3.07% | -2626 0.85
Positive 270 2888 0.058% 974 0.34 0.22% 2196 0.76 2.02% 3489 1.21 2.81% 2906 1.01
e Negative 338 -2690 -0.049% =742 0.28 -0.22% | -2118 0.79 -2.02% | -3109 1.16 -2.03% | -3077 1.14
Positive 2867 0.047% 952 0.33 0.25% 2601 0.91 2.99% 3507 1.22 3.02% 3483 1.21
e Negative . -2867 -0.037% -167 0.27 -0.22% | -2242 0.78 -2.03% | -3431 1.20 -2.69% | -2779 0.97
Positive 3389 0.051% 996 0.29 0.23% 2791 0.82 2.67% 4203 124 3.04% 4183 1.23
WP7 405
Negative -3389 -0.044% -950 0.28 -0.22% | -2785 0.82 -1.79% -3899 1.15 -2.98% -3474 1.03
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5.2 Observed Behavior and Damage Progression

5.2.1 Specimen WP1

Specimen WP1 was the reference specimen for the test program. WP1 was 6 in. (152 mm) thick
and was constructed with eight No. 5 longitudinal reinforcing bars at the west boundary and
fourteen No. 4 longitudinal reinforcing bars at the east boundary. Throughout the test, a constant
axial load of 270 kip (1201 kN) was applied. Typical damage observed at the west boundary and
east boundary is shown in Figure 5-3 and Figure 5-4, respectively.

Horizontal flexural cracking of concrete was first observed at the east boundary of the wall at
+0.05% rotation and at the west boundary at -0.057% rotation. Initial cracking was observed over
the full height of the specimen, and a denser distribution of cracks was observed over the full
height of the specimen in the proceeding cycles. The measured base overturning moment at the
time flexural cracks were first observed (Mcr) was 41% of the nominal flexural strength in both
loading directions. Tension strains in excess of the yield strain reported in Table 4-3 were indicated
by strain gages attached to longitudinal reinforcement at wall edges at +0.21% and -0.20% rotation
at the east and west boundaries, respectively. Vertical splitting of cover concrete was first observed
at the west edge of the wall at approximately +0.5% rotation (Figure 5-3a) and at the east edge of
the walls at approximately -1.0% rotation (Figure 5-4a). In both loading directions, average
extreme fiber compression strain, measured over a gage length of Iw/2, was approximately 0.003
at the time vertical cracks and spalling were first observed.

Specimen WP1 completed three cycles to +1.0% rotation without strength loss. Minor crushing of
cover concrete along the front and rear faces of the wall, extending horizontally from the west edge
of the wall approximately 12 in. (0.13lw; 305 mm), was observed during loading cycles to +1.0%

rotation (Figure 5-3b). The peak lateral strength in the positive loading direction was measured at
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+1.26% during the first 1.5% rotation cycle. At peak strength, the measured base overturning
moment was 1.07 times the calculated nominal flexural strength. A 15% reduction in strength was
evident when loading was stopped at +1.5% (cycle 1), at which time crushing and spalling of cover
concrete had occurred over nearly the full length of the confined region (approximately 0.16lw) on
the front and rear faces of the wall, revealing slight buckling of the two No. 5 longitudinal
reinforcing bars at the northwest and southwest corners of the wall (Figure 5-3c). Buckling of the
two No. 5 bars occurred at different heights: the bar at the southwest corner of the wall was buckled
between hoops at 3 in. (76 mm) and 5 in. (127 mm) above the footing while the bar at northwest

corner was buckled between hoops at 5 in. (127 mm) and 7 in. (178 mm) above the footing. It is

noted that opening of a 90° cross-tie hook was observed in the region where cover spalling

occurred. The buckled bars straightened in tension while loading in the opposite direction to -1.5%
rotation. While attempting to reload to +1.5% rotation (cycle 2), out-of-plane instability of the
west boundary occurred at a small positive load with control sensors still measuring negative
rotation (Figure 5-3d). The out-of-plane rotation occurred primarily over two or three hoop
spacings at the location where buckling of the two corner bars was observed in the previous cycle.
A maximum out-of-plane displacement of 2 in. (50.8 mm) was measured approximately 9 in. (22.9
cm) above the footing. Because very little residual strength remained, loading in the positive
direction was terminated.

Following the out-of-plane failure at the west boundary, monotonic loading was applied in the
negative direction. At -1.87% rotation, cover concrete on the front (south) face of the specimen, at
the east boundary, visibly bulged outward between approximately 3 in. (7.6 cm) and 12 in. (30.5
cm) above the specimen footing. At -1.97% rotation, abrupt crushing of the east boundary occurred

and all fourteen No. 4 longitudinal bars, and some No. 3 web longitudinal bars, was observed
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(Figure 5-4b). The failure caused a nearly instantaneous drop in capacity between approximately
85% and 10% of peak capacity, and axial load immediately dropped from 0.10Acyf"c (265 kip [1178
kN]) to 0.042A.,f"c (115 kip [510 kN]). Damage was concentrated within the bottom 14 in. (356
mm) of the wall, or approximately one-sixth of the wall panel height (h/6), and extended
approximately one-third the length of the wall from the east edge (Figure 5-5). A photo of the east
boundary of WP1 following removal of loose concrete is shown in Figure 5-4c. Buckling of the
No. 4 boundary longitudinal reinforcement generally occurred over multiple hoop spacings except
for bars located at the corner of a hoop which typically buckled between hoops. Figure 5-4d shows
a photo of hoops and cross-ties removed from the east boundary following the test. In the photo,
it can be seen that all three of the hoops fractured; however, fracture of only one of the six cross-

ties occurred. Instead, failure of cross-ties generally appeared to occur due to opening of 90° hooks

and some 135° hooks. Photos of the front and rear faces of the specimen, taken at the end of the

test, are shown in Figure 5-5. Damage at both boundaries occurred over a short height at the base
of the wall and extended horizontally from the east and west edges about one-third of the length

of the wall (1./3).

138



.

Out-of-plane [

— g vy —

Rebar
buckling

<)

Figure 5-3: Specimen WP1 west boundary damage — a) Vertical splitting and spalling of cover
concrete (+0.50% rotation, cycle 3); b) Cover concrete crushing on rear (north) face (+1.0%
rotation, cycle 1); ¢) Cover concrete spalling and buckling of longitudinal reinforcement
(+1.5% rotation, cycle 1); and d) Out-of-plane instability
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Figure 5-4: Specimen WP1 east boundary damage progression —a) Vertical splitting of
concrete (-1.0% rotation, cycle 1); b) Crushed concrete and buckled longitudinal
reinforcement immediately after failure (-1.97% rotation); c) After removal of loose concrete;
and d) Damaged hoops and cross-ties removed after test
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a)

Figure 5-5: Specimen WP1 — a) Photo of front (south) face of specimen after test; and b)
Photo of rear (north) face of specimen after test

5.2.2 Specimen WP2

Specimen WP2 differed from the reference specimen (WP1) primarily by the quantity of transverse
reinforcement provided at the boundaries of the wall. Like specimen WP1, WP2 as 6 in. (152 mm)
thick and was constructed with eight No. 5 longitudinal reinforcing bars at the west boundary and
fourteen No. 4 longitudinal reinforcing bars at the east boundary. It is noted that cover concrete
for WP2 was also slightly thicker (cc=0.75 in.; 19.2 mm) than specimen WP1 (c.=0.5 in.; 12.7
mm). The observed behavior for WP2 was similar to WP1 except that an additional cycle was
completed at 1.5% rotation. Horizontal flexural cracking of concrete was first observed at the west
and east boundaries of the wall at +0.049% rotation and -0.053% rotation, respectively. Tension
strains in excess of the yield strain reported in Table 4-3 were indicated by strain gages attached
to longitudinal reinforcement at wall edges at +0.22% and -0.20% rotation at the east and west
boundaries, respectively. The maximum lateral strength in the positive loading direction was
measured at +1.35% (+/- 1.5% rotation cycle 1), at which time the lateral strength was 1.09 times

141



the calculated nominal flexural strength (My). Peak lateral strength in the negative loading
direction was (1.01Mn,) was measured at -1.41% rotation during the same loading cycle (+/- 1.5%
rotation cycle 1).

Crushing of concrete at the west boundary was observed just prior to reaching +1.5% rotation
during the first loading cycle (Figure 5-6a). In the following loading cycle to +1.5% rotation,
crushing of the confined region and a portion of the wall web occurred prior to reaching +1.5%
rotation, and nearly a 20% reduction in strength from peak capacity was observed (Figure 5-6b).
Damage was concentrated over a short height of approximately 14 in. (h/6; 356 mm) at the base
of the wall and extended horizontally from the west edge of the wall approximately 30 in. (lw/2;
762 mm). While loading to +1.5% rotation a third time, lateral (out-of-plane) instability and
crushing of the boundary and web occurred at a small positive load with control sensors still
measuring negative rotation (Figure 5-6¢). Positive loading was terminated and monotonic loading
in the negative direction was applied. While loading monotonically in the negative direction
(compression at the east boundary) simultaneous crushing of the confined region and a portion of
the wall web occurred at -1.78% rotation (Figure 5-6d) and lateral load-carrying capacity
immediately dropped to approximately 40% of the peak strength measured in previous cycles.
Similar to specimen WP2, opening of several cross-ties was observed when loose concrete was
removed following the test, and fracture of cross-ties was only observed in a few cases. Photos of
the front and rear faces of the wall, following the test, are shown in Figure 5-7. Damage occurred
primarily over a short height at the base of the wall, like WP1, and extended almost one-half the

length of the wall from the west and east edges.
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Figure 5-6: Specimen WP2 damage progression — a) Crushing/spalling of cover concrete at
west boundary (+1.5% rotation, cycle 1); b) Spalling of concrete along the rear (north) face of
the wall at west boundary (+1.5% rotation, cycle 2); ¢) Lateral instability of the west boundary

(+1.5% rotation, cycle 3); and d) East boundary after the test
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Figure 5-7: Specimen WP2 — a) Photo of front (south) face of specimen after test; and b)
Photo of rear (north) face of specimen after test

5.2.3 Specimen WP3

Similar to specimen WP1, WP3 was 6 in. (152 mm) thick and was constructed with eight No. 5
longitudinal reinforcing bars at the west boundary and fourteen No. 4 longitudinal reinforcing bars
at the east boundary. For specimen WP3, the spacing of boundary transverse reinforcement
(s/d»=6) was larger than WP1, for which s/dy, was 3.2 at west boundary (No. 5 longitudinal
reinforcement; dp=0.625 in. [15.9 mm]) and 4.0 at the east boundary (No. 4 longitudinal
reinforcement; dp=0.5 in. [12.7 mm]). The observed behavior for WP3 was similar to WP1 and
WP?2 during loading cycles up to, and including, +/-1.0% rotation. Horizontal flexural cracking of
concrete was first observed at the west and east boundaries of the wall at +0.048% rotation
and -0.050% rotation, respectively. Tension strains in excess of the yield strain reported in Table
4-3 were indicated by strain gages attached to longitudinal reinforcement +0.19% and -0.19%

rotation at the east and west boundaries, respectively. The maximum measured lateral strength in
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the positive and negative loading directions were 1.1M; and 1.01M, respectively, and occurred at
+1.38% and -1.38% rotation, respectively.

At the west boundary of WP3, minor crushing of the boundary region and buckling of the two No.
5 longitudinal bars closest to the west edge of the wall were observed at +1.5% rotation during the
second loading cycle (Figure 5-8a). During the same loading cycle, at -1.5% rotation, buckling of
the four No. 4 longitudinal bars closest to the east edge of the wall was observed. During the third
cycle to +1.5% rotation, crushing of the confined region and a portion of the wall web occurred at
the west boundary just prior to reaching +1.5% rotation. All eight No. 5 longitudinal bars and four
web vertical bars buckled (Figure 5-8b and Figure 5-8c). While loading to -1.5% rotation a third
time, three of the eight buckled No. 5 bars at the west boundary fractured in tension prior to
reaching -1.5% rotation. As loading continued in the negative direction, an abrupt compression
failure occurred at -1.22% rotation, and buckling of all fourteen No. 4 boundary longitudinal bars
and four web vertical bars was observed. The lateral strength just prior to the abrupt failure was
approximately 68% of the peak strength measured in previous cycles. An additional cycle was
attempted in the positive loading direction. At approximately +0.6% rotation, crushing occurred
along the full length of the wall and buckling of all boundary and web longitudinal reinforcement
occurred (Figure 5-9). Lateral residual capacity immediately dropped to nearly zero, and the axial
capacity instantaneously dropped by approximately 60% from 0.10Ac/"c to 0.04Acf"c. A photo of
the specimen following the axial failure is shown in Figure 5-9a. Web longitudinal reinforcement
was buckled over a height of approximately 12-15 in. (305-356 mm), or about 32d»-40dy (Figure
5-9b). As shown in Figure 5-9c, web longitudinal reinforcement was placed outside of transverse

reinforcement (i.e., detail WEB-1), a detail that provided no lateral restraint to suppress buckling
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once concrete crushing/spalling occurred. Photos of the front and rear faces of the wall, at the end

of the test, are shown in Figure 5-10.

Rebar

ot buckling

©)

Figure 5-8: Specimen WP3 damage progression at west boundary — a) Concrete
crushing/spalling and slight buckling of reinforcement at west edge of wall (+1.5% rotation,
cycle 2); b) Buckling of No. 5 longitudinal reinforcement at west boundary (+1.5% rotation,

cycle 3); and c¢) Boundary and web crushing and longitudinal reinforcement buckling (+1.5%
rotation, cycle 3)
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Figure 5-9: Specimen WP3 web damage — a) Crushing of concrete and buckling of
longitudinal reinforcement (after test); b) Close up of web longitudinal reinforcement
buckling; and ¢) WP3 web detail (WEB-1) with longitudinal reinforcement placed outside of
transverse reinforcement

a) b)

Figure 5-10: Specimen WP3 — a) Photo of front (south) face of specimen after test; and b)
Photo of rear (north) face of specimen after test
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5.2.4 Specimen WP4

Specimen WP4 was designed for a compression depth, determined for an extreme fiber
compression strain of 0.003 and an axial load of 0.10Acf"c, of approximately 30% of the length of
the wall (i.e., c/lw=0.3), which is about 1.5 times the compression depth for the rectangular
specimens. To do so, WP4 was constructed with an enlarged boundary at the east end of the wall
and a larger quantity of longitudinal reinforcement at the east boundary than at the boundaries of
specimens WP1, WP2, and WP3. The web of the wall and the west boundary were 6 in. (152 mm)
thick, and the east (flange) boundary was 22 in. (559 mm) thick. Due to the asymmetric cross-
section and longitudinal reinforcement, different behavior was observed for loading in the positive
loading direction (flange in tension) and negative loading direction (flange in compression).
Horizontal flexural cracking of concrete was first observed at the west and east boundaries of the
wall at +0.054% rotation and -0.060% rotation, respectively. Tension strains in excess of the yield
strain reported in Table 4-3 were indicated by strain gages attached to longitudinal reinforcement
+0.21% and -0.21% rotation at the east and west boundaries, respectively. The maximum measured
lateral strength in the positive and negative loading directions were 0.99Mp, measured at +0.91%
rotation, and 1.0M,, measured at -2.9% rotation.

During the first loading cycle to +1.5% rotation, at a rotation of +1.32%, an abrupt compression
failure (concrete crushing and reinforcement buckling) was observed at the west (web) boundary,
and the lateral load-carrying capacity dropped to approximately 15% of the peak lateral strength.
Damage extended horizontally from the west edge of the wall nearly two-thirds the length of the
wall (58 in. [147 cm]). When loose concrete was removed, it was observed that several No. 3 web
longitudinal bars buckled over a height of approximately 15 in. (381 mm), or about 40ds (Figure

5-11a). Prior to the failure, no visible signs of lateral (out-of-plane) deformation were evident;
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however, as crushing occurred, the compression zone deformed out-of-plane (Figure 5-11b). A
maximum out-of-plane displacement of 2.25 in. (57.2 mm) was measured approximately 8 in.
(20.3 cm) above the wall footing.

While loading monotonically in the negative direction, minor crushing of cover concrete at the
east edge of the wall was observed at approximately -2.5% rotation, and fracture of at least one
longitudinal bar at the west (web) boundary occurred. The wall was unloaded after reaching -2.9%
rotation with no signs of further damage at the east (flange) boundary. An additional cycle was
conducted in the negative direction, during which several web and west boundary longitudinal bars
fractured in tension. At -3% rotation, the measured lateral strength was approximately 80% of the
peak capacity measured in previous cycles. When the test was stopped, damage at the east
boundary consisted only of minor crushing of cover concrete along the east edge of the wall (Figure
5-11c and Figure 5-11d). Photos of the front and rear faces of the wall, taken after the test, are
shown in Figure 5-12. Buckling of unsupported web longitudinal reinforcement is evident in

Figure 5-12a over the full height over which crushing of concrete occurred.
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plane

Figure 5-11: Specimen WP4 damage — a) Boundary/web crushing, b) Out-of-
displacement of web boundary, c) Flange after the test; and d) Minor crushing of cover

concrete at flange boundary
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a) b)

Figure 5-12: Specimen WP4 — a) Photo of front (south) face of specimen after test; and b)
Photo of rear (north) face of specimen after test

5.2.5 Specimen WP5

Specimen WP5 was constructed with a 6 in. (192 mm) thick web along the east half of the wall,
and a thicker web (7.5 in. [191 mm]) along the west half of the wall. Continuous transverse
reinforcement was used for confinement at both boundaries, and all web longitudinal
reinforcement was supported by a cross-tie and placed inside of transverse bars. Additionally, the
quantity of boundary transverse reinforcement provided at both boundaries was approximately
twice as much as required by ACI 318-14, whereas boundary transverse reinforcement for
specimens WP1-WP4 was close to the minimum allowed. To achieve a compression depth of
approximately 20% of the length of the wall (c/lw=0.2), the applied axial load was different in the
two loading directions. For loading in the positive direction, causing compression at the 7.5 in.
(191 mm) thick boundary, the applied axial load was 337.5 kip (1501 kN). In the opposite loading
direction, causing compression at the 6 in. (152 mm) thick boundary, the applied axial load was

the same as specimens WP1-WP4 (270 kip; 1201 kN).
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Horizontal flexural cracking of concrete was first observed at the boundaries of the wall at
+0.058% rotation and -0.049% rotation. Strain gages attached to longitudinal reinforcement
indicated that tension strains in excess of the yield strain reported in Table 4-3 were reached at
+0.22% and -0.22% rotation at the east and west boundaries, respectively.

Two complete cycles to +/-2% rotation were completed without strength loss. The maximum
lateral strength measured in the positive loading direction (1.21My) and negative loading direction
(1.16Mp) occurred at +2% rotation and -2% rotation, respectively. Crushing and spalling of cover
concrete at both wall boundaries was observed during +/-2% rotation cycles, but no damage to the
confined core was evident at either boundary. At -2% rotation (cycle 2), slight buckling of
longitudinal bars at the east boundary was observed at the base of the wall (Figure 5-13a and Figure
5-13b), although no sign of strength loss was evident. In the following half loading cycle to +3%
rotation (cycle 1), three of the previously buckled longitudinal bars at the east boundary ruptured
in tension, causing an 18% drop from peak strength at the time loading was stopped at +3%
rotation. The first fracture occurred at approximately +1% rotation, and two additional bars
fractured prior to reaching +3% rotation (Figure 5-13c). A photo of the front face of the specimen
at +3% rotation (cycle 1) is shown in Figure 5-13d. Up to this point, the wall was stable in
compression, and crushing/spalling of concrete was limited to the boundary of the wall; that is,
damage in the unconfined web region was not observed up to this point.

While loading in the negative direction to -3% rotation (cycle 1), the east boundary (compression
zone) began to slide out-of-plane, apparently due to the eccentricity caused by rupture of
longitudinal reinforcement and asymmetric crushing/spalling of concrete. The out-of-plane
movement concentrated at the base of the wall where longitudinal bars had fractured in tension

while loading to +3% rotation (Figure 5-14a and Figure 5-14b). Figure 5-14b shows the lateral
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displacement between two pieces of a fractured longitudinal bar on the southeast corner of the
wall. A lateral displacement of approximately 2.75 in. (70 mm) was measured when loading was
terminated at -3% rotation. As compressive stresses began acting on the east edge of the wall,
crushing of concrete in the wall web and buckling of web longitudinal reinforcement were
observed (Figure 5-14c). Web longitudinal bars buckled between transverse reinforcement, and
cross-ties, which provided lateral support at a spacing of 16ds (Figure 5-14d). When loading in the
negative direction was terminated at -3% rotation, residual capacity was approximately 36% of the
peak capacity.

Following failure at the east boundary, loading in the positive direction was conducted until +4%
rotation. While loading to +4% rotation, all longitudinal bars at the east boundary, as well as
several web longitudinal bars, fractured. Because so many vertical bars had fractured, very little
overturning demand was available to impose compressive stresses at the west boundary. In an
attempt to impose additional compression demands, an additional 70 kip (311 kN) of axial load
was applied. The test was stopped at +4% rotation with the wall still resisting approximately 52%
of its peak strength. Slight buckling of the two outermost longitudinal bars at the west edge of the

wall was observed, although very little additional damage was observed (Figure 5-15).
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Figure 5-13: Specimen WP5 damage progression at east boundary — a) Buckling of
longitudinal reinforcement (-2% rotation, cycle 2); b) Close up of slightly buckled longitudinal
bars (-2% rotation, cycle 2); ¢) Fracture of previously buckled longitudinal reinforcement
(+3% rotation, cycle 1); and d) Wall damage at +3% rotation (cycle 1)
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Figure 5-14: Specimen WP5 — a) Web crushing (-3% rotation); b) Out-of-plane movement of
east boundary at base of wall (-3% rotation); ¢) Buckling of longitudinal reinforcement in
web; d) Close up of buckled web longitudinal reinforcement; and €) WP5 web detail (WEB-3)
with longitudinal reinforcement supported laterally by cross-ties at 16ds
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Figure 5-15: Specimen WP5 damage at west boundary — a) Cover crushing/spalling and
buckling of longitudinal reinforcement (+3% rotation); and b) Final damage state at +4%
rotation

a) b)

Figure 5-16: Specimen WP5 — a) Photo of front (south) face of specimen after test; and b)
Photo of rear (north) face of specimen after test
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5.2.6 Specimen WP6

Specimen WP6 was 7.5 in. (191 mm) thick and was constructed with continuous transverse
reinforcement at the west boundary and outer hoops and 135°-135° cross-ties at the east boundary.
Web longitudinal reinforcement was placed inside of transverse reinforcement, and cross-ties were
provided on the west half of the wall. A constant axial load of 337.5 kip (1501 kN) was applied
for the duration of the test. Horizontal flexural cracking of concrete was first observed at the
boundaries of the wall at +0.047% rotation and -0.037% rotation. Strain gages attached to
longitudinal reinforcement indicated that tension strains in excess of the yield strain reported in
Table 4-3 were reached at +0.25% and -0.22% rotation at the east and west boundaries,
respectively.

Two complete cycles were completed to +/-2% rotation prior to significant strength loss. The peak
lateral strength measured in the negative loading direction (1.20M;) occurred at -2% rotation
(cycle 1). A small reduction in strength was observed at +2% rotation (cycle 2), at which time
buckling of longitudinal reinforcement at the west edge of the wall was observed between hoops
located 3 in. (76 mm) and 5 in. (127 mm) above the footing (Figure 5-17a). While loading to -2%
rotation in the following half load cycle, the bar at the southwest corner fractured at approximately
-0.25% rotation (Figure 5-17b). At — 2% rotation, the measured load was approximately 95% of
the peak strength from previous cycles, and visible damage at the east boundary consisted only of
crushing/spalling of cover concrete when loading was reversed at -2% rotation. While unloading
from -2% rotation (cycle 2), out-of-plane movement of the west boundary was observed while
horizontal flexural cracks were still open. The movement was in the north direction, towards the
rear face of the wall, and maximum out-of-plane displacements appeared to occur above a height

of approximately 15 in. (381 mm) above the footing. Buckling of the two non-fractured bars at the
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west edge of the wall was observed at approximately +0.5% rotation, and out-of-plane
displacement of the west boundary became more apparent as buckling became more severe. The
wall appeared to realign vertically at larger rotations, and the maximum measured lateral strength
in the positive loading direction (1.22M;) was measured at +3% rotation. While loading in the
negative direction to -3% rotation, several more longitudinal bars fractured in tension (Figure
5-17¢). When loading was reversed at -3% rotation, the measured lateral strength was 71% of the
peak capacity. While attempting to reload to +3% rotation (cycle 2), out-of-plane movement of the
west boundary occurred near the base of the wall. Similar to what was observed for specimen
WP5, the out-of-plane movement appeared to occur due to lateral sliding along a flexural crack at
the height where longitudinal reinforcement previously fractured in tension. Crushing of the wall
web and buckling of web longitudinal bars were observed over more than half the length of the
wall (Figure 5-17d).

At the east boundary of WP6, out-of-plane movement of the compression zone was observed while
unloading from +3% rotation during the first cycle. The out-of-plane movement occurred while
horizontal flexural cracks were open and maximum out-of-plane displacements occurred near
midheight of the wall panel, approximately 40 in. (1016 mm) above the footing. As the horizontal
cracks closed, out-of-plane movement decreased and was no longer visible. Buckling of
longitudinal reinforcement and crushing of the confined boundary occurred just prior to reaching
-3% rotation (cycle 1). A small, abrupt drop in strength occurred, and at least four longitudinal
bars buckled (Figure 5-18a). While loading to +3% rotation (cycle 2), the three outer bars fractured
in tension. During the second cycle to -3% rotation, the remaining longitudinal bars at the east

boundary buckled, and crushing of the confined core occurred. Figure 5-18b shows the state of the
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east boundary following the test, and photos of the front and rear faces of the wall, taken at the end

of the test, are shown in Figure 5-19.
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Figure 5-17: Specimen WP6 damage progression at west boundary — a) Buckling of
longitudinal reinforcement (+2 % rotation, cycle 2); b) Fracture of longitudinal bar at
southwest corner of wall (-2% rotation, cycle 2); c) Fracture of all boundary longitudinal
reinforcement (-3% rotation); and d) Out-of-plane sliding of west boundary and web
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Figure 5-18: Specimen WP6 damage at east boundary — a) Concrete crushing and buckling of
longitudinal reinforcement (-3% rotation, cycle 1), b) Damage state at end of test

Figure 5-19: Specimen WP6 — a) Photo of front (south) face of specimen after test; and b)
Photo of rear (north) face of specimen after test
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5.2.7 Specimen WP7

Specimen WP7 was very similar to WP6 except that it was 9 in. (229 mm) thick. A constant axial
load of 405 kip (1802 kN) was applied for the duration of the test. Horizontal flexural cracking of
concrete was first observed at the boundaries of the wall at +0.051% rotation and -0.044% rotation.
Strain gages attached to longitudinal reinforcement indicated that tension strains in excess of the
yield strain reported in Table 4-3 were reached at +0.23% and -0.22% rotation at the east and west
boundaries, respectively.

Two complete cycles to +/-2% rotation were completed without significant strength loss. In the
negative loading direction, peak lateral strength (1.15Mn) was measured at -1.79% rotation. During
loading cycles to +/-2% rotation, while unloading from +2% rotation (cycle 2), a small out-of-
plane movement of the east boundary of the wall was observed while horizontal flexural cracks
were open at the east boundary. The maximum out-of-plane displacement appeared to occur
around midheight of the wall panel, approximately 40 in. (1016 mm) above the footing. As the
cracks closed, the out-of-plane movement decreased and was no longer visible. Figure 5-20a shows
the out-of-plane rotation measured between sensors on the front and rear faces of the specimen at
the east edge of the wall. The reported out-of-plane rotation was measured between 14 in. (356
mm) and 44 in. (1118 mm) above the specimen footing, which is the region where the largest out-
of-plane displacements were observed. Prior to the 2% rotation cycles, maximum out-of-plane
rotations were approximately 0.25%. While unloading from +2% rotation, out-of-plane rotation
began to increase as in-plane rotations less than +1.3% were measured. In Figure 5-20b, it can be
seen that an in-plane rotation of +1.3% (indicated by a marker on Figure 5-20a and Figure 5-20b)
corresponds to the transition point between positive moment and negative moment. At this time,

flexural cracks were still open and compressive stresses at the east boundary were resisted
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primarily by the reinforcing bars. As unloading continued past +1.3%, out-of-plane rotations
increased until an in-plane rotation of +0.5% was reached, at which time an out-of-plane rotation
of 0.6% was measured. As indicated by the second marker in Figure 5-20b, a change in stiffness
is evident at +0.5% rotation, indicating flexural cracks were closing. As the cracks closed, the out-

of-plane rotation decreased (Figure 5-20a) and the wall remained stable in compression.
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Figure 5-20: East boundary out-of-plane rotation behavior — a) Measured in-plane rotation
vs. out-of-plane rotation measured over height of 14”-44” above base, and b) In-plane rotation
vs. base moment

At -2% rotation, buckling of the two corner bars at the east edge of the wall was observed between
hoops located 5 in. (127 mm) and 7 in. (178 mm) above the footing (Figure 5-21a). During the
next loading cycle, an out-of-plane rotation of almost 2% was observed as unloading from +3%
rotation occurred. Again, the out-of-plane movement decreased once the horizontal cracks closed.
Severe buckling of all three outer longitudinal bars at the east boundary was observed as the
applied rotation approached -3%. At -2.98% rotation, abrupt crushing of the east boundary was
observed (Figure 5-21b-d). Following the failure, the east boundary had moved out-of-plane in the
direction in which out-of-plane movement was observed previously (Figure 5-21d). A

displacement of just under 2 in. (51 mm) was measured approximately 24 in. (610 mm) above the
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footing.. Longitudinal bars at the east boundary buckled and the three confining hoops located
between 7 in. (178 mm) and 11 in. (279 mm) above the footing fractured. Several 135° cross-tie
hooks were opened at the height where rebar buckling occurred. Two rows of longitudinal web
bars were visibly buckled over the height between web transverse reinforcement. Damage
extended approximately 36 in. (914 mm; 0.40ly) from the east edge of the wall.

The maximum lateral strength measured in the positive loading direction (1.24M,) occurred at
+2.67% rotation. Following failure at the east boundary, monotonic loading was conducted to
+4.5% rotation. All east boundary longitudinal reinforcement and a few web bars fractured. At
+4.5% rotation, residual lateral strength was 44% of the peak strength. Figure 5-22 shows the state
of the west boundary at the end of the test. Longitudinal reinforcement at the west edge of the wall
buckled; however, the west boundary remained stable in compression and supported residual

lateral strength and axial load to +4.5% rotation.
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Figure 5-21: Specimen WP7 east boundary damage progression — a) Crushing of concrete and
buckling of longitudinal reinforcement (-2% rotation, cycle 2); b) Boundary and web crushing
damage (-3% rotation); c) Close up of damaged compression zone; and d) Out-of-plane
movement
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Figure 5-23: Specimen WP7 — a) Photo of front (south) face of specimen after test; and b)
Photo of rear (north) face of specimen after test
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Chapter 6  Analysis of Experimental Data and Discussion of Test Results

A detailed analysis of experimental data is presented in this chapter. To begin, a brief discussion
of the observed behavior is provided, followed by an analysis of the observed failure modes. In
the following sections, the flexural and shear components of the wall panel lateral deformations
are presented. Based on the methods used to determine flexural and shear deformations, effective
flexural and shear stiffness values are calculated at various wall rotation levels. Suitable effective
stiffness values are then used to estimate elastic deformations above the wall panel region (i.e.,
plastic hinge) of the wall specimens to enable a direct comparison to tests conducted on cantilever

walls.

6.1 Discussion of Observed Behavior

All seven specimens were designed for relatively low shear stress, making it possible to study wall
flexural behavior. For specimens WP1-WP4, which were the thinnest walls tested (b=6 in. [152
mm]), brittle flexural-compression failures occurred at plastic rotations ranging between 1.1% and
1.4%. Upon failure, residual lateral strength abruptly fell to near zero and the walls were no longer
able to support the design axial load. Specimens WP5-WP7 were able to achieve plastic rotations
between 1.8% (WP5) and 2.8% (WP7) prior to strength loss, which are about 1.3 and 2.0 times the
rotation capacity of WP1. For comparison, ASCE 41 modeling parameters indicate that all of the
specimens, except WP4, would maintain 75% of the nominal flexural capacity up to plastic
rotations of 2%, which was not the case for any of the 6 in. (152 mm) thick walls, including WP5.
The improved deformation and residual capacities for specimens WP5-WP?7 is attributed to better
detailing of boundary transverse reinforcement (specimen WP5), wall thickness (WP6 and WP7),
and better detailing in wall webs. Unlike WP1-WP4, specimens WP5-WP7 generally demonstrated

the ability to support lateral residual loads after strength loss was observed, especially when
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improved boundary and web detailing was used (e.g., specimen WP5 and loading in negative
direction for WP6 and WP7). For specimens WP6 and WP7, stable buckling of longitudinal
reinforcement was observed at wall boundaries. In contrast, rapid loss of strength was observed
following initial bar instability for the 6 in. (152 mm) thick walls, including WP5 (east boundary).
For WP1-WP4, slight buckling of longitudinal reinforcement was accompanied by abrupt crushing
of the confined boundary or out-of-plane instability. The enhanced confinement detail for WP5
(i.e., continuous transverse reinforcement) prevented compression failure, and the slightly buckled
bars ruptured in tension in the following half load cycle. Test results for WP5 demonstrated
moderately improved deformation capacity; however, it is noted that the quantity of boundary
transverse reinforcement (Ash) was twice the amount required by ACI 318-14, and continuous
boundary reinforcement (similar to overlapping hoops) was used. Thus, although it may be
possible to improve the deformation capacity of thin walls, the quantity of the boundary transverse
reinforcement required may not be practical or economical. On the other hand, even greater
improvement in deformation capacity was achieved by increasing wall thickness (WP6 and WP7)
without increasing Ash Or using continuous transverse reinforcement

6.2 Analysis of Observed Failure Modes

For all seven specimens, strength loss was associated with flexural-compression behavior (i.e.,
concrete crushing and longitudinal reinforcement buckling) and/or flexure-tension behavior (i.e.,
rupture of longitudinal reinforcement), indicating axial (flexural) compression and tension strain
limits were reached. In Figure 6-1, strain profiles are presented at various hinge rotation levels for
the walls. The results for specimens WP1 and WP2 were nearly identical, so strain profiles are
shown for WP1 only. The reported strains were measured by vertical sensors at five locations

along the length of the walls (Figure 4-15 through Figure 4-18), over a gage length of
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approximately one-half the length of the wall (44 in.; 1118 mm). The 44 in. (1118 mm) gage length
corresponds to sensor Levels 1 through 3 in Figure 4-15 through Figure 4-18. Figure 6-1 indicates
compression depths were approximately 15-19 in. (0.171,-0.21lw; 381-483 mm), except for
specimen WP4 (c/lw~0.3). Thus, for a given rotation/curvature demand, strains were similar.
Because the rotation capacities of WP5-WP7 were considerably larger than those of WP1-WP4,
extreme fiber strains were generally larger for WP5-WP7, as compared to WP1-WP4, prior to

strength loss.
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Figure 6-1: Axial strain profiles at various hinge rotation levels (strains measured over gage
length equal to Iw/2 [44 in.; 1118 mm])

At the boundaries of all seven walls, softening in the compression zones occurred, and
compression strains concentrated over a short height near the base of the walls. Figure 6-2

demonstrates this behavior at the east boundary of specimen WP1 (Figure 6-2a) and at the east
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boundary of WP7 (Figure 6-2c), which are representative of the behavior of the seven walls.
Average compression strain measurements vs. base overturning moment are shown over two
different heights above the specimen footing: Level 1 as indicated in Figure 4-15 (0-14 in.; 0-356
mm), where inelastic compression strains concentrated, and Levels 2 through 3 (14-44 in.; 356-
1118 mm). The strains reported in Figure 6-1 and Figure 7-4 are average strains over these two
heights (0-44 in.; 0-1118 mm) and are included in Figure 6-2 for comparison. For both walls, initial
softening near the base of the wall (0-14 in.) was observed following compression yielding of
longitudinal reinforcement at approximately 0.25% rotation, corresponding to an average
compression strain of approximately 0.002. At larger rotation demands, all inelastic compression
strain developed in the softened region, and strain unloading occurred above the softened region
as strength loss occurred. Prior to failure, sensors in the softened region measured compression
strains of 0.025 for specimen WP1 and 0.036 for specimen WP7. Compression strains measured
by sensors above the softened region did not exceed 0.002 at any point in the test.

Figure 6-2b and Figure 6-2d compare the measured axial compression strains in the softened
region (Level 1: 0-14 in.) to transverse strains from a cross-tie located at a height of 9 in. (229 mm)
above the footing (designated T2-E in Figure 4-19 and Figure 4-24). A rapid increase in cross-tie
strain was observed as axial strains concentrated in the softened region. For WP1, cross-tie strains
in excess of 0.03 were measured just before the strain gage broke at 1.87% rotation. For WP7,
similar behavior was observed, although transverse (tie) strain demands were lower than those
observed for WP1. As discussed in Chapter 5, opening of cross-tie hooks was observed following
crushing/spalling of cover concrete, and fracture of cross-ties was only observed in a few cases.
As shown in Figure 6-2, significant cross-tie strains were measured in the damaged region of the

wall prior to pullout of the cross-ties, indicating the cross-ties were relatively effective prior to
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failure. However, once cover concrete spalled, cross-tie hooks were vulnerable to opening, even

for cross-ties with 135°-135° hooks.

In Figure 6-3, measured transverse cross-tie strains and extreme fiber axial compression strains
are shown for specimens WP1 (b=6 in.), WP6 (b=7.5 in.), and WP7 (b=9 in.) at various loading
levels. For specimens WP6 and WP7, the reported values are for the negative loading direction,
causing compression at the east boundary which was constructed with a single outer hoop and
cross-ties for confinement. Axial strains were measured over Level 1 (0-14 in.; 0-356 mm), as
indicated in Figure 4-15, where compression damage was concentrated. The reported transverse
strains are for the most heavily strained cross-tie which was gage T2-E at a height of 9 in. (229
mm) above the footing for all three specimens (Figure 4-19 through Figure 4-24). Figure 6-3
indicates that as wall thickness increases, transverse strains decrease for a given axial strain. The
trend shown in Figure 6-3 may be attributed to the relative quantity of unconfined cover concrete
for the specimens. Concrete cover was the same for all three specimens (cc=0.5 in. [13 mm]). As
such, the post-spalled thickness (b-2cc) accounted for a greater percentage of the gross thickness
(b) in the thinner specimens. Thus, it is anticipated that the effect of cover crushing/spalling in the
thinner sections may have imposed larger axial demands on longitudinal bars, making them more

vulnerable to instability and, therefore, imposing larger transverse strain demands on cross-ties.
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Figure 6-2: Softening behavior at wall boundaries —a) WP1 moment vs. compression strain
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Figure 6-3: Influence of wall thickness on axial compression strain and transverse cross-tie
strain

Figure 6-4 compares strain measurements for transverse reinforcement at the east and west

boundaries of specimen WP7 at various rotation levels. The reported strains in Figure 6-4 were
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measured on transverse reinforcement located at a height of 9 in. (229 mm) above the footing
(Figure 4-24), the height at which transverse strains were largest. In the negative loading direction,
causing compression at the east boundary (hoop and cross-tie [Detail BE-3]), strain gage T1-E-9
(hoop strain at the east boundary height of 9 in. above footing) reached yield strain at
approximately 1.2% rotation, and strain gage T2-E-9 (cross-tie) reached yield at approximately
1.7% rotation. Beyond 2% rotation, a rapid increase in cross-tie strains (gages T2-E-9, T3-E-9,
and T4-E-9) occurred, which may be attributed to bar instability which was first observed at 2%
rotation. In the positive loading direction, causing compression at the west boundary (continuous
transverse reinforcement [Detail BE-4]), transverse strains were smaller for a given rotation level,
even though axial compression strains were nearly identical in the two loading directions (Figure
6-1). Based on Figure 6-4, it appears transverse strains became disproportionately large at the
locations of cross-ties at the boundary with the hoop and cross-tie detail, whereas the continuous
transverse reinforcement detail appears to provide more uniformly distributed transverse strains.
As a result, the boundary with continuous transverse reinforcement remained stable in
compression, even after bar buckling occurred. In contrast, abrupt crushing of the east boundary

(hoop and cross-ties) was observed.
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Figure 6-4: Specimen WP7 boundary transverse reinforcement strain measurements — a)
Behavior of cross-ties vs. continuous transverse reinforcement; b) Strain gage layout

For specimens WP1 and WP2, failures associated with out-of-plane instability of the compression
zone were observed. In Figure 6-5, the axial strain history at the west boundary of WP1 is shown
over the bottom 44 in. (i.e., Levels 1-3; 0-1118 mm) of the wall on the front (north) and rear (south)
faces of the specimen. Throughout the test, average axial strains were nearly identical on the front
and rear faces of the wall (Figure 6-5a). However, as shown in Figure 6-5b, in the region where
concrete crushing and rebar buckling was observed (Level 1: 0-14 in. [0-356 mm]), axial
compression strains were significantly different on the two sides of the wall. As a result, out-of-
plane rotation occurred over the short height of the damaged region of the wall (Figure 6-5c).
Photos of significant damage states are shown in Figure 6-5d and indicated in Figure 6-5c. The
first sign of substantial out-of-plane rotation coincided with vertical cracking and spalling of
concrete on the southwest corner of the wall at +0.5% rotation. In the following cycles, an increase

in out-of-plane rotation was evident at peak compression points (indicated by markers in Figure
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6-5¢) because damage was primarily concentrated on the south face of the wall. At +1.5% rotation,
crushed concrete on the north face spalled off and slight buckling of the two longitudinal bars at
the west face of the wall was observed. The out-of-plane failure was observed in the following
cycle, with out-of-plane rotation occurring primarily over two or three hoop spacings at the
location where buckling of longitudinal reinforcement initiated in the previous cycle. Previous
studies on lateral instability of thin walls (Paulay, et al., 1993; Chai, et al., 1999) have explored a
“global buckling” mode by which out-of-plane deformations occur over a significant height (i.e.,
plastic hinge length), influenced by slenderness (hu/b) and inelastic tension strain demand (ew). It
is noted that the east boundary of specimen WP5, which was the same thickness and height as
WP1 and WP2 (hs/b=14), remained stable even though the tension strain demand for WP5
(ew=0.045) was nearly double that of WP1 and WP2 (£w<0.03). Thus, instabilities for WP1 and
WP2 were likely influenced primarily by asymmetric crushing/spalling of concrete and buckling
of longitudinal reinforcement. Detailed studies conducted following the 2010 earthquake in Chile
indicate that this instability mode, initiated by concrete crushing, was likely the cause for
instability in many walls in Chile (NIST, 2014). It is noted that a minimum wall thickness
requirement (b>h,/16) was added to ACI 318-14 (and was previously in UBC-97), which all seven
test specimens satisfied. Based on the performance of WP1 and WP2, it may be necessary to

modify the wall thickness requirement to account for additional variables such as drift demand.
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Figure 6-5: Out-of-plane behavior at west boundary of specimen WP1 — a) Average axial
strain over Levels 1-3 (0-44 in.); b) Axial strain in Level 1 (0-14 in.); c) Out-of-plane rotation
in Level 1; and d) Damage states: (1) Vertical cracking and spalling on southwest corner
(+0.5% rotation), (2) Minor cover crushing on north face (+1% rotation), (3) Cover spalling
and rebar buckling (+1.5% rotation, cycle 1), and (4) Out-of-plane instability

6.3 Components of Lateral Deformation

In this section, the total measured lateral displacement at the top of the wall panels is presented,
and the contributions of flexural and shear deformations to total wall lateral deformations are
described. The lateral displacement at the top of the wall panel specimens can be expressed as the
sum of flexural deformations (6¢) and shear deformation (5s). Flexural deformations include
rotation/curvature along the height of the wall (3+wan), as well as slip/extension (strain penetration)

of longitudinal reinforcement at the wall-footing interface (Jfpase). Shear deformations include pure
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translation (shear distortion) along the height of the wall (dswan) and shear sliding along the wall-

footing interface (3 siide).

0,

ot 5 | +§f,base + s,wall +5s,slide 6.1

f,wal
Experimentally measured base moment/shear versus total top lateral displacement (3tt) and drift
ratio responses are presented in Figure 6-6 for all seven specimens. The reported displacements
were measured 82 in. (2083 mm) above the base of the walls, which is approximately the middle
of the second story in the full-height prototype wall. As such, the drift ratios are essentially first
story interstory drift ratios. Brittle compression failures were observed for specimens WP1-WP4,
which were all 6 in. (152 mm) thick, prior to reaching interstory drift ratios expected for Design
Earthquake (DE) and Maximum Considered Earthquake (MCE) demands, which could approach
2% and 3%, respectively. Compression failures were also observed for specimens WP6 and WP7,
which were 25% and 50% thicker than WP1-WP4; although, interstory drift ratios of at least 3%

were measured prior to failure.
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Figure 6-6: Base moment/shear vs. top lateral displacement measured 82 in. (2083 mm) above
wall footing (conversion: 1 in. = 25.4 mm, 1 kip=4.448 kN, 1 kip-ft=1.356 kN-m)
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6.3.1 Flexural Deformations

The flexural contribution to the total lateral displacement at the top of the specimens may be
determined as the sum of the contributions from rotation measurements at individual sections (6i)
along the height of the specimen (Eqn. 6.2). Individual section rotations are assumed to occur

about the centroid of the curvature distribution for the particular section (>_<i )

5f,wa|| :ZHi(h_)_(i) 6.2
i=1

As shown in Figure 6-7, the average rotation over an individual section height (Egn. 6.3) is
determined as the difference in axial displacement, measured by sensors at the two ends of the wall
(V1-V2), divided by the horizontal distance between the sensors (l1-2), which is approximately equal

to the length of the wall.

6.3

A
A4

Figure 6-7: Average rotation over individual section/sensor height

At sections where the response is essentially linear elastic, the flexural stiffness may be assumed

as constant over the section height ( El (y) = EI ), in which case curvature is directly proportional
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to moment (i.e., 4,(y) =M(y)/El). Thus, x; is easily determined based on the known moment

distribution. At yielding sections, the curvature distribution is nonlinear (i.e., inelastic curvature),
and the centroid must either be estimated or determined experimentally using an adequate number
of sensors to capture the inelastic response. The layout of sensors used to measure wall rotations
and lateral drift at the top of the specimens is shown in Figure 6-8, which is an abridged version
of the LVDT layouts shown in Figure 4-15 through Figure 4-18. Based on the suggestion of
Massone and Wallace (2004), four pairs of sensors were used in the assumed plastic hinge region
(I,=1w/2), designated Section A, to adequately capture the distribution of inelastic curvature. A
single pair of sensors was used in Section B because inelastic curvature was expected to be
relatively small above Section A. The lateral displacement/drift at the top of the specimen, reported

in Figure 6-6, was measured by the horizontal sensor shown in Figure 6-8.

I Section B I 38" Level 4
. I 18" Level 3
I Section A | 12" Level 2
| l 14" Level 1

Figure 6-8: Section heights and sensors used to measure section rotations
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Curvature profiles are shown in Figure 6-9 at various rotation levels for each test specimen.
Average curvature at each sensor height (Levels 1 through 4 in Figure 6-8) was determined as the
average rotation (i) divided by the gage length of the sensor (shown in Figure 6-8). For specimens
WP1-WP4, average curvature measurements above the assumed plastic hinge region (Section B)
reached no more than about two to three times the yield curvature; thus, for those specimens, it is
reasonable to approximate the centroid of Section B based on the moment distribution (i.e.,
assuming constant stiffness over Section B). The moment distribution over Section B is
trapezoidal, and the moment at the bottom of the section is approximately 1.15 times the moment

at the top of the section. Based on the trapezoidal moment distribution, the elastic centroid of the

section is located at a height Xe = 44" 0.48(38") =62.6" above the wall footing. This is essentially

midheight of Section B, which is at 63 in. (1575 mm) above the wall footing; thus, for simplicity,
Xg = 63" was assumed. For specimens WP5-WP7, average curvature measurements in Section
B reached up to approximately eight times the yield curvature, which was much larger than those
measured for WP1-WP4. Because significant inelastic curvature was measured in Section B, it
appears that more sensors should have been used to better capture the inelastic curvature profile in
Section B. Because only one pair of sensors was used in Section B, it is not possible to capture
the distribution; however, because curvature measurements were substantially larger in Section A,
than in Section B, the computation of flexural deformations is not very sensitive to the selected
location of the centroid of Section B. Therefore, to determine flexural deformations, the centroid
in Section B was assumed as the centroid of the moment distribution (i.e., constant El assumed for

Section B), as was done for WP1-WP4.
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Figure 6-9: Curvature profiles at various rotation levels
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Base slip/extension at the wall-footing interface (dtpase) Was determined using sensors located at
the base of the walls (designated sensor numbers 6, 12, 25, and 31 in Figure 4-15 through Figure
4-18). The base slip sensors had a 2 in. (50.8 mm) gage length. As such, in addition to measuring
base slip/extension, the sensors also captured some wall rotation/curvature over the 2 in. (50.8)
gage length. The contribution attributed only to base slip/extension was approximated (Egn. 6.4)
by assuming that curvature is constant over Level 1 (0-14 in.; 0-356 mm), which includes the 2 in.
(50.8 mm) gage length of the base slip sensors and the 12 in. (305 mm) gage length of the first set
of wall rotation/curvature sensors (designated sensor numbers 7, 13, 26, and 32 in Figure 4-15

through Figure 4-18). Because slip/extension is concentrated at the base of the wall, &¢pase Was

calculate as base slip rotation (6siip) times the height (h) at which &¢pase is measured (Eqn. 6.4).

h 2" 2"
5f base — esliplﬂ| = E(Vslip,l _Vl (E)j - (Vslip,z _V2 (EJ] 6.4

The flexural component of the lateral deformation at the top of the specimens is presented in Figure
6-10. The displacements/drifts in Figure 6-10 include the contribution of base slip/extension,
calculated according to Eqgn. 6.4, as well as flexural deformations within Sections A and B, which
were calculated according to Eqgn. 6.2. At each loading step, the centroid of the inelastic curvature
distribution in Section A was calculated from the four pairs of vertical sensors at the ends of the
walls, and the centroid in Section B was assumed at midheight of Section B. For all seven walls,
the response was dominated by flexure which comprised about 70% of the total deformations
reported in Figure 6-6. The contribution of each component to the total lateral deformation is

discussed in more detail in Section 6.3.3.
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Figure 6-10: Flexural contribution to lateral displacement at top of specimen
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6.3.2 Shear Deformations

For simplicity, the shear contribution of lateral deformations was estimated using the relationship
in Egn. 6.5, which attributes any deformations not associated with flexure or shear sliding to shear
distortion of the wall panel.

- 5f wall - 5f ,base - é‘s,slide 65

Shear sliding deformations (3ssiide) Were measured directly using sensor number 24 in Figure 4-15
through Figure 4-18. It is noted that, because of the low shear stress demands on the walls, the
contribution of shear sliding was negligible (less than 2% of total response). The shear contribution
to the lateral deformation at the top of the specimens is presented Figure 6-11. Shear deformations
comprised approximately 30% of the total lateral response of the wall panel specimens, which is

discussed in more detail in Section 6.3.3.
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Figure 6-11: Shear contribution to lateral displacement at top of specimen

6.3.3 Percent Contribution of Lateral Deformation Components

Base Shear (kip) Base Shear (kip)

Base Shear (kip)

The relative contributions of wall flexural deformations (8rwai), base slip/extension (8fpase), and

shear (8s) are summarized at various hinge rotation levels, for loading in both directions, in Figure

6-12. The reported contribution of shear deformations includes sliding shear (Jssiige), Which



comprised less than 2% of the total lateral displacement at the top of the specimens. Beyond
approximately 1% hinge rotation, flexural deformations comprised about 60% of the total
response, on average, and base rotation comprised about 10% of the total response, on average.
Shear deformations made up approximately 30% of the total response. It is important to point out
that the wall panel specimens represented approximately the bottom 1.5 stories (i.e., plastic hinge
region) of an eight story cantilever wall. For a cantilever wall, inelastic flexural drift ratio is
relatively constant up the height of the wall due to plastic rotation within the plastic hinge region
(i.e., drp/hw=0p). In contrast, inelastic shear deformations result in pure translation, so shear drift
ratio decreases up the height of the wall. Thus, the contribution of shear to the drift at the effective
height, or at the top of the wall, in the full-height prototype wall is expected to be considerably
smaller than the values shown in Figure 6-12. Total lateral deformations at the effective height of

the walls are approximated in Section 6.5.
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Figure 6-12: Contributions of flexural and shear deformations to the lateral displacement at
the top of specimens

6.4 Effective Stiffness

Effective flexural and shear stiffness values were calculated for all seven walls in order to

determine suitable values to estimate elastic deformations above the wall panel height. Stiffness
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values were determined using the measured flexural deformation (i.e., rotation, 6) within the
assumed plastic hinge region (lp=Iw/2) — that is, within Section A, as indicated in Figure 6-8. The
measured rotations correspond to the hinge rotations reported in Figure 5-2, except that rotation
due to slip/extension at the wall-footing interface was not included in the stiffness calculations. A
relationship was derived (Eqns. 6.6 and 6.7), based on the free body diagram shown in Figure 6-13,
that relates the applied moment (Mtop), the applied lateral force (Fiop), and the rotation at the top of

the plastic hinge (at height Iy), to the effective flexural stiffness (Ele).

AV
— Ftop

V=
"M,

Figure 6-13: Free body diagram of wall panel specimens
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Figure 6-14 shows flexural stiffness measurements, normalized to the concrete modulus of

elasticity (Ec) times the gross section moment of inertia (lg), at various rotation levels for all seven

wall panel specimens. E¢ was approximated as 57,000,/ f . [psi] based on the recommendations of
ACI 318-14. Markers in Figure 6-14 indicate the effective stiffness values associated with initial
horizontal flexural cracking of concrete (Mbase=Mcr) and first yield of boundary longitudinal
reinforcement (Mbase=My). Figure 6-15 describes these two effective stiffness measurements based
on an idealized moment (M) vs. curvature (¢) relationship. The uncracked stiffness (Eluncracked),
calculated herein at the point when flexural cracking is first observed (Mpase=Mcr), is the slope
between the origin and the moment-curvature at flexural cracking (Mcr, dcr). The cracked stiffness
(Elcracked) is the slope between the origin and the yield point (My, ¢y). Based on the measured Elef
values (Figure 6-14) at flexural cracking (Mbase=Mcr) and first yield (Mbase=My), an uncracked
flexural stiffness of 0.7Eclg and a cracked flexural stiffness of 0.4Ecly appear reasonable to
approximate elastic flexural deformations. For comparison, ASCE 41-06 recommends uncracked
and cracked flexural stiffness values of 0.8Eclg and 0.5Eclq, respectively (ASCE/SEI, 2007). It is
noted that the 2013 version of ASCE 41 no longer provides a recommendation for uncracked

flexural stiffness (ASCE/SEI, 2014).
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Figure 6-14: Measured effective flexural stiffness (Elefr), normalized to Eclg, at various
rotation levels
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Figure 6-15: Effective uncracked and cracked flexural stiffness

Effective shear stiffness (GAeff) was determined based on the relationship in Eqgn. 6.8, which
relates GAess to the applied lateral (shear) force and the measured shear deformation (3s). Shear
deformation was measured over the height of the assumed plastic hinge region (lI,=Iw/2; Section A

in Figure 6-8), which explains the term “l,” in Eqn. 6.8. Shear deformations within Section A
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(Figure 6-8) were calculated based on the methods described in Section 6.3.2. Shear sliding
deformations at the wall-footing interface were not included in the stiffness calculations.

v,
GA, = 5 6.8

Figure 6-16 presents measured effective shear stiffness values, normalized to E. times the web
area of the wall (Ac=b'lw), at various rotation levels for all seven specimens. Like Figure 6-14,
markers indicate the values associated with flexural cracking (Mpase=Mcr) and first yield of
longitudinal reinforcement (Moase=My). The effective shear stiffness measurements demonstrate
more dispersion than the measured effective stiffness responses (Figure 6-14). The dispersion is
attributed to the fact that shear deformations were quite small; therefore, stiffness measurements
are sensitive to small differences in measured shear deformations. Figure 6-16 suggests that
effective shear stiffness values less than 0.2EcAcvy may be suitable. For comparison, ASCE 41-06
suggests an effective cracked and uncracked shear stiffness of 0.4EcAcy, wWhich is larger than
measured stiffness values for WP1-WP7 (ASCE/SEI, 2007). It is noted that the 2013 version of

ASCE 41 no longer provides a recommendation for uncracked shear stiffness (ASCE/SEI, 2014).
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Figure 6-16: Measured effective shear stiffness (GAeff), normalized to EcAcy, at various
rotation levels
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6.5 Lateral Drift at the Effective Height
The majority of slender wall tests have been conducted on cantilever specimens, which capture the
response of the plastic hinge region, as well as additional elastic or essentially elastic response
above the plastic hinge region. Specimens WP1-WP7 were so-called “wall panel” specimens
representing approximately the bottom 1.5 stories (essentially about twice the plastic hinge region)
of an eight story cantilever wall. To enable a direct comparison of the wall panel experimental
results to cantilever wall tests, lateral deformations were approximated at the effective height of
the walls. The effective height is defined herein as the ratio of the base overturning moment-to-
shear (hest=Mb/Vy), which is consistent with wall height (hw) for a cantilever wall test. The lateral
deformations at the effective height were calculated using the plastic hinge formulation in Eqn.
6.9, which expresses the total lateral displacement (5u@hesf) as the sum of the elastic drift at the
effective height (3e@hefr) and inelastic drift due to plastic rotation (6y), centered about the centroid
(x) of the inelastic curvature distribution.

9, @h, =0, @h, +6,(h, —X) 6.9
Plastic rotation and curvature distributions (Figure 6-9) were directly measured within the height
of the wall panel specimens, and it is assumed that only elastic deformations occur above the panel
specimen height. As shown in Figure 6-17, the elastic displacement at hett (Se@hesr) consists of
elastic drift within the wall panel region (Je,exp) and elastic drift above the wall panel (Se,upper). The
elastic displacement and rotation at the top of the “wall panel” region (Seexp and Oeexp) Were
measured in the laboratory; therefore, only &eupper Needs to be estimated. The height of the wall
panel region (hp in Figure 6-17) was 82 in. (2083 mm) for all seven specimens, which is the height

at which the lateral displacements and drift ratios reported in Figure 6-6 were measured. The lateral

loading pattern shown in Figure 4-9 (ASCE 7 Equivalent Lateral Force pattern) was assumed to
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calculate the story shear forces (Vsi) and moment distribution over each story. The lateral
displacement (3s,i)) and rotation (6s,) at the top of each story were calculated according to Eqns.
6.10 and 6.11, where Ms;i is the moment at the bottom of the story and hs is the story height, which
was assumed as constant at all stories. The elastic displacement at the effective height (8c@hefr)
was determined within the story coinciding with heg.

'vlsihs2 Vsih53 Vsihs
+O A 6.10
’ 2El, 6El, GA,

o,; =0,

S,i s,i-1

! Msihs Vsihs2
esi = Hsk + : - 611
TR, 2Bl

The displacement at the top of the second story, which is needed to determine the story
displacements in the upper stories, is calculated according to Eqgn. 6.12, and includes all

deformations within the wall panel region.

M, (2h, —82") V,,(2h, —82") V,,(2n, —82")
, _ s T+
2EI 6Elcracked GA;racked

6.12

O (2h, —82") +

s ,exp
cracked

The effective stiffness within each story was chosen based on whether the applied loading
produced flexural cracking (i.e., moment greater than the cracking moment; My>Mc) or an
uncracked section (Mu<Mc). Within the expected cracked region (h<h¢), cracked effective
stiffness values (Elcracked and GAcracked) Were used to determine elastic deformations, and above the
expected cracked region (h>hc), uncracked stiffness values (Eluncracked and GAuncracked) Were used.
At each loading step, the height over which cracking was expected (her in Figure 6-17) was
determined based on the moment distribution up the height of the wall; that is, her represents the
height at which My=Mgc. In Section 6.4, average uncracked and cracked flexural stiffness values
were shown to be approximately Eluncrackeds=0.7Eclg and Elcracked=0.4Eclg, respectively, which are

fairly consistent with ASCE 41 recommendations (Eluncrackes=0.8Eclg, Elcrackea=0.5Eclg). Average
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effective shear stiffness measurements at flexural cracking and first yield were approximately

GAuncracked:O.lSEcAcv and GAcracked:O.lEcAcv, respectively, which are COﬂSIdeI’ab|y less than the

values recommended in ASCE 41 (GAcracked:GAuncracked:0.4EcAcv).
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Figure 6-17: Elastic deformations in the full-height prototype wall
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In Table 6-1, estimated lateral displacements and drift ratios at hess are reported at 1) horizontal
flexural cracking of concrete at wall boundaries; 2) first yield of boundary longitudinal
reinforcement; 3) peak strength; and 4) strength loss (determined at the largest lateral displacement
for which lateral strength exceeded 80% of peak strength). The values reported in Table 6-1 were
calculated assuming the following effective cracked and uncracked stiffness values:
Eluncracked=0.7Eclg, Elcracked=0.4Eclg, and GAuncracked=GAcracked=0.2EcAcv. It IS noted that using an
effective shear stiffness of 0.2EcAcv, which is larger than the experimentally measured values, had
almost no impact on the drift estimates because elastic shear deformations are very low.
Displacements/drift ratios were also calculated using the values recommended by ASCE 41
(Eluncracked=0.8Eclg, Elcrackeda=0.5Eclg, and GAcracked=GAuncracked=0.4EcAcv), Which resulted in drift
estimates that ranged between 93% and 98% (96% on average) of the values reported in Table 6-1.
Thus, using either the experimentally measured values or the values recommended by ASCE 41 is
reasonable as both will produce similar lateral drift approximations.

The effective height for each of the walls is reported in Table 6-1. The effective height was varied

in order to subject the walls to approximately the same peak shear stress demands

(vu @M, ~2.5,[f ‘c[psi] (0.2 f 'c[MPa] )) For the rectangular specimens, hest ranged between

320 in. (WP5-WP7) and 336 in. (WP1-WP3). Because of the reinforcement layout and thin web
of WP4, the ratio of moment to shear was larger (hett =528 in.; 13.4 m) in order to subject the wall
to similar shear stress demands as the rectangular walls. Based on the ASCE 7 Equivalent Lateral
Force loading pattern (Figure 4-9) the effective height is approximately 72% of the full height
prototype wall. For the one-half scale specimens, 60 in. (1524 mm) story heights were assumed;

thus, the lateral deformations in Table 6-1 were calculated (Egn. 6.10) at about midheight of the
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fifth story for the rectangular walls (hef=330 in.), and near the top of the eight story for specimen
WP4 (hert=528 in.).

Table 6-2 reports the contribution of flexure to the total lateral deformations at the effective height.
Flexure contributed between 91% and 96% of the total lateral drifts at hetr, which is a much larger
contribution than was measured within the wall panel specimen (Figure 6-12). This is due to the
fact that inelastic flexural drift ratio is relatively constant up the height of the wall, unlike inelastic
shear drift ratio, and elastic shear deformations are very small in comparison to elastic flexural
deformations. For all seven walls, elastic flexural drift ratio (8e/hetf) estimates are approximately
0.4% at first yield of longitudinal reinforcement, and generally exceed 0.5% prior to strength loss
(Table 6-2). For specimen WP4, 5.@hes is the largest because the effective height is about 1.5
times the effective height of the rectangular walls, and elastic drift ratio tends to increase with

height (e.g., Eqn. 2.3: Sey/Mw=rd,h, ). At strength loss, elastic drift made up almost 40% of

the flexural response for WP4. Even though the lateral drift capacity for WP4 was comparable to
specimens WP1-WP4 (Table 6-1), WP4 demonstrated the smallest plastic rotation capacity
(6pu=1.25%). In contrast, elastic deformations compromised only 16% of the flexural drift for
specimen WP7, which demonstrated the largest plastic rotation capacity (6pu=3.34%). It is noted
that plastic rotation measurements in Table 6-2 include inelastic rotation along the full height of
the wall panel specimens, unlike Table 5-2 which only includes rotation within the assumed hinge

region (lo=lw/2).
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Table 6-1: Estimated lateral displacement and drift ratio at effective height

g?:#g;?ri E:{:SL\{E Cracking First Yield Peak Load Strength Loss
ID E%iorzgtii“ogn M he & | aher | MMa | & | dher | MIMa | & | dher | MIMa | & | duher | MMy
k-ft in. in. rad. --- in. rad. --- in. rad. --- in. rad.
Positive 2515 336 0.47 | 0.14% 0.41 1.59 0.47% 0.86 5.68 1.69% 1.07 6.78 2.02% 0.90
i Negative -2455 336 -0.50 | -0.15% | 0.41 | -1.53 | -0.46% | 0.80 | -6.83 | -2.03% | 1.03 | -8.59 | -2.56% | 0.86
Positive 2560 336 057 | 0.17% 0.44 1.70 0.51% 0.90 6.60 1.97% 1.09 7.24 2.16% 1.05
e Negative -2497 336 -054 | -0.16% | 0.40 | -1.48 | -0.44% | 0.77 -6.55 | -1.95% | 1.01 -8.26 | -2.46% | 0.85
Positive 2566 336 050 | 0.15% | 0.35 | 1.45 | 0.43% | 0.77 6.55 | 1.95% | 1.10 7.07 | 2.10% | 0.89
e Negative -2502 336 -0.21 | -0.06% | 0.36 | -0.78 | -0.23% | 0.75 | -5.99 | -1.78% | 1.01 | -6.68 | -1.99% | 0.90
Positive 4183 528 095 | 0.18% | 028 | 2.72 | 0.52% | 0.68 830 | 157% | 0.99 | 10.71 | 2.03% | 0.96
e Negative -3104 528 -1.10 | -0.21% | 0.40 | -3.05 | -0.58% | 0.81 | -19.85 | -3.76% | 1.00 | -20.47 | -3.88% | 0.85
Positive 2888 320 054 | 0.17% 0.34 1.60 0.50% 0.76 9.51 2.97% 121 11.21 | 3.50% 1.01
e Negative -2690 320 -0.43 | -0.14% | 0.28 | -1.61 | -050% | 0.79 | -9.12 | -2.85% | 1.16 | -9.07 | -2.83% | 1.14
Positive 2867 320 043 | 0.14% 0.33 1.89 0.59% 0.91 1229 | 3.84% 1.22 13.06 | 4.08% 121
e Negative -2867 320 -0.31 | -0.10% | 0.27 | -1.61 | -0.50% | 0.78 | -9.37 | -2.93% | 1.20 | -10.28 | -3.21% | 0.97
Positive 3389 320 0.47 | 0.15% 0.29 1.60 0.50% 0.82 12.06 | 3.77% 1.24 1352 | 4.23% 1.23
e Negative -3389 320 -0.41 | -0.13% | 0.28 | -1.62 | -0.51% | 0.82 | -8.29 | -259% | 1.15 | -12.77 | -3.99% | 1.03

199




Table 6-2: Flexural contribution to lateral deformations at effective height

E:{:SL\{E Cracking | First Yield Peak Load Strength Loss
D | Soading hes Slhes Slhes hhei | Sohei | & | et | Golhet | G
in. rad. rad. rad. rad. rad. rad. rad. rad.
Positive 336 0.13% 0.45% 1.61% 1.05% 1.13% 1.94% 1.41% 1.51%
e Negative 336 -0.14% -0.42% -1.89% | -1.36% | -1.46% | -2.38% | -1.89% | -2.02%
Positive 336 0.16% 0.49% 1.83% 1.25% 1.34% 2.00% 1.43% 1.53%
e Negative 336 -0.15% -0.42% -1.83% | -1.30% | -1.39% | -2.30% | -1.80% | -1.92%
Positive 336 0.14% 0.41% 1.81% 1.28% 1.37% 1.94% 1.44% 1.54%
e Negative 336 -0.06% -0.21% -1.70% | -1.19% | -1.27% | -1.87% | -1.38% | -1.47%
Positive 528 0.17% 0.50% 1.51% 0.75% 0.78% 1.94% 1.19% 1.25%
e Negative 528 -0.20% -0.55% -341% | -2.75% | -2.87% | -3.53% | -2.91% | -3.04%
Positive 320 0.16% 0.48% 2.76% 2.12% 2.28% 3.32% 2.71% 2.92%
e Negative 320 -0.13% -0.48% -2.70% | -2.08% | -2.24% | -2.69% | -2.07% | -2.22%
Positive 320 0.12% 0.55% 3.59% 2.90% 3.12% 3.78% 3.09% 3.32%
e Negative 320 -0.09% -0.46% -2.69% | -2.07% | -2.23% | -2.98% | -2.40% | -2.58%
Positive 320 0.14% 0.48% 3.51% 2.88% 3.10% 3.93% 3.30% 3.55%
e Negative 320 -0.12% -0.49% -2.46% | -1.85% | -1.99% | -3.70% | -3.11% | -3.34%
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Chapter 7 Drift Capacity of Slender RC Walls

In this chapter, experimental results for specimens WP1-WP7 are compared to other laboratory
tests conducted on cantilever walls and wall panel specimens with well-detailed boundaries.
Performance limitations identified for WP1-WP7 are used to formulate a lateral drift capacity
prediction formulation, developed using a displacement-based design format.

7.1 Measured Lateral Deformations in Laboratory Tests

To complement the laboratory tests reported herein, a database of tests conducted on thin, well-
detailed walls was assembled to study the deformation capacity of walls designed for relatively
large compression demands, which, therefore, may experience brittle flexural-compression failure.
The walls in the database were selected from the experimental programs discussed in Section 2.4.
Test specimens were included in the database because they satisfied the following criteria: 1) the
shear span-to-depth ratio (M/VIly) was at least 2.0 (slender wall); 2) the wall was designed for
moderate/large compression depth (i.e., ¢/l»>0.10); 3) confinement consisted of either an outer
hoop and cross-ties 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 transverse
reinforcement was no larger than 8dy; and 6) premature anchorage failure was not reported. Table
7-1 contains details for twenty walls that were selected for inclusion in the database including the
cross-sectional shape of the walls, wall thickness, M/V1, applied axial load, the quantity, spacing
and configuration of boundary transverse reinforcement. The walls tested by Oesterle et al. (1976)
were excluded from the database because compression demands were relatively low (c/lx<0.10),
and failures were associated with tension behavior as a result. The tests conducted by Dazio et al.

(2009) were excluded because the reinforcement properties did not meet ACI 318 provisions
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(ASTM A706). Specimen RWS, tested by Johnson (2007), was excluded because a premature
anchorage failure was reported.

For the twenty database walls, lateral drift capacities at the effective height (Su/hefr) were compared
to the values reported in Section 6.5 for specimens WP1-WP7. For three of the eight experimental
programs included in the database (Paulay, et al., 1985; Lowes, et al., 2012; Brueggen, 2009), tests
were conducted on wall panel specimens, similar to specimens WP1-WP7, to which a unique
loading scheme was applied. For the wall panel specimens tested by Lowes et al. (2012), du/hest
was reported by the authors using experimentally measured effective flexural and stiffness values
to estimate elastic deformations in the upper stories. For the other wall panel tests, lateral drift
capacities at herr were determined by approximating elastic flexural and shear deformations above
the panel test region using the effective stiffness values recommended in ASCE 41
(Eluncrackeda=0.8Eclg, Elcrackea=0.5Eclg, and GAet=0.4E:Acv), Which were shown to produce very
similar total drift predictions, for WP1-WP?7, as the experimentally measured effective stiffness
values in Section 6.5.

Lateral drift capacities at herr (8u/hefr) are presented in Figure 7-1 for the twenty database walls and
specimens WP1-WP7. It is important to point out that all of the walls included in the study satisfy,
or nearly satisfy, ACI 318 Special Structural Wall requirements; however, a large range of
experimental results is evident in Figure 7-1, with measured drift capacities varying between 1.2%
and 4%. The lowest drift capacities (du/hef<2%) were measured for specimens WP1-WP4 and the
walls tested by Lowes et al. (2012), which is of concern because these walls were designed
according to current ACI 318 standards. The variability in test results shown in Figure 7-1 indicates
that it may be necessary to impose a drift limit, minimum wall thickness, or compression strain

limit for Special Structural Walls to ensure adequate ductility.
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Table 7-1: Slender wall experimental database

Author (Year) ID Shape b(n) | (n) | PAFees | MV "“t@cl')ﬁ'"’ o/l * A:i: | sy | Confinement Detil
Shiu et al. (1981) Cl-1 Rectangular 4.0 75.0 0.00 2.9 311 0.15 0.98 2.67 Single hoop
Paulay & Goodsir (1985) Wall 1 Rectangular 3.9 59.1 0.27 3.0 4.32 0.39 1.04 3.33 Overlapping hoops
Paulay & Goodsir (1985) Wall 2 Rectangular 3.9 59.1 0.16 2.6 4.34 0.27 0.78 6.00 Overlapping hoops
Paulay & Goodsir (1985) Wall 3 T-shape 3.9 51.2 0.17 33 3.52 0.34 0.99 4.00 Overlapping hoops
Paulay & Goodsir (1985) Wall 4 Rectangular 3.9 59.1 0.15 28 3.34 0.26 0.82 3.33 Overlapping hoops
Thomsen & Wallace (1995) RW1 Rectangular 4.0 48.0 0.09 3.0 2.34 0.20 0.85 8.00 Hoop + crossties
Thomsen & Wallace (1995) RW2 Rectangular 4.0 48.0 0.06 3.0 2.05 0.17 0.46 5.33 Single hoop
Thomsen & Wallace (1995) TW1 T-shape 4.0 48.0 0.08 3.0 5.18 0.45 0.79 8.00 Hoop + crossties
Thomsen & Wallace (1995) TW2 T-shape 4.0 48.0 0.07 3.0 4,76 0.42 0.76 3.33 Overlapping hoops
Johnson (2007) RWN Rectangular 6.0 90.0 0.00 2.7 3.89 0.19 0.83 4.00 Hoop + crossties
Johnson (2007) RWC Rectangular 6.0 90.0 0.00 2.7 3.97 0.20 0.87 4.00 Hoop + crossties
Brueggen (2009) NTW1 T-shape 6.0 90.0 0.04 35 3.97 0.28 0.89 3.20 Overlapping hoops
Brueggen (2009) NTW2 T-shape 6.0 90.0 0.06 35 421 0.30 1.28 3.20 Overlapping hoops
Lowes et al. (2012) PW1 Rectangular 6.0 120.0 0.10 2.8 331 0.22 1.45 4.00 Hoop + crossties
Lowes et al. (2012) PW2 Rectangular 6.0 120.0 0.13 2.1 4.63 0.26 1.30 4.00 Hoop + crossties
Lowes et al. (2012) PW3 Rectangular 6.0 120.0 0.10 2.0 3.96 0.25 151 4.00 Hoop + crossties
Lowes et al. (2012) PW4 Rectangular 6.0 120.0 0.12 2.0 431 0.22 1.76 4.00 Hoop + crossties
Tran (2012) A20-S38 Rectangular 6.0 48.0 0.07 2.0 3.52 0.18 0.84 4.00 Hoop + crossties
Tran (2012) A20-S63 Rectangular 6.0 48.0 0.07 2.0 6.03 0.22 1.08 2.67 Hoop + crossties
Matsubara et al. (2013) N(M/Qd3.1) Rectangular 4.7 68.5 0.07 31 297 0.25 1.09 3.50 Hoop + crossties
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Figure 7-1: Drift capacity at effective height for all walls included in study

As discussed in Section 2.3, a compression strain limit of 0.008, with a corresponding gage length
equal to one-half the length of the wall (i.e., ,=1w/2), has been enforced in the Chilean reinforced
concrete standard, DS No. 60 (MINVU, 2011). It was shown in Section 2.3 that the compression
strain (ecu) demand at the extreme compression fiber within the plastic hinge region of a cantilever
wall may be related to the inelastic flexural drift demand at the top of the wall (8¢pu/hw) by the
formulation given in Eqgn. 7.1. A simplified form of Eqgn. 7.1 is given in Eqn. 7.2, which estimates

St pu/hw as plastic rotation demand (6pu) and neglects elastic curvature (dy).

51‘,“ 1 S

hp :E(T—¢yjlp(hw—lp/2) 71
o &l
f.pu z@pu ~ cu'p 79
h, c

A drift or strain limit may be formulated based on Eqn. 7.1 or 7.2, which has been done in DS No.
60, assuming &c,=0.008 and lp=1w/2 (DS No. 60 Eqgns. 21-7a and 21-7b). The compression strain
limit in the Chilean code is intended for walls in stiff buildings with detailing similar to that

required in ACI 318-14 for walls with ordinary boundary elements (OBEs), which is less stringent
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than ACI 318-14special boundary element (SBE) detailing. It was shown in Section 2.1 that a
drift/strain limit (c,=0.003, I,=Iw/2) has already been implemented in ACI 318-14 for walls with
OBEs; however, no such limit is placed on walls with SBEs.

To evaluate the validity of a drift/strain limit for Special Structural Walls with SBES, based on the
plastic hinge formulation of Eqns. 7.1 and 7.2, the contribution of flexural deformations to the drift
capacities reported in Figure 7-1 were determined for each of the walls included in the study. Total
flexural drift capacities (8ru/hetf), plastic flexural drift capacities (3rpu/hetr), and plastic rotation
capacities (6py) for specimens WP1-WP7 are reported in Table 6-2.

Contributions of flexural and shear deformations were measured by the authors in a variety of
ways. Massone and Wallace (2004) conducted a study on shear deformation measurements in
slender walls, demonstrating that shear deformations are likely to be largely overestimated in a
variety of reported tests because typical methods used to determine the contribution of shear (i.e.,
X-configuration of sensors) did not include a correction to adjust for the centroid of the curvature
distribution in the plastic hinge region. Therefore, flexural deformations were carefully estimated
using the information available in the experimental reports. For some of the more recent tests
(Johnson, 2007; Brueggen, 2009; Tran, 2012; Matsubara, et al., 2013), reported flexural and shear
deformations are dependable because the researchers addressed the issues reported by Massone
and Wallace (2004). For the walls tested by Lowes et al. (2012), flexural and shear deformations
were reported over the wall panel specimen height, which represented the bottom three stories of
a ten story wall. Total lateral deformations at the effective height were reported, and Birely (2011)
indicated that an effective shear stiffness of 0.2EcAcv was assumed for the drift approximation at
herr, thus, making it possible to estimate flexural and shear deformations based on the applied

loading.
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For specimen ClI-1, tested by Shiu et al. (1981), it is anticipated that shear deformations were
overestimate by the authors. However, total lateral deformations were reported for the first and
second stories, where nonlinear shear deformations occur, as well as at the top of the wall.
Rotations were also reported for the base (i.e., slip/extension) and over the first and second stories
(i.e., plastic hinge region), making it possible to estimate flexural deformations. The contribution
of flexural deformations to total deformations within the bottom two stories was estimated by
assuming that the centroid of the inelastic curvature distribution was located at a height of one-
third of the first story height, which is in agreement with methods used by Massone and Wallace
(2004) for cases in which inadequate information was available to estimate the centroid height.
Elastic shear deformations in the upper stories were estimated using an effective shear stiffness of
0.4E:Acv (ASCE/SEI, 2014) for the applied loading, and the remainder was attributed to flexure.
For the walls tested by Paulay and Goodsir (1985), flexural deformations were reported in the first
story, and total deformations at the top of the wall were reported (Goodsir, 1985). Using this
information, and the applied loading, the contribution of shear to the top displacement was
determined using an effective shear stiffness of 0.4E:Ac.v (ASCE/SEI, 2014). It is noted that an
eccentric axial load was applied to the walls, resulting in an effective height (hes=M/V) above the
top of the wall for loading in one direction, and below the top of the wall in the reverse loading
direction. Flexural and shear deformations were adjusted to hess for loading in the direction with
the larger effective height, which is the direction in which failures occurred. For the adjustment to
hetr, an effective flexural stiffness of 0.8Ecly (uncracked) was assumed since flexural cracking
would not be expected in the region above the test specimen.

Thomsen and Wallace (1995) reported total lateral deformations and flexural deformations over

the first story, making it possible to estimate nonlinear shear deformations in the first level. Shear
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distortions in the second story were also reported, from which elastic shear deformations were
approximated in the second story. Shear deformations in the upper stories were estimated using an
effective shear stiffness of 0.4EcAcv and the applied loading. Flexural deformations were then
calculated by subtracting the estimated shear deformations from the total reported top
displacement.

Figure 7-2 reports the flexural drift capacity (5ru/hefr) and plastic flexural drift capacity (¢,pu/hefr)
for each of the database walls and WP1-WP7. Total measured drift capacities (3u/heff) are also
shown for comparison. The percent contribution of &ty and o¢py to the total drift capacity is
indicated on 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 relatively small (approximately 13% on average for the walls
in the database) for slender walls. Similar to the total drift capacity measurements, a large range
of experimental results is evident in the flexural drift capacities of the walls. For comparison to
the drift ratios in Figure 7-2, ASCE 7 allows between 2% and 2.5% interstory drift for shear wall
buildings classified as Seismic Risk Category | or Il. The contribution of elastic deformation over
a single story height is expected to be relatively small, and shear deformations are typically small
for slender walls, as shown in Figure 7-2. Therefore, the plastic flexural drift ratios reported in
Figure 7-2 may be appropriate for comparison to ASCE 7 drift limits. It can be seen in Figure 7-2
that plastic flexural drift capacity is less than 1.5% for thirteen of the twenty seven walls included
in the study, and less than 2% for eighteen of the walls. It is important to point out that lateral drift
demands are typically determined for the Design Earthquake (DE) spectra which are defined in
ASCE 7 as two-thirds of the Maximum Considered Earthquake (MCE) spectra. Thus, in order to

meet the performance objective of ASCE 7 of a low probability of collapse for MCE demands, it
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may be reasonable to require code-compliant walls to demonstrate interstory drift capacities of
about 1.5 times the interstory drift ratio allowed by code. As such, code-compliant walls in
buildings classified as Seismic Risk Category | or 11 may be expected to possess interstory drift
capacities on the order of 3%, which would very likely result in plastic rotation demands greater
than 2%. In Figure 7-2 it is clear that not all code-compliant walls possess the plastic drift/rotation
capacity to meet ASCE 7 allowable drifts. An alternative to a single drift limit, in which drift
capacity is approximated based on wall thickness, compression depth, confinement detailing,

and/or other variables is discussed in the following section.
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Figure 7-2: Flexural drift capacity at effective height for all walls included in study

7.2 Lateral Drift Limits of Well-Detailed Slender Walls
As indicated by Eqgns. 7.1 and 7.2, it may be possible to express the drift capacity of a wall that is

expected to fail in compression in terms of a compression strain limit (ecu) and the compression
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depth (c). Compression depth may be computed by a section analysis using the design axial load,
and is typically assumed to be relatively constant for extreme fiber compression strains greater
than 0.003. Compression strain limit(s) must be inferred from experimental data. Figure 7-3
presents axial strain profiles for specimens WP2, WP4, and WP7, which differed from one another
in terms of wall thickness (b=6 in. [152 mm] for WP2 and WP4 and b=9 in. [229 mm] for WP7)
and compression depth (c/lw=0.2 for WP2 and WP7; c/lw=0.3 for WP4). WP2, WP4, and WP7
represent the range of experimental measurements observed for specimens WP1-WP7. Specimen
WP4 demonstrated the smallest plastic rotation capacity of the seven walls, which is attributed to
WP4 being one of the thinnest walls tested and having the largest compression depth. On the other
hand, WP7 was the thickest wall tested, and demonstrated the largest plastic rotation capacity of
the seven specimens. The strains reported in Figure 7-3 were measured over a gage length of
approximately Iw/2 (44 in.; 1118 mm). The maximum measured extreme fiber compression strain
for WP2 (:,=0.0092), WP4 (£c,=0.0079) and WP7 (.,=0.012) each exceeded or closely matched
the 0.008 Chilean strain limit. In Figure 7-4, the maximum extreme fiber compression strain (ecu)
and tension strain (ew) measured prior to strength loss are compared. Markers indicate whether
strength loss occurred due to compression (abrupt boundary/web crushing) or tension rupture of
longitudinal reinforcement. The confinement detail used at the boundary of the wall is indicated
on the horizontal axes of Figure 7-4a and Figure 7-4b, and each confinement detail is shown in
Figure 7-4c for reference. Compression failures were observed at all boundaries utilizing cross-
ties, regardless of whether the cross-ties had 90°-135° hooks (Details BE-1 and BE-2) or 135°-135°
(Detail BE-3). Prior to failure, ecy Was between 0.0063 (WP3) and 0.012 (WP7). It is noted in that
specimen WP3, for which the smallest ecu value was measured, violated the requirement of ACI

318-14 that limits boundary transverse reinforcement spacing to one-third of the compression zone
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thickness (s<b/3). With the exception of WP3, extreme fiber compression strains were greater than
or equal to 0.008 prior to strength loss.

Wall boundaries confined by continuous transverse reinforcement (Detail BE-4) remained stable
in compression, and strength loss was attributed to tension rupture of longitudinal reinforcement,
preceded by buckling of longitudinal reinforcement in all cases. As shown in Figure 7-4b, tension
strains in excess of 0.04 were measured prior to strength loss in cases when tension failures were
observed. For specimens WP1-WP4, which failed in compression, extreme fiber tension strains
did not exceed 0.03 at any time during the tests.
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Figure 7-3: Axial strain profiles prior to strength loss for specimens WP2 (b=6 in.; c/lx=0.2),
WP4 (b=6 in.; ¢/1,=0.3), and WP7 (b=9 in.; c/lx=0.2)
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Figure 7-4: Maximum extreme fiber strains prior to strength loss — a) Compression strain; b)

For nineteen of walls included in the study, including six of the seven walls reported herein,
confinement consisted of a single outer hoop with or without cross-ties, which is a detail allowed
by ACI 318-14 for transverse reinforcement at wall boundaries. For these specimens, the plastic
drift capacities reported Figure 7-2 were compared to predicted drift capacities determined
according to Eqgns. 7.1 and 7.2 using the range of compression strain limits identified for WP1-
WP7 (Figure 7-4: £,,=0.008-0.012). The compression strain limits in Figure 7-4 correspond to a
gage length of 1./2; therefore, a plastic hinge length of I,=lw/2was assumed, making it possible to

approximate plastic drift or rotation capacity as a function of c¢/lw (Eqns. 7.3 and 7.4).



7.4

&
Plastic rotation capacities for the nineteen walls utilizing hoops and cross-ties for confinement at
wall boundaries are shown in Figure 7-5. Predictions of the plastic rotation capacity, determined
according to Eqn. 7.4, are also plotted for compression strain limits of ,=0.008 and &¢,=0.012.
The results plotted in Figure 7-5 demonstrate that rotation capacity generally decreases as c/lw
increases. This trend is to be expected because larger compression depths will result in larger
extreme fiber compression strains for a given curvature/rotation demand. However, as shown in
Figure 7-5, rotation capacity is significantly overestimated for about 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/ly.
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Figure 7-5: Plastic rotation capacity vs. ¢/l

In Figure 7-6, the ratio of measured-to-predicted plastic drift capacity (8¢,pu/St,p_predicted) iS presented
for each of the walls. The predicted drift capacities in Figure 7-6 were determined according to

Eqn. 7.3, which is the more complex form of Eqn. 7.4 (i.e., Figure 7-5). The ratio of wall length-
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to-thickness (lw/b) is indicated on the horizontal axis. It is observed that the best plastic drift
predictions (6fpu/dfp_predicted~1) are made for the walls with lw/b =15, which is understandable since
Iw/b was 15 for five of the seven tests used to define the strain limits used for the prediction.
However, drift capacity is overestimated ((8f,pu/Ofp_predicted<1) for the walls with the largest length-
to-thickness ratio (e.g., lw/b>15) and underestimated for walls such that 1./b<10. It is important to
point out that it was assumed that plastic hinge length is related to wall length (I,=Iw/2) for the
results plotted in Figure 7-5 and Figure 7-6. Based on this assumption, two walls of the same length
(lw,1=lw2), designed for the same compression depth (ci=c2), and with different wall thickness
(b1>by), are predicted to have the same drift or rotation capacities (Eqns. 7.3 and 7.4) because c/lw
is the same for the two walls. This contradicts experimental observations specimens WP1-WP7
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 (Figure 7-5), between 1.5% and 3.4%, even though c/lw was
comparable for the three walls (c/I»=0.18-0.22). On the other hand, plastic rotation capacities for
specimens WP2 (0pu=1.5%) and WP4 (6pu=1.2%), which were both 6 in. (152 mm) thick, were
similar over a wider range of c/lw (c/lw=0.22-0.30). Both of these observations indicate that using

I,=lw/2 to approximate the plastic rotations in Figure 7-5 is not suitable.
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Figure 7-6: Comparison of measured and predicted plastic drift capacities vs. wall length-to-
thickness ratio (lw/b)

Researchers have indicated that inelastic compression behavior (i.e., 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 (i.e. I, =ab, where «is a
constant) may be better suited to estimate the plastic curvature capacity of thin walls (Wallace,
2012; Wallace, et al., 2012; Takahashi, et al., 2013; Arteta, 2015). In this case, plastic drift/rotation

may be expressed directly in terms of wall thickness and compression depth (Eqgn. 7.5).
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Field and laboratory observations suggest a-values ranging between approximately 1.0 and 3.0.
Figure 7-7 presents the full axial strain field, determined from digital image correlation analysis
(Barthes, 2015), for specimen WP4 at the loading step just prior to strength loss (+1.31% rotation).

Inelastic tension strains (approximately £>0.002), which are shown as dark red regions in Figure
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7-7, were well distributed up the height of the wall. However, softening occurred in the
compression zone following crushing/spalling of cover concrete, and inelastic compression strains
(£<-0.002), which are shown as dark blue regions in Figure 7-7, concentrated over a short height
at the base of the wall. Similar behavior was observed for all seven tests specimens (WP1-WP7)
with compression strains concentrating within the bottom 14 in. (356 mm) of the walls,

corresponding to a-values between 1.6 (b=9 in.; 229 mm) and 2.3 (b=6 in.; 152mm).

. 1 .
Compression <====p Tension

Figure 7-7: Full axial strain field prior to strength loss for specimen WP4 (+1.31% rotation);
Analysis conducted with Opecal (Barthes, 2015)
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Figure 7-8: Axial strain profiles for specimen WP4 measured from digital image correlation
analysis at various hinge rotation levels — a) Average axial strains in Levels 2 through 3 (14-
45 in. above specimen footing); and b) Average axial strains in Level 1 (0-14 in. above
specimen footing); Analysis conducted with Opecal (Barthes, 2015)

The maximum compression strains measured within the bottom 14 in. (356 mm) of the wall are
presented for specimens WP1-WP7 in Figure 7-9a. Maximum compression strains, measured over
the 14 in. (356 mm) gage length, ranged between 0.022 and 0.036 at boundaries where
compression failure was observed. Average compression strains measured by sensors above the

14 in. (356 mm) height did not exceed 0.002 at any time during the test. As such, axial
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deformations due to the compression strains limits (Aaxia=¢eculp) Shown in Figure 7-4a and Figure
7-9a are nearly identical because all inelastic behavior was captured within the bottom 14 in. (356
mm) of the wall; that is, the strains reported in Figure 7-9a (Ip=14 in. [356 mm]) are essentially
regularized measurements of the strains in Figure 7-4a (Ip=44 in. [1118 mm]). The horizontal axis
of Figure 7-9a indicates the wall thickness of the specimens for which compression strain
measurements are reported. The trend in Figure 7-9a suggests that, as wall thickness increases,
compressive strain capacity increases for a constant gage length (I,=14 in. [356 mm]). The strains
reported in Figure 7-9a are regularized to wall thickness in Figure 7-9b such that the values

reported in Figure 7-9b represent the term oec in Egn. 7.5. At all of the boundaries where

compression failures were observed, oecy exceeded 0.05.
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Figure 7-9: Maximum measured extreme fiber compression strain—a) Measured over bottom
14 in. (356 mm) of wall; and b) Compression strain limit regularized to wall thickness
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The predicted plastic rotation capacity according to Eqn. 7.5, using aeculp=0.05b, is plotted in
Figure 7-10 along with measured plastic rotations for the walls included in the study. The data in
Fig. 11 demonstrate significantly less dispersion than Figure 7-5 (I,= lw/2), and predicted rotation
capacities (Eqgn. 7.5) 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

c/b<2.5, and drifts less than 1% may be expected for c/b>5.
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Figure 7-10: Plastic rotation capacity vs. c/b

While the test results in Figure 7-10 appear to agree reasonably well with the prediction, rotation
capacities are overestimated for a few of the walls. In Figure 7-11, the ratio of measured-to-
predicted plastic drift capacity is compared to the shear span-to-depth ratio (M/V1y), an indicator
of the relative flexural and shear demands. It can be seen that &+ is over predicted for walls with
M/V1w<3.0 (i.e., relatively high shear demand), which might suggest that the compression strain
capacity of the walls with M/VI.w<3.0 is smaller than that of the relatively slender walls

(M/V1,>3.0). However, walls with M/V1.<3.0 typically exhibit more notable interaction between
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the flexural and shear responses than relatively slender walls (Massone, et al., 2004; Tran, et al.,
2015; 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 Figure

7-12a and Figure 7-12b, shear deformations (&s) comprised 15-35% of the total response for walls

with M/V1,<3.0 and design shear stress (vu=Vu/Ac) greater than 3aff ' [psi], 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 (vu <3/ f'c[psi] ) :
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Figure 7-11: Ratio of measured-to-predicted plastic flexural drift capacity vs M/Vlw
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Figure 7-12: a) Contribution of shear deformation to total lateral deformation capacity (/&)
vs. M/Vly; and b) &/ & vs. design shear stress demand

In Figure 7-13, total measured plastic deformations, including shear (i.e., Opu=0fp+0dsp), are
compared to the predicted inelastic drift capacity. Inelastic shear deformations (&sp) were
determined by subtracting an assumed elastic contribution, estimated using the effective cracked
shear stiffness values recommended in ASCE 41 (GAe=0.4EcAcv). When inelastic shear is
included, the predicted plastic drift capacity is reliable for all measured values of M/VI,, and shear
stress demand (vu). On average, the measured plastic drift capacity (3pu) is 1.19 times the predicted
value, indicating that the walls with M/V1,<3.0 likely possess the compression strain capacity
assumed in Figure 7-10 and Figure 7-11, with a larger portion of the compression strain demand
attributed to inelastic shear (i.e., compression strut) than is observed for walls with M/V1,>3.0.

As shown in Figure 7-13b, the maximum design shear stress demand for the walls included in the

study was approximately 64 f'c [psi] , and the majority of the walls were designed for shear stress

demands less than 64/ f 'c [psi] . ACI 318-14 permits shear stress demands up to 10«/f ‘C [psi]

for slender walls. Further research may be necessary to quantify the impact of shear demand on
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the compression strain demand at wall boundaries, and to determine whether the trend shown in

Figure 7-13 (Spu>0fpu_predicted) applies for walls with shear stress demands close to the maximum
allowed by ACI 318.
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Figure 7-13: a) Ratio of total measured plastic drift capacity (& pu+dpu) to predicted drift
capacity vs. M/Vly; and b) Ratio of total measured plastic drift capacity (Jputdspu) to predicted
drift capacity vs. design shear stress demand

Figure 7-10 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 longitudinal reinforcement,
preceded by initial buckling of longitudinal reinforcement in all cases. At the limit state of tension

rupture, plastic drift/rotation may be expressed directly in terms of wall thickness and compression

depth (Eqgn. 7.6).

’ 8U
th ~ gpu z[ﬁle 76

The tension strain limits reported in Figure 7-4b were measured over gage length of I,=lw/2. As
shown in Figure 7-7, inelastic tension strains were able to spread over the full height of the
approximately 1.5 story panel specimens, which is approximately equal to the length of the wall

(Iw). Thus, assuming a plastic hinge length of at least one-half the length of the wall (I,=I./2) is
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reasonable for the limit state of tension strain rupture. It is noted that using lp=lw/2, with the tension
strain limits in Figure 7-4b (ew~0.04), will likely produce a lower bound estimate of the plastic
drift capacity at the limit state of tension rupture because plastic curvature is neglected above lw/2.
If axial tension deformations above Iw/2 are considered for the specimens that reached €w>0.04, &
is at least 0.05 when strains are regularized to lp=Iw/2, which is expected to provide a more accurate
estimate of the plastic drift capacity of a wall at the flexure-tension limit state.

7.3 Drift Capacity Limit for Well-Detailed Slender Walls

Based on the lateral drift limit prediction formulations in Egn. 7.5 (compression strain limit) and
Eqn. 7.6 (tension strain limit), a recommended drift limit (dmax/hw) equation is summarized in Eqgn.
7.7. The drift limit is intended for ACI 318-14 compliant Special Structural Walls with Special
Boundary Element detailing. The drift limit uses compression and tension strain limits identified
in Figure 7-9b and Figure 7-4b, respectively, and is expressed in terms of compression depth (c),
wall thickness (b), wall length (lw), and elastic deformations (dy/hw).

S S
O (9, 005) (4, o0 7
h, (h, c/b) (h, 1-c/l,

w w

The elastic drift in Eqn. 7.7 can be estimated for a given load pattern (e.g., ASCE 7 Equivalent

Lateral Force or Response Spectrum Analysis) using appropriate effective stiffness values (e.g.,

ASCE 41-13). For preliminary design, elastic drift may be estimated as &, / h, =%¢yh where

w !

= % may be assumed based on the recommendations of Wallace and Moehle (1992). For

?

w

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 Eqn. 7.7 is shown in Figure 7-14 for several compression depth demands
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(c/1w=0.05-0.38). The drift capacity associated with the tension strain limit is shown as a horizontal
line, for each c/lw value, which places an upper limit on the allowable drift for lower wall length-
to-thickness (lw/b) ratios at which the compression strain limit will not govern the drift capacity of
the wall. The trends in Figure 7-14 demonstrate that drift capacity is expected to decrease as the

wall length-to-thickness ratio (lw/b) increases, and as the compression depth increases (c/lw).
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Figure 7-14: Recommended drift capacity limit for well-detailed slender walls

The drift limits in Egn. 7.7 and Figure 7-14 are intended for comparison to roof drift ratio demands
(du/hw). For the walls included in the study, lateral drift ratios were measured at hefr, which is less
than the roof height (hw). It is noted that plastic drift ratio is essentially constant up the height of
the building (&¢p/hwr0p; Figure 2-2); therefore, the trends in Figure 7-10, which do not include
elastic deformations, are valid at the roof level. However, elastic drift ratio, which comprised
approximately 10-30% of the total drift capacity at hesr for the database walls (Figure 7-2),
increases with height according to Eqn. 2.3 (i.e., dry/h=y¢yh). Based on the ASCE 7 Equivalent

Lateral Force load distribution, hy is about 1.3 to 1.4 times hefs for a shear wall building between
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three and ten stories in height, and even higher for taller buildings. In Figure 7-15, the drift limit
of Eqgn. 7.7 is compared to the lateral roof drift capacities (du@hw) for the database walls. Data
points are included in Figure 7-15 for the case when elastic drift is included in the drift prediction,
and when elastic drift is neglected. Drifts at hw were determined by amplifying elastic drifts
assuming hw=1.3hetr. Because shear deformations are small, they were neglected above hes. Due
to the difference in height between hess and hw, du/hw is only 6% higher than du/hefr, On average, for
the walls in the study. It is noted that, because of the small differences between drift ratios at hw
and hefr, amplification of elastic drifts was not very sensitive to the choice of hw/hefr. As shown in
Figure 7-15, measured drift capacities at hy are generally greater than or equal to 1.25 times the
drift limit when elastic drift is neglected, except for a few walls with du/hef>3% (Su/hefr indicated
on horizontal axis), which is acceptable given the large observed deformation capacity. When

elastic deformations are included, du/dmax is close to 1.0 for most of the walls.
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Figure 7-15: Comparison of recommended drift limit to measured drift capacities

For new building design (ASCE 7, ACI 318), the design drift ratio (6u/hw) is based on Design

Earthquake (DE) demands which are assumed to be two-thirds of MCE demands. Eqn. 7.7 is a
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limit state formulation intended for collapse prevention, which makes it more suitable for
comparison to MCE demands. In this case, the design drift ratio (du/hw) and drift limit (Smax/hw)

should be compared in accordance with Eqgn. 7.8.

158, _ Oy 78

h h

w w

Based on the limited results presented in Figure 7-15— that is, 6u/6max generally greater than or
equal to 1.0, Eqn. 7.8 is expected to provide a low probability of collapse for a shear 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 Egn. 7.8 for DE and MCE demands.

In Figure 7-16, plastic rotation capacities for walls with overlapping hoop configurations, which
are not included in Figure 7-10, are compared to those with hoop and cross-tie configurations. In
general, the walls with overlapping hoops demonstrate larger plastic rotation capacity for a given
c/b. Linear trend lines suggest walls with overlapping hoops possess approximately 1% more drift
capacity, on average, for a given value of c¢/b. According to Figure 7-16, it may be reasonable to
allow drifts larger than those recommended in Figure 7-14 if transverse reinforcement is provided
by overlapping 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 boundary
transverse reinforcement in excess of 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 (i.e., c/b>4).
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Figure 7-16: Plastic rotation capacity vs. c/b for walls with hoop and cross-tie confinement
detail and walls with overlapping hoops
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Chapter 8  Summary and Conclusions

Based on poor performance observed for slender reinforced concrete structural walls in recent
earthquakes and laboratory tests, an experimental program was undertaken to identify critical
deign limitations for slender walls, to assess the deformation capacity of well-detailed walls
satisfying current ACI 318 provisions, and to make recommendations for future code releases. The
experimental study consisted of large-scale reversed cyclic testing of seven reinforced concrete
structural wall panel specimens, designated WP1-WP7, which represented approximately the
bottom 1.5 stories of an eight story cantilever wall. The walls were designed according to ACI

318-14 Special Structural Walls. For all seven walls, a constant axial load of 0.10Acvf”c was applied

for the duration of the test, and peak shear stresses demands were less than 34/f ' [psi]. The test

variables for the study included: the arrangement of boundary longitudinal reinforcement, the
quantity and spacing of boundary transverse reinforcement, the compression depth (influenced by
longitudinal reinforcement, axial load, and wall geometry), wall thickness, the confinement detail
used at the boundaries of the wall, and the arrangement of web longitudinal reinforcement.
Experimental data for WP1-WP7 were used to formulate a predictive equation to estimate the
lateral drift capacity at which a slender wall will fail due to flexural-compression (i.e., concrete
crushing and buckling of longitudinal reinforcement) or flexure-tension (i.e., tension rupture of
longitudinal reinforcement). To complement the experiments reported herein, a database of twenty
wall tests performed on well-detailed walls designed for moderate-to-large compression was
assembled and used to validate the drift limit formulation. Based on the study, the following
observations and conclusions are made:

1. Experimental results for test specimens representing full-scale, 12 in. [305 mm] thick walls

indicate thin walls may fail in compression prior to achieving the lateral drift or rotation
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capacities assumed by ASCE 7 and ASCE 41, respectively, even though the walls satisfy
ACI 318-14 provisions. Plastic rotation capacities as low as 1.1% were measured for the
thinnest walls tested (b=6 in.; 152 mm), followed immediately by a drop in lateral load
capacity to near zero. Walls that were 25% and 50% thicker (7.5 in. [191 mm] and 9 in.
[229 mm]) were able to achieve plastic rotations greater than 2.5% prior to strength loss.
Based on test observations, it is apparent that equivalent performance is not expected for
all walls that satisfy ACI 318-14 Special Structural Wall requirements. Further study is
required to determine how to address drift capacity limitations for thin walls in future
building codes and specifications.

. Abrupt compression failure was observed for walls utilizing a single outer hoop and cross-
ties for boundary confinement. Strain gage data indicated cross-tie strains become
disproportionately large in comparison to hoop strains once crushing/spalling of cover
concrete occurs, leading to rapid degradation of the compression resisting mechanism. In
contrast, compression failure was not observed at boundaries of walls confined by
continuous transverse reinforcement, which is similar to overlapping hoops. Continuous
transverse reinforcement, and presumably overlapping hoops, enable more uniform
distribution of transverse strains, providing more stable confinement than a single hoop
with cross-ties.

For two of the walls presented (WP1 and WP2), premature strength loss occurred due to
out-of-plane instability of the compression zone following concrete crushing/spalling and
initial buckling of longitudinal reinforcement, even though the slenderness ratio (h/b=14)
for these walls was less than the maximum allowed by ACI 31-14 (h/b<16). Thicker walls

(WP6 and WP7) demonstrated greater stability in compression at similar or larger
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compression strain demands, indicating that it may be necessary to modify the
requirements for minimum wall thickness in ACI 318-14 to include additional variables,
such as drift demand. The data presented for the approximately one-half scale walls
suggests that walls designed for moderate compression demands (c/l,w=0.2-0.3) may
necessitate at least a 15-18 in. (381-457 mm) thick compression zone. A review of a larger
database of laboratory tests may help to better define a minimum wall thickness and to
further study the impact of compression depth and confinement detail on lateral stability.

Fracture of cross-ties was only observed in a few cases for the tests reported in this paper.

Instead, following crushing and spalling of cover concrete, 90° cross-tie hooks opened,

making them less effective in providing confinement and resisting longitudinal bar
buckling. Very little, if any, performance enhancement was observed for cross-ties with

135° hooks on each end. It is suggested to avoid the use of a boundary element with a

single hoop and cross-ties, and to use overlapping hoops or continuous transverse
reinforcement for boundary transverse reinforcement.

. ACI 318-14 allows web longitudinal reinforcement to be placed outside of transverse
reinforcement with no requirement for lateral restraint by cross-ties. For walls designed
with this detail (WP1-WP4), buckling of web longitudinal reinforcement was observed
over heights up to approximately 40d, and the walls were unable to maintain lateral
residual strength and axial load following compression failure at approximately 1.5%
rotation. For walls in which longitudinal bars were laterally restrained at 16d, (WP5-WP7),
residual lateral strength greater than approximately 40% of peak capacity was maintained

to at least 3% rotation. Lateral restraint for longitudinal web reinforcement using cross-ties
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is recommended in the plastic hinge region to maintain residual strength and protect against
axial failure.

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 experimentally measured compression
strain and tension strain limits, and good agreement of the drift limit with experimental
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 compliant walls
designed such that the compression depth is less than 2.5 times the wall thickness (c/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-to-depth ratio (M/VIw) and shear stress
on the compression strain demands at wall boundaries.

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 (i.e., lw/b>15), and overly
conservative for shorter walls (i.e., l«/b<10), when compression strain capacity is assumed
to be constant (e.g., €.,=0.008) and plastic hinge length is assumed to be related to wall
length (e.g., Iw/2). This is because drift capacity is assumed to be directly related to the ratio
of compression depth to wall length (c/lw). By this definition, two walls with the same c/lw
and different wall thickness are expected to possess similar drift capacity, although it has
been shown that thinner walls tend to be less ductile.

For thick walls and/or walls designed for relatively low compression (e.g., ¢/b<3), drift

capacity may be limited by the low-cycle fatigue capacity of longitudinal reinforcement.
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A tension strain limit of 0.05, with an associated plastic hinge length of I,=I./2, is suggested
based on a review of limited test data.

Based on the information presented, equivalent performance is not expected for all walls
that satisfy ACI 318-14 provisions. Walls with lower c/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 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 quantify the compression and tension strain limits of confinement details exceeding ACI

318-14 requirements.
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