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Preface

MCEER is a national center of excellence dedicated to the discovery and development of new
knowledge, tools and technologies that equip communities to become more disaster resilient in
the face of earthquakes and other extreme events. MCEER accomplishes this through a system of
multidisciplinary, multi-hazard research, in tandem with complimentary education and outreach
initiatives.

Headquartered at the University at Buffalo, The State University of New York, MCEER was originally
established by the National Science Foundation in 1986, as the first National Center for Earth-
quake Engineering Research (NCEER). In 1998, it became known as the Multidisciplinary Center
for Earthquake Engineering Research (MCEER), from which the current name, MCEER, evolved.

Comprising a consortium of researchers and industry partners from numerous disciplines and
institutions throughout the United States, MCEER’s mission has expanded from its original focus
on earthquake engineering to one which addresses the technical and socio-economic impacts of a
variety of hazards, both natural and man-made, on critical infrastructure, facilities, and society.

The Center derives support from several Federal agencies, including the National Science Founda-
tion, Federal Highway Administration, Department of Energy, Nuclear Regulatory Commission,
and the State of New York, foreign governments and private industry.

The main objective of this report is to improve the profession’s understanding of the seismic
behavior of low aspect ratio reinforced concrete shear walls by analyzing data from tests of 12
large scale wall specimens at the Structural Engineering and Earthquake Simulation Laboratory
at the University at Buffalo. This report 1) documents the design, construction, test setup, instru-
mentation and testing of the 12 reinforced concrete shear wall specimens, 2) presents informa-
tion from the 12 tests, including global force-displacement relationships, drifts and forces at the
initiation of cracking of concrete and yielding of reinforcement, patterns of concrete cracking,
modes of failure, strain distributions at peak strength, and contributions to total lateral drift and
out-of-plane displacements, and 3) provides a technical basis for the effective elastic stiffness of
reinforced concrete shear walls for use in design practice, and equations for peak shear strength of
low aspect ratio walls suitable for inclusion in standards such as ACI 318, ACI 349 and ASCE 43.

Erratum: Some of the entries in columns 4 and 5 of Table 6.8 have been revised.
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ABSTRACT

Low aspect ratio reinforced concrete (RC) walls are widely used for low- and medium-rise
buildings and safety-related nuclear structures. Studies have demonstrated that the seismic
performance of conventional low aspect ratio walls cannot be estimated accurately using existing
predictive equations or hysteretic models. To improve the profession’s understanding of the cyclic
response of low aspect ratio walls, the US National Science Foundation funded a Network for
Earthquake Engineering Simulation (NEES) research project on shear walls of conventional and
composite construction.

Twelve large-size, low aspect ratio, rectangular, RC shear wall specimens were designed,
constructed and tested at the NEES facility at the University at Buffalo. The primary objective was
to gather and analyze data to better characterize the performance of low aspect ratio RC walls
during earthquake shaking. The global force-displacement relationships are analyzed and
discussed. Deformation of the reinforced concrete panels was computed from a dense array of 3D
non-contact transducers, and used to estimate a) contributions to total displacement of flexure,
shear and sliding, and b) principal compressive and tensile strains, and shear strains, as a function
of total displacement.

The initial stiffness of the test specimens was substantially smaller than values calculated
using equations in design standards and revisions are recommended. Restrained shrinkage at the
foundation-wall junction is identified as the primary cause for the differences in stiffness.

The concrete cracking patterns and rebar and concrete strain distributions are presented and
used to identify how forces flow from the centerline of loading to the foundation. The traditionally
assumed failure modes of diagonal tension (rebar yielding) and diagonal compression (concrete
crushing) are coupled. New equations for the peak shear strength of low aspect ratio walls with
and without boundary elements (contained within the web of the wall) are proposed for possible

inclusion in codes and standards of practice.
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CHAPTER 1
INTRODUCTION

1.1 General

Low aspect ratio reinforced concrete (RC) shear walls (height-to-length ratio of two and
less) are widely used in low- and medium-rise buildings and safety-related nuclear structures for
resistance to lateral wind and seismic loadings. For this reason, it is important that the cyclic
hysteretic (inelastic) response of these walls be understood well to enable code-based design and
seismic performance (risk) assessment.

Recent studies by Gulec et al. (2008), Gulec and Whittaker (2009), Gulec et al. (2010), and
Gulec and Whittaker (2011) demonstrated that the seismic response of conventional low aspect
ratio walls cannot be accurately estimated using existing predictive equations or hysteretic models.
Standards of practice in the United States and abroad provide equations to estimate the maximum
shear strength of a RC shear wall but these are inaccurate and insufficiently parameterized (e.g.,
Gulec et al., 2008; Del Carpio et al., 2012). Equations for uncracked and cracked stiffness are
available for design but have not been validated by large-scale testing.

To improve the profession’s understanding of the cyclic response of low aspect ratio walls,
the US National Science Foundation (NSF) funded a Network for Earthquake Engineering
Simulation (NEES) research project on shear walls of conventional and composite construction.
Sixteen rectangular, low aspect ratio concrete shear walls were built and tested at the NEES facility
at the University at Buffalo (UB): 12 conventionally reinforced concrete walls and four steel-plate
concrete composite walls. Two additional RC shear walls were built and tested using hybrid
simulation at the University of California, Berkeley.

This report addresses the response of the 12 RC shear walls tested at UB. Data presented
in this report provides valuable information to enable the characterization of the hysteretic

response of low aspect ratio RC shear walls.

1.2 Research objectives
The main objective of this research is to improve the profession’s understanding of the
seismic behavior of low aspect ratio RC shear walls by analyzing data from tests of large-scale

shear walls. Specifically, this research:



1. Documents the design, construction, test setup, instrumentation and testing of 12 RC large-
scale shear walls.

2. Curates and archives data from the reversed cyclic tests of 12 RC shear walls.

3. Presents information from the 12 tests, including global force-displacement relationships,
drifts and forces at the initiation of cracking of concrete and yielding of reinforcement,
patterns of concrete cracking, modes of failure, strain distributions at peak strength, and
contributions to total lateral drift and out-of-plane displacements.

4. Develops a technical basis for the effective elastic stiffness of RC shear walls for use in
design practice.

5. Develops equations for peak shear strength of low aspect ratio walls suitable for inclusion
in standards such as ACI 318, ACI 349 and ASCE 43.

1.3 Report organization

This report has seven chapters, a list of references, and five appendices. Chapter 2 presents
a literature review of topics related to experimental and analytical studies of low aspect ratio RC
shear walls. Chapter 3 discusses the experimental testing of the 12 RC shear walls at UB.
Descriptions of the 1) test specimens, 2) pre-test numerical analysis, 3) specimen construction, 4)
loading apparatus, 5) material properties, 6) test setup, 7) instrumentation, 8) loading protocol, and
9) test procedures are provided. The results of analysis of data from testing of the 12 RC shear
walls specimens are presented in Chapter 4, including 1) global force-displacement relationships,
2) drifts and shearing forces at initiation of cracking of concrete and yielding of reinforcement, 3)
cracking patterns and modes of failure, 4) vertical, horizontal, shear and principal strain
distributions, 5) contributions of flexure, shear and sliding to the total lateral drift, 6) out-of-plane
displacements, and 7) strength and stiffness degradation. Chapter 5 provides a technical basis for
the effective elastic lateral stiffness of RC shear walls suitable for use in design practice. New
equations for peak shear strength of rectangular low aspect ratio RC shear walls with and without
boundary elements are presented in Chapter 6. Summary, conclusions and recommendations are
presented in Chapter 7. Chapter 8 is a list of references used in this research. Appendix A provides
CAD drawings of the 12 RC wall specimens and loading apparatus used for testing. Appendix B
presents the strut-and-tie modeling of the foundation of SW8. Instrumentation of each wall

specimen is presented in Appendix C. Drawings that identify the locations of 1) Krypton LED

2



sensors, 2) strain gages on vertical and horizontal reinforcement, 3) string potentiometers and
Temposonics, and 4) linear potentiometers are provided. Appendix C also provides pertinent
information on the laboratory equipment used during testing. Appendix D shows the reference
displacements and loading protocols for testing the walls. Photographs of the specimens at

different stages of the tests are presented in Appendix E.






CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

A literature review of the topics related to the experimental and analytical studies of low
aspect ratio reinforced concrete (RC) shear walls is presented in this chapter. Experimental
research programs on low aspect ratio RC walls conducted by other researchers are presented in
Section 2.2. The different failure modes of low aspect ratio walls are discussed in Section 2.3.
Section 2.4 presents equations in the literature and building codes and standards that are used to
predict the nominal peak shear strength of low aspect ratio walls. The recently published equation
of Moehle (2015) is included for completeness. Section 2.5 describes prior work on the effective

stiffness of low aspect ratio walls.

2.2 Experimental research on the behavior of low aspect ratio reinforced
concrete shear walls

A significant number of researchers have studied and reported the response of low aspect
ratio RC shear walls. Using these data, Gulec and Whittaker (2009) compiled a comprehensive
database that reported information on tests of 434 low aspect ratio walls. Key information from
these experimental programs is provided in the literature review of Gulec and Whittaker and is not
repeated here. Table 2.1 summarizes information from experimental programs on low aspect ratio
RC shear walls conducted from 2008 up until the time of this writing: augmenting information in
the Gulec and Whittaker database.

2.3  Failure modes of low aspect ratio RC walls

According to Paulay and Priestley (1992), the modes of failure of low aspect ratio RC walls
under lateral loading are 1) diagonal tension, 2) diagonal compression, and 3) sliding shear, where
failure is defined as decrease in resistance with an increase in displacement.

Lateral loading on RC shear wall specimen results in the formation of diagonal cracks in
the web of the wall. Reversed cyclic loading on a wall specimen results in the formation of two
sets of diagonal cracks that are approximately orthogonal. Figure 2.1 shows a typical cracking

pattern of a low aspect ratio RC wall specimen subjected to reversed cyclic loading.
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Table 2.1. Review of experimental programs on low aspect ratio reinforced concrete walls

Reference

Information

Athanasopoulou
(2010)

Nine large-scale low aspect ratio rectangular shear wall specimens
were tested under reversed cyclic loading. Four walls were constructed
using regular concrete and five walls were constructed using high-
performance fiber reinforced concrete material (HPFRC). The height-
to-length ratios were 1.0 and 1.3. Axial loads were not applied to the

specimens.

El-Sokkary and
Galal (2013)

Three rectangular shear wall specimens with length, height and width of
1200 mm, 1045 mm and 80 mm, respectively, were tested under reversed
cyclic loading. A constant axial stress of 0.7 MPa was applied to the
specimens during testing. Two of the three specimens were retrofitted

with Fiber-Reinforced Polymer (FRP).

Farvashany et al.

(2008)

Seven large-scale high-strength concrete (HSC) shear wall specimens
were loaded monotonically to failure. The height-to-length ratio of the
walls was 1.25. The compressive strength of concrete varied from 11.6
ksi to 14.5 ksi. Axial stress considered were 0 ksi, 0.6 ksi, 1.2 ksi and
2.9 ksi. Horizontal reinforcement ratios of 0.47% and 0.75% and vertical

reinforcement ratios of 0.75% and 1.26% were used.

Kuang and Ho
(2008)

Eight large-scale, non-seismically detailed, rectangular RC walls with
aspect ratios of 1.0 and 1.5, were tested under reversed cyclic loading.
The length and thickness of the walls were 1200 mm and 100 mm,

respectively. Axial loads were not applied to the specimens.




Table 2.1. Review of experimental programs on low aspect ratio reinforced concrete walls
(continued)
Reference Information

Six wall piers and eight wall spandrel (3/4 -scale) were tested under
Orakcal et al. (2009) reversed cyclic loading. The wall piers and wall spandrels had an aspect
ratio of 0.9 and 1.0, respectively. Two wall piers were tested with an

axial load of 0.05f A, and another two with an axial load of 0.1f A, .

Eight shear wall specimens with height to width ratio of 1.0 were tested
Park et al. (2014) under reversed cyclic loading. Seven specimens have rectangular
sections with boundary elements. One specimen have a barbell shape

Cross section.

A rectangular RC wall with length, width and thickness of 3 m, 1.2 m
Parulekar et al.

(2014) and 0.4 m, respectively, was tested under reversed cyclic loading. An

axial of 60 tons was applied to the specimen.

Three shear wall specimens were tested under reversed cyclic loading to

Thomsonetal. | \jidate a proposed simplified model for simulating damage to low

2009 . : . : .
( ) aspect ratio shear walls. Two specimens had a height-to-width ratio of
1.25 and the third had a height-to-width ratio of 1.5.
Whyte and Two rectangular low aspect ratio RC wall specimens, 8” thick and 10

Stojadinovic (2013) | long. with height-to-length ratio of 0.54 were tested using hybrid

simulation techniques. No axial load was imposed on the specimens.

2.3.1 Diagonal tension

A diagonal tension failure is characterized by wide diagonal cracks and yielding of
horizontal and vertical reinforcement. Walls with low horizontal and/or vertical web reinforcement
ratios are vulnerable to this type of failure. Figure 2.2 is a photograph of a wall that has failed in

diagonal tension.



Figure 2.1. Typical cracking pattern for a low aspect ratio shear wall subjected to reversed
cyclic lateral loading

SW10_1s8_c1_
MID

igure 2.2. Diagonal tension failure



2.3.2 Diagonal compression

If sufficient horizontal and vertical reinforcement is provided in the web of a wall to
prevent diagonal tension failure, the concrete compression struts that serve to transfer lateral loads
to a foundation may crush, resulting in a diagonal compression failure. Figure 2.3 shows a diagonal
compression failure.

The formation of two sets of diagonal shear cracks from reversed cyclic loading can
substantially decrease the integrity of concrete compression struts. According to Paulay and
Priestley (1992), diagonal compression failure results in a drastic loss of strength and should be
avoided if the goal is to achieve ductile response. ACI 318-14 (ACI, 2014) imposes an upper limit

of 10 fc on the average horizontal shear stress to avoid diagonal compression failure.

SW3_1510_C2_
INITIAL

T
ST PRes

ure

Figure 2.3. Diagoal compressin fail

2.3.3 Sliding shear

Reversed cyclic loading can result in yielding in both tension and compression of vertical
reinforcement at the base of a wall. The cyclic yielding of this reinforcement may result in a
horizontal crack at the base of the wall and subsequent sliding of the wall on its foundation at small



levels of lateral load. The wall will slide until it rotates sufficiently for its compression toe to bear

directly on the foundation below. Figure 2.4 is a photograph of a damaged wall after sliding.

Figure 2.4. failure 7

2.4  Estimation of peak shear strength

Equations are available in the literature and in codes and standards of practice to predict
the nominal shear strength of RC walls. Each equation uses design variables such as compressive
strength of concrete, yield strength of reinforcement, reinforcement ratio and aspect ratio. This
section presents five equations used to calculate the nominal shear strength of RC shear walls,
together with the recently published equation of Moehle (2015).

2.4.1 Chapter 11 of ACI 318-14
Section 11.5 of ACI 318-14 (ACI, 2014) provides equations for the peak shear strength of

low aspect ratio shear walls. The nominal shear strength is given by
V, =V, +V, <10/f dt, (2.1)
where V, (Ib) is the nominal shear force carried by concrete, V, (Ib) is the nominal shear strength

provided by shear reinforcement, f_ (psi) is the compressive strength of concrete, d (in) is the
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distance of the extreme compression fiber to the centroid of the tensile reinforcement (taken as

0.8l,,, where |, is the length of the wall), and t, (in) is the thickness of the wall. The concrete

contribution, V_, is the smaller of:

V. =334y f.dt, + 'jlud (2.2)
1, (1 252 /1 + 2 2tNu j
V. =| 0.64/f + T dt, (2.3)
vV, 2

where N, (Ib) is the factored axial compressive force, M, (Ib-in) is the factored moment, V, is
the factored shear force and 2 =1.0 for normal weight concrete. If (M, /V, —1,/2) is negative,
(2.3) is not applicable. The rebar contribution, V_, is given by

AT
s

V,

S

(2.4)

where S (in) is the spacing of horizontal reinforcement and A, (in?) is the area of horizontal
reinforcement within distance S. The minimum horizontal reinforcement ratio, p,, shall not be
less than 0.0025. The spacing S must not exceed the smallest of I,,/5, 3h and 18 inches. The
minimum vertical reinforcement ratio, p,, must not be less than the greater of 0.0025 and that

given by (2.5):

p = 0.0025+o.5(2.5—|ﬂJ( p, —0.0025) (2.5)

w

The spacing of the vertical reinforcement should not exceed the smallest of 1,/3, 3h and 18

inches.

2.4.2 Chapter 18 of ACI 318-14
The nominal peak shear strength in section 18.10 of ACI 318-14 (ACI, 2014) is given by

V. = (acl\/fT o, fyh)AN <10,/1/A, (2.6)
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where ¢, is the coefficient defining the relative contribution of concrete strength and is equal to
3.0 for h,/I,<15, 2.0 for h,/l,>2.0 and varies linearly between 3.0 and 2.0 for h,/I,
between 1.5 and 2.0; 4 =1.0 for normal weight concrete; f_ (psi) is the compressive strength of
concrete; p, is the horizontal reinforcement ratio; f, (psi) is the yield stress of the horizontal

web reinforcement; and A, (in?) is the area of the wall.

2.4.3 Barda et al. (1977)
The equation of Barda et al. (1977) to predict the peak shear strength was derived based on
tests of eight low aspect ratio walls with heavily reinforced flanges. The equation is applicable for

rectangular walls and for walls with boundary elements. The nominal peak strength, V, , is given

by

. . N,
V. = (sﬁ—z.sﬁlﬁ+ o tA fwjdtw 2.7)

where f_ (psi) is the compressive strength of concrete, h, (in) is the height of the wall, I, (in) is
the length of the wall, N, (Ib) is the factored axial compressive force, t, (in) is the thickness of
the web, p, is the vertical web reinforcement ratio, f, (psi) is the yield stress of vertical web

reinforcement, and d (in) is the distance of the extreme compression fiber to the centroid of the

tensile reinforcement.

2.4.4 Wood (1990)
Experimental data from the tests of 143 low aspect ratio walls were used to derive the
Wood (1990) equation for peak shear strength, which is based on shear friction.. Wood’s equation

for peak average shear stress is:

6, < Al <10/f, (2.8)

4A,
where fc' (psi) is the compressive strength of concrete, A, (in?) is the effective wall area equal to
the product of wall length and web thickness, A, (in?) is the total area of vertical reinforcement in

the wall, and fyv (psi) is the yield stress of the vertical reinforcement.
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2.4.5 Gulec and Whittaker (2011)
Gulec and Whittaker (2011) developed an empirical equation for peak shear strength of
low aspect ratio rectangular walls using data from 74 rectangular walls tested by others. The peak

shear strength, V,, is given by:

1.5 f A, +0.25F +0.20F, +0.40P .
V. = JIA, \/r:W/l e <10/ A, (2.9)

where f_ (psi) is the compressive strength of concrete, A, (in?) is the area of the wall, F,, (Ib) is

the force attributed to the vertical web reinforcement (equal to the product of the total area of the

vertical reinforcement and reinforcement yield stress), F,

we (ID) is the force attributed to the
boundary reinforcement (equal to the product of the total area of vertical boundary element

reinforcement and the reinforcement yield stress), P (Ib) is the axial compressive force, h, (in) is

the height of the wall, and 1, (in) is the length of the wall.

2.4.6 Moehle (2015)

Moehle (2015) presents an equation for nominal shear strength of low aspect ratio RC
walls, which assumes: 1) normal and shear stresses along a diagonal crack are resisted only by
reinforcement, that is, the effect of aggregate interlock is not included, 2) all vertical reinforcement
yield in tension, and 3) diagonal cracks form at a constant angle to the horizontal. The nominal

shear strength, V,, is given by:

1
Vn :(Nu+pl fyp\cv)ﬁ (210)

where N, is the total axial load, p, is the vertical reinforcement ratio, A, is the gross-cross

sectional area of the wall, and ¢ is the orientation of the cracks with respect to the horizontal.

2.5 Effective lateral stiffness

In 1980, the United Stated Nuclear Regulatory Commission (NRC) funded the Seismic
Category | Structures Program to investigate the seismic response of low-rise RC shear walls. RC
shear walls were identified as the most important, yet least understood, seismic resisting
components in safety-related nuclear structures. Initial stiffness was a subject of study. The initial
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phase of the program involved tests of small-scale isolated shear walls (1/30 scale, 1-inch thick)
and 3-dimensional box-like micro-concrete structures. Tests results indicated that the resonant
frequency of the specimens was lower than the theoretical value by a factor of 2 or more,
suggesting that lateral stiffness was smaller than the theoretical uncracked stiffness by a factor of

4 or more (Farrar et al., 1990). Subsequent tests of 10 scaled box-type RC structures (seven
specimens made with 3/8-inch aggregate concrete and three specimens made with micro-

concrete), subjected to static and dynamic tests, showed no appreciable difference between
measured and theoretical uncracked stiffness (Farrar et al., 1991; Farrar and Baker, 1993). They
noted that the best correlation between the theoretical and measured stiffness occured when the
flanges were assumed to be fully effective in resisting bending and they included the flanges in the
calculation of the theoretical flexural stiffness of the 10 box-type RC structures.

Sozen and Moehle (1993) compiled and examined the lateral stiffness of 41 RC wall
specimens tested by Maier and Thirlimann (1985), Inada (1986) and Rothe (1992). Sozen and
Moehle compared the measured stiffness with the theoretical uncracked stiffness calculated using

the strength-of-materials approach. In calculating the shear component of the theoretical

uncracked stiffness, the total cross-sectional area of the wall, Ag , was replaced by an effective
wall area, A, equal to A, /1.2 for walls with rectangular sections and A, /1.1 for walls with

flanges, where A is the area of the web: total depth multiplied by web thickness. For the 41 test

specimens considered, the ratio of the measured to theoretical uncracked stiffness ranged between
0.33 and 1.2 with mean and median values of 0.73 and 0.7, respectively. They attributed the
increased flexibility of the test specimens to 1) cracks invisible to the eye present before the test,
and 2) deformability of the base girder and noted that the data provided no clear relationship
between imposed axial stress and measured initial stiffness.

The Working Group on the Stiffness of Concrete Shear Wall Structures of the ASCE
Dynamic Analysis Committee (Murray et al., 1994) prepared a report to address the differences
between measured and calculated initial stiffness of low rise RC shear walls, as observed in
experimental data available in literature, particularly those reported in the initial tests of the
Seismic Category | Structures Program. To address variations in stiffness, the Working Group

suggested upper and lower bound values on the elastic and shear moduli of uncracked concrete to
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be used modeling the stiffness of RC walls: E, and G, were increased by 25% to calculate upper
bound values and reduced by 25% to calculate lower bound values. The upper bound value
accounted for fc' greater than the minimum specified 28-day concrete compressive strength. The

lower bound value was based on experimental data and was assumed to account for the uncertainty
of concrete quality in the field.

Building codes and standards of practice provide recommendations for the effective stiffness of
low aspect ratio RC shear walls by specifying reductions in the flexural and shear rigidities.
Different reductions in the flexural and shear rigidities are used to estimate effective stiffness of
uncracked and cracked walls. For uncracked walls, ASCE 43-05 (ASCE, 2005) recommends no
reduction in flexural and shear rigidities. For cracked walls, ASCE 43-05 recommends a 50%
reduction in both flexural and shear rigidities, and ASCE 41-13 (ASCE, 2013) recommends a

reduction of 50% in flexural rigidity and no reduction in shear rigidity.
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CHAPTER 3
EXPERIMENTAL PROGRAM

3.1 Introduction

This section discusses the program for the testing of 12 shear walls at the Network for
Earthquake Engineering Simulation (NEES) facility at the University at Buffalo (UB). Section 3.2
presents the test specimens. Section 3.3 discusses the pre-test numerical analysis. The construction
of the test specimens and details on the loading apparatus are presented in Sections 3.4 and 3.5,
respectively. Material properties are identified in Section 3.6. The test setup, instrumentation and
loading protocol are discussed in Sections 3.7, 3.8 and 3.9, respectively. The test procedures are
described in Section 3.10.

3.2  Specimen details

Twelve large-size, low aspect ratio, rectangular, reinforced concrete (RC) shear wall
specimens were built and tested at the NEES facility at UB. The walls were named SW1 to SW12.
The design variables considered in developing the portfolio of test specimens included: 1) wall

aspect ratio, h, /I, where h, is the distance from the top of the foundation to the centerline of

loading and 1, is the length of the wall; 2) day-of-test concrete compressive strength, f, ; 3)
vertical and horizontal reinforcement ratios: p,,p, ; 4) yield and ultimate strengths of the
reinforcement: f , f,; 5) splices in vertical reinforcement and; 6) boundary elements.

The length and thickness of the test specimens were limited by the capacity of the NEES
actuators at UB to 120 inches and 8 inches, respectively. Three aspect ratios were considered; 0.33,
0.54 and 0.94. The horizontal and vertical reinforcement ratios in each of SW1 through SW8 were
identical. The vertical reinforcement in specimens SW2 and SW3 were coupled mechanically
using ZAP Screwlok model 4ZB (http://www.barsplice.com/) Type-2 mechanical couplers at
approximately 14 inches above the top of the foundation; all other specimens were constructed
with continuous vertical reinforcement. Specimens SW8, SW9 and SW10 had the same vertical
reinforcement ratio but different horizontal reinforcement ratios. SW11 and SW12 had boundary
elements. There were lap splices on some of the vertical reinforcements of SW8 through SW12 to
avoid thru-holes in the wall. The construction and testing of the 12 specimens was executed in two
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phases: Phase | (SW1-SW7) and Phase Il (SW8-SW12). The Phase I walls were constructed and
tested first. The Phase 11 walls were designed after preliminary analysis of data from the testing of
the Phase | walls.

The longitudinal bars of the foundation block of Phase | specimens consisted of ten #8
bars, five each on top and bottom. The transverse reinforcement consisted of #5 four-leg ties with
135-degree hooks spaced at three inches on center. Similarly, the longitudinal bars of the
foundation block of Phase Il specimens consisted of ten #8 bars, five each on top and bottom. The
transverse reinforcement consisted of #4 four-leg ties with 135-degree hooks. The ties were spaced
at four inches on center for four feet lengths from each end and eight inches on center in the
remainder.

All vertical and horizontal reinforcement in the webs of SW1 and SW4 through SW12 were
#4 Grade 60 ASTM A615 (ASTM, 2014a). The vertical and horizontal reinforcement in the webs
of SW2 and SW3 were #4 Grade 60 ASTM A706 (ASTM, 2014b). The vertical bars on the
boundary elements of SW11 and SW12 where #5 Grade 60 ASTM A615. Regular, normal weight
concrete was used for all of the foundations and the Phase | walls. Self-consolidating concrete was
used for Phase 11 walls. The properties of the walls are summarized in Table 3.1. The construction

plans and details for all 12 walls are presented in Appendix A.

Table 3.1. Properties of the wall specimens

Web Boundary

L element f' f, f,

Wall | /1, P, P, P, P, (ksi) | (ksi) | (ksi)
() | (%) | (0) | ()

SW1 094 | 0.67 | 0.67 - - 3.6 67 102
SW2 1.0 1.0 - - 7.0 63 87
SW3 0.54 | 0.67 | 0.67 - - 7.8 63 87
SW4 0.33 | 0.33 - - 4.2 67 102
SW5 1.0 1.0 - - 4.3 67 102
SW6 0.33 | 0.67 | 0.67 - - 3.8 67 102
SW7 0.33 | 0.33 - - 3.8 67 102
SW8 1.5 1.5 - - 3.5 67 102
SW9 1.5 0.67 - - 4.3 67 102
SWI10 | 0.54 1.5 0.33 - - 4.6 67 102
SWI11 0.67 | 0.67 1.5 1.5 5.0 67 102
SW12 0.33 | 0.33 2.0 2.0 5.0 67 102

1. Wall length of 10 feet for all specimens.
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Axial loads were not applied to the specimens because 1) axial stresses in low aspect ratio
walls are typically small as measured by a fraction of the product of their cross sectional area and
the concrete compressive strength, and 2) applying and maintaining even low axial loads on a wall
with an area of approximately 1,000 square inches at the relatively large lateral displacements

expected in the experiments would have been extremely difficult.

3.3  Pre-test numerical analysis

Numerical simulations of the cyclic response of the wall specimens were performed to
help design and detail the test specimens and the test fixture. Upper bound estimates of material
strength were used to establish the maximum size of the test specimens, which was dictated by 1)
the capacity of the NEES actuators, and 2) the need to construct walls of different aspect ratios
with identical plan dimensions. VecTor2 ver. 2.8 (Vecchio and Wong, 2002), a nonlinear finite
element program for the analysis of RC structures, was used to simulate the response of each test
specimen to monotonic and reversed cyclic loading using the Modified Compression Field Theory
(Vecchio and Collins, 1986) and Popovics (1973) model to represent the pre- and post-peak
response of concrete in compression. An average mesh size of 15 x 1.4 inches for walls with an
aspect ratio of 0.33; 2.5 x 2.7 inches for walls with an aspect ratio of 0.54; and 5.7 x 4.9 inches
for SW1 were used for the models. Figure 3.1 shows the predicted monotonic and cyclic base shear
versus story drift relationships for all the specimens for 1) a concrete compressive strength of 6
ksi, 50% greater than the target of 4 ksi; and 2) rebar yield strength of 75 ksi, 25% greater than the
proposed minimum specified value of 60 ksi. The predicted peak shear strength for SW5 was 732
Kips: the greatest for the Phase | walls, and this resistance, with a margin, was used to design the
test fixture. The predicted peak shear force for SW8 was 821 kips: the greatest for the Phase 11
walls but still within the capacity of the actuators and the designed text fixture.
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Figure 3.1. VecTor2 predicted force-displacement relationships
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Figure 3.1. VecTor2 predicted force-displacement relationships (continued)
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3.4 Construction of walls

3.4.1 Phase I specimens

Phase | specimens (SW1-SW7) were constructed in two stages: the foundations preceded
the wall sections. The foundations of the seven specimens were cast on July 2, 2009. The walls of
SW1, SW4, SW5, SW6 and SW7 were cast on August 24, 2009; the walls of SW2 and SW3 were
cast on December 23, 2009.

The foundations of Phase | specimens had plan dimensions of 14 x 3 inches and a height
of 18.5 inches. The formwork for the foundations of the seven walls was fabricated in the Structural
Engineering and Earthquake Simulation Laboratory (SEESL). The rebar cages were fabricated off-
site. Figure 3.2 is a photograph of some of the Phase | pre-fabricated rebar cages. Fourteen 2-inch
diameter steel pipes were used to form thru-holes in the foundation blocks. These holes were used
to pass Dywidag Threadbar anchors (Dywidag) to post tension the foundation block to the strong
floor. Before the rebar cages were placed inside the foundation formwork, 2-inch diameter wooden
plugs, arranged in a grid to align with the positions of the 2-inch diameter steel pipes, were nailed
to the soffit of the formwork. These wooden plugs were used as installation guides for the steel
pipes. Rebar chairs were placed on the formwork to obtain the desired concrete cover. Figure 3.3
shows some of the Phase | rebar cages before they were lowered into the foundation formwork.
The vertical reinforcement in the wall was tied to the foundation reinforcement before casting the
foundation concrete. The bottom of the vertical reinforcement had 90° hooks and sat on top of the
bottom longitudinal bars in the foundation. Four #5 bar lifting lugs were installed in the
reinforcement cage to facilitate later movement of the specimen. Figure 3.4 shows a rebar cage
positioned inside the formwork with the 2-inch diameter pipes, the vertical reinforcement of the
wall, and the lifting lugs.

A boom concrete pump was used to transport concrete to the foundation formwork.
Vibrators were used to consolidate the concrete. Concrete samples were obtained and placed in
standard 6-inch diameter by 12-inch tall cylinders for later concrete compressive strength testing;
per ASTM C31/31M-08 (ASTM, 2008) and ASTM C39/39M-05 (ASTM, 2005). Figure 3.5 and

Figure 3.6 are photographs taken during the casting of the foundations.
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Figure 3.6. Pouring of Phase | foundation concrete

The construction joints between the foundation blocks and the to-be-constructed walls
above were chipped to expose aggregate. The horizontal reinforcement was then tied to the vertical
reinforcement. The horizontal bars had 90° hooks at their ends. Rebar chairs were tied onto the
horizontal reinforcement before the formwork for the walls were installed. Two-inch diameter
PVC pipes were inserted through the wall formwork to create thru-holes for later installation of
the loading apparatus.

Strain gages on the horizontal and vertical reinforcements of the walls were installed before
concrete was poured. Strain gages YFLA-5-5L, made by Tokyo Sokki Kenkyujo Co., Ltd.
(http://www.tml.jp/e/ ) were used. Specifications for the YFLA-5-5L strain gages are provided in
Appendix C. The manufacturer’s installation recommendations were followed. The surface of the
reinforcement where the gages were attached was prepared by grinding using a #36 grit disc,
mechanical sanding using a #120 sandpaper, and finished using #220 sandpaper. The surfaces were
cleaned by M-Prep Conditioner A and M-Prep Neutralizer 5A before the gages were installed.
High strength CN adhesive was used to attach the gages to the reinforcement. Tokyo Sokki
Kenkyujo Co., Ltd. coating materials were used for waterproofing the bonded gages. The coating
materials include W-1 microcrystalline wax, butyl rubber SB and VM tapes, and two-component
(AW106 resin and HV953U hardener) epoxy. The gages were wrapped with electrical tape after
the application of the waterproofing materials. The gages and the reinforcing bars were carefully
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and redundantly labeled using blue tape and a marker before they were brought into the
construction area.

Figure 3.7 is a photograph of SW5 prior to finishing the wall formwork. Wires for the strain
gages were bundled and were let out on one face of the wall. A boom concrete pump was used to
pour concrete in the walls. Internal and external vibrators were used to consolidate the concrete.
Concrete samples were obtained per ASTM C31/31M-08 and ASTM C39/39M-05. The walls were
wrapped with plastic to facilitate hydration during curing and sprayed twice daily for seven days.
The small holes and imperfections on the surface of the concrete walls were roughened, cleaned
and patched with SikaTop 123 Plus (http://usa.sika.com/).

3.4.2 Phase Il specimens

The Phase 11 walls (SW8-SW12) were built at SEESL by LPCiminelli Inc., a construction
company in Buffalo, NY. Similar to the Phase | walls, the specimens were constructed in two
stages: foundations then walls. The foundations were cast on March 20, 2012; the walls were cast
on March 27, 2012.

The foundations of Phase 11 specimens had plan dimensions of 14 feet by 4 feet; their height
was 18 inches. The rebar cages for the foundations were assembled on-site. Fourteen 2-inch
diameter PVC pipes formed thru-holes in the foundation block for later installation of Dywidag
bars. Before the rebar cages were placed into the formwork, 2-inch diameter wooden plugs were
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attached to the soffit of the formwork to guide the installation of PVC pipes. Rebar chairs were
placed on the formwork to obtain the required concrete cover. Figure 3.8 is a photograph of the

rebar cage and foundation formwork for SW10.

.

Figure 3.8 Foundation formwork and rebar cage for a Phase Il wall

The heights of the stirrups for the foundations of the Phase 11 walls were fabricated 2 inches
shorter than specified. The effect of the reduced height of the rebar cage was investigated using
strut-and-tie models. Additional longitudinal and transverse reinforcement were needed to
accommodate the reduction in height and maintain the capacity of the foundation. Appendix B
presents the strut-and-tie model of the foundation of SW8. The details of the supplemental
reinforcement are also given in Appendix B. Figure 3.9 shows the foundation of SW8 prior to the
installation of the supplemental reinforcement. Figure 3.10 and Figure 3.11 show the locations of

the supplemental reinforcement on the foundation of SW8 and SW12, respectively.
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“Figure 3.9. SW8 foundation details
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Figure 3.10. Supplemental reinforcement in the foundation of SW8
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Figure §

11. Supplemental reinforcement in the foundation of SW12

Strain gages (YFLA-5-5L) were installed on the horizontal and vertical reinforcement of
the walls, as described previously. The horizontal and vertical rebars (with the strain gages
attached) were installed after the rebar cages were positioned in the foundation formwork. The 90°
hooks at the bottom of the vertical reinforcement, originally detailed to sit on top of the bottom
longitudinal bars of the foundation, were placed beneath the longitudinal reinforcement to account
for the reduced depth of the rebar cage. Strain gage wires were bundled and were let of the top of
the wall. Four #6 bars lifting lugs were installed on the reinforcement cage to facilitate later
movement of the specimen. Figure 3.12 shows the Phase 11 walls prior to casting concrete.

A conveyor belt was used to pour the foundation concrete. Vibrators were used to
consolidate the concrete. Concrete samples were obtained and placed in standard cylinders, per
ASTM C31/31M-08 and ASTM C39/39M-05.

The construction joints between the foundation blocks and the to-be-constructed walls
above were chipped to expose the aggregate. Rebar chairs were tied onto the horizontal
reinforcements before the formwork for the walls was installed. Two-inch diameter PVC pipes
were inserted through the wall formwork to create thru-holes for later installation of the loading
apparatus. Figure 3.13 shows wall formwork, Figure 3.14 is a photograph of the completed
formwork setup prior to the pouring of concrete in the walls. Self-consolidating concrete was used
for the walls. Concrete samples were obtained and placed in standard cylinders per ASTM
C31/31M-08 and ASTM C39/39M-05. The small holes and imperfections on surface of the
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concrete walls were roughened, cleaned and patched with SikaTop 123 Plus. The walls were
wrapped with plastic to facilitate hydration during curing and sprayed twice daily for seven days.

Figure 3.15 is a photograph of the Phase Il walls during curing.

iz

=

Figure 3.13. Installation of i:’hase I1 wall formwork
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Figure 3.15. Curing of Phase Il wall specimens
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3.5 Loading apparatus

The loading apparatus consisted of two sets of custom-made steel plates and brackets, one
set for each face of the wall. Drawings of the loading plates and brackets are presented in Appendix
A. The plates and brackets were analyzed using ABAQUS version 6.5.1 (Dassault Systemes
Simulia Corp., 2014) and designed such that at maximum load on the actuators, the elastic
deformations were minimal and the stresses were well below yield. The geometry of the brackets
was dictated by the geometry of the strong wall and strong floor and the desire to have the
centerline of the actuators intersect beyond the end of the specimen. Having the intersection of the
centerline of the actuators (instant center) beyond the end of the specimen permits better control
of the lateral displacement of the centerline of loading of the wall. ASTM A572 (ASTM, 2013)
Grade 50 steel plate was used for the steel plate. The mechanical properties of ASTM A572 steel
plate are summarized in Table 3.2. The plates and brackets were post tensioned to either side of
the specimens using 1.5-inch diameter B-7 threaded rods. Eight rods were used to clamp the
brackets and plates to the specimens and another eight rods were used to clamp the remainder of
the plate to the specimen. The target load in each rod was 82 kips. Additional shear blocks were
welded to the loading plate after testing the first three specimens to provide an additional margin

against slipping. The drawings of the additional shear blocks are presented in Appendix A.

Table 3.2. Summary of the mechanical properties of steel plate and reinforcing bars (from ASTM
A572, ASTM A615 and ASTM A706)

Steel plate Reinforcing bars
A572 A615 A706
Grade 50 60 60
Minimum tensile strength (ksi) 65 90 80*
Minimum vyield strength (ksi) 50 60 60
Maximum yield strength (ksi) - - 78
1. Not more than 1.25 times the actual yield strength
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3.6  Material properties

3.6.1 Concrete

Concrete samples for all batches of concrete were obtained, placed in standard 6-inch
diameter by 12-inch tall cylinders, and tested in accordance with ASTM C31/31M-08 and ASTM
C39/39M-05. The cylinders were tested for uniaxial compressive strength. The target 28 day
compressive strengths of the concrete in the walls and in the foundations were 4 ksi and 5 ksi,
respectively. The cylinders of wall concrete were tested 7, 14, 28 and 56 days after casting and on
the days of testing of the corresponding specimens. The cylinders from the foundations of the
Phase | specimens were tested 7, 14, 28 and 42 days after casting; the cylinders from the Phase Il
foundations were tested 7, 14, 28 and 56 days after casting.

After testing each Phase | specimen, core samples were taken and tested for uniaxial
compressive strength per ASTM C42/C42M (ASTM, 2010). A 4-inch diameter core bit was used
to cut core samples around the loading area (assumed undamaged) of SW1, SW2, SW3, SW4,
SW6 and SW7. Reinforcement was avoided. The 4-inch diameter core bit produced 3.5-inch
diameter cores. The heights of the cores (equal to the 8-inch thickness of the specimens) were
trimmed to 7 inches to maintain an aspect ratio of two. A 3-inch diameter core bit was used for
SW5 to produce 2.5-inch diameter cores. The heights of the 2.5-inch diameter cores were reduced
to 5 inches, also to achieve an aspect ratio of 2. Four core samples were taken from each of the
Phase | specimens and tested in compression. No cores were taken from the Phase 11 specimens.
The small spacing of the vertical reinforcement in SW8, SW9 and SW10 made it nigh-on
impossible to cut core samples without cutting reinforcement.

The compressive strengths of the concrete in the walls are summarized in Table 3.3. Results
are presented in Figure 3.16. The compressive strength of the foundation concrete is summarized
in Table 3.4 and results are plotted in Figure 3.17. The values reported are the average values
obtained from testing two cylinders for the Phase | specimens and three cylinders for Phase 11
specimens and are rounded to the nearest tenth of a ksi. The average 28-day wall cylinder strength
of all specimens, except SW2 and SW3, varied between 3.0 ksi and 3.6 ksi (10% to 25% less than
the target 28-day strength of 4 ksi); the average 28-day wall concrete cylinder strengths of SW2
and SW3 were 5.1 ksi and 6.2 ksi, respectively. The average 28-day foundation concrete cylinder

strengths varied between 4.5 ksi and 5.4 ksi. The average value of the compressive strengths from
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the cores extracted from specimens SW2, SW3, SW4 and SW6 were within 10% of the average
cylinder strength on the day of testing. The average core strength from specimen SW1 and SW7
were 22% and 21% less than the average cylinder strength. Micro cracks in the cores, not visible
to the eye, are a possible cause of this difference.

Table 3.3. Uniaxial compressive strength of concrete in the walls (ksi)

Cylinders Core
Wall Days after casting Core —
7 14 28 56 Day of test Day of test
SW1 21 | 27 | 31 | 36 3.6 2.8 0.78
SW2 39 | 42 | 51 | 6.0 7.0 6.3 0.90
SW3 47 | 57 | 62 | 74 7.8 7.4 0.95
SW4 23 | 29 | 33 | 38 4.2 4.5 1.07
SW5 20 | 28 | 3.0 | 3.3 4.3 3.0 0.70
SW6 20 | 28 | 3.0 | 3.3 3.8 4.1 1.08
SW7 20 | 28 | 3.0 | 3.3 3.8 3.0 0.79
SW8 21 | 29 | 35 - 3.5 - -
SW9 21 | 29 | 35 - 4.3 - -
SW10 | 21 | 28 | 36 | 4.2 4.6 - -
SW11 | 21 | 28 | 36 | 4.2 5.0 - -
SW12 | 21 | 28 | 3.6 | 4.2 5.0 - -

Table 3.4. Uniaxial compressive strength of concrete in the foundations (ksi)

Days after casting
wall 7 14 | 28 | 4 | 56
SW1 3.0 3.6 4.5 4.9 -
SW2 3.0 3.6 4.5 4.9 -
SW3 3.1 3.9 5.0 5.5 -
SW4 3.1 3.9 5.0 5.5 -
SW5 3.0 3.9 4.8 5.0 -
SW6 3.0 3.9 4.8 5.0 -
SW7 3.0 3.9 4.8 5.0 -
SW8 4.1 4.6 5.3 - 5.8
SW9 4.1 4.6 5.3 - 5.8
SW10 3.9 4.7 5.4 - 5.8
SWi1 3.7 4.8 5.4 - 5.7
SW12 3.7 4.8 5.4 - 5.7
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Figure 3.17. Concrete compressive strength from cylinder tests: foundations

3.6.2 Reinforcement
The Phase | specimens were constructed using two different batches of Grade 60
reinforcement. Grade 60 ASTM A615 reinforcement was used for SW1, SW4, SW5, SW6 and

SW7 and Grade 60 ASTM A706 reinforcement was used for SW2 and SW3. The mechanical
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properties of the A615 and A706 reinforcement are presented in Table 3.2. Randomly selected
pieces of reinforcement, eight from the A615 stock and five from the A706 stock, were tested.
ASTM A615 Grade 60 reinforcement was used for the Phase Il specimens. Five randomly selected
(three #4 bars and two #5 bars) pieces were tested. All of the tested steel specimens were 16 inches
long: 4 inches at each end of each specimen were used to grip the specimen in the testing machine.
A 2-inch extensometer was used to measure the strain on the test specimens.

Type-2 mechanical splices were installed on the vertical reinforcement in SW2 and SW3.
Two steel coupons with the mechanical splice at their middle were tested. The total length of these
test specimens was 23 inches: 4 inches at each end were used to hold the specimen in the testing
machine, 4 inches on each side of the mechanical coupler, and a coupler length of 7 inches. The

rupture zones in the two test specimens were outside the limits of the couplers (see Figure 3.18).

Figure 3.18. Rupture zone in the Type-2 mechanical coupler tensile test

Sample stress-strain relationships for the reinforcement used are presented in Figure 3.19.
Stress was calculated as the ratio of the measured force to the cross sectional area of the
reinforcement. Strain was calculated by dividing the measured elongation (by the extensometer)
by the gage length of 2 inches. The stress-strain relationships for the mechanically coupled A706
rebar had no well-defined yield plateau. The two steel coupons of mechanically coupled A706
rebar achieved the tensile strengths of the rebar.
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Table 3.5 summarizes the yield and tensile stresses of the reinforcement used for the Phase
| and Phase 11 specimens. The average yield and ultimate strengths of the A615 reinforcement used
for Phase | specimens were 67.3 ksi and 102.7 ksi, respectively. The average yield and ultimate
strengths of the A615 rebars used for Phase 11 specimens were 67.3 ksi and 102.4 ksi, respectively.
The reinforcement used for all the specimens met the requirements of Section 20.2.2.5 of ACI 318-
14 (ACI, 2014). None of the tested A615 reinforcement had a yield strength greater than 78 ksi
and the ratio of the tensile strength-to-yield strength of the tested A615 reinforcement was greater

than 1.25.
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Table 3.5. Reinforcement material properties

Reinforcement Sample fy_ fu_ f. Ave..fy Ave._fu AveL
(specimen) (ksi) | (ksi) f, (ksi) (ksi) f,
1 67.8 | 1042 | 1.54
2 658 | 99.9 | 152
AB15 3 65.4 | 100.2 | 1.53
(SW1, SW4, SW6, 4 67.9 | 1026 | 151
SW6, SW7) 5 69.1 | 105.1 | 1.52 673 102.7 153
6 69.4 | 105 | 151
7 69.8 | 105 | 1.50
8 63.4 | 99.4 | 157
1 61 829 | 1.36
2 655 | 858 | 1.31
(swA27%?/v3) 3 506 | 857 | 1.44 63.0 87.7 1.39
’ 4 67.4 | 919 [ 1.36
5 615 | 921 | 150
AT706 w/ coupler 1 61.8 88.5 1.43
(SW2, SW3) 2 627 | 873 | 1.39 62.3 87.9 141
AB15 #4 1 658 | 985 | 1.50
(SWS8 through 2 68.4 | 1029 | 1.50
SW12) 3 69 | 1037 | 1.50 67.3 102.4 1.52
AB15 #5 1 67.1 | 1011 [ 151
(SW11, SW12) 2 66.1 | 105.7 | 1.60

3.7 Test setup

The typical test setup involved the following main steps: 1) positioning the wall specimen,
2) wall surface preparation, 3) installation of the loading apparatus, and 4) instrumentation. These
steps are described as follows.

The specimen was lifted into the testing area using the four lifting lugs. The footprint of
the foundation was marked on the strong floor using duct tape. Before the specimen was lowered
to the floor, the Dywidag bars at the four corners of the foundations were installed to facilitate
alignment of the specimen. The initial task was to ensure that the specimen was level and that the
centerline of loading was horizontal, noting that the strong floor and the bottom of the foundation
of the specimen were not perfectly flat. This task was achieved by placing steel shims and cement
grout between the foundation and strong floor. Steel shims were placed at the four corners of the
foundation. The height of the shim at each corner was adjusted to provide at least % inches of
clearance between the underside of the foundation and the top of the strong floor, while
simultaneously keeping the centerline of loading horizontal. After these objectives were achieved,
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the specimen was temporarily removed from its location. The shims were secured to the strong
floor using duct tape. The thru-holes on the strong floor were covered with duct tape and rubber
foam (weather_strip) tape was installed on its perimeter to prevent the cement grout from covering
the thru-holes and/or flowing into the laboratory sub-basement. The cement grout was then poured
under a gravity head into the cavity between the foundation and strong floor. After repositioning
the specimen, the alignment of the centerline of loading was rechecked before the Dywidag bars
were placed. The grout was allowed to cure for at least three days before the Dywidag bars were
post-tensioned to the strong floor. The Dywidag bars were post-tensioned from below the strong
floor to minimize the bar extension above the top of the foundation. The Dywidag bars were post-
tensioned to about 50% of yield (95 kips) for the first six wall specimens tested and to around 80%
of yield (152 kips) for the remaining six specimens.

The wall preparation consisted of painting the surface with a mixture of white latex paint
and water using a volumetric ratio of 1:1. This was intended to make cracks easier to locate and to
make the chalk line grids on the two faces of the wall more visible. For the Phase | walls, two thin
coats of the paint mixture were applied after the specimens had been placed for testing. For the
Phase 11 specimens, the first coat was applied after the construction of the walls and the second
coat was applied after the walls had been placed for testing.

The next step in the setup was to install the loading plates and brackets on the two sides of
the wall. The gap between the loading plate and wall surface, created by the 0.25-inch thick shims
on the four corners of the plate, was filled with Hydro-Stone gypsum cement
(http://www.usg.com). Rubber foam tape was attached on the inside perimeter of the loading plate
(except on the top portion to facilitate pouring of the Hydro-Stone) and on the perimeter of the
thru-holes. The plates were lifted and temporarily secured by putting the B-7 rods, nuts and
washers on the thru-holes at the two ends of the plates/wall. The nuts were loosely tightened to
enable the leveling of the loading plate. The centerlines of the loading plates and wall were aligned.
Post jacks placed at each bottom end of the plates were used to adjust the height of the plates and
facilitate alignment. Once the plates and wall were aligned and leveled, the remaining B-7 rods
were attached and their nuts were slightly tightened, enough to hold the plates in place. The
perimeter of the loading plates with rubber foam tape attached were caulked with silicone rubber
sealant. Hydro-Stone was poured from the top of the plates and was allowed to cure for at least

one day before the loading brackets were attached. The B-7 rods were installed and tensioned to
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approximately 80% of yield (82 kips). Figure 3.20 and Figure 3.21 are photographs of the
installations of the loading plates and brackets. The actuators were then carefully attached to the
bracket and the mounting block on the strong wall using four B-7 rods on each end of the actuators.
Each actuator was leveled horizontally before the nuts of the B-7 rods were tightened.

Two grids of chalk lines were marked on each face of the wall to enable accurate placement
of instruments. Figure 3.22 is a photograph of SW2 after setup and before testing. Figure 3.23 is a
CAD plan view of the setup.

-

Figure 3.20. Loading plateinstallation

3.8 Instrumentation

The instrumentation plan for each wall is presented in Appendix C. Four drawings are
presented for each wall to show the locations of 1) Krypton LED sensors, 2) strain gages on vertical
reinforcement, 3) strain gages on the horizontal reinforcement, and 4) string potentiometers and

Temposonics. Specimen SW4 has a supplementary drawing showing the locations of linear
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potentiometers. The following are abbreviations used in the drawings: SP — string potentiometer,

TP — Temposonic, LP — linear potentiometer, and S — strain gage.

2
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Figure 3.23. Plan view of typical specimen setup

String potentiometers, linear potentiometers and Temposonics were used to measure the
in-plane and out-of-plane displacements of each wall. The Krypton K600 Optical Measurement
System (Nikon Metrology, 2013) was used to monitor displacements across one face of each wall,
using LED sensors installed on a rectangular grid. Data from this dense grid of sensors enabled
calculation of the contributions of flexure, shear and base slip to the total lateral displacement.
String potentiometers and LED sensors were installed to monitor lateral displacement and rotation
of the foundation. A rectangular grid was marked on the opposite face of the wall to the LED
sensors to monitor cracks and to facilitate interpretation of GigaPan (GigaPan Systems, 2013)
images of the cracked wall. Strain gages capable of measuring 15% strain were installed on the
horizontal and vertical reinforcements in each wall as described previously. An average of 52 and
84 strain gages were installed on Phase | and Phase Il walls, respectively. The detailed
specifications of each instrument are provided in Section C.2 of Appendix C. Figure 3.24 is a

photograph of some instrumentation installed on SW8.
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Lateral loads were applied to the walls using two high force-capacity actuators that were
horizontally inclined by nine degrees with respect to the longitudinal axis of the walls (see Figure
3.23). The actuators have a load capacity of 440 kips and 600 Kips in tension and compression,
respectively. The specifications for the actuators are presented in Section C.2 of Appendix C.
Displacement transducers in the actuators were used to control the lateral displacement of the
walls. (Discrepancies between the input and actual displacements were inevitable with this control
strategy at very small values of displacement because of nonlinear slip and movement within each

actuator clevis.) Load cells in the actuators were used to measure the applied load.

Two data acquisition systems (DAQ) were used to collect and process data from the
instrumentation. Pacific Instruments Model 6000 DAQ (http://www.pacificinstruments.com/)
collected data from the string potentiometers, linear potentiometers, Temposonics and load cells
and displacement transducers within the actuators. The specifications for the Model 6000 DAQ
are provided in Section C.2 of Appendix C. The Krypton system DAQ collected data from the
Krypton camera and LED sensors. To enable data synchronization, a single controller was used to

simultaneously trigger the two DAQs to start collecting data.
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3.9 Loading protocol

The test specimens were subjected to reversed cyclic, displacement controlled loadings to
indirectly simulate the effect of earthquake shaking. The guidelines provided by ATC-24 (ATC,
1992), ACI 374.1-05 (ACI, 2005) and a 2009 working draft of ACI 374.2R-13 (ACI, 2013) were
considered in the development of the loading protocol.

The first step in developing the loading protocol for a given wall was to simulate its load-
displacement relationship (monotonic loading) using the finite element software VecTor2 ver. 2.8.
The material models and average mesh size used in modeling each wall specimen were similar to
those used in the pre-test modeling (Section 3.2). A uniaxial concrete compressive strength of 4

ksi and a reinforcement yield strength of 60 ksi were used. A reference displacement (a
displacement related to yield), A, , was determined for each wall using the predicted load-

displacement relationship and an equal energy assumption. Figure 3.25 shows the derived
reference displacement for SW5. The derivation of the reference displacement for each wall is
presented in Appendix D.
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Figure 3.25. Reference displacement for SW5

The different displacement increments of the loading protocol, referred to as load steps
(LS), were anchored to fractions/multiples of A, . Load step LSO was the first load step for SW1
and SW5 through SW12; LS1 was the first load step for SW2, SW3 and SW4. Load step LSO was

to 0.25A, and was used for the calculation of initial stiffness. Load step LS1 was to 0.5A, .
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Succeeding load steps were displacement increments of either 0.5A, or A, . The first load step

for each wall comprised three displacement cycles and subsequent load steps comprised two
displacement cycles. The loading protocol for SW5 is shown in Figure 3.26. The loading protocols

for all the walls are presented in Appendix D. The displacement loading rate for all the specimens

ranged from approximately 0.005 in/sec to 0.01 in/sec.
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Figure 3.26. Loading protocol for SW5

3.10 Test procedures

The 12 wall specimens were tested in Testing Area 2 of the Structural Engineering and
Earthquake Simulation Laboratory (SEESL). The sequence and dates of testing of the 12 walls are
presented in Table 3.6. The first specimen (SW4) was tested on February 28, 2011 and the last
specimen (SW12) was tested on August 22, 2012. The testing schedule was dictated by the
availability of laboratory equipment for setting up the specimen and the instrumentation for testing.
There were other concurrent projects at the laboratory during the duration of the setup and testing
of the 12 walls.

A four-field alpha-numeric string, separated by underscores, was used to organize the data

collected from the testing of each wall specimen. The following is a sample of the string.
SW1_LS1 _C1_lInitial
SW1_LS1 C1_Peakl
SW1_LS1_C1_Mid
SW1_LS1 C1_Peak?
SW1_LS1 C2_Initial
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The first field is the name of the specimen being tested; the second field is the load step (defined
by the loading protocol); the third field is the cycle of loading (three cycles for the first load step
and two cycles for all subsequent load steps); and the fourth field refers to the point of the cycle
where data is currently being collected. In the fourth field of the string, Initial refers to the initial
zero displacement for a given cycle; Peakl refers to the positive direction of loading to the target
displacement of the current load step (pushing the specimen); Mid refers to the unloading to zero
displacement from Peakl; and Peak2 refers to the negative direction of loading to the target
displacement of the current load step (pulling the specimen).

Table 3.6. Testing sequence and dates of the 12 wall specimens

Test No. Phase Specimen Testing start date Testing end date
1 SwW4 February 28, 2011 March 10, 2011
2 SW3 May 3, 2011 May 11, 2011
3 SW2 May 25, 2011 June 1, 2011
4 Phase | SW1 July 12, 2011 July 19, 2011
5 SW7 September 30, 2011 October 6, 2011
6 SW6 November 22, 2011 December 1, 2011
7 SW5 January 31, 2012 February 13, 2012
8 SW8 April 23, 2012 April 27,2012
9 SW9 May 17, 2012 May 21, 2012
10 Phase Il SW10 June 7, 2012 June 18, 2012
11 SW11 July 30, 2012 August 1, 2012
12 SW12 August 22, 2012 August 27, 2012

The data manually collected at the different points of every cycle (Initial, Peak1, Mid and
Peak?) include 1) crack propagation, 2) crack width measurements, and 3) photograph of the whole
wall. Incremental photographs of the different sections of wall were taken using GigaPan System
(which were later stitched together to come up with a very high resolution photograph of the wall)
during Peakl and Peak2. Digital photographs of the significant damages to the walls were taken
and logged.
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CHAPTER 4
SPECIMEN PERFORMANCE

4.1 Introduction

This chapter presents results of the analysis of data from the reversed cyclic testing of the
12 shear wall specimens introduced in Chapter 3. Section 4.2 presents the measured global force-
displacement relationships. Section 4.3 summarizes the initiation of cracking of concrete and
yielding of reinforcement. The cracking patterns and modes of failure of the specimens are
described in Section 4.4. Crack angles are discussed in Section 4.5. Vertical, horizontal, shear and
principal strain distributions are presented in Section 4.6. Contributions of flexure, shear and
sliding to the total lateral drift, and out-of-plane displacements, are discussed in Sections 4.7 and
4.8, respectively. Loss of stiffness and peak strength with repeated cycling is described in Section
4.9. Additional analysis of data from the reversed cyclic testing of the 12 shear wall specimens can
be found in Rivera (2018) and Rivera et. al. (2018). Data from the tests have been curated and
archived at NEES Project Warehouse (Luna et al., 2013a and 2013b).

4.2  Global force-displacement relationships

Figure 4.1 presents the measured force-drift relationships and the cyclic backbone curves
(solid red piecewise linear lines) for the 12 walls. The peak points of the first cycle at each
displacement increment were connected to form the backbone curves. The two blue dashed lines
in each panel identify the peak shear strength in the first and third quadrants of loading. The values
inside the parentheses in the subtitles of Figure 4.1 (and succeeding figures, unless otherwise
specified) correspond to 1) aspect ratio, 2) horizontal reinforcement ratio, 3) vertical reinforcement
ratio, 4) concrete compressive strength and 5) boundary elements reinforcement ratio (for SW11
and SW12). The in-plane forces were calculated using load cells in the actuators. The lateral
displacements were calculated from: in-plane string potentiometers (SP7) for walls SW2, SW3
and SW4; and in-plane Temposonics (TP7) for walls SW1 and SW5 thru SW12. SP7 and TP7
were attached at the centerline of loading at the east end of the wall specimens. The resolution of
the string potentiometers and Temposonics used in the tests were 0.0025 and 0.00025 inch,
respectively. Significant noise is present in the collected data from the string potentiometers at

small drifts (see Figure 4.2). The drift ratio for each wall was calculated by dividing the lateral
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displacement at the centerline of loading by the distance between the centerline of loading and the
top of the foundation.

Walls SW8, SW9 and SW10 have an aspect ratio of 0.54 and a vertical reinforcement ratio
of 1.5%. The horizontal reinforcement ratios of the three walls vary from 0.33% to 1.5%. Their
cyclic backbone curves are plotted in Figure 4.3a. Some of the key observations from the response
of these walls are: 1) the hysteretic responses of SW8 and SW9 are quantitatively similar, measured
here in terms of peak strength and loss of stiffness and strength with repeated cycling beyond the
displacement corresponding to peak strength, 2) the pinching of the hysteresis loops is due to
sliding at the base, which occurs after the peak strength is attained, 3) the peak shear strengths of
SW8 and SW9 are similar in quadrant 1, although SW9 has much less horizontal reinforcement,
which suggests that above a threshold value, the effect of the horizontal reinforcement ratio on
peak strength is small, and 4) the ability of the wall to sustain significant lateral load at
displacements greater than that at peak strength is affected by the horizontal reinforcement ratio.

Walls SW11 and SW12 are the two walls with boundary elements. Their backbone curves
are plotted in Figure 4.3b. A plateau can be observed in the hysteretic response of the two walls,
which suggests that boundary elements help maintain peak shear strength for cycles at
displacements beyond peak strength. The two walls have about the same average vertical
reinforcement ratio (0.84% for SW11 and 0.77% for SW12), same day-of-test concrete
compressive strength and comparable peak shear strengths (slightly higher for SW11 on the first
quadrant of loading). These results suggest that the distribution of the total vertical reinforcement
along the length of the wall does not appear to have a significant effect on peak shear strength,
noting that the amount and distribution of horizontal reinforcement is expected to have little
influence on the shear strength of low aspect ratio walls (Barda et al., 1977; Gulec and Whittaker,
2011).

Walls SW5, SW6 and SW7 have an aspect ratio of 0.33 and reinforcement ratios of 1.0%,
0.67% and 0.33%, respectively. Their backbone curves are plotted in Figure 4.3c. The concrete
compressive strength of SW6 and SW7 are identical but the peak shear strength of SW6 is
significantly greater than SW7 which suggests that the vertical reinforcement ratio has significant
effect on peak shear strength (the effect of horizontal reinforcement on peak strength is small per
observation from SW8, SW9 and SW10). Although the concrete compressive strength of SW5 is
only marginally greater than SW6, the peak shear strength of SW5 is approximately 150 kips (667
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kN) greater than SW6. These observations confirm the expected behavior of RC walls that the
peak shear strength is greater for walls with higher reinforcement ratio.

Walls SW2, SW3 and SW4 have an aspect ratio of 0.54 and reinforcement ratios of 1.0%,
0.67% and 0.33%, respectively. Their backbone curves are plotted in Figure 4.3d. The peak shear
strength of SW2 is greater than SW3 although its concrete compressive strength is smaller. The
peak shear strength of SW4 is much less than SW3, which was expected because the concrete
strength and reinforcement ratios are substantially smaller in SW4. Similar to prior observations
(on SW5, SW6 and SWT7), peak shear strength is greater for walls with greater reinforcement ratio.

Specimens SW1, SW3 and SW6 have the same horizontal and vertical reinforcement ratios
and aspect ratios of 0.94, 0.54 and 0.33, respectively. Their backbone curves are plotted in Figure
4.3e. The measured peak strength in the first quadrant of loading is greater for SW6 than SW3,
even though SW6 has a significantly lower concrete compressive strength than SW3 which
suggests that aspect ratio has significant effect on peak shear strength. SW6 and SW1 have a
similar concrete compressive strength but the measured peak shear strength is greater for SW6
than SW1. These results support past observations that peak shear strength is greater for walls with
lower aspect ratios, all other parameters being equal.

4.3 Initiation of cracking of concrete and yielding of reinforcement

Table 4.1 summarizes the values of the lateral forces and drift ratios corresponding to the
onset of 1) visible diagonal (shear) cracking in concrete, 2) visible horizontal cracking in concrete
near the base of the wall, and 3) tensile yielding of the boundary vertical reinforcing bars. Diagonal
cracking in the webs of the walls was first observed at lateral forces between 57 kips (SW1) and

221 Kkips (SW9), average shear stresses between 1.0\/f_c' (SW1)and 3.8\/f_c' (SW8), and drift ratios

between 0.02% (SW5) and 0.12% (SW11). For walls with an aspect ratio of 0.54 and equal
horizontal and vertical reinforcement ratio (SW2, SW3, SW4 and SW8), the force and drift ratio
corresponding to the initiation of diagonal cracking increase with the increase in reinforcement
ratio. Horizontal cracks formed near the base of the wall at lateral forces between 57 kips (SW1)

and 623 kips (SW8), average shear stresses between 1.0\/f_c' (SW1) and 11.0\/f_c' (SW8), and drift

ratios between 0.055% (SW1) and 0.94% (SW11). The force and drift ratio at the onset of
horizontal cracking near the base of the wall were significantly smaller for SW1 than the other
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walls. Wall SW1 has an aspect ratio of 0.94 and was the tallest of the walls tested. There were no
visible horizontal cracks near the base of walls SW10 and SW12. (SW10 and SW12 both failed in
diagonal tension.) Tensile yielding of vertical reinforcement at the boundaries of the walls initiated
at lateral forces between 87 kips (SW1) and 448 kips (SW9), average shear stresses between

15/f, (SW1) and 7.3/, (SW8), and drift ratios between 0.10% (SW7) and 0.40% (SW10).

Tensile yielding of the vertical reinforcement at the boundaries of SW1 occurred at a significantly

smaller lateral force than in the other specimens, which is expected due to its higher aspect ratio.

4.4  Cracking and modes of failure

Diagonal cracks were observed on the webs of the shear-critical walls SW2 through SW12.
A greater number of diagonal cracks were observed in the walls with higher horizontal and vertical
reinforcement ratios. Fewer but wider cracks were observed in walls with lower horizontal and
vertical reinforcement ratios. In SW11 and SW12, the walls with boundary elements, the
orientation of the diagonal cracks on the web transitioned to horizontal at the web-boundary
element junctions. (Moehle (2015) presents similar horizontal cracking patterns in the boundary
flanges of slender structural walls.) Wall SW1, the wall with an aspect ratio of 0.94, had diagonal
cracks at its mid-section and flexural cracks near its ends. Figure 4.4 shows the cracking patterns
on one face of the 12 walls after two cycles of loading at displacement corresponding to peak
strength. Shaded segments in Figure 4.4 identify spalled concrete.

In general, the lateral displacement at the centerline of loading at load steps prior and
corresponding to peak shear strength was mainly due to the opening of the diagonal shear cracks
throughout the web of the wall specimens (discussed in Section 4.6.2.2). The contributions of
flexural cracks and sliding at the base of the wall were insignificant during load steps prior and
corresponding to peak shear strength.

The shear-critical walls SW2 through SW12 failed either by diagonal tension or diagonal
compression. Diagonal tension was chosen to describe a failure associated with wide cracks and
measured horizontal rebar strains substantially greater than yield; diagonal compression was
assumed otherwise. (Diagonal compression was related to the crushing of concrete near the toes

of the walls.) Wall SW1 failed in a combination of flexure and shear. Figure 4.5 presents
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photographs of the damage to all the wall specimens at the end of testing. Additional photographs
of damage to the specimens are provided in Appendix E.

Significant sliding at the base of the walls was observed in all the specimens except SW4
at load steps following the one corresponding to peak strength. Spalling of concrete along the base
and at the toes of the wall was also observed. The vertical reinforcement near the base and near
the toes of all walls, except SW2, SW5 and SW10, buckled and resulted into more spalling of
concrete.

Spalling and crushing of concrete at the boundaries of all walls, except SW2, SW5 and
SW10, made it possible to verify the condition of the 90° hooks to the horizontal reinforcement.
None of the 90° hooks on the horizontal reinforcement at the boundaries of these low aspect ratio
walls opened or disengaged during the testing. Yielding of horizontal reinforcement was observed
from the strain gage data. These observations suggest that the 90° hooks are sufficient in the
boundaries of low aspect ratio walls and that 135° hooks are unnecessary.

Specimens SW8 and SW10 have the same vertical reinforcement ratio (1.5%) and
horizontal reinforcement ratios of 1.5% and 0.33%, respectively. The concrete compressive
strength of SW10 is about 1.1 ksi greater than in SW8. Photographs of the damage to walls SW8
and SW10 are presented in Figure 4.6 at drift ratios of 1.3% (SW8) and 1.4% (SW10). The red
arrows identify the direction of loading at the instant the photograph was taken. Although the drift
ratios are similar, the damage to the two walls is very different: SW10 failed in diagonal tension
whereas SW8 failed in diagonal compression. Wall SW10 had fewer but wider diagonal cracks
than SW8. The amount and distribution of horizontal reinforcement affects the distribution and

size of cracks in low aspect ratio RC shear walls.

4.5 Crack angles

Figure 4.4 presents patterns of concrete cracking for all the walls after two cycles of loading
at displacement corresponding to peak strength. The rectangular grid of each wall are also shown.
The vertical and horizontal lines (of the rectangular grid) were marked with letters and numbers,
respectively, to facilitate the identification of cracks. The distances between the gridlines for each
wall specimen are provided in Section C.2. A crack angle, ¢, for each wall is determined by
averaging the angles that the major cracks make with respect to the horizontal. Cracks that

propagated diagonally over more than half the height of the wall were considered major. Table 4.2
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identifies the major cracks for each wall and their angle with respect to the horizontal. The cracks
were named with a combination of letters and numbers (e.g., A1-D5). The first combination of
letter and number (Al) identifies where the crack originates, that is, at the intersection of vertical
line A and horizontal line 1. The second combination of letter and number (D5) identifies where
the crack ends. If the beginning (or ending) of a crack falls in between vertical or horizontal lines,
the crack name will contain two letters and/or two numbers (e.g., AB1-D45). The angle of each
crack is determined using the known distances between gridlines. The crack angle for each wall
and the average crack angle for walls with the same aspect ratio are summarized in Table 4.3. The
average crack angle for walls with aspect ratios of 0.94, 0.54 and 0.33 are 46°, 41° and 42°,
respectively. (The angle of a crack with respect to the horizontal is typically assumed to be 45°.)
The average crack angles are useful when analyzing the forces acting on the concrete compression
struts and evaluating the equilibrium of different sections of the wall, both of which are needed to
estimate the peak shear strength of low aspect ratio walls. The crack angles presented in this section
are used in Chapter 6 to formulate equations for the peak shear strength of low aspect ratio RC

walls with and without boundary elements.

4.6  Strain fields

Strain fields together with cracking patterns can help identify how forces flow through
shears walls, in this case from the centerline of loading to the foundation. Data gathered from the
strain gages attached to the horizontal and vertical reinforcement of the walls are presented to show
the general distribution (in-plane) of strain. Data from the Krypton LED sensors attached on the
face of the walls were processed and used to calculate the in-plane strain fields. The strain data
obtained from strain gages should be similar/comparable to the strain measured from the Krypton
LED sensors if there is a good bond between concrete and reinforcement in the walls. Comparisons
of the strain data obtained from the strain gages and Krypton LED sensors are presented in Section
4.6.2.1.
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4.6.1 Strain gage data

Strain gages were attached to the horizontal and vertical reinforcement of each wall. The
Phase | and Phase Il walls had an average of 52 and 84 strain gages, respectively. The installation
of the strain gages are described in Section 3.4 and the locations are provided in Section C.2. Each
wall had two curtains of reinforcement and the strain gages in each wall were all installed on just
one curtain. A few strain gages in each wall did not function properly prior to testing, likely due
to damage to the gages and/or their connecting wires sustained during the casting of concrete.
Figure 4.7 shows the strains on the vertical reinforcement (measured from strain gages S8, S11
and S14) versus displacement at the centerline of loading of SW9. Strain gages S8 and S14 are
located at the ends of the wall while strain gage S11 is located near the middle of the wall (see
Figure C.21). Yielding of the reinforcement, as can be seen in panels A and B of Figure 4.7, started
at around 2000 microstrains which was typically observed from all the strain gages of all the walls.

Figure 4.8 presents strains on the vertical reinforcement of each wall at peak lateral
strength. The red arrow identifies the direction of loading. Positive strain corresponds to tension
and negative strain corresponds to compression. The cracking patterns and the rectangular grid are
also shown.

Several strain gages failed on SW1, particularly those near the bottom and at the ends of
the wall. Almost all the vertical reinforcement with attached strain gages yielded in tension for
walls SW2, SW3 and SW4 (aspect ratio of 0.54 and vertical reinforcement ratio of 1%, 0.67% and
0.33%, respectively). (The yielding was throughout the height of the wall for SW2 and SW3.)
Similarly, all vertical reinforcement with attached strain gages yielded in tension over the height
of the walls SW5, SW6 and SW7 (aspect ratio of 0.33 and vertical reinforcement ratio of 1%,
0.67% and 0.33%, respectively). For SW8, a wall with an aspect ratio of 0.54 and vertical
reinforcement ratio of 1.5%, only about one-half of the vertical reinforcement yielded in tension.
It appears that above a certain vertical reinforcement ratio threshold, between 1% and 1.5%, peak
strength is achieved without all the vertical reinforcement yielding in tension. (Some equations for
peak strength available in literature (e.g., Wood, 1990; Moehle, 2015) assume that all vertical
reinforcement yields in tension.) Wall SW10 had a vertical and horizontal reinforcement ratio of
1.5% and 0.33%, respectively, and it failed in diagonal tension. The vertical reinforcement in
SW10 did not yield, except that at the boundaries of the wall.

53



Figure 4.9 presents strains in the horizontal reinforcement of each wall at peak lateral
strength. The strains in all the horizontal reinforcement of all the walls were tensile (positive).
Yielding was measured mostly at the mid-depth of the wall. The strains in the horizontal
reinforcement were small at the ends of the wall. In general, the magnitude of the strains measured
on the horizontal reinforcement were significantly smaller than the strains measured on the vertical
reinforcement, which suggests the contribution of the horizontal reinforcement to the total resisting
force of a low aspect ratio wall is significantly smaller than the contribution of the vertical
reinforcement.

The distributions of strain in the vertical and horizontal reinforcement for walls SW8, SW2
and SW3 were compared at 0.7% drift ratio. Walls SW8, SW2 and SW3 had an aspect ratio of
0.54 and reinforcement ratios (vertical and horizontal) of 1.5%, 1% and 0.67%, respectively. The
lateral forces measured at the centerline of loading corresponding to 0.7% drift were 623 kips, 530
kips and 402 kips for walls SW8, SW2 and SW3, respectively. Figure 4.10 and Figure 4.11 show
the distributions of strains on the vertical and horizontal reinforcement, respectively, of SW2 and
SW3 at 0.7% drift ratio. For SW2 and SWa, the strains were measured during the load step that
corresponds to the first excursion to 0.7% drift ratio. A drift ratio of 0.7% corresponds to the peak
strength of SW8 and the distribution of strains on the vertical and horizontal reinforcement of SW8
at 0.7% drift ratio are presented in Figure 4.8h and Figure 4.9h, respectively. Tensile yielding of
the vertical reinforcement of SW8 occurred only near the end of the wall in tension. Most of the
vertical reinforcement of SW2 yielded in tension. All vertical reinforcement of SW3 yielded in
tension. Tensile strains in the vertical reinforcement of the three walls were greatest in SW3 and
smallest in SW8, confirming that the greater the vertical reinforcement ratio, the smaller the strain
(and stress) at peak strength. All measured strains on the horizontal reinforcement of walls SW8,
SW2 and SW3 were tensile, with maximum strains measured at the mid-length of the walls. The
horizontal reinforcement yielded at the mid-length of walls SW2 and SW3 whereas none of the

horizontal reinforcement in SW8 yielded.

4.6.2 Krypton LED data
Data gathered from the Krypton LED sensors were principally used to estimate the in-plane
strain fields in the wall specimens at displacements, equal to or less than those at peak lateral

strength. Four strains were calculated: 1) vertical strain, 2) horizontal strain, 3) shear strain, and 4)
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principal strain. The grid of Krypton LED sensors generated quadrilateral panels on the surface of
the wall specimen. (The grid of Krypton LED sensors for each wall are presented in Section C.2.)
The strains were calculated for each panel using the displacements measured by Krypton LED on
each corner/node, which requires two assumptions, namely, 1) the response is linearly elastic, and
2) deformations are small. The first assumption is poor but necessary because the locations of
cracks were not known prior to the installation of the LEDs. (Strains in a given panel are considered
average values. For panels of LEDs that include cracks, average tensile strains will overestimate
concrete tensile strain.)

A quadrilateral panel and the notations used to calculate the strains are presented in Figure

4.12. The vertical strains, ¢ , at the left and right of the panel were calculated by dividing the
change in length of the side, AV, by the original length of the side (V, or V). The horizontal
strains, &,, at the top and bottom of the panel were calculated by dividing the change in length of

the side, AH , by the original length of the side (V; or V;). To determine the average shear strain

for the panel, the change in angle at each of the four corners were determined. The initial angle of

each corner, «;,, was calculated using the law of cosines and is given by:

10?7

H2 V2_D2
a, = cost ¥ ~Y (i=12,34) (4.1)
2HV

where H and V are the original lengths of the two sides of the panel adjacent to «,, , and D is the

10 ?

original length of the diagonal opposite to «,, . The final angle of each corner, «;, was calculated
by:

" —cos‘l(H +AH)* +(V +AV)? — (D + AD)? 1234 (42)
| 2(H + AH)(V +AV) =h239 |

where AD is the change in length of the diagonal and all other variables are previously defined

above. The change in angle for each corner was calculated by subtracting the initial angle from the

final angle. The average shear strain, y, , in each quadrilateral element was calculated as the

average of the change in angle of the four corners. Average shear strains were used to calculate

the shear deformations of the walls. The principal strains in each panel were estimated by:
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where the subscripts 1 and 2 correspond to the first (maximum) and second (minimum) principal
strains, respectively. Generally, for the 12 walls tested here, the first principal strain is tensile and
the second is compressive. The orientation of the principal strains (along which the principal

strains act) for each panel, 6, was calculated by:

7xy

& —&,

tan 20p = (4.4)

Birely (2012) analyzed Krypton LED data from tests of four slender RC walls to determine
in-plane strain fields. The LED sensors on the slender RC walls were arranged in a rectangular
grid. She calculated axial and shear strains from LED displacements by geometry (method
presented above) and a finite element formulation. Birely improved the usability of the strain
information by averaging values of the strain quantity from the surrounding panels. A similar
method was used here to calculate the strain fields.

The accuracy of the geometry-based method for predicting strains was evaluated using a
finite element formulation described in Epackachi (2014). Strain fields in SW8 were established
using both methods, using the finite element formulation as a benchmark. Strains were calculated
at peak strength using a square panel of 16 LEDs. The axial and shear strains calculated using the
geometry-based method described above were within 5% and 3%, respectively, of those calculated
using the finite element formulation, providing confidence in the axial and shear strain data
presented below.

The dimensions of the rectangular grid used for the Krypton LEDs for each wall specimen
are provided in Section C.2. Walls SW2, SW3 and SW4, the first three specimens tested, had fewer
LED sensors near the top of the grid due to unavailability of LED sensors at the time of testing.
The upper part of wall SW1 (tallest of the walls tested, with an aspect ratio of 0.94) did not have
LEDs near the top of the wall due to a limitation on the field of view of the Krypton camera.
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4.6.2.1 Horizontal and vertical strain fields

The vertical and horizontal strain distributions calculated from the Krypton LED data of
each wall at peak strength are presented in Figure 4.13 and Figure 4.14, respectively. The red arrow
identifies the direction of loading. Positive strain is tensile. The cracking patterns and the
rectangular grids with strain data are also shown. The color map is comparable to the color legend
used for the strain gage data presented in the previous section.

The distributions of vertical strains at peak strength along the height and length of the 12
walls are qualitatively similar, defining three segments in each wall: information used in Chapter
6 to develop an equation for peak shear strength. The tensile and compressive vertical strains are
greatest at the toes of the walls, and the former are greater than the latter. Much of the cross sections
of the walls are subjected to positive (tensile) vertical strains.

The horizontal strains at peak strength in the 12 walls are positive (tensile). The horizontal
strains are greatest at mid-length of the walls, where the widest cracks were observed. Greater
average horizontal strains were calculated in the vicinity of diagonal cracks (e.g., see panels d and
g of Figure 4.14) for the reason given previously. Figure 4.5j is a photograph of SW10 after testing.
Concrete spalled from the edges of the concrete compression strut that formed between two wide
diagonal cracks. The (blue) band of high average horizontal strain (Figure 4.14j) identifies the
compression strut, noting that the calculated average strains overestimate those in the concrete
alone because the calculation cannot accommodate the presence of discrete cracks.

Figure 4.15 presents ranges of strain on vertical reinforcement in SW8 at drift ratios less
than that at associated with peak strength: 0.35% and 0.5%. Figure 4.16 presents vertical strains
calculated from the Krypton LED sensors at 0.35% and 0.5% drift ratios. In general, the gage- and

LED-calculated strains are in good agreement.

4.6.2.2 Shear and principal strain fields
The shear strain fields calculated using the LED data are presented in Figure 4.17. The

distributions of the principal strains, ¢, and &,, are shown in Figure 4.18 and Figure 4.19,
respectively, where &, corresponds to the first (maximum) principal strain and &, corresponds to

the second (minimum) principal strain. The observed pattern of cracking and the associated

rectangular grid are also shown in the figures. Two color legends were used for the shear and ¢,
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strain distributions: one for SW1 through SW7 and another for SW8 through SW12. The calculated
shear and &, strains in SW8 through SW12 were generally smaller than SW1 through SW7 and
the use of different legends improves the presentation of the strain fields in the walls. Two color
legends were used for &,: one for SW1 through SW5 and SW12, and another for SW6 through
SW11.

There are three segments in each wall that are characterized by substantially different
amplitudes of shear strain. Figure 4.20 identifies the three segments on the web of a wall, with and
without boundary elements. The orientations of the boundaries between segments A and B, and
segments B and C, is the same as that of the diagonal cracks. The shear strains are small in
segments A and great in segments B. There are no-to-few cracks in segment A but a large number
of cracks in segment B. The high local displacements caused by the cracks produce high average
shear strains in segment B. The lateral displacement at the centerline of loading is due primarily
to the opening of diagonal cracks, since sliding at the base of the wall is minimal at displacement
corresponding to peak strength. The magnitude of the shear strains in segment C lies between those
in segments A and B.

The distributions of principal strain ¢, in the 12 walls are presented in Figure 4.18. The
key observations from Figure 4.18 are: 1) the magnitude of ¢, in segment B in all the walls is

relatively high, which corresponds to the greater number and width of cracks in that region, and 2)

the magnitude of ¢, in segment A in all the walls is relatively small because there are few-to- no
cracks and any crack was narrow. The distributions of principal strain &, in the 12 walls are
presented in Figure 4.19. For all the walls, the magnitude of ¢, is significantly greater in segment
B than in segments A and C. The magnitude of &, is small and moderate in segments A and C,
respectively. The orientations of the principal strains, 6, , of each of the walls are shown in Figure

4.21. There is a very good agreement between the orientations of the principal strains and the
patterns of cracking in all the 12 walls, which provides significant confidence in the strain

calculations presented in this section.
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4.7 Displacement components

Data collected from the Krypton LED sensors were used to calculate the components of
total displacement at the centerline of loading of the walls. The components of the total
displacement are 1) shear deformation, 2) flexural deformation, and 3) sliding at the base of the
wall.

Figure 4.22 shows a typical grid of the Krypton LED sensors. The distances between the
gridlines for each wall specimen are provided in Section C.2. (Note that SW1, SW2, SW3 and
SW4 had fewer LED sensors near the top of the grid than the other walls.) To facilitate the
calculation of the contribution of each component to the total deformation, the Krypton LED grid
was divided into horizontal strips, as shown in Figure 4.22. The height of the strips were identical
in each wall.

Birely (2012) explored different methods of determining the shear deformation in a RC
wall specimen using data from a rectangular grid of Krypton LED sensors. The most appropriate
method involves 1) calculating the average shear strain of all the panels in a strip, 2) determining
the shear deformation of each strip by multiplying the average shear strain in each strip by the
height of the strip, and 3) adding the shear deformations in each strip. This procedure was utilized
here to determine the shear component of the total deformation of the walls. The sum of the shear

displacements of all the strips were multiplied by the ratio of h, /h, (h, is the distance from the
foundation to the centerline of loading of the wall and h, is the total height of the grid as shown

in Figure 4.22 to determine the total shear component of the displacement at the centerline of
loading.

The Krypton LEDs at the bottom of the grid of all the walls were located 2 inches above
the foundation. The component of the total displacement that corresponds to the sliding at the base
of the wall was calculated as the average horizontal displacement of all the LED sensors located
at the bottom of the grid, noting that there was no movement (sliding) of the foundation. The
flexural component of the total lateral displacement at the centerline of loading was calculated as
the difference between the total lateral displacement and the sum of shear and base sliding
displacements.

Figure 4.23 presents the shear, flexure and base sliding components of the total lateral
displacement at the centerline of loading as a function of drift ratio. From this figure, it can be

observed that
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1) The contribution of base sliding prior to achieving peak shear strength is relatively small
for all of the walls bar SW4. This indicates that equations for peak shear strength of low
aspect ratio RC walls that are based on sliding (shear friction) at the base of the wall is not
appropriate.

2) Significant sliding at the base of the walls is observed after achieving peak shear strength.

3) The shear component of the total displacement of walls SW5, SW6 and SW7 (aspect ratio
of 0.33) is significantly greater than those due to flexure and base sliding at displacements
less than or equal to those associated with peak shear strength.

4) The contribution of flexure to the total lateral displacement is significantly greater in SW1
(aspect ratio of 0.94) than in the remaining walls.

There is no post-peak strength LED data for some of the walls. Many LEDs at the bottom
of the grid had to be removed from some of the walls during post-peak strength displacement
increments to prevent their damage due to crushing of concrete. It was difficult or impossible to
evaluate shear strain and base sliding at the bottom panel of the rectangular grid with many missing
LEDs.

4.8 Out-of-plane displacement

Out-of-plane (OOP) displacement and twisting of RC shear walls can occur in the field
during earthquake shaking. Building framing system can translate and rotate in plan (twist) during
an earthquake due to 1) irregular framing, 2) accidental torsion, 3) non-uniform yielding of
member in the lateral-force-resisting system, and 4) torsional ground motions. The loading
apparatus used during the tests of the 12 specimens did not prevent the walls from moving OOP.
String potentiometers, attached on the top of the wall approximately 16 inches above the centerline
of loading, were used to monitor OOP displacements. The OOP displacement and twisting of the
walls, normalized by their height, in the first and third quadrants of loading to peak strength are
presented in Table 4.4. The effects of OOP displacement on initial stiffness and peak shear strength

are discussed in Chapter 5 and Chapter 6, respectively.
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4.9 Strength and stiffness degradation

Walls in buildings and safety related nuclear structures are expected to maintain their
strength for multiple cycles of loading at and beyond the displacement corresponding to peak shear
strength.

Figure 4.24 shows the loss of stiffness in SW1 with repeated cycling to the displacement
corresponding to peak strength. To quantify the loss of stiffness in the 12 walls, shear strengths

V,, V, and V, (marked with open red circles in Figure 4.24) were extracted from the first quadrant
hysteresis loops of each specimen. Force V, corresponds to the peak shear strength at a
displacement D; forces V, and V, correspond to the shear strength at the second and third
excursions to the displacement D. Table 4.5 presents the ratios V, /V, and V,/V, , which is related

to the loss of stiffness of the wall with repeated cycling to displacements corresponding to peak
strength. On the second (third) excursion to D, the secant stiffness to shear strength is as low as
60% (40%) of the secant stiffness to peak shear strength. Walls SW9 and SW10 (vertical
reinforcement ratio of 1.5% and horizontal reinforcement ratio of 0.67% and 0.33%, respectively)
had the smallest loss of stiffness after two excursions to D. The 12 walls show a rapid loss of
maximum resistance after achieving peak shear strength, at either the same lateral displacement
(in a subsequent cycle) or a greater displacement. It is evident from the ratios presented in Table
4.5 that these 12 walls show a rapid loss of stiffness after achieving peak shear strength.

The force-displacement relationships of the walls without boundary elements (see panels a
to j of Figure 4.1) show a rapid loss of maximum resistance at cycles of displacement beyond that
associated with peak shear strength. Walls SW11 and SW12, the two walls with boundary
elements, maintained their resistance for multiple cycles of loading at displacements greater than

that associated with peak strength (see panels k and I of Figure 4.1).
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Table 4.1. Summary of forces and drift ratios at the initiation of cracking in concrete and yielding of reinforcement

Diagonal cracking

Horizontal cracking near the base of

Tensile yielding of boundary vertical

the wall reinforcement

Wall Avg. shear _ ) Avg. shear ) ) Avg. shear _ )

Force stress Drift ratio Force stress Drift ratio Force stress Drift ratio

(kip) | (o) | OO | e |y |0 | ) | ) | )
SW1 57 1.0 0.055 57 1.0 0.055 87 15 0.12
Sw2 153 1.9 0.079 341 4.2 0.31 371 4.6 0.35
SW3 132 1.6 0.060 132 1.6 0.060 134 1.6 0.12
SwW4 84 1.4 0.044 160 2.6 0.14 141 2.3 0.11
SW5 68 11 0.020 551 8.8 0.47 310 4.9 0.23
SW6 124 2.1 0.060 280 4.7 0.23 245 4.1 0.20
SW7 139 2.3 0.060 273 4.6 0.41 149 2.5 0.10
SW8 215 3.8 0.10 623 11.0 0.70 413 7.3 0.29
SW9 221 3.5 0.10 485 7.7 0.31 448 7.1 0.27
SW10 127 2.0 0.021 - - - 416 6.4 0.40
SW1l1 201 3.0 0.12 381 5.6 0.39 296 4.4 0.26
SW12 94 1.4 0.057 - - - 314 4.6 0.32
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Table 4.2. Crack angles at load step corresponding to peak strength

No. of grids Run No. of grids | Rise | Angle Ave.

Wall | Crack ID (horizogntal) (in) (vertigal) (in) (0% Angle (°)
B5-EF10 45 47.25 5 525 | 48.0
AB2-HI10 6.5 68.25 8 84 | 509

SWL "FG78-310 35 36.75 25 2625 | 355 | 8
BC23-F67 35 36.75 4 42 | 488
A1-G8 6 48 7 49 | 456
D4-H8 4 32 4 28 | 41.2
BC2-H78 55 a4 55 385 | 412
DE3-138 5 20 5 35 | 412

SW2 I Bc1-78 75 60 6.5 155 | 372 | 9%
DI-L8 8 64 7 49 | 374
J45-M7 3 24 2.25 1575 | 333
GHI-K4 35 28 3 21 | 369
BC3-G8 45 36 5 35 | 442
B1-H8 6 18 7 49 | 456
CD12-18 6.5 52 6 22 | 389

SW3 | CD1-Ks 75 60 7 49 | 392 | 387
HA-M8 5 40 4 28 | 350
G23-NO8 75 60 55 385 | 32.7
H2-M6 5 40 4 28 | 350
A12-F8 5 6.6 6 48 | 459

SW4 8 6 5.9 6 a8 | a07 | 3
A1-DE5 35 22.75 4 20 | 519
B1-F5 4 26 4 20 | 481
CD1-GH5 4 26 4 20 | 481
EF2-5 15 2025 3 21.75 | 366

SW5 | F1-134 3 195 25 18125 | 429 | 427
H2-L5 4 26 3 21.75 | 39.9
1J2-MN5 4 26 3 2175 | 39.9
IJ1-N5 45 29.25 4 20 | 448
L23-PQ5 15 20.25 25 18.125 | 318
B1-FG5 45 29.25 4 20 | 448
C1-H5 5 325 4 20 | 417
DI-15 5 325 2 20 | 417

SW6 14 4 26 3 2175 | 399 | %4
HI1-M5 15 20.25 4 20 | 448
J1-05 5 325 4 20 | 417
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Table 4.2. Crack angles at load step corresponding to peak strength (continued)

No. of grids Run No. of grids | Rise | Angle Ave.

Wall | Crack ID (horizogntal) (in) (vertigal) (in) (0% Angle (%)
C1-H5 5 325 4 20 | 417
GH1-L5 15 29.25 4 20 | 448

SWT K 3N5 25 16.25 2 145 | 417 | 2
JI-M3 3 195 2 145 | 366
CD2-F56 3 21 35 245 | 494
Ci-167 6 42 65 455 | 473
FG5-8 35 245 3 21 | 406
E2-L8 7 49 6 42 | 206

SW8 Goms 6.5 455 6 2 | a7 | A7
G2-NO8 75 525 6 22 | 387
H2-NO?7 6.5 455 5 35 | 376
HI-P7 8 56 6 42 | 369
03-M8 4 28 5 35 | 513
Q1-KLB 6.5 455 7 29 | 471
OP1-18 6.5 455 7 29 | 471
01-H8 8 56 7 49 | 412

SW9 No1-F8 85 595 7 29 | 395 | 8
M1-D8 9 63 7 29 | 379
123-C8 7 29 6.5 455 | 42.9
KL1-C7 8.5 59.5 6 42 | 352
R1-LMS8 55 385 7 29 | 518
PQI-JKS 6 42 7 29 | 494
P1-HS 8 56 7 29 | 412

SW10 —N2-Fs 8 56 6 2 | 369 | 3
N1-D8 10 70 7 29 | 350
LM1-DE6 75 525 5 35 | 337
CD3-HIS 5 35 5 35 | 450
B1-J8 3 56 7 49 | 412
D1-JK8 6.5 455 7 29 | 471

SWIL 3T vs 6.5 455 5 35 | 376 | 01
F1-0P8 95 66.5 8 56 | 401
G1-N5 7 49 4 28 | 29.7
P45-LMS8 35 245 35 245 | 450
01-JK8 6.5 455 7 29 | 471
L4-H8 4 28 4 28 | 450

Swi2 [ O1-F8 9 63 7 29 | 379 | 401
NO1-KL3 3 21 7 14 | 337
1J3-CD8 6 42 5 35 | 398
HI3-C67 55 385 35 245 | 325
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Table 4.3. Summary of the crack angles at peak strength

Aspect ratio Wall Crack angle Avg. crack

angle

0.94 SW1 45.8 45.8
SW2 39.2
SW3 38.7
SW4 43.3
SW8 41.7

0.54 SWO 128 40.9
SW10 41.3
SWi11 40.1
SW12 40.1
SW5 42.7

0.33 SW6 42.4 42.1
SW7 412

Table 4.4. Out-of-plane displacement and twisting (normalized by the height of the wall)

Measured drift Measured twist
(x107®) (rad/in x10°°)
Wall First Third First Third
quadrant quadrant quadrant quadrant

) @) (4) ()
SW1 7.5 -1.9 53.1 -5.3
SW2 -21.5 -2.9 -133.8 43.1
SW3 -7.1 -11 -43.1 15.4
SW4 -10.3 -1.1 -69.2 -1.5
SW5 -10.5 -0.2 -48.8 22.0
SW6 -5.1 0.5 -34.1 4.9
SW7 -4.4 -1.7 -4.9 17.1
SW8 -0.3 -0.5 3.1 18.5
SW9 1.8 0.6 23.1 -0.3
SW10 0.2 2.6 -4.6 24.6
SW11 0.9 0.6 -6.2 10.8
SW12 -1.5 0.9 -6.2 16.9
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Table 4.5. Reduction in peak strength with repeated cycling

” V2 V3
Wa v, v,
SW1 0.84 0.79
SW2 0.79 0.70
SW3 0.60 0.42
SW4 0.72 0.67
SW5 0.92 0.40
SW6 0.86 0.79
SW7 0.84 0.75
SW8 0.80 0.68
SW9 0.86 0.80

SW10 0.92 0.90
SWi1 0.82 0.75
SWi12 0.77 0.73
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Figure 4.1. Global force-displacement relationships of the wall specimens
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Figure 4.1. Global force-displacement relationships of the wall specimens (continued)
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Figure 4.1. Global force-displacement relationships of the wall specimens (continued)
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Figure 4.1. Global force-displacement relationships of the wall specimens (continued)
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Figure 4.1. Global force-displacement relationships of the wall specimens (continued)
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Figure 4.1. Global force-displacement relationships of the wall specimens (continued)
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Figure 4.4. Cracking patterns after two cycles of loading at displacement corresponding to pea
k strength
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Figure 4.4. Cracking patterns after two cycles of loading at displacement corresponding to pea
k strength (continued)
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Figure 4.4. Cracking patterns after two cycles of loading at displacement corresponding to pea
k strength (continued)
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Figure 4.4. Cracking patterns after two cycles of loading at displacement corresponding to pea
k strength (continued)
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Figure 4.4. Cracking patterns after two cycles of loading at displacement corresponding to pea
k strength (continued)
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Figure 4.4. Cracking patterns after two cycles of loading at displacement corresponding to pea
k strength (continued)
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Figure 4.5. Damage state of the walls at the end of testing
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Figure 4.5. Damage state of the walls at the end of testing (continued)
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Figure 4.5. Damage state of the walls at the end of testing (continued)
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Figure 4.5. Damage state of the walls at the end of testing (continued)
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Figure 4.5. Damage state of the walls at the end of testing (continued)
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Figure 4.5. Damage state of the walls at the end of testing (continued)
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Figure 4.6. Photographs of damage to SW8 and SW10
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Figure 4.8. Strains on vertical reinforcement at peak strength
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Figure 4.8. Strains on vertical reinforcement at peak strength (continued)
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Figure 4.8. Strains on vertical reinforcement at peak strength (continued)
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Figure 4.8. Strains on vertical reinforcement at peak strength (continued)
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Figure 4.8. Strains on vertical reinforcement at peak strength (continued)
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Figure 4.8. Strains on vertical reinforcement at peak strength (continued)
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Figure 4.9. Strains on horizontal reinforcement at peak strength
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Figure 4.9. Strains on horizontal reinforcement at peak strength (continued)
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Figure 4.10. Strains on vertical reinforcement of SW2 and SW3 at 0.7% drift ratio



0 00O . .
o o o o o o o o Axial strain
©cooo (millistrain)
N AL 0<e<0.5
J o) 7S S 05<e<1
VWIS A 1<&<l5
S T ] 1s<es)
y ~ P - iy <] =
L T masase
J z // / / / ] = - o<
// ;/;//5/// g - /?AQAC/ =J Failed gage
s K| T =
a) SW2 (0.54, 1.0%, 1.0%, 7000 psi)
000O0 . .
o o o o o o o o Axial strain
cooo (millistrain)
s / ///s’/// /i/ 0<&<0.5
S S 05 <<l
7 e e 1<5s1s
Yoo K m Lssas
g ;oL T o T m 2<g<
////?/// //‘!n/?////\/\// B 6<g<20
/i e //%Z/kJ\M“tv[% =3 Failed gage
/ //7 /// J/ \/ J ///4/;/1 ﬁ/—/—j

b) SW3 (0.54, 0.67%, 0.67%, 7800 psi)

Figure 4.11. Strains on horizontal reinforcement of SW2 and SW3 at 0.7% drift ratio

102



Hr

@ Q
(V%) a3
Ds D,
VL
o1 04
¢, )

Hg

Vr

Figure 4.12. Notation for the quadrilateral panel used to calculate strain fields

103



O O 00

////
—
T
/ .
e

SN

]

a) SW1 (0.94, 0.67%, 0.67%, 3600 psi)

o O O O
O O O (@] O O o] O
o O O O
> L
> L -
_ —
|/ ke

b) SW2 (0.54, 1.0%, 1.0%, 7000 psi)

Figure 4.13. Vertical strain fields at peak strength
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Figure 4.13. Vertical strain fields at peak strength (continued)
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Figure 4.13. Vertical strain fields at peak strength (continued)
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Figure 4.13. Vertical strain fields at peak strength (continued)
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Figure 4.13. Vertical strain fields at peak strength (continued)
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Figure 4.13. Vertical strain fields at peak strength (continued)
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Figure 4.14. Horizontal strain fields at peak strength (continued)
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Figure 4.14. Horizontal strain fields at peak strength (continued)
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Figure 4.14. Horizontal strain fields at peak strength (continued)
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Figure 4.14. Horizontal strain fields at peak strength (continued)
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Figure 4.17. Shear strain fields at peak strength (continued)
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Figure 4.17. Shear strain fields at peak strength (continued)
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Figure 4.17. Shear strain fields at peak strength (continued)
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Figure 4.17. Shear strain fields at peak strength (continued)
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Figure 4.17. Shear strain fields at peak strength (continued)
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124



Principal strain, &1

(millistrain)

o O O O
O o] @] o] Oé o @] O

o O O O
4
17
7 |

A BB

@ z :
7 % = 16

c) SW3 (0.54, 0.67%, 0.67%, 7800 psi)

\
A
|

Principal strain, &
(millistrain)

© 0 00
&) O O o ¢] ¢] e} o] 0

4

(o]

d) SW4 (0.54, 0.33%, 0.33%, 4200 psi)

Figure 4.18. Principal strain, ¢,, fields at peak strength (continued)
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Figure 4.18. Principal strain, &, fields at peak strength (continued)
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Figure 4.18. Principal strain, ¢,, fields at peak strength (continued)
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Figure 4.19 Principal strain, ¢,, fields at peak strength (continued)
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Figure 4.19. Principal strain, ¢,, fields at peak strength (continued)
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Figure 4.19. Principal strain, -, , fields at peak strength (continued)
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Figure 4.21 Orientation of principal strains at peak strength (continued)
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Figure 4.21 Orientation of principal strains at peak strength (continued)
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Figure 4.21 Orientation of principal strains at peak strength (continued)
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Figure 4.21 Orientation of principal strains at peak strength (continued)
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Figure 4.22. Typical grid of Krypton LED sensors
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CHAPTER 5
INITIAL IN-PLANE STIFFNESS OF SHEAR WALLS

5.1 Introduction

A reliable estimate of the in-plane lateral stiffness of reinforced concrete (RC) shear walls
is important for the analysis and design of buildings and safety related nuclear structures that
implement RC shear walls as the primary components to resist lateral earthquake forces. A
theoretical strength-of-materials formulation is routinely used to estimate the lateral stiffness of
RC shear walls. In this formulation, the model is fixed against rotation and translation at its base,

and flexure and shear springs are arranged in series. The theoretical initial in-plane stiffness, K,,
is given by

G 3E I
K = 1 . K:CAQ. Kf= cg . Ec

he G 2(1+v) (5.1)

where K, is the stiffness of the shear spring; K, is the stiffness of the flexure spring; G, is the

shear modulus of concrete; E. is the modulus of elasticity of concrete; | is the gross moment of

9

inertia of the wall; A, is the total cross-sectional area of the wall; h, is the height of the wall

measured from the top of the foundation to the centerline of loading; and v is the Poisson’s ratio.

(E.l, and G A, are commonly referred to as the flexural and shear rigidities, respectively.) In the

g

calculation of the theoretical stiffness of RC walls, 1, and A are approximated by the gross

concrete section and the reinforcement is ignored. The elastic modulus E, is estimated using the

empirical expression provided in section 19.2.2 of ACI 318-14 (ACI, 2014).

The concrete section is assumed uncracked and unreinforced for the calculation of
theoretical stiffness. The presence of horizontal construction joints is ignored. Cracking reduces
stiffness. Reductions in the flexural and shear rigidities are usually employed to derive a value of
cracked stiffness from uncracked stiffness.

This chapter presents and discusses the initial in-plane lateral stiffness of shear walls, as
described in Chapters 3 and 4. The initial stiffness of walls determined from testing are compared

and contrasted with those determined from a strength-of-materials formulation and from those
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based on recommendations in standards for practice. Recommendations for fractions of E I, and

G, A, for use in practice are provided at the end of the chapter.

5.2 Background information on initial stiffness of RC walls

Important studies on the lateral stiffness of RC shear walls are reviewed in Section 2.5.
The profession is well aware the initial stiffness of a RC shear wall is less than that calculated by
strength-of-materials formulation, and codes of practice and standards prescribe reductions in the
parameters used to calculate initial stiffness to estimate effective lateral stiffness of RC shear walls.

Studies by the United Stated Nuclear Regulatory Commission (NRC) (Farrar et al., 1990;
Farrar et al., 1991; Farrar and Baker, 1993) and The Working Group on the Stiffness of Concrete
Shear Wall Structures of the ASCE Dynamic Analysis Committee (Murray et al., 1994), as
described in Section 2.5, note there are differences between the strength-of-materials-based
calculations of initial stiffness and those calculated using test data. The Sozen and Moehle (1993)
report on the initial stiffness of RC shear walls is the most comprehensive study to date on the
subject. They compiled and examined the lateral stiffness of 41 RC wall specimens tested by Maier
and Tharlimann (1985), Inada (1986) and Rothe (1992). The properties of the 41 wall specimens
are provided in Table 5.1 and the values of the theoretical uncracked and measured stiffness are
reproduced in Table 5.2. The axial load on the specimens and the relevant parameters used in the
calculations of theoretical uncracked stiffness are provided in Table 5.1 and Table 5.2 (the

parameters b, is width of the flange, t, is the thickness of the flange, and P is the axial load; other

parameters used were previously defined in this chapter and in Chapter 3). Sozen and Moehle
compared the measured stiffness with the theoretical uncracked stiffness calculated using a

strength-of-materials formulation. In calculating the shear component of the theoretical uncracked

stiffness, the total cross-sectional area of the wall, Ag , was replaced by an effective wall area,
Ay, equal to A,/1.2 for walls with rectangular sections and A, /1.1 for walls with flanges,

where AW is the area of the web: total depth multiplied by web thickness. (Discussions on shear

stiffness with relation to effective shear area can be found in Timoshenko (1940), Cowper (1966),
and Renton (1991)) For the 41 test specimens considered, the ratio of measured initial stiffness to

theoretical uncracked stiffness ranged between 0.33 and 1.2 with median and mean and median
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values of 0.70 and 0.73, respectively. The ratio was greater than 1.0 in only 4 specimens and each
of these specimens was constructed with flanges and the theoretical calculations assumed a
rectangular (web) cross section. Sozen and Moehle attributed the increased flexibility of the test
specimens to 1) cracks invisible to the eye present before the test, and 2) deformability of the base
girder.

Although the profession is aware that the initial stiffness of a RC shear walls is less than
the uncracked stiffness, there is still no mechanics-based presentation to explain why. The
remainder of this chapter provides an explanation and a technical basis for estimating the initial

stiffness of RC shear walls for seismic analysis.

Table 5.1. Properties of the wall specimens tested by Maier and Thirlimann, Inada and Rothe
(from: Sozen and Moehle (1993))

E, P

Section | fo | (x10° | h, l, L by t; A, fe

Ref.! | Specimen | Type | (psi) | psi) | (in) | (in) | (in) | (in) | (in) (%)
1 S1 Flanged | 5350 | 495 | 52 | 465 | 39 | 157 | 39 6.6
1 S2 Flanged | 5350 | 495 | 52 | 465 | 39 | 157 | 39 25.2
1 S3 Flanged | 5320 | 492 | 52 | 465 | 39 | 157 | 39 6.5
1 S4 Rect. | 4770 | 458 | 52 | 465 | 3.9 | 39 | 39 6.8
1 S5 Flanged | 5410 | 471 | 52 | 465 | 39 | 157 | 39 6.3
1 S6 Flanged | 5160 | 437 | 52 | 465 | 39 | 157 | 39 6.6
1 S7 Flanged | 4950 | 455 | 52 | 465 | 39 | 157 | 3.9 27.3
1 S8 Flanged | 4660 | 448 | 52 | 465 | 39 | 157 | 3.9 7.3
1 S9 Rect. |4230| 418 | 52 | 465 | 3.9 | 39 | 39 7.6
1 510 Rect. |4500| 4.02 | 52 | 465 | 39 | 39 | 39 7.2
2 O-W Box |3950| 2.86 | 236 | 327 | 31 | - - 2.8
2 B-6 Box |3640| 324 | 315 | 327 | 31 | - - 0.0
2 B-10 Box [3670| 336 | 315 | 327 | 31 | - - 0.0
2 B-16 Box |2700| 363 | 315 | 327 | 31 | - - 0.0
2 B1-1 Box [3940| 346 | 236 | 622 | 31 | - - 7.2
2 B1-2 Box |3510| 320 | 236 | 622 | 31 | - - 0.0
2 B1-3 Box [3530| 313 | 472 | 622 | 31 | - - 8.0

! Reference 1 — Maier and Thiirlimann (1985), 2 — Inada (1986), 3 — Rothe (1992)
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Table 5.1. Properties of the wall specimens tested by Maier and Thirlimann, Inada and Rothe

(from: Sozen and Moehle (1993)) (continued)

E, P
f,
Section | f ><ZI.(O6 hW Iw Ly by L '?(g%))
Ref.! Specimen | Type | (psi) | psi) (in) (in) | (in) | (in) (in)
2 B1-4 Box 4340 | 3.26 | 472 | 622 | 3.1 - - 0.0
2 B1-5 Box |4220| 381 | 472 | 622 | 3.1 - - 6.7
2 B1-6 Box [3910| 3.10 | 472 | 622 | 6.3 - - 0.0
2 B1-7 Box |3510| 3.06 | 47.2 | 622 | 3.1 - - 0.0
2 B25A1-12 | Box |3830| 3.81 | 47.2 | 70.9 | 1.6 - - 0.0
2 B25A2-18 | Box |3670| 3.06 | 47.2 | 70.9 | 1.6 - - 0.0
2 B25A1-24 | Box |3490| 3.06 | 47.2 | 70.9 | 1.6 - - 0.0
2 B25A1-18 | Box |3610| 256 | 47.2 | 70.9 | 1.6 - - 0.0
2 S-1 Flanged | 4320 | 3.64 | 47.2 | 622 | 3.1 | 32.7 | 3.1 0.0
2 S-2 Flanged | 3330 | 2.96 | 141.7 | 186.6 | 9.4 | 98.0 | 9.4 0.0
2 S-3 Flanged | 3740 | 3.23 | 141.7 | 186.6 | 9.4 | 98.0 | 9.4 0.0
2 S-4 Flanged | 3290 | 3.21 | 141.7 | 186.6 | 9.4 | 98.0 | 9.4 0.0
2 S-5 Flanged | 3600 | 2.99 | 141.7 | 186.6 | 9.4 | 98.0 | 94 0.0
3 T01 Rect. | 3530 | 2.65 | 472 | 315 | 3.1 - - 0
3 T02 Flanged | 4500 | 2.45 | 472 | 315 | 20 | 3.9 5.9 0
3 T03 Flanged | 4310 | 2.71 | 47.2 | 315 | 20 | 3.9 5.9 0
3 T04 Rect. | 4180 | 2.72 | 472 | 315 | 3.1 - - 0
3 T05 Rect. | 3510 | 2.86 | 47.2 | 315 | 3.1 - - 0
3 T06 Flanged | 4880 | 2.61 | 472 | 315 | 20 | 3.9 5.9 0
3 T07 Flanged | 4480 | 2.74 | 47.2 | 315 | 20 | 3.9 5.9 8.0
3 T08 Flanged | 4440 | 2.68 | 47.2 | 315 | 20 | 3.9 5.9 6.3
3 T09 Flanged | 3860 | 2.44 | 472 | 315 | 20 | 3.9 5.9 0.0
3 T10 Rect. |4870| 283 | 47.2 | 315 | 3.1 - - 0.0
3 T11 Rect. [3900 | 2.74 | 472 | 315 | 3.1 - - 5.6

! Reference 1 — Maier and Thiirlimann (1985), 2 — Inada (1986), 3 — Rothe (1992)
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Table 5.2. Stiffness data of the wall specimens tested by Maier and Thirlimann, Inada and Rothe
(from: Sozen and Moehle (1993))

|, @ AO | K@ [ K© K,© KO [ K,
Ref.! | Specimen (in%) (in?) | (kipsf/in) | (kips/in) | (kips/in) | (kips/in) | K
1 S1 75000 166 7100 7900 3740 2660 0.69
1 S2 75000 166 7000 7900 3710 2870 0.75
1 S3 75000 166 7000 7900 3710 2040 0.53
1 S4 32900 152 6000 3200 2090 1370 0.65
1 S5 75000 166 6700 7600 3560 1700 0.46
1 S6 75000 166 6200 7000 3290 1280 0.38
1 S7 75000 166 6500 7300 3440 2650 0.75
1 S8 75000 166 6400 7200 3390 1430 0.41
1 S9 32900 152 5500 2900 1900 971 0.50
1 S10 32900 152 5300 2800 1830 894 0.48
2 O-W 1939900 575.6 35870 | 1260000 | 34900 22700 | 0.65
2 B-6 54700 187.1 8820 17000 5800 4080 0.70
2 B-10 54700 187.1 9130 17600 6000 4030 0.67
2 B-16 54700 187.1 9860 19100 6500 2830 0.44
2 B1l-1 434000 356.2 29800 | 342000 | 27400 24400 | 0.89
2 B1-2 434000 356.2 27600 | 316000 | 25400 17900 | 0.70
2 B1-3 434000 356.2 11600 38700 8900 6350 0.71
2 B1l-4 434000 356.2 12000 40200 9300 9040 0.97
2 B1-5 434000 356.2 14100 47100 10800 7210 0.67
2 B1-6 875000 748.5 24100 77300 18400 12400 | 0.67
2 B1-7 434000 356.2 11300 37800 8700 7990 0.92
2 B25A1-12 349000 202.9 7330 37900 6100 4050 0.66
2 B25A2-18 | 349000 202.9 5880 30400 4900 5790 1.18
2 B25A1-24 | 349000 202.9 5880 30400 4900 5320 1.09
2 B25A1-18 | 349000 202.9 4920 25500 4100 4460 1.09
2 S-1 225500 178.1 6430 23400 5000 5280 1.06
2 S-2 18270000 | 1603.0 15700 57000 12300 10700 | 0.87
2 S-3 18270000 | 1603.0 17100 62200 13400 10700 | 0.80
2 S-4 18270000 | 1603.0 17000 61900 13400 11600 | 0.87
2 S-5 18270000 | 1603.0 15800 57600 12400 10300 | 0.83
3 TO1 8200 82.7 2170 619 482 440 0.91
3 T02 9000 56.4 1370 629 431 430 1.00
3 T03 9000 56.4 1510 694 476 300 0.63
3 T04 8200 82.7 2220 634 493 280 0.57

! Reference 1 — Maier and Thiirlimann (1985), 2 — Inada (1986), 3 — Rothe (1992)
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Table 5.2. Stiffness data of the wall specimens tested by Maier and Thirlimann, Inada and Rothe
(from: Sozen and Moehle (1993)) (continued)

1, @ ACQ [ K® [ K © K,© KO | K,

Ref.! | Specimen (in%) (in®) | (kipsf/in) | (kips/in) | (Kips/in) | (kips/in) | K,
3 T05 8200 82.7 2340 667 519 400 0.77
3 TO6 9000 56.4 1460 669 459 380 0.83
3 TO7 9000 82.7 2250 703 535 360 0.67
3 TO8 9000 82.7 2200 688 524 360 0.69
3 T09 9000 56.4 1360 325 428 140 0.33
3 T10 8200 82.7 2320 661 514 310 0.60
3 T11 8200 82.7 2250 640 498 300 0.60

! Reference 1 — Maier and Thiirlimann (1985), 2 — Inada (1986), 3 — Rothe (1992)

5.3 Restrained shrinkage cracking

ACI Standard 209R-92 (ACI, 1992) identifies factors that affect drying shrinkage of
concrete. Such shrinkage develops tensile stresses that can lead to cracking (e.g., Gilbert, 1992).
Carino and Clifton (1995) estimated unrestrained drying shrinkage strains in concrete of between
400 and 1100 microstrains for standard conditions of seven days of curing, a volume-to-surface
ratio of 38 mm, and ambient relative humidity of 40%. Numerical modeling by Palermo and
Vecchio (2002) showed that imposing a shrinkage-induced pre-strain of 400 microstrain enabled
the accurate simulation of initial stiffness of two large-scale flanged RC walls, physically tested
under cyclic displacements.

Schilitter et. al. (2010) (also reported in Raoufi, 2011) investigated the effects of restrained
shrinkage cracking in concrete slabs. Finite element models of concrete slabs on top of large
concrete foundations were prepared. The influence of foundation thickness on cracking of concrete
slab was investigated. The foundation considered in the study had plan dimension of 15.1 x 2.6
feet and its thicknesses ranged between 6 and 18 inches. Results showed that for foundation
thicknesses ranging from 10 to 18 inches, the average tensile stress in the slabs exceeded 0.44 ksi
after about 64 hours of curing. For concrete with compressive strength of 4 ksi, an average tensile
stress of 0.44 ksi may be sufficient to cause cracking.

The wall specimens at UB had foundation footprints of 14 x 3 feet (Phase | specimens) and
14 x 4 feet (Phase Il specimens). The thicknesses of the foundations were 18.5 and 18 inches for
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the Phase | and Phase Il specimens, respectively. The foundations of all 12 walls were cast before
the corresponding wall sections and the compressive strengths of the concrete in the foundations
were greater than those in the walls. Each wall has a construction joint at its base connection to
the foundation. Wall web reinforcement ratios ranged between 0.33% and 1.5%. Given the
restraint to the base of the wall provided by the already-cast foundation and the steel reinforcement

in the wall, cracking of the concrete near the base of each wall was highly likely.

5.4  Effective lateral stiffness of RC shear walls

The generalized load-deformation relationship in ASCE 41-13 (ASCE, 2013) for RC walls
is shown in Figure 5.1. Points A, B, C and D represent the state of the unloaded component,
effective yield point, nominal strength and loss of significant strength to a residual value,
respectively. For walls with response dominated by shear, the strengths associated with points B
and C are taken to be the same. The effective lateral stiffness of an RC wall is the slope of line

AB, that is, the secant value to the yield point.

A

Figure 5.1. ASCE 41-13 force-deformation relationship (ASCE, 2013)

Building codes and standards of practice provide recommendations to estimate the initial
stiffness of RC shear walls. Reductions in the flexural and shear rigidities are used to estimate the
effective initial stiffness of uncracked and cracked walls. ASCE 43-05 (ASCE, 2005) recommends
no reduction in the flexural and shear rigidities for uncracked walls and a 50% reduction in both
the flexural and shear rigidities for cracked walls. ASCE 41-13 recommends a reduction of 50%
in the flexural rigidity but no reduction in the shear rigidity for cracked walls.
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Table 5.3 presents data on the lateral stiffness obtained from the tests of the 12 specimens.
The initial stiffness was calculated from the first cycle of the first load step in each test, which
involved force less than 15% of peak strength and a drift ratio of less than 0.025%. No additional
axial load was applied to the specimens.

Table5.3. Data for the calculation of initial stiffness, K,

Force Disp. Drift Ratio
Wall | (kip) (in) (%)
SW1 15.8 0.0086 0.0076
SW2 - - -
SW3 - - -
Sw4 - - -
SW5 68.5 0.0077 0.019
SW6 65.9 0.0087 0.021
SW7 33.1 0.0027 0.0066
SW8 69.8 0.013 0.020
SW9 64.7 0.013 0.020
SW10 68.3 0.013 0.020
SW11 61.4 0.015 0.023
SW12 57.8 0.015 0.023

Data for the initial stiffness of walls SW2, SW3 and SW4 are not presented due to noise in
the data collected on the initial loading of the specimens. String potentiometers were used to collect
data on the first load step for these three walls whereas data for initial stiffness for the other nine
walls were obtained from Temposonics. The precision of the string potentiometers and
Temposonics used in the tests were 0.0025 and 0.00025 inch, respectively.

Table 5.4 presents the calculated theoretical uncracked stiffness of the 12 walls together
with the predicted uncracked and cracked stiffness using recommendations from ASCE 41-13 and
ASCE 43-05. Day-of-test concrete compressive strength, equation 19.2.2.1.b of ACI 318-14 for
Young’s modulus and Poisson’s ratio equal to 0.2 were used in the calculations. The reinforcement
was ignored in the stiffness calculations. The measured initial stiffness and secant stiffness at peak

strength are also presented in Table 5.4.
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Table 5.4. Initial stiffness of the wall specimens (kips/inch)

: ASCE 41-13 ASCE 43-05 Measured
Theoretical Secantat
Wall uncracked cracked uncracked cracked Initial
peak strength
Kt K4l—13 K43—05uc K43—050 Ki Ks

SW1 4890 3060 4890 2445 1840 170
SW2 19710 14835 19710 9855 - 690
SW3 20810 15660 20810 10405 - 340
SW4 15270 11495 15270 7635 - 320
SW5 30530 26250 30530 15265 8900 1990
SW6 28700 24680 28700 14350 7570 1720
SW7 28700 24680 28700 14350 12260 1730
SW8 13940 10490 13940 6970 5370 1380
SW9 15450 11630 15450 7725 4980 1250
SW10 15980 12025 15980 7990 5250 1400
SW11 16660 12540 16660 8330 4090 1170
SW12 16660 12540 16660 8330 3850 520

Ratios of measured stiffness to predicted stiffness are given in Table 5.5. The ratio of the
measured initial stiffness to the theoretical uncracked stiffness ranged from 0.23 to 0.43 with a
mean of 0.32. The average ratios of the calculated initial stiffness to the effective stiffness
recommended by ASCE 41-13 and ASCE 43-05 for cracked wall sections are 0.42 and 0.64,
respectively. The secant stiffness was calculated at the point of peak shear strength. The secant
stiffness at peak resistance is as low as 3% (2%) of the effective stiffness recommended by ASCE
43-05 (ASCE 41-13) for cracked wall sections.

The values of initial stiffness of the 12 tested walls are significantly less than those
estimated using standards of practice. Since the tests were conducted using large-scale specimens
(8 inch thick, 3/4 inch aggregate concrete and two curtains of #4 web reinforcement), possible

concerns regarding scaling effects are not relevant.
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Table 5.5. Initial stiffness ratios

Wa” Ki Ki Ki Ks Ks
Kt K4l—13 K43—050 K41—13 K43—05(:
SW1 0.38 0.60 0.75 0.06 0.07
SW2 - - - 0.05 0.07
SW3 - - - 0.02 0.03
SW4 - - - 0.03 0.04
SW5 0.29 0.34 0.58 0.08 0.13
SW6 0.26 0.31 0.53 0.07 0.12
SW7 0.43 0.50 0.85 0.07 0.12
SW8 0.39 0.51 0.77 0.13 0.20
SW9 0.32 0.43 0.64 0.11 0.16
SW10 0.33 0.44 0.66 0.12 0.18
SW11 0.25 0.33 0.49 0.09 0.14
SW12 0.23 0.31 0.46 0.04 0.06
Average 0.32 0.42 0.64 0.07 0.11

5.5  Effects of cracking on initial stiffness

The initial stiffness of the walls was calculated at drift levels of less than 0.025%. The
measured tensile strains in the vertical reinforcement, 2 inches above the foundation, near the
tension end of the wall ranged from 150 to 430 microstrain at drift levels of 0.025% and less:
sufficient strain to crack the adjacent concrete. The locations of the strain gages on the vertical
reinforcement are shown in the Appendix C.

To estimate the effect of cracking at the base of the wall on initial stiffness, an effective
moment of inertia and effective wall area were calculated for each wall. The concrete at the base
of the wall was assumed to have cracked prior to testing due to restrained shrinkage. The location
of the neutral axis (NA) was determined for each wall on the basis of strains, compressive or

tensile, in the vertical reinforcement. The effective moment of inertia, 1, , was calculated using a

cracked transformed section (with the crack extending from the tension face to the NA). The
uncracked length of the wall (compression face to the NA) was used to estimate effective shear

area, A . The initial stiffness, K, , of the 12 walls were calculated using the effective moment

eff !
of inertia and the effective shear area. The values used in the calculation of K, are presented in
Table 5.6. The average of the ratio of K; to K, for all the walls, except SW2, SW3 and SW4, is

0.91; the coefficient of variation is 0.11, noting that the number of data points (9) is too small to

form a robust estimate of the standard deviation.
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Table 5.6. Effective stiffness

N.A. location,

from tension | Lo A L Ke K
Wall

f(fflc)e (in®) I, (in?) Ay | (kipsfin) | Ke
in
SW1 72 605428 0.52 384 0.40 2078 0.88
SW2 66 607830 0.53 449 0.45 8126 -
SW3 83 564585 0.49 296 0.31 6333 -
SwW4 50 595818 0.52 560 0.58 7566 -
SW5 72 612635 0.53 384 0.40 11289 0.79
SW6 83 576598 0.50 296 0.31 8251 0.92
SW7 60 595818 0.52 480 0.50 12762 0.96
SW38 72 639062 0.56 384 0.40 5322 1.01
SW9 77 622245 0.54 344 0.36 5425 0.92
SW10 83 600623 0.52 296 0.31 4939 1.06
SWI11 78 588610 0.51 336 0.35 5602 0.73
SW12 90 518938 0.45 240 0.25 4174 0.92
Average 0.51 0.38 0.91

5.6  Effects of out-of-plane displacement

The out-of-plane (OOP) displacement of the 12 RC walls was monitored during testing using
two string potentiometers attached at the top corners of the wall, approximately 16" above the
centerline of loading. The OOP displacements of the walls SW1 and SW5 through SW12 were
between 0+0.0025inch: for the in-plane displacements used to estimate initial lateral stiffness:
the precision of the string potentiometers.

The OOP moments (M) at the base of the walls due to a 0.005-inch OOP displacement at
the centerline of loading of the wall were calculated assuming a modulus of rupture of concrete of
7.5\/1‘7. The values of Mo, and M, are presented in Table 5.7. The ratio of the OOP moment

to the cracking moment ranged between 0.03 (SW1) and 0.26 (SW5, SW6 and SW7). Out-of-plane
displacements of the magnitude reported above are highly unlikely to affect initial in-plane lateral

stiffness.
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Table 5.7. Out-of-plane bending moments

Moor Mer M oop
Wall | qininy | (kip-in) M.
SW1| 4443 129600 0.03
SW2| 18725 180719 0.10
SW3 | 19766 190766 0.10
SW4 | 14504 139984 0.10
SW5| 36886 141641 0.26
SW6 | 34675 133151 0.26
SW7| 34675 133151 0.26
SW8 | 13240 127787 0.10
SW9 | 14676 141641 0.10
SW10| 15179 146498 0.10
SW11| 15825 152735 0.10
SW12| 15825 152735 0.10

5.7  Numerical modeling of restrained shrinkage

To investigate the effect of restrained shrinkage on the initial stiffness of RC walls, a
numerical study was conducted using general purpose finite element code LS-DYNA (LS-DYNA,
2012a, 2012b). The baseline model was validated using test data from Phase | specimens, SW1
through SW7 (Epackachi et al., 2015). The validated model was used to investigate the impact of
shrinkage on the in-plane response of planar RC walls. The analysis assumptions and key analysis

results are described in the following sub-sections.

5.7.1 Properties of the LS-DYNA model

The concrete wall was modeled using the smeared crack Winfrith model (MATO085) in LS-
DYNA (LS-DYNA, 2012b). The Winfrith model was originally developed by Broadhouse (1986)
to simulate the local and global responses of reinforced concrete structures subjected to accidental
impact loadings (Broadhouse, 1995). The yield surface of the Winfrith model is based on the
plastic surface proposed by Ottosen (1977). Up to three orthogonal cracks can be generated in each
concrete element. After cracking, tensile strength decays as a linear function of crack width. The
shear stress transfer across the crack surface due to the aggregate interlock is estimated as the
product of the crack-parallel shear stress and a shear stress factor that is a convex parabolic
function of aggregate size and crack width, and varies between 1 and 0 corresponding to a crack

width equal to 0 and aggregate size, respectively. The reinforcement was modeled using Mat-
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Plastic-Kinematic (MATO003), with isotropic, kinematic, and combined kinematic-isotropic
hardening. The hardening can be specified by varying a parameter, f, between 0 and 1: O for
kinematic, 1 for isotropic, and a value between 0 and 1 for combined kinematic-isotropic hardening.

Beam elements and 1.0 x 1.0 x 1.0 inch solid elements were used to model the
reinforcement and the concrete wall, respectively. The beam (reinforcement) elements were tied
to the solid (concrete) elements and slip was ignored. Horizontal displacements were applied to
the nodes of the concrete and reinforcement elements at a level of the centerline of the loading to
simulate the reversed cyclic loading.

Day-of-test concrete compressive strength, calculated fracture energy (G, , the energy

required to propagate a tensile crack of unit area) using Equation 2.1-7 of the CEB-FIP Model
Code (1993), a maximum crack width equal to 2G, / f, where f, is the concrete tensile strength,
and the measured stress-strain relationships derived from the tensile tests of reinforcement were
used as input to the LS-DYNA model. For the cyclic analysis of the RC walls, kinematic hardening
was considered for the reinforcement by setting the input parameter £ to 0 in MATO003.

The LS-DYNA model of SW2 is presented in Figure 5.2. The cyclic loading protocol

presented in Section 3.9 was used for the numerical analysis of the RC walls.

(@) Concrete wall (b) Horizontal and vertical reinforcement

Figure 5.2. LS-DYNA model of SW2
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5.7.2 Modeling restrained shrinkage
Shrinkage cannot be directly modeled in LS-DYNA and so was modeled indirectly by
applying a thermal load to a zone of concrete elements near the base of the wall. The value of the

temperature increment, AT , was calculated as

&
AT =250 (5.2)

a;

where ¢, is the shrinkage strain and «, is the coefficient of thermal expansion of concrete
(=14.5x10"° in/ (in K)).

To investigate the impact of shrinkage on the initial stiffness of RC walls, the LS-DYNA
model of SW2 was analyzed for three shrinkage strains within the range identified by Carina and
Clifton (1995), 400 and 800 microstrain, and 1600 microstrain. The region colored yellow in
Figure 5.2 identifies the zone subjected to thermal loading. Two heights above the base, H; , were
considered for thermal loading: 8 inch (wall thickness) and 16 inch (twice the wall thickness).

Table 5.8 lists the values of D7 and A, considered for the analysis. The LS-DYNA models with

different values of D7 and H, were denoted SW2-1 through SW2-5.

Table 5.8. Thermal loading properties

Model AT H, Equivalent shrinkage strain, &,
(K) (in) (microstrain)

SW2-1 -27 8 400

SW2-2 -54 8 800

SW2-3 -54 16 800

SW2-4 -108 8 1600

SW2-5 -108 16 1600

5.7.3 Analysis results

The measured and predicted cyclic backbone curves and cyclic response of SW2 are
presented in Figure 5.3. Figure 5.3b through 5.2f present measured (SW2) and predicted responses
(SW2-1to SW2-5). Restrained shrinkage at the base of the wall has no effect on the peak and post-
peak strength of SW2 (see Figure 5.3a) but significantly affects the initial stiffness: as the

shrinkage strain or the height of the shrinkage zone is increased, the initial stiffness decreases.
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Figure 5.3f shows that the LS-DYNA model with a 1600 microstrain applied over a height of twice

the wall thickness at the base of the wall recovers the measured initial stiffness of SW2. However,

this calibrated choice of D7 and A, cannot be broadly applied to other walls.

5.7.4 Effects of axial load on initial stiffness
Axial loads were not imposed on the 12 walls tested at the University at Buffalo. The effect
of axial load on initial stiffness was investigated numerically by using the LS-DYNA models of

SW2-2 and SW2-4, listed in Table 5.8, and two axial loads: 0.05A, f/ and 0.1A, f/. Each analysis

was performed in three sequential stages: 1) thermal loading, 2) axial loading, and 3) cyclic
loading. The material models, elements, and boundary conditions introduced previously for the
shrinkage analysis were used for the axial-load analysis.

Figure 5.4 presents the cyclic-force displacement relationships of the LS-DYNA model of
SW2, with and without shrinkage and axial load. The values of the axial load ratio (i.e., the applied
axial compressive force divided by the product of the concrete compressive strength and wall area)
and shrinkage strain for the LS-DYNA models are listed in Table 5.9. Figure 5.10 indicates that
the axial load has a significant effect on strength and stiffness: as the axial load increases, the peak
strength at a given drift increases and the hysteresis loops are less pinched. This is an expected

result because more cracks are closed as axial load increases.

Table 5.9. Thermal loading and axial load properties

Model PIAf Shrinkage strain, &,
(%) (microstrain)

SW2 0 0

SW2-2 0 800

SW2-4 0 1600
SW2-2-5 5 800
SW2-2-10 10 800
SW2-4-5 5 1600
SW2-4-10 10 1600
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Figure 5.3. Predicted and measured lateral load - displacement relationships of RC walls
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Figure 5.4. Cyclic force-displacement relationships of RC walls

Figure 5.5 presents cyclic backbone curves for drift ratios up to 0.15%. The axial load has
a significant effect on initial stiffness. The initial stiffness of SW2 with no imposed shrinkage and
no axial load (SW2 in the legend) was recovered with 800 microstrain of imposed shrinkage and

an axial load of 0.05A f/ (SW2-2-5 in the legend). However, the initial stiffness of SW2 with no

imposed shrinkage and no axial load (SW2) was not recovered for 1600 microstrain of imposed

shrinkage and an axial load of 0.1A, f/ (SW2-4-10 in the legend). Figure 5.5 also shows that an

increase in the axial load from 0.05A, f/ to 0.1A, f/ has only a small effect on the initial stiffness

of the wall with 800 microstrain of imposed shrinkage but significantly increased the initial
stiffness of the wall with 1600 microstrain of imposed shrinkage.

In the presence of axial compressive load, fine cracks caused by restrained shrinkage are
closed leading to partial to full recovery of uncracked initial stiffness. As the shrinkage strains
increases, larger axial loads are required to close the shrinkage cracks and recover the uncracked

initial stiffness.
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Figure 5.5. Cyclic backbone curves for RC walls

5.8 Recommendations for use in practice

As reported in Table 5.6, the average ratio of the effective moment of inertia to the total
(gross) moment of inertia is 0.51 and the average ratio of the effective shear area to the total shear
area is 0.38. The effective flexural rigidity of 0.5E 1, proposed by ASCE 43-05 and ASCE 41-13

can be used for the calculation of initial stiffness of cracked walls. However, the shear rigidity
proposed by ASCE 43-05 and ASCE 41-13 appears to substantially overestimate the shear stiffness
of cracked RC walls. Based on the test results of Chapter 4, the flexural and shear rigidity of low

aspect ratio RC walls can be taken as 0.5E 1, and 0.35G A, , respectively, for the calculation of
initial in-plane stiffness if the imposed axial compressive stress is small.

Data from the second load step were analyzed to determine a reasonable range of force

(average shear stress) and drifts for which 0.5E_ 1, and 0.35G_ A, would provide a reasonable

estimate of lateral stiffness. The stiffness measured in the second load step were about one half of
the initial stiffness from the first load step for forces ranging between 22% and 52% of peak force
and drift ratios ranging from 0.05% to 0.2%. The forces and drift ratios (measured in the second
load step) of the walls for which the initial stiffness was reduced to about half had an average of
39% of peak strength and 0.11%, respectively. From these observations it can be generalized that

the 0.5E.1, and 0.35G A, for use in effective initial stiffness calculations, are reasonable for
forces up to 40% of peak strength and drift ratios of up to 0.1%.
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The presence of significant axial compression, sufficient to overcome the effects of
restrained shrinkage, will increase the initial stiffness of low aspect ratio walls, but

recommendations cannot be made based on the tests described in Chapter 4.
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CHAPTER 6
PEAK SHEAR STRENGTH OF SHEAR WALLS

6.1 Introduction

Equations are available in the literature and standards of practice to predict the nominal
shear strength of low aspect ratio reinforced concrete (RC) walls but these equations are inaccurate
and insufficiently parameterized (e.g., Gulec et al, 2008; Del Carpio et al, 2012). Accurate
prediction of the shear strength is important for both code-based design and seismic performance
assessment (Gulec et al, 2008). A review of equations that are used to predict the peak shear
strength of RC shear walls was presented in Section 2.4.

Section 6.2 presents the shear strength of the 12 walls tested at the University at Buffalo
(UB) calculated using equations from chapters 11 and 18 of ACI 318-14 (ACI, 2014), Barda et al.
(1977), Wood (1990), Gulec and Whittaker (2011), and Moehle (2015). Each equation uses design
variables such as compressive strength of concrete, yield strength of reinforcement, reinforcement
ratio and aspect ratio. The resistance calculated using these equations are compared and contrasted
with the measured peak shear strength of the 12 walls.

Section 6.3 discusses the effects of the out-of-plane displacement and twisting on peak
shear strength of the walls in the first and third quadrant of loading. Section 6.4 reviews the
equation for peak strength by Gulec and Whittaker (2011) and provides an alternative equation
based on regression analysis using additional data provided by the tests of 12 walls described in
Chapter 3. Section 6.5 evaluates the equation proposed by Moehle (2015). Alternate equations for
the peak shear strength of rectangular walls without (with) boundary elements are presented in
Section 6.6 (6.7) based on load paths identified from analysis of strain, displacement and crack
data mined from the tests of the 12 walls. Observations regarding the loss of stiffness and strength
at displacements greater than that at peak strength are provided in Section 6.8. Section 6.9 provides

closing thoughts on the subject of peak shear strength.

6.2 Peak shear strength of the 12 UB walls
The peak shear strength, corresponding average shear stress and drift ratios in the first and
third quadrants of loading of the 12 UB walls are reported in Table 6.1. The nominal shear strength

of the 12 walls calculated using equations from chapters 11 and 18 of ACI 318-14 (ACI, 2014),
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Barda et al. (1977), Wood (1990), Gulec and Whittaker (2011), and Moehle (2015) are presented
in Table 6.2. The measured peak shear strength and the nominal shear strength predicted by the
six equations are plotted in Figure 6.1. (The measured peak strength reported in Figure 6.1 is the
greater of the peak strengths in the first and third quadrants.) It is evident from the figure that 1)
there is a significant scatter in the predictions of peak shear strength, and 2) none of the equations

are particularly suitable for either design or performance assessment in their current form.

Table 6.1. Peak shear strength and corresponding drift ratio

First quadrant Third quadrant Average
Wall Peak | AVv.shear | prift Peak | Avg.shear | pyift Peak
force stress ratio force stress ratio force
(kips) | (<Jf) | @) | kips) | (<) | @) | (kips)
Swi 253 4.4 1.30 249 4.3 1.28 251
SW2 563 7.0 1.25 490 6.1 0.94 526
SW3 468 55 2.09 381 4.5 0.76 423
SW4 226 3.6 1.08 216 3.5 0.33 221
SW5 726 11.5 0.89 547 8.7 1.31 633
SW6 571 9.6 0.81 411 6.9 0.81 491
SW7 318 5.4 0.45 277 4.7 0.41 297
SW8 623 11.0 0.70 546 9.6 0.65 584
SW9 622 9.9 0.60 633 10.1 0.78 627
SW10 495 7.6 0.52 528 8.1 0.58 512
SwWi1 424 6.2 0.56 408 6.0 0.78 416
SW12 365 5.4 0.89 416 6.1 1.24 391
Table 6.2. Predicted peak shear strength (in Kips)
Wall ACI 318-14 | ACI 318-14 | Bardaetal. | Wood _Gulec and Moehle
§11.5 §18.10 (1977) (1990) | Whittaker (2011) (2015)
SW1 461 576 605 346 200 -
SW2 643 803 911 482 369 605
SW3 548 660 775 509 310 405
Sw4 334 399 501 373 199 212
SW5 504 630 874 378 437 643
SW6 473 592 683 355 336 431
SW7 326 390 508 355 243 212
SW8 454 568 1074 341 443 965
SW9 504 620 1107 378 456 965
SW10 342 408 1118 391 460 965
SWi11 524 635 706 407 280 -
SWi12 349 416 531 407 236 -
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Figure 6.1. Measured and predicted peak shear strength

Table 6.3 shows the ratios of the predicted to measured peak shear strength (greater of peak
strengths in the first and third quadrants) of the 12 UB walls. A ratio greater than 1.0 is an over
prediction of strength: unconservative for design. The Barda equation produced unconservative
predictions for the rectangular walls, with over-predictions by more than a factor of 2 for three of
the walls. Of the two ACI-318 equations, the chapter 11 equation provided a mean value of the
ratio of predicted to measured strength closer to 1.0 than the chapter 18 equation. The empirical
equation derived by Gulec and Whittaker provides conservatively biased estimates of peak shear
strength.

The Moehle equation was not used to predict peak strength of SW1, SW11 and SW12
because the crack pattern assumed to derive the equation was not appropriate for these three walls.
The cracks on SW1 were a combination of shear and flexural cracks (Figure 4.4a), and the
orientation of the cracks on the boundary elements of walls SW11 and SW12 were horizontal
(panels k and | of Figure 4.4). The Moehle equation predicted the shear strength of walls SW2
through SW7 reasonably well but significantly over predicted the strength of SW8, SW9 and
SW10. Walls SW8, SW9 and SW10 had a vertical reinforcement ratio of 1.5% and different

horizontal reinforcement ratios. Moehle’s equation is discussed further in Section 6.5.
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Table 6.3. Ratio of predicted to measured peak shear strength

Wall ACI 318-14 | ACI 318-14 | Bardaet al. Wood _Gulec and Moehle
811.5 §18.10 (1977) (1990) | Whittaker (2011) | (2015)
Swi 1.82 2.28 2.39 1.37 0.79 -
SW2 1.14 1.43 1.62 0.86 0.66 1.07
SW3 1.17 141 1.66 1.09 0.66 0.87
Sw4 1.48 1.77 2.21 1.65 0.88 0.94
SW5 0.69 0.87 1.20 0.52 0.60 0.89
SW6 0.83 1.04 1.20 0.62 0.59 0.75
SW7 1.03 1.23 1.60 1.12 0.76 0.67
sSw8 0.73 0.91 1.72 0.55 0.71 1.55
SwW9 0.80 0.98 1.75 0.60 0.72 1.52
SW10 0.65 0.77 2.12 0.74 0.87 1.83
Swi1 1.24 1.50 1.66 0.96 0.66 -
SWi12 0.84 1.00 1.28 0.98 0.57 -
Mean 1.03 1.26 1.70 0.92 0.71 1.12
SD* 0.34 0.42 0.37 0.33 0.10 0.39
COv** 0.33 0.33 0.22 0.36 0.14 0.34

* Standard deviation
** Coefficient of variation

6.3 Peak shear strength in the first and third quadrant of loadings

Significant differences in the measured first and third quadrant peak shear strength were
observed in walls SW2, SW3, SW5, SW6, SW7 and SW8. The loading apparatus did not prevent
the walls from moving out-of-plane (OOP), and OOP displacement and twisting, which should be
anticipated in the field during earthquake shaking, was observed. The OOP displacement and
twisting of the walls, normalized by their height, in the first and third quadrants of loading to peak
strength are presented in Table 6.4. Data from the OOP string potentiometers attached at the two
corners on the top of the wall, approximately 16 inches above the centerline of loading, were used
for these calculations. The “measured drift” in Table 6.4 is the average of the OOP displacements
measured by the string potentiometers at the two top corners of the walls.

A maximum value of OOP displacement due to OOP loading (at the centerline of the
actuators) was estimated for each wall using the cross-section analysis code XTRACT version
3.0.8 (TRC Comepanies, Inc., 2010). The yield and ultimate moments, and the corresponding
curvatures, were calculated using day-of-test concrete compressive strength and a measured rebar
stress-strain relationship. The yield and ultimate moments of the 12 walls are summarized in Table

6.5. (The properties of the test specimens, including day-of-test concrete compressive strength and
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rebar yield and tensile strengths, are presented in Table 3.1.) The maximum OOP displacements
were estimated by integrating the moment-curvature relationship over the height of the wall.
Interaction with in-plane moments and shears was ignored in the calculation. The calculated
maximum OOP displacement was normalized by the height of the wall and reported as drift in the

second-to-last column of Table 6.4.

Table 6.4. Out-of-plane displacement and twisting (normalized by the height of the wall)

Measured drifts Measured twist
(x107®) (rad/in x10°°) Maximum

Wall drif ‘@

First Third First Third (x107°) (6)

quadrant quadrant quadrant quadrant

) (©) (4) (©) (6)
SW1 7.5 -1.9 53.1 -5.3 161.9 0.05
SW2 -21.5 -2.9 -133.8 43.1 100.0 0.22
SW3 -7.1 -1.1 -43.1 154 80.0 0.09
SW4 -10.3 -1.1 -69.2 -1.5 24.6 0.42
SW5 -10.5 -0.2 -48.8 22.0 70.7 0.15
SW6 -5.1 0.5 -34.1 4.9 58.5 0.09
SW7 -4.4 -1.7 -4.9 17.1 17.1 0.26
SW8 -0.3 -0.5 3.1 18.5 126.2 0.00
SW9 1.8 0.6 23.1 -0.3 126.2 0.01
SW10 0.2 2.6 -4.6 24.6 120.0 0.00
SW11 0.9 0.6 -6.2 10.8 92.3 0.01
SW12 -1.5 0.9 -6.2 16.9 81.5 0.02

The ratios of the first quadrant OOP drift (calculated using the average of the OOP
displacements at the ends of the wall) to the calculated maximum OOP drift are presented in the
last column of Table 6.4. Five of the six walls (SW2, SW3, SW5, SW6 and SW7) with significant
differences in first and third quadrant peak strengths had the greatest ratios of the first quadrant
OOP drift to the calculated maximum OOP drift, indicating that OOP drift may have a significant

influence on peak in-plane shear strength.
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Table 6.5. Cross-section analysis using XTRACT version 3.0.8

Yield Ultimate Ultimate

Wall | Yield moment curvature moment curvature
(kip-in) (1/in x107?) (kip-in) (1/in x107?)

SW1 1274 0.45 1497 18.34
SW2 1875 0.44 2238 18.34
SW3 1305 0.42 1493 18.33
SW4 730 0.47 749 18.32
SW5 1837 0.46 2242 18.35
SW6 1278 0.45 1495 18.34
SW7 730 0.45 750 18.32
SW8 2733 0.5 3451 18.39
SW9 2733 0.5 3451 18.39
SW10 2765 0.48 3452 18.37
SW11 1740 0.44 2061 17.45
SW12 1624 0.45 1872 17.45

Figure 6.2 shows the typical OOP displacement and twisting of walls SW2, SW3, SWS5,
SW6 and SW7 during the first and third quadrants of loading to peak in-plane strength. The red
arrow shows the direction of loading and the open red rectangle indicates the final position of the
top of the wall at peak strength. Tensile yielding of the vertical reinforcement in these walls was
measured at the ends of the walls in the load steps corresponding to peak in-plane strength. The
OOQRP stiffness at peak in-plane shear strength will vary considerably along the length of a wall at
peak strength, from a small value at the end in tension under in-plane loading to a relatively large
value at the end in compression: the OOP displacements of the top of the walls were larger at the
end of the wall in tension than at the end of the wall in compression, as indicated in Figure 6.2.
The variation in OOP stiffness along the length of the walls led to twisting of the walls. In the
absence of OOP displacement and twisting, the peak shear strength in the first and third quadrants
of loading were expected to be similar. Large OOP displacements and twisting resulted in

significant differences in peak strength in the first and third quadrants of loading.
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Figure 6.2. Typical out-of-plane displacement and twisting of the walls at peak strength

6.4 Gulec and Whittaker (2011) equation for peak shear strength

The functional form of the equation for peak shear strength by Gulec and Whittaker (2011)
for rectangular low aspect ratio RC walls was identified using the free-body diagram shown in
Figure 6.3. The cut on the wall was made at a typical diagonal crack (observations based on
published data of past experiments) that forms as a result of lateral loading on top of a low aspect
ratio RC wall. The crack is assumed to be at an angle « with respect to the horizontal. The forces
on the free-body diagram include the 1) lateral force at the top of the wall, 2) axial load on the
wall, 3) force carried by the vertical boundary element reinforcement, 4) total force carried by the
vertical web reinforcement, 5) total force carried by the horizontal web reinforcement, and 6)

frictional force associated with aggregate interlock between two cracks. The functional form is:

V = ﬁl( fc')ﬁ2 A\eff +ﬁ3Fvw+ﬁ4Fhw +ﬂ5Fvbe +ﬂ6P
. (h/1,)"

where g, through B, are unknown coefficients; f. (psi) is the compressive strength of concrete;

(6.1)

A, (in%) is the area of the wall; F,, F, , F, (Ib) are the vertical and horizontal forces

hw 1
developed in the web, and the vertical force in a vertical boundary element, respectively; P (Ib)

is the axial compressive force; h, (in) is the height of the wall; and I, (in) is the length of the wall.
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Figure 6.3. Free body diagram used to identify the functional form of Gulec and Whittaker
equation for peak strength (reproduced from Gulec and Whittaker, 2009)

The coefficients were determined using nonlinear regression analysis of data from tests of
74 rectangular shear-critical walls conducted by other researchers. The properties of the 74
rectangular walls are summarized in Table 6.6 and Table 6.7. The walls considered in the analysis
were tested using a cantilever test fixture and loaded at low rates of strain. For the cyclically loaded
specimens, the peak shear strength is taken as the average of the peak shear strengths in the first
and third quadrants of loading. The nonlinear solver fmincon in MATLAB R2006b (2006), a
function that uses Sequential Quadratic Programming to find the minimum of a constrained
nonlinear function with multiple variables, was used to determine the coefficients. The coefficient

B, was set to 0.5 since the concrete contribution to shear strength is traditionally expressed as a

function of \/f Values of g, B;, B., Bs, Bs and 5, were determined to be 1.29, 0.26, 0.04,

0.20, 0.39 and 0.58, respectively. The value of g, , the multiplier for the forces developed in the

horizontal reinforcement, indicates that the contribution of the horizontal reinforcement to the peak

strength of a low aspect ratio wall was small. The small value of g, (=0.39), which premultiplies
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P, is attributed to the lack of tests in the dataset performed with relatively large values of applied
axial compression. The ratio of the predicted peak strength of the 74 walls using (6.1) (with the
coefficients determined from the regression analysis) to the experimentally measured peak shear
strength had a median value of 0.99. (The mean value of the ratio was 1.0 since this was the input
constraint and the coefficient of variation was 0.135.) The author recreated the code for the
regression analysis in MATLAB R2012b (MathWorks, Inc., 2012), and similar results were
obtained.

From the cracking pattern observed from the tests of the 12 RC shear walls at UB (10 walls
without boundary elements and two walls with boundary elements), it is evident that the free-body
diagram assumed by Gulec best applies to walls without boundary elements. The idealized
cracking pattern of a wall without boundary elements (based on the observed cracking patterns of
SW2 through SW10) is shown in Figure 6.4. For the walls with boundary elements, the orientation
of the shear cracks on the webs of the walls changed from diagonal to horizontal at the junction of
web-boundary elements, making the assumed free-body diagram for the equation of Gulec

inappropriate.
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Figure 6.4. Observed cracking pattern (idealized) of a rectangular low aspect ratio RC wall wit
hout boundary elements
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Table 6.6. Properties of the 74 rectangular walls assembled by Gulec and Whittaker (2011)

Researcher Wall FW hW !W r_]be Pe Py P
(in) (in) (in) (in) (%) (%) (%)

SW-7 3.00 75.00 75.00 7.50 8.19 0.85 0.27

SW-8 3.00 75.00 75.00 0.00 0.00 2.87 0.27

Cardenas

SW-10 3.00 75.00 75.00 7.50 8.19 0.00 0.00

SW-13 3.00 75.00 75.00 0.00 0.00 2.87 0.93

SW4 2.36 47.24 23.62 4.33 6.86 0.50 0.39

SW5H 2.36 47.24 23.62 2.36 12.75 0.59 0.31

Pilakoutas SW7 2.36 47.24 23.62 2.36 12.75 0.59 0.39
SW8 2.36 47.24 23.62 4.33 7.14 0.50 0.28

SW9 2.36 47.24 23.62 4.33 7.14 0.50 0.56

Greifenhagen M1 3.94 24.02 39.37 0.00 0.00 0.34 0.37
M2 3.94 24.02 39.37 0.00 0.00 0.34 0.00

1 4,72 78.74 39.37 3.94 8.50 0.25 0.13
2 4,72 78.74 39.37 3.94 8.50 0.25 0.25

4 4,72 78.74 39.37 3.94 10.58 0.25 0.38

6 4,72 70.87 51.18 512 6.54 0.26 0.13
7 4,72 70.87 51.18 512 6.54 0.13 0.25
8 4,72 70.87 51.18 512 6.54 0.26 0.25

9 3.94 70.87 51.18 512 7.00 0.26 0.26
10 3.15 70.87 51.18 512 7.31 0.25 0.25

11 3.94 55.12 55.12 551 5.71 0.26 0.13

12 3.94 55.12 55.12 5.51 571 0.13 0.26

13 3.94 55.12 55.12 551 5.71 0.26 0.26

14 3.15 47.24 66.93 6.69 4.41 0.25 0.13

Hidalgo 15 3.15 47.24 66.93 6.69 441 0.13 0.26
16 3.15 47.24 66.93 6.69 441 0.25 0.25
21 3.94 70.87 51.18 512 4.62 0.00 0.00
22 3.94 70.87 51.18 512 4.62 0.00 0.00
23 3.94 70.87 51.18 512 8.54 0.00 0.25
24 3.94 70.87 51.18 512 4.62 0.25 0.00
25 3.94 55.12 55.12 5.51 4.29 0.00 0.00
26 3.94 55.12 55.12 5.51 4.29 0.00 0.00
27 3.94 55.12 55.12 5.51 6.50 0.00 0.25
28 3.94 55.12 55.12 5.51 4.29 0.25 0.00
29 3.15 41.34 59.06 5.91 5.00 0.00 0.00
30 3.15 41.34 59.06 5.91 5.00 0.00 0.00
31 3.15 41.34 59.06 591 6.67 0.00 0.25
32 3.15 41.34 59.06 591 5.00 0.25 0.00
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Table 6.6. Properties of the 74 rectangular walls assembled by Gulec and Whittaker (2011)
(continued)

t, h,, l, Py Pre P Py
Researcher Wall (in) (in) (in) (in) %) (%) (%)
72 6.30 62.99 | 66.93 6.69 5.68 0.51 0.26
73 6.30 62.99 | 66.93 6.69 5.68 0.51 0.26
74 6.30 62.99 | 66.93 6.69 5.68 0.51 0.57
75 6.30 62.99 | 66.93 6.69 5.68 0.51 0.57
Hirosawa 76 6.30 62.99 | 66.93 6.69 5.68 0.51 1.08
77 6.30 62.99 | 66.93 6.69 5.68 0.51 1.08
79 6.30 62.99 | 66.93 6.69 2.51 0.51 0.61
82 6.30 62.99 | 33.46 3.35 9.91 0.40 0.57
83 6.30 62.99 | 33.46 3.35 9.91 0.40 0.57
Rothe T10 3.15 43.31 31.50 5.91 141 0.71 0.51
Wiradinata Wall-1 3.94 39.37 | 78.74 | 12.60 1.25 0.59 0.26
Wall-2 3.94 19.69 | 78.74 | 12.60 1.25 0.59 0.26
Pilette Wall-4 3.94 39.37 | 78.74 | 12.60 1.25 0.59 0.80
Wall-5 3.94 39.37 | 78.74 9.84 1.60 1.07 1.20
Wall-7 3.94 59.06 | 78.74 | 12.60 1.25 0.59 0.80
Doostdar
Wall-8 3.94 59.06 | 59.06 | 14.17 1.11 0.51 0.80
MSW3 3.94 70.87 | 47.24 9.45 1.30 0.28 0.28
MSW6 3.94 70.87 | 47.24 9.45 1.70 0.57 0.57
Salonikios LSW1 3.94 47.24 47.24 9.45 1.70 0.57 0.57
LSW?2 3.94 47.24 | 47.24 9.45 1.30 0.28 0.28
LSW3 3.94 47.24 | 47.24 9.45 1.30 0.28 0.28
SWN-1D 3.94 19.69 | 39.37 0.00 0.00 0.43 0.57
SWN-5D | 3.94 29.53 | 39.37 0.00 0.00 0.43 0.57
SW-5 3.94 19.69 | 39.37 0.00 0.00 0.77 1.03
SW9 3.94 19.69 | 39.37 0.00 0.00 0.79 0.57
Sheu SWi11 3.94 19.69 | 39.37 0.00 0.00 0.79 0.57
SW12 3.94 19.69 | 39.37 0.00 0.00 0.78 0.57
SWi13 3.94 19.69 | 39.37 0.00 0.00 0.76 0.00
SW17 3.94 29.53 | 39.37 0.00 0.00 0.79 0.57
SW19 3.94 29.53 | 39.37 0.00 0.00 0.76 0.00
Synge Wall-1 3.94 59.06 | 118.11 9.45 1.89 0.81 1.61
wpl111-9 6.00 48.00 | 54.00 7.50 0.87 0.25 0.27
wpll11-10 | 6.00 48.00 | 54.00 7.50 0.87 0.25 0.27
Wallace wpl1105-8 | 6.00 48.00 | 54.00 7.50 0.87 0.25 0.27
wpl105-7 | 6.00 48.00 | 54.00 7.50 0.87 0.25 0.27
wpl110-5 6.00 48.00 | 54.00 7.50 0.87 0.25 0.27
wpl110-6 6.00 48.00 | 54.00 7.50 0.87 0.25 0.27
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Table 6.7. Additional properties of the 74 rectangular walls assembled by Gulec and

Whittaker (2011)
P
fc' fybe fyl fyt & A V peak
Researcher Wall (psi) (ksi) (ksi) (Ksi) VI, A, f. (Kips)
(%)
SW-7 6240 65 65 60 1.00 0.00 | 116.70
Cardenas SW-8 6160 0 65 68 1.00 0.00 | 128.10
SW-10 5850 65 0 0 1.00 0.00 | 68.70
SW-13 6300 0 65 66 1.00 0.00 | 142.10
SW4 5352 73 80 80 2.00 0.00 | 23.54
SW5 4612 78 80 58 2.00 0.00 | 25.15
Pilakoutas SW7 4641 78 80 80 2.00 0.00 | 29.07
SW8 6643 78 80 58 2.00 0.00 | 21.29
SW9 5642 78 80 58 2.00 0.00 | 22.08
. M1 7352 0 73 73 0.61 2.20 | 45.47
Greifenhagen
M2 7395 0 73 0 0.61 220 | 45.74
1 2914 59 59 59 1.00 0.00 | 4451
2 2959 61 61 61 1.00 0.00 | 60.70
4 2944 61 61 61 1.00 0.00 | 72.84
6 2654 47 47 47 0.69 0.00 | 69.47
7 2741 71 71 71 0.69 0.00 | 81.83
8 2364 71 71 71 0.69 0.00 | 84.08
9 2654 55 55 55 0.69 0.00 | 58.00
10 2466 55 55 55 0.69 0.00 | 42.04
11 2451 55 55 55 0.50 0.00 | 52.83
12 2567 55 55 55 0.50 0.00 | 68.34
13 2741 56 56 56 0.50 0.00 | 64.97
14 2582 55 55 55 0.35 0.00 | 57.33
Hidalgo 15 2872 55 55 55 0.35 0.00 | 82.73
16 2843 55 55 55 0.35 0.00 | 81.38
21 3655 65 0 0 0.69 0.00 | 58.00
22 2596 65 0 0 0.69 0.00 | 49.91
23 3655 65 0 65 0.69 0.00 | 74.86
24 3612 65 65 0 0.69 0.00 | 52.16
25 3612 65 0 0 0.50 0.00 | 79.13
26 2669 65 0 0 0.50 0.00 | 58.90
27 3597 65 0 65 0.50 0.00 | 110.38
28 3510 65 65 0 0.50 0.00 | 58.00
29 3495 65 0 0 0.35 0.00 | 90.04
30 2698 65 0 0 0.35 0.00 | 80.03
31 3495 65 0 65 0.35 0.00 | 87.90
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Table 6.7. Additional properties of the 74 rectangular walls assembled by Gulec and

Whittaker (2011) (continued)

. f e f, f, M P Ve

Researcher | Wall | oy | (i) | (ksi) | (ksi) | I, | AL O | (kips)
Hidalgo 32 3510 65 65 0 0.35 0.00 77.33
72 2503 55 59 61 0.94 11.37 173.64

73 3015 55 59 61 0.94 9.44 174.20

74 3015 55 59 61 0.94 9.44 177.50

75 1991 55 59 61 0.94 14.29 182.46

Hirosawa 76 2133 55 59 60 0.94 13.34 178.61
77 2660 55 59 60 0.94 10.70 196.80

79 1991 55 59 61 0.94 14.29 132.85

82 3015 55 59 61 1.88 9.44 71.39

83 2589 55 59 61 1.88 10.99 68.36

Rothe T10 4869 73 73 73 1.37 0.00 20.12
- Wall-1 3626 63 63 62 0.50 0.00 119.71

Wiradinata

Wall-2 3191 63 63 62 0.25 0.00 153.99

Pilette Wall-4 4786 70 70 70 0.50 0.00 90.15
Wall-5 3916 70 70 70 0.50 0.00 122.41

Wall-7 6527 65 65 65 0.75 0.00 84.30

Doostdar

Wall-8 6527 65 65 65 1.00 0.00 50.47

MSW3 3494 85 88 88 1.50 7.00 38.97

MSW6 3988 85 87 87 1.50 0.00 42.13

Salonikios LSW1 3219 85 87 87 1.00 0.00 58.47
LSW?2 3132 85 88 88 1.00 0.00 41.61

LSW3 3466 85 88 88 1.00 7.00 56.53

SWN-1D 3869 0 68 68 0.50 12.00 67.24

SWN-5D 4068 0 68 68 0.75 12.00 55.12

SW-5 3954 0 70 70 0.50 0.00 54.42

SW9 3776 0 62 68 0.50 0.00 55.78

Sheu SW11 3776 0 62 68 0.50 0.00 49.85
SW12 3840 0 65 68 0.50 0.00 55.78

SW13 4694 0 66 0 0.50 0.00 54,72

SW17 3769 0 63 68 0.75 0.00 40.52

SW19 3556 0 66 0 0.75 0.00 35.23
Synge Wall-1 3945 44 44 55 0.50 0.00 173.84
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Table 6.7. Additional properties of the 74 rectangular walls assembled by Gulec and
Whittaker (2011) (continued)

Researcher Wwall f°_ fy’fe fy'_ fy‘_ M L V’_’ea"

(psi) (ksi) (ksi) (ksi) Vi, A, f. (%) (Kips)

wpl11-9 4100 62 62 62 0.44 10.00 169.50

wpl11-10 4550 62 62 62 0.44 10.00 184.50

Wallace wp1105-8 4630 62 62 62 0.44 5.00 146.00
wp1105-7 4640 62 62 62 0.44 5.00 153.50

wpl110-5 4340 62 62 62 0.44 0.00 91.00

wp110-6 4500 62 62 62 0.44 0.00 73.00

Figure 6.5a shows a modified version of the free-body diagram used by Gulec that is based

on a typical cracking pattern for a wall without boundary elements. Summing moments at point A:

P(ai—lg}r Foe (8,) + Fe (85) + Fhw(hzijr F,(a,)
h

w

(6.2)

V =

where F

vwt

and F,. are the forces in the vertical reinforcement in tension and compression,
respectively; and F,, is the vertical component of the force in the concrete in compression. Walls

SW2 through SW10 had little vertical reinforcement in compression at the instance of peak shear
strength, typically only those nearest the end of the wall in compression, and the magnitude of
strain in these vertical reinforcement in compression was small. Herein, it is assumed that the total

force on the few vertical reinforcement in compression is insignificant. The forces F,,, and F,,
can be approximated by a single term F,, that acts at a distance a, from point A (see Figure 6.5b).
Considering strain hardening in some of the vertical reinforcement in tension, the force F,, can

be approximated using total vertical reinforcement area and vyield stress of the vertical

reinforcement. Force F,, can also be approximated using the total horizontal reinforcement area

and yield stress of the horizontal reinforcement. Equation (6.2) can be written as:

P(ai—'g]+ Fo (35)+ Fhw[hzwj+ Fy (a:)
h

W

v— (6.3)

The functional form of a modified equation for a rectangular wall without boundary elements,

based on the equilibrium expression in (6.3), can be expressed as:
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(h/1)”

where the concrete contribution term is expressed in terms of \/f

(6.4)

Ly

b) Simplified free-body diagram

Figure 6.5. Free-body diagram for the modified Gulec and Whittaker equation for peak strengt
h
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Regression analysis was performed using MATLAB R2012b to determine the values of
the coefficients in (6.4), as described above. The walls with no boundary elements were chosen
from the database of 74 rectangular walls. A total of 13 walls were selected: two from Cardenas,
two from Greifenhagen and nine from Sheu. Shear-critical walls without boundary elements tested
at UB, SW2 through SW10, were added to these 13 walls. For the cyclically loaded specimens
(including UB walls SW2 through SW10), the peak shear strength was set equal to the average of
the peak strengths in the first and third quadrants of loading. The coefficients determined from the
regression analysis using the 22 walls without boundary elements are provided in (6.5):

y 1.11,/f, Ay +0.25F,, +0.08F,, +0.21P
n= 0.8
(hu/L)

The predicted peak shear strength of the 22 walls using (6.5) is shown in Table 6.8. The ratios of

(6.5)

the predicted to experimental peak strength, shown in the last column of Table 6.8, had a mean
value of 1.0 (the input constraint) and an improved coefficient of variation of 0.08. Similar to the
original equation, the small value of the coefficient for the horizontal reinforcement indicates that
the contribution of the horizontal reinforcement to peak shear strength is small. Equation (6.5) can

be generalized and simplified to the following expression:

v 111, A, +o.2£i§vw +0.2P
(/1)

Predictions using this equation are provided in Figure 6.1 as Luna (2016).

(6.6)
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Table 6.8. Predicted peak shear strength of rectangular walls without boundary elements using

Equation 6.5

Researcher Wall V(”““" v, (Efln' 6:5) 4
(kips) (kips) V eat
d SW-8 128.1 127.6 1.00
Cardenas SW-13 142.1 135.7 0.95
. M1 45.5 47.3 1.04
Greifenhagen ™0 45.7 443 0.97
SWN-1D 67.2 69.2 1.03
SWN-5D 55.1 52.7 0.96
SW-5 54.4 63.4 1.17

SW9 55.8 56.2 1.01
Sheu SWi11 49.8 56.2 1.13
SW12 55.8 57.2 1.03
SW13 54.7 54.6 1.00
SW17 40.5 42.0 1.04
SW19 35.2 37.4 1.06

SW2 526.0 438.0 0.83

SW3 423.0 349.9 0.83

SW4 221.0 215.8 0.98
SW5 633.0 592.5 0.94
Luna SWé6 491.0 442.0 0.90
SW7 297.0 297.3 1.00

SWS8 584.0 568.6 0.97

SW9 627.0 541.8 0.86

SWI10 512.0 530.2 1.04

Average 1.00

6.5 Moehle (2015) equation for peak shear strength

Moehle (2015) presents an expression to estimate the peak shear strength of a low aspect
ratio RC wall. The formula is based on the idealized crack pattern and free-body diagrams shown
in Figure 6.6. In his formulation, diagonal cracking is assumed to occur at a constant angle 6 with
respect to the horizontal, and normal and shear stresses along a diagonal crack are resisted only by
reinforcement, that is, the effect of aggregate interlock is not included. A further simplification is

made by assuming that the stress in the horizontal and vertical reinforcement is f,. Summing

moments about the mid-bottom of the compression strut shown in Figure 6.6b:
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v, xb,h, —n,xb i—)&gy f,— L =0 (6.7)

s, tand

where v, is the uniform shear stress acting at the top and bottom of the strut; x and b, are the
width and thickness of the compression strut, respectively; h,, is the height of the wall; A, is the
area of vertical reinforcement evenly spaced at a distance s,; and f is the yield stress of the

reinforcement. Equation (6.7) was assumed to apply along the length of the wall, |, , giving:

Vn:vnlwbwz(nulwbw—pgy—fylei (N, +of A, )—— (6.8)

S tan @ tan @

where V, is the peak shear strength, N, is the total axial load, p, is the vertical reinforcement
ratio, A, is the gross-cross sectional area of the wall and ¢ is the angle of the crack with respect

to the horizontal. The equation does not include horizontal reinforcement ratio but the presence of

horizontal reinforcement stressed to fy is assumed. The assumption that (6.7) applies along the

length of the wall is studied in the following section. If (6.7) is assumed to apply only over the
fraction of the length of the wall that can develop compression struts under unidirectional loading,
which is a function of aspect ratio, (6.8) will overestimate nominal shear strength. Moehle notes

the equation can be interpreted as the product of the effective normal force (the terms inside the
parentheses) and a friction coefficient 1/tané , and can be used to define the interface shear

strength between the wall and foundation.

Wood (1990) proposed an equation (see Section 2.4) for the shear strength of low-rise walls

that takes a similar form to Equation 6.8: A f /4, where A is the area of the vertical

reinforcement crossing the (horizontal) shear plane. Although the Wood and Moehle equations
have a similar functional form, one is empirical and based on shear friction (Wood) and the other
is based on diagonal compression struts (Moehle) that have been observed in experiments.
Importantly, the model assumed by Moehle is supported by data presented in this report whereas
the shear-friction model is not: walls do not slide until after peak strength is achieved.

Equation (6.7) was formulated using the free body diagram of a concrete compression strut
shown in Figure 6.6b. Equation (6.7) is suitable for that fraction of the length of the wall where

compression struts can form. For the other part of the wall, segment c-d-e in Figure 6.6c, the
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assumption is not suitable. For walls with a very low aspect ratio, length c-d in Figure 6.6 will be
a small fraction of and (6.8) should yield reasonable estimates of the peak strength.

Moehle recognized the importance of the distributed horizontal reinforcement for the
equilibrium of segment c-d-e shown in Figure 6.6¢. The horizontal reinforcement is needed to
transfer lateral forces from segment c-d-e to the remainder of the wall. Moehle also identified that
concrete at the toe of the wall (point e in segment c-d-e) must be resisting compression to maintain
equilibrium of the segment.

Mochle’s equation was used to predict the peak strength of all the walls tested at UB, except
for SW1, SW11 and SW12. The idealized cracking pattern used in the formulation of Moehle’s
equation is different from the cracking patterns observed on SW1, SW11 and SW12. Wall SW1
was the tallest of the walls tested and its cracks were due to both shear and flexure (see Figure
4.3a). Walls SW11 and SW12 had boundary elements, which changed the orientation of the cracks
from diagonal to horizontal at the web-boundary element junctions (see panels k and | of Figure
4.3). Moehle (2015) presents similar horizontal cracking patterns in the boundary flanges of
slender structural walls.

The estimated peak shear strengths of walls SW2 through SW10 per Moehle (2015) are
listed in the last column of Table 6.2. The angle of inclination of the cracks, 6, was assumed to be
45°, The ratio of the predicted peak strength to the measured peak strength is presented in the last
column of Table 6.3. The peak strengths of SW2 through SW7 are predicted reasonably well
whereas the peak strength of walls SW8, SW9 and SW10 are over-estimated by a factor of more
than 1.5 if no upper limit is imposed to address diagonal compression failure. The vertical
reinforcement ratio in SW2 through SW7 was 1% and less. As shown in panels a through g of
Figure 4.6, the vertical reinforcement in these walls had yielded at peak strength, which supports
a key assumption in the Moehle formulation. The vertical reinforcement ratio in SW8, SW9 and
SW10 was 1.5%, with corresponding horizontal reinforcement ratios of 1.5%, 0.67% and 0.33%.
The assumption that all horizontal and vertical reinforcement has yielded at peak shear strength
does not hold for these three walls. Panels h, i and j of Figure 4.6 show that strain in many vertical
rebar in SW8, SW9 and SW10, respectively, was less than the yield value at peak shear strength.

The equation formulated by Moehle provides insight into force transfer in low aspect ratio
walls at peak strength. Reasonable assumptions were made to simplify the problem and Moehle

did not have the data presented previously in this report. The Moehle equation can be improved
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using the cracking patterns and data from the strain gages and Krypton LED sensors, obtained

from the testing of the 12 shear walls, as presented in the next section.

a) Idealized cracks
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c) Free-body diagram of segment c-d-e

Figure 6.6. Idealized forces on a low aspect ratio RC wall (Moehle, 2015, reproduced with per
mission from McGraw-Hill Education)
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6.6 Peak shear strength of low aspect ratio RC walls without boundary
elements

Data from the tests of the 12 RC shear walls described in Chapter 3 and Chapter 4 provide
information to help understand how forces are transferred through a wall. The data from the strain
gages, strain distributions on the faces of the walls calculated from the Krypton LED data and the
cracking patterns can be used to develop free-body diagrams of different segments of the wall and
to estimate the magnitude of the forces in reinforcement and the strains in the concrete. These data
are used to derive predictive equations for peak shear strength of rectangular low aspect ratio, RC
walls.

An equation for peak in-plane shear strength is presented in this section for walls without
boundary elements and it utilizes a formulation similar to Moehle’s. Those segments of a low-rise
wall with significantly different strains at peak strength were identified in Section 4.6. Figure 6.7
cartoons the three segments, observed cracking pattern and forces acting on a wall. The shear
strains at peak shear strength in segment B are substantially greater than those in segments A and
C. The toe of the wall shown in the bottom left corner of segment A (open red circle) can resist
compression and shearing forces because the inclined cracks do not propagate to the corner as
assumed in the idealized cracking pattern of Figure 6.7. The distance from the bottom end of the
wall to the bottom of the diagonal crack in segment A is designated as c. The patterns of concrete
cracking at peak shear strength in SW3 and SW8 at peak strength are shown in Figure 6.8, with
length c highlighted with an open red circle. (The patterns of concrete cracking for all the walls
are presented in Figure 4.4.) Three representative concrete compression struts (or simply struts)
are drawn in segment B. (The number of struts in section B can be less or more than three.)
Variables p and v represent the axial load per unit length and shear force per unit length at the
centerline of horizontal loading, respectively, noting that the assumption of uniform shear force
per unit length of wall was not validated in the experiments of Chapter 3 or in prior tests, and may
not occur in the field. No axial load was applied to the 12 walls tested at UB and their self-weight
is insignificant for the purpose of calculations of shear strength. Cracks are assumed to propagate

at a constant angle, 6, with respect to the horizontal. Variables h, and |, are the height (distance

between foundation and centerline of loading) and length of the wall, respectively.
Information from Sections 4.5, 4.6 and 6.5 are summarized here because they are used to
formulate an equation for the peak shear strength of walls without boundary elements.
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1) The idealized cracking pattern presented in Figure 6.7 is applicable for walls SW2 through
SW10. The cracking patterns observed on SW1, SW11 and SW12 were different from that
shown in Figure 6.7. Cracks in SW1 were due to shear and flexure (see Figure 4.4a) and the
cracks in the boundary elements of walls SW11 and SW12 (see panels k and | of Figure 4.4)
were horizontal.

2) All vertical reinforcement yielded in tension (over the height of the wall) for walls SW2
through SW7 (walls with vertical reinforcement ratio of 1% and less). Many vertical bars in
walls SW8 through SW10 (walls with vertical reinforcement ratio of 1.5%) did not yield in
tension.

3) The strain in the horizontal reinforcement of walls SW2 through SW10 was greatest in the
mid-section of the walls and relatively small at the ends. The strains in segments A of SW2
through SW10, as calculated using the Krypton LED data, were relatively small.

Figure 6.7. Different sections and idealized cracking pattern of a low aspect ratio rectangular R
C wall without boundary elements

The free-body diagram of segment B of the wall is shown in Figure 6.9. Actions F, and
F, are the total forces carried by the vertical and horizontal reinforcement, respectively, that cross
a diagonal crack. Action F, is the force associated with aggregate interlock. Variable x is the

horizontal projection of the width of the strut. Summing moments about the mid-bottom of a strut:
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h, h, :
vxh =F + px +F (xsin@ 6.9
" Ytang P tan o ) (69

where Fy is the axial force in the vertical reinforcement over distance x. The strains in the vertical

reinforcement in segment B of SW2 through SW7 at peak shear strength were between 6 millistrain
(= 3£y) and 20 millistrain (= 108})), where &, is the yield strain. For walls SW8, SW9 and SW10,
the corresponding strains were between one and six millistrain. (The strains on the vertical
reinforcement are shown in Figure 4.8.) The force on the vertical reinforcement F,, shown in
Figure 6.9b is:

R, =ty (6.10)
where p, is the vertical reinforcement ratio, t,, is the thickness of the wall, and fy is the stress in
the vertical reinforcement, and equal to: a) the average of the measured yield strength ( fy) and
measured ultimate strength ( f, ) of the reinforcement to account for cyclic hardening of the vertical
reinforcement in walls SW2 through SW7, and b) the measured yield strength ( f, ) for walls SW8,
SW9 and SW10.

The strains in the horizontal reinforcement of walls SW2 through SW10 are shown in
Figure 4.8. In these walls, the strains are greatest in the mid-section (mid-length) of the wall and

small at the ends. Based on the gage data at peak strength, 0.259}, is a conservative (low) estimate
of the strain in the horizontal reinforcement at the boundaries of segments A and B, and of
segments B and C. The net effect of the forces in the horizontal reinforcement at the two sides of
segment B on the moment at the mid-bottom of a strut is assumed to be negligible. Assuming a
uniform distribution of applied shear along the horizontal projection of segment B, and using

(6.10) for F,, the shear resistance of segment B can be estimated as:
vil, - n, —c h,=pt, T L, - n, —C n, +
tan @ tan & tano@

ot p(lw— n, —cj n, +FS(IW— n, —c}sin@
tan @ tan @ tan @

The total lateral resistance provided by segment B of the wall, V,, , is given by:

(6.11)
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an:v(lw—ﬁ—cj:pltwf(lw— n, —Cj L +.
tan g / tan g tan @

At pll, - n, —-C L +F| 1, - n, —C sin@
tan & tan & tan @ h,

b) SW8

Figure 6.8. Cracking patterns at peak strength of walls SW3 and SW8
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b) Forces in reinforcement

Figure 6.9. Free-body diagram of segment B of a wall without boundary elements

Force F, is associated with aggregate interlock (or friction forces). There is considerable

uncertainty in the magnitude of this force (Gulec and Whittaker 2009). Moehle (2015)
conservatively assumed that the normal and shear stresses along a diagonal crack were resisted
only by the reinforcement and that assumption is adopted here because it is impossible to assess

the width of the cracks away from the surface of the 12 walls tested as part of this research project.
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Accordingly, the term that includes F, in (6.12) is set equal to zero. Equation (6.12) can be

rewritten as:

1 h, 1
V=tf7|—hN—C +pll, - —C 6.13
" ’O'Wy(w tan @ jtan@ p(w tan & jtan@ (6.13)
or
_ h, 1
an_<pltwfy+p)(lw_tan0_c tan @ (614)

Segments A and C contribute to the peak shear resistance of low aspect ratio walls.

Consider first Figure 6.10a that presents a free-body diagram of segment A. Actions F,, and F,

are the normal and shear forces acting at the bottom of segment A. The other variables were defined
previously. Summing forces in the vertical direction and ignoring the vertical component of

aggregate interlock for the reason previously given:

h,
F =F + +C 6.15
R p(tan@ (6.15)
where F, is equal to
h,
F = pt f 6.16
! p'W(tane v (6.16)

where f_ is set equal to the average of measured yield and ultimate strength of the reinforcement

for walls SW2 through SW7. The strains in the vertical reinforcement at the boundary of segments
A and C of walls SW8, SW9 and SW10 ranged between 0.1 and 1.0 millistrain and so f is set

equal to 0.25f in (6.16) for these walls. Denoting f; as the axial stress in the concrete at the

bottom of segment A, F_ is:

Fy = fecty, (6.17)
and using (6.15), (6.16) and (6.17), ¢ can be written as:
h
t fo+ o
e (ot p)(tané?j (6.18)
ft,+p

Shear force F, can be estimated by multiplying F,, by a coefficient of friction, . If V, is the
contribution to the shear resistance of segment A:
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Via =Fy = 1R, (6.19)

and

Vna = /u|:(pltw fy + p)[ta—j—i_ pcj| (620)

b) Segment C

Figure 6.10. Free-body diagram of segments A and C of a wall without boundary elements

Consider second Figure 6.10b that presents a free-body diagram of segment C. The sum of

forces in the horizontal reinforcement in segment C at peak strength, which is equal to the shear
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resistance of the segment, V__, can be estimated using strain gage data from the horizontal

nc !

reinforcement (see Figure 4.9). A conservative (low) estimate of the strain in the horizontal

reinforcement at the boundary of segments B and C (and A and B) is 0.25F, . Accordingly, V.
can be estimated as:
V,. = pht, (0.25,) (6.21)
The total lateral resistance (peak shear strength) of a wall without boundary elements, V,_,

isthesumof Vv, V., and V,. and is given by:

h
Vv, :,u{(p,tw f, + p)(tar%}_ pc}r...

h, ) 1 (6.22)
-C +...
tan @ tan @

na !

...+(p,tw f, + p)[lW -

..+025ph,t,f

ww Y
Equation (6.22) can be simplified by setting & equal to 40° (see Table 4.2), which is likely
appropriate for walls with aspect ratios between 0.25 and 0.75 and low axial compressive stresses.

(Angle @ will decrease with a significant increase in axial compressive stress.)

A =,u[(p,tw fo+ p)(1.2hw)+ pc]+...
.+12(pt, f; + p)(1,-1.2h, —c) +... (6.23)
+0.25p0 1, f

ww Ty
To judge the accuracy of this equation for the shear-critical walls SW2 through SW10, p is set to
zero and (6.23) can be further simplified to:

V, =12upth, f, +1.2pt, 1, (I, -1.2h, —c)+0.25t h, f, (6.24)
or
h, ¢
V, =1.2up A, I& f,+1.2p A, 1, {1—1.2I—"V—I—J+O.25ptA:V I& f, (6.25)

where A, is the gross cross sectional area of the wall. The variables in (6.25) are vertical and

horizontal reinforcement ratios, aspect ratio, gross cross-sectional area of the wall, yield and
ultimate strength of the reinforcement, applied normal force and a length of the wall in

compression. To estimate the length c, a value of 0.8f_ is assumed: less than the measured uniaxial
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compressive strength because there was no evidence of spalling of concrete at the compression

toes of walls at peak shear strength. The values of c calculated using (6.18) are listed in Table 6.9.

Table 6.9. Distance, ¢

C
Wall (in)
SW2 10.4
SW3 6.2
SW4 6.4
SW5 12
SW6 9.1
SW7 4.5
SW8 7
SW9 5.7

SW10 5.3

The shear force transfer across the wall-to-foundation interface in segment A will be
limited by a) principal tensile strength of concrete, and b) shear friction. To calculate capacity

based on a), the concrete is assumed not to be reinforced, to have a tensile strength of 0.15 ¢, and

loaded in uniaxial plane stress: a normal stress corresponding to F, and a shear stress. If the
normal stress is 0.8 f'cand the corresponding shear stress is 0.4 f', the corresponding principal

stresses are 0.96 ¢ (compression) and —0.16 f;" (tension): the ratio of shear stress to normal stress

is 0.5.

Shear-friction calculations can be informed by the studies of Mattock (1976, 1977), which
form the basis of the provisions in ACI 318. Consider first, the test series B of Mattock (1976) (see
Tables 2.1 and 2.3 of that report), wherein samples with roughened surfaces and pre-cracked
interfaces were tested under monotonically increasing shear force to failure; the reported
compressive strength of the concrete was approximately 6000 psi. The interfaces in Mattock’s
1976 tests used reinforcement placed perpendicular to the shear plane to generate normal force,
which is not the case here: normal force is provided by concrete in compression and not yielded
reinforcement. Table 3.1A of Mattock (1976) provides relevant monotonic test data. For normal
stress between 226 psi and 1576 psi, the ultimate shear stress ranged between 487 and 1700 psi,
with the ratio of shear stress to normal stress of between 2.05 and 1.07, namely, greater than 1.0.
Consider second, the test series M of Mattock (1977) (see Tables 2.1 and 2.3 of that report),
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wherein samples with roughened surfaces and pre-cracked interfaces were tested under both
monotonically increasing and reversed cyclic incremented shear force to failure; the reported
compressive strength of the concrete in these tests was approximately 6000 psi. The interfaces in
Mattock’s 1977 tests also used reinforcement placed perpendicular to the shear plane to generate
normal force. Table 4.1 of Mattock (1977) reports relevant data; the ratio of the measured cyclic
to monotonic shears strengths were 0.88 (M2C to M2M) and 0.92 (M3C to M3M), noting that the
incremented cyclic loading was applied over 46 (M2C) and 47 (M3C) cycles: many more cycles
than that expected in design basis earthquake shaking and imposed in the tests described in Chapter
4. A substantial reduction in the number of reversed cycles to failure would increase the ratio from
the average of 0.90 to close to 1.0 (i.e., the monotonic shear strength).

Accordingly, a coefficient of friction, £, equal to 0.5 is assumed here for the calculation

of V,,, which caps the shear stress at 0.4 /¢ and satisfies both the principal tensile stress-based

na?
calculation above and is substantially less that the shear-friction strength supported by Mattock’s
monotonic and cyclic tests. (Note the maximum value of the normal stress (product of the
reinforcement ratio and yield strength) of 1576 psi in the 1976 monotonic tests was equal to

approximately 0.25 /'« and smaller than the normal stress assumed here of 0.8 f'.)

The first, second and third terms in (6.25) correspond to V., V,, and V,_, respectively.

na? nc?

The calculated values of the three terms in (6.25) and the predicted peak shear strength for walls
SW2 through SW10 are listed in Table 6.10. A coefficient of friction, x, equal to 0.5 is assumed:
less than the value of 1.0 given in ACI 318-14 for a concrete-to-concrete interface but reasonable
given that the toes of the walls had experienced tensile and compressive loadings prior to the cycle
to peak strength. The ratio of the predicted peak shear strength to measured peak shear strength
(listed in the last column of Table 6.1) of walls SW2 through SW10 range between 0.78 (SW9)
and 1.1 (SW5), with an average of 0.94. Excluding the walls that failed in diagonal compression,

SW8 and SW9, the average is 0.96. The contributions of the horizontal reinforcement, J” , to the

peak strength of the walls is relatively small, which supports the findings of Section 4.2 and
observations by Barda et al. (1977), Gulec and Whittaker (2011) and Moehle (2015).
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Table 6.10. Shear strength of walls SW2 through SW10

V an Vnc Vn Vn
Wall e . . .

(kips) (kips) (kips) (kips) V peak
SW2 234 228 82 o544 1.03
SW3 157 173 55 384 0.91
SW4 87 95 29 211 0.95
SW5 166 477 55 698 1.10
SW6 111 335 37 484 0.98
SW7 55 178 18 251 0.84
SW8 78 338 131 547 0.94
SW9 78 351 58 487 0.78
SW10 78 354 29 461 0.9
Average 0.94

Although the contribution of the horizontal reinforcement to the peak shear strength of
a low-rise wall is relatively small, a sufficient amount of horizontal reinforcement is needed to
transfer the lateral load from the centerline of loading of the wall to the different segments of the
wall and to confine the concrete in the compression struts, where confinement here relates to
maintaining the integrity of the compression struts (see Section 23.5 of ACI 318-14). A portion of
the lateral load in segment A (see Figure 6.10a) is transmitted to segments B and C by the
horizontal reinforcement. Lateral force in segment C is transferred to the foundation via
compression struts that form in in segment C: see Figure 6.10b.
It is common practice to assume that walls are uniformly loaded in shear. On the basis of
g equal to 40°, segments A (and C) and B should resist 39% (64%) and 61% (36%) of the total
lateral force, respectively, for an aspect ratio of 0.33 (0.54), where the percentage assigned to

segment A (and C) is given by the ratio of the projected horizontal length of the crack, hw/tan q,

to the length of the wall, / . On the basis of the values of V., V,;, and V, . in Table 6.10, segments

A and C (B) resist approximately 30% (70%) of the total lateral force for the walls with an aspect
ratio of 0.33 (SW5, SW6, and SW7) and approximately 60% (40%) of the walls with an aspect
ratio of 0.54 (SW2, SW3, and SW4). (Walls SW8 and SW9 failed in diagonal compression and so
are excluded from the this discussion.) This result indicated the loading plates redistribute shear
over the length of the wall during the tests, which would suggest that floor diaphragms should be

reinforced for this purpose in the field.
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The shear resistance of the wall provided by segment B will be limited by the compressive
strength of its struts. Consider again the free-body diagram of segment B presented in Figure 6.9.
Assuming the force in the horizontal reinforcement on the two sides of a strut are not significantly

different, the compressive force at the bottom of a strut, F,, can be estimated by summing
horizontal forces along the horizontal projection of segment B. That is:
v, x=F, cosd (6.26)
If f_ is the compressive stress in a strut, F, can be expressed as
F. = f (xsind)t, (6.27)
Considering all the struts in segment B of the wall, the lateral force in segment B, V,,, can be

expressed in terms of f, as
V. =f_sinfdcoso, | | —i—c 6.28
nb c w( w tan 9 j ( )
Using (6.14) and (6.28), an approximate value of the compressive stress of the struts in segment

B, f_, can be calculated as:

f_sin@cosar, (IW —% —cj =(pt,f, + p)(lW - tar;wé? —cj tai 5 (6.29)
Using a value of 40° for @ and simplifying, (6.29) becomes:
f = 2.4[ o, +tﬂj (6.30)
For walls SW2 through SW10, (6.30) can be written as:
f.=24pf, (6.31)

Values of f, for walls SW2 through SW10 per (6.31) are listed in Table 6.11. The ratios of f, to
f_ are also listed in Table 6.11. For walls SW2 through SW7, walls with vertical reinforcement

ratio of 1% and less, the ratio of f; to f_ ranged between 0.16 (SW3 and SW4) and 0.48 (SW5).

For walls SW8, SW9 and SW10 (walls with vertical reinforcement ratio of 1.5%), the ratios are
0.69, 0.57 and 0.53, respectively. Walls that are heavily reinforced, assumed here to be a few
multiples of the minimum reinforcement ratio specified in ACI 318 (= 0.0025 for Grade 60 rebar),

may fail in diagonal compression: excessive axial stress in the diagonal struts that transfer

horizontal shearing force to the foundation. Based on the values of the ratio of f_ to f_ for walls
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SW8 and SW9 that failed in diagonal compression, it is reasonable to limit f  to 0.5f, .

Compression struts also form in segment C. Assuming an axial stress in these struts of 0.5f_, the

diagonal compression strength of the wall can be estimated as:

V = f.singcosqt [ (6.32)

For a strut angle of 40 degrees to the horizontal (see Table 4.2), (6.32) corresponds to a horizontal

shearing stress of 0.25/¢, which in turn maps to 15.8\/fT for concrete with a uniaxial

compressive strength of 4000 psi. Given that the maximum average shear stress at peak strength

for SW8 and SW9 ranged between 10\/f_c' and 11\/f_c' (see Table 6.1), it is reasonable to retain

the ACI 318-14 limit on nominal shear stress of 10\/fT.

Table 6.11. Compressive stress on the struts in segment B

I f° it
Wa (ksi) f
SW2 1.8 0.26
SW3 1.22 0.16
SW4 0.67 0.16
SW5 2.05 0.48
SW6 137 0.36
SW7 0.67 0.18
SW8 2.43 0.69
SW9 243 0.57
SW10 243 0.53

The nominal shear strength of a rectangular, low aspect ratio RC wall without boundary

elements can be estimated as:

h

Vv, :0.6|—W(p|AW f,+pl,)+05pc+1.2(p A, f; + plw)[l—l.Z———jJr...

..+0.25p, T_WA:V f, <101 A,

or

h, ¢
[

w w

(6.33)
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Vn :12(pl A\:v fy + plw)(1_07T_W_|£J+

w w

i (6.34)
-+025p, 7 A, f, +0.5pc <10t A,

where all terms have been defined previously, g=40", and 7=0.5. In (6.34), 1‘y IS set equal to
1251, which requires that the vertical rebar be developed for this stress or greater (perhaps 157,

based on the test data) at the upper ends of the compression struts.

6.7 Peak shear strength of low aspect ratio RC walls with boundary elements
The patterns of cracks in concrete for the walls with boundary elements, SW11 and SW12,
are shown in panels k and | of Figure 4.4. The reinforcement in the boundary elements changed
the orientation of the diagonal cracks to horizontal at the web-boundary element junctions. The
segments of SW11 and SW12 with significantly different strains at peak strength are identified in
Section 4.6. Figure 6.11 identifies these segments, the observed patterns of cracks and the forces

acting on the wall, where |, is the length of each boundary element (equal to 16 inches for SW11
and SW12), |, is the length of the web of the wall between the two boundary elements, and p,,

is the boundary element reinforcement ratio defined as the area of vertical reinforcement (A, . ) in

one boundary element divided by the area of that boundary element (I, xt, ), and all other

variables were defined previously. Herein, the formulation of (6.22) is extended to accommodate
the presence of boundary elements, each of which is assumed to be loaded by an axial force P.
The free-body diagram of segment A of the wall with boundary elements is shown in Figure

6.12a. The shearing force at the bottom of segment A, V, is calculated similarly to (6.20). The

a,be !
distance c is set equal to the length of the boundary element, |, , based on the patterns of cracking
observed in the tests of SW11 and SW12. The normal force F_ in (6.20) will increase by an

amount equal to the concentrated load on the boundary element, P. The strains in the vertical

reinforcement in the webs of SW11 and SW12 were mostly between 1 and 6 millistrain (see panels

k and | of Figure 4.8) and so the stress in this rebar is assumed to be fy . The shear force V__ . can

na,be

be written as:
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Viase = ;{(p.twfy + p)(%} Pl + P} (6.35)

tan

Similar to (6.21), the contribution of the horizontal reinforcement to the lateral resistance of the

wall with boundary elements, V.

nc,be !

is given by:

Vnc,be =P hwtw (025 fy ) (636)

where all variables have been defined previously.

Figure 6.11. Different sections and idealized cracking pattern of a low aspect ratio rectangular
RC wall with boundary elements
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b) Segment B

Figure 6.12. Free-body diagram of segments A and B of a wall with boundary elements

The free body diagram of segment B is presented in Figure 6.12b. Following the
formulation for (6.14), the total lateral resistance provided by segment B for the walls with

boundary elements, V,, ., , is given by:
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h 1
anbe:(pltwfy+p)(lw— w —2|be)—+...
' tan @ tan @
(6.37)
...+(pt f,+p)(l )——+ 1
bew ' */tang  tan@

where the axial force on the right boundary element is assigned to segment B, identically to the
boundary element vertical reinforcement. The strains in the vertical reinforcement of the boundary

elements of SW11 and SW12 ranged between 2 and 20 millistrain (see panels k and | of Figure
4.8) and the stress in this vertical reinforcement is taken as 1‘y (i.e., the average of the yield and

ultimate strengths) to account for cyclic strain hardening.

The diagonal tension shear strength of a wall with boundary elements, V, ., is the sum of

V vV, . andV_ . :

na,be ' Ynb,be nc,be *

h
V. ke :;{(pltwfy + p)(ta:9j+ pl,, + P:|+...

...+(p|twfy+p)(lw— n, —2|beji+...

tan @ tan @ (6.38)
1 1
"'+(10betw fy + p)(lbe)m-i‘ PW-F

.+ phyt, (0.25F))
Setting g=40°, 1£=0.5, and simplifying, (6.38) becomes:
V, e =0.6h, (ot f, +p)+1.7(pl, +P)

.+12(pt, f,+p)(I,-1.2n, =21, )+ ... (6.39)
+12( P Ay ) +0.25p 1,1, T

ww 'y

For walls SW11 and SW12 for which p and P are zero, (6.39) can be further simplified to:
Vi =0.6pt,h, f +1.2p9t, 1, (IW -1.2h, - 2Ibe)+...
t12p et T, +0.250,0 8,

wrw 'y

(6.40)

In (6.40), the first term on the right side corresponds to V. the sum of the second and third

na,be !

terms correspond to V., and the fourth term corresponds to V... The calculated values of

c,be *

\Y/

na,be

V., @nd V... and the predicted peak shear strength for walls SW11 and SW12 are listed

nc,be
in Table 6.12. Similar to the walls without boundary elements, the contribution of the horizontal
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reinforcement to peak strength, V.., is small. The average of the ratios of the predicted peak

c,be !
shear strength to the measured peak shear strength (listed in the last column of Table 6.1) for SW11
and SW12 is 1.01. The strengths of SW11 and SW12 associated with a diagonal compression

failure is 679 kips for both, and greater than those associated with a diagonal tension failure.

Table 6.12. Predicted peak shear strength for SW11 and SW12

Wal | Vna,be an,be Vnc,be Vn,be V”i
(kips) (kips) (kips) (kips) | Voea

SW11 140 238 58 436 1.05
SW12 69 281 29 379 0.97
Average | 1.01

The nominal shear strength of a rectangular, low aspect ratio RC wall with boundary

elements contained within the web of the wall can be estimated by simplifying (6.39) as:

Vore =1.2(pt, f, + p)(1, -0.7h, =21, ) +1.7 (pl,, +P)...

. (6.41)
L 4L12p AL T, +0.25p 0t f, <10FA,
or
h, I,
Vo =12(p/A, f, + p)| 1-07 7 =222 +1.7(pl,, +P)..
T (6.42)

L +12p A, f +0.25p A, :‘—W f, <101 A,

w

where all terms have been defined previously, g=40°, and ¢ =0.5. In (6.42), fv is set equal to

1257, which requires that the vertical rebar be developed for this stress or greater at the upper

ends of the boundary elements.

6.8 Loss of stiffness and strength resistance in low aspect ratio walls

The data of Section 4.2 makes it clear that low aspect ratio shear walls that do not include
boundary elements rapidly lose strength and stiffness at cycling to displacements greater than that
associated with peak strength. Pinching of the hysteresis loops that is clearly evident in all 12 walls

(Section 4.2) was exacerbated by the absence of axial compressive force acting on the wall. Lateral

206



strength will be lost from segment C as the tension end of the wall separates from the foundation
at significant lateral displacements and the load path from the wall into the foundation, via a
concrete-to-concrete interface is lost.

The lateral stiffness of low aspect ratio walls is derived, post cracking, primarily from the
axial stiffness of the diagonal compression struts that form regardless of reinforcement ratio. The
axial stiffness of the struts degrades under repeated cyclic loading, whereupon the struts that form
under push loading are cracked under pull loading (see the cracking patterns in Figures 4.4). Such
cracking degrades the strength and stiffness of the individual struts, leading to a loss of strength
and stiffness in the wall. Struts in walls constructed with high web reinforcement ratios (much
greater than the ACI-318 minimum) and closely spaced rebar are expected to maintain their
stiffness and strength at greater drift ratios than those in walls that are lightly reinforced with
widely spaced rebar: curtains of closely spaced rebar confine the concrete in the struts and limit
crack widths, both of which contribute to improved cyclic behavior of low aspect ratio walls.

Of all the walls tested at the University at Buffalo, the poorest performance could be
assigned to SW10, which failed due to diagonal tension associated with yielding of the horizontal
reinforcement. The horizontal reinforcement ratio in this wall (=0.33%) was slightly greater than
the ACI 318 limit of 0.25%. The post-peak strength deformation in this wall was concentrated in
the crack that is clearly evident in Figure 4.5] and Figure 4.6b: strain capacity of the horizontal
rebar that crossed the crack effectively limited the displacement capacity of the wall.

Of all the walls tested UB, the best performance could be assigned to those with boundary
elements, namely, SW11 and SW12. The boundary elements preserved the integrity of the walls
and did not permit the inclined cracks to propagate to the toes of the walls: the cracks turned
horizontal at the web-boundary element junctions. The boundary elements enabled shearing forces
to be passed through the intact compression toe of the wall, helping maintain the peak shear

strength at story drifts much greater than that associated with peak strength.

6.9 Closing thoughts
The data, analysis and theory presented in this chapter could be used to alter design practice
for the construction of low aspect ratio walls in buildings and safety-related nuclear structures.
The formulation proposed by Moehle (2015) for the peak shear resistance of low aspect

ratio walls represents a significant improvement on equations in codes and standards in the United
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States. His equation identifies the importance of a) vertical reinforcement ratio, and b) applied
axial compression, on peak shear strength. Herein, Moehle’s equation has been extended based on
data collected during the testing of SW1 through SW12: data not available to him. This data has
allowed some assumptions to be supported and others to be set aside. An updated equation for
peak shear strength of walls without and with boundary elements is provided. These equations,

with f, setequal to f , could be implemented in ACI 318 and ACI 349. For this equation to be

valid and useful for earthquake-resistant design, the peak strength should be retained at

displacements substantially greater than that associated with peak strength for which a) boundary

elements may be required, and b) adequate horizontal web reinforcement is provided to confine
the diagonal compression struts.

It is not possible to make definitive statements regarding minimum reinforcement
requirements in low aspect ratio walls based on 12 tests. However, based on these 12 tests and
analysis of data:

1) Low aspect ratio walls should be equipped with special zones of reinforcement, of the type
utilized on SW11 and SW12, to maintain the integrity of the wall boundaries and delay loss of
strength and stiffness.

2) The use of Type 2 mechanical splices at wall-to-foundation junctions does not compromise the
shear strength of low aspect ratio walls.

3) Walls with disparate ratios of vertical and horizontal reinforcement should be discouraged.
Equal ratios in the vertical and horizontal directions should be encouraged, with the horizontal
ratio being based on the vertical ratio, as calculated using (6.23).

4) The seismic performance of walls with light web reinforcement, of the order of the ACI
minimum, will likely be poor in design basis shaking (for buildings) and beyond design basis
shaking (for nuclear power plants). A value greater than the current ACI minimum should be
used but the additional tests will likely be required to support a code change.

Alternate equations for the peak shear strength of low aspect ratio walls have been derived
on the basis of test data and simplified analysis models, including (6.6), (6.34) and (6.42). These
equations are more robust than that proposed in Chapter 18 of ACI-318-14 for the seismic design
of reinforced concrete shear walls, which may be appropriate for flexure-critical (tall) walls but
has no physical basis for shear-critical walls such as those tested as part of this research project.
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CHAPTER 7
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1  Summary

Twelve large-size, rectangular, low aspect ratio, reinforced concrete (RC), shear walls were
built and tested at the Network for Earthquake Engineering Simulation (NEES) facility at
University at Buffalo (UB). Financial support was provided by the US National Science
Foundation (NSF) under Grant No. CMMI-0829978. The general objective of this research was to
analyze data from tests of the 12 RC walls to improve the understanding of the seismic behavior
of such walls.

A literature review of topics related to the experimental and analytical studies of low aspect
ratio RC walls was performed. The experimental research programs conducted by other
researchers were summarized. The different failure modes of low aspect ratio RC walls were
discussed. Equations for peak shear strength available in literature and building codes, and prior
work done on the effective stiffness of low aspect ratio walls were presented.

Detailed descriptions of the experimental program, including pre-test numerical analysis,
construction of the tests specimens, material properties, test setup, instrumentation, loading
protocol and tests procedures, were provided. The pre-test numerical analysis of the walls was
performed using the non-linear finite element program VecTor2 ver. 2.8 (Vecchio and Wong,
2002) to help design and detail the test specimens and fixture. The 12 specimens were named SW1
through SW12. The construction and testing of the 12 specimens was executed in two phases:
Phase | (SW1-SW7) and Phase 1l (SW8-SW12). The Phase I walls were constructed and tested
first. The Phase Il walls were designed after preliminary analysis of data from the testing of the
Phase | walls.

The cyclic performance of the 12 walls was documented comprehensively. Data from the
tests of the walls were analyzed to better understand the behavior of low aspect ratio walls during
earthquake shaking. Global-force displacement relationships were presented and analyzed. The
different cracking patterns and modes of failure of the walls were described. Strains in
reinforcement acquired from the strain gages and strain distributions calculated from the Krypton

LED sensors were studied and discussed. The contributions of flexure, shear and sliding to the
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total lateral drift were calculated and reported. Data from the tests have been curated and archived
at NEES Project Warehouse (Luna et al., 2013a and 2013b).

The initial stiffness of the 12 wall specimens calculated from test data were compared with
those predicted using strength-of-material formulations and recommendations from widely used
standards in the United States (e.g., ASCE 43-05 (ASCE, 2005) and ASCE 41-13 (ASCE, 2013)).
The effects of cracking, restrained shrinkage and out-of-plane displacement on the initial stiffness
of the wall specimens were discussed. Recommendations for the values of shear and flexural
rigidities for use in practice were provided.

The peak shear strength of the 12 wall specimens were compared and contrasted with
equations in the literature and building codes and standards in the United States. The effects of
out-of-plane displacement and twisting on peak shear strength of the walls in the first and third
quadrants of loading were discussed. New equations for the peak in-plane shear strength of low

aspect ratio rectangular walls, with and without boundary elements, were proposed.

7.2  Conclusions
The key conclusions from the analysis of the performance, lateral stiffness and peak shear

strength of the 12 RC shear wall specimens are presented below.

7.2.1 Specimen performance

1. The effect of horizontal reinforcement ratio on the peak shear strength of a shear-critical
wall is small above a certain threshold value that is sufficient to maintain the integrity of
the diagonal compression struts.

2. Boundary elements help maintain peak shear strength at displacements beyond peak
strength.

3. Low aspect ratio walls are prone to base sliding after the peak shear strength is attained.
The significant pinching of the hysteresis loops is attributed to sliding.

4. The shear resistance of walls without boundary elements degrades rapidly with repeated
cycling at lateral displacements equal to or greater than that associated with peak shear
strength.

5. Web reinforcement confines concrete compression struts and its volume and distribution

are coupled with diagonal compression failure. For those walls that failed in diagonal
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7.2.2

compression, the walls with lower web reinforcement ratios achieved lower peak average
shear stress than walls with higher reinforcement ratios.

Type-2 mechanical couplers (defined in ACI 318-14 (ACI, 2014)) on vertical
reinforcement appear to have no significant effect on the cyclic response of low aspect ratio
walls.

The average angle of the diagonal cracks in the web of the walls with respect to the
horizontal are 46° 41° and 42° for walls with aspect ratios of 0.94, 0.54 and 0.33,
respectively.

Lateral stiffness

There is a large discrepancy between the initial stiffness measured in the tests and the initial
stiffness calculated using ASCE 43-05 for uncracked wall sections. The secant stiffness at
peak shear strength was significantly smaller than the effective stiffness recommended by
ASCE 43-05 and ASCE 41-13 for cracked wall sections. The discrepancy is attributed to
restrained shrinkage at the base of the tested walls.

Restrained shrinkage can be mimicked in LS-DYNA by imposing a thermal loading over
a height of the wall near the point of restraint (the foundation block in this instance). The
numerical studies showed that restrained shrinkage of the magnitude reported by prior
researchers has a significant effect on the lateral stiffness of low aspect ratio shear walls,
with reductions of more than a factor of 2 from theoretical values.

Restrained shrinkage of the magnitude considered here has no meaningful effect on peak
shear strength and post-peak-strength response.

Finite element analysis confirmed the effect of axial compressive load on the lateral
behavior of low aspect ratio shear walls: initial stiffness, peak strength and post-peak
response. Axial compressive load increases initial stiffness and peak strength, and offsets
the effect of restrained shrinkage on initial stiffness.

Reasonable estimates of the initial stiffness of the 12 walls were obtained using effective

flexural and shear stiffness equal to 0.5E 1, and 0.35G_ A, , respectively, for drifts less

than 0.1% and lateral forces less than 40% of peak strength. These reductions from the

uncracked values are reasonable if the axial compressive loads are small. The lateral
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7.3

7.4

stiffness will decrease from these cracked values as the imposed lateral loads and

deformations are increased.

Peak shear strength

. There is a significant scatter in the shear strength of the twelve walls predicted using

equations from chapters 11 and 18 of ACI 318-14, Barda et al. (1977) and Wood (1990):
confirming the prior observation of Gulec et al. (2008).

In the absence of out-of-plane displacement and twisting, the peak shear strength of a wall
in the first and third quadrants of loading are expected to be similar. Large out-of-plane
displacements and twisting result in significant differences in first and third quadrant peak
strengths.

New equations for the in-plane peak shear strength of rectangular, low aspect ratio walls,
with and without boundary elements, have been proposed for use in design practice. These
equations are based on internal force-resisting mechanisms derived from strain and

deformation measurements and observations of cracking patterns made during testing.

. The peak shear strength of a low aspect ratio wall is a function of the vertical reinforcement

ratio, aspect ratio and applied axial force. The horizontal reinforcement ratio plays a
secondary role in peak shear strength, supporting the findings in Chapter 4 and those of
Barda et al. (1977), Gulec and Whittaker (2011) and Moehle (2015).

Recommendations for detailing of low aspect ratio walls

Recommendations for the seismic detailing of low aspect ratio walls are provided below.
Low aspect ratio walls should be equipped with special zones of transverse reinforcement,
of the type utilized on SW11 and SW12. Although the 90° hooks on the horizontal web
reinforcement were maintained (i.e., did not straighten) at large lateral displacements, the
presence of the boundary-element transverse reinforcement changed the orientation of the
cracking at the toes of the walls, maintained the integrity of the wall boundaries and delayed
the loss of lateral strength and stiffness.

. Walls with disparate ratios of vertical and horizontal reinforcement should be discouraged.

Equal ratios in the vertical and horizontal directions are encouraged, with the horizontal
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ratio being based on the vertical ratio, as calculated using the new equations for peak shear
strength.

. The seismic performance of walls with light web reinforcement, of the order of the ACI
minimum, will likely be poor in design basis shaking (for buildings) and beyond design
basis shaking (for nuclear power plants). A value greater than the current ACI minimum

should be used but the additional tests will likely be required to support a code change.
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APPENDIX A
SPECIMEN CONSTRUCTION DRAWINGS AND LOADING APPARATUS
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Figure A.1. Typical foundation drawings (Phase | Specimens)
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Figure A2. Typical foundation drawings (Phase Il specimens)
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Figure A.3. Typical foundation thru-hole layout for the installation of Dywidag bars (Phase | specimens)
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Figure A.4. Typical foundation thru-hole layout for the installation of Dywidag bars (Phase 11 specimens)
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Figure A.5. Typical thru-hole layout for the installation of loading apparatus
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Figure A.6. Wall boundary details
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Figure A.7. Reinforcement details for SW1
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Figure A.8. Reinforcement details for SW2
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Figure A.9. Reinforcement details for SW3
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Figure A.10. Reinforcement details for SW4
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Figure A.11. Reinforcement details for SW5
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Figure A.12. Reinforcement details for SW6
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Figure A.13. Reinforcement details for SW7
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Figure A.14. Reinforcement details for SW8
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Figure A.15. Reinforcement details for SW9
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Figure A.16. Reinforcement details for SW10
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Figure A.17. Reinforcement details for SW11
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Figure A.19. Loading plate details
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Figure A.21. Loading bracket details
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Figure A.22. Isometric drawing of the loading apparatus
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APPENDIX B
STRUT-AND-TIE MODEL OF THE FOUNDATION OF SW8

Strut-and-tie modeling technique is useful to analyze reinforced concrete components with
discontinuities and complex geometry. The foundations of the wall specimens have discontinuous
regions (interface between wall and foundation and the thru-holes for the Dywidag bars), which
makes strut-and-tie modeling suitable for its analysis.

The height of the stirrups for the foundations of the Phase 11 walls were fabricated 2 inches
shorter than what was specified and this prompted a reevaluation of the design of the foundation
of the Phase Il specimens. Strut-and-tie models of the critical zones of the foundation of SW8, the
wall with the largest reinforcement ratio, were used to examine the effects of the reduced height
of the reinforcement cages.

The initial task was to determine the maximum tensile force that could be transferred to
the critical zone of the foundation as a result of the lateral load applied at the centerline of loading
of the wall. Figure B.1 is a plan view of specimen SW8 with the critical zones of the foundation
highlighted by red boxes. Each section of wall above a critical zone of the foundation contained
14 #4 vertical reinforcement. The maximum tensile force that could be transferred to this part of
the foundation is equal to the sum of the yield forces on the 14 vertical reinforcement (assuming
that tensile yielding of the vertical reinforcement on the critical zone will occur during a loading
cycle). Assuming an upper value of the yield stress of 80 ksi for the reinforcement, the maximum
tensile force on the critical zone (T) is equal to

T =14*0.2*80 = 224 kips (C.D)

The strut-and-tie model of the critical zone of the foundation in the longitudinal and
transverse directions is shown in Figure B.2. The compression struts are marked by the blue dashed
lines and the tension ties are marked by the solid blue lines. Forces T1, T2 and T3 represent the
forces on the Dywidag bars. Force T was assumed to act at the centroid of the vertical
reinforcement within the critical zone and at the bottom of the foundation where the 90 degree
hooks of the vertical reinforcement of the wall were installed. The centroids of the vertical

reinforcement in the critical zones are marked with solid red circles in Figure B.1 and Figure B.2.
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Figure B.1. Critical zones of the foundation of SW8
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Figure B.2. Strut-and-tie model of the critical zone (longitudinal and transverse directions)

Figure B.3 shows the idealized free-body diagram of the nodes of the strut-and-tie model
in the transverse direction. Force F¢c and F; are acting on the compression struts and tension tie,
respectively. (A similar free-body diagram was prepared for the strut-and-tie model in the
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longitudinal direction.) The tensile force T was transferred to the compression struts at node A.
The vertical components of the forces in the compression struts were resisted by the Dywidag bars
(atnodes B and C). The horizontal components of the forces in the compression struts were resisted

by the tension tie.

Figure B.3. Idealized free-body diagram of the nodes of the strut-and-tie model (transverse dir
ection)

The forces in the compression struts and tension ties were determined by equilibrium
equations. The force on the tension tie in the transverse direction was calculated to be equal to 84
kips. This force on the tension tie was resisted by the top transverse reinforcement of the
foundation. There were six transverse reinforcement along the 2 feet length of the critical zone to
resist the 84 kips. Assuming a yield stress of 60 ksi, the total force that can be supported by the six
transverse reinforcement was 72 kips, which was less than the 86 Kips required. An additional four
#4 transverse bars were added in the critical zone to increase the force capacity in the transverse
direction. The details of the additional transverse reinforcement are shown in Figure B.4. For the
longitudinal direction, the force on the tension tie was calculated to be 20 kips. There were 5 #8
longitudinal bars on top section of the foundation reinforcement. The total force that can be
supported was 237 kips (assuming a yield stress of 60 ksi), which was significantly greater than
the 20 kips required. Supplemental reinforcement was provided in the longitudinal direction in the
top section of the foundation reinforcement to decrease the space between the longitudinal bars.
Two #6 and two #4 bars, 6 feet long, were added along the longitudinal direction in the top section
of the foundation of SW8 (Figure B.5). Two #6 bars, 6 feet long, were added along the longitudinal
direction in the top section of the foundations of SW9 through SW12 (Figure B.6).

The concrete cover on top and bottom of the foundation was increased to 2 inches to

account for the reduction in height of the stirrups. The tails of the vertical reinforcement in the
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wall were placed below the #8 longitudinal bars. Details of the modifications are shown in the
section view in Figure B.4.
The Dywidag bars have 1-1/2 inches thick steel washers with a cross section of about

8 x 8 inches. The concrete compression struts transfer the vertical components of the force to the
Dywidag bars through these washers. The required width of the compression struts on both the

longitudinal and transverse strut-and-tie models were checked and were all less than 8 inches.
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Figure B.4. Supplemental transverse reinforcement
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Figure B.5. Supplemental longitudinal reinforcement on the top section of rebar cage (SW8)
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Figure B.6. Supplemental longitudinal reinforcement on the top section of rebar cage
(SW9-SW12)
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APPENDIX C
SPECIMEN INSTRUMENTATIONS AND LABORATORY EQUIPMENT
SPECIFICATIONS

C.1 Introduction

Section C.2 presents the instrumentation plans for each wall specimen. Drawings that show
the locations of 1) Krypton LED sensors, 2) strain gages on vertical reinforcement, 3) strain gages
on the horizontal reinforcement, and 4) string potentiometers and Temposonics are presented for
each wall. The locations of the linear potentiometers for SW4 are also shown. The following are
abbreviations used in the drawings and their corresponding descriptions: SP — string potentiometer,
TP — Temposonic, LP — linear potentiometer and S — strain gage.

Section C.3 presents the specifications of the laboratory equipment used during testing.
The equipment included: 1) MTS actuator model 243.90T, 2) SAC series D62 string
potentiometer, 3) MTS Temposonic, 4) LW12 linear potentiometer, 5) Krypton K600 system, 6)
YFLA-5-5L strain gages, and 6) Pacific Instruments model 6000 data acquisition system.
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C.2.1

Instrumentation drawings
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Figure C.1. Krypton LED sensors for SW1
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Figure C.2. Krypton LED sensors for SW2
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Figure C.3. Krypton LED sensors for SW3
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Figure C.4. Krypton LED sensors for SW4

253




10'

1-5"
00 0O
o O O o o o o o
9 o 00 0O
L]
—O6 —6 0 0 06 6 ¢

Figure C.5. Krypton LED sensors for SW5
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Figure C.6. Krypton LED sensors for SW6
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Figure C.7. Krypton LED sensors for SW7
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Figure C.8. Krypton LED sensors for SW8
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Figure C.9. Krypton LED sensors for SW9
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Figure C.10. Krypton LED sensors for SW10
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Figure C.11. Krypton LED sensors for SW11
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Figure C.12. Krypton LED sensors for SW12
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C.2.2 Strain gages on the vertical reinforcements
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Figure C.13. Strain gages on the vertical reinforcements for SW1
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Figure C.14. Strain gages on the vertical reinforcements for SW2
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Figure C.15. Strain gages on the vertical reinforcements for SW3
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Figure C.16. Strain gages on the vertical reinforcements for SW4
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Figure C.17. Strain gages on the vertical reinforcements for SW5
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Figure C.18. Strain gages on the vertical reinforcements for SW6
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Figure C.19. Strain gages on the vertical reinforcements for SW7
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Figure C.20. Strain gages on the vertical reinforcements for SW8
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Figure C.21. Strain gages on the vertical reinforcements for SW9
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Figure C.22. Strain gages on the vertical reinforcements for SW10
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Figure C.23. Strain gages on the vertical reinforcements for SW11
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Figure C.24. Strain gages on the vertical reinforcements for SW12
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C.2.3 Strain gages on the horizontal reinforcements
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Figure C.25. Strain gages on the horizontal reinforcements for SW1
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Figure C.26. Strain gages on the horizontal reinforcements for SW2
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Figure C.27. Strain gages on the horizontal reinforcements for SW3
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Figure C.28. Strain gages on the horizontal reinforcements for SW4
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Figure C.29. Strain gages on the horizontal reinforcements for SW5
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Figure C.30. Strain gages on the horizontal reinforcements for SW6

279




00D o
N [ad=le) e%
j% 0 o o o |oo5® o o o o
ood o
5540 S556 ©-SH6
S52-© ©=SH3

Figure C.31. Strain gages on the horizontal reinforcements for SW7

280




|

‘ [©|R[CS]
S9(Q - Ol gggl. sazl ol L L sggel

‘ S

| |
S851et 54 582 SEi=
S8 ST 57701 576 -
S75le! S74l -1 5736 572 -1 Syder
S70; 9 5686 1 i 566+

I I | Il Il

S65ie! 5841l 5636 562! Sp1sl

Figure C.32. Strain gages on the horizontal reinforcements for SW8
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Figure C.33. Strain gages on the horizontal reinforcements for SW9
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Figure C.34. Strain gages on the horizontal reinforcements for SW10
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Figure C.35. Strain gages on the horizontal reinforcements for SW11
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Figure C.36. Strain gages on the horizontal reinforcements for SW12
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C.2.4 In-plane and out-of-plane string potentiometers and Temposonics
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Figure C.37. In-plane and out-of-plane string potentiometers and Temposonics for SW1
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Figure C.38. In-plane and out-of-plane string potentiometers and Temposonics for SW2

287




SP12. S%Z SP18 SP;IJ SPQlG SP15 SéS
S S 0000

SPift. SP11 B . - SP7

o o 0oooo0 Sﬂ

sps

SP10« S%O SP4

53

SPY . SP9 ) SP2

SP14 SP13 SP1

Figure C.39. In-plane and out-of-plane string potentiometers and Temposonics for SW3
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Figure C.40. In-plane and out-of-plane string potentiometers and Temposonics for SW4
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Figure C.41. In-plane and out-of-plane string potentiometers and Temposonics for SW5

290




I sp21 SP20 SP19 SP18 1
SPNT [ 1 SPST SPN’LE‘ST g O T ¥ :szs SP23—
©  spig|BPlg|spis  © SP15 SP14 SP16 ©cooo TP7 Sp7 ° 9
. e I o o o o o o o o —— T
°_SPNB|gp13/SPSB_°| || SPNB_ sp13 SPSB S SP6 S
SP12 P12, —SP5
. SP11 SP11_ TP4____SP4 TP4
SP10 . SP10 —5P3 SP3 -
« $P9 SP9 — I R —SP2 . 1SP2
SPg * e SP22 SP17 -
— SP1.

Figure C.42. In-plane and out-of-plane string potentiometers and Temposonics for SW6
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Figure C.43. In-plane and out-of-plane string potentiometers and Temposonics for SW7
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Figure C.44. In-plane and out-of-plane string potentiometers and Temposonics for SW8
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Figure C.45. In-plane and out-of-plane string potentiometers and Temposonics for SW9
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Figure C.46. In-plane and out-of-plane string potentiometers and Temposonics for SW10
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Figure C.47. In-plane and out-of-plane string potentiometers and Temposonics for SW11
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Figure C.48. In-plane and out-of-plane string potentiometers and Temposonics for SW12
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C.3 Laboratory equipment specifications

C.31 MTS Systems Corporation servo-controlled static rated actuator model 243.90T
(source: SEESL website, http://seesl.buffalo.edu)

Table C.1. MTS 243.90T actuator specifications

Parameter Specification

Load Capacity

Tension 440 kips

Compression 600 Kkips
Stroke 40 in.
Servovalve Type MTS 252.25
Servo Controller MTS 406, 458, 407, FlexTest
Servovalve 15 gpm
Peak Velocity™ 0.393 in./sec

* Velocity assumes no load on actuator

Servovalve Swivel Rod
Swivel Base Iy End

Servovalve
@ D

Manifold

Load Cell
ul

| ©

Cylinder Assembly

Figure C.49. MTS 243.90T actuator assembly
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Figure C.50. MTS 243.90T actuators attached to the SEESL strong wall (pistons extended)
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C3.2 Space Age Control series D62 string potentiometers (source: SEESL website,

http://seesl.buffalo.edu)

Table C.2. D62 string potentiometer specifications

Parameter

Specification

Power Requirement

51026 VDC

Current

35mA max at 5 VDC

Logic Output

open collector with Schmitt trigger and 10 Kohm pu
II-up resistor (push-pull differential line driver)

Power Consumption

150 mW max, 16 mA sink current at 0.40 VDC

Travel: Electrical, Mechanical

360° continuous

Mechanical Life

100 million shaft revolutions min

Resolution 8192 quadrature pulses per revolution

Output 2-bit (quadrature) code, A leads B by 90° w/CW
Operating Temperature -4° t0 212° F (-20° to 100° C)

Shock / Vibration 50 g for 11 ms /50 to 500 Hz at 20 g

Case/Drum Materials

precision-machined, anodized 2024 aluminum

Displacement Cable

0.027 inch (0.6858 mm) diameter, 7-by-7 stranded s
tainless steel, 90-Ib (400-N) min breaking strength

Displacement Cable Hardware

1 each of 300196 loop sleeve, 300292 copper sleeve
, 300688 ball-end plug, 300495 pull ring, 160026 br
ass swivel, and 301003 nickel swivel; all items prov
ided uncrimped

Nominal Mass

11 0z (312 g)

Environmental Sealing

NEMA 4X / IP 66Part Numbers

300




Figure C.51. Series D62 string potentiometer
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C.33 MTS Temposonic™ brand linear displacement transducer system with analog
output (source: SEESL website, http://seesl.buffalo.edu)

The Temposonics™ brand linear displacement transducer precisely senses the position of an
external magnet to measure displacements with high resolution. The system measures the time interval
between an interrogating pulse and a return pulse. The interrogating pulse is transmitted through the
transducer waveguide and the return pulse is generated by a permanent magnet representing the
displacement to be measured. The system includes a linear displacement transducer, a magnet, and the
electronics necessary to generate the interrogating pulse, sense the return pulse and develop an analog

output signal.

Table C.3. MTS Temposonic specifications

Parameter Specification

Input Voltage +15 Vdc (£ 2%) @ 250 mA with <1% ripple
-15 Vdc (x 2%) @ 65 mA with <1% ripple

Displacement 4in.or 8in.

Nonlinearity <+ 0.05% full scale or min £ 0.0001 in

Repeatability + 0.001% of full scale or 0.001

Frequency Response 200 Hz to 50 Hz (typical)

Transducer Temperature Coefficient 10 ppm/°F

Operating Temperature 35 °F to 150 °F

Output 0to 10 Vdc and a TTL compatible, pulse-width modu
lated output

Output Impedance < 10 ohms

Velocity Output + 10 Vdc traveling away from the head assembly; -10
Vdc traveling toward the head assembly
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Figure C.52. MTS Temposonic assembly
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C.34 LWI12 wirebound precision linear motion potentiometer (source: manufacturer’s
website, http://www.etisystems.com)

Table C.4. LW12 linear potentiometer specifications

Parameter Specification
Life Expectancy 20 million strokes
Resistance Tolerance 5%
Linearity Tolerance 0.5% to 1.5%
Power Rating 0.2 to 1.2 Watt
Electrical Stroke 1" to 4"
Friction 1.8 oz.
Unit Weight 10 to 35 grams

RETRACTED

3/4 I-- 1.50/5.00 —=
|- 1.26/4.76

a° ?3;%
Lig =009 260

WTG. HOLES
.| h. .

1

@

Figure C.53. LW12 linear potentiometer assembly
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SPECIFICATIONS PART NO. LW12
RESOLUTION ---------—---—--—-- SEE CHART REV. |BY |DATE

ELECTRICAL NOISE - —- 10D OHMS MAX. G [BT |[5-15-0 |FRICTION WAS 1.8
DIELECTRIC STRENGTH —— - 1000 MEGOHMS AT 500VDC MIN.
INSULATION RESISTANCE —------— 500 VAC MIN. 3/4 A
FRICTION —-—-==--=m-mommmm—— 3.6 o2, RETRACTED)|
STOP STRENGTH ----—-- -- 20 OZMN, 165,020 N
RESISTANCE TEMPCO -- - +20 PPM/C 4" ‘ : B \
WEIGHT —----=--------ccmmoooo 10 TQ 35 GRAMS —é} ]
@ 1 34 @ ——
1/2 — P 260
MATERIALS / 1o 7 oo 7
BODY  -mmmmmm - —mmmmmmmmmm - ALUMINUM(BLACK ANGDIZE F;’ i '
N S — HIGH TEMF('. BLASTIC ! —hJ‘ 5/8 \— 5/64 DIA MTG HOLE,4 PLCS
SHAFT STAINLESS STEEL 4 PLCS.
TERMINALS =mm = mmmmm e e BRASS GOLD PLATED
RESISTANCE ELEMENT —-——---—— WIRE WOUND B E_ 1t
OPTIONS AVAILABLE SCHEMATIC v 000 ‘ ‘ 7/16
SPECIAL ENDED SHAFTS 1 3 125 Z.001 DIA. )
SPECIAL RESISTANCE VALUES
SPECIAL LINEARITY RETRACTED MODEL NO'S, SHAFT STYLES
NON STANDARD STROKES ]
SPRING RETURNS o (R
CONDUCTIVE PLASTIC ELEMENT LWiZP~(STROKE)~(RES)  (P) C———o  PLAN
54180
MODEL NO. LW12-12 LWI2-25 LW12-50 LWi2-100 [iwiza- " " (A) W 440 THREAD
STD.RESIS.VALUES 100,200,500 | 100,200,500 (100,200,500,1K|100,200,500,1K]
1K, 2K,5K,10K] 1K, 2K, 5K, 10K [2K,5K,10K. 20K |2K.5K10K20K50K | LWIZB —  * . (B) mmmr—]  #5-40 THREAD
RESISTANCE TOL. | £5% 15% 5% +6% . .
LINEARITY (IND.) +1.65% +1.0% +0.7% +0.5% LW12C - (c) q:[ CHAMFERED
POWER RATING 0.25 WATT| 0.5 WATT 1.0 WATT 2.0 WATT LWi2s — » » (S) (M SPRING RETURN
STROKE MECH+.1—0 . . . . RETRACTED LENGTH OF SHAFT TO BE
STROKE ELECT +.o2 | /2 1 pa 4 LW12S-100  (RES) 1 1/4” FOR 4" STROKE SPRING RETURN.
A" DIM_+0.04 150 2.00 3.00 5.00
B DM £0.02 96 7 275 e NOTE: FOR SPRING RETURN WITH THREAD, SEE DWG LW12ST
RESOLUTION CHART THIS DOCUMENT CONTAINS PROPRIETARY DATA
AR I i v oo A 00 eyt
Lnz—12|.6% | 7% | 6% | 4% | .34% 25% |o% ) 3-29-86 . "
LW12-25 5% 4% | 267 | 2% | 17X |23 | A% DATE: EI’SF]IFEE-'EPREERMD‘;S“‘AG’LY BE MADE EXCEPT BY E T :I:
LWiZ2—50 3% |.25% | .2X |15% | .12% | .08% | 07%[.06% BY ) CARLSBAD
wiz—tob 2| 2| aoxlix | oex| .oex] .omd oax|.03% TITLE
e Ancoe J N e R SYSTEMS caLIFORNIA
XX = +/- 010°  FRACT. = +/- L/64° PART NO.
XXX= +/- 005"  ANGLES = +/- L/2° CODE IDENT: LINEAR MOTION LW1 2
ALL SPECIFICATIONS SUBJECT TO CHANGE WTHOUT NOTICE. 1‘347? P OTE N TI O M E TER

Figure C.54. LW12 linear potentiometer data sheet
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C.35 Krypton K600 Portable CMM System (source: SEESL website,
http://seesl.buffalo.edu)

The Krypton K600 camera system measures the three-dimensional positions of infrared LED
sensors using linear CCD cameras. The position in space of each LED sensor is calculated through
triangulation. In a single setup, it covers a field of view consisting of three different zones. The different
zones and their dimensions are shown in Figure C.55 (and are summarized in Table C.6). The LED sensors
can be positioned between 1.5 to 6 meters (approximately) from the camera. When tracking in two-
dimensions, a maximum area of approximately 3.6 meters x 2.6 meters can be covered when the camera is
placed at around 6 meters from the LED sensors. The accuracies on the different zones of measurements
are presented in Table C.7.

Table C.5. Krypton K600 specifications

Parameter Specification
Dimensions 1140 mm x 170 mm x 210 mm
Weight 18 kg
Sampling rate 3000 / (# of LEDs)
Resolution 2 microns at 2.5 m distance from the camera
Measurement VVolume 17 md
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6000mm
5000mm

3500mm__

1500119/,,-———# ‘

mm

900x550
—
3600x2600mm

Figure C.55. Krypton K600 camera field of view

Table C.6. Krypton K600 camera field of view

Zone Height (m) Width (m) Distance (m)
0 0.9 0.5 1.5 (min)
I 1.7 1.8 3.5 (max)
1 2.4 33 5.0 (max)
1"l 2.6 3.6 6.0 (max)

Table C.7. Krypton K600 accuracies on the different zones

Zone Volumetric Single Point

90mm + 10mm/m

60mm + 7mm/m

90mm + 25mm/m

60mm + 17mm/m

190mm + 25mm/m

130mm + 17mm/m
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Figure C.56. Krypton K600 camera assembly
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C.3.6 YFLA-5-5L strain gages

The YFLA-5-5L strain gages are made by Tokyo Sokki Kenkyujo Co., Ltd. (http://www.tml.jp/e)
and exclusively distributed in the United States by Texas Measurements, Inc. (http://www.straingage.com).
The YFLA-5-5L is designed for measurement of large strain (15-20%). It has a gage length and width of 5
mm and 2 mm, respectively. The backing length and width are 12 mm and 4 mm, respectively. The

resistance of the gage is 120 ohms.

Figure C.57. YFLA-5-5L strain gages
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C.3.7 GigaPan camera system

A GigaPan setup consists of a high resolution digital camera attached to a robotic panohead
mounted on a tripod. The robotic panohead makes it possible to take a series of high resolution pictures of
small portions of the wall. The GigaPan Stitch software then assembles, aligns and blends the individual

images into one large panorama.

Figure C.58. The GigaPan system (source: http://gigapan.com)
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C.3.8 Pacific Instruments model 6000 data acquisition system (Source: SEESL
website, http://seesl.buffalo.edu)

The 6000 Mainframe has an IEEE-488 interface for control and data output with mounting for 16
input and output modules. The Mainframe is running Version 8.1 of PI660 software. The system was
configured for 132 channels at the time of testing of the wall specimens. It can support up to 31 additional

slave enclosures or up to 32,000 channels.

Figure C.59. Pacific Instruments model 6000 data acquisition system
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APPENDIX D

REFERENCE DISPLACEMENTS AND LOADING PROTOCOLS

Displacement (in)
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LSO| |
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Figure D.1. Reference displacement for SW1
1 1
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Figure D.2. Loading protocol for SW1
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Figure D.4. Loading protocol for SW2
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Displacement (in)
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Figure D.6. Loading protocol for SW3
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Figure D.8. Loading protocol for SW4
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Figure D.9. Reference displacement for SW5
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Figure D.10. Loading protocol for SW5
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Figure D.14. Loading protocol for SW7
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Figure D.16. Loading protocol for SW8
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Figure D.18. Loading protocol for SW9
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© o o
N o @

©
()

o

L

'
—
-l
—
-l

o
N

o
>

o
(2]

o
()

LSO LS1 LS2 LS3 LS4 LS5 LS6 LS7

Load steps

Figure D.22. Loading protocol for SW11
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Figure D.24. Loading protocol for SW12
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APPENDIX E
PHOTOGRAPHS OF TEST SPECIMENS

E1l Swi

s

SWI_[_so_cl
INmIA, ~

Figure E.1. SW1 before testing
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Figure E.2. Damage to SW1 at 0.62% drift ratio

SW1_1s7_c1_
PEAK2

Figure E.3. Damage to SW1 at -0.61% drift ratio
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SW1_Lsg_cq
PEAK1

Figure E.4. Damage to SW1 at 1.30% drift ratio (peak strength)

| SW1_tsg g
PEAK2 ~

Figure E.5. Damage to SW1 at -1.28% drift ratio
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Figure E.6. Damage to SW1 at 1.67% drift ratio
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Figure E.7. Damage to SW1 at the end of testing
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: : ) P -‘. 4
Figure E.11. Damage to SW1 at the end of testing
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E2 SW2

Figure E.13. Damage to SW2 at 1.25% drift ratio (peak strength)
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Figure E.15. Damage to SW?2 at the end of testing
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Ifigure E.17. Damage to SW?2 at the end of testing
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E.3 SW3
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Figure E.19. Damage to SW3 at 0.75% drift ratio
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Figure E.20. Damage to SW3 at -0.76% drift ratio
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Figure E.21. Damage to SW3 at 2.9 ft ra (eak strength)
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SW3_L512_C1_
PEAK2

Figure E.22. Damage to SW3 at -1.96% drift ratio
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Figure E.23. Damage SW3 at ' en esting
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Figure E.25. Damage to SW3 at the end of testing
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E4 SW4
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Figure E.27. Damage to SW4 at 0.60% drift ratio
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Figure E.28. Damage to SW4 at -0.55% drift ratio

Figure E.29. Damage to SW4 at 1.08% drift ti peak strength)
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Figure E.31. Damage to SW4 at the end of testing
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Figure E.32. Damage to SW4 at the end of testing
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Figure E.34. Damage to SW4 at the end of testing
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E.5 SW5

SW5_LS0_C1_
INITIAL

SW5_LS7_C2_
PEAK1

Figure E.36. Damage to SW5 at 0.67% drift ratio
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Figure E.37. Damag to SW5 at -0.59% drift ratio
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Figure E.39. Damage to SW5 at -1.31% drift ratio

Figure E.40. Damage to SW5 at the end of testing
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Figure E.42. Damage to SW5 at the end of testing
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Figure E.43. SW6 before testing
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Figure E.44. Damage to SW6 at 0.81% drift ratio (peak strength)
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E.7 SW7
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Figure E.50. SW7 before testing
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PEAK1

AR e v : - A
Figure E.51. Damage to SW7 at 0.45% drift ratio (peak strength)
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Figure E

.52. Damage to SW7 at -0.41% drift ratio
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Figure E.53. Damage to SW7 at the end of testing

Figure E.54. Damage to SW7 at the end of testing
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Figure E.56. Damage to SW7 at the end of testing
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Figure E.57. Damage to SW7 at the end of testing

355



E.8 SW8

el 15
x’i.- " iR B i L W Lo
u-h' A (i s SREN | 4 e ‘."
W + i : # X
Wil = R e

Figure E.59. SW8 before téting
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Figure E.60. Damage to SW8 at 0.70% drift ratio (peak strength)

Figure E.61. Damage to SW8 at -0.65% drift ratio
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Figure E.62. Damage to SW8 at 0.91% drift ratio
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Figure 0.1. Damage to SW8 at -0.86% drift ratio
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Figure E.65. Damage to SW8 at -1.28% drift ratio
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Figure E.66. Damage to SW8 following two cycles to 1.3% drift ratio

360



-

Figure E.68. Damage to SW8 following two cycles to 1.3% drift ratio
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Figure E.69. Damage to SW8 following two cycles to 1.3% drift ratio
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E.9 SW9
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Figure E.71. SW9 before testing

Figure E.72. SW9 befretesting
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Figure E.74. Damage to SW9 at 0 78% drlft ratlo (peak strength)
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Figure E.76. Damage to SW9 at -1.72% drift ratio
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Figure E.77. Damage to SW9 at the end of testing

Figure E.78. Damage to SW9 at the end of testing
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Figure E.80. Damage to SW9 at the end of testing
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E.10 SWI10
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Figure E.82. SW10 before testing
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Figure.83. Damage to SW1 at 0.52% drift ratio
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Figur E.84. Dage to SW10 at -0.58% drift ratio (peak strength)
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Figure E.85. Damage to SW10 at 0.93% drift ratio
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Figure E.88. Damage to SW10 at -0.87% drift ratio
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Figure E.92. Damage to SW11 at 0.56% drift ratio (peak strength)
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Figure E.94. Damage to SW11 at —1.75% drift ratio
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Figure E.95. Damage to SW11 at 2.4% drift ratio

Figure E.96. Damage to SW11 at the end of testing
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Figure E.97. Daage to SW11 at the end of testing

Figure E.98. Damage to SW11 at the end of testing
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Figure E.102. Damage to SW12 at 1.24% drift ratio
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Figure E.103. Damage to SW12 at -1.24% drift ratio (peak strength)
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Figure E.104. Damage to SW12 at 1.63% drift ratio
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Figure E.105. Damage to SW12 at 1.63% drift ratio

Figure 0.2. Damage to SW12 at -1.64% drift ratio
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Figure E.107. Damage to SW12 at -1.64% drift ratio

Figure E.108. Damage to SW12 at the end of testing
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