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ABSTRACT OF THE DISSERTATION

Reinforced Concrete Structural Walls: Test Database and Modeling Parameters
by
Saman Ali Abdullah
Doctor of Philosophy in Civil Engineering
University of California, Los Angeles, 2019
Professor John Wright Wallace, Chair

Reinforced concrete (RC) structural walls (also known as shear walls) have commonly been used
as lateral force-resisting elements in buildings in regions of moderate-to-high seismic hazard
because they provide substantial lateral strength and stiffness to buildings when subjected to strong
ground shaking. Although relatively few wall tests were reported in the literature prior to 1990, a
substantial number of tests have since been reported, primarily to assess the role of various
parameters on wall deformation capacity, failure mode, strength, and stiffness. However, a
comprehensive database that summarizes information and results from these tests does not exist.
To address this issue, a comprehensive experimental wall database, referred to as the UCLARCWalls database, was created. The database currently contains detailed and parameterized
information on more than 1100 wall tests surveyed from more than 260 programs reported in
literature, and enables assessment of a spectrum of issues related to the behavior and performance
of structural walls. The database was developed using software that enabled use of an engineering
database structure with a user-friendly interface to manipulate data, i.e., filter, import, export, and
review, and a secure background to store the data.
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The underlying premise of the ASCE 7-10 and ACI 318-14 provisions is that special structural
walls satisfying the provisions of ACI 318-14 §18.10.6.2 through §18.10.6.4 possess adequate
deformation capacity to exceed the expected deformation demand determined using ASCE 7-10
analysis procedures. However, observations from recent laboratory tests and reconnaissance
efforts following strong earthquakes, where significant damage occurred at boundary regions of
thin walls due to concrete crushing, rebar buckling, and lateral instability, have raised concerns
that current design provisions are inadequate. To address this concern, the database was filtered to
identify and analyze a dataset of 164 tests on well-detailed walls generally satisfying ACI 318-14
provisions for special structural walls. The study revealed that wall lateral deformation capacity is
primarily a function of the ratio of wall neutral axis depth-to-width of flexural compression zone
(c/b), the ratio of wall length-to- width of flexural compression zone (lw/b), wall shear stress, and
the configuration of boundary transverse reinforcement (e.g., use of overlapping hoops versus a
single perimeter hoop with intermediate crossties), and that, in some cases, the provisions of ACI
318-14 may not result in buildings that meet the stated performance objectives. Based on these
observations, an expression is developed to predict wall drift capacity associated with 20% lateral
strength loss with low coefficient of variation, and a new reliability-based design methodology for
structural walls is proposed. The approach has been adopted for ACI 318-19, where a drift demandto-capacity ratio check is performed to provide a low probability that roof drift demands exceed
roof drift capacity at strength loss for Design Earthquake hazard level.
A large number of RC buildings constructed prior to the mid-1970s in earthquake-prone regions
rely on lightly reinforced or perforated, perimeter structural walls to resist earthquake-induced
lateral loads. These walls are susceptible to damage when subjected to moderate-to-strong shaking;
a number of such cases were observed in 1999 Chi-Chi and Kocaeli Earthquakes, and more
iii

recently in 2010 Maule and 2011 Christchurch earthquakes. Despite these observations, limited
studies have been reported in the literature to investigate the loss of axial (gravity) load carrying
capacity of damaged walls and wall piers, primarily due to the lack of experimental data. To study
axial failure of structural walls, the database was filtered to identify and analyze datasets of tests
on shear- and flexure-controlled walls. Based on the results, expressions were derived to predict
lateral drift capacity at axial failure of RC walls and piers.
Furthermore, the ASCE/SEI 41 standard (and other similar standards or guidelines, e.g., ACI 369)
represents a major advance in structural and earthquake engineering to address the seismic hazards
posed by existing buildings and mitigate those hazards through retrofit. For nonlinear seismic
evaluation of existing buildings, these standards provide modeling parameters (e.g., effective
stiffness values, deformation capacities, and strengths) to construct backbone relations, as well as
acceptance criteria to determine adequacy for a given hazard level. The modeling parameters and
acceptance criteria for structural walls were developed based on limited experimental data and
knowledge available in the late 1990s (FEMA 273/274-1997), with minor revisions since,
especially for flexure-controlled walls. As a result, the wall provisions tend to be, in many cases,
inaccurate and conservative, and can result in uneconomical retrofit schemes. Therefore, one of
the objectives of this study involved utilizing the available experimental data in the UCLARCWalls database and new information on performance of structural walls to develop updated
modeling parameters and acceptance criteria for flexure-controlled walls. The updated provisions
include a new approach to identify expected wall dominant behavior (failure mode), cracked and
uncracked flexural and shear stiffness values of flexure-controlled walls, and updated modeling
parameters (backbone relations) and acceptance criteria for flexure-controlled walls. The updates
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are expected to be significant contributions to the practice of seismic evaluation and retrofit of wall
buildings.
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CHAPTER 1. Introduction
1.1.

Background and Motivation

RC structural walls are commonly used as lateral force-resisting systems in tall and moderately
tall buildings because they provide substantial lateral strength and stiffness against wind and
earthquake loads and are designed and detailed in accordance with ACI 318 code. Major updates
to the wall provisions of ACI 318 code occurred in 1983, 1999, and 2014. Even with these updates,
the underlying premise of ACI 318-14 approach to design and detailing of walls is that walls
satisfying the provisions of the code for Special Structural Walls possess adequate displacement
capacity to exceed the expected displacement demands (i.e., collapse prevention). However,
observations from recent earthquakes and experimental studies have demonstrated that this
underlying premise is not always correct and is in fact a significant deficiency.
Furthermore, the ASCE 41 standard (and other similar documents, e.g., ATC-78) represents a
major advance in earthquake engineering to address the seismic hazards posed by existing
buildings and mitigate those hazards through retrofit. The wall provisions in the ASCE 41 standard
were developed based on limited experimental data available in the late 1990s, with minor
revisions since; therefore, the existing provisions tend to be in many cases very uncertain and
conservative. However, over the last two decades, a substantial number of experimental studies
have been conducted, and several attempts have been made to assemble wall databases to assist in
the development of code provisions and to validate analytical models for RC structural walls;
however, these databases do not contain sufficient and well-detailed information to allow detailed
and robust assessment of the above issues. Therefore, in this work, a comprehensive and very
detailed database called UCLA-RCWalls was developed. The database has been extensively used
to accomplish a fairly broad set of research objectives, as outlined below, which focus primarily
1

on developing reliable provisions for design codes and standards to improve safety concerns for
both new and existing buildings.
1.2.

Objectives

The specific and detailed objectives of this dissertation are outlined in each chapter, starting with
Chapter 2; however, the key objectives are:
1. to develop a comprehensive and detailed relational database of RC wall tests reported in
the literature.
2. to develop an accurate, yet simple, drift capacity and curvature capacity models for flexurecontrolled walls with special boundary elements (SBEs) satisfying the detailing
requirements of ACI 318-14 §18.10.6.4.
3. to highlight the deficiencies in the current design approach of ACI 318-14 and ASCE 7-16
for RC structural walls that led to inadequate performance of walls in recent earthquakes
and laboratory tests and to develop a new reliability-based design approach to address the
deficiencies.
4. to develop a quantitative approach to identify the dominant behavior of structural walls
(i.e., whether a wall is shear- or flexure-controlled).
5. to develop models to evaluate the loss of axial load carrying capacity of both flexure- and
shear-controlled structural walls.
6. to propose updated modeling parameters (backbone relations that includes shear and
flexural stiffness values, lateral strengths, and deformations-based modeling parameters)
and other provisions for seismic evaluation and retrofit of existing flexure-controlled walls.

2

1.3.

Dissertation Outline

This dissertation is comprised of nine chapters and one appendix. It starts with an Introduction in
Chapter 1 and ends with the Conclusions and Recommendations in Chapter 9. The main body
consists of seven distinct yet closely related chapters. Chapters 2 through 5 are adopted from four
research journal papers that have either been published or submitted for review and publication.
Chapters 6 through 8 contain results that have been drafted into two additional journal papers.
Chapter 2 presents details of a comprehensive and large database of RC walls known as UCLARCWalls that currently contains detailed and parameterized information and test results of over
1100 wall tests from more than 260 experimental programs reported in the literature around the
world.
Chapter 3 presents a study of parameters that primarily impact lateral drift capacity (associated
with 20% lateral strength loss) of structural walls with special boundary elements that results in a
drift capacity model.
Chapter 4, based on the results of Chapter 3, highlights the deficiencies existing in the design
approach of structural walls using current codes (ACI 318 and ASCE 7). To address these
deficiencies, Chapter 4 also presents a new reliability-based design methodology where a drift
demand-capacity ratio (DDCR) check is performed to provide a low probability (i.e., 10% or lower)
that roof drift demands exceed roof drift capacity at strength loss for the Design Earthquake
shaking.
Chapter 5 describes drift capacity models for axial collapse (loss of axial load-carrying capacity)
of both flexure- and shear-controlled walls.

3

Chapter 6 provides an approach to quantitatively distinguish between shear- and flexure-controlled
walls and between diagonal-shear- and sliding-shear-controlled walls. The approach uses a shearflexure strength ratio as the criteria, as opposed to aspect ratio or shear span ratio.
Chapter 7 presents uncracked and cracked flexural and shear stiffness values for flexure-controlled
structural walls.
Chapter 8 presents updated modeling parameters to construct backbone relations of flexurecontrolled walls and wall segments with conforming and non-conforming detailing.
Chapter 9 summarizes the key findings of the previous chapters.
Appendix A presents all the references where information on the wall tests in UCLA-RCWalls
database are reported and that were available to the author
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CHAPTER 2. UCLA-RCWalls: A Database for RC Structural Wall Tests
2.1.

Abstract

Reinforced concrete (RC) structural walls have been commonly used as lateral forceresisting elements in buildings subjected to strong earthquake shaking. Although relatively
limited number of wall tests were reported in the literature prior to 1990, a substantial number
of tests have since been reported since 1990, primarily to assess the role of various
parameters on wall deformation capacity, failure mode, strength, and stiffness. However,
there is a lack of a robust and detailed database that summarizes the results of these tests.
Therefore, a robust database called UCLA-RCWalls, which contains detailed and
parameterized information on more than 1000 wall tests reported in the literature, was
assembled to serve as a resource for both researchers and practitioners. The database was
developed using software that enabled use of an engineering database structure with a userfriendly interface to manipulate data, i.e., filter, import, export, and review, and a secure
background to store the data.

2.2.

Background

Structural RC walls have been commonly used as lateral force-resisting elements in low- to highrise buildings because they efficiently provide large lateral strength and stiffness to resist strong
ground shaking. Test programs on squat walls were initiated in the 1950s at Stanford University
and Massachusetts Institute of Technology. The main objectives of these tests were to evaluate
peak lateral shear strength of barbell-shaped walls under monotonic loading (Benjamin and
Williams 1953, Benjamin and Williams 1954, Benjamin and Williams 1956, Galletly 1952).
Following these tests, seismic provisions for design of structural walls first appeared in the 1971
5

version of ACI 318. Tests on squat walls under quasi-static, cyclic lateral loading began with the
work performed by Barda (1972) in the United States (US), Hirosawa (1975) in Japan, and
Beekhuis (1971) and Synge (1980) in New Zealand. Results from these tests led to the introduction
of significant changes to wall shear strength provisions in ACI 318-83.
Experimental studies on slender (i.e., flexure-dominated) walls under quasi-static, cyclic loading
initiated in mid-1970s in the US with the Portland Cement Association’s (PCA) extensive, threephase experimental program (Oesterle et al. 1976, Oesterle et al. 1979, Oesterle 1984). The PCA
wall testing programs, which consisted of testing 19 walls (excluding repaired walls) between 1974
to 1983, were designed to mainly address existing knowledge gaps related to the influence of
boundary element detailing and wall shear stress on the load versus deformation behavior and
failure modes of slender walls with various cross sections (i.e., rectangular, barbell, and flanged),
and to develop design criteria for walls in earthquake resistant buildings. These tests, along with
tests by Paulay and Goodsir (1985) in New Zealand, were primarily responsible for the
introduction of design and detailing provisions for wall boundary elements in ACI 318-83. Another
prominent wall testing program was conducted at University of California, Berkeley to study the
impact of different forms of confinement (i.e., spiral or hoop reinforcement), wall cross-sectional
shapes (i.e., rectangular or barbell), loading protocols, shear span ratios, and repair procedures
(Wang et al. 1975, Vallenas et al. 1979, Iliya and Bertero 1980). Following these initial studies
conducted at PCA and Berkeley, relatively few additional experimental studies on slender walls
were conducted in the US in the 1980s and early 1990s. The limited testing was generally focused
on assessing the behavior of coupled walls (Shiu et al. 1981a,) and isolated walls pierced with
openings (Shiu et al. 1981b, Ali and Wight 1991). However, a large number of tests, mostly on
barbell-shaped walls, were conducted in Japan throughout the 1980s and into the 1990s.
6

Thomsen and Wallace (1995) reported on testing of slender walls with rectangular and T-shaped
cross-sections to assess boundary element detailing using a displacement-based design approach,
which was introduced into ACI 318-99. Introduction of displacement-based design approach
(Wallace and Orakcal 2002), observations from major earthquakes in the US and Japan in the mid1990s, and the expansion of experimental testing facilities around the world have since led to a
significant increase in the available wall test results reported in the literature.
This paper presents a robust, well-detailed, and organized database of RC wall tests (hereafter
referred to as UCLA-RCWalls) developed at University of California, Los Angeles, that currently
contains detailed and parameterized data on more than 1000 isolated solid RC wall tests collected
from more than 200 test programs reported in the literature around the world. Currently, the
database does not include tests of repaired, retrofitted, perforated (pierced), coupled, and precast
walls, as well as walls tested under dynamic loading referring to the use of earthquake simulators
(shake tables) or blast loading.

2.3.

Motivations

Several factors motivated the development of UCLA-RCWalls database. First, there have been
attempts by researchers and institutions to gather the available experimental data of RC walls and
utilize them to assess behavior of walls and validate analytical studies. However, those efforts have
not been comprehensive in a sense that they only include tests conducted at particular geographic
regions (e.g., wall databases in Japan and China, which tend to be difficult to obtain by other
researchers) or pertinent to tests of a specific type of walls (e.g., squat walls). Furthermore, existing
databases (e.g., NEEShub Shear Wall Database (Lu et al. 2010) and SERIES Database 2013) do
not contain sufficiently detailed and parameterized information about reinforcement details, test
7

setups, experimental results, and analytical results (e.g., moment-curvature response and depth of
neutral axis). In addition, a significant number of wall tests, mostly code-compliant, have been
conducted since the 2010 Chile and 2011 New Zealand earthquakes, and data from these more
recent tests are typically not included in these databases. Therefore, there was a lack of a robust
wall database with a uniform approach to assembling data from the available tests and to identify
gaps in the available test results to guide future experimental programs on RC walls (some of these
gaps are summarized later).
Second, following observations of poor performance and severe damage of walls during recent
earthquakes and laboratory tests (e.g., Wallace 2011, Elwood et al. 2011, Wallace et al. 2012,
Birely 2012, Arteta et al. 2014, Nagae et al. 2011), researchers have raised concerns about potential
deficiencies in the current building code provisions and have suggested more studies be conducted
to address these issues (Wallace 2012). Furthermore, there are uncertainties related to the
effectiveness of some boundary element details and configurations that are not specifically
addressed in the current ACI 318-14 provisions, e.g., the type of hooks used on crossties, the
effectiveness of overlapping hoops relative to a perimeter hoop with intermediate crossties, and
the need to support all boundary longitudinal bars versus every other bar. To enable investigation
of these concerns, and, ultimately, provide guidance that could lead to better performance of walls,
a robust wall database that contains very detailed (parameterized) information is required. As part
of the effort to address the above issues, Abdullah and Wallace (2019a, 2019b) utilized this
database to assess the impact of various design parameters on lateral drift capacity (defined at 20%
strength degradation from peak) of walls with special boundary elements (SBE). The database
enabled the authors to answer some important questions related to potential for brittle compression
failure of walls and deficiencies in the current ACI 318-14 code provisions, develop an empirical
8

model to estimate drift capacity of walls with SBE details, and propose a drift demand-capacity
ratio (DDCR) check for ACI 318-19.
Lastly, documents such as ASCE 41-17 and ACI 369-17, which provide wall modeling parameters
for plastic deformation capacity and sectional stiffness, have been developed based on review of
limited number of experimental results (FEMA 273-1997, FEMA 365-2000). Research (e.g., Tran
2012, Birely et al. 2014, Segura and Wallace 2018, Motter et al., 2018) has demonstrated that the
existing provisions are, in many cases, generally conservative, and there have been limited studies
to improve those provisions due to lack of a robust and detailed wall database. Therefore, the
authors are currently using the database to develop updated modeling parameters that reflect the
current state of knowledge of performance of RC walls.

2.4.

Database Structure

Important features of any engineering database should include the ability to efficiently manipulate
data (i.e., filter, modify, import, export, and preview), ensure that data are secure and unauthorized
changes cannot be performed, be widely available to enable use by researchers and practitioners,
and be easily updated to include new data. To address these needs, a sophisticated database
management software (Microsoft SQL Server, 2014) and a web application framework (ASP.NET
MVC4) were utilized to develop the background (data repository) and foreground (interface) of
the database, respectively. Fig. 2-1 shows the database interface, where data manipulations can be
performed.

9

Fig. 2-1– Interface of UCLA-RCWalls database.

Since the number of experimental programs on RC walls is rapidly rising and new data becomes
available every year, it was deemed necessary to ensure the database is capable of accepting further
data in an efficient manner by inputting data into a pre-formatted Microsoft Excel spreadsheet and
then simply importing the spreadsheet to the database. An important feature of the database is that
the stored data can be conveniently filtered based on as many criteria as the user wishes to apply,
e.g., see Fig. 2-2. The filtered data can then be downloaded to an Excel spreadsheet (Fig. 2-3).
This

filtering

capability

is

essential

because,

in

addition

to

accuracy,

it

saves

researchers/practitioners time and effort that would otherwise be needed to manually refine
datasets to satisfy specified criteria.
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Fig. 2-2–An example of how filters can be used to screen data.

Fig. 2-3–Partial view of filtered data that can be exported in a spreadsheet.
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2.5.

Database Organization and Content

Organization of data in a database can be challenging, particularly for RC wall tests, which include
a substantial amount of detail and data. Throughout the development of the database, attempts
were made to ensure the data are neatly organized, and navigation through the database is
straightforward. Although UCLA-RCWalls contains three major clusters of data, namely,
specimen and test setup data, experimental data, and analytical/computed data, it is organized into
nine main sections: general information, test setup and loading, geometry, concrete material
properties, web details, boundary element details, experimental results, flexural strength
parameters, and shear strength parameters. Some of these sections are further divided into subsections to further organize the database and, more importantly, to allow recording more detailed
and parameterized information.
Currently, UCLA-RCWalls database contains over 1000 isolated solid RC wall tests collected
from more than 200 experimental programs reported in the literature around the world, making it
by far the largest database of RC wall tests. It is noted that UCLA-RCWalls does not currently
include tests of repaired, retrofitted, perforated (pierced), coupled, and precast walls, as well as
walls tested under dynamic loading referring to the use of earthquake simulators (shake tables) or
blast loading. If a wall is asymmetric about the cross-section centerline in terms of geometry,
longitudinal reinforcement, detailing, and/or loading, the database contains details on either side
of the wall centerline and test results of both directions of loading. However, to avoid increasing
the number of rows of data needed for each wall test, those asymmetric walls are treated as two
separate tests. For example, TW1, a T-shaped wall specimen tested by Thomsen and Wallace
(1995), is registered twice: once as “TW1-web BE” to record details of the web boundary element
with backbone curve of the direction of web in compression, and again as “TW1-flange BE” to
12
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2.5.2. Test Setup and Loading
The walls included in UCLA-RCWalls database are tested under either uni-directional monotonic,
uni-directional or bi-directional quasi-static, cyclic loading protocols, using test setup
configurations shown in Fig. 2-5. Other details such as heights at which global measurements are
taken, type of cyclic histories (Fig. 2-6), total number of cycles, number of repeated cycles at each
displacement/load level, shear span ratio (M/Vlw), and level of axial load are also included.

HV

H∆top

H∆top

Hu

Hu
HV

a) Cantilever with single lateral load

H∆top

b) Cantilever with multiple lateral loads

Hu

H∆top

e) Double curvature

Fig. 2-5– Wall test setup configurations.
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Hu

c) Panel with single lateral load and moment

HV

d) Panel with multiple lateral loads and moment

H∆top

Hu

Drift or
Displacement
a) Increasing amplitude

b) Increasing/decreasng
amplitude

c) Constant amplitude

d) Cyclic and monotonic

Fig. 2-6–Types of cyclic loading histories.

Fig. 2-7(a) indicates that about 90% of the walls in the database have been tested under unidirectional quasi-static, cyclic loading and only 7% and 2% being tested under monotonic and bidirectional quasi-static, cyclic loading, respectively. Sparseness of wall tests under bi-directional
loading is partly due to limitations of laboratory capabilities to perform more complicated loading
schemes. Fig. 2-7(b) shows that the vast majority of the tests in the database are conducted on
cantilever walls with a single lateral load applied at the top of the wall (i.e., approximate effective
height, heff) with or without axial load (e.g., Thomsen and Wallace 1995) due to the simplicity of
cantilever wall test setups (Fig. 2-5(a)). Tests of cantilever walls with multiple lateral loads (Fig.
2-5(b)) have rarely been conducted (e.g., Wang et al. 1975, Vallenas et al. 1979, Iliya and Bertero
1980) due to the complexity associated with stability and application of multiple actuators
simultaneously and the fact that multiple actuators can be replaced with application of a single
actuator acting at heff of the wall. One important limitation of cantilever wall tests is that it does
not allow testing of walls at larger scale or walls subjected to larger shear span ratios and axial
loading, i.e., very slender walls, due to height limitations. As a result, walls tested under high axial

(

)

load ratios P / Ag f 'c > 0.3 and large shear span ratio (M/Vlw > 4.0) are rare, as seen from Fig.
2-7(c) and Fig. 2-7(d). However, researchers have recently overcome this issue by testing panel or
partial height walls, in which the lower one or two stories of a high-rise wall is tested under a
15

combined effects of lateral load(s), axial load, and bending moment at the top of the panel (Fig.
2-5(c) and Fig. 2-5(d)), which allows testing of walls at a larger scale and walls subjected to larger
shear span ratios (e.g., Segura and Wallace 2018, Birely 2012, Furukawa et al. 2003, Kabeyasawa
et al. 2012, Tabata et al. 2003, Lu et al. 2017, Shegay et al. 2018). An important aspect of creating
the database involved providing a unified approach to convert drift capacity of panel walls to that
of cantilever walls at heff to allow a more meaningful comparison of wall tests. That is, for panel
and partial wall height tests, the UCLA-RCWalls database includes drift capacity at heff,
determined as sum of the measured displacement at the top of the panel (experimental) and an
estimated contribution of elastic bending deformations between the top of the panel and heff. To
estimate the latter, the wall panel is converted to an equivalent cantilever wall based on the M/Vlw
used in the test. Then, the contribution of the upper part of the wall to the top displacement is
computed analytically using the wall effective stiffness (EIeff) obtained from analytical momentcurvature response. This approach has been shown to be reasonable (Massone and Wallace 2004).
Double-curvature test setups (Fig. 2-5(e)) have been used to test shear-controlled walls and piers
(e.g., Lopes and Elnashi 1992, Orakcal et al. 2009) to address conditions for pierced (or punched)
walls.

Fig. 2-7–Histograms of test setup and loading.
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2.5.3. Geometry
The wall tests included in UCLA-RCWalls have either rectangular, barbell, flanged, T-shaped, Lshaped, or half-barbell cross-section (Fig. 2-8). Walls that have C-shaped cross-sections are not
currently included. Fig. 2-8(a) shows that the majority of the wall tests have rectangular crosssections. This is mainly due to the transition in the use of barbell-shaped to rectangular walls that
began in the late 1980s, at least in the US and New Zealand, to simplify formwork. This transition
has recently been taking place in Japanese practice after the Architectural Institute of Japan (AIJ
2010) relaxed mandatory requirements of enlarged boundary columns to permit use of rectangular
walls with confined end regions. The majority of the walls have web thickness, tw, ranging from 3
to 8 in., with only 18 walls with tw > 8 in (Fig. 2-9(b)). Fig. 2-9(c) indicates that about 92% of the
walls have ratio of wall length normalized by width of compression zone, lw/b, ≥ 15, with relatively
few tests with 15 < lw/b < 20 and even fewer tests with very slender cross-sections (i.e., lw/b > 20).

Fig. 2-8–Wall cross-section shapes included UCLA-RCWalls.
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reported. Fig. 2-11(a) shows that, on average, tested concrete compressive strength is about 9%
larger than specified strength. Tested yield strength of longitudinal and transverse reinforcement
within boundary elements is on average about 10% larger than specified minimum yield strength
(Fig. 2-11(b) and Fig. 2-11(c)). This yield overstrength factor (1.10) is about 88% of the factor
specified by ASCE 41-17 for expected yield strength of reinforcing steel in existing concrete
construction (i.e., fyE = 1.25fy).
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Fig. 2-11–Tested versus specified material strengths: a) concrete compressive strength, f’c, b)
yield strength of boundary longitudinal reinforcement, fyl, and c) yield strength of boundary
transverse reinforcement, fyt.

2.5.5. Boundary Elements Details
The boundary element section of the database contains by far the largest body of data. This is
because, in flexure-controlled structural walls, the detailing at the wall boundaries is used to
provide nonlinear deformation capacity (ductility) in lateral-force resisting systems (e.g., Special
Structural Walls according to ACI 318-14). In addition to geometric information (location and
spacing of reinforcement, and provided concrete cover), example details parameterized in the
database include perimeter hoop with intermediate legs of crossties, types of overlapping
hoops/spiral (Fig. 2-12(a)), types of hooks used on crossties or headed bar crossties (Fig. 2-12(b)),
layout and lateral support of vertical bars (Fig. 2-12(c)), anchorage type of vertical bars in the
plastic hinge region (i.e., continuous bars, lap-spliced bars, or mechanical couplers), embedment
type and length of vertical bars into the foundations block (types of hooks or headed bars used),
and distribution of vertical reinforcement (concentrated at boundary elements or uniformly
distributed throughout cross section). Availability of the above information is critical to allow
researchers to assess the role of various parameters and the effectiveness of code provisions.
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2.5.6. Web Details
The database contains thorough information about wall web reinforcements (i.e., vertical,
horizontal, diagonal, and confinement reinforcement). Details such as number of curtains, end
anchorage condition for horizontal web reinforcement (Fig. 2-14(a)), location of web vertical bars
(Fig. 2-14(b)), anchorage type of web vertical bars in the plastic hinge region, and embedment
type and length of web vertical bars in the foundations block are few examples of web details
parameterized in UCLA-RCWalls.
Fig. 2-15(a)and Fig. 2-15(b) show that the vast majority of the wall tests have web horizontal and
vertical reinforcement ratios, ρh and ρl , greater than 0.0025, which has been the required minimum
web reinforcement ratio in ACI 318 since the 1971 version of the code. Fig. 2-15(c) also indicates
that there are about 120 walls with one curtain and five walls with more than two curtains of web
reinforcement in the database, leaving the rest of the walls (~920 walls) having two curtains.

Fig. 2-14–Examples of wall web details parameterized in UCLA-RCWalls.
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Fig. 2-16, the backbone curveslong.
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Peak, Ultimate, Residual, and Collapse, corresponding to the first cycle at each load/displacement
level. Cracking point represents the state at which horizontal flexural or diagonal shear cracks are
first observed in the test. This information is reported for the majority of the tests in the database.
However, in cases where cracking load and displacement are not reported, attempts were made to
visually identify the cracking point on the load-displacement curve (a significant change in
stiffness). General Yield is defined as the point where the hysteretic loops (or the response curve
in case of monotonic loading) begin to abruptly lose stiffness, as illustrated in Fig. 2-16. It should
be noted that this point does not necessarily correspond to first yielding of longitudinal bars, but
rather is associated with yielding of most of the longitudinal bars. Peak is the point at which the
maximum lateral strength occurred. Ultimate (or deformation capacity) is defined as the
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accepted among researchers. Residual and Collapse points are defined as the state at which the
wall reaches its residual strength and loses its axial load-carrying capacity, respectively. The
majority of the tests, especially earlier tests, do not have Residual and Collapse points due to
termination of the test before reaching residual strength and axial collapse.
In addition to backbone curves, reported drift at key damage states such as cover spalling, onset of
bar buckling, and bar fracture are recorded based on reported information at those stages. However,
a large number of the programs do not report such details, especially programs for which there are
no available report, thesis, or dissertation, where detailed information is typically reported.
The reported failure modes are also contained in the database, which are classified as flexure
failure modes (i.e., bar buckling and concrete crushing, bar fracture, or global or local lateral
instability), shear failure modes (i.e., diagonal tension, diagonal compression (web crushing), or
shear sliding at the base), flexure-shear failure (i.e., yielding in flexure and failing in shear), and
lap-splice failure. The authors did their best to validate that the reported failure mode was
consistent with the observed response and wall damage before recording that information in the
database. Fig. 2-17(a) shows that half of the walls in the database are classified as flexure failure;
the other tests are recorded as either flexure-shear or shear failure modes. Although the database
contains about 30 walls with lap-splices of boundary element longitudinal bars (Fig. 2-17), there
are only about 10 tests that failed due to insufficient lap-splice. Walls not tested to some degree of
lateral strength degradation due to either limited available actuator stroke/capacity or pushing the
wall to a repairable level of damage are flagged as “No Failure”. These tests are included because
they are useful for wall strength and.
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Analytical moment-curvature ( M − φ ) analysis was performed for each wall using tested material
properties (f’c, fy, and fu) and assuming 1) linear strain variation (plane sections), 2) maximum
extreme fiber concrete compressive strain of 0.004, 3) stress-strain behavior of unconfined
concrete given by Hognestad (1951) (Fig. 2-18(a)), 4) steel stress-strain relationship given in Fig.
2-18(b), where ey, esh, and eu are steel strains at yield, strain hardening, and ultimate, respectively.
Although the M − φ response of each wall is available in a spreadsheet for each test, values of
nominal and first yield moment strength (Mn and My) and curvature (fn and fy) and depth of neutral
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2. Abdullah and Wallace (2019a) investigated the impact of using different boundary transverse
reinforcement configurations on drift capacity and noted that there are relatively few codecompliant walls with large compression zones ( c b > 4 ) , high shear demands, and transverse
reinforcement consisting of either overlapping hoops or a combination of a single perimeter
hoop and crossties with 135º-135º hooks.
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3. Walls with lap-splices of web horizontal reinforcement are common; however, there are
currently no wall tests that could be used to evaluate the impact of lap-splicing the web
horizontal reinforcement on strength and deformation capacity of walls.
4. Wall tests under bi-directional (or multi-directional) quasi-static, cyclic loading are very scare,
especially tests on rectangular walls, and are limited to tests reported by Almeida et al. (2014),
Brueggen (2009), Imanishi (1996), Imanishi et al. (1996), Kabeyasawa et al. (2012), Idosako
et al. (2017), and Niroomandi et la. (2018).
5. Wall tests that utilize headed bars as crossties with a single perimeter hoop for boundary
element confinement (Fig. 2-12(b)) are limited to tests reported by Mobeen (2002) and Seo et
al. (2010). However, these walls have relatively small ratios of lw/b and c b , such that
lw c / b 2 ≤ 6 ; therefore, these tests, by themselves, do not provide sufficient insight into the

effectiveness of headed bars for use as crossties within SBEs.

2.7.

Summary

This paper presents a robust and large database of RC walls known as UCLA-RCWalls. Unlike
other existing databases, the database is designed and developed using sophisticated software and
framework that not only makes the database a secure tool but also enables efficient filtering and
manipulation of data. UCLA-RCWalls currently contains detailed and parameterized information
and test results of over 1000 wall tests from more than 200 experimental programs reported in the
literature around the world. The database can serve as a valuable resource for the
structural/earthquake engineering community to assess behavior of RC walls against a wide range
of design parameters, develop empirical models that capture data trends, and validate analytical
studies.
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CHAPTER 3. Drift Capacity of RC Structural Walls with Special Boundary Elements
3.1.

Abstract

Performance of reinforced concrete (RC) walls in recent laboratory tests and in recent strong
earthquakes has revealed that thin wall boundaries are susceptible to concrete crushing, rebar
buckling, and lateral instability. To address this concern, a wall database with detailed information
on more than 1000 tests was assembled to enable the study of the impact of various parameters on
wall deformation capacity. For this study, the data are filtered to identify and analyze a dataset of
164 tests on well-detailed walls generally satisfying ACI 318-14 provisions for special structural
walls. The study indicates that wall deformation capacity is primarily a function of the ratio of wall
neutral axis depth-to-compression zone width ( c b ) , the ratio of wall length-to-compression zone

(

width ( lw b ), wall shear stress ratio v max

)

f 'c , and the configuration of boundary transverse

reinforcement. Based on these observations, an expression is developed to predict wall drift
capacity with low coefficient of variation.

3.2.

Introduction

Reinforced concrete (RC) structural walls are commonly used as lateral force-resisting elements
in tall and moderately tall buildings because they provide substantial lateral strength and stiffness
and are assumed to provide the needed nonlinear deformation capacity if detailed according to
ACI 318. Major updates to ACI 318 design provisions for slender walls occurred in 1983, 1999,
and 2014. In 1983, an extreme compression fiber stress limit of 0.2 f 'c under bending and axial
stress was introduced to determine if special boundary transverse reinforcement was required,
whereas in 1999, an alternative to the stress-based approach, a displacement-based approach, was
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introduced to evaluate the need for special boundary transverse reinforcement for slender,
continuous walls. In 2014, more stringent detailing requirements for slender ( hw lw ≥ 2.0) walls
were introduced to address issues associated with detailing and lateral stability of thin walls, and
to include a minimum wall thickness for sections that are not tension-controlled. The ACI 318-83
provisions were based on research conducted by the Portland Cement Association (PCA) (e.g.,
Oesterle et al., 1976 & 1979) and Paulay and Goodsir (1985) which demonstrated that large lateral
drift ratios could be achieved when compression zones in yielding regions were adequately
detailed to remain stable, whereas the 1999 additions were based primarily on the work by Wallace
and Moehle (1992), Wallace (1994), and Thomsen and Wallace (2004) to develop a displacementbased approach to assess wall boundary detailing requirements. The 2014 changes to ACI 318
were based on observations from recent earthquakes and laboratory tests (Wallace 2012, Wallace
et al., 2012; Nagae et al., 2011; Lowes et al., 2012).
Even with the 2014 updates, the underlying premise of the ACI 318-14 approach to design and
detailing of Special Structural Walls is that walls satisfying the provisions of §18.10.6.2 through
§18.10.6.4 possess drift capacities in excess of the expected drift demands. However, recent
research has shown that wall drift capacity is impacted by wall geometry, configuration of
boundary transverse reinforcement, and level of wall shear stress. For example, Segura and
Wallace (2018a) studied the relationship between wall thickness and lateral drift capacity and
found that thin walls possess smaller lateral drift capacities than thicker walls that are otherwise
similar. Furthermore, it has been found that thin, rectangular sections confined by an outer hoop
and intermediate legs of crossties, which is a detail allowed by ACI 318-14 §18.10.6.4 at wall
boundaries, is less stable in compression than sections that utilize overlapping hoops for
confinement (Welt, 2015; Segura and Wallace, 2018a). Finally, Whitman (2015) suggested, using
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finite element analysis, that the confined length of a boundary element should be increased over
that currently required, to address the increase in compression demands that result from higher
shear demands.
This research focuses on assessing which wall design parameters have the greatest impact on wall
lateral drift capacity by assembling a detailed database that includes data from more than 1000
large-scale tests. The data are filtered to identify a dataset of 164 tests on walls that are ACI 31814 code-compliant, or nearly code-compliant, and results for these tests are analyzed. The data
analysis is then used to develop an expression to predict mean wall drift capacity prior to
substantial lateral strength loss with low coefficient of variation (COV).

3.3.

Research Significance

Recent research has indicated that wall lateral drift capacity is significantly impacted by wall
geometry, detailing, and compression and shear stress demands; however, current ACI 318-14
provisions do not adequately address the role of these parameters on wall drift capacity. Instead,
it is assumed that all walls satisfying requirements of ACI 318-14 §18.10.6.1 through §18.10.6.4
possess adequate drift capacity to meet the estimated drift demands determined from analysis. A
test database is assembled and analyzed to study the impact of various design parameters and
derive an expression for the lateral drift capacity of slender walls with ACI 318-14 special
boundary elements.

3.4.

Experimental RC Wall Database

Prior to the mid-1990’s, relatively few large-scale experimental studies had been conducted on
relatively slender reinforced concrete structural walls (Oesterle et al., 1976, 1979, Paulay and
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Goodsir, 1985). However, since then, a substantial number of experimental studies have been
conducted to assess the impact of various design parameters on wall load-deformation responses
and failure modes. Several attempts have been made to assemble wall databases (e.g., NEEShub
Shear Wall Database (Lu et al., 2010) and the SERIES Database, 2013) to assist in the development
of code provisions and to validate analytical models for RC walls; however, these databases do
not contain sufficient information to allow detailed and robust assessment of wall lateral drift
capacity. In addition, a significant number of tests have been conducted since the 2010 Chile and
2011 New Zealand earthquakes, and data from these more recent tests are typically not included
in these databases. To address these issues, a new database was developed, referred to as UCLARCWalls, which includes information from more than 1000 wall tests from more than 200
experimental programs reported in the literature. The database includes detailed information about
the tests, i.e., wall cross-section, loading protocol, configuration of boundary transverse
reinforcement, and material properties. The database also includes backbone relations (base sheartotal top displacement, base moment-base rotation, and/or base shear-top shear displacement),
consisting of seven points (origin, cracking, general yielding, peak, ultimate, residual, and
collapse). Ultimate deformation capacity is defined as the total displacement or rotation at which
strength degrades 20% from the peak strength, which has been widely used to define deformation
at strength loss (e.g., Elwood et al., 2009). Finally, the database also contains analytical (or
computed) data, such as moment-curvature relationships, nominal and yield moment strength ( M n
and M y ) and curvature ( φn and φ y ), neutral axis depth, c, and wall shear strength computed
according to ACI 318-14.
An important aspect of the database involved addressing the impact of different test setups
(cantilever wall tests, e.g., Thomsen and Wallace, 2004, versus panel/partial height wall tests, e.g.,
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Segura Wallace, 2018a) on wall lateral drift capacity. For the wall panel tests and partial wall
height tests, the UCLA-RCWalls database includes the drift capacity at the effective height

(M

u,base

)

Vu,base , determined as sum of the measured displacement at the top of the panel

(experimental) and the estimated contribution of elastic bending deformations between the top of
the test specimen and the effective height (e.g., see Segura and Wallace, 2018b).
For this study, which focuses on the drift capacity of walls with Special Boundary Elements (SBEs),
the UCLA-RCWalls database was filtered to include only wall tests satisfying the following
requirements:
a) Quasi-static, reversed cyclic loading,
b) Measured concrete compressive strength, fc' ≥ 3 ksi [20.7 MPa],
c) Ratio actual tensile-to-yield strength of boundary longitudinal reinforcement, fu f y ≥1.2,
d) Rectangular, or nearly rectangular, compression zone, b,
e) Wall web thickness, t w ≥ 3.5 in. [90 mm],
f) A minimum of two curtains of web vertical and horizontal reinforcement,
g) Shear span ratio, M Vlw ≥ 1.0,
h) Boundary longitudinal reinforcement ratio, rLong , BE ³ 6 fc' (psi) f y é0.5 f c' (MPa) f y ù ,
ë
û
i) Ratio of provided-to-required (per ACI 318-14 §18.10.6.4) area of boundary transverse
reinforcement, Ash, provided Ash,required ≥ 0.7,
j) Ratio of vertical spacing of boundary transverse reinforcement to minimum diameter of
longitudinal boundary reinforcement, s db ≤ 8.0,
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k) Centerline distance between laterally supported boundary longitudinal bars, hx, between 1.0
in. and 9.0 in. [25 to 230 mm].
l) Reported strength loss due to flexural tension or compression failure, i.e., tests were excluded
if some noticeable strength loss was not observed (only three tests were excluded for this
reason), or if walls exhibited shear (i.e., diagonal tension, diagonal compression, sliding at
the base) or lap slice failures prior to yielding of longitudinal reinforcement.

Based on the selected filters, a total of 164 test specimens were identified. Histograms for various
database parameters for the 164 tests are shown in Fig. 3-1, where P / (Ag f 'c ) is the axial load
normalized by concrete compressive strength ( fc' ) and gross concrete area ( Ag ) and M Vlw is the
ratio of base moment-to-base shear normalized by wall length ( lw ). The filters were selected to
identify walls that satisfied, or nearly satisfied, ACI 318-14, Chapter 18 provisions for Special
Structural Walls, including requirements for boundary transverse reinforcement in §18.10.6.4. A
concrete compression strength limit of 3 ksi [20.7 MPa] was specified in accordance with
requirements of ACI 318-14 §18.2.5 for special seismic systems. Walls with web thickness, t w ,
less than 3.5 in. [90 mm] were not included because use of two layers of web reinforcement along
with realistic concrete cover is not practical. At least two curtains of web reinforcement was
specified to be consistent with ACI 318-14 §18.10.2.2. The limit on ratio fu f y is slightly less
restrictive than the limit of 1.25 specified in ACI 318-14 §20.2.2.5. The specified limits on s db
≤ 8.0 and Ash, provided Ash,required ≥ 0.7 are slightly less restrictive than the current limits in ACI 31814 §18.10.6.4 of 6.0 and 1.0, respectively, to include more data. The limit on ρ Long . BE was included
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to avoid brittle tension failures (Lu et al., 2016). ACI 318-14 §18.10.6.4e requires hx,max not
exceeding the lesser of 14 in. [355 mm] or 2b/3; however, most of the tests in the database were
conducted at 25 to 50% scale; therefore, hx,max for the wall tests should generally be between 3.5
to 7.0 in. [89 to 178 mm] for the 14 in. [355 mm] limit. Based on the range of hx used to filter the
data, 95% of the specimens have hx ≤ 6 in. [152 mm], which is reasonable, whereas the histogram
for hx b presented in Fig. 3-1(f) indicates that a majority of tests have hx b < 3/4, which is
slightly higher than the current limit of hx b < 2/3.
The histogram for the parameter M Vlw , presented in Fig. 3-1(d), indicates that 44 tests in the
reduced database have 1.0 ≤ M Vlw < 2.0, and 120 tests with M Vlw ≥ 2.0. Tests with M Vlw³ 2.0
are generally appropriate for assessing the drift capacity of walls designed using ACI 318-14
§18.10.6.2, which requires M Vlw ≥ 2.0, whereas the other tests are more appropriate for walls
designed according to ACI 318-14 §18.10.6.3. Walls with M Vlw < 1.0 are not included because
they are generally governed by shear failure. In subsequent assessments presented here, either the
entire dataset of 164 tests is used, or subsets for 1.0 ≤ M Vlw < 2.0 and M Vlw ≥ 2.0 are used, as
deemed appropriate.
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Fig. 3-1–Histograms of the dataset (164 tests) used in this study.

In ACI 318-14 Equation 18.10.6.2, roof drift demand (δ u hw ) determined using ASCE 7 analysis
procedures is used to assess the need for SBEs; however, no specific check is required to ensure
that the roof drift capacity of a wall with SBEs exceeds the roof drift demand. An alternative
approach, to use plastic rotation was not considered in this study, because ACI 318-14 does not
include a definition for plastic hinge rotation and plastic hinge rotation capacities from wall tests
are not always measured in tests or reported in the literature. However, it would be a relatively

b) Eq. 2

simple task to covert roof drift to rotation (elastic and plastic) over an assumed plastic hinge length.
To facilitate comparison of test drift capacities with drift demands determined from analysis, drift

(

)

capacities for the 164 tests corresponding to the effective height heff ≈ 0.7hw were adjusted to
determine roof-level ( hw ) drift ratios to be consistent with ACI 318-14 Equation 18.10.6.2, which
uses roof level drift demand to assess the need for special boundary elements. To accomplish this
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task, the increase in elastic drift between heff and hw was estimated analytically based on the
ASCE 7-10 §12.8 Equivalent Lateral Force procedure for a Class B site in Los Angeles with
number of stories estimated based on heff (Fig. 3-2) and an approximate test scale. The wall
effective bending stiffness between heff and hw was determined at first yield of boundary
longitudinal reinforcement based on a computed moment-curvature relation included in the
database. Use of this approach typically increased the elastic roof level displacements by 10 to
20%, which is relatively small compared to nonlinear displacements, which are due to plastic hinge
rotation at the wall base, and thus, nonlinear drift at heff and hw are equal.

Fig. 3-2–Conversion of elastic drift from heff and hw .
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3.5.

Parameters That Impact Wall Lateral Drift Capacity

Parameters likely to impact the lateral drift capacity of walls with SBEs (Table 3-1) were selected
based on a review of current codes/standards and available literature (e.g., ACI 318-14; ASCE 4113; Oesterle et al., 1976 & 1979, Brown et al., 2006; Birely, 2012; Segura and Wallace, 2018a).
Based on this review, the following parameters were expected to have the greatest impact on wall
lateral drift capacity: (1) ratio of wall neutral axis depth-to-width of the compression zone, c b ,
where c is computed for an extreme fiber concrete compressive strain of 0.003, (2) ratio of the wall
length-to-width of the compression zone, lw b , (3) ratio of the maximum wall shear stress ratio,
vmax

f c' , and (4) the configuration of the boundary transverse reinforcement used, e.g., use of

overlapping hoops versus a single perimeter hoop with intermediate crossties. Other parameters
investigated (Table 3-1) did not significantly impact wall lateral drift capacity, as will be shown
in subsequent paragraphs.

Table 3-1–Correlation coefficients, R, for design parameters and wall drift capacity
Design Parameter

c
b

lw
b

Correlation coefficient, R -0.66 -0.56
*

vmax
f 'c

P
Ag f 'c

Ash, provided

-0.30

-0.08

0.13

Ash,required

s
db

f l * c
hx
ρlong. BE ρt ,web * u BE
f y lw
lw
b

-0.02 -0.25

-0.32

lw c
b2

-0.14 -0.07 0.06 -0.32 -0.68

ρt ,web = web transverse reinforcement ratio, and l BE = length of confined boundary normalized by wall length.
lw

A series of linear regression analyses were performed to identify the most influential parameters
on wall drift capacity. Correlation coefficients, R, for the complete dataset of 164 tests for various
parameters are presented in Table 3-1. Parameters c b , lw b , and vmax
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f c' , produce the highest

correlation coefficients with wall drift capacity, with R = 0.66, 0.56, and 0.30, respectively. A
similar approach indicated that use of overlapping hoops versus a single perimeter hoop with
supplemental legs of crossties impacted lateral drift capacity. Other parameters, such as ρ Long . BE ,

hx b , and c lw produce modest R-values; however, the impact of these parameters are already
incorporated into c b and lw b . Other parameters, within the range of the filtered data, had little
impact on lateral drift capacity. A more detailed assessment of the four more significant parameters
is presented in the following paragraphs by using results from companion tests and results from
the dataset of 164 tests. Following this presentation, a general expression to predict wall drift
capacity is presented that includes the influence of these four parameters.
3.5.1. Impact of lw /b
Brown et al. (2006) assembled a building inventory of post-1991 designed mid-rise buildings
utilizing structural walls as the primary lateral load resisting system on the West Coast of the
United States. The building inventory indicated that walls with lw b ³ 15 are quite common;
however, due to limitations associated with laboratory testing, it is noted that there are only a
handful of test specimens (6 tests) with SBEs and very slender cross-sections ( lw b ³ 20 ) in the
selected dataset, as seen from Fig. 3-1(e). The complete database of more than 1000 tests includes
38 tests with lw b ³ 20; however, 32 of them do not meet the filtering criteria for the reduced
dataset because they either failed in shear, did not have sufficient boundary transverse
reinforcement, or were tested under monotonic loading.
Although the linear regression analysis indicated a fairly strong correlation between lw b and drift
capacity, various parameters are changing, and it is not always clear which variables are impacting
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drift capacity. Therefore, the reduced dataset (164 tests) was examined to find “companion” tests,
i.e., tests where the change in ratio lw b is due to changes of primarily one parameter at a time
(either wall length l w or wall compression zone width b ). Results for drift capacity versus lw b
are presented in Fig. 3-3 for four series of companion test specimens with SBEs (Chun, 2015;
Chun and Park, 2016; Chun et al., 2013; Segura and Wallace, 2018a; Xiao and Guo, 2014; Zhi et
al., 2015) and indicate substantial reductions in wall drift capacity. The reason for this is not
obvious. For example, consider two cantilever walls constructed with the same materials and of
the same height hw pushed to the same top displacement du > d y , with identical values of wall
length l w , neutral axis depth c lw , and wall shear stress vmax

fc' , where l w b is varied by

changing only b . For this to be the case, wall longitudinal reinforcement would have to be
changed to maintain the ratios of c lw and vmax

fc' as b changes. Because yield displacement

(e.g., associated with first yield of boundary longitudinal reinforcement) is related to c lw , the
yield displacements are equal, and therefore, the inelastic displacements are equal. Based on the
common assumption that wall plastic hinge length, lp, is related to wall length l w , e.g., lp = 0.5lw ,
and assuming plane sections remain plane after loading (which has been shown to be reasonably
true, see Thomsen and Wallace, 2004), then the strain gradient along the cross section at all
locations would be identical. Under these conditions and assumptions, there is no reason to expect
that the drift capacities of the two walls should be different. The one important parameter that is
not constant in this example is the ratio of neutral axis depth to the wall compression zone thickness
c b . Segura and Wallace (2018b) has shown that, for slender walls that fail due to flexural

compression (concrete crushing, reinforcement buckling, and lateral instability of the compression
zone), ratio c b is, as shown in the subsequent section, an important variable as the compressive
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strains tend to concentrate over a wall height that is more closely related to b than l w . The walls
tested by Segura and Wallace (2018a) have similar drift capacities to the other companion test
specimens presented in Fig. 3-3, which have lower values of lw b , because other parameters are
influencing drift capacity, as mentioned above and discussed below.

Fig. 3-3–Drift capacity of companion specimens against cross-section slenderness ratio.

3.5.2. Impact of

cb

Segura and Wallace (2018b) show that larger values of c b impact drift capacity because thicker
walls increase the spread of plasticity and provide increased lateral stability under nonlinear
compression yielding. Takahashi et al. (2013) observed that c b correlates well with plastic drift
capacity for slender walls with modest boundary transverse reinforcement. The histogram plotted
in Fig. 3-1(g) indicates that only 18 tests have been conducted with c b > 4.
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web. Fig. 3-4 and Table 3-1 indicate that wall drift capacity is strongly correlated with lb , with
drift capacity varying between 1.25% and 3.25% as lb reduces from 80 to zero. The cluster of
data points with lb » 80 includes the tests by Birely (2012), which have a rather slender cross
section ( lw b » 20 ) and a relatively large ratio of c b ≈ 4 to 5, although the ratio of c lw ≈ 0.20 to
0.25 is not vastly different than many other tests included in the dataset (see Fig. 3-1).
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As noted previously in Table 3-1, use of a combined slenderness parameter lb = ( lw(a) b ) ( c b )

hx/b

in Risk Category I & II that are taller than four stories and utilize structural walls as a lateral-forceresisting system. At Maximum Considered Earthquake (MCE) level shaking, which is commonly
used to assess collapse prevention, this limit is typically taken as 0.03. If roof drift is approximated
as three-quarters of peak interstory drift, then the peak roof drift demand allowed by ASCE 7-10
is approximately 0.0225. Results presented in Fig. 3-4 indicate that the drift capacities of RC walls
with SBEs vary substantially, i.e., all RC walls with SBEs do not have the same drift capacity, and
walls with lb > 50 have a mean drift capacity less than that allowed by ASCE 7-10. Results are
presented for two ranges of λb in Fig. 3-4(a) and for the entire dataset in Fig. 3-4(b), to show that
trends are similar. The findings suggest strongly that changes to ACI 318-14 are needed to address
this issue. A possible approach to address this issue would be to include a drift demand versus drift
capacity provision in ACI 318, e.g., similar to demand-to-capacity checks for moment or shear
strengths, or drift capacity of slab-column connections (ACI 318-14 §18.14.5), to meet a specified
level of reliability.

3.5.3. Impact of

vmax

f c'

As noted earlier, wall shear stress demand, expressed as vmax

f c' , has a significant impact on

wall lateral drift capacity, where vmax = Vmax Acv and Vmax is taken as the maximum shear force that
develops in the wall where yielding of tension reinforcement under combined bending and axial
stresses limits the shear force demand, and Acv = lw × t w . It is noted that, because the database
includes only walls tested under quasi-static loading, the impact of dynamic shear amplification is
not considered (e.g., Keintzel, 1990; Eberhard and Sozen, 1993). Even for relatively slender walls,
which are defined in ACI 318-14 as hw lw ³ 2.0 , there is ample evidence that wall lateral drift
capacity is impacted by shear, e.g., see experimental studies presented in Fig. 3-5 and Table 3-2and
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trends shown in Fig. 3-6(b). Kolozvari et al. (2015) used a shear-flexure interaction model to
demonstrate that shear transfer from diagonal compressive struts into the flexural compression
zone results in higher concrete compressive strains than would result from bending and axial load
alone, and also tends to increase the neutral axis depth modestly. As well, ASCE 41-13 Tables 1019 and 10-21 include wall modeling parameters (e.g., plastic rotation capacities at lateral strength
loss and at axial failure) that depend on the level of wall shear stress, with values of

(

)

(

)

4 fc' psi 0.33 fc' MPa and 6 fc' psi 0.5 fc' MPa for walls with lower and higher shear

demands, respectively. Currently, ACI 318-14 §18.10.4.4 allows wall shear stress demands as high
as 10 fc' psi

(0.83

)

fc' MPa for individual wall segments, although the average shear stress

(

)

demand on walls resisting a common shear force is limited to 8 fc' psi 0.67 fc' MPa .
As was done earlier for parameter lw b , the impact of shear stress on wall lateral drift capacity is
first evaluated by using “companion” tests, where the primary test variable is wall shear stress. In
general, for the companion specimens, a change in shear stress demand was accomplished by either
varying M Vlw or the quantity of longitudinal reinforcement (e.g., see programs presented in
Table 3-2); for this latter condition, in addition to shear stress, wall moment capacity and neutral
axis depth are also impacted. Fig. 3-5 shows wall drift capacity versus shear stress ratio

( i.e., v

max

)

f c' for 13 pairs of companion specimens and indicates that higher shear demands

have a detrimental impact on wall drift capacity, even for relatively low shear demands, i.e.,
v max /

fc' psi ≤ 5 ⎡⎢ v max /
⎣

fc' MPa ≤ 0.42 ⎤⎥ . Table 3-2 provides detailed information about the
⎦

results plotted in Fig. 3-5. It also is noted that the impact (slope) of shear stress is different from
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one pair of companion specimens to another, indicating that other parameters may also be at play
(e.g., c b , since increasing this ratio also tends to reduce drift capacity). Drift capacities versus

lb are plotted in Fig. 3-6(a) for the entire dataset (164 tests) with M Vlw ≥ 1.0 and in Fig. 3-6(b)
for the slender walls (120 tests) in the dataset with M Vlw ≥ 2.0 to demonstrate that shear stress
demand impacts drift capacity beyond what can be attributed to changes in other variables. The
tests are separated into two bins, one for low-to-modest and the other for higher shear stress
demands. The trend lines plotted in Fig. 3-6(a) and Fig. 3-6(b), which are offset by approximately
0.5% drift, clearly indicate that higher shear demand has a significant negative impact on wall drift
capacity. Therefore, it is appropriate that the level of shear stress demand on a wall should be
considered when assessing drift capacity, which is consistent with ASCE 41-13 Table 10-19,
where the modeling parameters and acceptance criteria vary with level of wall shear stress.
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Fig. 3-5–Companion specimens with special detailing and different levels of wall shear stress.
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Table 3-2–Companion wall specimens with special detailing and different levels of shear stress

Ref.

Test ID

Vn,ACI
P
M ρlong. BE
Ag f 'c
Vlw (%) Acv f 'c
(%)

Kishimoto et
al., 2008
Kabeyasawa &
Matsumoto 1992

Liang et al.,
2013

in psi

No. 5
No. 6
NW-1

18.3
17.7
10.9

2.0
3.0
2.0

NW-2
DHSCW-02
DHSCW-04

10.2

1.3
2.1
1.5

21.0

Tran and RW-A20-P10-S38
Wallace 2015 RW-A20-P10-S63

7.3

2.0

Tran and RW-A15-P10-S51
Wallace, 2015 RW-A15-P10-S78

7.7
6.4

1.5

1A
2A
1B

9.3
9.7
8.3

4.0
2.0
4.0

2B
HW1
HW2

8.5
-8.0
-7.9

2.0
2.3
2.0

N
N(M/Qd3.1)
R3

4.5
5.3
6.9

1.5
3.1

R4
B3
B5

7.4
0.0

2.4

DHSCW-01
DHSCW-03
PW1

28.0
21.0
9.5

2.1
1.5
2.8

PW2

13.0

2.2

Hines et al.,
2002
Hines et al.,
2002
Kabeyasawa et
al., 1996
Matsubara et
al., 20131
Oesterle 1986
Oesterle et al.,
1976
Liang et al.,
20131
Birely, 20121

2.4

Vtest

V@ Mn

Acv f 'c Acv

c
lw c
f ' c lw b b

in psi

in psi

8.9

6.4
4.1
9.4

5.7
3.7
7.5

9.6
9.3
9.7

13.4
8.7
12.8

10.9
8.9
12.4

3.0

4.4

4.5

6.7

6.7

3.0
5.7

4.0

7.2

2.1

(%)

35 8.0 2.8
20 8.5 1.7

Drift
Capacity
(%)

3.43
3.82
2.75

34
1.7
5.0
33
1.6

1.49
3.24
2.80

3.6

17

1.4

3.20

6.8

6.1

22

1.7

3.04

5.9
8.2

5.6
7.4

4.9
6.9

18
1.4
8.0
21
1.7

3.34
3.06

1.6

7.6
7.9

1.6

3.6

3.4
6.5
3.1

2.8
5.8
2.7

4.3

7.2

5.8
6.2
9.2

5.4
4.1
6.1

1.6
1.5
5.9

7.5
7.1
7.3

7.7
4.1
7.1

6.2
3.1
6.1

3.4
1.1
3.7

6.1
4.6
7.6

3.6
2.5
7.0

3.5
2.3
6.2

2.7

10.0
4.9

10.2
11.8
3.6

10.0
12.5
3.2

4.7

4.8

4.6

2.7

3.4

1

8.0

20 4.5 0.9
20 4.5 0.9
12
1.3
11
17
1.9

4.37
2.92
4.39
2.92
2.00
1.70

22
3.2
14.5
24
3.5
25
4.7
18.7
19
3.6
5
0.3
6.3
10
0.6

2.55
2.78
1.97

46
2.3
5.0
34
1.7
22
4.3
20
25
5.1

3.03
2.97
1.70

2.30
4.44
2.78

1.66

Although these specimens were intended to be companion specimens, there is a moderate variation between the two
specimens.
Vn , ACI = the nominal wall shear strength in accordance with ACI 318-14 §18.10.4.
V@ Mn = wall shear strength corresponding to nominal flexural strength (Mn),

1 ksi = 1000 psi = 6.895 MPa.
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Fig. 3-6–Impact of wall shear stress on wall drift capacity.

3.5.4. Overlapping Hoops

Experimental Drift Capacity (%)

As noted earlier, one of the primary reasons to develop the database was to assess the impact of

5

b)§18.7.5.2(a)
Eq. 2 states that “transverse
a) Eq. options
1
different detailing
on wall drift capacity. ACI 318-14
4

reinforcement shall comprise either single or overlapping spirals, circular hoops, or rectilinear
hoops3with or without crossties”; therefore, both configurations are allowed and are assumed to be

0

equivalent. To assess the impact of overlapping hoops on lateral drift capacity, very detailed

2

information on the configuration of boundary transverse reinforcement used in each test was

1

COV = 0.15
164 Specimens

COV = 0.15
164 Specimens

included in the database. Different types of overlapping hoop configurations observed in the
database
0 are shown in Fig. 3-7, whereas different configurations used for supplemental crossties

0

1

2

3

4

50

1

2

3

4

combined withPredicted
a single perimeter
are shown
noted that Drift
ACI 318-14
§25.3.5
Capacity
(%)
Drift hoop
Capacity
(%)in Fig. 3-8. It isPredicted
requires that crossties shall have a seismic hook (135º) at one end and a 90º hook at the other end,
5

Drift Capacity (%)

0

4

vmax/÷ fc' psi £ 5 (£ 0.42 in MPa)

4
3
2

and that the 90º hooks on successive crossties engaging the same longitudinal bars must be
vmax/÷ fc' psi £ 5 (£ 0.42 in MPa)

vmax/÷ fc' psi £ 5 (£ 0.42 in MPa)

vmax/÷ fc' psi > 5 (> 0.42 in MPa)

vmax/÷ fc' psi > 5 (> 0.42 in MPa)

alternated end for end vertically and along the perimeter of the boundary element. For columns,
ACI 318-14 §18.7.5.2 requires use of seismic hooks (135º) on both ends of crossties for high axial
55

1
5

0

5

load ratios and high concrete compressive strengths ( fc' ≥10,000 psi; 69 MPa); however, this
provision does not apply to walls. As noted in Fig. 3-8, a range of crosstie configurations are
included in the database. Tests with 135º-135º hooks on crossties were primarily conducted in
Japan, where the Architectural Institute of Japan (AIJ 2010) requires their use, and China. Test
results that utilize a single perimeter hoop with headed bar crossties for wall boundary transverse
reinforcement (Fig. 3-8(c)) are limited to the studies by Mobeen (2002) and Seo et al. (2010).
However, walls tested utilizing headed bars for crossties have relatively small ratios of ( l w b ) and

( c b ) , such that

lb £ 6, and strength degradation for these tests resulted from longitudinal bar

fracture; therefore, these tests, by themselves, do not provide sufficient insight into the
effectiveness of headed bars used for transverse reinforcement within SBEs.

Fig. 3-7–Types of overlapping hoop configurations observed in the database.
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Fig. 3-8–Types of crossties observed in the database.

Of the 164 tests, analysis of the dataset indicates that 51 tests utilized overlapping hoop
configurations such as those shown in Fig. 3-7, whereas 51 and 31 tests used a combination of a
perimeter hoop and crossties with 90º-135º and 135º-135º hooks, respectively. Twenty-eight tests
utilized a single hoop without intermediate legs of crossties, and the rest (3 tests) used headed bars
as intermediate legs combined with a single perimeter hoop such as that shown in Fig. 3-8(c);
however, these three tests have c b ≤ 1.3 and lb ≤ 6. Drift capacity versus c b and lb , for
v max /

fc' psi ≤ 5 ⎡⎢ v max /
⎣

fc' MPa ≤ 0.42 ⎤⎥ and v max /
⎦

fc' psi > 5 ⎡⎢ v max /
⎣

fc' MPa > 0.42 ⎤⎥
⎦

are shown in Fig. 3-9(a) and Fig. 3-9(b), respectively. For the lower shear stress range, use of
overlapping hoops provides improved drift capacity if, c / b ≥ 2.5 or λb ≥ 40 (Fig. 3-9(a)),
whereas the use of a perimeter hoop with 135º-135º crossties results in only a slight increase in
drift capacity over the use of 90º-135º crossties. It is noted that, for c / b ≥ 2.5, the provided length
of confinement was, on average, 118% of that required by ACI 318-14, which is defined as at least
the greater of c − 0.10lw and c / 2 ; therefore, the test results in the database were not significantly
overdesigned with respect to length of confinement provided. The phenomenon of “90º hook
opening prematurely” for walls with larger lb ratios has been observed in recent laboratory
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programs, e.g., Birely (2012), with approximately 80 £ lb £ 100 and Segura and Wallace (2018a),
with approximately 45 ≤ λb ≤ 60 . For the Segura and Wallace (2018b) tests, 2.0 ≤ c / b ≤ 4.0 and

0.2 ≤ c / lw ≤ 0.3 . Observations indicated that once cover concrete spalled and longitudinal bar
buckling initiated, crosstie hooks opened and the long leg of the perimeter hoop was ineffective in
resisting the forces exerted on it by the buckling longitudinal reinforcement, leading to concrete
crushing of the core of the SBE and subsequent lateral instability of the boundary. For values of

lb ³ 50 , use of overlapping hoops results in a 50 to nearly 100% increase in drift capacity (Fig.
3-9(a)). Interestingly, use of overlapping hoops for the tests with high shear stresses i.e.,
v max /

fc' psi > 5 ⎡⎢ v max /
⎣

fc' MPa > 0.42 ⎤⎥ does not indicate a clear trend of increased drift
⎦

capacity (Fig. 3-9(b)); however, it is noted that relatively few tests exist for lb ³ 40 to evaluate
this trend. Given these observations, it would seem prudent to require the use of overlapping hoops
for ratios of c b ≥ 2.5; alternatively, the impact of the reduced drift capacity of the wall could be
accounted for in the design process. This issue is addressed later.
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Fig. 3-9–Comparison of different boundary transverse reinforcement configurations (Note:
number of tests for each case is given in parentheses).
'
c

3.5.5. Other Factors
As noted earlier, the primary variables impacting wall lateral drift capacity were c b , lw b ,
vmax

f c' , and configuration of the boundary transverse reinforcement used. However, for

completeness, the influence of other variables on lateral drift capacity is presented here to
demonstrate that they do not significantly impact lateral drift capacity. Parameters considered
include: (1) minimum Ash, provided Ash,required , (2) s / db , (3) hx / hx,max , (4) degree of lateral support
provided (support for all boundary longitudinal bars versus every other bar), and (5) P / Ag f 'c .
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6

Single hoop+crossties with 135º-135º hooks

6

Single hoop+crossties with 135º-135º hooks

For these variables, the dataset of 164 tests was further reduced to include only those tests that
fully satisfy the ACI 318-14 provisions, particularly those related to quantities Ash, provided , s , s / db ,

hx , and lbe , resulting in a reduced dataset of 78 code-compliant wall test specimens. Results are
discussed in subsequent paragraphs.
Results presented in Fig. 3-10(a) indicate that providing ratios of Ash, provided Ash,required modestly
greater than 1.0, does not significantly increase wall lateral drift capacity. Similarly, results
presented in Fig. 3-10(b) demonstrate that variations in s / db (and s ) also have little influence on
wall lateral drift capacity, particularly for the practical range of 3 ≤ s / db ≤ 6, suggesting that the
current ACI 318-14 limits are sufficient. Additional investigation indicated no significant
difference in drift capacity trends for 3 ≤ s / db ≤ 4 and 4 < s / db ≤ 6. Comparison of test results
where lateral support was provided for every boundary longitudinal bar by corners of a crosstie or
hoop leg versus for every other longitudinal boundary bar (e.g., Fig. 3-10(c)), indicates only a
slight improvement in drift capacity when all bars are supported, although data are limited for

lb > 60 for configurations where all bars are supported. It is noted that, for columns with high

(

axial load Pu > 0.3 Ag fc'

)

or high concrete strength ( fc' ≥10,000 psi; 69 MPa), ACI 318-14

§18.7.5.42(f) requires that every longitudinal bar around the perimeter of a column have lateral
support provided by the corner of a hoop or by a seismic hook, and the value of hx cannot exceed
8 in. [200 mm]. For wall with SBEs, ACI 318-14 §18.10.6.4(e) requires hx not exceed the least
of 14 in. [356 mm] or 2b/3. The 14 in. [356 mm] limit governs only for relatively thick walls (b ≥
21 in. [533 mm]); no walls within the reduced database fell into this category. Fig. 3-10(d)
indicates that, for the range of hx within the dataset (i.e., 0.3 ≤ hx / hx,max ≤ 1.0 ), and assuming an
60

0.7 < hx/hx,max

Drift Capacity (%)

x
0.65 < hx/b

hx had no impact on wall drift capacity. An alternative approach, where hx was normalized to the
wall compression zone width (b), did not alter the trends noted in Fig. 3-10(d). Based on the
information provided here, requiring wall SBEs to satisfy the same requirements (ACI 318-14

(

)

§18.7.5.2(f)) for columns with high axial load Pu > 0.3 Ag fc' or high concrete strength ( fc'
40 improve wall
80 lateral 120
0≥10,000 psi;4069 MPa) would
80
120 to0 only slightly
be expected
drift capacity.
2

lwc/b

lwc/b2

However, as noted, due to the lack of data, adding such a requirement might be prudent.

Drift Capacity (%)

5

1.5 s/db < 3.5
3.5 < s/db 6

1.0 Ash,provided/Ash,required 1.2
1.2 < Ash,provided/Ash,required

4
3
2
1

b) Bar slenderness ratio

a) BE transverse reinf.: X-Dir

0
5

Drift Capacity (%)

Drift Capacity (%)

average test scale factor 0.23
of 40%
0.3 <in.
hx/h[142
x,maxmm], variations in
< h /b for all tests, hx,max = 0.4x14 in. = 5.6

All bars supported
Not all bars supported

4

0.3 < hx/hx,max
0.7 < hx/hx,max

3
2
1

d) Spacing of laterallysupported BE
longi. bars

c) Lateral support of BE longi. bars

0
0

40

lb =

80

lwc/b2

120 0

40

lb =

80

lwc/b2

120

Fig. 3-10–Impact of some boundary element details on drift capacity of walls with SBEs.
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vmax/÷ fc' psi £ 4 (£ 0.33 in MPa)

Additionally, ASCE 41-13 Tables 10-19 and 10-20 use axial load ratio as a primary term for

'
4 (> 0.33 in MPa) < vmax/÷ fc psi £ 6 (£ 0.5 in MPa)

Drift Capacity (%)
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However, as noted earlier in Table 3-1, axial load ratio by itself had no clear correlation
with wall
3

4

drift capacity (correlation coefficient, R = 0.08). Variation of wall drift capacity2against axial load

3

(

)

1

ratio P Ag fc' is shown in Fig. 11(a) for the entire dataset with M Vlw ≥ 1.0 and in Fig. 3-11(b)

2

0

1

'
for slender walls in the dataset with M Vlw ≥ 2.0, whereas trends for two levels0of P20 Ag f40
are 60
c

80

100

lb = lwc/b2

0
0

20

40
60
80
100
Special
Detailing
shown in Fig.2 3-11(c). From Fig. 3-11, it is clear that there is no significant trend between
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ratio (ranging from 0.0 to 0.35) and wall drift capacity. It is noted that the slenderness
parameter ( λb ) described earlier incorporates the impact of axial load through neutral axis depth.
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Fig. 3-11–Impact of axial load ratio P / Ag f 'c on drift capacity of walls with SBEs.
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3.6.

Drift Capacity Prediction

A primary objective of this study was to develop an empirical model to predict lateral drift capacity
of structural walls with SBEs. Key variables impacting lateral drift capacity have been identified,
such as: λb = lw c b 2 , vmax

f c' , and the use of overlapping hoops versus a single perimeter hoop

with intermediate legs of crossties. Other variables also were investigated and found to not
substantially influence lateral drift capacity for cases were ACI 318-14 detailing provisions for
SBEs are satisfied. It is important to note here that the authors are not saying that these parameters
do not influence lateral drift capacity, defined as a 20% drop in strength from the peak lateral load,
only that changes in these parameters within ranges that are permissible or reasonable for SBEs
do not influence (or change significantly) the lateral drift capacity. Application of linear regression
analyses for the dataset of 164 tests, including the variables that significantly impact lateral drift
capacity, resulted in the following predictive equation for mean drift capacity (δ c / hw ) of walls
with SBEs:

δc
λ
vmax
% ) = 3.85 − b −
(
hw
α 10 f ' (psi)
c

(Eq. 3-1a)

δc
λ
vmax
% ) = 3.85 − b −
(
hw
α 0.83 f ' (MPa)
c

(Eq. 3-1b)

Where λb = lw c b 2 ; α = 60 where overlapping hoops are used and 45 where a combination of a
single perimeter hoop with supplemental crossties is used. The first term in Eq. 3-1 represents the
maximum mean drift capacity, whereas the second term represents the impact of c b and lw b ,
which incorporate the influence of material properties (e.g., f y and f c' ), axial load, geometry, and
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quantities and distribution of longitudinal reinforcement at the boundaries and within the web, on
lateral drift capacity, whereas the third term incorporates the reduction in wall drift capacity due
to the level of wall shear stress normalized by the maximum shear stress allowed by ACI 318-14
§18.10.4.4 for an isolated wall. The drift capacities predicted with Eq. 3-1 are compared with
experimental drift capacities in Fig. 3-12(a) for the entire dataset of 164 walls and for the 44 walls
with 1.0 ≤ M Vlw < 2.0. The mean and coefficient of variation (COV) are 1.0 and 0.15,
respectively, over the entire range of drift values, from roughly 1.25% drift to 3.5% drift. In
addition, Eq. 3-1 was applied to the subset of 78 fully ACI 318-14 code-complaint walls identified
previously, and the mean and COV of 1.03 and 0.137 are obtained, indicating that the result is not
sensitive to the dataset used to derive Eq. 3-1. For the majority of the test specimens in the dataset,
b did not vary over c (in a few cases for walls with boundary columns and thinner webs, c did
extend modestly into the thinner web); however, for more complex cases, e.g., biaxial loading on
a flanged wall, an average or representative value of b would need to be defined to compute drift
capacity. In such cases, the drift capacity is likely to be relatively large, such that this case is not
critical, whereas cases with flanges in tension producing large compression on a narrow
compression zone are likely to be critical.
To facilitate the implementation of Eq. 3-1 into design recommendations or ACI 318, Eq. 3-1 was
simplified modestly as Eq. 3-2:

δc
λ
vmax
% ) = 4.0 − b −
(
hw
α 10 f ' (psi)
c

(Eq. 3-2a)

δc
λ
vmax
% ) = 4.0 − b −
(
hw
α 0.83 f ' (MPa)
c

(Eq. 3-2b)
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Where α = 50 where overlapping hoops are used and 40 where a combination of a single
perimeter hoop with supplemental crossties are used. The drift capacities predicted with the
simplified equation (Eq. 3-2) are compared with experimental drift capacities observed in Fig.
3-12(b) for the entire dataset of 164 walls and for the 44 walls with 1.0 ≤ M Vlw < 2.0. The drift
capacities predicted with Eq. 3-2 are slightly conservative, with mean and COV of 0.97 and 0.16,
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Fig. 3-12–Comparison of predicted drift capacity with experimental drift capacity.

3.7.

Conclusions and Recommendations

erimental Drift Capacity (%)

Based on the findings of this study, the following conclusions with regards to behavior of structural

5

b) Eq. 2

walls witha)
SBEs
Eq.can1 be drawn:

4

1. Displacement capacity of special structural walls that satisfy the detailing requirements of

3ACI
2
1

318-14 §18.10.6.4 is primarily a function of c b , lw b , v max

f 'c , and use of
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COV = 0.15
164 Specimens

COV = 0.15
164 Specimens

overlapping hoops versus a single perimeter hoop with supplemental crossties. Depending
on these variables, the lateral drift capacity can be as low as 1.25% and as high as 3.5%. In
general, lower drift capacities result for walls with lw b ≥15, c b ≥ 3.0, and wall shear stress

)

(

levels approaching the ACI 318-14 limit of 10 f c' psi 0.83 f c' MPa for an individual wall.
2. ACI 318-14 §18.10 provisions for Special Structural Walls do not ensure that the walls have
roof drift capacity at 20% strength loss greater than the maximum roof drift demand allowed
by ASCE 7-10, which is approximated as three-quarters of the allowable story drift of 0.02
x 1.5 = 0.03 for MCE level demands, or 0.0225. Drift capacities for a significant number of
walls in the dataset are less than 0.0225.
3. A slenderness parameter, λb = lw c b 2 , was defined that provides an efficient means to
account for the impact of slenderness of the cross section ( l w b ) and the slenderness of the
compression zone on the cross section ( c b ) on wall lateral drift capacity. The slenderness
parameter λb considers the impact of concrete and reinforcement material properties, axial
load, wall geometry, and quantities and distributions of longitudinal reinforcement at the
boundary and within the web.
4. The

v max /

drift

capacity

fc' psi > 5 [v max /

of

walls

with

higher

shear

stress

ratio

(i.e.,

fc' MPa > 0.42] ) is approximately 0.5% drift less than walls

with low-to-moderate shear stress ratios (i.e., v max /

fc' psi ≤ 5 [v max /

fc' MPa ≤ 0.42] ).

Over the full range of shear stress ratios, shear demand can reduce wall drift capacity by as
much as 1.0% drift.
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5. For low-to-modest shear stress ratios, i.e., v max /

fc' psi ≤ 5 [v max /

fc' MPa ≤ 0.42] , use

of overlapping hoops, as opposed to use of a single perimeter hoop with supplemental
crossties, provides improved drift capacity if, c b ³ 2.5 or lb ³ 40 . No clear trend of
increased drift capacity is observed where overlapping hoops are used for walls with higher
shear stress ratios, i.e., v max /

fc' psi > 5 [v max /

fc' MPa > 0.42] ; however, given the

relatively sparse data for higher shear stresses, use of overlapping hoops is recommended for
all cases.
6.

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

7. A drift capacity equation that depends on λb = lw c b 2 , level of wall shear stress, and
configuration of boundary transverse reinforcement was developed that accurately predicts
the lateral drift capacity of walls with SBEs, with mean and coefficient of variation of
approximately 1.0 and 0.15, respectively.
8. There is no real correlation between axial load ratio (ranging from 0.0 to 0.35) and wall drift
capacity; therefore, limits on wall axial load (stress) alone are not recommended.
9. It is recommended that future experimental programs focus on walls with lw b ≥ 20 and

c b ≥ 4 (or walls with λb ≥ 80), to address gaps in the test database given that walls with
these parameters are common in practice.
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CHAPTER 4. A Reliability-Based Design Methodology for Structural Walls with SBEs
4.1.

Abstract

The underlying premise of the ASCE 7-10 and ACI 318-14 provisions is that special structural
walls satisfying the provisions of ACI 318-14 §18.10.6.2 through §18.10.6.4 possess adequate
deformation capacity to exceed the expected deformation demand determined using ASCE 7-10
analysis procedures. However, observations from recent laboratory tests and strong earthquakes,
where significant damage occurred at wall boundaries due to concrete crushing, rebar buckling,
and lateral instability, have raised concerns that current design provisions are inadequate. Recent
studies have identified that deformation capacity of code compliant walls is primarily a function
of wall cross-section geometry, neutral axis depth, shear stress demands, and the configuration of
boundary transverse reinforcement, and that, in some cases, the provisions of ACI 318-14 may not
result in buildings that meet the stated performance objectives. To address this issue, this study
proposes a new reliability-based design methodology for structural walls where a drift demand-tocapacity ratio check is performed to provide a low probability that roof drift demands exceed roof
drift capacity at strength loss for a specified hazard level.

4.2.

Introduction

Reinforced concrete (RC) structural walls are commonly used as lateral force-resisting systems
(LFRS) in tall and moderately tall buildings because they provide substantial lateral strength and
stiffness and are assumed to provide the needed deformation capacity if detailed according to
provisions of ACI 318-14 §18.10 for Special Structural Walls. ACI 318 provisions for wall design
and detailing have undergone three major updates, which occurred in the 1983, 1999, and 2014
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versions of the code. In 1983, an extreme fiber compression stress limit of 0.2 f 'c under combined
gravity loads and earthquake overturning moment was introduced to determine if special boundary
element transverse reinforcement was required. This approach was implemented based on research
conducted by the Portland Cement Association (e.g., Oesterle et al., 1976 and 1979; Paulay and
Goodsir, 1985), which indicted that lateral drift ratios as large as 0.03 or 0.04 could be achieved if
the wall boundary zones were adequately detailed to remain stable while yielding in compression.
This approach still exists in 318-14 §18.10.6.3. In 1999, an alternative to the stress-based limit, a
displacement-based approach, which applies to continuous (or effectively continuous), cantilever
walls with a single critical section, was introduced to evaluate the need for Special Boundary
Element (SBE) detailing (Wallace and Moehle, 1992; Wallace, 1994; and Thomsen and Wallace,
2004). More recently, in 2014, extensive revisions were introduced to require more stringent
detailing requirements for thin, slender walls ( hw lw ≥ 2.0 ) , include a limit on wall slenderness

(h

u

b ≤ 16 ) , require a minimum width of flexural compression zone ( b ≥ 12 in., 300 mm) for

sections that are not tension-controlled ( c lw ≥ 3 8 ) , and require that more walls be detailed with
SBEs by adding a 1.5 factor in the denominator of ACI 318-14 Equation 18.10.6.2. These more
recent changes were a result of the unsatisfactory performance of many walls in the 2010 Chile
and 2011 New Zealand earthquakes, as well as observations from recent large-scale laboratory
tests (Wallace, 2012; Wallace et al., 2012; Nagae et al., 2011; Lowes et al., 2012).
Even with these updates, the underlying premise of the ACI 318-14 approach to design and
detailing of Special Structural Walls is that walls satisfying the provisions of §18.10.6.2 through
§18.10.6.4 possess adequate displacement capacity to exceed the expected displacement demands
from ASCE 7-10 analysis procedures when subjected to design-level ground motions. However,
recent research has shown that wall drift capacity is impacted by parameters that are not adequately
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addressed in ACI 318-14. For example, Segura and Wallace (2018a) studied the relationship
between wall thickness and lateral drift capacity of planar walls and concluded that thin walls
possess smaller lateral drift capacities than thicker walls that are otherwise similar. Furthermore,
it has been found that thin, rectangular boundary regions confined by an outer hoop and crossties,
which is a detail allowed by ACI 318-14 §18.10.6.4, may be substantially less stable in
compression than sections that utilize overlapping hoops for confinement (Welt, 2015; Segura and
Wallace, 2018a). The studies by Segura and Wallace (2018b) and Abdullah and Wallace (2018a)
showed that lateral drift capacity of walls with SBEs is significantly influenced by parameters,
such as width of flexural compression zone b , wall length lw , neutral axis depth c (i.e.,
compression demands), wall shear demand Vu , and configuration of boundary transverse
reinforcement (overlapping hoops versus a single perimeter hoop with intermediate crossties). The
findings of these studies indicated that, depending on these variables, drift capacity of walls with
SBEs varies by a factor of three, ranging between approximately 1.2% and 3.5%. These results
have very important design implications. For instance, at Design Earthquake (DE) level shaking,
ASCE 7-10 §12.12.1 limits allowable story drift ratio to 0.02 for typical RC buildings in Risk
Category I & II that are taller than four stories and utilize structural walls for a LFRS. At Maximum
Considered Earthquake (MCE) level shaking, which is used to assess collapse prevention, this
limit is typically taken as 1.5 times the DE limit, or 0.03. If roof drift demand is approximated as
three-quarters of peak story drift, which is a reasonable approximation for buildings with walls,
then the peak roof drift demand allowed by ASCE 7-10 is approximately 0.0225, which is about
87% greater than the minimum wall drift capacity of 0.012 observed by Abdullah and Wallace
(2018a) and Segura and Wallace (2018b). These findings suggest that current ACI 318 code
provisions do not adequately address concerns related to brittle compression failure of walls, nor
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do they ensure that walls have adequate drift capacity to exceed the expected drift demands under
DE shaking with a reasonable level of reliability (e.g., 90%); therefore, ACI 318-14 wall
provisions should be updated to address this critical issue.
To address the above issue, a new reliability-based design methodology is proposed where a drift
demand-to-capacity ratio (DDCR) check is performed to provide a low probability that roof drift
demands exceed roof drift capacity at strength loss for a given hazard level (e.g., 10% probability
of lateral strength loss for the DE or MCE level shaking). In general, walls with slender cross
sections ( lw b > 15 ) , large neutral axis depth relative to width of flexural compression zone

( c b > 3) , shear stress demands approaching the ACI 318 §18.10.4.4 limit (10

)

f 'c , and roof

drift demands approaching the maximum value allowed by ASCE 7-10 (i.e., 0.75×0.02 = 0.015)
tend to be screened out for redesign using the proposed methodology to prevent strength loss under
DE level shaking and reduce the probability of collapse under MCE level shaking. Finally, two
design examples are presented to highlight the deficiencies in the current code provisions and to
illustrate application of the proposed methodology.

4.3.

Research Significance

Current provisions of ACI 318-14 assume that walls satisfying Special Structural Wall provisions
of 18.10.6 possess adequate drift capacity to exceed the expected drift demands from analysis
under DE level shaking defined in ASCE 7, without critical strength decay. However, recent
research has indicated that this underlying premise is not always correct, and that wall deformation
capacity is significantly impacted by wall cross-section geometry, detailing, and compression and
shear demands, and that these factors are not adequately addressed in ACI 318. A drift demand77

to-capacity ratio (DDCR) check is proposed for ACI 318 to require that wall drift capacity exceed
expected drift demands under a prescribed hazard level with a low probability of strength loss.

4.4.

Wall Deformation Capacity

Abdullah and Wallace (2018b) developed a comprehensive database that summarizes results from
more than 1000 RC wall tests reported in the literature. The database was filtered to identify walls
that satisfied, or nearly satisfied, the provisions of ACI 318-14 §18.10 for Special Structural Walls,
resulting in a reduced dataset of 164 wall tests, in which about one-half of the walls fully satisfied
requirements for special boundary transverse reinforcement in ACI 318-14 §18.10.6.4 (see
Abdullah and Wallace, 2018a and 2019). The walls in the dataset included 108 rectangular, 34
barbell, 2 Flanged, 15 T-shaped (web in compression), 2 L-shaped (web in compression), and 3
half-barbell (web in compression) cross-sectional shapes. Histograms for various parameters for
the 164 tests are shown in Fig. 4-1, where s db is the ratio of vertical spacing of boundary
transverse reinforcement to minimum diameter of longitudinal boundary reinforcement,
Ash, provided Ash,required is the ratio of provided-to-required (per ACI 318-14 §18.10.6.4) area of

boundary transverse reinforcement, P
compressive strength

(A f ' )
g

c

is the axial load normalized by concrete

( f ) and gross concrete area ( A ) ,
'
c

g

M (Vlw ) is the ratio of base moment-

to-base shear normalized by wall length ( lw ) , b is the width of flexural compression zone, hx is
the centerline distance between laterally supported boundary longitudinal bars, and c is the depth
of neutral axis computed at concrete compressive strain of 0.003. Wall displacement capacity (δ c )
in the database is defined as the lateral displacement corresponding to wall effective height
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heff at heff were adjusted to include the elastic displacement contributed by the wall height

between heff and hw . This adjustment was accomplished using a representative lateral load
distribution in ASCE 7-10 §12.8 consistent with a prototype building height for the tested wall,
and typically increased the elastic roof level displacements by 10 to 20% over the value at heff .
The adjustments tended to be small compare to nonlinear roof level displacements. More details
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Fig. 4-1–Histograms of the dataset of 164 wall tests with special detailing.
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A series of regression analyses (linear and nonlinear) were performed on the dataset of 164 walls
to identify design parameters that significantly impact in-plane lateral drift capacity (δ c hw ) of
walls with SBEs. Based on the results, it was concluded that wall drift capacity is primarily a
function of: (1) ratio of wall neutral axis depth-to-width of flexural compression zone, c b , (2)
ratio of wall length-to-width of flexural compression zone, lw b , (3) ratio of the maximum wall
shear stress to square-root of concrete compressive strength, v max

f 'c , and (4) the configuration

of the boundary transverse reinforcement used, i.e., overlapping hoops versus a single perimeter
hoop with intermediate legs of crossties (see Abdullah and Wallace, 2018b for examples of
boundary transverse reinforcement configurations). The impacts of other parameters were also
considered, such as: (5) Ash, provided Ash,required , (6) s db , (7) hx , (8) degree of lateral support
provided to the boundary longitudinal reinforcement (i.e., support for all boundary longitudinal
bars versus every other bar), and (9) P

( A f ' ) ; however, it was found that the items (5) through
g

c

(9) did not significantly impact lateral drift capacity of fully code-compliant walls with SBEs.
These findings suggest that a majority of the current detailing provisions of ACI 318-14 §18.10.6.4
are adequate, and that minor-to-moderate adjustments to these parameters would not likely result
in an appreciable improvement of wall lateral deformation capacity. The results also indicated that

P

( A f ' ) , by itself (ranging from 0.0 to 0.35), has low correlation with wall drift capacity, and
g

c

that its impact is best accounted for in the c b parameter. A summary of the impact of first four
(more significant) parameters is presented in the following paragraphs; however, a more detailed
assessment can be found in Abdullah and Wallace (2019; 2018c).
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A combined slenderness parameter, λb = ( lw b ) ( c b ) = lw c b 2 , was identified, which provides an
efficient means to account for the slenderness of the cross section ( lw b ) and the slenderness of
the compression zone of the cross section ( c b ) . In addition to wall cross-section geometry, this
parameter, through depth of neutral axis (c), considers the impact of concrete and reinforcement
material strengths, axial load, and quantities and distributions of longitudinal reinforcement at the
wall boundaries and in the web (Wallace, 1994). Fig. 4-2 indicates that lateral drift capacity of
walls with SBEs is highly correlated with λb , with drift capacity varying roughly between 1.2%
and 3.5% as λb decreases from 80 to zero. Fig. 4-2 also shows trends for two levels of shear stress
demand, represented by v max

f 'c , to demonstrate the impact of wall shear stress beyond what

can be attributed to changes in other variables. For the shear stress demand levels considered, the
trend lines are offset by approximately 0.5% drift, indicating that higher shear stress demand has
a significant negative impact on wall drift capacity, even for relatively slender walls (Fig. 4-2(b)).
Fig. 4-3 highlights the impact of different boundary element transverse reinforcement
configurations on wall drift capacity. For low-to-moderate shear stress demands, use of
overlapping hoops provides improved drift capacity if λb ≥ 40 (Fig. 4-3(a)), whereas the use of a
perimeter hoop with 135º-135º crossties results in only a slight increase in drift capacity over the
use of 90º-135º crossties due to ineffectiveness of 90º hooks used on crossties for walls with large

λb (Segura and Wallace, 2017a). On the other hand, Fig. 4-3(b) indicates that use of overlapping
hoops for the walls with high shear stresses does not necessarily lead to increased drift capacity;
however, it is noted that relatively few tests exist for lb ³ 40 to evaluate this trend.
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4.5.

Wall Deformation Capacity Predictions

Linear regression analysis was applied to the 164-wall dataset considering only the four important

(

)

variables that significantly impact wall lateral drift capacity δ c hh , and the following predictive

(

)

equation for mean drift capacity δ c hw of walls with SBEs is proposed:

δc
λ
vmax
δ
% ) = 3.85 − b −
≥ min c
(
'
hw
α 10 f (psi )
hw
c

(Eq. 4-1a)

δc
λ
vmax
δ
% ) = 3.85 − b −
≥ min c
(
hw
α 0.83 f ' (MPa )
hw
c

(Eq. 4-1b)

Where λb = lw c b 2 ; α = 60 where overlapping hoops are used and 45 where a single perimeter
hoop with supplemental crosstie legs are used; minimum drift capacity ( δ c hw ) = 1.75% where
overlapping hoops are used and 1.25% where a single perimeter hoop with supplemental crosstie
legs are used. Eq. 4-1 results in mean and coefficient of variation (COV) of 1.0 and 0.15,
respectively, over the entire range of drift capacity values, from roughly 1.2% to 3.5% drift (Fig.
4-4(a)).
An alternative format, where displacement capacities of the walls in the dataset were converted to
total curvatures over an assumed plastic hinge length, also is presented, since this format is

( )

convenient for nonlinear response history analysis. Total curvature φt was computed for an

( )

assumed plastic hinge length l p of lw 2 as the sum of elastic (first yield) and plastic curvatures
over the assumed plastic hinge length. It is noted that the contribution of hinge yield curvature to

( )

the total hinge curvature φt was on average 10% for the dataset. Similar to drift capacity, linear
regression analysis was applied to the dataset to develop the following predictive equation:
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⎛
λ
φt ( rad / in ) = ⎜ a1 − b − 0.2
a2
⎜⎝

⎞
⎟ × 10−4 ≥ φt ,min
'
f c (psi) ⎟⎠
vmax

⎛
⎞
λb
vmax
φt ( rad / mm) = ⎜ a1 − − 0.95
⎟ × 10−5 ≥ φt ,min
'
a2
⎜⎝
f c (MPa) ⎟⎠

(Eq. 4-2a)

(Eq. 4-2b)

Where the values of parameters a1 and a2 are obtained from Table 4-1based on the wall length

( l ) , which ranges from 27.5 in. (700 mm) to 120 in. (3048 mm) in the dataset, and minimum
w

total curvature ( φt ,min ) = 2.8×10-4 rad/in. (1.1×10-5 rad/mm). Eq. 4-2 results in a mean and COV
of 1.0 and 0.20, respectively, for the entire range of curvature capacities (Fig. 4-4(b)). It should be
noted that this model is developed based on an assumed plastic hinge length of lw/2, and if the
nonlinear analysis results show that nonlinear curvature demands spread over a distance greater
than lw/2, the total curvature capacities obtained from Eq. 4-2 or the curvature demands need to be
adjusted.
Table 4-1–Parameters to be used in Eq. 4-2

a2

lw in. (m)

≤ 40 (1.0 m)

40-60 (1.0-1.5 m)

> 60 (1.5 m)

a1

20 (7.9)

15 (5.9)

10 (3.9)

Overlapping Hoops

11 (27.9)

13 (33)

Hoop + Crossties

6 (15.2)

8 (20.3)
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Fig. 4-4–Comparison of predicted drift and curvature capacities with experimental drift and
curvature capacities.

For the purpose of preliminary analysis, Eq. 4-3 can be used to compute the approximate depth of
neutral axis c, corresponding to concrete compressive strain of 0.003. Eq. 4-3 was derived based
on data from 696 walls in the overall database with P

( A f ' ) > 0 , including the wall test results
g

c

included in Fig. 1.

c
P
= k1 + k2
lw
Ag f 'c

(Eq. 4-3)

Where values of k1 and k2 are obtained from Table 4-2 based on the cross-section shape of the
wall. In Eq. 4-3, the first term considers the impact of longitudinal reinforcement (ratio and
strength) and concrete strength, whereas the second term addresses the impact of axial load. Fig
4-5 compares the depth of neutral axis computed from Eq. 4-3 with that computed from detailed
sectional analysis using as-tested material properties.
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Predicted ft, (rad/in) 10-4

4

0.003

1.0)

Predicted ft, (rad/mm)

Entire dataset (M/Vlw
1.0 £ M/Vlw < 2.0

Predicted ft, (rad/in)

Predicted dc/hw (%)

5

5

Mean= 1.03
COV = 0.177

4

Table 4-2–Neutral axis depth parameters in Eq. 4-3

3

k1

Wall cross-section shape
Rectangular
Barbell and Flanged

2

k2

Mean

0.10

1.2

1.04

0.03

1.4

1.05

*

1

Drift Capacity (%)

Drift Capacity (%)

5

4
3
COV

2
0.17

1

0.27

0

T-, L-shaped, and half-barbell:
flange in
0
0.03
0.7
1.00
compression
0
20
40
60
80
100 120
lwc/b2
T-, L-shaped, and half-barbell: web in
0.20
2.0
1.01
compression
(a) Slenderness parameter with actual c

0.30

0

0.24

20

40

60

lwcapp

(b) Slenderness para

*This value is for walls with longitudinal reinforcement concentrated in the boundary elements. For
wall with uniformly distributed reinforcement, k1 = 0.05 and 0.20 when longitudinal reinforcement
ratio < 0.005 and ≥ 0.015, respectively. For intermediate values, linear interpolation is applied.
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Fig 4-5–Comparison of c computed from Eq. 4-3 with that from detailed sectional analysis.
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P/Agf'c (%)

6

In addition, since the specified
(design) material strengths are not always reported,
the c values
5
5

Drift Capacity (%)

Drift Capacity (%)

Mean= 1.03
COV = and
0.17steel strengths. Given this,
included in the database are based on the as-tested (actual) concrete

4

4

the sensitivity of the calculation of c was investigated to assess the impact of using
3 specified versus

3

as-tested material properties (Fig. 4-6). A random subset of 35 tests from different
2 tests programs

2

was selected for a more detailed comparison. Results presented in Fig. 4-7 indicate
1 that the value

1

0
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of c is insensitive to the use of specified versus as-tested material properties, since the ratios for
as-tested-to-specified for reinforcement yield strength and concrete strength are similar (Fig. 4-6).
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Fig. 4-6–Variation of specified and as-tested material strengths in the overall database.
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Fig. 4-7–Computed value of c using specified versus as-tested material strengths.

The expressions presented here are intended to apply to walls with rectangular, flanged, and barbell
cross sectional shapes (Fig. 4-8(a) through (f)). For cases with a large b, e.g., where the barbell or
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flange of the wall is in compression (Fig. 4-8(a) through (h)), drift capacity is likely to be relatively
large (low λb ); however, for cases with a barbell or flange in tension, and a thin wall web in
compression (Fig. 4-8(b) and (e) through (h)), relatively large values of c b , and thus λb , and
higher shear demands are likely, and thus, lower drift capacities will result. For cases where b
varies over c , or where c varies over b , a representative (e.g., weighted average) value of b or
c should be used, as shown in Fig. 4-8(c), (d), (e) and (h).

Fig. 4-8–Definition of width (b) and length (c) of flexural compression zone. (bave = average
width of compression zone, cave= average depth of neutral axis, and beff= effective with of wall
flange; the blue and red arrows indicate the direction of bending)
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4.6.

Roof Drift Demand

Roof drift (or displacement) demand at the top of a wall, referred to as Design Displacement (δ u )
in ACI 318-14, is used in Equation 18.10.6.2 to assess the need for SBEs. The design displacement
is computed using ASCE 7-10 analysis procedures for lateral loads, such as the Equivalent Lateral
Force (ELF) procedure of §12.8, the Modal Response Spectrum Analysis (RSA) of §12.9, or the
Linear Response History Analysis (LRHA) of §16.1. For reinforced concrete buildings, the
influence of concrete cracking is considered, resulting in the use of effective stiffness values for
flexure Ec I eff and shear Gc Aeff .
Because the design methodology presented is based on a low probability that mean wall drift
capacity at significant strength loss is less than mean wall drift demand, dispersion estimates in
drift capacity and demand are required. Dispersion in drift capacity was estimated from Eq. 4-1
(Fig. 4-4) presented in the prior section. Dispersion in roof drift demand was estimated based on
limited results of nonlinear response history analyses (NL-RHA) of 28 buildings with planar
structural walls (Wallace and Safdari, 2018), as well as results reported in the literature. Seven
different building heights (4-, 6-, 8-, 10-, 12-, 16-, and 20-stories) were designed and analyzed for
suites of ground motion records scaled to match the ASCE 7-10 DE spectra for site classes B, C,
D, and E. COVs for mean roof drift demand of each building is presented in Table 4-3, and range
from 0.23 to 0.50, with an overall mean value of 0.38.
Additional information was gleaned from studies reported in the literature that reported mean and
COV of roof drift demands from NL-RHA of wall buildings. Kim (2016) reports dispersion in
mean roof drift demands for a 30-story RC core wall system at both DE and MCE hazard levels,
using two suites of ground motions (suite A and B containing 15 and 30 ground motions,
89

respectively). The COVs in mean roof drift demand for DE hazard level were 0.26 and 0.39 for
suite A and B, respectively; whereas the COVs for MCE hazard level were 0.29 and 0.40 for Suite
A and B, respectively. Moehle et al. (2007) reports a COV of 0.23 for mean roof drift demand of
a 40-story building with RC core walls subjected to 14 ground motions scaled to DE hazard level.
Similar results are reported by Haselton (2009) and Dezhdar (2012) for MCE level shaking. Based
on these results, the COV for mean roof drift demand under DE level shaking generally ranges
from 0.20 to 0.40. A COV of 0.30 was adopted for the reliability analysis presented in the next
section, and the sensitivity of the results to modest variations in the COVs is considered later.

Table 4-3–COVs for mean roof drift demand from NRHA at DE level shaking
Building

4-story

6-story

8-story

10-story

12-story

16-story

20-story

Site Class B

0.50

0.43

0.52

0.30

0.47

0.47

0.39

Site Class C

0.30

0.47

0.38

0.40

0.37

0.32

0.23

Site Class D

0.23

0.40

0.30

0.40

0.34

0.34

0.34

Site Class E

0.41

0.48

0.42

0.39

0.32

0.31

0.38

0.36

0.45

0.40

0.37

0.37

0.36

0.33

Mean

4.7.

0.38

Proposed Design Approach

ACI 318-14 §18.10.6 includes two design approaches to assess whether SBE detailing is required
at wall boundaries, a simplified displacement-based design approach (§18.10.6.2) and a stressbased approach (§18.10.6.3). The present study focuses on a DDCR approach for more slender
walls with a single critical section; therefore, the discussion that follows is limited to the
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displacement-based design approach of §18.10.6.2, which applies to walls with hw lw ³ 2.0 that
are effectively continuous from a single critical section to the top of the wall.
Wallace and Orakcal (2002) provide background on the displacement-based approach to evaluate
the need for SBEs. The approach is based on the model shown in Fig. 4-9(a), whereas a simplified
approach shown in Fig. 4-9(b) was adopted for ACI 318-99. The simplified model neglects the
contribution of elastic and shear deformations to the top displacement, and it moves the centroid
of the plastic hinge to critical section, which is the base of the wall in Fig. 4-9(b). Using the
simplified model, with the assumption that the wall plastic hinge length, l p , can be approximated
as lw 2 , the following relationship for the top (roof) displacement, δ u , can be derived:

Fig. 4-9–Illustration of the current displacement-based design approach.
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æε l ö
δu = θ p hw = fu l p hw = ç cu w ÷ hw
è c 2ø

( )

(Eq. 4-4)

Where θ p is the plastic rotation at the base of the wall, and ε cu is the extreme concrete fiber
compression strain associated with the inelastic curvature φu . If ccritical is defined as the neutral
axis depth associated with ε cu = 0.003 and a 1.5 factor is applied to (δ u ) , then Eq. 4-4 can be
rearranged as:

ccritical =

lw
lw
≈
667 (1.5δ u hw ) 600 (1.5δ u hw )

(Eq. 4-5)

If maximum value of c computed for the factored axial load and nominal moment strength

(P

u,max

)

, M n consistent with the direction of the design roof displacement (δ u ) exceeds ccritical

from Eq. 4-5, then SBEs are required. The 1.5 multiplier on δ u was added in ACI 318-14 to
account for dispersion in the computed drift demands under DE level shaking and to produce
detailing requirements more consistent with the ASCE 7 code intent of a low probability of
collapse for MCE level shaking.
If a structural wall is determined to require an SBE based on Eq. 4-5, the SBE is required to satisfy
the detailing requirements of ACI 318-14 §18.10.6.4. If these requirements are satisfied, the
underlying premise of the code is that the wall drift capacity exceeds the expected wall drift
demands determined from analysis when subjected to DE-level ground motions, without critical
strength decay. However, as presented earlier, this is not necessarily the case. In particular, walls
with lw b ≥ 15 and c b ≥ 3 (i.e., λb ≥ 45 ), and high shear stresses (e.g., approaching the ACI
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318-14 §18.10.4.4 average wall shear stress limit of 10

f 'c (psi) (0.83

f 'c (MPa) )), would be

expected to have a δ c hw less than the maximum drift demand allowed by ASCE 7-10. Walls
with these attributes are fairly common in modern wall buildings (Brown et al., 2006). In the
following paragraphs, a new reliability-based design approach is proposed that has been
implemented in the ACI 318-19 code to address this issue.
4.7.1. Proposed approach: drift demand-to-capacity ratio (DDCR) check
One strategy that could be adopted to address the deficiencies identified in the previous paragraph
would be to require sufficient detailing such that all walls have a roof drift capacity that exceeds a
“worst-case” for a story drift demand of 0.03 for MCE-level demands (a roof level drift demand
of approximately 0.03(3/4) = 0.0225). This approach was used recently to update column detailing
requirements in the ACI 318-14 §18.7.5.4 (Elwood et al., 2009); however, this approach would be
overly conservative for structural walls where story drift demands are often considerably less than
0.03, e.g., for a building with many walls. Therefore, an alternative approach, to introduce a DDCR
check for Special Structural Walls is proposed. This approach is somewhat similar to demand-tocapacity checks in ACI 318 code for moment and shear strengths, or drift capacity of slab-column
connections (ACI 318-14 §18.14.5), to meet a specified level of reliability. The basis for the new
design approach is expressed in Eq. 4-6:
⎛δ ⎞ ⎛ δ ⎞
φd ⎜ c ⎟ ≥ ⎜ 1.5 u ⎟
⎝ hw ⎠ ⎝ hw ⎠

(

Where δ c hw

)

(Eq. 4-6)

is the mean wall lateral drift capacity estimated from Eq. 4-1, fd is a

(

)

“displacement” reduction factor, and δ u hw is the mean roof drift demand estimated using
ASCE 7 analysis approaches, multiplied by 1.5 to convert the DE mean roof drift demands to mean
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MCE demands (see ASCE 7-10 §11.4.4). This format also is consistent with 1.5 multiplier used
in the current ACI 318-14 Equation 18.10.6.2 to assess the need for SBEs. Considering COV of
0.3 on δ u hw based on the results presented previously and COV of 0.15 on δ c hw based on the
results obtained from Eq. 4-1, a simple reliability analysis of Eq. 4-6, assuming lognormal
distributions in δ u hw and δ c hw , results in a probability of strength loss of approximately 10%
and 50% for DE and MCE level demands, respectively, for φd = 1.0. If the COVs on δ u hw and

δ c hw are increased to 0.40 and 0.2, respectively, the probability of strength loss under DE
demands increases modestly from about 10% to 17%, indicating the strength loss probabilities are
not overly sensitive to the estimated COVs. These levels of probability of collapse appear to be
high, given the target collapse probabilities of ASCE 7-16 §1.3.1.3 of 10% for Risk Category I
and II buildings and 5% for Risk Category III building under MCE level demands. To reduce the
probability of strength loss to 10% for MCE level demands Risk Category I and II buildings, a φd
of 0.65 is required. Selection of an appropriate φd value requires a definition for collapse, since
drift capacity at 20% strength loss is not necessarily associated with building collapse, which is
more commonly associated with loss of axial load capacity.
Use of a low probability (10%) of strength loss for MCE level demands would be a conservative
estimate of collapse, since axial failure models in the literature for columns (Elwood and Moehle,
2005) and for walls (Wallace et al., 2008), as well as ASCE 41 backbone relations, generally
indicate that drift ratios at axial failure exceed those at significant strength loss. A review of the
dataset of 164 tests with lower drift capacities (i.e., λb > 40) revealed that lateral strength loss in
these walls was abrupt and typically much greater than 20%, and that axial failure was observed
to occur soon after loss of lateral strength (i.e., Segura and Wallace, 2018a; Shegay et al., 2016).
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Although tests of well-detailed, isolated cantilever walls in the database show that axial failure
may follow soon after substantial lateral strength loss under continued lateral loading, collapse of
buildings with structural walls has rarely been reported following earthquakes or shake table tests,
even for walls with substantial damage (Wallace et al., 2008; Nagae et al., 2015). Given these
observations, use of a low probability of strength loss (i.e., 10%) for DE level shaking is suggested
here as a minimum criterion for collapse (i.e., φd = 1.0). This approach will screen out walls with
high likelihood of strength loss at DE shaking for redesign, which will reduce the likelihood of
severe damage at shaking levels less than DE and reduce the potential for collapse for MCE level
shaking.
If Eq. 4-6 is not satisfied for a given wall, then the designer would be required to revise the design
for that wall. The most likely change would be to increase the width of the flexural compression
zone b (i.e., wall thickness, t w ), which would increase the drift capacity obtained with Eq. 4-1 by
reducing the slenderness parameter λb = lw c b 2 and also likely reducing the shear and drift
demands. Eq. 4-6 can be rearranged to determine the required minimum width of compression
zone ( bmin ) as:

(b )

2

min

(b )
min

2

≥

≥

lw c

⎛
vmax
1.5δ u ⎞
α ⎜ 3.85 −
−
⎟
hw ⎟⎠
⎜⎝
10 f c' (psi)
lw c

⎛
vmax
1.5δ u ⎞
α ⎜ 3.85 −
−
⎟
hw ⎟⎠
⎜⎝
0.83 f c' (MPa)
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(Eq. 4-7a)

(Eq. 4-7b)

(

)

An upper-bound width of the flexural compression zone bupper can be approximated using Eq.
4-7, which is based on assuming the shear stress term approaches 1.0 and 1.5δ u hw approaches
0.0225, resulting in the following:
bupper = 0.025clw

(Eq. 4-8)

Note that, if c = 0.20lw, then Eq. 4-8 requires walls with bupper of 17 in. (432 mm) and 26 in. (660
mm) for walls with length of 20 ft (6096 mm) and 30 ft (9144 mm), respectively. Two design
examples are presented in the following section to illustrate the proposed approach.

4.8.

Example Application

4.8.1. Description of the buildings
In the following, two residential buildings (6-story and 10-story) located in Los Angeles,
California are used to illustrate the application of the proposed design methodology, as well as to
highlight the significant deficiency in the current design provisions of ACI 318. The building
footprint (Fig. 4-10) is 150×75 ft. (45.75×22.9 m), and the typical story height is 12 ft. (3.66 m).
A summary of seismic design parameters is provided in Table 4-4. Design concrete compressive
strength

( f ' ) of 5 ksi (34.5 MPa) and Grade 60 reinforcement with yield strength ( f ) of 60 ksi
c

y

(414 MPa) are specified, consistent with requirements of ACI 318-14 §18.2.5 for concrete and
§18.2.5 for reinforcement in structural walls. A total uniformly distributed floor dead load (in
addition to self-weight of walls) of 150 psf (7.18 kN/m2) and floor live load of 40 psf (0.2 kN/m2)
per ASCE 7-10 §4.3.1 are used as the loading criteria.
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Table 4-4–ASCE 7-10 seismic parameters
Parameter

Value

Building Location

34.058°N, 118.445°W

Risk Category

II

Importance Factor

1.0

Site Class

D

SS; SDS (g)

2.253; 1.502

S1; SD1 (g)

0.829; 0.829

SDC

E

R = Cd

5

Redundancy factor ρ

1.3
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4.8.2. Lateral load analysis
ASCE 7-10 §12.9 Modal Response Spectrum Analysis (RSA) was utilized to determine design
lateral forces on the walls under DE level shaking. For the purposes of this study, only analysis
and design of the LFRS in the north-south direction, which consists of planar RC Special Structural
Walls, was considered. A wall effective stiffness, Ec I eff , of 0.5Ec I g was assumed for the lateral
analysis, consistent with ACI 318-14 §6.6.3.1.2. The contribution of the gravity columns to the
lateral strength and stiffness of the system was ignored. The lateral analysis included the impact
of accidental torsional moment ( M ta ) required by ASCE 7-10 §12.8.4.2. Inclusion of accidental
torsion generally resulted in an increase of both roof drift and base shear demands by about 15%.
The ASCE 7-10 strength level load combinations (LC) defined in §2.3.2 and §12.14.3.1 were used
to compute the ultimate force demands. Additionally, a redundancy factor ( ρ ) of 1.3 was applied
to the load combinations that include seismic loads ( E ) in accordance with ASCE 7-10 §12.3.4.2,
resulting in a 30% increase in base shear and moment demands, and a redundancy factor ( ρ ) of
1.0 was used for drift calculations in accordance with ASCE 7-10 § 12.3.4.1. A summary of the
force and drift demands obtained from different applicable Load Combinations (LC) is given in
Table 4-5 for Wall #1 of building 6A. It can be seen from Table 4-5 that LC 5, with negative
accidental eccentricity (i.e., moving CM closer to the wall) produces the largest force and drift
demands.
Detailed information for the LFRS and the analysis results (maximum story and roof drifts, base
moment, and base shear demands) are summarized in Table 4-6 under columns A6 and A10 for
the 6-story and 10-story buildings, respectively. The walls were proportioned such that the

(

)

allowable story drift demands Δ story hx , computed at CM in accordance with ASCE 7-10
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§12.8.6, were smaller than the allowable story drift (i.e., Δ a hx = 0 .02) given in ASCE 7-10
§12.12.1 for DE level shaking. The DE roof drift demands (δ u hw ) , given in Table 4-6, were
taken at the top of the wall (not at CM), consistent with wall design displacements used in ACI
318-14 Equation 18.10.6.2. A factor of 1.5 was used to convert the DE roof drift demands to MCE
demands, as noted previously. Base moment, shear, and axial demands given in Table 4-6 are for
a critical section at the base of the walls.

Table 4-5–Demands from ASCE 7-10 LCs for Wall #1 in Building 6A
δu

δ u hw

(in.)

(%)

-

-

-

-

-

-

-

2420

58166

-1196

8.465

0.98

(1.2+0.2SDS)D + 0.5L + ρQE2

2420

85523

-1767

12.466

1.44

5

(1.2+0.2SDS)D + 0.5L - ρQE1

2420

-758063

1194

-8.44

-0.98

5

(1.2+0.2SDS)D + 0.5L - ρQE2

2420

-85420

1766

-12.444

-1.44

7

(1.2-0.2SDS)D + ρQE1

901

58133

-1196

8.458

0.98

7

(1.2-0.2SDS)D + ρQE2

901

85490

-1766

12.459

1.44

7

(1.2-0.2SDS)D - ρQE1

901

-58095

1194

-8.45

-0.98

7

(1.2-0.2SDS)D - ρQE2

901

-85452

1766

-12.451

-1.44

Pu,base

M base

ASCE 7-10
LC No.

LC

1

1.4D

2102

-

2

1.2D + 1.6L

2337

5

(1.2+0.2SDS)D + 0.5L + ρQE1

5

Vbase

(kips) (kips-ft) (kips)

Note:
(1) QE1 = Effect of horizontal seismic forces with negative accidental eccentricity (i.e., moving CM
towards Wall #1), and QE2 = Effect of horizontal seismic forces with positive accidental eccentricity (i.e.,
moving CM away from Wall #1).
(2) The negative and positive signs indicate the direction of the seismic forces.
(3) r = 1.3 for base moment and shear demands and = 1.0 for drift demands.
(4) δ u is the design displacement at the top of the wall δ elastic × C d I .

(
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4.8.3. Walls design
Based on the demands from the preceding section, two identical planar structural walls are
proposed as the LFRS in the north-south direction for each building. The walls are 24 ft. (7.3 m)
long and 12 in. (0.30 m) thick for building A6 and 26 ft. (7.9 m) long and 18 in. (0.46 m) thick for
building A10, resulting in wall cross-section aspect ratio ( lw t w ) of 24 and 17.33, respectively.
Because the buildings are assigned to SDC E in accordance with ASCE 7-10 §11.6, the walls are
required to be designed and detailed to satisfy the provisions of ACI 318-14 §18.10 for Special
Structural Walls. Wall design details are shown in Table 4-6 under columns 6A and 10A for the
6-story and 10-story buildings, respectively. Since c > ccritical , the compression zones of the walls
must be reinforced with SBE details that satisfy the requirements of ACI 318-14 §18.10.6.4 over
a distance of lbe,required = max ( c 2;c − 0.1lw ) . The wall boundary element details are shown in Fig.
4-11(a) and Fig. 4-11(c) for building 6A and 10A, respectively.
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Fig. 4-11–Detail of the walls at 1st and 2nd floors.

4.8.4. Reliability analysis
Wall roof drift capacities, defined at 20% strength degradation, were computed from Eq. 4-1 for
two boundary transverse reinforcement configurations, namely, overlapping hoops (OH) and a
single perimeter hoop with supplemental legs of crossties (HC), as shown in Table 4-6. The lower
bound (minimum) drift capacity from Eq. 4-1 governs for both walls. To determine the
probabilities of strength loss, simple reliability analyses were performed using Eq. 4-6 assuming
lognormal distributions in drift demand and capacity and considering COVs of 0.30 and 0.15 for
roof drift demand and capacity, respectively. The probabilities of strength loss under DE and MCE
level shaking are given in Table 4-6. The resulting values of 28% and 66% for OH and HC
configurations, respectively, for building 6A, and 46% and 83% for OH and HC configurations,
respectively, for building 10A, for DE level shaking, are unacceptably high given the current target
reliabilities of ASCE 7-16 §1.3.1.3. It is important to note that the walls in both buildings (6A and
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10A) satisfy the provisions of ASCE 7-10 and ACI 318-14 for Special Structural Walls (i.e., code
compliant walls). These results highlight that the current code provisions do not adequately address
concerns related to brittle compression failure of walls under DE shaking, and that these wall
designs should be revised.
4.8.5. Revised design
To reduce the probability of strength loss to an acceptable level (e.g., 10% or lower for DE level

(

)

shaking), either Eq. 4-7 ( bmin ) or Eq. 4-8 bupper can be employed. For the given c lw demands,

(

)

the upper bound compression zone width bupper is 25.4 in. (645 mm) for the 6-story building and
27.9 in. (709 mm) for the 10-story building. An alternative approach is used here, where bmin is
determined using Eq. 4-7 assuming a change in wall thickness results in proportional reductions
in δ u hw , v max

(

)

f 'c , and c lw . For building 6A with HC configuration α = 45 , revised

demand values for an estimated 15% reduction are: δ u hw ≈ 1.44×0.85 = 1.22%,
v max

f 'c psi (MPa) ≈ 7.21(0.6)×0.85 = 6.13 (0.51), and c lw ≈ 0.31×0.85 = 0.26.

Substituting these values in Eq. 4-7 results in bmin = 0.064 lw ≈ 18 in. (457 mm) for the 6-story
building and, similarly, bmin = 23 in. (584 mm) for the 10-story building. Therefore, wall thickness
values were increased to 18 in. (457 mm) for the 6-story building and to 24 in. (610 mm) for 10story building. Using the new wall thickness values, the analyses were rerun to determine the new
force and drift demands, as well as to determine whether Eq. 4-6 is satisfied (i.e., probability of
strength loss is 10% or lower for DE level shaking). The revised design details are given in Table
4-6 under columns 6B and 10B for the 6-story and 10-story building, respectively. As can be seen
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from Table 4-6, increasing in the wall thickness for building 6A resulted in: (1) reduction of δ u hw
by about 18%, (2) reduction of v max

f 'c by about 16%, and (3) significant increase in δ c hw ,

because a portion of the drift capacity is proportional to b 2 . The new probabilities of strength loss
for DE level shaking have reduced to below 10% for both the 6-story building (6B) and the 10story building (10B), for both OH and HC configurations. The wall boundary element details are
shown in Fig. 4-11(b) and Fig. 4-11(d) for building 6B and building 10B, respectively.

4.9.

Conclusions and Recommendations

Based on the findings of this study, the following conclusions with regards to design of structural
walls with SBEs resulted:
1. Displacement capacity of ACI 31-14 code-compliant walls is primarily a function of
parameters that are not adequately addressed in ACI 318-14 code, such as wall cross-section
geometry, neutral axis depth, wall shear stress demand, as well as the configuration of the
boundary transverse reinforcement (use of overlapping hoops versus a single perimeter hoop
with supplemental crosstie legs). Based on these variables, drift capacity of walls with SBEs
varies roughly by a factor of 3, ranging from approximately 0.012 to 0.035.
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Table 4-6–Design details of the walls in each building
Building
hw × lw × t w , ft. (m)

(

in. (mm)

Boundary longitudinal
reinforcement
Boundary transverse
reinforcement
Ash, prov . Ash,req. ;S prov . Sreq.

Web vertical and horizontal
reinforcement
Min φ M n , kips-ft. (kN-m)

(A

cv

f 'c psi (MPa)

)

Vn, ACI , kips (kN)
Vn, ACI

(A

cv

f 'c psi (MPa)

)

Ta ;Tu ;T1 (sec)
Pu1 , kips (kN); Pu1
Pu2 , kips (kN); Pu2

3.0; 2.02

4.62; 2.39

61×12 (1,550×305) 52×18 (1,321×457) 71×18 (1,778×457) 53×24 (1,346×610)

lbe,required , in. (mm)

V@ Mn

10-story
10A
10B
120×26×1.5
120×26×2.0
(36.5×7.9×0.46)
(36.5×17.9×0.61)

)

hw lw ; M base Vbase l w
lbe × b ,

6-story
6A
6B
72×24×1.0
72×24×1.5
(21.95×7.3×0.30) (21.95×7.3×0.46)

(A

g

(A

f 'c

)

)

60.2 (1,529)
41.2 (1,046)
69.8 (1,773)
50 (1,270)
45 No.11
45 No.11
42 No.14
44 No.14
(45 No.35)
(45 No.35)
(42 No.43)
(44 No.43)
No.4@3.75in.
No.4@4.5in.
No.5@4in.
No.5@4.5in.
(No.12@95mm)
(No.12@114mm)
(No.16@100mm) (No.16@114mm)
1.05; 0.9
1.02; 0.8
1.00; 0.7
1.05; 0.8
2 layers No.6@8in. 2 layers No.6@9in. 2 layers No.6@10in. 2layers No.6@8.5in.
(No.19@200mm)
(No.19@229mm)
(No.19@200mm)
(No.19@216mm)
88,139 (119,578)

95,570 (129,660)

133,039 (180,494)

152,076 (206,321)

8.3 (0.69)

6.0 (0.5)

6.0 (0.5)

5.1 (0.43)

2,408 (10,710)

2,440 (10,854)

2,884 (12,830)

3,032 (13,486)

9.8 (0.82)

6.6 (0.55)

7.2 (0.6)

5.7 (0.48)

0.49; 0.69; 0.94

0.49; 0.69; 0.78

0.73; 1.02; 1.79

0.73; 1.02; 0.1.58

2,420 (10,765); 0.14 2,649 (11,780); 0.10 4,606 (20.488); 0.16 5,022 (22,339); 0.13
901 (4,008); 0.05

991 (4,408); 0.038

1,724 (7,669); 0.06

1,888 (8,398); 0.05

M base , kips-ft. (kN-m)

85,356 (115,803)

92,050 (124,884)

132,213 (179,373)

146,073 (198,177)

Vbase , kips (kN)

1,762 (7,838)

1,835 (8,162)

2,127 (9,461)

2,222 (9,884)

7.21 (0.6)

6.0 (0.50)

5.36 (045)

4.2 (0.35)

Max c , in. (mm)

89 (2,261)

70 (1,778)

101 (2,565)

81 (2,057)

ccritical , in. (mm)

22.2 (564)

26.7 (678)

20.3 (515)

23 (584)

Max c lw ; c lw from Eq. 4-3

0.31; 0.27

0.24; 0.22

0.32; 0.29

0.26; 0.26

c b ; lw b

7.5; 24

3.89; 16

5.6; 17.33

3.38; 13

λb = l w c b

180

62

97

44

Max Δ story hx (%) at DE

1.92

1.56

1.93

1.70

ASCE 7-10 Δ a hx (%)
Roof δ u hw (%) at DE

2.00

2.00

2.00

2.00

1.44

1.20

1.71

1.51

Roof δ u hw (%) at MCE
δ c hw (%): OH

1.44×1.5 = 2.16

1.20×1.5 = 1.80

1.71×1.5 = 2.56

1.51×1.5 = 2.27

1.75

2.21

1.75

2.70

δ c hw (%): HC

1.25

1.87

1.25

2.45

Vbase

(A

cv

g

f 'c psi (MPa)

f 'c

)

2

Probability of strength loss
28 (73)
3 (26)
46 (87)
(%) at DE (MCE): OH
Probability of strength loss
66 (95)
9 (45)
83 (98)
(%) at DE (MCE): HC
OH = Overlapping hoop configuration, HC = Single perimeter hoop with supplemental crossties.
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4 (30)
8 (41)

2. Considering parameters with the greatest impact on wall lateral deformation capacity,
equations Eq. 4-1 and Eq. 4-2 were developed to accurately predict drift and total curvature
capacities of walls with SBEs, with mean values of 1.0 and COVs of 0.15 and 0.18,
respectively.
3. The underlying premise of the ASCE 7-10 and ACI 318-14 provisions is that special structural
walls satisfying the provisions of ACI 318-14 §18.10.6.2 through §18.10.6.4 possess adequate
drift capacity to exceed the expected drift demand determined from ASCE 7-10 analysis
procedures. However, results presented in this study show that this assumption is not always
correct, and that, in some case, the intended performance objectives may not be achieved.
4. To address the above deficiencies, a new reliability-based design methodology is proposed
where a drift demand-capacity ratio (DDCR) check is performed to provide a low probability
(i.e., 10% or lower) that roof drift demands exceed roof drift capacity at strength loss for the
DE level shaking. In general, walls with slender cross sections ( lw b > 15 ) , large neutral axis
depth relative to width of flexural compression zone ( c b > 3 ) , shear stresses approaching the

(

)

ACI 318 §18.10.4.4 limit 10 f 'c , and roof drift demands approaching the maximum story
drift allowed by ASCE 7-10 are screened out for redesign. Preventing strength loss under DE
level shaking is assumed to reduce the probability of collapse under MCE level shaking;
however, for improved performance, a lower (or specified) probability of strength loss for
MCE level shaking could be used.

105

5. Example applications are presented to highlight concerns that, in some cases, the provisions of
ACI 318-14 may not result in buildings that meet the stated performance objectives. To assist
in cases where redesign is required, expressions for minimum and upper-bound width of
flexural compression zone are provided.
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CHAPTER 5. Drift Capacity at Axial Failure of RC Structural Walls and Wall Piers
5.1.

Abstract

A large number of reinforced concrete (RC) buildings constructed prior to the mid-1970s in
earthquake-prone regions rely on lightly reinforced or perforated, perimeter structural walls to
resist earthquake-induced lateral loads. These walls are susceptible to damage when subjected to
moderate-to-strong shaking; a number of such cases were observed in Chi Chi and Kocaeli
Earthquakes in 1999, and more recently in 2010 Maule and 2011 Christchurch earthquakes.
Despite these observations, there have been limited studies reported in the literature to investigate
the loss of axial (gravity) load carrying capacity of damaged walls and wall piers, primarily due to
limited experimental data. However, over the last decade, a large number of experimental studies
examining the behavior of RC walls, including axial failure, have become available. A
comprehensive database was developed that includes detailed information on more than 1100 RC
wall tests. To study axial failure of structural walls, the database was filtered to identify and
analyze datasets of tests on shear- and flexure-controlled walls. Based on the results, expressions
were derived to predict lateral drift capacity at axial failure of RC walls and piers.

5.2.

Introduction

Reinforced concrete (RC) structural walls (also known as shear walls) have commonly been used
as lateral force-resisting elements in buildings in regions of moderate-to-high seismic hazard
because they provide substantial lateral strength and stiffness when buildings are subjected to
strong ground shaking. Although test programs on RC walls initiated in the 1950s in the US,
relatively few test programs were reported in the literature through the late-1990s. Those limited
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test programs focused primarily on addressing issues related to peak shear strength of squat walls
and the influence of boundary element detailing, cross-section shape, and wall shear stress on the
load versus deformation behavior and failure modes of slender walls. Observations from major
earthquakes in the US and Japan in the mid-1990s, and the expansion of experimental testing
facilities around the world have since led to a significant increase in the available wall test results
reported in the literature. However, one common aspect of the experimental programs conducted
prior to around the mid-2000s is that the tests were generally terminated after peak strength or
relatively minor loss of lateral strength (~20 to 40%); therefore, the issue of loss of axial load
carrying capacity (referred to as axial failure in this paper) was not studied. Although axial failure
has rarely been reported for walls (Wallace et al, 2008), wall axial failure could trigger partial or
total building collapse, especially in buildings with significant torsional irregularities and no
redundancy. The lack of data may also result in conservatively low estimates of lateral drift
capacity at axial failure for ASCE 41 acceptance criteria, which would result in most intrusive and
costly seismic retrofits. Therefore, it is important to be able to adequately evaluate the lateral drift
capacity of walls associated with axial failure.
Observations of column axial failures in the 1995 Kobe earthquake led to a number of test
programs to investigate the axial failure of shear-critical columns (Kabeyasawa et al., 2002; Kato
and Ohnishi, 2002; Nakamura and Yoshimura 2002; Tasai, 1999; Tasai, 2000; Yoshimura and
Yamanaka, 2000). Subsequently, theoretical and empirical or semi-empirical models were
proposed to assess axial failure of shear-damaged columns (e.g., Elwood and Moehle, 2005;
Ousalem, 2006; Tran, 2010; Uchida and Uezono, 2003; Nakamura and Yoshimura, 2002).
Research efforts focused on axial failure of RC walls were initiated in the early 2000s to extend
the model developed by Elwood and Moehle (2005) to predict axial failure of shear-controlled
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columns to lightly reinforced, shear-controlled wall and wall-piers based on observations from the
Chi-Chi, Taiwan and Kocaeli, Turkey earthquakes in 1999 (Wallace et al, 2008). These walls are
typically found in buildings constructed prior to the mid-1970s; however, limited data existed to
calibrate and validate the model for shear-controlled walls. Recently, Looi and Su (2018)
formulated a model based on Mohr’s circle to assess axial failure of heavily reinforced, short shearspan RC coupled shear walls, designed for moderate intensity earthquake ground shaking and
primarily used to control lateral drift in strong wind events.
ASCE 41-17 is commonly used to evaluate the expected performance of existing buildings
subjected to earthquake ground motions. Generally, shear- and flexure-controlled walls are treated
as deformation-controlled components, where ASCE 41-17 provides modeling parameters
(backbone relations) and acceptance criteria. However, the provided backbones were developed in
late 1990s (FEMA 273/274-1997) based on limited experimental data and engineering judgment.
Studies by Abdullah and Wallace (2019), Motter et al. (2018), and Segura and Wallace (2018)
have indicated that the current modeling parameters tend to be overly conservative and are
influenced by variables that are not considered in ASCE 41-17. Wall axial failure models are
needed to update and improve the modeling parameters (currently the b-parameter) of ASCE 4117, which could result in considerable savings during seismic evaluation and retrofit of existing
RC buildings.
Over the last ten years, a large number of laboratory studies examining the behavior of RC
structural walls have been reported in the literature. A comprehensive wall database, UCLARCWalls, has been developed at University of California, Los Angeles (UCLA) that includes
detailed information on more than 1100 tests reported in the literature (Abdullah and Wallace,
2018). The database was utilized to develop an approach to determine the expected failure mode
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for RC structural walls, and then to study axial failure of walls, by filtering the main database to
identify and analyze datasets of test results on shear- and flexure-controlled walls. Based on the
results, relationships were developed to predict wall lateral drift capacity at axial failure. Given
that the study is based on test results for individual walls, the predictive expressions do not take
into account the impact of gravity load redistribution and torsional irregularity on potential for
axial failure of the wall and the building. The lack of test data on complete buildings, either
laboratory or in earthquakes, limits these studies.

5.3.

Experimental RC Wall database

5.3.1. Overview
A comprehensive database, referred to as the UCLA-RCWalls database, was developed by the
authors that compiles detailed data on more than 1100 RC wall tests reported in the literature. The
database includes three major clusters of data: 1) information about the test specimen, test setup,
and axial and lateral loading protocols, 2) analytically computed data, e.g., moment-curvature
relationships (c, Mn, My, φn , φ y ) and wall shear strengths according to ACI 318-19, and 3) test
results, e.g., backbone relations and failure modes. Database information related to the objectives
of this study (i.e., failure mode classification and axial failure) are briefly presented below;
however, detailed information about the content and structure of the database can be found
elsewhere (Abdullah and Wallace, 2018; Abdullah and Wallace, 2019).
Fig. 5-1 shows a typical backbone curve for the experimental base shear versus total top
displacement (curvature, shear, and bar slip/extension) from a wall test (Tran and Wallace, 2015).
The collapse point represents the state at which axial failure occurs and was identified based on
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either reported axial failure from the test (e.g., Fig. 5-2 and Fig. 5-3) or observed concrete crushing
and damage along the entire length of the wall and/or out-of-plane instability such that no portion
of the wall is left intact or stable to carry the applied axial load (e.g., Fig. 5-4). In some tests,
complete loss of axial load carrying capacity was not observed or reported, in these cases, the data
represent a lower bound deformation capacity for axial failure. If reported axial failure occurred
at deformations smaller than the maximum deformation reached prior to axial failure, then the
maximum deformation is reported in the database for axial failure (e.g., Fig. 5-2 and Fig. 5-3). As
noted previously, many wall tests, especially earlier tests (prior to mid-2000s), do not have
information on axial failure because the test was terminated prior to an observed axial failure.

Fig. 5-1–Typical wall backbone curve contained in UCLA-RCWalls database.
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Fig. 5-2–Reported axial failure of a wall test reported by Segura and Wallace (2018). (Note:
for (b) only the first cycle at each displacement is shown)

Fig. 5-3–Reported axial failure of a shear-controlled wall test reported by Sanada et al.
(2012).

Fig. 5-4–Out-of-plane instability and concrete crushing of a wall test reported by Dashti et.
(2018). (Note: for (b) only the first cycle at each displacement is shown)
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The reported failure modes are classified in the database as either flexure failure modes, i.e.,
flexural compression (bar buckling and concrete crushing), flexural tension (bar fracture), or
global or local lateral instability (Fig. 5-5), shear failure modes, i.e., diagonal tension, diagonal
compression (web crushing), or shear sliding at the base (Fig. 5-6), flexure-shear failure modes,
i.e., yielding in flexure and failing in one of the shear failure modes (Fig. 5-7), and lap-splice failure
mode. The authors did their best to validate that the reported failure mode was consistent with the
observed wall response and damage before recording that information in the database.

Fig. 5-5–Wall flexural failure modes: (a) bar buckling and concrete crushing (Thomsen and
Wallace, 1995), (b) bar fracture (Dazio et al., 2009), and (c) lateral instability (Thomsen and
Wallace, 1995).

Fig. 5-6–Wall shear failure modes: (a) diagonal tension (Mestyanek, 1986), (b) diagonal
compression (Dabbagh, 2005), and (c) shear-sliding (Luna, 2015).
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Fig. 5-7–Wall flexure-shear failure modes: (a) flexure-diagonal tension (Tran and Wallace,
2015), (b) flexure-diagonal compression (Oesterle et al., 1976), and (c) flexure-shear-sliding
(Salonikios et al., 1999).

Furthermore, the database contains computed data for both flexural and shear responses.
Analytical moment-curvature ( M − φ ) analysis was performed for each wall using tested material
properties and the sustained axial load, if present. Although the moment-curvature response of
each wall is available in a spreadsheet, values of nominal moment strength (Mn) and depth of
neutral axis (c) at concrete compressive strain of 0.003 and first yield moment strength (My) and
curvatures corresponding to Mn and My are recorded in the database. Additionally, the database
includes the following diagonal and sliding shear friction strengths:
1. Diagonal shear strength, Vn,d
The wall shear strength corresponding to the strength associated with diagonal tension or
compression strut (Vn,d) is computed from Eq. 5-1 (ACI 318-19 Equation 18.10.4.1 without
restrictions on spacing, reinforcement ratio, and the number of curtains of reinforcement):

(

)

Vn,d = Acv α c f c' + ρt f yt ≤ 10 Acv f c'
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(Eq. 5-1)

Where Acv is the gross area of concrete section bounded by web thickness and wall length (Acv=
twlw), f’c is the tested concrete compressive strength, ρt is the web transverse (horizontal)
reinforcement ratio, fyt is the tested yield strength of the web transverse reinforcement, and αc is a
coefficient that depends on hw/lw of the wall. However, walls are generally tested as cantilevers
with a single lateral load applied at the top of the wall (with or without axial load) or as panel or
partial height walls under a combined effects of lateral load(s), axial load, and bending moment at
the top of the panel, and thus hw/lw is not always a relevant parameter. Therefore, the test shearspan-ratio (M/Vlw) was used instead, where αc is taken as 3.0 for M/Vlw ≤ 1.5, as 2.0 for M/Vlw ≥
2.0, and varies linearly between 3.0 and 2.0 for M/Vlw between 1.5 and 2.0.
2. Sliding shear friction strength at the base, Vn,f
The wall shear strength corresponding to the shear friction strength at the wall-foundation interface
(Vn,f) is computed from Eq. 5-2 (ACI 318-19 Equation 22.9.4.2) including the impact of sustained
axial load (ACI 318-19 §22.9.4.5):

(

)

Vn, f = µ Avf f yl + P ≤ 0.2 f c' Ac

(Eq. 5-2)

Where Avf is the area of all reinforcement crossing the wall-foundation interface, fyl is the tested
yield strength of the reinforcement crossing the wall-foundation interface, μ is the coefficient of
friction and is taken as 0.6 in accordance with ACI 318-19 Table 22.9.4.2, Ac is the area of concrete
section resisting shear transfer, and P is the sustained axial load applied during the experiment. It
is noted that the upper limit of 800Ac given in ACI 318-19 §22.9.4.4 for Eq. 5-2 was not considered,
as it was found to under predict wall shear friction strength, especially for walls with high strength
concrete.
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To enable classifying walls based on their failure mode, an approach is proposed below and is then
used to obtain datasets of flexure- and shear-controlled walls from the database to study wall axial
failure.
5.3.2. Failure Mode Classification
The reported failure modes in the database are presented in Fig. 5-8(about 1000 wall tests,
excluding walls that failed due to inadequate lap-splices and walls not tested to failure), where Vn
is the least shear strength computed from Eq. 5-1 and Eq. 5-2, V@Mn is the wall shear demand
corresponding to the development of Mn computed based on the shear-span-ratio used in the test,
and V@test is the peak shear strength obtained during the test. Fig. 5-8(a) indicates that the vast
majority of flexure- and shear-controlled walls have a shear-to-flexure strength ratio (Vn/V@Mn) >
1.0 and < 1.0, respectively. Walls with failure modes reported as flexure-shear are mainly scattered
between 0.7 < Vn/V@Mn < 1.3. The flexure-shear-controlled walls with Vn/V@Mn < 1.0 generally
have limited flexural nonlinearity (i.e., barely experiencing first yield of longitudinal
reinforcement) and, therefore, could realistically be classified as shear-controlled walls. On the
other hand, for the flexure-shear-controlled walls with Vn/V@Mn > 1.0, the behavior is initially
governed by flexural cracking and yielding similar to flexure-controlled walls because Vn is
initially greater than V@Mn, but the wall shear strength gradually reduces, as the wall is cycled
through large nonlinear displacement excursions, until it drops below V@Mn, and then the wall fails
in shear. Depending on the level of shear and flexural demands, these walls could exhibit drift
capacities comparable to those of flexure-controlled walls (e.g., Tran and Wallace, 2015). Fig.
5-8(a) also reveals that the maximum strength (Mult) obtained during the test for the flexurecontrolled walls is approximately 1.15 times the shear corresponding to the development of Mn. A
similar conclusion can be observed for shear-controlled walls.
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An alternative presentation of failure modes is given in Fig. 5-8(b), where the Y-axis is the shear
friction strength computed from Eq. 5-2 (Vn,f) normalized by the diagonal shear strength from Eq.
5-1 (Vn,d). It can be seen that the data are divided between three regions: 1) blue region: flexurecontrolled walls with Vn/V@Mn > 1.0, 2) red region: diagonal 8shear-controlled walls (due to failure
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Fig. 5-8–Wall failure modes results from a dataset of 1000 wall tests: (a) Shear (diagonal and
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shear-controlled; and yellow region = sliding shear-controlled.

5.3.3. Datasets of Flexure-Controlled Walls
The following two datasets, for special and ordinary (non-special) flexure-controlled walls, were
filtered from the UCLA-RCWalls database:
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Special Walls: Design of RC structural walls is currently governed by the requirements of ASCE
7-16 and ACI 318-19, which includes provision for special structural walls with well-detailed
special boundary elements (SBE) that satisfy ACI 318-19 §18.10.6.4 for buildings assigned to
Seismic Design Category D, E, and F. Detailing requirements for SBEs have changed over the
years and are likely to keep change in the future; therefore, the UCLA-RCWalls database was
filtered using the following criteria to obtain a dataset of ACI 318-19 code- or nearly codecompliant walls. It is noted that the detailing criteria are less restrictive than the detailing
requirements of ACI 318-19 §18.10.6.4:
m) General criteria:
i. Flexure-controlled walls, i.e., Vn / V@ Mn > 1.0,
ii. Walls with different cross-sections were included (i.e., rectangular, barbell, H-shaped,
T-shaped, L-Shaped, or half-barbell),
iii. Walls tested under quasi-static, reversed cyclic loading,
iv. Tests were excluded if information on axial failure was not available in the database.
v. Walls with measured concrete compressive strength, f c' ≥ 3 ksi,
vi. Walls with ratio of measured tensile-to-yield strength for boundary longitudinal
reinforcement, fu f y ≥ 1.2, and
vii. Walls with web thickness, t w ≥ 3.5 in.,
n) Detailing criteria:
i. A minimum of two curtains of web vertical and horizontal reinforcement,
ii. Boundary longitudinal reinforcement ratio, ρl ,BE , ≥ 6 f c' (psi) / f y ,
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iii. Min ratio of provided-to-required (per ACI 318-19 §18.10.6.4) area of boundary
transverse reinforcement, Ash, provided Ash,required ≥ 0.7,
iv. Ratio of vertical spacing of boundary transverse reinforcement to minimum diameter of
longitudinal boundary reinforcement, s db < 8.0, and
v. Centerline distance between laterally supported boundary longitudinal bars, hx, between
1.0 in. and 9.0 in.

Based on the above selected filters, a total of 88 wall tests were identified. Histograms for various

( )

dataset parameters for the 88 tests are shown in Fig. 5-9, where P Ag f c' is the compressive axial
load normalized by the measured concrete compressive strength

( A ) , and
g

( f ) and gross concrete area
'
c

M Vlw is the ratio of base moment-to-base shear normalized by wall length ( lw ) . A

limit of 3 ksi was specified on f c' in accordance with requirements of ACI 318-19 §18.2.5 for
conforming seismic systems. At least two curtains of web reinforcement were specified to be
consistent with ACI 318-19 §18.10.2.2. Walls with t w less than 3.5 in. were not included because
use of two curtains of web reinforcement along with realistic concrete cover is not practical in such
thin walls. The limit on ratio fu f y is slightly less restrictive than the limit of 1.25 specified in
ACI 318-19 §20.2.2.5. The specified limits on s db ≤ 8.0 and Ash, provided Ash,required ≥ 0.7 are slightly
less restrictive than the current limits in ACI 318-19 §18.10.6.4 of 6.0 and 1.0, respectively. The
limit on ρ long ,BE was included to avoid brittle tension failures (Lu et al., 2016), based on what was
adopted in ACI 318-19 §18.10.2.4. ACI 318-19 §18.10.6.4e requires hx,max not exceeding the lesser
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of 14 in. or 2b/3; however, most of the tests in the database were conducted at less than full scale
(typically 25 to 50%). Therefore, hx,max for the wall tests should generally be between 3.5 to 7.0 in.
for the 14 in. limit. Based on the range of hx used to filter the data, 95% of the specimens have hx
≤ 6 in., which is reasonable, whereas the histogram for hx b presented in Fig. 5-9(l) indicates that
a majority of the tests have hx b < 3/4, which is only slightly higher than the current limit of hx b
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Fig. 5-9–Histograms of the dataset with 88 special, flexure-controlled walls.
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Ordinary Walls: Walls with detailing not conforming to Special Structural Wall provisions of
ACI 318-19 are common in older constructions designed prior to the establishment of detailing
requirements for Special Structural Walls, which were introduced in ACI 318-77 and were updated
significantly in ACI 318-83, 318-99, and 318-14. Additionally, the special detailing requirements
of ACI 318-19 are relaxed where wall displacements or force demands are low; however, if the
boundary longitudinal reinforcement ratio exceeds 400/fy (psi), modest detailing is required by ACI
318-19 §18.10.6.5 (introduced in ACI 318-99 in §21.6.6.5) to prevent bar buckling at smaller
deformation demands. These walls are sometimes referred to as walls with Ordinary Boundary
Elements, or OBEs (e.g., see NIST 2011). Based on these considerations, the following (a) general
and (b) detailing criteria were used to obtain a dataset of “Ordinary Walls”:
(a) General criteria:
i. Flexure-controlled walls, i.e., Vn / V@ Mn > 1.0,
ii. Walls with different cross-sections were included (i.e., rectangular, barbell, H-shaped, Tshaped, L-Shaped, or half-barbell),
iii. Walls tested under quasi-static, reversed cyclic loading, and
iv. Tests were excluded if information on axial failure was not available in the database.
(b) Detailing criteria:
i. Walls with one or more curtains of web vertical and horizontal reinforcement,
ii. Min ratio of provided-to-required (per ACI 318-19 §18.10.6.4) area of boundary
transverse reinforcement Ash, provided Ash,required < 0.7, and/or ratio of vertical spacing of
boundary transverse reinforcement to minimum diameter of longitudinal boundary
reinforcement, s db ≥ 8.0.
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Fig. 5-10–Histograms of the dataset with 68 ordinary, flexure-controlled walls.

5.3.4. Dataset of Shear-Controlled Walls
Similar to flexure-controlled wall, the UCLA-RCWalls database was filtered to obtain a subset of
shear-controlled wall or wall pier tests:
(a) Shear-controlled walls, i.e., Vn / V@ Mn ≤ 1.0,

127

(b) Walls with different cross-sections were included (i.e., rectangular, barbell, H-shaped, Tshaped, L-Shaped, or half-barbell),
(c) Walls tested under quasi-static, reversed cyclic loading, and
(d) Tests were excluded if information on axial failure was not available in the database.

It is noted that no detailing criteria were applied to the dataset. Based on the above selected
filters, a total of 53 wall tests were identified, which include a range of parameters (axial load
level, geometry, reinforcement), as shown in Fig. 5-11, where ρl and ρt are the web vertical and
horizontal reinforcement ratios, respectively, and f yt is tested yield strength of the web
horizontal reinforcement.
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Fig. 5-11–Histograms of the dataset of 53 shear-controlled wall/pier tests.

5.4.

Axial Failure of Flexure-Controlled Walls

5.4.1. Special Walls
Abdullah and Wallace (2019) studied the drift capacity at 20% lateral strength loss of flexurecontrolled walls with special boundary elements (SEBs) and found that drift capacity is primarily
a function of: (1) ratio of wall neutral axis depth-to-width of the flexural compression zone, c / b ,
where c is computed for an extreme fiber concrete compressive strain of 0.003, (2) ratio of the wall
length-to-width of the flexural compression zone, lw / b , (3) ratio of the maximum wall shear stress,

vmax /

f c' , and (4) the configuration of the boundary transverse reinforcement used, e.g., use of
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overlapping hoops versus a single perimeter hoop with intermediate crossties. They also found that
a combined slenderness parameter, λb = ( lw / b) ( c / b) = lwc / b2 , provides an efficient means to
account for the slenderness of the cross section ( lw / b) and the slenderness of the flexural
compression zone of the cross section ( c / b) . In addition to wall cross-section geometry, this
parameter, through depth of neutral axis (c), considers the impact of concrete and reinforcement
material strengths, axial load, and quantities and distributions of longitudinal reinforcement at the
wall boundaries and in the web (Wallace, 1994).
The reduced subset of 88 flexure-controlled special walls described in Fig. 5-9 was studied to
identify parameters that primarily influence lateral drift capacity at axial failure. The results
showed that, similar to drift capacity at 20% lateral strength loss, λb = lwc / b2 significantly
influences drift capacity at axial failure, with a correlation coefficient (R) of 0.70, as shown in Fig.
5-12, with drift capacity varying on average between 1.5 and 4.0% as λb reduces from 100 to zero.
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Fig. 5-12–Variation of0.06
wall drift capacity at axial failure versus λb for special walls.
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Additionally, although the axial load is included in the λb = lwc / b2 parameter through depth of
neutral axis, c, it was found that the level of axial load has a significant impact on post-strength
loss deformation capacity, as shown in Fig. 5-13. This is because, once strength degradation
initiates, the level of axial load accelerates the rate of deterioration such that walls with high
P / Ag f c′ have a steep post-peak slope on the backbone relation shown in Fig. 5-1, where little to

no additional deformation capacity beyond the Ultimate point is achieved prior to axial failure (i.e.,
no residual strength plateau). Insufficient data existed to evaluate the impact of using overlapping
hoops in the boundary elements, as opposed to a single perimeter hoop with crossties, on drift
capacity at axial failure. Segura and Wallace (2018a) reported that providing lateral restraint in the
form of crossties for the web longitudinal reinforcement in the plastic hinge region increased the
rotation capacity at axial failure; however, tests on walls with such detailing are rare and would
not allow statistical analysis. Further data are needed to help explain the role of detailing variables
(e.g., overlapping hoops versus a perimeter hoops with crossties in the boundary elements and
lateral restraint in the form of 135º-135º crossties in the web) and loading protocol (i.e., number
of cycles) on deformation capacity at axial failure.
Linear regression analyses performed on the dataset of 88 special walls, including λb and
P / Ag f c′ as predictor variables, resulted in the following predictive equation for mean drift

capacity at axial failure ( Δ a / hw ):
⎛ l c ⎞ ⎛
Δa
P ⎞
% ) = 4.10 − ⎜ w 2 ⎟ − ⎜ 2.5
(
⎟ ≥ 1.5%
hw
Ag f c' ⎠
⎝ 40b ⎠ ⎝
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(Eq. 5-3)
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5.4.2. Ordinary Walls
After studying the reduced dataset of ordinary walls (Fig. 5-10), it was found that, similar to special
walls, λb = lwc / b2 and P / Ag f c′ significantly influence drift capacity at axial failure. Fig. 5-15
shows the variation of drift capacity at axial failure as a function of λb = lwc b2 and P Ag f c' for the
dataset of 68 ordinary walls. The trends of Fig. 5-15 are generally similar to those of Fig. 5-13, with

two main differences. First, at low values of λb = lwc b2 , the drift capacity values of the ordinary
walls are lower than those of special walls by about 0.01 drift, which highlights the impact of
special detailing on the performance of structural walls. Second, the slope of the trends of Fig.
5-15 are steeper than those of Fig. 5-13. This is likely because an increase in value of λb = lwc b2
means an increase in compression demands, and having more compression demands in such walls
means faster deterioration of both lateral and axial strength due to lack of proper detailing to
restrain bar buckling and prevent concrete curushing.
Application of linear regression analyses for the dataset of 68 ordinary wall tests, including

λb = lwc b2 and P Ag f c' as variables that significantly impact lateral drift capacity, resulted in the
following predictive equation for drift capacity at axial failure:
⎛ l c ⎞ ⎛
Δa
P ⎞
% ) = 3.65 − ⎜ w 2 ⎟ − ⎜ 3.5
(
⎟ ≥ 0.8%
hw
Ag f c' ⎠
⎝ 30b ⎠ ⎝

(Eq. 5-4)

Comparison of predicted drift capacities from Eq. 5-4 with experimentally obtained drift capacities
at axial failure from the dataset of 68 ordinary walls results in a mean of 1.01 and COV of 0.20
(Fig. 5-16).
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Fig. 5-15–Variation of drift capacity at axial failure as a function of λb and P / Ag f c′ for
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Fig. 5-16–Comparison of predicted drift capacities (Eq. 5-4) with experimental drift capacities.

0

For walls with asymmetric cross-sections, such as T-shaped, L-shaped, and half-barbell crosssections (Fig. 5-17), the drift capacity should be evaluated for both directions of loading (i.e.,
flange/barbell in compression and web in compression), and the larger drift value should be
used to assess axial failure. This is because, for cases that result in a large b, e.g., where the
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20

4

barbell or flange of the wall is in compression (low λb ), drift capacity is relatively large
(Abdullah and Wallace, 2019). Additionally, it is unlikely that these walls lose axial load
capacity since tests observations have shown that, although the web experiences extensive
damage, the flange or the barbell remains mostly intact (unless it is subjected to a bi-directional
loading) and thus could carry the axial load (Fig. 5-18).

Fig. 5-17–Asymmetric wall cross-sections.

Fig. 5-18–Damage in walls tests with flanged and barbell shaped cross-sections.
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5.5.

Axial Failure of Shear-Controlled Walls and Piers

5.5.1. Shear Friction Model - Background
Research conducted by Elwood and Moehle (2005) suggested that the axial load-carrying capacity
of shear-controlled RC columns can be investigated using a shear friction model, where the axial
load supported by a column must be transferred across a diagonal crack through shear friction.
Wallace et al. (2008) extended the model by Elwood and Moehle (2005) to investigate the axial
failure of shear-controlled wall piers, where the critical crack is assumed to extend diagonally over
the clear height of the pier (Fig. 5-19), and the axial failure is assumed to result from sliding along
the critical crack plane when the shear friction demand exceeds the shear friction capacity. Using
vertical and horizontal equilibrium for the free body diagram in Fig. 5-19 and the classical shear
friction model of ACI 318 (i.e., Vsf = µN), they developed the following model for axial capacity
of shear-controlled walls and wall piers (Eq. 5-5). Further details of formulation of Eq. 5-5 can be
found in Wallace et al. (2008).
⎛A f h
⎞ ⎛ 1+ µ m tan θ ⎞
P = ⎜ st yt − Vr ⎟ ⎜
⎟
⎝ sv
⎠ ⎝ tan θ − µ m ⎠

(Eq. 5-5)

Where P is the axial load demand on the wall, Ast fyt is the force developed in the web horizontal
bars crossing the critical crack (Fig. 5-19), sv is the vertical spacing of the horizontal web bars, Vr
is the residual lateral shear resistance at the onset of axial failure, h is the height over which the
diagonal crack extends, θ is the angle of the critical crack relative to the horizontal plane, and µm
is the coefficient of friction which includes aggregate interlock and reinforcement dowel action.
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Fig. 5-19–Free body diagram of a cracked wall pier.

By rearranging Eq. 5-5, the coefficient of friction can be calculated as
Ast f yt h 1
V
+ r
sv tan θ tan θ
A f h
P
+ st yt − Vr
tan θ
sv

P−

µm =

(Eq. 5-6)

For columns, Elwood and Moehle (2005) and Wallace et al. (2008) were able to develop a
relationship between µm determined from Eq. 5-6 and observed drift capacity at axial failure based
on limited sets of test data of shear- and flexure-shear-controlled columns. The data revealed that

µm decreases as the drift ratio at axial failure increases, which makes sense, and that the relationship
can be captured by a linear fit in the form of Eq. 5-7:

⎛Δ ⎞
µm = C1 − C2 ⎜ a ⎟ ≥ 0
⎝ h⎠

(Eq. 5-7)

Where Δ a / h is the lateral drift ratio at axial failure, and the coefficients C1 and C2 define the
intercept (shear friction coefficient at zero drift ratio) and slope (reduction in shear friction
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coefficient due to increase in lateral drift) of the trend. Substitution of Eq. 5-7 into Eq. 5-5, and
rearranging, results in the following general expression for drift capacity at axial failure:

Δ a (1+ C1 tan θ ) + ( P / C3 ) ( C1 − tan θ )
=
hw
C2 ( P / C3 + tan θ )

(Eq. 5-8)

In which

C3 =

Ast f yt hw
sv

− Vr

(Eq. 5-9)

Due to the lack of experimental data of walls, Wallace et al. (2008) used results from Elwood and
Moehle (2005) and additional column test data to propose values for C1 and C2 (i.e., C1 = 1.6 and
C2 = 30 or 50). The proposed values produced relatively high estimates of lateral drift capacity at
axial failure, in the range of 0.03 to 0.10, for shear-controlled walls and wall piers, suggesting that
axial failure is unlikely. Therefore, the following section provides a more detailed assessment of
the model and its assumptions using experimental data of wall and pier tests described in Fig. 5-11.
5.5.2. Shear Friction Model – Calibration and Validation
In the following section, the experimental results from the dataset of shear-controlled walls
described in Fig. 5-11 are used to provide a more detailed assessment of the shear friction model,
particularly with respect to the relation used for shear friction versus lateral drift capacity, as well
as critical crack angle and residual lateral strength. The dataset includes 28 walls with diagonal
tension failure (with no flexural yielding), 17 walls with diagonal compression failure (or web
crushing with no flexural yielding), and eight walls with flexure-shear failures (flexural yielding
prior to diagonal shear failure), six of which are Japanese wing wall tests (i.e., large and generally
well detailed columns with thin wing walls on one or both side of the column, e.g., see Kabeyasawa
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et al., 2008). Walls that fail in sliding shear at the base typically have no or low axial loads and
low longitudinal reinforcement ratios, and they tend to slide along the shear plane at the base,
leading to sequential fracture of some of the longitudinal bars crossing the shear plane
(Ramarozatovo et al., 2016), while the wall portion above the shear plane remains relatively intact;
therefore, axial failure is unlikely. Therefore, axial failure of shear-friction-controlled walls is not
addressed in this study.
Review of the results of the dataset of 53 shear-controlled walls revealed the following three major
observations:
Critical diagonal crack: The critical diagonal crack generally extends diagonally over the clear
height of the wall or pier when aspect ratio (hw/lw) is equal to, or smaller than, 1.5 (i.e., crack angle
θ ≤ 56º), especially for diagonal tension-controlled walls, which is consistent with post-earthquake

reconnaissance observations [e.g., Fig. 5-20(a) and (b)]. However, for walls with hw/lw greater than
1.5, experimental evidence indicates that the critical crack extends diagonally over a height that is
approximately 1.5 times the wall length, i.e., θ ≈ 56º [e.g., Fig. 5-20(c) and (d)]. Therefore, the
critical crack angle is limited to be less than, or equal to, 56º.
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Fig. 5-20–Angle of critical diagonal shear cracks observed from experimental tests and
earthquake reconnaissance: (a) Pier tests by Massone (2006); (b) Five-story building in Dungshr,
Taiwan, after 1999 Chi-Chi Earthquake (Wallace et al., 2008); (c) Wall test by Flores (2007); (d)
Wall test by Bimschas (2010).

Residual lateral shear resistance (Vr): When axial failure occurs, the residual lateral shear
resistance (Vr) typically is close to zero (only three out of the 53 wall tests in the dataset showed
residual lateral strength, ranging from 10% to 30% of the nominal shear strength, Vn). Wallace et
al. (2008) performed sensitivity analyses to highlight the impact of residual lateral strength on drift
capacity at axial failure and observed that lateral drift ratios are reduced modestly where Vr is taken
as 0.2Vn, as opposed to no residual strength. Although in the results presented herein the residual
lateral resistance is taken as zero, consideration of residual shear strength of equal to 10 or 20% of
Vn for walls with low axial loads (e.g., < 0.05 Agf’c) would introduce a modest level of conservatism
in the results predicted using the shear friction model.
Coefficient of friction (µm): Similar to columns, µm calculated using Eq. 5-6 correlates well with

Δ a / h and failure mode. Fig. 5-21 presents the relationship between µm and the observed Δ a / h
for the different failure modes and Fig. 5-21(a) and Fig. 5-21(b) show linear and logarithmic trends
fitted to the data, respectively. Fig. 5-21(a) reveals that C1 is about 1.1 for walls with diagonal
tension and flexure-shear failure modes and 0.70 for walls with diagonal compression failure mode,
that the trends for the diagonal tensions- and compression-controlled walls have the same slope
(i.e., C2 = 40), and that the trend for the flexure-shear-controlled walls has a significantly smaller
slope (i.e., C2 = 8). Alternatively, the logarithmic trends shown in Fig. 5-21(b) can be used, which
result in higher shear friction coefficients at zero or near zero drift ratios. However, axial failure
at drift ratios smaller than 0.5% might be unlikely, as it is less than the lateral drift ratio
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corresponding to yield. Therefore, for ease of implementation of µm in Eq. 5-8, the shear friction
variables ( C1 and C2 ) associated with the linear trends are selected, as shown in Table 5-1. It
should be noted that relatively few tests are available to derive the relationship between µm and

Δ a / h for flexure-shear-controlled walls, and most of the test results are from tests of wing walls.
The resulting trend line shown in Fig. 5-21 for this case is very flat and would produce significant
estimates of drift capacity. This result is shown for completeness; however, the author does not
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recommend using this trend until additional data are available to sufficiently validate the model.

2.0

2.0

Walls Failed in Flexure-Diagonal Tension (7 Walls)
mm = 1.06 - 8.0(Da/hw)

Walls Failed in Diagonal Compression (17 Walls)
mm = 0.70 - 40(Da/hw)

1.0

0.0
(a)
0

0.06 0.08
al Da/hw

*

0.5

0.0
-0.5

Walls Failed in Diagonal Compression (17 Walls)
mm = -2.40 - 0.57ln(Da/hw)

1.0

*

0.5

Walls Failed in Diagonal Tension (28 Walls)
mm = -1.9 - 0.57ln(Da/hw)

1.5

Walls Failed in Diagonal Tension (28 Walls)
mm = 1.1 - 40(Da/hw)

1.5

Walls Failed in Flexure-Diagonal Tension (7 Walls)
mm = -0.14 - 0.27ln(Da/hw)

(b)
-0.5
0 0.015 0.03 0.045 0.06 0.075
0.015 0.03 0.045 0.06 0.075
Drift Capacity, Da/hw
Drift Capacity, Da/hw

hw = -0.0072ln(P/Agf'c) - 0.0023

agonal Compression (17 Walls)

hw = 0.0065ln(P/Agf'c) + 0.0003

Walls

0.4
0.6
d Ratio, P/(Agf'c)

Predicted Da/hw

agonal Tension (28 Walls)

0.03
0.02

Axial Collapse-Non-spiral

0.03
0.02

Table 5-1. Shear friction variable in Eq. 5-4
Expected failure modea

0.01

Mean = 1.00
STDV = 0.28
Diagonal
tension
COV = 0.28

0

0.8

Drift Capacity

Fig. 5-21–Shear friction relations derived from wall tests: (a) linear fits to data; (b) logarithmic
0.04
fits to data. (* the green diamond-shaped data point
is a wall with only
a slight
20% or Less
Strengthyielding
Loss-Spiral (19of
Walls)
0.04
xure-Diagonal Tension (7 Walls)
longitudinal bars)
Axial Collapse-Non-spiral (45 Walls)

0

Diagonal
0.01
0.02 compression
0.03 0.04
Experimental Da/hw
Flexure-shear

141

0.01

C1

C2

0.00

1.1

40

0 0.700.1
0.240 0.3
0.4
Axial Load Ratio, P/(Agf'c)
1.1

8

0.5

a

the limited data presented here suggests that shear-controlled walls
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The drift capacities (∆a/hw) predicted with Eq. 5-8 using the variables given in Table 5-1 are
compared with the experimental drift capacities of the 53-test dataset in Fig. 5-22. The mean of
ratios of predicted-to-experimental values, STDV, and COV are 1.00, 0.19, and 0.19, respectively,
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over the entire range of drift values, from roughly 0.005 to 0.70 drift.
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Fig. 5-22–Comparison of predicted drift capacities (Eq. 5-8) with experimental drift capacities.
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observed drift capacities at axial failure of the wall tests are plotted against
P / Ag f c' in Fig. 5-23,
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along with logarithmic trend lines fitted to the data. Trend lines shown in Fig. 5-23 for walls with
diagonal tension and compression failure modes are only slightly different, and there is a
significant scatter in the data for walls with flexure-shear failure modes. It is noted that there are
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Fig. 5-23–Drift capacity of shear-controlled walls as a function of P / Ag f c' .

An average logarithmic fit through the data results in the following predictive equation for ∆a/hw
of shear-controlled walls and piers (Eq. 5-10):

Δa
= −0.006ln P Ag fc'
hw

(
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)

(Eq. 5-10)
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Fig. 5-24–Comparison of predicted drift capacities (Eq. 5-10) with experimental drift capacities.
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Walls with Spirally Reinforced Columns

Use of walls with barbell shaped cross-sections (i.e., walls with a thin web and large columns at
boundary regions) was common in low- to medium-rise concrete buildings till late 1980s, where
the boundary columns were typically reinforced with spiral transverse reinforcement spaced at, or
smaller than, 3 in. center-to-center (Wang et al., 1975). Post-earthquake reconnaissance
observations (e.g., 1971 San Fernando earthquake) has revealed that columns reinforced with
closely spaced spiral reinforcement performed significantly better than columns with non-spiral
transverse reinforcement. Although test results of axial failure of walls with spirally reinforced
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boundary columns are not available in the database, it is plausible that such walls have greater drift
capacities than walls reinforced with non-spirally reinforced boundary columns or non-barbell
shaped walls, and that use of expressions proposed earlier for such walls might result in
conservative drift values for axial failure. Nonetheless, to provide some insight into performance
of these walls, the UCLA-RCWalls database was searched, and subsets of 11 and 19 flexure- and
shear-controlled wall tests were identified, respectively. As noted, one key limitation of these tests,
which were mostly conducted in 1990s or earlier, is that they are not tested to axial failure (and in
some cases, only modest lateral strength degradation).
5.6.1. Flexure-Controlled Walls
Review of test results and damage of the 11 flexure-controlled walls revealed that at lateral strength
loss the damage in most cases included concrete cover spalling of the boundary columns and
concrete crushing in the web next to the columns [Fig. 5-25(a)], and in rare cases bar fracture
(fatigue) and concrete crushing in the column cores. This is consistent with post-earthquake
reconnaissance observations of columns reinforced with closely spaced spirals (e.g., 1971 San
Fernando earthquake). Fig. 5-25(b) shows that the drift capacities at ~ 20% lateral strength loss of
these 11 wall tests, which ranges from 2.7 to 5.0% on average (green dots), are comparable with
the trends of Fig. 5-13 (i.e., drift capacities at axial failure of special walls with no spirally
reinforced columns). This is because the closely spaced spirals prevent early strength degradation
due to bar buckling and concrete core crushing. It is also noted that since the width of flexural
compression zone, b, is relatively large for these walls, λb for these 11 tests is equal, or smaller,
than 15. Abdullah and Wallace (2019) found that walls that have λb < 20 can exhibit moderate to
significant post-20% strength loss deformation capacity. Therefore, there is a potential for these
11 tests to develop moderate-to-significant additional drift capacities prior to axial failure.
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Fig. 5-25–Test results of flexure-controlled walls with spiral transverse reinforcement in the
boundary columns: (a) Damage of a wall tests by Wang et al. (1975) (b) Comparison of drift
capacity of walls with spirally- vs non-spirally reinforced columns.

5.6.2. Shear-Controlled Walls
For the 28 shear-controlled walls, the test results showed that the damage at lateral strength loss
generally includes crushing concrete in the thinner web and in some cases spalling concrete cover
of the columns, as seen in Fig. 5-26(a). However, the core of the boundary columns appears to be
mostly intact and can, therefore, resist axial load. After the web is crushed, it is possible that the
wall becomes flexible and can deform significantly before the columns fail in a sliding shear failure
mode along the crushed plane. Fig. 26(b) compares drift capacities of the 28 tests at either peak
strength or 20% lateral strength loss with drift capacities at axial failure of the walls shown in Fig.
5-23. This figure shows that it is plausible that walls with spirally reinforced columns have larger
drift capacities than those predicted by the shear friction or simplified model presented earlier.
Furthermore, tests results reported by Nakachi et al. (1992) revealed that providing confinement
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in the form of crossties or closed hoops in the web of barbell-shaped walls results in significantly
increased drift capacity.

Fig. 5-26–Test results of shear-controlled walls with spiral transverse reinforcement in the
boundary columns: (a) Damage of a wall tests by Kabeyasawa and Matsumoto (1992), and (b)
Comparison of drift capacity of walls with spirally- vs non-spirally reinforced columns.

5.7.

Conclusions and Recommendations

A comprehensive wall database, UCLA-RCWalls, that includes detailed information on more than
1100 tests reported in the literature was utilized to develop an approach to determine the expected
failure mode for RC structural walls and study axial failure of shear- and flexure-controlled walls.
Based on the findings of this study, the following conclusions and recommendations are made:
1. Analysis of reported failure modes of about 1000 wall tests indicated that the flexure- and
shear-controlled walls have a shear-to-flexure strength ratio (Vn/V@Mn) > 1.0 and < 1.0,
respectively, whereas walls with failure modes reported as flexure-shear are mainly scattered
between 0.7 < Vn/V@Mn < 1.3.
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2. Displacement capacity at axial failure of flexure-controlled special structural walls that
generally satisfy the detailing requirements of ACI 318-14, §18.10.6.4, is primarily a function
of λb = lwc / b2 and P / Ag f c' . Depending on these variables, the lateral drift capacity can be as
low as 1.2% and as high as 5.0%. Although the axial load is indirectly included in the

λb = lwc / b2 parameter through depth of neutral axis, c, it was found that the level of axial load
has a significant impact on post-lateral strength loss deformation capacity. This is because,
once strength degradation initiates, the level of axial load accelerates the rate of deterioration
such that walls with high P / Ag f c′ have a steep post-peak slope on the backbone relation,
where little to no additional deformation capacity beyond the deformation at initiation of lateral
strength loss is achieved prior to axial failure (i.e., no residual strength plateau), which is
consistent with observations from column tests.
3. Similar to special walls, it was found that λb = lwc / b2 and P / Ag f c′ significantly influenced
drift capacity at axial failure for flexure-controlled ordinary walls. At low values of

λb = lwc b2 , the drift capacity values of the ordinary walls are lower than those of special
walls by about 0.01 drift, which highlights the impact of special detailing on the performance
of structural walls.
4. Drift capacity equations that depends on λb = lwc / b2 and P / Ag f c′ were developed to predicts
the lateral drift capacity of flexure-controlled walls with special and ordinary detailing, with
mean and coefficient of variation of approximately 1.0 and 0.20, respectively.
5. For flexure-controlled walls with asymmetric cross-sections such as T-shaped, L-shaped, and
half-barbell cross-sections, drift capacity at axial failure is controlled by the case where the
barbell or flange of the wall is in compression (low λb ). Additionally, it is unlikely that these
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walls lose axial load capacity since tests observations have shown that, although the web
experiences extensive damage, the flange or the barbell remains mostly intact (unless it is
subjected to a bi-directional loading) and thus could carry the axial load.
6. Further data are needed to help explain the role of detailing variables (e.g., overlapping hoops
versus a perimeter hoops with crossties in the boundary elements and lateral restraint in the
form of 135º-135º crossties in the web) and loading protocol (i.e., number of cycles) on
deformation capacity at axial failure for flexure-controlled walls.
7. Review of the results of the dataset of 53 shear-controlled walls revealed that the critical
diagonal crack generally extends diagonally over the clear height of the wall or pier when
hw/lw≤ 1.5 (i.e., crack angle θ ≤ 56º), which is consistent with post-earthquake reconnaissance
observations. However, for walls with hw/lw greater than 1.5, experimental evidence indicates
the critical crack angle be limited to ≤ 56º.
8. Similar to columns, coefficient of friction (µm) calculated using Eq. 5-6 correlates well with
drift capacity at axial failure ( Δ a / h ) and failure mode. Results from the dataset of 53 shearcontrolled walls were used to derive relations between µm and Δ a / h for walls controlled by
diagonal tension or compression to use in the shear friction model developed by Wallace et al.
(2008). Relatively few tests were available to derive the relationship between µm and Δ a / h
for flexure-shear-controlled walls, and most of the test results were from tests of wing walls.
The resulting trend line shown in Fig. 5-21 for this case is very flat and would produce
significant estimates of drift capacity. This result is shown for completeness; however, the
authors do not recommend using this trend until additional data are available to sufficiently
validate the model.
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9. Although the results presented in this study for shear-controlled walls indicated that when axial
failure occurs, the residual lateral shear resistance typically is close to zero, consideration of
residual shear strength of equal to 10 or 20% of nominal shear strength for walls with low axial
loads (e.g., < 0.05Agf’c) would introduce a modest level of conservatism in the results predicted
using the shear friction model.
10. Lastly, given that the study is based on test results for individual walls, the predictive
expressions do not take into account the impact of gravity load redistribution and torsional
irregularity on potential for axial failure of the wall and the building. The lack of test data on
complete buildings, either laboratory or in earthquakes, limits these studies.
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CHAPTER 6. Structural Wall Classification Based Failure Mode
6.1.

Abstract

The shear and flexural behaviors of a reinforced concrete (RC) structural wall are accounted for in
a lumped plasticity model using shear (translational) and flexural (rotational) springs, respectively.
In a nonlinear analysis, these springs will exhibit either linear or nonlinear behavior depending on
the dominant wall behavior mode. Therefore, it is important to quantitatively distinguish between
flexure-controlled (generally slender) walls and shear-controlled (generally low-rise or squat)
walls/piers. ASCE 41-17 Tables 10-19 and 10-20 (Structural wall tables) include “components
controlled by flexure” and “components controlled by shear” in the table captions, but the standard
does not provide the user with an approach to determine whether a wall is controlled by flexure or
shear. The commentary of ASCE 41-17 (C10.7.1) defines slender and squat walls as walls with
aspect ratio (hw/lw) ≥ 3.0 and ≤ 1.5, respectively, and walls with intermediate aspect ratios are
defined as flexure-shear-controlled walls. However, the results presented show that shear span
ratio (heff/lw), which is similar to hw/lw, is not a good indicator of the expected wall dominant
behavior and failure mode. Therefore, an approach, which is based on the shear-to-flexure strength
ratio (VyE/V@MyE), is proposed using results from a large database, known as UCLA-RCWalls
database. The proposed approach accurately captures the predominant behavior and failure mode
of walls.

6.2.

Background of ASCE 41-17 / ACI 369-17 Methodology

In ASCE 41-17 (§ 7.5.1.2) and ACI 369-17 (§7.2.4.1) Standards, both shear and flexure actions in
RC structural walls are treated as deformation-controlled actions, with acceptance criteria
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tabulated for linear approaches (deformation-based m factors) and nonlinear approaches (plastic
hinge rotations). Other actions, such as axial, shear sliding, as well as shear in walls with a
transverse reinforcement ratio < 0.0015 (ASCE 41-17 § 10.7.2.3) and flexure in walls where the
cracking moment strength exceeds the yield strength (ASCE 41-17 § 10.7.2.3), are currently
treated as force-controlled actions, unless component testing is performed to demonstrate
otherwise. The approach presented herein for wall classification based on expected dominant
behavior (shear or flexure) and failure mode does not result in changes to the modeling parameters
for force and deformation-controlled actions.
ASCE 41-17 §7.5.1.3 also explicitly denotes whether to use expected or lower-bound strengths
based on whether an action is classified as deformation- or force-controlled. For evaluating the
behavior of deformation-controlled actions, expected strength is used, whereas for evaluating the
behavior of force-controlled actions, a lower bound estimate of strength is used. Because wall
shear and flexure actions are generally treated as deformation-controlled actions, the proposed
classification is based on tested (expected) material strengths. The ASCE 41-17 and ACI 369-17
standards use the notation of MyE to denote wall nominal moment strength associated with expected
material properties obtained consistent with ACI 318-14 approach for Mn, using expected material
strengths. The notations MyE and cE, which imply the use of expected material properties, are used
hereafter instead of the ACI 318-14 notation for nominal moment strength, Mn, and the associated
depth of neutral axis, c, respectively.

6.3.

Wall Database–UCLA-RCWalls

The database currently contains detailed information and test results on more than 1000 wall tests
reported in the literature (Abdullah and Wallace, 2018). The database includes three major clusters
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of data: 1) detailed information about the test specimen and loading protocols, 2) test results, e.g.,
backbone relations and failure modes; and 3) computed data, e.g., moment-curvature relationships
and wall shear strength parameters.
The reported failure modes are classified in the database as either flexure failure modes, i.e., bar
buckling and concrete crushing, bar fracture, or global or local lateral instability (Fig. 6-1), shear
failure modes, i.e., diagonal tension, diagonal compression (web crushing), or shear sliding at the
base (Fig. 6-2), flexure-shear failure modes, i.e., yielding in flexure prior to failing in one of the
shear failure modes (Fig. 6-3), and lap-splice failure mode. Wall not tested to some level of lateral
strength loss are flagged as “not tested to failure”. The authors did their best to validate that the
reported failure mode was consistent with the observed wall response and damage before recording
that information in the database.

(a)

(b)

(c)

Fig. 6-1–Wall flexural failure modes: (a) bar buckling and concrete crushing (Thomsen and
Wallace, 1995), (b) bar fracture (Dazio et al., 2009), and (c) lateral instability (Thomsen and
Wallace, 1995).
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(a)

(b)

(c)

Fig. 6-2–Wall shear failure modes: (a) diagonal tension (Mestyanek, 1986), (b) diagonal
compression (Dabbagh, 2005), and (c) shear-sliding (Luna, 2015).

(a)

(b)

(c)

Fig. 6-3–Wall flexure-shear failure modes: (a) flexure-diagonal tension (Tran, 2012), (b) flexurediagonal compression (Oesterle et al., 1976), and (c) flexure-shear-sliding (Salonikios et al.,
1999).

Furthermore, the database contains computed data for both flexural and shear responses.
Analytical moment-curvature ( M − φ ) analysis was performed for each wall test using tested
material properties and the sustained axial load if present, and assuming 1) linear strain gradient
(plane sections), 2) compressive stress-strain behavior for unconfined concrete given by
Hognestad (1951) in Fig. 6-4(a), and 3) steel stress-strain relationship given in Fig. 6-4(b), where

ey, esh, and eu are steel strains at yield, initiation of strain hardening, and peak strength, respectively.
Although the moment-curvature response of each wall is available in a spreadsheet, values of
nominal moment strength (Mn) and depth of neutral axis (c) at concrete compressive strain of 0.003
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is in compression. Nonetheless, a 3% increase in MyE due to strain hardening of longitudinal
reinforcement is negligible for seismic retrofit and could be ignored.
The wall shear demand corresponding to the development of yield moment strength (MyE) is
computed based on the shear-span-ratio (SSR) used in the tests, as follows:

V@ M =
yE

M yE
SSR × lw

(Eq. 6-1)

Where lw is the total length of the wall.

Fig. 6-5–Impact of strain hardening of longitudinal reinforcement at concrete compressive strain
of 0.003 on: (a) yield moment strength (MyE), and (b) depth of neutral axis (c)–results from 200
walls.

The database also includes the following strengths computed using tested material properties:
1. Shear strength at failure of diagonal tension or compression strut, VyE,d
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The wall shear strength corresponding to the strength associated with diagonal tension or
compression strut (VyE,d) is computed from Eq. 6-2 (ACI 318-14 Equation 18.10.4.1 without
restrictions on spacing, reinforcement ratio, and the number of curtains of reinforcement):

(

V yE ,d = Acv α c

)

f cE' + ρt f ytE ≤ 10 Acv

f cE'

(Eq. 6-2)

Where Acv is the gross area of concrete section bounded by web thickness and wall length (Acv=
twlw), f’cE is the tested concrete compressive strength, ρt is the web transverse (horizontal)
reinforcement ratio, fytE is the tested yield strength of the web transverse reinforcement, and αc is
a coefficient that depends on hw/lw of the wall. However, walls are generally tested as cantilevers
with a single lateral load applied at the top of the wall (with or without axial load) or as panel or
partial height walls under a combined effects of lateral load(s), axial load, and bending moment at
the top of the panel, and thus hw/lw is not always a relevant parameter. Therefore, the test shearspan-ratio, SSR, (M/Vlw or heff/lw) was used instead, where αc is taken as 3.0 for M/Vlw ≤ 1.5, as 2.0
for M/Vlw ≥ 2.0, and varies linearly between 3.0 and 2.0 for M/Vlw between 1.5 and 2.0.
2. Shear friction strength at the base, VyE,f
The wall shear strength corresponding to the shear friction strength at the wall-foundation interface
(VyE,f) is computed from Eq. 6-3 (ACI 318-14 Equation 22.9.4.2) including the impact of sustained
axial load (ACI 318-14 §22.9.4.5):

(

)

V yE , f = µ Avf f ylE + P ≤ 0.2 f cE' Ac

(Eq. 6-3)

Where Avf is the area of all reinforcement crossing the wall-foundation interface, fylE is the tested
yield strength of the reinforcement crossing the wall-foundation interface, μ is the coefficient of
friction and is taken as 0.6 in accordance with ACI 318-14 Table 22.9.4.2, Ac is the area of concrete
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section resisting shear transfer, and P is the sustained axial load applied during the experiment. It
is noted that the upper limit of 800Ac given in ACI 318-14 §22.9.4.4 for Eq. 6-3 was not considered,
as it was found to under predict wall shear friction strength, especially for walls with high strength
concrete. The same conclusion is reported by Mattock (2001), who also proposed a model that
performs well for walls with high strength concrete.

6.4.

Discussion of Wall Failure Mode Classification in Database

The database was filtered to obtain a dataset of approximately 1000 wall tests with reported flexure,
shear, or flexure-shear failure modes (i.e., basically all the walls in the database except those that
failed due to inadequate lap-splice of longitudinal reinforcement and walls that were not tested to
failure or some significant (> ~10%) degree of lateral strength degradation). Fig. 6-6 presents
histograms of wall attributes associated with the dataset.
The results obtained using the 1000 wall dataset are presented in Fig. 6-7 for each reported failure
mode separately and in Fig. 6-8 for the entire dataset, where VyE is the least shear strength
computed from Eq. 6-2 and Eq. 6-3, and V@test is the peak wall shear obtained during the test.
From these figures, it can be seen that almost all flexure- and shear-controlled walls have a shearto-flexure strength ratio (VyE/V@MyE) > 1.0 (Fig. 6-7(a)) and < 1.0 (Fig. 6-7(b) and (c)), respectively.
Walls with failure modes reported as flexure-shear are mainly scattered between 0.7 < VyE/V@MyE
< 1.3 (Fig. 6-7(d)). The flexure-shear-controlled walls with VyE/V@MyE < 1.0 generally have limited
flexural nonlinearity (i.e., barely experiencing first yield of longitudinal reinforcement) and,
therefore, could realistically be classified as shear-controlled walls. On the other hand, for the
flexure-shear-controlled walls with VyE/V@MyE > 1.0, the behavior is initially governed by flexural
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cracking and yielding similar to flexure-controlled walls because VyE is initially greater than V@MyE,
but the wall shear strength gradually reduces, as the wall is cycled through large nonlinear
displacements, until it drops below V@MyE, and then the wall fails in shear. Depending on the level
of shear and flexural demands, these walls could exhibit drift capacities comparable to those of
flexure-controlled walls. Fig. 6-8 also reveals that the ratio V@Mult /V@MyE for the flexure-controlled
walls is approximately 1.15.

Fig. 6-6–Histograms of wall tests in the UCLA-RCWalls database.
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A rearranged presentation of the results is given in Fig. 6-9, where the Y-axis is the shear friction
strength computed from Eq. 6-3 (VyE,f) normalized by the diagonal shear strength from Eq. 6-2
(VyE,d). It can be seen that the data are divided between three regions: 1) blue region: flexurecontrolled walls with VyE/V@MyE > 1.0, 2) red region: diagonal shear-controlled walls (due to failure
of diagonal tension or compression strut) with VyE/V@MyE ≤ 1.0 and VyE,f/VyE,d ≥ 1.0, and 3) yellow
region: sliding shear-controlled walls with VyE/V@MyE ≤ 1.0 and VyE,f/VyE,d < 1.0.

Fig. 6-7–Wall failure modes results from a dataset of 1000 wall tests: failure modes separated.
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Fig. 6-8–Wall failure modes results from a dataset of 1000 wall tests: failure modes combined.

Fig. 6-9–Wall classification: blue region = flexure-controlled, red region= shear-controlled
(diagonal tension or compression), and yellow region= shear sliding at the base.
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Fig. 6-10 shows the distribution of failure modes of the walls in the dataset versus test shear-spanratio (M/Vlw or heff/lw) and VyE/V@MyE, reveals that M/Vlw, which is closely related to aspect ratio
(hw/lw), is not as good of an indicator of wall dominant behavior and failure mode; therefore, it is
proposed to use VyE/V@MyE as a criterion to classify walls based on expected dominant behavior
and failure mode. However, this figure also shows that walls with M/Vlw ≥ 3.0 and < 1.0 fail in
flexure and shear failure modes, respectively.

Fig. 6-10–Variation of wall failure mode versus shear-span-ratio and shear-flexure strength ratio.

6.5.

Proposed Wall Classification Approach

Results presented in the preceding section indicate that walls can be classified as shear- or flexurecontrolled walls based on their shear-to-flexure strength ratio. However, for an actual building
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(versus a laboratory test), the distribution of lateral forces along the height of the building (wall)
needs to be known to enable calculation of the shear demands (i.e., V@MyE and V@Mult). Linear
analysis approaches of ASCE 7-16 (i.e., ELF in §12.8 and RSA and LRHA in §12.9) or ASCE 4117 (i.e., LDP in §7.4.2) could be used to determine the effective height of the wall (heff), from
which V@MyE and V@Mult are calculated as MyE/heff and Mult/heff, respectively. This approach does
not account for the dynamic amplification of wall shear demands due to higher mode responses of
a wall that develops its flexural strength. Currently, ASCE 41-17 §10.7.2.4 and ACI 369-17
§7.2.4.1 allow use of a simplified approach where linear analysis approaches are used to account
for the impact of higher mode responses on the shear demand by assuming uniform distribution of
lateral forces over the height of the wall (i.e., heff is one-half of the total wall height, hw).
Research has shown that dynamic shear amplification is strongly correlated with building period,
which is a function of building height. Therefore, the following simplified dynamic shear
amplification factor (wv) computed from Eq. 6-4 is proposed to amplify V@MyE and V@Mult. This
approach, which is aligned with the approaches in New Zealand and Canadian codes (NZS 31012006 and CSA A23.3-2014, respectively), has been adopted in ACI 318-19 in §18.10.3.

ns
for ns ≤ 6
10
n
ω v = 1.3+ s for ns > 6
30

ω v = 0.9 +

(Eq. 6-4)

Where 𝑛" is the number of stories above the critical section and should not be taken less than 0.007
times the wall height above the critical section (hwcs) measured in inches. This limit is imposed on
ns to account for buildings with large story heights (i.e., >12 ft. (144 in.)). Dynamic shear
amplification is not significant in walls with hw/lw < 2.0.
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It is noted that this new provision in ACI 318-19 also includes shear amplification due to moment
overstrength. However, since the expected material strengths are used to compute MyE, and MyE is
amplified to obtain Mult, the moment overstrength amplification factor is not considered here.
Based on the results presented above, the approach given in Table 6-1 is proposed to distinguish
between flexure- and shear-controlled walls. It is noted that to ensure pure flexural behavior (i.e.,
shear yielding does not occur following flexural yielding), the ratio VyE/(wvV@MyE) was selected to
be equal to and greater than 1.15 (i.e., VyE/(wvV@Mult) ≥ 1.0). To use Table 6-1, the user needs to
estimate the shear demands at the wall critical section using either linear static or linear dynamic
analysis approach, amplify the estimated shear demands to account for the effects of higher modes
on shear demands, if applicable, and then compare these demands to the wall shear strength to
determine the expected dominant behavior. According to the expected dominant behavior, wall
nonlinearity can be modeled using the applicable modeling parameters.

Table 6-1–Criteria for determining the expected wall dominant behavior
Criterion

V yE
wvV@ M

Expected Dominant Behavior
V yE ,d ≤ V yE , f

Diagonal shear -controlled

V yE ,d > V yE , f

Sliding shear-controlled

< 1.15
yE

V yE
wvV@ M

≥ 1.15

Flexure-controlled

yE

Note: VyE is the least of VyE,d and VyE,f per Eq. 6-2 and Eq. 6-3, respectively, and wv is
computed from Eq. 6-4.
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6.6.

Summary and Conclusions

This study involves developing an approach to quantitatively distinguish between flexurecontrolled (generally slender) walls and shear-controlled (generally low-rise or squat) walls/piers
using the experimental results included in the UCLA-RCWalls databse. ASCE 41-17 standard
does not provide the user with an approach to determine whether a wall is controlled by flexure or
shear. The commentary of ASCE 41-17 (C10.7.1) defines slender and squat walls as walls with
aspect ratio (hw/lw) ≥ 3.0 and ≤ 1.5, respectively, and walls with intermediate aspect ratios are
defined as flexure-shear-controlled walls. However, results from a dataset of about 1000 wall tests
indicated that shear span ratio at (heff/lw), which is similar to aspect ratio (hw/lw) for cantilever walls,
is not a good indicator of the expected wall dominant behavior and failure mode. Based on the
results of about 1000 wall tests, an approach, which is based on the shear-to-flexure strength ratio
(VyE/V@MyE), is proposed, which accurately captures the predominant behavior and failure mode of
walls.
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CHAPTER 7. Stiffness of Flexure-Controlled RC Structural Walls
7.1.

Abstract

Current requirements of ACI 369-17 §7.2.2 allow “cracked” effective flexural stiffness (EcEIeff) of
RC structural walls to be calculated in accordance with Table 5 of the standard, which is 35% of
the gross flexural stiffness (0.35EcEIg). However, use of a constant value does not adequately
consider variables that influence wall effective flexural stiffness. Also, ACI 369-17 §7.2.2 requires
that shear response in flexure-controlled walls be modeled using 100% of the gross “uncracked”
shear stiffness (0.4EcEAw), which research has shown that significantly overestimates effective
shear stiffness. As an alternative to the use of §7.2.2 Table 5, ACI 369-17 C7.2.2 provides
additional guidance on modeling wall flexural stiffness for fiber-section and lumped-plasticity
modeling approaches, which are based on moment-curvature analysis of the wall cross-section
with and without consideration of the effect of bond slip of the wall longitudinal reinforcement
anchored in the foundation. However, these recommendations have only been verified using a
limited set of test results. Furthermore, there is currently no explicit provision in ACI 369-17 to
estimate “uncracked” wall flexural stiffness for cases where little to no cracking is expected. For
such cases, ACI 369.1-17 C7.2.2 allows the licensed design professional to use an iterative
approach to obtain a more accurate estimate of the wall flexural stiffness. Therefore, the objectives
of this study are to: 1) evaluate the wall stiffness provisions and recommendations of ACI 369-17
§7.2.2 and C7.2.2, and 2) develop provisions and recommendations for appropriate flexural and
shear stiffness values that account for the effect of various parameters using results from a large
database of RC structural walls.
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7.2.

Wall Database

To accomplish the aforementioned objectives, a comprehensive database of RC wall tests (called
UCLA-RCWalls) is utilized (Abdullah and Wallace, 2018a and 2018b), which includes data from
more than 1000 wall tests reported in the literature. The database includes three major clusters of
data: 1) detailed information about the test specimen and loading, i.e., wall cross-section, web
reinforcement, parameterized information of boundary transverse reinforcement, and material
properties, loading protocol; 2) test results, e.g., backbone relations, key damage details, and
failure modes; and 3) analytically computed data, such as moment-curvature relationships and wall
shear strength according to ACI 318-14.
Fig. 7-1shows a typical backbone curve for base shear versus total top displacement (flexural,
shear, and bar slip/extension deformation). The cracking point represents the state at which
horizontal flexural cracks are first observed in the test. The cracking load and displacement is
contained in the database for the majority of the tests based on information reported by the authors
who performed the tests. However, in cases where this information is not reported, attempts were
made to visually identify the cracking point on the load-displacement curve (i.e., a significant
change in stiffness). If this was not possible, the cracking information was left blank in the database.
The general yield point is defined as the point where the hysteretic loops (or the response curve in
case of monotonic loading) begin to abruptly lose stiffness, as shown in Fig. 7-1. The value in the
database was visually identified. It should be noted that this point does not necessarily correspond
to first yielding of longitudinal bars, but rather is associated with yielding of most of the
longitudinal bars in the boundary region for tension-yielding walls or onset of concrete
nonlinearity for compression-yielding walls. Peak is the point at which the maximum lateral
strength occurred. Ultimate (or deformation capacity) is defined as the deformation at which lateral
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strength degraded by 20% in the first cycle from the peak. Residual and Collapse points are defined
as the state at which the wall reaches its residual strength (if any) and loses its axial load-carrying
capacity, respectively. The majority of the tests, especially earlier tests, do not have Residual and
Collapse points due to termination of the tests before reaching residual strength and axial collapse.

Fig. 7-1–Typical backbone curve for base shear versus total top displacement in UCLA-RCWalls
database.

For the purpose of this study, the UCLA-RCWalls database was filtered to obtain a subset of
wall tests that satisfied the following requirements:
(a) Flexure-controlled walls (i.e., shear-to-flexure strength ratio, VyE/V@MyE ≥ 1.15),
(b) Walls tested under quasi-static, monotonic or cyclic loading (in-plane or bi-directional),
(c) Walls containing one or two curtains of web reinforcement,
(d) Walls with conforming or non-conforming detailing, and
(e) Walls with different cross-sections (i.e., rectangular, barbell, I-shaped, T-shaped, LShaped, or half-bar bell).
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Based on the selected filters, a total of 527 wall tests were identified. Histograms for various
dataset parameters are shown in Fig. 7-2, where P/Agf’c is the sustained axial load applied during
the experiment normalized by tested concrete compressive strength (f'c) and gross concrete area
(Ag), M/(Vlw) is the ratio of base moment-to-base shear used in the test normalized by wall length
(lw), rl,BE and rl,web are the longitudinal reinforcement ratios in the boundary elements and the web,
respectively, fy,BE is the tested yield strength of the boundary longitudinal reinforcement, tw is the
wall web thickness, and b is the width of flexural compression zone. Walls tested under monotonic
or bidirectional loading are included because it is assumed that the loading protocol does not have
a significant influence on the wall behavior up to yielding. Nonetheless, walls tested under
monotonic and bidirectional loading constitute only 6% and 2.5% of the walls in the dataset of 527
walls, as shown in Fig. 7-2(l).
Due to the lack of information on first flexural cracking, a total of 132 of the 527 wall tests were
excluded from the uncracked stiffness scope, leaving 395 tests.
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Fig. 7-2–Histograms of the dataset (527 wall tests).

In the results presented here, the flexural stiffness values are normalized by gross section flexural
stiffness (EcIg), in which Young’s modulus of concrete (Ec) is computed from Eq. 7-1 (ACI 31814 Equation 19.2.2.1a) for normal strength concrete (NSC) and Eq. 7-2 (ACI 363R-10) for high
strength concrete (HSC). ACI CT-13 defines high strength concrete as concrete that has a specified
compressive strength of 8000 psi or greater. However, Eq. 7-1 is intended to only be used for
concrete compressive strength up to 6000 psi. Therefore, the break point between normal and high
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strength concrete was adopted as 6000 psi for the purpose of calculating Ec using tested f’c. Ig is
the gross section moment of inertia, for which presence of reinforcement in the cross-sections is
ignored, consistent with the Ig definition given in ACI 369-17.

(

Ec = wc1.5 33 f c' psi = wc1.5 0.043 f c' MPa

(

)

Normal strength concrete

(Eq. 7-1)

)

Ec = 40000 f c' psi + 106 = 3320 f c' MPa + 6900 High-strength concrete (Eq. 7-2)

Where wc is unit weight of concrete, assumed to be equal to 150 pcf (24 kN/m3) and 120 pcf
(19.2 kN/m3) for normal weight and light weight concrete, respectively.

7.3.

Derivation of Wall Stiffnesses from Data in the Database

In this study, uncracked and effective “cracked” flexural stiffnesses of the walls in the dataset are
derived from the experimental backbone curves, with some approximations and assumptions, as
discussed below:
7.3.1. Uncracked Flexural Stiffness
Not to be confused with the gross sectional stiffness, the uncracked “or initial” stiffness (Kuncr) is
defined as the slope of the backbone curve from origin to a point at which flexural cracking is first
observed (reported). However, the deformation at cracking point shown in Fig. 7-1 includes shear
deformation (dcr,s). Therefore, the dcr,s corresponding to the base shear at flexural cracking was
analytically computed using Eq. 7-3 (assuming no shear cracking at this loading stage and thus
using the gross shear stiffness, GgAcv) and is subtracted from the total experimental cracking
deformation (dcr,t) to obtain the cracking flexural deformation (dcr,f) using Eq. 7-4 (Fig. 7-3):
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δ cr ,s =

Vcr hw f
Acv Gg

δ cr , f = δ cr ,t − δ cr ,s

(Eq. 7-3)

(Eq. 7-4)

Where Vcr is the base shear corresponding to cracking moment of the wall (experimental), hw is
the wall height, Acv is the shear resisting (web) area of the wall (=lwtw), Gg is the gross shear
modulus taken as 0.4Ec, Ec is the concrete Young’s modulus computed from Eq. 7-1 or Eq. 7-2
using tested f’c, and f is a shape factor allowing the non-uniform distribution of shear stresses in
the cross-section and is taken as 1.2 for rectangular sections and 1.0 for flanged or barbell-shaped
sections.
The uncracked flexural stiffness (EcIuncr) is then computed as follows, for a cantilever wall (Eq. 75), as an example:

Ec I uncr =

Vcr hw3
3δ cr , f

Fig. 7-3–Definition of uncracked flexural stiffness.
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(Eq. 7-5)

7.3.2. Effective “Cracked” Flexural Stiffness
The effective “cracked” stiffness (Ke) of concrete elements is typically defined as the slope of a
straight line, passing through origin and a point on the experimental backbone curve at which first
yielding of longitudinal reinforcement or the onset of concrete nonlinearity (i.e., maximum
extreme fiber concrete compressive strain of 0.002) occurs, whichever is reached first. This is
consistent with the definition of wall effective flexural stiffness given in ACI 369-17. However,
as noted earlier, UCLA-RCWalls database contains total displacement and base shear at general
yield (dy,g, Vy,g), which is defined as the point where the hysteretic loops (or the response curve in
case of monotonic loading) begin to abruptly lose stiffness, as shown in Fig. 7-3. Therefore, the
general yield does not correspond to first yielding of longitudinal bars, but rather to yielding of
most of the longitudinal bars at the boundary region in tension. Furthermore, the general yield
displacement includes shear deformation. To account for these limitations, the following two
simplifications were made:
1) The shear deformation (dy,s) corresponding to the base shear at general yield are subtracted
from the total deformation at general yield (dy,g) using Eq. 7-6 to obtain the flexural
deformations (dy,f) (curvature and bar slip/extension deformations):
δ y, f = δ y,g − δ y,s

(Eq. 7-6)

Where dy,s is analytically approximated using Eq. 7-7, with an effective shear modulus of Gg/3
for all tests. This value was selected based on test results of 64 flexure-controlled walls for
which the base shear-shear displacement backbones were available in the database. This 64wall dataset was used to develop an effective shear modulus of Gg/3 for shear-cracked flexurecontrolled walls, as discussed later.
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δ y,s =

V y,g hw f

(

)

Acv Gg / 3

(Eq. 7-7)

Fig. 7-4 shows the contribution of shear deformation to total deformation at general yield
against normalized shear stress at general yield and test shear span ration (M/Vlw), which
indicates that shear displacement increases with increase in shear stress and with decrease in
shear span ratio. This figure also shows that shear displacement contribution to total yield
displacement ranges from 4% to 25% on average, which is reasonable for flexure-controlled
walls.

Fig. 7-4–Contribution of shear deformation to total deformation at general yield.

2) The flexural displacements at general yield (dy,f) are reduced by 30% to approximately obtain
effective stiffness (Ke) corresponding to first yield, as illustrated in Fig. 7-5. This
approximation was verified against a subset of 20 wall tests for which the load and deformation
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at first yield of longitudinal reinforcement was available (i.e., first yield identified from strain
gage readings installed on longitudinal bars). Sensitivity of the results to higher and lower
reduction factors was considered and found to be limited, as discussed later. Therefore, the
effective flexural stiffness (EcIeff) is computed as follows for cantilever walls (Eq. 7-8), as an
example:
Ec I eff =

V y,g hw3

(

3 0.7δ y, f

)

(Eq. 7-8)

Fig. 7-5–Definition of effective first yield flexural stiffness.

The above approach to obtain EcIeff is similar to approaches used by other researchers for walls
and other concrete elements (e.g., Elwood and Eberhard, 2009; Fenwick and Bull, 2000; Paulay
and Priestley, 1992; Adebar et al., 2007) and ASCE/SEI 41-17, where effective stiffness is defined
as a the slope of a line from origin passing through a point on the response curve corresponding to
0.6 to 0.75 Vy,g.
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7.4.

Parameters Influencing Wall Flexural Stiffness

7.4.1. Uncracked Flexural Stiffness
To identify parameters that likely have a significant influence on EcIuncr, review of available
literature and a series of linear regression analyses were conducted. It was found that the most
influential parameter is axial load ratio, P/(Agf'c), with a correlation coefficient (R) of 0.58, as
shown in Fig. 7-6(a). This is because presence of axial load leads to increase in cracking moment
capacity, while cracking curvature is not influenced by axial load. It can be seen from Fig. 7-6(a)
that uncracked flexural stiffness ranges (on average) from 0.50 to 1.40 of the gross section stiffness
(EcIg) as P/(Agf'c) increases from 0 to 0.60. The low values, which are mostly for walls with low to
moderate P/(Agf'c), might be due to the influence of microcracks and shrinkage. The values of
EcIuncr/EcIg > 1.0 might be due to presence of longitudinal reinforcement in the cross-section that
is ignored in computing Ig.
Concrete compressive strength (f'c) has some influence on EcIuncr because of its influence on
tension stiffening, elastic modulus, and modulus of rupture. However, the influence, with an R of
0.23, is not significant (Fig. 7-6(b)) and is already included in the P/(Agf'c) parameter.
Fig. 7-6(c) indicates that M/Vlw has a significant influence on EcIuncr; however, this is not a causal
relationship. This is due to the fact that most slender walls (with high M/Vlw) have moderate to
high axial loads, as indicated by Fig. 7-6(c). Therefore, the parameter that drives the trend in Fig.
7-6(c) is P/(Agf'c), not M/Vlw.
It should be noted that for most walls in the dataset, cracking deformation is very small (ranging
from <1 to 2.5 mm), and that accurate measurement of such small displacements is difficult.
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Additionally, this damage state in the database is based on visual observation of first flexural
cracks reported by the authors who conducted the tests, which might include some subjectivity.
These two factors, among others, might contribute to the significant dispersion of the data.

Fig. 7-6–Influence of parameters on EcIuncr. (Note: R=correlation coefficient)

7.4.2. Effective “Cracked” Flexural Stiffness
Parameters that were found to produce low to significant influence on EcIeff are P/(Agf'c), yield
strength and quantity of longitudinal reinforcement in the boundary region (fy and rl,BE), and f'c, as
shown in Fig. 7. The influence of axial load on stiffness of concrete members is widely recognized
in many research studies and design codes/guidelines (e.g., Elwood and Eberhard, 2009; Khuntia
and Ghosh, 2004a; Fenwick and Bull, 2000; Adebar et al., 2007; NZS 3101: Part 2:2006; ACI 31814 Table 6.6.3.1.1b). As shown in Fig. 7-7(a), P/(Agf'c) has the strongest correlation with EcIeff,
with an R of 0.82. The trend shown in Fig. 7-7(a) is similar to that observed by Elwood and
Eberhard (2009) for columns.
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Increase in longitudinal reinforcement ratio in the tension zone (rl,BE) results in spread of yielding
and development of secondary cracks over a larger height of the wall as opposed to a one or two
major cracks at or near the critical section. Furthermore, doubling rl,BE, assuming everything else
is constant, would be expected to have little influence on yield curvature (fy) since fy is primarily
a function of wall length and reinforcement yield strain, i.e., fy ≈ 2fy/lwEs or fy ≈ (0.0025 to
0.0035)/lw (Thomson and Wallace 2004), but would theoretically be expected to approximately
double the yield flexural strength and thereby increase EcIeff by the same amount (ATC-72, 2010).
It is this reasoning that gives rise to the concept of "stiffness is proportional to strength" (Priestley
and Kowalsky, 1998; Priestley et al., 2007; Paulay, 2002). However, the trend in Fig. 7-7(b) does
not show that big of an influence as the above concept suggests, even for slender walls. This is
likely due to: 1) the influence of other parameters (e.g., axial load) which cause large dispersion
in the data, and 2) with increase in rl,BE, the wall flexural strength increases, which results in
flexural cracking spreading over a larger zone along the wall height from the foundation support.
This stiffness loss reduces the stiffness gain due to large rl,BE in the lower portions of the wall. Fig.
7-7(c) shows that the influence of rl,BE on EcIeff is more pronounced for walls subjected to low-tomoderate P/(Agf'c).
Yield strength of longitudinal reinforcement (fy) has a limited influence on EcIeff since fy is one of
the factors affecting both first yield moment and curvature (i.e., fy ≈ 2fy/lwEs). Walls with high
yield strength reinforcement have higher yield moment and higher yield curvature (due to higher
yield strain) and, consequently, the value of EcIeff is insensitive to changes in fy, as shown in Fig.
7-7(d).
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Use of high strength concrete modestly increases Ec, tension stiffening, tensile strength, and wall
flexural strength. However, the impact of f'c on EcIeff/EcIg is statistically insignificant, as shown in
Fig. 7-7(e). The influence of f'c is more noticeable on EcIuncr than EcIeff.
Fig. 7-7(f) shows the combined influence of f'c, fy, and rl,BE on EcIeff, with an R of 0.29, which does
not improve the correlation compared to the influence of rl,BE alone in Fig. 7-7(b).
Fig. 7-8 presents sensitivity of EcIeff to the reduction factor used in Eq. 7-8 to convert secant
stiffness corresponding to general yield to effective stiffness corresponding to first yield. Given
the dispersion in the data and other uncertainties (i.e., modeling and loading), change in this
reduction factor does not produce significant changes. Therefore, the 0.7 reduction factor was
adopted in this study to compute EcIeff, which was backed by some limited experimental data, as
noted earlier.
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Fig. 7-7–Influence of key parameters on EcIeff. (Note: R=correlation coefficient)

Fig. 7-8–Sensitivity of EcIeff to the reduction factor used in Eq. 7-8: a) 0.6, b) 0.7, and c) 0.8.

7.5.

Provisions and Commentary of ACI 369-17

As noted earlier, ACI 369-17 §7.2.2 Table 5 allows wall EcEIeff to be calculated as 35% of the gross
flexural stiffness (Eq. 7-9):
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EcEIeff = 0.35 EcEIg

(Eq. 7-9)

Where EcE is modulus of elasticity of concrete evaluated using expected material properties and Ig
is the moment of inertia of gross concrete section about centroidal axis, neglecting reinforcement.
Three alternative approaches to compute EcEIeff are given in the commentary of the standard
(C7.2.2). For flexural deformations without the effect of bond slip, EcEIeff can be calculated in
accordance with Eq. 7-10 (ACI 369-17 Eq. C5):

Ec I eff =

M yE

φ yE

(Eq. 7-10)

Where MyE is the yield moment strength evaluated per ACI 318-14 using expected material
properties and applied sustained gravity axial load (NUG), and fyE is the curvature associated with
MyE and can be approximated as fyE = 2fylE/lwEs for planar walls with NUG/(Agf′cE) ≤ 0.15 and ρl ≤
0.01, where fylE and Es are the expected yield strength and Young’s modulus of the longitudinal
reinforcement, respectively. Alternatively, EcEIeff can be computed from analytical momentcurvature analysis of the cross-section using Eq. 7-11 (ACI 369-17 Eq. C6).

Ec I eff =

M fyE

φ fyE

(Eq. 7-11)

Where MfyE and ffyE are respectively the moment and curvature at first yield, defined when the
yield strain of the reinforcing steel is first reached in tension, or a concrete strain of 0.002 is reached
in compression and evaluated using expected material properties and NUG.
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For continuous walls, ACI 369-17 C7.2.2 provides an approach for capturing the effects of bond
slip, where a reduction factor is used to modify EcEIeff of the wall in the story directly above the
wall-foundation interface (hinge region) as follows:

Ec I eff =

M fyE ⎛ h1 ⎞
⎜
⎟
φ fyE ⎝ h1 + lsp ⎠

(Eq. 7-12)

Where h1 is the first-floor height and lsp is the strain penetration depth, which is intended to
approximate the length over which longitudinal reinforcement strains penetrate into the foundation
system and is approximated as (Eq. 7-13):

lsp =

1 f ylE
d
48 f ' b
cE

(Eq. 7-13)

ACI 369-17 C7.2.2 provides lower and upper bounds on EcEIeff obtained from Eq. 7-9 through Eq.
7-12, which are 0.15EcEIg and 0.5EcEIg, respectively.
Finally, ACI 369-17 §7.2.2 Table 5 allows wall shear stiffness to be calculated as “uncracked”
gross shear stiffness (Eq. 7-14):
GeffAw = GgAw = 0.4 EcAw

(Eq. 7-14)

Where Gg is concrete gross shear modulus taken as 0.4EcE, and Aw is area of the wall web cross
section.

7.6.

Evaluation of Provisions and Commentary of ACI 369-17

The effective flexural stiffness values (EcIeff) of the 527-wall dataset, as defined in Fig. 7-5, are
used to evaluate the ACI 369-17 stiffness provisions and recommendations summarized in the
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preceding section. Table 7-1 presents the statistics of the predicted (calculated) EcIeff values from
Eq. 7-9 through Eq. 7-12, normalized by the EcIeff values from the 527-wall dataset (ratios of
calculated-to-experimental EcIeff values). Fig. 7-9 through Fig. 7-12 present comparison of the
calculated and the experimental EcIeff results. Discussion of the results are given below.
Fig. 7-9(a) shows that Fig. 7-9 significantly overestimates EcIeff at low axial loads (P/(Agf'c) < 0.05)
and significantly underestimates EcIeff at high axial loads (P/(Agf'c) > 0.20), with significant
dispersion (Table 7-1) because taking EcIeff as a constant fraction of EcIg ignores the influence of
key parameters highlighted earlier.

Table 7-1–Statistics of the ratios of predicted-to-experimental EcIeff/EcIg values.
Eq. 7-12
Equation
Eq. 7-9
Eq. 7-10
Eq. 7-11(1)
(2)
(a)
(b) (3)

(1)
(2)
(3)

Mean

1.33

1.16

1.12

0.93

1.02

STDV

0.59

0.39

0.35

0.28

0.31

COV

0.44

0.34

0.31

0.31

0.30

Max

3.15

2.74

2.32

1.98

2.13

Min

0.31

0.32

0.28

0.25

0.27

Median

1.26

1.09

1.08

0.9

0.97

fyE is computed as 2fylE/lwEs

lsp calculated from Eq. 7-13 multiplied by 2.0 to account for the influence of reduced scale.
lsp calculated from Eq. 7-13 multiplied by 1.0 to account for the influence of reduced scale.
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Fig. 7-9–Comparison of calculated (Eq. 7-9) and experimental EcIeff.

Fig. 7-10(a) indicates that for walls with P/(Agf’c) < 0.15, use of Eq. 7-10 results in moderate
overestimation of EcIeff, with high dispersion. This is attributed to the fact that with decrease in
P/(Agf’c), depth of neutral axis reduces and, consequently, the stress in the tension reinforcement
increases, which results in larger lateral displacement contributed by bar slip/extension from the
foundation that is not captured by moment-curvature analysis of the cross-section. Motter et al.
(2018) observed 15 to 35% reduction in EcIeff as a result of slip/extension of longitudinal
reinforcement from the foundation block for walls subjected to P/(Agf'c) < 0.05. For higher P/(Agf'c)
values, the contribution of slip/extension from the foundation could approach zero (e.g., see
Elwood and Eberhard, 2009 for columns), and the wall might locate above the balance point on
the P-M interaction diagram, which would result in a reduction in nominal moment capacity.
Another factor is that the concrete stress-strain model used to compute nominal moment capacity
does not incorporate the influence of concrete confinement. Given that most walls with high
P/(Agf'c) are likely to have some level of confinement, computing nominal moment capacity
without the influence of confinement might slightly underestimate the nominal moment capacity
and, thus, result in underestimation of effective stiffness.
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Additionally, Fig. 7-10(b) indicates that use of Eq. 7-10 for walls with high rl,BE (i.e., > 0.02)
results in a slight overestimation of EcIeff. This could be attributed to the fact that increase in rl,BE
helps spread of yielding not just over a larger height of the wall but also into the foundation support,
which means more contribution from bar slip deformation to yield displacement.
Eq. 7-11, which is based on analytical moment and curvature corresponding to first yield, produces
similar results as Eq. 7-10, as seen in Fig. 7-11 and Table 7-1, with slightly less overestimation
and dispersion at P/(Agf’c) < 0.15. This is because the results indicate that the ratios MyE to MfyE
(nominal/first yield) and fyE to ffyE are approximately the same (i.e., ≈1.24). The factors leading
to the offsets between the calculated and experimental results are discussed in the preceding
paragraphs for results from Eq. 7-10.

Fig. 7-10– Comparison of experimental and calculated (Eq. 7-10) EcIeff.
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Fig. 7-11– Comparison of experimental and calculated (Eq. 7-11) EcIeff.

It may not be appropriate to evaluate Eq. 7-12, which includes a reduction factor to account for
the influence of bond slip on effective stiffness, using results from the dataset described here
because: 1) the reduction factor includes h1 (first story height), while most tests in the dataset do
not have a prototype wall and the database does not include story heights, 2) walls are typically
tested in laboratories at reduced scales, where in addition to geometry, bar sizes are scaled down,
which influences the contribution of slip/extension deformation to yield deformation and,
consequently, the lsp (strain penetration depth) calculated from Eq. 7-13. To account for these
limitations, two assumptions were made: 1) h1 is taken as 7 ft, which, assuming a one half-scale
for all wall tests results in h1 =14 ft for a full-scale prototype wall, 2) the lsp calculated from Eq.
7-13 is multiplied by a factor of 2.0, assuming again a one-half scale for the walls, to account for
the reduced scale of the bars. Furthermore, the lsp calculated from Eq. 7-13 multiplied by a factor
of 1.0 was also considered to highlight the sensitivity of the results to lsp.
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The results are presented in Table 7-1 and Fig. 7-12. Considering the assumptions made, it can be
seen that Eq. 7-12 produces results that are in good agreement with the experimental results at
P/(Agf’c) < 0.15 or 0.20. For walls with high P/(Agf’c), applying this reduction factor leads to further
underestimation of EcIeff relative to Eq. 7-10 and Eq. 7-11 because, as noted previously, these
walls likely experience no or little bar slip/extension. Therefore, no reduction factor should be
considered for such walls. Furthermore, Fig. 7-12 reveals that the results are only slightly sensitive
to the strain penetration depth (lsp).
To conclude, Eq. 7-9 through Eq. 7-11 overestimate EcIeff by 12% to 33%, with moderate
dispersions. Eq. 7-12 produces results whose median values better match the experimental results
and whose dispersion is comparable to Eq. 7-10 and Eq. 7-11; however, these equations require a
fair amount of calculations to compute EcIeff. Therefore, simplified EcIeff values are proposed in the
subsequent sections.

Fig. 7-12– Comparison of experimental and calculated (Eq. 7-12) EcIeff considering an h1 of 7 ft
for one-half scale (14 ft for full scale) where lsp calculated from Eq. 7-13 and multiplied by: (a)
2.0, (b) 1.0.
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7.7.

Proposed Models for Flexural and Shear Stiffnesses

7.7.1. Uncracked Flexural Stiffness, EcIuncr
Flexural cracking occurs where the moment demand exceeds the cracking moment strength
calculated using the modulus of rupture provided in ACI 318-14 and the expected material
properties.
Based on the results presented earlier, the model shown in Fig. 7-12 (black line) is proposed, for
which EcIuncr/EcIg ranges on average from 0.50 to 1.00 for P/(Agf’c) increasing from 0 to 0.30. This
model results in a mean and COV of 1.12 and 0.42, respectively. The results of Fig. 7-13 are
presented in a tabulated format in Table 7-2. If the walls with no axial load are excluded, the blue
trend line will move closer to the model (black line).

Fig. 7-13– Linear regression lines to the data and the proposed model for EcIuncr. (black line =
model).
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Table 7-2–Proposed values for uncracked wall flexural stiffness (EcIuncr)

P
Ag f 'c

EC I uncr
EC I g

≤ 0.00

0.50

≥ 0.30

1.00

*

* Values between those listed should be determined by

linear interpolation

As noted earlier, ACI 369-17 currently does not provide provisions to estimate wall flexural
stiffness for cases where little to no cracking is expected to occur. Such provisions, however, can
be found in other codes and documents (i.e., ACI 318-14 Table 6.6.3.1.1a; CSA A23.3-14; FEMA
356 Table 6-5; NZS 3101: Part 2:2006; Eurocode 8-2004). For comparison with the proposed
model, these existing models were reviewed and evaluated using the dataset (Table 7-3).

Table 7-3–Existing models for uncracked or minorly cracked wall flexural stiffness
Model

ACI 318-14FEMA
Table 6.6.3.1.1a
356
CSA A23.3-14 Table 6-5

NZS 3101: Part 2:2006
Serviceability limit
(µ=1.25)

𝐸$ 𝐼&'$(
=
𝐸$ 𝐼)

0.7

0.8

1.0

Mean

1.32

1.51

1.89

STDV

0.65

0.75

COV

0.49

MAX

NZS 3101: Part 2:2006*
PEER/TBI-10*
Eurocode
Serviceability limit
8-2004 LATBSDC-14
(µ=3)
(Service level)
𝑃
+ ≥ 0.5
𝐴) 𝑓$+

Proposed Model

𝑃
+ ≥ 0.5
𝐴) 𝑓$+

0.5

0.75

1.11

0.95

1.42

1.12

0.93

0.49

0.47

0.70

0.38

0.49

0.49

0.44

0.49

0.49

0.42

3.65

4.17

5.21

3.09

2.60

3.91

3.42

MIN

0.42

0.48

0.60

0.37

0.30

0.45

0.39

Median

1.17

1.33

1.66

1.01

0.83

1.25

1.07

0.7 ≥ %0.5 +

* A minor level of cracking is expected.
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1.0 ≥ %0.5 +

7.7.2. Effective “Cracked” Flexural Stiffness, EcIeff
As noted previously, P/(Agf’c) is the most influential parameter on wall EcIeff. Therefore, a model,
which takes the form of a piece-wise line, seems to fit the regression lines well, as shown in Fig.
7-14, where the colored lines are regression lines of the data and the black line is the simple model.
The model is also shown in a tabulated format in Table 7-4.

Fig. 7-14–Linear regression lines to the data and the proposed model for EcIeff. (black line =
model).

Table 7-4–Proposed values for effective flexural stiffness (EcIeff)

P
Ag f 'c

Ec I eff *
Ec I g

≤ 0.05

0.20

≥ 0.50

1.00

* Values between those listed should be determined by

linear interpolation
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A more detailed model that includes the rl,BE as a secondary parameter in addition to axial load is
presented in Eq. 7-17 and Table 3-1. Using this refined model is slightly more accurate, especially
for walls with low to moderate axial loads. As seen in Fig. 7-15(b), the mean EcIeff for walls with
P/(Agf’c) ≤ 0.20 increases by factors of about 1.5 to 2 when rl,BE increases from 0.01 to 0.03.

Ec I eff
Ec I g

= 0.1+ 1.5

P
+ 3.5ρl ,BE ≤ 1.0
Ag f c'

(Eq. 7-17)

Comparison of predicted (Eq. 7-17) and experimentally obtained EcIeff, along with the statistics,
are presented in Fig. 7-16. The comparison indicates that the detailed model only modestly reduces
the prediction error compared to the simplified model (Fig. 7-14).
Table 7-5–Proposed values for EcIeff as a function of P/(Agf’c) and rl,BE

P
Ag f 'c

rl,BE

Ec I eff *
Ec I g

≥ 0.01

0.20

≤ 0.03

0.30

≥ 0.01

0.90

≤ 0.03

1.00

≤ 0.05

≥ 0.50

* Values between those listed should be determined by linear interpolation
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Fig. 7-15–Influence of longitudinal reinforcement ratio (rl,BE) on EcIeff.

Fig. 7-16–Comparison of experimental and calculated EcIeff from Eq. 7-17.
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7.7.3. Uncracked Shear Stiffness
Shear cracking is assumed to occur where the wall shear stress demand exceeds 2
upper stories of a flexure controlled wall where shear demands are < 2

fc′ (psi) . For

fc′ (psi) , it is proposed

that the shear response of the wall be modeled using the gross shear modulus (Gg) taken as 0.4EcE.
7.7.4. Cracked Shear Stiffness
The dataset of flexure-controlled wall tests described earlier was filtered to identify walls whose
base shear-shear deformation backbones were available. A reduced dataset of 64 wall tests was
obtained. For the reduced dataset, the effective shear modulus (Geff) was computed using Eq. 718:

Geff =

V y,g hw f
Acvδ y,s

(Eq. 7-18)

Where Vy,g and dy,s are the experimental base shear at general yield and the corresponding shear
displacement, respectively.
Fig. 7-17 shows Geff of the dataset normalized by the gross shear modulus (Gg) taken as 0.4Ec.
Note that shear stress at general yield for all walls exceeded the cracking shear strength of concrete
[Vc = 2√f’c (psi)]. Based on the results of Fig. 7-17, a constant Geff of Gg/3 is proposed to be used
to model shear response of flexure-controlled walls.
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Fig. 7-17–Effective shear modulus results from 64 wall tests.

7.8.

Summary and Conclusions

This study involves utilizing available experimental data on RC structural walls to develop updated
stiffness provisions for seismic evaluation and retrofit of flexure-controlled reinforced concrete
structural walls in ACI 369 and ASCE 41 standards. To accomplish these objectives, a subset of
527 test of flexure-controlled walls was filtered from UCLA-RCWalls database. The datasets were
first used to evaluate the current stiffness provisions of ASCE 41-17 (ACI 369-17), and the results
revealed that 1) use of a constant value of “cracked” effective flexural stiffness (i.e, EcEIeff =
0.35EcEIg) does not adequately consider variables that influence wall effective flexural stiffness
and 2) use of 100% of the gross “uncracked” shear stiffness (0.4EcEAw) to model shear response in
flexure-controlled walls overly estimates shear stiffness. Subsequently, the dataset was studies to
identify parameters that significantly influence uncracked and cracked effective flexural and shear
stiffnesses. It was found that axial load has the greatest impact on wall flexural stiffness (uncracked
and cracked), and that longitudinal reinforcement ratio produced significant impact on cracked
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effective flexural stiffness at low axial load ratios (i.e., <0.10 Agf’c). Based on these results, wall
flexural stiffness values (cracked and uncracked) are proposed. Based on results from a subset of
64 wall tests whose base shear-shear deformation backbones were available in the database a
constant effective shear modulus of one-third of gross shear modulus (i.e., Geff = Gg/3) is proposed
to be used to model shear response of shear-cracked flexure-controlled walls.
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CHAPTER 8. Nonlinear Modeling Parameters for Flexure-Controlled RC Structural
Walls
8.1.

Abstract

The ASCE/SEI 41 standard (and other similar recommendations or guidelines, e.g., ACI
Committee 369) represents a major advance in structural and earthquake engineering to address
the seismic hazards posed by existing buildings and mitigate those hazards through retrofit. For
nonlinear seismic evaluation of existing buildings, these standards provide modeling parameters
(e.g., effective stiffness values, deformation capacities, and strengths) to construct backbone
relations, as well as acceptance criteria to determine the adequacy. The modeling parameters and
acceptance criteria for structural concrete walls were developed based on limited experimental
data and knowledge available in the late 1990s (FEMA 273/274-1997), with minor revisions since.
As a result, the wall provisions tend to be, in many cases, inaccurate and conservative, and thus
can produce uneconomical retrofit schemes. This study involves utilizing available experimental
data and new information on performance of structural walls to develop modeling parameters and
acceptance criteria for flexure-controlled walls that will produce improved seismic assessments of
wall buildings. To accomplish these objectives, a recently developed comprehensive wall database,
known as UCLA-RCWalls, was utilized, which currently contains detailed information and test
results from more than 1100 wall tests surveyed from more than 260 programs reported in literature.
The proposed provisions include cracked and uncracked flexural and shear stiffness and updated
modeling parameters and acceptance criteria for flexure-controlled walls with conforming and
non-conforming detailing. The updates are expected to be significant contributions to the practice
of seismic evaluation and retrofit of wall buildings.
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8.2.

Experimental RC Wall Database

8.2.1. Overview
The database, called the UCLA-RCWalls database (Abdullah and Wallace, 2018a), compiles
detailed data on more than 1000 RC wall tests reported in the literature. The database includes
three major clusters of data: 1) information about the test specimen, tests setup, and axial and
lateral loading protocols, 2) test results, e.g., backbone relations and failure modes; and 3)
analytically computed data, e.g., moment-curvature relationships (c, Mn, My, φn , φ y ) and wall
shear strengths according to ACI 318-14. Fig. 8-1 shows a typical backbone curve for base shear
versus total top displacement (curvature, shear, and bar slip/extension) from a wall test. Table 8-1
provides the definition of each response point in Fig. 8-1 and the approach used to derive these
points from the experimental load-deformation relationships.

Fig. 8-1–Typical wall backbone curve contained in UCLA-RCWalls database.
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Table 8-1–Definition of backbone response points
Response
Point

Definition

Data Used to Define the Point
The cracking load and displacement is reported for the majority of the
tests in the database based on information reported by the authors who
performed the tests. However, in cases where this information is not
reported, attempts were made to visually identify the cracking point on
the load-displacement curve (i.e., the point at which a significant change
in stiffness is observed). If this was not possible, the cracking
information was not reported in the database.

Cracking

Represents the state at
which horizontal
flexural cracks are
first observed in the
test.

General
yield

This point is visually identified as the point where the hysteretic loops
(or the response curve in case of monotonic loading) begin to abruptly
Represents yielding
lose stiffness, which ca easily be identified for tension-yielded walls
of most of the
boundary longitudinal (yielding of longitudinal reinforcement), as shown in Fig. 8-1. For
compression-yielded walls (i.e., walls tested under significant axial loads
reinforcement or the
or walls with T- or L-shaped cross-section loaded with the flange in
onset of concrete
tension), stiffness degradation generally takes place in a gradual manner.
nonlinearity in
compressionIt should be noted that this point does not necessarily correspond to first
controlled walls.
yielding of longitudinal bars, but rather is associated with yielding of
most of the longitudinal bars in a wall.

Peak

Represents maximum
lateral strength

This point is taken as the maximum lateral strength observed on the
backbone.

Ultimate

Represents a
significant loss in
lateral strength (i.e.,
lateral failure)

This point is identified as the point at which lateral strength degrades by
20% in the first cycle from peak, which is widely accepted among
researchers.

Residual

Collapse

Represents the
residual lateral
strength

This point is also visually identified as the state at which the wall reaches
its residual lateral strength (residual strength plateau, e.g., Fig. 8-2), if
any.
Many wall tests, especially earlier tests (prior to 2000s), do not have
Residual point due to termination of the test before reaching residual
strength.

The Collapse point was identified based on either reported axial collapse
from the tests (e.g., Fig. 8-2 and Fig. 8-3) or observed concrete crushing
along the entire length of the wall or out-of-plane instability such that no
portion of the wall is left intact or stable to carry the applied axial load
Represents the loss of (e.g., Fig. 8-3). If axial collapse occurred at deformations smaller than
axial-load-carrying
the maximum deformation reached prior to axial collapse, then the
capacity
maximum deformation reached is reported as the deformation for axial
collapse (e.g., Fig. 8-3 (c))
Similar to Residual point, many wall tests, especially earlier tests (prior
to 2000s) due to termination of the test before reaching residual strength.
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512
Specimen RWL
Specimen RWL had a 20% reduction in length when
compared to the benchmark RWB to investigate the effect of
wall length on initiation and development of out-of-plane
deformations. Therefore, this specimen had larger
reinforcement ratios in the boundary regions and in the web to
provide a flexural capacity close to the other specimens. The
over-strength moment capacity of Specimens RWB and RWT
was calculated to be 1522kNm and that of Specimen RWL
was 1485kNm. Figure 12 displays the lateral load-top
displacement response of the specimen. The failure pattern of
the specimen was pure out-of-plane instability and neither bar
fracture nor bar buckling was observed in the test. The out-ofplane deformation initiated at Point A when the specimen was
unloaded from 1.5% drift and was starting to reload in the
opposite direction. The out-of-plane deformation recovered
completely as the specimen was reloaded in the opposite
direction. This out-of-plane displacement recovery happened
at early stages of loading. During 2.5% drift cycles, the out-ofplane deformation did not recover completely, and the
specimen started to exhibit residual out-of-plane displacement.
The residual out-of-plane displacement increased with the
number of cycles and the specimen became unstable at Point
B where the abrupt strength degradation was observed.

Quite a number of small cracks occurred during the 2.0% drift
cycle, merging together and forming wide cracks in the panel
region. The wide cracks had extended up to 50% of the wall
height at this stage. Unlike Specimens RWB and RWT, no bar
fracture or bar buckling happened during 2.0% drift cycles,
and the out-of-plane displacement increased to about 7 mm
and 10 mm in the 1st and 3rd cycles of 2.0% drift level,
respectively.

The crack pattern at 2.5% drift level was similar to the one at
2.0% drift level, and the crack width had increased,
particularly the diagonal cracks. The wide cracks in the
tension boundary region extended up to 1350 mm from the
base with a uniform distribution of crack width. When the load
was reversed from the peak of 2.5% drift cycle, the cracks in
the tension region were wide open, and were still wide when
the specimen was being reloaded in the opposite direction.
Being spaced at an average distance of 120 mm, these residual
cracks had an average crack width of 0.7 mm. At this stage,
the out-of-plane deformation increased significantly in the
compression boundary region and was clearly visible. The outof-plane deformation did not recover completely at this stage
since the compressive stresses increased in the inner face of
the out-of-plane displacement profile (where the crack closure
initiated) along with reloading in the opposite direction and
resulted in concrete crushing in one face of the wall. The outFigure 13 displays the crack pattern of the specimen at
of-plane deformation increased in the right boundary element
different stages of loading. The grid size was 200x200 mm for
as well when the specimen was being unloaded and reloaded
this specimen. The specimen did not exhibit any cracking at
513 the positive peak of the 3.0% drift cycle. Following
towards
0.05% drift cycle. The first cracking happened at 0.06% drift
the same trend as the previous cycles, the out-of-plane
during the 0.15% drift cycle at about 550 mm from the base.
deformation increased up to the state where the cracks started
As it can be seen in Figure 13, the flexural cracks were
closing in one face of the wall resulting in an increase of
distributed along the whole height of the specimen during the
compressive stresses in this face and recovery of the out-of0.15% drift cycle. The crack width was almost equal
plane deformation. During unloading from +3.0% drift level
throughout the wall at this stage and was about 0.04 mm. The
and reloading towards -3.0% drift level, the out-of-plane
number of horizontal cracks increased significantly at 0.38%
deformation increased in the left boundary region. However,
drift level. These cracks were observed mostly along the
as the cracks generated in this boundary region during the
boundary regions. A considerable number of diagonal cracks
+3.0% drift were wider than the previous cycle at 2.5% drift
were observed throughout the panel at this drift level, as well.
level, the crack did not close and the out-of-plane deformation
The distribution of crack width was almost uniform all over
increased considerably leading to out-of-plane instability of
the specimen which can be attributed to the fact that the
the wall. Figure 14 shows out-of-plane instability failure of
specimen represented the plastic hinge region of a four-storey
this specimen. The measurements of out-of-plane
wall. The cracks became wider and increased in number at
displacement at different stages of loading are provided in
0.5% driftat yield
level. During
the first closely
cycle spaced
of 0.75% Instability
drift, a wide
0.50% (crack propagation
2.5% (numerous
during 3.0% drift
cycle
0.15% (initial cracks)
[16].
stage)
cracks)
crack (1 mm) developed at the
base and extended up to 1150
mm
along
the
wall
length
(70%
of
the
wall
length).
Another
Drift (%)
Figure 13. Crack pattern of Specimen RWL at different drift levels - grid size 200x200 mm.
-3.5
-2.5
-1.5
-0.5
0.5
1.5
2.5
3.5
wide crack was observed at about 200 mm from the base in
300
the boundary region which did not extend more than 600 mm
A: Initiation of out-of-plane
along the wall length. According to the lateral load-top
deformation
displacement response of the specimen, this is the stage where
200
B: Out-of-plane instability
overall yielding of the specimen happened. During the 1.0%
drift cycles, the width of horizontal cracks in the boundary
region increased considerably within 600 mm from the base
100
and the width of diagonal central region cracks increased
within 1000 mm from the base. Cover spalling was observed
A
0
at the extreme compression end of the specimen during the 1 st
cycle of 1.0% drift.

Fig. 8-2–Reported axial collapse of a wall test reported by Altheeb (2016).

Base Shear (kN)

Fig. 8-3–Reported axial collapse of a wall test reported by Segura and Wallace (2018a).

-100
At the peak of the 1.5% drift cycle, new horizontal cracks had
formed in the boundary regions between former cracks which
B
merged into wide diagonal cracks in the central region. This
-200
can be attributed to the different bar sizes in the boundary and
central regions. At this stage, wide boundary cracks were
uniformly distributed within 700 mm from the base and had an
-300
average crack width of 1.3 mm. These cracks merged in the
-70
-50
-30
-10
10
30
50
70
panel region and resulted in diagonal cracks that had an
Top Displacement (mm)
average crack width of 1.7 mm. Unlike the benchmark
Figure 14.
Out-of-plane
instability
of Specimen
RWL. high within 35% of
specimen,
the crack
width
was uniformly
Figure 12. Lateral load vs. top displacement response of
the wall height from the base and was not significant at the
Specimen RWL.
In literature [21, 22], asymmetric spalling of concrete
coverThe initial
of boundary
regions, displacement
its asymmetric spalling
base only.
out-of-plane
(1 mm)would not have a
has been postulated to be one of the factors contributing
to
noticeable
effect
initiation
happened during
the
1st cycle
ofon1.5%
driftandindevelopment
the west of out-of-plane
out-of-plane deformation of rectangular wallsboundary,
under cyclic
deformation.
Furthermore,
the onset of out-of-plane
and it increased
in the subsequent
cycles.

Fig. 8-4–Out-of-plane instability and concrete crushing of a wall test reported by Dashti et.
(2018).

loading. In this section, the effect of cover spalling on
development of out-of-plane deformation is investigated.
Figure 15 shows the initiation and development of cover
spalling observed in the east boundary region of Specimen
RWL. As can be seen in this figure, although 1.5% and 2.0%
drift levels correspond to initiation and increase of out-ofplane deformations, the cover concrete had spalled off quite
symmetrically at these stages. Also, considering the very
limited area of spalled cover concrete compared to the length

deformation is generally associated with unloading from a
peak displacement level. At this stage, the cracks are wide
open and the response of the section is mainly dependent on
the reinforcement. Therefore, any asymmetric response of
concrete would not be influential on the evolution of out-ofplane deformation. However, the excessive amount of out-ofplane deformation can result in formation of asymmetric cover
spalling, which will understandably occur at the elevation with
maximum out-of-plane deformation.

209

The following two datasets were filtered from the UCLA-RCWalls database and are later used to
propose the updated Modeling parameters:
8.2.2. Conforming Wall Dataset
Design of RC structural walls is currently governed by the requirements of ASCE 7-16 and ACI
318-14, which includes provision for special structural walls with well-detailed special boundary
elements (SBE) according ACI 318-14 §18.10.6.4 for buildings assigned to Seismic Design
Category D, E, and F. Detailing requirements for SBEs have changed over the years and are likely
to keep change in the future; therefore, the UCLA-RCWalls database was filtered to obtain a
dataset of “Conforming Walls” using criteria that are less restrictive than the detailing
requirements of ACI 318-14 §18.10.6.4. Both (a) general and (b) detailing criteria were used:
a) General criteria:
i. Flexure-controlled walls, i.e., V yE V@ MyE ≥ 1.15,
ii. Walls with different cross-sections were included (i.e., rectangular, barbell, H-shaped, Tshaped, L-Shaped, or half-bar bell),
iii. Walls tested under quasi-static, reversed cyclic loading,
iv. Tests were excluded if noticeable lateral strength loss was not observed or if walls failed
due to inadequate lap-slices.
v. Walls with measured concrete compressive strength, f c' ≥ 3 ksi,
vi. Walls with ratio of measured tensile-to-yield strength for boundary longitudinal
reinforcement, fu f y ≥1.2, and
vii. Wall with web thickness, t w ≥ 3.5 in.,
b) Detailing criteria:
210

i. A minimum of two curtains of web vertical and horizontal reinforcement,
ii. Boundary longitudinal reinforcement ratio, rLong , BE ³ 6 fc' (psi) f y ,
iii. Min ratio of provided-to-required (per ACI 318-14 §18.10.6.4) area of boundary
transverse reinforcement, Ash, provided Ash,required ≥ 0.7,
iv. Ratio of vertical spacing of boundary transverse reinforcement to minimum diameter of
longitudinal boundary reinforcement, s db < 8.0, and
v. Centerline distance between laterally supported boundary longitudinal bars, hx, between
1.0 in. and 9.0 in.

Based on the above selected filters, a total of 188 wall tests were identified that included
information on lateral strength loss (i.e., 20% lateral strength loss from peak strength) and 101
of these tests had reported information on axial collapse. Histograms for various dataset

( )

parameters for the 188 tests are shown in Fig. 8-5, where P Ag f c' is the compressive axial
load normalized by the measured concrete compressive strength

( A ) , and
g

( f ) and gross concrete area
'
c

M Vlw is the ratio of base moment-to-base shear normalized by wall length ( lw ) .

A limit of 3 ksi was specified on f c' in accordance with requirements of ACI 318-14 §18.2.5
for conforming seismic systems. At least two curtains of web reinforcement were specified to
be consistent with ACI 318-14 §18.10.2.2. Walls with t w less than 3.5 in. were not included
because use of two curtains of web reinforcement along with realistic concrete cover is not
practical in such thin walls. The limit on ratio fu f y is slightly less restrictive than the limit
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Fig. 8-5–Histograms of the first dataset (188 tests) for walls with conforming detailing.
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8.2.3. Non-Conforming Wall Dataset
Walls with detailing not conforming to special structural wall provisions are common in older
construction designed prior to the establishment of detailing requirements for structural walls
(which were introduced in ACI 318-77 and were updated significantly in ACI 318-83 and 318-99).
Additionally, the special detailing requirements of ACI 318 are relaxed where wall displacement
or force demands are low; however, if the boundary longitudinal reinforcement ratio exceeds 400/fy,
modest detailing is required by ACI 318-14 §18.10.6.5 (introduced in ACI 318-99 in §21.6.6.5) to
prevent bar buckling at smaller deformation demands. These walls are sometimes referred to as
walls with Ordinary Boundary Elements, or OBEs (e.g., see NIST 2011). Based on these
considerations, the following (a) general and (b) detailing criteria were used to obtain a dataset of
“Non-Conforming Walls”:
(a) General criteria:
i. Flexure-controlled walls, i.e., V yE / V@ MyE ≥ 1.15,
ii. Walls with different cross-sections were included (i.e., rectangular, barbell, I-shaped, Tshaped, L-Shaped, or half-bar bell),
iii. Quasi-static, reversed cyclic loading, and
iv. Tests were excluded if noticeable lateral strength loss was not observed, or if walls failed
due to inadequate lap-slices.
(b) Detailing criteria:
i. Walls with one or more curtains of web vertical and horizontal reinforcement,
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ii. Min ratio of provided-to-required (per ACI 318-14 §18.10.6.4) area of boundary
transverse reinforcement Ash, provided Ash,required < 0.7, and/or ratio of vertical spacing of
boundary transverse reinforcement to minimum diameter of longitudinal boundary
reinforcement, s db ≥ 8.0.
Based on the above selected filters, a total of 256 wall tests were identified that included
information on lateral strength loss and 118 of these tests had reported information on axial
collapse. Histograms for various dataset parameters for those 256 tests are shown in Fig. 8-6.

Fig. 8-6–Histograms of the second dataset (256 tests) for walls with non-conforming detailing.
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8.3.

Use of Total Hinge Rotation Versus Plastic Rotation

Currently, the ASCE 41-17 nonlinear deformation-based modeling parameters (i.e., Parameters a
and b) are given as plastic hinge rotations. Where a lumped plasticity model is used, the hinge
region, which is typically at or near the base of a wall, is modeled as a near-rigid spring with
effectively no elastic deformation. However, in this study, the deformation-based modeling
parameters are given as total hinge rotation capacities (Fig. 8-7), which include both the elastic
and plastic deformations of the hinge region. This approach is proposed because, by using total
hinge rotation capacities: 1) Modeling parameters are not sensitive to approaches (or assumptions)
used to calculate yield rotation, qy, 2) Modeling parameters are consistent with the total drift ratio
or chord rotation used to define modeling parameters for shear-controlled walls and coupling
beams, respectively, and 3) Modeling parameters can be converted to strain limits by dividing by
an assumed hinge length, which is convenient where fiber models are used, which is becoming
increasingly popular in engineering practice.
It should also be noted that, for the proposed backbone relation shown in Fig. 8-7, two new
Modeling parameters are introduced, Parameters c' and d', to represent the ratio of ultimate strength
to yield strength (V@Mult/V@MyE) and the total hinge rotation capacity once the lateral residual
strength is reached. Additionally, for Point C, an approximation is made such that this point has
an ordinate and abscissa that are respectively equal to the ultimate (peak) lateral strength (V@Mult)
normalized by V@MyE (i.e., Parameter c') and the total hinge rotation capacity at 20% lateral
strength loss from V@Mult (i.e., Parameter d). Based on this assumption, the value for peak strength
is defined at the hinge rotation capacity associated with 20% loss in lateral strength.
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Fig. 8-7–The proposed idealized backbone relation to model hinge region of flexure-controlled
walls.

The following approach was used to obtain the total hinge rotation capacities from the
experimental backbone relations. The steps are given for a typical cantilever wall test (Fig. 8-8(a)),
and a similar approach was used for panel or partial height walls. For cases where only the hinge
region of the wall was tested, or hinge rotations were measured in the tests, the approach outlined
below was not required:
a) Rotation capacity at Point C (i.e., at 20% lateral strength loss from peak strength)
i. A plastic hinge length (lp) of half the wall length (lw/2) was assumed for all walls in the
dataset (Fig. 8-8(a)).
ii. The plastic displacement, δ p , (Fig. 8-8(c)) is obtained by subtracting the elastic first yield
displacement, δ e , (Fig. 8-8(d)) from the total displacement, δ t , (Fig. 8-8(b)). The plastic
rotation capacity, θ p , is calculated as δ p divided by the wall height between the center of
the hinge (located at lw/4 from the base) and top of the wall.
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iii. The elastic flexural rotation contributed by the hinge region, θ h, f , (Fig. 8-8(e)) is calculated
analytically using Eq. 8-1. Fig. 8-9(a) shows the contribution of the elastic hinge rotation
to the total wall elastic rotation for the conforming wall dataset. The high values (>60%)
are for panel or partial height wall tests where only the bottom portion of the wall was
tested. The figure also shows that a significant part of the total elastic rotation is contributed
by the hinge region, which makes sense because the elastic curvature profile has a
triangular shape with the highest values at the hinge region.

θ h, f =

M h,ave
Ec I eff

lp

(Eq. 8-1)

Where Mh,ave is the average moment over the hinge region, and EcIeff is the effective flexural

( )

stiffness in accordance with Chapter 7 (taken as 0.20 EcIg and 0.50 EcIg for P Ag f c' ≤

( )

0.05 and ≥ 0.50, respectively, and linear interpolation is applied for 0.05 < P Ag f c' <
0.50)
iv.

The total hinge rotation capacity is calculated as the sum of θ p (item ii above and Fig.
8-8(c)) and θ h, f (item iii above and Fig. 8-8(e)). Fig. 8-9(b) shows the contribution of the

(

)

hinge elastic flexural rotation to the total hinge rotation capacity θ h, f / θ t for the
conforming wall dataset. Examination of Fig. 8-9(b) reveals that for the majority of the
walls in the dataset, hinge elastic rotation contributes less than 10% of the total hinge
rotation capacity.
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Fig. 8-8–Displacement profiles of flexure-controlled walls.

Fig. 8-9–Histograms of the contribution of computed hinge elastic flexural rotation to a) the wall
total elastic rotation, and b) the total hinge rotation capacity.

b) Rotation capacity at Point D and E (i.e., at residual strength and axial collapse)
At these two points, the total hinge rotation capacity was calculated as the total wall displacement
(Fig. 8-8(b)) divided by the wall height between the center of the hinge and the top of the wall,
assuming a plastic hinge length of lw/2 from the base of the wall. That is, for the Point D and E,
the elastic deformation contributed by the wall above the hinge is not subtracted as was done for
Point C, that is, all wall deformation is assumed to be associated with plastic rotation concentrated
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in the hinge region. Shear displacements at this stage are expected to be very small and thus ignored
(i.e., not subtracted from total displacement).

8.4.

Evaluation of Current ASCE 41-17 Nonlinear Modeling Parameters

In this section, the Parameter a (i.e., plastic hinge rotation capacity at strength loss) of walls with
“Confined Boundaries” is evaluated using results of the conforming wall dataset to highlight the
conservatism associated with the current structural wall modeling parameters of ASCE 41. ASCE
41-17 Table 10-19 (ACI 369-17 Table 19), which gives modeling parameters for flexurecontrolled RC structural walls, is partially shown in Table 8-2.
For the walls in the conforming dataset, which satisfy the criteria for “Confined Boundary” in
Table 8-2, the plastic rotation capacities at strength loss are computed. The results, along with the
plastic hinge rotation capacities from Table 8-2 (i.e., the first four rows), are presented in Fig. 8-10.
Two primary observations result from a review of Fig. 8-10: 1) the current modeling parameters
for walls with “confined boundaries” constitute a conservative lower-bound estimate of wall
deformation capacities, and 2) the predictor variable given in the first column of the Table 8-2 (i.e.,

(

)

⎡ As − A' s f yE + P ⎤ Ag f ' cE does not correlate well with parameter a and thus produces large
⎣
⎦
dispersions.

Table 8-2–Partial view of ASCE 41-17 Table 10-19
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Table 10-19. Modeling Parameters and Numerical Acceptance Criteria for Nonlinear Procedures—Reinf
Structural Walls and Associated Components Controlled by Flexure

Plastic Hinge
Rotation
(radians)

ii. Structural wall coupling beamsc
Longitudinal reinforcement and
transverse reinforcementd
Nonprestressed longitudinal
reinforcement with conforming
transverse reinforcement
Nonprestressed longitudinal
reinforcement with nonconforming
transverse reinforcement
Diagonal reinforcement
a
b

c
d

Residual
Strength Ratio

Performa

a

b

c

IO

0.015
0.010
0.009
0.005
0.008
0.006
0.003
0.002

0.020
0.015
0.012
0.010
0.015
0.010
0.005
0.004

0.75
0.40
0.60
0.30
0.60
0.30
0.25
0.20

0.005
0.004
0.003
0.0015
0.002
0.002
0.001
0.001

0
0
0
0
0
0
0
0

d

e

c

≤3
≥6

0.025
0.020

0.050
0.040

0.75
0.50

0.010
0.005

0
0

≤3
≥6

0.020
0.010

0.035
0.025

0.50
0.25

0.006
0.005

0
0

NA

0.030

0.050

0.80

0.006

0

Conditions
i. Structural walls and wall segments
V
pﬃﬃﬃﬃﬃﬃﬃ
ðAs − A0s Þf y E þ P
t w l w f 0cE
0
t w l w f cE
≤0.1
≤4
≤0.1
≥6
≥0.25
≤4
≥0.25
≥6
≤0.1
≤4
≤0.1
≥6
≥0.25
≤4
≥0.25
≥6

Accepta
Hinge Rotat

Conﬁned
Boundaryb
Yes
Yes
Yes
Yes
No
No
No
No
V
pﬃﬃﬃﬃﬃﬃﬃ
t w l w f 0cE

Linear interpolation between values listed in the table shall be permitted.
A boundary element shall be considered conﬁned where transverse reinforcement exceeds 75% of the requirem
318 and spacing of transverse reinforcement does not exceed 8db. It shall be permitted to take modeling
acceptance criteria as 80% of conﬁned values where boundary elements have at least 50% of the requirements
and spacing of transverse reinforcement does not exceed 8db. Otherwise, boundary elements shall be conside
For coupling beams spanning 8 ft 0 in., with bottom reinforcement continuous into the supporting walls, acceptan
shall be permitted to be doubled for LS and CP performance.
Nonprestressed longitudinal reinforcement consists of top and bottom steel parallel to the longitudinal axis of th
Conforming transverse reinforcement consists of (a) closed stirrups over the entire length of the coupling beam a
and (b) strength of closed stirrups Vs ≥ 3/4 of required shear strength of the coupling beam.

Fig. 8-10–Evaluation of Parameter a given in ASCE 41-17 for walls with “confined boundaries”.
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(

(

)

The ⎡ As − A' s f yE + P ⎤ Ag f ' cE parameter considers the impact of axial load ratio P Ag f cE′
⎣
⎦
and longitudinal reinforcement ratio and yield strength

(

(( A − A ) f

)

'

s

s

)

Ag f ' cE . Fig. 8-11(a)

yE

)

shows that there is no significant trend between P Ag f cE′ (ranging from 0.0 to 0.35) and wall
plastic rotation capacity at strength loss. This observation relates to the fact that P / Ag f 'c alone
does not indicate much about the stability of the compression zone, and its influence on
deformation capacity is best accounted for through neutral axis depth of a wall section, as will be
shown later. The impact of

(( A − A ) f

)

'

s

s

Ag f ' cE is shown in Fig. 8-11(b), which interestingly

yE

shows that an increase in this parameter results in increase of plastic rotation capacity for walls

(

subjected to low values of shear stress vma.x /

(( A − A ) f
'

s

s

yE

Ag f ' cE

)

)

f cE′ ( psi) ≤ 4 . This is because the value of

is the largest for walls with small depth of neutral axis (more

reinforcement are in tension), and deformation capacity if such walls are typically limited by bar
fracture of tension reinforcement and tend to have large deformation capacities (Segura and
Wallace, 2018b) . Fig. 8-11(b) also shows no clear trend between

(( A − A ) f
'

s

s

yE

)

Ag f ' cE and

plastic rotation capacity for walls with high shear stresses.

(

Fig. 8-12 also shows that there is only a moderate trend of Parameter a as a function of P Ag f cE′

)

for walls subjected to low shear stresses, and no clear trend for walls subjected to high shear
stresses for walls in the second dataset (i.e., No Confined Boundaries).
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Fig. 8-11– Impact of axial load ratio, longitudinal reinforcement, and slenderness parameter
(lwc/b2) on plastic rotation capacity (at strength loss) for walls with conforming detailing.

Fig. 8-12– Impact of axial load ratio on plastic rotation capacity at strength loss (Parameter a) for
walls with No Confined Boundaries (note: the break points for the ASCE 41-17 trends are
approximate since x-axis does not include (As-A's)fyE/(Agf'cE)).

8.5.

Modeling Parameters for Conforming Walls

The idealized backbone relation proposed to model the hinge region ( l p = lw / 2 ) of flexurecontrolled walls is presented in Fig. 8-7. The coordinates (strength ratios and total hinge rotation
capacities) of each point on the backbone are developed in the following sections using the
experimental results from the conforming wall dataset:
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8.5.1. Point B (EcIeff and MyE)
This point corresponds to member general yield strength and requires the yield strength (MyE) and
the effective flexural stiffness (EcIeff) of the hinge region. The effective flexural stiffness values
are given in Chapter 7 and depend on the magnitude of the sustained gravity load. The calculated
yield moment strength, MyE,cal, is evaluated as defined in ACI 369.1-17 and ASCE 41-17 based on
the ACI 318-14 approach but using expected material properties. Fig. 8-13 presents the ratio of
the calculated yield moment strength (MyE,cal) to the experimental (observed) yield moment
strength (MyE,exp). It can be seen that the calculated MyE,cal accurately captures the strength at
general yield (MyE,exp) with a mean and coefficient of variation (COV) of 1.01 and 0.12,
respectively.

Fig. 8-13–Ratio of calculated-to- experimental yield moment strength (MyE,cal/MyE,exp) for the
conforming wall dataset.

8.5.2. Point C (Parameter c' and Parameter d)
As noted previously, this point has an ordinate and abscissa that are equal to the ultimate (peak)
lateral strength (V@Mult) normalized by V@MyE (i.e., Parameter c') and the total hinge rotation
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capacity at 20% lateral strength loss from V@Mult (i.e., Parameter d), respectively. Details
Parameter c' and Parameter d are presented below:
a) Parameter c' (i.e., V@Mult/V@MyE):
Fig. 8-14 shows the ratio of the wall ultimate moment strength obtained during the test (Mult,exp) to
the calculated MyE,cal, and indicates that, on average, Mult,exp is 14% higher than MyE,cal. Therefore,
Parameter c' is taken as 1.15 (i.e., Mult =1.15 MyE) for simplicity and to be consistent with
Parameter c' for non-conforming walls, as discussed later.

Fig. 8-14–Ratio of experimental ultimate to yield moment strength (Mult,exp/MyE,cal) for the
conforming wall dataset.

b) Parameter d (i.e., total hinge rotation capacity at strength loss)
Abdullah and Wallace (2019) analyzed the Conforming Wall dataset and found that the following
parameters had a significant impact on lateral drift capacity: (1) ratio of wall neutral axis depthto-width of compression zone (slenderness of the compression zone), c b , (2) ratio of wall lengthto-width of compression zone (slenderness of the cross-section), lw b , (3) ratio of maximum wall
shear stress to the square root of concrete compressive strength, vmax

f c' , and (4) configuration

of the boundary transverse reinforcement used, i.e., use of overlapping hoops (Fig. 8-15(i)) versus
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a single perimeter hoop with intermediate legs of crossties (Fig. 8-15(ii)). They also concluded
that use of a combined cross-sectional slenderness parameter λb = lw c / b 2 provided an efficient
means to account for slenderness of the cross section

(lw / b ) and

the slenderness of the

compression zone on the cross section ( c / b ) . Parameter λb = lw c / b 2 considers the impact of
concrete and reinforcement material properties, axial load, wall cross-section geometry, and
quantities and distributions of longitudinal reinforcement at the boundary and in the web.

i) Overlapping hoops

ii) Perimeter hoop with crossties

Fig. 8-15–Examples of boundary transverse reinforcement configurations.

Furthermore, Abdullah and Wallace (2019) also investigated other parameters such as the: (1) area
ratio of provided-to-required (per ACI 318-14 §18.10.6.4) boundary transverse reinforcement,
Ash, provided Ash,required , (2) ratio of vertical spacing of boundary transverse reinforcement to the

diameter of the smallest longitudinal reinforcement, s db , (3) distance between laterally
supported boundary longitudinal reinforcement, hx , normalized by hx,max or width of compression
zone, b , and (4) degree of lateral support provided (support for all boundary longitudinal bars
versus every other bar). It was concluded that these detailing parameters did not significantly
impact wall lateral drift capacity (Fig. 8-16) for walls with well-detailed boundary elements. More
in-depth discussion of these parameters can be found in Abdullah and Wallace (2019).
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Drift Capacity (%)

5
4
3
2
1

a) BE transverse reinf.: X-Dir

0
5

Drift Capacity (%)

1.5 s/db < 3.5
3.5 < s/db 6

1.0 Ash,prov/Ash,req 1.2
1.2 < Ash,prov/Ash,req

b) Bar slenderness ratio
50 mm hx < 100 mm
100 mm hx 140 mm

All bars supported
Not all bars supported

4
3
2
1

d) Spacing of BE longi. bars laterally
supported

c) Lateral support of BE longi. bars

0
0

40

80

120

lwc/b

0

40

80

120

lwc/b

2

2

Fig. 8-16–Impact of some boundary element details on drift capacity of walls with special
boundary elements.

Fig. 8-17 shows variation of Parameter d of the conforming dataset as a function of the
aforementioned four significant parameters (i.e., λb = lwc / b2 , vmax /

f 'c , and overlapping hoops),

with piecewise best-linear fits of the data (proposed models) to derive the updated Parameter d
values. Fig. 8-17(a) reveals that use of overlapping hoops for values of λb > 40 (i.e., walls with
slender cross-sections and large compression depths) results in a significant increase in rotation
capacity, because the behavior of walls with small compression zones ( c / b < 1 ) tends to be
controlled by bar fracture rather than flexural compression failure. It is noted that for walls with
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overlapping hoops and high shear stresses, only three tests exist for λb > 40 (Fig. 8-17(b)). A
detailed discussion on the impact of overlapping hoops on wall deformation capacity can be found
in Abdullah and Wallace (2019) and Segura and Wallace (2018a).

Fig. 8-17–Proposed models for Parameter d for conforming flexure-controlled walls (Note: the
statistics shown are for the ratios of predicted-to-experimental values for the entire dataset).

8.5.3. Point D (Parameter c and d')
As shown in Fig. 8-7, this point defines the slope of the strength degrading branch of the backbone
relations and has an ordinate and abscissa that are equal to the wall residual lateral strength ratio
(Parameter c) and the rotation capacity corresponding to reaching the residual strength (Parameter
d’), respectively. The reduced subset of 101 walls that included information on axial collapse was
studied to identify parameters that influence residual strength ratio (Parameter c) and rotation
capacity (Parameter d') at Point D, as discussed below:
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a) Parameter c
Fig. 8-18 shows the residual moment strength, Mresidual, of the dataset normalized by the yield
moment strength, MyE, (i.e., Parameter c). It is clear that residual strength does not correlate well
with the parameters such as lb and P / Ag f c′ , which significantly impact Parameter d', as is shown
next. However, from Fig. 8-18(a), it can be seen that the walls with P/Agf’c ≥ 0.2 (~ 20 walls) have
little or no residual strength, and that walls with lb > 70 have no residual strength regardless of the
level of axial load or shear stress (i.e., no or little post-peak deformation capacity). Additional
study may provide improved relations; however, the models shown in Fig. 8-18(a) are proposed
to derive Parameter c for conforming walls.

Fig. 8-18–Proposed models for Parameter c for conforming flexure-controlled walls.

b) Parameter d'
Fig. 8-19 shows that, in addition to λb = lwc / b2 , P / Ag f c′ produces a significant influence on
Parameter d'. This is because, once strength degradation starts, the level of axial load accelerates
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the rate of deterioration such that walls with high P / Ag f c′ have a steep post-peak slope on the
backbone relation, where no or little additional deformation capacity beyond Point C is achieved
prior to axial collapse (i.e., no residual strength plateau, Fig. 8-7). Insufficient data existed to
evaluate if the use of overlapping hoops in the boundary elements would influence Parameter d'.
Therefore, lb and P / Ag f c′ are used as predictor variables to select Parameter d’ based on the
piecewise best-linear fits (models) shown on Fig. 8-19.

Fig. 8-19–Proposed models for Parameter d' for conforming flexure-controlled walls (Note: the
statistics shown are for the ratios of predicted-to-experimental values).

8.5.4. Point E (Axial Collapse)
As shown in Fig. 8-7, this point is assumed to have an ordinate that is equal to the wall residual
lateral strength ratio (Parameter c), whereas the abscissa is equal to the rotation capacity
corresponding to the onset of axial collapse (Parameter d).
The reduced subset of 101 walls with reported information on axial collapse was studied to identify
parameters that influence rotation capacity (Parameter d') at Point E. Similar to Parameter d',

λb = lwc / b2 and P / Ag f c′ significantly influence Parameter e. Data and the proposed models are
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presented in Fig. 8-20. Segura and Wallace (2018a) reported that providing lateral restraint in the
form of crossties for the web longitudinal reinforcement increased the rotation capacity at axial
collapse; however, tests on walls with crossties in the web region are rare and would not allow
statistical analysis.

Fig. 8-20–Proposed models for Parameter e for conforming flexure-controlled walls (Note: the
statistics shown are for the ratios of predicted-to-experimental values).

8.6.

Proposed Modeling Parameters for Conforming Flexure-Controlled Walls

Based on results presented in the preceding sections, updated modeling parameters for conforming
walls controlled by flexure are presented in Table 8-3. The statistics of each parameter are
presented in Table 8-4. These statistics allow users to select appropriate modeling rules and
acceptance criteria other than those recommended later in section 8.10.
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Table 8-3–Modeling parameters for conforming RC structural walls controlled by flexure
Conditions

𝑙- 𝑐/
𝑏1

𝑤3 𝑉@6&78

≤ 10

≤4

≤ 10
≥ 70

d

Overlapping
hoops used?

+
𝐴$3 :𝑓$/

0.032

≥6

YES
YES

≤4

YES

0.018

≥ 70

≥6

YES

0.014

≤ 10

≤4

0.032

≤ 10

≥6

NO
NO

≥ 70

≤4

NO

0.012

≥ 70

≥6

NO

0.011

0.026

0.026

Conditions

𝑃
+
𝐴) 𝑓$/

C

≤ 10

≤ 0.10

0.5

≤ 10

≥ 0.20

0.1

≥ 70

≤ 0.10

0.0

≥ 70

≥ 0.20

0.0

𝑙- 𝑐/
𝑏1

c'

1.15

d'

e

0.036

0.040

0.030

0.032

0.018

0.020

0.014

0.014

Notes: See Section 8.6.1

Table 8-4–Statistics of the modeling parameters given in Table 8-3*

*

Parameter

Mean

Median

Standard
Deviation

Coefficient of
Variation, COV

MyE,cal /MyE

1.01

1.00

0.12

0.12

c'

1.03

1.02

0.10

0.10

c

1.15

0.84

0.97

0.84

d

0.98

0.95

0.17

0.17

d'

1.01

1.01

0.22
0.22

0.21

1.01
e
1.03
The statistics are for the ratios of predicted-to-experimental values.
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0.21

8.6.1. Notes on Table 8-3 (Most will apply to Table 8-5 for non-conforming walls)
1. Walls should be considered conforming when they comply with the following requirements:
a) A minimum of two curtains of web vertical and horizontal reinforcement,
b) Boundary longitudinal reinforcement ratio (calculated per ACI 318-14 R18.10.6.5),

ρ ≥ 6 f c' ( psi) f y ,
c) Min area ratio of provided-to-required (per ACI 318-14 §18.10.6.4) boundary transverse
reinforcement, Ash, provided Ash,required ≥ 0.7,
d) ratio of vertical spacing of boundary transverse reinforcement to the diameter of the
smallest longitudinal reinforcement, s db ≤ 8.0,
e) Adequate lap-splice of longitudinal reinforcement.
2. New and modified notations:
a) The current tables of ASCE 41-17 use lw´tw for gross area (Ag) in the tables. This implies
that the tables are only applicable to planar walls. Therefore, the following two notations
are added:
i. Ag = gross area of wall
ii. Acv = gross area of concrete section bounded by web thickness and length of section in
the direction of shear force (= lw´tw).
b) Since c is defined as the residual strength ratio, use of 𝑐/ is recommended for depth of
neutral axis at MyE using expected material properties and axial load due to gravity loads
and earthquake effects (worst case scenario).
c) The notation b in the parameter λb =lwc/b2 is defined as width of flexural compression zone
in ACI 318. In ACI 369, it is given for section width. For a simple planar wall, b is the
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same as tw; however, the tables proposed are intended to apply to walls with rectangular,
flanged, and barbell cross sectional shapes (Fig. 4-8a through f). For cases with a large b,
e.g., where the barbell or flange of the wall is in compression (Fig. 4-8a through h),
deformation capacity is likely to be relatively large (low λb ); however, for cases with a
barbell or flange in tension, and a thin wall web in compression (Fig. 4-8b and e through
h), relatively large values of c b and λb are likely, and higher shear demands are also
likely; therefore, lower drift capacities are likely. For cases where b varies over c , or
where c varies over b , a representative (e.g., weighted average) value of b or c should
be used, as shown in Fig. 4-8(c), (d), (e) and (h).
3. The maximum shear demand, V@Mult, is amplified to account for the higher mode responses
using the following simplified dynamic shear amplification factor, wv, (ACI 318-19 §18.10.3):
𝜔3 = 0.9 +

𝑛"
𝑓𝑜𝑟 𝑛 " ≤ 6
10

𝜔3 = 1.3 +

𝑛"
𝑓𝑜𝑟 𝑛" > 6
30

Where 𝑛" is the number of stories above the critical section and should not be taken less than
0.007 times the wall height above the critical section (hwcs) measured in inches. This limit is
imposed on ns to account for buildings with large story heights (i.e., >12 ft. (144 in.)).
4. For overlapping hoops, the definition that has been approved for ACI 318-19 or a slightly more
relaxed definition could be adopted.
5. In ASCE 41-17 §10.7.1.1, if axial load on a wall exceeded 0.35Ag f 'c, the lateral strength and
stiffness of the wall cannot be considered. It is recommended that this limit be removed because
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the two datasets used to develop the new modeling parameters include walls with axial loads
up to 0.6Ag f 'c. The influence of axial load is accounted for with the lwc/b2 term.
6. For asymmetric walls (e.g., T-shaped, L-shaped, or half barbell walls, or walls with different
quantities of reinforcement or different configuration of transverse reinforcement boundary
elements), the user should produce backbones for both directions of loading (asymmetric
backbone). However, for axial collapse, T-shaped and L-shaped walls are unlikely to lose axial
load carrying capacities because tests observations have shown that the flange remains mostly
intact unless it is subjected to bi-directional loading. Similarly, for wing walls (walls with a
column at or near the center of the wall, if the column is well confined (spirally reinforced
columns), they might not lose axial load carrying capacity. Such walls might be common in
old construction (pre1980s).
7. Since different conditions are used for Parameter d and Parameters d' and e, Parameter d' and
e should not be taken greater than Parameter d. In rare cases, this might happen.

8.7.

Modeling Parameters for Non-Conforming Walls

Similar to conforming walls, the coordinates (strength ratios and total hinge rotation capacities) of
each response point on the idealized backbone relation (Fig. 8-7) are developed in the following
sections using the experimental results from the non-conforming wall dataset:

8.7.1. Point B (EcIeff and MyE)
This point corresponds to member general yield strength and requires the yield strength (MyE) and
the effective flexural stiffness (EcIeff) of the hinge region. The effective flexural stiffness values
are given in Chapter 7 and depend on the magnitude of the sustained gravity load. The calculated
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yield moment strength, MyE,cal, is evaluated as defined in ACI 369.1-17 and ASCE 41-17 based on
the ACI 318-14 approach but using expected material properties.
Fig. 8-21 presents the ratio the calculated yield moment strength (MyE,cal) to the experimental
(observed) yield moment strength (MyE,exp) for the non-conforming dataset. It can be seen that the
calculated MyE on average only slightly underpredicts the yield moment strength (MyE,exp), except
for walls with P / Ag f c′ > 0.40. Given that non-conforming walls encountered in practice
typically have axial loads below 0.2Agf’c, taking strength at Point B as MyE,cal is proposed, similar
to conforming walls.

Fig. 8-21–Ratio of calculated-to- experimental yield moment strength (MyE,cal/MyE,exp) for the
non-conforming wall dataset.

8.7.2. Point C (Parameter c' and Parameter d)
a) Parameter c' (i.e., V@Mult/V@MyE):
Fig. 8-22 presents the ratio of the ultimate moment strength obtained during the test (Mult,exp) to
the calculated MyE,cal for the non-conforming dataset, which shows that, on average, Mult,exp is 18%
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higher than MyE,cal. This value is slightly larger than that of conforming walls. Based on these
results and results of the conforming wall dataset, Parameter c' is taken as 1.15 (Mult =1.15 MyE).

Fig. 8-22– Ratio of experimental ultimate-to-yield moment strength (Mult,exp/MyE,cal) for the nonconforming wall dataset.

b) Parameter d (i.e., total hinge rotation capacity at strength loss):
The non-conforming wall dataset was studied to highlight parameters that influence Parameter d.
Fig. 8-23 shows variation of Parameter d against λb = lwc / b2 for three levels P / Ag f c′ . and wall
shear stress ratio ( vmax /

f c′ ). It is clear that, similar to conforming walls, Parameter d is highly

influenced by λb = lwc / b2 , but the influence of P / Ag f c′ and vmax /

f c′ is not clear. As noted

previously, P / Ag f 'c does not correlate well with wall lateral deformation capacity at 20% lateral
strength loss (Fig. 8-23(a)). Fig. 8-23(b) shows that the impact of vmax /

f c′ is not as apparent as

it was for walls in the conforming wall dataset, which might suggest that walls with nonconforming detailing might fail due to lack of proper detailing before the negative impact of shear
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stress takes effect. It is also noted that there are relatively few walls in the dataset with high shear
stresses ( vmax /

f 'c > 6) at λb = lwc / b2 > 20 (Fig. 8-23(b)).

Fig. 8-23–Impact of λb = lwc / b2 , P / Ag f c′ , and vmax / f c′ on Parameter d for walls with
non-conforming detailing.

Additionally, performing a series of linear regression analyses were conducted on the nonconforming dataset and revealed that detailing parameters such as provided Ash, s/db, and rlong,BE
play an important role in Parameter d, as shown in Fig. 8-24. It is noted that rlong,BE is computed
in accordance with ACI 318-14 R18.10.6.5, and the dataset includes walls with rlong,BE ≥ 0.004
(see Fig. 8-21 and Fig. 8-22). Walls with very low rlong,BE and low P / Ag f c′ could have
significantly less deformation capacity because such walls may develop one or two major cracks
at or near the base with little or no secondary cracks, which leads to strain concentration at the
major cracks and eventual bar fracture.
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Fig. 8-24–Impact detailing parameters on Parameter d of non-conforming walls.

Fig. 8-25 shows the combined impact of Ash and s/db along with the proposed models for Parameter
d. It can be seen that the dispersion of the data at lb < 20 is significant. In this region, walls tend
to have different flexure-failure modes. For example, walls with slender cross-sections (lw/b > 12)
and small compression zones (c/b < 1.5) tend to be limited by tensile strains that develop in the
boundary longitudinal reinforcement (e.g., T-shaped wall loaded with the flange in compression),
where providing additional transverse reinfrcement does not result in increased deformation
capacity. These walls typically have rotation capacities larger than 0.02 unless they are reinforced
with brittle (non-ductile) longitudinal reinforcement, or their longitudinal reinforcement ratio in
the boundary region is small (i.e., < 0.0025). On the other hand, for walls that have squat crosssections (lw/b < 8) and moderate compression demands (c/b > 2), which most of the nonconfroming walls fall into this category (Fig. 8-6), the deformation capacity tends to be limited by
flexure compression failures, for which increased transverse reinforcement and bar restraint would
likely lead to increased deformation capacity by providing improved lateral restraint against rebar
buckling. Walls with lb > 60, which are characterized with slender cross-sections and high
compression demands (i.e., thin walls), are typically controlled by brittle compression failures
and/or out-of-plane instability.
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Fig. 8-25 also shows walls with one curtain of web reinforcement, which, except for seven walls,
all had no transverse reinofrcenent within the boundary region. Fig. 8-25 reveals that walls with
one curtain of web reinforcement have rotation capacities comparable to those with two curtains
of web reinforcement. Therefore, it is proposed that walls with one curtain of web reinfrocement
be treated similar to walls with two curtains of web reinfrocement.

8.7.3. Point D (Parameter c and d')
Fig. 8-26 shows the residual moment strength of the dataset normalized by MyE (i.e., Parameter c),
and reveals that, similar to conforming walls, Parameter c does not correlate well with the
parameters that significantly impact Parameter d' (as shown next) such as lb and P / Ag f c′ . In the
absence of additional studies, the piecewise best-linear fits (models) shown in Fig. 8-26 are
proposed to derive Parameter c for non-conforming walls.

Fig. 8-25–Proposed models for Parameter d for non-conforming walls as a function of Ash ratio
and s/db.
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Fig. 8-26–Proposed models for Parameter c for non-conforming flexure-controlled walls.

Additionally, similar to conforming walls, λb = lwc / b2 , P / Ag f c′ were found to have a significant
influence on Parameter d’, as shown in Fig. 8-27. Therefore, these two parameters are used as
predictors for selecting Parameter d’ based on the models shown in Fig. 8-27.
8.7.4. Point E (Axial Collapse)
Similar to Parameter d', λb = lwc / b2 and P / Ag f c′ significantly influence Parameter e. The
results of the dataset, along with the proposed models, are presented in Fig. 8-28.
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Fig. 8-27–Proposed models for Parameter d' for non-conforming flexure-controlled walls.

Fig. 8-28–Proposed models for Parameter e for conforming flexure-controlled walls.

8.8.

Wall with Low Longitudinal Reinforcement Ratios

As noted previously, the non-conforming dataset contains walls with longitudinal reinforcement
ratios in the boundary region ( ρl ,BE ) equal to, or greater than, 0.0025 (minimum web longitudinal
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reinforcement ratio of ACI 318-14). However, walls with distributed longitudinal reinforcement
ratios < 0.0025 are found in buildings constructed prior 1970s (i.e., prior to establishment of
modern seismic building codes). Furthermore, walls with longitudinal reinforcement ratios <
0.0015 are currently treated as force-controlled components/actions (ASCE 41-17 §10.7.2.3),
which makes it virtually impossible to meet the strictly defined performance objectives at the BSE2E hazard level when no ductility capacity is permitted, especially in wall buildings since the
strength limit is reached at exceptionally low drift demands.
To address this issue, the database was filtered to identify walls with distributed longitudinal
reinforcement ratios (ratio of area of total longitudinal reinforcement to gross concrete area
perpendicular to the reinforcement), ρlw , < 0.0025, where ρlw is ratio of area of total longitudinal
reinforcement to gross concrete area perpendicular to that reinforcement in a wall or wall
segment)and a subset of 11 walls were identified with 0.001< ρlw < 0.0025. For those 11 wall tests,
only data up lateral strength loss is available (i.e., Parameter d). The limited data are presented in
Fig. 8-29 along with the models of Fig. 8-25 (non-conforming walls with longitudinal
reinforcement ratio ≥ 0.0025). This figure suggests that non-conforming walls with such low
longitudinal reinforcement ratios can perform significantly worse than those with higher
reinforcement ratios when subjected to relatively low compression demands (i.e., lwc / b2 < 10),
for which the failure mode is typically more tension-fracture of longitudinal bars due to the
significant tensile strains expected to be developed in the extreme tension bars. This figure also
reveals that walls with ρlw < 0.0025 and moderate-to-high compression demands perform similar
to the data presented in Fig. 8-25 (i.e., walls with ρlw ≥ 0.0025) because the deformation capacity
of such walls is not particularly limited by tension-fracture of longitudinal bars, but rather by
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concrete crushing and bar buckling. Therefore, the following is proposed until further data and
information on walls with ρlw < 0.0025 become available.
The models presented in Fig. 8-25, Fig. 8-27, and Fig. 8-28 do not apply to walls with ρlw < 0.001
and a reduction factor should be applied for ρlw between 0.001 and 0.0025 and for low values of
the parameter lwc / b2 . A reduction factor of 0.4 for ρlw = 0.001 and lwc / b2 ≤ 10 and 1.0 for

ρlw = 0.0025 and lwc / b2 ≥ 20 should be applied to the hinge rotation capacity values obtained
from models shown in Fig. 8-25, Fig. 8-27, and Fig. 8-28. Linear interpolation of the reduction
factor with respect to ρlw and lwc / b2 should be permitted for intermediate values. This proposed
approach is shown in Fig. 8-29 (broken red line) with the limited test data and models of Fig. 8-25.

Fig. 8-29–Proposed model for Parameter d of flexure-controlled walls with ρlw < 0.0025.

8.9.

Proposed Modeling Parameters for Non-Conforming Flexure-Controlled Walls

Based on results presented in the preceding sections, updated modeling parameters for nonconforming walls controlled by flexure are given in Table 8-5. The statistics of the parameters are
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given in Table 8-6. These statistics allow users to select appropriate modeling rules and acceptance
criteria other than those recommended later in section 8.10.

Table 8-5–Modeling parameters for non-conforming RC structural walls controlled by flexure
Conditions

𝑙- 𝑐/
𝑏1
≤ 10

≤ 10

≥60

≥ 60

d

Detailing

Ash, provided
Ash,required
Ash, provided
Ash,required
Ash, provided
Ash,required
Ash, provided
Ash,required

≥ 0.5 and

s
≤9
db

0.034

< 0.2 and

s
> 15
db

0.019

≥ 0.5 and

s
≤9
db

0.010

< 0.2 and

s
> 15
db

0.008

Conditions

𝑃
+
𝐴) 𝑓$/

c

≤ 10

≤ 0.10

0.4

≤ 10

≥ 0.20

0.1

≥ 60

≤ 0.10

0.0

≥ 60

≥ 0.20

0.0

𝑙- 𝑐/
𝑏1

Notes: See section 8.9.1
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c'

1.15

d'

e

0.032

0.035

0.020

0.021

0.015

0.015

0.010

0.010

Table 8-6–Statistics of the modeling parameters given in Table 8-5*

*

Parameter

Mean

Median

Standard
Deviation

Coefficient of
Variation

MyE,cal /MyE

0.97

0.97

0.14

0.14

c'

1.03

0.97

0.15

0.15

c

1.22

1.00

0.95

0.78

d

0.95

0.93

0.22

0.23

d'

1.01

0.97

0.24

0.24

e

1.01

1.02

0.21

0.21

The statistics are for the ratios of predicted-to-experimental values.

8.9.1. Notes on Table 8-5 (in addition to the applicable notes on Table 8-3)
1. Walls should be considered non-conforming when they do not satisfy all the requirements of
conforming walls.
2. If values of both Ash,provided/Ash,required and s/db fall between or outside the limits given in the
table, linear interpolation should independently be performed for both Ash,provided/Ash,required and
s/db, and the lower resulting value of Parameter d should be taken.
3. Values of Ash,provided/Ash,required and s/db should be provided over a horizontal distance that
extends from extreme compression fiber at least cE /2.
4. The d, d’, and e parameters in this table do not apply to walls with ρlw lower than 0.001 and
a reduction factor should be applied for ρlw between 0.001 and 0.0025 ( ρlw = ratio of area of
total longitudinal reinforcement to gross concrete area perpendicular to that reinforcement in
a wall or wall segment) and for low values of parameter lwc / b2 . A reduction factor of 0.4
for ρlw = 0.001 and lwc / b2 ≤ 10 and 1.0 for ρlw = 0.0025 and lwc / b2 ≥ 20 should be
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applied to the hinge rotation capacity values obtained from this table. Linear interpolation of
the reduction factor with respect to ρlw and lwc / b2 should be permitted for intermediate
values.
5. Interpolation between table of conforming and non-conforming walls is not allowed.
6. This table applies to walls with either one or multiple curtains of web reinforcement.
7. Since different conditions are used for Parameter d and Parameters d' and e, Parameter d' and
e should not be taken greater than Parameter d. In rare cases, this might happen.

8.10. Acceptance Criteria for Non-linear and Linear Procedures
8.10.1. General
Acceptance criteria are limiting values of deformation demands for deformation-controlled actions
and strength demands for force-controlled actions, which are used to determine the conformance
of a structure with the design requirements or performance objectives. ASCE 41-17 § 7.5.1
requires that prior to selecting component acceptance criteria (AC) for acceptability of force and
deformation actions, each component that affects the lateral stiffness or distribution of lateral
forces in the building, or are loaded as a result of lateral deformation of the building should be
classified as primary or secondary, and each action should be classified as deformation-controlled
(ductile) or force-controlled (nonductile). In general, a structural component that is required to
resist seismic forces and accommodate the associated seismic deformations for the structure to
achieve the selected performance level are classified as primary (e.g., the lateral force resisting
system of the building), whereas a structural component that only needs to accommodate seismic
deformations and is not required to resist seismic forces for the structure to achieve the selected
performance level is permitted to be classified as secondary (the gravity system of the building).
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In all cases, the engineer needs to verify that gravity load-carrying capacity of the structural system
is not compromised, regardless of the designation of primary and secondary components.
Currently, there is no AC for walls as secondary components in ASCE 41-17. This could be
because walls typically provide add considerably or reliably to the lateral resistance of the building
against seismic induced demands.
ASCE 41-17 §7.5.1.2 gives guidance on classifying actions as either deformation controlled or
force controlled. In general, deformation-controlled actions are those for which the component can
undergo measurable inelastic deformations without compromising the ability to maintain its loadcarrying capacity, whereas force-controlled actions are those for which the component loses its
load-carrying capacity once the elastic limit (yield strength) is exceeded (no ductility). In ASCE
41-17, actions are defined as deformation-controlled by the standard if linear and nonlinear AC
are designated to them. In cases, where linear and nonlinear AC are not specified in the standard,
actions should be classified as force controlled, unless component testing is performed to
demonstrate otherwise. Currently, both shear and flexure actions in RC structural walls are treated
as deformation-controlled actions, with AC specified for linear approaches in the form of
deformation-based m-factors and for nonlinear approaches in the form of plastic hinge
rotations. Other actions, such as axial, based shear sliding, as well as shear in walls with a
transverse reinforcement ratio < 0.0015 (ASCE 41-17 § 10.7.2.3) and flexure in walls where the
cracking moment strength exceeds the yield strength (ASCE 41-17 § 10.7.2.3), are currently
treated as force-controlled actions, unless component testing is performed to demonstrate
otherwise. The AC proposed herein in do not result in changes to the designation of force and
deformation-controlled actions.
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8.10.2. Distribution of Data for Parameters d and e
Fig. 8-30 presents the distributed of the data for the ratios of experimental-to-predicted d and e,
along with normal and lognormal distributions associated with the means and standard deviations
of the data. It can be seen that the data are better fit using a lognormal distribution. The data for
Parameter e is not as well-fit using a lognormal distribution as Parameter d, and using normal
distribution is not much better, either. This could be a limitation of the data set size (smaller) and
the selected bin widths. For both distributions, the lower tail is more important, since this is the
side of the distribution that affects the AC. For Parameter d, the lognormal distribution does a
better job capturing that lower tail than the normal distribution. Furthermore, to be consistent with
distributions used for other component in the standard and to avoid negative values of AC,
lognormal distribution is assumed for deriving the AC, as shown below.
8.10.3. Proposed Acceptance Criteria (AC) for Nonlinear Procedures
The ASCE 41-17 §7.6.3 standard provides a procedure for defining AC based on experimental
data. For both primary and secondary components, the standard defines AC for the Immediate
Occupancy (IO) performance objective as the deformation at which permanent, visible damage
occurred in the experiments (acceptable damage), but not greater than 2/3 of the deformation limit
(AC) for Life Safety (LS). For both secondary and primary members, ASCE 41-17 §7.6.3 defines
AC as 75% of Parameter e for LS and 100% of Parameter e for collapse prevention (CP). It is
important to note that the current modeling parameters in the standard were selected very
conservatively, as shown before; therefore, by taking AC as fractions of Parameter e or d, the
standard in essence aims at deformation limits smaller than values at which lateral strength loss or
axial failure occurs. Therefore, for more severe performance objectives (i.e., LS and CP), for which
structural stability and safety are of significant concern, ensuring a fixed probability of exceeding
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the deformation corresponding to the onset of lateral-strength degradation (Parameter d) or the
onset of axial failure (Parameter e) is more appropriate and is consistent with performance
objective of columns in ACI 369-17 (Ghannoum and Matamoros, 2014). As a result, the following
acceptance criteria for nonlinear procedures are recommended for RC structural walls:
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Fig. 8-30–Distribution of ratios of experimental-to-predicted d and e, along with normal and
lognormal distributions associated with the means and standard deviations of the data
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1. It is proposed here that AC for IO be based on a percentage of the plastic hinge rotation value
(d - θy) plus the yield rotation. A conservative value of θy + 0.10 (d - θy) is selected as the
limiting deformation at which a reinforced concrete wall is deemed to need repair and no longer
satisfy the IO performance objective.
2. For LS of primary members, it is proposed that total hinge rotations should not exceed the 20th
percentile of Parameter d. For a member critical to the stability of a structure, satisfying the
AC for LS would indicate an 80% level of confidence that the member under consideration
has not initiated lateral strength degradation.
3. For CP of primary members, it is proposed that total hinge rotations should not exceed the 35th
percentile of Parameter d.
4. For LS of secondary members, it is proposed that total hinge rotations should not exceed the
10th percentile of Parameter e nor be less than AC for LS of primary members. Due to the
more critical nature of the behavioral milestone identified by Parameter e, a lower percentile
was selected for this AC than for primary members.
5. For CP of secondary members, total hinge rotations should not exceed the 25th percentile of
Parameter e nor be less than AC for CP of primary members.
6. In all case, the AC for primary members should not be larger than those for secondary members.

Based on the above approach and assuming lognormal distribution for Parameters d and e, Table
8-7 and Table 8-8 present AC for conforming walls, where Table 8-7 uses the actual medians of
the data for Parameters d and e (biased models), and Table 8-8 uses the medians rounded to 1.0
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(unbiased models). Similarly, the results for non-conforming walls are presented in Table 8-9 and
Table 8-10.

Table 8-7–Acceptance criteria for conforming structural walls: biased models are used
Performance
Level
IO
LS
CP

Component
Type

Percentile

Percentage

Acceptance Criteria

Primary

-

-

θy+0.1(d - θy)

Secondary

-

-

θy+0.1(d - θy)

Primary

20th of d

91%

0.91d

Secondary

10th of e

74%

0.74e ≥ 0.91d

Primary

35th of d

98%

0.98d

Secondary

25th of e

85%

0.85e ≥ 0.98d

Table 8-8–Acceptance criteria for conforming structural walls: unbiased models are used
Performance
Level
IO
LS

CP

Component
Type

Percentile

Percentage

Acceptance Criteria

Primary

-

-

θy+0.1(d - θy)

Secondary

-

-

θy+0.1(d - θy)

Primary

20th of d

86.7%

0.87d

Secondary

10th of e

74%

0.74e ≥ 0.87d

Primary

35th of d

93.6%

0.94d

Secondary

25th of e

85.9%

0.86e ≥ 0.94d

Table 8-9–Acceptance criteria for non-conforming structural walls: biased models are used
Performance
Level
IO

LS

CP

Component
Type

Percentile

Percentage

Acceptance Criteria

Primary

-

-

θy+0.1(d - θy)

Secondary

-

-

θy+0.1(d - θy)

Primary

20th of d

90.5%

0.91d

Secondary

10th of e

74.9%

0.75e ≥ 0.91d

Primary

35th of d

99.6%

1.00d

Secondary

25th of e

85.10%

0.85e ≥ 1.00d
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Table 8-10–Acceptance criteria for non-conforming structural walls: unbiased models are used
Performance
Level
IO

LS

CP

Component
Type

Percentile

Percentage

Acceptance Criteria

Primary

-

-

θy+0.1(d - θy)

Secondary

-

-

θy+0.1(d - θy)

Primary

20th of d

84.3%

0.84d

Secondary

10th of e

76.4%

0.76e ≥ 0.84d

Primary

35th of d

92.2%

0.92d

Secondary

25th of e

86.8%

0.87e ≥ 0.92d

The impact of ignoring possible bias in the models for Parameter d on the AC results in lower
(conservative) allowable rotation values for the AC. This may be conservative. The difference is
about 4% for the conforming walls and about 7% for the non-conforming walls. The impact of
ignoring possible bias in the models for Parameter e on the AC results in about the same allowable
rotation values for the AC (≈1% difference). Since the medians and dispersions of Parameter d
and e are close for conforming and non-conforming walls, a single set of AC for both conforming
and non-conforming walls might be appropriate. Table 8-11 presents a recommended set of AC
for both conforming and non-conforming walls. Approximate location of AC on the backbone
relation is shown in Fig. 8-31.

Table 8-11–Recommended acceptance criteria for conforming and non-conforming flexurecontrolled concrete structural walls.
Performance Level

Component Type

Acceptance Criteria

IO

Primary and Secondary
Primary

θy+0.1(d - θy)
0.90d

Secondary
Primary

0.75e ≥ 0.90d
1.00d

Secondary

0.85e ≥ 1.00d

LS
CP
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Fig. 8-31–Approximate location of AC on backbone relation.

8.10.4. Proposed Acceptance Criteria (AC) for Linear Procedures– m-factors
As noted in the previous section, for AC in nonlinear procedures, deformation limits are used.
However, for the AC in the linear procedures, these deformation limits are converted to m-factors,
defined as component capacity modification factors to account for the expected ductility associated
with the action at the selected performance level. Since drift and deformation demands are not
explicitly evaluated for ASCE 41 linear procedures, the m-factors are used as a proxy for limiting
allowable drifts and deformations.
Provisions ASCE 41-17 §7.6.3 stipulate that m-factors be selected based on the nonlinear modeling
parameters d and e from experimental data according to the relationships shown in Table 8-12.
Because these m-factors are defined in terms of nonlinear modeling parameters d and e, the
relationships in Table 8-12 are applicable to all types of walls, regardless of level of detailing.
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Table 8-12–m-factors for reinforced concrete walls based on provisions of ASCE 41-17 §7.6.3
Component Type

Performance Level
IO

LS

CP

Primary

3 ⎛ d nl ⎞
⎜ ⎟
8⎝ θy ⎠

9 ⎛ d nl ⎞
⎜ ⎟
16 ⎝ θ y ⎠

9 ⎛ enl ⎞
⎜ ⎟
16 ⎝ θ y ⎠

Secondary

3 ⎛ enl ⎞
⎜ ⎟
8⎝ θy ⎠

9 ⎛ enl ⎞
⎜ ⎟
16 ⎝ θ y ⎠

3 ⎛ enl ⎞
⎜ ⎟
4 ⎝ θy ⎠

The yield rotation (θy) in Table 8-12 is the average hinge rotation corresponding to the first yield
of longitudinal reinforcement and is computed from sectional analysis of the wall as yield
curvature (fy) times the hinge length (lp). Fig. 8-32 presents variation of yield curvature computed
from sectional analysis for a dataset of 978 walls versus wall length (lw). A best fit model in the
form of fy = 0.00375/ lw results in a mean of 1.02 and a coefficient of variation of 0.21. The upperand lower-bounds shown in Fig. 8-32 represent roughly the mean plus and minus two standard
deviations, respectively. Assuming an lp of lw/2 and uniform distribution of curvature over lp, a
mean value of hinge yield rotation (θy) of 0.188% can be obtained. For the purpose of obtaining
m-factors, it might be more appropriate to use the upper-bound yield curvature, which results in a
θy of 0.25%, producing conservative values of m-factors. It is noted that these yield rotation values
do not take into account the increase in yield rotation (flexibility) as a result of bar slip/extension
into the foundation, which could increase θy by another 5% to 20% for walls with low-to-moderate
axial loads (more axial load results in less bar slip/extension).
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Fig. 8-32–Yield curvature (fy) computed from sectional analysis as a function of wall length (lw).

8.11. Summary and Conclusions
This study involves utilizing the available experimental data and new information on performance
of structural walls to develop updated modeling parameters and acceptance criteria for seismic
evaluation and retrofit of flexure-controlled reinforced concrete structural walls. The current
ASCE 41-17 nonlinear deformation-based modeling parameters (i.e., Parameters a and b) are
given as plastic hinge rotations. Where a lumped plasticity model is used, the hinge region, which
is typically at or near the base of a wall, is modeled as a near-rigid spring with effectively no elastic
deformation. However, in this study, the deformation-based modeling parameters are given as total
hinge rotation capacities, which include both the elastic and plastic deformations of the hinge
region (lw/2). This approach is proposed because, by using total hinge rotation capacities: 1)
Modeling parameters are not sensitive to approaches (or assumptions) used to calculate yield
rotation, qy, 2) Modeling parameters are consistent with the total drift ratio or chord rotation used
to define modeling parameters for shear-controlled walls and coupling beams, respectively, and 3)
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Modeling parameters can be converted to strain limits by dividing by an assumed hinge length,
which is convenient where fiber models are used, which is becoming increasingly popular in
engineering practice.
To accomplish these objectives, two subsets of data were filtered from UCLA-RCWalls database,
one for walls with conforming “or special” detailing and the other for walls with non-conforming
“or ordinary” detailing. The datasets were first used to evaluate the current modeling parameters
of ASCE 41-17 (ACI 369-17), and the results revealed that the current modeling parameters for
walls constitute a conservative lower-bound estimate of wall deformation capacities, and that the

(

)

predictor variable ⎡ As − A' s f yE + P ⎤ Ag f ' cE used to select modeling parameters does not
⎣
⎦
correlate well with the modeling parameters and thus produces large dispersions. Subsequently,
the two datasets were studies extensively to identify parameters that have moderate to significant
influence on each modeling parameter on the backbone relation. Based on the results, two sets of
modeling parameters are proposed, one for walls with conforming “or special” detailing and the
other for walls with non-conforming “or ordinary” detailing. The proposed modeling parameters
produce dispersions are that very low (coefficient of variation ranging from 0.18 to 0.25). The
updates are expected to be significant contributions to the practice of seismic evaluation and
retrofit of wall buildings.
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CHAPTER 9. Conclusions and Recommendations
The main body of this dissertation consists of seven distinct and yet closely related chapters.
Detailed conclusions and recommendations are outlined in each chapter; however, the key
conclusions and recommendations are summarized below:
1. A comprehensive and large relational database of RC wall tests known as UCLA-RCWalls
was developed that currently contains detailed and parameterized information and test results
of over 1100 wall tests surveyed from more than 260 experimental programs reported in the
literature around the world. The database can serve as a valuable resource for the
structural/earthquake engineering community to assess behavior of RC walls against a wide
range of design parameters, develop empirical models that capture data trends, validate
analytical studies, and identify gaps in the available experimental data and guide future test
programs on RC structural walls.
2. Displacement capacity of ACI 31-14 code-compliant walls is primarily a function of
parameters that are not adequately addressed in ACI 318-14 code, such as wall cross-section

(

geometry ( lw b) , neutral axis depth ( c b ) , wall shear stress demand vmax

)

f c' , as well as

the configuration of the boundary transverse reinforcement (use of overlapping hoops versus
a single perimeter hoop with supplemental crosstie legs). Based on these variables, drift
capacity of walls with special boundary elements (SBEs) varies roughly by a factor of 3,
ranging from approximately 0.012 to 0.035. In general, lower drift capacities result for walls
with lw b ≥15, c b ≥ 3.0, and wall shear stress levels approaching the ACI 318-14 limit of

(

)

10 f c' psi 0.83 f c' MPa for an individual wall.
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3. The underlying premise of the ASCE 7-10 and ACI 318-14 provisions is that special structural
walls satisfying the provisions of ACI 318-14 §18.10.6.2 through §18.10.6.4 possess adequate
drift capacity to exceed the expected drift demand determined from ASCE 7-10 analysis
procedures. However, results presented in this study show that this assumption is not always
correct, and that, in some case, the intended performance objectives may not be achieved. To
address this deficiency, a new reliability-based design methodology is proposed where a drift
demand-capacity ratio (DDCR) check is performed to provide a low probability (i.e., 10% or
lower) that roof drift demands exceed roof drift capacity at strength loss for the DE level
shaking. In general, walls with slender cross sections ( lw b > 15) , large neutral axis depth
relative to width of flexural compression zone ( c b > 3) , shear stresses approaching the ACI

(

)

318 §18.10.4.4 limit 10 f c' , and roof drift demands approaching the maximum story drift
allowed by ASCE 7-10 are screened out for redesign.
4. Drift capacity of flexure-controlled structural walls asscoiated with axial failure is strongly
impacted by λb = lwc / b2 and P / Ag f c' . This is because, once strength degradation initiates, the
level of axial load accelerates the rate of deterioration such that walls with high P / Ag f c′ have
a steep post-peak slope on the backbone relation, where little to no additional deformation
capacity beyond the deformation at initiation of lateral strength loss is achieved prior to axial
failure (i.e., no residual strength plateau). For shear-controlled walls, a shear friction model is
calibrated and validated to predict drift capacity at axial failure, and a simplified model that is
only based on axial load ratio is also provided.
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5. Analysis of reported failure modes of about 1000 wall tests indicated that the flexure- and
shear-controlled walls have a shear-to-flexure strength ratio (Vn/V@Mn) > 1.0 and < 1.0,
respectively, whereas walls with failure modes reported as flexure-shear are mainly scattered
between 0.7 < Vn/V@Mn < 1.3.
6. Axial load has the greatest impact on wall flexural stiffness (uncracked and cracked), and that
longitudinal reinforcement ratio produced significant impact on cracked effective flexural
stiffness at low axial load ratios (i.e., < 0.10Agf’c). For axial loads ranging from 0.05 to
0.50Agf’c, cracked effective stiffness (EcIeff) increases from 0.20 to 1.0 of the gross section
stiffness (EcIg). Uncracked flexural stiffness (EcIuncr) varies from 0.50 to 1.0 EcIg for axial load
increasing from zero to 0.30Agf’c. Furthermore, based on results from a subset of 64 wall tests,
a constant effective shear modulus of one-third of gross shear modulus (i.e., Geff = Gg/3) is
proposed for use to model shear response of shear-cracked flexure-controlled walls.
7. The results presented herein revealed that the current modeling parameters of ASCE 41-17
(ACI 369-17) for flexure-controlled structural walls constitute a conservative lower-bound
estimate

(

of

wall

deformation

capacities,

and

the

predictor

variable

)

⎡ As − A' s f yE + P ⎤ Ag f ' cE used to select modeling parameters does not correlate well with
⎣
⎦
the modeling parameters. Based on the results of large datasets for flexure-controlled walls,
two sets of modeling parameters are proposed, one for walls with conforming “or special”
detailing and the other for walls with non-conforming “or ordinary” detailing. The proposed
modeling parameters, except for Parameter c, produce dispersions are that very low
(coefficient of variation ranging from 0.18 to 0.25). The updated deformation-based modeling
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parameters are given as total hinge rotations over a plastic hinge length of half the wall length
(lw/2).
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APPENDIX A – References of Data in UCLA-RCWalls Database
This appendix presents all the references where information on the wall tests in UCLARCWalls database are reported and that were available to the author:
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