UC Berkeley
UC Berkeley Electronic Theses and Dissertations
Title
Three-dimensional Seismic Analysis of Reinforced Concrete Wall Buildings at Near-fault Sites

Permalink
https://escholarship.org/uc/item/0kq1q3kq

Author
Lu, Yuan Jie

Publication Date
2014
Peer reviewed|Thesis/dissertation

eScholarship.org

Powered by the California Digital Library
University of California

Three-dimensional Seismic Analysis of Reinforced Concrete Wall Buildings
at Near-fault Sites
by
Yuan Jie Lu

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Engineering – Civil and Environmental Engineering
in the
Graduate Division
of the
University of California, Berkeley

Committee in charge:
Professor Marios Panagiotou, Chair
Professor Stephen A. Mahin
Professor John A. Strain
Fall 2014

Three-dimensional Seismic Analysis of Reinforced Concrete Wall Buildings at Near-fault Sites

Copyright © 2014 by Yuan Lu
All rights reserved

Abstract
Three-dimensional Seismic Analysis of Reinforced Concrete Wall Buildings at Near-fault Sites
by
Yuan Jie Lu
Doctor of Philosophy in Engineering – Civil and Environmental Engineering
University of California, Berkeley
Professor Marios A. Panagiotou, Chair
This dissertation approaches the subject of three-dimensional (3D) seismic analysis of
reinforced concrete (RC) wall buildings at near-fault sites by first studying two main problems
separately: (1) the characterization of base excitation for buildings located at near-fault sites, and
(2) modeling the behavior of RC buildings accurately including inelastic behavior and the failure
mode. The dissertation culminates with the 3D response history analysis of two 20-story RC core
wall buildings models, including the slabs and columns, subject to a strong near-fault ground
motion record.
First, the presence and characteristics of multiple pulses [with dominant period TP
between 0.5 and 12 s] in historical near-fault ground motion records is studied. An iterative
method for extracting multiple strong pulses imbedded in a ground motion is presented. The
method is used to extract multiple strong velocity pulses from the fault-normal horizontal
component of 40 pulse-like ground motion records from 17 historical earthquakes, with
magnitudes ranging from MW6.3 to MW7.9, recorded at a distance less than 10 km from the fault
rupture with a peak ground velocity greater than 0.6 m / s. The relationships between the
dominant period of the extracted pulses, associated amplitudes, and earthquake magnitude are
presented, indicating that the amplitude of the strongest pulses with 1.5 s ≤ TP ≤ 5 s, does not
depend significantly on the earthquake magnitude.
Next, the effect of soil-foundation-structure interaction (SFSI) for a 20-story core wall
building with a caisson foundation subject to single pulse motions is investigated using twodimensional (2D) nonlinear finite-elements and fiber beam-column elements; nonlinear site
effects on the free-field motion and structural response is discussed. The nonlinear site effects for
free-field motions result in a de-amplification of peak surface acceleration due to soil yielding,
and a maximum of 64% amplification of peak acceleration and velocity of at specific pulse
periods for deep soils. SFSI, after removing the nonlinear site effect, has a negligible effect on
the maximum value of peak roof acceleration and peak roof drift ratio over the pulse periods
considered; however, the effect of the increased flexibility due to SFSI is observed in the peak
drift ratio and peak base shear response.
A couple of chapters of this dissertation are dedicated to the development and verification
of a three-dimensional nonlinear cyclic modelling method for non-planar reinforced concrete
walls and slabs. This modeling approached – called the beam-truss model (BTM) – consists of (i)
1

nonlinear Euler-Bernoulli fiber-section beam elements representing the steel and concrete in the
vertical and horizontal direction, and (ii) nonlinear trusses representing the concrete in the
diagonal directions. The model represents the effects of flexure-shear interaction (FSI) by
computing the stress and strains in the horizontal and vertical directions and by considering
biaxial effects on the behavior of concrete diagonals. In addition, the BTM explicitly models
diagonal compression and tension failures (shear failures) under cyclic or dynamic loading. The
BTM is first validated by comparing the experimentally measured and numerically computed
response of eight RC walls subjected to static cyclic loading, including two non-planar RC walls
under biaxial cyclic loading. Then, the BTM is extended to modeling slabs and validated with a
two-bay slab-column specimen. Finally, the BTM is validated by comparing the experimentally
measured and numerically computed response and failure mode of a 5-story coupled wall RC
building under seismic base excitation.
The final chapter presents the 3D response history analysis of two 20-story RC core wall
buildings subject to a strong near-fault ground motion record. The 20-story building model
includes the RC core wall, post-tensioned slabs, and columns; the core wall and slabs are
modeled using the developed BTM while the columns are modeled with fiber-section beamcolumn elements. The two 20-story RC core wall buildings considered have similar geometry:
one is conventionally designed to develop plastic hinging at the base of the core-wall, and the
second is designed with a damage resistant structural system that combines two seismic isolation
planes. Analysis is conducted using the two horizontal components of the historical TCU52
ground motion recorded 0.7 km from the fault plane of the MW7.6 1999 Chi-chi, Taiwan
earthquake. The seismic response and damage of the two buildings is discussed.
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1.

Introduction

1.1.

Background and Motivation

Construction of mid- and high-rise buildings is increasing in earthquake-prone regions of
the U.S. and worldwide. Common structural systems used in the seismic design of these
buildings are reinforced concrete (RC) structural walls including non-planar core walls
(Klemencic et al. 2007). The computation of their nonlinear response, lateral load and
displacement capacity, and failure mechanism under earthquake loads is of significant interest to
both practicing engineers and researchers.
Considerable damage of tall RC wall buildings in previous earthquakes has been
reported, including the 1985 MW8.0 Mexico earthquake (Aguilar et al. 1989), the 2010 MW8.8
Chile earthquake (Westenenk et al. 2012), and the 2011 MW6.3 Christchurch, New Zealand,
earthquake (Elwood et al. 2011). The 2011 Christchurch, New Zealand, earthquake was
particular because the city of Christchurch was approximately 15 km from the fault rupture and
directivity effects were observed in some of the ground motion records measured near the city
(Bradley and Cubrinovsky 2011). While a MW6.3 earthquake is not extraordinarily strong,
following the Christchurch earthquake, 37 out of the 50 tallest buildings (taller than 35 m) in the
city have been demolished or slated for demolition (List of tallest buildings in Christchurch).
Compared to broadband motions, near-fault ground motions may contain distinct and
strong acceleration, velocity, and displacement pulses, which result in large demands in the
response of structures. These pulse-like characteristics are closely related to forward directivity
effects, defined as when the ground motion recording station is in the direction of the fault
rupture (Housner and Trifunac 1967, Aki 1968, Somerville and Graves 1993). Studies have
shown nonlinear site effects to be significant in historical near-fault ground motions records (i.e.
Chang et al. 1996, Pavlenko 2008). The effect of pulse-like ground motions on structural
response has been investigated in numerous studies, include the response long-period structures
(i.e. Makris and Zhang 2001, Calugaru and Panagiotou 2012). A common finding in these
studies is that the response to pulse-like ground motions strongly depends on the relative
characteristics of the structure (periods, yield strength, and force-displacement relation) and the
pulses (dominant period, amplitude, and shape). In addition, depending on the ratio between
structural period and pulse period TP, the nonlinear and linear spectral demands may differ
significantly (Ruiz-Garcia 2011).
On the other hand, computation of the force-displacement behavior of RC walls including
at the initiation of failure is essential for seismic design and assessment of buildings with RC
walls. However, the nonlinear behavior of RC walls is often affected by flexure-shear interaction
(FSI), which is associated with multiaxial stress states and coupling of nonlinearities that affect
the behavior of concrete in compression. This effect poses a significant challenge for numerical
models and is more pronounced for walls coupled with beams or slabs. The challenge may
increase in non-planar walls and under multi-axial loading due to three-dimensional behavior
including non-uniform response and warping of wall segments perpendicular to the direction of
loading (flanges). Experimental tests of RC wall specimens, such as in Oesterle et al. (1976), has
shown that the lateral load capacity and onset of strength degradation depend on the load history,
thus, cyclic or dynamic loading is needed to fully investigate the behavior of RC walls under
earthquake excitation.
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Conventionally designed fixed-based RC core wall buildings in seismic regions are
designed to develop ductile plastic hinging in the walls. Calugaru (2013) and Calugaru and
Panagiotou (2014) showed that a conventionally designed 20-story RC core-wall buildings,
located near major faults, develop significant inelastic deformation (corresponding to roof drift
ratio of 2.2% to 2.5%) and large shear forces at the maximum considered earthquake (MCE)
level. The large levels of shear stress under concurrent large inelastic deformations increases the
damage potential of RC walls, especially crushing of concrete in the diagonal direction which
could not be modeled with the nonlinear beam elements used in that study.
Thus, in order to approach the subject of three-dimensional seismic analysis of reinforced
concrete wall buildings at near-fault sites, both the behavior of RC walls including FSI and shear
failures and the characteristics of near-fault pulse-like motions including site effects are
important. This dissertation aims to study these, culminating in the three-dimensional (3D)
response history analysis of two 20-story reinforced concrete (RC) core wall buildings subject to
a strong near-fault ground motion record.
1.2.

Objectives and Organization of Dissertation

This dissertation approaches the subject of three-dimensional seismic analysis of
reinforced concrete wall buildings at near-fault sites by looking at two main problems: (1) the
characterization of base excitation for buildings located at near-fault sites (covered by Chapters
2-3), and (2) modeling the behavior of RC buildings accurately including inelastic behavior and
the failure mode (covered by Chapters 4-6). Chapter 7 ties the two problems together by
presenting a three-dimensional seismic analysis of a 20-story RC core wall building subject to a
strong near-fault ground motion and comments on the seismic response and damage observed
from the model.
Chapter 2 investigates the presence and characteristics of multiple pulses [with dominant
period TP between 0.5 and 12 s] in historical near-fault ground motion records. An iterative
method for extracting multiple strong pulses imbedded in a ground motion is presented. The
method is used to extract multiple strong velocity pulses from the fault-normal horizontal
component of 40 pulse-like ground motion records from 17 historical earthquakes, with
magnitudes ranging from MW6.3 to MW7.9, recorded at a distance less than 10 km from the fault
rupture with a peak ground velocity greater than 0.6 m / s. The effect of the following parameters
of the pulse extraction method on the extracted pulses and resulting representation of the records
are studied: (a) the number of extracted pulses (varying from one to three) used in the
representation of the record; (b) the type of time-domain (velocity or acceleration time history of
the motion) at which the analysis is conducted; and (c) the three weighting functions used in the
wavelet analysis.
Chapter 3 studies nonlinear site effects and soil-foundation-structure interaction (SFSI)
for a 20-story core wall building with a caisson foundation subject to single pulse motions
applied at the bedrock level; two-dimensional nonlinear finite-elements and fiber beam-column
elements are used for this study. Eight soil profiles are considered with depth of soil from 20 to
220 m and an elastic rock half-space below. To decompose the SFSI effect, the response of the
2D model including soil, foundation, and structure is compared to that of a structure-only model
consisting of only the 20-story super-structure subjected to the free-field motion recorded at the
surface. It is found that SFSI, after removing the nonlinear site effect, increases the flexibility of
the structural system but has a small effect on the peak roof drift ratio and roof acceleration.
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Comparatively nonlinear site effects for free-field motions results in significant changes to the
motion at the surface.
Chapters 4–6 address the second problem by developing the beam-truss modeling
approach for RC walls. The beam-truss model (BTM) consists of (i) nonlinear Euler-Bernoulli
fiber-section beam elements representing the steel and concrete in the vertical and horizontal
direction, and (ii) nonlinear trusses representing the concrete in the diagonal directions. The
model represents the effects of flexure-shear interaction (FSI) by computing the stress and strains
in the horizontal and vertical directions and by considering biaxial effects on the behavior of
concrete diagonals and accounts for mesh-size effects.
Chapter 4 first develops the BTM method and validates it by comparing the
experimentally measured and numerically computed response of three slender T-, C-, and Isection RC wall specimens tested under cyclic static loading; the experimental results are taken
from well-known experimental tests of non-planar RC wall published by other researchers. The
BTM for the three specimens are documented in detail as examples of how to construct the BTM
for RC walls with varying cross-sectional shape and reinforcing detail. Of the three specimens,
the latter two experienced crushing of concrete in the diagonal direction and the BTM computed
the failure mode and onset of crushing with good agreement. In addition to overall forcedisplacement relations, the local strain responses are compared for two of the specimens and the
effects of mesh refinement and diagonal angle are studied. The computed results of the BTM are
compared to that of the Euler-Bernoulli fiber-section beam models, which cannot account for FSI
or diagonal shear failures.
Chapter 5 improves upon the BTM developed in Chapter 4. The modifications include
changes to the formulation of elements used and the way the angle of diagonal elements is
determined; while this does not change the peak lateral force computed by the BTM, these
improvements allow for better representation of FSI and more accurate computation of diagonal
compression and tension failures (shear failures) under cyclic loading. Chapter 5 takes advantage
of the detailed development of the BTM methodology presented in Chapter 4, and focuses on
providing a comprehensive study of the improved BTM method through comparing the
experimentally measured and numerically computed response of eight RC walls subjected to
static cyclic loading, including two non-planar RC walls under biaxial cyclic loading. The
numerically computed lateral force-lateral displacement and strain contours are compared to the
experimental recorded response and damage state for each of the specimen. In addition, the
effects of the following modeling parameters are studied: (1) presence of in-plane flexural
resistance in the vertical elements of the BTM; (2) comparison between the BTM and truss
method previously used for planar walls in studies including Panagiotou et al. (2012); (3) effect
of concrete tension stress in the horizontal elements of the BTM; (4) angle of diagonal elements
used; and (5) modeling of large boundary elements or boundary columns.
Chapter 6 verifies extends the BTM for use in modeling slabs and presents a case study
of a 5-story coupled wall RC building under seismic base excitation. The determination of the
diagonal angle for RC walls that are not uniform over the height (particularly strongly coupled
walls) are discussed. The global response computed by the BTM has good agreement with the
experimentally measured response and the BTM computes a diagonal tension failure in good
agreement with the experimental failure mode. The BTM of the case study is used to study the
effects of strong coupling for lightly reinforced RC coupled walls, including the contribution of
coupling axial load and slab reinforcement to the shear strength of a coupling beam that is lightly
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reinforced in the diagonal directions. Additionally, the effect of mesh refinement and bar fracture
of brittle reinforcement is studied.
Finally, Chapter 7 takes advantage of the previous chapters and presents the threedimensional (3D) response history analysis of two 20-story reinforced concrete (RC) core wall
buildings subject to a strong near-fault ground motion record. The two 20-story RC core wall
buildings considered have similar geometry: one is conventionally designed to develop plastic
hinging at the base of the core-wall, and the second is designed with an earthquake damage
resistant structural system that combines two seismic isolation planes. The super-structure of the
RC core wall buildings is modeled using the BTM developed in Chapter 4; the post-tensioned
slabs of the buildings are modeled with BTM as discussed in Chapter 6 while the columns are
modeled with fiber-section beam-column elements. Analysis is conducted using the two
horizontal components of the historical TCU52 ground motion recorded 0.7 km from the fault
plane of the MW7.6 1999 Chi-chi, Taiwan earthquake; this ground motion record is one of the
strongest studied in Chapter 2. The seismic response and damage of the two buildings is
discussed.
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2.

Characterization and Representation of NearFault Ground Motion using Cumulative Pulse
Extraction with Wavelet Analysis

2.1.

Introduction

The last five decades has seen much research conducted on the identification,
characterization, and analysis of near-fault ground motions. The first near-fault ground motion
record was obtained during the 1957 Port Hueneme, California, earthquake (Housner and
Hudson 1958) approximately 8 km from the epicenter. Since then, many near-fault ground
motions have been recorded and studied. Compared to broadband motions, near-fault ground
motions may contain distinct and strong acceleration, velocity, and displacement pulses, which
result in large demands in the response of structures; these pulse-like characteristics are closely
related to forward directivity effects [when the ground motion recording station is in the
direction of the fault rupture (Housner and Trifunac 1967, Aki 1968, Somerville and Graves
1993)]. The dominant period, amplitude, and the shape of the pulses included in these near-fault
ground motion records depend on and are significantly affected by earthquake source
characteristics (i.e., earthquake magnitude and fault rupture mechanism), location of the
recording station with respect to the fault rupture, and site effects (Somerville et al. 1997,
Mavroeidis and Papageorgiou 2002, Bray and Rodriguez-Marek 2004, Rodriguez-Marek and
Bray 2006). In particular, studies have shown nonlinear site effects to be significant in historical
near-fault ground motions records (Chang et al. 1996, Pavlenko and Irikura 2002, Pavlenko
2008).
The effect of pulse-like ground motions on structural response has been investigated in
numerous studies, starting with Bertero et al. (1978). Such studies include the response of singledegree-of-freedom (SDOF) structures (Veletsos et al. 1965, Chopra and Chintanapakdee 2001,
Makris and Black 2003, Mavroeidis et al. 2004), multi-degree-of-freedom (MDOF) structures
(Anderson and Bertero 1987, Alavi and Krawinkler 2004), and long-period structures (first-mode
period greater than 2 s) such as tall buildings (Hall et al. 1995, Krishnan et al. 2006, Olsen et al.
2008, Calugaru and Panagiotou 2012a), seismically base-isolated low- and high-rise structures
(Makris 1997, Hall and Ryan 2000, Jangid and Kelly 2001, Komuro et al. 2005, Calugaru and
Panagiotou 2012b), and structures with a predominant sliding or rocking mode of response
(Newmark 1965, Makris and Zhang 2001, Gazetas et al. 2012). A common finding in these
studies is that the response to pulse-like ground motions strongly depends on the relative
characteristics of the structure (periods, yield strength, and type of nonlinear force-displacement
relation) and of the pulses (dominant period, amplitude, and shape). In addition, studies (RuizGarcia 2011) have shown that depending on the ratio between structural period and pulse period
TP, the nonlinear and linear spectral demands may differ significantly.
Several different methods have been developed to characterize and mathematically
represent historical pulse-like near-fault ground motions; common methods to determine the
predominant pulse such motions include visual inspection of the ground motion time history,
matching of a mathematical pulse representation and the recorded ground motion in the time
domain, and matching of the linear SDOF spectral response of the pulse representation with that
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of the recorded ground motion. Krawinkler and Alavi (1998) used a combination of the
aforementioned methods and matching of linear and nonlinear response of MDOF systems to
determine the predominant pulse. Somerville (1998) and Bray and Rodriguez-Marek (2004)
determined the predominant pulse period based on zero-crossing in the velocity time history.
Menun and Fu (2002) used nonlinear regression to fit four types of pulses to the velocity time
history of records. Mavroeidis and Papageorgiou (2003) developed a waveform and manually
fitted this to the ground motions records by trial and error to optimize the agreement between the
pulse representation and the record in terms of velocity and displacement time history as well as
in terms of peak spectral velocity. More recent studies have used wavelet analysis, more
specifically the continuous wavelet transform, either in the velocity or in the acceleration time
domain to identify pulses included in pulse-like ground motions (Baker 2007, Yaghmaei-Sabegh
2010, Vassiliou and Makris 2011). A detailed overview of the variations of wavelet analysis
methods used for pulse identification is presented in the section titled Literature Review of
Wavelet Analysis used for Pulse Identification.
Although most investigations have focused on identifying one pulse with an associated
dominant period, TP, in pulse-like near-fault ground motions, the existence and classification of
multiple distinct pulses of significantly different TP in historical records has also been
investigated. Mavroeidis and Papageorgiou (2003) utilized a sum of two and three velocity
pulses to create pulse representations for two records. Makris and Black (2003) identified, by
visual inspection and fitting in the acceleration time history, two distinct pulses in each of two
records they studied. Vassiliou and Makris (2011) showed that by using wavelet analysis in the
acceleration time domain, the extracted pulse properties (i.e., dominant period, amplitude, and
oscillatory character) depend on the type of wavelet and weighting functions used in the wavelet
analysis. In comparison to the method proposed in this study, neither the studies of Makris and
Black (2003) nor the Vassiliou and Makris (2011) used a combination of multiple pulses to
represent ground motion records with more than one predominant pulse.
This chapter investigates the presence and characteristics of multiple pulses [with
dominant period TP between 0.5 and 12 s] in historically recorded strong near-fault ground
motions. The results presented in this study are particular to strong near-fault ground motion
records (see the section titled Description of the 40 Near-fault Ground Motion Records Studied
for the selection criteria for records used in this study); thus, the results do not reflect the rate of
occurrence of a ground motion with one or more pulses at a near-fault site. The reader is referred
to Iervolino and Cornell (2008) for a study on the probability of occurrence of pulse-like motions
given specific source characteristics as well as geometry of the location of the recording station
with respect to the fault rupture.
A cumulative pulse extraction (CPE) method for extracting multiple pulses from a ground
motion time history is presented, whereby the sum of the extracted pulses forms a representation
of the ground motion record; here, wavelet analysis is used to identify individual pulses. The
CPE method is applied to 40 historical near-fault records, which were recorded at less than 10
km from the fault rupture from earthquakes with magnitude MW ≥ 6.3 and have a peak ground
velocity (PGV) of at least 0.6 m/s. The number of “predominant” pulses is reported for each of
the 40 ground motion records along with the characteristics of the extracted pulses. The level of
representation of the 40 records is measured by the difference between the linear SDOF spectral
response to the pulse representation and to the historical record, for periods ranging between 0.5
and 10 s. The effect of the following parameters on the properties of the extracted pulses and
level of representation is studied: (i) the number of pulses, ranging between one and three, used
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in the pulse representation; (ii) pulse extraction in the velocity (V) or the acceleration (A) time
history; and (iii) the weighting function [equal amplitude (AM), equal energy (EN), and equal
area (AR)] used in the wavelet analysis. A total of six methods are studied in this study: CPEVAR, CPEV-EN, CPEV-AM, CPEA-AR, CPEA-EN, and CPEA-AM; the first subscript (V or A) describes
the time history in which the wavelet analysis is conducted and the second (AR, EN, and AM)
refers to the weighting function used. Finally, using the extracted pulses with methods CPEA-EN
and CPEV-EN, the relationship between the dominant periods of the extracted pulses, their
associated amplitudes, and the record earthquake magnitude is presented.
2.2.

Motivation

Figure 2.1 shows the acceleration and velocity time history, linear SDOF oscillator
spectral acceleration (Sa), and spectral displacement (Sd) of three historical near-fault records:
(a) PRPC from the 2011, magnitude 6.3 (MW6.3), Christchurch, New Zealand, earthquake; (b)
Parachute Test Site from the 1987, MW6.6, Superstition Hills, California earthquake; and (c)
TCU052 from the 1999, MW7.6, Chi-Chi, Taiwan, earthquake. Each of these three records is
characterized by at least two distinct dominant pulse periods, which can be observed in the
velocity time history and/or through local peaks in the spectral response.
For each of these three records, Figure 2.1 shows the time history and spectral response
of two individual pulses – each of a single dominant period – as well as the sum (in the time
domain) of the two extracted pulses. These pulses were extracted from the ground motion record
using the CPEV-EN method developed in this chapter and are numbered according to the order of
extraction. For the PRPC record, the two extracted pulses have a dominant period of TP,1 = 2.3 s
and TP,2 = 4.6 s, respectively. The peak spectral response of the two extracted pulses agrees well
with the local peaks in the spectral response of the record; however, it is clear that neither of the
two individual pulses can adequately represent the entire pulse-like part of the ground motion
record or the spectral response of this record for the entire range of periods studied here. The
composite pulse (shown in red)—consisting of the sum of the two individual pulses—results in
good agreement with both the velocity time histories and the Sa and Sd spectra (for T larger than
1.5 s) of the record. This is also true the Parachute Test Site and TCU052 records, where the two
extracted pulses have dominant periods TP,1 = 2.2 and TP,2 = 5.0 s and TP,1 = 7.4 s and TP,2 = 2.2
s, respectively. Compared to the PRPC record, where the overlap of the two pulses is almost
perfect (0.1 s difference in mid-time for the two pulses), the Parachute Test Site and TCU052
records have significantly smaller overlap in the pulses (4.4 s and 4.2 s difference in mid-time,
respectively); in all three examples, the mid-time of the pulse with shorter period occurs before
that of the pulse with longer period. It is readily understood that the presence of two pulses of
significantly different dominant period as well as the type of overlap of these pulses is an
important characteristic of a pulse-like ground motion that can significantly affect the response
of a structure.
Note that for all three records, the pulse representation consisting of the sum of the two
extracted pulses resulted in a poor agreement with that of the records in terms of spectral
response for periods smaller than 1.5 to 2 s. The section titled Effect of Type of Time Domain and
Weighting Function of Wavelet Analysis presents appropriate CPE methods that better extract
pulses with shorter dominant periods. Also, for each of the three records shown (recorded from
earthquakes of magnitude ranging from 6.3 to 7.6), the extracted pulses with dominant period of
2.2 s (for record PRPC) and 2.3 s (for records Parachute Test Site and TCU052) have a peak
acceleration of 0.26, 0.29, and 0.20 g, respectively, and result in a peak Sd of 0.9, 1.0, and 1.2 m,
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respectively, all which occur at T = 2.2–2.4 s. The relation of dominant period, associated pulse
amplitude, and earthquake magnitude is discussed in the section titled Relationship between TP,
Pulse Amplitude, and MW.
2.3.

Cumulative Pulse Extraction (CPE) Method

The CPE method extracts multiple pulses from a ground motion record and represents the
ground motion as the sum of the extracted pulses: one pulse is extracted in each iteration of the
CPE. For a pulse-like ground motion time history S(t), the CPE results in the following
representation:
N

S (t )  S N (t )   Pi (t )

(Eq. 2.1)

i 1

where SN(t) is the pulse representation of S(t) using a sum of N pulses Pi(t) for i between 1 and N.
Each pulse can be identified using a pulse identification method (e.g., visual pulse fitting,
wavelet analysis) chosen by the user. The specific pulse identification method used in this study
is wavelet analysis as defined in the section titled Pulse Identification Using Wavelet Analysis.
As an example of the CPE method, the CPEV-EN method is applied to the Pacoima Dam (PCD)
ground motion record from the 1971, MW6.6, San Fernando, California, earthquake [shown in
Figure 2.2]. A description of the iteration steps of the CPE method follows.
1st iteration: To identify the first pulse, P1(t), the pulse identification method (wavelet
analysis here) is applied to the PCD record. P1(t) [shown in Figure 2.2 (a)] has a dominant period
of TP,1 = 1.4 s. After subtracting pulse P1(t) from the PCD record, the residual motion is
calculated as R1(t) = S(t) – P1(t) and is shown in Figure 2.2 (b).
2nd iteration: The second pulse P2(t) is identified from the residual motion R1(t) using the
chosen pulse identification method. For the PCD record, P2(t) is shown in Figure 2.2 (b) and has
a dominant period of TP,2 = 5.4 s. At the end of this iteration, the residual motion R2(t) is
computed as R2(t) = R1(t) – P2(t) = S(t) – [P1(t) + P2(t)], which is shown in Figure 2.2 (c).
Nth iteration: The Nth pulse PN(t) is identified from the residual time history
RN-1(t) = RN-2(t) – PN-1(t) = S(t) – [P1(t) + … + PN-1(t)]. For the PCD record, Figure 2.2 (c) shows
the third pulse P3(t), which is identified from the residual R2(t).
Figure 2.2 (d) shows the pulse representation formed by the sum of the first two pulses,
S2(t), and first three pulses, S3(t), compared to the original velocity time history, S(t), of the PCD
record. Figure 2.2 (e) and (f) show the Sa and Sd spectra for the original motion S(t), three pulses
P1(t), P2(t), and P3(t), and pulse representations S2(t), and S3(t). As expected, the spectral
response of each individual extracted pulse has a global peak around the dominant period of the
pulse [peak Sa at T = 1.1, 4.8, and 0.45 s and peak Sd at T = 1.4, 5.7, and 0.6 s for P1(t), P2(t),
and P3(t), respectively]. While the sum of two pulses, S2(t), approximates well the spectral
response to the PCD record for T > 1 s, the addition of the third pulse to form S3(t) improves the
approximation for T between 0.5 and 1 s.
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Figure 2.1. Acceleration and velocity time history, linear SDOF oscillator acceleration and
displacement spectra (2% damping) of three historical pulse-like ground motions, as well as their
representation using individual pulses and the sum (in the time domain) of two pulses.
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Figure 2.2. Extraction of three pulses from the PCD record using the CPEV-EN method; linear
SDOF acceleration and displacement spectra of the record, each extracted pulse, and the pulse
representations S2(t) and S3(t).
2.4.

Pulse Identification Using Wavelet Analysis

Wavelet analysis is a tool for time and frequency decomposition of a signal (e.g. ground
motion time history) using finite length signals—called wavelets—that have a narrow range of
periods. Here, the dominant period of the wavelet is defined as the period corresponding to the
peak magnitude of the Fourier transform of the wavelet. For the purposes of pulse identification,
the continuous wavelet transform is used to compute the relative degree of match between
selected wavelets and the given ground motion time history, S(t). The wavelet with the best
match is the identified pulse. For all wavelets used in the analysis, a prototype wavelet—called
the mother wavelet—is selected; the mother wavelet must satisfy the mathematical requirements
of finite energy and zero mean (Mallat 2009). The wavelets φs,tm(t), are constructed by
12

simultaneous scaling of the amplitude and the period of the mother wavelet, as well as by
translating it in the time domain as follows:
t  tm
(Eq. 2.2)
 s ,tm (t )  w( s )  (
)
s
where w(s) is the amplitude scale factor, called the weighting function, s is the period scale
factor, and tm is the translation in time, equivalent to the mid-time of the extracted pulse. w(s) can
be selected to achieve a specific relation between the mother (Φ) and the child (φs,tm) wavelet.
The three weighting functions studied here are: (a) w( s )  1 / s , called equal area (AR); (b)
w( s )  1 / s , called equal energy (EN); and (c) w( s )  1 , called equal amplitude (AM). As the
names indicate, these weighting functions result in the following relationship between mother
and child wavelet: (a)




-

Φ(t) dt =







 s ,tm (t ) dt for AR; (b)







Φ 2 (t)dt =







s2,tm (t ) dt for EN;

and (c) max( Φ(t) ) = max( s ,tm (t ) ) for AM. For a particular s and tm, the relative match
between the wavelet φs,tm(t) and the signal G(t) [either the ground motion record S(t) or residual
ground motion Ri(t) for the CPE method described above] is determined by the continuous
wavelet transform as:

1
(Eq. 2.3)
a s ,tm  
G (t ) s ,tm (t ) dt


2

(
t
)
dt
 s ,tm


In the case of discretized data such as ground motion records, the integral shown in Eq.
2.3 is computed numerically for all pairs (s, tm) of interest. Independent of the weighting function
used, the identified pulse P(t) is chosen to be the wavelet with the coefficient as,tm of peak
magnitude, with the following expression for the pulse P(t):
t  tm
(Eq. 2.4)
P (t )  a s ,tm s ,tm (t )  a s ,tm w( s ) (
)
s
Note that the term







s ,tm 2 (t )dt appearing in Eq. 2.3 normalizes the numerator, resulting

in a dimensionless coefficient as,tm that scales the child wavelet φs,tm(t) to the identified pulse
P(t). This normalization allows the identified pulse to be that with the (a) largest area for AR; (b)
largest energy for EN; and (c) largest amplitude for AM. In this study, the values of tm for a
ground motion G(t) range between the start time and end time of the ground motion, with a step
equal to the time step of the ground motion.
2.5.

M&P Wavelets
The mother wavelets used in this study have the following expression:
  2π 

 2π  
Φ(t,γ,θ)=C γθ  sin 
t  cos  2π t+θ  +γsin  2π t+θ   1+cos 
t 
 γ 
  γ 


(Eq. 2.5)

γ
γ
)t( )
2
2
where γ is the oscillatory character parameter and θ is the phase parameter. The variables γ and θ
provide flexibility for the wavelet to adjust to the pulse shape in the original ground motion. The
mother wavelet, Φ(t,γ,θ), with a specific value γ has a dominant period equal to TP,Φ =γ/(γ+0.5) .
These wavelets, called the M&P wavelets, are the derivative of the waveform derived in
for (-
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Mavroeidis and Papageorgiou (2003). The constant Cγθ depends on the weighting function and is


defined such that: (a)

 Φ(t,γ,θ) dt=1

for the equal area (AR) weighting function; (b)







-

2

Φ(t,γ,θ) dt=1 for the equal energy (EN) weighting function; and (c) max( Φ(t,γ,θ) ) = 1 for the

equal amplitude (AM) weighting function. Figure 2.3 shows the time history for mother M&P
wavelets for selected values of γ and θ and EN weighting function.
To implement the wavelet analysis with the M&P wavelet for discrete values of γ and θ, a
separate wavelet analysis was performed for each pair of γ and θ. This study used 40 pairs for the
wavelet analysis, with values θ = {0, π/8, π/4, 3π/8, π/2, 5π/8, 3π/4, 7π/8} and γ = {1.0, 1.5, 2.0,
2.5, 3.0}. The resulting wavelet for any s, tm, γ, and θ is:
 t  tm

(Eq. 2.6)
 s ,tm , , (t )  w( s )  
,  , 
 s

The dominant period of wavelet φs,tm,γ,θ(t) is TP =s  γ/(γ+0.5) . Here, for each mother
wavelet with a specific value of γ, the values of s are selected such that TP = {0.3, 0.35, ... 0.55,
0.6, 0.7, … , 25.0} seconds. Clearly, the number of mother wavelets used determines the
required computational effort; however, the smaller the number of mother wavelets, the larger
the restriction on the shape and amplitude of the pulse that can be extracted.
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Figure 2.3. Selected M&P mother wavelets Φ(t,γ,θ) for the equal energy (EN) weighting
function.
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2.6.

Literature Review of Wavelet Analysis Used for Pulse Identification

Wavelet analysis using the continuous wavelet transform has been used for identification
of pulses in ground motions by Baker (2007), Yaghmaei-Sabegh (2010), and Vassiliou and
Makris (2011). Baker (2007) conducted wavelet analysis in the velocity time history to extract a
single pulse for each motion using the Daubechies wavelet order four as the mother wavelet and
the equal energy weighting function. To attain flexibility in the extracted pulse shape, he used an
iterative procedure: first, he determined the wavelet corresponding to the largest wavelet
coefficient from the continuous wavelet transform. This wavelet was subtracted from the original
ground motion to give the residual motion. For the subsequent iterations, the continuous wavelet
transform was computed for the residual motion, restricted to the dominant period, TP, of the first
wavelet and temporal position within ±TP / 2 of the first wavelet; the wavelet with the largest
magnitude coefficient was chosen. The selected wavelet was subtracted from the current residual
motion, and a new residual motion was computed for the next iteration. The final extracted pulse
consisted of the sum of the 10 wavelets (all having the same dominant period TP), one from each
of 10 iterations. Yaghmaei-Sabegh (2010) investigated other types of mother wavelets using the
same method as Baker. In their work, Baker (2007) and Yaghmaei-Sabegh (2010) did not
determine more than one pulse for a specific ground motion.
Vassiliou and Makris (2011) conducted the wavelet analysis in the acceleration time
domain and investigated several mother wavelets, including the M&P wavelet used herein. In
addition, they investigated the effect of the three weighting functions (studied here) on the
identified pulses of a ground motion. This method was not iterative and, for each pair of type of
mother wavelet and weighting function, an independent pulse was determined for each record. In
contrast to the study presented here, they did not use a combination of multiple pulses to
represent ground motion records.
2.7.

Description of the 40 Near-fault Ground Motion Records Studied

Table 2.1 lists the 40 historical pulse-like ground motion records studied here, rotated to
the fault normal (FN) direction. The 40 ground motion records come from 17 historical
earthquakes with magnitude MW varying from 6.3 to 7.9; the recorded peak ground velocity
(PGV) of the FN horizontal component of the 40 records ranges between 49 and 185 cm / s, with
an average value of 106 cm / s. The specific earthquakes and their associated records are
numbered in ascending order of earthquake magnitude. The following parameters of the records
are listed in Table 2.1: strike angle, distance from fault rupture plane (Rrup), peak ground
acceleration (PGA), peak ground velocity (PGV), peak ground displacement (PGD), and the
shear wave velocity of the top 30 m of soil (Vs30).
These records are those available from the sources described in Data and Resources
section with the following criteria: (a) earthquake magnitude MW ≥ 6.3; (b) recorded less than 10
km from the fault rupture plane; and (c) PGV ≥ 60 cm / s in any of the two recorded horizontal
components; the 1979 Imperial Valley, California, 1994 Northridge, California, and 1999 Chichi, Taiwan earthquake records were limited to the 5, 8, and 9 records, respectively, with the
largest PGV. The 2011 Christchurch, New Zealand earthquake, resulted in four more ground
motion records (in addition to the PRPC record studied here) with Rrup ≤ 10 km and PGV ≥ 60
cm / s that were not included. It should be noted that the 40 records studied used in this study are
about 40% of the total number of historical records with MW ≥ 6.3 and Rrup ≤ 10 km and are not
representative of near-fault ground motions with PGV < 0.6 m/s.
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Table 2.1. Parameters of 40 pulse-like ground motion records, fault-normal (FN) component, and three pulses extracted by the CPEVEN method. The predominant pulses [Er,i > 7%, TP ≤ 12 s] are shown in bold.
EQ
#

1
2
3

4

16

5
6

7

8

Earthquake Name

Christchurch, New
Zealand
2011/02/22
Coalinga
1983/05/02
Superstition Hills
1987/11/24

Imperial Valley
1979/10/15

San Fernando
1971/02/09
Erzincan, Turkey
1992/03/13

Northridge
1994/01/17

Kobe
1995/01/16

MW*

Strike
Angle
(NºE)

Record
#

6.3

57

6.4
6.5

6.5

PGA* PGV*
(g) (cm/s)

Station name

Rrup*
(km)

Vs30*
(m/s)

1

PRPC

2.5

n/a

0.73

118

240

2

Pleasant Valley P.P. - yard

8.4

257

0.59

127

3

Parachute Test Site

1.0

349

4

EC Meloland Overpass FF

0.1

5

El Centro Array #7

6

143

PGD*
(m)

Three Extracted Pulses from CPEV-EN
(Predominant pulses [Er† > 7%, TP† ≤ 12 s] are shown in bold)
TP,1† (s)
[Er,1† (%)]

vmax,1†
(cm/s)

TP,2† (s)
[Er,2† (%)]

vmax,2†
(cm/s)

TP,3† (s)
[Er,3† (%)]

vmax,3†
(cm/s)

0.56

2.3 [63]

90

4.6 [17]

29

1.6 [8]

32

58

0.09

0.7 [32]

58

1.1 [26]

35

0.8 [14]

35

0.42

107

0.51

2.2 [69]

97

5.0 [13]

26

0.8 [4.6]

33

186

0.38

115

0.40

2.7 [82]

87

2.0 [8]

28

0.8 [3.7]

28

0.6

211

0.46

109

0.46

3.4 [81]

73

0.7 [5.6]

33

1.4 [5.2]

23

El Centro Array #6

1.4

203

0.44

112

0.67

3.5 [91]

84

7.7 [1.9]

7

1.0 [1.5]

19

7

El Centro Array #5

4.0

206

0.38

91

0.62

3.8 [82]

81

2.9 [5.0]

21

1.0 [3.2]

24

8

El Centro Array #4

7.1

209

0.36

78

0.59

4.3 [86]

69

1.3 [4.6]

25

3.5 [3.2]

14

6.6

105

9

Pacoima Dam

1.8

2016

1.43

116

0.31

1.4 [51]

98

5.4 [18]

27

0.6 [8]

59

6.7

30

10

Erzincan

4.4

275

0.49

96

0.30

2.4 [71]

79

0.9 [10]

36

2.9 [6.1]

16

11

Sylmar - Converter Sta East

5.2

371

0.84

117

0.39

2.8 [57]

47

1.0 [11]

48

1.0 [8]

36

12

Sylmar - Olive View Med FF

5.3

441

0.73

123

0.33

2.4 [66]

64

1.2 [16]

44

1.6 [5.8]

23

13

Sylmar - Converter Sta

5.4

251

0.59

130

0.53

2.6 [46]

70

1.2 [15]

61

0.9 [12]

63

14

Jensen Filter Plant

5.4

373

0.39

105

0.45

2.7 [72]

74

1.1 [8]

43

3.4 [5.8]

23

15

Newhall - W. Pico Canyon Rd.

5.5

286

0.43

88

0.55

2.4 [77]

77

1.0 [6.8]

30

2.0 [4.7]

24

16

Newhall - Fire Sta

5.9

269

0.72

121

0.35

0.9 [35]

95

2.0 [23]

49

2.1 [19]

42

17

Rinaldi Receiving Sta

6.5

282

0.89

173

0.32

1.2 [64]

129

1.8 [13]

48

3.9 [6.4]

23

18

Pacoima Dam (upper left)

7.0

2016

1.38

107

0.24

0.9 [55]

87

0.7 [16]

44

3.5 [9]

18

19

Takarazuka

0.3

312

0.65

72

0.21

1.5 [55]

60

1.6 [17]

23

0.8 [9]

32

20

KJMA

1.0

312

0.85

96

0.25

0.8 [44]

95

2.2 [19]

42

1.0 [7]

43

21

Takatori

1.5

256

0.68

169

0.45

1.9 [50]

115

1.1 [16]

82

1.2 [13]

86

6.7

6.9

122

50

Table 2.1 cont.

MW

Strike
Angle
(NºE)

Record
#

Station name

Loma Prieta
1989/10/18

6.9

128

22

Cape Mendocino
1992/04/25

7.0

50

EQ
#

Earthquake Name

9
10
11
12
13
14

Duzce, Turkey
1999/11/12
Landers
1992/06/28
Tabas, Iran
1978/09/16
Kocaeli, Turkey
1999/08/17

*

16
17

Denali, Alaska
2002/11/03
Wenchuan, China
2008/05/12

Vs30*
(m/s)

LGPC

3.9

478

0.65

102

23

Cape Mendocino

7.0

514

1.29

24

Petrolia

8.2

713

PGD*
(m)

Three Extracted Pulses from CPEV-EN
(Predominant pulses [Er† > 7%, TP† ≤ 12 s] are shown in bold)
TP,1† (s)
[Er,1† (%)]

vmax,1†
(cm/s)

TP,2† (s)
[Er,2† (%)]

vmax,2†
(cm/s)

TP,3† (s)
[Er,3† (%)]

vmax,3†
(cm/s)

0.37

2.9 [45]

53

1.2 [15]

65

0.9 [12]

57

98

0.33

5.0 [61]

35

0.9 [17]

45

2.8 [4.7]

13

0.66

80

0.32

0.9 [40]

67

3.3 [21]

25

0.8 [11]

29

7.1

85

25

Duzce

6.6

276

0.35

61

0.45

5.5 [60]

42

2.9 [12]

26

3.5 [9]

27

7.3

156

26

Lucerne

2.2

685

0.77

93

0.66

4.8 [77]

76

10.5 [14]

19

1.7 [3.2]

27

7.4

40

27

Tabas

2.1

767

0.85

121

0.95

4.7 [71]

101

3.8 [8]

31

1.9 [3.2]

29

28‡

Sakarya

3.1

471

0.38

79

0.71

9.0 [68]

42

2.5 [11]

30

12.9 [9]

11

7.5

92
29

Yarimca

4.8

297

0.27

49

0.44

7.7 [39]

32

3.0 [20]

31

3.7 [9]

18

30

TCU068

0.3

487

0.56

185

3.50

11.3 [78]

159

3.2 [10]

101

22.0 [4.2]

23

31

TCU065

0.6

306

0.83

129

0.94

4.4 [51]

90

3.1 [8]

46

12.7 [6.6]

24

32

TCU067

0.6

434

0.52

84

0.96

11.1 [40]

42

1.9 [17]

63

1.8 [6.8]

32

33

TCU052

0.7

579

0.38

165

2.04

7.4 [70]

133

2.2 [11]

73

18.1 [8]

24

34

TCU075

0.9

573

0.33

89

0.87

4.9 [65]

78

3.5 [8]

24

15.7 [7]

14

35

TCU102

1.5

714

0.30

109

0.88

7.5 [54]

56

2.8 [18]

46

1.5 [6.8]

48

36

CHY080

2.7

553

0.90

101

0.20

0.9 [48]

92

1.9 [16]

42

0.8 [9]

42

37

CHY028

3.1

543

0.66

78

0.15

2.2 [32]

39

0.8 [17]

44

0.8 [9]

36

38

TCU072

7.0

468

0.49

71

0.42

11.3 [22]

19

0.8 [18]

47

3.2 [10]

20

17
15

Chi-Chi, Taiwan
1999/09/20

PGA* PGV*
(g) (cm/s)

Rrup*
(km)

7.6

5

7.9

202

39

Alyeska Pump Station #10

2.7

329

0.32

101

0.94

7.4 [42]

47

2.4 [30]

53

6.4 [12]

27

7.9

43

40

Mianzuqingping

3.0

n/a

0.93

138

1.38

7.7 [69]

53

2.5 [10]

40

20.6 [5.7]
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* Earthquake moment magnitude MW; Closest distance to fault rupture Rrup; the shear wave velocity of the top 30 m of soil Vs30; peak ground acceleration (PGA);
peak ground velocity (PGV); peak ground displacement (PGD).
† Dominant period of ith extracted pulse TP,i; Energy ratio of ith extracted pulse Er,i; peak velocity amplitude of ith extracted pulse vmax,i.
‡ Record #28 Sakarya is unrotated because the ground motion record of only one horizontal direction is available.

2.8.

Extracted Pulses and Results Using the CPEV-EN method

This section presents the extracted pulses using the CPE method with wavelet analysis
performed on the velocity time history using the equal energy weighting function [CPEV-EN] of
the 40 records described above. For each record, a total of three pulses were extracted; the pulse
period TP,i, the pulse peak velocity vmax,i, and energy ratio Er,i of these pulses are reported in
Table 2.1 and the associated M&P wavelet parameters (γ, θ, and tm) are reported in Table S2 of
Lu and Panagiotou (2014). The energy ratio Er,i is defined as:
Er , i











Pi (t ) 2 dt
S (t ) 2 dt

(Eq. 2.7)

where the numerator and the denominator is the energy of the pulse Pi(t) and the original ground
motion record, S(t), respectively. Since the CPEV-EN extracts pulses in order of decreasing
energy, the Er,i is a metric of the importance of the pulse. A cut-off value of 7% for the energy
ratio Er,i was used to determine the pulses of significant energy; the extracted pulses with TP,i ≤
12 s and Er,i > 7% are termed “predominant” pulses. These predominant pulses are shown as
bold in Table 2.1. Although arbitrary, the 7% limit was chosen because it was found adequate to
achieve a specific level of representation as discussed in the section titled Evaluation of Pulse
Representation by SDOF Response.
Figure 2.4(a) shows the periods of the extracted predominant pulses for each of the 40
records. Vertical dashed lines are used here to separate the records recorded in different
earthquakes. Thirty-five out of the 40 records have more than one predominant pulse; of these,
18 have a total of three predominant pulses. All records from earthquakes of MW ≥ 6.9 include
more than one predominant pulse. Figure 2.4(b) shows the extracted predominant pulse periods
plotted versus earthquake magnitude, MW, along with the relationships between the two
quantities from Mavroeidis and Papageorgiou (2003) and Baker (2007). The two curves fit the
period of the first extracted pulse from the 40 ground motion records well. The dominant periods
of the first extracted pulse are, on average, 0.88 times that identified in both Mavroeidis and
Papageorgiou (2003) and Baker (2007) for the motions considered both in their studies and
herein. However, in most cases, the second and third predominant extracted pulses have
dominant periods significantly different (either shorter or longer) than that of the first pulse and
that predicted by the aforementioned relations. Thirty-six out of the 40 records have at least one
predominant pulse with 1 s ≤ TP ≤ 4 s. The relation between the dominant period amplitude and
amplitude of the pulses versus earthquake magnitude is discussed in the section titled
Relationship between TP, Pulse Amplitude, and MW.
For the periods of the extracted predominant pulses, the ratio between the periods of
pulse i and j is defined as rTP,ij  max(TP,i ,TP, j ) / min(TP ,i ,TP, j ) . The ratios rTP,12 , rTP,13 , and rTP, 23
are shown in Figure 2.5 for each of the 40 records. The average value of rTP,12 for the 35 records
with more than one predominant pulse is 2.86, with the maximum and minimum value to be 14.1
(record #38 TCU072) and 1.1 (record #19 Takarazuka), respectively. For these 35 records, the
average value of TP,2 was 2.5 s (4.1 s for TP,1) for and that of vmax,2 = 43 cm / s (0.58 times the
average vmax,1).
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Figure 2.4. Periods TP of predominant (Er,i > 7%) pulses computed using CPEV-EN method: (a)
for each record; and (b) versus earthquake magnitude MW.
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Figure 2.5. Ratio of largest to smallest periods between the first and second ( rTP,12 ), first and
third ( rTP,13 ), and second and third ( rTP, 23 ) predominant pulses computed using CPEV-EN method.
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the first and second ( rtm,12 ), first and third ( rtm ,13 ), and second and third ( rtm, 23 ) predominant
pulses versus the corresponding rTP .
Among the 18 records with three predominant pulses, only three (#1 PRPC, #9 Pacoima
Dam, #38 TCU072) had distinct extracted pulse periods (defined as rTP ,ij  1.33 for all
combinations of the three extracted pulses). The relative overlap in the time domain between the
extracted pulses i and j of a ground motion record is defined as rtm,ij  (t m, L  t m,S ) / TP,L where
TP , L is the dominant period of the longer period of the two pulses, t m , L is the mid-time position

of the longer period pulse, and t m,S is the mid-time position of the shorter period pulse. Figure
2.6 shows rtm for the predominant extracted pulses of the 40 records plotted against the ratio
between pulse periods rTP . In most cases, for two pulses with rTP  1.6 , there is no overlap, while
for two pulses with rTP  1.6 overlap exists; for rTP  1.6 , it is slightly more common the midtime of the shorter pulse to appear before that of the longer pulse as opposed to the opposite case
where the longer pulse appears first.
Among the 15 records with three predominant pulses but without three distinct dominant
periods ( rTP ,ij  1.33 ), seven include pulses where the ratio between the peak velocity of the
pulses is between 0.75 and 1.33. The three extracted pulses for one of these records (record #16
Newhall Fire Station) is shown in Figure 2.7; and the second and third extracted pulse have
similar period and amplitude (TP = 2.0 and 2.1 s with peak pulse velocity of 49 and 42 cm / s for
pulse 2 and 3, respectively) with no overlap and, thus, appear to be one pulse, distorted by the
larger velocity amplitude 0.9 s pulse override. For these motions which may have a pulse with
high oscillatory character, the pulse extraction method used may impose restrictions, such as the
shape of mother wavelet and the limited values of γ (oscillatory character parameter) of the
20

mother wavelet. Thus, high oscillatory pulses may be extracted as multiple parts, resulting in two
or more pulses of similar dominant periods and amplitude.
For the 40 records studied here, the average energy ratio of the first extracted pulse Er,1
was 59%, with a maximum of 91% (record #6 El Centro Array #6) and a minimum of 22%
(record #38 TCU072) [see Figure 2.8 and Table 2.1]. For the 35 records that had more than one
predominant pulse, Er,1 had an average value of 56% compared to an average value of 83% for
the five records with only one predominant pulse. For these 35 records, Er,2 / Er,1 was on average
0.32, with a maximum of 0.84 for record #38 (TCU072) and with a minimum of 0.10 for record
#4 (EC Meloland Overpass FF). For the 15 records that had three predominant pulses, the
average Er,1 and Er,2 was 45% and 18%, respectively.
150
Record
TP,1 = 0.9 s

100

TP,2 = 2.0 s

velocity (cm / s)

TP,3 = 2.1 s
50

0

-50

-100

2

3

4

5

6
time, t (s)

7

8

9

10

Figure 2.7. Three extracted pulses using the CPEV-EN method (two of which have similar periods)
for Record #16 Newhall Fire Station from the MW6.7 1994 Northridge, California, earthquake.
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2.9.

Evaluation of Pulse Representation by SDOF Response

The metric used for the evaluation of the pulse representation SN(t) of the ground motion
record S(t) was the error in the linear spectral displacement of the SDOF oscillator subjected to
S(t) and SN(t) at 2% viscous damping ratio, defined as:
e Sd (T ) 

Sd [ S (t ), T ]  Sd [ S N (t ), T ]

(Eq. 2.8)

Sd [ S (t ), T ]

where Sd[S(t),T] and Sd[SN(t),T] is the spectral displacement of the linear SDOF oscillator of
avg
(T1 , T2 ) is then defined as
period T subjected to S(t) and the corresponding SN(t), respectively. eSd
the average value of eSd (T ) for T ranging from T1 to T2 in a linear scale. The trends observed in
this section do not change significantly if the average eSd (T ) is computed for T in a logarithmic
scale.
avg
(1, 5) for S1(t), S2(t), S3(t), and SP(t), which are the pulse
Figure 2.9 shows the eSd
representations from the sum of one, two, three, and predominant (Er,i > 7%, TP ≤ 12 s) pulses,
respectively, as extracted from each of the 40 ground motions records by the CPEV-EN method
avg
(1, 5) for the 40 records was 0.41, 0.20, 0.15, and 0.18
described above. The average value of eSd
avg
(1, 5) ranged
for S1(t), S2(t), S3(t), and SP(t), respectively. For the pulse representation S1(t), eSd
between 0.13 (record #15 Newhall W Pico Canyon Rd) and 0.90 (record #38 TCU072). For
avg
(1, 5) ranged between 0.05 (record #14 Jensen Filter Plant) and 0.67 (record #38
S2(t), eSd
TCU072), demonstrating the significant improvement in the level of representation achieved
avg
(1, 5) less than 0.37 for all
with S2(t) compared to that with S1(t). The SP(t) resulted in eSd
avg
(1, 5) of S1(t) and S2(t) had an average value
motions. For the 18 records with MW ≥ 7.0, the eSd
of 0.56 and 0.25, respectively, demonstrating the importance of considering the second extracted
pulse for records from earthquake with large magnitudes. Other records where the second
extracted pulse was very important were records #1, #2, #16, and #20; record #1was from the
MW = 6.3 Christchurch, New Zealand, earthquake.
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Figure 2.9. Average error in Sd for T = 1 to 5 s, eSd
using the CPEV-EN method.
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2.10.

Effect of Type of Time Domain and Weighting Function of Wavelet Analysis

This section investigates the effect of two key parameters of the wavelet analysis used for
pulse identification: (a) the type of time domain [acceleration (A) or velocity (V)] in which the
wavelet analysis is conducted; and (b) the weighting function [equal amplitude (AM), equal
energy (EN), and equal area (AR)] used. The CPE using wavelet analysis conducted with the six
variations of the above parameters are termed CPEV-AR, CPEV-EN, CPEV-AM, CPEA-AR, CPEA-EN,
and CPEA-AM. The first three extracted pulses and associated M&P wavelet parameters (γ, θ, tm,
amax, and vmax,) for these six methods are listed in Table S2 of Lu and Panagiotou (2014). Also,
Figure sets S1 to S6 from Lu and Panagiotou (2014) show the time history as well as the SDOF
linear spectral response of the extracted pulses and S3(t) for each of the 40 methods computed by
each of the six methods.
Figure 2.10 shows the acceleration and velocity time histories of Record #30 TCU068
from the MW7.6 Chi-Chi, Taiwan, earthquake and the corresponding three extracted pulses
obtained by the four methods (CPEA-AM, CPEA-EN, CPEV-EN, and CPEV-AR). The Sa and Sd of the
record, individual pulses, and S3(t) representation are also shown for each method. This figure
illustrates the differences between the four methods in terms of extracted pulse period and level
of agreement in spectral response. The CPEA-AM method resulted in pulses periods ranging from
0.3 to 2.6 s; while the S3(t) representation resulted in very good agreement with the record in
avg
(0.1, 3.5) = 0.14], the corresponding level of
terms of Sd for periods of T = 0.1 to 3.5 [ eSd
avg
(3.5,10) = 0.67. The CPEA-EN method extracted a
agreement for T ≥ 3.5 was very poor with eSd
strong 0.5 s acceleration pulse (second extracted pulse) and two other pulses of periods TP,1 = 2.9
avg
(0.5, 10) for S3(t) of this method was equal to 0.09.
s and TP,3 = 9.0 s; the eSd
The first and second pulses computed with CPEV-EN method have similar (less than 25%
difference) periods to the first and third pulses extracted with the CPEA-EN method, but a third
pulse of very long period TP,3 = 22.0 s is additionally identified. While the CPEV-EN method
avg
(2, 10) =
resulted in nearly excellent agreement of Sd with the record for T larger than 2 s [ eSd

avg
(0.5, 2) = 0.48 with a maximum of 0.8 in that period range because no pulses of
0.10], the eSd
dominant period less than 3.2 s were extracted. Finally, the CPEV-AR method extracted pulses
with period larger than 7.5 s, resulting in the worst approximation of Sd for T < 7 s.
Table 2.2 lists the average TP,max = max(TP,1, TP,2, TP,3) and TP,min = min(TP,1, TP,2, TP,3) of
the three extracted pulses over all 40 records as computed by each of the six methods. As
expected, the methods operating in the velocity time domain (V) resulted in longer TP,max and
TP,min when using the same weighting function. Independent of the time domain, the AM
weighting function resulted in the smallest TP,max and TP,min, and the AR weighting function in
the largest TP,max and TP,min.

23

acceleration (g)

CPEA-AM

CPEA-EN

CPEV-AR

0.6

0.6

0.6

0.6

0.4

0.4

0.4

0.4

0.2

0.2

0.2

0.2

0

0

0

0

-0.2
-0.4
30

40

Record
TP,1 = 0.3 s

50

60

70

-0.2
-0.4
30

40

Record
TP,1 = 2.9 s

50

60

TP,2 = 1.0 s

velocity (cm / s)

CPEV-EN

200

TP,3 = 2.6 s

100

S3(t)

70

-0.2
-0.4
30

40

Record
TP,1 = 11.3 s

50

60

TP,2 = 0.5 s

200

TP,3 = 9.0 s

100

S3(t)

70

-0.2
-0.4
30

TP,3 = 22.0 s

200

TP,3 = 7.5 s

100

S3(t)

100

S3(t)

0

-100

-100

-100

-100

70

-200
30

40

50
60
time, t (s)

70

-200
30

40

50
60
time, t (s)

70

-200
30

24

2

2

2

1.5

1.5

1.5

1.5

1

1

1

1

0.5

0.5

0.5

0.5

Sa (g)

2

Sd (m)

0
0

2

4

6

8

10

0
0

2

4

6

8

10

0
0

2

4

6

8

10

0
0

8

8

8

8

6

6

6

6

4

4

4

4

2

2

2

2

0
0

2

4
6
period, T (s)

8

10

0
0

2

4
6
period, T (s)

8

10

70

200

0

50
60
time, t (s)

60

TP,2 = 24.8 s

0

40

50

TP,2 = 3.2 s

0

-200
30

40

Record
TP,1 = 12.2 s

0
0

2

4
6
period, T (s)

8

10

0
0

40

2

2

50
60
time, t (s)

4

6

4
6
period, T (s)

70

8

10

8

10

Figure 2.10. Pulses extracted using four CPE methods and their corresponding Sa and Sd (2% damping) for record #30 TCU068 from
the MW7.6 1999 Chi-Chi, Taiwan, earthquake. S3(t) is not shown in time histories for clarity.

Table 2.2. TP,max and TP,min averaged over the 40 records for each of the six CPE methods.
Pulse
period (s)
TP,max

TP,min

Time domain

Weighting function
AR

EN

AM

Velocity (V)

9.1

6.3

3.6

Acceleration (A)

3.7

2.1

0.90

Velocity (V)

2.7

1.4

1.0

Acceleration (A)

0.93

0.55

0.36

avg
(T1 , T2 ) for the pulse representations
Table 2.3 summarizes the average error metric eSd
S1(t), S2(t), and S3(t) of each of the six methods in the following five period windows (T1 , T2) =
0.5 – 1, 1 – 2, 2 – 3, 3 – 5, and 5 – 10 s. Figure 2.11 presents the error eSd (T ) averaged over all
40 motions versus SDOF oscillator period T.
Table 2.3 and Figure 2.11 demonstrate that both parameters of the wavelet analysis
significantly affect the level of representation achieved, independent of the number of pulses
avg
for all
used. For the 0.5 – 1 s and 1 – 2 s period ranges, the CPEA-EN resulted in the smallest eSd

pulse representations. The CPEA-AM method resulted in eSd (T ) greater than 0.52 for T ≥ 1.5 s for
avg
(0.1, 0.5) =
the S3(t). This level of error reduces significantly for T = 0.1 to 0.5 s, resulting in eSd
0.27, which is the smallest error in this period range among the six methods studied. For the
avg
period ranges 2 – 3 and 3 – 5 s, the CPEV-EN resulted in the smallest eSd
, except for the case of
S1(t) in the T = 2 – 3 s period range, where CPEV-AM resulted in slightly smaller error. For
periods longer than 5 s, CPEV-EN also resulted in the smallest error for S1(t) and S2(t); the two
avg
(5,10) for S3(t) are 0.13 and 0.12 from CPEV-EN and CPEV-AR, respectively.
smallest eSd
avg
(T1 , T2 ) for S3(t) in any of the windows between T = 1 and 5 s is less than 0.23 for
The eSd
methods CPEV-EN, CPEV-AM, CPEA-AR, and CPEA-EN. However, for records containing multiple
strong short period (TP < 1.0 s) acceleration pulses (e.g., records #11, #18, #23, #25, #28, and
#38), the CPEA-EN method, and in some cases CPEA-AR and CPEV-AM, were unable to extract
strong long-period pulses (TP > 2 s) included in these records. The CPEV-EN method results in the
avg
avg
(2 ,3) and eSd
(3 ,5) , with both values less than 0.18 for the S2(t) representation
lowest eSd
(which is lower than the values for the S3(t) representation of all other methods in these two
period ranges). Since the CPEV-EN method results in the best approximation of Sd for T > 2 s, a
hybrid CPE method may be used to improve the S3(t) representation in the 0.5 – 2 s period range:
the first two iterations of the CPE method use the V-EN wavelet analysis, and the third iteration
uses A-EN in order to capture important short-period acceleration pulses. However, investigation
of such a method is outside the scope of this study.
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avg
(Tt , T2 ) for five different windows (T1, T2) for the pulse representations of the 40
Table 2.3. eSd
records computed using the six different methods.

Meth
od for pulse
extraction

CPE
V-AR

CPE
V-EN

CPE
V-AM

CPE
A-AR

CPE
A-EN

CPE
A-AM

Average of
Pulse
representation

avg
eSd
(Tt , T2 ) over 40 motions

for five windows (T1, T2) of periods
1
2
3
5–
–2s
–3s
–5s
10 s

0.
5–1s

S1(t)

0.90

0.77

0.58

0.39

0.35

S2(t)

0.79

0.60

0.46

0.29

0.16
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Figure 2.11. Errors in Sd, eSd (T ) , averaged over 40 records for the pulse representations: (a)
S1(T), (b) S2(T), and (c) S3(T) computed with each of the six considered CPE methods; and for
the three pulse representations computed using the methods: (d) CPEV-EN; (e) CPEV-AM; and (f)
CPEA-EN.
2.11.

Relationship between TP, Pulse Amplitude, and MW

As shown in Figure 2.4(b), the periods of the second and third extract pulses can vary
significantly from the relationships between pulse period, TP, and earthquake magnitude, MW,
proposed by Mavroeidis and Papageorgiou (2003) and Baker (2007). In addition, 36 of the 40
records have at least one predominant pulse with 1 s ≤ TP ≤ 4 s, independent of the earthquake
magnitude. This section investigates the relationship between extracted pulse period, TP,
corresponding acceleration amplitude, amax, and magnitude MW for pulses with TP = 0.5 to 8 s.
As shown in the previous section, the predominant extracted pulses of the CPEV-EN
method results in the best (among the six versions of the CPE method studied here)
representation of the records for T > 2 s, while the CPEA-EN results in the best representation for
T = 0.5 to 2 s; thus, the extracted pulses from both methods will be used to study the TP – amax –
MW relation. The acceleration energy ratio Era,i is defined by Eq. 2.7, where the right-hand side
is equal to Era,i, with Pi(t) being the acceleration time history of the extracted pulse and S(t) being
the acceleration time history of the ground motion record, after filtering with a low-pass filter
with 5 Hz cutoff frequency. For the pulses extracted with the CPEA-EN method, predominant are
those defined as having Era,i > 10%.
Figure 2.12 plots the acceleration amplitude, amax, and velocity amplitude, vmax, of the
predominant pulses extracted by the CPEA-EN and CPEV-EN method versus the dominant period
TP for four earthquake magnitude ranges: 6.3 ≤ MW ≤ 6.6, 6.6 < MW ≤ 6.9, 6.9 < MW ≤ 7.5, and
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7.5 < MW ≤ 7.9 [corresponding to 9, 13, 7, and 11 records from 5, 4, 5, and 3 different
earthquake events, respectively]. The lines corresponding to amax = (0.6 s / TP) g and vmax = 1 m / s
are also shown in Figure 2.12. For pulses with TP from 1.5 to 5 s extracted from the CPEA-EN and
CPEV-EN methods, the relation amax = (0.6 s / TP) g is a good approximation for the peak values of
amax with small dependency on earthquake magnitude. Likewise, for pulses with TP from 0.9 to 5
s extracted from the CPEV-EN method, the relation vmax = 1 m / s is a good approximation for the
peak values of vmax with small dependency on earthquake magnitude. For the CPEA-EN method in
a similar period range, the value of vmax depends on the phase parameter θ of the MP wavelet,
and thus there is a greater scatter for peak values of vmax. The pulses with TP > 6 s are exclusively
from records with MW = 7.6 for CPEA-EN and MW ≥ 7.3 for CPEV-EN.
Figure 2.13 plots the pulse acceleration amplitude, amax, of the predominant pulses
extracted with the CPEA-EN and CPEV-EN method for seven TP ranges (0.5–1 s, 1–1.5 s, 1.5–2 s,
peak
[M W ] ,
and 2–3 s for CPEA-EN and 1.5–2 s, 2–3 s, 3–4 s, 4–5 s, and 5–8 s for CPEV-EN). The amax
defined here as the peak value of amax at a specific MW, in each of these ranges of TP is listed in
peak
[M W ] shows only moderate dependency on MW: the
Table 2.3. For TP = 0.5–1 s, amax
peak
peak
amax
[M W ] at MW = 6.7, 6.9 and 7.6 is 0.86, 0.7, and 0.62 g, respectively, with amax
[ M W  6.7]
being the peak value for this period range. The dependency is not clear for the case of TP = 1–1.5
peak
[M W ] for all MW is less than 0.66 times the peak value of
s and 5 ≤ TP ≤ 8 s, where amax
peak
amax
[M W ] at MW = 6.9 and 7.6, respectively.
CPEA-EN

CPEV-EN

1

1

0.8

0.8

0.6

0.6

MW  6.6 (9 records)
6.6 < MW  6.9 (13 records)
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Figure 2.12. Pulse acceleration amplitude amax and velocity amplitude vmax versus TP, dominant
period of predominant pulses, extracted with the CPEA-EN and CPEV-EN methods, for the 40
ground motion records.
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For the extracted pulses with period between 1.5 and 5 s, the amax-TP relationship appears
to have a little dependence on MW. In the period range of 1.5 ≤ TP ≤ 2 s considering the pulses
peak
[M W ] for MW = 6.9 and 7.6 is both 0.36 g (peak
from both CPEA-EN or CPEV-EN methods, amax
peak
[M W ] for MW = 6.5 and 6.7 more than 0.75 times this
value for this period range) with amax
peak
[M W ] for MW = 6.3, 6.7, and 7.6 are
value. Similarly, in the period range of 2 ≤ TP ≤ 3 s, amax
more than 0.75 times the peak value at MW = 6.5 and, in the period range of 2 ≤ TP ≤ 3 s,
peak
amax
[ M W  6.5] is more than 0.75 times the peak value at MW = 7.6. For pulses with 4 ≤ TP ≤ 5
peak
[M W ] for MW = 6.5, 7.3, 7.4, and 7.6 ranges between 0.1 to 0.12 g, including the
s, the amax
peak value in this period range. Similar trends are observed for peak values of vmax in these period
ranges.
For the 40 near-fault ground motion records studied in this chapter [which consist of 40%
of historical records from earthquakes with 6.3 ≤ MW ≤ 7.9 with Rrup < 10 km], the peak value of
pulse amplitude shows weak dependence on Mw for values of TP affecting a broad range of
structures. It is readily understood that the two dominant pulse characteristics TP, and amax can
greatly determine the potential demand a ground motion causes to a structure. However, it is to
be noted that this study did not investigate the relation of amax and Tp to other source
characteristics (e.g. type of fault rupture, Rrup, location of the station of the record with respect to
the fault rupture), which may also be important.
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Figure 2.13. Pulse acceleration amplitude, amax, of predominant pulses versus earthquake
magnitude for specific ranges of pulse period. Results are shown for all 40 motions with both the
CPEA-EN and CPEV-EN methods.
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2.12.

Implications for Structural Response

Figure 2.14 shows the velocity time history of the three extracted pulses for records #1
PRPC (MW6.3, Christchurch, NZ, 2011) and #33 TCU052 (MW7.6, Chi-chi, Taiwan, 1999) via
CPEA-EN and CPEV-EN, respectively. For the PRPC record, the two predominant pulses have TP =
1.4 and 3.6 s, respectively; for the TCU052 record, the two predominant pulses have TP = 7.4
and 2.2 s, respectively. Figure 2.14 also shows the linear and nonlinear [Clough (stiffness
degrading) hysteresis with yield strength Fy equal to 15% of the weight and post-yield stiffness
ratio of 5%] displacement spectra for each of the two pulses P1(t) and P2(t), as well as the pulse
presentation S2(t), which consists of the sum of the two pulses.
For the PRPC record, the first pulse P1(t) results in very good estimation of the linear
spectral demands Sd for T = 1 to 2.5 s, while the second pulse P2(t) results in very good
estimation of Sd for T ≥ 3 s; S2(t) results in excellent estimation of Sd for T = 1 to 5 s, with
eSd (T ) < 0.11 in this range. For the nonlinear displacement spectra SdNL of the PRPC record, the
first pulse results in good estimation of SdNL for T < 1.8 s while the second pulse results in good
estimation of SdNL for T > 4 s; the pulse presentation S2(t) results in excellent estimation of SdNL
for all T ≤ 5 s. For the TCU52 record, the first pulse P1(t) results in very good estimation of Sd
only for T = 1.8 to 2.2 s, while the second pulse P2(t) does not adequately estimate Sd for T < 5 s;
however, the sum of both pulses S2(t) results in good estimation of the Sd for T > 1.8 s. Each of
the two individual pulses result in less than 0.6 times the SdNL and eSd , NL (T )  0.4 for any period
between 1.5 and 3.8 s, in contrast, S2(t) results in a very good estimation of SdNL for periods
between 1 and 5 s, with eSd , NL (T )  0.2 for this range.
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Figure 2.14. Velocity time history for two extracted pulses P1(t) and P2(t); and linear and
nonlinear—Clough hysteresis, yield strength Fy equal to 0.15 times the weight, 5% post-yield
stiffness ratio—displacement spectra for 2% damping ratio of P1(t), P2(t), and the sum of the
two pulses S2(t).
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It is shown from the results in Figure 2.9 and the example presented above that the use of
a single pulse to present a near-fault ground motion can cause under-estimation and poor
representation of the linear and nonlinear spectra displacement. In addition, the previous section
showed the weak dependence of pulses TP and associated amax on the earthquake magnitude MW,
for a wide range of TP that is critical for structural demands estimation. Thus, it is clear that for
structures in the near-fault regions, multiple (up to three) pulses of varying dominant period
should be considered. The characteristics for pulses in near-fault ground motions presented in
this study can be used to develop synthetic near-fault ground motions based on the relations of
amax to TP and the time correlation between the multiple pulses; however, the development of
such synthetic near-fault motions is beyond the scope of this study.
2.13.

Conclusions

This chapter investigates the presence and characteristics of multiple pulses [with
dominant period TP between 0.5 and 12 s] in historical near-fault ground motion records. It
presents an iterative method for extracting multiple pulses from a pulse-like near-fault ground
motion whereby the sum of the extracted pulses generates a relatively accurate representation of
the ground motion. Called the cumulative pulse extraction (CPE) method, this method was
applied to 40 pulse-like ground motion records from 17 historical earthquakes with magnitudes
ranging from 6.3 to 7.9, all recorded within 10 km from the fault rupture. This study used a set of
strong (peak ground velocity > 0.6 m/s) near-fault ground motion records and focused on
studying the characteristics of their pulse-like nature; the results presented do not reflect the rate
of occurrence of one or more pulses occurring at a new fault site.
Wavelet analysis using the continuous wavelet transform with the M&P wavelet
was performed to extract one pulse per iteration of the CPE method; a total of three pulses were
extracted for each ground motion record. The level of representation achieved for each of the 40
records was studied by comparing the linear SDOF spectral displacement response of the
extracted pulse representation and that of the ground motion record for periods T ranging
between 0.5 and 10 s. The chapter also investigated the effect of the following parameters: (a)
the number of pulses, N, used in the representation SN(t) of the records; (b) the type of timedomain [velocity (V) or acceleration (A)] at which the wavelet analysis is conducted; and (c) the
weighting function [equal area (AR), equal energy (EN), equal amplitude (AM)] used in the
wavelet analysis. Six versions of the CPEd,w method were studied; subscript d describes the time
domain at which the wavelet analysis was conducted (V and A) and subscript w is the weighting
function used (AR, EN, and AM). Using the results of the pulse extraction of the 40 motions, the
study presents the relation between the extracted pulse period TP, associated pulse amplitude
amax, and earthquake magnitude MW. Based on the results of the study the following conclusions
are drawn:
The CPEV-EN resulted in the determination of more than one predominant pulse (defined
as pulses with TP ≤ 12 s and energy more than 0.07 times that of the record) in 35 out of the 40
records, with three predominant pulses identified in 18 of those records. The first extracted pulse
for the 40 motions had the following characteristics: (a) dominant period TP,1 ranging from 0.7 to
11.3 s (with an average of 4.1 s); (b) peak velocity ranging from 19 to 159 cm / s (with an
average of 68 cm / s); and (c) energy ranging from 22% to 91% that of the ground motion
(average of 60%).
For the 35 records that had more than one predominant pulse based on CPEV-EN, the
energy of the first pulse was, on average, 0.56 times that of the ground motion, while the average
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value of the ratio of the dominant periods of the longer and the shorter among the first two
extracted pulses was 2.5. For these motions, the second extracted pulse had the following
characteristics (average values): (a) a dominant period of 2.5 s; (b) peak velocity of 40 cm / s;
and (c) energy 0.15 times that of the ground motion. For 15 of the 18 records with three
predominant pulses, at least two of the pulses had similar periods (the period of the longer pulse
is less than 1.33 times that of the shorter pulse).
For the CPEV-EN method, increasing the number of pulses used from one [referred to as
the S1(t) representation], to two [S2(t) representation], and to three [S3(t) representation]
improved the pulse representation of the records. The average error in spectral displacement
avg
(1, 5) , was as follows: 0.41, 0.20,
response for SDOF oscillator periods between 1 and 5 s, eSd
avg
(1, 5) from S1(t) to
and 0.15, for S1(t), S2(t), and S3(t), respectively. The level of reduction of eSd
avg
(1, 5) for S1 and S2 being 0.56 and
S2(t) was even larger for records from with MW ≥ 7.0, with eSd
0.25, respectively. For these records, the first extracted pulse period TP,1 was 6.1 s on average,
while TP,2 was 2.8 s on average.
Both the time domain at which wavelet analysis was conducted and the weighting
function used played an important role on the properties of the extracted pulses. For the same
weighting function, wavelet analysis in the velocity time history identifies longer period pulses
compared to wavelet analysis in the acceleration time history. For wavelet analysis performed in
the same time domain, the weighting function AM resulted in the smallest period pulses and AR
resulted in the largest period pulses.
The CPEA-EN, and CPEV-EN methods resulted in the best approximation of Sd for T = 0.5 –
avg
avg
(2,10) = 0.13 for S3(t)], respectively; however,
2 s [ eSd (0.5,2) = 0.22 for S3(t)] and 2 – 10 s [ eSd
CPEA-EN was not able to extract strong long-period pulses in records where the time history
included many short period cycles.
The peak value of acceleration amplitude of predominant pulses with dominant period TP
= 1.5 – 5 s extracted with the CPEV-EN and CPEA-EN methods showed small dependence on the
earthquake magnitude. All ground motion records studied had at least one predominant pulse
with TP between 0.5 and 5 s for both the CPEV-EN and CPEA-EN methods, with 38 records having
TP between 1.5 and 5 s for the CPEV-EN method. The largest values of acceleration amplitude for
the earthquake magnitudes considered in this study is 0.86 g, 0.67 g, 0.36 g, 0.30 g, 0.22 g, and
0.12 g, for the period ranges of 0.5–1 s, 1.0–1.5 s, 1.5–2 s, 2–3 s, 3–4 s, 4–5 s, respectively.
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3.

Nonlinear Seismic Site Response and SoilFoundation-Structure Interaction of a 20-story
Structural Wall Building Subjected to Pulse-like
Excitation

3.1.

Introduction

It is projected that by the year 2030, 5 billion people (60% of the world population) will
live in urban areas throughout the world – an increase from 30% in 1950 and 47% in 2000
(Unchs 2001). Compared to the sprawling suburban regions, which are unsustainable because of
the maintenance cost of extended infrastructure for commute and loss of arable land, multi-story
buildings (defined as buildings taller than 35 m) for mixed use (residential and commercial) is
seen as essential for developing sustainable urban growth (Wood 2007). Unavoidably, the
number and size of urban centers located near major earthquake faults will increase accordingly.
However, urban centers located near earthquake faults are vulnerable to significant seismic
damage, especially in events where the fault-rupture directivity combines with nonlinear site
effects. This was most clearly demonstrated in the 2011 magnitude 6.3 Christchurch, New
Zealand earthquake: 36 of the 50 tallest buildings (height of 35 m or more) in the city of
Christchurch (located 5 km from the fault rupture) had to be demolished following the
earthquake (“List of tallest buildings in Christchurch” 2013).
Mid- to high-rise multi-story buildings commonly have several subterranean stories
supported on an embedded mat foundation, forming a caisson foundation, with or without piles.
It is well known that soil-foundation-structure interaction (SFSI) adds flexibility to the structural
system which changes the structural response, causing an increase or decrease in the
displacement demand and forces depending on the seismic excitation, soil profile, and structural
properties (Mylonakis and Gazetas 2000). Especially for the case of near-fault ground motions,
which may have strong pulses with long (1 – 5 s) dominant periods, SFSI may significantly
affect the response of tall multi-story buildings subject to near-fault motions. However, in
current practice, SFSI is either not modeled or vastly simplified [as documented in Stewart and
Tileylioglu (2007)].
The effect of soil-foundation interaction for machine-type and seismic excitation has
been studied since the 80’s [see Gazetas (1991) for an overview of the research done in that era]
and the literature on seismic soil-foundation interaction for shallow foundations is extensive.
Two broad classifications of numerical models used for SFSI are: (1) the “direct approach”
where the structure, foundation, and surrounding soil is modeled using two- or three-dimensional
finite elements and structural elements with appropriate boundary conditions; and (2) the
“substructure approach” where the soil surrounding the foundation is modeled using boundary
finite-elements or springs based on dynamic transfer functions. The direct approach has been
used for modeling SFSI, including lateral spreading, of bridge structures both 2D (e.g. Zhang et
al. 2008) and 3D (Elgamal et al. 2008, Jeremić et al. 2009). For buildings, the substructure
approach [such as outlined in Stewart and Tileylioglu (2007) for tall buildings] is generally
preferred due to the computational simplicity; studies including Gerolymos and Gazeta (2005)
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have developed macro-elements to model the soil-foundation interaction for caisson foundations
including interface and soil material nonlinearity.
Sites near the fault rupture of an earthquake event are strongly affected by the rupture
propagation, especially when the site is in the direction of the fault rupture (forward directivity)
(Somerville and Graves 1993). These near-fault ground motions may contain distinct and strong
acceleration, velocity, and displacement pulses, which result in significant nonlinearity in the site
soil as well as large demands in the response of structures. Studies (e.g. Seed et al. 1976) have
shown that soil and site conditions can impact the surface motion and the resulting spectral
values, and in cases of soft or deep soils, this may result in amplification of long period (greater
than 1 s) response. Rogriguez-Marek and Bray (2006) studied nonlinear sites subject to singlecycle sinusoidal pulse motions at the base in both horizontal directions to simulate the effects of
near-fault excitation. In their study, they found that both the amplitude and period of the surface
motions were affected by the site response; the peak velocity of the input seismic excitation was
amplified or attenuated based on the input velocity amplitude and ratio between the input
velocity period and the degraded site period. The effect of near-fault pulse-like ground motions
on structures has been well-studied, including the case of tall buildings having a first mode
period greater than or equal to 2 s (e.g. Hall et al. 1995, Calugaru and Panagiotou 2012a);
however, these studies do not include the effects of SFSI which may significantly affect the
response of the building.
In this chapter, a 20-story core wall building with a caisson foundation without piles,
including the surrounding soil domain, is modeled using 2D 4-node finite elements and fibersection beam-column elements. The models are subject to single-cycle pulse excitation with
pulse period of 0.5 to 5.0 s and peak velocity at the soil surface of 1.0 to 1.7 m/s, similar to
pulses found in historically recorded strong near-fault ground motions with the largest peak
ground velocity. The study will focus on two different soil-related effects: (1) the nonlinear site
effect, in which the seismic excitation is filtered and distorted as it travels through the nonlinear
soil; and (2) the soil-foundation-structure interaction, which causes additional flexibility and
radiation damping at the foundation-level. Along with the elastic rock site, 8 soil profiles are
considered, with the depth of soil varying between 20m and 220m and shear wave velocity at the
top equal to either 200 m/s or 400 m/s with linear increase with depth.
3.2.

2D Finite-Element Model Description

In order to investigate the two effects, the following models are constructed: (a) the
structure-only (SO) model, which consists of the superstructure with a rigid base at the groundlevel; (b) the free-field soil (FFS) model which represents the soil domain without the structure;
and (c) the soil-foundation-structure (SFS) model which models the structure, foundation, and
soil domain and accounts for both the effect of the nonlinear site and the SFSI effect. In addition,
a free-field rock (FFR) model is the case of a rock outcrop with no soil subject and is used for
comparison with the FFS. The FFS, SFS, and FFR models are subjected to a single cycle
acceleration pulse with dominant period varying between 0.5 and 5 s described in Input
Excitation. In order to decompose the effect of SFSI, the motion recorded from the surface of the
soil in the SFS model will be used as the input ground excitation for the SO model, and the
response of the SO model will be compared to that of the SFS model. In addition, the SO model
with ground excitation that is recorded from the FFR model will be termed SOR (structure-onrock).
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3.2.1. Structure
Figure 3.1(a) shows the tall core-wall building [similar to the fixed-base (FB) 20-story
building used in Calugaru and Panagiotou (2012b)] considered in this study. The structure has
20-stories above ground (a total height of 67 m above ground level) with 3 floors below ground
and a 3.5 m thick mat foundation (total depth of 13.5m below ground level). The 20-stories
above ground has a cracked first mode period of approximately 2 s. The structure has a total
seismic weight W of 154 MN above ground (7.68 MN per floor) and 109 MN below ground
including the mat foundation. The compressive strength of concrete f c' = 72 MPa, with a
confined concrete strength of f cc = 101.4 MPa occurring at strain  cc = 0.004. The steel yield
strength fy = 414 MPa with Young’s modulus Es = 200 GPa.
Above ground, the structure consists of a central core wall coupled through the floor slab
to the columns in the perimeter of the building. Figure 3.1(c) shows the cross-sectional details of
the core wall, which has a length of 9.75 m and thickness of 0.61 m and a longitudinal
reinforcement ratio ρl = 0.8%. The core wall is designed to provide most of the lateral force
resistance above ground; based on tributary area, the core wall carries 44.2% of the gravity load
(and vertical mass). The axial load ratio N / f c' Ag = 0.42 at the base of the wall, where N is the
axial load, f c' is the concrete compressive strength, and Ag is the concrete gross area. For the
three basement levels, walls are used along the perimeter of the building and from the columns to
the core wall in order to distribute the forces from the super-structure to the entire width of the
foundation. The structure has a square floor plan on all levels and is symmetric across the two
horizontal axes.
In this study, the structure above ground level (herein referred to as the super-structure)
will be modeled using two-dimensional (2D) nonlinear fiber beam-column elements, as shown in
Figure 3.1(b); only the core-wall is modeled and the effect of framing is neglected. The core wall
of each floor above ground level is modeled using one beam-column elements with 4 integration
points, and the nodes are located at each floor with mass equal to 784 and 346 tonnes (1 tonne =
1x103 kg) in the horizontal and vertical direction, respectively. The rotational mass of each floor
is not considered and a negligible value is used for numerical purposes. Each fiber section has
one curtain of longitudinal rebar with confined concrete over the entire concrete gross area; a
total of 128 concrete and 120 steel fibers are used, one layer of both concrete and steel for each
of the four sides of the core wall cross-section. Figure 3.1(d) and (e) show the hysteretic behavior
of the material models used for the concrete and steel fibers, respectively. The structure-only
(SO) model consists only of the beam-column elements used to model the super-structure, and
the flexibility of the foundation is neglected; Node 0 [shown in Figure 3.1(b)] is fixed for all
degrees of freedom (dofs), which results in a fixed-base model similar to what is commonly used
in structural analysis practice. For the soil-foundation-structure (SFS) model, Node 0 is
connected to the foundation as described in the section titled Foundation and Soil-FoundationStructure Interface.
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Figure 3.1. (a) Elevation view of the 20-story core wall building considered; (b) 2D model for
superstructure; (c) cross-sectional details of the core wall; (d) concrete material stress-strain; and
(e) steel material stress-strain.
3.2.2. Soil Domain
To model the effect of soil-foundation-structure interaction, a 2D rectangular soil domain
is used in conjunction with the previously described building [shown in Figure 3.2(a)]. The soil
is assumed to be horizontally unbounded and subject to vertically propagating shear waves from
the underlying bedrock (no spatial variation along the bedrock). The validity and limitations of
the imposed excitation are discussed in the section titled Model Assumptions and Limitations.
This section describes the soil properties and boundary conditions used in this study while the
next section discusses the modeling of the foundation and the interface between the finite
elements and beam-column elements.
The soil layer has a height of Hs and a width of 180 m (equal to 9 times the width of the
foundation). The soil layer until the depth of bedrock is modeled using 2D four-node nonlinear
square finite elements with side length Δh. Below the soil is a linear elastic undamped half-space
representing the bedrock (shear wave velocity Vs,rock = 1200 m/s, density γ rock = 23.5 kN / m3)
and is accounted for by the Lysmer-Kuhlemeyer transmitting/absorbing boundary conditions
(Zhang et al. 2003) along the base of the soil layer [see Figure 3.2(a)]. As part of the LysmerKuhlemeyer boundary, the seismic excitation is applied as a dynamic equivalent force at each
node at the base of the soil domain (Zhang et al. 2003) to model the propagation of the wave
from the elastic bedrock half-space; only vertically propagating shear waves are applied and
details on the applied motion is presented in the section titled Input Excitation. The lateral
boundaries of the soil domain have a “shear beam” constraint: the horizontal and vertical
degrees-of-freedom (dofs) of the two vertical boundaries [line AC and BD in Figure 3.2(a)] are
constrained to have the same motion. The lateral boundaries are located far from the foundation
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on both sides of the domain to decrease the effect of the boundary conditions on the response of
the structure.
The soil material used in this study is a nested Von Mises plasticity model
(PressureIndependMultiYield in Opensees) with a hyperbolic backbone curve for the shear
stress-strain relation, see Figure 3.2(a). The shear wave velocity and shear strength profile for the
soil layer are assumed to be linearly increasing with depth, as shown in Figure 3.2(b), and the
Poisson’s ratio for the soil is 0.4. The shear strength at depth H is defined by:
S u ( H )  0.5 H tan( )  S u ,top
(Eq. 3.1)
where the soil density γ = 20 kN / m3, friction angle ϕ = 45º, and shear strength at the surface of
the soil layer Su,top = 50 kPa. Eight soil profiles are considered in this study with soil layer height
Hs = 20, 60, 140, and 220 m and shear wave velocity at the surface of the soil layer Vs,top = 200
and 400 m/s are considered. Table 3.1 lists the soil layer height Hs, element length Δh, shear
wave velocity at the surface of the soil layer Vs,top, shear wave velocity at the base of the soil
layer Vs,bot, and first mode period of the soil layer Ts. Because the bedrock is assumed to be an
infinite half-space, the period of the bedrock cannot be defined.
For the free-field soil (FFS) model, which models the nonlinear soil without the structure
and associated SFSI effect, the full 180 m width model is not needed. Instead, the FFS models
use a soil column model – a column of soil with depth Hs, width of 4 elements, and the same
boundary conditions applied to the SFS model as described previously. In addition, a free-field
rock (FFR) model, which models the propagation of the imposed seismic motion in elastic
bedrock medium with no soil, is used for comparison to study the nonlinear site effect.

Figure 3.2. (a) Elevation view of the 2D soil-foundation-structure (SFS) model studied, including
boundary conditions and soil shear stress-strain, and (b) shear wave velocity and shear strength
profile over depth.
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Table 3.1. Shear wave velocity Vs variation, soil layer height Hs, and initial first mode period of
the soil layer Ts for the eight soil profiles considered.
Soil Profile Name

Hs (m)

Vs,top (m/s)

Vs,bottom (m/s)

Ts (s)

400

600

0.15

H20V200

200

400

0.25

H60V400

400

800

0.37

H60V200

200

800

0.43

H140V400

400

800

0.85

H140V200

200

800

1.0

H220V400

400

800

1.3

200

800

1.6

Δh (m)

H20V400
20

60

139.5

220.5

0.75

1.5

1.5

1.5

H220V200

3.2.3. Foundation and Soil-Foundation-Structure Interface
In this study, the subsurface stories and underlying mat foundation (herein collectively
referred to as the foundation block) is assumed to remain elastic and is modeled using 2D linear
isotropic finite elements of an equivalent stiffness. The total weight of the foundation block (109
MN) and corresponding mass is distributed equally across the foundation block. The elements
used to model the foundation block coincide with the finite element grid used for the soil
elements, allowing the adjacent soil and foundation block elements to share adjacent nodes.
However, the model does not allow for uplift of the foundation from soil surface [see section
Model Assumptions and Limitations].
The soil-foundation-structure (SFS) model consists of 2D finite elements (for the soil and
foundation block; 2 dofs per node) and beam-column elements (for the super-structure; 3 dofs
per node); the interface between the two types of elements is at the structure-foundation
interface. At this interface, translational dofs at base of the super-structure model [translational
dofs of Node 0 in Figure 3.1(b)] is slaved to that of the foundation block node at the same
location. In order for the rotation of base of the super-structure to follow the rotation of the
foundation block, Node 0 is connected to a set of rigid beams which span along the surface of the
foundation.
3.3.

Input Excitation

For this study, it is assumed that the soil and structure is subject primarily to vertically
propagating shear waves from the underlying bedrock, thus the ground excitation is applied only
at the base of the models in the horizontal direction. The validity of this assumption for near41

fault pulse-like motion is discussed in the section titled Model Assumptions and Limitations. The
applied velocity time history is given by the waveform of Mavroeidis and Papageorgiou (2003)
with oscillatory parameter γ = 1 and phase parameter θ = 1:


 4

 4

(t  0.75TP ) 
v (t )  0.5v P 1  cos
(t  0.75TP )    cos
 3TP

 3TP


(Eq. 3.2)
3TP
0t
2
where v P is the velocity amplitude and TP is the dominant period of the pulse. This study
considers pulses with period TP = 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 s. The
amplitude of the ground excitation (for each TP) was chosen to be about one third of the peak
amplitudes of pulses extracted from 40 historical strong near-fault ground motion records (Lu
and Panagiotou 2014), and is taken to be:
a p  0.2 g / T P

v P  0.53 m / s

(Eq. 3.3)

d P  0.21 m  TP
where a p and d P are the acceleration and displacement amplitudes, respectively. Figure 3.3
shows the acceleration, velocity, and displacement time history for a pulse with TP = 1 s.
It should be noted that the input excitation defined in this section is the wave that
propagates through the bedrock – it is not necessarily equal to the motion recorded at the soilbedrock interface (at the base of the soil layer, above the Lysmer-Kuhlemeyer boundaries) or at
the top of the free-field rock (FFR) models. The Lysmer-Kuhlemeyer transmitting/absorbing
boundary conditions account for the propagation of the input wave through the assumed halfspace under the soil, and thus, the waves from the soil layer and the effect of the proximity of the
free surface result in a different (and often stronger) motion at the top of the bedrock. In the case
of the FFR models, the motion at the free-surface is twice that imposed within the bedrock due to
the nature of one-dimensional wave propagation through a uniform elastic medium with a free
boundary.
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Figure 3.3. Acceleration, velocity, and displacement time history of a single cycle pulse with
dominant pulse period TP = 1 s and acceleration amplitude aP = 0.2 g.
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3.4.

Finite-Element Analysis Program and Solution Procedure

All models were built and run in Opensees (McKenna et al. 2000). The following existing
elements and material models were used: (1) for the super-structure, forced-based fiber-section
beam-column element (forceBeamColumn) with 4 Gauss-Lobatto integration points, Kent-ScottPark concrete material with nonlinear tension softening (Concrete03), and modified GiuffréMenegotto-Pinto steel material (Steel02); (2) for the soil, plain-strain four-node quadrilateral
finite element (quad) with the Von Mises multisurface plasticity material model
(PressureIndependMultiYield); (3) for the foundation block, the plain-strain quad elements with
elastic isotropic material (ElasticIsotropic); and (4) for the Lysmer-Kuhlemeyer dashpots,
zeroLength elements with the linear Viscous material. Rayleigh damping of 2% at periods 0.2
and 10 s is used for the soil and foundation-block nodes, and 2% damping at periods 0.8 and 3 s
are used for the structure.
The analysis procedure consists of statically applied gravity loads followed by
dynamic seismic excitation. The gravity is applied statically in 10 load-controlled steps. For the
dynamic analysis, the Newmark time stepping algorithm (γ = 0.5, β = 0.25) is used with a time
step of 0.002 s for all analysis. 20 iterations of Newton-Raphson algorithm with a tolerance of
10-6 is used, followed by dividing the time step by 10 and trying again. A sparse solver
(UmfPack) is used to solve the system of equations at every step.
A computer with a 3.47 GHz Intel Core i7 CPU and 12GB of RAM was used for this
study; a maximum of 6 hours was needed to the most computationally extensive model: the SFS
models for site H220V400 and H220V200, which have a total of 35,601 dofs and 17,800
elements, analyzed for 15 seconds of dynamic analysis with time step of 0.002 s.
3.5.

Nonlinear Site Response

This section presents the effect of nonlinear soil on the characteristics of the recorded
free-surface response of a free-field site (no structure). This effect is investigated by comparing
two models: (1) the free-field soil (FFS) models for each of the eight soil profiles, and (2) the
free-field rock (FFR) model which gives the free-surface motion for an elastic rock site. The
acceleration and velocity time history as well as the spectral displacement for both FFR and FFS
with the eight soil profiles and eleven pulses considered is included in Lu and Panagiotou (2013).
The peak acceleration and velocity of the free-surface motion for each of the FFS and
FFR models subjected to the single pulse excitation with period TP is shown in Figures 4 and 5.
As expected, the peak acceleration and velocity of the FFR models are exactly two times that of
the input motion. For the FFS models, based on the assumed shear strength profile (see Eq. 3.1),
the maximum peak acceleration at the surface of the soil is approximately S u , H h /( H h ) where
Hh = Hs/2, the numerator is the shear strength at Hh, and the denominator is the weight of soil
above Hh; this relation gives maximum peak acceleration 0.68, 0.51, 0.46, and 0.44 g for soil
profiles with Hs = 20, 60, 140, and 220 m, respectively, which is within 10% error of the peak
accelerations of the FFS models for TP = 0.5 s. De-amplification of acceleration occurs for sites
H20V400 and H20V200 with the TP = 0.5 s pulse, and for the rest of the sites with TP ≤ 0.75 s
pulses except for H220V400, where de-amplification of acceleration occurs for TP ≤ 1.0 s pulses.
The de-amplification is partially due to the attenuation in the soil and partially due to the soil
material nonlinearity, including the shear strength profile which limits the maximum acceleration
at the surface of the soil layer.
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For the FFS models, amplification of the peak acceleration and velocity increase as the
period of the soil layer increases, with FFS peak velocity ranging from 1.09 (H20V400) to 1.64
(H220V200) times that of FFR. The maximum amplification of peak acceleration occurs at TP =
1.0, 1.5, 2.0, 2.5, and 2.5 and that of peak velocity occurs at TP = 0.75, 1.0, 1.5, 1.5, and 2.0 for
site profiles with Hs = 20, 60, and 140 m, and H220V400 and H220V200, respectively; for Vs,top
= 200 m/s models, the maximum amplification for both peak acceleration and velocity is 1.06 to
1.16 times that of models with Vs,top = 400 m.
The peak spectral displacement Sdmax between T = 0.1 and 5 s for the FFR and FFS
models of each soil profile is shown in Figure 3.6. It should be noted that the curve of Sdmax for
the FFR model at TP = 0.45 and 0.5 s is because of the limited oscillator period over which Sdmax
is computed. The Sdmax of the FFS models are between 1.0 and 2.2 times that of the FFR models
for all soil profiles considered; the range and maximum value of amplification of Sdmax for each
soil profile increases with increasing period of the soil layer. For the first seven soil profiles in
the order listed in Table 1 (H20V400, H20V200, H60V400, H60V200, H140V400, H140V200,
H220V400), the Sdmax of the FFS model is less than 1.1 times that of the FFR model for TP
greater than or equal to 0.75, 1.0, 1.5, 1.5, 2.5, 3.0, 4.5 s, which is TP / Ts ≥ 3.6. For the
H220V200 model, the FFS model resulted in Sdmax that is 1.15 times that of the FFR model at TP
= 5.0 s pulse.
Figure 3.7 shows Tmax, the oscillator period at which Sdmax occurs, and T[0.9Sdmax], the
range of oscillator periods that result in a spectral displacement greater than or equal to 0.9 times
Sdmax. Note, for the FFR model, the T[0.9Sdmax] range spans from approximately T = TP to 5 s
due to the chosen input motion. For the FFS models with site profiles H20V400, H20V200,
H60V400, and H60V200, there is negligible change in the T[0.9Sdmax] range, which indicates
that, though some amplification of Sd occurs, the overall shape of the computed spectral
displacement does not change. However, for the site profiles H140V400, H140V200,
H220V400, and H220V200, the T[0.9Sdmax] range lies between 1 and 3 s for pulses with TP ≤ 1
s. This is especially noticeable in the case of soil profile H220V200 with a TP = 0.5 s pulse where
Tmax = 1.7 s and T[0.9Sdmax] = 1.4 – 2.1 s; in this case, the nonlinear soil domain distorts and
elongates the pulse so that dominant acceleration pulse has a period of about 1.2 s, with a small
amplitude cycle of period of 2.0 s due to reflection from the soil-bedrock interface. The
acceleration and velocity time history as well as the spectral displacement is included in
Appendix A of Lu and Panagiotou (2013).
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Figure 3.4. Peak acceleration at the free-surface of the free-field rock (FFR) model compared
with that of the free-field soil (FFS) models of each of the sites subjected to a single pulse of TP
ranging from 0.5 to 5 s.
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Figure 3.5. Peak velocity at the free-surface of the free-field rock (FFR) model compared with
that of the free-field soil (FFS) models of each of the sites subjected to a single pulse of TP
ranging from 0.5 to 5 s.
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Figure 3.6. Peak value of spectral displacement Sdmax (for T between 0.1 and 5 s) for motions at
the free-surface of the free-field rock (FFR) model compared with that of the free-field soil
(FFS) models of each of the sites subjected to a single pulse of TP ranging from 0.5 to 5 s.
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Figure 3.7. Maximum and minimum values of T (between 0.1 and 5 s) where spectral
displacement is greater than 90% of Sdmax for motions at the free-surface of the free-field rock
(FFR) model compared with that of the free-field soil (FFS) models of each of the sites subjected
to a single pulse of TP ranging from 0.5 to 5 s.
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3.6.

Dynamic Soil-Foundation-Structure Interaction

This section presents the effect of soil-foundation-structure interaction (SFSI) on the
response of a 20-story reinforced concrete core wall structure. The effect of SFSI with and
without the nonlinear soil effect is investigated by comparing three models: (1) the structure-onrock (SOR) model, which consists of the 20-story super-structure subjected to the motions
recorded at the surfaces of the FFR model; (2) the structure-only (SO) model, which consists of
the 20-story super-structure subjected to the motions recorded at the surfaces of the FFS models
for each soil profile; and (3) the soil-foundation-structure (SFS) model which includes the soil
domain, foundation block, and structure as discussed in the section titled 2D Finite-Element
Model Description.
The peak roof drift ratio Θr for the super-structure, peak roof acceleration ar, and peak
base shear Vb normalized by the weight of the super-structure W, are shown in Figures 3.8, 3.9,
and 3.10, respectively. For the peak roof drift ratios shown in Figure 3.8, the difference between
SOR and SO is as expected from the results presented in section Nonlinear Site Effect and is
consistent with the trends of peak velocity amplification shown in Figure 3.5. The SFS models
result in a peak roof drift ratio that is similar (less than 8% difference) to that of the SO models
for pulses with period TP ≤ 2.5 s (for Hs = 20, 60, and 140 m) and TP ≤ 3.0 s (for Hs = 220 m).
The SO, SFS, and SOR models all results in less than 0.5% peak roof drift ratio for TP ≥ 4.0 s
(for Hs = 20, 60, and 140 m) and TP ≥ 4.5 s (for Hs = 220 m), indicating an elastic response for
those pulse excitations regardless of the effect of soil. For the pulses with 3.0 ≤ TP ≤ 3.5 s (for Hs
= 20, 60, and 140 m) and 3.5 < TP < 4.0 s (for Hs = 220 m), the SFS models compute a peak roof
drift ratio that is 1.3 – 2.3 times that of the SO models; however, the maximum value of peak
roof drift ratio over the period range for the SFS and SO models are less than 7% different. In
this region, the peak roof drift ratio of the SFS model at a pulse period of TP gives a similar value
as that of the SO model at a pulse period of (TP – 0.25 s).
For the peak roof accelerations shown in Figure 3.9, the difference between SOR and SO
is similar to that of peak acceleration at the surface of the soil discussed in the previous section;
the peak roof acceleration of the SOR model decreases linearly for TP ≥ 1.5 s, compared to the
nearly exponential decrease of peak acceleration at the surface of the soil (shown in Figure 3.4),
because of the influence of the period of the super-structure (cracked first mode period of 2 s).
For the soil profiles with Hs = 20 and 60 m, there is negligible difference between the SOR and
SO models for TP ≥ 2 s. However, for the soil profiles with Hs = 140 and 220 m, there is a local
maximum of peak roof acceleration for the SO and SFS models at TP = 2 s. Overall, the
difference between SO and SFS is less than 15% for all soil profiles and pulse periods considered
with no dependence on TP or the soil profile.
For the soil profiles with Hs = 20 and 60 m, the SO and SOR models results in similar
(less than 10% difference) peak shear demands for TP ≥ 1.5 s [see Figure 3.10] with less than
26% difference for TP ≤ 1.0 s; the SFS model computed 1.3 to 1.4 times more base shear than the
SO model at TP = 2.5 s with less than 26% difference for all other pulse periods. For the soil
profiles with Hs = 140 and 220 m, the peak base shear computed from the SFS and SO models
are between 0.45 to 0.8 times that of the SOR model for TP = 1.5 – 2.5, with as much as 2.2
times the peak base shear of the SOR model for TP = 3.0 – 4.0 s. For the computed peak base
shear of all models, spurious shear spikes were computed at the base, which significantly
influence the results for models that have drift ratio greater than 1% (see the section titled
Modeling Assumptions and Limitations).
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Figure 3.8. Peak roof drift ratio Θr for the structure-on-rock (SOR), structure-only (SO), and soilfoundation-structure (SFS) models corresponding to each of the 8 site cases considered.
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Figure 3.9. Peak roof acceleration ar for the structure-on-rock (SOR), structure-only (SO), and
soil-foundation-structure (SFS) models corresponding to each of the 8 site cases considered,
filtered with low-pass at 5 Hz.
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Figure 3.10. Peak base shear Vb normalized by super-structure weight W for the structure-onrock (SOR), structure-only (SO), and soil-foundation-structure (SFS) models corresponding to
each of the 8 site cases considered, filtered with low-pass at 5 Hz.
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3.7.

Model Limitations and Assumptions

This section lists some of the major assumptions of the models studied in this chapter,
and attempts to list the implications and limitations resulting from them.
First, the seismic excitation of the models is assumed to consist of only vertically
propagating shear waves from the bedrock – the model does not consider other incident angles or
the case of seismic motion propagating from the sides of the model. While this is a valid
assumption for sites that are far from the fault (due to motion travelling faster in the stiff rock), it
may not be a valid assumption close to the fault rupture where the motion from the fault may
have a non-vertical incidence angle. The difference in incidence angle would change the
behavior of the soil domain, possibly resulting higher accelerations and stronger motions at the
soil surface. In addition, the applied seismic excitation is assumed to have no spatial variability
(thus, assuming the entire domain is shaken with the same motion at the same time); this is
considered a reasonable assumption for the width of soil domain (180 m) considered in this
study.
The boundary conditions imposed for the models in the study reflect the case of an
unbounded uniform soil layer above an elastic bedrock halfspace. This assumption is valid for
sites with relatively uniform soil, but for sites near a rock outrock, the boundary conditions may
be significantly stiffer, resulting in higher accelerations recorded at the surface. Due to the soil
shear strength assumed in the model, “shear beam” boundary condition, and the aforementioned
vertically propagating excitation, the acceleration at the surface of the soil is limited as discussed
in the section titled Nonlinear Site Response .
The soil material model used is pressure-independent and thus does not account for the
effect of confinement on the soil. Instead, the authors chose the shear strength of the soil to
approximate the strength gained from confinement due to gravity loading. However, the local
effects of confinement near the foundation of the structure are not modeled. The foundation-soil
interface is rudimentary and does not allow for a gap to open between the soil and the foundation
in the case when the foundation uplifts in tension. Because the soil model used is pressureindependent, the soil has non-negligible strength in tension and will restrain the rotation of the
foundation thus reducing the added flexibility due to SFSI.
Finally, it was observed that all models with the beam-column super-structure (SO, SSI,
and SOR) have local spikes in the base shear time history, such as the example shown in Figure
3.11. These local spikes occur for the models with relatively large roof displacement ratio (and
thus large nonlinearity). As seen from Figure 3.11, the time history shows that the spikes occur
when the structure reaches around zero displacement and may be related to a high frequency
mode caused by pounding as the structure reverses direction. However, the shear spikes are
shown to have period around 0.3 s, and thus is not completely filtered out in the results presented
in this chapter; this accounts partially for the increase of peak base shear response [shown in
Figure 3.10] for input pulses of period TP = 1.5 – 3 s for SOR and SO and SFS with soil profiles
with Hs = 20 and 60 m, and TP = 2.5 – 4 s for SO and SFS with soil profiles with Hs = 140 and
220 m.
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3.8.

Conclusion

In this chapter, the effects of nonlinear site and soil-foundation-structure interaction
(SFSI) are studied for a 20-story core wall building with a caisson foundation. The building,
including the subterranean levels and foundation, and the surrounding soil layer are modeled
using 2D nonlinear 4-node finite elements and fiber-section beam-column elements. The soil is
modeled using nested Von Mises yield criterion with a hyperbolic backbone curve for the shear
stress-strain relation. No nonlinear interface effects (such as gaps forming between soil and
foundation) are considered. Along with the elastic rock site, 8 soil site cases are considered with
depth of soil Hs = 20, 60, 140, and 220 m and shear wave velocity at the top of the soil layer
Vs,top = 200 and 400 m/s with linear increase with depth; the first modal period of the soil layers
Ts ranged from 0.15 s to 1.6 s. The imposed motion at the base of the soil layer is a single cycle
acceleration pulse with dominant period varying between 0.5 and 5.0 s in order to approximate
the pulse-like nature of strong near-fault ground motions.
To study the two effects separately, the following models are used: (1) free-field soil,
consisting of only the soil (or rock) layer, (2) structure-only, consisting of only the superstructure model and subjected to imposed motion recorded from the top of the free-field soil
models, and (3) soil-foundation-structure, which includes the entire structure, foundation, and
surrounding soil layer. Based on the results, the following conclusions are drawn:
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 De-amplification of acceleration occurs for pulses with period TP ≤ 0.5 s (for soil profile
with Hs = 20 m) to 1.0 s (Hs = 220 m) due to nonlinearity and shear strength profile of the
assumed soil material.
 Maximum amplification of peak velocity varies from 1.1 (Hs = 20 m) to 1.6 (Hs = 220 m)
times the peak velocity of the rock motions, occurring for pulse excitation with period of 0.75
and 2.0 s, respectively. Maximum peak acceleration and velocity computed for soil profiles with
Vs,top = 200 m/s resulted up to 1.16 times that computed for soil profiles with Vs,top = 400 m/s.
 Soil profiles with Hs = 220 m resulted in a period elongation of the excitation pulse at the
surface of the soil layer for pulses with TP ≤ 1.0 s. For those cases, the maximum value of
spectral displacement (Sd) occurs at an oscillator period between Ts (equal to 1.3 and 1.6 s for
the soil profile with Vs,top = 200 and 400 m/s, respectively) and 2.0 s.
 When decomposed from the nonlinear site effect, SFSI has small (less than 8%
difference) effect on the peak roof drift ratio for the 20-story building (cracked period of 2.0 s)
for an imposed pulse with period TP ≤ 2.5 s (for Hs = 20, 60, and 140 m) and TP ≤ 3.0 s (for Hs =
220 m). SFSI also has a small effect (less than 7% difference) on the maximum value of peak
roof drift ratio. However, for pulses with 3.0 ≤ TP ≤ 3.5 s (for Hs = 20, 60, and 140 m) and 3.5 <
TP < 4.0 s (for Hs = 220 m), the peak roof drift ratio of the structure accounting for SFSI at a
pulse period of TP corresponds to that of the structure-only model at a pulse period of (TP – 0.25
s), resulting in a peak roof drift ratio of a maximum of 2.3 times that of the structure-only model.
 When decomposed from the nonlinear site effect, the SFSI effect on peak roof
acceleration is small (an average difference of 0.013 g and maximum of 0.055 g) with no
dependence on TP or the soil profile. Spurious shear spikes were computed at the base around
zero displacement of the super structure, which affected the computed peak base shear values for
models that had drift ratio greater than 1%.
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4.

Three-dimensional Beam-truss Model for Nonplanar Reinforced Concrete Walls Subject to
Static Cyclic Loading

4.1.

Introduction

Reinforced concrete (RC) walls are one of the most common elements used in structures
to resist loads and develop deformations expected during earthquake excitation. The computation
of their nonlinear cyclic response is of significant interest to both practicing engineers and
researchers. This task is particularly challenging for non-planar RC walls, commonly used in
medium- and high-rise construction subjected to multi-axial loading representative of earthquake
excitation. This is because the mechanical behavior of non-planar RC walls is characterized by
three-dimensional stress and strain states including: (a) complex force flow between the
segments of the wall; (b) non-uniform axial strains along the segments of the wall perpendicular
to the direction of loading; (c) warping of the wall segments. The previously described behaviors
are especially important when the non-planar wall is subjected to multi-axial cyclic loading,
during which the stress-strain state in a section of the non-planar wall can change significantly
depending on the angle and direction of load application. The computation of the response of
non-planar RC walls can be even more challenging when it is affected significantly by flexure
shear interaction (FSI). Here, FSI is described as the combination of axial, flexural, and shear
load on structural elements, resulting in a multi-axial stress and strain state and coupling of
nonlinearities that affect the behavior of concrete in compression. The FSI may significantly
affect the cyclic behavior of RC non-planar walls in terms of strength, stiffness, deformation
capacity, softening response, and strains developed in steel and concrete.
Nonlinear modeling approaches for non-planar RC walls may be divided into five main
categories: (i) fiber-section beam-column (frame) element, models; (ii) wide column models
known also as equivalent frame models; (iii) two-dimensional (2D) truss models; (iv) threedimensional (3D) truss models; (v) models with beams and trusses; and (vi) finite element (FE)
models, using either plane stress or solid elements. Beam-column (frame) elements are termed as
beam elements herein.
Fiber-section beam models use a linear shear force–deformation and torsional moment–
twist angle relationship (Mazars et al. 2006, Orakcal and Wallace 2006) or consider the inelastic
behavior of the transverse steel reinforcement and represent FSI using equilibrium, specific
assumptions for the shear strain field, and bi-axial concrete material laws (Petrangeli 1999,
Petrangeli et al. 1999, Martinelli 2008). These models have the limitation of using the planesections remain-plane assumption of beam theory which can significantly differ from the section
response of non-planar walls in reality.
Beyer et al. (2008b) presented a nonlinear frame model using nonlinear Euler-Bernoulli
fiber-section vertical beam elements and rigid horizontal beam elements connected with linear
shear and torsional springs. This model compared the numerical and experimental response of
RC wall with a U-shape section, which is also considered herein. Because of the type of elements
and materials used in the horizontal and diagonal directions, this model does not account either
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for the inelastic response of steel in the horizontal direction or the bi-axial behavior of the
concrete diagonals in compression (and thus for FSI as defined above).
Two-dimensional truss models have been used to model a non-planar wall of T-shape
section (Panagiotou et al. 2009). In this model, the concrete and steel areas of the entire flange
were lumped in a single vertical truss element. The 2D truss model of Panagiotou et al. (2012)
models only the plane-stress behavior of planar walls. Using this model for the 3D modeling of
non-planar walls requires the use of constraints on the out-of-plane degrees-of-freedom, which
result in plane stress behavior and an inability to capture the effects of out-of-plane flexural
rigidity and warping of the wall segments.
Three-dimensional truss models (also called lattice models) have been used to model
hollow square RC columns the experimental response that did not result in diagonal concrete
crushing (Miki and Niwa 2004); the model used nodes in the hollow part of the column section
and elements passing through these nodes.
Barbosa (2011) presented a 3D model for planar RC walls consisting of Euler-Bernoulli
fiber-section beams that represented the boundary elements of the walls, and nonlinear truss
elements to model the concrete and steel in the horizontal direction and the inner regions of the
walls in the vertical direction. In parallel to the inner vertical truss elements, linear beam
elements were used to model the out-of-plane flexural rigidity of the walls. Nonlinear truss
elements of variable angle were used in the diagonal directions to model the diagonal field of
concrete. This model did not account for the instantaneous biaxial effects on the behavior of
concrete diagonals in compression, which is essential to compute accurately concrete softening
and crushing. Lu and Panagiotou (2012) presented a 3D beam-truss model that is similar to the
one proposed in this chapter, but it uses nonlinear fiber-section beam elements in the horizontal
directions. The difference between these two models does not affect significantly the overall
overall force-deformation, but it does allow the model presented here to obtain more accurate
local strain responses.
Nonlinear cyclic 3D FE models using plane stress elements or solid elements that use
smeared crack and/or plasticity models have been developed and used to analyze the cyclic
behavior of RC non-planar walls or RC components with hollow sections (Sittipunt and Wood,
1993; Ile and Reynouard, 2000; El-Tawil et al. 2002; Palermo and Vecchio 2002; Maekawa
2003; Hassan and El-Tawil 2003; Balkaya and Kalkan 2004; Ile and Reynouard 2005; Kotronis
et. al. 2005). Three-dimensional FE models using only plane-stress elements have been used for
the modeling of non-planar walls subjected to multi-axial loading (Ile and Reynouard 2005);
however, they do not model the out-of-plane flexural rigidity of wall segments, which may play
a major role in computing the flow of forces in the regions where the segments of the wall
intersect. The complexity and computational effort required in nonlinear 3D FE modeling—
especially when solid elements are used—increases significantly compared to 2D models.
This chapter describes a nonlinear beam-truss modeling approach for non-planar RC
walls subjected to cyclic uni-axial or multi-axial loading that requires moderate computational
effort. The main objective of the proposed model is to compute the post-cracking 3D behavior of
non-planar RC walls, considering FSI and mesh-size effects. The model uses nonlinear EulerBernoulli fiber-section beam elements in the vertical direction, nonlinear truss elements parallel
to linear beams in the horizontal directions, and nonlinear truss elements in the diagonal
directions. The diagonal nonlinear truss elements, developed herein, use a bi-axial material
model for concrete that accounts for the effect of normal tensile strain on the stress-strain
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relationship of concrete in compression [as reported by Vecchio and Collins (1986)], but also
incorporates mesh-size effects as proposed by Panagiotou et al. (2012).
To test the efficacy of the model, the experimentally measured and computed response of
three case studies were considered: (i) a wall with a T-shape section subjected to uni-axial cyclic
loading with significant contribution of the flange to the response; (ii) a U-shape section wall
subjected to multi-axial cyclic loading, which failed by crushing of concrete in the diagonal
direction; and (iii) an I-shape section wall subjected to uni-axial loading, which failed with
diagonal crushing of the web. The global responses in terms of lateral force-lateral displacement
as well as the more localized strain responses are presented.
4.2.

Nonlinear Beam-Truss Modeling Approach

Consider the T-section wall shown in Figure 4.1(a) where the length along the X- and Yaxis is LX and LY, respectively. The thickness of the rectangular-section segments of the wall
parallel to the X- and Y-axes is tX and tY, respectively. The height of the wall is H. Figure 4.1(b)
shows the model of this wall, which consists of four type of elements: (1) nonlinear fiber-section
Euler-Bernoulli beam elements—called herein nonlinear beam elements—in the vertical
direction (Z-axis); (2) nonlinear truss elements in the two horizontal directions (along X- and Yaxes); (3) linear Euler-Bernoulli beam elements—called herein linear beam elements—in parallel
to the truss elements in the horizontal directions; and (4) nonlinear truss elements in the
diagonals of the panels formed by the horizontal and vertical elements.
The points where at least one vertical and one horizontal element intersect with a
diagonal truss comprise the nodes of the model, shown in Figure 4.1(d) and (e). Each node has
six degrees of freedom (DOFs), with all DOFs fixed at the base. Nine lines of vertical beam
elements were used (five in each of the two segments of the T-wall) and line BF was common
for the two segments. Fifteen lines of horizontal trusses and linear beams were used along the
height of the wall. The section properties of each of the four types of elements used were
determined as follows. The reinforcing details of sub-segment S of segment ACGE of the wall
[see Figure 4.1(a)] are shown in Figure 4.1(c). The vertical beam elements and horizontal truss
elements model the concrete and steel included in the section areas each element represents.
Figures 1(d) and (e) show a schematic of the section properties (area of concrete, area and layout
of steel) of each of the vertical and horizontal elements, respectively. For the vertical nonlinear
beam elements a fiber-section with 24 fibers in a 6 × 4 grid is used to represent the concrete and
a single fiber to represent each reinforcing steel bar. The linear beam elements in the two
horizontal directions (parallel to the horizontal truss elements) have flexural rigidity EcIZ (to
model the out-of-plane stiffness of the segments of the wall), torsional rigidity GJ, zero axial
rigidity, and zero in-plane flexural rigidity. Gross section properties are used to calculate IZ. For
the vertical nonlinear fiber-section beams and horizontal linear beams, GJ is equal to 10% of the
gross section torsional rigidity, GJg. Ec is the initial concrete modulus and G = 0.38Ec, the
concrete shear modulus.
In addition to the vertical and horizontal elements, concrete truss elements were used for
all diagonals to model the compressive field of concrete in the corresponding direction. The
angle of the diagonals with respect to the horizontal elements is  d [see Figure 4.1(h)]. In this
study,  d ranged between 40° and 50°, and the effect of the truss angle was investigated in Case
Study 3 presented below. The tensile strength of concrete in the diagonals was ignored. The
sensitivity to this factor has been investigated by Lu and Panagiotou (2012) and found to have
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negligible effect for drift ratios larger than 0.5%. The area of each diagonal is the product of the
effective width beff [see Figure 4.1(f)] and the thickness of the panel tX. The effective width of the
diagonal is beff  a sin( d ) , where a is the length of the panel [Figure 4.1(h)].
Noting that the material constitutive relationships described below are important for the
computation of the wall response, the type and layout of elements used in the BTM also play a
critical role in the computation of the nonlinear stress and strain state of a non-planar wall in the
vertical, horizontal, and diagonal directions of the wall segments. In the direction parallel to a
segment, the coupling of nonlinear vertical beams, horizontal trusses, and diagonal trusses in that
segment allows for the computation of the nonlinearity in each of the corresponding directions.
The effect of this nonlinearity on the softening and crushing of concrete in the diagonal direction
is computed through the bi-axial concrete material law for diagonal trusses which is described in
the next section. Because the length of the section for each vertical nonlinear beam is small
compared to the length of the wall segments, the vertical beams do not contribute significantly to
the in-plane stiffness while in-plane frame-action is prevented by using zero in-plane flexural
rigidity in the horizontal elements. For the out-of-plane direction, the linear horizontal beams act
to couple the vertical nonlinear beams to model the nonlinear out-of-plane behavior of the wall
segments.

Figure 4.1. Schematic description of the beam-truss model approach for a T-shape section wall.
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4.3.

Material Constitutive Stress-Strain Relationships

4.3.1. Concrete Model for Vertical and Horizontal Elements
The stress-strain relation of concrete used in the vertical beam and horizontal truss
elements is shown in Figure 4.2, where f c' is the compressive strength of unconfined concrete
occurring at strain  0  0.2% . The compressive stress-strain relation up to f c' is based on the
Fujii concrete model (Hoshikuma et al. 1997):
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The initial concrete modulus was Ec  5000 f c ( MPa ) . For unconfined concrete, after
reaching f c' , the compressive stress decreased linearly to zero at strain  u . The value of  u
accounted for mesh-size effects base on the notion of concrete fracture energy in compression
(Bazant and Planas 1998), with  u  (1   ) o  ( LR / L )(0.2%   o ) where L is the weighted
length corresponding to each integration point (Coleman and Spacone 2001), LR = 600 mm is the
reference length considered in this study, and   f c ' / [0.5( Ec o  f c ' )] , a factor that considers
the effect of unloading on the concrete fracture energy in compression. The value of LR is based
on the length over which average strains were measured in the concrete panel studies in Vecchio
and Collins (1986). For L = LR,  u  0.4% . See Bazant and Planas (1998), Coleman and Spacone
(2001), Panagiotou et al. (2012), Lu and Panagiotou (2012) for additional discussion on how the
degrading branches of material constitutive laws account for mesh-size effects in FE, fibersection beam, and truss models, respectively.
For confined concrete, the peak compressive stress f cc occurring at strain  co , and the
strain  cs at which softening initiates was calculated based on Mander et al. (1988). The stressstrain relation of confined concrete during loading up to f c' was the same as the unconfined
concrete. During loading from f c' to f cc , the stress-strain relation was described by Equation 1.
The confined concrete stress remains constant and equal to f cc for strains between  co and  cs .
For strains larger than  cs , the stress softens linearly to zero at a strain  cu . Accounting for mesh
size effects  cu  (1   ) cs  ( LR / L )(0.2%   cs ) , where   f cc / [0.5( Ec cs  f cc )] . For LR =
600 mm,  cu   cs  0.2% .
The tension stress-strain relationship during loading is linear until it reaches the tensile
strength of concrete f t  0.33 f c' in MPa. After this point, the concrete softens [see Stevens et
al. (1991)]:

f  f t  [(1  M )e  t (  cr )  M ]

(Eq. 4.2)

where the parameter M  Ct  l / d b , t  540 / M , Ct = 75mm,  l is the steel ratio in the
direction parallel to the axis of the beam element, and d b the diameter of the rebar of interest.
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Upon unloading from a compressive strain, the tangent modulus is
Eu  0.5  E c  0.5  ( f /  ) until reaching zero stress, which then reloads linearly to the point with
the largest tensile strain that occurred before. The unloading from a tensile strain is linear with a
tangent modulus Ec until reaching zero stress. After this, the material loads in compression and
targets a stress equal to   f t at zero strain with a  0.5 . Thereafter, the material loads linearly
to the point where the peak compressive strain occurs. In the case where the stress of this target
point is less than   f t , the material reloads directly to the point where peak compressive strain
occurred without passing through the point with stress   f t at zero strain.

Figure 4.2. Stress-strain relationship of concrete material models.
4.3.2. Concrete Model for Diagonal Truss Elements
The concrete material model used for the truss elements has two differences compared to
that used for the vertical and horizontal elements: (i) it has zero tensile strength; and (ii) it
accounts for the bi-axial strain field on the concrete compressive behavior as described by
Vecchio and Collins (1986). Thus, the compressive stress-strain behavior is dependent on the
strain, εn, normal to the axis of the truss element. For truss element e1 extending from node 1 to
node 2 [shown in Figure 4.3(a)], εn is computed using the zero-stiffness gauge element extending
from the mid-length of the element to nodes 3 and 4, g1 and g2, respectively. The instantaneous
compressive stress of element e1 is multiplied by the factor β determined from the instantaneous
normal strain  n , which is the average of the strain measured with the gauge elements g1 and g2.
The angle θ is the angle formed between the truss and the gauge elements; values of θ close to
90° are suggested. When  n  0 , the relationship between β and  n is tri-linear, as shown in
Figure 4.3(b). For this study, the relation between β and  n depends on the length of the gauge
elements, as first proposed by Panagiotou et al. (2012). Here,  int  (600 / Lg )  1% and

 res  (600 / Lg )  2.5% , where Lg is the total length of gauge elements g1 and g2, as shown in
Figure 4.3(a). The value of βint and βres was chosen to be similar that developed by Vecchio and
Collins (1986). The sensitivity of computed response to the value of βint was investigated in Case
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Study 3 presented below. For the truss elements, the same equations described in the previous
section are used to determine  u and  cu , with L being the length of the truss element
(Panagiotou et al. 2012).

Figure 4.3. (a) Truss element accounting for biaxial effects in the compressive stress-strain
behavior of concrete. (b) Relation between concrete compressive stress reduction factor, β, and
normal strain,  n .
4.3.3. Reinforcing Steel
The Giuffré-Menegotto-Pinto model (GMP) was used to model the reinforcing steel
(Menegotto and Pinto 1973). The initial elastic modulus was E s = 200 GPa and the yield
strength, f y , and the post-yield hardening ratio, Bs . Values of Bs used in the different bars of the
three case studies are described in Figures 4, 8, and 9 that describe the numerical models used in
each case study. These values were determined based on steel coupon monotonic tension test
results. The values of Bs were calibrated in the regions of the walls where peak strains were
computed so that the maximum computed stress at peak computed strain matched the stress at
the same strain in the experimental coupon-test results. The parameters controlling the transition
between the elastic to plastic branches (Filippou et al. 1983) were as follows: R0 = 20, cR1 =
0.925, and cR2 = 0.15 with isotropic strain hardening in compression only (a1 = 5%). The effects
of geometric nonlinearity (bar buckling) and bond slip between reinforcing steel and concrete as
well as of strain penetration in the base anchorage blocks were not considered in this study.
4.4.

Computer Program Used and Implementation

The computer program OpenSees (McKenna et al. 2000) was used for all the analysis
described in this chapter. The existing in Opensees GMP model, Steel02, was used for the
reinforcing steel. The concrete models, described above, were implemented into the program by
the authors. For the beam elements, the existing Opensees nonlinear force-based beam-column
elements were used with linear geometric transformation. The Gauss-Lobatto quadrature with
two points was used for the beam elements. The four-node truss element with linear geometry
used for the diagonals was programmed in Opensees by the authors. The response was computed
dynamically using a displacement control algorithm with an imposed displacement of 0.5
mm/sec. Translational and rotatory masses were assigned proportionally to all nodes, resulting in
a first mode period equal to 0.05 s for all models. A computer with a 3.47 GHz Intel Core i7
CPU and 12GB of RAM was used to compute the response.
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4.5.

Model Validation

4.5.1. Case Study 1 – Thomsen and Wallace (1995, 2004) – Specimen TW2
In this case study, a T-shape section RC wall - called TW2 - was considered (see Figure
4.4). The shear span ratio was M / VLw  3 , where M is the bending moment at the base of the
wall, V the base shear force, and Lw the length of the wall in the direction of loading. The length
of both the web and the flange of this wall was 1219 mm. The axial load ratio of the wall was
N / f c' Ag  0.074 , where N is the vertical load applied at the centroid of the section and Ag is
the gross T-shape section area. The vertical load remained constant during all cycles. The loads
were applied through a steel beam that was placed at the top of the web in the direction of
loading. The average longitudinal steel ratio,  l , was 1.2% and the transverse steel ratio  t , in
the web equal to 0.44%. Boundary elements were used at both ends of the web and the flange.
Figure 4.6(a) shows the experimentally measured lateral force versus lateral displacement
response of TW2. Positive displacement is in the direction in which the flange is in compression,
and negative displacement is the direction in which the flange is in tension. The specimen was
tested up to drift ratio Θ  2.5% . The drift ratio is defined as Δ/ H , where Δ is the lateral
displacement, and H is the height where the lateral load is applied. The specimen experienced
lateral strength degradation during the second and third cycles, at peak drift ratio Θ  2.5% for
the direction of the response with the flange in tension due to out-of-plane rebar buckling of the
confined core of the boundary region at the end of the web. Figure 4.7 shows the profile of
experimentally measured (using strain gauges attached on the reinforcing steel bars 51 mm from
the base of the wall) steel tensile strains along the flange for the negative direction of loading
where the flange is in tension. The profiles were more uniform for Θ  1% , while larger strains
were concentrated near the mid-length of the flange for Θ = 2% and 2.5%.
Three numerical models were developed for this case study. The first was a beam-truss
model (BTM) - termed TW2-9 (shown in Figure 4.4). The second was a BTM - termed TW2-17
- with two times finer mesh than TW2-9 (shown in Figure 4.5). The third model used only fibersection Euler Bernoulli beam elements now referred to as the “beam model”. As shown in Figure
4.4(b), the BTM TW2-9 had nine nodes at its base with θg ranging from 40° to 47°. The BTM
TW2-9 and TW2-17 had 881 and 2857 DOFs, respectively, and required 36 and 190 minutes,
respectively, to run the cyclic analysis consisting of 3565 mm of total applied displacement.
Figure 4.6(a) compares the experimentally measured and numerically computed response
using the TW2-9 model. The numerical model computed the force-displacement response
satisfactorily. For both directions the computed peak lateral strength was in excellent agreement
with the experimentally measured response. The computed lateral strength at Θ  1.0% was 1.17
times the experimentally measured response. For drift ratios larger than 1.5%, the computed
lateral strength did not exceed 1.09 times the experimentally measured. This model did not
account for bar buckling, which was the predominant mode of failure of this wall. The peak
diagonal compressive strain of the web computed for negative displacement was 0.14%,
measured in element e1, shown in Figure 4.4(d). This was in good agreement with the observed
response in the experiment where no crushing of the diagonal compression field was observed.
Model TW2-17 computed a similar force-displacement cyclic response to that of TW2-9, see
Figure 4.6(b), resulting in a computed lateral strength that was 1.14 times the measured strength
at 1.0% drift ratio.
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Using models TW2-9 and TW2-17, Figure 4.7 compares the experimentally measured
and numerically computed steel tensile strain profiles along the flange near its base. The
numerically computed strains shown are: (i) the strain of the bottom integration points of the
bottom elements of the flange of TW2-9 and (ii) the average computed strains of the two
integration points of the bottom elements of the flange of TW2-17. These computed values
correspond to a smeared strain over a length 122 mm and 131 mm, respectively. Overall, the
computed strains using model TW2-17 (two times finer mesh than TW2-9) was in very good
agreement, with the experimentally measured strains; the computed strain values at the midlength of the flange were between 0.85 and 1.15 times the experimentally measured strains, and
computed strain at mid-length of the flange was 1.15 times the experimentally measured strain
for Θ  2.5% . For 2.0% and 2.5% drift, model TW2-9 computed a smoother strain profile than
that measured experimentally (or computed with TW2-17); using this model, the computed strain
for Θ  2.5% at the mid-length of the flange was 0.66 times the experimentally measured strain.
This comparison demonstrates the effect that the level of mesh refinement can have on the
magnitude of computed strains.
Figure 4.8(a) compares the experimentally measured response versus the response
computed with a fiber-section beam model using a single line of beam elements with a fiber
section that encompasses the entire wall cross-section – termed to as beam model [see Figure
4(a)]. Each of the beam elements of this model had two integration points of length equal to that
used in model TW2-9. This beam model resulted in poor prediction of the response for negative
displacement by computing the peak lateral strength to be 1.35 times the experimental. The
calculated peak strength at Θ  1.0% was 1.07 times the experimentally measured peak strength.
This was mainly due to the uniform strain along the flange imposed by the plane-section-remainplane assumption in the beam elements. This model also differed significantly from the
experimental response in that it computed a sudden loss of strength in the first cycle with peak
drift ratio Θ  2.0% , which resulted in a significantly larger compression force at the end of the
web and crushing of the concrete.

66

Figure 4.4. Case study 1 – TW2: Description of the specimen and TW2-9 beam-truss model.
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Figure 4.5. Case study 1 – TW2: Description the TW2-17 beam-truss model.
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4.5.2. Case Study 2 – Beyer et al. (2008a) – Specimen TUB
The test specimen of Case Study 2 – called TUB – was a U-shape section wall with
M / VLw = 2.8 in the E-W direction and 2.6 in the N-S direction, see Figure 4.9. The axial load
ratio was N / f c' Ag  0.04 . The load remained constant during the cyclic load reversals and was
applied through a steel beam parallel to the E-W direction passing from the centroid of the
section. To apply the lateral load, a collar was used at the top of the wall. One actuator was used
in the E-W direction and two in the N-S direction. The reinforcing steel ratios  l and  t were
equal to 1.0% and 0.45%, respectively. Boundary elements were used at the ends of each of the
three segments of the wall. At each level of lateral displacement, the specimen was tested with
one cycle in each of the E-W, N-S, and diagonal (SW - NE) directions as well as a sweep cycle.
The force-displacement responses were plotted separately in each of the E-W and N-S directions
for each cycle and are shown in Figure 4.6(c) to (f); additional details are available in Lu and
Panagiotou (2012). The specimen failed due to crushing of concrete compression diagonals at
about 260 mm from the base of the segment of the wall parallel to the E-W direction during the
sweep cycle at peak drift ratio Θ  3% . The peak lateral force in the E-W direction was

5.4 Aw f c' , where Aw is the total cross-sectional area of segment of the wall parallel to the EW
direction, and f c' in psi. This is only 54% of the peak shear force that ACI (2011) allows.
For this case study, two numerical models were developed: a BTM and a beam model.
Figure 4.9 shows the beam-truss model – termed TUB-11 – with eleven lines of vertical elements
in total and with θg ranging from 41° to 44°. The collar was also modeled with a BTM, see
Figure 4.9(e), and elastic linear beam was used to model the steel spreader beam, see Figure
4.9(b). The BTM TUB-11 had 924 DOFs and required 99 minutes to run the cyclic analysis
consisting of 4095 mm of total displacement.
For the N-S and E-W cycles, the computed response using TUB-11 was in excellent
agreement with the measured response, see Figure 4.6(c) and (d) respectively. The model
computed a peak lateral force that is 1.06 and 0.98 times the experimentally measured peak
lateral force for the N-S and E-W cycles, respectively. In the diagonal and sweep cycles, the
computed peak lateral forces in the E-W direction were 0.94 and 0.92 times the experimentally
measured, respectively, see Figure 4.6(e) and (f). The cyclic computed response in all directions
considered was in very good agreement with the experimentally measured for all cycles. In very
good agreement with the experimentally observed diagonal crushing, the model computed
crushing of the concrete 265 mm from the base at element e2, see Figure 4.9(e), in the segment of
the wall parallel to the EW direction during the sweep cycle at drift ratio Θ  3% . Ignoring the
mesh size effects on the determination of the concrete stress-strain relation (  u  0.4% and
 int  1% for the diagonals) resulted in computation of diagonal crushing at 1.84% drift ratio in
the EW cycle, which is two cycles earlier than computed by the model considering mesh size
effects.
The beam model computed the peak lateral force in the E-W direction to be 1.22, 1.44,
and 1.24 times the experimentally measured peak lateral force during the E-W, diagonal, and
sweep cycles, respectively, see Figure 4.8(b). Due to its inherent inability to compute the stress
and strain state in the horizontal and diagonal directions, this model was not able to compute
crushing of the concrete in the diagonal direction, which was the failure mode of this specimen.
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Figure 4.9. Case study 2 – TUB: Description of specimen and the TUB-11 beam-truss model.

4.5.3. Case Study 3 – Oesterle et al. (1976) – Specimen F1
Case Study 3 considered the I-shape section wall with M / VLw  2.4 , as is shown in
Figure 4.10. The two parallel segments of this wall (termed flanges) were 914 mm long, while
the third segment perpendicular to them (termed the web) was 1905 mm long. The specimen was
subjected to uni-axial load reversals in the direction of the web. A 203-mm-thick slab was cast at
the top of the specimen. No axial load was applied on the specimen. The lateral load was applied
at 4572 mm from the base of the wall. The flanges were very heavily reinforced with
longitudinal steel ratio of 3.8%, while the corresponding ratio for the web was 0.28%. The
transverse steel ratio was 0.65% both in the web and the flange. Figure 4.11 shows the
experimentally measured force-displacement response of F1. The specimen was tested up to
Θ  2.2% with 3 cycles at each level of displacement. Spalling in the diagonal direction was first
observed during the second cycle at 1.1% peak drift ratio. The specimen experienced significant
loss of the lateral strength during the first cycle of 2.2% drift ratio due to crushing of concrete of
the web in the diagonal direction at 300 mm from the base of the wall. The peak lateral strength
'

of this specimen was 8.6 Aw f c ( psi) , where Aw is the section area of the web.
Three numerical models were developed: two BTMs (both shown in Figure 4.10) and one
beam model. The first BTM – termed F1-11-45 – had eleven lines of vertical beams, see Figure
4.10 (d), with horizontal elements every 298 mm and θg ranging from 44° to 46°. The top slab of
the BTM was modeled with elastic linear beam element. The second BTM—termed F1-11-50—
also had 11 lines of vertical beams but horizontal elements every 373 mm, resulting in θg around
50°, see Figure 4.10(h). The third model was a beam model consisting of beam elements of equal
length to these of model F1-11-45. The BTM F1-11-45 and F1-11-50 had 991 and 793 DOFs,
respectively, requiring 45 minutes (each) to run the cyclic analysis of 2722 mm of total
displacement.
Figure 4.11(a) compares the experimentally measured and numerically computed
response using F1-11-45 model. The computed response was in very good agreement with the
experimental response in terms of peak strength and the general hysteretic response up to the
point where major strength degradation was computed, with the computed peak strength being
0.95 times the experimentally measured strength. In good agreement with the experimentally
observed response, the model computed diagonal crushing of concrete [in the diagonal truss
element, e3, at the base of the web, as shown in Figure 4.10(d)] followed by a strength
degradation of 0.5 times the computed peak strength at 2.0% drift in the first cycle with peak
drift ratio Θ  2.2% ; in the experimental response, crushing occurred at -2.0% drift during the
same cycle. The point of crushing was very sensitive to the relation between β and εn: the same
BTM F1-11-45 using βint = 0.3, 0.4, and 0.5 computed crushing in the diagonal direction at 2.0%,
2.2%, and -1.6% drift, respectively, of the first cycle with peak drift ratio Θ  2.2% [see Figures
10(b) and (c)], with the computed response with βint = 0.5 to be closer to the experimentally
measured response. As shown in Figure 4.11(b), the value of βint had practically no effect on the
part of the computed response before the initiation of softening in the diagonal direction.
Ignoring the mesh size effects on the determination of the concrete stress-strain relation
for F1-11-45 with βint = 0.3 (  u  0.4% and  int  1% for the diagonals) resulted in computation
of crushing in the diagonal direction at 1.44% drift ratio (the force-displacement response is not
shown due to space limitations), which was 0.73 times the drift ratio at which the model
considering mesh size effects computed crushing of concrete in the diagonal direction.
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F1-11-50 computed a peak strength that was 0.95 times that computed by F1-11-45 and
computed crushing of concrete in the diagonal direction at Θ  1.3% during the first cycle with
peak drift ratio of 2.2%, see Figure 4.11(c). After the first crushing of the diagonal trusses, the
computed strength of this model dropped to 0.38 times the peak strength. Similar observations
that the increase of the angle of the diagonals resulted in initiation of strength degradation and
crushing of concrete in the diagonal direction at smaller displacement level were made in the 2D
model of Panagiotou et al. (2012).
Figure 4.12 shows the experimentally measured response using strain gauges attached on
the steel rebars and computed strains versus lateral force. The response was plotted up to the first
cycle of Θ  2.2% (where experimentally measured strain data exist). The locations of the strain
gauges are shown in Figure 4.10(d). The strains computed from this model were in very good
agreement with the measured longitudinal and transverse strains at the base for the cycles with
peak drift ratio up to and including 1.1%, with less agreement (for one of the three locations
considered) in the cycle with peak drift ratio equal to 2.2%. For the third cycle at Θ  1.1% , the
maximum computed strains at the locations of sg1, sg2, and sg3 were 0.77, 0.81, and 1.12 times
the measured strains, respectively. For the first cycle at Θ  2.2% , where the diagonal web
crushing occurred, the maximum computed strains at the locations of sg1, sg2, and sg3 were
0.45, 0.74, and 1.07 times the measured strains, respectively. The length corresponding to the
integration point used for the computed strains were 149 mm for sg1 and sg2, and 153 mm for
sg3.
In very poor comparison with the experimental response, the beam model computed a
force-deformation response that was governed by the large amount of reinforcing steel in the
flanges and their hysteretic behavior, see Figure 7(c), with much higher hysteretic energy
dissipation per cycle than the measured response. Because of its fundamental limitations and as
was found in Case Study 2, the beam model did not calculate the inelastic strains of the
horizontal reinforcement as well as the crushing of the concrete diagonals, which was the
governing failure mode of this specimen.
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Figure 4.10. Case study 3 – F1: Description of specimen and the F1-11-45 and F1-11-50 beamtruss models.

75

-2

1000

diagonal softening
diagonal crushing

Drift ratio (%)
-1
0
1

2

1000

(a)

750

750
Lateral force (kN)

Lateral force (kN)

500
250
0
-250
-500
Experimental
F1-11-45 BTM

-750

-1000
-120 -90 -60 -30 0 30 60 90 120
Lateral displacement (mm)

Drift ratio (%)
-1
0
1

-2

2

1000

(b)

750

500

500

250

250

0

0

-250

-250

-500

F1-11-45 BTM,  int = 0.4

-750

Drift ratio (%)
-1
0
1

-2

(c)

-500
Experimental
F1-11-50 BTM

F1-11-45 BTM,  int = 0.5 -750

-1000
-120 -90 -60 -30 0 30 60 90 120
Lateral displacement (mm)

2

-1000
-120 -90 -60 -30 0 30 60 90 120
Lateral displacement (mm)
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4.6.

Conclusions

This chapter described a three-dimensional (3D) beam-truss model (BTM) for non-planar
reinforced concrete walls. The model used nonlinear fiber-section Euler-Bernoulli beam
elements in the vertical direction and nonlinear truss elements in the horizontal direction to
represent concrete and reinforcing steel. Linear beams were used in parallel with the horizontal
truss elements to model the out-of-plane flexural rigidity of the wall segments. Nonlinear truss
elements were used to represent the diagonal field of concrete in compression. The model
represents well the effects of flexure-shear interaction by computing the stresses and strains of
steel and concrete in the vertical, horizontal, and diagonal directions, and by accounting for the
effect of normal tensile strain on the compressive behavior of the concrete in the diagonal
direction. The model also accounted for mesh-size effects by considering the strength degrading
branches of the concrete stress-strain material models dependent on the length of the elements.
Compared to a fiber-section nonlinear beam element models, the proposed model has the
advantage that it does not impose the plane-sections-remain-plane assumption, which more
accurately represents the 3D section response that non-planar walls experience. The BTM, which
uses nonlinear beam elements that currently exist in structural analysis programs, also uses truss
elements (developed in this study) that account for bi-axial effects on the behavior of concrete in
compression. Compared to 3D nonlinear cyclic FE models using solid elements, the model is of
significantly smaller complexity and requires significantly less computational effort and time.
The model allows for a direct computation of the forces carried by the diagonal compressive
field of concrete.
The efficacy of the model was investigated comparing the computed response using the
BTM with the experimentally measured response of three non-planar RC walls subjected to
cyclic loading having a T- U-, and I-shape section, respectively. The experimentally observed
failure mode of the latter two walls was due to diagonal web crushing. The response of the three
walls using existing nonlinear fiber-section Euler-Bernoulli beam models was also computed.
The following conclusions were drawn:
The beam-truss models computed very satisfactorily the post-cracking cyclic forcedisplacement response of the three specimens. The computed peak lateral strength was between
0.92 and 1.1 times the experimentally measured for all three case studies. The model, in very
good agreement with the experimentally measured response, computed crushing of concrete
diagonals of the U- and I-shape section walls of Case Studies 2 and 3, respectively, for cycles
with maximum drift ratios equal to 3% and 2.2%, respectively. Models TUB-11 and F1-11-45
included angle of diagonals equal to 41.5o and 45o, respectively, in the segments of the wall that
experienced crushing.
Models TW2-17 and F1-11-45 computed strain histories that were in good agreement
with the experimentally measured response for all the cycles (apart from one location of F1-1145 during the last cycle of the response). Mesh refinement was shown to result in more accurate
computation of strains. The authors believe that the computation of strains (local response) is
more sensitive to model parameters than the overall force-displacement response; the lower level
of accuracy in the computation of strains is assumed to be due to a combination of the following
reasons: (a) The strains computed were average over a specific length while the experimentally
measured were local strains of the steel (no experimentally measured data using displacement
transducers were available); (b) the formulation of the model using constant-angle diagonals of
width equal to beff; (c) the steel model used in this study did not model explicitly the yield plateau
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and the nonlinear hardening reinforcing steel experiences; and (d) the model did not account for
the effects of bond slip and strain penetration of steel in the anchorage blocks;
For the T-shape section wall, the models TW2-9 and TW2-17 computed peak strength
1.05 and 1.01 times the experimentally measured for the direction of the response with flange in
tension, respectively. The models computed the lateral strength at 1.0% drift to be 1.17 and 1.14
times the experimentally measured, respectively. This was assumed to be due to the overlap of
areas of concrete in the vertical, horizontal, and diagonal elements of this model as well as due to
the use of constant-angle diagonals of width equal to beff. Overestimation of strength and
stiffness was also observed in the other two Case Studies, but it was negligible for drift ratios
larger than 0.5%.
The effect of mesh refinement - considered for Case Study 1 - was found to be negligible
on the overall force-displacement response but played an important role on the magnitude of
computed strains. The ratio of length of the vertical beams to the height of the wall was equal to
6.7%, and 3.6% in models TW2-9 and TW2-17, respectively. The latter resulted in much better
agreement between computed and measured strains along the flange of the T-shape section wall.
The effect of magnitude of the angles of the diagonals was investigated for Case Study 3.
Models F1-11-45 and F1-11-50 included diagonals at 45o and 50o with respect to the horizontals,
respectively. F1-11-45 computed initiation of degradation at 2.0% drift ratio, which was in better
agreement with the experimental data. As expected, the level of drift at which crushing of the
diagonal concrete was computed was found to be sensitive to the relation of concrete
compressive strength and normal tensile strain (values of βint = 0.3 to 0.5 were considered for
Case Study 3).
The fiber-section Euler Bernoulli beam models computed larger lateral strength more
than 1.2 times the experimentally measured response for Case Studies 2 and 3. Due to the
inherent limitation of this model to compute the stress and strain state in directions other than the
vertical, it could not compute the failure mode of diagonal concrete crushing that occurred in
both these two cases. For the T-shape section wall of Case Study 1, the beam model resulted in a
computed strength 1.35 times the measured value at 1.0% drift ratio for the direction of the
response with the flange in tension; this model in major disagreement with the experimental
response computed major lateral strength degradation at drift ratio equal to 1.0%. Significant
differences were observed between experimentally measured and computed cyclic responses at
all levels of displacement.
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5.

Improved Beam-truss Model for RC Walls
including Diagonal Compression and Tension
Shear Failures

5.1.

Introduction

Reinforced concrete (RC) structural walls are one of the most common lateral earthquake
load resisting elements in RC buildings. The computation of their nonlinear response, lateral load
and displacement capacity, and failure mechanism is of significant interest to both practicing
engineers and researchers. The computation of nonlinear response of RC walls is particularly
challenging when the response is affected by flexure-shear interaction (FSI) associated with
multiaxial stress states and coupling of nonlinearities that affect the behavior of concrete in
compression. The challenge may increase in non-planar walls and under multi-axial loading due
to three-dimensional behavior including non-uniform response and warping of wall segments
perpendicular to the direction of loading (flanges). Experimental tests of RC wall specimens,
such as in Oesterle et al. (1976), has shown that the lateral load capacity and onset of strength
degradation depend on the load history, thus, cyclic or dynamic loading is needed to fully
investigate the behavior of RC walls under earthquake excitation.
Reinforced concrete walls designed based on modern seismic code provisions develop
their flexural strength before they fail. Computation of the force-displacement behavior of RC
walls including the part of the response at and after initiation of failure is essential for seismic
design and assessment. Common failure modes for RC walls include: (1) buckling and fracture
of longitudinal steel bars, (2) loss of confinement due to rupture or loss of anchorage of
confinement reinforcement and crushing of boundary elements in compression, (3) crushing of
the web concrete in the diagonal direction including propagation of failure in vertical, horizontal,
or diagonal direction after the initial diagonal strut fails (termed diagonal compression failure),
(4) accumulation of significant horizontal strains over a narrow diagonal band that spans at least
50% of the length of the wall segment (termed diagonal tension failure), (5) formation of a
horizontal sliding plane (termed shear sliding), (6) out-of-plane global buckling of the wall
section, or a combination of these. Diagonal failure modes (failure modes 3 and 4) are strongly
related to FSI and may result in sudden losses of lateral load capacity; Figure 5.1 shows
photographs of buildings with RC walls that experienced diagonal failures during earthquakes.
This chapter uses the beam-truss modeling approach developed in Chapter 4 for RC walls
to explicitly account for the effects of FSI under cyclic or dynamic loading. Compared to the
beam-truss model (BTM) used in Chapter 4, this chapter proposes changes to the elements used
in the BTM, the angle of inclination of the diagonal elements, and the concrete material behavior
in the horizontal direction in order to better represent the diagonal compressive field and capture
diagonal tension failure. This study focuses on modeling the effect of FSI and the diagonal
compression and diagonal tension failure modes (failure modes 3 and 4 listed above) for RC
walls. Bar buckling (failure mode 1), shear sliding (failure mode 5), and out of plane buckling of
walls (failure mode 6) are not modeled here. Moreover hoop fracture and loss of confinement
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(failure mode 2) is modeled in a simplified manner based on the uniaxial material model of
Mander et al. (1988).
The objective of this chapter is: (a) to refine and improve the beam-truss modeling
approach in order to better represent the diagonal compressive field and capture the diagonal
tension failure mode and (b) provide a comprehensive study of the beam-truss modeling
technique. The model is validated using four planar and four non-planar RC walls subjected to
cyclic static (uniaxial or biaxial) loading. Shear-critical (defined herein as members that fail in
shear before they develop their flexural strength) RC walls are not considered and all walls
considered in this chapter develop their nominal flexural strength before failure. The global
lateral force-lateral displacement and failure mode as well as strain contours and deformed
shapes, as computed by the beam-truss model (BTM), are compared with the experimentally
recorded response and damage state for each of the specimen. In addition, the effects of model
parameters are discussed.

Figure 5.1. Photographs of diagonal tension and compression failures taken after major
earthquake events: (a) M6.8 1995 Kobe, Japan earthquake (from Maffei and Yuen 2007); (b-c)
M6.3 2009 L’Aquilla, Italy earthquake (from Dazio 2009b); (d) M8.8 2010 Chile earthquake
(courtesy of J. Restrepo).
5.2.

Literature Review

Chapter 4 provide a literature review on nonlinear modeling approaches for non-planar
RC walls and describe the main modeling approaches for RC walls: (1) fiber-section beamcolumn element, models; (2) wide column models known also as equivalent frame models; (3)
two-dimensional (2D) truss models; (4) three-dimensional (3D) truss models; (5) models with
beams and trusses; and (6) finite element (FE) models, using either plane stress or solid
elements. Studies have modified modeling approaches (1) and (2) to incorporate the twodimensional concrete stress-strain law in order to model FSI explicitly; examples of such studies
are Jiang and Kurama (2010) and Kolozvari (2013) for modeling approaches (1) and (2),
respectively. However, the authors are not aware of any such model capturing diagonal failures
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for RC walls under cyclic or dynamic loading. The latter four modeling approaches inherently
model FSI explicitly. This section focus on models that explicitly model diagonal failures for RC
walls under cyclic (static or dynamic) loading.
Panagiotou et al. (2012) used 2D truss models to compute the instance and location of
first diagonal crushing for two planar squat walls (height-to-length ratio = 0.9 and 1.3) and a
perforated wall, all of which were subject to static cyclic loading. For the squat walls, significant
loss of lateral strength was computed. The authors are not aware of any 3D truss model for RC
walls which modeled diagonal failure of walls. Chapter 4 developed the beam-truss modeling
method and used it to model three cyclically loaded slender (height-to-length ratio grater or equal
to 2) non-planar RC walls with good agreement with the experimental response. Of the three
case studies, two experienced diagonal compression failure, one of which experienced a
significant loss of lateral strength. None of the aforementioned studies modeled diagonal tension
failure in RC walls; however, the 2D truss model has been used to model diagonal tension failure
for shear-critical RC columns (Moharrami 2014).
Table 5.1 lists studies that used FE models to study the response of RC walls, subject to
cyclic loading, that experienced a shear failure (diagonal, horizontal sliding, or vertical sliding).
All of the listed studies utilized smeared crack models (rotating or fixed cracks) and plane stress
or shell elements. The authors are not aware of any studies which used solid elements and/or
discrete crack methods to compute diagonal failures of RC walls subject to cyclic loading. Of the
studies listed in Table 5.1, only Palermo and Vecchio (2007) was able to capture diagonal
tension failure with some success. Out of the three wall specimens they studied where diagonal
tension or combined diagonal tension/compression failure was experimentally recorded, only one
case computed the failure mode accurately. For the other two cases, the model computed
crushing of the boundary zone. The three walls had height-to-width ratio of 2 and were modeled
using plane stress elements and 2D analysis. Sittipunt and Wood (1993) studied three slender
perforated planar walls which experienced diagonal tension failure in the experimental test using
plane stress elements and 2D analysis; they noted that, due to the smeared crack model used, the
diagonal tension failure could not be captured.
Table 5.1. Nonlinear finite element studies which explicitly computed shear or out-of-plane
failure for RC wall specimens.

1
2

Reference

Analysis type

RC wall specimens considered

Explicitly computed
failure modes1

Sittipunt and
Wood (1993)

2D and 3D cyclic analysis
with plane stress elements

Slender planar walls
Slender perforated planar walls
Squat L-shaped section walls

Diagonal compression

Ile and Reynouard
(2000)

2D and 3D dynamic
analysis with plane stress
elements

Squat U-shaped section wall

Diagonal compression

Palermo and
Vecchio (2002)

2D cyclic analysis with
plane stress elements

Squat I-shaped section walls

Sliding shear
Vertical slip planes

Palermo and
Vecchio (2007)

2D cyclic analysis with
plane stress elements

Slender and squat planar walls
Slender I-shaped wall
Slender perforated planar wall

Diagonal compression
Diagonal tension2
Sliding shear

Crushing of confined boundary and bar buckling and fracture failures modes are not included.
Only captured in one of the three specimens considered that had this failure mode experimentally.
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5.3.

Improved Beam-truss Modeling Approach

In this section, the beam-truss modeling approach is described using a T-section RC wall,
shown in Figure 5.2, as an example. Compared to the beam-truss modeling approach proposed in
Chapter 4, five changes are made: (1) the angle of the diagonals is calculated based on the shear
demand and the transverse reinforcement ratio; (2) nonlinear fiber-section Euler-Bernoulli beam
elements are used in both the vertical and horizontal directions; (3) all vertical beams except
those at the ends of each wall segment (including where the wall segment intersections another
segment) and all horizontal beam elements are pinned (zero flexural rigidity) for the in-plane
direction; (4) the computation of the strain normal to the diagonal truss elements is improved for
large angles of the diagonals; and (5) the tension strength of concrete in the horizontal direction
is ignored. Changes 1, 4, and 5 are discussed in sections 5.5, 5.6, and 5.7, respectively. The
modeling approach here is termed the default BTM for clarity when compared to altered models
in later sections where the effects of different model parameters are investigated.
Consider the T-section wall shown in Figure 5.2(a); the wall segment parallel to the xaxis is termed the web and the wall segment parallel to the y-axis is termed the flange. Figure
5.2(b) shows the BTM for this wall, which consists of vertical, horizontal, and diagonal
elements. There are nine vertical lines: five represent the web and five represent the flange; line
BF is common to both the web and the flange segments and is termed an intersection line. The
points where the vertical and horizontal lines intersect comprise the nodes of the model. Each
node has six degrees-of-freedom (DOFs); all DOFs are fixed at the base of the specimen. Figure
5.2(d) shows the placement of nodes for sub-segment S of the wall.
The types of elements used in the model are: (1) nonlinear fiber-section Euler-Bernoulli
beam elements (called herein as beams); (2) nonlinear fiber-section Euler-Bernoulli beam
elements that are pinned in the plane of the wall segment (called herein as pinned beams); and
(3) nonlinear truss elements in the diagonals of the panels formed by the horizontal and vertical
elements (see section 5.3.3 for the implementation). Beams are used only for the vertical lines at
the ends of a wall segment or at intersection line, as shown with thick lines in Figure 5.2(b); the
remaining vertical lines and all horizontal elements are pinned beams, as shown with thin lines in
Figure 5.2(b). Note that the pinned beams have flexural rigidity in the out-of-plane direction as
shown in Detail 1 of Figure 5.2(b). All elements used in this study use linear geometry and do
not account for large displacements.
The vertical and horizontal elements model the concrete and steel included in the section
areas each element represents. Consider sub-segment S of the wall with reinforcing details
shown in Figure 5.2(c). Figure 5.2(d) and (e) show a schematic of the section properties (area of
concrete, area and layout of steel) of each of the vertical and horizontal elements, respectively. In
these elements, a fiber section with 24 fibers in a 6x4 grid is used to represent the concrete and a
single fiber to represent each steel bar. The diagonal truss elements model the compressive field
of concrete in the corresponding direction. The area of the diagonal element is the effective
width multiplied by the average thickness of the wall in the panel considered, see Figure 5.2(f).
The effective width of the concrete modeled by each diagonal is
sin
, as shown in
is the angle of the
Figure 5.2(g) for sub-segment S, where is the length of the panel and
diagonal with respect to the horizontal elements. The material constitutive models are discussed
is discussed in Section 5.6.
in Section 5.4 and the determination of the diagonal angle
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Figure 5.2. Schematic description of the beam-truss model approach for a T-shape section wall.

5.4.

Material Constitutive Models

The uniaxial material model for concrete used in the BTMs is developed in Lu and
Panagiotou (2014) and implemented in Opensees (ConcretewBeta Material); the stress-strain
relationship is shown in Figure 5.3(a). The concrete material models the strength and stiffness
degradation due to inelastic strains as well as the effect of tension stiffening of reinforced
concrete. The material model, when used in the diagonal direction, accounts for the effect of
normal tension on the behavior in compression. For the BTM discussed in this chapter, the
concrete material model uses the values of compressive strength of unconfined concrete, ,
given by experimental cylinder tests; the initial stiffness is
5000
(MPa) and
occurs
at a strain of
0.2%. The model accounts for the increased compressive strength and
ductility due to concrete confinement using the parameters fcc (peak confined strength), εcc (strain
at fcc), and εcs (strain which softening initiates); the values of these parameters are calculated per
Mander et al. (1988). The softening branch of concrete in compression is regularized to provide
0.2% is
mesh objectivity; the process is described in Lu and Panagiotou (2014) and
used to prevent numerical problems due to an excessively steep softening slope. The reference
length used for regularization of vertical and horizontal elements is 600mm.
When used in the vertical direction, the concrete behaves uniaxially and includes the
effects of tension stiffening. In the horizontal direction, the concrete is also uniaxial but the
tensile strength of the concrete is ignored; the reason for this choice is discussed in Section 5.7
and the effects of it are illustrated in Section 5.9.3. In the diagonal direction, the tensile strength
of the concrete is ignored and the concrete material model takes into account the effect of normal
tensile strain on the compressive strength based on Vecchio and Collins (1986) with
modification to account for size effects as described in Section 5.5. In this case, the diagonal
compressive stresses are multiplied by the concrete compressive stress reduction factor β, which
reduces the compressive stress based on the normal tensile strain. This relationship between β
and the normal tensile stress is discussed in Section 5.5.
The steel material model, called parallel GMP, used in this study has a multi-linear
monotonic envelope which captures the post-yield hardening, as shown in Figure 5.3(b), while
capping the ultimate stress computed in the material model. The material is implemented using
three instances of the Giuffre-Menegotto-Pinto (GMP) material (Steel02 in Opensees) joined in
parallel to model the changing hardening stiffness of steel up until the ultimate stress. Each of
the parallel GMP models used in the BTMs of this chapter are calibrated to the points: (1) yield
0.5
where is the ultimate stress, and (3) , where the three points
stress , (2)
given by the experimentally measured monotonic steel response where available. In the case
where point (2) is not available, the post-yield stiffness is assumed to be 3% of Es between points
(1) and (2). The parallel GMP model does not model the effects of bar buckling; the effect of bar
fracture is not considered in the case studies presented in this chapter.
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Figure 5.3. Uniaxial stress-strain laws for the (a) concrete and (b) steel material models.
5.5.
Biaxial Concrete Compressive Stress Reduction Factor and the Calculation of
Normal Tensile Strain
For the concrete in the diagonal direction, the effect of the biaxial strain field on the
concrete compressive behavior is based on the Modified Compression Field Theory (Vecchio
and Collins 1986), with modification to account for size effects as described in Panagiotou et al.
(2012). For the concrete material model used in this study, the biaxial effect is modeled by
multiplying the diagonal compressive stresses at each time step by the concrete compressive
stress reduction factor β, which is calculated based on the normal tensile strain εn computed at
every computation step. The β-εn relationship is regularized to provide mesh objectivity; a
reference length of 849 mm is used, which corresponds to the diagonal length of the panels over
which strain was measured in the experimental tests of Vecchio and Collins (1986). The
relationship between β and εn used for the diagonal trusses is triaxial passing through the points
(β, εn): (1, 0), (0.4, 0.01), and (0.1, 0.04); the points are chosen to be similar to that proposed by
Vecchio and Collins (1986) and the comparison is shown in Figure 5.4(a).
Compared to the diagonal truss elements of Lu and Panagiotou (2014) where the normal
tensile strain εn was computed using a zero-stiffness gage element, the diagonal trusses used
herein are implemented as a 4-node rectangular element that consists of two diagonal truss
elements. The value of εn is taken as the strain normal to the direction of the truss element,
computed at the center of the element using the standard linear strain-displacement interpolation
functions for a 4-node bilinear quadrilateral element (Hughes 2000). This is shown in Figure
5.4(b) for one of the diagonal truss elements that comprise the rectangular element. This method
allows the normal strain to be computed more accurately when the diagonal angle is significantly
different than 45º; for diagonal angle equal to 45º, the calculated εn is the same as that calculated
with the method described in Lu and Panagiotou (2014).
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Figure 5.4. (a) Concrete compressive strength reduction factor, as proposed in Vecchio and
Collins (1986), compared to the trilinear relation used in this chapter; (b) schematic of normal
strain calculation for one of the diagonal trusses of the 4-node rectangular element.
5.6.

Diagonal Angle Determination

Panagiotou et al. (2012) and Lu and Panagiotou (2014) considered reinforced concrete
wall specimens and suggested the diagonal angle Θd = 45º. The case studies considered in
Panagiotou et al. (2012) consists of two squat walls, which have a continuous diagonal strut
spanning from the top corner to the opposite bottom corner, and a slender perforated wall. For all
of these cases, the geometry of the specimen governs the diagonal angle, which is discussed in
later in this section. Lu and Panagiotou (2014) used vertical beams which had flexural rigidity in
the in-plane direction that contributed to the lateral strength reducing the dependency on
diagonal angle.
Because the BTM has a fixed angle for the diagonal compressive struts, the determination
of the diagonal angle may affect the strength, ductility, and failure mode of the modeled
specimen. Moharrami et al. (2014) considered slender shear-critical RC columns and determined
the diagonal angle Θd based on the stress state at first cracking assuming uniform compressive
and shear stress. The columns Moharrami et al. (2014) studied had a transverse reinforcement
steel ratio of less than 0.1%. This way of determining Θd may not be appropriate for members
that have adequate amount of transverse reinforcement to develop their flexural strength. For
specimens that develop their flexural strength, Θd depends on the amount of transverse
reinforcement (Hines and Seible 2004).
Additionally, for specimens (especially walls) that are squat (height-to-width ratio of less
than or equal to 2) or non-uniform geometry over the height, the angle suggested by Moharrami
et al. (2014) may not be geometrically viable to ensure an appropriate flow of forces. Section
5.9.3 investigates the effect of the diagonal angle on the computed response of a specimen. In
this chapter, we study eight RC wall specimens which are one or more of the following: (1) a
transverse reinforcement ratio such that ,
, or (2) squat or non-uniform over the height.
All specimens considered in this chapter achieve their flexural strength before failure.
For specimens that have no geometric restrictions, diagonal angle will be determined
such that:
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Θ

tan

,

65°

(Eq. 5.1)

is the maximum resisted lateral force,
is the thickness of the wall, and is the
where
distance between the extreme vertical lines in the direction of loading. For walls with
asymmetric lateral load resistance, the diagonal angle corresponding to absolute maximum
resisted lateral force should be used. The upper bound for the diagonal angle Θd agrees with ACI
318 (2011) restrictions on strut-and-tie procedures. In addition, it is suggested that Θd be greater
than or equal to 45º for walls that have an aspect ratio larger than 1 and uniform over height,
except for the case of walls subjected to large tension forces which is beyond the scope of this
study. The maximum resisted lateral force is not known prior to the analysis, and it is suggested
to use the shear corresponding to 1.2
as a first guess for
;
is the nominal moment,
defined as the moment associated with the first instance where either the extreme steel fiber
reaches 1% strain or the concrete reaches -0.3% strain. After running the BTM with the
determined angle, the user can check the relation in Eq. 5.1 and adjust the diagonal angle to the
, if necessary. In most cases, zero or one iteration is sufficient to satisfy Eq. 5.1 to
computed
an acceptable degree (all BTM in this study satisfy this equation within Θ
2°).
Specimens that have geometric restrictions are cases where (1) the height of the specimen
tan Θ where Θ is defined by Eq. 5.1, or (2) the wall specimen is perforated or has
irregular shape over the height. For the first case, it is suggested to use an angle such that a
continuous diagonal strut spans from the top corner to the opposite bottom corner (e.g. the BTM
mesh of specimen Unit 1.0 in Chapter 3). However, this suggestion is only validated based on
statically loaded individual walls with a stiff loading beam at the top. For the second case where
the specimen has irregular shape or steel placement, a strut-and-tie model should be used to
determine the load path and subsequent diagonal angles in the wall piers. The diagonal angle
used for the BTM should correspond with the compressive struts defined by the strut-and-tie
model; in the case where there are multiple angles, the angle corresponding to the most amount
of shear (such as at the bottom corner of the specimen where the majority of the shear is
expected to be resisted) should be used. Chapter 6 discusses the determination of load path and
diagonal angle for the case of coupled walls.
5.7.

Modeling of Tension for Concrete in the Horizontal Direction

For the default BTM used in this chapter, the concrete in the horizontal direction is
defined such that the strength of the concrete in the tensile direction is ignored (e.g. the cracking
stress ft = 0). This section discusses the reason for this choice, and the effects of the choice are
shown in Section 5.9.3 for three of the specimens considered in this chapter. In previous works,
Panagiotou et al. (2012) and Lu and Panagiotou (2014) model tension stiffening in the horizontal
direction the same way as for the vertical direction, and Moharrami et al. (2014) combine the
effects of aggregate interlock and tension resistance in the concrete material used in the
horizontals.
The modeling of horizontal tension has a significant effect on the computed response for
three types of specimen behaviors: (1) the model experiences diagonal tension failure without
first computing crushing in the diagonal direction, (2) the model first computes softening in
compression of a diagonal truss element before experiencing diagonal tension failure, and (3)
models that compute distributed shear cracking before reaching nominal flexural strength.
The first behavior type occurs for shear-critical specimens that are too slender for a
continuous diagonal strut to span from the top corner to the opposite bottom corner; the
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modelling of aggregate interlock is important for computing the peak lateral strength and
instance of failure. This behavior is not represented in the case studies considered herein.
However, the case is exemplified by the shear critical columns of Moharrami et al. (2014).
The second behavior type occurs for squat walls that are shear-critical or have low
transverse reinforcement such as specimen Unit 1.0 discussed in Chapter 3, but also occurred for
the 5-story coupled wall specimen discussed in Chapter 5. For this case, modeling the effects of
tensile concrete strength and aggregate interlock in the horizontal direction reduces the
horizontal strains computed, resulting in computing a larger lateral displacement at the onset of
softening in compression of the diagonal. But, it does not affect the development of the diagonal
tension failure afterwards or the peak lateral strength for the case studies considered herein.
The third behavior type is observed most prominently in the T-shaped section walls
considered herein: specimens TW2 and NTW1 (discussed in Chapter 3) which have moderate
transverse reinforcement and a large flexural strength for the direction with the flange in tension.
In these cases, modeling the effects of tensile concrete strength and aggregate interlock cause the
BTM to compute larger stiffness up to the flexural yield strength. This is because the behavior of
concrete in the horizontal directions is not coupled with these in the vertical and diagonal
directions so the horizontals may remain uncracked while the diagonal elements compute
widespread distributed cracking.
Because the specimens in this chapter fall into behavior types 2 and 3, ignoring the
tension strength of concrete in the horizontal direction result in a better representation of the
response and onset of failure of the specimen.
5.8.

Nonlinear Analysis Program

The nonlinear analysis program OpenSees (McKenna et al. 2000) was used for all the
analysis described in this chapter. The material models for concrete and steel are available in
OpenSees as ConcretewBeta (see ConcretewBeta Material) and Steel02 in combination with the
Parallel material. For the beam elements, the existing OpenSees nonlinear force-based beamcolumn elements were used with linear geometric transformation. Gauss-Lobatto quadrature with
two points was used for the beam elements. The four-node element used for the diagonals to
account for the biaxial effect on concrete strength was programmed in OpenSees by the authors.
A computer with a 3.47-GHz Intel Core i7 CPU was used to compute the response.
5.9.

Case Studies

5.9.1. Specimen Overview and BTM results
In this section, eight case studies (four planar and four non-planar walls) of RC walls
subject to static cyclic loading are presented. Two of the non-planar walls were biaxially loaded.
All RC walls specimens considered in this section are uniform over the height with no openings
and were subjected to a concentrated force at their top in a single bending (cantilever)
configuration. Table 5.2 lists the specimen name, cross-sectional shape, axial load ratio ( /
where N is the axial force and
is the gross cross-sectional area), longitudinal reinforcing steel
where
ratio , transverse reinforcing steel ratio , shear span-to-depth ratio (defined as /
is the bending moment at the base, is the base shear force, and
is the length of the wall
in the direction of loading), and failure mode for each of the specimens. All of the specimens
except the first have a shear span-to-depth ratio of 2.0 or greater, and all of the specimens
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developed their nominal flexural strength prior to failure. The reader is referred to the paper or
report referenced in Table 5.2 for further information about each specimen.
Each case study is referred to by the specimen name described in Table 5.2. For
specimens subject to uniaxial loading, the segment of the wall in the direction of loading is
termed the web; segments perpendicular to the web are termed flanges. For specimens loaded
biaxially, the segments of the walls are termed based on their orientation with respect to NorthSouth and East-West directions as defined in Table 5.2 (i.e. the N-S segment is parallel to the NS direction). For each case study, a beam-truss model (BTM) is constructed and subjected to the
same loading as the experimental specimen; the number of vertical lines and diagonal angle for
each model is listed in Table 5.2. For all BTMs, the single-iteration procedure for determining
diagonal angle described in Section 5.6 was followed; the diagonal angle is constant throughout
a specimen BTM. The material properties used are these reported in the references describing the
experimental results.
Unit 1.0: Specimen Unit 1.0 (Mestyanek 1986) is a squat planar wall with confined
boundary columns at the ends subject to static reverse cyclic loading. The average longitudinal
steel ratio is 0.8% and 83% of the total area of longitudinal steel is in the boundary columns. For
the unconfined part of the wall, = 0.16% and = 0.16%. No external axial load was applied
to the wall. Figure 5.5(a) shows the experimental shear force-drift ratio response for the
specimen, which experienced a 24% loss of lateral strength at the peak drift of the second cycle
with 0.8% peak drift ratio. Specimen Unit 1.0 failed with the kinking of the boundary element
and crushing at the base along with the formation of a major diagonal crack extending from end
to end of the specimen in the diagonal direction; high strains were observed in the horizontal web
reinforcement near the main diagonal, resulting in fracture of two horizontal bars and kinking of
vertical web bars along the main diagonal. Figure 5.6(a) shows the damage pattern at the end of
the experimental test.
The BTM of specimen Unit 1.0 has 6 vertical lines, of which the two outer lines represent
the confined boundary elements. The effect of using beams to model the boundary elements is
discussed in Section 5.9.5. The diagonal angle for this BTM was determined based on the
geometry of the wall: because of the large amount of reinforcement in the loading beam and
foundation of the specimen, the diagonal angle was determined to allow the formation of a major
diagonal strut from end to end of the specimen in each loading direction. The computed shear
force-drift ratio response is shown in Figure 5.5(a) and is in good agreement with the
experimental response. The Unit 1.0 BTM computed a 46% loss of lateral strength at 0.67% drift
ratio of the first cycle with 0.8% peak drift ratio. The kinking of the boundary reinforcement was
not captured except through deformation of the beams representing the boundary areas (a
maximum rotation of 2.5º at a height of 235 mm from the base). Figure 5.6(a) shows the
deformed shape and strain contour at this point; the computed failure mode is a localized
diagonal crushing in the web followed by accumulation of large strains in the horizontal
elements adjacent to the main diagonal. The effect of modeling the concrete tension resistance in
the horizontal direction for this specimen is discussed in Section 5.9.3.
Unit 2.0: The only difference between specimens Unit 1.0 and Unit 2.0 (Mestyanek
1986) is the aspect ratio of the wall: specimen Unit 2.0 has a shear span-to-depth ratio of 2.0,
making it a more slender wall in comparison. Figure 5.5(b) shows the experimental shear forcedrift ratio response for the specimen, which experienced a 15% drop of lateral strength near the
end of the first cycle with 1.3% peak drift ratio. In the final cycle which has a peak drift ratio of
2%, the specimen has 69% of the peak lateral strength. The experimental failure mode was a
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mixture of crushing of the diagonals, kinking of boundary elements, and high horizontal strains
along diagonal cracks. Section 5.9.4 discusses the failure mechanism of Unit 2.0 in more detail.
The BTM of Unit 2.0 has 6 vertical lines; the outer two lines are modeled as beams that
represent the confined boundary elements. Because of the low transverse reinforcement ratio in
the web, the diagonal angle for the BTM is determined by the geometry. Section 5.9.4 discusses
the effects of the choice of diagonal angle on this specimen and its failure mechanism. The
computed shear force-drift ratio response is shown in Figure 5.5(b) and is in good agreement
with the experimental response, but computes only a diagonal crushing failure mode at 1.9%
drift. The peak horizontal strain at this point is 0.35%. The inability of the BTM to compute the
diagonal tension failure mode of the specimen is probably because the fixed diagonal angle does
not correspond to the angle of the diagonal crack (about 50º as discussed in Section 5.9.4)
associated with failure of this specimen.
WSH6: Specimen WSH6 (Dazio et. al. 2009a) is a rectangular wall with confined
boundary elements at the two ends. In the unconfined web section, the wall has = 0.52% and
= 0.25. The specimen has an axial load ratio of 10.8%. Figure 5.5(c) shows the experimental
shear force-drift ratio response for the specimen, which fails due to buckling of longitudinal bars
in the boundary element, crushing of the compression zone, and fracture of a number of
confining hoop at 1.9% drift of the last cycle. The BTM of this specimen has eight vertical lines;
the outer two lines are modeled as beams that represent the confined boundary elements. Figure
5.5(c) shows the computed shear force-drift ratio response. The BTM underestimates the strength
for the cycle with 0.6% peak drift ratio by a maximum of 7.6% due to localization in the vertical
members during cracking, but has good agreement with the experimental response for all other
cycles until the failure of the specimen, which was not modeled.
B6: Specimen B6 (Oesterle et. al. 1979) is a planar wall with large heavily reinforced
boundary elements: each boundary elements is 16% of the total length of the wall with 2.4%
longitudinal steel ratio. In the unconfined part of the wall, = 0.3% and ratio
= 0.62%. The
specimen has an axial load ratio of 13.4%. Figure 5.5(d) shows the experimental shear force-drift
ratio response of the specimen. Oesterle et. al. (1979) reported signs of spalling and flaking in
the diagonal direction as early as the last cycle with 1.1% peak drift ratio. The specimen failed at
1.4% drift ratio during the second cycle with 1.7% peak drift ratio due to crushing of the
diagonal concrete compressive struts near the base, which propagated upward along the height of
the wall. The damage state of the specimen is shown and discussed in section 5.9.5. Although the
web of the specimen was heavy damaged, the boundary elements were in good condition.
The BTM of specimen B6 has 6 vertical lines; the outer lines are beams and represent the
confined boundary elements. Because the boundary elements of the specimen are large, the
horizontal and diagonal elements adjacent to the boundary element account for the thickness of
the boundary element where it overlaps with the mesh – this method of accounting for the large
boundary element is described in detail and discussed in section 5.9.5. The computed shear
force-drift ratio response is shown in Figure 5.5(d) and is in good agreement with the
experimental response. Failure is computed during the first cycle with max drift of 1.7% and
consists of crushing of the concrete in the diagonal direction and a vertical propagation of the
crushing (shown in section 5.9.5) and is in excellent agreement with the experiment response.
Additionally, the boundary element sustained very little damage.
F1: Specimen F1 (Oesterle et. al. 1976) is a I-section wall with shear span-to-depth ratio
of 2.4 and heavily reinforced flanges ( = 3.4% in the flanges). In the unconfined part of the
wall,
= 0.3% and
= 0.71%. The axial load is only from self-weight of the wall and the
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loading beam. The experimental shear force-drift ratio response for the specimen is shown in
Figure 5.5(e); the specimen experienced significant loss of the lateral strength at -1.9% drift
during the first cycle with 2.2% peak drift ratio due to diagonal crushing of the web. Figure
5.6(c) shows the damage pattern at the end of the experimental test.
The BTM of specimen F1 has a total of 11 vertical lines, 7 of which forms the web. The
diagonal angle for the web (the wall segment in the direction of loading) and the flanges (the
wall segments parallel to the direction of loading) are determined separately based on the singleiteration procedure described in section 5.6. Figure 5.5(e) shows the computed shear force-drift
ratio response, which is in excellent agreement with the experimental response until the failure of
the specimen. The BTM computes failure at 1.9% drift during the first cycle with max drift ratio
of 2.2%, but earlier than that observed in the test specimen. The computed failure mode, shown
in Figure 5.6(b), is crushing of concrete in the diagonal direction which propagates horizontally;
it is in good agreement with the experimental failure mode.
TW2: Specimen TW2 (Thomsen and Wallace 1995) is a T-section wall with a shear
span-to-depth ratio equal to 3 and confined boundary elements at the ends of the web and flange
= 0.45%; in the unconfined part of
as well as in the intersection. In the web, = 0.45% and
the flange,
= 0.33% and
= 0.33%. The specimen has an axial load ratio of 7.4%. Figure
5.5(f) shows the experimental shear force-drift ratio response for the specimen as reported in
Thomsen and Wallace (1995) after being corrected for rotation and uplift of the foundation
during testing. The positive load direction corresponds to flange in compression and the negative
load direction corresponds to flange in tension. For the negative direction, specimen TW2
reaches the nominal moment at 1% drift and experiences a loss of lateral load capacity during the
last cycle at -1.7% drift due to out-of-plane instability of the tip of the web where the section
buckled over several hoop spaces; although extensive spalling was observed at the tip of the web,
there was no loss of confinement during the out-of-plane instability failure.
The BTM of specimen TW2 has a total of 13 vertical lines, 7 of which forms the wall
segment in the direction of load application. Due to the large size of the confined boundary
element at the end of the web, the boundary element is represented by two vertical lines and the
horizontal and diagonal elements between those lines represent the transverse reinforced and
confined concrete of the boundary element in the respective directions. Of the two lines that
encompass the confined boundary element at the end of the web, only the vertical line at the end
of the web has in-plane flexural rigidity. The boundary elements at the end of the flanges are
represented by one vertical line. The computed shear force-drift ratio response is shown in
Figure 5.5(e). For the positive direction of loading, the BTM computes a 10% overestimation of
lateral force up to 1% drift ratio, but the computed peak lateral force is in very good agreement
with the experimentally measured response. In the negative direction of loading, the BTM
overestimates the lateral force by 8% up to 1.25% drift ratio, and overestimates the peak lateral
force by 6%; the 2% decrease of the computed lateral strength for the cycle with max drift ratio
of 1.7% in the negative direction is due to spalling and minor crushing of the vertical element at
the web tip. For the BTM results presented in this section, the out-of-plane instability of the end
of the web was not modeled.
NTW1: Specimen NWT1 (Brueggen 2009) is a T-section wall with a shear span-to-depth
ratio of 3.2 in the N-S direction and 4 in the E-W direction. Confined boundary elements are at
the ends of both segments of the wall and the average over the section is 1.6%. In both the NS (called the web) and E-W (called the flange) segments, of the unconfined regions is 0.3%;
= 0.61% and 0.26% in the web and flange, respectively. The specimen is loaded biaxially with
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cycles in the N-S, E-W, and skew (including diagonal and hour-glass shaped cycles) directions,
and has an axial load ratio of 3.3%. Figure 5.7 shows the experimental shear force-drift ratio
response for the specimen for the three directions of loading. During the first cycle in the N-S
direction at -2% drift ratio, buckling of longitudinal reinforcement, opening of confining hoops
legs, and crushing of the concrete core was observed at the confined boundary element at the tip
of the web. Following the web failure, testing in the N-S direction was stopped and the specimen
was loaded in the E-W direction up to 4% drift; buckling and fracture of longitudinal
reinforcement and crushing of the boundary areas at the flange tips in the first cycle at 4% drift
caused a loss of lateral load capacity. The final cycle was in the N-S direction up to 2% drift and
resulted in the fracture of 2 bars at the end of the web, resulting in a 20% loss of lateral load
capacity.
The BTM of specimen NTW1 has 13 vertical lines in total, 7 of which forms the web (the
wall segment in the N-S direction) and 7 forms the flange (wall segment in the E-W direction).
Figure 5.7 shows the computed shear force-drift ratio response of the BTM in comparison to the
experimentally measured response. For the N-S cycles, the computed response shows very good
agreement with the experimental response up to the point of failure, with 6% overestimation of
the peak lateral strength in the negative (flange in tension) direction. However, the effect of bar
buckling and loss of confining hoops at the web tip was not modeled thus the failure mode and
associated loss of strength was not captured. For the E-W cycles, the difference between the
monotonic and cyclic response is due to the accumulated strain in the flange from the N-S and
SKEW cycles; the BTM computes a 10% underestimation of the response for the cycles at 3%
drift. In the SKEW cycles, the computed response ranges from excellent agreeement to decent
agrrement with a maximum of 13% underestimation prior to the last cycle; the last SKEW cycle
in the N-S direction shows overestimation of the response becaues the BTM did not capture the
failure mode due to bar buckling.
TUB: Specimen TUB (Beyer et al. 2008) is a U-section wall with a shear span-to-depth
ratio of 2.8 and 2.6 in the N-S and E-W direction, respectively. Confined boundary elements are
at the ends of all wall segments. For this specimen, the segment of the wall parallel to the E-W
direction is called the web, while the two segments parallel to the E-W direction are called the
flanges. The reinforcing ratios in the unconfined portions of the wall are 0.38% and 0.45% for
the longitudinal and transverse steel, respectively. The specimen has an axial load ratio of 4.0%
and is loaded in four alternating cycles: loading in the N-S direction (N-S), loading in the E-W
direction (E-W), loading in the diagonal direction (DIAG), and a cycle which loads the wall in an
hourglass shape (SWEEP). Figure 5.8 shows the experimental response of the specimen for the
four types of cycles. Specimen TUB failed due to crushing of the diagonal in compression in the
unconfined part of the web using the last SWEEP cycle; the damage state of the web is shown in
Figure 5.6(c). The failure is attributed to spalling of the concrete in the web which reduced the
wall section in that area (Beyer et al. 2008). The diagonal crushing failure resulted in a 36%
reduction of the lateral load capacity the in the E-W direction.
The BTM of specimen TUB has 13 vertical lines in total: 5 of which form the web (the
wall segment in the E-W direction) and 5 form each of the two flanges (wall segments in the N-S
direction). The boundary elements at each corner are modeled with a single vertical line which
has flexural rigidity in both horizontal directions. Figure 5.8 shows the computed shear forcedrift ratio response of the BTM in comparison to the experimentally measured response. For the
N-S, E-W, and SWEEP cycles, the computed response show excellent agreement with the
experimental response. In N-S and E-W cycles, the computed maximum lateral strength has less
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than 3% difference from the experimentally recorded strength, while in the SWEEP cycles, the
computed maximum lateral strength has less than 13% difference that recorded experimentally.
The computed response underestimates the response for the DIAG cycles, especially in the
negative E-W direction which corresponds to loading in the south-west direction toward the tip
of the web. The BTM computes failure due to crushing of diagonal concrete in the web of the
wall at 2% drift of the last E-W cycle, resulting in a 9% drop of lateral load capacity in the E-W
direction; this E-W cycle is precedes the SWEEP cycle in which the experimental failure was
observed, but the location and mode of failure is in good agreement with the experimental
results. The strain contour at the point of web crushing is shown in Figure 5.6(c) in comparison
to the experimental failure mode.
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Table 5.2. Characteristics of eight experimentally tested specimens and beam-truss model parameters.
Cross-section shape
(confined areas
shaded)

Steel ratio for
unconfined area1

Beam-truss model
parameters

Shear
span-todepth
ratio1

Total # of
vertical lines

Diagonal
angle1

Predicted
failure mode
(reported
failure mode)2

Axial
load ratio

(average)

0.3%

0.8%

0.16%

0.16%

1.0

6

44.4º

0.3%

1.6%

0.16%

0.16%

2.0

6

64.4º

10.8%

0.8%

0.52%

0.25%

2.0

8

58º

13.4%

1.3%

0.30%

0.62%

2.4

6

54.4º

F1
(Oesterle et. al. 1976)

0.3%

2.1%

0.30%

0.71%

2.4

11

49º

DC
(DC)

TW2
(Thomsen and Wallace
1995)

7.4%

1.2%

0.45%

0.45%

3.0

13

59º

None
(CSB)

0.30%

0.61%

3.2

Specimen
Unit 1.0
(Mestyanek 1986)
Unit 2.0
(Mestyanek 1986)
WSH6
(Dazio et. al. 2009a)
B6
(Oesterle et. al. 1979)

DC, DT
(DT)
DC
(DC, DT)
None
(BBF, VC)
DC
(DC)
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NTW1
(Brueggen 2009)

TUB
(Beyer et al.
2008)
1

N-S
3.3%

1.7%

47º
13

E-W

0.30%

0.26%

4.0

54.4º

N-S

0.38%

0.45%

2.8

49.5º

4.0%
E-W

1.0%

13
0.38%

0.45%

2.6

59º

None
(BBF, VC)

DC
(DC)

Given for the direction of applied load only.
BBF = Bar buckling and fracture, CSB = Buckling of the confined section, VC = vertical concrete crushing, DC = diagonal concrete crushing, DT = diagonal
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Figure 5.5. Experimentally measured and numerical computed force-drift ratio response for specimens (a) Unit 1.0, (b) Unit 2.0, (c)
WSH6, (d) B6, (e) F1, and (f) TW2.
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Figure 5.6. Numerically computed strain contour and deformed shape for specimens (a) Unit 1, (b) F1, and (c) TUB (E-W segment) at
the point of first diagonal crushing compared to the damage state of the experimental specimen at the end of each test.
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Figure 5.7. Experimentally measured and numerical computed force-drift ratio response for specimen NTW1 in the N-S, E-W, and
skew cycles.
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5.9.2. Effect of In-plane Flexural Resistance of Vertical Lines
For the default BTM, all vertical beams except those at the ends of each wall segment,
including where the wall segment intersections another segment, and all horizontal beams are
pinned in-plane. This differs from the 2D truss model in Panagiotou et al. (2012) and the beamtruss model described in Lu and Panagiotou (2008) in which all vertical lines were beams
(termed BTM-beam).
Figure 5.9 shows the computed lateral force-drift ratio response for specimens Unit 1.0,
Unit 2.0, and WSH6 using BTM-beam; for all walls, BTM-beam computed a peak lateral
strength within 1% of that computed by the default BTM. For Unit 1.0, the failure is computed at
30% larger drift ratio than for the default BTM; the failure mode is that of diagonal crushing but
the maximum computed horizontal tension strain is 1% (compared to more than 3% computed by
the BTM) and the localization of horizontal strain long the main diagonal is not as prominent.
For Unit 2.0, the maximum compressive strain in the diagonals is 0.16% and diagonal crushing is
not computed. Because of the in-plane flexural rigidity of the vertical beams, the BTM-beam
cannot compute diagonal tension failure accurately.
Figure 5.10 shows the lateral force-drift ratio for specimens Unit 1.0, Unit 2.0, and
WSH6 modeled using the truss model. The truss model computed diagonal crushing in specimen
Unit 1.0 at -0.66% drift ratio (compared to 0.67% in the default BTM) after reaching -0.73%
drift ratio. Compared to the default BTM, the truss model computed diagonal crushing at a 37%
smaller lateral displacement for Unit 2.0. Also, the truss model computed a peak lateral strength
5%, 14%, and 4% less than that computed by the default BTM. The beam elements at the ends of
the wall section allow the BTM to account for the flexural strength of the confined boundary
element, which is important for computing the strength and drift ratio at onset of failure
accurately.
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Figure 5.9. Experimentally measured and numerically computed lateral force-displacement
response for specimens (a) Unit 1.0, (b) Unit 2.0, and (c) WSH6 with in-plane flexural resistance
in all vertical lines of the BTM.
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Figure 5.10. Experimentally measured and numerically computed lateral force-displacement
response for specimens (a) Unit 1.0, (b) Unit 2.0, and (c) WSH6 with zero in-plane flexural
resistance in all vertical elements.
5.9.3. Effect of Horizontal Concrete in Tension
This section discusses the effects of modeling the horizontal concrete tension resistance
and aggregate interlock (per Moharrami et al. 2014) for three of the walls. BTMs including the
effect of horizontal concrete in tension and aggregate interlock per Moharrami et al. (2014) are
termed BTM-HT.
Figure 5.11 shows the response of BTM-HT for Unit 1.0, F1, and TW2. For specimen
Unit 1.0, BTM-HT results in a 50% increase of drift ratio at which failure occurs and a 2%
increase of maximum lateral load capacity compared to the default BTM; the overestimation of
secant stiffness at 0.25% drift is 11% and 21% for BTM and BTM-HT, respectively. However,
for specimen F1, which also had a diagonal compression failure, BTM-HT results in less than
2% change for the maximum lateral load capacity and drift ratio at which failure occurs
compared to the default BTM; this is because the diagonal crushing failure of specimen Unit 1.0
is caused by the large horizontal strains while the failure in specimen F1 is due to the shear
deformation at the bottom corner. The effects of concrete tension resistance and aggregate
interlock in the horizontal elements effects the initial response of specimen F1, resulting in a
21% increase in the secant stiffness at 0.25% drift ratio compared to that computed by the default
BTM.
For specimen TW2, BTM-HT results in no change of maximum lateral load capacity but
computes a 15%, 12%, and 9% overestimation for drift ratios of 0.5%, 0.8%, and 1.3%,
respectively; the normal BTM without aggregate interlock and horizontal tension does a better
job in this region with a 7%, 6%, and 7% overestimation at 0.5%, 0.8%, and 1.3%, respectively.
For both of the T-shaped section walls TW2 and NWT1 (which is not shown), BTM-HT results
in overestimation of strength and stiffness of the results between 0.3% and 1% drift ratio, which
corresponds to cracking and the point in which the nominal flexural strength is reached,
respectively. In this region, the stiffness of the wall is affected by shear cracking and thus is
susceptible to the issue discussed in section 5.7.
The effect of modeling concrete tension strength and aggregate interlock in the horizontal
elements depends on the behavior and the failure mode of the specimen. For example, the failure
mode of Unit 1.0 is affected by the horizontal strains: modeling of the horizontal concrete
tension strength and aggregate interlock reduces the horizontal strains, thus reducing the strains
normal to the compressive diagonals. This delays the onset of softening in the compression
102

diagonal at the bottom corner, resulting in the failure occurring at a larger lateral displacement
compared to the default BTM. In comparison, the diagonal crushing failure for specimen F1 is
compression-controlled, thus there was insignificant change in the maximum lateral strength or
the computed point of failure. In specimens where distributed shear cracking was observed
(specimens F1 and TW2), BTM-HT computed larger stiffness and strength up to the nominal
flexural strength.
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Figure 5.11. Numerically computed lateral force-displacement response for specimens (a) Unit
1.0, (b) F1, and (c) TW2 with BTM including the horizontal cracking and aggregate interlock
model as defined in Moharrami et al. (2014) compared to experimentally measured results.
5.9.4. Effect of Angle of Diagonals
This section uses specimen Unit 2.0 to illustrate the importance of angle determination
(as described in Section 2.4) on the computed response of a BTM. Figure 5.12 shows the
experimental crack patterns from specimen Unit 2.0 (Mestyanek 1986) at 0.26% drift and 1.34%
drift ratio, corresponding to an applied lateral force of 120 and 241 kN (47% and 94% of the
calculated nominal flexural strength of the specimen). As marked in the figure, when the
specimen is at 0.26% drift, the diagonal cracks form at a 47º angle. At 1.34% drift, the diagonal
cracks have fanned out so that the steepest crack runs from the top corner to the opposing bottom
corner of the specimen at a 64º angle, thus allowing the specimen to resist the entire lateral load
through arch action.
The angle determination used for the default BTM (described in Section 5.3.6) ensures
that the angle of the concrete diagonals is such that the horizontal steel engaged can resist the
shear force demand. To illustrate the importance of the diagonal angle, three BTMs for Unit 2.0
are considered: (1) Unit 2.0 BTM with a diagonal angle of 64.4º, which is the angle computed
based on section 2.4 and used in section 3.1, (2) Unit 2.0 BTM with a diagonal angle of 56º, and
(3) Unit 2.0 BTM with a diagonal angle of 44.4º, which is close to the angle that would be
suggested by Moharrami et al. (2014) for this specimen. The computed force-drift ratio
responses for the three BTMs are shown in Figure 5.13. The BTM with a diagonal angle of 64.4º
resists the lateral force by arch action similar to what is shown for the experimental specimen at
1.34% drift in Figure 5.12(b); the BTM computes the maximum lateral force in excellent
agreement with the experimental response. The computed failure mode is crushing of the
compression strut at the base, shown in the strain contour at maximum drift in Figure 5.14(a).
The BTMs with 56º and 44.4º compute a maximum lateral force resistance that is dependent on
the amount of horizontal reinforcement a diagonal engages. In these two models, the horizontal
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strains exceed 1% and the lateral force is bounded by the ultimate stress of the horizontal steel;
the BTMs with 56º and 44.4º underestimate the maximum lateral force by 12% and 32%,
respectively. The strain contours at maximum drift ratio are shown in Figure 5.14(b) and (c) for
the BTMs with 56º and 44.4º, respectively, and both have large strains in the horizontal elements
while the BTM with 56º also computes crushing of a concrete diagonal in the last cycle. It is
worth noting that modeling aggregate interlock only affects the early part of the response (less
than 0.6% drift ratio) of the BTMs with 56º and 44.4º with no change in the failure mode as
shown in Figure 5.14(b) and (c).
As shown in the experimental damage patterns from specimen Unit 2.0 in Figure 5.12(c),
the failure specimen failure was a mixture of crushing of the diagonals, kinking of boundary
elements, and high horizontal strains along diagonal cracks. The failure involved diagonal cracks
ranging from 45º to 64º that were formed during the loading. Because the BTM has a fixed angle
determined by the diagonal compression strut, it is not possible to capture the cracks formed at
lower angles and thus, not possible to represent their effects and contributions on the diagonal
tension part of the failure mode.

Figure 5.12. Photos of specimen Unit 2.0 (from Mestyanek 1986) with annotations to show angle
of compression struts.
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Figure 5.13. Experimentally measured and numerically computed lateral force-displacement
response for specimen Unit 2.0 with diagonal angle equal to (a) 64.4º, (b) 56º, and (c) 44.4º.

Figure 5.14. Numerically computed strain contour and deformed shape (magnification factor = 5)
at -1.92% drift for specimen Unit 2.0 with diagonal angle equal to (a) 64.4º, (b) 56º, and (c)
44.4º.
5.9.5. Modeling of Large Boundary Elements
This section describes and compares two methods for modeling large boundary elements
and uses specimen B6 as an example. Each boundary element in specimen B6 is a 305 x 305 mm
square column with = 3.7%; the boundary element length is 16% of the total length of the wall
and three times the thickness of the web. Figure 5.15 shows two methods of representing the
boundary elements of specimen B6: (a) average properties in the horizontal and diagonal
elements adjacent to the boundary elements (termed BTM-avg), which is used for the results
shown in Table 5.2, and (b) rigid offsets accounting for the length of the boundary element
(termed BTM-offset). In both methods, the boundary element is modeled as a single vertical line.
A third method, which is to model the boundary element using more than one vertical line,
should be used to model long boundary elements (such as in specimen TW2 at the tip of the
web); this method is not discussed in this section but is used in specimens TW2 and NTW1.
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Figure 5.16(a) shows the response of specimen B6 modeled without accounting for the
width of the boundary elements in the diagonal and horizontal elements – all of the diagonal and
horizontal elements have the thickness and material properties of the web; this model is termed
BTM-web. Figure 5.16(b) and (c) shows the response of specimen B6 modeled with BTM-avg
and BTM-offset, respectively. All three models are nearly identical and are in good agreement
with the experimental response up to 1% drift.
BTM-web computes the softening and crushing of the concrete diagonal at the base of the
wall at 1% drift with less than 6% loss of lateral load capacity during that cycle; the diagonal
crushing propagates upward vertically during the cycle with 1.7% max drift ratio, resulting in
further degradation of the lateral strength of the model. BTM-avg computes the crushing of the
diagonal during the first cycle with 1.7% max drift ratio but immediately reverses without
significant strength degradation in the positive direction; at -1.4% drift ratio, BTM-avg fails due
to diagonal crushing which propagates vertically up the wall, adjacent to the boundary elements,
and this results in a loss of more than 50% of lateral load capacity. BTM-avg computes the
crushing of the diagonal at 1.6% drift ratio along with vertical propagation of the diagonal
crushing, resulting in more than in a loss of more than 50% of lateral load capacity during the
first cycle at 1.7% max drift ratio. Figure 5.17 shows the strain contour of the three BTMs at the
second cycle of 1.7% max drift ratio compared to the damage state of the experimental specimen
at the same point; all three models agree well with the experimentally observed failure mode.
BTM-avg and BTM-off predict the point of failure in good agreement with the experimental
results.

Figure 5.15. Elevation and cross-section views of two methods for modeling specimen B6: (a)
average properties and (b) rigid offsets.
106

Lateral load (kN)

(a) BTM-web

(b) BTM-avg

(c) BTM-off

1000

1000

1000

500

500

500

0

0

0

-500

-1000
-2

Experimental
Cyclic
Monotonic
-1

0
1
Drift ratio (%)

2

-500

-1000
-2

-500
first diagonal softening
first diagonal crushing
-1000
-1
0
1
2
-2
Drift ratio (%)

-1

0
1
Drift ratio (%)

2

Figure 5.16. Experimentally measured and numerically computed lateral force-displacement
response for specimen B6 modeled with (a) without considering the width of the boundary
elements, (b) with average properties for the width of the boundary elements, and (c) with rigid
offsets of the boundary elements.

Figure 5.17. Numerically computed strain contour and deformed shape (magnification factor = 5)
at the second cycle of 1.7% drift for specimen B6 modeled with (a) BTM-web, (b) BTM-avg,
and (c) BTM-off, compared to (d) the experimental failure mode at the end of the test.
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5.10.

Conclusions

In this chapter, the beam-truss model (BTM), first developed Chapter 4, is improved
upon in order to better compute the behavior of reinforced concrete (RC) wall and slab
specimens, including the effect of flexure-shear interaction, diagonal crushing failure, and
behavior of non-planar walls. Some changes include (1) the vertical elements, which are now
pinned in the in-plane direction for the elements not at the ends of a wall segment, (2) the
diagonal angle, which is determined based on the shear demand and geometry of the model, and
(3) horizontal concrete strength in tension, which is now ignored.
Six static cyclic uniaxially loaded planar and non-planar wall specimens and two static
cyclic biaxially loaded non-planar wall specimens are modeled for verification of the proposed
beam-truss modelling method. Conclusions for the different specimen types are:
1. The beam-truss modeling approach is shown to give good results for planar walls with
boundary elements at the ends. Three of planar wall specimen considered had failures with
crushing of concrete in the diagonal direction, of which one resulted in subsequent localizing of
horizontal tension strain over a diagonal band spanning the length of the wall (termed diagonal
tension failure); both types of computed failures had good agreement with the experimental
results in terms of failure type and drift ratio of failure. Planar specimens where each boundary
elements consists of more than 10% of the wall length, the thickness and horizontal
reinforcement of the boundary elements should be modeled.
2. Non-planar walls with I-, U-, and T-shaped sections are considered in this chapter. The Iand U-shaped section walls had failures with crushing of concrete in the diagonal direction in
great agreement with the experimental results while the T-shaped section walls had flexural
based failures that were not modeled in the BTM. Two non-planar specimens had biaxial
loading; the computed response in the two main directions were in great agreement with the
experimental and the diagonal and skew directions had decent to good agreement. In the
diagonal and skew directions, the BTM tends to underestimate the strength of the specimen.
The case studies were also used to investigate the effects of certain modeling choices
made for the proposed BTMs. Specific conclusions regarding the modeling choices are:
1. Elements with in-plane flexural rigidity can be used to effectively model the flexural
strength of the boundary elements at the ends of the wall segment. This can reduce the number of
vertical lines needed in a BTM. For specimens with low horizontal reinforcement ratio and prone
to localization of horizontal strains in a diagonal band (diagonal tension failure), Elements with
in-plane flexural rigidity should not be used for the vertical lines that are not at the ends of the
wall segment because the flexural rigidity will influence the computed failure mode.
2. The strength of the concrete in the horizontal direction only has an important effect for
specimen with low reinforcing ratio, specimen that are shear critical, or specimen that exhibit
distributed shear cracking. For specimens that reach their flexural yield strength, ignoring the
cracking strength of concrete in the horizontal direction leads to good agreement with both the
failure point and the peak strength of the specimen; however, doing so makes the model more
flexible in the elastic range compared to the experimental specimen.
3. The choice of diagonal angle is critical for the behavior of the BTM – a smaller angle
may result in a failure of the horizontal elements in tension while a larger angle may cause
earlier crushing of the concrete in the diagonal direction. Diagonal angle should be chosen based
on the maximum inclination of concrete compressive struts in the specimen considered. For
practical purposes, the diagonal angle can be chosen based on an estimate of the peak shear and
axial load applied and the geometry of the specimen.
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6.

Beam-truss Model Analysis of a 5-Story Coupled
Wall Building with Slabs and Coupling Beams
Subjected to Seismic Excitation

6.1.

Introduction

Reinforced concrete (RC) structural walls are one of the most common lateral earthquake
load resisting elements in RC buildings. However, for a building under seismic excitation, the
behavior of the RC wall cannot be isolated from the rest of the structure, which may consist of
slabs, beams, and columns. While previous chapters discussed the modeling difficulties of
isolated RC walls, the challenges of modeling flexure-shear interaction (FSI) associated with
multiaxial stress states and coupling of nonlinearities is more pronounced for walls coupled with
beams or slabs. This is especially true when dealing with non-planar walls under multi-axial
loading.
As identified in Chapter 4, the main modeling approaches for RC walls are: (1) fibersection beam-column element, models; (2) wide column models known also as equivalent frame
models; (3) two-dimensional (2D) truss models; (4) three-dimensional (3D) truss models; (5)
beam-truss models (BTM); and (6) finite element (FE) models, using either plane stress or solid
elements. Of these, the first two are often used to model RC wall buildings; for example,
Calugaru and Panagiotou (2014) modeled 20-story RC core wall buildings including slabs and
columns with modeling approach (1), and Fischinger et al (2014) and Coelho et al. (2006)
modeled the 5-story RC coupled wall specimen discussed in this chapter with modeling approach
(2). However, these two modeling methods do not inherently model FSI explicitly. While studies
have altered both modeling methods to explicitly model FSI (as described in the literature review
of Chapter 5), the author is not aware of any such model for a RC wall building including slabs,
beams, or columns under cyclic loading. The latter four modeling methods explicitly account for
FSI. Panagiotou el al. (2012) studies a planar coupled wall specimen using modeling approach
(3). The authors are not aware of any 3D truss model of a RC wall building.
Nonlinear cyclic or dynamic FE models using plane stress elements or shell elements that
use smeared crack and/or plasticity models have been developed and used to analyze the
behavior of RC walls that did not experience diagonal failure. A full literature review on this
topic will not be presented. Ile et al. (2002) and Kotronis et al. (2009) used FE models used to
model the shaking table tests of 5-story RC wall systems including slabs under dynamic loading
are. Ile et al. (2002) studied three 5-story wall specimens that consist of two parallel RC planar
walls without openings linked together by slabs at every floor; of the three specimens, the first
failed at the bar cut-offs on the second story and the latter two had a flexural-dominated
behavior. The study used smeared fixed-crack concrete with plane stress elements in a 2D
dynamic analysis – the numerical model had good agreement with all results including the failure
of the first specimen. Kotronis et al. (2009) studied a 5-story coupled T-section wall specimen
(identical in shape to that studied in Chapter 5) with flexural dominated behavior. The study used
smeared fixed-crack concrete with plane stress elements in a 3D dynamic analysis, and the
response calculated from the FE model underestimated the displacement response in both
horizontal directions.
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This chapter is a direct extension of Chapter 5: the same beam-truss modeling approach is
used for the RC coupled wall case study considered in this chapter. The objective of this chapter
is to extend the beam-truss modeling technique and demonstrate the capability of the BTM to
model RC structural systems including walls and slabs. The BTM for slabs is validated by
comparing the experimentally measured and computed response for a static cyclically loaded two
bay slab-column specimen. To test the efficacy of the BTM for RC structural systems under
seismic loading, a 5-story coupled T-walls-beam-slab specimen with triaxial base excitation is
studied. The global lateral force-lateral displacement and failure mode as well as strain contours
and deformed shapes, as computed by the beam-truss model, are compared with the
experimentally recorded response and damage state for the 5-story specimen. In addition, the
effects of mesh refinement, modeling of concrete tension strength in the horizontal direction, and
bar fracture are discussed.
6.2.

Beam-truss Model for Slabs

In this section, the extended beam-truss model for slabs is presented; the response
computed using the BTM is compared with the experimentally measured response of a columnslab specimen, shown in Figure 6.1. The BTM for slabs consists of beam elements without inplane flexural rigidity (pinned in plane) running in the two principal horizontal directions of the
slab with diagonal truss elements in each of the panels formed by the beams. The beams in the
longitudinal directions model the concrete and steel included in the section areas each element
represents while the diagonal trusses model the diagonal compresion field of concrete. The
lateral load resistance in and out of the plane is identical to that for a wall segment of a RC wall;
confined edge beams in the slab, such as that shown in Figure 6.1(a), are modeled similarily to
the boundary elements of the RC walls considered in the previous chapters. For the slab BTM,
the torsional rigidity of each beam is modeled as bilinear-perfectly-plastic with the gross elastic
torsional stiffness up to the torsional cracking strength as calculated based on the space truss
model for torsion (Park and Paulay 1975). Modeling torsional failure in the confined edge beam
through calibrating strength degradation in the torsion-twist relation for the beam elements is
beyond the scope of this section. Tension stiffening is modeled in both principal horizontal
directions. The effect of aggregate interlock is not modeled for RC slabs.
Specimen 2C (Robertson 1990) is a two bay slab-column specimen consisting of a 6m x
2m slab, 0.11m thick, supported on three columns along the long direction of the specimen, as
shown in Figure 6.1(a). The 0.25 m square columns are 1.5 m tall and the slabs are connected
mid-height of each column; the columns are pinned at the base and top and connected to a
loading assembly which applies the same displacement to the top of all three columns. The
columns were designed to remain nominally elastic during the entire test. The longitudinal steel
ratio at the top and the bottom of the slab was 1% in both directions; extra reinforcement was
used in the x-direction for the strip of the slab surrounding the columns, as well as in the ydirection for the strip of the slab surrounding the center column. At the ends of the slab in the ydirection, confined edge beams are used to enhance torsional resistance, as shown in Figure
6.1(a). A gravity load of 80 kN is applied uniformly by suspending weights from the slab and the
specimen is loaded cyclically in the x-direction. Figure 6.2 shows the experimental applied
lateral load and drift (defined as the displacement at the top of the column divided by the height
of the column). The experimental test included a cycle at 5% drift ratio which was not included
in Figure 6.2 because this cycle is dominated by a torsional failure of the confined edge beams,
which was not modeled.
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Figure 6.1(b) shows the BTM constructed for specimen 2C; a 0.25 m x 0.25 m square
mesh is used for the model. Each column is modeled using an elastic beam element with the
correct height and 50% of the column gross elastic bending stiffness. The width of the column is
modeled using rigid offsets to which the slab BTM is connected to. Figure 6.2(a) shows the
numerially computed lateral force-drift ratio response for the slab BTM in which no bond
slip/strain penetration is modeled. The computed strength has excellent agreement with the
experiemental results but the computed hysteretic behavior shows more energy dissipation and
less pinching than the experimental results. Figure 6.2(b) shows the computed results when the
effects of strain penetration is modeled at the column interfaces of the BTM. The strain
penetration is modeled using a zerolength element with the same section properties as the
adjacent beam except the steel in the section is replaced with a bond slip material to model the
strain penetration in the columns. The bond slip material has a stress-deformation envelope
equivalent to that of the steel material with a length of 13 cm (chosen to based on a strain profile
linearly decreasing to zero strain over the width of the column); the hysteretic behavior of bond
slip material includes pinching (pinching parameters 0.4 and 0.2 in the Hysteretic material of
Opensees, as shown in Figure 6.3). In comparison to the BTM with perfect bond, the maximum
lateral load resistance computed by the BTM with strain penetration for the column interfaces
differs less than 2%; however, the BTM with strain penetration computes more pinching in the
hysteretic response and better agrees with the experimental results in terms of hysteretic energy
dissipation.

Figure 6.1. (a) Three-dimensional view and dimensions of the column-slab specimen 2C
(Robertson 1990) and (b) the corresponding BTM for the specimen.
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Figure 6.2. Experimentally measured and numerically computed lateral force-displacement
response for column-slab specimen 2C with (a) perfect bond and (b) strain penetration modeled
at the column-slab interface.
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6.3.

Diagonal Angle Determination for Coupled Walls

This section will discuss the determination of load path and diagonal angle for the case of
coupled walls as that shown in Figure 6.4(a). For this case, the effect of the coupling beam on
each wall is quantified – for the cases where the coupling mechanism is “weak”, the diagonal
angle of each wall can be determined individually. Figure 6.4 (b) shows the forces from the
coupling beam on the walls – the term “compression wall” refers to the wall that experiences
compression forces due to coupling and “tension wall” refers to the wall that experiences tension
forces due to coupling. For coupling beam without diagonal reinforcement, the nominal moments
in each direction MA and MB and associated shear Vcpl can be readily determined. For coupling
beams with diagonal reinforcement, Figure 6.4(c) shows a schematic of the forces at the ends
including the effect of horizontal reinforcement. In this figure, the diagonal steel reinforcement is
assumed to be at yield stress while the horizontal reinforcement varies from zero to yield stress
over the length of the coupling beam. Taking moments around the compression zone on each
face, the moment capacity of the coupling beam on each face is given by:
(Eq. 6.1)
,
, cos
,
,
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(Eq. 6.2)

where
is the area of steel in the diagonal direction, , is the yield stress of the diagonal
steel,
, and
, is the area of horizontal steel in the top and bottom of the coupling beam,
respectively, , is the yield stress of the horizontal steel, and
is the moment arm for the
tension forces in each face. Note that
, includes the area of steel in the effective flange width
if a slab attached to the top of the coupling beam. The shear strength corresponding to this stress
state of the beam is:
2
(Eq. 6.3)
, cos
,
,
,
where Lcp is the length of the coupling beam. Note that Eqs. 6.1 – 6.3 assume that the coupling
beam is not under any axial load; however, coupling beams can have net axial compression
which will result in larger shear strength (see section 6.6.1). The contribution of concrete in shear
at the compression zone Vc,cb and Vc,ct can be defined to get equilibrium on the faces of the
coupling beam. The total shear resisted at the compression zone at bottom corner of the coupling
beam is ,
sin . Figure 6.4(c) and Eq. 6.3 are based on a similar diagram from
Paulay and Priestley (1992). Figure 6.4(d) shows the base shear that results for , of the
bottommost coupling beam transferred directly to the compression zone of the wall, ,
, cot . The following describes two extreme cases of behavior for the coupled walls:
(1) If , is greater than or equal to the base shear required to develop the nominal
moment of the single wall, the coupling beams cause the coupled walls to behave as one
uniformly perforated wall and the load path should be modeled as such. The strut running from
the bottommost coupling beam to the base should be used to determine the diagonal angle.
(2) If , is smaller than that required for case (1), the coupled walls are suggested to be
treated as individual walls uniform over their height when determining the diagonal angle (as
discussed in section 5.6 of Chapter 5). The effect of the coupling forces MAB, MCD, and Vcp
should be taken into account when calculating Mn for the first guess of diagonal angle and the
angle can be refined with an iteration. The diagonal angle corresponding to absolute maximum
resisted lateral force should be used.
For coupled and perforated walls, appropriate engineering judgment should be used to
determine dominant load path and it is suggested to test the diagonal angles corresponding to
both of the cases above. In this chapter, only the first case will be used for a BTM – specimen
SLO in the following sections.
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Figure 6.4. Schematics for coupling forces in a generic coupled wall.
6.4.

Overview of 5-story Specimen SLO

This section presents a case study of a 5-story reinforced concrete building slice,
specimen SLO, tested at LNEC, Lisbon, Portugal, within the Project ECOLEADER-LIS (Kante
2005, Coelho et al. 2006). Figure 6.5(a) shows the elevation view of the specimen: the specimen
consists of two coupled T-shaped walls, joined by a coupling beam to form an H-shaped section
at each of the five floors. The height of each floor is 0.9 m. The two wall segments parallel to the
x-direction (termed the flanges) are 1.6 m long and 0.06 m thick; the coupled wall segment
parallel to the y-direction (termed the web) is 1.44 m long and 0.06 m wide with an opening 0.27
m tall and 0.67 m wide in the center of the wall segment. Each floor has a 1.6 x 1.56 m slab that
is 0.08 m thick. Figure 6.5(c) and (d) show the details of the coupling beams and the wall
section, respectively. The average longitudinal reinforcement ratio for the coupled walls is
0.42%; away from the ends of the wall segments, the walls have a longitudinal and reinforcing
ratio of 0.24% in all wall segments. The slab has a confined edge beam on each of the free edges
and the reader is referred to Kante (2005) for reinforcing details for the slab. The walls had a
concrete compressive strength of 38.8 MPa on average (measured with standard prescribed
cube). The 3mm diameter reinforcing steel used in the wall was a steel wire with low ductility
(yield strength fy = 786 MPa, ultimate strength fu = 826 MPa, and failure strain εu = 1.5%) while
the 6 mm reinforcing steel had fy = 483 MPa, fu = 631 MPa, and εu = 8.8%. The weight of the
specimen is 58.1 kN per floor, of which 48 kN is applied through metallic masses placed on the
slabs of each floor, shown in Figure 6.5(c); the slab on each side of the wall carried a mass block
with dimensions of 0.84m x 0.84m with a total thickness of 0.6m (0.3m above and below the
slab). The specimen has an axial load ratio of 3.1%.
The specimen was subjected to tri-axial base excitation. A total of six ground motions
(T1 through T6) were applied in increasing intensity. After ground motion T4, Kante (2005)
reported only minor cracking in the flange and no damage in the web; up to that point, the wall
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has attained a maximum drift ratio of 0.24% and 0.08% in the x- and y-directions, respectively.
Ground motion T5 had peak ground acceleration (PGA) equal to 0.42 and 0.73 g and resulted in
a maximum roof drift ratio of 0.32% and 0.29% in the x- and y-directions, respectively. During
ground motion T5, shear cracks opened up in the web near the opening, and further cracking in
the flanges was observed. Ground motion 6 had PGA of 0.52 and 1.02 g and resulted in a
maximum roof drift ratio of 0.6% and 0.77% in the x- and y-directions, respectively; the base
shear and roof drift ratio response time history for this motion is shown in Figure 6.6. In ground
motion T6, the web sustained a diagonal shear failure, which resulted in the web punching
through part of the flange at the corner of the web and fracture of at least 2 horizontal reinforcing
bars in the web; see Figure 6.7. Also, one of the edges of the flange had crushing of concrete in
the vertical direction. No damage was observed in the coupling beams, shown in Figure 6.7(b).

Figure 6.5. Description of 5-story coupled wall specimen SLO and beam-truss model.
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Figure 6.6. Recorded acceleration time history of the shaking table in the three directions during
ground motion T6.

Figure 6.7. Damage pattern of the bottom floor (a) web and (b) coupling beam (viewed from the
negative x-direction) and (c) flange in the negative y-direction after ground motion T6 (from
Coelho et al. 2006).
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6.5.

Determination of Beam-truss Model for Specimen SLO

The BTM of the coupled wall specimen SLO consists of 11 vertical lines in each of the
flanges and 5 vertical lines in each side of the web, shown in Figure 6.5(b) and (c), resulting in a
total of 30 vertical lines at the base. Each vertical line in the flanges, including the line at the
intersection of the flange and web, represents a cross-sectional area of 17.8 cm x 6 cm and the
corresponding steel area. The two vertical lines of the web imediately adjacent to the coupling
beam represents a cross-sectional area of 9 cm x 6 cm and the corresponding steel as described in
Details 4 and 5, while the remaining cross-sectional area is represented equally among the six
vertical lines representing the web (the intersection line is excluded). The coupling beam is
modelled with a pair of crossing diagonals representing the diagonal reinforcement in the beam
and diagonal concrete compressive struts with an area of 16.7 cm x 6 cm, calculated based on
Figure 5.2(g) from Chapter 5 for the representative panel. Note that a model with a finer mesh in
the bottom story is discussed in the following sections and the mesh size is found to have
minimal impact on the global response and the peak strains of the coupling beam. The vertical
reinforcement of the coupling beam is modeled in the two vertical elements at the end of the
coupling beam as well as the one in the middle. The slab at each level is modeled using the
extended beam-truss model for slabs described in section 6.2. Confined edge beams along the
free edge of the slab are modeled with two lines parallel to the y-direction, shown in blue in
Figure 6.5(b). Because the metalic masses placed on the slab are stiff and cover a large portion of
the slab, the portion of the slab covered by the masses are modeled as linear elastic with the
appropriate stiffness and mass, as shown in Figure 6.5(b). The elements in the intesection
between the wall and the slab, shown in green color in Figure 6.5(b), have flexural rigidity in
both directions; note that, because the element sections are not large, removing the flexural
rigidity does not effect the global results.
The experimental results reported a concrete compression strength of 38.8 MPa measured
with standard prescribed cube, so the compressive strength for a standard cylinder is assumed
to be 34.8 MPa. The reinforcing steel is modeled described in Chapter 5; the effects of rupture
for the low ductility 3mm diameter reinforcing steel wire is only modeled in section 6.8 and the
effects on the response and computed failure mode are presented in that section.
To calculate the angle of the diagonals, the nominal moment Mn is calculated for one Tsection wall in each direction (assuming half of the gravity load is resisted by each wall): Mn,fl =
400 kN-m for bending around the y-axis, and Mn,w+ = 251 and Mn,w- = 75 kN-m for bending
around the x-axis with the flange in tension and flange in compression, respectively. The shear
force associated with Mn due to first mode of response for all directions of bending is used; the
first mode effective height heff,1 = 3.6 m (80% of the total height). For bending around the y-axis,
the specimen is considered uniform over the height and a diagonal angle of 37º for the flanges is
computed based 1.2Mn, fl; a diagonal angle of 45º is the suggested minimum and, in the specimen
presented, a diagonal angle of 50.8º is used in the flange to maintain a near-square mesh for the
slab. The response from a model with a diagonal angle of 45º in the flange was found to result in
very similar to that from a model with a diagonal angle of 50.8º. Note that, for loading in the ydirection where the coupled wall is engaged, the coupling beam transfers a compressive force to
the wall with the flange in compression and tensile force to the wall with flange in tension, as
shown in Figure 6.8(a).
The shear force transferred by one diagonally reinforced coupling beam is estimated
(using Eq. 6.3) to be Vcpl = 52 kN without accounting for the slab. While the effective flange
cannot be determined accurately, an effective flange width of 1.34 m (8 times the thickness of
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the slab on each side of the beam) is used as an upper bound estimate, resulting in Vcpl = 219 kN.
This results in base shear due to the bottommost coupling beam of Vb,cpl = 38 kN and 146 kN for
the case without and with the slab contribution, respectively. Vb,cpl ≥ (Mn,y-)·(heff,1) for the wall
compression wall regardless of slab contribution, so the wall assumed to be strongly coupled.
Thus, the struts are controlled by location of the compression region of the bottommost coupling
beam and Figure 6.8(b) and (c) show the strut-and-tie diagram and BTM for the web accounting
for that load path. The diagonal angle is 49.5º, which allows for a direct strut between the
compression zone of the coupling beam to the compression zone of the wall. As a first guess, the
tension wall is assumed to resist less shear force than the compression wall, resulting in the BTM
shown in Figure 6.5(b). The peak shear force resisted in the tension wall of the BTM is checked
in section 5.4: the tension wall resists a peak shear force of 76 kN, which results in a minimum
diagonal angle of 47.5º (based on Eq. 5.1 of Chapter 5). Thus, it is confirmed that tension wall
does not control the angle of the diagonals for this specimen.

Figure 6.8. (a) Coupling beam forces on the walls and resulting reaction at the base for roof drift
in the negative y direction, (b) strut-and-tie model for coupled wall of specimen SLO showing
the predicted load path for lateral load in the y-direction, and (c) resulting beam-truss model for
the coupled wall accounting for geometric constraints.
6.6.

Beam-truss Model Results

The experimental specimen was tested using a sequence of six triaxial ground motions
with increasing intensity of which, the first five ground motions only resulted in nominally
elastic behavior of the specimen (0.32% and 0.29% peak drift ratio in the x- and y-directions,
respectively). For the analysis presented here, the effects of the first five ground motions T1-T5
were approximately considered by subjecting the BTM to a static cyclic displacement history,
shown in Figure 6.9, with peak drift equal to that observed during ground motion T5 in the
experimental specimen: 0.29% roof drift ratio parallel to the web and 0.32% roof drift ratio
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parallel to the flange. For these cycles, each direction is loaded independently, and load is
applied in an inverse triangle distribution to each of the floors’ slabs while the roof drift ratio is
maintained using displacement-controlled analysis. Following these static cycles, the model was
subjected to the triaxial base excitation T6, shown in Figure 6.6.
Table 6.1 lists the experimentally measured and numerically computed structural periods
for 5-story specimen in each of the two principal directions. The BTM computed the initial
structural periods to be much stiffer than observed experimentally, however, the computed
values have good agreement with that computed using the multiple-vertical-line-element macro
model in Coelho et al. 2006. As mentioned in Coelho et al. 2006, the discrepancy was possibly
due to initial cracking in the specimen from being hit by the crane during construction. After the
static loading cycles, the BTM computed the structural period to be 26% greater in the flange
direction and 66% bigger in the web direction. Finally, the period of the BTM after ground
motion T6 is computed after the structure reaches static equilibrium – the large period in the web
direction reflects the damaged state of the BTM.
Figure 6.10 shows the experimentally recorded and numerically computed base shear
force and roof drift ratio response histories for ground motion T6; Figure 6.11 shows the
corresponding hysteretic loops for each direction. The numerically computed base shear force
agrees well with that experimentally recorded. The BTM results overestimated peak
displacement in the flange direction while the agreement for the web direction is excellent. The
overestimation of displacement in the flange direction is especially pronounced after from t = 3-4
sec and after 6 sec and may have been due to a flexible or underdamped torsional mode or
underestimation of lateral strength under skew loading (shown for specimens NTW1 and TUB in
Chapter 5).
First softening of a concrete diagonals in compression occurs in the bottom corner of the
web at t = 3.26 sec and is quickly followed by crushing of the same diagonal and localization of
horizontal tension strains along a diagonal band (diagonal tension failure) in Wall B; Figure 6.11
shows a drop of base shear force when the softening and crushing of the diagonal occur. The
strain contour at t = 3.3 s, which is the point of peak drift ratio during the cycle where diagonal
crushing is computed, is shown in Figure 6.12 along with the diagonal tension failure. The
computed failure mode agrees well with the experimentally observed failure shown in Figure
6.7(a). While the BTM does not model punching failure of walls explicitly, the displaced shape
shows significant bulging near the crushed diagonal which reflects the experimentally observed
punching failure in the flange shown in Figure 6.7(c). The BTM computes a nominally elastic
response of the coupling beams, in good agreement with the observed lack of damage in the
coupling beams.
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Figure 6.9. Statically imposed displacement history (normalized to peak displacement) used to
simulate damage from small ground motion cycles.
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Table 6.1. Experimentally recorded and numerically computed translational periods for 5-story
specimen SLO.
Wall
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BTM
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1st mode
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Figure 6.10. Experimentally measured and numerically computed base shear and roof drift
response time histories during ground motion T6.
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Figure 6.11. Experimentally measured and numerically computed base shear vs roof drift
response hysteretic shapes during ground motion T6.

Figure 6.12. Numerically computed strain contour at t = 3.3 s (a) global view and (b) zoom at the
web of the bottom story (magnification factor = 10).
6.6.1. Effect of Coupling
This section discusses the influence of coupling on the specimen for loading in the
direction parallel to the web. As described in Section 6.5, the coupling was strong. To quantify
the coupling forces between the walls, the axial and shear forces recorded along the height of the
wall at the interface of the coupling beam with Wall A are discussed; the shear and axial forces
resisted by the coupling beam and slab is termed coupling shear and axial force, respectively.
Figure 6.13(a) shows the coupling shear force at the first story and over the building height,
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respectively. The slab contributes up to 18% of the peak coupling shear force of at first story,
and 30% of the peak coupling shear force over the entire height. The peak coupling shear force
of the first story is 36% of that over the entire height and is equivalent to that calculated by Eq.
6.3 for an effective flange width of 0.88 m. Figure 6.13(b) shows that the peak net coupling axial
forces at the first story and over the building height are 0.35 and 0.73 times the total building
weight W, respectively. The axial force is due to the compression strut running from the
bottommost coupling beam to the base of the compression wall [see Figure 6.8(b)] providing a
nearly unobstructed compression strut through both walls. The horizontal elements of the
bottommost coupling beam were in tensile strain over the entire analysis, while shear
deformations in the coupling beam caused compression of the diagonal concrete struts. The
effect of large net axial force on the coupling beam and slab is not accounted for in Eq. 6.3. It is
additionally noted that, for the case where the mass block is not modeled with stiff elements, the
coupling beam forces and axial load variation is nearly identical to that observed in the default
BTM used.
Figure 6.14 shows the base shear force resisted by the two T-section walls separately,
where Wall A and Wall B are the T-shaped section walls in the negative and positive y-direction,
respectively, as shown in Figure 6.5(a). Wall A resists 88% of the peak shear force in the
negative y-direction and Wall B resists 80% of the peak shear force in the positive y direction.
The shear force-drift ratio hysteresis shown in Figure 6.14 (b) shows an asymmetric shape in
which Walls A and B resists significant shear only for negative and positive drift ratios,
respectively. It is noted that the direction in which each wall resists the most shear is the
direction where the flange is in compression and when the axial compression they resist
increases due to coupling. The reason for the imbalance of shear force distribution between the
walls is due to the axial load variation in the walls, as shown in Figure 6.15; the axial load
variation is defined as the difference between the instantaneous axial load and the axial load
resisted at the undeformed state (W/2 for each wall and W for the entire structure). While the
maximum axial load variation for the specimen as a whole is 0.67W, each wall had an axial load
variation up to 1.65W. Prior to diagonal softening at t = 3.26 s, Wall A has a net tension force of
1.0W while Wall B has a net compression force of 2.1W.
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Figure 6.13. Response history of (a) shear force and (b) axial force resisted by the coupling
beams and slabs at the interface with Wall A, as defined in Figure 6.5(a).
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Figure 6.15. (a) Response history of axial load variation and (b) axial load variation plotted
versus roof drift ratio for the two T-shaped section walls, as defined in Figure 6.5(a).
6.6.2. Effect of Horizontal Concrete in Tension
As discussed in section 5.7 of Chapter 5, modeling of the tension resistance of concrete in
the horizontal direction and aggregate interlock affect the computed displacement level at onset
of diagonal tension failure. A BTM with cracking and aggregate interlock (termed BTM-HT) as
defined by Moharrami (2014) is used and compared to the response of the default BTM.
Table 6.1 lists the experimentally recorded and numerically computed structural periods
for the default BTM and BTM-HT in each of the horizontal directions. As expected, the initial
stiffness for the BTM-HT is greater than that of the default BTM. After the static loading cycles,
BTM-HT results in a larger period in the direction parallel to the flange and a smaller period in
the direction parallel to the web. Figure 6.16 shows the base shear force and roof drift response
time histories for each of the horizontal directions. BTM-HT overestimated the peak roof
displacement by 28% and 4% in the flange and web direction, respectively. However, the peak
roof drift of the cycle at t = 4 s is underestimated by 26%, possibly because failure was not
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computed the cycle before. The maximum shear is overestimated by 37% in the direction parallel
to the web but shows good agreement parallel to the flange. BTM-HT computes the first
softening of concrete diagonals at t = 3.29 s. However, BTM-HT does not compute the crushing
of diagonal elements – the maximum compressive strain in the diagonals is 0.23% while the
maximum tension strain in the horizontals is 0.5%.
Compared the default BTM, the BTM-HT shows less agreement with the experimental
results; the aggregate interlock effects restrain the development of large horizontal strains in
BTM-HT, which may not be accurate depending on the size of aggregates and width of the shear
cracks formed in specimen. However, it is to be noted that BTM-HT results in more accurate
results for small displacements: when subjected to ground motion T5 (not shown), the BTM-HT
underestimates the peak roof drift parallel to the web by 26% while the regular BTM
overestimates the peak roof drift parallel to the web by more than 200%. In the direction parallel
to the flange, the two models BTM and BTM-HT had very little difference because the flanges
behave in a flexural manner, which is consistent with the effect of horizontal concrete in tension
found in Chapter 5. The discrepancy is because the effects of aggregate interlock and concrete in
the horizontal direction are important for small levels of lateral deformations before concrete
tension resistance mechanisms soften significantly. At the larger roof drifts induced by ground
motion T6, the presence of distributed shear cracking and the formation of a dominant crack
result in the reduction of aggregate interlock forces and contribution of concrete in the horizontal
direction.
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Figure 6.16. Experimentally measured and numerically computed base shear and roof drift
response time histories of BTM-HT during ground motion T6.
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6.7.

Beam-truss Model with Mesh Refinement

In this section, the bottom story of the BTM is refined to have two times finer mesh, the
resultant model is termed BTM-fineMesh. Figure 6.17 shows the refined mesh for the bottom
story: the original mesh layout is shown in black while the additional elements are shown in
orange, and additional nodes are added at the element intersections. The BTM-fineMesh has 21
vertical lines in each of the flanges and 9 vertical lines in each side of the web with a total of 58
vertical lines at the base. The elements in the intersection between the flange and the web
represent a cross-sectional area of of 6 cm x 6 cm and the corresponding steel as described in
Detail 1 of Figure 6.5. In the flange direction, the ends of the flanges represents a cross-sectional
area of 13 cm x 6 cm and the corresponding steel as described in Details 2 and 3 of Figure 6.5;
other vertical lines in the flanges represent a cross-sectional area of 7.11 cm x 6 cm and the
corresponding steel area. In the web direction, the two vertical lines imediately adjacent to the
coupling beam represents a cross-sectional area of 6 cm x 6 cm and the corresponding steel as
described in Details 4 and 5 of Figure 6.5, while the remaining cross-sectional area is represented
equally among the vertical lines representing the web. The mesh of the coupling beam is also
refined, with four pairs of crossing diagonal elements representing the coupling beam; diagonal
concrete compressive struts have an area of 8.4 cm x 6 cm and diagonal steel reinforcement is
represented in the elements along the main (corner-to-corner) diagonals. Material properties for
the BTM-fineMesh are the same as that in the BTM except for the changes due to mesh
objectivity as described in section 5.4 and 5.5 of Chapter 5.
Figure 6.18 shows the base shear and roof drift ratio time history experimentally recorded
and numerically computed using BTM-fineMesh during ground motion T6. The maximum roof
drift ratio calculated by the BTM-fineMesh is less than 1% different than that calculated with the
BTM for both horizontal directions. However, BTM-fineMesh computes first diagonal softening
at t = 1.7 s in the diagonal element at the bottom corner of Wall A; BTM-fineMesh computes
first diagonal softening much earlier than BTM. However, both BTM and BTM-fineMesh
compute first diagonal softening and the horizontal elements exceeding 1.5% strain in tension at
t = 3.3 s; the same diagonal tension failure is developed in Wall B at that instant, as shown in
Figure 6.19 for BTM-fineMesh. The diagonal crushing of concrete occurs in the wall adjacent to
the coupling beam, below the bottom corner of the coupling beam where compression is
trasnfered to the wall; this computed failure is consistent with the damage shown in Figure 6.7(b)
in the wall near the coupling beam. As in the BTM, BTM-fineMesh computes a nominally
elastic response of the coupling beams, which is in good agreement with the observed lack of
damage in the coupling beams.
The similarities between the computed response of the BTM and BTM-fineMesh
demonstrates the relative insensitivity of the beam-truss modeling technique to chosen mesh size
thought it is noted that, for both models considered, the diagonal angle is the same; the
similarities for the computed failure mode and instance of failure is expected due to the imposed
mesh objectivity. The refined mesh size of BTM-fineMesh allows the model to compute more
localized strains and failures, as shown in Figure 6.19, and will be used in the next section for
modelling fracture in the 3mm diameter steel mesh in the horizontal direction.
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Figure 6.17. BTM with mesh refinement in the bottom story; the additional elements added in
the refinement are shown in orange over the original BTM mesh (shown in black).
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ground motion T6 using BTM with mesh refinement.
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Figure 6.19. Numerically computed strain contour at t = 3.3 s (a) global view and (b) zoom at the
web of the bottom story.
6.8.

Refined Beam-truss Model with Bar Fracture

In previous sections, the BTM and BTM-fineMesh computed a diagonal tension failure in
Wall B of the specimen during the ground motion T6. However, despite the large strains (greater
than 1.5%, the reported failure strain for the 3mm diameter steel used for the horizontal
reinforcement) calculated, the steel material used in those models do not include the effects of
fracture and do not account for the loss of strength in the horizontal elements due to fracture.
Thus, in this section, the parallel GMP steel material model is altered by the authors to model
fracture of the 3mm diameter steel reinforcement in the horizontal direction – the model is
termed BTM-fineFrac.
The effect of steel fracture is implemented in the following manner: after reaching the
ultimate strain εu in tension, the strength of the steel material degrades with tangent modulus
equal (in absolute values) to the initial stiffness, as shown in Figure 6.20, and reach zero stress at
the strain of εr. The degrading stiffness is defined to be the same as the initial stiffness to prevent
numerical problems due to a sudden loss of strength in the bars. As indicated in Figure 6.20,
unloading and reloading after exceeding the ultimate strain εu will result in a lowering of the
strength in both compression and tension. Thus when a tensile strain of εr is exceeded, the
fractured steel material will not have strength or stiffness in either direction.
Figure 6.21 shows the computed base shear and roof drift ratio response time history
computed using BTM- fineFrac and the GMP material model with fracture. Up to t = 3.3 s – the
instance of horizontal bar fracture – the computed response is identical to that of BTM-fineMesh.
Figure 6.22 shows the strain contour and deformed shapes of BTM-fineFrac at t = 3.27 s and
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3.31 s, before and after fracture occurs. At t = 3.27 s, the part of Wall B near the coupling beam
shows both the tension strains forming in the horizontals and the near-crushing state of the
diagonal element below the coupling beam, see Figure 6.22(b). At t = 3.31 s, the diagonal
element below the coupling beam has crushed and the diagonal tension failure forms, see Figure
6.22(c). It is noted that the horizontal elements in which the diagonal tension failure forms is not
the same elements that had greater than 0.8% tensile strain at t = 3.27 s; this is because the
diagonal crushing and subsequent loss of strength in the diagonal element forces the model to
use an alternate load transfer path which causes the diagonal tension failure shown in Figure
6.22(c).
By t = 3.31 s, all of the horizontal bars along the main diagonal have fractured and Wall
B lost more than 55% of lateral load capacity. In comparison to BTM-fineMesh which did not
model the fracture, BTM-fineFrac computes 50% less base shear in Wall B and 68% more base
shear in Wall A during the cycles after t = 3.31 s. The peak horizontal strain calculated for BTMfineFrac is 8.4%, compared to the 1.9% computed by BTM-fineMesh. While both of the models
did not compute the diagonal failure in Wall A as shown in the experimental response in Figure
6.7, BTM-fineFrac computes up to 0.9% strain in the horizontal direction in Wall A when the
roof drift is in the positive y direction (the direction that causes net tension forces for Wall A).

Figure 6.20. Uniaxial stress-strain laws for the steel material model including the effect of
rupture.
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Figure 6.21. Experimentally measured and numerically computed response time histories during
ground motion T6 using BTM with mesh refinement and bar fracture.
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Figure 6.22. (a) Global view and (b) zoom at the web of the bottom story of the computed strain
contour immediately before diagonal crushing and bar fracture at t = 3.29 s, and (c) zoom at the
web of the bottom story after diagonal crushing and bar fracture at t = 3.31 s (magnification
factor = 10).
6.9.

Conclusions

In this chapter, the beam-truss model (BTM) developed in Chapter4 and improved in
Chapter 5 is used to study a 5-story coupled wall building with slabs and coupling beams subject
to triaxial ground motion excitation.
In order to do this, the BTM is extended to model slabs and is verified by comparing the
experimentally measured and numerically computed response of a static cyclically loaded two
bay slab-column specimen. The BTM of the slab-column specimen had very good agreement
with experimental results in terms of peak lateral load resistance of each displacement cycle.
Modeling bond slip for the specimen is shown to have negiligible effect on the peak lateral load
resistance, but is required to have excellent agreement in terms of pinching and hysteretic energy
dissipation.
Determination of diagonal angle for a coupled or perferated RC wall is more complicated
than that for a wall uniform over the height. For RC walls that are strongly coupled, the angle of
the diagonals is governed by the compression strut that forms between the coupling beam and the
base of the wall. Using the proposed scheme for determining the angle of the diagoanls, the BTM
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of dynamically loaded 5-story coupled wall building had good overall agreement with the
experimental response. The specimen computed diagonal tension failure in the wall receiving
compression forces from the coupling beam at the instance of failure. The failure mode is in
good agreement with the observed response. Refinement of the BTM mesh is found to have
negligible effect on the computed response and onset of failure, insensitivity of the beam-truss
modeling technique to chosen mesh size. The refined BTM mesh is used to model local fracture
of the horizontal bars (which are non-ductile) during the diagonal tension failure successfully,
resulting in a very localized failure in good agreement with the experimentally observed failure
mode.
The BTM of the 5-story building is used to study the effects of strong coupling for lightly
reinforced RC coupled walls. The following conclusions are reached:
1. Both axial load and contribution of slab reinforcement significantly increase the strength
of the coupling beams (which are lightly reinforced in the diagonal direction). Axial load on the
coupling beam is especially important for the bottommost coupling beam where a diagonal
compression strut may run through the coupling beam and directly to the base of the wall.
Failure to account for such effects can result in RC walls that are insufficiently designed for
shear.
2. Because of the strong coupling in the 5-story specimen considered in this chapter, the
wall which receives compression forces from the coupling beam at some instance of time may
resist up to 88% of the total lateral load. Additionally, the wall which receives tension forces
from the coupling beam can have a net tension force equal to the weight of the structure, thus
preventing it from contributing significantly to the lateral load resistance.
In conclusion, showing this chapter presents a in depth study of a 5-story RC building
including walls, slabs, and coupling beams which experiences shear failure; thus serves to show
that the BTM can be used successfully for dynamic seismic loading and for studying the
behavior of RC buildings.
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7.

Beam-truss Model Analysis of Conventional and
Earthquake Damage Resistant 20-story Buildings
at Near-fault Regions

7.1.

Introduction

Construction of buildings taller than 50 m in height, referred herein as "tall" buildings, is
increasing in earthquake-prone regions worldwide. Reinforced concrete (RC) non-planar
structural walls (referred to herein as “walls”) are commonly used for earthquake resistance in
these buildings. Considerable damage of tall buildings in previous earthquakes has been
reported, including the 1985 M8.0 Mexico earthquake, 1999 M7.6 Chi-Chi earthquake, 2010
M8.8 Chile earthquake, and 2011 M6.3 Christchurch, New Zealand, earthquake [see Calugaru
and Panagiotou (2014) for literature review]. Following the 2011 M6.3 Christchurch, New
Zealand, earthquake out of the 50 tallest buildings taller than 35 m, 36 have been demolished or
slated for demolition, 4 damaged with their fate still undecided at this time (List of tallest
buildings in Christchurch).
Conventional fixed-based tall RC core wall buildings in seismic regions are designed to
develop ductile plastic hinging in the walls. Calugaru (2013) and Calugaru and Panagiotou
(2014) showed that a conventionally designed 20-story RC core-wall buildings (similar to that
studied in this chapter), located near major faults, develop significant inelastic deformation
(corresponding to roof drift ratio of 2.2% to 2.5%) and large shear forces at the maximum
considered earthquake (MCE) level. The large levels of shear stress under concurrent large
inelastic deformations increases the damage potential of RC walls, especially crushing of
concrete in the diagonal direction which could not be modeled with the nonlinear beam elements
used in that study.
The study of Calugaru and Panagiotou (2014) also showed that base isolation for a 20story building eliminates structural damage and reduces significantly shear forces. However, to
eliminate structural damage, the amount of longitudinal reinforcement of the core-wall had to be
twice that of the conventional building. To further increase displacement capacity, reduce forces
in the super-structure, and control demands in the isolation devices, Calugaru (2013) developed a
structural system – termed dual-isolation here – with two seismic isolation planes (dualisolation): (a) isolation bearings and viscous dampers at the base of the building below ground;
and (b) a rocking plane at the ground level where a post-tensioned RC core-wall is designed to
uplift.
This chapter studies two 20-story buildings (conventionally designed fixed-based and
dual-isolation buildings) subjected to a historical near-fault ground motion record from the 1999
M7.6 Chi-Chi Taiwan earthquake. Three-dimensional (3D) nonlinear response history analysis
(RHA) using biaxial horizontal excitation is used. The buildings are modeled using a recently
developed scheme from the authors that explicitly accounts for flexure-shear interaction in RC
walls and slabs. The response and earthquake damage of the two buildings is discussed.
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7.2.

Description of the Two Buildings

Figure 7.1 shows the main layout features of the two RC buildings: the fixed-based (FB)
and dual-isolation (DI). A 9.1 m long core wall coupled through the floor slabs with columns in
the perimeter comprises the structural system above ground in both buildings. Below ground a
grid of RC walls is used to distribute forces to the foundation of the FB building and to the base
isolation plane of the DI building. The weight of the superstructure (above ground) is W = 167
MN for both buildings. The weight of the floors below ground of the DI building is 40 MN.
Concrete with expected unconfined compressive strength fc’ = 48 MPa and steel with expected
yield strength equal to 483 MPa are used. The columns have dimension 1 m x 1 m and
longitudinal steel ratio ρl = 1.0%. The slab reinforcement consists of 16-mm-diameter bars every
0.3 m in the two horizontal directions, both top and bottom. The slab also includes posttensioned high-strength steel strands: 186 mm2 every 0.3 m (corresponding to post-tension steel
ratio of 0.3% in each of the two directions) with initial post-tension stress equal to 1.38 GPa. The
two subsections that follow describe distinct characteristics of the two buildings.
7.2.1. Fixed-base (FB) building
The uniformly distributed longitudinal reinforcement of the core wall corresponds to a
longitudinal steel ratio of 1% for the north (N), west (W), and east (E) segments of the core wall,
and 1.6% for the south (S) segments. The area 1.6 m from each corner of the N, E, and W
segments and the entire S segment is modeled with confined concrete with a confined
compressive strength fcc = 68.9 MPa. The shear reinforcement for the N, W, and E segments of
the core consisted of two 28.6-mm-diameter bars every 0.38 m (corresponding to a transverse
steel ratio ρt = 0.66%), and two 28.6-mm-diameter bars every 0.23 m (ρt = 1.1%) for the S
segment.
7.2.2. Dual isolation (DI) building
As shown in Figure 7.1(d), the base isolation plane of the DI building combines 16
tension-resistant friction pendulum bearings and 8 fluid viscous dampers. The displacement
capacity of the bearings was assumed to be 1.3 m. The bearings have a radius of curvature equal
to 9.0 m – resulting in an isolation period Tis = 6 s for the building — and a coefficient of
friction equal to 0.03 and displacement at initiation of sliding equal to 2.5 mm. Linear viscous
dampers were assumed with a damping constant equal to 5.3 MN/(m/s) per damper.
The core wall of the DI building was designed to rock at the ground level; the entire
section of the core wall at the ground level is confined with fcc = 96.5 MPa. Furthermore, headed
longitudinal rebars were used in the part of the wall above the rocking plane [Figure 7.1(b)] to
enhance the compression damage resistance. The steel ratio of the headed bars was 2%. To
control the force-displacement characteristics of the rocking plane, the wall used high-strength
low relaxation unbonded post-tensioned strands, with a post-tensioned steel ratio equal to 0.45%
and initial post-tension stress 1.38 GPa was used. To provide hysteretic energy dissipation, eight
buckling restraining devices (BRD) were externally fastened to the inner side of the core wall;
the hysteretic steel ratio (area of yielding steel of BRDs divided by core wall gross section area)
is 0.8% and the yield strength of steel of the BRBs is 483 MPa with hardening ratio 1.5%.
External BRDs are easily replaced after an earthquake resulting in a structural system adaptable
over its entire service life.
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Figure 7.1. Elevation and plan view layout of the two buildings.
7.3.

Computational Modeling

The Open System for Earthquake Engineering Simulation (OpenSees) [McKenna 2014]
is used for the analysis with GiD postprocessor (CIMNE 2014) for visualization. Figure 7.2(a)
shows a schematic view of the model used for the FB building while Figure 7.2(b) shows the
core wall by itself. The FB model includes the core wall, slabs, and the columns, and the DI
model consists of the same superstructure but with the rocking plane, the stories below ground,
and base isolation plane. The FB model consists of 2777 nodes and 14639 elements and the DI
model 2877 nodes and 14969 elements; reinforcing steel and concrete is modeled using the
Steel02 and ConcretewBeta material models of Opensees, respectively.
The bottom five stories of the core wall are modeled using the beam-truss modeling
approach developed in Chapter 4. The beam-truss model accounts for shear-flexure interaction,
including the effect of normal tension strain on the behavior of concrete in compression. Bar
buckling and fracture is not considered. Figure 7.2(c) shows the layout of the beam-truss model
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for the core walls. Vertical and horizontal fiber-section nonlinear beams model the
corresponding steel and concrete areas. The horizontal beams are pinned in the plane of the wall
segment they represent. The biaxial Truss2 element implemented in Opensees models the
diagonal compression field of concrete using the Concretewbeta material accounting for the
reduction of concrete compression strength due to normal tension strain [described in Chapter 5].
The angle of the diagonals is 55.7º from the horizontal.
Above the fifth floor, a line of fiber-section nonlinear beam elements model the entire
wall. Stiff outriggers are used to connect the core wall elements to the perimeter of the core wall.
For all floors, the slabs are modeled using a beam-truss technique similar to that used for the
core-wall: a grid of fiber-section nonlinear beam elements are used to represent the steel and
concrete area in each direction and diagonal truss elements model the concrete diagonal
compression field. The post-tensioning in the slabs is modeled using steel fibers and the initial
strain material. Figure 7.2(d) shows the plan view of the beam-truss layout of the bottom five
stories, above ground, of the building. The columns are modeled using nonlinear fiber-section
beam elements.
For the DI building model, the super-structure above the rocking plane is identical to the
FB building model. The stories below ground are modeled with a grid of elastic elements
representing the stiffness of the walls below ground. The isolation bearings are modeled as 16
zero-length springs with bilinear material properties. The dampers are modeled as a zero-length
spring with linear viscous material. Contact zero-length springs (with contact stiffness calculated
using the tributary contact area and an effective height of 0.5 m) are used at the rocking. Contact
springs were also used to model the shear keys, which are positioned at the corners of the core
wall [see Figure 7.1(e)]. The post-tensioned stands of the core wall are modeled as trusses with
initial strain. Truss elements with steel material properties connected from the top of the second
floor to the bottom of the rocking plane model the BRDs.

Figure 7.2. Three-dimensional view of the fixed-base building.
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7.4.

Ground Motion

To assess the seismic response of the two buildings, the models are subjected to the
recorded ground motion TCU052 from the 1999 M7.6 1999 Chi-chi, Taiwan earthquake filtered
with a low-pass at 5Hz; Figure 7.3(a) shows the ground acceleration history of the applied
ground motion. The ground motion was recorded 0.7 km from the fault plane and was affected
by directivity effects; it includes distinct and strong pulses of dominant periods, based on
wavelet analysis (as discussed in Chapter 2), equal to 2 and 7.4 s. Figure 7.3(b) and (c) show the
linear spectral acceleration and displacement, respectively, of the two horizontal components of
the motion compared to the Design Earthquake (DE) and Maximum Considered Earthquake
(MCE) design spectra according to ASCE 7-10 for a site in Pacifica (Bay Area), California at 0.5
km from the San Andreas Fault. The north and east components of the ground motion are applied
to the model aligned with the corresponding directions shown in Figure 7.1(c).
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Figure 7.3. Ground acceleration and linear response spectra for TCU052 (5% damping ratio).
7.5.

Results of Numerical Analysis

7.5.1. Fixed-base (FB) building model
The initial period of the first mode of the FB building was 1.5 s in the horizontal
direction. Figure 7.4(a) and (b) show the response histories of roof drift ratio (Θr) and shear force
of the core wall at the ground level (Vb,w), respectively, for the FB model. The responses in the
N-S and E-W horizontal directions are shown independently. During this motion, the bottom
stories of the core wall above ground developed highly inelastic deformations (both in tension
and compression) and major damage in compression both in the diagonal as well as in the
vertical direction. The peak tension strain of the longitudinal reinforcement (averaged over 1.7 m
element height) reached 2.7%. The peak Vb,w in the north direction was 0.13W corresponding in
an average shear stress of the W and E segments of the core equal to 0.09fc’.
First spalling (0.2% strain in compression) of the concrete diagonals occurs at 3.8 s with
Θr = 1.7% in the S-E direction near the S-E corner of the core wall. The first diagonal crushing
(0.4% compressive strain) occurs at 7.35 s with Θr = 2.3% in the S-E direction – the maximum
drift in this direction; first diagonal crushing occurs in the second floor of the east segment of the
core wall at a region with no confinement reinforcement. At the point of first crushing, the
diagonal has a normal tension strain equal to 0.8%. At that instant, the average compressive
strain in the vertical direction of the S-E corner vertical element at the base of the core wall
above ground is 0.7%.
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Figure 7.4(c) plots the deformed shape of the bottom 5 stories of the core wall above
ground at the instant of t = 10.6 s where Θr = 3% in the N-W direction. This figure also shows
the strain contour at that instant. At this instant, the maximum compression strain in the
diagonals is 1.5%. Diagonal crushing is observed to propagate both horizontally over half of the
wall length and vertically over four stories in the unconfined region of the wall [see Figure
7.4(c)]. The vertical compression is resisted by the N-W corner vertical element only which has
an average strain (over 1.7 m) of 1.2%.

Figure 7.4. Response history and strain contour of the fixed-base building model.
7.5.2. Dual isolation (DI) building model
Figure 7.5(a) to (c) plot the response histories of the roof drift ratio Θr (composed of the
deformations of the two isolation planes and the deformations of the superstructure), the roof
drift ratio Θr,w due to only the deformations of the superstructure, and the shear force of the
rocking core wall at the ground level Vb,w. Figure 7.5(d) depicts the deformed shape of the
bottom five stories above ground of the core wall, the stories below ground and the isolation
system at t = 4 s when the peak uplift (45 mm of the N-W corner) of the wall occurred. The DI
building sustained the TCU52 motion with negligible structural damage, developing 1.03 m peak
displacement of the bearings. The peak roof drift ratio in any direction was 2% and occurred at t
= 10.9 s. The peak horizontal force resisted in the base isolation plane (sum of dampers and
isolation bearings) was 0.26W; the peak tension force in any isolation bearing is 2.19 MN. The
peak shear force (in any direction) of the core wall at the ground level was 0.2W.
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Figure 7.5. Response history and strain contour of the dual-isolation building model.
7.6.

Conclusions

This chapter studies the 3D seismic response of two 20-story tall RC wall buildings under
the strong historical near-fault ground motion record TCU52. The buildings were modeled with a
beam-truss technique that explicitly accounts for flexure-shear interaction. The main conclusions
are:
1. High inelastic strains occur at the base of the conventionally designed fixed-base
building for large roof drift ratios, increasing the likelihood of shear related failure. The fixedbase building model resulted in crushing of concrete in the diagonal direction at 2.3% roof drift
ratio – this is very close to the 2.23% mean roof drift ratio at MCE level earthquakes of a 20story building with similar geometry studied by Calugaru and Panagiotou (2014).
2. The dual-isolation building demonstrated excellent damage-resistant behavior for the
strong motion studied in this chapter – the super-structure remained virtually undamaged. While
the majority of the deformation is located in the base-isolation layer (1.03 m displacement of
bearings), the rocking plane at ground level ensures that the core wall does not develop
significant damage or plasticity. In this study, the displacement due to rocking is small (0.35%
roof drift ratio due to wall rocking).
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8.

Conclusions

8.1.

Summary

This dissertation is a collection of works on the subject of three-dimensional seismic
analysis of reinforced concrete wall buildings at near-fault sites. Because the subject is complex
as a whole, the chapters are separated into three sections: (1) studies on the characterization of
base excitation for buildings located at near-fault sites (Chapters 2-3), and (2) studies on
modeling the behavior of RC buildings accurately including inelastic behavior and the failure
mode (Chapters 4-6), and (3) application of the both of the previous section for the threedimensional seismic analysis of a 20-story RC core wall building subject to a strong near-fault
ground motion (Chapter 7).
Chapter 2 investigates the presence and characteristics of multiple pulses through a
wavelet-based cumulative pulse extraction (CPE) method for extracting multiple pulses from a
pulse-like near-fault ground motion. The 40 strong near-fault ground motion records studied in
this chapter consist of approximately 40% of historical records from earthquakes with 6.3 ≤ MW
≤ 7.9 with Rrup < 10 km. The effect of the pulse extraction parameters on the extracted pulses and
resulting representation of the records are studied. Finally, relationships between the dominant
period of the extracted pulses, associated amplitudes, and earthquake magnitude are presented.
Chapter 3 studies a 20-story core wall building with a caisson foundation without piles;
the building, foundation, and surrounding soil domain are modeled using 2D 4-node finite
elements and fiber-section beam-column elements. The models are subject to single-cycle pulse
excitation with pulse period of 0.5 to 5.0 s and peak velocity at the soil surface of 1.0 to 1.7 m/s,
similar to pulses found in historically recorded strong near-fault ground motions with the largest
peak ground velocity. The effects of soil-foundation-structure interaction (SFSI) and nonlinear
site effects are studied.
Chapter 4 develops and presents a three-dimensional nonlinear cyclic model for nonplanar reinforced concrete walls, called the beam-truss model (BTM). The model represents the
effects of flexure-shear interaction explicitly by computing the stress and strains in the horizontal
and vertical directions and considering bi-axial effects on the behavior of concrete diagonals.
The model is validated by comparing the experimentally measured and numerically computed
response of three non-planar RC wall specimens.
Chapter 5 improves on the beam-truss modeling approach to better represent flexureshear interaction and more accurately compute diagonal compression and tension failures (shear
failures) under cyclic or dynamic loading. The modifications include changes to the formulation
of elements used and the way the angle of diagonal elements is determined. This chapter presents
a comprehensive study of the BTM, including case studies of eight RC walls subjected to static
cyclic loading, including two non-planar RC walls under biaxial cyclic loading. Additionally, the
effects of different model parameters for the BTM are discussed and illustrated with the case
study specimens.
Chapter 6 uses the improved BTM presented in Chapter 5 to model a 5-story non-planar
RC coupled wall-slab specimen under triaxial dynamic base excitation; the specimen considered
also failed in diagonal tension which is modeled explicitly with the BTM. The BTM is extended
to model slabs and tests on a 2-bay slab-column specimen. The BTM of the 5-story specimen is
used to study the effects of coupling for lightly reinforced RC coupled walls, including the
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contribution of coupling axial load and slab reinforcement to the shear strength of a coupling
beam that is lightly reinforced in the diagonal directions.
Chapter 7 studies the 3D seismic response of two (one conventionally designed and the
other with an earthquake damage resistant structural system) 20-story tall RC wall buildings
under the strong historical near-fault ground motion record TCU52 from the MW7.6 1999 Chichi, Taiwan earthquake. The core wall and slabs of the RC buildings were modeled with a beamtruss technique that explicitly accounts for flexure-shear interaction while the columns are
modeled with fiber-section beam-column elements. The seismic response and damage of the two
buildings is discussed.
8.2.

Contributions

Chapter 2: The main contribution of Chapter 2 is the development of the CPE method
for multiple pulse extraction and ground motion pulse representation. 35 out of the 40 records
considered contained a second predominant pulse which is, in many cases, of comparable energy
content to the first pulse. It is shown that the use of a single pulse to represent a near-fault ground
motion can cause underestimation and poor representation of the linear and nonlinear spectra
displacement. While previous studies have investigated the presence of single pulses in nearfault ground motions and the effect of pulse-like ground motions on structural response, only a
couple studies have considered the possibility of multiple strong pulses in near-fault ground
motions and none used a combination of multiple pulses to represent ground motion records.
In addition, previous works have correlated TP and Mw based on only one pulse per
ground motion record. However, of the 40 records considered, 38 have at least one pulse with TP
between 1.5 and 5 s, and the peak values of pulse amplitude for TP = 0.9 – 5 s show weak
dependence on Mw. Using the extracted pulses, the chapter shows that there is a weak
relationship between TP, Mw, and pulse amplitude which is particularly important because TP and
pulse amplitude can greatly determine the potential demand a ground motion causes to a
structure.
Chapter 3: While the study in Chapter 3 is limited to a 20-story RC core wall building
and idealized properties of the soil domain, the findings are important for understanding the
relative importance of nonlinear site effects and SFSI. Because the two effects are decomposed
in the study, they are considered separately: The nonlinear site effects for free-field motions
result in a de-amplification of peak surface acceleration due to soil yielding, and a maximum of
64% amplification of peak acceleration and velocity of at specific pulse periods for deep soils.
SFSI, after removing the nonlinear site effect, has a small effect (less than 15% difference
compared to the structure-only model) on the peak roof acceleration. SFSI also has a negligible
effect (less than 7% difference) on the maximum value of peak roof drift ratio over the pulse
periods considered; however, the effect of the increased flexibility due to SFSI is clearly
observed in the peak drift ratio and peak base shear response.
Chapter 4: Chapter 4 develops a nonlinear modeling approach for non-planar RC walls
subject to cyclic uniaxial or multiaxial loading that requires moderate computational effect. The
model uses fiber-section beam-column elements in the horizontal and vertical directions and uses
a biaxial truss in the diagonal directions. A biaxial material model for concrete to be used in the
diagonal elements is developed which accounts for the effect of normal tensile strain on the
stress-strain relation of concrete in compression. Compared to FE models, the beam-truss model
presented uses a simpler material model to represent the concrete while the grid of vertical,
horizontal, and diagonal elements represent the material sections in the respectively direction,
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thus reducing the necessary computational time. The BTM proposed in this chapter is validated
with case studies of three non-planar wall specimens that were experimentally tested by other
researchers. Two of the three specimens were characterized with diagonal crushing failure,
which the BTM was able to capture with good agreement.
Chapter 5: Chapter 4 has two important contributions: (1) this chapter makes changes to
the BTM developed in Chapter 4 in order to better represent flexure-shear interaction and more
accurately compute diagonal compression and tension failures (shear failures) under cyclic or
dynamic loading, and (2) a comprehensive study of the BTM is presented including case studies
of eight RC wall specimens and discussion on the effects of different model parameters. In
regards to the first contribution, it is worth mentioning that Chapter 5 proposes a method for
determining the diagonal angle for BTM of RC walls that are not shear-critical – the diagonal
angle is important to both the peak lateral strength and onset of failure computed by the BTM.
The lateral force-displacement response computed by the BTM for all eight case studies
considered had good agreement with the experimentally measured results. Five of the case
studies had a diagonal shear failure mode; one of those cases experiences a diagonal tension
failure under static cyclic loading. To the knowledge of the author, this is one of two studies
available that have explicitly modeled diagonal tension failure in a RC specimen under cyclic
loading.
Chapter 6: To the knowledge of the author, Chapter 6 is the only study which uses a
modeling method that explicitly accounts for FSI and shear failures to simulate the response of a
RC wall structure (including slabs and coupling beams) that experiences shear failure under
seismic base excitation. The global response computed by the BTM has good agreement with the
experimentally measured response; the BTM computes a diagonal tension failure in good
agreement with the experimental failure mode. Thus, this chapter proves that the BTM can be
used successfully for dynamic seismic loading and for studying the behavior of RC buildings. In
addition, this chapter also extends the BTM for modeling slabs.
Chapter 7: The results presented in Chapter 7 have large implications on the behavior of
conventionally designed tall RC core wall structures. It is found that the high inelastic strains
occur at the base of the conventionally designed fixed-base building for large roof drift ratios
may significantly increase the likelihood of shear related failure even for a well-designed RC
core wall. For the 20-story fixed-base RC core wall building considered in this chapter, the
model computed crushing of concrete in the diagonal direction at only 2.3% roof drift ratio.
Alternatively, the earthquake damage resistant structural system that combines two seismic
isolation planes (rocking at the base of the core wall and base isolation at the foundation level)
allows the super-structure remained virtually undamaged.
8.3.

Future Work

This dissertation studies the characteristics of base excitation for flexible buildings
located at near-fault sites and the behavior of RC walls especially under FSI and shear failure;
and concludes with the 3D response history analysis of a 20-story RC core wall building subject
to a strong near-fault ground motion record. With the tools developed in this dissertation, there
opportunities for future work in the following directions:
1. Continuing from the study presented in Chapter 7, further work in studying tall RC
core wall buildings under seismic excitation can provide a lot of insight into the behavior
(especially related to shear and FSI) of tall buildings. The BTM developed allow such buildings
to be modeled in 3D subjected to triaxial base excitation, including the effects of FSI which have
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been shown in Chapter 7 to be very important in the plastic hinge region and regions of large
curvature. In addition, the earthquake damage resistant structural system (previously studied with
2D fiber-section beam-column elements) shows very good results and further study of the effect
of rocking of core walls using the BTM would give insight to the behavior of 3D rocking and
warping and damage of the wall at the rocking interface.
2. Another route of future work is further development of the BTM. While Chapters 4 -6
have demonstrated the ability of the BTM to model the behavior of RC walls including FSI and
shear failures, the BTM is lacking in one major aspect: it is difficult to construct a BTM mesh for
buildings of complex geometry. Thus, the next step would be to move away from representing
the vertical, horizontal, and diagonal elements in the global level, but instead have them at the
element level in order to allow to rectangular elements of arbitrary aspect ratio. This would allow
the BTM to be generally applicable to buildings with many irregularities while maintaining
moderate computational effort and the capabilities of the BTM presented herein.
3. Finally, the study of nonlinear site effects, wave propagation from the fault, and
modeling fault rupture is an entire field in itself which many researchers have worked. However,
due to the fairly limited about of strong near-fault ground motion records, future work on
synthetic strong ground motions using multiple pulse content and physical models of nonlinear
site and rupture source effects would prove to be very useful.

146

