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SUMMARY

This report investigates the seismic response of tall cantilever wall buildings subjected to pulse-
type ground excitation, with special focus on the relation between the characteristics of ground
motion and the higher-modes of response. Buildings 10, 20, and 40 stories high were designed
such that inelastic deformation was concentrated at a single flexural plastic hinge at their base.
Using nonlinear response history analysis, the buildings were subjected to near-fault seismic
ground motions as well as simple close-form pulses, which represented distinct pulses within the
ground motions. Euler-Bernoulli beam models with lumped mass and lumped plasticity were
used to model the buildings. The response of the buildings to the close-form pulses fairly
matched that of the near-fault records. Subsequently, a parametric study was conducted for the
buildings subjected to three types of close-form pulses with a broad range of periods and
amplitudes. The results of the parametric study demonstrate the importance of the ratio of the
fundamental period of the structure to the period of the pulse to the excitation of higher modes.
The study shows that if the modal response spectrum analysis approach is used—considering the
first four modes with a uniform yield reduction factor for all modes, and with the square root of
sum of squares modal combination rule—it significantly underestimates various response
parameters. A response spectrum analysis method that uses different yield reduction factors for
the first and the higher modes is presented.

KEY WORDS: higher-modes; near-fault; pulse-type ground motion; structural walls; tall
buildings;

INTRODUCTION

The inelastic response of tall reinforced concrete wall buildings is greatly affected by higher-
mode effects. This phenomenon was first demonstrated by the pioneering analytical work of
Blakeley et al. [1] and has been corroborated by various analytical [2-8], small-scale [9]
experimental, and large-scale [10, 11] experimental studies. The higher modes significantly
affect the acceleration, force, and displacement inelastic seismic response of reinforced concrete
wall buildings.
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Seismic design of buildings for a code-prescribed design level earthquake recommends using
reduced design lateral forces as opposed to the elastic ones, accepting the possibility of nonlinear
deformations occurring in parts of the structural system. Current design procedures include
methods consistent with traditional capacity design concepts [12], where parts of a structure are
intended to remain elastic, and nonlinear deformations are restricted to regions defined as plastic
hinges. Building codes [13] include prescriptive requirements to ensure the withstanding of
deformation demands in plastic hinge regions. In reinforced concrete (RC) wall buildings, a
single plastic hinge is selected to develop at the base of walls in vertically regular buildings [4,
10, 13-18]. Capacity design of wall regions other than the plastic hinges, assuming an essentially
elastic response, requires estimating the bending moment and shear force demands.

To ensure elastic response in regions other than the plastic hinges, several seismic design
codes [15-17] account for higher-mode effects by proposing a design bending moment envelope
that varies linearly from the expected flexural overstrength at the wall base to zero at the top.
Studies have found that such a linear envelope does not always preclude the spread of plasticity
into regions above the bottom plastic hinge [7, 18-21]. For the shear design envelope, the NZS
3101 code [16] uses an empirical factor that accounts for flexural overstrength and higher-mode
response by amplifying the first mode design shear forces. The EC8 [15] proposes that design
shear forces be taken at least 50% larger than the shear forces obtained from analysis, with the
design shear force at any point along the height of the building to be taken as larger than 50% of
the amplified base shear force. According to EC8, the magnification factor of shear forces can be
as large as the behavior factor, g, used in the design.

The design force envelopes in tall RC wall buildings are commonly estimated by modal
response spectrum analysis (MRSA), using an accepted modal combination method such as the
square root of sum of squares (SRSS). Elastic forces obtained from the modal combination are
reduced by a response modification factor, R, to obtain the design forces. Performing MRSA
using SRSS and an R, uniform to all the modes, will be termed MRSA throughout this paper.

Research on RC cantilever wall buildings has shown that flexural yielding at the base reduces
mainly the first-mode response [3, 10, 11, 19-22]; therefore, the relative contribution of the
higher modes to response quantities increases with increasing ground motion intensity. Using
MRSA, results in non-conservative estimates of seismic demand in nonlinear cantilever walls.
For frame structures it has been also shown that nonlinear response reduces more the first than
the higher modes of response [23, 24].

A simplified modal superposition method proposed by Eibl [3] considers only the first two
modes of response, with a response modification factor applied only at the first mode, i.e., the
second mode of response is considered elastic. For the case of near-fault ground motions,
Panagiotou and Restrepo [11] proposed a method that considers only the first two modes of
response with different response modification factors in each of them. Researchers demonstrated
that applying MRSA using the SRSS combination method—where the higher modes are
considered to be elastic—provide a satisfactory estimate of acceleration [22] and force [19, 21]
response parameters. Chopra and Goel [24] proposed a similar approach for frames, which was
evaluated in terms of story drifts, not forces.

Although previous research has investigated the effects of near-fault ground motions on the
inelastic response of steel frame [25-31], RC frame [32, 33], and wall [11, 20, 34] buildings,
none of these studies focusing on RC walls have investigated this effect for a broad range of
pulse waveform, period, and amplitude. This type of ground motions can cause significant
inelastic deformation demands with concurrent strong excitation of the higher than the first



modes of response. Nor have these studies investigated this effect on a broad range of inelastic
response quantities, i.e. section curvatures, floor accelerations, story shear forces, and story
bending moments.

This study investigates the inelastic response of tall reinforced concrete cantilever wall
buildings subjected to strong pulse-type ground motion. Emphasis is given to the relationship
between the ground motion characteristics and higher-mode response. The study explores the
accuracy of simplified close-form representations of pulse-type near-fault ground motions to
compute the inelastic response. The response parameters considered are base section curvature,
floor accelerations, bending moments, and shear forces. Three types of close-form pulses with a
broad range of periods and amplitudes are considered. In order to evaluate the efficiency of
MRSA, this study compared the response obtained using MRSA and nonlinear dynamic response
history analysis (NDRHA). This study then went on to develop a modified modal response
spectrum analysis (MMRSA) approach that considers only the first three modes of response
using different yield reduction factors in the first and higher-modes.

NEAR-FAULT GROUND MOTIONS AND THEIR CLOSED-FORM REPRESENTATION

Near-fault ground motion records may contain high amplitude acceleration, velocity, and
displacement pulses [35]. High amplitude low frequency pulses are contained in far field ground
motions affected mostly by site effects. The waveform, number of cycles, predominant period,
and amplitude of the pulses determine the motion’s damage potential for different structures [20,
25-34, 36-42]. For near fault ground motions these pulse characteristics depend roughly on the
fault type and orientation, as well as the direction of rupture propagation [35].

Several approaches use close-form mathematical pulses or waveforms [37-44] that
approximate the distinct pulses observed in the displacement, velocity, and acceleration time
histories of strong near-fault ground motions. Such approximations capture many of the
characteristics of the corresponding ground motions and allow for parametric numerical studies
of structures where the relationship between the structural period and the pulse period can be
explored.

This study reported herein uses the close-form representation of near-fault ground motions as
described by Makris [38]. Figure 1(a) shows the displacement, velocity, and acceleration
histories of three close-form pulses. Pulses A and B are described by a one-sine and one-cosine
acceleration time history, respectively. Pulses A and B have a duration equal to their period, T,
while the duration of Pulse C is equal to 1.43T,. Figure 1(b) and (c) depict the elastic single
degree of freedom (SDOF) oscillator acceleration and displacement response spectra,
respectively, of the pulses for viscous damping ratio { = 2%. The spectra are presented in terms
of T/ Ty, where T is the period of the oscillator. Spectral acceleration S, is normalized by the
peak pulse acceleration amplitude, a,, while the spectral relative displacement Sq is normalized
by a,-T;.

Figure 2(a) depicts the ground acceleration time histories of three strong near-fault ground
motions. The RRS228 and JFA292 records are from the Mw 6.7 1994 Northridge earthquake,
and the PCD164 record is from the Mw 6.6 1971 San Fernando earthquake. Figure 2(b) shows
the velocity time histories of the ground motions, and Figure 2(c) plots the absolute acceleration
response spectra for = 2%. Pulses A, B, and C approximate distinct pulses observed in the time
histories of the RRS228, JFA292, and PCD164 records, respectively. The pulse parameters were
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selected to provide a fit of the strong pulses recorded in the velocity time histories. The velocity
pulse amplitudes, vj, used to represent the RRS228, JFA292, and PCD164 records are 1.66, 0.73,
and 0.82 m/sec, respectively, while the corresponding values of T, are equal to 0.78, 0.99, and
1.24 sec. For the JFA292 record, pulse B was used to approximate only the first of the two
distinct pulses contained in the velocity record.

Figure 2(c) depicts the elastic acceleration response spectra of the close-form pulses. For the
RRS228 record, the pulse approximation resulted in a fair estimation of the spectral acceleration.
Underestimation of the spectral acceleration is observed for T smaller than 1.6 sec. For the
JFA292 record, the pulse approximation did not adequately estimate spectral accelerations,
especially in the period range between T = 1 to 2.5 sec. This is due to the lack of representation
of the second distinct pulse observed in the velocity and acceleration time histories of the
JFA292 record. For the PCD164 record, the close-form pulse estimated spectral accelerations
with high accuracy for cases where T was longer than 0.8 sec and shorter than 4.0 sec. Pulse C in
this case could not estimate spectral accelerations when T was less than 0.8 sec. This is because
the spectral acceleration in this period range was due to the strong high-frequency spikes
observed in the time, t, history after t = 4 sec.

Figure 3 compares the response spectra for the considered RRS228, JFA292 and PCD164
recorded ground motions to the design base earthquake (DBE) and maximum considered
earthquake (MCE) spectra, based on ASCE-7 [14], for the corresponding station locations, where
the motions were recorded. For all the three ground motions considered the spectral accelerations
around the predominant period, T, as defined above, significantly exceed the spectral
accelerations of the MCE spectra. For the JFA292 this is true in the period range of the second
distinct velocity pulse with T, of about 1.58 sec that exists in this record and is not approximated
in this study. The spectral accelerations at T, are 1.76, 1.63, and 1.60 times the MCE spectral
acceleration for the RRS228, JFA292 and PCD164 records, respectively.
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Figure 1. (a) Acceleration, velocity, and displacement time histories; (b) absolute acceleration;
and (c) relative displacement response spectra of the three close-form pulses considered, { = 2%.
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Figure 2. (a) Acceleration; (b) velocity time histories of ground motions considered and their
close-form pulse approximation; and (c) elastic SDOF absolute acceleration response spectra of
ground motions and their close-form pulse representation, {= 2%.
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Figure 3. Response spectra for the considered ground motions compared to DBE and MCE
spectra, based on ASCE-7, at the station locations of the records.

NUMERICAL ANALYSES RESULTS

The results of numerical analyses of the 10-, 20-, and 40-story buildings are presented next. First,
modal analysis of the buildings is performed and then, NDRHA of the buildings subjected to the
near-fault ground motions and to their pulse approximations, described above, is conducted.
Finally, the results of the parametric NDRHA study of the buildings subjected to the three close-
form pulses of various amplitudes a, and periods T, are presented, and the efficiency of MRSA
is evaluated.



Buildings description and modeling

Reinforced concrete core-walls provide all the lateral force resistance for these buildings. Figure
4 shows the floor, core wall, and gravity column dimensions and layout for the three buildings.
Table 1 lists the main characteristics of these buildings, including the floor height h, the building
height H, the seismic weight per floor w, the axial load per floor APy and AP¢ acting on the wall
and the gravity columns, respectively, as well as the main characteristics of the core-wall and
gravity columns. Py, and Py are the axial loads at the base of the core walls and gravity columns

with the highest axial load, respectively. The nominal compressive strength of concrete is f_=

41.4 MPa for the 10-story building, and f, =55.2 MPa for the 20- and 40-story buildings.

The buildings are designed to allow the formation of a single flexural plastic hinge extending
over the bottom 10% of the building height (see Figure 5(a)). The design of the buildings based
on ASCE-7 [14] is discussed in the section Design of Buildings. The reinforcing steel ratio in the
plastic hinge region pp is equal to 1.27%, 1.32%, and 0.81% for the 10-, 20-, and 40-story
buildings, respectively. The remaining portion of the wall is considered essentially elastic,
assuming adequate amount of longitudinal reinforcement is provided. Expected flexural
strengths, My, and the corresponding yield curvatures, ¢y, were calculated by moment-curvature
analysis using the provided reinforcement and axial loads, see Table 1. The total seismic weight
of the building is W;.
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Figure 4. Floor plan-view of the 10-, 20-, and 40-story buildings.

All floors had identical lumped mass, m, see Figure 5(b). One-component Giberson beam
elements [45] were used to model the walls. One such beam element represents a core-wall
segment between two consecutive floors. The plastic hinge length at each end was assumed to be
half the element length. The moment-curvature hysteretic response in the plastic hinges was
represented by the Clough [45] hysteretic rule, see Figure 5(c). Using expected yield flexural
strength My and the yield curvature ¢y, the effective flexural rigidity of the beam element was
given by Ele = My / ¢y. A post-yield flexural rigidity ratio r equal to 0.02 was computed from
moment-curvature analysis. The elastic portions of the walls were modeled with elastic elements,
with Ele = 0.4Elg, where |4 is the gross-section moment of inertia and E the initial concrete
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modulus. The effect of El. value was investigated below, considering also the cases of El. equal
to 0.2Elq and 0.6Elq. In this model, the flexural rigidity ignored completely the tension stiffening
effect. Tension stiffening affects the initial period of the buildings and can also affect the
response, especially in cases of limited nonlinear response or lightly reinforced walls. The
stiffness and strength of the gravity load system was not considered, and all walls were fixed at
their base. The cumulative flexural strength of the gravity columns at their base was calculated to
be less than 9% of the corresponding strength of the core walls for all three buildings, see Table
1. The longitudinal steel ratio of the gravity columns was pgc = 1.5%. This study ignored the
effect of shear deformations. The lumped-plasticity model used did not consider the effect of
axial force—bending moment—shear force interaction in the nonlinear hysteretic behavior of the
walls. The computer program Ruaumoko [45] was used to perform the NDRHA, and large
displacement theory was selected for the analyses. Caughey constant 2% viscous damping ratio
was used in all the modes [45, 46]. The effect of the damping model is investigated in the Effect
of Damping Model section.

Table 1. Building characteristics.

Building 10-story 20-story 40-story
Floor height, h (m) 3.35 3.35 3.35
Building height, H (m) 335 67.1 134
Seismic weight / floor, w (kN) 4827 6829 19195
Axial load / floor in core wall, APy, (KN) 1813 2754 8135
Axial load / floor in gravity columns, APc (kKN) 3014 4075 11060
Length of core wall, L, (m) 4.5 8 15

Core wall thickness, t,, (m) 0.3 0.3 0.75
Core wall base axial load ratio Py, / ( f; Agw) 0.09 0.11 0.14
Longitudinal reinforcement steel ratio at core wall’s base, pip, (%) 127 132 0.81
Base expected yield flexural strength of core wall, My, (kN-m) 94582 405030 3305770
Base expected yield curvature of core wall, ¢, (Rad/m) 7.49E-4 4.50E-4 2.36E-4
Ele / Elg for plastic hinge region of core wall 0.31 0.36 0.35
Design Shear Stress of Core Walls based on 1.25M,, (MPa) 1.59 2.31 2.33
Curvature Ductility at 5% tensile strain of steel, [, 50 16.3 14.8 15.2
Side dimension of square gravity columns (m) 0.50 0.75 1.0
Gravity columns base axial load ratio, Py / ( f; Age) 0.24 0.22 0.20
Sum of expected flexural strength of gravity columns / My, 0.086 0.082 0.078
Normalized design base moment, M,/ WH 0.042 0.027 0.0237
Normalized design base shear corresponding to My, V, /W, 0.088 0.074 0.074
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Figure 5. (a) Flexural plastic hinge definition; (b) mass distribution of the lumped-mass Euler-
Bernoulli cantilevers; and (c) idealized moment-curvature hysteretic response.

Design of Buildings

The buildings were designed according to the ASCE 7 [14] seismic design requirements for a
site in downtown Pasadena, CA, for soil type C, corresponding to very dense soil and soft rock.
Figure 6 depicts the DBE and MCE acceleration and displacement spectra for the site
considered. For the specific site Ss = 2.53 g, S1 =0.87 g, Sps = 1.68 g, and Sp; = 0.75.
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Figure 6. Acceleration and displacement design spectra for a site in downtown Pasadena, CA.

Modal response spectrum analysis (MRSA), based on the requirements of ASCE-7, with a
response modification factor of R = 5 was used to obtain design forces. The design bending
moment, M, and shear force, V,, envelopes are shown in Figure 7 and are also reported in Table
1. An effective section moment of inertia e = 0.515 was used for the core-walls along their entire
height elements for the MRSA. In Figure 7, the MRSA bending moment and shear force
envelopes for this design model are labeled MRSA. Based on section 12.9.4 of ASCE-7 the
design base shear force can’t be less than 85% of the base shear force, V, eLrp, required based on
the equivalent lateral force procedure (ELFP). This requirement controlled the design shear
forces for the 20-, and 40-story buildings. The envelopes, termed MRSAveLrp In Figure 7, are the

V,
MRSA envelopes scaled up by 0.85—== where Vi, ursa is the base shear force computed with
b,MRSA

MRSA. The MRSAwb, envelopes, shown also in Figure 7, are the MRSA envelopes scaled by

M . .
1.25—2Y where 1.25 is the base flexural overstrength factor, and My mrsa is the MRSA base
b,MRSA

bending moment.



Bending Moment

Shear Force

1 L 1 MRSA
—MRSA
- Mb.o — —MRSA
S — MRSA Mb.o
ST VELFP| 1
» .05 M,, J_05 VELFP
< d <
S —oM, ELFP
O L I ‘ 0 L
0 0.02 0.04 0.06 0.08 0 0.05 0.2
1 1
=
ST
b ~_05 S_05
o < <
g ol H_‘—|_|_|_‘_L‘
0 L P 0 L L L
0 0.02 0.04 0.06 0.08 0 0.05 0.1 0.15 0.2
1 1
=
o T I
» ~_05 1 ~_05
o < <
< " \‘\.._‘_‘\
0 h \ L 0 L L I
0 0.02 0.04 0.06 0.08 0 0.05 0.1 0.15 0.2
M/ (WH) V/W,

Figure 7. Design bending moment and shear force envelopes based on MRSA.

Modal analysis

Figure 8 and Table 2 present the main modal characteristics of the first three modes of the
buildings considered. The buildings termed 10-, 20-, and 40-story are these with Ele =0.4El, for
the elastic parts of the walls. Figure 8 also includes the modal characteristics of the 20-story
building using the reduced flexural rigidity (RFR), rEle, defined in Figure 5(c), for the plastic
hinge elements. The modal characteristics of the 20-story building with El. = 0.2 Elg used for the
elastic portions of the wall, termed 20-story-0.2El, are also presented in Figure 8.

The normalized modal characteristics presented are: (a) modal lateral force; (b) modal
bending moment; and (c) modal shear force diagrams for the first three modes. The normalized
modal lateral force of mode q at floor i, reqi = Fq,i / (M-Ag), is equal to the ratio of lateral force
due to mode q, Fq,, to the product of the modal acceleration, Aq, and the floor seismic mass, m
[46]. Equation 1 relates Fq; to the product of 7@y, where I is the modal participation factor
and @q; is the value of the modal vector of mode q at floor i. The normalized modal shear force,
vgi = Vg, / (MrAg), is equal to the ratio of the shear force at floor i due to mode q, Vg, to the
product of the total seismic mass, m;, times Aq. Vg is calculated using Equation 2. The
normalized modal base shear force is equal to the effective modal mass mq [46] normalized by
m:. The normalized modal bending moment, rvqi = Mg / (MrH-Ag), is equal to the ratio of the
bending moment at floor i due to mode g, Mg, to m; times the height, H, of the building times A,
Mg, Is calculated using Equation 3. The term h;; is defined in Figure 5(b).

Foi=Tq - @g;-m-A (1)

Vi :anrq'qbq,i'm'Aq 2

=
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Mqvi :zrq'q)q,j'm'hj,i'Aq (3)

=

The normalized modal characteristics of the 10-, 20- and 40- story buildings, with El. = 0.4
Ely for the walls’ regions above the base plastic hinge, were practically identical, indicating
insensitivity to the number of floors. For these three buildings, the peak normalized first and
second mode bending moment occurred at their base. The absolute value of the second mode
bending moment at mid-height was close to the corresponding value at the base of the wall. The
values of the normalized third mode bending moment along the building heights were small.
Same sign of first and second mode accelerations resulted in modal bending moments and shear
forces at the base of same sign, while they resulted in mid-height modal bending moments of
different sign. Reduction of flexural rigidity at the base (see Figure 8 for the 20-story-RFR
building) resulted in a straighter first-mode lateral force diagram without any significant change
in its value at the top of the building, resulting in an increase of the normalized effective first
modal mass.
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Figure 8. Normalized modal characteristics of the buildings.

Table 2 summarizes the main modal characteristics of four of the buildings considered. For
the buildings with Ele = 0.4Elg, the ratios T, / T, and T1 / T3 of the first modal period T; to the
second and third mode, respectively, were essentially insensitive to the number of stories. The
absolute values of the normalized second mode base bending moment were less than one tenth of
the corresponding first-mode values for all buildings studied. Thus, inelastic response at the base
of the walls should be expected to reduce the first mode of response more than the second. The
reduction of flexural rigidity at the base affected mainly the first modal period, elongating it 8.8
times, while the second-mode period was elongated only 1.5 times. The cumulative normalized
effective modal mass of the first three modes increased from 0.89 for the 20-story building to
0.97 for the 20-story-RFR building. The 20-story-RFR building had a nearly zero normalized
second-mode base bending moment. In this case, base inelasticity is expected to have a limited
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effect in reducing the second mode of response. Changing El. / El4 from 0.2 to 0.4 caused only
minor changes of the normalized modal characteristics.

We investigated the effect of the gravity system on the stiffness of the buildings. The
columns, and the slabs were modeled using Euler-Bernoulli beam elements with effective
flexural rigidities at yield, Ele, based on moment-curvature analysis. The full width of the slabs
and the framing between the core walls, the slabs, and the gravity columns were considered. This
reduced the first mode period by less than 9% for all three buildings. The corresponding
reduction of the second mode period was less than 2%.

Table 2. Main modal characteristics of the buildings.

Mode | Building 10-story 20-story 20-story-RFR  40-story
1 2.2 4.0 35 6.6

2 Modal period T, (sec) 0.3 0.6 0.9 1.0

3 0.1 0.2 0.3 0.4

g Modal period ratio T, / T (1585 (1584 ﬁo (1585

1 Normalized modal base shear force | 0-66 0.63 0.73 0.63

2 (equal to normalized effective 0.19 0.20 0.17 0.19

3 modal mass) rv,qp =Mq / m; 0.07 0.06 0.07 0.06

1 . 0.497 0.470 0.511 0.459
2 Nornlallzed modal base moment 0.039 0.040 0.010 0.039
3 uqo=Man / (MrHA) 0008 0008  0.003 0.008
1 Normalized modal mid-height 0.181 0.166 0.170 0.159
2 moment ry,qosq = MgosH / -0.032 -0.030 -0.038 -0.029
3 (meH-Ag) -5.8E-4 -2.7E-4  0.005 1.8E-5

Building response to near-fault ground motions and their pulse approximations

Figure 9 presents the NDRHA results for the three buildings, each subjected to one of the
near-fault ground motions and its pulse approximation as described above. The base bending
moment, M,, mid-height bending moment, Mosn, base shear force, Vp, and roof absolute
acceleration, Ay, response histories are presented. The response quantities are normalized by the
maximum of the peak values computed using the near-fault record and its pulse representation.
The 10-, 20-, and 40-story buildings were subjected to the JFA292, RRS228, and PCD164
records, respectively. The base curvature ductility, u,, calculated as the peak curvature in the
first-story inelastic beam element divided by the yield curvature, ¢y, for the 10-, 20-, and 40-
story buildings computed equal to 8.1, 14.1, and 11.6, respectively, indicated highly nonlinear
response. Table 1 lists the curvature ductility s, s0 at a tensile strain & = 5% of the extreme
section fiber at the base of the wall sections. For all case studies for the duration of the pulse
approximation, the computed response using the pulse approximation satisfactorily matched
those computed using the near-fault ground motions, except in the case of the base shear force
for the 10-story building. For the 20-story building subjected to the RRS228 record, Pulse A
provided a satisfactory estimation of peak response quantities. For the 10-story building
subjected to the JFA292 record, Pulse B computed satisfactorily the bending moment and roof
acceleration response quantities up to the end of the close-form pulse. For the 40-story building
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subjected to the PCD164 record, Pulse C computed quite well the different response quantities,
even after the end of the close-form pulse and up to t = 6 sec. After t = 6 sec, the response to the
near-fault record was dominated by the strong high-frequency excitation, which is not
represented by the close-form pulse.
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Figure 9. Comparison of the NDRHA results using near-fault ground motions and their close-
form pulse approximations. Time histories of (a) ground acceleration, (b) mid-height bending

moment, (c) base bending moment, (d) base shear force, and (e) roof absolute acceleration.

For the 20- and 40-story buildings considered, the close-form pulse period was closer to the
second modal period of the buildings than to the first-mode period. The T,/ T, ratios for the 10-,
20-, and 40- story building case studies are 2.3, 5.1, and 5.3, respectively. The corresponding T, /
Tp ratios are 0.4, 0.8, and 0.8. Since the pulse period is close to the second modal period of the
buildings, significant contribution of the second mode of response is expected, especially for the
20- and 40-story buildings, as shown in Figure 10 for the bending moment, shear force, and
acceleration response envelopes computed with NDRHA. The significant effect of the higher
modes, especially the second mode, can be seen in all the response quantities for all motions.
The peak bending moment around mid-height approached or even exceeded the peak base
bending moment for all buildings. The effect of the second mode of response is seen in the shear
force envelopes as well, where a local peak was observed close to 80% of the height. This local
peak characterizes the normalized second mode shear force diagram, as shown in Figure 8.
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Figure 10. Response envelopes of NDRHA, MRSA, and MMRSA using the near-fault ground
motions, and of NDRHA using close-form pulse representations.

The response envelopes computed using the close-form pulses are comparable to those
computed with the near-fault records, indicating that the distinct pulses contained in the ground
motions determined the response to a large extent. The bending moment and shear force
response envelopes computed with the close-form pulses adequately represent those of the near-
fault ground motions for the three buildings. Relatively good agreement was also observed in the
computed acceleration response for the 20-story building. The largest differences between the
responses computed with the near-fault records and their pulse representation is seen in the floor
acceleration response, especially for the 40-story building. For this case, floor acceleration
response was greatly affected by the higher frequency excitation observed beyond t = 6 sec in the
PCD164 record after the end of the approximated pulse (see Figure 9). For this record, a local
peak was observed in the shear force envelope around the mid-height of the 40-story building.
Here, the high-frequency excitation observed after t = 6 sec significantly excited the third mode
of response. Shown in Figure 8, the third mode shear force diagram has a local peak around mid-
height. The acceleration spikes of the PCD164 record after t = 6 sec, see Figure 2(a), resulted in
significant spectral accelerations at T = 0.4 sec, see Figure 2(c), which was equal to the third
modal period of the building. The following section presents a parametric study of the three
buildings subjected to the three pulses, for the amplitude and periods of various pulses.
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Building response to close-form pulses and comparison of NDRHA and MRSA

Results of the NDRHA of the three buildings subjected to the close-form Pulses A, B, and C are
presented below. Pulse periods T, corresponding to T, / T, ratios 0.25, 0.50, 0.75, and 1.0
through 20.0, with a step of 1.0, are considered to cover a range extending from low- to high-
frequency of excitation. To investigate different levels of inelasticity on the response, different
amplitudes a, for each pulse of period T, were investigated. For each T, the amplitude a, was
determined from the MRSA considering the first four modes. Once the modal characteristics of
the buildings were determined, the SRSS combination method was used and a uniform reduction
factor R was applied to all modes. By setting the moment demand at the base of the wall equal to
the yield base moment strength My, the required pulse amplitude was calculated as:

a,=—— ey *

M
p 2 5
m-H- / [rmyqybﬂq]
q=1

where rwvqp 1S the normalized base modal bending moment, see Table 2, and 24 = Sa(T,) / ap, see
Figure 1(b), where Sa(T,) is the q™ mode elastic SDOF spectral acceleration. The cumulative
normalized effective modal mass of the first four modes considered was more than 0.9 for all
buildings.

Figure 11 plots the calculated values of a, for the three buildings versus Ty / T, for Pulses A,
B, and C; values of a, are normalized by R times the acceleration of gravity g. The secondary
(top) x-axis shows also the points that correspond to T, / T, and T3 / T, ratios equal to one. In
general, a, increased with increasing Ty / T, ratio for all three pulses. For the specific buildings
considered in this study for a given T1 / T and R, the required a, decreased with an increase in
the building height. For the 20-story building with T; = 4.0 sec for T,/ T, =5 and pulse A, a, /R
= 0.28g. In this case, T, = 0.8 sec and R = 2.4, a, = 0.68g. This might represent the case of the
20-story building subjected to the pulse approximation of the RRS228 record with a, = 0.68g
and T, = 0.78 sec (see Figure 2). For the three buildings, high values of T; / T, and R resulted in
very large values of a,, which are not found in existing near-fault records. That said, these cases
are still worth considering for exploring the effect of decrease of T, (increase of T, / Tp) and the
effect of increase of a.

Pulse A Pulse B Pulse C
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I - 10-story I ' : I '
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Figure 11. Acceleration amplitude a, of close-form Pulses A, B, and C versus T, / T, computed
with MRSA and a uniform R to all modes, resulting in a base bending moment equal to M.
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Figures 12 to 14 compare the DBE and MCE design spectra to the spectra of pulses A, B, and
C, with a, computed based on Equation 4, for three values of R and three values of T,. The
design spectra are compared to the pulse excitation spectra for the 10-story building in Figure 12.
The corresponding comparisons for the 20-, and 40-story buildings are depicted in Figures 13
and 14, respectively. For the 10-story building, T, = T, and R = 2, the spectral accelerations are
close to the corresponding values of the MCE spectrum in the constant acceleration region. For
Tp = T2, and R equal to 4 and 6, the spectral accelerations for the pulse motion far exceed the
corresponding values of the MCE spectrum in the constant acceleration region. For T, = T, all R
values, and T larger than 1.0 sec, the spectral accelerations of the pulse motions are smaller than
the corresponding magnitude of the MCE spectra, except for pulse A and R = 6. For T, = 0.5Ty,
R = 2, the pulse spectral accelerations are below the MCE for all pulses and periods, except pulse
Caround T = T, = 1.1 sec. For T, = 0.5T; and R = 4 the spectral acceleration for the pulse
motions exceed the corresponding MCE values for pulses B and C, and T between 0.7 and 2 sec.
The same is true for T, = 0.5T; and R = 6 for all pulses and T between 0.7 and 2.5 sec. For T, =
T1, R equal to 2 and 4, the spectral accelerations for all pulses are lower than the corresponding
MCE values. For T, = Ty, and R = 6, the spectral accelerations for all the pulse motions exceed
the corresponding MCE values for T around T, = 2.2 sec. Observations similar to those for the
10-story building, can be made for the 20-, and 40-story buildings, with noticeable differences
due to the increase of T1 and T, with number of building stories.
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Figure 12. ASCE design basis and maximum considered earthquake and pulse response spectra
for the 10-story building.
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Figure 13. ASCE design basis and maximum considered earthquake and pulse response spectra
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Figure 14. ASCE design basis and maximum considered earthquake and pulse response spectra
for the 40-story building.

Figure 15 presents the results of the NDRHA for the three buildings in terms of base
curvature ductility x,, calculated as the peak curvature computed at the base of the buildings
divided by the yield curvature, ¢y, to Pulses A, B, and C for R = 2, 4, and 6 versus T1 / T,. The
response parameter u,, indicates the level of inelastic response. As expected for all pulses and
buildings, u,,» generally increased with increasing R. For Ty / T, smaller than 1.0, u,1, increased
very rapidly with a corresponding decrease of Ty / T,. For T, / T, equal to 0.25 or 0.5, the
computed values of x,p were virtually unattainable. For T, / T, ratios higher than 1, curvature
ductility demands of up to 45 were computed. Excessive and practically unattainable levels of
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inelastic response computed for some T / T, ratios, especially for R = 4 and 6, are worth
exploring theoretically. Interestingly, «, attains a local maximum for T / T, = 4, corresponding
to To/ T, = 0.6, for both R = 4 and 6.

R=2 R=4 R=6
5 TZ/TPT1 Ta/TpT- 1 ’T2/7p=1 T/T =1 ‘TZ/TP=1 T3/Tpl=1
i |-~ 10-story| . |
< ] i i | pig! i
o 30 i |-==20-story| i . | -
g :_‘Q: l: é 40-Story E I‘] A :: dh _.__...‘..“."m
Bl 5l s W L o
o =sEsbisiisd
45 .
= 8 '[
30 ' a
D o | | ¢
n < i | " \‘
= B I YE G TR o
_ I . , | W teaatan ayns vl e P
e o
45
- | ; T
3 -3 .1 ‘ /\ -
25 ) 1 y . |
Q:. = 154 B AW \ {‘%‘ﬁm
S Atuisinnniting Y e Raiialialt i
% 5 10 15 20 o0 5 10 15 20 0 5 10 15 20
T, T, T/T,

Figure 15. Peak base curvature ductility x,, computed with NDRHA.

Figures 16 to 18 present the results of the NDRHA in terms of the mid-height bending
moment Mo sy, base shear force Vy,, and roof absolute acceleration A, for the three buildings to
Pulses A, B, and C, for R = 2, 4, and 6, and for the twenty-three distinct ratios of T, / T,. These
response quantities are normalized by those computed by MRSA using a uniform R factor in the
four modes.

Figure 16 plots the computed mid-height bending moment in terms of the ratio Yy osn =
MO.SH,NDRHA / MO.SH,MRSA, where MO.SH,NDRHA and MO.SH,MRSA are the peak mid-height bending
moments computed by NDRHA and MRSA, respectively. For T1 / T, lower than one,
corresponding to low-frequency excitation and R equal to 4 and 6, ¥m 054 Was much higher than
one due to the excessive post-yield section hardening at the base of the walls. Section hardening
is not accounted for in MRSA, see Equation 4. For T1 / T, higher than one, MRSA significantly
underestimated Mosy for all buildings, all pulses, and all R factors. For all pulses and all R
factors, Pwosn Was more or less independent of the building height and was dependent only on
the ratio of T, / Ty. For R equal to 4 and 6 and for T / T, ratios higher than one, maximum values
of Ywmosn occurred at T, / T, = 4 for all pulses, except for the 40-story building for Pulse B. For
T1/ T, =4, corresponding to T, / T, = 0.6, significant excitation of the second mode of response
occurred. For all the three pulses and for R equal to 4 and 6, Ym0+ increased rapidly for T1 / T,
increasing between 1 and 4. For Ty / T, larger than 4, values of %5+ Were high and of the order
of %R. For R = 2, Ym 051 Was nearly uniform and equal to R.

The computed ratio ¥vp = Vonorua / Vo mrsa, Where Vpnpraa and Vi vrsa are the peak base
shear forces computed by NDRHA and MRSA with a uniform R factor in all the modes,
respectively, is shown in Figure 17. The variation of ¥y with T, / Ty—similar to that of
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Pmosi—was essentially independent of the number of stories, depending mainly on the R factor
with a minor sensitivity to the pulse type. For T/ T, lower than one and R equal to 4 and 6, Pvp
was much higher than one due to the excessive post-yield base section hardening as explained
above. For R equal to 4 and 6, Py, increased rapidly for T1 / T, between 1 and 3 or 4. For R = 4
and 6, and T1 / Ty larger than one, Py, attained a maximum value at T,/ T, equal to 3 or 4. For R
equal to 4 and 6 and for Ty / Ty larger than 3, ¥y, was larger than 0.4R. For R equal to 2, Py
was nearly constant and equal to R.
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Figure 16. Ratio of peak mid-height bending moments computed with NDRHA and MRSA.
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The ratio y’A,r = Ar,NDRHA / Ar,MRSA, where Ar,NDRHA and Ar,MRSA are the peak roof absolute
accelerations computed using NDRHA and MRSA with a uniform R factor in all the modes,
respectively, is shown in Figure 18. For Ty / T, lower than one, ¥a, shows similar behavior for
the same reasons to that of Pmosnq and Pyp. In general, ¥, increased with R and an increase of
T1 / Tp. For R equal to 2, ¥, was nearly constant and equal to R. Because the normalized
NDRHA to the MRSA response was found to be more or less insensitive to the number of
stories, only the results for the 20-story building are discussed further.
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Figure 18. Ratio of peak roof accelerations computed with NDRHA and MRSA.

Figure 19 plots the bending moment envelopes computed by MRSA and NDRHA for R equal
to 2 and 6, for four values of T, / Tp. The bending moment at floor i, M;, was normalized by My,
The envelope computed with MRSA is independent of the value of R since the relative
contribution of the modes is independent of R. Values of M; / My, at the base computed with
NDRHA were larger than one due to post-yield base section hardening. Compared to NDRHA,
MRSA significantly underestimated the bending moment demands in the upper part of the wall.
The level of underestimation increased with increasing R.

The amplitude of peak normalized bending moment and the height at which this occurs
strongly depends on T / T,. For values of T1/ T, equal to and larger than 3, the bending moment
on the upper part of the wall reaches or exceeds the base bending moment yield capacity My, in
all cases, see Figure 19. For example, for T,/ T, = 6, Pulse A, and for R = 2 and 6, the bending
moment at 40% of the height is 1.4 and 3.4 times My, respectively, which causes a practical
difficulty when trying to ensure elastic response of these regions. If this wall were required to
remain elastic, the required longitudinal reinforcement ratio at the eighth story (40% of the
height) for Pulse A, T: / T, = 6 and R = 2 would be 2.8%, an excessively large value. In
comparison to the base, the larger bending moment combined with the reduction of axial force
resulted in a significant increase in the required longitudinal reinforcement. For T1/ T, = 20,

20



corresponding to Tz/ T, = 1.1, the peak moment based on NDRHA occurred close to 75% of the
height, indicating significant contribution of the third mode of response.
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Figure 19. Bending moment envelopes for the 20-story building subjected to pulses A, B, and C
for four T / T, ratios computed with (a) MRSA and NDRHA; (b) R = 2; and (c) R = 6.

Next we investigated the effect of El., used to model the elastic wall regions on the computed
ratios Ymosu, Pvp, and ¥a, for the 20-story building subjected to Pulse B. Two values of the
yield reduction factor, R = 2 and R = 6, and three values of El. / Elg = 0.2, 0.4 and 0.6 were
considered. For each value of T, / T,, a, was recomputed using Equation 4 and accounting for the
change in modal characteristics with the corresponding change of El.. Figure 20 shows that
PmosH, Pup, and Pa, are practically independent of the El, considered.

The ratio of peak mid-height bending moment Mo s max t0 yield base bending moment My,
was also investigated (see Figure 21) for El. / Elg equal to 0.2, 0.4, and 0.6, for the 20-story
building subjected to Pulse B. For T, / T, lower than one, and R =4 and 6, the ratio Mo su,max /
Mpy was much higher than one because of the excessive post-yield hardening of the base
sections. The ratio Mosnmax / Mpy increased rapidly for values of Ty / T, between 1 and 4,
reaching a peak at T, / T, between 4 and 8, a period range with significant contribution of the
second mode to response. For Ty / T, larger than 4, Mo s max / Mpy increased with increasing R
and increasing Ele. For Ele = 0.4Ely, the peak Mo sHmax / Mpy Was 1.4, 2.3, and 3.4 for R equal to
2, 4, and 6, respectively.

Finally, the effect of T. / Ty on the shear force that developed on the upper part of the
buildings was explored. Figure 22 shows the ratio of the peak shear force at three quarters of the
wall height, Vo 751 max t0 the peak base shear force, Vi max. Results for the 20-story building for R
=2, 4, and 6 and for all pulses A, B, and C are presented. Small sensitivity of Vo 7514 max / Vb,max tO
the pulse type was observed. At T, / T, = 3 corresponding to T,/ T, = 0.5 for all R and pulses, the
ratio Vo zsumax / Vbmax reached its peak value. For all cases except for R = 4 and Pulse A, this
peak value was very close or exceeded one. The results presented in Figure 22 indicate that the
design shear force at three quarters of the wall height should be at least half of the corresponding
value at its base independent of pulse period and R factor.
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Figure 20. Effect of effective flexural rigidity value on the ratio of responses computed with
NDRHA and MRSA for the 20-story building and Pulse B.
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Figure 21. Effect of effective flexural rigidity value, on the ratio of peak mid-height to yield base
bending moment computed with NDRHA for the 20-story building subjected to Pulse B.
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Figure 22. Peak shear force at 75% of the 20-story building’s height computed with NDRHA.
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Effect of Damping Model

The sensitivity of the building models to the choice of damping model was studied for the 20-
story building. Caughey 2% constant damping in modes 1 through 6 was compared to Rayleigh
2% damping in modes 1 and 2, and in modes 1 and 4. Figure 23 and Table 3 show how the
Caughey and Rayleigh damping ratio values compare for the first four modes. In comparison
with the Caughey damping model the Rayleigh 2% in modes 1 and 2 model results in at least 2.5
times larger damping ratios in modes three and above. In comparison with the Caughey damping
model the Rayleigh damping model with 2% damping ratio in modes 1 and 4 results in 3.1 and
1.8 times lower damping ratio in modes 2, and 3, respectively.
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Figure 23. Caughey and Rayleigh damping comparison for the 20-story building.

Figure 24 compares the computed response in terms of four different response parameters (Vp,
Ar, MosH, and w,p) for the three damping models for pulse B and R = 4. The larger damping
ratios of the Rayleigh damping model with 2% damping ratio in modes 1 and 2, in comparison
with the other two models, result in reduction of the different response quantities and especially
base curvature ductility, base shear force, and roof acceleration. The effect of the damping model
is less pronounced for the mid-height bending moment. The Rayleigh damping model with 2%
damping ratio in modes 1 and 4 results in almost the same response with the Caughey damping
model for all the T, / T, values and all response parameters.

Table 3. Caughey and Rayleigh damping comparison.
Mode Mode 1 Mode 2 Mode 3 Mode 4
damping (%) damping (%) damping (%) damping (%)

Caughey 2% in

modes 1 2.00 2.00 2.00 2.00
through 6
e
Rayleigh 2% in 200 200 4.98 9.65
modes 1 and 2
o
Rayleigh 2% in 200 0.65 1.10 2.00

modes 1 and 4
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Figure 24. Damping sensitivity study for the 20-story building for pulse B and R = 4.

A MODIFIED MODAL RESPONSE SPECTRUM ANALYSIS METHOD FOR RC
CANTILEVER WALLS WITH BASE INELASTICITY

Independent of the number of stories for the three pulse types and R values considered,
MRSA, using effective flexural rigidities, significantly underestimated different response
quantities, when used a uniform R factor in all the first four modes, and the SRSS combination
rule. For Ty / Ty smaller than one corresponding to low-frequency excitation, the response was
first mode dominated. In this excitation period range, MRSA did not account for the post-yield
base section hardening of the walls, resulting in an underestimation of the response; in addition
section hardening was excessive for R = 4 and 6. For T, / T, larger or equal than one, MRSA
using the SSRS combination method and a uniform R factor in all the four modes significantly
underestimated the response for all pulses and R values, because inelastic response at the base of
cantilever wall buildings does not reduce the second and higher modes as much as the first mode
of response.

A modified modal response spectrum analysis (MMRSA) method is presented that considers
only the first three modes of response and uses a yield reduction factor Ry, and Ry for the first
and higher (second and third) modes, respectively. Modal characteristics are computed using
effective flexural rigidities. In this approach, the elastic response modal parameter Q' (bending
moment, shear force, floor acceleration) of interest at floor i can be computed as:

2 i 2 i 2

i i Q 0 Q + Q

Q — |:Q1' b, :| +[ 2:| |:2 3:| (5)
Ry (Ry )

where Qq is the mode q elastic contribution to the response parameter considered. The base

section overstrength factor Qy, is the ratio of the peak expected base bending moment My, to

My,y. Having determined the expected flexural yield strength of a wall, Equation 5 can be used to
calculate floor accelerations and bending moments, above the base of the wall, and shear forces
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along its entire height. Once Myy, and My 4 are known, factor Ry is computed based on Equation

6.

4
S
R

g=1

)]

1:

M,

Y

(6)

As defined above for the three buildings considered, the modal parameters ry;, rv,, ra; and
thus Q, are known from modal analysis (see Figure 8). For the analysis using the close-form

pulses, factor Ry is equal to R used for the MRSA (compare Equations 4 and 6). Also peak values
of Mosn, Vb, Ar, and Qp, were computed with NDRHA. Here, Equation 5 can be solved
separately for the peak values of Mosn, Vb, Ar, in terms of Ry. Figure 25 plots the results of Ry
for the 20-story building with El. = 0.4El, for all the three pulses and T1 / T, between 0.75 and
20. Figure 25 shows that for all three response quantities, all pulses, and all R factors, Ry was
significantly smaller than R, and smaller than 2.0, except Pulse C for base shear force and T,/ Tp,
= 8. In some cases, especially for T, / T, between 0.75 and 4, values of Ry smaller than one are
computed. In these cases even considering the second and third mode elastic underestimates the

response.
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Figure 25. Yield reduction factor Ry for higher modes computed based on: (a) mid-height

bending moment; (b) base shear force; and (c) roof acceleration obtained from NDRHA of the

20-story building.

Comparison of MRSA and the MMRSA results for the three buildings subjected to near-fault
records is shown in Figure 10. Results of MRSA with a uniform R factor in the first four modes
and MMRSA as described in Equations 5 and 6, using Ry = 1, are presented. For the JFA292,
RRS228, and PCD164 records, the Ry = R factors computed using Equation 6 for the 10-, 20-,
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and 40-story buildings are 5.97, 2.74, and 2.25, respectively. In all three cases, MRSA
significantly underestimated the three response parameters along the height of the buildings. The
MMRSA significantly improved the estimation of all response envelopes. The MMRSA
significantly underestimated the floor accelerations at the bottom 25% of the height of the
buildings. The total acceleration computed with modal response spectrum analysis, independent
of the R values used, results in zero acceleration at the base of the fixed-base buildings.

SUMMARY AND CONCLUSIONS

This report investigated the inelastic response of tall cantilever wall buildings subjected to pulse-
type ground motion, emphasizing the relationship between ground motion characteristics and
higher modes of response, especially the second and third mode. Three 10-, 20-, and 40-story
high cantilever wall buildings were designed to develop all nonlinear deformations at a flexural
plastic hinge region located at their base. Nonlinear dynamic response history analyses
(NDRHA) of these buildings was carried out. Initially, each building was subjected to both a
near-fault record and a representation of this record using a close-form pulse. Then, an extensive
parametric analytical study was conducted for each building subjected to three close-form pulses.
Twenty three distinct pulse periods and three pulse amplitudes at each period were considered to
study different levels of inelastic response. The following conclusions were drawn:

1. Strong pulse-type ground motions with the predominant pulse period in the range of the
second structural modal period computed with effective flexural rigidities significantly excited
the first, and second mode, causing highly inelastic response at the base of the walls for all
buildings considered.

2. Simple close-form pulses provided fair approximations of the distinct pulses contained
in near-fault records. Using the pulse approximations, the computed response in terms of section
bending moment, shear force, and floor acceleration were similar to the corresponding response
computed using near-fault records.

3. Strong pulse-type motion with a predominant pulse period close to or shorter than the
second modal period excited significantly the second mode of response and resulted in bending
moment demands at the intermediate wall height that far exceeded the base bending moment
yield strength. Designing these regions to remain elastic requires large to excessive amounts of
longitudinal reinforcement.

4. Forany T./ T, greater than one, the peak shear force at 75% of the height of the buildings,
Vo754, approached or even exceeded 50% of the peak base shear force. For T, / T, = 3, for all
three pulses, Vo 751 approached or even exceeded the peak base shear force.

5. Inelastic response at the base of cantilever wall buildings did not reduce the second and
higher modes as much as the first mode of response.

6. Using a uniform yield reduction factor R in all the modes and the SRSS combination
method, modal response spectrum analysis significantly underestimated the bending moments,
shear forces, and floor accelerations along the height of the buildings for T, / T, greater than one.
7. This underestimation increased with increasing R and with an increase of T, / T, between 1
and 4. The level of underestimation was independent of the number of stories and showed small
sensitivity to the pulse type and to the response parameter.

8.  Modified modal response spectrum analysis that considered a yield reduction factor Ry
factor in the second and higher modes equal to one (or much smaller than this used for the first
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mode), significantly improved the estimation of forces and accelerations along the height of
cantilever wall buildings.
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