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Direct displacement-based seismic assessment of concrete frames
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Abstract.  Five previously-tested reinforced concrete frames were modelled using a nonlinear finite element analysis procedure
to demonstrate the accurate response simulations for seismically-deficient frames through pushover analyses. The load
capacities, story drifts, and failure modes were simulated. This procedure accounts for the effects of shear failures and the shear-
axial force interaction, and thus is suitable for modeling seismically-deficient frames. It is demonstrated that a comprehensive
analysis method with a capability of simulating material constitutive response and significant second-order mechanisms is
essential in achieving a satisfactory response simulation. It is further shown that such analysis methods are invaluable in
determining the expected seismic response, safety, and failure mode of the frame structures for a performance-based seismic
evaluation. In addition, a new computer program was developed to aid researchers and engineers in the direct displacement-
based seismic design process by assessing whether a frame structure meets the code-based performance requirements by
analyzing the analysis results. As such, the proposed procedure facilitates the performance-based design of new buildings as well
as the numerical assessment and retrofit design of existing buildings. A sample frame analysis was presented to demonstrate the
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application and verification of the approach.
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1. Introduction

The performance-based seismic design (PBSD)
methodologies have found more prevalent use in the
seismic design of buildings due to the fact that they
consider not only the building performance requirements,
but also the economic losses resulting from an earthquake.
The PBSD incorporates four specific analysis methods: the
linear static analysis, the linear dynamic analysis, the
pushover analysis (also called the nonlinear static analysis)
and the nonlinear dynamic analysis. The pushover analysis
is more accurate than the linear analysis, while being much
faster than the nonlinear dynamic analysis-a good
compromise for the seismic performance evaluation of
building structures.

In the nonlinear pushover analysis of frame structures,
one-dimensional distributed nonlinearity fiber elements
employing various constitutive relationships represent the
most common approach because of their computational
efficiency and analytical accuracy. Although several
procedures have been proposed, only a small number of
them can account for the effects of cyclic loading and shear-
axial force interaction, both of which are essential for the
seismic performance assessment of frames. Among them
are the formulations proposed by Petrangeli et al. (1999),
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Marini and Spacone (2006), Bairan and Mari (2007), Ceresa
et al. (2009), Guner and Vecchio (20104, b), and Ferreira et
al. (2015). For the performance-based earthquake
engineering, a computational tool in the form of computer
software is required for the application of the formulations.
The available tools include SAP2000 (CSI 2013),
Ruaumoko (Carr 2007), OpenSees (McKenna et al. 2000),
Seismostruct (Seismosoft 2014), and VecTor5 (Guner and
Vecchio 2008). SAP2000 and Ruaumoko are based on a
lumped-plasticity approach, and requires the input of the
complete shear response of each plastic hinge. Seismostruct
does not have a built-in capability to consider shear effects
in a cyclic load analysis of concrete frames. OpenSees does
not have pre- and post-processing software for practical
applications to aid in the model creation and result
visualization such as crack patterns, deformed shape, and
failure modes. Consequently, the program VecTor5 is used
in this current study.

VecTor5 is a fiber-based, distributed-plasticity finite
element modeling procedure for shear-critical planar
frames. It was previously verified for the static (monotonic
and cyclic) and dynamic (impact, blast and earthquake) load
conditions (Guner and Vecchio 2010a, 2010b, 2011, 2012,
and Guner 2016), and found to accurately simulate
experimental response of frames including strengths,
stiffnesses, ductilities and failure modes under these load
conditions. Parameters such as crack widths, reinforcement
strains and member deformations were also simulated well.
This current study is aimed at further verifying this
procedure’s accuracy and applicability in seismic
performance evaluation by using pushover analyses. This
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Fig. 1 Finite element modeling technique employed

study also introduces a practical computer program for the
direct displacement-based seismic design verification of
concrete frames, which uses the analysis output from the
pushover analysis. The application of this program is also
presented.

2. Research significance

Accurate seismic performance assessment of frame
structures is of vital importance in seismic design. The
nonlinear finite element analysis procedures are valuable
tools in performing a pushover analysis to aid the
performance-based seismic design. However, the number of
available computer programs with a capability to simulate
the axial and shear force interactions is limited. An existing
analysis program is used in this study to verify its accuracy
and demonstrate its applicability in seismic performance
evaluation through pushover analyses. This program uses

default analysis options and material models without
requiring any calibration or pre-analysis calculations to
simulate the shear response of beams and columns.
Furthermore, the available nonlinear analysis programs do
not directly correlate the analysis results with the various
performance objectives identified in seismic building codes.
To aid with this process, a practice-oriented computer code
and associated program is developed to directly determine
whether the frame analyzed meets the performance
objective selected by the structure owners, which is
identified in the current seismic design codes.

3. Finite element modeling procedure

The analysis procedure employed uses six-degree-of-
freedom linear elements, as shown in Fig. 1(a), within a
distributed-plasticity frame analysis algorithm using an
iterative, total-load, secant-stiffness formulation. The
nonlinear sectional analysis algorithms provide a
comprehensive and accurate representation of the concrete
response, including the shear effects coupled with axial and
flexural responses, based on the Disturbed Stress Field
Model (Vecchio 2000). A fiber discretization of the cross-
section is employed as illustrated in Fig. 1(c). Each concrete
and longitudinal reinforcing bar layers are defined as
discrete elements while the transverse and out-of-plane
reinforcement is smeared within the concrete layers. The
out-of-plane reinforcement provides confinement to
concrete layers. The main sectional compatibility
requirement is that “plane sections remain plane”, while the
sectional equilibrium requirements include balancing the
axial force, shear force, and bending moment (calculated by
the global frame analysis). A parabolic shear strain
distribution through the section depth is assumed. To
compensate for the clamping stresses in the transverse
direction (assumed to be zero), a shear protection algorithm
is developed to prevent premature failures of D-regions.
The procedure is capable of considering such second-order
effects as material and geometric nonlinearities,
compression softening due to transverse cracking, tension
stiffening due to load transfer between cracked concrete and
reinforcement, tension softening due to fracture-related
mechanisms, confined strength, shear slip along crack
surfaces, concrete prestrains, reinforcement dowel action,
and reinforcement buckling.

The numerical models were created using the published
specimen details (e.g., the geometry, support conditions,
cross-section details, concrete strengths, and reinforcement
grades) with the help of a pre-processor program
FormWorks Plus (Sadeghian 2012, Blosser and Guner
2016). The default models were used for the material
modeling throughout this study (see Table 1). The out-of-
plane confinement reinforcement due to closed stirrups and
ties was assigned into the core concrete layers. The results
investigated included the load-deflection responses, story
drifts, concrete crack widths, reinforcement stresses and
strains, the failure modes, and the failure displacement. The
analysis results were visually verified through the graphical
post-processor program Janus (Chak 2013, Loya et al.
2015).
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Table 1 Default material behavior models used
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Fig. 2 Finite element model of Ghannoum-Moehle frame
(as shown by post-processor Janus)

4. Finite element modelling of RC frames
4.1 Ghannoum and Moehle frame

A 1/3-scale, three-bay, three-story, planar reinforced
concrete frame was tested by Ghannoum and Moehle
(2012). Two columns had ductile design details with small
stirrup spacing, satisfying the ACI 318-08 (2008)
requirements for special moment-resisting frames, while the
other two columns had older-type, non-ductile design
details. The frame was tested on a shake table subjected to
the 1985 Chile earthquake with a scale factor of 1/v3.

The frame was modelled using 349 nodes and 354
members. Three member types were used for the columns
and beams; three additional member types were used to
model the beam-column joints. The default analysis options
and material behaviour models were used with no
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(a) Experiment failure mode (Ghannoum and Moehle,
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(b) Analysis (as shown by post-processor Janus)
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Fig. 3 Comparison of experiment and analysis failure mode

adjustments made. The lead weight blocks were modelled
using point loads, and the pushover loading was applied in a
displacement-controlled mode with the proportions shown
in Fig. 2.

The analytical base shear versus story drift response is
compared with the experimental backbone curve in Fig.
4(a). The analysis captured the experimental load capacity
reasonably well. The slight underestimation may have
resulted from the idealized pushover load distribution or
other factors such as the post-tensioned restraining system
or lead weights bolted to the beams, both of which were not
explicitly modelled in the analysis.

The experimental failure mode involved shear failures
of the non-ductile columns at their bases which were
successfully captured in the analysis (see Fig. 3). For the
ductile columns, both experiment and analytical results
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Fig. 4 Comparison of experiment and analysis results

indicated the formation of significant plastic hinges,
resulting in large rotation near beam-column joints and the
supports.

4.2 Wu et al. frame

A single-story, four-column, 1/3-scale planar frame with

two ductile and two non-ductile columns was tested by Wu
et al. (2008). The frame was loaded with lead packet stacks,
weighing 173.6 kN in total, to represent the weight and
mass associated with higher floors. The earthquake loading
was applied through a shake table.

The frame was modelled using the experimental details,
and analyzed using a pushover analysis as shown in Fig. 5.
Fig. 4(b) shows the calculated and observed base shear
versus roof drift responses. The analysis was able to capture
the load capacity of the frame with predicted-to-observed
ratio of 0.86. The stiffness degradation was also captured
well.

The ductile columns experienced a flexural failure with
significant plastic deformations during the experiment,
which was simulated well in the analysis. The nonductile
columns experienced axial and shear failure in the
experiment. The column members near beam-column joints
showed shear and axial failures in the analysis, confirming
suitability of the numerical simulation procedure in
capturing the failure mode (see Fig. 6).

4.3 Yavari el al. frame

Two 1/2.25-scale, two-bay, two-story reinforced
concrete frame specimens were tested by Yavari et al.
(2013), as shown in Fig. 7. These two specimens are
denoted as MCFS (moderate axial load, confined joints,
flexure-shear failure type), HCFS (high axial load, confined
joints, flexure-shear failure type). Two steel frames were
bolted to the shaking table on either side of the specimens
to brace the specimens in the out-of-plane direction by
means of machined rollers at each beam level. Both of the
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Fig. 5 Finite element model of Wu et al. frame (as shown by post-processor Janus)
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Fig. 8 Comparison of experiment and analysis results

test frames were subjected to the same shake table motion
recorded from the 1999 Chi-Chi earthquake.

The frames were modelled using a similar approach as
discussed previously and analyzed subjected to pushover
loading, as shown in Fig. 7. As seen in Fig. 8, the analytical
and experiment results are quite similar in terms of peak
loads. Yavari et al. (2013) defines the shear failure as 20%
reduction in the shear resistance, accompanied by diagonal
cracking. Based on this criterion, for the MCFS specimen,

(b) Analysis (as shown by post-processor)

Fig. 9 Comparison of experiment and analysis failure mode
of MCFS
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Fig. 10 Comparison of experiment and analysis failure
mode of HCFS

the experimental failure mode involved a flexural-shear-
axial failure. The middle column first showed flexural
cracks, then a shear failure occurred, followed by an axial
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failure. Afterwards, the two side columns showed flexural
and shear failures. The analysis also showed significant
flexural cracks, and exhibited a shear failure with the base
shear capacity dropped more than 20%. Fig. 9(b) shows the
diagonal shear cracks successfully captured in the analysis.
Consequently, the calculated failure mode matches well
with the experiment failure mode.

For the HCFS specimen, the experimental failure mode
involved a flexural-shear-axial failure. Due to the high axial
load on the middle column, an axial failure occurred
immediately after the shear failure. The failure mode of
analysis was the same as the experimental failure mode, as
shown in Fig. 10. First, the frame sustained significant
flexural cracks followed by the formation of the plastic
hinges at the column ends. Afterwards, the members at the
column bases exhibited shear failures. The beams in the left
span had more cracks compared to the MCFS specimen,
possibly due to the high axial load on the middle column.

4.4 Xue et al. frame

A 1/5-scale, two-bay, two-story, high performance
concrete frame was tested by Xue et al. (2011). It was
designed in conformity with the requirement of ACI 318-08
(2008), and tested under reversed-cyclic displacement
excursions. Three constant column axial loads were added
to simulate the gravity load coming from the upper stories.
The lateral force was applied using a displacement-
controlled loading protocol at the mid-point between the

Base Column
Reinforcement |
Buckling
gl

(b) Analysis (as shown by Janus)

Fig. 13 Comparison of experiment and analysis failure
modes for the Xue et al. frame

first and second story beams.

The frame was modelled using the program VecTor5.
The supports at the lower ends of each column were
modelled as fixed. A displacement-controlled pushover
analysis was performed to obtain the backbone response
curve.

As shown in Fig. 12, the analysis captured the loading
capacity and the failure drift very well, with a predicted-to-
observed ratio of 1.10 and 0.98, respectively.

The frame exhibited a partial beam-sidesway
mechanisms in the experiment. The formation of plastic
hinges at the column bases led to the failure of the frame.
The analysis captured the experimental failure mode, as
shown in Fig. 13. In the analysis, the longitudinal
reinforcements in beam ends reached their yield strength
and formed plastic hinges. The frame failed due to the
longitudinal reinforcement buckling at the right column
base.
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Table 2 Comparison of experiment and analyses results of
five frames

Peak load (kN) Peak drift” (%)
AnalysisExperiment Ratio AnalysisExperiment Ratio
Ghannoum 105 122 0.86 4.60 4.18 1.10
Wu 107 124 0.86 4.52 4.37 1.03
MCFS 195 220 0.89 3.89 3.86 1.01
HCFS 205 218 094 2.89 2.71 1.07
Xue 249 227 110 0.90 0.92 0.98
Mean 0.93 Mean 1.04
COV (%) 10.7 COV (%) 4.6

*Peak drift: drift at frame failure

Frame

4.5 Summary of results

The experiment and analysis results of all of the five
frames are summarized in Table 2, which indicates that the
numerical procedure provides satisfactory accuracy in both
the load capacity and interstory drift ratio. The ratio of the
predicted-to-observed peak load for all five frames has a
mean of 0.93 with a coefficient of covariation (COV) of
10.7%. The failure drift ratio was predicted with a mean
value of 1.04 and a COV of 4.6%. These values are well
within the accuracy margins that can be expected from the
nonlinear analysis of concrete frames subjected to their
ultimate collapse conditions. The minor underestimation in
the peak load capacities of four of the frames can be

Start <

attributed to several factors including variability in the
material properties and workmanship, challenges in
modelling the exact experimental boundary conditions, and
how the forces are measured during the experimental
program. The slight overestimation in the peak load
capacity of the Xue frame is attributed to the simplified
(i.e., rigidly-connected) modeling of the steel load
application column used in the experimental program. The
analyses were conducted using a laptop computer with a
processor of Intel Core i5-4210M @ 2.60 GHz, RAM of
4.00 GB, and a solid-state drive speed of 200 MB/s. The
longest analysis required a computational time of 9 minutes
and 32 seconds for the Ghannoum-Moehle frame.

5. Overview of the program DDBSD

Priestley (1993, 1998), Priestley and Kowalsky (2000)
and Priestley et al. (2007) pioneered the direct
displacement-based seismic design method. The accuracy
of this approach was verified by analyzing a series of
structures with different structural types and materials using
inelastic-time-history analyses. Extensive design examples
using this approach were demonstrated in Priestley et al.
(2007) to illustrate the reliability of this approach. A
program named DDBSD (Direct Displacement-Based
Seismic Design) was developed to utilize the nonlinear
finite element analysis output and the response spectrum in
ASCE 7-10 (2013) code to verify whether the performance
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Fig. 14 Flowchart of the DDBSD program
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objectives in FEMA 356 (2000) is satisfied or not for a
given frame structure using the direct displacement-based
seismic design method. Although this program is specially
written for the finite element analysis program VecTor5, the
proposed methodology can be applied to any other
nonlinear finite element procedure.

The flowchart of the program DDBSD is presented in
Fig. 14. The program will first require the users to select
performance objectives of the structure to resist earthquake
(i.e., limited objective, basic safety objective, enhanced
objective). Then the program will read the analysis output
files to obtain the yield displacement 4, value. The design
displacement Ay value is then calculated using the drift
limit ratio recommended by FEMA 356 (2000) times the
structure height. The ratio of the design displacement to the
yield displacement gives the displacement ductility. Using
the displacement ductility, an equivalent viscous damping
ratio is obtained using Fig. 15(a). The design acceleration
response spectrum is then constructed using the user-given
parameters T, Ss and S;, these parameters can be calculated
through the U.S. Seismic Design Maps (2016) by using the
structure location and the site soil classification. After a
series of calculations, the design displacement response
spectrum is obtained, through which the equivalent period
Teq is obtained. Using the equivalent period Teq and the
equivalent mass mq, the required equivalent stiffness K'eq is
obtained. The actual equivalent stiffness K%, is obtained
using the load-displacement response of the pushover
analysis. By comparing K'e; and K%, a decision can be
made regarding whether or not the structure analyzed can
satisfy the performance objectives of the FEMA 356 (2000)
code, which are related to the performance levels (i.e.,
immediate occupancy, life safety and collapse prevention)

and the earthquake hazard levels.

The design displacement response spectrum is obtained
from the design acceleration response spectrum shown in
Fig. 15(b), using Egs. (1)-(3) from Filiatrault and Folz
(2002).

T2
SDCode = ? SACode (1)
0.07
Spq = |- )
Dgeq 0'02+geq DCode
Sprr = (Tr / 474)0 * S pcode ®3)

Eq. (1) is used to convert the code design acceleration
response spectrum Spcoqe fOr a given seismic zone into a
corresponding displacement response spectrum Spcode. EQ.
(2) is used when the viscous damping ratio is different from
5%. Eqg. (3) is used when the mean return period T, is
different from 474 years. T, is related to the earthquake
hazard levels. Based on FEMA 356 (2000)
recommendation, T, is 72, 225, 474, 2,475 years for 50%,
20%, 10% and 2% probability of exceedance in fifty years,
respectively.

The program DDBSD calculates the required equivalent
stiffness using Eq. (4) from Priestley et al. (2007).

2
. Az Meg

eq Tef]

(4)

Teq is the equivalent period and meq is the equivalent
mass. The equivalent period is obtained from the design
displacement response spectrum, using the design
displacement as the vertical coordinate.

The equivalent mass represents the mass of the
equivalent one-degree-of-freedom system, and calculated
using Eq. (5) from Priestley et al. (2007).

ma =T ®
d

Actual equivalent stiffness is the value of the design
base shear divided by the design displacement. The design
base shear is obtained from the nonlinear pushover analysis
results.

By comparing the required equivalent stiffness and the
actual equivalent stiffness, the program checks whether the
structure analyzed satisfies the performance objectives of
the FEMA 356 (2000) code. If the actual equivalent
stiffness is greater than or equal to the required equivalent
stiffness, the program indicates that the structure achieves
the required performance objective.

6. Direct
example

displacement-based seismic design

To demonstrate the application of the DDBSD program,
the analysis results of the Wu et al. frame was used. It was
assumed that the frame is located in Los Angeles, USA, and
constructed in a soil-type D (i.e., stiff soil). The seismic
design check was performed for the basic safety objective
for demonstration purposes, therefore, the life safety and



Direct displacement-based seismic assessment of concrete frames 363

1.5 A

Sa, (g)

0.5 A

O T T T T T
0 2 4 6 8 10 12
Period, T (s)

(a) Spectral acceleration in analysis

2500 —w— [ ife Safety
2000 = Collapse
] Prevention
g 1500 ¢
}) 1000
500 t
0 1 1 1 1 1

0 2 4 6 8 10 12
Period, T (s)

(b) Spectral displacement in analysis
Fig. 16 Response spectrum

collapse prevention limit states must be achieved under the
earthquake hazard level of 10% and 2% probability of
exceedance in 50 years, respectively. According to the
performance level drift limit recommendation of FEMA 356
(2000), the design displacement for the life safety limit state
is 26.5 mm (2% drift), while it is 53 mm (4% drift) for the
collapse prevention limit state.

The DDBSD program first detects the average
longitudinal reinforcement stresses using the analysis
output, and compares them with the yield stress values to
obtain the corresponding yield displacement. For this frame,
a yield displacement value of 6 mm was obtained. The ratio
of the design displacement to the yield displacement is the
displacement ductility, which is 4.4 for the life safety limit
state and 8.8 for the collapse prevention limit state. The
viscous damping ratios were calculated using Fig. 15(a) to
be 18.9% and 20% for the life safety limit and collapse
prevention limit states, respectively.

For the structure location and the soil type, the T, Ss
and S; values were obtained using the U.S. Seismic Design
Maps (2016) as 8s, 2.433g, and 0.853g, respectively. The
program DDBSD uses these parameters to calculate the
design acceleration response spectrum per the ASCE 7-10
(2013) code, as shown in Fig. 16(a). For the Wu et al. frame
to satisfy the basic safety objective, the return period is 474
and 2,475 years for the life safety and collapse prevention
limit states, respectively. Using Egs. (1)-(3), the design
displacement response spectrum was obtained as showed in
Fig. 16(b).

The equivalent periods T, for the life safety limit state
and the collapse prevention limit state were then obtained
using the design displacement response spectrum, as shown
in Fig. 17(a). The program DDBSD calculates the total
mass using the analysis output files and obtains the
equivalent mass meq using Eq. (5).
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Table 3 Summary of the seismic design example

Performance Damping T K'eq KPeq Ko/
Level Ratio (s)  (N/mm) (N/mm) K’y
Life Safety 18.9% 0.337 4254.2 3969.8 0.93
Collapse 20% 0336 27366 1683 061
Prevention

The required equivalent stiffness K's, was calculated
using Eq. (4), which was found to be 4254.2 and 2736.6
N/mm for the life safety and collapse prevention limit
states, respectively. The actual equivalent stiffness K2, was
then calculated by dividing the design load by the design
displacement obtained from the pushover analysis curve.
K%, was calculated to be 3969.8 and 1683 N/mm for the life
safety and collapse prevention limit states.

Table 3 shows the summary of the direct displacement-
based seismic design checks performed on the Wu et al.
frame. Based on the results, the structure can satisfy neither
the life safety nor the collapse prevention limit state. The
actual equivalent stiffness is 7% smaller than the required
equivalent stiffness for the life safety limit state and 39%
smaller for the collapse prevention limit state. Therefore,
the structure cannot meet the basic safety objective
recommended by FEMA 356 (2000) code.

To validate the results obtained by the DDBSD program,
a nonlinear static procedure (NSP) prescribed in ASCE 41-
13 document was conducted. The NSP is based on the
assumption that the response of the MDOF structure can be
related to that of an equivalent SDOF. For this purpose, the
NSP is a useful tool to the engineering practitioner for the
assessment of the seismic behavior of structures. In the NSP
procedure, the gravity loads are applied followed by a
lateral load pattern that is gradually increased in the
direction under consideration. The investigated Wu et al.
frame was pushed using a single lateral load pattern at the
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first story level to achieve the target displacement (o;)
required. At each load step, the base shear and the
corresponding roof displacement can be plotted to create the
capacity or pushover curve. Based on the obtained response,
it is possible to visualize the maximum base shear that the
structure is capable to withstand during the earthquake
event. The target displacement was calculated based on the
displacement coefficient method defined in ASCE 41-13.
This method modifies the elastic response of an equivalent
SDOF system with coefficients Cy, C; and C, as expressed
as follows

2

9, =CC.C,8, —7 9 (6)
4

where S, is the response spectrum acceleration at the

effective fundamental vibration period and damping ratio, g

is the acceleration of gravity, and T, is the effective

fundamental period of the building in the direction under

consideration as computed from:

K.
-7 2L 7
T=Tix (7

e

where T;, K;, and K, are the elastic fundamental period,
elastic lateral stiffness, and effective lateral stiffness,
respectively.

Using Egs. (6) and (7), the target displacement was
calculated to be 80.6 mm, which corresponds to a 6.1%
story drift for the collapse prevention limit state. The
maximum story drifts recommended by FEMA 356 are 1%,
2% and 4% for the immediate occupancy (lIO), life safety
(LS), and collapse prevention (CP) limit states, respectively.
Consequently, the Wu et al. frame does not satisfy any of
the performance levels. The ratio of the maximum drift
recommended by FEMA 356 to that calculated using the
target displacement method is 0.65, whereas the ratio
calculated using the DDBSD method is 0.61. The good
agreement between the two methods validates the results
obtained.

7. Conclusions

This paper verified the accuracy of a nonlinear finite
element analysis procedure in seismic performance
evaluation by modelling five previously-tested seismically-
deficient concrete frame structures, and comparing the
simulated load capacities, drift ratios, and the failure modes
with the experimental results. A computational program
DDBSD was developed to check whether the structure can
satisfy the seismic performance requirements of the FEMA
356 (2000) code using the analysis output from the
nonlinear finite element analysis procedure, response
spectrum relation in ASCE 7-10 (2013) code, and direct
displacement-based seismic design methods. In addition, a
nonlinear static procedure (NSP) prescribed in ASCE 41-13
was performed to validate the results obtained. An example
was presented for the application of the program DDBSD.
The results of the investigation indicate the following
conclusions.

» The nonlinear finite element analysis procedure used

predicted the load, drift and failure responses of the
frames examined accurately. The ratio of the predicted-
to-observed peak loads for all five frames had a mean of
0.93 with a coefficient of variation (COV) of 10.7 %.
The drifts at failure were also predicted well with a
mean value of 1.04 and COV of 4.6%.

 The pushover analysis employed consumed a fraction
of the analysis times required by nonlinear dynamic
analysis procedures, while providing sufficiently
accurate simulation of the seismic response of the
frames examined.

» Pre- and post-processor software is essential in
understanding the behavior and the failure mode of
frame structures by showing the sequence of nonlinear
events, crack propagation, concrete and reinforcement
stresses/strains, and the deflected shapes of the frames.

» Pushover analysis results from the nonlinear finite
element analysis procedure can be used for the direct
displacement-based seismic design, to aid the
determination of whether or not the designed structure
can meet the seismic code requirements.

« The program DDBSD can be used by practicing
engineers to check whether the building can satisfy the
seismic design code requirements by using the results of
a nonlinear pushover analysis. The presented
methodology has a general applicability to other
nonlinear finite element analysis programs.
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