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Abstract
This paper presents application of ASCE/SEI 41–17 nonlinear seismic analysis and evalua-
tion procedures to the 10-story reinforced concrete building tested on the E-Defense shake 
table in December 2015. Primary lateral load resisting system of the building was rein-
forced concrete frame in the longitudinal direction and RC wall in the transverse direc-
tion. Analytical models were developed in OpenSees with nonlinear wall, beam, and 
column elements, as well as with linear elastic and two types of nonlinear beam-column 
joint elements: (1) modeling parameters that follow ASCE/SEI 41–17 recommendations, 
and (2) modeling parameters derived using data from relevant experimental results. Com-
puted responses for the analytical models of the building and predicted damage are com-
pared with measured responses and observed damage for strong motion records from 50 
and 100% Kobe earthquake excitations. Results comparisons indicate that the ASCE/SEI 
41–17 nonlinear dynamic evaluation procedures are overall able to reasonably identify the 
general damage extent and distribution for both frame and wall directions. Analysis results 
further suggest that the beam-column joint modeling parameters in ASCE/SEI 41–17 for 
nonlinear dynamic procedures likely overestimate the rate of strength loss with increasing 
deformation demands revealing a potential need for review and update of the joint shear 
strength and nonlinear modeling parameters and acceptance criteria.
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1  Introduction

Building design and evaluation methodologies that target a desired seismic performance 
(performance-based seismic design) have been widely applied in recent years to new and 
existing reinforced concrete (RC) buildings. The performance-based design approach 
heavily relies on results of nonlinear response history analyses of complete three-dimen-
sional building models to obtain engineering demand parameters that are compared with 
a set of acceptance criteria to judge if the structural response is acceptable. ASCE/SEI 
41–17 (ASCE 2017) is the most commonly used standard in the United States for seis-
mic evaluation and retrofit of existing buildings. The objective of the seismic evaluation 
provisions described in ASCE/SEI 41–17 is to evaluate deficiencies that prevent a build-
ing from achieving a selected Performance Objective. Previous work assessed new RC 
buildings designed according to ASCE/SEI 7, using ASCE/SEI 41 and identified relative 
inconsistencies between the two standards; specifically, structures designed in accordance 
with ASCE/SEI 7 may not “pass” a linear, and in some cases a nonlinear evaluation in 
accordance with ASCE/SEI 41 evaluation (Sattar 2018; Buniya et  al. 2017). However, 
these findings are limited to the study of code-compliant buildings that typically would be 
considered “benchmark” buildings and deemed to comply with ASCE/SEI 41 due to their 
incorporation of prescriptive ductile detailing and minimum strength requirements.

As identified by a workshop conducted in 2008 (NIST 2009), there is a need to sys-
tematically benchmark the primary outcomes of the evaluation process and determine how 
well ASCE/SEI 41 represents actual damage that could occur due to strong shaking. This 
is particularly relevant with the structural engineering profession moving towards risk 
assessment of buildings that relies on accurate estimation of damage across a wide range 
of shaking intensities. Seismic retrofit of existing non-ductile concrete structures tends to 
require measures that have a significant environmental impact due to the carbon-intensive 
nature of the new structural elements. In order to minimize these impacts, accurate damage 
assessment methodologies are required to ensure that only the buildings requiring retrofit 
are identified and that the retrofit scope is highly efficient.

In 2016, the Applied Technology Council (ATC), with funding from National Institute 
of Standards and Technology (NIST), commenced the ATC-134 project to benchmark 
evaluation procedures in ASCE/SEI 41 with respect to data recorded for eight RC struc-
tures subjected to actual earthquakes or tested on a shake table. Results reported in this 
paper are a part of this effort.

The primary objective of this paper is to benchmark evaluation methodologies for exist-
ing RC buildings and present recommendations for improvement of the seismic evaluation 
procedures of ASCE/SEI 41–17 (ASCE 2017). For this purpose, calculated results from 
implementing evaluation procedures described in applicable methodologies (ASCE/SEI 
41) are compared to test data available for a 10-story RC building tested on the E-Defense 
shake table in December 2015 in Japan (Nagae et al. 2015). Analyses were conducted in 
accordance with the Nonlinear Dynamic Procedures described of ASCE/SEI 41–17 using 
OpenSees (McKenna et al., 2011). Analytical results were compared to observed perfor-
mance of the structure through component and global response and overall damage dis-
tribution in the building. Based on the findings, recommendations are made for improve-
ments to ASCE/SEI 41 procedures. This paper presents a selected set of results obtained 
for this study. Additional information can be found in NIST report (NIST 2022).
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2 � Brief description of experimental program

2.1 � Building description

2.1.1 � Geometry and structural system

The structure evaluated in this paper was cast-in-place RC with mild reinforce-
ment tested in December 2015 on the E-Defense shake table. The 10-story test speci-
men was 27.4  m tall, and plan dimensions were 9.7  m × 15.7  m at the first floor and 
9.5  m × 13.5  m at the other floors. The lateral force-resisting system of the building 
consists of two lines of perimeter moment frames in the longitudinal direction and four 
shear walls in the transverse direction that terminate at the top of the 8th floor. There 
also are two lines of interior beams (three beams per line) in the longitudinal direction 
that frame between the shear walls in the out-of-plane direction, and four lines of beams 
(two beams per line) in the transverse direction that frame between the perimeter col-
umns and the shear walls in the in-plane direction. The building was structurally regu-
lar and was designed to conform to the seismic design provisions of the Architectural 
Institute of Japan (AIJ 2018) and meet most of the ACI 318–14 provisions for Special 
Moment Frame and Special Structural Wall systems, as detailed in Unal et al. (2020).

Typical moment frame column sections are 500  mm × 500  mm, and typical beam 
sections are 350  mm × 500  mm. Both columns and beams are well-confined at mem-
ber ends. The webs of the shear walls were 150 mm thick at 1st through 7th levels and 
reduced to 120  mm at the 8th level and above. To allow transportation of the speci-
men inside the test facility, the structure was built in two separately fabricated sections, 
where both sections are bolted together at the midpoint of columns and shear walls at 
the 6th story; therefore, any comparisons between test and model results adjacent to this 
splice should consider the impact of the presence of the splice. Additional details about 
the test specimen are presented by Nagae et al. (2015) and NIST (2022).

2.1.2 � Material properties

The tested material strengths are given in Table 1 (Unal et al., 2020). For the purpose of 
this evaluation, the measured (representative or mean) material strengths were used for 
all elements.

2.1.3 � Building weight

The building weighed 9545 kN, which includes the dead load (structural elements) and 
attached fixtures, such as stairs, steel framing, and instrumentation. Floor weight ranged 
from 579 to 905 kN for typical floors, except for level 6, where due to the weight of 
steel fixtures the floor weight was 1058 kN, and level 1, which also included the weight 
of the foundation resulting in total floor weight of 1856 kN. Weight was assumed to be 
evenly distributed across the slab.
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2.1.4 � Instrumentation

Specimen instrumentation included 654 channels to record responses that included story 
displacements, floor accelerations, joint deformations, beam and column end rotations, 
and wall average shear and vertical strains (Sato et al. 2017). Floor accelerations were 
measured using two triaxial accelerometers attached to the floor slabs at north-east and 
south-west corners. Story displacements were measured using displacement transducers 
attached to steel frames at every floor level. Wall vertical strains were measured using 
LVDTs attached to wall boundaries over the first three stories. To measure member-
end rotations, displacement transducers were installed along beam and column hinging 
regions.

2.1.5 � Ground motions and testing protocol

The ground motions recorded at JMA’s Kobe station (referred to as Kobe ground motion 
in further text) were used as the input excitation for the test building. The maximum 
accelerations for the north–south (NS), east–west (EW), and up-down (UD) directions 
are 8.18 m/s2, 6.17 m/s2, and 3.32 m/s2, respectively. The NS component of the ground 
motion was applied in the frame direction, whereas the EW component was applied in 
the wall direction. The test was carried out in two phases. In phase 1, the building sits 
on eight flat-plate friction sliders allowing the building to dissipate energy, whereas in 
phase 2, the building is bolted to the shake table to provide a fixed restraint support con-
dition. Ground motions were scaled by 10%, 25%, 50%, and 100% and applied sequen-
tially in the two phases of testing. White noise excitation was applied before and after 
each individual ground motion to estimate the first mode period of the structure.

Table 1   Material Properties Based on Test Results (Mean values)

(a) Concrete (b) Reinforcement

Floor Height f’c (MPa) Ec Bar No. fy (MPa) fu (MPa) Es (GPa)

(m) Wall Beam Column (MPa) Beams and columns 
longitudinal reinforce-
ment

R – – 27 – – D22 (SD345) 389 574 189
10 2.5 27 27 27 30400 D19 (SD345) 388 582 190
9 2.5 27 27 27 32448 Wall longitudinal bars
8 2.5 27 27 27 32882 D13 (295A) 361 498 197
7 2.55 27 27 27 32613 Transverse reinforcement
6 2.55 27 33 27 34475 D10 (295A) 408 536 197
5 2.55 33 33 33 30104 D13 (295A) 361 498 197
4 2.6 33 33 33 30159 S10 (1) (KSS785) 900 1049 206
3 2.6 33 42 33 33758 S10(3) (KSS785) 962 1153 204
2 2.6 42 42 42 36847 Slab reinforcement
1 2.8 42 42 42 35137 D10 (295A) 353 495 186
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2.2 � Observed performance

Periods of the test structure after application of each ground motion are reported in 
Table  2. Initial natural periods of the test structure, as obtained from the white noise 
test, were 0.57 s in both wall and frame direction. After initial softening in the sliding 
base tests (0.87 s and 0.69 s for the frame and wall directions, respectively), the natural 
periods for the frame and wall directions increased slightly (0.85 s and 0.58 s to 0.94 s 
and 0.60  s for the frame and wall directions, respectively) in the 10% and 25% Kobe 
fixed-base tests, modestly in the 50% Kobe fixed-base test, and appreciably in the 100% 
Kobe fixed-base test.

For the fixed-base test and the 100% JMA-Kobe motion, the maximum story drift 
ratios of 3.05% and 1.50% were measured for the frame and wall directions, respec-
tively. Story drift ratios are largest for the frame direction between the 3rd and 4th 
story, where damage was concentrated, whereas story drift ratios for the wall direction 
increase only modestly above the 1st floor due to the rigid body rotation at the wall base 
due to the concentration of nonlinear curvature at the critical section (wall-foundation 
interface) and possible (minor) foundation rotation (Garcia, 2020).

Table 2   Test and Model Fundamental Periods

Structure base test 
condition

Structure base test 
condition

Building period after application of ground motion (seconds)

Test OpenSees model

Frame Dir Wall Dir Frame Dir Wall Dir

Sliding base Initial 0.57 0.57 0.67 0.43
10% 0.61 0.61 – –
25% 0.69 0.63 – –
50% 0.76 0.64 – –
100% 0.87 0.69 – –

Fixed base Initial 0.85 0.58 – –
10% 0.87 0.58 – –
25% 0.94 0.6 – –
50% 1.24 0.74 – –
100% 2.43 1.13 1.41 0.72
60% 2.62 1.19 – –

Fig. 1   Photos of observed damage (Tosauchi et al. 2017): a beam-column joint at 4th floor, b column base 
at 1st floor, c wall boundary element at 1st floor
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In terms of damage, under the 100% excitation for the fixed-base test, observations 
included significant beam-column joint damage characterized by diagonal cracking (e.g., 
Fig. 1a) at the 3rd, 4th and 5th floors, minor concrete cover spalling at the base of 1st floor 
corner columns (Fig. 1b) and at the base shear wall (Fig. 1c). Damage to the beam-column 
joints appeared to produce softening that led to fairly large story drift ratios (3.05%) in the 
frame direction for the 100% Kobe record (Table 2), whereas damage in the wall direction 
was minor. More information on the test procedure, specimen design, instrumentation, and 
experimental results for the 2015 tests can be found in Kajiwara et al. (2015), Sato et al. 
(2017), and Tosauchi et al. (2017).

3 � Description of the nonlinear modeling approach

3.1 � General

Three-dimensional nonlinear OpenSees models were developed following ASCE/SEI 
41–17 standard. The structure was modeled with a fixed-base and semi-rigid diaphragms 
using shell elements (Fig. 2). For the fiber section models, columns and beams were discre-
tized using several displacement-based fiber section elements along the length of the mem-
bers, each element with three integration points and Legendre integration, whereas walls 
were modeled with a three-dimensional multiple-vertical-line-element model (MVLEM-
3D; Kolozvari et al 2021) with nonlinear in-plane behavior and elastic out-of-plane behav-
ior. More details about the model description and calculation of modeling parameters are 
provided in the following section as well as in the NIST report (NIST 2022).

Masses and gravity load at each level were based on values reported by Nagae et  al. 
(2015). For gravity load, self-weight (excluding the slab) was accounted for with a line 
load applied along the length of beams and columns, whereas the remaining gravity load 

Fig. 2   General element modeling approaches
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was distributed on the slab. Masses were distributed to nodes at each floor level based on 
the distribution of gravity load. No load factors were applied to the gravity loads.

3.2 � Component modeling

Nonlinear fiber section modeling was used for beams, columns, and walls, whereas two 
approaches were used to model the beam-column joints, one with elastic joints (EJ) and the 
other with nonlinear joints (NJ). Since preliminary assessment of the building design indi-
cated high potential for joints nonlinear behavior (Unal et al., 2020), results obtained with 
elastic joints model are not considered to be as relevant as the results obtained using the 
model with nonlinear joints and are reported as part of the sensitivity studies (Sect. 5). All 
columns and beam were expected to respond primarily in a flexure mode because they had 
relatively significant confinement, such that their shear strength exceeded, by a significant 
margin, the shear demand associated with flexural yielding. Therefore, the gross elastic 
shear stiffness was used for the frame members, as recommended by ASCE/SEI 41–17. 
Effective flange width of beams, determined based on ASCE/SEI 41–17 Sect. 10.3.1.3, was 
considered in strength and stiffness of the beams. A biaxial mesh was used to model beams 
and columns, as shown in Fig. 2.

Beam-column joints were classified as “conforming” per ASCE/SEI 41–17 despite 
the relatively wide transverse reinforcement spacing (150 mm) in the joint. Demand-
to-capacity ratios for beam-column joints computed according to ACI 318–14 between 
Levels 2 and 7 were determined to range from 0.40 to 0.52 for exterior connections 
and 0.54 to 0.65, respectively (Unal et  al., 2020). In the OpenSees EJ model, beam-
column joints were modeled using elastic elements extending from the beam-joint and 
column-joint interfaces and connecting at the center of the joint. Since the ratio of 
the summation of the column nominal moment capacities (∑Mnc) to the summation of 
the beam nominal moment capacities (∑Mnb) of each joint was greater than 1.2, joint 
elastic stiffness was modeled implicitly according to ASCE/SEI 41–17 Sect. 10.4.2.2 
(option “c” from Fig.  10-2 of ASCE/SEI 41–17), as shown in Fig.  2, in the Open-
Sees EJ model. In the OpenSees NJ models (Fig.  3), joints were modeled using the 
“scissor model” as described by Celik and Ellingwood (2008), where joint elastic ele-
ments extended from beams and columns and rotational springs were introduced in 
the frame direction, to allow a scissor motion in the joint (Fig.  2). Capacities of the 
beam-column joints were obtained using the joint shear strength equation per ACI 
318–14 and were therefore different for the interior and exterior bays. It should be 
noted that neither the scissor model nor the ACI joint shear strength equation consider 
variation of beam-column joint shear strength due to varying axial load during the 
earthquake motion. The stiffness of the elastic elements and the nonlinear behavior of 
the rotational springs was calibrated using two options. Option 1 (Fig. 3a): the stiff-
ness of elastic beam/column elements framing into the joint was modeled according 
to ASCE/SEI 41–17 Sect.  10.4.2.2, as described above, while joint nonlinear behav-
ior is as defined in ASCE/SEI 41–17 Sect.  10.4.2 and Table  10–11. For this option, 
results from pushover analysis indicated that including slip spring in the joint model 
had minor impact; therefore, slip springs are ignored. Option 2 (Fig.  3b): the stiff-
ness of elastic beam/column elements framing into the joint was assumed to be rigid 
per “explicit joint model” described in Fig.  10-2(a) of ASCE/SEI 41–17, where the 
joint nonlinear behavior is calibrated using representative test results by Shiohara et al. 
(2013). Major differences between Option 1 and 2 joint models were in their ductility 
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and the abruptness of strength degradation, where Option 1 model (ASCE-41 compli-
ant) had considerably less ductility and more abrupt strength degradation, as illustrated 
in Fig. 3a. For both options, the hysteresis behavior was modeled using the Pinching4 
hysteretic model in OpenSees.

It should be noted that nonlinear joint behavior was only modeled for the perimeter 
frames over floors 1 to 7 because: (1) preliminary analyses indicated limited or no 
nonlinearity at levels 8 to 10 and (2) results of a pushover analysis for a lateral load 
distribution based on a first mode shape, indicated that the interior frames (beams con-
necting to wall boundary versus perimeter frames) contributed only about 23% of the 
total lateral strength of the building (77% for perimeter frames).

The walls were determined to respond primarily in a flexure mode based on their 
long height-to-length aspect ratio and high shear strength to shear demand ratio (Unal 
et  al., 2020). Therefore, shear behavior of the walls is modeled as essentially elas-
tic using effective shear modulus of 0.2EcE, versus using a value of 0.4EcE, as recom-
mended by ASCE/SEI 41–17. Since wall shear demands (and shear deformations) are 
low, this assumption is expected to have very little influence on the results presented 
later.

Fig. 3   Modeling of beam-column joints in OpenSees NJ model



6631Bulletin of Earthquake Engineering (2023) 21:6623–6646	

1 3

3.3 � Material models and modeling strength degradation

For the fiber section elements, sections were discretized and assigned material models: 
Concrete02 for unconfined and confined concrete and wall boundary elements, and 
SteelMPF for reinforcing bars. Basic parameters of the stress–strain curve for unconfined 
and confined concrete in compression were calculated using the models proposed by Saat-
cioglu and Razvi (1999) and Mander et  al. (1988) based on cylinder test data and the 
amount of transverse reinforcement provided in the cross-section. Tensile strength of con-
crete was taken as 0.31 

√

f
�

c
(MPa) based on Belarbi and Hsu (1994) constitutive model for 

concrete in tension. The tangent stiffness of concrete material at zero load was defined as 
2f′c/ε0 and the degrading slope Et was defined as 5% of the tangent stiffness of concrete 
material at zero load. Reinforcement stress–strain relations were based on direct tension 
tests of reinforcement coupons.

Material models calibrated based on as-tested material properties were further modi-
fied in plastic hinge regions of walls, beams, and columns to capture strength degradation 
in these elements according to ASCE/SEI 41–17. It was assumed that steel reinforcement 
in compression loses its capacity at the strain where concrete reaches its residual capacity 
(EpsU). EpsU parameter was calibrated such that strength loss occurs at plastic rotation 
that corresponds to ASCE/SEI 41–17 Parameter a for walls, beams, and columns. Exam-
ples of calibrated moment-rotation relationships for representative wall, beam, and column 
elements are presented in Fig. 4. Axial loads used in calculating ASCE/SEI 41–17 mod-
eling parameters for joints and acceptance criteria for all structural elements were obtained 
as the maximum compressive axial demands developed in each element from a pushover 
analysis of the building out to initiation of loss of lateral load carrying capacity using a first 
mode lateral load distribution. Slab out-of-plane bending was not modeled explicitly but 
was rather accounted for through effective flange widths assigned to the beams calculated 
in line with ACI 318–14.

3.4 � Analysis approach

The ground motions applied to the model were the recorded motions at the base of the 
test building (on the shake table). For the purposes of this study, the acceleration histories 
of the two horizontal components of the 100% JMA-Kobe record as measured at the base 
of the structure during the fixed-base test were used for the OpenSees models to assess 
the building performance. Nonlinear models were only subjected to the two horizontal 

Fig. 4   Representative moment-rotation responses for calibrated section of structural elements: a walls, b 
columns, c beams



6632	 Bulletin of Earthquake Engineering (2023) 21:6623–6646

1 3

components of the JMA-Kobe 100% motion (recorded on the shake table) without being 
subjected to the prior motions applied to the building in the experimental program. Model 
results from the JMA-Kobe 100% record was used for the comparison to the observed per-
formance because it was the first test during which severe damage and significant nonlin-
ear response was recorded. Only minor yielding was recorded during the 50% JMA-Kobe 
fixed-base test and the yielding did not result in any appreciable permanent deformation 
(Nagae et al. 2015). The potential influence of the prior test runs (i.e., sequential applica-
tion of 50% and 100% JMA-Kobe) is addressed by conducting a limited sensitivity study.

Because the building did not contain any nonstructural elements, the analysis employed 
2% Rayleigh damping defined at 0.2T1 and 1.5T1. The analysis accounted for nonlinear 
geometry effects using the P-delta transformation.

4 � Comparison of analysis results with experimental observations

Given significant nonlinearity in the joints observed in the test structure after 100% JMA-
Kobe ground motion was applied, model results in this section are presented only for the 
NL joint models (Option 1 and Option 2). Impact of using the elastic joint model and the 
influence of applying sequential ground motions is presented in Sect. 5.

4.1 � Natural periods

The initial periods obtained from the model are compared with values obtained from the 
test structure in Table  2. The computational model produces periods that are larger and 
smaller than measured during the test for the frame and wall directions, respectively. Note 
that initial stiffness of the model is calculated after application of gravity load. The higher 
model period for the frame direction may be due to the modeling of joint flexibility per 
ASCE 41, which assumes zero rigid offset for the relatively short span beams (Sect. 3.2, 
Fig. 3a). In the wall direction, the lower model period may be due to the high initial stiff-
ness values associated with the use of uniaxial stress–strain relations, whereas temperature 
and shrinkage cracking, especially at the foundation-wall interface, might be expected to 
lead to cracking and a reduction in stiffness for the test structure. Test periods elongate sub-
stantially in the 50% and especially the 100% JMA-Kobe tests for the frame direction likely 
due to joint damage, whereas elongation of model periods is less pronounced in wall direc-
tion. Note that model periods obtained after application of a ground motion are obtained by 
conducting modal analysis after sufficient free vibration analysis time is applied. Therefore, 
calculated periods depend on tangent stiffness of each of the elements in the model and 
provide only an approximation of the building period after the application of the ground 
motions, which might be sensitive to the element hysteresis rules used.

4.2 � Global mechanism and damage distribution

Damage distribution data are compared against experimental measurements and observa-
tions to assess the extent to which the OpenSees models were capable of capturing the 
overall building deformation mechanisms and damage distribution.

Damage distribution for the frame direction for the JMA Kobe 100% record are pre-
sented in Fig. 5 for OpenSees NJ Option 1 and Option 2. Figure 5 also illustrates exam-
ple joint and column hysteresis relations for the two joint modeling options. The level of 
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damage from analysis was obtained by comparing the inelastic rotations of beams, col-
umns, and beam-column joints with the ASCE/SEI 41–17 performance levels (IO, LS, 
and CP). If the rotation of a component exceeded its LS value, then that structural com-
ponent was considered to have sustained severe damage per the analysis; otherwise, it was 
classified as only having moderate damage. For beams and columns, the computational 
rotations were obtained by integrating curvatures over the length (or height) of the first 
element, generally set at one-member depth. The IO, LS and CP values determined for 

Fig. 5   OpenSees NJ: Schematic damage distribution in frame joints (left) and beams/columns (right) based 
on estimated plastic rotation compared to ASCE/SEI 41–17 performance levels (IO, LS, CP) (JMA Kobe 
100%)
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the conforming joints from Table 10–11 of ASCE/SEI 41–17 were 0.0, 0.02 and 0.03 for 
the interior joints and 0.0, 0.015 and 0.02 for the exterior joints, respectively. For beams, 
modeling parameters and acceptance criteria were obtained from Table  10–7 of ASCE/
SEI 41–17 for flexure-controlled beams with conforming transverse reinforcement and 
were in the range of 0.005–0.01 (IO), 0.02–0.025 (LS and Parameter a), and 0.03–0.05 
(CP and Parameter b). Similarly, modeling parameters and acceptance criteria for columns 
were derived from Table 10–8 of ASCE/SEI 41–17 assuming that columns are not con-
trolled by inadequate development or splicing of longitudinal reinforcement, and were in 
the range of 0.002–0.005 (IO, 0.15 × a parameter), 0.017–0.032 (LS, 0.5 × b parameter), 
and 0.024–0.044 (CP, 0.7 × b parameter).

As can be observed in Fig. 5, for the NJ model with Option 1 joint modeling param-
eters, about half of the joints exceed the IO or LS performance level. Results obtained for 
Option 2 joint model are similar, with smaller amount of nonlinearity in the joints, where 
only three interior joints exceed the LS performance level. Results indicate that most inte-
rior joints at floors 3 and 4 exceeded the LS parameter for joint model Option 1, with mod-
estly lower ratios for joint model Option 2, as expected. This suggests that severe damage 
would occur at these joints. However, comparison of joint plastic rotation with ASCE/SEI 
41–17 performance levels suggests that none of the joints exceeded the collapse prevention 
rotation limit for both Option 1 and Option 2 models. The model results suggest no damage 
would be observed in the exterior joints. This is consistent with what was observed in the 
test (Fig. 6) where severe damage was observed for interior joints at the 3rd and 4th floors 
and modest damage was observed for interior joints at the 2nd and 5th floors.

As indicated in Fig. 5, for both joint modeling options, beams primarily remained elas-
tic. For Option 2, all beams are within the IO performance level, while for Option 1 model 
only a few beams experienced plastic rotations that exceeded LS performance level. Peak 
column plastic rotation demands computed from the models were generally within IO per-
formance level, with higher ratios for joint model Option 1 (particularly for exterior (cor-
ner) columns), as would be expected. For Option 2, all columns are within the IO perfor-
mance level, while for Option 1 only few column sections experienced plastic deformations 
that exceed LS and CP performance levels, while the vast majority of the remaining col-
umns are within the IO performance level. It can be concluded based on results presented 
in Fig. 5 that only minor lateral strength degradation is predicted using NJ model Option 
1, where column rotations exceed the CP acceptance limit for only one column, while NJ 
model Option 2 does not predict any strength degradation, which is consistent with experi-
mental observations (Tosauchi et al. 2017).

Fig. 6   Observed joint damage after application of JMA Kobe 100% (fixed-base)
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It should be noted that column yielding is observed in the model despite column-to-
beam moment strength ratios exceeding the 1.2 value required by ACI 318–14 Sect. 18.7.3 
(i.e., strong column-week beam requirement). Column yielding occurred because: (1) 
higher modes and nonlinear responses produce higher beam moment and shear demands 
than predicted by ASCE/SEI 7 (Moehle 2015; NIST GCR 16–917-40, Sects. 3.1 and 
5.5.3), and (2) the approach commonly used to determine column moments at a beam-to-
column connection is approximate (e.g., see ACI PRC 352–02; NIST GCR 16–917-40). 
It is also noted the modeling parameters were computed for maximum compression axial 
load determined from a pushover analysis using the first mode lateral load distribution, 
whereas column yielding generally occurred during the analysis at minimum axial load; 
therefore, the reported ratios for columns are likely on the conservative side.

Estimated plastic rotation demands for the wall direction are presented in Fig. 7a and 
were determined to be less than 0.5a and 0.25b for ASCE/SEI 41–17, i.e., wall deforma-
tion demands are within IO performance level. The results indicated limited yielding at the 
base of the wall, which is consistent with the observed modest cracking and very limited 
spalling at the wall boundaries (Fig. 7b, c).

4.3 � Base shear and roof displacement (drift)

Base shear was derived from the test results using acceleration computed at the center of 
mass (COM) of the test structure multiplied by the floor mass for each level, summed over 
the ten floors. The roof drift ratio is defined as the roof lateral displacement with respect 
to the foundation divided by the total building height (25.75 m = 84.48 ft) from the base of 
the 1st story columns to the roof level. The history of the roof drift versus base shear for 
the test and model are shown in Fig. 8 for the frame and wall directions for the JMA Kobe 
100% motion. In general, results obtained using Option 1 and Option 2 models were very 
similar and match reasonably well the experimental data, with overall slightly better match 
for joint model Option 2. Therefore, due to space limitations, results are presented only for 
Option 2 model.

Fig. 7   Predicted and observed damage distribution in walls (JMA Kobe 100%): a) schematic damage distri-
bution within wall obtained using NDP OpenSees NJ compared to ASCE/SEI 41–17 plastic rotation param-
eter “a”, b) wall damage at 1st floor, c) wall damage at 2nd floor



6636	 Bulletin of Earthquake Engineering (2023) 21:6623–6646

1 3

The roof drift histories for test structure at COM and the OpenSees model are plotted 
in Fig. 9 for the JMA Kobe 100% motion. The results indicate that the histories, espe-
cially the peak values, show similar tendencies. The only notable discrepancy between 
the model and test results can be observed at about 4.5 s in the frame direction, where 
model overestimates the roof drift by approximately 80%. Fundamental periods for the 
model appear to be slightly low and high relative to the test building for the wall and 
frame directions, respectively. The model does appear to show higher peak drifts later in 
the history, possibly due to contributions from higher models and variations in damping 
(e.g., foundation level damping); however, peak values are well captured.

Base shear histories are plotted in Fig. 10, which demonstrates that model predicts 
with very good accuracy history of base shear in the wall direction, while in the frame 
direction maximum base shear predicted by the model (at around 4.5 s) is approximately 
20% larger than the one obtained from test data.

Fig. 8   OpenSees NJ—Option 2: Roof drift versus base shear histories for JMA-Kobe 100%—Wall direction 
(left), Frame direction (right)

Fig. 9   OpenSees NJ—Option 2: Roof drift histories for JMA-Kobe 100% —Wall direction (top), Frame 
direction (bottom)
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4.3.1 � Peak story drift

Distribution of maximum story drifts over the building height are compared between the 
OpenSees NJ model and the test measurements in Fig. 11. Results for the wall direction 
agree quite closely, although test values are approximately 10% higher (on average) for 
the bottom 5 stories and 10% lower for the top 4 stories. Results for the frame direction 
show larger discrepancy between test and joint model Option 1, especially between the 
2nd and 5th levels, where the model overestimates story drift by 80%. However, results 
for joint model Option 2 match the test results very well with mismatch between analyti-
cal and experimental results that is ± 5%. The results imply that the strength degradation 
for the ASCE/SEI 41–17 joint backbone relations used in Option 1 are too abrupt.

4.3.2 � Residual story drift

Residual drifts are obtained from the analysis by applying sufficient free-vibration time 
after the application of the 100% JMA-Kobe ground motion to allow model of the struc-
ture to come to rest. Residual story drifts over the building height are plotted in Fig. 12 
for joint model Option 2 (results for joint model Option 1 are similar) and are relatively 
small, i.e., less than 0.001 for all stories.

4.3.3 � Peak floor accelerations

Figure 13 compares the peak floor accelerations from the NJ model and measured in the 
experiment and indicates reasonable agreement in the acceleration profiles at all levels 
for both the wall and frame directions, although model results tend to systematically 
overestimate peak floor accelerations by approximately 1.5 to 2.0 times, especially in 
the frame direction. This may be related to damping assumptions used in the analysis.

Fig. 10   OpenSees NJ: Base shear histories for JMA-Kobe 100% —Wall direction (top), Frame direction 
(bottom)
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5 � Sensitivity studies

5.1 � Elastic joint modeling

The OpenSees NJ model was modified to have elastic joint elements, which are not allowed 
to yield or lose strength (OpenSees EJ model). This is a common modeling approach in 
engineering practice. Considering the noted premature joint strength loss that occurred in 
the OpenSees NJ model Option 1 (ASCE/SEI 41–17 compliant model), this OpenSees EJ 
model is considered to investigate the effects of joint nonlinearity on demands in adjacent 
members and to compare test and model results.

Figure  14 shows the damage distribution in terms of plastic rotations (θinelastic) 
derived from the computational OpenSees EJ model and compares the results with the 
one obtained using OpenSees NJ model Option 1. The wall direction damage distri-
bution is almost identical for this model as for the OpenSees NJ model. In the frame 

Fig. 11   OpenSees NJ: Peak story drift ratios for JMA-Kobe 100% —Wall direction (left), Frame direction 
(right)
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direction, the 3rd story columns are more severely damaged in the OpenSees model 
with elastic joints (EJ) than in the OpenSees nonlinear joint (NJ) model, that is, the 
peak column plastic rotation approximately doubles for the 3rd story columns. When 
nonlinear joints are used, the damage concentrates in the joints which unloads the 
beams and columns as seen in the OpenSees NJ model. When joints are prevented from 
losing strength (i.e., modeled elastically), the damage concentrates more in the column 
than the beams.

The distribution of maximum floor accelerations over the building height are com-
pared for the OpenSees NJ Option 1 and EJ models in Fig. 15. The comparison reveals 
that joint yielding reduces the floor accelerations over the stories where joint damage 

Fig. 12   OpenSees NJ—Option 2: Peak residual story drifts for JMA-Kobe 100% —Wall direction (left), 
Frame direction (right)

Fig. 13   OpenSees NJ—Option 2: Peak floor accelerations for JMA-Kobe 100% —Wall direction (left), 
Frame direction (right)
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was observed (3rd to 5th floors), and most notably, at 3rd floor. However, the NJ models 
consistently over predict peak floor accelerations at all floors.

The distribution of maximum story drifts over the building height are compared between 
the OpenSees NJ (Option 1) and EJ models and experiment in Fig. 16. Joint modeling did 
not alter the wall direction drift results measurably, and thus they are not presented. For 
the frame direction, drifts predicted with the EJ model were significantly smaller at 4th 
and 5th level and modestly smaller elsewhere, except the 2nd and 3rd level, comparing to 
the results of NJ model; the reductions at levels 3 through 5 were likely because of dam-
age concentration at these levels for both the NJ model (in the joints) and EJ model (in the 
columns).

Findings from comparing the OpenSees NJ and EJ models highlight the importance 
of considering and modeling all sources of nonlinearity and also using accurate modeling 

Fig. 14   Schematic damage distribution in columns for NJ model Option 1(left) and EJ columns (right) for 
JMA Kobe 100%

Fig. 15   Maximum floor acceleration comparison for OpenSees NJ Option 1(left) and EJ (right) models 
throughout the height of the building for JMA-Kobe 100%
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parameters (e.g., rate of strength degradation) in nonlinear analysis to avoid skewing build-
ing demands, component demands, and damage distributions. The results also indicate that 
joint yielding may occur even if ASCE/SEI 41 mechanism analysis indicates joint shear 
strength is not exceeded because of differences in the assumptions used for the mechanism 
analysis and the demands from the nonlinear dynamic response history analysis.

5.2 � Sequential application of ground motions

Ground motions for JMA Kobe 50% and 100% were applied sequentially to the model to 
assess the potential influence of the repeated motions on the comparisons of model and test 
results for peak story drifts and peak story accelerations. The analysis of the 50% Kobe 
ground motion revealed that minor yielding occurred in beam column joints at 2nd, 3rd, 
and 4th floor, where maximum plastic rotations in the joints were less than 1.0%, while 
beams, columns, and walls remained essentially elastic. These analytical results are in 
line with experimental observations after the application of the 50% Kobe ground motion 
(Tosauchi et al 2017). Yielding of the beam-column joints during 50% Kobe ground motion 
softened the analytical model before the application of the 100% Kobe ground motion and 
increased its fundamental period in the frame direction from initial 0.67 s to 1.14 s. For 
wall direction, the change in fundamental period was much less pronounced, where period 
increased from 0.43 s to only 0.57 s likely due to wall cracking (no yielding was observed). 
Softening of the analytical model, particularly in the frame direction, is the primary reason 
for notable effect of application of consecutive ground motions described in this section.

Results presented in Fig. 17 through Fig. 20 indicate that the maximum story drifts 
are modestly impacted and produce a better match between model and test results for 
the frame direction at  all levels and for the wall direction at lower levels (Figs.  18, 
19, 20). Maximum floor accelerations do not change significantly. Note that analysis 
results for the frame direction (Fig. 19) indicate that maximum drifts (stories 3–5) are 
smaller when sequential ground motions are applied, which might seem counterintui-
tive. However, detailed investigation of analysis results showed that 50% Kobe ground 
motion applied first to the model changed the dynamic properties of the building by 

Fig. 16   OpenSees: Maximum story drift comparison for OpenSees NJ Option 1 (left) and EJ (right) models 
throughout the height of the building for JMA-Kobe 100%
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making the structure softer such that drifts experienced by the model during subse-
quent 100% Kobe ground motion are smaller compared to drifts obtained from analy-
sis conducted by applying only 100% Kobe ground motion (this observation is also a 
result of the spectral shape). This result was not observed for the wall direction, likely 
due to the limited nonlinear curvature demands at the wall base in the 50% Kobe test 
(essentially linear wall response).

Fig. 17   OpenSees NJ Option1: Peak story drift ratios for Wall direction for JMA Kobe 100% (left), JMA 
Kobe 50% + 100% direction (right)

Fig. 18   OpenSees NJ Option1: Peak floor accelerations for Wall direction for JMA Kobe 100% (left), JMA 
Kobe 50% + 100% direction (right)
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6 � Summary and conclusions

This paper presents results of an analytical benchmark study conducted for a 10-story 
RC building tested at the E-Defense shake table in December 2015. Analytical model is 
generated in OpenSees software following ASCE/SEI 41–17 nonlinear dynamic evalua-
tion procedures. Analysis results were obtained using 100% JMA-Kobe ground motion 
and compared with global and local experimental measurements and observed damage 
distribution to judge the effectiveness of the ASCE/SEI 41–17 provisions.

Fig. 19   OpenSees NJ Option1: Peak story drift ratios for Frame direction for JMA Kobe 100% (left), JMA 
Kobe 50% + 100% direction (right)

Fig. 20   OpenSees NJ Option1: Peak floor accelerations for Frame direction for JMA Kobe 100% (left), 
JMA Kobe 50% + 100% direction (right)
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The ASCE/SEI 41–17 nonlinear dynamic evaluation procedures were overall able to 
reasonably identify the general damage extent and distribution for the frame direction. 
Good agreement was observed for roof drift histories (except later in the history) and for 
peak roof drifts. Base shear was not as well predicted, possibly due to variations in the con-
tributions of higher modes and the foundation flexibility.

The distribution of damage between various components in the frames (beams, col-
umns, joints) varied significantly depending on the modeling approach. Modeling nonlin-
ear joint behavior led to improved correlations, especially for joint model Option 2, with 
more gradual joint strength degradation. For the OpenSees NJ models, damage tended to 
concentrate within interior joints (more so for Option 1), which led to smaller nonlinear 
deformations in beams and columns.

For the wall direction, the damage location and severity at the base of the walls was cap-
tured well by nonlinear models constructed according to ASCE/SEI 41–17 requirements. 
However, the plastic rotation demands imposed on the walls were modest, only reaching 
25% to 50% of the ASCE/SEI 41–17 parameter a (strength loss). Therefore, the light dam-
age observed (very minor concrete spalling at extreme edge of wall) appears consistent 
with the computed demands.

This study highlights the effects of having modeling parameters with varying degrees 
of conservatism (or accuracy) in ASCE/SEI 41–17. In the frame direction, modeling of 
nonlinear joint behavior was important to produce improved comparisons between test and 
model results, as nonlinear joint responses relieved deformation demands on the beams 
and columns. The EJ models prevented joints from yielding and degrading (stiffness and 
strength), resulting in higher demands (damage) on adjacent beams and columns. Each of 
these scenarios would therefore result in different retrofit outcomes for the building and 
highlight the importance to ensure that ASCE/SEI 41 nonlinear modeling parameters for 
all elements target consistent mean estimates from experimental data, such that building 
response is not artificially skewed. Results for the NJ models highlighted the importance 
of modeling nonlinear joint behavior, with results for the OpenSees model for ASCE/SEI 
41–17 indicating damage would concentrate within the interior joints as observed in the 
tests. The results from the OpenSees models suggested that the beam-column joint mode-
ling parameters in ASCE/SEI 41–17 for nonlinear dynamic procedures likely over-estimate 
the rate of strength loss with increasing demands. A review and update of the joint shear 
strength and nonlinear modeling parameters and acceptance criteria in ASCE/SEI 41–17 
may be justified for future study. For the wall direction, all models produced acceptable 
results for roof drift, story drifts, and floor accelerations, likely due to the simplicity of 
the structural system (lightly coupled, cantilever walls) and the limited nonlinear demands. 
The damage at the base of the walls during the experiment was relatively minor and was 
consistent with the analysis results from both Open Sees.

Because the test structure was subjected to many different intensity runs, comparisons 
of test and model periods are somewhat complicated. For the OpenSees models, initial 
periods (initial tangent) are 0.67 and 0.43 s for the frame and wall directions, respectively, 
whereas test structure periods were 0.57 s for both the frame and wall directions. ASCE/
SEI 41–17 stipulates that all the members in buildings should be modeled using stiffness 
values corresponding to secant to yield. In the test building, not all members reach yield 
level demands, particularly at higher floor levels and the test building was subjected to 
prior motions that induced cracking and stiffness reductions. Similar issues exist for real 
buildings. In this study, peak roof level and story drifts were reasonably well predicted 
with model results, although results for the more sophisticated OpenSees models generally 
produced closer predictions to the measured results, suggesting that using stiffness values 
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that vary with demand level (i.e., fiber models) and with prior events is likely to yield more 
accurate comparisons. Additional studies that address this issue and whether the costs 
associated with the added model complexity and computer run time are worth these added 
costs might be useful.

Overall, the analyses of the 10-story E-Defense test structure indicate important needs 
to improve modeling capabilities. These include modeling strategies to capture joint behav-
ior and the need to base modeling parameters for all elements to their mean estimates based 
on experimental data such that model response and damage distributions are not artificially 
skewed.
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