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Abstract

The capabilities of certain standard macro numerical models were evaluated by simulating
a shaking table experiment that was performed on a full-scale ten-storey fixed-base build-
ing with a frame and dual structural system in two perpendicular directions (denoted as the
frame and wall directions) at the largest shaking table in the E-Defense centre in Japan.
The lumped plasticity model for columns and beams, the multiple-vertical-line-element
model for walls and the scissors model for beam-column joints were evaluated. The results
indicated that the experiment was simulated reasonably well. The most significant discrep-
ancy was observed between the maximum drifts along the wall direction in the strongest
cycle of the strongest test (calculated drift of 1.9% versus measured drift of 1.5%). In other
cycles and tests, these differences were smaller. The calculated and measured maximum
accelerations along the wall direction in the strongest test were 13.8 m/s*> and 13.5 m/s?,
respectively. The discrepancy between the analysis and experiment results was smaller
along the frame direction. The maximum calculated and measured drifts were 2.9% and
3.1%, respectively. The maximum calculated and measured accelerations were 15.8 m/s’
and 19.0 m/s?, respectively. In general, the standard input parameters were used in the eval-
uated models. However, some parameters required modifications, particularly when mod-
elling weakly reinforced beam-column joints with substandard reinforcement that were
considerably damaged. Their yielding rotation and near-collapse strength were, on aver-
age, reduced to 55% and 30% of the standard value, respectively. One of the most impor-
tant parameters influencing the response was the effective width of the slabs, which was
increased to the total span length for the highly loaded beams. The ratios of the strength,
stiffness and amount of dissipated energy in the joints, beams and columns also signifi-
cantly influenced the response. The adequate ratio of the dissipated energy was obtained
by reducing the standard unloading stiffness in the beams and columns. The initial stiffness
considerably influenced the response, particularly under weaker excitations. This stiffness
was reduced threefold to account for various factors that typically reduce its value, which,
among others, includes the influence of preceding tests on the same building with sliding
foundations, as well as the assembly, transportation and handling of the specimen.
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1 Introduction

The seismic response of most structures subjected to strong earthquakes is expected to be
nonlinear. However, the majority of seismic analyses are mainly based on elastic proce-
dures, which can be less reliable even for seemingly simple and regular structures. The
rapid development of information technology has provided the potential for improving
seismic analyses with more reliable nonlinear methods. The modern codes also reflect
the increasing awareness of the need for more reliable seismic design and assessment. For
example, in the second generation of the Eurocode 8 standard (CEN/TC 250/SC 8 2021),
the nonlinear pushover-based method becomes one of the reference methods for designing
new structures and assessing existing structures from a seismic perspective.

Reliable and simple numerical models are needed to successfully introduce nonlinear
analysis methods in building design. Nonlinear seismic analysis performed using sophisti-
cated finite element models requires significant computational time. Furthermore, there is a
lack of input data for these models to reliably simulate the different phenomena of complex
seismic response of reinforced concrete (RC) structures. The processing and analysis of the
results is also quite time-consuming.

Considering the input data, computational time and results processing, various macro-
models may be used to perform more efficient nonlinear seismic analysis. Generally, the
macromodels for RC beams and columns can be divided into two categories: lumped and
distributed plasticity models. In lumped plasticity models, the nonlinear response is mod-
elled using concentrated springs, whereas, in distributed plasticity models, the nonlinear
response is spread over a certain element length.

The standard Giberson’s model (Giberson 1967) is a typical lumped plasticity model
that has been used for decades. The nonlinear response is described using different hys-
teretic rules, depending on the response type. Takeda hysteresis rules are typically used to
simulate flexural response (Takeda et al. 1970), but several other solutions are also availa-
ble. For example, the first law defining the response of nonlinear springs was formulated by
Clough et al. (1965), Saiidi (1982) proposed the Q-hysteresis model, etc. Several attempts
have been made to develop a model for hysteretic behaviour under shear, such as those pro-
posed by Celebi and Penzien (1973) and Ozcebe and Saatcioglu (1989).

Soleimani (1979) introduced the first model that accounted for the spread of inelastic
deformations in the member. Nowadays, several such models that account for axial-flex-
ural interaction are available. For example, the OpenSees (Mazzoni et al. 2006) program
platform includes the ‘Displacement-based beam-column element’, which follows the
standard finite element procedure (Zienkiewicz and Taylor 2000); the ‘Force-based beam-
column element’, which was initially formulated by Spacone et al. (1996); and the ‘Beam
with hinges element’ (Scott and Fenves 2006). Different distributed plasticity models that
account for axial-flexural-shear interaction have also been proposed. An overview and
analysis of these models can be found in Ceresa et al. (2007).

The seismic response of RC beam-column joints can be addressed implicitly by modify-
ing the response of beams and columns (Otani 1974; Anderson and Townsend 1977; Hoft-
mann et al. 1992; Kunnath et al. 1995) or by using explicit models. One of the first explicit
models (strut and truss model) for such joints was proposed by Park and Paulay (1975).
Subsequently, various researchers have proposed relatively simple zero-length element
models (El Metwally and Chen 1988; Alath and Kunnath 1995; Deng et al. 2000). Alath
and Kunnath (1995) extended this model by adding rigid connections between elements
representing joints, beams and columns. This model is referred to as the ‘scissor model’
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in the literature. Different hysteretic rules associated with the scissor model were proposed
(e.g. Kim et al. 2009). Later, several more sophisticated joint models were developed (e.g.
Shiohara 2001; Lowes and Altoontash 2003).

Several types of macro numerical models can be used for nonlinear analysis of the seis-
mic response of RC walls. An excellent state-of-the-art systematic overview of such mod-
elling approaches, titled ‘Nonlinear modelling of reinforced concrete structural walls’, was
recently presented in a special issue of the Bulletin of Earthquake Engineering (Fischinger
et al. 2019). Kolozvari et al. (2018) also published an extensive review of macro-models
for RC walls and their capabilities. The OpenSees programme includes an extended version
of the stress—strain-based multiple-vertical-line-element model (MVLEM) (Kolozvari et al.
2019) that was initially proposed by Kabayesawa et al. (1984). It can be used to consider
the shear-axial-flexural interaction in the nonlinear range. Another force—displacement ver-
sion of the MVLEM that can consider this interaction was developed at the University of
Ljubljana (Isakovic and Fischinger 2019). It was included in the local version of the Open-
Sees programme. The Nonlinear Truss Model—initially formulated by Panagioutou et al.
(2012) and later assessed by Alvarez et al. (2019)—has also been frequently applied to the
nonlinear analysis of RC walls. Recently, this model was extended by Areta et al. (2019)
and Hoult et al. (2023).

Some models mentioned above have been used for decades and are relatively well-
evaluated. However, most of these evaluations have been based on different scaled experi-
ments, where the degree of scaling may qualitatively influence the response.

To date, only a handful of full-scale tests—particularly shake-table tests of RC build-
ings—have been conducted as they are expensive and require highly capable testing equip-
ment. Some of these rare tests were performed at the University of California San Diego
(Panagiotou et al. 2011; Chen et al. 2016), but most have been performed using the largest
shake table in the world at the E-Defense centre in Japan (Nakashima et al. 2018).

Recently, several unique and extraordinary tests on full-scale ten-storey buildings were
performed at this centre (Kajiwara et al. 2017; Sato et al. 2017; Tosauchi et al. 2017; Kaji-
wara 2021). Both seismically isolated and traditional fixed-base buildings were studied.
These experiments provided the unique opportunity to test various standard numerical
models under more realistic conditions, considering specific issues such as the effective
width of slabs during strong earthquakes, the reduction of the initial stiftness of structural
elements and the entire building, the influence of substandard RC joints on the response,
particularly the ratios of strength, stiffness and amount of dissipated energy in joints com-
pared to those in beams and columns. These tests also provided the rare opportunity to
evaluate numerical models for walls other than cantilevered walls, as the tested buildings
included walls that were partly fixed at the top.

A research team from the University of Ljubljana (UL) analysed the response of a fixed-
base structure. The lateral resisting system consisted of RC frames in one direction and a
dual structural system comprising RC frames and walls in the other direction. The speci-
men was heavily equipped, providing adequate information about the response. This pre-
sented a unique opportunity to evaluate the numerical models that are typically employed
at UL for the nonlinear seismic analysis and assessment of RC structures. The standard
Giberson’s lumped plasticity macro model (Giberson 1967) with modified Takeda hys-
teresis rules (Takeda et al. 1970) was employed for beams and columns. The walls were
modelled using UL’s version of MVLEM (Fischinger et al. 2004; Isakovi¢ and Fischinger
2019). The initial model of the analysed building did not include a numerical model for
the joints. This was subsequently added to the building model as the relatively weak joints
were considerably damaged under the strongest excitation, which significantly influenced
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the response. The model proposed by Alath and Kunnath (1995) was used, considering the
modified response envelopes proposed by Kim et al. (2009). A 3D model of the building
was generated, and the 3D dynamic response analysis was performed based on the experi-
mental loading protocols. Some of the other modelling options mentioned in the previ-
ous paragraphs are addressed in other papers included in a special issue of the Bulletin
of Earthquake Engineering— ‘International Joint Research on the Ten-story RC Full-scale
Buildings Tested at E-Defense Shaking Table’ (2023), which is devoted to different aspects
of the analysis of the building evaluated in this study.

The rest of this paper proceeds as follows. The main properties of the full-scale fixed-
base tested structure relevant to the analysis are summarised in Sect. 2. Further details
about the building and its response during the shake table tests can be found in the above-
mentioned special issue’s introductory paper (Kang et al. 2023). Section 3 provides a
detailed description of the models used for the columns, beams, beam-column joints and
walls and their properties. The numerical model of the building is evaluated at a global and
local level, and an overview of the damage patterns corresponding to different excitation
levels is provided in Sect. 4. Generally, the standard, recommended values were used for
most of the input parameters in the numerical models. However, some values were modi-
fied to achieve better simulation. These modifications are presented in Sect. 5, which also
analyses the most important parameters influencing the response of the tested building.

2 A short overview of the building features considered in the analysis

This section summarises those features of the tested 10-storey building (see Fig. 1) which
were most important for the numerical analysis presented in this paper. Only the conven-
tional fixed-base structure is addressed.

In the longitudinal direction (referred to as the ‘frame direction’ in this paper; see
Fig. 1a), the lateral load-resisting system consisted of RC frames. The width and height
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Fig. 1 a Plan view and b side view (wall direction) of the tested building
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of the RC beams’ cross-section ranged from 230-400 mm to 370-550 mm, respectively.
The width and height of the RC columns’ cross-section ranged from 450-550 mm to
230-550 mm, respectively. In the transverse direction (referred to as the ‘wall direction’
in this paper; see Fig. 1a), a dual structural system was provided, which consisted of RC
walls linked to the RC columns by RC beams. Walls were provided up to the top of the 7th
floor. Their length and thickness were 2.25 m and 0.23 m, respectively. On the 7th floor,
the thickness of the walls was reduced to 0.15 m.

The width and length of the typical floor in the building were 9.50 m and 13.50 m,
respectively. Each floor consisted of a two-way 0.12 m thick solid RC slab. The storey
height gradually decreased from 2.8 m on the bottom storey to 2.5 m on the top three sto-
reys (for more details, see Fig. 1b). The total height of the building, including the founda-
tions, was 27.45 m.

The measured concrete compressive strength varied from 40 (on the top floor) to
70 MPa (on the bottom floor). Steel grade SD345 with an average measured yield strength
of 390 MPa was used for longitudinal reinforcement in beams and columns. The diam-
eter of the reinforcing bars varied between 19 and 22 mm (more details can be found in
Kajiwara et al. 2017). The amount of longitudinal reinforcement (p) was in the range of
p=0.91% and 2.51% for columns and p=0.62% and 1.74% for beams.

The boundary regions of the walls were reinforced by six or eight longitudinal bars,
the diameters of which varied from 16 to 19 mm, with the same steel quality as in beams
and columns. The amount of reinforcement in the boundary regions was in the range of
p=1.17-2.19%. The walls’ webs were reinforced by meshes consisting of bars with a
diameter of 10 mm or 13 mm at a distance of 200-250 mm (p=0.33% and 0.44%). The
average measured yielding stress of the walls’ longitudinal bars was 360 MPa (steel grade
SD295A). The same steel grade was used for the slabs’ reinforcement, consisting of bars
with a diameter of 10 mm at a distance of 200-250 mm (p=0.26-0.33%).

For most hoops and ties, steel grade SD295A was used (on average, the measured yield-
ing stress was 360 MPa). The exception was the lateral reinforcement of columns on the
Ist—4th floors and some beams on the 2nd—6th floors, which were made of steel grade
KSS785 (on average, the measured yielding stress was 930 MPa). The diameters of the
hoops and ties ranged from 10 to 13 mm, and the amount of lateral reinforcement ranged
from 0.29 to 0.68% in columns and 0.22—1.37% in beams.

In the lower part of the building, the lateral reinforcement in beam-to-column joints
was reduced to approximately half of that provided in the columns. In the upper part of the
building, the lateral reinforcement in columns and joints was the same.

The total mass of the tested building was 1026 t. The masses of individual storeys, as
reported in Kajiwara et al. (2017), were considered in the numerical analysis (see Fig. 2).

The specimen was excited three-axially (along the vertical and horizontal axes) using
the accelerations registered during Kobe’s 1995 earthquake (henceforth referred to as
JMA-Kobe). The intensity of the input signal was gradually increased (10%, 25%, 50%,
100%). For the last test, it was decreased to 60% JMA-Kobe to test the aftershock response.

The response was essentially elastic up to the 50% JMA-Kobe test. A more detailed
description of the observed response can be found in Tosauchi et al. (2017). During the
100% JMA-Kobe test, significant damage was observed in beam-to-column joints and
beams in the lower part of the building, particularly on the 4th floor. The bottom parts of
the walls and corner columns near the foundations were also noticeably damaged.

When all tests were completed, the fundamental period of vibration was increased
from the initial 0.85 s to 2.62 s and from 0.59 to 1.19 s in the frame and wall direction,
respectively.
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Fig.2 The 3D numerical model of the building. a Structural elements and masses, and b the scheme of the
gravity load

3 Model description

One of the purposes of the presented study was to analyse the ability of the robust macro-
numerical models to simulate the 3D response of the tested building. A series of consecu-
tive 3D nonlinear dynamic analyses with a gradually increased excitation intensity was per-
formed (these values have been reported in the previous section) using the 3D numerical
model presented in Fig. 2. To do this, the local version of the OpenSees programme plat-
form available from UL with the support of the locally developed preprocessor ToolBox
(Dolsek 2010; Janevski 2022) was used.

Giberson’s nonlinear beam-column lumped plasticity model (Giberson 1967) was used
to model the columns and the beams. It is described in Sect. 3.1. The inelastic behaviour
of the beam-column joints was simulated using the scissors model proposed by Alath and
Kunnath (1995), as described in Sect. 3.2. Walls were modelled using a force—displace-
ment UL version of the three-dimensional MVLEM (Fischinger et al. 2004; Isakovi¢ and
Fischinger 2019), presented in Sect. 3.3.

The floor diaphragms were assumed to be rigid in their planes. Each floor’s mass and
mass moments of inertia were lumped at the corresponding centre of gravity. The gravity
load was modelled by the tributary concentrated forces applied at each floor at the top of
the columns and the walls (see Fig. 2b). Based on experiences obtained during the simula-
tions of other shaking table experiments (e.g. Fischinger et al. 2017; Gams et al. 2022), 2%
viscous damping was taken into account. The considered value of viscous damping agrees
well with the values reported in other studies (e.g. Ile and Reynouard 2003; Gilles and
McClure G 2012, Karaton et al. 2021).

Rayleigh damping model was used, considering the structure’s mass and initial stiff-
ness of elements used to model walls and nonlinear springs used to describe the nonlin-
ear response of beams, columns and hinges (please see the description in the following
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sections). Considering the findings and opinions from the literature (Ibarra and Krawinkler
2005; Chopra and McKenna, 2016), the stiffness proportional damping was defined based
on the initial stiffness of these elements. The stiffness proportional damping was not con-
sidered in very rigid elements between hinges of beams and columns and rigid elements
between walls and beams to minimise the spurious damping forces.

3.1 The model for beams and columns

Each beam and column was modelled by one Giberson’s element consisting of two nonlin-
ear rotational springs located at the element nodes, connected by an infinitely rigid elastic
part (see Fig. 3a). Beams in axis B and C were attached to rigid elements between the walls
and transverse beams in axis 1-4. For the beams, the nonlinear uniaxial bending response
was considered. For the columns, the nonlinear biaxial bending was simulated; however,
the response in two directions was uncoupled. The shear and torsional responses were
modelled to remain elastic.

The response of the nonlinear springs was defined using the modified Takeda hyster-
esis rules (Takeda et al. 1970). The original Takeda model was extended using a model
for the post-peak response (see Fig. 3b). The overall response was defined by the quadri-
linear moment-rotation envelope, with characteristic points representing the following limit
states: cracking of the concrete (CR), yielding of the reinforcement (Y), maximum strength
(M) and near collapse (NC).

The moment-rotation envelope of plastic hinges was defined based on the moment—cur-
vature analysis of their cross-section. Moment—curvature analysis was performed consid-
ering the geometry of the cross-section, longitudinal reinforcement, unconfined cover,
confined core concrete and the axial force corresponding to the gravity load. The beams’
cross-section included the effective part of the slab. Initially, the effective width of the slab
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Fig.3 Nonlinear responses of columns and beams: a the numerical model, b the quadri-linear moment—
chord rotation response envelope, ¢ the typical cyclic response of beams, and d the typical cyclic response
of columns
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was defined according to standard Eurocode 2 (EC2—CEN 2004). Later, it was modified
as explained in Sect. 5.1.

The measured compression strength of the concrete was considerable (see the pre-
vious section); thus, the properties of the confined concrete were estimated based on
the model proposed by Razvi and Saatcioglu (1999). Using OpenSees (Mazzoni et al.
2006), all concrete fibres were modelled using Concrete01 uniaxial material. The rein-
forcement fibres were modelled using Steel02 uniaxial material proposed by Menegotto
and Pinto (1973). The parameters defining the transition from elastic to plastic branch
were determined according to the authors’ recommendations.

To account for the reduction in the initial stiffness of the beams and columns (see the
discussion in Sect. 5.3), the cracking rotation 0,

0 — MCrLV
7 3EI

(D

was tripled. Here, M, is the cracking moment, EI is the flexural stiffness, and L, is the
distance from the element node to the location of the zero-moment. The yield chord rota-
tion 6, was calculated according to Eurocode 8-2 (CEN 2005a), considering the elastic-
perfectly plastic idealisation of the moment—curvature envelope as:

_ oL

0
Y 3

2

where ¢, is the yielding curvature.
The chord rotation at near-collapse limit state 6, was estimated according to Euroc-
ode 8-3 (CEN 2005b) as:

0.225
max(0.0l;(o’) L\%%» ( fl)
Oye =0.016(0.3") | —— - 25\*s %) (1.2510004
ne ( )l max(0.01;0) fC] ( 7 ) ( ) @

where v is normalised axial load, @ and @' represent the mechanical reinforcement ratio
of the tension (including the web reinforcement) and compression reinforcement, respec-
tively, 4 is the depth of cross-section, « is the confinement effectiveness factor, p, is the
ratio of transverse steel parallel to the direction of loading, and f, and f,,, are the concrete
compressive strength and the stirrups’ yield strength in MPa, respectively. p, is the ratio of
diagonal reinforcement. The near-collapse moment My was defined as 80% of the maxi-
mum flexural strength My,.
The chord rotation 6,,corresponding to the maximum strength was defined as:

Onc
Oy = ———
M= 02r0, +0.8 “)
where 7, is the ratio between the collapse rotation and the rotation at the maximum
moment. The ratio r,, was defined according to AnZlin (2017) as:

Fey = min[0.19w,(%) + 1.80; — 0.220,(%) + 6.86:4];0, < 22% 5)

where w, is the volumetric mechanical ratio of the lateral reinforcement.

The typical cyclic responses of the beams and columns are illustrated in Fig. 3¢ and
d. The unloading response was defined using the coefficient B (see Fig. 3a). Its typical
value is p=0.5. In this study, it was increased to §=0.8 since a better agreement with
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the experiment was obtained in this scenario (see the discussion in Sect. 5.4). The yield
chord rotations 8,, near-collapse chord rotations 6y, the yield moment My and maxi-
mum flexural strength My, considered in the study are summarised in Tables 1 and 2 for
columns and beams, respectively.

3.2 The model for the beam-column joints

The scissors model proposed by Alath and Kunnath (1995) was used to model beam-col-
umn joints (see Fig. 4). It consists of a zero-length rotational spring element (see Fig. 4a),
which is used to simulate the shear response of the joint core and rigid links to adjacent
beams and columns. To account for a biaxial response, each joint was modelled by two
rotational springs. Their response was uncoupled.

The response of the joint core was described using the modified joint shear
strength model proposed by Kim et al. (2009). It was simulated using the quadri-linear

Table 1 Absolute corner values of M—6 envelope in columns (envelopes were symmetric)

Story Column Wall direction Frame direction

M,[kNm] M, [kNm] 0,[rad] Oyclrad] M,[kNm] M, [kNm] 0,[rad] 6yc[rad]

1 Cl1 786 905 0.0034 0.0514 806 986 0.0032 0.0573
C2 691 794 0.0033 0.0510 708 872 0.0031 0.0582
2 Cl 652 704 0.0031 0.0448 599 675 0.0031 0.0527
C2 548 600 0.0031 0.0454 502 601 0.0030  0.0588
3 Cl1 459 492 0.0035 0.0449 466 543 0.0030 0.0533
C2 475 517 0.0035 0.0455 486 586 0.0031 0.0583
4 Cl1 388 424 0.0034 0.0460 390 458 0.0031 0.0508
Cc2 455 504 0.0036 0.0442 470 580 0.0031 0.0575
5 Cl 378 408 0.0033 0.0432 381 442 0.0030  0.0477
c2 439 495 0.0036 0.0434 457 571 0.0031  0.0570
6 Cl 374 406 0.0032  0.0444 375 440 0.0030 0.0491
Cc2 439 473 0.0034 0.0422 450 545 0.0030 0.0519
7 Cl1 363 399 0.0033  0.0447 363 435 0.0030 0.0493
Cc2 372 413 0.0033 0.0448 374 451 0.0030 0.0503
8 Cl1 228 284 0.0028 0.0480 228 284 0.0028 0.0480
Cc2 283 326 0.0031 0.0447 283 357 0.0028 0.0502
C3 151 165 0.0036  0.0472 67 77 0.0065 0.0688
C4 160 170 0.0037  0.0467 71 80 0.0066 0.0681
9 Cl 217 278 0.0028 0.0471 217 278 0.0028 0.0471
C2 271 311 0.0031 0.0436 271 341 0.0028 0.0481
C3 108 123 0.0034 0.0464 48 57 0.0061 0.0676
C4 114 126 0.0035 0.0461 50 59 0.0061 0.0671
10 Cl1 206 273 0.0028 0.0462 206 273 0.0028 0.0462
c2 256 302 0.0031 0.0428 256 336 0.0028 0.0473
C3 100 119 0.0035 0.0458 43 56 0.0060  0.0666
C4 102 120 0.0034  0.0456 45 57 0.0060 0.0662
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Y M
Rotational spring g & NC
=
\Rigid links
a) b) Rotation

Fig.4 Nonlinear response of beam-column joints: a the numerical model, and b typical cyclic response of
the rotational spring

moment-rotation envelope, defined by four corner points corresponding to the CR, Y, M,
and NC states (see Fig. 4b and Sect. 3.1, where the notation used is explained).

Since some joints were relatively weakly reinforced, the model proposed by Kim et al.
(2009) needed some modifications. To account for the reduced initial stiffness (see the dis-
cussion in Sect. 5.3), the cracking rotation 6 . was tripled (in the same manner as in the
columns and the beams). Instead of the originally proposed value for the yielding rotation
(By). the value observed during the experiment was taken into account. The strength at NC
limit state My was defined as 25% of the maximum strength M,;. The maximum moments
M, and the corresponding rotations 6, of the moment-rotation envelopes for different
joints are summarised in Table 3. Other corner points were computed as: Mg =0.44 M,
0., =0.06 8y, My =0.98 My, 6y =0.002, Myc=0.25 My, Byc=2.02 By

Using Opensees, the response of beam-column joints was simulated using the uni-
axial material Pinching4 model proposed by Lowes and Altoontash (2003), consider-
ing the properties defined based on data listed in Table 3. The hysteresis rules were
defined by the following parameters: rDispP = rDispN = 0.5, rForceP = rForceN = 0.1,
uForceP = uForceN = —0.15.

3.3 The model of walls

The nonlinear behaviour of the walls was simulated using a 3D force—displacement-based
version of the MVLEM developed at UL (Fischinger et al. 2004; Isakovi¢ and Fischinger
2019; see Fig. 5a). The element consists of an arbitrary number of rigidly connected verti-
cal springs. The nonlinear response of each spring is described by the force—displacement
hysteretic relationship, presented in Fig. 5. Shear and torsional behaviour are represented
by horizontal and torsional springs located at the centroid of the cross-section (in the hor-
izontal plane) and the centre of the rotation of the corresponding element (in the verti-
cal plane), respectively (see Fig. 5a). The shear and torsional responses were modelled as
elastic.

Walls were modelled using several MVLEMs of different lengths. Shorter elements
were used to model the walls’ potential plastic hinges, and the remaining parts of the walls
were modelled by longer elements. Each element included 24-28 vertical springs (with
tributary areas, presented in Fig. 5b), which were used to model its axial-flexural response.
The number of vertical springs depended on the number of longitudinal bars in the wall.
Each spring corresponded to one segment with one reinforcing bar each (see Fig. 5b).
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L - length of the element; Ac - area of the concrete corresponding to the spring
Ec - modulus of eleasticity of concrete; fc - concrete compressive strength;

fct - concrete tensile strength; As - total area of steel corresponding to the spring;
Es - modulus of elasticity of steel

Fig.5 a 3-D force—displacement MVLEM, and b the mesh of elements, element segments corresponding to
vertical springs, and the typical force—displacement response of vertical springs

The vertical springs were modelled using uniaxial material VertSpringTypel (see
Fig. 5). The tension response was defined by a three-linear force—displacement relation-
ship, characterised by the CR, Y and NC states (see Fig. 5a and Table 4). The compres-
sive forces and displacements corresponding to the mean compression strength of con-
crete were used to define the compression response. The typical values of the element

Table 4 Properties of the springs in boundary and the inner part of shortest MVLEM used

Spring type Spring No k; (kN/m) F.. (kN) F, (kN) Ay (m) ks (kN/m) F. (kN)

Outer Typel 1368000 71.8 110.8 0.000195 5680 1080
Type2 1659000 87.1 110.8 0.000195 5680 1285

Inner Typel 2355000 47.9 47.9 0.000180 2660 1457
Type2 3364000 479 479 0.000180 2660 2060

The descriptions of all the quantities presented in Table 4 are available in Fig. 5. Springs Typel and Type2
correspond to shorter and longer segments, respectively (see Fig. 5b)
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parameters, a = 1.0, p = 1.5, y = 1.05, and & = 0.5, describing the hysteretic response of
vertical springs (see Fig. 5a), were taken into account.

The main properties of typical vertical springs in the boundary regions and the inter-
nal part of the shortest MVLEM used are presented in Table 4. In longer elements, the
characteristic displacements (see Fig. 5a) were increased in proportion to the length of
the element. The cracking, yielding, and ultimate forces were the same in all segments
with the same amount of reinforcement, since these values were independent of element
length.

4 Evaluation of the numerical model

The results of the simulations were evaluated in terms of the global and the local response
parameters in sections Sect. 4.1 and 4.2, respectively. In Sect. 4.3, analytically defined
damage patterns are analysed and compared with the experimental observations.

4.1 The global response parameters
4.1.1 The wall direction

The global response parameters in the wall direction were simulated quite well for all
considered seismic excitation levels, including the simulation of the aftershock response.
This is illustrated in Fig. 6, where the hysteretic responses at different storeys, correspond-
ing to 50% (essentially elastic response), 100% (nonlinear response) and 60% (aftershock
response) JMA-Kobe, are presented. The analytical and measured storey acceleration—dis-
placement relationships are presented.

The results of the analyses and experiments correspond reasonably well for all excita-
tion levels. The model successfully captured the degradation of the stiffness as well as the
acceleration and displacement demand.

Somewhat larger differences between the analysis and experiment can be observed
only in the strongest negative cycles of 100% and 60% JMA-Kobe excitation. In these two
cycles, the measured displacements in the upper storeys were approximately 30% smaller
than the estimated values. It is assumed that this difference can be related to the abrupt
stiffness change at the top of the 7th storey, where the walls were terminated. The param-
eters that influenced the upper storeys’ responses are discussed later, in Sect. 5.1.

The displacement and acceleration response histories confirmed a reasonably good
agreement between the analysis and the experiment. Examples are presented in Figs. 7 and
8. The displacements and accelerations at the top of the 7th storey (the location at which
the walls were terminated) and at the top of the building are presented.

The maximum storey drifts and displacements were also simulated reasonably well. The
envelopes are presented in Fig. 9. The most significant discrepancies between the analysis
and experiment can be observed for the 100% and 60% JMA-Kobe excitations, particularly
in the strongest cycle in the negative direction. In this cycle, the maximum measured values
were, on average, 27% and 24% smaller than the estimated values. In the positive direction,
the differences were smaller (20% and 11% for 100% and 60% JMA-Kobe, respectively).
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Fig.6 Acceleration—displacement responses for a 50% JMA-Kobe, b 100% JMA-Kobe, and ¢ 60% JMA-
Kobe
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Fig. 7 Displacement response history at the top of the 7th storey and at the top of the building
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Fig. 8 Acceleration response histories at the top of the 7th storey and at the top of the building
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Fig. 10 Overturning moment distribution for a 100% JMA-Kobe, and b 60% JMA-Kobe

The overturning moment distribution along the building was captured quite well. This
is illustrated in Fig. 10, where the maximum overturning moments corresponding to 100%
and 60% JMA-Kobe are presented.

4.1.2 The frame direction

The model was also effective in the frame direction. The stiffness of the structure was
captured reasonably well for all seismic excitation and storey levels. This is illustrated
in Fig. 11, where the measured and calculated acceleration—displacement responses are
compared.

The displacements and acceleration response histories confirmed the reasonably good
efficiency of the model at different storeys; some examples are presented in Figs. 12 and
13. In Fig. 12, the displacement response histories at the top of the 4th storey (where the
most significant damage was observed) and at the top of the building are presented for
100% and 60% JMA-Kobe. In Fig. 13, the acceleration response quantities at the same
locations are presented.

The measured values of maximum displacement and storey drift were larger than the
estimated values. The agreement between the analysis and the experiment was better in this
case than that in the wall direction (see Fig. 14). At 100% JMA-Kobe excitation, the maxi-
mum difference between the analysis and experiment was 15%. The simulation of the over-
turning moment distribution (see Fig. 15) was somewhat less accurate than that obtained in
the wall direction (particularly in the negative excitation direction).

4.2 The local response parameters

4.2.1 The response of the walls

The accuracy of the MVLEM in predicting the local response quantities of the walls was
evaluated by comparing the experimental and analytical values of curvatures at the plastic

hinges of the walls. The vertical displacements measured by the Linear Variable Differ-
ential Transformers (LVDT) installed at both sides of the bottom part of the walls (see
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Fig. 15 Overturning moment distribution at a 100% JMA-Kobe, and b 60% JMA-Kobe
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Fig. 16 LVDTs that were used to measure the vertical deformations at the base of the walls

Fig. 16) were divided by the length of the LVDTs to define the deformations. The cur-
vatures were estimated based on these deformations. These were then compared with the
curvatures obtained using the numerical analysis, which were calculated in a similar man-
ner. The sum of displacements in the outermost springs of the bottom four MVLEMs was
divided by their total length (approximately the same as that of the LVDTs) to obtain the
deformations. These deformations were then used to calculate the curvatures.

The measured and calculated vertical deformations and corresponding curvatures
matched quite well. This is illustrated in Fig. 17, where the curvature response histories
of outer wall W11 (see Fig. 16) corresponding to the 100% and 60% JMA-Kobe excitation
levels are presented. The agreement between the experiment and analysis was also good for
the inner wall at all excitation levels.
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Fig. 17 The curvature response histories at the plastic hinges of the outer wall

4.2.2 The response of the columns and beams

It was not possible to perform a quantitative comparison of the experiment and analysis
in terms of local response quantities for columns and beams directly. Giberson’s model
provides data about chord rotations of beams and columns; however, there was not enough
measured data to estimate these quantities. Thus, the accuracy of the model on the local
(element) level was evaluated indirectly by comparing the damage patterns observed in the
experiment and analysis. This analysis is presented in Sect. 4.3.

4.2.3 The response of the joints

The modified model of the joints, as described in Sect. 3.2, simulated the local response
of all instrumented joints (joints at the intersection of axis A and 2 in the 1st—4th storeys
and 6th storey; see Fig. 1) with reasonable accuracy. The calculated and measured shear
strain response histories are compared in Fig. 18 for the joints on the 4th and 6th storeys.
A somewhat larger discrepancy between the analysis and experiment can be observed only
in the joint on the 4th storey at the 100% JMA-Kobe excitation level. In other cases, the
agreement between the experiment and analysis is better.
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Fig. 19 Damage evaluation in the a wall direction, and b frame direction

4.3 Damage evaluation

The gradual increase of damage observed during the analysis at 50% and 100% JMA-Kobe
is illustrated for the wall and frame directions in Figs. 19a and b, respectively. The damage
pattern corresponding to 60% JMA-Kobe is qualitatively the same as that of 100% JMA-
Kobe excitation. In the case of the green and yellow elements (see Fig. 19), the cracking
and yielding limit states, respectively, were exceeded. The elements shown in red exhibited
considerable damage, approaching the near-collapse limit state. Failure was observed in the
black elements. The most damaged beams, columns and beam-column joints are encircled,
and the corresponding ratio of the maximum chord rotation demand versus the chord rota-
tion capacity (corresponding to the NC limit state) is shown. The most damaged parts of
the walls are also marked, and the curvature demand versus curvature capacity ratio in the
most critical cross-section is documented.
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The yielding of the most critical elements was observed at 50% JMA-Kobe in both the
wall and the frame directions. In the wall direction, yielding was observed at the bottom of
the walls and in the beams in the six lower storeys.

When the seismic intensity was increased to 100% JMA-Kobe, damage to the walls
was spread over the entire first storey. It was greater compared with the previous run but
was still moderate. The maximum curvature demand did not exceed 40% of the curvature
capacity at the critical cross-section. Yielding of the walls was also observed in upper sto-
reys, particularly at the top of the wall.

At 100% IMA-Kobe, the yielding of the beams spread to the upper storeys. The damage
was moderate in the majority of the beams. Chord rotation demand did not exceed 65% of
the total capacity. The columns were not considerably damaged. The maximum chord rota-
tion demand was observed at the foundation level and did not exceed 20% of the capacity.
Damage to the joints was minor.

In general, the damage in the frame direction was more significant and qualitatively dif-
ferent from that observed in the wall direction. The most severely damaged elements were
the joints, particularly in the 4th and 3rd storeys. The joints in the 4th story were noticeably
damaged even during the 50% JMA-Kobe excitation, where the chord rotation demand was
as great as 78% of the total capacity. In other joints, the damage was considerably smaller.
The beams and columns were moderately damaged. The chord rotation demand did not
exceed 14% and 38% of the capacity in the columns and beams, respectively.

During 100% JMA-Kobe excitation, the joints in the 3rd and 4th storeys failed. Damage
to the beams was increased. In some beams in the 3rd and 4th storeys, the chord rotation
demand increased to almost 80% of the total capacity. Other beams were moderately dam-
aged (the chord rotation demand did not exceed 50% of the capacity). All columns were
moderately damaged. The greatest chord rotation demand at the foundation level did not
exceed 34% of the capacity.

The estimated damage patterns matched the experimental observations reasonably well.
The analysis successfully detected the critical elements in both directions. According to
Tosauchi et al. (2017), in the frame direction, the most damaged elements were joints and
beams in the 4th storey. The spalling of concrete was observed in the corner columns.
In the wall direction, the walls were the most severely damaged on the first storey and
spalling of the concrete was observed. Damage to the beams at the top of this storey was
also reported.

5 Important parameters influencing the response
5.1 The effective width of the slab

The effective width (EW) of the slab had a major influence on the response since it directly
affected the strength and stiffness of the beams. In general, the EW of the slab depends
on many parameters, including the level of the drift demand (the excitation intensity).
According to different experiments reported in the literature (e.g., Kabeyasawa et al. 2017;
Isakovic et al. 2020), the effective width increases proportionally with the drift demand and
can be as large as the total span length. A similar observation was also reported by Panta-
zopoulou and French (2001).

In this study, the effective width of the slabs was initially defined based on recommen-
dations of Eurocode 2 (CEN 2004). The typical values were 1.30 m and 1.20 m in the wall
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and frame directions, respectively. However, the analysis revealed that in some parts of the
building, the EW of the slabs was underestimated, particularly at 100% JMA-Kobe excita-
tion. In these parts of the building, the EW of the slabs was increased to the total span
length, as described below.

In the wall direction, the underestimated slabs’ EW primarily influenced the response of
the top three storeys. When EW was defined according to EC2, the top part of the build-
ing was too weak to realistically limit the rotations of the upper parts of the walls, which
were terminated at the top of the 7th storey. Consequently, the estimated shape of the drift
profile was different from that observed in the experiment (see Fig. 20a), particularly for
the top three storeys. When the EW of the slabs on the upper storeys (slabs at the top of the
7th—10th storeys) was increased to the total span length (assuming that the beams are more
engaged in the upper storeys since the walls were terminated), the estimated shape of the
drift profile improved, particularly for the upper stories (see Fig. 20b).

In the frame direction, the EW of the slab was increased on the 3rd and the 4th storeys,
where the largest storey drifts were observed. In this way, the shape of the drift profile (see
Figs. 20c and d, which correspond to EW according to EC2 and half-span EW, respec-
tively) was somewhat improved and better matched the shape of the drift profile observed
during the experiment.

The EW of the slab had an important influence on the strength of the beams. When
it was underestimated, the damage pattern of the structure was, in some cases, unrealis-
tic. Due to the underestimated strength, the beams sustained damage instead of the beam-
column joints. In general, in the frame direction, the ratio of the joints’ strength and the
strength of the adjacent beams had a significant influence on the response (see the discus-
sion in the following subsection).

5.2 The influence of the beam-column joints on the response

The initial numerical model of the building did not include the model for the joints. This
did not considerably influence the response until the 100% JMA-Kobe excitation, where
the more noticeable discrepancies between the experiment and analysis were observed (see
Fig. 21a). These discrepancies were expected since more severe damage to the joints was
observed in that run. The model for the joints particularly influenced the shape of the drift
profile.

When the model for the joints was included, the analysis agreed with the experiment
better. For example, the shape of the drift profile was considerably improved (see Fig. 21b).
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Fig.20 Storey drift profiles at 100% JMA-Kobe for a wall direction, EW—EC2, b wall direction; EW—
total span, ¢ frame direction; EW—EC2, and d frame direction; EW—total span,
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Fig.21 The storey drifts defined a without the model for the beam-column joints, b with a modified model
for the beam-column joints, and ¢ with the original model for the beam-column joints, as proposed by Kim
et al. (2009)

However, the original model for the joints, proposed by Kim et al. (2009), was somewhat
changed. According to the experimental observations, the yielding rotation was reduced to
0.02 rad, and the NC strength was decreased to 25% of the maximum value. These modifi-
cations were needed because the joints were relatively poorly reinforced.

As mentioned previously, the ratio of the joints’ strength and the strength of the adjacent
beams had an important influence on the response. When the original model for the joints
was used, the yielding occurred in some beams instead of the joints. Consequently, an
unrealistic damage pattern was obtained, and the response was different than that observed
in the experiments. For example, the storey drifts in the lower storeys were underestimated
(see Fig. 21c).

5.3 Initial stiffness

In the analysis, only the tests for the fixed-base building were simulated. These were pre-
ceded by tests of the same building on sliding foundations. Since this building was cracked
(Tosauchi et al. 2017) during the testing, the initial stiffness of the fixed-base building was
reduced compared to the theoretical stiffness corresponding to the gross cross-section of
the structural elements. Additionally, the initial stiffness was also decreased due to the
transportation, handling and assembly of the specimen.

Based on the experiences when simulating other shaking table experiments (e.g. Fis-
chinger et al. 2002; Fischinger et al. 2017; Gams et al. 2022) and considering that the
axial force levels in columns and walls were low (considering the gravity load, it was less
than 5% of the medium compression strength of concrete), the initial theoretical stiffness
of all structural elements was reduced threefold. This primarily affected the response at
lower levels of seismic excitation. Examples of these are provided in Fig. 22, where the
base shear—top displacement response, top displacement response history and the storey-
drift envelope in the frame direction at 25% JMA-Kobe in the case of the theoretical and
reduced initial stiffness are presented. When the initial theoretical stiffness of structural
elements was taken into account, the overall stiffness of the building was too large. Conse-
quently, the displacements and storey drifts were underestimated.
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5.4 The unloading stiffness of beams and columns

In Giberson’s model, where the Takeda hysteresis rules are used to describe the response,
the unloading response is defined using the parameter (3, which is used to define the unload-
ing stiffness based on the initial stiffness. The typical value of f§ is 0.5.

When the standard value of  was used in the analysed building, the energy dissipa-
tion in some beams and columns was overestimated. Consequently, the maximum displace-
ments and storey drifts (particularly in the frame direction) were underestimated (compare
the green and red lines in Fig. 23). When p was increased to 0.8, the energy dissipation in
the beams and columns was reduced. The maximum displacements and storey drifts then
matched the experimental values better (compare the blue and red lines in Fig. 23). The
unloading stiffness in the beams and columns was less important in the wall direction since
the walls predominately governed the response.
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Fig.23 The influence of the unloading stiffness of the beams and columns to the: a maximum story dis-
placements, and b maximum storey drifts in the frame direction
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6 Conclusions

Tests on the ten-storey RC fixed-base building performed at the E-Defense shaking
table were used to evaluate the capabilities of some common numerical macro-models
of RC beams, columns, beam-column joints and walls. The analytical results matched
the experimental results reasonably well for all seismic excitation levels corresponding
to predominantly elastic, nonlinear and aftershock responses. The evaluated models
exhibited reasonably good accuracy at both the global and local response levels. The
acceleration—displacement response, the overall stiffness of the structure, drift profiles,
overturning moment profiles and displacement and acceleration response histories agreed
with the measured values within the accuracy of the measurements along both the frame
and wall directions of the building.

Local response quantities, such as the curvature response histories at the base of the
walls and the shear deformation response histories of the joints, were also captured reason-
ably well. The good agreement between the analysis and experiment was predominantly
achieved by using the standard input parameters for the models. However, some parameters
were modified because of certain specific structural solutions or non-standard structural
details in the tested building.

The effective width (EW) of the slab was found to be one of the most important param-
eters influencing the response. Initially, it was defined according to the standard EC2. Sub-
sequently, for some slabs, the EW was increased to the total span length to better simu-
late certain response parameters, such as the shape of the drift profiles (particularly under
strong seismic excitations). Along the wall direction, the EW of the slabs of the three
uppermost storeys was increased, starting from the slab at the top of the seventh floor,
where the RC walls terminated, to the top of the building. Consequently, the top floors
were strong enough to limit the rotation of the walls more realistically. Along the frame
direction, the slabs’ EW was increased for the third and fourth storeys, which is where the
largest storey drifts were observed. These modifications improved the agreement between
the analysis and experiment (for example, the storey drift profiles). These observations are
in good agreement with some findings reported in the recent literature (e.g., Pantazopoulou
and French 2001; Kabeyasawa et al. 2017; Isakovi¢ et al. 2020) that state that the EW of
slabs could be considerably higher than that defined in different codes, particularly when
the drift demand is significant. In general, the EW of slabs subjected to strong seismic
excitations (larger drifts) should be revised, considering that the EW can be as large as the
span width.

Relatively weak joints were noticeably damaged under the strongest seismic excita-
tions. The considerable damage to the joints was confirmed by the analysis using a some-
what modified model for joints compared to the original one presented in the literature
(see Sect. 3.2). In the modified model, the yielding deformations and near-collapse strength
were reduced. These changes were needed because some joints were relatively poorly rein-
forced. Revising the original numerical model for lightly reinforced beam-column joints is
recommendable based on these observations.

Overall, the response and damage patterns did not depend solely on the ratios of the
stiffness and strength between the joints, beams and columns, but were also strongly influ-
enced by the ratio of the dissipated energy within these elements. As the damage primarily
occurred in the weak joints, the plastic deformations and dissipated energy in the beams
and columns were somewhat reduced compared to those in the standard models. These
reductions were considered in the numerical model by reducing the unloading stiffness of
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the beams and columns. Without this modification, the energy dissipation in the beams and
columns was too large compared to that in the joints.

Based on these observations, the standard numerical models for beams and columns in
structures with weak joints with substandard details are reasonable to revise. In such struc-
tures, the plastic deformations and energy dissipation in beams and columns are appro-
priate to reduce. In Giberson’s model with Takeda hysteretic rules, this reduction can be
achieved by increasing the unloading stiffness parameter f. In the analysed building, this
parameter was increased from the standard p=0.5 to p=0.8. Further studies considering
different ratios for the beams’, columns’ and joints’ strength, stiffness and energy dissipa-
tion capabilities are needed to generalise the value of f=0.8.
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