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Abstract

Significant progress in the finite-element (FE) modeling at the member-level of reinforced-concrete (RC) structures under
seismic excitation has been achieved in the past decades; however, reliable and accurate analysis models for full-scale 3D
system-level RC structures validated with experimental data are scarce. As the development of a complete nonlinear model is
expensive and time consuming, simpler models, typically elastic or lumped-plastic in nature, are employed in practice with
additional provisions prescribed to account for nonlinear behavior. Depending on the assumptions made by the analyst, there may
be substantial uncertainties related to the response of a complete structure. Capturing global failure modes is challenging, and the
assessment of strength and ductility capacities may be inaccurate, resulting in potentially unsafe designs. The objective of this
research is to assess the performance of simplified damage-based concrete biaxial models in analyzing and capturing the
structural behavior of full-scale RC systems. Damage-based models for concrete require minor input from the analyst, facilitating
their use in a design setting, while their explicit, non-conditional convergence formulations allow for non-iterative solutions.
This results in damage-based models featuring efficient computational analysis while accounting for complex phenomena such
as the capacity to account for stiffness recovery in reversal loading (crack closing) and permanent strains in the concrete. A
comparison between analytical and experimental data at both the element- and system-levels is conducted, and a viable
damage-based model is proposed for a full-scale structure analysis. The results of the study show that damage-based models are
a viable alternative to developing efficient analysis models for elements and whole structures.
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1. Introduction

Accurate and reliable structural analysis of reinforced analysis software to examine the response of the structure
concrete (RC) structures is essential to ensuring safety and under different loading scenarios. For high-importance
economy, especially with structures with geometric com- buildings or unusual or extreme loads, a more refined tool
plexity or under extreme loading such as seismic events [2, 11,  consists of using nonlinear analysis, in which the nonlinear
12]. Usual design practice consists of employing linear-elastic ~ behavior of steel and concrete materials is considered. While a
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nonlinear analysis is more accurate than linear-elastic analysis,
its high cost is often prohibitive. As a consequence, nonlinear
analysis is typically reserved to study the behavior of selected
sub-assemblies, and suitable boundary conditions are used to
simulate the rest of the structure. Although simple structures
may be designed and analyzed based on their linear-elastic
response with good accuracy, some effects that are commonly
overlooked include bi-directional moments, torsional effects,
global failure modes, and important response parameters
crucial for seismic design, such as ductility reserve, rotational
capacity at plastic hinges, and energy dissipation. The effects
of reversed-cyclic loading must also be considered, as the RC
elements may experience rapid periods of tension and com-
pression stresses resulting in strain-rate effects that cannot be
captured with a simple linear analysis.

To conduct a nonlinear finite-element (FE) analysis at the
system level, the finite-element method has emerged as a
convenient, reliable, and versatile computational tool [27].
The constitutive, equilibrium, and compatibility equations
that arise from the nonlinear stress-strain behavior of concrete
and steel can be solved using iterative solution algorithms
until convergence is achieved with acceptable accuracy.
Although several research-oriented and commercial-
ly-available FE programs (LY-DYNA, Atena, etc.) are
available to conduct this type of analysis, those capable of
conducting a system-level analysis are few — as most are
suited to the study of subassemblies rather than whole struc-
tures, while others implement advanced concrete models that
inevitably lead to prohibitive computational time and con-
vergence issues when the number of elements is large.

Considerable research has been conducted into developing
complex element formulations that can accurately capture the
response of concrete [6, 8, 32]. Analytical models for the
uniaxial behavior of concrete have been successfully imple-
mented into the FE framework for the use of fibre elements
[5], which have been shown to provide accurate results when
modeling plane-section elements such as beams and columns.
Modeling the biaxial behavior of concrete, a necessity to
simulate the behavior of slabs and walls, is more complex due
to the governing shear behavior, and has become a very active
research topic over the last two decades. Widely used models
are based on plasticity [3], fracture mechanics [4], total-strain
formulations [34], elastic damage mechanics [20, 29], or
plastic damage [13].

Total-strain based formulations have resulted in two relia-
ble and accurate models for concrete under biaxial stress,
namely the Modified Compression Field Theory (MCFT) [34]
and the Cyclic Softened Membrane Model (CSMM) [18].
Based on smeared cracking models, total-strain formulations
simulate cracked materials as continuous materials with ani-
sotropic behavior. Although both models are capable of pre-
dicting the behavior of RC structures under different loading
mechanisms with good accuracy, they require iterative pro-
cedures which often result in convergence problems within
the FE formulations. Most are implemented in proprietary
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finite element software.

The basic information required for RC FE calculations is
the multi-dimensional stress-strain relationships, which de-
scribe the characteristics of RC materials under monotonic,
cyclic, and dynamic loading. Over the last few decades, the
framework of continuum media has been employed to create
multiple models to describe concrete behavior. In particular,
the use of damage-based material models such as the Mazars
model [20] is attractive due to its explicit formulation. This
means that there is no need for an iterative procedure to solve
the constitutive relationships, making the model implementa-
tion and use a very computationally efficient procedure. In
these models, the constitutive law for concrete is expressed as
an elastic relationship that is “softened” through a scalar
damage parameter. Recently, a damage-based concrete mate-
rial model was successfully implemented in the OpenSees
framework [24] to be used in combination with a multilayered
shell element suitable for analysis of complete 3D structures
[16]. Using the developed damaged-based material model, the
seismic response of a multi-story, super-tall building was
compared to that obtained using a multipurpose finite-element
software package and found to be in good agreement.

Another successful incorporation of a damage-based con-
crete model into the FE framework was conducted by Légeron
etal. [14], in which a model based on the work of Mazars [20]
was implemented into the custom FE program EFiCoS. The
program then analyzed three unique experimental programs:
(1) monotonic 3-point bend tests of over-reinforced beams
with normal and high strength concrete [33]; (2) cyclic tests
on high strength concrete columns [15]; and (3) pseudody-
namic tests on concrete bridge piers [28]. In all three scenarios
the model was able to demonstrate a strong correlation with
experimental results indicating the use of concrete-damage
models as a viable technique. Although promising, to the
knowledge of the authors, the performance of damage-based
concrete models with regard to full structures under seismic
excitation has yet to be verified with experimental findings.

There is a need to investigate the performance of a simple,
yet reasonably accurate biaxial model for concrete in a fi-
nite-element framework that allows for the efficient nonlinear
analysis of full RC structures. More importantly, a compari-
son between the predicted and measured seismic performance
of a full building must be conducted, in terms of force and
displacements in the structure. The material model needs to be
simple enough to allow for a computationally efficient anal-
ysis, with minimal convergence problems, while having suf-
ficient accuracy to ensure safe and economic designs. Simi-
larly, the platform on which the material formulations are to
be implemented needs to be accessible for researchers to
easily adopt new or refined analysis techniques.

The objective of this research is to implement a dam-
aged-based concrete material capable of simulating stiffness
recovery in reversal loading (crack closing) within the
open-source FE software OpenSees [24]. First, element-level
comparisons are conducted to validate this approach. This
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includes investigating the performance of the model to sim-
ulate experimental programs involving RC beams under
monotonic loading, slabs, and shear walls under cyclic load-
ing. Following validation, the model was used to predict the
response of a full-scale, 3D RC building in Japan subjected to
earthquake excitations. The measured seismic response of a
full building is then compared to that obtained using the newly
implemented damage-based formulation.

2. Damage-Based Concrete Models

Materials develop internal failures at both the micro- and
macro-scales resulting from different effects such as creep,
fatigue, external load, temperature changes, and chemical
reactions. These failures form microcracks, and their propa-
gation and coalescence in concrete elements are known as
“damage” [10]. The concrete models investigated are based

on the work done by Mazars [19], in which damage translates
into stiffness degradation. The concrete material is initially
assumed to be elastic, isotropic, and with constant stiffness.
The stiffness of the material is modified throughout the
loading cycle through a scalar damage parameter (D), which
ranges from O for an intact material to 1 for a material with no
residual strength. Mazars’ models account for micro- and
macro-effects caused by loading, rearrangement of concrete
particles, the collapse of the micro-voids in the mixture, and
the interaction of the cement matrix with the aggregates.
Figure 1 describes the behavior of stress-strain curves for
concrete elements using damage models. Two unique dam-
age-based models with different levels of sophistication were
investigated in this study. For reference, key features of both
models are summarized next. The reader is referred to Mazars
[19] and Mazars et al. [23] for complete information con-
cerning these two models.

D
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Figure 1. Stress-Strain Relationship of Damaged-Based Concrete.

2.1. Scalar Damage Model

Mazars [19] formulated a Scalar Damage (SD) model to
predict the triaxial behavior of concrete. The damage param-
eter (D) is calculated starting from an equivalent strain, which
is calculated as the average of the tensile principal strains of
the element. The calculation of the stress vector, {o}, from
the strain vector, {e}, follows elastic theory, modified with
an effective damage parameter (D) to reduce the secant
stiffness matrix [7]:

{o} = (1 -D)IIr'l{e} @)

To define the secant stiffness matrix, a plane stress as-
sumption is utilized. This assumption is valid for situations
where the material can freely expand or contract in the
thickness direction (out of plane stress components are zero),
and all external loads are applied in the plane perpendicular
to the thickness direction. From this assumption, the secant
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stiffness matrix relating the stresses to the strains of an elas-
tic isotropic material can be simplified to the following:

1 v
— Y 0
0-11 1-v 1-v 811
E v 1
Oxpp=—|— — 0| €22
1+v|1-v 1-v

o 2¢
12 0 0 2 12

)

Where E and v are the Young’s modulus and Poisson’s
ratio of the material, respectively. The damage of the ele-
ment is given by the weighted sum of the damage produced
by the tensile and compressive stresses, expressed as fol-
lows:

D=af*D,+af +xD;0<D<1 (3)

Both weights feature a parameter S that accounts for the
presence of shear in the biaxial state of stress of the material,
which can be taken as 0.6 based on experimental data [19]. In
Eq. (3), a; and a. represent the fraction of tensile and
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compressive strains (g, and &, respectively), to the equiva-
lent strain ¢,,. The equivalent strain is calculated as the av-
erage of the tensile principal strains of the element. Both D,
and D, are damage parameters that depend on the shape of
the concrete stress-strain tensile and compressive relation-
ships, respectively. While damage in tension is taken to initi-
ate at the onset of cracking, damage in compression initiates
immediately.

2.2. n Model

The p model [23] is an extension of the SD model by
adding the ability to capture stiffness recovery due to
crack-cracking effects and was created to independently
capture the damage caused by tension and compression in the
material. Therefore, this model utilizes two independent
equivalent strains, one for tension and another for compres-
sion, rather than a single equivalent strain as featured in the
scalar damage model. Due to its ability to account for the
direction of loading, the u model can capture stiffness re-
covery due to crack-closing effects (e.g., in a case in which the
tensile straining becomes compressive), rendering the model
suitable for cyclic loading. As in the scalar damage model, the
stress in the material is obtained with Eq. (1) while the dam-
age parameter is expressed as:

_ Yor1-4)

D=1 —Axexp[-B* (Y —-Y))]; 0<D<1 (4

Referring to Eq. (4), the variable Y, is dependent on the
damage strain threshold defined for deformations in com-
pression and tension, while Y represents the combination of
tensile and compressive damage and is expressed as:

Y=1rY,+(1-1r)Y, (5)

Where Y, and Y, are the maximum values of deformation
reached during the loading path, and the triaxial factor (r)
varies from 0 for pure compressive stress to 1 for pure tensile
stress [13]. The variables A and B in Eqg. (4) define the

evolution of the effective damage parameter d, based on the
material-specific parameters A., B., A, and B, as follows:

A= A,(2r*(1-2k)—r(1—4k)) + A.(2r? =3r + 1) (6)
B = 7,.(1”2—21”+2)Bt + (1 _ 7,.(7“2—27“+2))BC (7)

The parameter k featured in Eq. (6) accounts for the shear
sliding effects related to friction whenever the concrete is
cracked and can be taken as 0.7 while maintaining good ac-
curacy over a wide range of loading combinations [23].

3. Performance Investigations

The material formulations presented above were imple-
mented into the open-source, freely available, finite-element
software OpenSees [24]. Three types of analysis models were
developed and validated with experimental data: (1) RC beam
under monotonic and cyclic load; (2) RC shear wall subjected
to cyclic load; and (3) full-scale RC building under earth-
quake excitation. The new materials were used in conjunction
with the multilayered shell element ShellMITC4 [16] availa-
ble in the OpenSees library, which is a six-DOF, 3D element
suitable to model membranes subjected to in- and
out-of-plane loading.

3.1. RC Beam Under Monotonical Loading

A simply supported beam built for this study was subjected
to a monotonical four-point bending loading. The material
properties of the concrete were a peak compressive strength
(f/) of 40 MPa, and a Young’s modulus (E.) of 37.2 GPa. The
yield stress of the steel (f;,) was measured as 475 MPa, with
Young’s modulus (Eg) of 183.33 GPa. The dimensions and
loading are shown in Figure 2. The concrete in the beam was
modeled using 312 four-node multilayered shell elements
(ShellMITC4) while the steel reinforcement was modeled
using truss elements.

a) b)
25 P ¢
2 2-10M 50 '
T 253 b |
10M Stirrup s
300 - H \ ' SYM.
N\
l 25 iy :
l N—2-15M 100 T 5 Stirrups @ 220 mm :
150 R
“200 800 7400

*All dimensions in mm

Figure 2. Beam 1 (a) Cross-Sectional View (b) Span View.
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Figure 3. Beam OpenSees Model.

Material properties of the reinforcing steel were defined
using the pre-defined OpenSees material model Steel02. The
material model is the GuiffréMenegotto-Pinto steel model
with isotropic strain hardening (based on the work of
Menegotto and Pinto [25]). The concrete behavior was

modeled using each of the two damage models described
above. Parameters used to define the concrete damage models
were obtained by calibrating the model to the experimentally
obtained concrete stress-strain relationship and are presented
in Table 1 below.

Table 1. Concrete-Damage Model Parameters for Monotonic Beam Analysis.

Model fe (MPa) E (GPa) v Eoc
SD 40 37.2 0.18 -
u 40 37.2 0.18 0.0004

A comparison between the experimental and analytical
obtained load-displacement curves is displayed in Figure 4.
Both models effectively captured the experimental failure
mode which was the concrete crushing on the compressive
side of the beam. It is observed that while both dam-
aged-based models demonstrate an accurate prediction of
peak load before failure, only the p model was capable of

140
120
100
80
60
40
20

Load (kN)

——Measured
Scalar Model

0
0 10 20 30 40 50
Displacement (mm)
(a)

€0t/€po Ac B, A, B,
0.00005 0.73 1065 0.97 10,000
0.00005 0.65 280 0.97 10,000

capturing the correct displacement at failure. Additionally,
both models overestimate the cracking load of the concrete
which can be attributed to possible damage sustained by the
beam specimen during transport into the loading fixtures and
the condition that the post-peak tension curve is dependent on
the size of the element specified.

140
120
100

o]
o

Load (kN)
o))
el

o
=

Measured

20 ——u Model

0
0 10 20 30 40 50
Displacement (mm)
(b)

Figure 4. Analysis Results of Monotonically-Loaded RC Beam (a) SD Model (b) « Model.
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3.2. RC Shear Wall Under Cyclic Loading

The performance of the damage models to simulate the
behavior of an RC shear wall under reversed-cyclic loading
was investigated next. A 100 mm x 1500 mm x 1795 mm
cantilevered RC shear wall specimen (Figure 5) experimen-
tally tested by Hiotakis [9] was selected to validate the two

models. The wall was designed to exhibit ductile behavior,
precluding shear failure. The reinforcement ratio of the wall
was 0.8% and 0.5% in the vertical and horizontal directions,
respectively. Material tests specified the concrete peak com-
pressive strength was 36.2 MPa, while the yield stress of the
longitudinal and transverse reinforcing steel bars was 425
MPa and 651 MPa, respectively.

1500
1 1 {—530—
/L 20 410
M10 — —_—
@ 150
Bar diameter:
M10 - 11.3 mm
M10 M20 - 19.6 mm
@80 —100 1795
—
M10—"] MI0—" |
@ 400 @ 280
M10 H —
@ 150 :
$ _}M20_<r 435
l 1730 | J—soo—l

Dimensions in [mm]

Figure 5. Shear Wall Reinforcement and Geometry Specifications [9].

The shear wall OpenSees model was defined using 414
four-node rectangular, multilayered shell elements with a size
of 80 x 80 mm (deemed appropriate based on a mesh sensi-
tivity analysis in which five mesh sizes were analyzed). Using
these shell elements, a shear wall reinforced with different
reinforcement curtains in different directions can be effi-

ciently modeled, as shown in Figure 6. Each reinforcement
curtain is modeled as a smeared layer of steel. As the bound-
aries of the wall featured additional reinforcement, a thicker
steel layer was specified for these ‘boundary elements’ which
correspond to the shaded elements in Figure 6.

Multilayered Shell Element

Wall Height (1795 mm)

{a

X

Wall Width (1500 mm)

Wall Thickness (100 mm)

Horizontal Steel Layer (0.28 mm)
Concrete Inner Layer (18.5 mm)

Vertical Steel Layer (0.24 mm)
Concrete Outer Layer (12.5 mm)

Element Height (80 mm)

Anent Width (80 mm)

Figure 6. FE Model of RC Shear Wall.
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Material properties of the reinforcing steel were defined
using the preexisting OpenSees material model Steel02
similar to the steel definition of the RC beam above. The
concrete behaviour was modeled using each of the two

damage models described above. Parameters used to define
the concrete damage models were determined in the same
manner as the previous study and are presented in Table 2
below.

Table 2. Concrete-Damage Model Parameters for Cyclic Shear Wall Analysis.

Model f. (MPa) E (GPa) v £oc
SD 36.2 27.1 0.18 -
M 36.2 27.1 0.18 0.0004

The calculated and measured load-displacement response
of the shear wall for the SD model and the p model is pre-
sented in Figure 7. It is noted that the listed displacement was
measured at the top of the wall. The maximum strength and
displacement calculated at each cycle with both models
showing a reasonable correspondence with the measured
results. A common observation concerning both models is the
underestimation of residual displacements after each cycle.
This was expected as the concrete damage models used in this
study do not account for permanent strains, which results in

225

—— Measured

150 ||—— SD Model

13

Load (kN)
o

-30 -20 -10 O 10 20 30
Displacement (mm)

@

€0t/€po Ac B, A, B,
0.0001 1.25 2250 0.97 10000
0.00001 1.25 650 0.97 10000

the unloading and reloading paths after each cycle to return to
the origin of the stress-strain relationship. The residual dis-
placements observed in the figures are solely attributed to the
plastic deformation in the steel reinforcement. It is also ob-
served that both models underestimate the peak load of each
cycle after yielding has occurred and the pinching of the curve.
This is due to the defined material model of the steel rein-
forcement neglecting any strain hardening (which impacts the
peak load) and the lack of bond-slip definition which influ-
ences the pinching of each cycle [21, 22].

225

Measured
— 1 Model

n
(=]

Load (kN)
~
S O

1
~
W

-150

-225

-30 -20 -10 0 10 20 30
Displacement (mm)

(b)

Figure 7. Measured vs Calculated Load-Displacement Response (a) Scalar Damage Model (b) « Model.

Looking at the load-displacement response of the first 12
cycles (Figure 8) it is seen that the SD model significantly
overestimates the applied load of the initial cycles. This can
be attributed to the SD model calculating damage solely based
on equivalent tensile strains, resulting in no damage initiation
until after cracking has occurred. With the initial cycles within
the elastic region, cracking has yet to occur, and in turn, no
damage has been applied. The p model does not have this

limitation however as equivalent compressive strains are
added within the damage formulation, allowing for compres-
sive damage to be calculated and accounted for continuously
since the onset of loading. As a result, the u model can pre-
dict the force that causes the first crack, the overall strength,
and the loading and unloading paths of the wall with more
accuracy when compared to the SD model.
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Figure 8. Measured vs Calculated First 12 Cycles of the Load-Displacement Response (a) Scalar Damage Model (b) ¢ Model.

3.3. Out-of-Plane Response of an RC Slab

The damage-based materials discussed in Section 2 can
describe the 2D concrete response under a biaxial state of
stress, which is most commonly utilized in capturing the
behaviour of elements such as shear walls loaded in-plane.
However, it is possible to approximate the out-of-plane re-
sponse by incorporating the 2D damage-based materials to-
gether with a suitable shell element. In OpenSees, the Shell-
MITC4 element has a multi-layer shell formulation based on

the theory of mixed interpolation of tensorial components [7].

The thickness of the ShellMITC4 element is discretized into
several fully bonded layers. The out-plane forces and dis-

placements are obtained by integrating the axial stresses and
curvatures in each layer, respectively, using a plane-section
assumption. The axial stress is the normal stress in the biaxi-
al model, perpendicular to the shell thickness. To investigate
the out-of-plane performance of the materials, a numerical
experiment was conducted in which a 200 mm thick, 7300
mm x 5500 mm rectangular slab, fixed on all four sides, was
subjected to a uniform gravity load. The slab is reinforced
with 4 layers of reinforcement, with the same amount of re-
inforcement in the E-W and N-S directions (Figure 9). Figure
9b depicts the reinforcing details in the middle of the slab,
along with both ends. The material properties for steel and
concrete were chosen to be the same as in Section 3.1.

No. 4 (12.7 mm) Steel Rebar
N 300 mm
—
g " F AP P #32 mm
= W E 200 mm
A f S _° ¥ d : i45 mm
W
S —
375 mm
No. 4 (12.7 mm) Steel Rebar
7300 mm

Figure 9. RC Slab Details (a) Plan View (b) Cross-Section.

Using the same rationale from the previous examples, the
slab was modeled in OpenSees with 220 ShellMITC4 ele-
ments, 20 in the E-W direction, and 11 in the N-S direction,
with the concrete represented by the u model. The same slab
was modeled using the LimitState:SLAB commercial soft-
ware. In LimitState:SLAB, yield-line theory is used to itera-
tively determine a collapse mechanism for slab systems and
the associated ultimate capacity. The OpenSees analysis led to

an ultimate capacity of 27.9 kPa, while LimitState:SLAB
predicted 29.2 kPa, which shows good agreement between the
two approaches. This provides evidence that biaxial dam-
age-based materials, coupled with the use of a multi-layered
shell element, can provide a reasonable estimation of ultimate
strength in the out-of-plane direction. As the basis of
yield-line theory assumes elastic behavior prior to the yield
line formations/structural collapse, displacements cannot be
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predicted by the theory alone or by LimitState:SLAB which
implements the theory. As such, no comparisons between the
FE model and LimitState:SLAB can be made.

3.4. Full-Scale RC Building Under Seismic
Loading

A full-scale, four-story, reinforced concrete building was
tested on the E-Defense shake table in Japan [26]. This is one
of the few full-scale 3D reinforced concrete shear wall
structures in which the displacement inputs and outputs are
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3000 C1 C2
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3000 Cl 2
Gl Gl

3000 cl
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*All dimensions in mm

available in the literature. The plan view and the longitudinal
and transverse elevation views of the structure are shown in
Figure 10. The height of each storey was 3 m, while the plan
size was 14.4 m in the longitudinal direction (L) and 7.2 m in
the transverse direction (T). The lateral-force resisting system
consisted of a two-bay RC moment frame system in the lon-
gitudinal direction on axes 1 and 2. In the transverse direction,
a pair of multi-story RC shear walls were incorporated within
a moment-resisting frame in exterior axes A and C, and a
single-bay moment-resisting frame in the middle axis B.
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Figure 10. Four-Storey Building (a) Longitudinal Elevation (b) Transverse Elevation and (c) Plan View.

The structure was designed using the seismic provisions of
the Japanese Code [1]. The columns had a 500 x 500 mm
square cross-section while the girders G1, G2, and G3 had
rectangular cross-sections with dimensions of 300x600 mm,
300x300 mm, and 300x400 mm, respectively. The beam B1
had a rectangular cross-section of 300x400 mm. The 250 mm
thick shear walls had a rectangular cross-section with dimen-
sions of 2500x3000 mm. All floor slabs were 120 mm thick.

The steel reinforcement of each section varied according
to the story level, with greater percentage ratios in the bot-
tom floors compared to the top floors. The columns had a
vertical reinforcement ratio (p,) ranging between 1.21% -
1.52%, and a transverse reinforcement ratio (p,) between
0.47-0.63%. The girders and beams were doubly reinforced,
with similar amounts of reinforcement at the top and bottom
layers. The girders had a longitudinal reinforcement per-
centage (p;), in either of the layers ranging between
0.74-1.06%. The transverse reinforcement ratio (pg), ranged
between 0.26%-0.52%. Beams B1 had p,, equal to 1.42%,
and p, equal to 0.26%. The slabs were reinforced with four
layers of reinforcement, two at the top and two at the bottom.
The reinforcement ratio of each layer in the transverse di-
rection was 0.33%, while it was 0.26% in the longitudinal
direction.

Concrete peak strengths measured during the test averaged
37.5 MPa. The yield strength of the longitudinal reinforce-

ment was 392 MPa, and the average transverse/hoop rein-
forcement vyield strength was 540 MPa. The weight of the
building floors was reported as 867 kN for the second floor,
872 kN for the third floor, 867 kN for the fourth floor, and 934
kN for the roof, resulting in a total estimated weight of 3,540
kN for the structure. The Kobe records for the 1995 Hy-
ogoken-Nanbu earthquake served as the input ground motions
for the test. During the test, the intensity of the motions was
gradually increased to observe the sequential damage to the
structure. The intensity increments for the Kobe record were
25%, 50%, and 100%.

3.4.1. Finite Element Model

An analytical model of the full structure was created in
OpenSees (Figure 11). The girders, beams, and columns were
modeled using nonlinearBeamColumn elements made up of
concrete and steel fibres. Confinement effects provided by
hoop and transverse reinforcement were considered using
Mander’s model [17]. The slab was assumed to be rigid
enough so that a rigid diaphragm could be used to simulate its
structural response, using multi-point constraint objects
linking all the nodes in a given floor. The shear walls were
modeled with multilayered ShellMITC4 elements described
above.
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Figure 11. FE Model of the Full-Scale RC Building.

Smeared steel reinforcement was used for the multilayered
shell elements of the shear walls. The concrete material used
for the frame elements of the girders and columns was
Kent-Scott-Park concrete material [31] which implements a
more simplified linear damage model when compared to the
u damage model. The steel material used for modeling the
reinforcement of all elements was the Giuf-
fre-Menegotto-Pinto steel material with isotropic strain
hardening [25]. The u model material was chosen to model the
shear walls as it demonstrated a better prediction of the cyclic
behavior of a shear wall than the scalar damage model as
discussed in Section 3.2. The base of the structure was as-
sumed to be perfectly fixed, as the foundation blocks were
secured with steel anchors to the steel base of the shake table.

The loading pattern was divided into two steps: (1) the
gravitational load of the floors and the slabs was applied and
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kept constant on the beams and girders, upper ends of the
columns, and walls, followed by (2) the ground motion ap-
plied to the base nodes. A transient analysis was performed
using the Modified Newton algorithm, with the UmfPack
integrator to solve the system of equations. The damping was
defined using Rayleigh damping of 5% in the first three
modes of vibration. The nodal displacements of each floor
were recorded at each converged step.

3.4.2. Comparison Between Analytical and
Experimental Data

The global base-shear force (measured and calculated) for
the 25% and 50% Kobe records is presented in Figure 12 and
Figure 13, respectively, for both the longitudinal and trans-
verse directions. In both the 25% and 50% Kobe records, the
calculated magnitude of the global base shear response in the
transverse (shear wall) direction demonstrated a close pre-
diction with measured results. However, in the longitudinal
(frames) direction the magnitude of the base shear appears
reasonable for the first half of the response, while being no-
ticeably overestimated in the second half of the response. This
observation can be attributed to the longitudinal direction
consisting solely of frame elements, which do not incorporate
the u concrete damage model. Referring to the transverse
direction, which features shear walls containing the u model,
a better correlation between the FE model and measured re-
sponse in the second half of the response is observed. It is also
noted that the assumption of rigid diaphragm behavior would
strongly condition the behavior in the longitudinal direction
due to the three rows of support provided by the RC columns.
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v . \j \
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Figure 12. RC Building Global Base Shear Response for the 25% Kobe Record in (a) Longitudinal Direction and (b) Transverse Direction.
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Figure 13. RC Building Global Base Shear Response for the 50% Kobe Record in (a) Longitudinal Direction and (b) Transverse Direction.

The measured and calculated maximum roof displacements
are presented in Table 3. For the 25% and 50% records, the
roof displacements are underestimated in both directions. The
difference percentage in the longitudinal direction is constant
for the different Kobe magnitude records, whereas in the
transverse direction the error percentage increases as the
magnitude of the record increases. This can be explained by

the limitation that the model does not account for bond-slip
occurring at the bottom of the shear walls and the shake table
flexibility, which was not accounted for in the model but has
been shown to influence behavior [30]. Similar to the global
base shear response, the calculated results feature a higher
stiffness than the measured results, which translates to less
energy dissipation.

Table 3. Maximum Roof Displacements of the RC Building.

KOBE Magnitude Measured (mm) Calculated (mm) Difference (%0)

Longitudinal Transverse Longitudinal Transverse Longitudinal Transverse
25% 16.9 24.2 8.99 15.97 46.8 34.0
50% 1224 106.9 65.27 62.75 46.7 41.3

The calculated results had greater stiffness than the meas-
ured results, as indicated by the smaller deformations and
higher strength responses. This can be explained in part by the
inability of the model to account for bond-slip at the base of
the walls and to predict shear deformations for the 1D frame
elements. A better prediction is observed for the base-shear in
the shear wall direction (transverse), concluding that the p
model is a reliable tool for predicting the behavior of 3D
elements for full-scale structures. Despite the limitations
discussed, the calculated results present a reasonable predic-
tion for both the 25% and 50% intensity ground motion, re-
sembling the actual behavior of the structure.

4. Summary and Conclusions

In this study, the viability of biaxial damaged-based con-
crete models to simulate full-scale 3D RC structures under

seismic excitations was investigated. Two damage models,
namely the SD [19] and u model [23], were implemented in
the open-source FE program OpenSees and simulated under a
variety of scenarios including: (1) monotonically loaded RC
beam; (2) cyclically loaded RC shear wall; (3) RC floor slab;
and (4) a full-scale four-storey RC structure under seismic
excitation. In all scenarios the performance of the dam-
age-based models to simulate RC structures was found to
demonstrate an acceptable correlation with experimental
results. As such, the following conclusions are drawn from the
study:

1) The open-source FE platform OpenSees is a useful tool
for the implementation of material models that predict
the behavior of concrete under monotonic, cyclic, and
dynamic loading.

2) Isotropic scalar damage models provide a rational and
appropriate approach to predicting the behavior of con-
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crete plane-stress elements, as they use simple calcula-
tions that eliminate the need for complex solution algo-
rithms within the element formulations.

3) When simulating a monotonically loaded RC beam, both the
SD and p models demonstrated a strong correlation with
experiments, with the © model outperforming the SD model
in terms of yielding and failure displacement prediction.

4) The u model outperforms the SD model in the simula-
tion of a RC shear wall under cyclic conditions due to the
inability of the SD model to distinguish compressive and
tensile damage.

5) Implementation of the p model to simulate a full-scale
RC structure under cyclic loading resulted in an ac-
ceptable agreement of predicted base shear with the
measured results in the transverse direction (direction
featuring the implemented damage-model).

6) Damage-based models implemented into the FE
framework are a viable analysis tool for seismic as-
sessment, rehabilitation assessment, and perfor-
mance-based design of RC structures.

Abbreviations

CSMM Cyclic Softened Membrane Model
FE Finite Element

MCFT Modified Compression Field Theory
RC Reinforced Concrete

SD Scalar Damage
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