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Abstract

This paper presents explicit evaluation of the safety and reliability of structures to obtain the actual performance of the
structure numerically which will finally help designers to not only protect life, but also to minimize damage of the structures
to an acceptable level. To do so, nonlinear finite element analysis of the frame is conducted, and results from lumped
plasticity and continuum-based modelling approaches were compared with documented experimental results. The
capability of each numerical model to capture the load deformation relationship and failure pattern is studied. Moreover, a
parametric study is performed for selection of suitable material model which could depict the actual response of the frame
for both considered numerical modelling tools. From this study, the analysis result of the lumped plasticity based model in
SAP2000 was seen to be more realistic to the experiment result when the user-defined hinge model with confined non-
linear concrete property, non-linear rebar property with consideration of crack section as per the codal provision was
performed. The frame remodeled with continuum mechanics based approach in LS-DYNA modelling tool could capture
the experimental results with higher accuracy. In addition, among several material models available, Continuous surface
cap model is recommended to be used for quasi-static analysis of structures since it can capture the performance of structure

with significant accuracy.

Keywords: Non-linear static analysis, SAP2000, hinges, LS-DYNA, material models, seismic loading

1. Introduction

Inelastic behavior is inherent in most of the structures
subjected to occasional lateral loading, so structural
engineering has been adopting nonlinear static procedures for
analyzing such structures. Development of several advance
modelling tools for numerical analysis of structures has
helped researcher to predict the complex non-linear behavior
of R.C structural system numerically. Generally, lumped
plasticity models, distributed plasticity models and
continuum mechanics based models are implemented in
modelling of the structures [1]. Although, assumptions and
modelling aspects in first two approach is somehow
approximate representation of structure with respect to linear
or non-linear behavior rather than detailed 3D modelling as in
continuum based approach, these approaches can also well
capture the major performance of the structures in terms of
load and displacement. In spite of its limitation for depicting
certain non-linearity and failure modes as in continuum based
modelling tool the number of users for the lumped plasticity
modelling approach is widespread around the world.
Non-linear analysis involves non-linearity of material in
the form of post peak response, geometric non-linearity in the
form of hinges and inherent plastic behavior of the section and
finally non-linear analysis as loading the structure beyond the
elastic regime until failure. Push-over analysis is a simple
non-linear static analysis approach involving a procedure of
application of monotonically increasing lateral loading (also
displacement) and recording the response in the form of shear
force in the base of the structure. The plot of the force versus
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displacement provides the capacity or pushover curve, whose
slopes depicts the stiffness of the structure. Researchers have
been following the non-linear analysis provision as detailed
in the ATC-40 [2] and FEMA 356 [3] as default parameters,
available in program (SAP2000) which in some cases might
not capture the real behavior of the structures. Hence, the
current research studies possible variation of the response of
the structures while adopting the user-defined and default
non-linear property. Since, graphical interface of the analysis
package SAP2000 [4] developed from Computer and
Structures is user-friendly and versatile so this tool is adopted
for linear and nonlinear seismic analysis of the structure.
Contrarily, researcher might be fully dependent on the default
modelling and analysis parameters and considerations of the
tool and obtain results which might be far off from the real
response of the existing structure. Obviously, the F.E tool
includes properties based on various codal provision and
guidelines which were verified based on large no of
experiments and testing but response of all the structure
cannot be fitted into the tool. Hence, average value is
considered for developing the program which sometimes
might lead to erroneous result. One of the major consideration
is on the non-linear hinges, their location and behavior [5] ,
since the property is dependent on reinforcement detailing
which is again different in countries. So, a clear understanding
of the numerical model its capability and procedure should be
done to perform the nonlinear analysis [6]. Several studies
have been performed for non-linear modelling of the
structures. Ladjinovi et al. (2012) [7] performed non-linear
static analysis of the multistory frame structure from
SAP2000 and Opensees. The wide modelling opportunity
available in Opensees tool obviously predicted the better
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results but the results from the SAP2000 was also found
satisfactory in predicting major non-linear points of force-
displacement behavior of the structure.

Considering this fact, an attempt is done to predict the
response of a frame previously tested by Vecchio and Emara,
1992 [8] using lumped plasticity models so that the
researchers using these tool might be familiar with modelling
strategies which should be adopted. Also, the same frame is
remodeled with continuum mechanics based modeling tool
LS-DYNA to depict the capability of modelling tool in
representing the response and failure pattern of the tested
frame with selection of suitable material model.

2. Geometry, Material Property and Testing procedure
of Specimen

A one bay two storey 2D frame is taken as a verification
model which was tested for evaluation of deformation in shear
of RC Frame by Vecchio F.J and Emara M.B ,1992 [8]. The
frame consists of all structural members of size 300mm (12
in.) by 400mm (16 in.) and similar reinforcement details with
RC base which was heavily reinforced.
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Fig. 1. Details of the frame for Testing [2]

The reinforcement consists of 4 no of 20 mm diameter
deformed bars in top and bottom (p; = 2.094%) and 10mm
transverse shear reinforcement with spacing of 125mm
(py =0.419%) as in Fig. 1. Concrete of compressive

Table 1. Material Parameters [8]

strength 30 MPa (4350psi) and stress strain curve as per the
experiment [8] was adopted and properties of reinforcement
were adopted as shown in Table 1.

Bar No. D, (mm) fy (MPa) fu (MPa) E; (GPa) Eg, (MPa) Esh &,
20 19.5 418 596 192.5 3100 0.0095 0.0669
10 11.3 454 640 200 3100 0.0095 0.0695

The frame was designed with a story height of 2000m (4
ft, 3in) and span of 3500mm (7 ft, 5 in) with overall height of
4600mm (9 ft, 9 in). The testing performed was a quasi-static
test to obtain the load deformation behavior and failure mode
of the frame after application of monotonically increasing
lateral displacement (Q) as in Fig. 1. Displacement
transducers (LVDTs) were placed at several locations to
obtain the displacement of the frame under increasing
loading. The test involved of applying the axial loading of
700KN (157 Kips) to each column throughout the test
followed by monotonic increasing lateral loading. Loading
was increased in a stoke controlled mode until the ultimate
capacity of the frame was reached.

62

3. Modelling Approach

Inherent modelling capability and user defined modelling
aspects in terms of section, material behavior, non-linearity
modelling (hinges) is assessed and suitability of modelling
criteria to depict the actual displacement capacity is studied
for the lumped plasticity model. Also, the same frame is
remodeled from the general purpose FE code LS-DYNA [9,
10] to understand the modelling capabilities and the results of
SAP2000 and LS-DYNA solver is compared with the
documented test results. Further, parametric study is
performed for various widely accepted material models and a
selection of the suitable material model which could depict
the actual response of structure numerically was proposed for
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both modelling tool. The modelling consideration for both
solvers are discussed in details in following paragraphs.

3.1 Lumped Plasticity modelling

A 2-dimensional model of the frame was created in SAP2000
in order to predict the response of tested frame numerically.
Non-linear frame elements were adopted to model beams and
columns with plastic hinges at the ends to depict non-
linearity. This method considers the lumped plasticity
approach to model the structure and depicts the nonlinearity
in the form of plastic hinges. The location of the plastic hinge
zone is judged based on the possible predicted failure
mechanism of the structure since addition of hinges in several
locations will increase the computation cost [4].

3.1.1 Material Property

Generally, unconfined and confined material models are
available in literatures to model the concrete material.
Concrete specimen for low level of stress behaves as
unconfined concrete with no role of the transverse rebar. With
increasing stress beyond uniaxial strength the stirrups plays
role, so they are usually named as passive confinement [11].
As the stress increases beyond the strength of specimen,
internal progressive cracking occurs with increase in
transverse strain. Now, stirrups starts to hold the concrete as
a confining reaction preventing brittle damage of concrete.
Hence, until concrete reaches maximum stress level,
confinement by stirrups have less or no effect on the stress-
strain curve. For high strain stress-strain curve of confined
concrete depends on the volumetric ratio, strength of concrete
and rebar, diameter and spacing of the stirrups etc. Usually,
Stress-strain curve in compression of the concrete material
has an parabolic ascending initial portion up to strain of 0.002
and then linearly descending portion [12, 13] which is
sometimes even idealized as a straight line until the ultimate
strain of 0.0035 [14].

Numerical modelling for non-linear analysis includes the
non-linear material behavior of the members as moment
curvature relationship and interaction curves [15, 16].
Various material models for the modelling of the confined and
unconfined concrete has been proposed [17, 18] including
Mander et. al., 1988 [19] , Kent and Park, (1971) [20],
Cusson-Paultre, 1995 [21] and Hong-Hang Model [22].etc.,
and these four confined concrete material models are
considered in present study (b)

Fig.2).
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Fig. 2. Stress-strain curve of (a) concrete and (b) rebar a) Concrete
unconfined and confined material models and b) Reinforcement
material model

Mander et. al , 1988 [19] formulated a theoretical concrete
material model based on extensive testing of column under
uniaxial compression and proposed a single equation to
develop stress-strain curve of confined concrete based on £,
& and E, (ref [19]). These parameters depends on concrete
unconfined cylinder strength and configuration of lateral ties
(shear reinforcement). This model also includes unloading
and reloading behavior for cyclic response of structure and
has widespread popularity and used in CSI software as default
material model.

Kent and Park, (1971) [20] suggested the stress-strain
curve of the unconfined and confined concrete by using
rectangular hoops. It can be observed that stress strain curve
for confined concrete is exactly same as of unconfined until
the peak ascending part (2" degree parabola) depicting no
role of confining steel until this point and equal to cylinder
strength, f.'. During 1982, Kent and Park [23] further
modified the stress strain model of concrete which depicts the
enhancement of the strength of concrete with confinement
effect. Inspite of adopting peak stress equal to cylinder
strength, f.' in case of Kent and Park, (1971) [20], slight
modification for the stress was proposed for enhancement of
strength of concrete due to confinement in modified Kent and
Park Model [23] and equal to kf.’. Also, it can be observed
increment of the strength in the stress strain response of the
material due to confinement since usually we measure the
unconfined compressive strength of the concrete (f.').
Cusson-Paultre, 1995 [21] examined the behavior of the high-
strength confined concrete (HSC), since the previously
developed formulations were only for normal strength
concrete (NSC) which usually posseses ductile stress-strain
response than HSC. Cusson-Paultre, 1995 obtained strong
corelation among effective confinement index with strength
and ductility of the confined concrete and further divided into
3 classes of low, medium and high confinement. In NSC
confining pressure of confined concrete is usually predicted
based on yield strength of lateral ties but for HSC the ties may
or may not yield. Considering this fact Hong-Hang
Model,2005 [22].proposed stress-strain model for high
strength concrete. Hong-Hang Model,2005 observed that
confinement effect doesnot increase with increasing yield
strength of ties and performance of column having higher
volumetric ratio with lower steel grade was better. The
experiment procedure for the Hong-Hang Model,2005 was
performed for high strength concrete (40 to 130MPa), yield
strength of tie (320 to 1300MPa) and volumetric ratio of tie
(0.32 to 1.92%).

Hence, four confined material models were adopted (2-
NSC and 2-HSC) for concrete modelling and in developing
the moment curvature relationship of studied frame. The basis



Satish Paudel and Bikram Bhusal/Journal of Engineering Science and Technology Review 14 (2) (2021) 61 - 72

of selection is confined concrete material model is mentioned
in Table 2.

Generally, the stress strain curve of reinforcement steel
consists of elastic until &,, yield plateau (plastic), followed by
curvilinear strain hardening until tensile stress reaches its

maximum value and finally descending curve in strain
softening until necking and fracture [24]. Readers are
requested to see codal provision [14 - 25] for details. A simple
rebar formulation as available in modelling tool was adopted
for the rebar material modelling.

Table 2. Confinement Parameters on Stress-strain curve of concrete

Parameters Affecting Confinement
Confinement Parameters | Dia of | Spacing of Yield Dia .Of Spacing of Yield strength
Model . . strength of Main . .
Ties Ties . Main Bars of Main Bars
Ties Bars
Peak Stress v v v v v v
Hong Hang Peak Strain v
Model Ultimate
Strain v v Vv v v Vv
Peak Stress v v v v v v
Mander Model Pf?llt(' Strfun v v v v \ v
imate
Strain v v Vv v v Vv
Peak Stress v v v v v v
Cusson Paultre Peak Strain v v v v N v
Model Ultimate
Strain v v Vv v v Vv
Peak Stress X X X X X X
Kent Park Peak Strain X X X X X X
Model Ultimate
Strain v v X v X X
3.1.2  Moment curvature fo‘gc’" & f.de,
For a particular reinforced concrete section as shown in Fig. ¥y =1-—

3, moment curvature relationship is developed with
consideration of certain assumptions for the section under
axial and flexure loading such as section remains plane even
after bending, stress-strain curve of material is known and
tension capacity is not considered of concrete. For the
assumed linear strain profile with extreme compression &,
and neutral axis depth, stress in the concrete can be obtained
from stress-strain curve of material models. Also, strain in
reinforcement can be obtained using similar triangle and
corresponding stress from stress-strain curve of reinforcement
steel. Hence, steel compressive or tensile force is calculated
from product of the corresponding stress and area of
reinforcing steel.

For concrete compressive force and its location from
extreme compressive fiber, ykd, equivalent rectangular stress
block was used having width of mean stress of af,” and depth
of kd with considering the total compressive force and
location being similar for actual and equivalent stress block.
For any strain &, of extreme compression fibre mean stress
factor a, and centroid factor y, was evaluated as:

Area under stress-strain curve = fogcm fede, =af. eqn (1)
&
f() o ﬁ.‘d‘sc
a="0—
f‘C gcm

First moment of area was evaluated about origin of area
and under stress-strain curve as

i foecdec= A =v) eam [;" fode, @)

€cm
ECm fO fcd‘sc
Finally, compressive force in concrete is given by

P = af.' bkd + XL, fsiAsi A3)

M =af, bkd (2= ykd)+ 3%, fids (- di) @

&
Curvature, ¢ = %

Where, €, is the strain of extreme compression fiber, k
is the coefficient for neutral axis and d is the effective depth
of the section

Using the above theoretical formulations moment
capacity and corresponding curvature was evaluated based on
variation of strain on the extreme compression fiber. Moment
curvature relationship was developed for various confined
material models by Microsoft Excel (Visual Basic
Application) and was defined as user defined values in the
modelling tool. The moment curvature relationship for beam
for various confined material models with no axial load (Axial
Load=0) is depicted in Fig. 3. The moment curvature
relationship of column for various confined material models
with axial load (Axial Load=700KN, compression) is
depicted in Fig. 3. It can be observed that the Moment
curvature response after adopting confined material model of
Cusson Paultre seems to have slightly different in comparison
to other considered material models. It is because of the
stress-strain curve developed for this material model as seen
in b)

Fig. 2.
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ST T analysis was estimated to be 0.351; and 0.701; for beam and
sasaiity (O aexen e . . .
200 P EETTITR 2| | g oonen ies column respectively [12]. Concrete is well-known for its
re N soo | | | 8Reszomm | | brittle nature but still softening beyond the plastic phase is
observed so hinge length is usually adopted for analysis of
\ so] | | structures with strain softening behavior. Plastic hinge zone
(50775 5675 150 is the region of localized plastic deformation after the member
| 4 ’ yields. Hinge length is an important parameter showing the
i \owsswssisio e mee length of confinement to enhance the seismic performance in
terms of ductility allowing survival of the structure for
Curvature (1/m) extreme loading events like egrthquake [26].. P Mendis, 2001
........ Hong Han Model - Mander Model [27] fonpulated and re-exarmned the previously developed
-+ = Cusson-Pasultre Model Modified kent and Park Model formulations for the hinge length and observed that softening
a) effect is more significant for hinge length with smaller value.
330 " e The author conclude that hinge length is critical parameter in
| Jommses depicting the non-linear behavior of the structure and is
o ZT tedious to evaluate theoretically so experimental results
O " C should be followed while estimating the length of hinge.
150 . ATC-40 [2] defines the evaluation criteria for plastic rotation
100 I s “ based on the plastic curvature as : 8, = (¢u - ¢)y) L,, where,
50 4 plastic length (L,) is related with yield (¢b,) and ultimate
o curvature (¢,).which are based on the actual behavior of
0 0.1 0.2 03 0.4 0.5 cross-section. Since the modelling tool requires input of
Curvature (1/m) moment-rotation rather than moment-curvature and also only

~~~~~~~~~ Hong Hang Model -===-Mander Model . . . .
Cusson Paultre Model Modified Kent and Park Model few salient pOIHtS(Snumber) can Only be included in the tOOL
b) the above formulation of plastic hinge length is usually used
Fig. 3. Moment curvature relationship for beam and column a)Beam and to evaluate the ultimate rotation from ultimate curvature.
b) Column Section Readers are requested to go through the various literatures not
only limited to [26 — 30] for obtaining length of hinge
analytically. ATC-40 [2] calculated the plastic hinge length
For column P-M3 diagram was also generated based on  based on cross-section depth as 0.5h . For estimation of the
the different confined concrete material model based on strain  plastic hinge length a well-known formulation, [, = 0.081 +
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Fig. 4. Load moment relationship for column

For current study the plastic hinge length equal to section

The actual section is modelled by section designer feature . .

available within the modelling tool SAP2000 which then ~ depth is considered [32].
automatically calculates hinge properties of the section
designed (auto hinge) and considers P-M3 hinge for column R ) ) ]
and M3 hinge for beams. In the present study an attempt is showing My =1 as yield value and strain hardening
done to provide user-defined hinge based on the moment-
curvature analysis of the structural elements. Various
confined material models as discussed above are adopted for
moment curvature analysis. For effective consideration of
crack section the value of moment of inertia for the non-linear

Fig. 5 shows normalized moment versus rotation relationship

leading to ultimate moment followed by failure. The
numerical values of the parameters A, B and C can be
obtained from the guidelines [3] and experimental results.

Table 3. Hinge Properties and acceptance criteria adopted for user defined section
Point Moment/SF Rotation/SF Immediate Occupancy (I0) 10 %

a 0 0 Life safety (LS) 60 %
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Fig. 6. Procedure for bi-linearization of actual moment curvature curve

The actual moment curvature is then converted to bilinear
graph including salient points since few data can only be
provided as input in the modelling tool.

The procedure of obtaining bilinear curve includes trial
and error approach as making equal area below and above the
actual curve with initial line passing through 60 % of
idealized yield moment curve as shown in Fig. 6. Calculation
of the base shear and its distribution along the building can be

assumed as linear [34], quadratic [35] and also with higher
order so selection of suitable pattern of loading is of
paramount important. Mwafy, 2001 [36] concluded that
uniform pattern of load distribution typically induced higher
resistance to seismic load with respect to inverse triangular
and quadratic pattern because of less overturning moment.
Readers are requested to go through [36, 37], for explanation
of the Fig. 7. .
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Fig. 7. Illustration of Non-linear static analysis
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Performance of the structure is the evaluation of the
capacity and demand of the structures and their point of
intersection on the capacity curve. Generally, spectrum curve
is provided as a demand from codal provisions [34,35] and
the capacity curve is converted to acceleration displacement
response spectra format [2] commonly known as Capacity
Spectrum method. Leslie, 2013 [38] explained that the
procedure described in ATC-40 [2] can be adapted for the
seismic parameters of IS: 1893-2002 [35].

3.2 Continuum based modelling

A general purpose high fidelity numerical tool LS-DYNA
was adopted to simulate the response of the frame subjected
to lateral displacement. LS—DYNA, finite element (FE
program) is well-known for its availability of several contact
algorithms, broad spectrum of material models, solvers
(implicit, explicit, thermal, ALE, ICFD), accuracy in
responses of simulation, etc. and is preferred among other
similar FEA code available. A detailed 3 D finite Element
modelling is performed in a numerical tool LS- DYNA to
observe the damage pattern and load displacement behavior
of the previously tested 2D frame. Modelling the frame i.e.,

700KN

Prescribed displacement
—>

Fig. 8. Finite Element Meshing

A wide database of material properties is available inbuilt
with LS-DYNA for various loading and material behavior for
various levels of strain. Karagozian and Case (K & C) also
known as Material Type 72R3 (Release III) is a linear
concrete damage model consisting of three independent
failure surface namely maximum, yield and residual which
changes according to the pressure. This model was originally
developed for analyzing the structures subjected to blast
loading by Javier Marvar [41] which was initially based on
the Pseudo-tensor model and implemented in DYNA3D.
Since the input of the same model in LS-DYNA (TYPE 72)
was tedious so an improved new material model was
formulated as K & C (MAT 073) with automatically
generation of parameters based on the unconfined

67

beams and columns structural members, were modelled with
solid brick elements (eight nodes hexahedron) while rebar
were modeled as beam elements, and were constrained in the
concrete perfectly showing no slippage of the rebar and
concrete. A special feature of the solver can also be
introduced in the study of behavior of frame i.e., slippage of
the rebar and concrete. Usually, the Constrained beam in solid
(CBIS) uses the perfect (no slippage) interaction of rebar and
concrete represented by beam and solid element respectively.
Slippage can be evoked by setting AXFOR=-Function ID and
defining the bond slip function as per CEB formulations [13],
[39] or any other formulations [40]. After performing the
mesh convergence study, a uniform mesh size of 45Smm was
adopted for both solid and beam elements (Fig. 8). Numerical
convergence study showed that further refining the mesh
showed a little variation in the response of the frame.
Behavior of Plain concrete when subjected to multiaxial
compression can be represented by the constitutive material
model. In current work, three material model are adopted to
predict and obtain the reliable behavior of concrete under
monotonously increasing lateral loading.

700KN

compressive strength and density of the concrete. Detailed
explanation on this material model can be obtained on
literatures [42 - 44] with calibration of the material models
[45, 46]. For current study, automatic parameter generation
capability is adopted with additional input of softening
parameters b,, b,, and b; representing mesh sensitivity [47]
(b; = 0.34h + 0.79), factor for plastic straining which
depends on aggregate size (b,) [48] and for tri-axial tension
damage coefficient (b;) ranging from 1.1 and 1.6 [43].

For modelling in LS-DYNA the material model
Continuous surface cap model (CSCM) was also adopted for
concrete because of the simple formulation and previous
validation study performed.[49 - 53]. Another, special feature
of CSCM is the auto-generation of the material parameters
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based on uniaxial compressive strength and mass density of
the concrete for normal strength concrete [44]. CSCM also
has the inbuilt erosion option which deletes the failed material
based on maximum principle strain and damage variable.

For modelling reinforcement, material model which is
suitable for the simulation of both isotropic and kinematic
hardening plasticity namely Plastic Kinematic Model
(MAT 003) was adopted. [44]. This model is suitable to
Hughes-Liu beam element and requires only input of
properties like Young’s and tangent modulus, Poisson’s ratio,
yield stress and hardening parameter (f) of the steel. Value
of beta=1 and 0 results in the material model with behavior of
elastic plastic with kinematic and isotropic hardening
respectively.

The bottom nodes of the heavily reinforced base were
assigned as the support for boundary condition with two
vertical loadings on the top of the column in second floor as
shown in Fig. 1 i.e., arrangement of original testing. Since
quasi static testing was performed in laboratory so to simulate

this behavior implicit solver was utilized. The vertical load of
intensity 700KN was applied uniformly as a pressure to the
column cross-section. The load was applied as a ramped load
for 1.99sec (peak load attained) and held constant followed
by monotonically increasing lateral displacement as
prescribed nodal displacement.

4. Results and Discussion

The model is analyzed for non-linear response and the output
is plotted as the force displacement curve as shown in Fig. 9.
From the plot it can be observed that the experimental results
have variation i.e., underestimated from the adoption of
defaults modelling parameters of the modelling tool.
However, the user-defined parameters could depict the
performance in better way in terms of load displacement
behavior.

400
350
300
~ 250
< 200
8 150
S 100
50
0
0 20 40 60 80 100 120 140 160 180
Displacement (mm)
Experiment
--------- Hong Han Model
----- Mander Model

Fig. 9. Force displacement plot from lumped plasticity based modelling

A good estimation of the ultimate load could be observed
with slight underestimation of ultimate displacement. Initially
SAP2000 default (auto) hinge follows the similar force
displacement behavior as obtained from experimental
procedure until crack occurs on the section. While adoption
of reduced stiffness as mentioned in codal provisions [12] in
user defined section the response is underestimated until the
cracking occurs on the section. After the progression of crack,
SAP2000 default (auto) option could not depict the actual
load displacement response according to experiment and wide
variation was observed while the user-defined modelling
approach could capture the salient load displacement points.
Also, the response of all the confined concrete material
models were observed to be somehow similar since the
governing principle in developing these material model relies
on configuration of lateral and longitudinal confinement
parameters. Hence, it is recommended to adopt user-defined
modelling approach rather than following default hinge with
concrete confinement model for realistic modelling.

As shown in Fig. 10 the degradation of the rigidity after
the peak load of 332 KN with good ductility was observed
until the 150mm displacement according to experimental
results. The initiation of damage in the frame was observed as
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flexural cracks on the north bottom and south top column
which resulted in decrease in stiffness of the frame. On further
loading web-shear cracks seemed to propagate in the first
storey beams followed by yielding of longitudinal
reinforcement. Due to the yielding of tensile and compressive
reinforcement and crushing of concrete yielding at the base of
both column, and hinging phenomena was observed resulting
in flexure dominate failure mode of the specimen which was
similar to the tested specimen.
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Fig. 10. Comparison of Force Displacement relation from continuum
based modelling
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The 3D modelling of the frame and its loading with
boundary conditions as per experimental procedure in LS-
DYNA depicted good convergence with experimental results.
The force displacement curve seems to predict the yield and
ultimate loading with higher accuracy. Also, the damage
pattern is compared with available failure pattern according
to experiment. The lumped plasticity model can only show
the non-linearity in the form of plastic hinge by changing the
color depicting the level of damage as 10, LS and CP. While
LS-DYNA can also exhibit the failure pattern as maximum of
ductile and brittle damage by adopting NPLOT=1 in the card
of material model of CSCM. The fringes of the effective
plastic strain at ultimate loading level is shown in ¢ Fig 11.
Also, as per experimental results similar failure pattern was
observed as vertical flexural cracks in the north top joint and
formation of plastic hinge with spalling of concrete in the
bottom south joint in numerical study while adopting the LS-
DYNA numerical tool. The modelling tool was able to
capture the load-displacement behavior, and to a large extent,
the failure modes of the frame observed in the experiment.

Formation of hinge

North Top Joint

Effective Plastic Strain
9.990e-01
8.991e-01 ]
7.992e-01_|
6.993e-01 _
5.994¢-01
4.995¢-01
3.996e-01
2.997e-01
1.998e-01
9.990e-02
0.000e+00 _|

Formation of hinge Base of South Joint

¢)
Fig. 11. a)North — Top Joint, b) Base of South Joint and ¢) Comparison
of Damage pattern

Based on the observed response of the frame CSCM
material model is recommended to be used not only because
of its minimum input required but also it could capture the
failure pattern with inbuilt erosion algorithm and softening
behavior.

The results as predicted by use of CSCM and KCC
material model have variation although the theoretical
formulation of CSCM and KCC are somehow similar. Both
of them can be represented by three surfaces namely yield,
limit and residual in generalized form ([52 - 53]), which
represents the degradation of the response due to softening by
gradual shifting of limit surface towards residual surface.

The three surfaces of KCC model are defined as:

. . p
=ag, +
Initial Yield Surface, Yy =agy Ty tan %)
Limit Surface, Ym = apm + ——— (6)
aim+tazmp
Residual Surface, Yr=ap+ 7
asftazfp

In KCC model the initial user input parameters for limit, yield
and residual surfaces are represented by a-parameters (aoy, a1y,
aly, A0m, aim, 82m, Aor, a1r and az¢) and p=1I,/3 is the pressure.

The failure surface is interpolated between limit (Y,) or
residual (Y:) depending on following conditions:

£, Jo, J3) =
r(Js) [n(l) (Ym(p) - Yy(p)) + Yy(p)] for 1< A,
rU) [0 (Y ®) - Y. @) + Y, ()] for 2> Ay

where A accounts for the internal damage (modified effective
plastic strain) and is expressed as in Eq. 9 and r(J5) is function
of third deviatoric stress. For incorporation of shear damage
accumulation, rate effect is also considered as dynamic
increasing factor based on CEB —FIB Model code 90 for
higher load rates by a factor ry, (strain rate enhancement
factor).

A=h Esijpeijp (9)

where €;;? is the strain tensor.
Various parameters like softening (h), tensile strength of
concrete(f; ), pressure (p) and DIF, are represented as:
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1

p
hi rf<1+rfft>
= 1 s

5; for tension (p < 0)
Tf<1+r;)ft>

Where the parameters b; and b, accounts for softening
behavior of material in compression and tension, respectively
and 75 is a experimental rate enhancement factor. Although,
KCC model have inherent softening parameters while the
variation of the experiment and simulation still exists. The
main reason might be due to the use of auto parameter
generation feature available based on input of unconfined
compressive strength and density of concrete. The strain rate
effects curve (LCRATE in keyword Card 3) which holds
significant importance in softening and damage accumulation
is not generated resulting in slightly higher force prediction.

However, CSCM concrete model is a cap model with a
smooth or continuous intersection between the failure surface
and hardening cap. In this concrete material model, the
concrete strength is mainly governed by tensile shear surface,
cap surface and the combination of tensile shear surface and
cap surface depending on the pressure-regime. The yield
surface of this model can be expressed as three invariants as
follows [9, 10]:

57 for compression (p = 0)

(10)

Y(L, Jo, J3) =1 =R (J3)* £i* (L) fe(11, K) (11

Where, fi(I) is the shear failure surface, R(J3) represents
the Rubin three-invariant reduction factor, and fi(I;, K)
represents hardening cap with K as cap hardening parameter,
which is defined as follows:

Shear Failure Surface, f; (I,) = a— A(exp ) Flr — 01,  (12)
Cap Hardening Surface, f. (I;, K) =
- L(k))zz for I, = L(k)=1 otherwise (13)
(X(0)-L(K)
L&) = {k Ko (i('zll;ersvieko (14)
X(K) = L(K) + Rf(I,) (15)

where the parameters a, B, 0, and A are based on triaxial
compression tests on plain concrete and then, the parameters
are adjusted for compaction and damage(.[52 - 53]). The shear
failure surface and cap hardening surface intersects at I, =
L(k). Moreover, Cap hardening surface (Eq. 13) is
represented by an ellipse when I; > L(k) and R is the cap
ellipticity. Eq. 15 governs the location of cap whose motion
determines the shape of pressure volumetric strain curve.
Moreover, increased value of X(K) and K indicates expansion
of cap and vice-versa. And following hardening rule is
implemented to control the motion of cap:

Plastic volumetric strain,
gP = W[l — exp(-D1(X-Xo)- Dz(X—Xo)Z] (16)
where W is the maximum value of volumetric strain, X,
represents the initial location of the cap (when K = Ko). D; and
D, are the model input parameters.

As compared to KCC model, CSCM concrete model have
the inbuilt parameters to depict the dynamic increasing factor
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during tension and compression which is captured from the
softening parameters A, B, C and D [9, 10] during brittle and
ductile damage and is calculated as

Brittle damage, d(tv) = &Dgg [ﬁ&b_mb) - 1] 17
Ductile damage, d(tq) *dn];ax [1+Bexp1_-;]?rb_r0d) - 1] (18)
where,

Brittle damage accumulation, t,= \/me (19)
Ductile damage accumulation,tq = \/ﬁ (20)

where oj;and g;; are the stress
respectively.

and strain components,

Viscoplastic damage threshold, ry = (1 + j%) rs 2n

Where, ryd and ryb are the threshold ductile and brittle
damage parameters (Eq. 17 and Eq. 18); the damage initiates
only when Ty and 14 exceed respective thresholds. r® and r,
represent damage threshold before and after application of
viscoplasticity.

Hence, due to the inbuilt parameters to capture softening
behavior the CSCM model could depict similar peak load and
respective displacement with good accuracy for the studied
frame. In case of KCC, the theoretical background is almost
similar with CSCM with potential for a simulation of
softening behavior of concrete but lacks automatically
generated DIF input resulting in slightly variation of the
response of the structure. However, it is utmost noted that the
present study is relied on the response evaluation of the frame
with auto-generation parameters of the material model with
minimum input such as density and compressive strength for
the material models. Detailed fitting of the material card is not
performed because of unavailable data from the real testing
and also since it is not the scope of this research.

5. Conclusion

This paper evaluates the seismic performance of a 2D frame
tested previously by two approaches of modelling. After
modelling the frame according to Classical lumped plasticity
models in SAP2000 with default modelling approaches the
response was observed to be under estimated. However, the
accuracy was better when the defaults properties of material
model, geometric and overall non-linearity in forms of hinges
was made user defined as per the real section designer. On the
other hand, the continuum mechanics based modelling
approach using LS-DYNA solver could capture the response
of the frame under lateral load with significant accuracy. The
obtained results can be enumerated as below:

. The actual performance of the structure was
obtained and compared from widely adopted numerical
tool which will finally help designers to predict the
behavior of the structures subjected to lateral loading.

. The capacity curve for default hinge model might be
reasonable for modern code complaint structures. In
several country construction practice might not conform
with requirements of modern code detailing so special
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care should be performed while using default hinge to
depict non-linearity of the structure.

. CSCM material model could depict the softening
behavior of the concrete and consequently could predict
reliable load-displacement and failure pattern with higher
accuracy. Also, based on the theoretical background of the
material model, CSCM (MAT 159) is recommended to
use for evaluation of the structure under lateral loading.

. With the use of user-defined input parameters to
depict non-linearity of the system, the response prediction
of the studied frame was observed to be significantly
improved for both modelling approaches. Hence, it is

encouraged to explore the user defined parameters and to
avoid the misuse of default non-linear modelling
procedure and be aware of what the program is using to
reflect the non-linear behavior.

This is an Open Access article distributed under the terms of the Creative
Commons Attribution License.
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