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Numerical Investigation of Influential Parameters

Experimental Testing of RC Frames Under Cyclic Loading
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Abstract: Numerical simulations have been widely used to study the inelastic response of reinforced concrete structures
under earthquake loading. Yet, due to the complex nature of structural inelastic behavior, experimental results are often
required to verify the efficiency of applied numerical schemes. In this paper, experimental results of bare reinforced con-
crete frame models are employed to validate numerical calculations using the code Seismostruct. Moreover, numerical
simulations investigate the influential parameters related to the physical experiment configuration and numerical analysis
options and determine their effect on the obtained structural response. The experimental setup concerns a well-defined
case study of a reinforced concrete frame under cyclic horizontal loading. The fixed base frame is subjected to increasing
horizontal forces, leading to the development of plastic hinges at the structural elements. The adopted numerical approach
describes successfully the inelastic behavior of the frame, as indicated by the obtained results of the overall structural re-
sponse as well as the plastic hinge formation at cross section level. Comparison of the plastic hinge formation mechanism
in particular, raises interesting remarks on the conditions and constraints of the physical experiments and highlights the

Concerning the

valuable contribution of numerical simulations in their design.
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1. INTRODUCTION

Numerical simulations are widely used in everyday civil
engineering practice to design safe and cost-efficient struc-
tural systems. Moreover, numerical analysis is a valuable
tool for academic purposes, to advance scientific knowledge
in many particular scientific fields with demanding require-
ments in terms of problem complexity and computational
cost. The use of numerical methods to investigate the inelas-
tic response of reinforced concrete (RC) structures under
earthquake loading is such an example. Nowadays, consider-
ing the current trend in modern Seismic Codes for simplified
inelastic analysis even in the case of common structures (e.g.
calculation of behavior factor q in Eurocode 8), it is impera-
tive to provide efficient and reliable numerical procedures.

Despite the large number of available numerical codes,
the complicated nature of the inelastic response of RC struc-
tures often raises questions regarding the efficiency of nu-
merical analysis approaches in many cases. Several parame-
ters, including the material and cross-section behavior under
cyclic quasi-static or dynamic loading, the application of
seismic forces etc, present a complicated problem with many
uncertainties. Experimental results are therefore required, to
verify the efficiency and applicability of numerical analysis
in the examined cases. To this end, validation of numerical
simulations using physical experiments is very important in

*Address correspondence to this author at the Department of Civil Engi-
neering, Surveying Engineering and Geomatics, Technological Educational
Institution of Central Macedonia, GR-62124 Serres, Greece;

Tel: +30 23210 49323; E-mail: kirtas@teiser.gr

1874-8368/13

terms of providing confidence on the obtained analysis re-
sults. Such validation procedures have been applied in a
wide variety of engineering problems, ranging from bare and
infilled reinforced concrete frames under cyclic seismic-type
loading [1-6] to complex system behavior including soil-
structure interaction phenomena in centrifuge and shaking
table facilities [7-9]. For academic research purposes, the use
of calibrated numerical schemes offers the possibility to ex-
plore a large number of slightly different problem configura-
tions with a high degree of certainty and without the cost of
the physical experiment itself.

In the present paper, numerical code Seismostruct [10] is
selected to investigate the inelastic response of bare RC
frames under cyclic quasi-static loading that were experi-
mentally tested by Kakaletsis [11]. Modeling of RC frame
sections is achieved using the distributed plasticity fiber ap-
proach [12, 13] and the constitutive laws proposed by Man-
der et al. [14] for concrete and Menegotto and Pinto [15] for
steel bars. A detailed presentation of the utilized models im-
plementation is given in the following sections.

The purpose of the paper is twofold. First, numerical
simulation of physical experiments is expected to shed light
on several aspects of the inelastic response of the examined
RC frames, especially those that are difficult to cover due to
instrumentation limitations during testing. The task of repro-
ducing the response observed at the employed physical ex-
periments is even more challenging, since the size of the
examined frame specimens is 1/3 of the prototype scale, in-
troducing additional constraints concerning the applicability
of the selected numerical scheme. In this context, an exten-
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sive numerical procedure was implemented, investigating the
effect of parameters concerning (a) the exact reproduction of
the physical testing conditions and (b) the influence of op-
tions related to the specific numerical analysis code.

Second, the validated numerical scheme can be employed
during present and future experimental efforts, as feedback
to plan an efficient experimental program and achieve a
proper configuration of the reinforced frame members. To
this end, it is quite interesting to examine whether a blind
prediction process, using slightly different parameter values
and modeling approaches, is able to provide a range of
analysis results that reproduce the main response aspects of
the physical model in a satisfactory way.

2. PHYSICAL EXPERIMENT
2.1. Description of Physical Experiment Setup

The experimental program comprised of several models
of bare and brick infilled single-story one-beam RC frames,
with and without openings. The 1/3 scale models configura-
tion and cross-section detailing are presented in Fig. (1). The
present paper focuses on the experimental investigation of
bare frames and more specifically Specimen B with common
stirrups as shear reinforcement and Specimen BS with rec-
tangular spirals.

The geometric characteristics of the RC frames were the
same for all specimens. The beam and the column cross sec-
tions were 100x200mm and 150x150mm respectively. The
above dimensions correspond to one third (1/3) scale of the
prototype frame sections, 300x600mm for the beam and
450x450mm for the columns. The close distance of stirrups
throughout the entire column length is dictated from special
detailing and confinement requirements of the Greek Rein-
forced Concrete Code EKOS 2000 [16], since the entire col-
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umn length is considered as critical region due to the lack of
infill wall at one side. On the other hand, the critical regions
at the beam, where shear reinforcement distance is smaller,
are located at the two ends of the beam element. Each beam-
column joint had five horizontal stirrups to prohibit brittle
shear failure. The longitudinal reinforcement diameter
?5.60mm and stirrups diameter @3mm of the frame mem-
bers correspond to one third (1/3) scale of @18mm and
?@8mm reinforcement diameters respectively of the prototype
frame (the correlation refers to the dimension proportions of
the reinforcement bars to the cross-section height and not to
the actual reinforcement area in prototype scale).

At the specimens, low strength smooth steel bars were
used, although the rule for the construction practice is to use
high strength ribbed steel bars. The reason for this selection
is due to the limited availability of the scaled diameters in
the market. On the other hand, if ribbed reinforcement bars
had been used during the experiment, the concrete-steel bond
effect due to scaled model dimensions would have been sig-
nificant, compared to the case of smooth bars were the con-
crete-steel interface resembles that of the prototype structure.

Material tests were conducted on concrete and reinforc-
ing steel samples, to determine in detail the utilized material
properties. The mean compressive strength of the frame con-
crete was 28.51MPa for cubic specimens. The yield stress of
longitudinal and transverse steel was 390.47MPa and
212.2MPa respectively.

The reinforced concrete frame represented a typical duc-
tile concrete construction, built in accordance with the cur-
rently used codes and standards in Greece, which are very
similar to Eurocodes 2 and 8 [17, 18]. The average sum of
the flexural capacity of the column to that of the beam was
also confirmed by these standards. The ultimate bending
moment M, for the column ends is calculated equal to
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Fig. (1). Configuration and detailing of the examined 1/3 scale RC frames (dimensions in mm).
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7.3kNm, whereas for the beam the ultimate value is equal to
4.6kNm and 6.1kNm for the bottom and top edge respec-
tively. Thus, for the beam-column connections examined in
this investigation, the mean bending moment strength ratio
approaches 1.40, i.e. the value usually required by modern
seismic regulations. The purpose of this design was to drive
the formation of plastic hinge in the beams. It should be
noted though that the minimum column/beam strength ratio
is calculated equal to 1.20, which may be well above unity
yet is capable of allowing for partial plastic hinge formation
at the column’s end in case of substantial hardening branch
of the inelastic response at the beam cross-section.

For the experimental testing of the described frame under
earthquake loading, an arbitrarily selected quasi-static re-
versed cyclic lateral load and an axial compressive load per
column were applied. The test setup is shown in Fig. (2). The
lateral load was applied by means of a double action hydrau-
lic actuator, using a configuration that imposes the load suc-
cessively on one of the opposite beam-column joints, de-
pending on the direction of the horizontal movement. The
vertical loads were exerted by manually controlled hydraulic
jacks that were tensioning four strands at the top of the col-
umn whose forces were maintained constant during each
test. The level of this axial compressive load per column was
set SOKN (10% of the ultimate). The axial force applied to
the columns was considered to simulate the existing gravita-
tional loading of the prototype frame as well as to prevent
the columns from developing tension. One LVDT (linear
variable differential transformer) measured the lateral drift of
the frame and a load cell measured the lateral force of the
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hydraulic actuator. The loading program included full rever-
sals of gradually increasing displacements. Two reversals
were applied for each displacement level. The cycles started
from a ductility level 0.8 corresponding to an amplitude of
about £2mm (the displacement of yield initiation to the sys-
tem is considered as ductility level =1) and were followed
gradually by ductility levels 2, 4, 6, 8, 10, 12 corresponding
approximately to amplitudes 6, 12, 18, 24, 30, 36mm
(Fig. 3).

A more detailed presentation of the experimental pro-
gram is given by Kakaletsis [11, 19]. Several parts of the
described experimental program have been already used to

assist the classification of failure modes for infilled frames
[20].

2.2. General Remarks and Limitations of Experimental
Setup

Single-story single-bay frames, similar to the one pre-
sented in this study, are usually supposed to represent the
base story of frame-type RC structures where the maximum
cross-section force levels are observed during seismic re-
sponse. There are several different ways to model physically
the frame at the base of a multi-story structure. The most
popular options would be:

(a) to model a single-story frame, representing the base of
the multi-story prototype.

(b)to model a larger sub-assemblage that includes the
ground floor frame, presuming of course that testing fa-
cility limitations allow for such a selection.
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Fig. (2). Experimental setup to investigate the frame response under earthquake loading (dimensions in mm).



Numerical Investigation of Influential Parameters

(c) to model the full multi-story structure, which requires a
large testing facility or small scale physical models
(probably both) and is not further discussed herein.

Option (a) is relatively cheap and easier to employ, yet
several inherent features of the frame configuration result in
deviation from the actual response of the base frame of a
multi-story structure. The axial compressive forces of the
columns, coming from the dead and live loads of the upper
stories, can be applied using hydraulic jacks [21, 22]. On the
other hand, the actual bending moment at the top of the col-
umn as well as the beam-column joint rotation of the proto-
type multi-story structure, cannot be easily reproduced. In-
deed, the rotation of the joint and the developing cross-
section bending moments are also affected by the stiffness
properties of the next-floor column, which is not present at
the experimental model. To this end, the examined models
aim in reproducing moment-free boundary conditions, using
proper setup during the loading application, taking though
into consideration the difference from the prototype struc-
ture.
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Fig. (3). Quasi-static cyclic earthquake loading program.
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A selection of a larger sub-assemblage consisting of
more than one stories (option b), overcomes the aforemen-
tioned disadvantage of the single-story frame models. In this
case, external loading and boundary conditions are applied at
points where zero developing moments or displacements are
expected [23, 24]. Yet, due to movement of the inflection
points on structural elements during the experiment, the
problem of reproducing boundary values during testing is
expected to introduce some modeling error which must be
tolerated [24]. Nevertheless, this model selection provides
increased accuracy in the duplication of boundary conditions
in panels located away from points of load application.

The selected single-story single-bay frame configuration
investigated in the present study is intended to reproduce
moment-free boundary conditions and avoid any undesirable
boundary effects during testing at the points of load applica-
tion. Indeed, both vertical and horizontal forces are applied
using a roller configuration, as depicted in Figs. (2, 4), to
achieve zero externally applied parasitic forces or moments
on the frame. Each load is applied on a steel plate that trans-
fers, through the roller bearing, only a vertical-to-the-plate
force on the beam-column joint. The roller implementation is
supposed to ensure that no moments or forces parallel-to-the-
plate can be transferred on the joint. Nevertheless, the com-
plex nature of the employed setup cannot guarantee without
further investigation that conditions of pure roller behavior
are established. Friction between the roller and the steel
plates along with the application of large external vertical
forces on the columns during the physical experiment, may
induce slightly different behavior compared to the antici-
pated theoretical one.

A detailed examination of roller bearing behavior is pre-
sented by Lee et al. [25] in Fig. (5). The frictional resistance
of the roller motion, which is substantially smaller compared
to the sliding motion, is attributed to (a) relative sliding of
the actual finite contact surface, (b) energy dissipation due to

Fig. (4). Roller implementation for the application of the vertical and horizontal frame forces.
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internal friction, (c) surface imperfection resulting in contact
taking place on asperities and (d) surface adhesion phenom-
ena [26]. The roller friction coefficient is equal to W=0/R,
where R is the roller radius and parameter & has dimensions
of length and depends on the contact material properties.
Common O values for steel-on-steel contact vary between
0.002 inches (0.05 mm) for rough surfaces to 0.0002 inches
(0.005 mm) for hard-polished steel. Coefficient & may in-
crease with loading, especially when plastic deformations of
the elements in contact are involved. For roller radius
R=20mm, the aforementioned O values yield a friction coef-
ficient varying between W,=0.00025 and 0.0025 (depending
on the material surface properties), which is considerably
smaller compared to the sliding friction coefficient between
steel surfaces that obtains values between [1;=0.10 and 0.74
for greasy and dry conditions respectively.

roller

/ s
S
7/ Steel plate

Fig. (5). Contact forces between a roller and a plate in pure rolling
motion (after Lee et al. [25]).

Taking into consideration the worst case scenario of
rough steel surfaces with 6=0.05mm and a roller radius of
R=20mm, the parasitic roller friction force acting on the
beam-column joint of the physical experiment is calculated
equal to f;=0.125kN (for axial compressive load per column
at N=50kN) (Fig. 6). The developing parasitic moment on
the beam-column joint can be estimated by multiplying f;
with the distance from the joint centroid that is equal to
100mm (half the beam cross-section depth). The obtained
moment value is equal to 0.0125kNm, which is negligible
compared to the ultimate bending moment M,=7.3kNm of

frame movement
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the column and cannot affect the inelastic response of the
frame. Nevertheless, it is important to check the smooth
roller function during the experiment to verify that sliding
behavior is avoided.

Another side effect of the roller configuration emanates
from the inherent eccentricity of the vertical loads on the
columns. A system of four tensioned rebars is used to im-
pose vertical loading on the columns, transferring the force
between the steel plates through the roller bearings (Figs. 2
and 4). During the seismic loading, the frame is subjected to
horizontal displacement resulting in a roller motion. The
upper steel plate, connected to the tensioned rebars, remains
essentially fixed in its initial position, introducing an eccen-
tricity of the vertical load to the centroid of the beam-column
joint (Fig. 7). Despite the employment of the second steel
plate that is adhered to the top of the beam-column joint, the
application of the vertical force resembles point loading on
the top joint face. An additional second-order moment equal
to e-N is therefore imposed on the joint, increasing the col-
umn’s bending moment. Of course this is an approximate
calculation, since the actual roller-joint contact is a small
surface area and not a single point, yet it is a justified as-
sumption to obtain some indicative parasitic moment values.
The maximum second-order moments, corresponding to the
horizontal displacement of the frame at each loading cycle,
are calculated in (Table 1). Taking into consideration that the
ultimate bending moment M, for the column ends is equal to
7.3kNm, the additional moment is expected to have a rather
important effect especially after the first few loading cycles.

The aforementioned experimental configuration, using
roller bearings to transfer horizontal and vertical loading, is
not first appearing during the described research. A similar
setup that was successfully used by Stylianidis [27, 28], as
well as single-story one-bay frames that have been widely
used in the literature [29, 30], prove that despite few inherent
modeling uncertainties this connection type can be quite ef-
ficient. In several cases though, the issues that were previ-
ously discussed should be taken into consideration during the
simulation of the experiment and the evaluation of the frame
response.
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Fig. (6). Parasitic horizontal force f; on the beam-column joint due to roller friction forces.
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Fig. (7). Eccentric vertical loading of the columns.

Fixed plate
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Table 1. Maximum Values of Additional Moment on Column’s Top End

Cycle no. Moment Cycle no. Moment Cycle no. Moment
1-2 0.11 kNm 7-8 0.93 kNm 13-14 1.82 kNm
3-4 0.32 kNm 9-10 1.24 kNm
5-6 0.63 kNm 11-12 1.52 kNm

Application of the horizontal displacement on the beam-
column joint through a roller-plate system does not introduce
similar parasitic forces on the frame, since the second-order
vertical movement during the cyclic loading is negligible.
Nevertheless, the edges of the vertical plate adhered to the
external face of the joint where the horizontal load is trans-
ferred, create a possible “vulnerable” area where concen-
trated stresses may cause surficial cracks or even contribute
to a premature local concrete failure. Such effect complicates
even more the concrete joint behavior, which is not expected
to remain elastic under heavy horizontal loading.

Apart from the boundary effects, the model scale is also
expected to affect several other response and behavioral pa-
rameters. Aggregate interlock plays an important role in the
behavior of cracked regions, having a potentially large effect
on energy dissipation characteristics [23]. Use of smooth bar
reinforcement, dictated by the small bar size requirement due
to model scaling, is also expected to influence plastic hinge
behavior to an extend [31]. Those factors cannot be easily
avoided and should always be taken into consideration dur-
ing the inspection of the experiment results.

3. NUMERICAL SIMULATION SCHEME AND SEN-
SITIVITY ANALYSIS

The numerical code Seismostruct [10] is utilized for the
numerical simulations of the described experiments. Simula-
tion of reinforced concrete inelastic behavior is achieved
using distributed inelasticity elements with force-based for-
mulation, according to the fiber approach. Each fiber is asso-
ciated with a uniaxial stress-strain relationship, whereas the
cross sectional stress-strain state of beam and column ele-
ments is obtained through the integration of the nonlinear

uniaxial stress-strain response of the individual fibers in
which the section has been subdivided. Therefore, there is no
requirement for moment-curvature analysis of frame ele-
ments and subsequent constitutive model calibration that
would have been the case if concentrated plasticity models
were employed. On the other hand, the applicability of fiber-
type elements is not always straightforward in situations in-
volving a near-collapse structural behavior, due to their in-
ability to account for phenomena such as rebar buckling and
fracture or nonlinear interaction of flexural and shear [32,
33]. Such issues may affect the obtained response and should
be considered accordingly, especially when significant sec-
tional softening response is observed.

Inelastic response of beam and column elements is
achieved using the recommended infrmFB formulation of
Seismostruct. The FB (force-based) formulation is superior
compared to a DB (displacement-based) approach, since it
does not depend on the assumed sectional constitutive be-
havior and requires only one frame element per structural
member discretization [13]. Alternate modeling approach
employing the inelastic-plastic hinge frame element
(infrmFBPH) verifies the accuracy and suitability of the
infrmFB formulation to reproduce the significant post-peak
behavior range exhibited during the physical experiments.
The number of individual fibers used in each section is at
least 200, exceeding the minimum recommended value of
100-150 fibers.

The concrete material is simulated using the constitutive
law proposed by Mander et al. [14], employing a compres-
sive strength value of 25.00MPa for cylindrical 100x200mm
specimens (corresponding to the 28.51MPa strength of the
examined 150mm cubic specimens). Since the experimental
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data concerning the concrete compressive strength presented
a considerable scatter [11], the complementary analyses that
were performed with +£5.00MPa concrete compressive
strength (one standard deviation), revealed negligible effect
on the obtained response for the specific frame, both at local
and global level.

The reinforcement steel constitutive behavior is based on
the stress-strain relationship proposed by Menegotto and
Pinto [15], along with certain modifications as described in
Seismostruct manual. The yield stress of longitudinal and
transverse steel is set to 390.47MPa and 212.2MPa respec-
tively, according to preceding material testing, with an elas-
ticity modulus equal to 200GPa. According to Prota et al.
[31], the main features of the aforementioned model are suf-
ficiently efficient at modeling the cyclic curves of smooth
steel bars at L/D ratio ranges below 8, which is the case for
the experiments investigated herein. Finally, the existence of
common-type or spiral shear reinforcement in various
specimens was not investigated in detail, since the results of
the physical experiments did not reveal significant effect on
the obtained response as described by Kakaletsis ef al. [22].

The effect of specific simulation parameters, concerning
either the material and cross-sectional properties or different
numerical simulation options and approaches, is investigated
thoroughly using sensitivity analysis, as also suggested by
the Seismostruct user’s manual, to verify the stability and
consistency of analysis results. The employed numerical
procedure is expected to be used in future experimental ef-
forts, where a priori calibration of numerical simulations is
not possible and blind prediction is required. On that ac-
count, presentation of only the “optimum” simulation results
does not necessarily mean that the selected procedure is suit-
able to reproduce the frame response under different geomet-
ric, material or loading properties. The sensitivity analysis is
therefore expected to reveal the range of acceptable results
using different modeling scenarios in terms of numerical
parameter values and modeling techniques. Special consid-
eration is also given to the reproduction of specific aspects of
the scaled physical experiment, as will be presented in detail
in the following sections.

4. NUMERICAL ANALYSIS AND EVALUATION OF
RESULTS

During the numerical analysis procedure, simulation of
several parameters required a more thorough approach. Con-
sideration of joint rigidity at the ends of the structural ele-
ments is common during the analysis of RC structures and is
found to be quite influential on the response of the examined
frame. The application of the vertical axial loading on the
columns during the physical experiment differs substantially
from the compressive column loading of real structures and
is examined thoroughly using complementary parasitic mo-
ments at the beam-column joints, as described in the previ-
ous sections. Geometric non-linearities and P-delta effects
that would efficiently take into account the eccentric axial
loading in realistic structural models, have an entirely differ-
ent nature in the experimental frame and should be treated
carefully during the analysis. The same attention is given to
the simulation of the concrete beam behavior, where the de-
veloping compressive axial force during testing is not negli-
gible, affecting the strength of the element. Apart from the
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parameters related to aspects of the physical experiment,
numerical analysis also comprises of different plausible
simulation techniques and alternate options that need an
elaborate approach.

In the following section, several of the above issues that
were resolved using alternate simulation schemes or sensitiv-
ity analysis are presented and discussed, along with the
evaluation of the final results. A large number of model con-
figurations were examined, employing different combina-
tions of the aforementioned parameters to investigate their
individual effect on the frame response. Indicative examined
numerical models and their properties are presented in
(Table 2). Although the analysis procedure was stable in
most cases, few combinations of the examined analysis pa-
rameters resulted in local abnormalities of the obtained re-
sponse. Therefore all analyses results were carefully in-
spected before considered valid for evaluation.

4.1. Beam and Column Rigid End Offsets

The geometrical configuration of the frame model was
obtained using the axial dimensions of the individual con-
crete members. In order to define the exact length of each
element subjected to bending, the rigid offset option of ele-
ment connectivity in Seismostruct is employed. This option
is used to prevent bending of both column and beam ele-
ments inside the joint area. Although it is acknowledged that
the beam-column joint area reduces the length of the adja-
cent structural elements, the exact behavior of concrete joints
under cyclic loading is under research and there is still no
agreement on a uniformly applied approach. Several models
have been proposed to simulate joint flexibility and degrada-
tion under large drift cycles related to seismic loading [34,
35]. Commercial and academic finite element software con-
sider the joint flexibility by employing semi-rigid ends at RC
elements, introducing an empirical stiffness reduction coeffi-
cient [36]. An alternative proposal by Elwood et al. [37],
introduces the concept of reduced rigidity length of the beam
and column elements inside the joint, depending on the col-
umn to beam flexural strength ratio. The detailed simulation
of the flexural and shear response of the beam-column joint
is beyond the scope of the present paper. Nevertheless, it was
considered significant to investigate the rigid end effect on
the analysis results, even under the extreme assumption of
fully rigid ends of the beam and column length within the
entire joint area.

It was observed that the use of rigid offsets resulted in a
considerable modification of the plastic hinges formation
pattern. More specifically, the plastic deformation at the
beam ends is reduced, whereas the sections at the top of the
columns exhibit inelastic deformation that was not present at
the model without any rigid end offsets (Fig. 8). The results
presented in this figure are not final, since more physical
parameters need to be modeled accordingly, yet the joint
rigidity effect is clearly highlighted. Indeed, introducing
rigid end offsets actually reduces the column length, result-
ing in a subsequent increase of the developing bending mo-
ment for the same amount of imposed horizontal displace-
ment on the frame. The obtained plastic hinge formation
pattern is in agreement with the observations that were made
during the physical experiments, where inelastic behavior
was also identified at the top of the columns [11, 22].
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Table 2. Properties of Indicative Examined Numerical Models

Modeling parameters
Numerical
Model . Deactivation of Geometrical .. Beam compression only . .
Rigid ends . . Eccentricity moment . Integration sections
non-linearities (links)
Frame B-3 - - - - 3
Frame BR-3 \ - - - 3
Frame BRM-3 \ - \ - 3
Frame BRL-3 \ - - \ 3
Frame BRMGL-3 \ \ \ \ 3
Frame BRMGL-5 \ \ \ \ 5
Frame BRMGL-P \ \ \ \ FBPH (2)
Beam - left end Beam - left end
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Fig. (8). Moment-rotation loops indicating the effect of element rigid ends on plastic hinge formation at the top of the column and respective
end of the beam.

4.2. Geometric Non-Linearities order to take this effect into consideration, the moment val-

Another potentially important factor affecting the re- ues calculated at (Table 1? were applied as external loading
sponse of the frame is the second-order moment imposed by at the top beam-column joints of the frame. The moment
the eccentric vertical loading of the columns during the ex- values were increasing during the analysis, corresponding to

perimental testing that was previously discussed (Fig. 7). In the displacement level of each loading cycle. As mentioned
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earlier, the calculated moment values are somehow exagger-
ated, since application of axial loading is not strictly on one
specific point, yet they provide some indicative numbers to
check the effect on the model. A sensitivity analysis impli-
cating different modeling configurations, i.e. with or without
rigid end offsets, different number of integration sections at
elements etc, revealed a minor effect on the global frame
response, yet resulted in a rather significant modification of
elements behavior at local level.

More specifically, the thickness of the force-
displacement loops of the frame (global level response)
slightly decreased when the additional moment loading was
introduced, improving marginally the comparison with the
obtained experimental results. On the other hand, all exam-
ined modeling approaches revealed a clear reduction of plas-
tic hinge extent at the beam, accompanied by an increase of
the corresponding plastic deformation at the top end of the
column (Fig.9). This observation is consistent with the
physical experiments where columns presented considerable
inelastic response at the top beam-column joints.

The aforementioned effect is more accurately taken into
account when the default option of Seismostruct to include
geometric non-linearities is deactivated. Indeed, P-delta ef-
fects in a common structure correspond mainly to the eccen-
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tric axial loading of columns with respect to the support at
the base of the element. In this experimental setup though, P-
delta effects are completely different, since the eccentricity is
introduced between the vertical load application point and
the top joint of the frame (Fig. 7). On the other hand, the
axial load is concentric towards the base cross-section of the
column. When the automatic calculation of geometric non-
linearities is deactivated in the numerical code, the effect on
the cross sectional behavior is negligible, yet the overall
frame response is affected presenting an increase of the post-
elastic strength as described during the evaluation of the fi-
nal results in a following section of the paper.

4.3. Axial Force on Beam

The horizontal loading imposed during the experiment
results in axial loading of the beam element. These forces are
negligible in real structures, where the horizontal earthquake
loading is distributed on the floor and the large in-plane
stiffness of the concrete slab prevents the development of
large axial forces on beams. The case of the investigated
physical experiment though is different, since the axial force
is acting directly on the beam, due to the lack of concrete
slab. Moreover, the loading configuration of the physical
experiment always results in compression of the beam, since
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Fig. (9). Moment-rotation loops indicating reduction of plastic deformation at the beam and increase at the top column cross-section when

eccentricity moment is applied.
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when the direction of the loading changes, the displacement
is imposed on the opposite joint of the frame. Therefore the
beam is never in tension, something that is not always con-
sidered during simulation in several modeling efforts in the
literature.

In order to establish a compression-only loading of the
beam during the numerical simulations in Seismostruct, a
gap-hook type link element was employed at the top joints of
the frame. The displacement time-history was imposed on
both end nodes of the link elements, yet appropriate element
properties configuration permitted only the application of
compressive loading on the beam, activating successively the
left or right link element according to the direction of the
movement. The effect on the frame response is obvious both
in local and global scale. The post-elastic strength of the
frame increases in the direction associated with the negative
displacement (model BRL-3 in Fig. 10), improving the com-
parison with the experimental Specimens B and BS. It is
reminded that this movement direction was erroneously in-
ducing tension at the beam in the previous simulation model
BR-3. On the other hand, the compressive force on the beam
results in an increased bending moment capacity, preventing
the formation of plastic hinge at the beam ends and increas-
ing the plastic deformation of the columns.
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Fig. (10). Effect of beam axial loading on the response of the
frame; model BRL-3 prevents beam tension during the analysis,
resulting in increased frame strength.

4.4. Numerical Issues

In order to account for the numerical issues related to the
FB element formulation that were presented by Calabrese et
al. [13], a sensitivity study was also conducted concerning
the number of integration sections and individual fibers per
section employed during the analysis. Comparative evalua-
tion of the results revealed that increase of integration sec-
tions has a thickening effect on the moment-rotation loops of
the column ends and, in consequence, on the force-
displacement loops of the frame (Fig. 11a and 11b). On the
other hand, the 200 fibers employed in the section’s discreti-
zation are sufficient to provide consistent results, as com-
plementary analyses with larger number of fibers presented
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negligible difference. Yet, in few cases it was necessary to
increase the fiber number, in order to overcome local shape
abnormalities of individual moment-rotation loops or to
achieve convergence of the analysis procedure.

Since the results of the physical experiments were char-
acterized by a considerable post-peak behavior range, yet
without significant softening sectional response, the inelastic
plastic hinge frame element (infrmFBPH) was also utilized
as more suitable in such response cases to overcome possible
localization issues [13]. This element features a similar dis-
tributed inelasticity formulation with the previously em-
ployed infrmFB element, only this time inelasticity is con-
centrated within a fixed length of the element. The simula-
tion results were in good agreement with the infrmFB ele-
ments, yielding relatively narrow force-displacement loops
that compared well with the loops obtained from the experi-
mental procedure (Fig. 11¢). Slight adjustment of the plastic-
hinge length of the infrmFBPH element may result in minor
alterations of the obtained loops shape and thickness.

4.5. Final Results and Discussion

Comparison between numerical and experimental results
at global level, in terms of force-displacement diagrams for
the frame depicted in Fig. (12a), reveals that numerical
simulation yields 10-20% lower horizontal strength values at
the post-elastic response range (experimental specimens B
and BS). This figure includes results from several analysis
approaches, with and without the consideration of parame-
ters such as element rigid ends, second-order moment from
eccentric axial loading, tension-only forces at the beam etc.
A detail of the force-displacement diagrams for selected nu-
merical models is presented in Fig. (12b), focusing on the
negative displacement direction where the effect of the beam
compression on the response is most prominent. It is clear
that consideration of the loading eccentricity at the columns
(BRM-3), as well as of the compression-only loading of the
beam (BRL-3), results in increased strength of the frame.
When all examined parameters are combined in the same
simulation model (BRMGL-P), the obtained force-
displacement curves are at the high end of the presented nu-
merical results, approaching the experimental models. The
results are closer to the experimental Specimen B that em-
ploys common rectangular stirrups for the shear reinforce-
ment of concrete cross-sections, similar to the adopted nu-
merical models.

Individual force-displacement loops for the analysis
model BRMGL, that considers all the physical factors and
numerical parameters described in the previous sections, are
presented for indicative loading cycles in Fig. (11). The
comparison of the obtained force-displacement loops reveals
the efficiency of the numerical simulation to reproduce the
experimental behavior, especially when a small number of
integration sections is employed. Use of the inelastic plastic
hinge frame element formulation provides similar results,
with loop thickness matching the experimental findings as
long as the plastic hinge length is set to a value close to 13-
15% of the element length.

The global inelastic response of the frame is therefore
slightly underestimated, yet simulations predict satisfactorily
the overall behavior whereas numerical results are consistent
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between different analysis schemes, regardless of the spe-
cific selected parameter values.

Moment-rotation loops at sectional level are more sensi-
tive to different analysis approaches and parameter selec-
tions. It is already displayed that the inelastic response pat-
tern changes when rigid end offsets are employed at ele-
ments during the analysis, resulting in plastic hinge forma-
tion at column ends and reducing the beam inelastic defor-
mation at the beam-column joints (Fig. 8). When the simula-
tion procedure prevents beam tension, corresponding to the
loading setup of the physical experiment where the imposed
horizontal deformation results always in beam compression,
the beam moment capacity increases and the plastic response
at the ends is limited. Consideration of the second-order
moment at the beam-column joint due to axial load eccen-
tricity of columns has a similar, yet less prominent, effect.
The obtained results explain adequately the formation of
plastic hinges at the top of the columns, despite the adopted
mean column-to-beam bending moment strength ratio of
1.40. Parameters related to numerical analysis options, such
as the number of fibers per section or the number of integra-
tion sections at the element, affect the analysis results only
qualitatively, i.e. altering slightly the thickness or shape of
moment-rotation loops.

Indicative moment-rotation loops of several frame cross-
sections are depicted in Fig. (13) for numerical model
BRMGL. It is obvious that the plastic hinge of the joint is
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developed at the top of the column, whereas the beam re-
mains at the onset of plastic deformation, overcoming just
the yield initiation level. On the other hand, the base of both
columns presents significant levels of inelastic deformation
with plastic hinge rotation values of 0.037 rad, very close to
the 0.034 rad measurement of the physical experiment [38],
as presented in (Table 3). The plastic rotation value of 0.005
rad at the beam is equal to the experimental value, whereas
numerical calculations overestimate the plastic deformation
at the top of the columns, yielding plastic rotation values of
0.033 rad compared to 0.027 rad of the physical testing find-
ings. It should be taken into consideration that the BRMGL
model incorporates the full extent of all the parameters af-
fecting the response of the frame. The member ends are con-
sidered with full rigidity for the entire joint area, the com-
plementary eccentricity moment imposed on the beam-
column joint is calculated using strict assumptions regarding
the exact vertical loading point etc. Since several aspects of
those parameters are still under research, the exact numerical
simulation of their effects is not straightforward and a sensi-
tivity analysis should be carried out to identify any deviant
response patterns.

The similar frame response at global level, regardless of
the exact plastic hinge formation order, is attributed to the
design and detailing of all beam and column cross-sections
that ensure increased ductility under severe plastic deforma-
tions. Therefore, the same global behavior was met even in
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Table3. Ultimate Plastic Hinge Rotations at Critical Sections
Plastic hinge rotation (rad)
Left Column Right Column* Beam

Base Top Base Top Left Right

Physical experiment 0.034 0.027 - - 0.005 0.005
Simulation

0.037 0.033 0.038 0.033 0.003 0.005
BRMGL-P

*Experimental results were available only for the left column

case of frames that do not follow adequately the capacity
design requirements at beam-column joints. Yet, this obser-
vation is restricted to configurations similar to the examined
single-story frame and should not be generalized to more
complex structures. If multi-story frames were investigated,
the formation of plastic hinges at columns instead of beam
ends would have been expected to present a much more un-
favorable effect on the structural integrity. Indeed, severe
plastic deformation of columns, especially when concen-
trated at the base floor of the structure, would reduce signifi-
cantly the vertical load bearing capacity of the columns,
leading even to structural collapse. On the other hand, when
capacity design concepts are applied, the plastic hinge for-
mation at beams ensures adequate absorption of earthquake
energy and a failure mechanism that efficiently prevents par-
tial or total structural collapse.

5. CONCLUSIONS

During the simulation of physical experiments, several
parameters concerning physical aspects of the testing proce-
dure or numerical options related to the employed analysis
code should be determined before deciding on an efficient
simulation approach. The scope of the present paper was to
examine the effect of those parameters in the case of bare RC
frames under horizontal cyclic loading and to conclude on a
simulation approach that would yield satisfactory results,
even under slightly different choices during modeling. To
this end, an extensive numerical procedure was imple-
mented, investigating the effect of parameters such as the
beam-column joint rigidity, geometrical nonlinearities, ec-
centric axial loading of columns and axial force development
at the beam. The numerical code Seismostruct was used dur-
ing the simulation process whereas the physical experiments
that were investigated are described by Kakaletsis [11].

The consideration of rigid lengths at the ends of the ele-
ments played an important role on the response, especially at
cross-sectional level. The reduction of columns length re-
sulted in the formation of plastic hinge at the top end, reduc-
ing at the same time the inelastic deformation of the beam.
Similar effect was observed when the numerical modeling
approach prevented tension from the beam, conforming to
the physical experiment setup that imposed only compres-
sion during the successive loading cycles. Moreover, appli-
cation of complementary moment-type loading at the beam-
column joint, emanating from the eccentric axial loading of
the columns due to the specific experimental configuration,
also drives plastic hinge formation from beam ends to the

adjacent column cross-sections. The combined effect of the
aforementioned parameters is therefore reducing inelastic
response at the beam and increases plastic deformation at the
top of the columns, a result that is in accordance with the
physical experiment observations.

At global level on the contrary, the obtained frame force-
deformation curve is only slightly modified between differ-
ent numerical model approaches. This observation is re-
stricted to single story structural configurations similar to the
examined frame, and is attributed to the ductile design of all
concrete members, which provides satisfactory post-elastic
response for the frame, regardless the exact pattern of plastic
hinge formation. Nevertheless, consideration of all the im-
plicated parameters improves the comparison between analy-
sis and experimental findings.

Conclusively, the employed numerical approach predicts
quite efficiently the behavior at global level of ductile bare
concrete frames under cyclic loading, without the require-
ment of thorough modeling configuration or calibration pro-
cedures. To achieve a fair simulation of the response at
cross-sectional level though, a more detailed modeling
scheme should be followed, considering the influential pa-
rameters of the experimental response that were investigated
in the present paper.
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