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1. Introduction

In seismic regions, the safety of structures largely depends
on the seismic performance of their columns, making it
crucial to understand their seismic response characteristics.
Traditionally, steel bars have been used as reinforcement in
reinforced concrete (RC) columns. However, recent research
has focused on using fibre-reinforced polymer (FRP) bars to
prevent corrosion in aggressive environments. To design steel
and FRP-reinforced columns that can withstand large seismic
loads and exhibit significant nonlinear responses, it is essential
to fully understand how various design parameters affect their
hysteretic response characteristics.

Due to the specific characteristics of columnar structures (e.g.,
bridges, complex buildings) and the unpredictable nature of
ground-motion excitation, columns are primarily subjected to
a combination of seismically induced bending and axial loading
[1]. Studies on the bidirectional response of RC columns under
constant axial load have demonstrated that bidirectional
loading reduces drift capacity and accelerates the degradation
of strength and stiffness [2-6]. Tests have shown that the
axial load ratio of a column’s cross-section, (i.e. S = N/cA)
significantly affects its relative displacement capacity [, 7, 8].
According to the drift model [S, 10], increasing the axial load
ratio from 0.1 to 0.3 reduces displacement capacity by a factor
of 2.3. Therefore, inadequate consideration of axial load effects
in design can lead to damage or even total collapse of columns
during strong earthquakes. In such cases, complex and costly
strengthening and repair techniques are required to enhance
the strength and ductility of columns. These techniques include
RC jacketing, steel jacketing, externally bonded FRP, near-
surface mounted FRP, shape memory alloy jacketing, and hybrid
jacketing, as recently presented [11, 12]. Due to their advanced
mechanical properties and proven durability, FRP bars have
recently been introduced as an alternative form of internal
reinforcement. FRP-reinforced elements are commonly used in
RC structures and bridges exposed to aggressive environmental
conditions [13]. Advantages of FRP bars over steel bars include
a higher strength-to-weight ratio, electromagnetic neutrality,
high cutting ability for temporary applications, and their
lightweight, flexible nature. Most FRP bars are made from
carbon (CFRP), glass (GFRP), or aramid (AFRP) fibres [14, 15].
Notably, extensive research has focused on the mechanical
properties of GFRP bars, particularly their compressive strength,
which is typically 55 % to 65 % of their tensile strength [16, 17].
The compressive and tensile strengths are primarily influenced
by fibre volume and type, resin material, and the manufacturing
process, while the modulus of elasticity remains approximately
the same in both compression and tension [18]. Recent studies
have separately examined the behaviour of columns reinforced
with GFRP bars and those reinforced with steel bars [13,19, 20].
For a given amount of longitudinal reinforcement, members
reinforced with GFRP bars experience more significant cracking
and displacement under flexure compared to those reinforced

with steel bars (Nanni, 1993). GFRP bars contribute less
to the axial capacity of columns than steel bars, and using
FRP reinforcement instead of steel does not enhance the
compressive capacity of columns but does delay the buckling of
longitudinal bars [13, 21, 22]. The bending-moment and axial-
load capacities of columns reinforced with steel bars are higher
than those of columns reinforced with GFRP bars, although both
types exhibit similar ductility [19, 20, 23]. Since the compression
modulus of GFRP bars is lower than their tension modulus,
many authors and design codes [16] advise against using them
as compressive reinforcement in columns and beams. The
Canadian design code [17] permits GFRP reinforcement for
compressive applications but recommends that the strength
of the compressed bars should not be included in the capacity
calculations of structural elements. While various studies have
examined concrete columns reinforced with either steel or
GFRP bars, relatively few comparative studies using the same
models exist.

Given the severe and unacceptable damage observed in
columns under earthquake-induced complex loading, studying
the seismic safety of both traditional and innovative GFRP-
reinforced columns is a crucial and continually relevant research
topic. This study aims to leverage our unique previous study
results obtained from extensive HYLSER-1 experimental tests
and advanced micro-modeling concepts to generate new and
significant scientific insights.

a) Testing advances with HYLSER-1 system: The tests
conducted using the Hybrid Loading System of Earthquake
Response-1 (HYLSER-1) represent a specific experimental
study carried out in Japan, involving original research by the
third author. The HYLSER-1 testing system enabled realistic
simulation of the inelastic seismic response of RC column
models under the simulated effects of severe earthquakes,
while also incorporating the interactive effects of specified
axial loads. Through a well-designed testing programme, the
effects of various influencing parameters were experimentally
investigated, including:

Old experiments fornew scientific benefits:Given theadvancements
in modern software and micro-modeling, coupled with the
valuable results from previous HYLSER-1 experiments, the
conditions are now ideal to conduct this specific research after
many years.

Low axial load: The earthquake response of models under low,
constant axial load was verified by simulating various levels of
concrete strength, confinement, and earthquake intensity.

High axial load: Similarly, the earthquake response of models
under high, constant axial load was verified by considering the
same varying parameters.

Low and high earthquake intensity: By simulating low and high
earthquake intensities, the hysteretic responses and damage
states of the tested models were assessed.

Concrete strength and confinement: The effects of concrete
strength and confinement on the tested columns were identified
and presented in the respective tables.
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b) Modelling advances: Significant advances in modelling
have been demonstrated through the accurate prediction of
hysteretic responses for the same tested models.

Common and composite columns under low and high axial load:
Using refined and experimentally validated analytical micro-
models, the hysteretic responses of reinforced columns with
both conventional and novel composite reinforcements were
predicted and compared under simulated low and high constant
axial loads.

Axial load effect to common and composite columns: The original
analytical results clearly demonstrated the actual effects of
axial load on columns reinforced with both conventional and
composite reinforcements.

c) Importance and research novelty: The recent intolerable
seismic damage and total collapse of columns in earthquakes
highlight the significance and novelty of this research. This
comprehensive study aims to provide a valuable, experimentally
validated contribution that addresses and fills the existing
research gap.

Filling the research gap: Given the increased practical application
of both conventional and novel columns, there is a clear need
for a systematic comparative evaluation of the differences in
hysteretic responses between commonly reinforced columns
and those reinforced with composite materials. This study was
initiated and completed to provide original results and address
the existing research gap.

Flow of multitask research: The study comprised several
specific research phases, including: 1) processing results
from HYLSER-1 seismic tests with simulated low and
high axial loads; 2) analytically predicting the hysteretic
responses of commonly reinforced columns and those
reinforced with novel GFRP bars under low and high axial
loads; 3) experimentally validating the formulated nonlinear
micro-model; and 4) deriving original conclusions and
recommendations.

Summary of novel results: For the future design of columns
reinforced with both conventional steel and novel GFRP bars
in seismic areas, the effects of various involved variables were
evaluated and presented.

Step toward advanced applications: Based on the original
comparative results, the practical design of columns reinforced
with either conventional steel or novel GFRP bars in seismic
areas can be significantly improved. In this context, it is also
recommended to update the existing seismic design provisions.

The paper presents results from original earthquake
response tests on scaled prototype column models
subjected to simulated axial loads. These results are
compared with those from refined analytical studies of
the nonlinear responses of the same models, reinforced
with either steel or GFRP bars, based on experimentally
validated nonlinear models [14, 15].

2. Study objectives and methodology

Concrete columns reinforced with steel bars have been
widely used in practice. However, inadequate design has
led to significant damage or even collapse of RC columns in
past earthquakes. To address corrosion issues in aggressive
environments, novel concrete columns reinforced with FRP bars
have recently emerged as a reliable alternative in construction
practice [16]. This research aims to comparatively evaluate the
performance up to failure of both types of columns subjected
to bending and axial loads. The study integrates experimental
and analytical approaches to address existing design and
research gaps. Given the complexity of the research objectives,
the study involved comprehensive experimental and analytical
investigations using the same column models and loading
conditions.

3. Implemented hybrid loading system for
earthquake response

The hybrid or pseudo-dynamic HYLSER-1 seismic testing
method was originally developed based on a specific
experimental concept established by the research team,
including the third author.

a) HYSLER-1 TESTING SYSTEM:
CONCEPT OF IMPLEMENTED HYBRID LOADING SYSTEM OF EARTHQUAKE RESPONSE

PHYSICAL ANALYTICAL

TESTING
PART LABORATORY PART

DATA RECORDING INSTALLED TEST EARTHQUAKE
DEVICES MODEL INPUT DATA
!
COMPUTER SYSTEM MODEL ANALYTICAL
LOADING & SOFTWARE INPUT DATA

!
STEP-BY-STEP

| PREDEFINED AXIAL
| EXECUTION

COMPUTED BENDING
STEP-LOADING

RESULTS:
| EARTHQUAKE RESPONSE UNDER BENDING AND CONSTANT AXIAL LOADS |
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b) HYSLER-1: MODEL SET-UP FOR SEISMIC RESPONSE TESTING
SIMULATING BENDING AND CONSTANT AXIAL LOADS
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Figure 1. HYLSER-1 testing system (Kyoto-Lab): a) concept of hybrid
loading system for earthquake response; b) test setup for
testing column models under simulated earthquake and
axial loads

The method remains popular due to its low cost and its ability
to combine the benefits of shaking-table testing with additional
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specific advantages. The earliest pseudo-dynamic testing

systems were introduced in Japan [24-27]. In a hybrid seismic-

response test, the system integrates a lab-analytical approach,
with column models serving as the core laboratory component.

For the defined combined lab-analytical system and selected

earthquake record, the displacement applied at each step to

the lab model was calculated using a numerical step-by-step
solution of the corresponding differential equation of motion.

The calculated displacement was then applied via a hydraulic

actuator, extending the seismic response testing time. The

current experimental study, which involved inelastic seismic-
response tests of RC column models under simulated strong
earthquake excitations and axial loads, was part of a broader
research project. This comprehensive project was conducted
at the Structural Earthquake Engineering Laboratory at Kyoto

University, Japan, and forms part of the third author's PhD

dissertation [28]. Seismic tests were carried out using the online

computer-controlled Hybrid Loading System for Earthquake

Response (HYLSER-1), as shown in Figure 1. Figure 1(a)

illustrates the concept of the HYLSER-1 testing system, which

consists of three integrated components:

- the physical part, including data recording devices that
capture the time-history of axial loading at each step
(constant in these experiments) and the measured total
bending load at each step;

- the analytical part, which includes numerical data on the
acceleration time-history and intensity of the selected
input earthquake, as well as analytically specified mass and
damping data for the combined system;

- the testing laboratory part, which integrates the laboratory
testing equipment, the installed testing model within a
compatible mechanical system, and the computer with
software that facilitates the step-by-step execution of the
HYLSER-1 experiment.

The setup of the RC column model, tested under simulated
earthquake excitation and axial loads, is shownin Figure 1(b). The
experimental model, labelled “a", was constructed as a simply
supported beam with a span divided into three segments of 600
mm each, with the left, middle, and right segments defined by
points 1-2, 2—-4, and 4-5, respectively. Point 3 represents the
middle section of the span, while points 1 and 5 denote the left
and right supports from below. The system labelled “b” was used
to apply the bending force and record the opposing effective
restoring force, which could be positive or negative (+F). The
bending force was generated by the electro-hydraulic actuator
labelled “1", which was supported by the segment labelled “2"
The rigid steel system labelled "3" provided cyclic loading at the
symmetrical loading points 2 and 4. The axial force, N1 or N2,
was applied using the unbounded (minimised friction) high-
strength steel bar labelled “4", installed in a cylindrical space
with its central axis aligned with the centroids of the sections
along the model length. At its left side, the steel bar was fixed
to the concrete face of the model, while on the right side, it was
attached to the electro-hydraulic actuator labelled “c”, which

applied the axial force. When this actuator applied a tensile force
to the steel bar, the model experienced a compressive force. The
upper points 5 and 6 represent the upper end supports of the
model, which are activated when negative (upward) bending
forces are applied. The experimental process involved solving a
nonlinear second-order differential equation for the combined
system, with the restoring force F measured directly from the
actuator. The computed incremental displacement for each step
was used to determine the total displacement to be applied by
the hydraulic actuator. The HYLSER-1 system was successfully
used to conduct seismic response tests on the combined
system, including the RC column models. Given the complex
responses of structural columns as critical elements, dedicated
studies on understanding the nonlinear behaviour and seismic
safety of both traditional and innovative column types remain a
significant and ongoing research topic [29-33].

4, Seismic tests of SRC column models including
simulated axial loads

4.1. Tested SRC column models

All the tested experimental models had a square cross-section of
150 mm x 150 mm, a length of 2100 mm, and a span of 1800
mm, and were constructed using the same type of concrete
and longitudinal reinforcement. The longitudinal reinforcement
comprised four steel bars (@13 mm) with a modulus of elasticity
Es = 210.0 GPa and a vield-point stress of fy = 400.0 MPa. The
central steel bar (@30 mm), used to apply the axial force, was made
of high-strength steel with a modulus of elasticity Es = 200.0 GPa
and ayield-point stress of fs = 950.0 MPa. Ordinary concrete with a
modulus of elasticity of Ec = 27.0 GPa and a compressive strength
of fc = 45.0 MPa was used. To study the effect of confinement,
transverse reinforcement was provided by spiral steel bars (@5
mm) with pitches of e = 6 cm and 9 cm. To investigate the effect of
earthquake intensity, three testing intensities were used, defined
by the earthquake intensity factor r, with r = 1.0 representing the
El Centro "yielding” earthquake, producing a response up to the
specimen’s yielding point. The intensity was then increased by 30
% and 100 %, represented by r = 1.3 and 2.0, respectively.

4.2. Seismic tests with simulated axial load N1 =
88.0 kN

Three seismic tests of steel-reinforced models, subjected to
a simulated axial load of N1 = 88.0 kN (0.391 kN/cm?), were
conducted using the HYLSER-1 testing system. The design
parameters of the tested models and the representative results
obtained are presented in Table 1.

For the three pseudo-dynamic tests D1, D6, and D7, the
earthquake intensity factors were r = 2.0, 2.0 and 1.3,
respectively. In model D1, the spiral reinforcement had a pitch
of e = 6.0 cm, whereas models D6 and D7 used a pitch of
e = 9.0 cm. The variations in earthquake intensity and
confinement resulted in different shapes of the hysteretic
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Table 1. HYLSER-1 tests of normal concrete models: seismic response results for models tested under simulated El Centro earthquake and

constant axial load N1 = 88.0 kN

Cylinder f, | Pitche Axial N max F +/- DM +/-FM +/-D2 +/-F2
Test C-Type & EQI (r) [MPa] [cm] [kN] +/-[kN] [cm] [kN] [cm [kN]
70.0 1.2 66.0 2.0 70.0
1 D1 Normal/ 434 6 88.0
r=20 -60.0 -1.1 -50.0 -2.0 -55.0
70.0 1.1 65.0 2.0 70.0
2 D6 Normal/ 49.0 9 88.0
r=20 -60.0 -1.0 -50.0 -2.0 -55.0
70.0 1.1 68.0 2.0 70.0
3 D7 Normal/ 448 9 88.0
r=13 -55.0 -1.0 -49.0 -2.0 -55.0
Average fore =6 cm 43.4 6 65.00 1.15 58.00 2.0 62.5
Average fore =9 cm 46.9 9 88.0 63.75 1.05 58.00 2.0 62.5
Average fore=6i9cm 45,5 6i9 64.17 1.08 58.00 2.0 62.5
*Analytically predicted A 88.0 65.00 1.00 65.00 2.0 61.0
seismic responses. Table 1 provides the following parameters TEST-D7:N=880kN,r=13;P=9 cm;f, =450 MPa
that characterise the hysteretic seismic response: TEST-D6: N =880 kN, r=2,0; P =9 cm;f, =450 MPa
- maxF (+/-): maximum positive and negative restoring forces 1200 ——
- DM (+/-) and FM (+/-): maximum positive and negative s00 || DY =10 em Mt
deformations and restoring forces at yielding points “lot=11cm .:n./
. =680k - an
- D2 (+/-)and F2 (+/-): for a set deformation of D2 = 2.0 cm, o e Il L :
iti i i TEST-D7 B
the reco.rded positive and negative restoring force at the D S10em \ i
hysteretic response (HR) contours. 300 [H FM*=-490kN o <
E DLr=-27cm | M0 & F & [TEST-Ds
=, FL*=-550kN | % .59
) ) 00 e e
Following the three test rows in Table 1, the next two rows g S i TEST-D6
i — L N . o] DM =11
present the average values for models with e = 6.0 cm and 9.0 300 < i ..:-1|‘ FM = 650 kN |—
cm. The subsequent row provides the mean values for all tested e DL=25cm
: H Y FL =700 kN
models. -600 fevanns? peees? T ;
- . L* M TEST-D6
The bottom row (marked with *) presents the analytically DM* =-10cm
predicted ultimate force values using the refined micro-model 200 E“Lﬂ:_';gfnh”_
of the tested specimen, based on the pure nonlinear quasi-static 1200 FL*=-600kN
'—9,0 -60 -30 00 30 60 90

analysis described in section 5.5 (1). This analysis considers a
transverse reinforcement pitch of e = 6.0 cm. The experimental
and analytical results show very good correlation. For instance,
the experimentally recorded maximum force (maxF = 64.17
kN) and the analytically predicted maximum force (maxF = 65.0
kN) differ by only 1.3 %. Similarly, for the restoring forces at the
identified yielding points, the experimental value (expFM = 58.0
kN) and the analytical value (@analFM = 65.0 kN) differ by only 10 %.
Present the experimental results comparatively, the hysteretic
response (HR) contours of the final seismic responses are
used, clearly illustrating the form of the hysteretic response in
each specific test. Characteristic points M and L, and M* and L,
denote the yielding point and the point of ultimate deformation
response, respectively. Figure 2 shows these representative
points on the HR contours for the seismically tested column
models D7 and D6, subjected to simulated El Centro earthquakes
of different intensities (r = 1.3 and r = 2.0) and a simulated axial
load of N1 =88.0 kN. These two HR contours highlight the effect
of earthquake intensity on the hysteretic response, given that
other parameters of the structural models remained unchanged.

Displacement D [cm]

Figure 2. Representative points and final shapes of hysteretic
responses obtained from seismically tested column models
D6 and D7, tested under simulated El Centro earthquake
with an axial load of N1 = 88.0 kN

The results in Figure 2 demonstrate that the HYLSER-1 seismic
tests are a realistic and highly effective method for verifying the
effects of the key parameters influencing the seismic safety of
critical elements and structural systems.

4.3. Seismic tests with simulated axial load N2 =
265.0 kN

The next five seismic tests of steel-reinforced column models
were performed with a larger simulated axial load of N2 = 265.0
kN (1.177 kN/cm?). The parameters of the tested models and
their recorded seismic responses are listed in Table 2. Earthquake
intensity factor of r = 2.0 was used in tests D2 and D16, r = 1.3
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Table 2. HYLSER-1 tests of normal concrete models: Seismic-response results for models tested under simulated El Centro earthquake with a

constant axial load of N2 = 265.0 kN

Cylinder f, | Pitche Axial N max F +/- DM +/-FM +/-D2 +/-F2
Test C-Type & EQI (1) [MPa] [cm] [KN] +/=[kN] [cm] [kN] [cm] [kN]
91.0 1.5 85.0 2.0 90.0
1 D2 normalan/ 49.7 6 265.0
r=20 -81.0 -1.2 -78.0 -2.0 -80.0
90.0 1.3 74.0 2.0 90.0
2 D3 normalan/ 425 6 265.0
r=13 -65.0 -1.4 -75.0 -2.0 -75.0
87.0 1.6 87.0 2.0 80.0
3 D8 normalan/ 448 o 265.0
r=13 Urusen -80.0 -1.0 -66.0 -2.0 -65.0
78.0 1.2 78.0 - Linear
4 D15 normalan/ 50.1 6 265.0
r=10 -70.0 -1.0 -80.0 - Linear
90.0 1.2 85.0 2.0 90.0
5 D16 normalan/ 61.1 o 265.0
r=20 Urusen -80.0 -1.2 -75.0 -2.0 -76.0
Average fore =6 cm 50.85 6 80.62 1.25 78.75 2.0 83.50
Average for e =9 cm 44,80 9 265.0 83.50 1.30 76.50 2.0 72.50
Average fore =6and 9 cm 49.64 6i9 81.20 1.26 78.30 2.0 80.75
* Analytically predicted A 265.0 82.50 1.00 80.00 20 60.00

was used in tests D3 and D8, and r = 1.0 was used in test D15,
respectively. The transverse spiral reinforcements used in Models
D2, D3, D15, and D16 had a pitch of e = 6.0 cm, whereas e =
9.0 cm was used in Model D8. Table 2 lists the experimentally
obtained parameters that controlled the seismic responses of
the five tested models. After the five separate test rows of Table
2, the next three rows give the average values for the models
with e = 6.0 cm and 9.0 cm, as well as the average values for all
five tested models. Similarly, the bottom row (marked with *)
presents the analytically predicted ultimate force values using
the same refined micromodel of the specimen and the nonlinear
quasi-static analysis described in Section 5.5. (2), considering the
pitch e = 6.0 cm for the transverse reinforcement. Again, there is a
strong correlation between the analytical and experimental results.
Specifically, the difference between the maximum restoring forces
defined experimentally and analytically was 1.6 %, and for the
restoring forces at the yield point, the recorded difference of 2.2 %
was also very small. Representative HR contours were constructed
for the tests performed under the simulated effects of an axial load
of N2 = 265.0 kN. Analogously, the HR contours are presented as
points M, L, M*, and L*, which control the shapes of the recorded
seismic responses. Figure 3 shows the stable hysteretic responses
obtained for the seismically tested column models D15 and D2
under the simulated El Centro earthquake with defined intensities
represented by r = 1.0 and 2.0, respectively.

For model D2, the obtained HR contours were rather wide and
expressed strong nonlinear behaviour owing to the simulated
high earthquake intensity, represented by r = 2.0. However,
the seismic response of model D15 was mainly linear and
only reached the yielding point on the sides of the positive and
negative deformations. This experiment confirms that with r
= 1.0, the seismic response exhibits linear behaviour. Models

D2 and D15 exhibited stable hysteretic responses owing to
the smaller pitch of the spiral reinforcement (e = 6.0 cm).
Figure 4 shows the representative points on the HR contours
for seismically tested column models D3 and D8 with the
same earthquake input intensity (r = 1.3). Model D3 exhibited
a stable hysteretic response, whereas model D8 collapsed, as
manifested by the measured zero restoring force. This large
difference in the seismic responses of models D3 and D8 is
directly due to the difference in confinement, with pitches of e
= 6.0 cm and 9.0 cm used for models D3 and D8, respectively.

TEST-D15: N =2650kN, r=1,0; P=6cm; f, =450 MPa
TEST-D2: N=2650kN, r=20;P=6cm;f, =450MPa

1200
TEST-D15 M* L* |
DM=12cm
90,0 [ FM =780 kN 2
DL=12cm _-\
FL=780kN )3 3
60,0 I . =
BESI =D11§ o TEST-D2
300 H Fm* =780 kN
= DL*=12cm
= FL*=780 kN
= 00
g F TEST-D2
I_<I:_a - DM=15cm
-300 s FM =850 kN ||
= DL=+4,7 cm
d FL =+90,0 kN
-60,0 ~ I
TEST-D2
L rveeeee DM* =-12cm
-900 L FM* =-780 kN |
* | % DL*=-57cm
ML FL*=-750 kN
-120,0 I
-90 -60 -30 00 30 60 90

Displacement D [cm]

Figure 3. Representative points and final shapes of hysteretic
responses obtained from seismically tested column models
D15 and D2, subjected to the El Centro earthquake and an
axial load of N2 = 265.0 kN

924

GRADEVINAR 76 (2024) 10,919-930



Nonlinear response of RC column models under real earthquakes and axial loads

TEST-D3:N =2650kN, r=1,3; P =6cm;f, =450 MPa
TEST-D8: N = 2650 kN, r=1,3; P =9cm; f, =450 MPa

1200 :
TEST-D3 M L
DM =13cm M
900 I FM=740kN L
DL=+420cm
FL =+90,0 kN
60,0
TEST-D3
DM* =-14cm \
300 HFM*=-750kN N
= DL*=-44cm |
= FL* =740 kN EST-D8
g 00
2 TEST-D8
DM=16cm
-30,0 FM =870kN H
DL=27cm
FL =80,0 kN
-60,0 < t
T TEST-D8
DM* =-10cm
-90,0 FM* =-660kN]
DL*=-42cm
FL*=-60cO kN
-120,0 L
-90 -60 -30 00 30 60 90

Displacement D [cm]

Figure 4. Representative points and final shapes of hysteretic
responses obtained from seismically tested column models
D3 and D8 under simulated El Centro earthquake and axial
load N2 = 265.0 kN

5. Refined nonlinear modelling of steel- and
GFRP-reinforced columns

A key component of the present research involved an
independent refined analytical simulation of a typical quasi-
static test, or performing an “analytical experiment” (analysis
with simulated time-dependent loading). This analytical study
defined the comparative hysteretic responses of column models
with identical geometry, support, and loading conditions, similar
to the tested specimens. Two comparative analyses were
carried out, considering column models reinforced with either

conventional steel or novel GFRP reinforcement. This analysis
was successfully completed, drawing on the authors’ previous
experience with refined modelling. Specifically, refined and
experimentally validated three-dimensional nonlinear analytical
models used in prior research [14, 15] were applied. This study
serves as complementary research, providing additional
insights into the specimens’ hysteretic responses that were
not captured in the HYLSER-1 seismic tests. The hysteretic
response in the “analytical test” was obtained using predefined
cyclic loading, while in the HYLSER-1 test, the cyclic loading
is random, depending on earthquake intensity and frequency
content.

5.1. Material properties

Table 3 details the steel and GFRP reinforcements of the
analytically studied columns, as well as the simulated bending
and axial loading programs.

Table 4 lists the properties of the ordinary steel reinforcement
and Table 5 lists those of the novel GFRP bars, which define
the respective stress—strain relations as adopted from tests
presented previously [14, 15].

5.2. Nonlinear finite-element analysis model

The conducted nonlinear finite-element analysis (FEA)
was focused on advancing the modelling of the two types
of tested specimens, that is column models reinforced
with (i) ordinary steel and (ii) composite GFRP reinforcing
bars, simulating the same loading protocol up to the highly
nonlinear behaviour state. Because the adopted complex
earthquake-like loading protocol represents simultaneous
constant axial and reverse cyclic shear loadings, a nonlinear
analytical study is a complex task. To capture the complex

Table 3. Modelling and loading of analysed columns with details of the steel and GFRP reinforcements

Gradevinar 10/20

Modal Reinforcement Longitudinal bars Transvz;srzl spiral Loading of models (Analytical test)
type 2 [mm] @ [mm] Axial-constant (compressive) | Bending (displacement)
M1 steel 4P13 @5/6 cm 88.0 kN cyclic
M2 steel 4013 @5/6 cm 265.0 kN cyclic
M1A GFRP 410 @5/6 cm 88.0 kN cyclic
M2A GFRP 4310 ?#5/6 cm 265.0 kN cyclic
Table 4. Mechanical properties of the steel reinforcing bars
Diameter Material Tensile elastic modulus Es Yield strength fy Ultimate strength Yield strain Elongation
[mm] [GPa] [MPa] [MPa] [%] [%]
13 celik 210 400 560 0.2 5

Table 5. Mechanical properties of the GFRP reinforcing bars

Diameter [mm]

Material

Tensile elastic modulus [GPa]

Tensile strength [MPa]

Ultimate strain in tension [%]

10

GFRP

50

1100

2.5
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response phenomena, a fibre section technique was
implemented using SeismoStruct software [34]. The column
specimen was modelled using four 3D nonlinear fibre-
based finite elements spaced between five nodal points. To
capture the curvature distribution along each finite element
realistically, five added integration sections per element
were considered. SeismoStruct only provides access to the
stress—strain fibre response at the element end sections.
The model cross-sections were discretised into a refined
fibre mesh considering the fibres for the confined concrete,
unconfined concrete, and actual reinforcing fibres.

5.3. Material stress—strain modelling

To model the nonlinear behaviour of concrete, the Chang and
Mander (1994) model was selected. This model used a mean
compressive strength of 48.0 MPa, a mean tensile strength of
4.8 MPa, a modulus of elasticity of 32,562.5 MPa, and a strain at
peak stress of 0.002. Non-dimensional critical compressive and
tensile strain coefficients determined the shape of the hysteretic
curve. For the nonlinear behaviour of steel reinforcement,
the Menegoto—Pinto steel model [34] was employed, with a
modulus of elasticity of 2 x 10° MPa and a vyield strength of
575.0 MPa. The behaviour of the GFRP reinforcement bars was
modelled using a linear model with a modulus of elasticity of 5
x 10* MPq, a tensile strength of 1.1 x 10° MPa, a compressive
strength of 7 x 10?2 MPa and a specific weight of 50 kN/m?.

5.4. Numerical nonlinear stress—strain analysis
strategy

The refined numerical nonlinear stress—strain analysis strategy
was established by carefully selecting the following key
parameters:

- atotal of 800 solution steps, with a time step of dt = 0.005 s,
resulting in a total pseudo-solution time of T=4.4 s

- an iterative strategy with a maximum of 40 iterations per
solution increment (IT = 40), up to 35 updates of the tangent
stiffness matrix per increment (NSA = 35), a divergence
iteration limit of (DI = 35), a maximum tolerance criterion
set to 1 x 10%° (maxT = 1e20), a maximum step reduction of
0.001 (maxSR = 0.001) and a minimum of 1 solution iteration
(minSI = 1)

- updated convergence criteria, using a mixed displacement/
rotation-based approach with a displacement tolerance of
0.0001 m and a rotation tolerance of 0.0001 rad. Throughout
the analytical study, a maximum of three iterations per step
was conducted during the computational process.

5.5. Modelling of columns with ordinary steel
reinforcement

1) Ordinary steel reinforced column with simulated axial
load N1 = 88.0 kN. The analytically predicted hysteretic

force—displacement response of column model M1 reinforced
with ordinary steel bars under simulated cyclic bending and
a constant axial load of N1 = 88.0 kN is shown in Figure 5.
The computed hysteretic relation has a fully symmetrical
shape, which is directly confirmed by the constructed positive
branch of the envelope line defined by points Y, U, and L and
the symmetric negative branch defined by the respective
symmetric points (blue line). The initial stiffness is represented
by the first-line segment. Owing to the simulated effect of the
lower axial load N1, the deciding part of the envelope defined
by points U and L is not sharp and generally exhibits very good
ductile behaviour.

MODEL-M2: COLUMN WITH STEEL REINFORCEMENT

LOADING-L2: Cyclic bending (F) and constant axial (N = 88,0 kN)
100

T

80 [l DY=0005m || EXPERIMENT: [ AxIAL N = 885 kN
— FY =430 kN FU=64,17 kN [N_I[U L 7
= €0 fpu=0010m 7
= 40|l Fu=6s0kN [ Y —
I ELLf 0031m pu / / / /
T =60,0 kN
£ o a7 /i
o 20 / N/ N |
w 17171/ - DY* =-0,005m
9 0 FY*=-430kN ||
5 —L_| "] DU*=-0010m
s [ EXPERIVENT: || oy 22820

_ E: max F =+/- 64,17 kN Ul [ D*L=-0031m
80 1 max F = +/- 65,00 kN (+1,3% FU™ =-6417 kNIl £+ = _s00kN ]
-100

-0,08 -0,06 -0,04 -0,02 0 0,02 0,04 0,06 0,08

Displacement [cm]

Figure 5. Model M1 with steel reinforcement: Analytically predicted
hysteretic force-displacement response under simulated
cyclic bending and constant axial load N1 = 88.0 kN

2) Ordinary steel reinforced column with simulated axial
load N2 = 265.0 kN. The analytically predicted hysteretic
force—displacement response of column model M2
reinforced with ordinary steel bars under simulated cyclic
bending and a constant axial load of N2 = 265.0 kN is shown
in Figure 6.

MODEL-M2: COLUMN WITH STEEL REINFORCEMENT

LOADING-L2: Cyclic bending (F) and constant axial (N = 265,0 kN)
100

T
g0 | EXPERIMENT: +/- FU =8120 kN E IR DY =0005 m
FY =410 kN

= 60 T [ 7 DU=0010m
£ % -
= I =0031m
[ [ [/ X A 7%_ FL=200 kN

+ ‘N

R AT =
! jAViIavimi
3 DY*=-0005m [ ¥ ] / / /

@ 40 [ FYr=-a10kN

I o LY

_go || DI"=-0031m E:max F = +/- 8420 kN
FL* =-200kN A:max F =+/-80,00 kN (-14%)
-100 T
-008 -006 -004 -002 O 002 004 006 008

Displacement [cm]

Figure 6. Model M2 with steel reinforcement: Predicted hysteretic
response under simulated cyclic bending and constant axial
load N2 = 265.0 kN
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Owing to the simulated effect of the higher axial load N2, the
deciding part of the envelope line defined by points U and L
became very sharp, indicating poor ductility.

MODEL-M1: COLUMN WITH STEEL REINFORCEMENT

LOADING-L1: Displacement (D2 & D3) under constant axial load N = 88,0 kN
a) 008

006 0|nt 2| |
0,04 A
E o002 LA
z AN NN H A
2 000 [N\
£ 0% Mo VoA B (g | Fel | k] 4 ob
L TV
a
n
a -004 { /y
-0,06 Point - 3
-008 -
Solution step
MODEL-M1: COLUMN WITH STEEL REINFORCEMENT
LOADING-L1: Shear force (S1 & S&4) under constant axial load N = 88,0 kN
b) s0
T
: /\A[\[ /\/\ .
30 + ! H o
é 20 fr—a A | ! ﬂ/\AA AN !\ [\ !\
E 10
5 0g 45 5
(]
2 -10 —_—
a -20 PV
-40
-50

Solution step

Figure 7. Model M1 with steel reinforcement: Displacement and shear
force histories under simulated cyclic bending and constant
axial load N1 = 88.0 kN

SIMULATED RESPONSE OF TESTED MODEL OF COLUMN WITH STEEL REINFORCEMENT:
CONFINED FIBER: Simulated stress-strain response
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=z

-400-10° 390710—=%de-{0? -00-10* /o 100102 200102 300107 4,00-102
= UNCONFINED FIBER
g
A7
=3
wn
wn
e CONFINED FIBER
5 e
(V2]

Strain

SIMULATED RESPONSE OF TESTED MODEL OF COLUMN WITH STEEL REINFORCEMENT:
STEEL FIBER: Simulated stress-strain response
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Figure 8. Model M1 with steel reinforcement: Stress—strain

relationships of confined concrete and steel fibres under
cyclic bending and constant axial load N1 = 88.0 kN, (stress:
kPa)

Figure 7 shows the predicted characteristic displacement and
shear force histories under the simulated cyclic bending and
constant axial load N1 = 88.0 kN, and Figure 8 shows examples
of the monitored and plotted stress—strain relations of the
selected confined concrete fibre and ordinary streel reinforcing
fibre.

5.6. Modelling of columns with composite GFRP
reinforcement

1) Composite GFRP reinforced column with simulated axial load
N1 = 88.0 kN. The hysteretic response obtained by analysing the
equivalent column model M1A reinforced with composite GFRP
reinforcement under simulated cyclic bending and constant axial
load N1 =88.0 kN is presented in Figure 9 (green).

MODEL-M1A: COLUMN WITH GFRP REINFORCEMENT

LOADING-L1: Cyclic bending (F) and constant axial (N = 88,0 kN)
100

80 H DC=0,002 m / R
FC=200kN i
= 50 [ bn=0014m
= 40 HFN=500kN /
= 20 H DP=0,048 m = // /
L_;_. FP=790kN / / /
0
-
LIII- -20 // / — DC* =-0,002 m
e /1// = FC* =-200 1N
= 7] DN*=-0,014m
Y -60 FN* =-500 kN
5 / DP* =-0048m
& -80 FP*=-790 kN
P / =-79!
-100
-008 -006 -004 -002 0 0,02 004 006 008

Displacement [cm]

Figure 9. Model M1A with glass fibre-reinforced polymer (GFRP) bars:
Hysteretic response under simulated cyclic bending and
constant axial load N1 = 88.0 kN. The model with composite
reinforced concrete (CRC) is shown in green, and the model
with steel reinforced concrete (SRC) is shown in black

MODEL-M2A: COLUMN WITH GFRP REINFORCEMENT
LOADING-L2: Cyclic bending (F) and constant axial (N = 265,0 kN)

100
80 H DC=0003m I ,]:
60 || FC=4001n
= M DN=0011m = p
= !
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e —~
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Figure 10. Model M2A with GFRP reinforcement: Hysteretic response
under simulated cyclic bending and constant axial load
N2 = 265.00 kN. The model with composite reinforced
concrete (CRC) is shown in green, and the model with steel
reinforced concrete (SRC) is shown in black

Compared with the steel reinforcement (black), the computed
hysteretic relationship in this case is quite different but still maintains
a fully symmetrical shape. This is illustrated by the positive branch of
the envelope line, defined by points C, N, and P, and the corresponding
negative branch, defined by points C*, N* and P*.
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Owing to the simulated effect of the
lower axial load N1, the final segment
of the line defined by points N and P
exhibits low stiffness, with a positive
slope even for very large deformations.
However, it is crucial to note that the
hysteretic response is characterised by
a significant pinching effect, resulting
from the combined effects of the linear
response of the GFRP bars and the
nonlinear stress—strain response of the
concrete fibres.

2) Composite GFRP reinforced column with simulated axial
load N2 = 265.0 kN. Similarly, Figure 10 (green) shows the
analytically predicted hysteretic response for the analysed
column model M2A, which is reinforced with the same
composite GFRP reinforcement and subjected to simulated
cyclic bending and a constant axial load N2 = 265.0 kN.
Compared to the hysteresis observed for the lower axial load N1,
the shape of the hysteretic response for the larger axial force N2
differs significantly. This is evident in the positive branch of the
envelope line, defined by points C, N, and P, and the symmetric
negative segment, defined by points C*, N*and P*. Due to the higher
axial load N2, the segment defined by points N and P exhibits small
but stable negative stiffness, indicating very high ductility for large
deformations. Nonetheless, the predicted hysteretic response also
demonstrates a pronounced pinching effect.

MODEL SIDE

6. Main findings

1) Damage. An important advantage of the HYLSER-1 seismic
tests was that the test execution time was extended to
approximately 45 min, which was used to monitor the crack and
damage propagation during the characteristic model response
phases. As shown in Figure 11, typical damage was observed
in the critical (middle) part of the tested model D6 (side view).
The propagation of the initial and wider cracks and crushing or
spalling of the concrete were always observed at the bottom and
top faces of the deformed specimens. Similar damage locations
were identified in an analytical study. This was confirmed by the
plotted stress-strain relations for the concrete and steel fibres
at the critical section.

2) Model. The original results obtained from the HYLSER-1
seismic tests validated the numerical modelling strategy. Figure
12 shows the maximum shear forces obtained from three
HYLSER-1 seismic tests of the RC models and the analytically
predicted shear force under simulated cyclic bending and
constant axial load N1 = 88.0 kN; the recorded differences are
very small, being 4 % at most, in this case. Similarly, Figure 13
shows the maximum shear forces obtained from five HYLSER-1
seismic tests of RC models and the analytically predicted shear
force under simulated cyclic bending and identical axial load N2
= 265.0 kN; In this case, the recorded differences are also very
small, 11.4 % at most.

TYPICAL DAMAGE PATTERNS OF TESTED MODELS: DAMAGE OF TESTED MODEL D6

Main steel bars *

Concrete crashing:
top side
Concrete crashing:

bottom side Confining

Figure 11. Side view of the recorded damage to the middle section of the tested RC model D6
(old photograph)

3) Effects of axial load. The shape of the hysteretic response
of the columns reinforced with steel or GFRP bars was strongly
affected by the axial load level. For columns reinforced with
steel bars, the maximum restoring forces obtained under
simulated axial load levels N1 and N2 were 65.0 kN and 80.0 kN,
respectively, and the resulting difference of 23.1 % is significant.
The shapes of the HC contours also differ (Figures 5 and 6).
For columns reinforced with GFRP bars, the restoring forces
recorded under simulated axial loads N1 and N2 were 40.0 kN
and 55.0 kN, respectively, and the obtained difference of 37.5 %
is also significant. The HC contour shapes were also significantly
affected (Figures 9 and 10).

EXPERIMENTAL AND PREDICTED MAX SHEAR FORCE OF RC-MODELS:
SEISMIC RESPONSE TESTS WITH SIMULATED N =88 kN

65

90 00 7% 00%

62,5

Shear force F [kN]
Ul
o

m max F: Experiment (avarage)

m max F: Predicted

D1:N =880 kN D6: N =880 kN D7:N =880 kN

Figure 12. Maximum shear forces from three HYLSER-1 seismic tests
of RC models compared with analytical predictions, with

simulated axial load N1 = 88.0 kN

EXPERIMENTAL AND PREDICTED MAX SHEAR FORCE OF RC-MODELS:
SEISMIC RESPONSE TESTS WITH SIMULATED N = 265 kN

100 -4, %] |+6A/| [-1.2%] 11,47 [-29%]

86 gr5 835825 825
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70
60
50
40
30
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:
m max F: Predicted
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D2:N=2650kN D3:N=2650kN D8N=2650kN D15:N=2650kN D16:N=2650kN

85 gy

Shear force F [kN]

Figure 13. Maximum shear forces from five HYLSER-1 seismic tests
of RC models compared with analytical predictions, with
simulated axial load N2 = 265.0 kN
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4) Stiffness and deformability. The difference in the stiffness
characteristics of the columns reinforced with steel and GFRP
bars was significant. For columns reinforced with steel bars,
the recorded stiffness was much larger than that of columns
reinforced with GFRP bars (Figures 5, 6, 9, and 10), and the
results indicated that columns reinforced with GFRP bars were
exposed to larger deformations.

7. Conclusions

Based on the results from the extensive experimental seismic
tests and advanced analytical study reported herein, the
following conclusions are drawn, relevant to the successful
seismic design of columns reinforced with either ordinary
steel bars or novel GFRP bars:

- The relatively small variations in concrete strength
(approximately 8 %—12 %) observed in this study had a
minimal impact on the hysteretic response of the tested RC
column models.

- Forcolumns tested underalower axial force (N 1), the effect of
different levels of confinement on their hysteretic response
was negligible. However, under a larger simulated axial force
(N2), significant damage or collapse of the RC columns was
recorded, particularly under earthquakes of higher intensity.

- For columns reinforced with either steel or GFRP, varying
levels of axial force had a substantial impact. Under lower
simulated axial forces, the hysteretic behaviour remained
stable and generally exhibited pronounced ductility. However,
under higher simulated axial forces, the hysteretic behaviour
showed reduced ductility, rapidly decreasing restoring force,
significant damage, and eventual failure, especially under
higher earthquake intensities.
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