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Experimental and Analytical Behavior of Short Concrete Columns

Reinforced with GFRP Barsunder Eccentric Loading

K oosha Khorramian! and Pedram Sadeghian?

ABSTRACT: This paper presents experimental and analytical studies on short concrete columns
reinforced with glass fiber-reinforced polymer (GFRP) towards characterizing compressive
behavior GFRP bars. The experimental program consisted of fourteen 500 mm-long specimens
with a square cross-section (150x150 mm) including nine GFRP reinforced (6#5) and five plain
concrete specimens. The specimens were tested under concentric and eccentric compressive load
up to failure. Three eccentricity to width ratios of 0.1, 0.2, and 0.3 were considered, where the
eccentricities applied symmetrically at both ends of ssmply supported columns. The experimental
program showed no crushing of GFRP bars at peak oad and the corresponding strain did not reach
50% of their crushing capacity obtained from material test. In addition, an analytical model was
developed and verified against the experimental test data. The model considered both material
nonlinearity and geometrical nonlinearity. Using the model, a parametric study was performed on
the effect of eccentricity, reinforcement ratio, and concrete strength, which confirmed the
capability of GFRP bars to sustain high strains without reaching the compressive strain capacity
of the bars. The study showed that GFRP bars can be considered as load bearing longitudinal
reinforcement of concrete columns and ignoring their effect is not necessary.
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1. INTRODUCTION

Fiber-reinforced polymer (FRP) composite bars have been used in construction industry as an
aternative to steel reinforcing bars (rebars) in concrete structures where high corrosion resistance
is needed [1]. Moreover, glass FRP (GFRP) have a unique electromagnetic transparency which
makes them suitable for applications where el ectromagnetic fields are recognized as critical design
criterion [2]. There have been many investigations on the behavior of GFRP barsin concrete beams
[3, 4, 5], dabs|[6, 7, 8], bridge decks [9, 10], and walls[11, 12]. Asaresult, the use of GFRP bars
have become widespread in structural applications where bending capacity is needed. However,
the application of GFRP barsin concrete columns has been limited, although multiple researchers
performed different studies on GFRP barsin columns[13, 14, 15, 16, 17, 18, 19].

It is commonly believed that GFRP bars are not as effective as steel barsin load bearing
capacity of concrete columns. For example, the ACI 440.1 [20] design guide for GFRP bars
neglects the contribution of the GFRP bars in compression and allows the replacement of them
with concrete in calculations. Another example is CAN/CSA S806 [21], Canadian standard for
design and construction of building structures with GFRP, which allows the use of GFRP barsin
concentrically loaded columns only if the designer neglects their contribution in strength.
Furthermore, fib Bulletin 40 [22] mentioned that since the contribution of the compressive GFRP
rebars to the load carrying capacity of concrete column is less than the steel rebars, ther
contribution is ignored.

Choo et a. [23] performed an analytical study on FRP reinforced concrete columns and
mentioned that ignoring FRP rebars in the compression zone may be conservative, however, they
have not checked the compressive strain of FRPs in compression to see whether compressive

failure of FRPsoccur or not. Also, De Lucaet al. [2] tested large-scal e concrete columns reinforced
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with GFRP bars under concentric compression and concluded that GFRP bars are more susceptible
to instability since their compressive strength and stiffness in compression are less than in tension.
On the other hand, Tobi et a. [24] showed the compressive strength of GFRP bars at peak load of
concrete columns is 35% of their capacity in tension. They also reported that the contribution of
GFRP bars were 10% of column capacity, which is close to steel bars’ contribution (12%) which
proves that GFRP bars could be used in columns where adequate confinement is provided. Hales
et a. [16] conducted an experimental evaluation of slender high strength concrete columns
reinforced with GFRP bars and found that GFRP spirals and longitudinal bars are aviable system
of reinforcement for short and slender columns. Mohamed et al. [25] studied the performance of
concrete columns reinforced with longitudinal FRP bars and determined that carbon FRP (CFRP)
and GFRP bars experienced the compressive strain of 0.004 and 0.007 mm/mm which confirm
that the compressive FRP bars are effective in load-carrying capacity of columns. Also,
Khorramian and Sadeghian [26] and Fillmore and Sadeghian [27] experienced similar results in
experimental investigation of concrete columns and observed that GFRP bars can sustain a
significant level of compressive strainsin columns.

As shown, the literature indicates that there are unknowns and controversial opinions
regarding the behavior of GFRP bars in concrete columns. There are doubts about modulus and
strength of GFRP bars in compression and the possibility of their premature crushing and/or
buckling in concrete columns. Lack of standard method for testing GFRP bars in compression has
also caused a gap of data regarding the corresponding mechanical properties. Thus, more research
is needed to evaluate if there is a safety issue regarding compressive behavior of GFRP bars in
concrete. Moreover, as considering an accidental |oad eccentricity is mandatory in column design,

the compressive behavior of GFRP bars in concrete columns under combined axial load and
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bending moment needs to be investigated more in-depth to address their effectiveness for more
realistic cases.

Since the contribution of FRP bars as longitudinal reinforcements of concrete columns has
not been recognized by current design guidelines and their effects have been neglected, the
industry and design engineers are skeptical of using FRP barsin compression, even ignoring their
contribution. In addition, there is no standard test method for testing FRP bars in compression to
establish a reliable data platform clarifying all unknown regarding compressive behavior of FRP
bars. Manufacturers are aso suffering from lack of a standard test method for evaluating the
compressive behavior of their FRP products. Therefore, the motivation of this paper was to
investigate the characteristics of FRP bars in compression where surrounded by concrete as well
as proposing a simple coupon test method for testing FRP bars in compression. The results will
help researchers, engineers, and manufacturers to understand better the behavior of FRP bars in
compression.

This study focuses on the compressive behavior of GFRP bars in concrete columns under
eccentric loading using both experimental and analytical methods for a selected square cross-
section and GFRP rebar type which are explained in the following sections. In the experimental
part, fourteen medium-scale GFRP reinforced concrete columns were tested under eccentric and
concentric loads. In the analytical part, amodel was developed and verified to mimic the behavior
of the test columns and to perform a parametric study providing more information about the

compressive behavior of GFRP reinforced concrete columns.
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2. EXPERIMENTAL PROGRAM

The experimental program consisted of testing of GFRP reinforced concrete columns as well as
plain ones under concentric and eccentric loads. The major test parameter was load eccentricity.
This section starts with details of test matrix and materia properties, followed by explanation of

fabrication and test set up, and concluded by results and discussion.

2.1. Test Matrix

A total of fourteen 500 mm long concrete columns with a square cross section (150x150 mm) were
prepared and tested under concentric and eccentric compressive loadings. Nine of these specimens
were reinforced with six GFRP bars #5 (16 mm diameter). Four specimens consisting two plain
concrete and two specimens reinforced with GFRP bars were tested under concentric axia load
and other specimens were tested under eccentric loads at 15, 30, and 45 mm, i.e. 10, 20, and 30
percent of width of the cross-section, respectively. Thetest matrix isprovided in Table 1. To name
the specimens, a label like “A-ex-y” was used where A, x, and y indicate the column type (P or
R), the eccentricity (€0, €10, €20, or €30), and the specimen number (1, 2, or 3), respectively. The
column type is identified by “P” for plain (i.e. no reinforcement), or “R” for GFRP reinforced
concrete columns. For example, “R-e10-1” means that it is the first specimen reinforced with

GFRP rebar and tested under 10 percent eccentricity.

2.2. Material Properties

A ready-mix concrete with maximum aggregate size of 12.5 mm was used for making the concrete
specimens. The concrete strength at the time of testing was 37.0+0.8 MPaby testing three concrete
cylinders (100200 mm). To reinforce the concrete specimens, six #5 sand coated GFRP bars with
a diameter of 16 mm and nominal cross-sectional area of 197.9 mm? were used. To determine

tensile characteristics of rebars, five tensile specimens were prepared and tested per ASTM
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D7205M [28]. The mean and standard deviation of the tensile strength, tensile modulus, and
ultimate tensile strain of rebars were evaluated as 629+30 M Pa, 38.7+1.5 GPa, and 0.0162+0.0011
mm/mm, respectively. Figure 1(a) shows the stress-strain curves.

The compression properties of rebars were also examined by applying pure compression
load on five short rebar specimens with a free length twice the diameter of rebars as shown in
Figure 1(b). In order to eliminate the stress concentration and premature failure at the ends of rebar
specimens, two steel caps including a steel hollow cylindrical section with inner diameter of 32
mm and depth of 12.7 mm were used. The caps were filled with a high strength epoxy-based grout
to fix the rebar specimens. For the compression test, a spherical platen was used at the bottom of
the specimens to align them with the axis of loading minimizing accidental eccentricities. Mode
of failure of rebarsin compression test was crushing and no buckling observed during thetest. The
compression strength, compression modulus, and crushing strain of bars at peak were evaluated as
783174 MPa, 41.2+1.2 GPa, and 0.0190+£0.0017 mm/mm, respectively. It should be highlighted
that thereisno ASTM standard for the compression test.

Figure 1(a) also shows the stress-strain curve obtained from the compression and tension
tests. Two strain gauges used at the center of the compression rebar specimens which were
mal functioned/broken before reaching the ultimate load. Therefore, in order to compl ete the stress-
strain curves for compression specimens, the values of stroke divided by a proper gauge length,
which gives the tangent slope of the point at which strain gauge broke, were used as shown in
Figure 1. The average of compression strains at which the strain gauges were broken was 0.0133
mm/mm called “proportional limit” for compression strains, before which the stress-strain curves

arelinear. The average proportional limitis 70% of the average crushing strain of 0.0190 mm/mm.
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Moreover, the corresponding stress to the proportional limit was 534 MPa which was 68% of the
average crushing stress (783 MPa).

It was observed that the modulus of elasticity of GFRP rebar tested in compression and
tension are close to each other. Thus, the assumption of having the same modulus of elasticity in
tension and compression is rational and it can be used to model the behavior of GFRP bars. The
other observation is the comparatively higher crushing strength of GFRP in compression than its
rupture strength in tension. Thus, ignoring compressive strength of GFRP bars and considering
their strength and modul us like concrete in compression per ACI 440.1R [20] is too conservétive.
Since there is no standard method for testing FRP bars in compression, different values for the
compressive strength have been reported. De Lucaet al. [2] reported reductionsin the compressive
strength and elastic modulus of GFRP bars by up to 45 and 20% with respect to the values in
tension, respectively. On the other hand Khan et al. [29] tested FRP bars both in compression and
tension and the results showed considerably higher modulus and strength of tensile tests in
comparison to compression testswhile Mallick [1] referred to the typical mechanical properties of
different laminas which shows lower, equal, or higher compressive strength than tensile ones
depend on their type. Overall, the performance of GFRP bars in concrete could be different than
coupon test. That is another reason for designing the experimental program.

2.3. Fabrication

Fresh concrete was casted in wooden molds which was prepared to hold the bars, and the
movement of rebar was restricted by two wooden plates with holes, as shown in Figure 2(a), that
were attached to the end of the mold as presented in Figure 2(b). The cover of GFRP rebar was
selected as 25.4 mm in each direction which is consistent with available specifications for FRP

rebar [20]. The center to center distance between two bars was 41.6 mm, and the distance from the
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edge of concrete to the center of rebar was 33.4 mm. There were two rows of rebar that each of
them consisted of three rebar asis shown in Figure 2(a). The specimens were casted in one batch
as shown in Figure 2(c), and were cured at room temperature by covering with plastic sheets to
prevent losing the moisture as presented in Figure 2(d). In this experimental program, no tie was
applied to the column specimens because of the scale of tests. Since the shear loads are very small
because of the size of specimens and symmetric load eccentricities, and the confinement effect
was hot target of this study, the only possible function of ties could be providing GFRP bars with
less unbraced length and prevent premature buckling before the specimens reach their ultimate
capacity. In fact, the specimens were designed to allow any possible buckling of GFRP bars
especialy after the peak load to observe the post peak behavior of the specimens. Since the load
concentration at bottom and top of the specimens, where the load applied, was expected to cause
a premature failure, both ends of concrete columns were strengthened with two layers of 50 mm
wide unidirectional basalt fabric and epoxy resin. The surface of concrete was grinded at the
location of basalt wraps before applying epoxy resin to provide roughness, and wet basalt fabrics
stretched on the surface of concrete using hand to be fit to the edges and corners of specimens for
end wrappings. The corners were not rounded. Then, the top and bottom surfaces were flattened
using a grinder to provide a smooth surface at top and bottom of each specimen.

2.4. Test Set Up

In this study, the boundary condition was pin-pin, which alows rotation at end of column, and
load applied with the same eccentricity at both ends of column. Thus, two symmetric steel caps
were used at the end of columnsto satisfy the boundary condition and loading condition, as shown
in Figure 3. The steel cap consists of a notched, 30 mm thick steel plate welded on arigid steel

plate (250x250x10 mm). A steel cylinder with the same length of notch, lubricated with grease
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was put in contact with steel cap through notch which permits the rotation of the specimen during
testing. In addition, the location of steel caps on steel plate was adjusted based on different
eccentricity demands using weld. Moreover, four adjustable angle profiles were attached to the
steel cap to restrict the column’s sway and cause consistent end rotation of steel cap and specimen.
To makethe steel cap moreintegrated with the testing specimens, two plastic bags were filled with
fresh quick set cement based grout and placed between the interface of steel caps, including the
interior surface of adjustable angles and the top stedl plate, and the end of concrete specimens,
both at top and bottom of column.

To analyze the behavior of the specimens, the horizontal and vertical displacement of
column aswell asthe strains at outer surface of bars were measured using adataacquisition system
reading the data from strain gauges and linear variable differential transformers (LVDTS) at 0.1
sec. time steps, as shown in Figure 3. Vertical LVDTs (i.e. LVDT 1 and 2), with agauge length of
100 mm, were applied to secure enough datain case of malfunctioned strain gauges. Furthermore,
two horizontal LVDTs (i.e. LVDT 3 and 4) were aligned with the center of concrete columns to
measure the deflection of the mid-height of columns. The tests were performed by a 2 MN

universal testing machine using a displacement control approach with arate of 0.625 mm/min.

3. RESULTSAND DISCUSSION

A summary of the test results is shown in Table 2, in terms of the peak load (Py), the strain of
extreme compressive rebar at Py and its ratio to proportiona strain (i.e. 0.0133 mm/mm) and
crushing strain (i.e. 0.0190 mm/mm) of GFRP coupons in compression. The table also shows the

strain of extreme compressive rebar at 0.85P, (post peak) and its ratio to proportional strain and
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crushing strain plus failure modes. In this section, the failure modes of test specimens and the

effect of eccentricity on the load- displacement and the strain of GFRP bars are discussed.

3.1. FailureMode

In this study, three modes of failure were detected including concrete crushing in compression
(CC), concrete spalling in compression (CS), and concrete destruction (CD) as presented in Table
2. However, no buckling or crushing of GFRP bars were observed before the peak |oad. After peak
load, some bars were locally buckled when the compressive concrete crushed and is not
contributed to load bearing system. However, no crushing of GFRP bars were observed even after
gpalling of concrete and buckling of bars. The concrete crushing (CC) is defined as the state at
which the strain at the extreme layer of compressive concrete reaches the strain of 0.003 mm/mm
asis considered as the ultimate strain of concrete in compression by ACI 318 [30]. Most of time,
crushing of concrete followed by the separation of concrete segments from the column which is
defined as concrete spalling (CS). For nearly all eccentrically loaded specimens, the crushing and
gpalling of compressive concrete happened without crushing or buckling of bars as shown in
Figure 4. For 10 percent eccentricity ratio, the plain concrete specimens (P-e10 group) immediately
destructed after the spalling and split in half, which is caled concrete destruction (CD) in this
paper. Overal, for GFRP reinforced specimens, no crushing of GFRP bars were observed after
significant lateral deformations and tests were terminated for safety reason.

3.2. Effect of GFRP Barson Load and Displacement Behavior

Table 2 shows the average peak load of each group of specimens. It shows that the average load
capacity of plain specimens under pure axial load was 719.2 kN and it increased to 774.9 kN for
GFRP reinforced specimens (i.e. 7.74% increase). At the eccentricity ratio of 0.1, theload capacity

of plain specimenswas 596.3 kN and it increased to 692.8 kN for GFRP reinforced specimens (i.e.
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16% increase). This indicates that GFRP bars contributed to the load bearing capacity of the
specimens. Figure 5(a) shows the axia load vs. latera displacement of the GFRP reinforced
specimens under 0.1, 0.2, and 0.3 eccentricities. The curves of two identical specimens for each
eccentricity are presented. It is observed that as the eccentricity increases, the peak load decreases
and the lateral displacement at peak load increases. Overall, the post peak behavior of the GFRP
reinforced specimens shows a gradual descending branch without sudden drops which is
compatible with the test observations indicated no crushing of GFRP bars.

3.3. Effect of Eccentricity on Strain of GFRP Rebars

Figure 5(b) showsthe axial load vs. strain of GFRP bars under 0.1, 0.2, and 0.3 eccentricity ratios.
The figure indicates, as the eccentricity ratio increased, the strain of GFRP bars at peak load
increased. It also shows that GFRP bars sustained considerable level of strain at the compression
side and the level of strainsin GFRP bars were much less than their crushing strain obtained in
coupon test, which means GFRP bars were stressed much less than their capacities in tension and
compression. This is due to low modulus of GFRP bars. It should be noted that for one of
specimensin group R-e20 shown in Figure 5(b), the strain in compressive rebar was not continued
to the peak load while the strain in tensile side was continued to the peak 1oad, which could be due
malfunction of the strain gauge in the compression side. In addition, it is observed that for
specimens tested under eccentricity to width ratio, both strain gauges attached to GFRP bars
experience compressive strain up to failure due to the comparatively low eccentricity. However,
after the peak load the tests continued since the displacement control approach used for these
experiments and as a result as the stroke displacement increases, the strain at compressive side
increases and to satisfy the equilibrium of the section, the depth of neutral axis and compressive

area contracted which leads to recording tensile strains after peak load on the tensile side. Table
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2 shows that when the eccentricity ratio increased from 0 to 0.3, the strain of GFRP bars at peak
load increased from 0.00275 to 0.00361 mm/mm. The ratio of recorded strains to proportional
[imit (i.e. 0.0133 mm/mm) and crushing strain (i.e. 0.0190 mm/mm) from coupon tests were
calculated and presented in table 2. As shown, at peak |oad, the average ratios to proportional limit
and crushing strainwere 0.23 and 0.16, respectively. It means GFRP bars at peak |oad of specimens
had a significant distance to their ultimate strain.

In order to have a better idea about post peak behavior of the specimens, an ultimate
condition was defined for the specimen at which the axial load was dropped 15 percent according
to astudy on combined axia and flexural loads performed by Hognestad [31]. The importance of
studying the post peak behavior reveals once the failure of GFRP bars did not observed at the peak
load. Therefore, expectation of failure phenomenon such as crushing and buckling tracked up to a
certain load after crushing which is 85% after peak load, (0.85P,) in this study. Table 2 provides
the average ratios of GFRP bar strains at 0.85 of peak load to the proportional limit and crushing
strain of the GFRP bars. Theresultsreveal that, in average, the strain of GFRP barsin compression
at 0.85 of peak load were 0.0048 mm/mm, about 0.36 and 0.25 of proportional limit and crushing
strain of GFRP rebar, respectively. It means compressive GFRP bars did not reach their capacity
in crushing. It is noted that no buckling at peak |oad were observed which leads to the conclusion
that GFRP bars arereliablereinforcing barsin load carrying system at peak |oad. In addition, even
after 15% drop of peak load, the average strain of compressive GFRP bars were just quarter of
their crushing strain. It should be highlighted that the values of strain at 0.85 of peak load would
be even less than 0.0048 mm/mm if lateral ties limited their susceptibility to local buckling. This
also indicates that GFRP rebars should be considered different than steel rebars in design of

concrete columns. The contribution of GFRP rebars is a function of their modulus and level of
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strain at the ultimate condition, rather than tensile/compressive strength of bar materias. In the
next section, an analytical model is presented to consider the effect parameters such as

reinforcement ratio and concrete strength which were not considered in the experimental program.

4. ANALYTICAL STUDIES

This section presents an analytical study to model the behavior of FRP reinforced concrete
columns under eccentric loading. The model generates load-strain, moment-curvature, and |oad-
displacement curves considering both material and geometrical nonlinearities using an iterative

cross-sectional analysisin MATLAB software.

4.1. Model Description

The analytical model consists of a combination of cross-sectional analysis and second-order
analysis which depends on column cross-section, rebar layout, material properties, length, load
eccentricity, and boundary condition. The cross-section of a rectangular column consisting of n
layers of GFRP rebar is presented in Figure 6(a). The cross-sectional area, the distance from the
furthest compressive fiber, and the location of each rebar layer from the neutral axis are presented
by “A”, “d”, and “y” in the figure, respectively. Moreover, the depth of neutral axis is shown by
“C” and the plastic centroid is presented by “Cp”. The sign convention is positive for compression
zone and negative in tension zone. It is assumed that the perfect bond exists between the concrete
and GFRP bars so that the stains profile is considered as a linear, continuous function through the
section for both compressive and tensile sides as shown in Figure 6(b). In order to find lateral
displacement of column, a moment-curvature relationship at each particular load is needed which
isderived by assuming the strain at the furthest compressive fiber in the section, &, , and the depth

of neutral axis, C, as shown in Figure 6, discretizing the section to concrete fibers, finding strains,
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stresses, and controlling the satisfaction of equilibrium, which is explained in the following. The

strain at the location of each rebar layer or at the center of every concrete fiber is calculated by:

f= (ECT) Vi (1)
where ¢; is strain of concrete or GFRP bar, and y; is the location of GFRP layer, or concrete fiber
as shown in Figure 6(a). Once the strains are determined, a proper stress-strain relationship for
concrete and GFRP bars gives the stresses at each rebar layer or concrete fiber. This model
considers the stress-strain relationship of concrete in compression proposed by Popovics [32] as

follows:

foGor

ff=——-—-¢
o1+ &y @
£ C
where ¢, is the strain of compressive concrete, and f; is the corresponding stress of concrete, f',

is the concrete compressive strength, and E,is the compressive modulus of elasticity of concrete.

E,
E.—Es

In Equation 2, other parametersare considered as &’ = 1.7% yE. =4700yf ., 7 = , and

By = % , Where the values of concrete strength and modulus of elasticity of concrete arein MPa.

Since the purpose of this model is to determine the behavior of concrete columns around the peak
load, the tensile strength of concrete and tension stiffening effect are neglected to simplify the
model. The stress-strain relationship of GFRP bars were considered as alinear, elastic curve up to
the crushing in compression or rupture in tension with the same modulus of elasticity for both
tension and compression sides as follows:

fr = Erg (3)
where f; is the stress of GFRP bar, Ef is the modulus of elagticity of bars, and & the strain

corresponding to the stress. Although the modulus of elasticity assumed the same, the strength in

Page 14 of 47



310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

tension and compression are different. For each GFRP bar layer, the stress is evauated using
Equation 2, and the internal force corresponding to each GFRP layer is derived by multiplication
of the cross-sectiona area of al bars in that layer and the stress at the center of the layer. The
concrete section is discretized to anumber of fibers whose stressis evaluated at the center of each
layer using Equation 1 and Equation 2. Then, the internal force of concrete derived by summation
of forces in al fibers, which are obtained by multiplying the area of each fiber and its
corresponding stress and considering the effects of bars in compression part, as follows:
= Y St hund— Y 2t fu)y
a ygz0 a ysz0 (4)

where F_ isthe concrete internal force, f., and f,, . are concrete stresses at top and bottom of each
concrete fiber, b is the width of section, &, isthe height of each concrete fiber, ¥, isthe location
of center of each concrete fiber from neutral axis, y, is the location of compressive GFRP layer
from neutral axis, and Ay isthe cross-sectiona area of each GFRP layer. The number of layersin
compressive zone was changed by changing the neutral axis location. In this study, the
compressive zone always was divided into layers with 0.25 mm height. Afterwards, the sum of al

internal loads gives the total internal force, Pn, which is calculated as follows:

Pz E+ ) I (5)
where Pnisthe sum of al internal forces, Fc istheinternal force of concrete, and Fyi is the internal
force of i!" layer of GFRP rebar. If the sum of internal forces is equal to the applied load, the
equilibrium is satisfied, otherwise, the whole process must be repeated by changing the depth of
neutral axis until the satisfaction of equilibrium.

Oncetheequilibrium of forcesis satisfied, the sum of al internal moments about the neutral

axis is calculated for concrete and GFRP layers. For each GFRP layer the internal moment is
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calculated as the internal force times the corresponding distance from neutral axis while the
internal moment of concrete fibers from neutral axisis calculated by:
1, , _ 1, ,
M, = Z 5 (for+ forn )16, 30, — Z S (fe+ Fen) 47 7, ©
a ygz0 a ys=0
where, M, isthe concrete internal moment and other parameters are the same as Equation 4. Since
the moment of internal forces is calculated about the neutral axis while the load eccentricity is
measured from the center of plastic, the eccentricity is derived using Equation 7. The
corresponding bending moment, M, for a determined curvature, which is defined as the furthest

compressive concrete fiber divided by the depth of neutral axis, isthen derived by Equation 8.

o :Mc‘l'ZFsys

, e=e" —cH+c
B, . (7)

Mn = Fne ®

In the equations, My, is the total internal moment, P, is the total internal force, e is the
eccentricity of internal force from the center of plastic, e* isthe load eccentricity from the neutral
axis, C is the depth of neutral axis, Cp is the depth of center of plastic, as shown in Figure 6(c),
and other parameters are defined earlier. The mentioned processiis repeated for a certain load and
different values of furthest compressive concrete strain to find different curvatures and
corresponding moments which leads to building the moment-curvature diagram of a given load.

In this study, theloading path is derived by assuming the curvature and, in turn, the deflected shape

of the column as a sine function as follows:

T
— + @

Q)(x) = (Q)'m - QO)S' I

(9)

where @(x) isthe curvature function of the column at the distance x from the bottom of the clumn,

@,, and @, are the curvatures at the middle and the bottom of the column, respectively, and L is
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the length of the column. White and Macgregor [33] implemented a sine shape function for the
deflected shape of dlender steel-reinforced concrete columns and derivation of moment
magnification factor. In addition, the assumption of deflected shape as a sine function was adopted
from Broms and Viest [34], LIoyd and Regan [35], Claeson and Gylltoft [36] for steel reinforced
concrete columns which was later verified by Sadeghian et a. [37] for FRP-wrapped concrete
columns. Recently, the sine function was implemented for externally bonded concrete columns
with longitudinal FRP laminates [38]. Although Mirmiran et al. [39] used a half cosine function
as the deflected shape of GFRP reinforced concrete columns, their model used only to predict the
capacity of columns. The model presented in the current study predicts the load displacement, the
loading path, strain of concrete and FRP rebars up to the peak load (ascending branch), and after
peak load (descending branch) behavior of GFRP reinforced concrete columns, which includes
post-buckling behavior of slender columns and the behavior of the columns after concrete crushing
for short columns,

By applying the moment-area theorem and having the curvature function, the maximum
deflection, om, is derived in the form of Equation 10. By integration, Equation 10 is rewritten as

Equation 11.

L/2 L/2

L/2 T
6’.’“ = w(x)d = (®;rn - ¢ )j S _d + ¢ d
o L ° (10)

0 4]

2 2 12
Om = 52 O+ Oc (5‘?) )

At acertain load, by building the moment-curvature and assuming the deflected shape of
the column as a sine shape, an iterative processis used to find the deflection of column at its mid-
height which isillustrated in Figure 7. In this process, three nodes are considered, one at the mid-

height of column and two at the ends of column. An initial value of deflection at mid-height of
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column is assumed and based on that value and the initial eccentricity, the total load eccentricity
and in turn, the corresponding moments are computed. Afterward, by using the moment-curvature
diagram of that specific load, and reading the points corresponding to the initial and mid-height
eccentricities, the values of curvature at the end of column, @, and at the middle of column, @,,,,
are determined. It is worth mentioning that for each step, by changing the axia load, the
corresponding moment-curvature diagram was recal culated according to the mentioned process.
By substituting these valuesinto Equation 11, the deflection of mid-height of column is computed.
If the latter and the assumed deflection are the same, the answer is valid, otherwise, other values
for deflection should be tried until a valid answer is found as shown in Figure 7. This process
begins with an initial deflection at mid-height of column, followed by an increased increment in
this deflection, which defines as the displacement step. The difference between the initia
deflection and the deflection calculated based on the sine function assumption, which is defined
as the control value, is tracked as the initial deflection increases. There is a certain deflection at
which the sign of the control value changes, which meansin the current step the answer is passed.
Therefore, the process of finding a valid answer is started with a smaller displacement step
repeatedly until the control value is less than 10°%° or approaches zero. In the latter case, if the
control value decreased by changing the deflection at mid height of the column, the convergence
would happen and a valid answer exists, otherwise, the code cannot find a valid answer. The
explained process is the second-order analysis of the column which considers the effect of initial
eccentricity and the deflection caused by axia force in finding the final deflected shape of the
column. The latter is applied by considering P(e+d) as the bending moment used to find the

curvatures for the iterative process, asillustrated in Figure 7.
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The applied load increases in some steps, and after finding a satisfaction of convergence
achieved, the values of deflection at mid-height of column, strain of GFRP rebar in compression
and tension, the bending moment, and curvature are captured for each load step. This process
continues up to the point that the deflections are huge enough to demand moments higher than
peak moment in the moment curvature diagram. After this point, instead of increasing the load,
the load will be decreased in each load step to build the descending branch using the same
procedure. The critical control in this processis the record of curvature in each step; which means
the curvature is not allowed to be less than the curvature in the past step. This condition helps to
find the proper answer when there are two possible answers for a certain bending moment demand

in moment curvature diagram for the descending branch asillustrated in Figure 7.

4.2. Verification

Using the experimental results which was presented in Section 3 of this paper, the proposed
analytical model was verified. The analysis performed for three different GFRP reinforced
concrete columns. The column used for verification is explained in the experimental section,
however, the modulus of elasticity of GFRP bars were considered equal to 38.74 GPa for both
tension and compressive bars. For the calculation of axia load-bending moment interaction
diagram, the same process as finding the moment-curvature applied using Equation 1 through
Equation 8, however, the strain at the furthest compressive fiber in concrete was taken 0.003
mm/mm as the point of crushing of concrete per ACI 318 [30]. Three eccentricity to width ratios
of 0.1, 0.2, and 0.3 were used to analysis, and the results are shown in Figure 8. There were two
sets of experimental data for each case which is reduced to one in Figure 8 by taking average of

them.
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In Figure 8(a), the strain of GFRP bars from strain gauges at the mid height of column in
both tension and compression side are shown. The results show a good agreement between the
strains predicted by the proposed model the average experimental strains. Figure 8(b) shows the
moment- curvature of the column at mid-height derived from the model which is in a good
agreement with average experimental values calculated using the values of strain gauges. In Fig
8(c), the load versus the displacement of the column at its mid-height is shown, where the model
predicts the slope and the peak load of the experimental curves very well, and predicts the
descending branch up to the point that is numerically achievable. The loading path calculated by
model, as shown in Figure 8(d), are exactly the same as the ones calculated from average
experimental data.

The values of peak loads as well as the values of displacement, compressive and tensile
strains, moment, and curvature at the peak load derived by analytical model aswell asthe average
of test data are presented in Table 3. It is noticed that these average values are different from
average curves presented in Figure 8, since only the average of mentioned parameters were shown
in Table 3. This means, if the peak loads of two specimens with the same eccentricity happens at
different displacements, they are not summed in Figure 5 while the summation is presented in
Table 3. Table 3 shows that model can predict the peak load and its corresponding bending
moment with roughly 7% error. It is seen that as |oad eccentricity increases, the prediction of the
values of compressive strain of GFRP bars and deflection at the mid-height of the column
specimens areless accurate. Moreover, another verification considered in which load displacement
behavior and rebar strains of a circular column with a diameter of 305 mm and a length of 1500
mm (slenderness ratio of 20) reinforced with eight #5 GFRP rebars of 16 mm diameter in a study

performed experimentally by Hadhood et al. [14] is verified versus the model as shown in Figure
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9. The cross-sectional area of each rebar was 199 mm? and the cover was 25 mm. The modulus of
elasticity and strength of GFRP were 54.9 GPa and 1289 MPa, respectively, while the concrete
strength was 35 M Pa. Four pin-pin columns called C2-P2, C3-P2, C4-P2, and C5-P2 with the load
eccentricity of 25,50,100,200 mm, respectively, were verified against the analytical-numerical
model. Overal, the results show a good agreement between the results of the proposed model and
experimental data. In the next section, using the verified model, a parametric study on important
parameters is presented.

4.3. Parametric Studies

In this section, the analytical model developed in this study used to perform a parametric study.
As one of goals of this study was to find out the effectiveness of GFRP bars in compression, the
first subsection is assigned to compressive GFRP bars. In addition, parameters such as the
reinforcement ratio, and concrete strength are considered in the following sections.

4.3.1. Effect of ignoring compressive bars

In this subsection, the analytical model was used to investigate the effects of ignoring compressive
GFRP bars in the behavior of short concrete columns as suggested by major design guides/codes.
The parametric study considered the cross-section and material properties introduced in
verification section, but using different eccentricities. As it is presented in Figure 10, there is no
significant difference in the load deflection behavior and loading path between considering GFRP
bars in compression or neglecting them. However, the interaction diagram shows higher axial
capacities using the compressive layer of GFRP bars. Table 4 provides the results of the analysis,
including the axial and the corresponding bending moment capacities of columns determined by
the analytical model, once with considering GFRP bars in compression, and once by neglecting

them. For all cases, the axial and bending moment capacities at peak |oad are higher when GFRP
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rebar is considered in the calculation which proves the effectiveness of compressive GFRP bars.
In addition, the axial and bending moment capacities of the columns at strain of 0.003 mm/mm,
which is used for design purpose suggested by ACI [30], approaches to the same values when
compression rebar exists or not as the load eccentricity reaches higher values. As presented in
Table 4. This means that the calculation of column capacity is not different by considering
compressive GFRP bars in higher eccentricities.

4.3.2. Effect of reinforcement ratio

To investigate the effect of reinforcement ratio in the compressive strain of GFRP bars, a
parametric study consisting of eight reinforcement ratios of 1.27, 1.90, 2.25, 3.38, 3.52, 5.07, 5.28,
and 7.60% (4#3, 643, 4#4, 6#4, 445, 446, 645, and 64#6) were considered. In addition, the columns
in three eccentricity to width ratios of 0.1, 0.2, and 0.3 were examined, and al other parameters
were the same as the ones used for the model verification. The corresponding compressive strain
at peak load are presented in Figure 11. The results show that as the reinforcement ratio increases,
the strain in compressive rebar increases for al eccentricities, however, their values at peak load
does not reach even half of the proportional limit which wasintroduced in Section 2.2 of this study.
The results confirm the compressive strains sustained by the GFRP bars cannot lead to crushing
of barsin compression.

4.3.3. Effect of concrete strength

In this subsection, a parametric study was performed to reveal the effect of concrete strength on
the behavior of compressive GFRP bars. Thirteen concrete strength of 20, 25, 30, 35, 40, 45, 50,
55, 60, 65, 70, 75, and 80 MPa were examined with three eccentricity to width ratios of 0.1, 0.2,
and 0.3 while al other parameters were kept unchanged and the same as verification section. The

results including the compressive strain at peak load, and where available, the ones at 85 percent
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drop after peak load are presented in Figure 12. The results show that by increasing the concrete
strength the compressive strain of GFRP increases in al eccentricities. Again, the results at peak
load and 0.85 of peak load show that the compressive strains do not reach their critical value, and
in turn, do not cause catastrophic damage in GFRP bars.

4.3.4. Effect of modulus of elasticity of GFRP bars

The effect of modulus of elasticity of GFRP bars on the behavior of compressive GFRP bars were
also evauated using eleven different values ranging from 30 to 80 GPa by anayzing the same
model used in verification part and with three eccentricity to width ratios of 0.1, 0.2, and 0.3. The
strain of GFRP bars in compression at peak load and 0.85 of peak load, which isrecorded at mid-
height of specimens, for various modulus of elasticities of GFRP bars and diverse load
eccentricities are presented in Figure 13. For all eccentricity to width ratios, as modulus of
elasticity of GFRP bars increases, the compressive strain of bars at peak load slightly decreases
while this value at 85% of peak load is approximately constant, as shown in Figure 13. It is
observed that the values of compressive strain of GFRP at peak load and 0.85 of peak load are
getting closer as eccentricity increases. Similar to other subsections, no damage dueto compressive
failure of GFRPisexpected at peak |oad and 0.85 of peak |oad since the strain values are far below

the crushing strength of GFRP bars.

5. CONCLUSION
In this study, the performance of short concrete columns reinforced with GFRP bars were
investigated experimentally and analytically. A total of fourteen column specimensincluding nine

reinforced and five plain specimens were tested under four load eccentricity to width ratios of 0,
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0.1, 0.2, and 0.3. Moreover, an anaytical model was developed and verified with test results, and

a parametric study was performed using the model. The following conclusions can be drawn:

Based on coupon tests, the modulus of elasticity of GFRP bars used in this study were close
in tension and compression, and the strength in compression was even higher than in
tension.

No buckling or crushing of GFRP barsin compression were observed during the test before
the failure of specimens.

The average of experimental compressive strain of GFRP bars, read from strain gauges
after failure of specimens, were 22% and 16% of the ultimate capacity of bars in
compression, derived from coupon test, and were 36% and 25% of the proportional limit
of 0.0133 mm/mm. In other words, even the 50% of capacity of compressive GFRP bars
were not reached in the tests.

The proposed analytical model showed very good agreement with the experimental results.
The model predicted the peak load of the test specimens with an average error of less than
7%.

The parametric study revealed that the capacity of column by considering GFRP bars in
compression or neglecting them is similar up to the defined crushing strain of concrete
0.003 mm/mm, however thereis a gain in capacity at the peak load which requires higher
strains; even experimental results did not reach their peak load at 0.003 mm/mm which is
compatible with the numerical model.

Based on the results of the parametric study, it was observed that the values of compressive
strain of GFRP bars in compression at peak |oad and even the compressive strain at 85%

of peak load (after peak) did not reach 50% of crushing strain of GFRP bar. From design
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point of view, for the limited parameters considered in this study, this paper suggests to
consider GFRP bars in compression as linear elastic materials until concrete reached to its
compressive strain limit of 0.003 mm/mm. However, more studies are required to give a
design suggestion such as risk assessment study and more comprehensive experimenta
program considering more variability in parameters.

Overdl, for the sel ected set of tests and parametric study which has performed in this study,
the contribution of GFRP bars in compression can be considered in the design of GFRP
reinforced short concrete columns and itsignorance in design guidelinesis conservatively

recommended.
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Table 1. Test matrix

No, SPecimen  Eccentricity — Eccentricity o ocoo oo
ID (mm) ratio
1  Re01 0 0 GFRP
2 Re0-2 0 0 GFRP
3 Rel0l 15 01 GFRP
4 Rel02 15 01 GFRP
5  R-el0-3 15 0.1 GFRP
6 R-e20-1 30 0.2 GFRP
7 R-e20-2 30 0.2 GFRP
8 R-e30-1 45 0.3 GFRP
9  R-e30-2 45 0.3 GFRP
10  Pe0-1 0 0 Plain
11 P-e0-2 0 0 Plain
12 P-el0-1 15 0.1 Plain
13 P-el0-2 15 0.1 Plain
14 P-el0-3 15 0.1 Plan
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549 Table2. Summary of test results

550
Rebar
Pedk  Rebar st?gikr%: st?gikr%: Rebar st?gikr%: strain af
Specimen L?Dad, straF1> nat P10 P. 10 %rglgpat 0.85P, 0.85P, Failure
group ’ ) prop.  crush. T to prop. crfj(;h mode
(kN) (mm/mm) limit stran (mm/mm) limit strain'
P-e0 719.2 - - - - - - CS - CD
R-e0 774.9 0.00275 0.21 0.14 0.00459 0.35 0.24 CC - CS
P-e10 596.3 CS - CD

R-e10 692.8  0.00279 0.21 0.15 0.00416 0.31 022 CC-CS
R-e20 578.2 0.00289 0.22 0.15 0.00472 0.36 0.25 CC - CS
R-e30 354.1 0.00361 0.27 0.19 0.00588 0.45 0.31 CC - CS

Average - - 0.23 0.16 - 0.36 0.25 -

551 Note: The results are average of identical specimens. Rebar strain recorded by SG2 (see Figure 3) installed on the
552  middle rebar at the extreme compressive layer; 0.85Pu is related to post peak; NA: not available; CC: concrete
553  crushing; CS: concrete spalling; CD: concrete destruction; prop. limit = 0.0133 mm/mm; crush. strain = 0.0190
554  mm/mm.

9555
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557 Table 3. Comparison of model and experimental results

558
Characteristic (%g]) Test Model E(t;/t;)(;r éo; ?g?lz,f)
10 6928 6677 362
Peak Load (kN) 20 5782 4980 1387 6.73t6.20
30 3541 3637  -27
Lateral mid-height 10 0.92 0.67 27.18
displacement at pesk 20 111 091  17.87 26.82+8.77
load (mm) 30 203 131 354
_ , 10 -0.00279 -0.00256 8.28
Compressvebar trainal 50589 000237 17.98  20.80+14.14
peak load (mm/mm)
30 -0.00360 -0.00230 36.14
. _ 10 -0.00072 -0.00069 3.49
Tens'l'e bar rainalpeak 4 00008 000019 -1335 52.19+70.87
oad (mm/mm)
30 000117 000140 -19.58
10 1100 1046  4.88
Momer(m_fne)ak lad 20 1800 1539 1448  6.74:7.00
30 1670 1684 -0.85
10 2085 2219 -643
C“r"at”&itn'?)eak load 55 2901 3044 179  558+344
30 4812 4403 851
559 Note: e/h istheload eccentricity to width ratio.
560
561
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562  Table4. Comparison of axial load and corresponding bending moment capacities with and

563 without compressive bars based on parametric study
564
@ compressive strain of 0.003 @ Peak load
Axia load Bending moment Axia load Bending moment
elh (kN) (KN-m) (kN) (KN-m)
(%) , , , ,
cvg:;?). c\(/)vraop. ?Ol/f ; cvg:;?). c\(/)vraop. ?Ol/f ; cvg:;?). c\(/)vraop. I?O'/f ; cvg:;?). c\(/)vraop. ?O'/f ;
rebar  rebar 0 rebar  rebar 0 rebar  rebar ° rebar  rebar 0
0 8989 8569 4.67 - - - 908.7 870.6 4.19 - - -

5 7624 7444 235 609 587 370 7625 7444 237 610 587 384
10 6648 6459 285 1037 10.04 323 6677 6459 327 1046 1004 4.07
15 5794 5652 246 1344 1307 271 5818 5652 287 1354 1307 341
20 4951 4863 176 1525 1495 200 4980 4863 234 1539 1495 292
25 4204 4157 111 1615 1595 122 4245 4157 207 1637 1595 256
30 3570 3551 051 1644 1634 062 3637 3558 217 1684 1639 271
35 3061 3055 019 1643 1638 030 3159 3076 264 1708 1653 323
40 2661 2661 -001 1631 1630 008 2791 2700 329 1726 1658 3.94
45 2347 2349 -010 1617 1617 -002 2505 2404 403 1744 1661 476
50 2097 2099 -0.07 16.04 1604 000 2278 2169 478 17.64 1665 563
60 1728 1730 -013 1583 1585 -0.08 1953 1818 6.90 1824 1673 827
80 1283 1283 003 1563 1562 006 1519 1381 906 1879 16.90 10.09
100 1022 1021 007 1553 1552 009 1242 1118 996 1912 17.07 10.75
565 Note: e/histheload eccentricity to width ratio; “comp.”, “Diff.”, and “W/O” are used in the

566 table instead of “compressive”, “Difference”, and “without”, respectively.

567
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Figurel. Material test: (a) Stress-strain curves of GFRP barsin tension and compression;

and (b) schematic drawing of GFRP bar coupon for compression test.
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573
574 Figure 2. Specimen fabrication: (a) cross section; (b) top view; (c) casting; and (d) curing.

575
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(b) Elevation view

Cross section
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Figure 3. Test set up and instrumentation: (a) testing machine and instrumentation, and (b)

schematic testing specimen and reinfor cement layout
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581
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584

Figure 4. Mode of failures: (a) side view; (b) compression side; and (c) crushed concrete

and visually intact compressive rebar.
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Figureb5. Test results: (a) axial load vs. lateral displacement of specimensat mid-
height; and (b) axial load vs. strain of compressive and tensile GFRP bars.
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Figure 6. M echanism of cross-sectional analytical model: (a) section definitions; (b) strain
diagram; and (c) force diagram.
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593
594 Figure 7. Schematic iteration processfor finding deflection at mid height of column.
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Figure 8. Model verification: (a) axial load vs. strain of compressive and tensile GFRP bars
at the mid height; (b) moment vs. curvature diagram at the mid-height; (c) axial load vs.
lateral displacement of specimens at the mid-height; and (d) axial load vs. bending moment
interaction diagram and loading path curves.
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605  Figure9. Model verification with circular GFRP reinforced concrete column tested by Hadhood et
606 al. [14]: (a) axial load vs. lateral displacement of specimens at mid-height; and (b) axial load vs.
607 strain of compressive and tensile GFRP barsat the mid-height.
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Figure 10. Compressive rebar effect: (a) axial load vs. lateral displacement of specimens at
mid-height; and (b) axial load vs. bending moment interaction diagram and loading path.
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614 Figure 11. Effect of reinforcement ratio on strain of compressive GFRP bars.
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617  Figure12. Effect of compressive strength of concrete on strain of compressive GFRP bars.
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620 Figure 13. Effect of modulus of elasticity of GFRP barson strain of compressive bars.
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