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ABSTRACT

Carbon Fiber-Reinforced Polymer (CFRP) bars have several advantages over traditional steel
reinforcement, including low density, erosion resistance, and higher tensile strength. The ACI 440.11-22
code permits CFRP as reinforcement; however, there are limited experimental studies on its application in
Reinforced Concrete (RC) columns under combined loads. This study utilized theoretical analysis and
Finite Element Analysis (FEA) to investigate 25 square slender concrete columns (kL/r = 17) affected by
concentric and eccentric loads, examining variables, like CFRP bar contribution, eccentricity-to-depth
ratio, and reinforcement arrangement. The results demonstrated CFRP's effectiveness in these columns,
with failure modes varying from brittle compression-controlled under low eccentricities to tension-
controlled under high eccentricities. The FEA results indicated that the CFRP columns exhibited higher
second-order moments than the steel columns due to CFRP's lower elastic modulus, these results were
compatible with the experimental results. Moreover; the (P-M) interaction diagram of CFRP reinforced
column does not experience a balanced point. It was also observed that increasing the reinforcement ratio
enhances the axial capacity by 33% and the bending resistance by 141% while reducing the ties’ spacing
from 140 mm to 40 mm has no significant influence on both the axial capacity and bending resistance. The
study also expanded to verify theoretical models against experimental data, confirming their accuracy.
These findings contribute to establishing reliable design guidelines for CFRP-RC columns influenced by
axial loads and bending moments.

Keywords-CFRP reinforcement; concrete columns; eccentricity level; P-M interaction diagram; second-order
moment

I.  INTRODUCTION

been introduced, while it has been

are becoming
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testing. Despite this, various compression test methods have
indicated that the
compressive strength of FRP bars is usually between 10% and

popular as an alternative to steel bars in RC structures. They
offer advantages, such as corrosion resistance, a high strength-
to-weight ratio, and long-term durability, making them a
preferred choice in construction [1]. FRP bars’ compressive
strength is generally lower than their ultimate tensile strength.
This difference is due to factors, like the fiber content, testing
procedure, and resin quality. There are standard test methods
available to measure the tensile properties of FRP bars [2-3].
Testing the latter’s compression is difficult due to their unique
properties, while no standard procedure exists for this type of

65% of their ultimate tensile strength [4-7].

Columns are essential in RC structures; the failure of just
one can cause a building to collapse. Thus, analyzing and
designing RC columns is crucial. Research has focused on the
performance of Glass Fiber-Reinforced Polymer (GFRP) and
CFRP in short concrete columns [8-11]. Experimental studies
indicate that the longitudinal reinforcement from FRP bars
enhances the load-carrying capability of concentrically loaded
columns. Specifically, GFRP bars contribute between 3% and
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10%, while CFRP bars contribute between 6% and 19%.
Although the influence of FRP bars can be ignored in
eccentrically loaded columns due to a potential buckling failure
before bar rupture, this could lead to an underestimation of the
column's capacity [12-13].

The behavior of concrete columns reinforced with FRP bars
and ties under axial and flexural loads has not been thoroughly
investigated, with FRP bars not being a part of construction
design strategies and standards. Authors in [14] studied BFRP-
reinforced inorganic polymer short concrete columns (120 mm
x 120 mm x 900 mm) under eccentric loads and found that
their performance is comparable to that of steel-RC columns,
but with a 30% lower load-carrying capacity. Authors in [15]
investigated the axial and flexural performance of square
concrete members reinforced with GFRP bars and encased with
pultruded GFRP structural sections under a variety of loading
conditions. An analytical model was designed to accurately
predict the axial load-bending moment interaction diagrams of
the tested specimens. The results demonstrated that these
analytical models yield highly reliable estimations of the
ultimate load and bending moment limits for the GFRP-
reinforced and GFRP-encased concrete columns, showcasing
their effectiveness in structural applications. In [16], fifteen
CFRP-reinforced rectangular concrete columns and three steel-
reinforced columns were tested under various eccentric loads.
The key parameters included the use of CFRP bars instead of
steel, load eccentricity, percentage of the longitudinal
reinforcement, and tie spacing. The results showed that the
CFRP columns behaved similarly to the steel-reinforced
columns, with minor axial and flexural capacity differences.
Increasing the CFRP longitudinal reinforcement ratios
improved the ultimate strength for different eccentricities.
Authors in [17] experimentally and analytically examined the
behavior of short and slender concrete columns reinforced with
Basalt Fiber-Reinforced Polymer (BFRP) bars under axial and
flexural loads. A total of twelve concrete columns were
constructed and tested under four different load eccentricity-to-
depth (e/d) ratios to develop axial load—-moment interaction
diagrams. The experimental results demonstrated that the
BFRP bars are effective in reinforcing both short and slender
concrete columns when subjected to concentric and eccentric
loading conditions. Authors in [10] conducted both
experimental and analytical investigations on ten full-scale
circular concrete columns reinforced with CFRP bars and
spirals. These columns were tested under combined axial
compression and bending moments, with the key variables
including varying eccentricity-to-diameter (e/d) ratios and two
types of reinforcement—CFRP and conventional steel. The
study revealed that columns reinforced with CFRP and steel
exhibited a comparable behavior in terms of their peak load
capacities. However, the CFRP-reinforced columns showed
reduced load-bearing capacity and flexural strength compared
to their steel-reinforced counterparts across all eccentricity
levels—Ilow, moderate, and high. Notably, the failure in CFRP-
RC columns did not result from tensile rupture of the
reinforcement. The findings suggest that CFRP can be
effectively used in eccentrically loaded columns, provided that
the compressive stress in the reinforcement is limited to less
than 40% of its ultimate tensile strength. CFRP bars contribute

to both the tensile and compressive resistance, and neglecting
their compressive role can lead to an underestimation of the
total axial load capacity.

This study builds on previous experimental and theoretical
research using Finite Element (FE) and theoretical models to
predict the load-interaction diagrams for square concrete
specimens reinforced with CFRP. It aims to validate the
experimental results from [16]. The key parameters examined
include the load eccentricity, internal reinforcement type, and
the performance of the CFRP-reinforced columns under
compressive and flexural loading, eccentricity levels, CFRP
reinforcement  ratios, and transverse  reinforcement
arrangements, as well as the contribution of CFRP bars to axial
and flexural resistance.

II. FINITE ELEMENT MODEL

The Abaqus/CAE 2017 software was used in the FE model
generation. The CFRP bars were represented using the truss
elements T3D2, which are two-node elements with three
translational degrees of freedom at each node. The geometric
effects of second-order analysis, the concrete non-linear
characteristics, and the attendance of interfacing between the
CFRP bars and concrete were considered. The Concrete
Damage Plasticity (CDP) model was used to define the
concrete material. The CDP model is a modification of the
strength hypothesis presented by Drucker—Preger. This model
is suitable for modeling concrete and any quasi-brittle materials
[18], modeling different types of structures like solids, beams,
trusses, shells, and modeling plain and reinforced concrete.
Two failure mechanisms were assumed in the CDP model: (1)
concrete cracking and (2) concrete crushing. To define the CDP
model, the modulus of elasticity for the concrete, Poisson’s
ratio, the damage plasticity parameters, and the behavior of
concrete in both compression and tension must be provided.
Five damage parameters were used in the CDP model, as
shown in Table 1. All the parameters are of standard values
except the dilation angle (y), which ranges between 31-51
degrees.

TABLE L. CDP PARAMETERS
Parameter 74 &p Soolfeo K. Y]
Value 36 0.1 1.16 0.667 0

In Table I, y is the dilation angle in degrees, &, is the flow
potential eccentricity, f,o/f.o is the ratio of the initial biaxial
compressive yield stress to the initial uniaxial compressive
yield stress, K. is the ratio of the second stress invariant on the
tensile meridian to that on the compressive meridian, and y is
the concrete viscosity. The compressive stress developed in the
case of unconfined concrete was presented, in terms of the
strains, by the stress-strain model [19]:

(a+1)(;—2)
fe= PRAE! feo (1)

= +a

()
where f, is the compressive stress related to the compressive
strain &, f., is the unconfined concrete strength, equal to 85%
of the compressive cylinder strength. &, represents the strain

for f,, in (6), and o determines the slopes of the ascending and
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descending branches of the stress-strain relationship. For the
ascending part, (2) was adopted, while (3) was considered for
the descending portion:

a =0.2e0739 for . < g, )
a = 0.41e°779 fore, > ¢, 3)
&= 0.95(0.1ﬁ0)0'67 4)

The elastic modulus (E,) was calculated using the ACI 318-
19 suggested equation:

E. = 4700/f., (5)

fco
Epp = 0.0016¢>*°(%) 6)

The concrete tension behavior in the damage model is
characterized by two distinct phases: the linear part, which is
the elastic portion starting at a stress equal to zero and ending
with a stress equal to the concrete tensile strength, and the
nonlinear post-peak portion, which is called the tension
stiffening. The model presented in [20] was used to plot the
stress-strain curve:

fe = Ec&c for & < & @)
e 0.4
ft=fct(EL:) fore > ¢ 3
where ¢, is the cracking strain that is determined by:
f
Eor = E_Cct )

where f;; is the concrete tensile strength and it can be obtained
from [21]:

for = 033f0 (10)

The CFRP bars exhibit various failure modes under
compression, such as transverse tensile failure, fiber micro
buckling, and shear failure [22]. It is crucial to determine the
compression behavior of FRP bars for the design of CFRP-RC
columns. FRP bars generally have lower compressive strength
compared to their tensile strength. In tension, CFRP reinforcing
bars show a linear, brittle behavior until failure. It has been
indicated that the tensile testing of the stress-strain response of
the CFRP bars follows an idealized linear elastic behavior. The
“embedded region” module of Abaqus was used to simulate the
interaction between the concrete and CFRP reinforcing bars. A
full composite interaction was presumed between the two
different materials.

III. THEORETICAL ANALYSIS

This section presents the calculations for the theoretical
axial capacity and bending moment of CFRP-reinforced
columns at different levels of eccentricity. The theoretical
analysis involves developing the axial load-bending moment
(P-M) interaction diagrams. Seven mathematical methods and
codes from previous research were modified and used in this
study. For each method, P-M was drawn based on six points.
The first point represents the axial load resistance of the
specimens under concentric loading (zero eccentricity). The
next four points represent the axial load and bending moment

resistance for specimens loaded with eccentricity levels (e/h)
25%, 50%, 75%, and 100%, respectively. The last point
represents the bending resistance only, i.e., the specimens
sustain pure bending moment. For any point of loading, the
general predicted equation for the different used methods is
explained in Table II. This analysis uses the strain
compatibility and internal force equilibrium for the column's
cross-section [23], as depicted in Figure 2. A linear stress-strain
profile for CFRP bars was utilized to calculate the forces from
compression and tension. The compression values were
considered positive, while the tensile values were negative.
Assumptions, like those for the steel-reinforced cross-sections,
were used to create P-M diagrams. These assumptions were:

e Linear distribution of the strain along the column's depth.

e The strain in the CFRP bars and concrete is directly
proportional to the neutral axis location.

e Strain compatibility and ideal bond between the different
materials is assumed.

e The ultimate applicable strain at the concrete compression
fibers is 0.003 and the tensile strength is ignored, as per
ACI 440.11-22 [1]

e The rectangular stress block describes the distribution of
concrete compressive stress.

e The CFRP reinforcing bars are made of a linear brittle
material with orthotropic characteristics.

e The confinement effects of CFRP transverse reinforcement
are ignored.

e The column specimens were treated as short elements, and
the slenderness effects were neglected in developing the
axial load-moment (P-M) interaction diagrams.

In Table II, f is the concrete compressive strength, c is the
position on the neutral axis, b is the column width, A; is the
total area of the longitudinal CFRP reinforcement, Fj is the
stress of the CFRP bars in the tension zone, Fy; is the stress of
the CFRP bars in the compression zone, & is the depth of the
column, d and d; are the effective depth of the CFRP bars in
the tension and compression zone. f5; can be calculated with:

By = 0.85 — 0.0015f, > 0.67 an
g =¢.(5—1) (12)
gre=¢(1-2) (13)

where &; and ¢, in (12) and (13) are the strains of the CFRP
bars in the tension and compression zones, respectively. Also,
E; is the modulus of elasticity of the CFRP bars, ¢, is the
concrete crushing strain, which is assumed to be 0.003. ACI
440.11-22 ignores the compressive contribution of CFRP bars
in the axial load-carrying capacity of the columns. Authors in
[13] noted that only 35% of the CFRP bar's ultimate tensile
stress can be used in the contribution of CFRP bars in the
compression zone. In [5, 9], it was noted that the strain in the
CFRP bars lying in the compression zone must not exceed the
unconfined concrete strain, which is assumed to be 0.002.
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Fig. 1.
compression force, (e) resultant force.

Rectangular stress block and force distribution of CFRP reinforcement: (a) strain distribution, (b) concrete stress distribution, (c) tensile force, (d)

TABLEIL ~ MODIFICATION OF THEORETICAL MODELS FOR AXIAL LOAD AND BENDING MOMENT CAPACITY FROM LITERATURE
P
Code | Ref. Pe 7, P, M
Pre.1 [1] _
y ]
f f
Pre2 | [13] fre 5 <035 fry =
A A
f f
Pre3 | [9] 085F b g Er 5 < 0.002E; —
A a
Pred | [24] A A & B L < e By = h—0.85c\1 Y= h
Gomson |G| el o Yel o)
f f
Pre.S | [25] & By A7 < 0.003 E A7
Pre6 | [5] 0.9f/bc & By = < 0.002E; 5
] A
Pre.7 | [26] Bifibc &5 B 7f <0.0035 E; 7f

In contrast, the maximum limit of the compressive strain of
the CFRP bars has been given as the concrete crushing strain,
which is to be assumed as 0.003 [24-25] and 0.0035 [26]. This
is due to the fact that the CFRP bars are anisotropic materials,
which have lower compressive strength compared to their
tensile strength. Additionally, CFRP bars cannot achieve their
ultimate strengths like concrete can reach its crushing strain.
Microsoft Visual Basic (vb.6) code was developed to find the
axial load and moment resistance under eccentric loads and
pure bending. The flowchart of the theoretical analysis
procedure is presented in Figure 2. The process is initiated by

assuming a certain value between 0.14 to & of the neutral axis
position. Based on this assumption the strains in the tensile and
compressive CFRP bars are calculated using the similarity of
triangles with the assumptions of linear strain distribution,
assuming 0.003 as the strain in the extreme concrete
compressive fiber. The tensile strains are assumed to be
negative, while the compressive strains are assumed to be
positive. The stress in each layer of the CFRP bars was
calculated with the help of the stress-strain relationships
presented in Table II, and compared with the limits set in each
used model.

TABLE III. DETAILS OF THE SPECIMENS
No. Specimen ID e/h Type of reinforcement Longitudinal bars Ties
1 C10-T90-E0 0.0
2 C10-T90-E0.5 0.5 CFRP 410 mm @6 mm @ 90 mm
3 C10-T90-E1 1.0
4 C12-T90-E0 0.0
5 C12-T90-E0.5 0.5 CFRP 412 mm @6 mm @ 90 mm
6 C12-T90-E1 1.0
7 C16-T90-E0 0.0
8 C16-T90-E0.5 0.5 CFRP 416 mm @6 mm @ 90 mm
9 C16-T90-E1 1.0
10 C12-T40-E0 0.0
11 C12-T40-E0.5 0.5 CFRP 412 mm @6 mm @ 40 mm
12 C12-T40-E1 1.0
13 C12-T140-E0 0.0
14 CI2-TI40-E05 0.5 CFRP 4012 mm @6 mm @ 140
15 CI12-TI40-EL 1.0 mm
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Fig. 2.

The forces in the CFRP reinforcement were calculated as
the product of stresses and the cross-sectional area of the bars.
The axial load resistance is taken as the sum of the forces
acting on the reinforcement and the forces acting on the
concrete compressive section. Similarly, the bending moment
resistance is taken as the sum of the moments of the centerline
of the section under. The bending moment resistance is divided
by the axial load resistance and equalized to the given
eccentricity to check the assumed value of c.

IV. METHODOLOGY PROCESS

The experimental program presented in [16] was used to
verify both the theoretical analysis and FEA. The test program
involved a concrete column measuring 150 mm x 150 mm in
cross-section and 1500 mm in height, with the mid-height test
conducted at 900 mm. This short column has enlarged heads at
both ends for eccentric load. The specimens were divided into
five groups, as shown in Table III. Each group comprised three
concrete columns with identical reinforcement details, tested
under varying eccentricity conditions with e/h ratios of 0, 0.5,
and 1. The specimen labels indicate the diameter of the CFRP
bars, tie spacing, and the eccentricity of the load. For example,
specimen C16-T90-EQ.5 features four 16 mm diameter CFRP
bars as longitudinal reinforcement, a tie spacing of 90 mm, and
is tested under a 75 mm eccentric load (e/h = 0.5). The average
concrete compressive strength was 44.7 MPa based on cylinder
samples. The longitudinal reinforcements used CFRP bars
measuring 10 mm, 12 mm, and 16 mm in diameter, while 6
mm diameter bars served as tie reinforcements, as detailed in
Table IV.

Flowchart for theoretical analysis of CFRP-RC column.

TABLE IV. DETAILS OF USED CFRP PROPERTIES
Diameter Area Density Tensile Modu} us of
(mm) (mm?) (kg/m’) strength elasticity

(MPa) (MPa)
6.0 28.0 148000
10 78.5 150000
12 113 1700 2000 145000
16 200 151000

V. EXPERIMENTAL, THEORETICAL, AND FEA
RESULTS

This section presents CFRP-RC columns' experimental,
theoretical, and FEA results. The experimental results from
[16] were adopted, while seven different analytical methods
were employed to evaluate the theoretical contribution of the
CFRP bars in the compression zone. For the FEA, the
specimens were simulated until failure, with each specimen
reaching its maximum load capacity. Tables V and VI present
the FEA and theoretical results of the load-carrying capacity,
the stresses in the longitudinal bars, and the lateral and axial
displacements of the tested specimen. The failure modes and
mechanisms were influenced by eccentricity. However, the
failure of the CFRP-RC columns was not caused by bar rupture
on either the tension or compression sides. Furthermore, the
results demonstrated good agreement with the experimental
data reported in [16]. The concentric-loaded specimens,
depicted in Figure 3, displayed a failure mode characterized by
a sudden and explosive nature, resulting from concrete
crushing before the CFRP bars attained their ultimate strength.
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As all tested specimens were under compressive stress, the
cracks needed a higher compressive load to initiate. Cracks
started to appear when the load reached 49%-69% of the
applied load. Before failure, there were visible cracks on the
specimens at both the top and bottom ends. All specimens
exhibited no vertical crushing except for C12-T140, where
vertical cracks developed at 52% of the failure load, as seen in
Figure 3(a). As the load on the columns progressively
increased, these vertical cracks progressively multiplied and
widened. In all tested specimens, the stress concentrations near
the column ends caused crushing of the concrete cover. The
tested specimens exhibited compressive failure modes.

For specimens loaded with moderate and extreme
eccentricity (e/h = 0.5 and 1), the eccentric load caused the

specimens to bend, leading to compression on one side and
tension on the other, as evidenced in Figures 4 and 5. When the
applied tensile stress reached the concrete's tensile strength
capacity, flexural tension cracks appeared on the tension side of
the CFRP-RC columns at about 32%-28% of the maximum
load. As the load increased, these cracks expanded, and
additional parallel cracks formed along the column's height,
extending toward the neutral axis and resulting in the failure of
the compression concrete block. Increasing eccentricity from
zero to extreme had a substantial effect on the overall
performance, including the ultimate capacity, which was
reduced by 69%-87%, when with the concentric-loaded
specimens. Overall, the specimens tested under moderate
eccentricity exhibited flexural-compression failure.

TABLE V. EXPERIMENTAL RESULTS: LOAD CAPACITY, MOMENT, AND DISPLACEMENTS UNDER VARYING ECCENTRICITY (e/h)
NO. specimen p % e/h P (kN) e (mm) Uy, (mm) (knl\gl;;l) (knlflz.';:l ) (kalgfn) (lr]n";"s ]
1 0.00 892 0.00 2.40 0.00 2.14 2.14 4.05 14.64
2 0.25 533 37.50 4.36 19.99 2.32 2231 2.19 7.70
3 C10-T90 1.40 0.50 262 75.00 15.40 19.65 4.03 23.68 1.83 5.46
4 0.75 155 112.50 15.79 17.44 2.45 19.88 1.93 4.84
5 1.00 126 150.00 19.80 18.90 2.49 21.39 241 4.67
6 0.00 939 0.00 4.00 0.00 3.76 3.76 5.15 11.43
7 0.25 562 37.50 4.30 21.08 2.42 23.49 2.76 9.57
8 C12-T90 2.00 0.50 285 75.00 15.50 21.38 4.42 25.79 230 8.95
9 0.75 182 112.50 17.20 20.48 3.13 23.61 2.19 7.74
10 1.00 135 150.00 17.60 20.25 2.38 22.63 3.07 6.67
11 0.00 1104 0.00 1.57 0.00 1.73 1.73 4.00 8.48
12 0.25 592 37.50 4.33 22.20 2.56 24.76 1.67 7.90
13 C16-T90 3.57 0.50 326 75.00 16.30 24.45 5.31 29.76 1.30 6.75
14 0.75 232 112.50 17.60 26.10 4.08 30.18 0.80 6.09
15 1.00 167 150.00 19.20 25.05 3.21 28.26 1.53 5.25
16 0.00 930 0.00 2.96 0.00 2.75 2.75 3.70 13.27
17 0.25 580 37.50 4.20 21.75 2.44 24.19 2.55 11.00
18 C12-T40 2.00 0.50 272 75.00 13.50 20.40 3.67 24.07 1.44 7.38
19 0.75 187 112.50 16.80 21.04 3.14 24.18 1.27 6.87
20 1.00 119 150.00 17.20 17.85 2.05 19.90 1.25 6.38
21 0.00 915 0.00 2.70 0.00 2.47 2.47 7.07 17.57
22 0.25 535 37.50 5.66 20.06 3.03 23.09 1.97 11.29
23 C12-T140 2.00 0.50 284 75.00 14.60 21.30 4.15 2545 238 9.24
24 0.75 184 112.50 15.60 20.70 2.87 23.57 2.11 8.95
25 1.00 127 150.00 16.20 19.05 2.06 21.11 3.35 7.22
By increasing eccentricity to a high level, the response = undergo notable plastic deformation without noticeable

closely resembled that of the flexural members. The lateral
deflection at mid-height of the tested column is an indication of
column stiffness. For all tested columns (Figure 6), the early
crack initiation on the tension side under eccentric loading led
to significant reductions in the both axial and lateral stiffness.
For this reason, the slope of the load-deflection curves was
inversely proportional with the eccentricity level, while the
deflection at failure load was directly proportional. The test
results illustrated in Table V and the load-deflection curves
depicted in Figure 6 indicate that the eccentricity plays a
remarkable role in the axial capacity and stiffness of the
columns. Finally, the FEA results were compared with the
experimental results for the RC columns with steel
reinforcement. It can be noticed that the CFRP-reinforced
columns showed a lesser slope than the steel-reinforced
columns due to the higher modulus of elasticity of the steel
reinforcement, which affected the stiffness of the tested
specimens. Ductility measures a material's capability to

fracturing. According to [27], ductility can be explained as the
ductility index determined by the ratio of the axial deflection
corresponding to 85% of the ultimate load capacity to the axial
deflection corresponding to the yield limits (elastic limits).

Table V includes the calculated ductility indexes (p) for all
specimens analyzed in the FEA study. Compared to the
experimental results from [16] for the steel-reinforced
specimens, it can be observed that the CFRP-RC specimens
showed higher ductility than the steel-RC specimens. This
behavior occurs because, at ultimate load, the CFRP bars had
not reached their ultimate tensile strain, unlike the steel
reinforcement, which typically yields to failure. This suggests
that CFRP-reinforced columns may sustain additional loads
and deformations beyond ultimate load. The same observation
was reported in [9, 28-29].
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Fig. 3. Failure mode of columns tested under concentric load: (a) C10-
T90, (b) C12-T90, (c) C16-T90,(d) C12-T40, (e) C12-T140.

l

Fig. 4. Failure mode of columns tested under load with moderate
eccentricity (e/h =0.5): (a) C10-T90, (b) C12-T90, (c) C16-T90, (d) C12-T40,

(e) C12-T140.
I ——
(v}

Fig. 5. Failure mode of columns tested under load with extreme
eccentricity (e/h =1): (a) C10-T90, (b) C12-T90, (c) C16-T90, (d) C12-T40,
(e) C12-T140.
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From Table V, it can be noticed that the specimens with
high eccentricity were more ductile compared to the specimens
under load with small eccentricities. This is consistent with [28,
30], where it was demonstrated that the FRP-RC columns had
low ductility at a low eccentricity level and as the eccentricity
level increased, the improvement in ductility became
noticeable. The observed reduction in specimen ductility with
an increased CFRP reinforcement ratio is attributed to the
enhanced strength provided by additional longitudinal

reinforcement. Conversely, ductility improved with a reduced
transverse reinforcement spacing due to more effective
confinement.

In the theoretical analysis, calculating the stresses in the
CFRP bars is necessary to find the axial and bending resistance
of the column. By assuming a linear strain distribution, the
strain data from the CFRP reinforcement in compression and
tension were analyzed to establish the theoretical neutral axis at
different eccentricity levels, as shown in Figure 7(a). It is also
worth noting that the theoretical values were calculated based
on the principle of balance and the assumptions of the
contribution of the CFRP bars lying in the compression zone,
which were adopted in each model. Figure 7 shows that the FE
model gives higher values for the neutral axis than the
theoretical models, but with good agreement, it reached to
16%. For the theoretical models, the concrete contribution
(concrete compressive strength and column cross-section) in
the calculation of axial resistance has a superior effect on the
neutral axis values. The first predicted equation (Pre.1) gives
higher values than other models since the contribution of the
CFRP bars' effect was ignored, i.e., only the concrete will
balance the CFRP bars in the tension zone. In comparison,
lower values can be noticed from Pre. 6 due to the higher
contribution of concrete resistance (assuming b; as 0.9). The
same amount of concrete contribution in predicted equations
(Pre. 2, 3, 4, and 5) gives the same values for the neutral axis
position.

FEA and theoretical results indicated that the CFRP
reinforcement developed significant compression and tension
stresses, confirming its role in sustaining various eccentric
forces. The stresses were recorded at the mid height level,
where the maximum compression and tension stresses were
expected. Table VI illustrates the average stresses recorded for
the CFRP bars lying in the compression and tension zones at
the peak load, for the theoretical analysis and FEA, as well as
for different eccentricity levels (e/h = 0 to pure bending). It can
be noticed that for all specimens and for all considered
methods, when e/h = 0, only compression stresses were
generated because the neutral axis is equal to the column depth.
FEA gives higher values compared to the theoretical methods
since the stresses are allowed to reach their maximum possible
limit (f,,). For specimen C10-T90, at peak load, the FEA
compression stresses range from -684 MPa to -117 MPa with a
contribution up to 34.2% and 5.8% of the bar's ultimate tensile
stress (f,, = 2000 MPa) for the range of eccentricities e/h = 0 to
pure bending, respectively. The tensile stresses for the same
specimen were 0-711 MPa, with a contribution up to 0% and
35.5% of the bar's ultimate tensile stress.

Regarding the theoretical methods, the first method ignores
the contribution of the CFRP bars in compression compared
with other methods. The predicted methods: Pre. 2, 3, 4, and 5
have approximately similar values of compression and tension
stresses for the full range of eccentricities due to the same
predicted values of C (position of neutral axis), and differ when
e/h = 0. In both FEA and the theoretical analysis, increasing the
CFRP reinforcement ratio affects the stress values since the bar
diameter and the elastic modulus are contributing in calculating
the neutral axis's position.
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Fig. 6. Load versus deflection: (a) lateral deflection, (b) axial deflection.
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In FEA, changing the arrangement of the lateral

reinforcement (adjusting the spacing of ties) affects the stress
contribution in both tension and compression by 29%-32%,
unlike the theoretical analysis, which ignores the effects of the
lateral confinement. When the range of eccentricity is small
(e/h = 0.25), all CFRP bars exhibited compressive stresses in
FEA, contrasting with the theoretical predictions. This
discrepancy arises because the neutral axis position at these
eccentricities extends beyond the bars' centerline in the
compression zone, resulting in larger neutral axis values than
anticipated.

The contribution of the CFRP at the peak axial load is
shown in Table VII. For each specimen, the axial stress in the
four longitudinal CFRP bars (Fy; to Fy,) was recorded, as
portrayed in Figure 8, and the average axial stress (Fy) was
calculated. The total load supported by the CFRP bars was
obtained by multiplying the average axial stress by the total
cross-sectional area of the bars. Finally, the contribution of the
CFRP bars to the peak axial load was determined by
calculating the ratio of the load carried by the CFRP bars to the
total load sustained by the entire specimen. Each theoretical
model used in this study has already determined the maximum
stress or strain limits of the CFRP bars lying in the
compression zone. It was found that the FE model gives higher
values of the CFRP bar contribution compared with other
theoretical models, ranging from 24% to 61%. For the
theoretical models, the predicted model (Pre.2) gives higher
contribution values than other models as a high contribution
assumption value (0.35F),) is utilized. The CFRP bars'
contribution to the other models ranges from 10% to 36%. It is
also worth noting that the model Pre.1 ignores any contribution
of the CFRP bars to the peak axial resistance. Increasing the
CFRP reinforcement ratio increases the contribution by 15%-
43%, 6%-19%, and 7%-20%, for FEA, Pre.2, and Pre.7,
respectively. Similar an increase can be noticed for Pre.3 and
Pre.6, which range from 4% to 13%, and for Pre.4 and Pre.5,
ranging from 5% to 17%, due to the similarity of the
contribution assumptions. In the theoretical model, it can be
noticed that changing the distribution of lateral reinforcement
(adjusting the spacing of ties) did not affect the contribution
ratio because the effect of confinement is ignored in all
theoretical models, unlike the FEA, which gives higher
contribution values due to the higher stresses sustained by the
bars with smaller spacing of ties. Generally, the total bending

—@— FEM —@— PRE. Eq(1) —@— PRE. Eq(2) —@— PRE. Eq(3)
—@— PRE. Eq(4) —@— PRE. Eq(5) —@— PRE. Eq(6) —@— PRE. Eq(7)
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60 ¢10-t90-e75
’é‘ c10-t90-e100
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(@) c10-t90-ben
40
30

(b)

FEA and theoretical values of neutral axis position: (a) neutral axis as presented in Abaqus, (b) specimen C10-T90.

moment capacity, given by (14), of the tested specimens at the
failure stage was composed of first-order moments (M;),
resulting from the initial applied eccentricity, and second-order
moments (M,) due to the second-order effects. The second
order refers to the nonlinear effects, which show an additional
moment as a product of the axial load at the failure point by the
corresponding lateral deflection. Generally, the value of the
second-order moment is governed by the initial eccentricity and
the column's slenderness. When the load is applied with an
initial eccentricity, an increase in the mid-height deflection is
caused. Having introduced an initial load eccentricity increased
the column's mid-height deflection, leading to the possibility of
a second-order effect. However, having followed the increase
of this initial eccentricity, a decrease in the axial load resistance
caused a reduction in the second-order bending moment. In
other words, applying a higher eccentricity level may not
always give an increase in the second-order moment.

As shown in Figures 9 and 10, the ratio of M,/M; was at its
highest in CFRP-RC columns when the column was loaded
with a moderate eccentricity, and then the ratio declined when
the eccentricity increased. The reason for this behavior is the
balance between the axial resistance and lateral deflection at a
moderate eccentricity level, unlike in higher eccentricity levels,
where despite the increase in lateral deflection, the axial
resistance decreased considerably. For FEA, the M,/M; ratio
for the CFRP-RC specimens labeled C12-T90 and tested under
moderate and high eccentric loading was 21% and 12%.

Regarding the experimental ratio for the same level of
eccentricity, it results in the axial resistance of 24%, and
12.1%. However, in RC columns reinforced with steel bars,
this ratio approximately decreased by 11% for the moderate
level and increased by 7% for a higher level. It can be, thus,
concluded that CFRP-RC columns were subjected to greater
second-order effects than the steel-RC columns due to the low
modulus of elasticity of the CFRP bars. Also, these results
show good agreement with the experimental findings reported
in [31].
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TABLE VL FE AND THEORETICAL STRESSES FOR CFRP BARS IN TENSION AND COMPRESSION ZONES
Specimen e/h FE Pre.1 Pre.2 Pre.3 Pred Pre.S Pre.6 Pre.7
P Fo | Fe Fo | Fe | Fo | Fe Fo | Fr Fi | Fe Fo | Fr Fi | Fr Fi | Fe
0.00 -684 - -700 -300 -450 -450 -300 -525
0.25 -31 -361 126 115 -332 115 -300 115 -332 115 -332 118 -300 111 -332
C10-T90 0.50 278 -328 428 456 -260 456 -260 456 -260 456 -260 468 -258 439 -264
0.75 337 -245 606 655 -218 655 -218 655 -218 655 -218 673 214 629 -224
1.00 456 -156 711 769 -194 769 -194 769 -194 769 -194 791 -190 739 -201
bending 566 -117 1106 1172 | -110 1172 | -110 1172 | -110 1172 | -110 1204 | -103 1126 | -120
0.00 -813 - -700 -290 -435 -435 -29- -508
0.25 -32 -238 110 98 -330 99 -290 98 -330 98 -330 101 -300 94 -331
C12-T90 0.50 189 213 352 384 -267 384 -267 348 -267 348 -267 395 -265 370 -270
0.75 291 -174 490 546 -231 546 -231 546 -231 546 -231 562 -228 525 -236
1.00 388 -118 573 640 2211 640 211 640 2211 640 211 658 -207 615 -216
bending 682 -111 887 972 -138 972 -138 972 -138 972 -138 999 -132 935 -146
0.00 -928 - -700 -302 -453 -453 -302 -529
0.25 -36 -265 85 71 -325 72 -302 71 -325 71 -325 75 -300 68 -326
C16-T90 0.50 149 -249 254 ) 293 -272 293 272 293 -272 293 272 301 -270 282 -275
0.75 239 -234 346 412 -244 412 -244 412 -244 412 -244 423 -241 396 -247
1.00 308 -197 402 480 -227 480 -227 480 -227 480 -227 493 -224 462 -231
bending 622 -102 616 726 -168 726 -168 726 -168 726 -168 745 -164 700 -174
0.00 -837 - -700 -290 -453 -453 -290 -508
0.25 -33 -250 110 98 -330 99 -290 98 -330 98 -330 101 -300 94 -331
C12-T40 0.50 200 241 352 384 -267 384 -267 348 -267 348 -267 395 -265 370 -270
0.75 312 -177 490 546 -231 546 -231 546 -231 546 -231 562 -228 525 -236
1.00 329 -140 573 640 2211 640 211 640 2211 640 211 658 -207 615 -216
bending 485 -136 887 972 -138 972 -138 972 -138 972 -138 999 -132 935 -146
0.00 -767 - -700 -290 -453 -453 -290 -508
0.25 -35 -263 110 98 -330 99 -290 98 -330 98 -330 101 -300 94 -331
C12-T140 0.50 181 -253 352 384 -267 384 -267 348 -267 348 -267 395 -265 370 -270
0.75 251 221 490 546 -231 546 -231 546 -231 546 -231 562 -228 525 -236
1.00 380 -207 573 640 -211 640 211 640 -211 640 211 658 -207 615 -216
bending 731 -185 887 972 -138 972 -138 972 -138 972 -138 999 -132 935 -146
T T - - T
o 5,51t I 5, st ) | s I 5,51 .
TABLE VI.  COMPRESSION CONTRIBUTION OF CFRP BARS (799 I A = A b
TO THE AXIAL RESISTANCE o D | | e et | i
mai oo Bums o Rams | R O Bass b
C12- %402 10402 H.930e402 st Bt
Specimens C10- C12- Cl6- C12- T140- e T ‘ et r 3535213}
T90-¢0 | T90-e0 | T90-e0 | T40-e0 0 sme:gi ???3:13% ( 7 ng:m% sm:gg ii:??ﬁiﬁ%
T I N T N o RIEIEE R E s [ g o
Pre2 | 220 316 560 316 316 s L i | ket || s | 5
Pre.3 94.0 131 242 131 131 ir\\ l‘\ i \ N =
Py (kN) Pre.4 141 197 362 197 197 [ ‘ | l_u ‘L =
Pre.5 141 197 362 197 197 . i " - "
Pre6 | 94.0 131 242 131 131 , , , ,
Pro.7 165 229 23 229 229 Fig. 8. Axial stress in CFRP bars for specimens: (a) C10-T90, (b) C12-
FEM 392 939 1104 930 915 T90, (c) C16-T90, (d) C12-T40, (e) C12-T140.
Pre.2 1063 1154 1387 1154 1154 . . .
Pre3 937 969 1066 969 969 The diagrams were compared with the experimental results
P (kN) Pre.d 984 1034 1186 1034 1034 in [16]. For generating the FEA and theoretical P-M interaction
Pre.5 984 1034 1186 1034 1034 diagram, the axial load resistance and cross-pounding bending
Pre.6 987 1018 1114 1018 1018 moment resistance were determined for 6 different points, with
Pre.7 | 1009 | 1009 | 1181 1009 941 different eccentricity levels starting from the point of the axial
FEM 24 39 67 41 38 load resistance when the specimen is under concentric applied
Pre.2 21 27 40 27 27 load (e/h = 0), low eccentricity level (e/h = 0.25), moderate
% of CFRP Pre.3 10 14 23 14 14 .
bars Prod 1 0 31 0 20 level (e/h = 0.5), high level (e/h = 0.75), extreme level (e/h =
contribution | Pre5 12 9 31 9 20 1), and ending with the point of pure bending. From these
Pre.6 10 14 23 14 14 results as well as K, and R,, the normalized P-M interaction
Pre.7 16 23 36 23 24 diagrams were developed. K, and R, were calculated using:

P is axial load sustained by CFRP bars in the compression zone

P
Kn = (15)
M
"= (16)
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Fig. 10.  Effect of reinforcement type on second-order moment.

In FEA, the bending moment resistance (M) was combined
with the bending moment due to load eccentricity and the
bending moment due to mid-height lateral deflection. As the
lateral deflection in the theoretical calculation was ignored, the
bending moment due to load eccentricity was dominated.
Figure 11 presents the P-M interaction diagrams for the
specimen C10-T90. Under zero eccentricity level, the FE
model exhibited higher axial resistance and lower bending
resistance by 5% and 50% compared with the experimental
results. Similar results can be noticed for moderate eccentricity
levels. High-level eccentricity gives higher FEA axial
resistance by 6% and lower bending resistance by 6%, as
shown in Figure 13(a). Neglecting the compressive
contribution of the CFRP bars (as in model Pre.1) results in a
15% underestimation of the axial resistance at low eccentricity
and an 8% underestimation at moderate eccentricity, with
negligible effects at high and extreme eccentricity levels. The
bending moment resistance decreased by nearly the same
amount, which is 21% for all points except the pure bending
point in which ignoring the CFRP contribution in compression
increases the bending moment resistance by 20%. However,
the interaction diagram developed in this predicted method lies
below both the experimental and FEA diagrams, but with a
slightly good agreement. As previously discussed, the
theoretical model proposed in [13] accounts for CFRP bars'
compressive contribution, limiting it to a maximum of 35% of
their ultimate tensile strength. The predicted P-M interaction
diagram in Figure 12(a) lies below both the experimental and
FEA results, though, it shows a generally good agreement with
the FEA data. A significant improvement in resistance was
observed, with a 19% increase in the pure axial capacity and a
30% enhancement in the pure bending moment capacity.

The compressive contribution of the CFRP bars can be
quantified via the strain and elastic modulus, as implemented in
models Pre.3 and Pre.6. These models share identical CFRP
contribution assumptions but differ in concrete compressive
strength terms: Pre.3 uses 0.85f,, while Pre.6 adopts 0.9f'.. For
both predicted models, the bending resistances in different
eccentricity levels were found to be lower by 13% when
compared with the experimental and FEA results. Like other
predicted models, an improvement in bending resistance can be
noticed at the point of pure bending and it reaches 30%
compared to the FEA results, Also, Pre.6 gives higher
interaction values for the full range of eccentricities compared
with Pre.3 due to the higher contribution of concrete. The
theoretical results underestimate the CFRP contribution
compared to the FEA results, except for the points of pure axial
and pure bending. Both models improved the axial resistance
by 5% for Pre.3.

Exp. P-M FEM P-M Pre.l
Pre.2 Pre.3 Pre.4

. \ /h=50%

{ ‘ e/h=100%

NORMALIZED AXIAL RESISTANCE,

0.00 0.05 0.10 0.15 0.20 0.25

NORMALIZED BENDING MOMENT RESISTANCE,
RN=M/AG F'CH

Fig. 11.  Interaction diagrams for specimen C10-T90.

Using an unconfined concrete strain of 0.003 and
multiplying by the elastic modulus, both model Pre.4 [24] and
model Pre.5 [24] yielded identical results for CFRP
contribution, as shown in Figure 12(c). The improvement in the
axial resistance at the full range of eccentricity did not exceed
16% and 10% compared with the experimental and FEA
results, respectively, also with a 30% improvement in pure
bending. The last theoretical model (Pre.7) presented in [26]
decreased the contribution of the concrete compressive strength
and replaced the loss in the contribution by increasing the
contribution of the CFRP bars. This increase was achieved by
limiting the CFRP strain to a maximum value of 0.0035. For
pure axial bending, an increase of 6% and 11% was noticed
compared with the FEA and experimental results. This
improvement indicates a decrease in the axial resistance to low
and moderate levels of eccentricity. In the bending resistance,
the predicted model and the whole eccentricity levels give
lower values reaching 26% based on the FEA results, while the
predicted model remains superior in calculating the pure
bending moment resistance compared to the FE model by 20%,
as shown in Figure 12(d). Figure 13 presents the P-M
interaction diagrams for experimental, FE analysis, and all
theoretically predicted models used in this study.
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The study also examined the effects of varying transverse
reinforcement spacing, with configurations of 140 mm
(increased spacing) and 40 mm (reduced spacing). Three
longitudinal CFRP reinforcement ratios were investigated:
1.4%, 2.0%, and 3.57%. The P-M interaction diagram for
various reinforcement ratios and tie spacing are displayed in
Figure 12. It can be noticed that increasing the CFRP
reinforcement ratio from 1.4% to 2% and 3.57% increases the
pure axial resistance by 5% and 23%, respectively. When the
eccentricity level increased, the improvement in the axial
resistance, due to the increasing CFRP reinforcement ratio,
increased by 13% for a ratio of 2% and 33% for a ratio of
3.57%. The bending resistance increased proportionally with
the reinforcement ratio, and the most noticeable improvement
can be seen at the point of pure bending, which reached 60%
for a ratio of 2% and 141% for a ratio of 3.57%. In FEA,
changing the tie spacing has a slight effect on the axial
resistance along the full range of eccentricity levels, while a
remarkable decrease (12.6%) in bending resistance can be
observed at the point of pure bending, when the tie spacing
decreases from 90 mm to 40 mm. According to [25, 32],
decreasing the tie spacing affects significantly the failure mode
of the tested specimen due to the generation of a separate plane
between the specimen core and the outside concrete cover,
causing the fall of the concrete cover as well as that of the
specimen.

In the theoretical models, the tie spacing variations show no
effect since the transverse reinforcement contributions are
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1.4} Qe Pree, 5 ——P e

—Pre 7

1.20
1.00 e/h=25%
o
% oso [eesox]
e/h=50%
e [ e/n=so:
o

0.40 : R

£/h=75%
bl
0.20 \ Lt
0.00 v\ %] e/h=100%

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

NORMALIZED BENDING MOMENT RESISTANCE, RN=M/AG F'CH
(A)

NORMALIZED AXIAL RESISTANCE,
KN

(a)

0.00

Exp. P-M FEM P-M Pre.1
Pre.2 Pre.3 Pre.4
N 1.40 - =Pre5 = Pre.6 Pre.?

wi

é 1.20

G 1.00 e/h=25%

@ -

& E 0.80 e/h=50%

<

E §O.GO e/h=75%

n

2 z0.40

N ¥ 0 e/h=100%

IZ 020

=

-4

o

z

0.00 0.05 0.10 0.15 0.20
NORMALIZED BENDING MOMENT RESISTANCE, RN=MN/AG F'C H

(©)
Fig. 12.

excluded from the P-M interaction calculations. When the
compressive strength of the CFRP is ignored, the increase in
the reinforcement ratio causes a decrease in the axial resistance.
For e/h = 0, increasing the reinforcement ratio from 1.4% to
2% and 3.57% decreases the axial resistance by 0.8% and 2%,
respectively. This decrease in the axial resistance is attributed
to the subtraction of a larger reinforcing area from the
specimen’s total area in the calculation. With an increasing
eccentricity level, any increase in the reinforcement ratio
causes an increase in the neutral axis value, which gives a
higher concrete contribution in axial resistance. The axial
resistance improvement for the ratio of 2% starts from 0.8% for
the low eccentricity level and reaches 9% for the extreme level,
while for the reinforcement ratio of 3.57%, the improvement
reaches 22% for the extreme level of eccentricity. Similarly,
the bending resistance improved by 0.9%-11%, and 2%-29%
for reinforcement ratios of 2% and 3.57%, respectively.

Figure 13 illustrates the effects of considering the CFRP
compressive strength contribution in addition to increasing the
CFRP reinforcement ratio on the axial and bending resistances.
The improvement in pure axial resistance ranged from 8% to
30% for reinforcement ratios of 2% and 3.57%, respectively.
This improvement was due to the higher compression stress
(700 MPa) in CFRP bars. In a low eccentricity level (e/h =
25%), the compression stress value decreased by 53% due to a
decrease in the neutral axis values, while the overall decrease
in the axial resistance was 5% and 18%.
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Experimental, FEA, and theoretical interaction diagrams for specimens: (a) C12-T90, (b) C16-T90, (c) C12-T40, (d) C12 T140.
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Fig. 13.  Contribution effect of CFRP bars on interaction diagrams for all specimens: (a) FEA, (b) model Pre.1, (c) model Pre.2.

For moderate (e/h = 0.5), high (e/h = 0.75), and extreme
(e/h = 1.0) eccentricity levels, increasing the reinforcement
ratio from 2% to 3.57% enhanced the axial resistance by 10%-
29%, 12%-35%, and 18%-38%, respectively. With the increase
in the eccentricity level until the pure bending point, the
improvement in bending resistance was in line with the
increase in the reinforcement ratio by 5%-15% for a 2%
reinforcement ratio, while for a 3.57% reinforcement ratio, the
improvement ranged from 18% to 45%. Finally, the P-M
interaction diagrams for the columns reinforced with CFRP do
not show any balanced points, in contrast to the diagrams for
the columns reinforced with steel. Additionally, in all cases, the
CFRP bars did not fail under tension or compression, even
when the concrete reached its ultimate strain, which is assumed
to be 0.003. As the reinforcement ratio increased, the strains in
the tensile bars under pure bending conditions decreased.

VI. CONCLUSIONS

This study provides insights into the behavior of Carbon
Fiber-Reinforced Polymer-Reinforced Concrete (CFRP-RC)
columns under varying loading conditions. The structural
behavior of rectangular concrete columns reinforced with
CFRP bars under concentric and eccentric loaded conditions
was investigated. Based on the Finite Element Analysis (FEA),
and theoretical results, the following observations were made:

1. The CFRP-RC columns can be potentially analyzed by
deploying the procedure used for traditional RC columns
with steel reinforcement.

2. The FEA observations indicate that no rupture in the CFRP
bars lies in the tension zone, and the failure is triggered by
concrete crushing. For the tested columns, the failure mode
can be classified as a brittle compression failure for zero
and low eccentricity levels. However, for specimens with
moderate, high, and extreme eccentricities, a less brittle
flexural-compression failure can be noticed, and the
response closely resembled that of the flexural members as
the eccentricity ratio increased.

3. Compared to the concentric specimens, FEA demonstrates
an average decrease in initial stiffness by 43%, 89%, 92%,

(1]

[2]

[3]

[4]

[5]

and 94% for low, moderate, high, and extreme eccentric
loading levels, respectively. Additionally, for all
specimens, regardless of the longitudinal reinforcement
ratio or transverse reinforcement configuration, the
ductility index demonstrates an inverse relationship with
the eccentricity level.

In FEA, the CFRP reinforcement can be used as an internal
reinforcement by limiting its ultimate tensile strength to a
suitable fraction.

Increasing the reinforcement ratio enhances the axial
capacity by 33% and increases the bending resistance by
141%. Modifying the spacing of ties from 140 mm to 40
mm has little effect on the axial capacity. However, a
decrease in the tie spacing results in a reduction of the
bending resistance.

Given the limited understanding of CFRP bars'
compressive behavior in high-strength concrete, further
investigations are required.

Finally, unlike the traditional steel-RC columns, the
obtained P-M interaction diagrams of the CFRP reinforced
columns do not experience balanced points.
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