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ABSTRACT

With the release of ACI CODE-440.11-22, which introduces design provisions for GFRP-
Reinforced Concrete (RC) columns, it is important to evaluate the limitations of the adopted
approach and provide practical design tools. This study develops and validates an analytical cross-
sectional model—based on equilibrium and strain compatibility—against theoretical and
experimental data, to generate axial load—bending moment (N—M) interaction diagrams for short
GFRP-RC columns in accordance with the new code. The model uses the equivalent rectangular
stress block for concrete in compression and incorporates key design parameters, including GFRP
bar properties and strength reduction factors. To assess the conservatism of the code approach, the
study compares interaction diagrams generated using the code's stress block with those developed
using nonlinear concrete constitutive models. Results show that the code-based diagrams are more
conservative, and a scaling factor of 1.1 is suggested to better match actual behavior. As the ACI
code neglects the compressive contribution of GFRP bars, their tensile strength affects only the
tension side of the interaction diagram. Moreover, variations in the bar’s elastic modulus influence
the diagram from the balance point on the tension side up to the point where all bars are in
compression and thus excluded from the analysis.
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1. INTRODUCTION

Due to extensive research on Glass Fiber Reinforced Polymer (GFRP)-Reinforced Concrete (RC)
columns, including GFRP bars' contribution to load bearing in concentrically loaded columns (1—
17), eccentricity effects (6,7,9,11,15,18-27), and transverse reinforcement (1,2,5,6,9,11—
14,20,22,28-35) ACI CODE-440.11-22 (36) allocated a chapter to the design of GFRP-RC
columns which was not in the ACI 440.1R-15 guideline before (37). Also, the Canadian Highway
Bridge Design Code, CSA S6-19 (38) no longer neglects the contribution of GFRP bars in
compression, and a contribution to a load bearing of up to a stress level corresponding to a strain
0f0.002 in bars is considered. ACI CODE-440.11-22 (36) allows short column analysis (neglecting
the slenderness effects) when slenderness ratio, which is the ratio of the effective length of the
column to its least radius of gyration (kl./r), is less than or equal to 17 for columns which are not
braced against sideways, and for braced frames it is a function of end moments ratio. Previous
studies have investigated slenderness limits using theoretical models (39), experimental and
analytical studies (40), axial load capacity reduction (41), force ratio (42), with proposed limits
typically ranging from 14 to 18.

The code considers design limits for the dimensions of the column and limits the tensile strain of
the longitudinal bars to 0.01. Also, there are strength limits and new criteria are imposed for
strength reduction factor based on the strain of the longitudinal reinforcement for columns under
axial load and bending moment. For the design, equivalent rectangular stress block is assumed for
concrete wherein the concrete stress is 0.85 of the concrete strength, f”., and the depth of block is
L1Cna (Cna 1s the neutral axis depth). For calculating f1, a table is provided based on the concrete
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RC columns are subjected to combined axial loads and bending moments due to factors like
construction imperfections and architectural requirements. Column interaction diagrams are used
to evaluate their axial and flexural resistance, with load eccentricity significantly influencing
behavior. GFRP-reinforced columns have been studied experimentally, analytically, and
numerically under concentric and eccentric loads. Given the inevitable occurrence of eccentricity
in axial loads, the impact of eccentricity on GFRP-reinforced concrete columns is a topic of
discussion. Some researchers argue for disregarding the contribution of FRP bars under eccentric
loading (9,18,19), whereas others contend that it should not be overlooked (6,20-22).

Khorramian and Sadeghian (7) tested GFRP-RC columns subjected to both concentric and
eccentric compressive loads. The results showed that GFRP bars did not crush at column peak load
and sustained high strains without reaching their compressive strain capacity and should not be
ignored. Full-scale GFRP-RC columns with different longitudinal reinforcement ratios and under
various levels of eccentricity were tested by Guérin et al. (22). The effect of the reinforcement ratio
on strength, failure mode, deformation, and strain behavior of the columns was studied, and
experimental axial force-moment (P-M) interaction diagrams were created for each group. It was
shown that including GFRP bars' compression contribution improved P-M diagram accuracy,
while neglecting it increased conservativeness. In another study by Guérin et al. (31), square
GFRP-RC columns with GFRP ties tested under different levels of eccentricity. The GFRP-RC
columns exhibited similar behavior to steel-RC columns, with eccentricity significantly impacting
strength and failure modes. Sun et al. (21) investigated the behavior of GFRP-RC columns
subjected to three initial eccentricities. Results showed that columns experienced concrete
crushing on the pressure side, but the GFRP bars mostly remained intact. It was also found that

bond behavior between the GFRP bars and concrete improved when the GFRP bars were used as



longitudinal compressive bars. Hadhood et al. (3), (4) investigations on full-scale circular GFRP-
RC columns showed that failure modes vary with eccentricity, from compression-controlled for
concentric loading to primary flexural-tension for high eccentricity. Elchalakani and Ma (9) tested
rectangular concrete columns reinforced with steel and GFRP bars to failure under various loading
conditions, examining the effect of load eccentricity, ligature spacing, and confinement area on
axial capacity and ductility. Results showed that GFRP-RC columns with less concrete cover
achieved greater strain and deformation ductility than equivalent steel-reinforced columns. Testing
GFRP-RC columns by Hadi et al. (18) indicated that steel-reinforced specimens outperform those
with GFRP bars in load capacity and ductility, with a 4.8% lower load capacity for concentric
loading and an average 18.5% lower capacity for eccentric loading.

Elmesalami et al. (16) tested concrete columns reinforced with FRP bars under both concentric
and eccentric loading. The results showed that columns reinforced with basalt-FRP (BFRP) and
GFRP had similar load-carrying capacity, which was lower than that of steel-reinforced columns.
The contribution of FRP bars to the ultimate capacity was approximately 11% for both GFRP and
BFRP, compared to 31% for steel bars. Circular RC columns were tested under concentric axial
load and were reinforced with longitudinal GFRP and CFRP bars, while being confined with
circular FRP spirals or hoops (11). The results showed that the GFRP and CFRP bars were effective
in resisting compression until after crushing of concrete. In a study by Salah-Eldin et al. (43), full-
scale concrete columns with varying eccentricity-to-width ratios, concrete strength, and
reinforcement types (steel and GFRP bars and ties) were tested under axial monotonic loading.
Despite the different conditions, the test results showed that the failure of the specimens was not
caused by GFRP bar rupture on the tension side, but rather by the maximum section capacity limit
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reinforced with GFRP bars with different slenderness ratios and reinforcement ratios under
eccentric compression. Results showed that the GFRP bars sustained load and moment after
concrete spalling until compression failure, demonstrating their contribution. More recently, Wang
et al. (44) found that columns with integrated steel spirals, those having outer GFRP bars showed
3 to 10 % lower peak loads than those with steel bars. In another study, the effect of transverse
reinforcement with a new test procedure was investigated (45). Nouri et al. (46) implemented
machine learning approach for predicting the axial capacity of GFRP columns. ACI CODE-
440.11-22 does not include seismic provisions, primarily due to the lack of a proven methodology
to ensure adequate ductility and energy dissipation in GFRP-RC members. However, recent studies
have investigated the seismic performance of GFRP-RC columns (47), systems with internal (48)
and external (49) GFRP tubes, hybrid reinforcement (47), highlighting the need for continued
research and future code development in this area.

As reviewed, numerous experimental, numerical, and analytical studies have been conducted to
investigate the behavior of GFRP-RC columns under combined axial and bending moments,
leading to the development of interaction diagrams. While previous studies have explored the
contribution of GFRP bars and produced interaction diagrams, the recent release of ACI CODE-
440.11-22 (36), which includes a dedicated chapter (Chapter 10) on column design, emphasizes
the need for updated interaction diagrams that align with the new code requirements and address
its limitations for practical design applications. This paper presents interaction diagrams for
rectangular and circular cross-section columns reinforced with GFRP bars, considering a practical
range of material properties and dimensional characteristics. The novelty of the study lies in its
systematic application of ACI CODE-440.11-22 (36) clauses, marking the first effort to generate
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diagrams, the relevant code clauses are thoroughly discussed to ensure accurate interpretation and
alignment with the code’s intent. In addition, the study evaluates the conservativeness of the ACI
approach for stress distribution in concrete by comparing it with nonlinear concrete constitutive
models. A parametric study is also conducted to assess the influence of GFRP material properties,
such as ultimate tensile strength and elastic modulus, on the interaction diagrams. By addressing
both the conservativeness of the code and the impact of GFRP material properties, the paper
contributes valuable insights for both researchers and practitioners, helping bridge the gap between
theoretical provisions and real-world applications.

3. ANALYTICAL MODEL

The study's analytical model utilizes cross-sectional analysis to determine the stress and strain of
FRP bars and concrete for different combinations of axial compressive loads and corresponding
moments due to load eccentricity. The column's cross-section comprises of n layers of GFRP bars,
where each layer has an area of 4; and a distance of d; from the bottom of the section. GFRP bars
are assumed to exhibit linear-elastic behavior until their ultimate strength, which is defined by the
elastic modulus of the bar.

For the behavior of concrete, three approaches were considered. First, the conventional approach
of design is used to prepare the design interaction diagrams. In this approach an equivalent stress
block is considered for the concrete in compression while the contribution of concrete in tension
is neglected. In the second and third approaches, two well-known constitutive models proposed by
Popovics (50) and Thorenfeldt (51) are used and results are compared in the parametric studies
section of the paper.

For any given value of the neutral axis depth, the strains in the GFRP bars are calculated based on

the no-slip assumption between bars and concrete (i.e., surface roughness of GFRP bars provides



adequate bond with concrete). Therefore, a linear strain distribution exists in the cross section, and
by considering the strain of the ultimate compressive layer of concrete, &.,,, equal to 0.003 (clause

R22.3.1.1) (36), the strain at each layer, ¢;, can be found using:

_ €em
CNA

& Vi (1)

The ultimate compressive strain of 0.003 is based on ACI CODE-440.11-22 (36), Clause
R22.3.1.1, and reflects the same value adopted in ACI 318 (52) for concrete sections at ultimate
conditions. This value is widely accepted in design codes because experimental tests have
consistently shown that normal-strength concrete typically reaches failure at a compressive strain
around 0.003 (53-56). In Eq. (1), Cy, 1s the depth of neutral axis, and y; is the location of each
layer in the section, measured from the top of the section height. Based on strain compatibility, Eq.
(1) can be used to find the strain in bars based on their location, y;. Therefore, the strain in each
bar can be calculated based on the location of the neutral axis. Having the strains in the bars, stress
values are calculated using an elastic modulus, Ey, of 50 GPa for GFRP bars which is an average
value in the practical range of manufactured GFRP bars. The ultimate tensile strength of GFRP
bars, f, 1s assumed to be 900 MPa, representing approximately the average minus one standard
deviation based on available manufacturer data (Table 1).

Table 1. Strength values reported (in MPa) by different manufacturers of GFRP bars

Bar size
Manufacturer #5 (15M)  #6 (20M)  #7 (22M) #8 (25M)
A 1000 1000 1000 1000
B 970 900 880 840
C 1000 1000 1000 1000
D 1000 1000 1000 900
E 890 880 860 840
Mean values 972 956 948 916
Standard deviation 48 61 72 80




The mechanical properties of GFRP bars depend on several factors, including the type of fiber,
typically E-glass, the fiber volume fraction, which is approximately 80% in modern bars, and the
type of resin, most commonly vinyl ester due to its superior durability and chemical resistance.
The average values reported in Table 1 represent the practical overall properties of the bars,
determined using the standard test method for tensile properties of FRP bars (57). Previous
research has demonstrated that while the compressive strength of GFRP bars is generally lower
than their tensile strength due to mechanisms such as fiber micro-buckling and matrix crushing,
but their elastic modulus in tension and compression is almost equal (58—62). However, according
to ACI CODE-440.11-22 (36), the contribution of GFRP bars in compression is neglected. While
this approach introduces conservatism, it contrasts with the Canadian Highway Bridge Design
Code (CSA S6) (38), which permits the inclusion of GFRP bar compressive strength up to a strain
of 0.002. In this study, the generation of interaction diagrams is based solely on the tensile
properties of the GFRP bars to maintain full compatibility with the ACI code and to produce
practical diagrams suitable for design applications.

An environmental reduction factor, Cg= 0.85, is applied to the average ultimate guaranteed tensile
strength of the bars as per clause 20.2.2.3.

Concrete stress of 0.85/7¢ is assumed uniformly distributed over an equivalent rectangular area
with the stress block factor, f1, which is considered as per clause 22.2.2.4.3 (36) ranging from 0.65

to 0.85 as a function of concrete compressive strength:

0.85 20 < f/ <28
' — 28
By =1085— 0.05L7) 28 < f! < 55 (MPa) ()
0.65 55 < f/

According to Clause 21.2 of ACI CODE (36) the strength reduction factor, ¢, for concrete under

combined moment and axial force ranges from 0.55 to 0.65 based on the strain in the outermost



GFRP bar layer and the associated failure mode (Figure 1), with lower values applied to tension-
controlled failures due to their sudden and brittle nature. This classification does not account for

the influence of different transverse reinforcement types such as ties or spirals.
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Figure 1. Strength reduction factor, ¢, as a function of the net tensile strain in extreme tension
reinforcement, ¢

The calculation of forces and moments in the concrete and reinforcement, based on the code
requirements, is presented in the following subsections for rectangular and circular cross-section
columns, respectively. The total force and moment in the concrete are calculated using the volume
of the equivalent stress block, incorporating the reduction factor. For GFRP bars, forces and
moments are determined as the sum of the forces and moments from each layer. The load
eccentricity with respect to the center of plastic, e, is calculated by dividing the sum of the concrete

and GFRP bar moments, M7, by the sum of the forces, Py:

M
Pr

In which the ratio of M over Pr is the load eccentricity with respect to the neutral axis, and Cp is
the depth of the plastic centroid of the section.

3.1. Rectangular Cross Section



Figure 2 shows the strain and stress distribution in the section. The compressive force is considered

positive, and the moment is assumed to be applied around the neutral axis, Cna.
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Figure 2. Parameters and assumptions for cross-sectional analysis of rectangular and circular column

sections
For different values of the neutral axis, ranging from -oo to +oo, the forces and moments in each

layer of bars are calculated:
Fri = fri X Api 4)

Wherein, f; is the stress at each layer of the FRP bar, calculated from the linear relationship
between strain and stress using the GFRP elastic modulus, Er. 4 is the total area of the bars at the

layer, and yy; 1s the location of each bar layer. The moment around the neutral axis is calculated as:
Mg = fri X Ay X Yy (5)

Also, the moment with respect to the center of plastic can be calculated as:
Mg" = fri X Apy X 5 X (Cp — Cya) (6)

Then the force in the concrete is calculated (clause 22.2.2.4):
F. = 0.85fB;Cnab (7)

Where b is the section width (Figure 2). And consequently, moments about neutral axis, M., and

the center of plastic, M ., can be found by the following equations, respectively:
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M. = F.(1—-0.5p,)Cy4 (8)
M. =F,[(1-0.58)Cya+ (Cp — Cya)l 9

The sum of concrete and GFRP bar forces gives the overall force, Pr, and moment, M, of the
cross section for a certain location of the neutral axis, and therefore, load eccentricity can be
calculated as described before. To account for accidental eccentricity, the nominal axial strength
of the section in compression, Py, is limited to 0.80Py for columns with ties according to clause
22.4.2 (36) based on the work by Hadhood et al. (63) on circular ties. Where, Py is (clause

22.4.2.2):

P, = 0.85f,/bh (10)
3.2. Circular Cross Section
Similar to rectangular cross sections, for circular cross sections, the compressive force is

considered to be positive, and the moment is assumed to be applied around the neutral axis, Cny

as per Figure 3.

FrCxa

Figure 3. Parameters and assumptions for cross-sectional analysis of rectangular and circular column
sections
The forces and moments at each layer of GFRP reinforcement are calculated using the strains,

elastic modulus and the area of the reinforcement as described for rectangular cross sections.

However, the force in the concrete is calculated as (clause 22.2.2.4):
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F. = 0.85f/A, (11)

Where A. is the area of the concrete section that the stress block is applied on (Figure 4), and is

calculated as:

() ne

wherein,

0.5

(B s ®

And consequently, moments around neutral axis and the center of plastic can be found by the

X =

following equations, respectively:

M. = F.[ys = (h/2 = Cya)l (14)

Mc, = reYs (15)

wherein, yys is the distance of the center of hatched area in Figure 4 from the center of plastic:

h(sin a)®

(16)

Vs

" 3(a — sinacos a)

Figure 4. Definition of parameters for calculating the stress block on circular sections
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The sum of concrete and GFRP bar forces gives the overall force, Py, and moment, My, of the
cross section for a certain location of the neutral axis, and therefore, load eccentricity can be
calculated as described before. For circular columns the maximum nominal axial strength in
compression, Py, is calculated using 0.85P for columns with spirals according to clause 22.4.2
(36) based on the work by Hadhood et al. (63) on circular columns reinforced with GFRP bars and

spirals. Where, Py is (clause 22.4.2.2):

Py = 0.85f/(mr h?/4) (17)
4. INTERACTION DIAGRAMS

4.1. Model Verification

Before preparing the interaction diagrams, the results of the model are checked with an analytical
benchmark model (28) in the literature for both rectangular and circular cross section columns.
The concrete strength, £, is 28 MPa (4 ksi) and the elastic modulus and strength of the bars are 40
GPa (6000 ksi) and 400 MPa (60 ksi), respectively. The value of strength in the benchmark study
was selected equal to the strength of steel bars for comparison purposes. The square column has a
600x600 mm (24x24°") cross section, having four layers of bars (12-¢25 total). The diameter of
the circular column is 600 mm (24”) and it has 12-¢25 bars. Using the prepared model, the
interaction diagrams of the square and circular columns are as presented in Figure 5 against the

benchmark interaction diagram.
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Figure 5. Interaction diagrams for a) rectangular and b) circular columns for verification of the analytical
model (28)

As seen in Figure 5, there is a good agreement between the results. Minor differences originate

from assumptions such as the strength reduction factor, ¢, which was a constant in the benchmark
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study per ACI 440.1R-06 (64), whereas in the present model it varies with the failure mode as
defined in ACI CODE-440.11-22 (36).

In the second stage, validation was conducted using experimental results from literature. Guérin
et al. (22) tested GFRP-RC columns (400400 mm) under axial-flexural loads with four
eccentricities (e/h = 0.1 to 0.8), reinforced with six #6 GFRP bars (p = 1%) and 40 mm cover. The
compressive strength of concrete was 40 MPa, and the GFRP bars had a strength of 1317 MPa and
elastic modulus of 51.3 GPa. For circular columns, Hadhood et al. (3) reported tests on 305 mm
diameter columns with 8 #5 GFRP bars (p = 2%). The concrete strength averaged 70.2 MPa, and
the bars had a strength of 1289 MPa and elastic modulus of 54.9 GPa.

Both studies included columns with slenderness ratios of 17.3 and 19.7, which are near the
slenderness limit of 17 for unbraced columns per ACI CODE-440.11-22 (Clause 6.2.5). However,
second-order effects were not explicitly accounted for in the original tests and are considered
negligible for these cases. As such, the present model focuses on section-level analysis assuming
negligible second-order effects, which is consistent with the referenced tests. The results,
compared in Figure 6, show good agreement between the predicted nominal capacities and the
experimental values. A more conservative diagram can be generated by applying the strength
reduction factor per Clause 21.2.1 of ACI CODE-440.11-22 (36).

Moreover, the confinement effect from transverse reinforcement is not included in the model, as it
is known from literature (12,18,30,45) that confinement tends to activate post-peak, contributing

to residual capacity rather than initial strength.
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Figure 6. Comparing the interaction diagrams of the present model with the experimental data from a)
Guérin et al. (22) and b) Hadhood et al. (3)

4.2. Interaction Diagrams for Design Applications
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Having been verified, the model is used to produce interaction diagrams for practical ranges of
material and cross-sectional properties as presented in Table 2.

Table 2. The range of parameters used in the preparation of the interaction diagrams

Parameter Description Range Unit
. Ratio of the distance between the outer layers of reinforcement in a 0.6—0.9 B
column to the overall depth of the column ‘ ’
or Ratio of GFRP bars area to total section area 0.01 -0.05" -
fe Compressive strength of concrete 27 —45 MPa
Es Elastic modulus of GFRP reinforcement 50 GPa
S Design tensile strength of GFRP longitudinal reinforcement 900 MPa

* Clause 10.6.1 (36)

A standard approach is used to define the axis values, where the axial forces shown on the vertical
axis are divided by the gross column cross-sectional area and then normalized by the compressive
strength of concrete. Similarly, for the horizontal axis, the moment values are divided by the gross
column cross-sectional area and the section height/diameter, and then normalized by f'.. Due to the
relatively large number of design figures, they are presented in Appendix A and B (Figures A1-A3
and B1-B3) for rectangular and circular columns, respectively.

Based on Figure 1, which shows the variation of the strength reduction factor, ¢, as a function of
bar strain, a compressive-controlled condition results in a factor of 0.65. In practice, the ultimate
strain of bars, which can reach up to 2 percent, is rarely reached in ordinary columns subjected to
eccentric compressive loads. As a result, all diagrams in the compressive domain exhibit a strength
reduction factor of 0.65. Taking this into account, and neglecting the compressive strength of the
bars, the design axial strength from clause 22.4.2.2 (36) is used with reduction factors of 0.8 and
0.85 for rectangular columns with ties and circular columns with spirals, respectively, as per clause
22.4.2.1 (36), to calculate Py, max.

The code imposes design restrictions on the strains (clause 10.3.2) and, if the factored axial

compression, P, determined from the analysis of the loads on the column, exceeds 0.1/ :A4g, the
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ultimate tensile strain of the bars is limited to 1 percent to prevent excessive deformations. While
this constraint is incorporated in the analytical model, the strains are typically below 1 percent in
the practical range of concrete and GFRP bar material properties under eccentric compressive
loads.

Although the most practical values were selected as the material properties of GFRP
reinforcement, considering a range of available elastic modulus and ultimate tensile strength values
can further generalize the interaction diagrams. However, this approach was not taken in this study
to avoid any confusion in using diagrams.

5. PARAMETRIC STUDIES

5.1. Concrete Behavior Modeling

A comparative study was conducted to examine the effect of using the actual stress block in the
cross-sectional analysis of columns, as opposed to the equivalent rectangular stress block. The
stress-strain behavior of concrete in compression was modeled using two well-known constitutive
models proposed by Popovics (50) and Thorenfeldt (51). The Popovics model was defined by the
following relationship:

£ n

fen—1+ (i—)n (18)

fe=f

Wherein, f; is the concrete ultimate strength and # is the curve fitting number defined as:

E.
n=-—/x
Cc gé
&. s the strain of concrete corresponding to its ultimate strength:
f‘cl
c=1.7— 20
=175 (20)
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The model presented by Thorenfeldt (51) has a similar format but incorporates a stress decay

factor, £, to the equation:

& n
fe=f e\ F Q1)
n—1+(3)
(o4
And
k =067+ g—cz (MPa) 22)

In both equations, the elastic modulus of concrete, E, is defined as:

E, = 4700,/f! (MPa) (23)
E, = 3320,/f/ + 6900 (MPa) (24)

Eq. (23) is used for normalweight concrete (52), with /. up to 40 MPa, while Eq. (24) is used for
high-strength concrte (65), with f’c up to 83 MPa. The same procedure used for the equivalent
stress block method was applied, with the only difference being that the concrete at the top of the
neutral axis (on the compression side) was divided into layers, each with a height of 0.001 inches.
The corresponding forces and moments were then calculated for the concrete. To compare the
results, interaction diagrams are presented for three different approaches, where y=0.75, f°=35
MPa, and the other parameters are consistent with those in Table 2. As shown in Figure 7, the
equivalent stress block method is a relatively more conservative approach for design purposes.
The difference between the diagrams for both rectangular and circular cross-sections is
approximately 10%. This suggests that a scaling factor of 1.1 can be applied to the code

calculations to adjust them according to the actual stress-strain block.
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Figure 7. Comparing the interaction diagrams from the three approaches for concrete stress modeling: a)
Rectangular and b) Circular cross-section columns
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Negative axial forces indicate conditions where the column is under tensile loading. The tensile
portion of the interaction diagram intersects the vertical axis at the maximum relative tensile
strength of the bars. Below the balance point, the tensile portion depends on the behavior of the
bars and is, therefore, unaffected by the concrete stress modeling approach. In the traditional
method for determining the interaction diagram of steel-reinforced concrete columns, the balance
point is typically located around the maximum moment location of the diagram. However, for
GFRP-RC columns, the balance point’s location depends on several factors, including the material
properties and ratio of GFRP reinforcement, column dimensions, the y factor, and the compressive
strength of the concrete (66). Most often, this point lies on the tension side of the interaction
diagram. However, as shown in Appendix A, for small amounts of reinforcement, this point may
shift to the compression side of the diagram. The balance point serves as a critical indicator in
design, as it helps distinguish between compression- and tension-controlled failure modes, guiding
reinforcement selection and section optimization for GFRP-RC columns.

The shape of the interaction diagram for GFRP-RC columns is influenced by the ratio of concrete
compressive strength to bar tensile strength, the ratio of the concrete elastic modulus to the GFRP
elastic modulus, and the reinforcement ratio. As shown in Figure 7, increasing the reinforcement
ratio while keeping other contributing factors constant causes the intersection point of the diagram
with the horizontal axis to shift toward higher moments, while also moving the balance point
toward larger tensile axial loads. Further analysis of the effects of the reinforcement bars is
provided in the following section.

5.2. GFRP Reinforcement Material Properties

To investigate the effect of reinforcement material properties, three different ratios of bar ultimate

tensile strength to concrete strength, f1./f ¢, (Figure 8), and three different ratios of elastic modulus,
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EJE., (Figure 9), were considered for both rectangular and circular cross section columns. In all
diagrams the compressive strength of concrete is 35 MPa, the reinforcement ratio is at an average
value of 3 percent, and y is 0.75. Three different values were assumed for the ultimate tensile
strength of the bars (700, 900, and 1100 MPa), and three different values were considered for the

elastic modulus (40, 50, and 60 GPa).

P /f A,

0 0.1 0.2 0.3 04 0.5 006
M AN

(a)

22



s

oP/f A,

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
SM A

Figure 8. Studying the ratio of the tensile strength((l))t} reinforcement to compressive strength of concrete
for a) rectangular and b) circular columns

As can be seen in Figure 8, since the compressive strength of bars is neglected, the strength ratio
had no effect on the compression side of the interaction diagrams for both rectangular and circular
cross sections. However, the position of the balance point, which directly depends on the tensile
strength of the bars, shifted with change in the ratio of f./f"c. The higher the /., the more moment
resistance is observed. Meanwhile, it can be seen in the tension side that the higher the ratio, the
greater area that the diagram covers and the maximum tensile strength of the column increased.

Looking at Figure 9, the elastic modulus of the reinforcement affected the compression side of the
diagram up to the point that from there to the pure compression point, all the bars are under
compression and therefore they have no contribution in the diagram. It is seen that lower elastic
modulus of the rebras means more contribution of concrete. According to this figure, rebras elastic

modulus affect the diagram in a specific zone, which is from the balance point in the tensile part

up to the point that all the bars are under compression and neglected.
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Figure 9. Studying the ratio of the elastic modulus of reinforcement to concrete for a) rectangular and b)
circular columns
The practical interaction diagrams provided in the Appendices are based on average values of

elastic modulus (50 GPa) and tensile strength (900 MPa). Designers can adjust the interaction

diagrams using the trends demonstrated in Figures 8 and 9. Specifically, the interaction diagram
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values can be scaled or modified according to the actual tensile strength and elastic modulus of the

bars used in practice.

6. CONCLUSION

This paper presents interaction diagrams as a simple and practical design tool for practicing

engineers to design rectangular and circular concrete columns reinforced with GFRP bars, in

accordance with the requirements of ACI CODE-440.11-22 (36). The analytical model used in this

study employs cross-sectional analysis to determine the stresses and strains in the FRP bars and

concrete under various combinations of axial compressive loads and corresponding moments

caused by load eccentricity. The following findings were obtained from this study:

The ACI CODE-440.11-22 stress distribution approach was compared with the Popovics
and Thorenfeldt models. It was found that the equivalent stress block method is more
conservative, with a 10% difference between the diagrams for rectangular and circular
cross-sections. A scaling factor of 1.1 can be applied to adjust the code calculations for the
actual stress-strain block. Future reliability analysis is recommended to optimize this factor.
The location of the balance point in the interaction diagram for GFRP-RC columns depends
on factors such as material properties, reinforcement ratio, column dimensions, and
concrete compressive strength. Unlike steel-RC columns, this point is typically on the
tension side of the diagram. For low reinforcement ratios (e.g., 1%), it may shift to the
positive axial load side. Increasing the reinforcement ratio while keeping other factors
constant shifts the intersection point of the diagram with the horizontal axis toward higher
moments and moves the balance point toward larger tensile loads.

The design axial strength in clause 22.4.2.2 of ACI CODE-440.11-22 is a limiting

condition, and the compressive-controlled condition results in a strength reduction factor
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of 0.65 for all diagrams in the compressive domain. Reduction factors of 0.8 and 0.85 are
considered for rectangular columns with ties and circular columns with spirals,
respectively.

e The ultimate tensile strain of the bars is limited to 1 percent to prevent excessive
deformations in clause 10.3.2 of ACI CODE-440.11-22. However, this constraint is
typically not a concern in practical situations under eccentric compressive loads, as the
strains in bars are usually below 1 percent.

¢ Since the compressive strength of bars is neglected in the code approach, the strength ratio
of the bars does not affect the compression side of the interaction diagram but significantly
influences the tension side. Additionally, the elastic modulus of reinforcement plays a
critical role in the tension side; as the elastic modulus increases, the interaction diagram's
area decreases, indicating that higher strength and stiffness of the reinforcement improve
its efficiency in resisting tension.
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1  Appendix A. Interaction Diagrams for Rectangular Cross-Sectional Short Columns
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Appendix B. Interaction Diagrams for Circular Cross-Sectional Short Columns
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