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Abstract

This research paper examines the nonlinear behavior of a Glass Fiber-
Reinforced Polymer (GFRP) beam when combined with a concrete slab.
The investigation is conducted by analyzing the variable modulus of
elasticity of the materials, employing Karpenko's model. The paper
comprehensively elucidates the outcomes derived from experimental
inquiries into the system dynamics of I-section GFRP. The composite

structure consists of concrete slabs cast on top of GFRP beams, which are
joined using shear connectors in bolts to ensure full interaction. The
maximum failure load was determined based on theoretical calculations,
and the stiffness calculations for GFRP material were confirmed by testing
beams with a net length of 2600 mm with the following variables: type of
concrete (normal and high concrete) and the effect of using GFRP T-
sections fixed with bolts and epoxy. The results showed that high-strength
concrete increased the failure load by 98% compared to its counterpart.
The study focuses on finding a mathematical model based on the Karpenko
model, which is used to analyze concrete and GFRP composite beams
efficiently. Using the results to establish design principles and standards
for concrete and GFRP composite structures, the Karpenko model is a
remarkable agreement between the numerical, experimental, and
theoretical results.
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1- Introduction

Fibre-reinforced polymer (FRP) composites have increased in structural applications and
structures in the construction industry, especially for structural engineering applications, due to
their distinctive properties that attracted engineers. These properties include chemical
resistance, corrosion resistance, high hardness and rigidity, and improved static properties.
Reduced weight, fatigue strength, and improved damping capabilities [1, 2]. Polymer sections
have been used in experimental structural parts by examining prismatic sections composed of
fiber-reinforced polymer (FRP) materials to achieve composite properties (concrete and FRP
sections). As mentioned above, the tendency has been seen in conjunction with the growing
utilization of Fibre Reinforced Polymer (FRP) in many applications, encompassing both existing
and emerging contexts within concrete constructions.

Studies and scientific research on hybrid beams have been conducted in depth [1, 3, 4], which
consist of molded polymer composites (FRP) immersed in concrete. These studies have
demonstrated and aimed to understand the behavior of composite beams by systematically
studying this behavior with theoretical studies (mathematical models) for beams made of (FRP),
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which included coated and non-coated beams, where the results showed an improvement in the
bearing capacity of the coated beams compared to the behavior of the non-coated beams [5].

In addition, beams coated with concrete improved ductility more than beams that were not
coated [6-8], as some previous research showed that the bond between concrete and (FRP)
components with lengths of 750 mm and 500 mm showed that bending decreased with an
increase in failure loads, compared to uncoated beams [9].

Shear connectors between the GFRP beam and the concrete slab have a significant impact on
the results of the tests (amount of deflection and failure strength) through studies presented by
researchers and different types and methods of shear connectors for (GFRP) beams with concrete,
such as the study presented [10], which evaluated the use of sand-coated fiberglass reinforced
polymer (GFRP) nails instead of steel nails, which contributed to significantly reducing slip and
thus improving the bending properties of the composite beams. Kavlicoglu B. et al. [11]
investigated the flexural properties of beams fabricated using a composite material consisting of
(GFRP) and concrete, employing both analytical and experimental techniques.

Many constitutive relationships have been suggested to represent the stress-strain
characteristics of concrete and steel. Nevertheless, several correlations have failed to consider
crucial mathematical and physical factors. For example, certain connections exclusively depict the
upward portion of concrete subjected to compression, while others do not adequately portray the
stress-strain diagram for concrete experiencing tension [12].

In 1986, Korpenko [13] colleagues introduced a mathematical model to establish a connection
for forecasting the stress-strain behavior of concrete and steel under uniaxial loads. The above-
described association garnered substantial attention due to its ability to efficiently tackle most of
the abovementioned difficulties. Moreover, this correlation has facilitated the standardization of
the stress-strain diagram depiction for both tensile and compressive behavior of concrete and
various steel grades, such as mild and high-strength steel.

Since the discovery of concrete strength augmentation [14], concrete behavior has been
studied extensively. Some models were based on biaxial compression studies [15], while others
were based on a limited quantity of constrained concrete softening data [16]. Concrete
compressive behavior has been thoroughly explored through recent triaxial compression studies
[17], creating a complete database. This database can build and validate constrained concrete
models. An extensive collection of experimental research has been used to develop models for
steel-confined concrete's axial stress-strain behavior [18]. The level of confinement, dictated by
the lateral reinforcement ratio and uniaxial compressive strength, affects the ultimate strength
and stress-strain curve descending area. Given the advances in high-strength concrete, steel, and
composite materials (FRPs) as confining reinforcement, these models' limitations require
improved calibrations. This drove the creation of alternate conventional and high-strength
concrete models [19]. If localization is not considered, the softening zone will impact size
regardless of the function, making objective results unattainable [20]. The compressive softening
zone is usually regularised in finite element calculations using constant fracture energy criteria,
comparable to tensile cracking in concrete [21].

Plasticity-based models use constitutive drivers or finite element analysis to describe concrete
hardening, softening, and dilatation [22]. Finite element analysis methods using concrete
plasticity models are ideal for constructions with complex geometry and boundary conditions.
Structural engineers may prefer simpler models in the preliminary design of loaded concrete
elements with varied constitutive relationships to estimate (load- deformation) behavior [23].

The behavior of the beams is predicted using an analytical model that includes force
equilibrium, strain compatibility, FRP linear elastic properties, and a concrete partial stress-strain
confinement model [24]. An analysis model was presented based on applied stresses, strain
compatibility, and linear elastic properties of FRP, as well as stress and strain of concrete, to
predict the behavior of composite beams [25]; the model demonstrated a convergence of
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compatibility between practical models and the predictive model for use in increasing the
adaptability of GFRP sections [26].

The most prominent failure case for GFRP beams is the failure that occurs at the point of
intersection of the edge web and inside the web when used in composite beams. The theoretical
study of the causes of shear failure and the factors influencing this failure is the goal of the current
study, which aims to address the causes of failure (shear failure at the point of intersection
between the edge and the web and crushing) and see how well the proposed mathematical model
matches the practical results.

2- Materials and Sample Preparation

The experimental setting tested the structure of GFRP I-sections with a concrete slab. The
results were compared to theoretical predictions. The GFRP I-section is 100 x 150 mm and has a
10 mm flange and web thickness. The experiment used two 2600-mm beams. The beams were
manufactured from GFRP T-sections connected with epoxy and bolts. The beams were made of
0.5-mm corrugated metal sheets to simulate real-life conditions. The slab specimens can be
divided into 20.1 MPa normal compressive strength concrete (NCC) and 52.3 MPa high
compressive strength concrete HCC. The concrete models were water-cured for 28 days. The
beams were split and joined to the rigidity T-section GFRP using bolts and epoxy after 14 days of
cure. The composite structure was then cured in ambient air for 14 days.

Before the bonding procedure, the surfaces of the stiffness T-section GFRP and I-section
GFRP beams were subjected to surface preparation by sandpaper abrasion. After mixing, the
adhesives were applied to both surfaces and later connected. After completing the bonding
process, the specimens were exposed to the ambient atmosphere for a curing period of 14 days
before undergoing testing.

Two mechanical shear connectors are utilized as bolts in a complete shear connection without
slippage. These bolts have dimensions of 40 mm in length and 8 mm in diameter and possess a
yield strength (fy) of 630 MPa. They serve the purpose of connecting a GFRP beam to a slab, as
well as securing corrugated metal sheets. A 75 mm long and 12 mm diameter component,
possessing a yield stress of 630 MPa, is employed to affix the GFRP stiffener to the GFRP beam.
Before pouring the concrete slab, all the (GFRP) specimens were attached using bolts in Figure 1.
Show the details of the loading on the composite beam and details of the stiffeners. Table (1)
shows details of the nomenclature of the models in terms of bonding method and type of slab
concrete.

Table (1): Details of the nomenclature of the models

Specimen No. | Type Concrete| Bond Epoxy| Bond Bolts

HNEB Normal ok ok
HHEB High ok ok
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Figure 1. Details of the loading on the composite beam.

3- Testing Procedures

In the case of a fully bonded shear connection without any slippage, two mechanical shear
connectors are employed in the shape of bolts. The bolts under consideration exhibit dimensions
of 40 mm in length and 8 mm in diameter, together with a yield strength (fy) of 630 MPa. These
components facilitate the connection between a (GFRP) beam and a slab while also providing the
means to fasten corrugated metal sheets. The element for attaching the GFRP stiffener to the GFRP
beam is a cylindrical object with a length of 75 mm and a diameter of 12 mm. It has a yield stress
of 630 MPa. All the (GFRP) specimens were attached using bolts before pouring the concrete slab.

4- Design of GFRP Stiffeners

Stiffeners are supplementary plates or sections attached to the webs or flanges of beams to
augment their resistance to deformations outside the beam's plane. The critical component that
influences the flexural stress of the GFRP section is the occurrence of local buckling in its
conspicuous flange [27]. In order to mitigate the occurrence of buckling during the testing
process, the integration of (GFRP) stiffeners is implemented, as per the South African National
Standards (SANS) [28]. Figure 2 illustrates the representation of the stiffener and the associated
methodology for its immobilization in a stationary state. The stiffeners are constructed as a
vertical element within the [-Section beam, consisting of two distinct components: the bearing
strength (Br) and the compressive resistance (Cr). The necessity for bearing stiffeners arises at
both ends of a structure, particularly when the tension field lacks sufficient anchorage [28-30].
The design of the columns will incorporate a pair of stiffeners and a centrally positioned web strip
per the specifications provided in SANS 10162-1 [28-30]:

Figure 2. Details of the stiffeners.
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After determining the minimum value of (Cu) from (Br, Cr) by comparing it with the values
acquired from the experimental analysis of the (GFRP) model, as depicted in Figure (2), the T-
shape is utilized. The flange, measuring 100*10 mm, and the web, measuring 35*10 mm, are
reinforced with stiffeners. The stiffeners are spaced at intervals of 185 mm beneath the loading
point.

Figure ( 2): compressive test of (GFRP) model [28].

5- Full Shear Connection

Applying external forces to the composite beam results in discernible structural failures. The
failure modes seen in this study encompass bottom flange flexural failure caused by tension,
fracture, or shear stresses, local web buckling resulting from compressive forces, and shear
failure. The structural system encompasses various modes: local web buckling induced by
compressive stresses, concrete shear failure, concrete compressive failure, global concrete failure
due to lateral buckling, and interface shear connection failure. In this study, all instances of failure
were attributed to web shear. The beam size was selected to induce compression in the concrete
and achieve alignment of the neutral axis with the slab. The hybrid beam was studied by
researcher Correia [31], who used the composite section equations to analyze. According to the
hypothesis, the concrete in the beam reaches the point of failure, which is a compressive failure
in the concrete.

6- Nonlinear Analysis

The approach proposed for analyzing composite beams in the nonlinear state includes the
following under different loading conditions (including service loads until failure is reached) by
relying on the nonlinear analysis of the Karpenko model, which depends on a variable coefficient
of elasticity modulus values with each load case. The stresses along the section can be determined
at each loading stage using the Karpenko relationships [13], which describe the strain-stress
behavior of both concrete and steel bars. The modulus of elasticity of a (GFRP) material remains
relatively constant during the loading phase until it reaches the point of failure due to the nearly
linear relationship between strain and stress [32].

7- Stress-strain theoretical model

Korpenko proposed a theoretical framework to establish the correlation between stress and
strain in concrete and steel subjected to uniaxial stresses. The relationship mentioned above
gained significant popularity due to its ability to effectively address most of the abovementioned
challenges. As depicted in Figure 3, the stress-strain diagram of concrete is characterized by
Equations (1) to (6), which incorporate the equations for the coefficients. v,,, and e;.

o fe

Ve = 2wl ;€cet =0 (1)
v, =1 ;e <1

v, = 2.057, ;€ > 1 (2)
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e = 1.72 — 1.829, e, <1

e, = 1.950, — 0.138 ey, > 1 (3)
= o =0 (‘”
ey =1— e, (5)
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Figure 3: Stress-strain diagram for concrete [32].

8- The Neutral Axis Depth

In most cases, including the case of the analysis of the composite section by the researcher
(Correia etal., 2013), the analysis is adopted before the occurrence of cracking (linear case) and
the analysis when the concrete reaches the state of failure (crushing). Through Equation. (7) and
Equation. (8), Figure (4) shows details of the step calculation of the neutral axis depth.
X,,= The ultimate neutral axis depth in case of failure, the calculation of the final neutral axis depth,
assuming a full shear connection between bolts (shear connectors), is determined by evaluating
the neutral axis depth (Xu) using Equation (10). This phenomenon is depicted in Figure 5.

Y&
kl - Zgi-zf(;n (7)
b=1-;%§? (8)

[CRy-[(1 = k2). &c. Ve E))-be. X] . X + [Ap. Ep.£]. X = Ap. Epec. (3+h) =0 (9)

£, Eu €
u

N T N T T

- C=kyfoboX . fon C=kifebeX - C=kyfob.X

9 ;. Neutral axis _¥ r, _Neutralaxis | 5. Neutral axis
e = la

on

Figure (4): Details of calculating the neutral axis depth at any load.

’ h
(0.8.fC'.be. X)Xy + (Ay.Epo.). Xy — Ay Ep.2c. (5 +h) = 0 (10)
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Figure (5): Details calculation of the ultimate neutral axis depth [31].

9- Calculating Load:

The flexural Load is calculated from the bending moment; in the case of this study,
the composite beam is simply supported (s.s) as in Equation (8). For ultimate Load, use
Correia’s Equation by using the equivalent rectangular block with a value (0.8) of
compressive strength and the value of strain, taking into account &.= &, = 0.0035,
using Equations (11) and Equation (12).

4 % M;
pi=—7— (11)
Mu=(0.8*bc*Xu*fc)*(0.6*Xu)+(Af*Ep)*[;—c*(hc+%f—Xu)]*(hc+%f—
¢ h n c
XD+ (A Bp) [0 G he = X)|x GHhe = X) + (A Bp) # [Ex (b he = (12)

Lo x)|x(htho—L=X)

In the case of Load between non-load and ultimate Load (nonlinear), Equation (7)
and Equation (8) to find the neutral axis depth of compressive concrete at any load (X)
to find the bending moment is used Equation (13). So, the theoretical analysis result of
all beams is shown in Table (2). The failure load depended on the shear failure in the
web of the GFRP beam when using the same strain shear failure value on the web for

the experimental test.
My, = [((1 = kp). €. ve. Ee. k). be. X] + [(1 = k2). X] + (Af * Bp) + [ 5 (he + L= X)| +
(he +L=X) + (A * Bp) % [Sx G+ he =X)| G+ he = X) + (A7 + By) * (13)
[ (ht he =X = D] (h+ he — X, =D

10- Maximum Deflection:

The total deformation of hybrid beams, which consist of Glass Fibre fiber-reinforced polymer
(GFRP) and concrete, is influenced by two primary elements. Firstly, the deflection resulting from
bending is considered, considering the deflection's flexibility. Secondly, the connection induced
by shear is taken into consideration. In order to ascertain the maximum deflection, it is necessary

to initially calculate the value (n = EC/ £ ), where the modulus of elasticity (E;) gets it by
p

Equation. (14), it is necessary to ascertain the depth of the neutral axis (X ;;) found according to
Equation. (15), use Equation before the strain in the bottom edge concrete slab reaches a near
value (0.0004). Equation. (16) to find the section’s equivalent inertia (I5;*"), and after that, use
Equation. (9), as well as the section’s equivalent inertia (I5; **) by using Equation (17).

The distribution of a shear load on the beam occurs at the interface between the concrete slab
and the GFRP beam. It is important to acknowledge that the shear deformation in this situation is
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significant. A hypothesis with a conservative perspective is proposed, suggesting that the web of
a profile solely carries the shear force. Based on the assumption mentioned above, determining
the maximum deflection of GFRP-concrete hybrid beams with simple support, under the influence
of a point load (P) applied at any position along its span, can be achieved by utilizing Equation
(14), used to find deflection at any load use Equation (18).

The value of shear rigidity equals approximately 10 % of the modulus of elasticity. (E) for the
GFRP beam [27]. The theoretical analysis findings regarding defecation for all beams are
presented in Table 2.

E, =.E! s EL = 4700,/f! (14)
h h.
X :Ap*(hc+§)+n*AC*7 (15)
et Ay +nxA,
n* A * h2 he\? h
16 = T A (X_el - é) Hly Ay x (e 5= X (16)
n X be X X3, h 2
Ig(fRP = %+Ip + Ap X (hc +§—X,e1> (17)
5= P I3 Sp N PxL 18
T 48+ EIGFRP\ ;) " 4% G, x A, (18)
Table 2. Results of theoretical analysis.
SpecimenlUltimate Failure| Mid Strain |Failure| Mid
P No strain load |deflection|Failure| load |deflection
) (kN) (mm) test | (kN) (mm)
HNEB | 0.0035|121.63] 48.39 [0.0010| 70.33| 27.98
HHEB | 0.0035 |218.55| 83.67 [0.0012]125.18| 48.30

11- Results and Discussion
a. Maximum Load Failure

Table (3) displays the flexural outcomes of all the analyzed beams. The experimental results
indicated that the failure load of the composite beams, which were reinforced with GFRP T-Section
stiffness and fixed using a combination of bolts and epoxy, along with slab casting using standard
concrete with a compressive strength of 20.1 MPa, exhibited a more significant failure load
compared to the beams reinforced with slab casting using high concrete with a compressive
strength of 52.3 MPa, with an increase of 98 %.

Table 3. Results of experimental test.
Specimen No. Failure load |Mid deflection| Strain| Mode
(kN) (mm) Failure| Failure
HNEB 66.820 28.10 0.001 [Shear web
HHEB 120.20 50.22 0.0012[Shear web

The theoretical analysis yielded results that closely aligned with the experimental findings of
the HNEB and HHEB beams. However, the experimental results were unexpectedly lower due to
shear web failure (Splitting the web into two parts in the middle) during the installation of the
GFRP T-Section stiffness, specifically when creating holes for the bolts in the web. Figure 6
illustrates the disparity in outcomes between theoretical calculations and experimental test
values.

b.Maximum Deflection
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Tables 2 and 3 present the maximum deflection values obtained from the experimental analysis
of the beams under investigation, with the corresponding theoretical predictions. The discrepancy
in deflection ratios between the HNEB and HHEB beams can be attributed to variations in the
compressive strength of the concrete. A lower compressive strength results in a reduced modulus
of elasticity, leading to a shallower compression zone depth. It is important to note that failure in
all beams did not occur due to concrete crushing or tensile failure of the GFRP beam. The failure
occurred explicitly in the web of the composite beams, resulting in shear failure. This can be
attributed to the inherent weakness of the web area. Figure 7 illustrates the load-deflection curve
of the composite beams, indicating that the beams with normal strength casting exhibit lower
deflection compared to those with high concrete slab casting. The model based on the Korpenko
model demonstrates a satisfactory level of agreement between the numerical model (Korpenko)
and experimental results. However, the researcher Correia analyses [33] the hybrid beam model
using composite section equations, assuming that the concrete reaches the failure stage
(compression failure). The latter model indicates a linear relationship between the load-
deflection curve, which lacks logical consistency as materials typically do not exhibit linearity
throughout all load steps.

140
m Experimental

120 u Karpenko Model

® Correia Model
100

Load Failure (kN)
g g

N
S

[
S

[

HNEB HHEB

Figure 6. Theoretical calculations vs. experimental test.
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Mid deflection (mm)

s
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Figure 7. Mid deflection vs. applied Load for composite beams.

c. Strains

Figure 8 illustrates the strains observed in the two beams under investigation, specifically the
strain levels at the top concrete slab while loading the HNEB and HHEB beams. A comparison is
made between composite beams with slab casting using higher compressive strength (HCC) and
those with normal compressive strength (NCC). The analysis reveals that the higher compressive
strength increases strain, which can be attributed to the higher flexural Load required to reach
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the failure load. The ratio experienced a 20% increase when comparing the high-strength concrete
(HCC) with the normal concrete (NCC). The strength stiffeners, consisting of epoxy and bolts
combined in the composite portion, operate cohesively.

1000

s
g
N

—HNEB [ Compression in concrete]
-2000

Strain (mm/mm)

—HNEB [ Tension in concrete]

Strain (mm/mm)

&

—HHEB [ Compression in concrete]

—HHERB [ Tension in concrete]
-3000

4000 5000
Load (KN) Load (kN)

a. Normal strength concrete b. High-strength concrete
Figure 9. Top and Bottom Extreme Fibre Strain (*10-¢) vs a load of Composite Beams.

12- Conclusions

Experiments examined the structural behavior of GFRP I-sections with fully bonded concrete
slabs. The Korpenko model predictions are compared against experimental data. The shear web
of these parts was reinforced with GFRP T-section stiffeners, increasing strength. Epoxy adhesive
and mechanical connectors, particularly bolts, achieved enough composite action and delayed
shear failure inside the GFRP beam web. The composite beams reinforced with bolts and epoxy
had higher ultimate failure stresses than the GFRP beams reinforced with bolts alone. Composite
beams have higher tensile strain than GFRP sections assessed using the Korpenko model in the
practical test. Proves that GFRP and full hybrid action optimize FRP use in tension and
compression in concrete structures. Web shear and fracture in (GFRP) material are the leading
causes of composite beam failure. A firm concrete and FRP composite foundation needs more
study and analysis to comprehend FRP and concrete; more research is required. The Korpenko
model for composite beam analysis also shows a good match between computational and
experimental results.

Nomenclature

Ac area of the concrete layer br GFRP flange width.
As area of the GFRP profile flange bc concrete layer width.
Ap | area of the GFRP profile Detr effective width of the concrete slab.
Aw | area of the GFRP profile web b longitudinal spacing of point load.
Ec Young modulus of the concrete bo shear connectors-spacing.
Ep | Young modulus the longitudinal GFRP fe compressive strength of concrete.
Fc compressive strength of the concrete slab fsu ultimate stress of steel.
maximum shear connection force (from the shear N
Fs, max - n factor of homogenization.
connection test).
Gp | GFRP shear-modulus. ts GFRP flange thickness.
H Height of the hybrid section. tw GFRP web thickness.
I ;’)2(; inertia of the concrete layer is on the principal h Height of the GFRP section.
I57RP | equivalent inertia in the GFRP he Thickness of the concrete layer.
I The inertia of GERP in the principal axis. r distance (centroids of concrete to section
components).
K shear-connection stiffness. & LY: é(;-rspan deflection for full interaction in
L beam span. 8 Mld-qun deflection in case of partial shear
interaction
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M ultimate moment. comc Stra_in at the ultimate of the curve (stress-
! | strain) concrete =0.0035.
P point load. be The effective stiffener width.

Xel | neutral axis (elastic analysis). S spacing between stiffeners.

Xu neutral axis (at failure). fe Target value of compressive strength

fye | specified yield point of the GFRP & fg;ae'ggaet;?fhceegéflrcfgtee‘fery area slips from the

@p; | 0.8 v, coefficient of elastic strain when f. = f.

t, the thickness of the stiffener E, Initial modulus of elasticity for the concrete.

» The coefficient depends on the stress level of the e A coefficient that depends on the type of
0 concrete. 1c materials must e, < 2.

e Coefficient that depends on the type of materials K Coefficient of concrete compressive strength at
2 | ey, =1-¢, 1 any load.

k Coefficient of the neutral axis depth of the concrete fu average of (f.) from the curve for stress-strain
2 compressive strength at any load. ct at every slip.

the target value of the concrete compressive Coefficient of elastic strain (represents the

Jen strength (f,) VUm elastic strain to the total strain)
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