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ABSTRACT

This study aimed to investigate the moment redistribution in continuous glass fiber reinforced polymer (GFRP)-
concrete composite slabs caused by concrete cracking and steel bar yielding in the negative bending moment zone.
An experimental bending moment redistribution test was conducted on continuous GFRP-concrete composite
slabs, and a calculation method based on the conjugate beam method was proposed. The composite slabs were
formed by combining GFRP profiles with a concrete layer and supported on steel beams to create two-span con-
tinuous composite slab specimens. Two methods, epoxy resin bonding, and stud connection, were used to connect
the composite slabs with the steel beams. The experimental findings showed that the specimen connected with
epoxy resin exhibited two moments redistribution phenomena during the loading process: concrete cracking
and steel bar yielding at the internal support. In contrast, the composite slab connected with steel beams by studs
exhibited only one-moment redistribution phenomenon throughout the loading process. As the concrete at the
internal support cracked, the bending moment decreased in the internal support section and increased in the mid-
span section. When the steel bars yielded, the bending moment further decreased in the internal support section
and increased in the mid-span section. Since GFRP profiles do not experience cracking, there was no significant
decrease in the bending moment of the mid-span section. All test specimens experienced compressive failure of
concrete at the mid-span section. Calculation results showed good agreement between the calculated and experi-
mental values of bending moments in the mid-span section and internal support section. The proposed model can
effectively predict the moment redistribution behavior of continuous GFRP-concrete composite slabs.
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1 Introduction

Fiber Reinforced Polymer (FRP)-concrete composite slabs have emerged as a new type of structural
element in civil engineering. These composite slabs consist of FRP profiles, which are typically
manufactured from processed fiber bundles using resin, positioned in the tension zone, while the concrete
layer is placed in the upper compression zone [1–5]. This combination creates a composite structural
element that effectively reduces the self-weight of the structure and offers excellent mechanical
performance and cost-effectiveness [2]. Additionally, the FRP profiles can also serve as formwork during
concrete pouring and contribute to load-carrying capacities during subsequent operational stages. In
bridge engineering applications, this composite slab can be utilized as the bridge panel, bonded or
mechanically connected to the steel main beams with specific spacing, forming the superstructure as
shown in Fig. 1. Under the influence of vehicle loads, the steel main beams act as support components,
resulting in the formation of either simply supported or continuous slabs in terms of force distribution. In
the case of continuous composite slabs, the bending moment values at the internal support decrease due
to concrete cracking and steel reinforcement yielding, while the bending moment values at the mid-span
section increase. This redistribution of internal forces, such as bending moment, occurs. However, in
continuous FRP-concrete composite slabs, unlike traditional reinforced concrete (RC) continuous slabs,
the concrete layer in the mid-span section remains in the compression zone, and the lower FRP profile
does not experience cracking. This structural characteristic sets it apart from traditional RC continuous slabs.

In earlier studies, Triantafillou et al. [6] developed a novel composite beam design that combined a glass
fiber reinforced polymer (GFRP) box profile with a concrete layer cast on the top flange. They also
introduced a thin carbon fiber reinforced polymer (CFRP) laminate bonded to the tension zone as an
indicator of impending failure. Saiidi et al. [7] proposed a composite beam consisting of a concrete slab
and a pultruded CFRP I-shaped profile. The flexural and shear behaviors of six concrete graphite/epoxy
composite beams were experimentally investigated using a four-point bending test. Subsequently, Koaik
et al. [8] and Neagoe et al. [9] conducted similar tests on analogous composite beams. Fam et al. [10]
introduced a built-up trapezoidal box girder composed of a trapezoidal pultruded GFRP sheet pile, a flat
GFRP plate, and concrete cast on the flat section. Kim et al. [11] performed numerical simulations on
single-beam and girder-group systems with the same cross-section shape, demonstrating the effective
cross-section properties under torsional effects. Hai et al. [12] conducted early research on the mechanical
performance of composite beams consisting of FRP I-beams and ultra-high-performance, fiber-reinforced
concrete (UHPFRC) slabs. The experimental setup involved using anchor bolts with or without epoxy
bonding in the tested beams. The test results revealed significant enhancements in stiffness and strength
properties for all composite beams compared to single FRP I-beams without a UHPFRC slab.

In recent years, Zou et al. [13] have proposed and investigated a novel assembly of FRP-concrete hybrid
beams/decks system. Their study focuses on evaluating the performance of the FRP shear key (SK)
connector, FRP stay-in-place (SIP) form, and their combination in the context of FRP-concrete hybrid
beams/decks. Push shear tests were conducted to assess the effectiveness of these components. The beam
test results demonstrated that this connection system provided full composite action until the failure of

Figure 1: Application of the FRP-concrete composite slab
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the FRP girder. However, there has been limited research on FRP-concrete continuous composite slabs or
beams thus far. Zhang et al. [5] conducted experimental studies on continuous FRP-UHPC hybrid beams
to improve the mechanical performance and durability of continuous beams under hogging moment.
However, their research did not specifically address the issue of internal force redistribution within the
composite structure.

In the case of reinforced concrete (RC) continuous slabs, the analysis of internal forces typically
involves numerical analysis methods or elastic-plastic analysis methods. These approaches allow for the
determination of the moment redistribution coefficient and the establishment of limit values for moment
amplitudes [14–16]. However, there has been limited research conducted by scholars on the flexural
performance of FRP-concrete composite slabs [17,18]. Consequently, there is a gap in the availability of
mechanical analysis methods that can be applied throughout the entire loading process of FRP-concrete
composite slabs.

Zhang et al. [19] observed the occurrence of internal force redistribution in two-span steel-concrete
composite beams subjected to symmetric mid-span loading. They proposed a method to calculate the
bending moment amplitude coefficient in response to this phenomenon. Similarly, Han et al. [20] utilized
the concept of internal force redistribution to calculate the creep actions in continuous composite beams
affected by support settlement. They also introduced a method for analyzing the internal forces in such
continuous composite beams. The presence of concrete cracking, support settlement, and displacement,
among other factors, renders the use of elastic theory inadequate for accurately analyzing the internal
forces within composite slabs. Therefore, it becomes necessary to develop a method that considers the
internal force redistribution when analyzing the internal forces in composite slabs.

This paper focuses on an experimental investigation into the flexural behavior of two-span continuous
GFRP-concrete composite slabs. Through the experimental study, the researchers obtained insights into the
typical failure characteristics exhibited by composite slabs and gained an understanding of the bending
moment redistribution process in continuous composite slabs through data analysis. Based on the findings
from the experimental research, the paper presents an analysis method that can be used to calculate the
redistribution of bending moments.

2 Experimental Study

2.1 Specimen Design
The experiment included two specimens named GC-1 and GC-2, representing two-span continuous

GFRP-concrete composite slabs. Both specimens had identical section forms, geometric dimensions, and
reinforcement details. Each span of the composite slab measured 1800 mm in length, with a net span of
1725 mm. The total length of the two-span continuous slab was 3600 mm, and the width of the
composite slab was 500 mm, as depicted in Fig. 2a. To establish the necessary support conditions, three
steel beams were positioned beneath each span of the composite slab, consisting of two side steel beams
and one internal steel beam. The connection between the steel beams and the composite slab differed
between the specimens: GC-1 was bonded using epoxy resin, while GC-2 utilized a series of studs for
connection.

As depicted in Fig. 2b, the composite slabs consist of a concrete layer on the top and GFRP profiles on
the bottom. The GFRP profiles have empty box sections with T-shaped ribs measuring 30 mm in height on
the upper part. Along the length of the steel beams, the adjacent GFRP profiles are bonded together using
epoxy resin, creating a template for pouring concrete. Each GFRP profile has a width of 100 mm and a
height, including the T-ribs, of 100 mm, as shown in Fig. 2c. Within the 500 mm width range, it is
possible to place five GFRP profiles side by side. The empty box sections of the GFRP profiles are
designed to reduce the weight of the composite slabs, while the T-ribs serve as shear connectors to
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enhance the interaction between the GFRP profiles and the concrete layer. The wall thickness and upper T-rib
thickness of the box sections are both 4 mm, while the top and bottom flanges of the GFRP profiles have a
thickness of 8 mm (Fig. 2c). The steel beam utilized in the experiment has an I-section with a height of
150 mm, a width of 150 mm, and a length of 500 mm, which is equal to the width of the composite slab.
The upper and lower flanges of the steel beam are 10 mm thick, while the web thickness is 7 mm
(Fig. 2d). Wooden boards are installed on both sides of the GFRP profile box near the studs to act as
baffles. During the concrete pouring process, the studs can be embedded within the surrounding concrete
(Fig. 2d).

In the case of specimen GC-1, the composite slab is directly connected to the steel beams of the internal
and side supports using a resin layer, as shown in Fig. 3a. To ensure an even distribution of the epoxy resin
bonding layer between the steel beam and the composite slab, horizontal square steel bars with dimensions of
6 mm × 6 mm and a spacing of 100 mm were placed on the top surface of the steel beam, creating a series of
compartments, as depicted in Fig. 3b. Each compartment allows for the epoxy resin to be applied and leveled
easily. Subsequently, the pre-polished GFRP profiles on the bottom surface were positioned in contact with
the steel beams and bonded together. The epoxy resin was allowed to cure for 7 days.

For the GC-2 specimen, holes were created in the bottom plate of the GFRP profiles to connect them to
the steel beams of the internal and side supports. These holes aligned with the supports, allowing 16 mm
diameter studs on the upper part of the steel beams to secure the GFRP profiles (Fig. 3c). Additionally,
6.5 mm diameter holes were opened in the T-ribs of the GFRP profiles to accommodate transverse steel
bars. These bars formed composite shear connectors with the concrete, enhancing the connection (Fig. 3c).

HRB335 ribbed steel bars with a 6 mm diameter were used as longitudinal reinforcement in the concrete
layer, spaced at 100 mm intervals. In the negative bending moment zone, two side-by-side longitudinal bars
were placed along the specimen’s length for additional tensile reinforcement. Transverse bars passed through
holes in the T-ribs of the GFRP profiles, forming composite shear connectors at the GFRP-concrete interface
(see Fig. 4). Once the GFRP profiles were securely connected to the lower steel beams at the supports, the

Figure 2: Design of the two-span continuous composite slab (unit in mm). (a) Construction of specimens.
(b) Section A-A. (c) GFRP profile. (d) Stud connection
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concrete layer was poured onto the top flange of the GFRP profile. The specimens were then subjected to a
curing period of 28 days, as shown in Fig. 5, following the specifications outlined in Reference [21].

2.2 Loading Device and Measuring Point Arrangement
The two-span continuous composite slabs were subjected to two-point symmetric loads using distributed

beams at the loading points. The load was applied at the mid-span section of the test specimens, with a
distance of 1725 mm from the center line of the loading beams (as shown in Fig. 6). Before the formal
loading, a preliminary load of 20 kN was applied to the specimen for 15 min. This was done to ensure
the proper functioning of all instruments and to eliminate any gaps between the supports and connections.
After the pre-loading phase, the test specimens were incrementally loaded at a rate of 10 kN/min until the
bearing capacity dropped to 85% of the ultimate bearing capacity [22]. During the test, the deflections
and strain values of the designated measurement points were recorded as the applied loads reached

Figure 3: Details construction of the composite slab (unit in mm). (a) Resin bonding. (b) Compartments for
forming the resin layer. (c) Mechanical connections

Figure 4: Longitudinal and Transverse bars
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predetermined values and remained constant. Concurrently, the development of concrete cracks was
observed.

Fig. 6 shows the arrangement of measurements for the specimens. Five dial indicators were placed at the
mid-span, side support, and internal support sections to measure displacements. Three loading sensors were
positioned below each steel beam to observe support reaction distribution. Additionally, five strain gauges
were installed along the composite slab thickness direction at the mid-span and internal support positions
to monitor strain distributions.

Figure 6: Test setups and loading method (unit in mm)

Figure 5: Test specimen manufacture
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3 Test Results

3.1 Failure Modes
The final failure mode of specimens GC-1 and GC-2 is depicted in Fig. 7. Both specimens experienced

compression failure in the concrete layer above the mid-span section of the respective spans.

At a load of 40 kN, specimen GC-1 exhibited concrete cracking in the negative moment region at the
internal support. These cracks were a result of tensile stress effects, as depicted in Fig. 8. As the load
increased to 110 kN, a slight splitting sound emerged at the connection between the composite plate and
steel beam. Over time, this sound intensified. Notably, resin layer debonding was observed at the side
support, leading to the separation of the composite slab from the lower steel support (Fig. 9a). The steel
bars within the concrete layer yielded when the load reached 130 kN. Upon reaching 190 kN, a new
transverse crack, approximately 0.5 mm wide, formed above the internal support. As the load reached
300 kN, the GFRP profile box’s side web under the loading point bulged outward, accompanied by
vertical and transverse cracks on the concrete surface nearby. At 310 kN, the concrete cracks expanded
and widened, resulting in the collapse of the concrete layer at the loading point. Subsequently,
longitudinal tearing cracks appeared in the web of the GFRP profile box (Fig. 9b).

Specimen GC-2 underwent a loading process similar to that of specimen GC-1, and the details will not
be repeated here. It is important to highlight that the connection between the composite slab of specimen

Concrete crushing

Figure 7: Final failure mode of the specimen GC-1

Figure 8: Transverse cracks in the negative moment
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GC-2 and the lower steel beam did not exhibit any peeling damage at the side support connection. This
indicates that the utilization of stud connections effectively restricted the displacement of the support end.
Table 1 presents the test results for both specimens, including the applied loads, moments, and reaction
forces at the side and internal supports during the cracking, yielding, and ultimate states. The test values
of the bending moment of the internal support and the bending moment of the mid-span section in
Table 1 can be calculated as (shown in Fig. 10):

Mi;t ¼ Rs;t l � Pt

4
l (1a)

Mm;t ¼ Rs;t
l

2
(1b)

where,Mi;t is the test values of bending moment at the internal support;Mm;t is the test values of the bending
moment at the mid-span section; Rs;t is the test values of the reaction force at the side support; Pt is the
applied loads on the test specimens; l is the span length of the left span or right span and l = 1.725 m for
the current specimens.

Figure 9: Local failure of specimen GC-1. (a) Resin layer debonding at the side support. (b) Longitudinal
tearing of GFRP profile web

Table 1: Summary of test results

Specimen ID Internal support cross-section Mid-span section

Pcr,t (kN) Py,t (kN) Micr,t (kN.m) Miy,t (kN.m) Pu,t (kN) Mmu,t (kN.m)

GC-1 40.0 100.0 4.83 12.42 310.0 58.65

GC-2 50.0 120.0 5.87 16.56 300.0 62.7

Specimen ID Reaction forces of support (kN)

Rscr,t Ricr,t Rsy,t Riy,t Rsu,t Riu,t

GC-1 7.2 25.6 17.8 64.4 68.0 174.0

GC-2 9.1 31.8 20.4 79.2 72.7 154.6
Note: Pcr,t indicates the test value of cracking load; Py,t indicates the test value of yielding load; Pu,t indicates the test value of ultimate load; Micr,t
indicates the test value of cracking moment at the internal support; Miy,p indicates the test value of yielding moment at the internal support; Mmu,t
indicates the test value of ultimate moment at the mis-span section; Rscr,t indicates the test value of the reaction force for the side support at the
cracking state; Ricr,t indicates the test value of the reaction force for the internal support at the cracking state; Rsy,t indicates the test value of the
reaction force for the side support at the yielding state; Riy,t indicates the test value of the reaction force for the internal support at the yielding
state; Rsu,t indicates the test value of the reaction force for the side support at the ultimate state; Riu,t indicates the test value of the reaction force
for the internal support at the ultimate state.
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It should be noted that the load, bending moment and reaction force values in Eqs. (1a) and (1b)
represent the test values of each different stage in the specimens. For example, when calculating the
cracking moment value of the internal support, we can make Mi;t = Micr;t, Pt = Pcr;t and Rs;t = Rscr;t.

3.2 Load-Deflection Curves
Fig. 11 illustrates the load-deflection behavior of the mid-span section for specimens GC-1 and GC-2.

The curves exhibit a bi-linear pattern, with similar responses before reaching yield loads of 100 and 120 kN,
respectively. However, as the load continues to increase, specimen GC-1 demonstrates a significantly faster
deflection growth rate compared to specimen GC-2. At failure, the mid-span deflection reaches 17.7 mm for
GC-1 and 11.4 mm for GC-2. The disparity in deformation at failure can be attributed to the smaller
constraint of the side supports on GC-1.

When the steel bars in the negative moment section of the internal support yield, occur at 100 kN for GC-
1 and 120 kN for GC-2, the load-deflection curves exhibit inflection points. Additionally, the debonding of
the side supports in GC-1 further weakens the support constraint, leading to a rapid increase in mid-span
deflection. Both specimens demonstrate limited ductility during the failure process, primarily due to the
mechanical characteristics of the GFRP profiles and concrete materials.

3.3 Support Reaction
Fig. 12 depicts the variations in measured support reaction for both specimens, along with the support

reaction calculated using elastic theory, as the external load increases. The figure also includes the “elastic

Figure 10: Calculation of test values of bending moments for internal support and mid-span section

Figure 11: Load-deflection curves of the mid-span section
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line,” representing the relationship between the support reaction and external load as per elastic theory. From
Fig. 12, it is evident that the measured support reaction of specimen GC-1 closely aligns with the support
reaction calculated using elastic theory up to 40 kN (prior to concrete cracking in the internal support
section). However, as the load increases, the measured support reaction gradually deviates from the
theoretical values, particularly after reaching 100 kN (yielding of steel bars in the internal support
section), which signifies the first-moment redistribution. Beyond 100 kN, the bending moment of the
internal support section decreases further, while the bending moment of the mid-span section continues to
increase, indicating a second-moment redistribution. Throughout the entire testing process, the average
measured side support reaction exceeds the theoretical elastic value, while the measured internal support
reaction is smaller than the theoretical calculation due to the redistribution of the bending moment.

In the entire loading process, the measured and theoretical values of the average side support reaction
and internal support reaction for specimen GC-2 closely match, maintaining a consistent proportional
relationship of approximately 0.25 (Fig. 12). This indicates that only one-moment redistribution
phenomenon occurred in specimen GC-2, which benefits from its strong boundary constraints. The test
results highlight that specimen GC-1 experiences a noticeable redistribution of internal forces between the
side supports and the internal support. This redistribution is attributed to factors such as the reduced
rotational capacity of the side supports, concrete cracking in the negative moment section, and yielding of
the tensile steel bars. In contrast, specimen GC-2, despite also experiencing concrete cracking and steel
bar yielding, does not exhibit significant redistribution of support reaction due to the effective fixation
provided by the stud connections on the side supports.

3.4 Strain Distribution
Taking specimen GC-1 as an example, the distributions of strains at the mid-span section and the internal

section along the composite slab height are shown in Fig. 13a,b, respectively. It can be seen from Fig. 13a
that at the initial stage of loading, the strain distribution of the section basically conforms to the linear law. In
the whole test process, the strain values of each measuring point increase gradually with the increase of loads,
the position of the neutral axis of the section moves down continuously, and the concrete area of the
compression zone increases gradually. Generally, the strain distribution along the height is linear, which
explains that the strain distribution on the cross-section is consistent with the assumption of a plane
cross-section.

Figure 12: Load-support reaction curves
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Fig. 13b depicts the strain distribution along the height of the internal support section. The figure
demonstrates that the strain distribution within the cross-section largely adheres to the assumption of a
plane cross-section. After concrete cracking, the strain in the concrete at the edges of the tensile zone
becomes zero. The neutral axis, which corresponds to a region with minimal strain, passes through the T-
rib of the GFRP profile. Within this section, most of the GFRP profile experiences compression, while a
small portion undergoes tension. The maximum compressive strain in the GFRP profile measures
3043 με, while the maximum tensile strain reaches 5343 με.

4 Analysis of Moment Redistribution of Continuous Composite Slab

4.1 Analytical Model Establishment
As shown in Fig. 14, a two-span continuous composite slab with a left span and right span is subjected to

the external loads, and the section bending moments of the composite slab change due to the cracking of the
concrete in the negative moment zone and the yielding of the tensile steel bars at the internal support. So, the
moment redistribution of the continuous composite slab needs to be considered. In this figure,M 0

m andM 0
i are

the bending moment values of the mid-span section of the left span or right span and the internal support
section before the bending moment redistribution occurred, respectively. ΔM is the change value of
bending moment caused by concrete cracking and tensile steel bars yielding in the negative bending
moment zone. Mm ¼ M 0

m + ΔM is the bending moment value of the mid-span span section after moment
redistribution. Mi ¼ M 0

i − 2ΔM is the bending moment value of the internal support section after moment
redistribution. Bi and Bm are the average bending stiffness of the negative bending moment zone and the
positive bending moment zone, respectively. It should be pointed out here that the average bending
stiffness refers to the average value of the bending stiffness of each section in the negative or positive
bending moment zone. Due to concrete cracking and steel bars yielding, the bending stiffness of each
section varies. To simplify the calculation, the average bending stiffness of each section is taken as the
representative bending stiffness value [14,17].

The analysis of the bending moment is based on the conjugate beam method [17], as shown in Fig. 15.
For the convenience of application, the composite slab can be considered as a beam type component for
analysis. In this method, the corresponding conjugate beam model is constructed according to the
different constraints of the supports. Recording the bending moment expression of the actual beam as
M xð Þ ¼ qF xð Þ, as shown in Fig. 15a. Here, q is the external load, which can be a uniformly distributed
load or a concentrated load. F(x) is a function of the longitudinal coordinate X of the beam. Then, the
external load acted on the conjugate beam is Q xð Þ ¼ M xð Þ=B and Q xð Þ is a piece-wise function
expression for bending moment M xð Þ. The basis of the piece-wise function is determined based on the

Figure 13: Strain distributions of vertical section. (a) Mid-span section. (b) Internal section
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expression of the bending moment function M xð Þ and the bending stiffness B. That is, the the piece-wise
function is performed when the bending moment function changes from the positive moment to the
negative moment (or the negative moment to the positive moment) or the bending stiffness B may change.

For current test specimens simply supported on the steel beams analyzed in this paper, the side supports
of the conjugate beam correspond to the hinge support boundary, and the middle support is regarded as a
hinge (Fig. 15b). Assuming the load action situation of the conjugate beam is consistent with the actual
beam. That is, Q xð Þ ¼ M xð Þ=B, and the load direction is to make the conjugate beam produce the same
tension position as the actual beam. Therefore, the bending pattern of the conjugate beam is similar to
that of the actual beam in the bending moment section.

The establishment of the force analysis formula of the conjugate beam is determined based on the
rotational balance condition of the middle hinge at the internal support, namely:

ML þMR ¼ 0 (2)

where, ML is the bending moment on the left side of the internal support; MR is the bending moment to the
right side of the internal support.

Figure 14: Analysis model of bending moment redistribution

(a)

(b)

Figure 15: Model diagram of the conjugate beam method. (a) Actual beam. (b) Corresponding conjugate
beam
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The bending moment ML and MR of the load acting on the left and right spans against the internal
support can be calculated, respectively, according to force balance of the actual beam. The location of the
side support is taken as the origin point, and the direction towards the middle hinge is the positive
direction of the coordinate axis. As shown in Fig. 15b, the balance formula is:XZ xlj

xli
xQ xð Þdxþ

XZ xrj

xri
xQ xð Þdx ¼ 0 (3)

where, xli and xlj are the coordinate values corresponding to the starting and ending points of the load
Q xð Þ acted on the left span, and xri and xrj are the coordinate values corresponding to the starting and
ending points of the load Q xð Þ acted on the right span, respectively. The directions corresponding to the
positive and negative bending moments caused by Q xð Þ ¼ M xð Þ=B ¼ qF xð Þ=B are consistent in the two
spans.

Namely:XZ xlj

xli
qx

F xð Þ
B

dxþ
XZ xrj

xri
qx

F xð Þ
B

dx ¼ 0 (4)

Eq. (4) can be expressed as a function of the load q of the actual beam, the bending stiffness Bm of the
positive bending moment zone, the bending stiffness Bi of the negative bending moment zone, the bending
momentMm at the mid-span section of the left span or the right span and the negative bending momentMi at
the internal support section, as follows:

F q;Bm;Bi;Mm;Mið Þ ¼ 0 (5)

According to the balance condition of the force, the sum of the average value of the mid-span section
bending moment and the bending moment of the two side supports section is equal to the mid-span bending
moment M0 of the corresponding simply-supported beam, namely:

Mm þ 1

2
MB þMið Þ ¼ M0 (6)

where, MB is the bending moment at the side support; M0 is the mid-span bending moment of the
corresponding simply supported beam.

For a two-span continuous beam whose side supports are hinged supports, MB ¼ 0, so there is:

Mm þ 1

2
Mi ¼ M0 (7)

Then, Eq. (5) can be simplified to:

F q;Bm;Bi;Mið Þ ¼ 0 (8)

Eq. (8) is solved by the iterative method. First, the applied load q is given, and the bending moment Mi

of the internal support is adjusted until Eq. (8) satisfies the balance condition or the unbalanced value is very
small. Then, according to Eq. (7), the corresponding value of the mid-span section bending moment Mm of
the left span or right span is obtained.

In the actual calculation process, the applied load q can be specified to correspond to the concrete
cracking state, the yield of the tensile steel bars and the failure state of the internal support section, and
the corresponding bending moment value Mi and Mm under the corresponding states can be calculated
correspondingly.
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4.2 Section Stiffness of Composite Slab
Obviously, according to mechanical knowledge, the bending moment of a section is affected by the

bending stiffness of that section. Therefore, determining the section stiffness of the composite slab is very
important. Given the non-uniformity distribution of the section stiffness along the slab’s longitudinal
direction, it is suggested that the internal force can be analyzed according to the average minimum
stiffness of the section in the same bending moment zone (i.e., the positive and negative bending moment
zones) [14,17].

To determine the flexural stiffness of the section, the section analysis method introduced in literature [14]
was used to draw the moment-curvature (M − 1/ρ) relationship curves of the cross-section of the mid-span
and the internal support section, and the slope of each stage of the curve represented the section stiffness.

Fig. 16 shows the typical section and the distributions of the section stress and strain for the internal
support and the mid-span section. The meanings of each symbol in Fig. 16a are as follows: x represents
the distance from the neutral axis of the section to the top face of the composite slab, b represents the
width of the section of the composite slab, h1, h2, h3 represent the distance from the center of
the longitudinal steel bars, the center of the upper flange of the FRP profile section and the center of the
lower flange of the FRP profile section, respectively, to the top face of the composite slab. s represents
the thickness of the FRP flange, and t represents the thickness of the FRP web.

As shown in Fig. 16b, for the mid-span section in the positive bending moment zone, rc, r0s, rft, rf
represent compressive stress at the top edge of the concrete, compressive stress of the longitudinal steel
bars, tensile stress at the top face of the upper flange of FRP profile and tensile stress at the bottom face of
the lower flange of FRP profile, respectively. Similarly, ec, e0s, eft, ef represent compressive strain at the top
edge of the concrete, compressive strain of the longitudinal steel bars, tensile strain at the top face of the
upper flange of FRP profile and tensile strain at the bottom face of the lower flange of FRP profile, respectively.

As shown in Fig. 16c, for the internal section in negative bending moment zone, since the concrete and
the longitudinal steel bars are in the tensile zone, their stress and strain at the same position as the tension
zone are tensile stress r0c and rs and tensile strain e0c and es, respectively. While, FRP profiles are located
in the compression zone, therefore, the stress and strain at the same position as the tension zone are
compressive stress r0ft and rf and compressive strain e0ft and ef , respectively. It should be noted that if the
thickness of the concrete layer is relatively large, the neutral axis may be located at the rib position of the
FRP profile, so that part of the FRP profile is in compression and the other part is in tension. In this case,
the stress and strain of FRP profiles should be taken according to the actual situation.

Figure 16: Calculation diagram of the section bending stiffness. (a) Calculated cross-section. (b) Positive
moment section. (c) Negative moment section
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In the process of stiffness calculation, it should be assumed that the composite beam meets the
assumption of plane section, and the material constitutive relation of the concrete and steel bars can be
determined according to the concrete structure design code or specification, respectively, and the
constitutive relation of FRP is consider as a linear relationship. During the entire process of bending
moment redistribution, the bending moment in the positive bending moment zone puts the concrete layer
and steel bars in a compressed state, while the FRP profile is in a tensile state, without concrete cracking
or steel bars yielding in tension. Therefore, the mid-span section bending stiffness Bm,e can be considered
as the bending stiffness provided by the entire section of the composite section. When under the negative
bending moment, concrete cracking and steel bars yielding in tension occurred successively. Therefore,
the bending stiffness of the composite section at the internal support section can be divided into the
bending stiffness Bi,e of the composite section before concrete cracking, the bending stiffness Bi,cr of the
composite section after concrete cracking and before the yielding of the steel bars, and the bending
stiffness Bi,y of the composite section after the yielding of the steel bars.

4.3 Common Working Condition Expression
1) Full uniform load

As shown in Fig. 17a, the external load is denoted as q and its bending moment diagram and stiffness are
calculated as shown in Fig. 17b,c, respectively.

It can be seen that each figure is axisymmetric with internal support. Taking the left span as the
calculation object, and letting the left side support as the coordinate origin, the bending moment formula
of the left span is as follows:

Y ¼ 2

l2
Mi þ 2Mmð ÞX 2 � 1

l
Mi þ 4Mmð ÞX (9)

where, X and Y are the coordinate axis; l is the span of the left span or right span.

Assuming the coefficient b ¼ Mi
Mm

, it is easy to calculate the length of the positive and negative bending
moment zone of the left span as:

lþ ¼ l bþ 4ð Þ
2 bþ 2ð Þ (10a)

l� ¼ lb
2 bþ 2ð Þ (10b)

Figure 17: Fully distributed uniform load condition. (a) Load diagram. (b) Bending moment diagram.
(c) Stiffness diagram. (d) Conjugate beam load
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where, lþ is the length of the positive bending moment zone; l� is the length of the negative bending moment

zone. From Mm þ Mi
2 ¼ 1

8 ql
2, b ¼ 1= ql2

8Mi
� 0:5

� �
can be drawn.

The support form and load graph M=Bð Þ of the conjugate beam are shown in Fig. 17d. If the left span is
taken as the calculation object and the left support is taken as the coordinate origin, the expression of the load
graph q Xð Þ acted on the conjugate beam in the positive and negative zone can be obtained as follows:

q Xð Þ ¼
2

Bml2
Mi þ 2Mmð ÞX 2 � 1

Bml
Mi þ 4Mmð ÞX 0 � X � l bþ 4ð Þ

2 bþ 2ð Þ að Þ
2

Bil2
Mi þ 2Mmð ÞX 2 � 1

Bil
Mi þ 4Mmð ÞX l bþ 4ð Þ

2 bþ 2ð Þ � X � l bð Þ

8>><
>>: (11)

Eq. 11(a) represents the load expression corresponding to the positive bending moment zone of the
conjugate beam, and Eq. 11(b) represents the load expression corresponding to the negative bending
moment zone of the conjugate beam.

Obtained from the condition of rotation balance of the middle hinge of the conjugate beam, the
following equation can be given as:

1

Bm
bþ 10þ 24b2 þ 128bþ 176

bþ 2ð Þ3
" #

¼ 1

Bi
17b� 22þ 24b2 þ 128bþ 176

bþ 2ð Þ3
" #

(12)

2) Symmetrical concentrated load in the span

As shown in Fig. 18a, the concentrated load is recorded as P. The bending moment diagram and stiffness
obtained by calculation are shown in Fig. 18b,c, respectively.

Note the coefficient b ¼ Mi
Mm

, the length of the positive and negative bending moment region for the
single span can be calculated from the geometrical relation of the bending moment diagram as

lþ ¼ l
2 þ l

2 bþ1ð Þ, l� ¼ lb
2 bþ1ð Þ, respectively. Based on Mm þ Mi

2 ¼ 1
4Pl, b ¼ 1= Pl

4Mi
� 0:5

� �
can be drawn

thereafter.

Correspondingly, the support form of the conjugate beam and the load graph M=Bð Þ are shown in
Fig. 18d, with the left span as the calculation object and the left support as the coordinate origin, the
expression of the load graph is as follows:

Figure 18: Concentrated load condition. (a) Load diagram. (b) Bending moment diagram. (c) Stiffness
diagram. (d) Conjugate beam load
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q Xð Þ ¼

� 2Mm

Bml
X 0 � X � l

2
2Mm 1þ bð Þ

Bml
X � l

2
� l

2 bþ 1ð Þ
� �

l

2
� X � l

2
þ l

2 bþ 1ð Þ
2Mi 1þ bð Þ

Bibl
X � l

2
� l

2 bþ 1ð Þ
� �

l

2
þ l

2 bþ 1ð Þ � X � l

8>>>>>>><
>>>>>>>:

(13)

Calculated by the rotational equilibrium condition of the middle hinge of the conjugate beam, it can be
obtained as:

1

Bmb
1þ 2þ 1:5b

1þ bð Þ2
" #

¼ 1

Bi

b 3þ 2:5bð Þ
1þ bð Þ2

" #
(14)

As indicated in Table 2, the calculation process for analyzing the redistribution of internal forces is as
follows: 1) calculating the bending stiffness Bi,e before concrete cracking, the bending stiffness Bi,cr after
concrete cracking and before the yielding of the steel bars, and the bending stiffness Bi,y after the yielding
of the steel bars for the internal support section. The calculated results for above stiffness values are listed
in items (1) to (3) of Table 2; 2) calculating the mid-span section bending stiffness Bm,e and the
calculated value is given in item (4) of Table 2; 3) Assuming an applied load, such as the cracking load
Pcr,t = 40 kN (item (5) in Table 2) of the internal support corresponding to specimen GC-1 and providing
an initial value of the bending moment Mi at the mid-span section, as shown in item (6) of Table 2; 4)

calculating the parameter b ¼ 1= Pl
4Mi

� 0:5
� �

, as shown in item (7) of Table 2, based on the symmetric

loading condition of the test beams; 5) By adjusting the bending moment value of the mid-span section,
the unbalance value (item (8) of Table 2) between the two sides of Eq. (14) is minimized. So, this
bending moment value of 5.38 kN.m is the calculated value corresponding to the given load Pcr,t = 40 kN.

To verify the validity of the proposed analysis method presented herein, the calculated values are
compared with the test results, as shown in Table 3. Table 3 lists the measured bending moment values
and theoretical bending moment values of the internal support section for the cracking, yielding and
ultimate states. It can be seen that the ratio between the measured values and the theoretical ones of the
cracking moment and yielding moment at the internal support is 0.90 and 1.17, respectively, for specimen
GC-1 and 0.87 and 1.03, respectively, for specimen GC-2. In like manner, the ratio between the measured
values and the theoretical ones of the ultimate moment at the mid-span section is 1.05 and 1.16,
respectively, for specimen GC-1 and specimen GC-2. It can be seen that the calculation method
suggested in this paper can effectively predict the moment redistribution of the continuous composite slab.

Table 2: Calculation process of specimen GC-1

State Calculation item

(1) (2) (3) (4) (5) (6) (7) (8)

Bi,e (kN/m) Bi,cr (kN/m) Bi,y (kN/m) Bm,e (kN.m) Pt (kN) Mi (kN.m) β Unbalance
value

Cracking 767.42 – – 1237.52 40 5.38 0.907 7.6 × 10−4

Yielding – 426.68 – 100 10.6 0.652 7.3 × 10−4

Ultimate – – 171.53 310 22.16 0.397 7.9 × 10−4
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5 Conclusions

1. The connection method in composite slabs with steel beams has a significant impact on the constraint
stiffness of the side supports. Epoxy resin connections result in relatively low constraint stiffness,
while shear stud connections provide a higher level of constraint stiffness. Consequently, weak
connections exhibit two instances of moment redistribution, whereas strong connections
experience only one instance. Shear stud connections, in particular, greatly enhance the rigidity of
composite slabs compared to epoxy resin connections.

2. In both connection methods, the specimens exhibited identical failure modes where the concrete at
the mid-span section underwent compression failure. However, a notable difference was observed in
the behavior of the GFRP profile’s web at the mid-span section. As the web was situated within the
compression zone, it experienced local instability and suffered tear damage.

3. A calculation method was developed using the conjugate beam method to assess the redistribution of
bending moments in composite slabs. The comparison between test values and calculated values
revealed average ratios of 0.89 for the cracking moment, 1.10 for the yielding moment at the
internal support, and 1.12 for the ultimate moment at the mid-span section. These findings
demonstrate that the proposed method is capable of predicting the bending moment redistribution
in composite slabs with a reasonable level of accuracy.
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Table 3: Comparisons between experimental and theoretical bending moment values

Specimen
ID

Internal support cross-section Mid-span section

(1) (2) (1)/(2) (3) (4) (3)/(4) (5) (6) (5)/(6)

Micr,t

(kN.m)
Micr,p

(kN.m)
Miy,t

(kN.m)
Miy,p

(kN.m)
Mmu,t

(kN.m)
Mmu,p

(kN.m)

GC-1 4.83 5.38 0.90 12.42 10.6 1.17 58.65 55.77 1.05

GC-2 5.87 6.73 0.87 16.56 16.15 1.03 62.7 53.97 1.16
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