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ARTICLE INFO ABSTRACT

Keywords: The connection between FRP profile and concrete is critical for structural performance. This study introduces a
FRP novel fiber-bridging interface to enhance the FRP-concrete interfacial behavior. The interface comprises an
IConc;ete epoxy resin adhesive layer, a carbon fabric layer, a mixture of adhesive and sand layer, and U-shaped steel fibers.
nterface

Central pull-out tests were conducted to investigate the mechanical performance of this novel interface. The
investigated variables included bond length and fiber volume fraction. Test results indicate that all specimens
failed in a brittle mode at the adhesive layer, with load plateauing after reaching the peak. The number of steel
fibers had limited influence on the interfacial behavior. Based on the load-slip curves, a bond stress-slip model for
the tangential behavior was developed. An interfacial expansion model was further developed by means of FE
analysis and machine learning. The three most widely used machine learning models, i.e., the BP neural network
model, the random forest model, and the XGBoost model were selected. Comparisons show that all three models
provide reasonable predictions, with the XGBoost model demonstrating the best performance. These models for
the tangential and normal behavior of FRP-concrete interface were implemented into FE models for numerical
analysis. Comparisons between numerical and experimental results show that the proposed models accurately
describe the interfacial behavior of the fiber-bridging interface under brittle failure mode. The innovative
interface proposed in this paper can be used for connecting concrete and FRP in various scenarios, and the
proposed methodology of calibrating local bond behavior parameters from global response offers a new approach
for establishing interfacial bond models.

Bond stress-slip
Finite element
Machine learning

1. Introduction concrete interface. However, the surface of pultruded FRP profiles is

typically very smooth, posing a challenge for effective bonding with

Corrosion of reinforced concrete structures in aggressive environ-
ments is a significant global issue. Annually, substantial economic losses
due to steel corrosion are caused [1]. The application of fiber reinforced
polymer (FRP) in engineering structures offers a promising solution to
this problem. FRP materials are lightweight, possess high strength, and
are resistant to corrosion, making them ideal for use in corrosive envi-
ronments [2-4]. Combining FRP and concrete can fully exploit the
material merits of both materials, leading to the development of durable
and lightweight structures [5]. To gain excellent mechanical perfor-
mance of FRP-concrete hybrid structures, it is of paramount importance
to ensure FRP and concrete work together effectively under external
forces. This therefore requires an effective connection between FRP and
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concrete. Various interfacial configurations have been proposed to
improve the FRP profile-concrete interface, including wet-bonding
interface, sand-coating interface, bolt connections, perforation connec-
tions, and shear-key connections, among others.

The wet-bonding interface is constructed by coating the surface of
FRP profiles with adhesive and then pouring concrete before the adhe-
sive layer fully hardens. It allows the concrete and adhesive layer to cure
simultaneously [6-10]. Existing studies indicate that the failure mode of
wet-bonding interface is similar to the dry-bonding interface. Based on
the bond models of dry-bonding interface, Wang et al.[8,11] and Zhang
et al.[6,7] established bond stress-slip models for wet-bonding interface.
The study by the authors found that the interfacial behavior of
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Fig. 1. Schematic illustration of the newly developed fiber-bridging interface.
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Fig. 2. Application of the novel interface in concrete-encased FRP tube /
FRP profile.

wet-bonding interface could be significantly improved by the lateral
confinement [12].

The sanding-coating interface is constructed by applying adhesive to
the surface of FRP profiles and then adhering gravel before the adhesive
layer hardens. This method provides good interfacial shear strength and
stiffness but relatively low bonding strength in the normal direction.
Some researchers [13-20] have studied the influence of various pa-
rameters on the interfacial behavior of sand-coating interface. For
sand-coating interface with lateral confinement, a pressure-dependent
bond model was proposed by the authors [21].

Compared with the above two interfaces, bolt connections exhibit
higher interfacial resistance and better interfacial ductility [22-29]. Hai
et al. [26] found that inclined steel bolts could increase the deformation
capacity of the bolted interface. FRP bolts have also been applied for
FRP-concrete interface. According to Honickman et al. [30] and Xue
et al. [27], FRP bolts had lower interfacial load-bearing capacity and
stiffness compared to steel bolts and were prone to brittle failure. The
disadvantage with bolt connections is that the interfacial stiffness is
relatively low, resulting in unfavorable deformation of FRP-concrete
structures [31,32]. To address this issue, researchers proposed the
combined use of sand-coating or wet bonding interfaces with bolt con-
nections to form hybrid interface [26,33-36]. However, the failure of

sand-coating or wet-bonding interface occurs before the bolts, so the
load-bearing capacity of bolts can only be considered as a strength
reserve.

For hybrid FRP-concrete beams and slabs, perforation of FRP profiles
is also a commonly adopted interfacial connection. Perforation
connection creates holes on the profiles, allowing concrete to flow in and
form dowels. To further improve the interfacial behavior, steel or FRP
bars penetrating the holes can be used as reinforcement. This method is
similar to the PBL (perforated rib in English or perfobond leist in
German) connectors for steel-concrete composite structures [37-39].
There are two common perforation connections: perforation on the
flanges of FRP profiles [37,40,41] and perforation on the webs or ribs of
FRP profiles [42-46]. The failure mode of perforation interface tends to
be shear failure of FRP profile [44,47]. Some researchers have also
studied the performance of shear-key connections [7,48].

In summary, existing interfacial connections all have limitations.
Interfaces with satisfying interfacial strength, stiffness and ductility are
still in high demand. In view of this, this paper proposes a novel FRP-
concrete interface, i.e., the fiber-bridging interface, which can result
in favorable interfacial behavior in both the tangential and normal di-
rection. As shown in Fig. 1, this interface consists of four parts: an epoxy
resin adhesive layer, a carbon fabric layer, a mixture of adhesive and
sand layer, and U-shaped steel or synthetic fibers anchored by the car-
bon fiber fabric layer. Compared with the existing interfaces, this new
interface offers several advantages: (1) the mechanical interlock be-
tween fibers, sand and concrete can provide favorable interfacial
strength in both tangential and normal directions; (2) the interfacial
pressure due to fiber-tension can contribute to frictional resistance in the
tangential direction; (3) a ductile interfacial behavior can be achieved
by means of the deformation of fibers and the slip between fibers and
concrete. By adjusting the number of fibers or the fiber volume fraction,
different interfacial behavior can be obtained.

The potential applications of this novel interface include hybrid FRP
profile-concrete beam, concrete-encased FRP tube (Fig. 2a) and FRP
profile (Fig. 2b). In FRP-concrete hybrid beam, the novel interface can
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Fig. 3. Schematic illustration of fabricating the fiber-bridging interface.
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Fig. 4. Configuration of the pullout specimens: (a) specimen geometry; (b) fiber-bridging interface.

Table 2
Concrete mixture proportions (kg/m°).

Table 1
Details of the tested specimens.
Designation ~ Height Bond Fiber Bond Areas (mm?) Strain
(mm) length volume gauges
(mm) fraction
(n

L-vl -1 300 250 1.5% 100 mm x 250 mm 7 strain
gauges
on FRP
plate and
8 strain
gauges
on FRP
tube

LVl -2 300 250 no strain
gauges

S-Vl -3 200 150 100 mm x 150 mm 8 strain
gauges
on FRP
tube

L-v2 -1 300 250 3.0% 100 mm x 250 mm  no strain

L-v2 -2 300 250 gauges

S-v2 -3 200 150 100 mm x 150 mm 8 strain
gauges
on FRP
tube

Note: for the specimen label, “L” means long bond length, “S” means short bond
length, “V1” means fiber volume fraction n = 1.5 %, “V2" means 5 = 3.0 %; “1,
2, and 3" means the serial number in the group of specimens with the same fiber
volume fraction.

Water  Cement  Fine Coarse Water reducing
aggregates aggregates admixture
204 408 583 962 1.2

provide significant shear strength in the tangential direction and
anchorage strength in the normal direction, preventing the debonding or
the lift of the concrete slab. In concrete-encased FRP tube and FRP
profile, the novel interface can effectively prevent the spalling of con-
crete cover, hereby increasing the durability, fiber resistance, and local
bearing capacity of FRP tube and profile.

The behavior of fiber-bridging interface is governed by several pa-
rameters to be investigated. Therefore, the aims of this paper are to
reveal the behavior of the novel interface with high fiber volume frac-
tions and develop bond models for analysis. Central pullout tests are
conducted, and the failure modes are analyzed. Based on experimental
results, FE simulation and machine learning algorithms, bond models for
this novel interface are established. The results in this paper can serve as
a reference for optimizing the parameters of the fiber-bridging interface.

2. Experimental program
2.1. Fabrication of the fiber-bridging interface

The fiber-bridging interface was composed of a CFRP sheet, steel
fibers, permeable epoxy resin adhesive, and fine river sand. The CFRP

sheet had a tensile strength of 3400 MPa and an elastic modulus of
230 GPa. The steel fibers, made of Q195 steel, had a diameter of 0.4 mm
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Table 3
Mechanical properties of the FRP plate.
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Longitudinal direction

Transverse direction

Strength (MPa)

Young’s modulus (GPa)

Compressive

Tensile Compressive In-plane shear Tensile

Compressive Strength (MPa) Young’s modulus (GPa)

531 377 32.3 33.2

24.0 108.3 11.2
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(a) Strain gauges for measuring the hoop strain of FRP tube
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Unbonding zone
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(b) Strain gauges for measuring the tensile strain of FRP plate

Fig. 6. Locations of strain gauges.

and were bent into a U-shape. The manufacture of the fiber-bridging
interface is illustrated in Fig. 3. First, the CFRP sheet was laid on top
of the compacted sand layer, then the U-shaped fibers were threaded
through the CFRP sheet and inserted into the sand layer. Finally, a
highly flowable epoxy resin adhesive was poured onto the CFRP sheet.
The epoxy resin adhesive gradually infiltrated the sand layer and and
eventually hardened. By removing the sand that was not bonded by
adhesive, the fiber-bridging interfaces in the form of precast slabs were
obtained.

Hydraulic machine

Hinged conection ——

LVDT

Universal testing
machine gripper

Loaded end

_ ;

Free end

Fig. 5. Test setup of specimens.

2.2. Test specimen

In many scenarios, the FRP-concrete interface is subjected to lateral
confinement [49-51]. To simulate the stress conditions of an interface
with lateral confinement, this study designed six central pull-out spec-
imens (see Fig. 4a). These specimens were composed of an FRP tube, a
confined concrete block, and a centrally positioned FRP plate. The
fiber-bridging interface is used to connect the FRP plate and concrete.
The FRP tube had a diameter of 200 mm and a wall thickness of 4.5 mm.
The FRP plate had a cross-section of 101.6 mm x 12.7 mm. An unbond
zone was created within the 50 mm-length from the loaded end using
foam blocks. In the bond zone, the surface of the FRP plate was first
roughened by coarse sandpaper and then cleaned with industrial
alcohol. After that, the fiber-bridging interfaces in the form of pre-
fabricated plates were bonded to the FRP plate using structural adhesive
(see Fig. 4b).

The two most important parameters influencing the behavior of the
fiber-bridging interface, i.e., the bond length and the number of steel
fibers are selected as variables. Two bond lengths, i.e., 250 mm and
150 mm, were examined. Defining the ratio of the cross-sectional area of
steel fibers to the bonded area as the fiber volume fraction (), two fiber
volume fractions, namely # = 1.5 % and 7 = 3.0 %, were adopted. It
should be noted that the values for each parameter were tentatively set
in order to obtain the full range of interfacial behavior and different
failure modes. The dimensions of the prefabricated fiber-bridging
interface slabs were 100 mm x 250 mm and 100 mm x 150 mm for
long and short bond length specimens, respectively. The thickness of the
interface was approximately 5 mm, and the exposed fiber length was
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300

about 40 mm. Details of all the specimens are listed in Table 1.

2.3. Material properties

2.3.1. Concrete

C40 concrete was used for specimen fabrication, and its mixture
proportion is shown in Table 2. At the time of loading tests, the tested
compressive strength on cubes (150 mm x 150 mm x 150 mm) was
45.7 MPa, and on prisms (150 mm x 150 mm x 300 mm) was
32.7 MPa.

2.3.2. FRP tube

The FRP tube was made of E-glass fibers and epoxy resin using
filament-winding technique. E-glass fibers, a type of fiberglass initially
developed for electrical applications, are commonly used in reinforced
plastics due to their excellent mechanical properties and insulating
properties. The fiber volume fraction was 75 %, and the fiber orientation
was + 85° with respect to the longitudinal axis. According to the
manufacturer, the longitudinal and hoop tensile strengths were 41 MPa
and 695 MPa, respectively. The hoop elastic modulus was 32.7 GPa.

2.3.3. FRP plate
The FRP plates were made of E-glass fibers and polyethylene resin
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matrix, and manufactured through pultrusion technology. The me-
chanical properties of the FRP plate are listed in Table 3. To prevent
potential FRP material failure at the clamping end, both sides of the
plate were strengthened by two 6 mm-thick steel plates, each with a
length of 180 mm.

2.3.4. Adhesive

The structural adhesive used for bonding the fiber-bridging interface
was a two-component modified construction epoxy adhesive. The tested
tensile strength and elastic modulus of the adhesive were 45 MPa and
7.2 GPa, respectively.

2.4. Test setup and instrumentation

Fig. 5 shows the specimen under the loading test. The specimen was
fixed on an assembled reaction frame, and the FRP plate was gradually
pulled out of the concrete with a constant rate of 0.4 mm/min. To
monitor the slip at the interface, two linear variable displacement
transformers (LVDTs) were installed at the loaded end and the free end,
respectively.

Fig. 6(a) shows the locations of the strain gauges in the hoop direc-
tion. For the long bond length specimens, 4 strain gauges were uniformly
attached along the circumferential direction at heights of 125 mm and
190 mm. For the short bond length specimens, 4 strain gauges were
arranged at heights of 25 mm and 65 mm. To measure the tensile strain
of FRP plate of the long bond length specimen, 7 strain gauges were
attached at different locations from the loaded end to the free end, as
shown in Fig. 6(b). During the loading, all test data were automatically
collected by a computer-aided data acquisition system.

3. Experimental results
3.1. Failure modes

Only specimen L-V2-1 failed at the clamping end. The FRP plate
failed in a shear-out failure mode. All other specimens failed in a brittle
manner at the adhesive layer, as illustrated in Fig. 7. After detachment
from the FRP plate, the prefabricated slab was left in the concrete. Clear
surface damage on the FRP plate was observed, with parts of the surface
mat peeling off. The brittle failure of the novel interface is attributed to
the very high fiber volume fraction. The interfacial resistance of the steel
fibers surpassed that of the adhesive layer. A parallel study based on
single-lap shear tests by the authors demonstrates that a fiber volume
fraction of 0.4 % results in a ductile failure of the novel interface.

3.2. Load-slip relationships

Fig. 8 presents the load-slip curves at the loaded end. The load-slip
curves include three stages: the linear ascending stage, the curved
ascending stage, and the plateau stage. When the load reaches the peak,
it plateaus, indicating a progressive debonding failure. Compared with
the short bond length specimens, long bond length specimens exhibit a
longer plateau stage.

3.3. Strains of FRP plate and FRP tube

Fig. 9 shows the tensile strains of FRP plate of specimen L-V1-1.
From the loaded end to the free end, the tensile strain gradually de-
creases. Initially, only parts of the FRP plate exhibit noticeable tensile
strain, and the tensile strain near the free end is minimal. As the load
approaches the peak, the strain gradient near the loaded end decreases
to zero. This indicates that the interface at the loaded end is completely
damaged and the load transfer has failed.

Fig. 10 shows the measured hoop strains of the FRP tube. Significant
hoop strain was generated, indicating the expansion of concrete matrix.
This is because any tangential sliding between two microscopically
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Fig. 13. The calculated bond stress (a) and slips (b) at different locations of
specimen L-V1-1.

surfaces will generally also entail a lateral displacement [52]. In the
early stages of loading, the interface is hardly damaged, and hoop strains
increase slowly. At the peak, debonding failure occurs at the interface,

20

16F---- L ] (@) 1“est data
O — Eq. (13)

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 14. Interfacial stress versus slip curves.

inducing apparent interfacial expansion and consequent hoop strains in
the FRP tube.

4. Analysis and discussions
4.1. Ultimate load

Fig. 11 shows the ultimate loads of specimens. The ultimate loads of
the specimens with different fiber volume fraction are very close. This is
because all the specimens failed at the surface of FRP plate, and the
parameters of the fiber-bridging interface show limited influence.
Additionally, it can be noted that the ultimate loads of specimens with
shorter bond lengths are close to those of specimens with longer bond
length. According to previous research [53-58], there exists an effective
bond length for brittle interfaces. Beyond the effective bond length, the
ultimate load of the interface no longer increases, and the load remains
constant after reaching the peak. Based on Figs. 7 to 11, it can be
inferred that the bond length of 250 mm exceeds the effective bond
length.

4.2. Bond stress

Based on the equilibrium conditions of FRP plate (Fig. 12), the
following equation can be obtained,

A¢o¢ + tdxbs :Af(6f+d0f) (@8]
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Fig. 15. Schematic illustration of shear-expansion effect of FRP-concrete interface.
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Fig. 16. FE model for the simulation of interfacial dilatation.

where o is tensile stress; Ay is the cross-section area, Af = txby; tr and b
are respectively the thickness and width of FRP plate. Eq. (1) can be
transformed into the following equation:

dog(x) 7(x)
& g 0 @

The stress-strain relationship is,
O'f(x) = Efo(X) (3)

where E is the elastic modulus. Substituting Eq. (3) into Eq. (2),

6000
48001 ---------o-oomdeed A
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2400+ bomm e

1200~ - SRRREEEEE
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(a)

T(X) = defT(x)Eftf 4)

Converting Eq. (4) into a difference equation,

tEe (€1 — &)
AXip1;

)

Tit1i =

where 7;, 1 ; is the average bond stress between positions x;, 1 and x;; &1
and ¢; are the strain values obtained from strain gauges.

Fig. 13(a) shows the bond stress of specimen L-V1-1 based on Eq. (5).
In the early stages of loading, the peak bond stress appears near the
loaded end. As the load increases, the peak of bond stress moves towards
the free end. When the load reaches its peak, the peak of bond stress is
near the free end, while the bond stress near the loaded end is close to
zero, indicating debonding failure at the loaded end. A similar phe-
nomenon has been reported by previous studies [58].

4.3. Interfacial slip

According to the deformation compatibility conditions at the inter-
face,

s:/(sf—ec)dx 6)

Considering the deformation of concrete is negligible, Eq. (6) can be
approximated by the following equation,

s& / erdx @

The slip at different locations is,
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Sip1 = Si +Asii1 (€))
where s;;1 and s; are the slips; As; ;.1 is the difference of slip at the lo-
cations of x;;; and x;. According to Eq. (7),

Asi.i+l :/l. sfdx (9)

Assuming a linear variation of the tensile strain ¢ in the very short
distance Ax;;1,, Eq. (9) can be written as follows,

Eir1 T &
Asij1 = Mﬂxﬂl,i (10)
Substituting Eq. (10) into Eq. (8),
£l + £
Siy1 = %Axwl.i + i an
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With the measured strains, the calculated slips at different locations
can be obtained, as shown in Fig. 13(b). These slips decrease from the
loaded end to the free end. By correlating the data points from Fig. 13(a)
and Fig. 13(b), the bond stress-slip relationship can be obtained, as
shown in Fig. 14.

4.4. Bond stress-slip relationship

The bond stress increases with the slip, and then gradually decays to
zero. Overall, the bond stress-slip relationship shows a triangular shape,
which is similar to the bond stress-slip relationship of dry-bonding
interface with brittle failure mode [6,58-61]. Therefore, previous
bond models can be adapted for the fiber-bridging interface. Numerous
bond models have been proposed for FRP-concrete interface, including
triangular models [59,62], parabolic models [63], exponential models
[64-67], power function models [58], among others. Selecting one of
the models and fitting the data points in Fig. 14 can yield a bond model
for the fiber-bridging interface with brittle a failure mode. However,
previous studies by Lu et al. [59], and Dai et al. [67,68] have shown that
bond models based on strain gauges may exhibit significant variability
due to experimental factors such as the inevitable bending of FRP plate,
concrete cracks or coarse aggregates beneath the strain gauges. There-
fore, an optimal method for deriving the bond models was proposed by
Dai et al. [67,68]. According to Dai et al. [67,68], the loaded end-slip
relationships, which can be more easily and accurately measured, are
used to fit the bond model. This method is not only simple and conve-
nient, but also avoids the drawbacks of previous approaches. Therefore,
the bond model proposed by Dai et al. [67,68] is used for developing the
bond model for the fiber-bridging interface.

5. Development of interfacial bond models
5.1. Bond stress-slip relationship model

According to Dai et al. [67,68], the tensile strain of FRP plate can be
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Fig. 19. The overall methodology for determining the parameters in Eq. (17).
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Fig. 20. FE model of pullout specimens considering shear-dilatation effects.

Table 4
Assumed values of the five parameters in Eq. (17).

Parameters Assumed values
Smax 0.05 0.065 0.08 0.095 0.11
Ssmax 0.8 0.95 1.1 1.25 1.4
Sem 0.001 0.002 0.003 0.004 0.005
ks 1.1 1.2 1.3 1.4 1.5
approximated by the following equation,
& = A[1 — exp( — Bs)] 12)

where ¢ is tensile strain of FRP plate; s is the slip; A and B are empirical
parameters.

Based on Eq. (12), the bond stress-slip relationship can be obtained
as follows,

7 = 2BG¢[exp( — Bs) — exp( — 2Bs)] 13

Gt = 0.5A%F;t; 14
where 7 is the bond stress; Gy is interfacial fracture energy; tr and E¢
respectively represent the thickness and tensile modulus of the FRP
plate. According to Eq. (14), when the bond length is greater than the
effective bond length, the maximum load that can be reached is,

Poax = (bf + 2Abf) (2Efthf) 05 (15)
where bs is the width of FRP plate; Abs represents the width increase
considering the influence of the FRP plate width on the interfacial per-
formance. Abs is 3.7 mm when bf > 100 mm, and Abf is O when b¢
< 100 mm [67,68].

As mentioned before, the 250 mm-long bond length has already
exceeded the effective bond length. Therefore, ultimate loads of long
bond length specimens (Fig. 11) can be used to determine parameter A.
The average value of parameter A is 0.007. According to Eq. (12), the
loaded end-slip relationship is,

P = A[1 — exp( — Bs;)|bstcEs (16)

10

where s, is the slip at the loaded end. With the tested loaded end-slip
relationships in Fig. 8, the parameter B in Eq. (16) can be obtained, B
= 4.38. With parameters A and B determined, the bond stress-slip
relationship model for the fiber-bridging interface can be established.
The comparison between the model prediction and the bond stress-slip
data is shown in Fig. 14.

5.2. Interfacial dilatation-slip relationship model

After the initial debonding of the interface, imperfectly smooth
failure surfaces are formed. When these failure surfaces continue to
interact, tangential displacement induces lateral expansion, which in
turn causes hoop strain in the FRP tube, as shown in Fig. 15.

To determine the interfacial expansion, a three-dimensional FE
model was created to simulate the interfacial expansion behavior using
ABAQUS [69]. To reduce calculation time, a quarter model was estab-
lished based on symmetry conditions, as seen in Fig. 16. In this model,
concrete was simulated using 8-node reduced integration solid elements
(C3D8R), and the FRP tube was simulated using 4-node reduced inte-
gration shell elements (M3D4R). To ensure that the FRP tube provides
strength and stiffness mainly in the circumferential direction, its Pois-
son’s ratio was set to 0.

Based on the FE results, the variations of hoop strain of the FRP tube
and interfacial pressure with interfacial dilatation were obtained, as
shown in Fig. 17. Using the experimentally measured hoop strains, the
interfacial dilatation and interfacial pressure can be obtained through
data interpolation. These results are shown in Fig. 18. Both interfacial
expansion and interfacial pressure increase with the slip. Due to the
drastic failure of the interface, the attenuation of interfacial dilatation
and pressure were not captured. Previous studies have shown that the
interface will experience a contraction after expansion [12,21,70,71],
and the interfacial expansion can be approximated by the following
equation,

8§=0(0<s<sm) (17a)
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Fig. 21. Methodology of conducting the machine learning model.
8 S — Sem ks Ssmax> Sem, and ks and the three error indicators was established.

5 = ks (Scm < S)
'max Sﬁmax — Sem s—s,
k,; —1 4 [ Sem
Ssmax —Sem

where § is the interfacial dilatation; dyax and ssmax are the maximum
dilatation and corresponding slip; ks is an empirical parameter; scp, is the
slip for initial expansion.

To determine the values of the parameters in Eq. (17), a combination
of FE simulation and machine learning was employed. The overall
methodology is shown in Fig. 19. First, an FE model for the specimen
with a bond length of 250 mm was created. To simplify calculations,
only one-fourth of the specimen was modeled based on symmetry con-
ditions. The concrete and the FRP plate were simulated using 8-node
reduced integration solid elements (C3D8R), while the FRP tube was
simulated using 4-node reduced integration shell elements (M3D4R).
The interface between the FRP tube and concrete was defined as hard
contact in the normal direction and frictionless in the tangential direc-
tion. The ABAQUS built-in CDP model was selected as the constitutive
model for concrete. The FRP plate was modeled as an anisotropic ma-
terial with material properties defined using engineering constants in
ABAQUS, and it was assumed not to fail. The FRP tube was modeled as
an elastic material. The interaction between the FRP plate and concrete
was simulated using 1 mm-thick 8-node cohesive elements (COH3D8).
The tangential behavior of the interface elements was controlled by Eq.
(13), while the normal behavior was controlled by Eq. (17). Fig. 20
shows the FE model.

Then the values of parameters Smax, Ssmax» Sem, and ks in Eq. (17) were
randomly assumed, and a number of interfacial expansion curves were
obtained. These curves were implemented into the FE model, and a
number of numerical curves of load-hoop strain relationship can be
obtained. The numerical curves were compared with the tested load-
hoop strain curves. The deviation between numerical and tested
curves were measured by three error indicators, i.e., the Root Mean
Square Error (RMSE), Integral Absolute Error (IAE), and Average (AVG).
In this way, a mapping relation between the values of parameters Spyax,

(17b)

11

— 1 . _ 3 2
RMSE = ,/azi 0i—5) (18a)
A2
IAE — Ziv(}'z_yy) (18b)
1 yi
AVG=-3 = (18¢)
Yi
> (!—i—AVG)

where m is the number of samples; y; is the true values of the data; )/’\1 is
the estimated values of the data.

For each parameter, five possible values were assumed, see Table 4.
A total of 625 curves of interfacial dilatation-slip relationship were
generated. These curves were respectively input into 625 FE models to
obtain the corresponding load-hoop strain response. These FE models
together with the Fortran subroutines were automatically generated and
submitted for analysis by a loop program in Python. The load-hoop
strain curves from FE analysis were extracted by a Python program,
and further discretized using MATLAB software to compare with the
tested load-hoop strain curves. Thus, a database containing 625 sets of
data was established with RMSE, IAE, and AVG as the output and pa-
rameters Smax, Ssmax> Sem> and ks as the input. Based on this database,
three machine learning models, i.e., the BP neural network model, the
random forest model, and the XGBoost model, were selected to predict
the optimal parameter values [72,73].

The execution of machine learning models is illustrated in Fig. 21.
First, the database was randomly divided into a training set and a testing
set at a ratio of 4:1 [72,73]. Then the machine learning models were
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Fig. 22. Prediction performance of ANN, RF and XGBoost.
Table 5 0.15 T T
Performance of machine learning models. 1 1
Parameters ML model RMSE AVG cov IAE ’g ; ;
Smax ANN 0.0098 0.9407 0.1078 0.1003 g 012 - T o
RF 0.0035 1.0011 0.0364 0.0236 ~ ‘ -
XGBoost 0.0040 1.0023 0.0431 0.0283 = : :
Somax ANN 0.2509 1.0575 0.1941 0.1616 009t -- A7 Lo b e
RF 0.0947 1.0100 0.0899 0.0571 = 1 1
XGBoost 0.1068 1.0138 0.1009 0.0698 = ! }
ks ANN 0.1152 1.0344 0.0831 0.0724 = ! !
RF 0.0444 1.0036 0.0340 0.0228 =006rf-- /- P Fomeeo-
XGBoost 0.0527 1.0024 0.0408 0.0273 = . .
Sem ANN 0.0020 1.0506 0.8899 0.5501 5 —— ANN
RF 0.0016 1.3572 0.6993 0.4449 S 0.03 —RF |
XGBoost 0.0015 1.3731 0.6462 0.4167 = v
b5 —— XGboost
H 1 1
= ‘ ‘
= 0.00 ' '
Table 6 0.0 0.4 0.8 1.2 1.6
Predicted values of five parameters in Eq. (17) by ML models. I facial sli
ML model Predicted values nter acial s lp (mm)
Smax Ssmax Sem ks Fig. 23. Predicted interfacial dilatation-slip curve by machine learning models.
ANN 0.11 1.14 0.005 1.11
RF 0.08 1.20 0.003 1.23 average performance, which effectively reduces the bias caused by the
XGBoost 0.10 0.85 0.006 1.11

trained using the training set, and the best hyperparameters for the
models were determined through the K-fold cross-validation and grid
search (K=10). The model performance was evaluated based on the

random sampling of the database. Grid search exhaustively combines
different hyperparameter values and selects the combination that yields
the best performance. Finally, the model performance was assessed
using the testing set data.

All three machine learning models exhibited good performance. As
an example, Fig. 22 shows comparisons between the real and predicted
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Fig. 25. Comparisons between numerical and test results of short bond-length specimen S-V1-3.
values of parameter dmax. The predicted values of 6.« Were very close to values of parameters Smax, Ssmax> Sem, and ks, could be obtained by setting
the real values. To assess the model performance more intuitively, four RMSE= 0, IAE= 0, AVG= 1. The results are shown in Table 6, and the
error indicators for the three machine learning models were calculated, corresponding interfacial dilatation-slip relationship curves are shown
i.e., the Root Mean Square Error (RMSE, Eq. 18a), the Average (AVG, Eq. in Fig. 23. As can be seen, the predicted values of these parameters are

18b), the Coefficient of Variation (COV, Eq. 18c), and the Integrated very close.
Absolute Error (IAE, Eq. 18d), as shown in Table 5. It is evident that all
three machine learning models provided relatively good predictions.

After model training and validation of model accuracy, the optimal

13
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5.3. Verification of the proposed models

Equation (13) and Eq. (17) respectively govern the tangential and
normal behavior of the fiber-bridging interface. To validate the effec-
tiveness of the proposed interfacial models, the tests results were
simulated based on the FE model introduced in Section 5.2. Fig. 24 and
Fig. 25 show the comparisons between numerical and experimental
results.

It can be observed that the load-slip relationships can be well pre-
dicted by FE models. The tensile strain of the FRP plate at different lo-
cations also matches very well with the experimental results. This
indicates that the proposed bond stress-slip relationship model, i.e., Eq.
(13), is reasonable. Comparisons in Fig. 24(c) and Fig. 25(b) reveal that
the numerical results based on three machine learning algorithms are
relatively close. In comparison with the hoop strain at the 190 mm po-
sition, the hoop strain at a height of 125 mm is not well predicted in the
initial stage for the specimen L-V1-1. This is because the interfacial
expansion develops from the loaded end to the free end, which will
cause bending of the FRP tube in the longitudinal direction and conse-
quently hoop compression. The slight compression of FRP tube in the
hoop direction was not well captured during the loading of specimen L-
V1-1, however, this phenomenon is more noticeable in the specimen S-
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V1-3 (Fig. 25b).

Fig. 26 illustrates the state of the interface at 0.9 P, and P,. The
tensile stress of the FRP plate generally decreases from the loaded end to
the free end. At the loaded end, there exists a zone where the stress
gradient is close to 0 and this zone propagates towards the free end. This
phenomenon is consistent with the test results presented in Section 3.2.
In Fig. 26(b), the peak of bond stress shifts towards the free end. At P,
the bond stress is only distributed in a certain region which corresponds
to the effective bond length. Fig. 26(c) represents the slip at different
locations. The slip reduces from the loaded end to the free end. At the
peak load, the region near the free end has not been fully activated,
resulting in very small slip.

To further analyze the mechanical performance of the fiber-bridging
interface, parameter analysis was conducted based on the FE model
described above. FE models with different bond lengths were created,
and the anchorage strength or the ultimate loading capacity was
calculated. Fig. 27 shows the variation of the numerical anchorage
strength with bond length. The anchorage strength increases with the
bond length in a decaying slope, and almost plateaus when the bond
length reaches around 200 mm. This indicates that the effective bond
length is around 200 mm.

6. Conclusion

Based on the experimental and numerical results, as well as discus-
sions above, the following conclusions can be drawn:

(1) With a high fiber volume fraction (1.5 % and 3.0 %), the fiber-
bridging interface exhibits brittle failure at the surface of the
FRP plate. Under this failure mode, the interfacial behavior is
governed by the bond between the prefabricated fiber-bridging
slab and the FRP plate.

The bond stress-slip relationships of the fiber-bridging interface
with brittle failure mode is established using the measured strains
of the FRP plate. Based on a well-known FRP-concrete interface
model in the literature, a bond stress-slip model is established
using the load-loaded end slip curves, and the model agrees well
with the tested bond stress-slip relationships.

A combined approach of finite element simulation and machine
learning prediction is employed to determine the normal expan-
sion behavior of the fiber-bridging interface with brittle failure
mode. The three machine learning models, i.e., the BP neural
network model, the random forest model, and the XGBoost model
all can provide reasonable predictions.

A comprehensive FE model is developed based on the bond stress-
slip relationship and expansion-slip relationships. This FE model
accurately simulates both the tangential and normal behavior of
the fiber-bridging interface with brittle failure mode. Simulation
results confirm the validity of these models.

The effective bond length of the fiber-bridging interface under
brittle failure mode is approximately 200 mm. Beyond this
length, further increasing the bond length does not enhance
anchorage strength.
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