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Fatigue behavior is an important factor for mechanical analysis of concrete members reinforced by basalt fiber reinforced polymer
(BFRP) grid and polymer cement mortar (PCM) and plays a critical role in ensuring the safety of reinforced concrete bridges and
other structures. In this study, on the basis of the static loading test results of concrete specimens reinforced by BFRP grid and
PCM, a series of fatigue tests with different loading levels were conducted on interfaces between BFRP grid and concrete to
investigate the fatigue behavior of BFRP grid-concrete interfaces. The test results indicate that with high loading level, the fatigue
failure mode of interface is interfacial peeling failure while it transforms to the fatigue fracture of the BFRP grid under low loading
level. The fatigue life (S-N) curves of BFRP grid-concrete interface are obtained and fitted in stages according to different failure
modes, and the critical point of the two failure modes is pointed out. The relative slip evolution of interface during fatigue is
further revealed in different stages with two failure modes, and the law of interface strain is studied with the increase of fatigue

times. The relation of effective bonding length of interface and fatigue times is also described.

1. Introduction

Fiber reinforced polymer (FRP) is widely used in the re-
inforcement and repair of reinforced concrete structures
owing to its numerous advantages (e.g., light weight, high
strength, high environmental resistance, and strong desig-
nability) [1]. Commonly used FRP materials in engineering
structures include carbon fiber reinforced polymer (CFRP),
glass fiber reinforced polymer (GFRP), aramid fiber rein-
forced polymer (AFRP), and basalt fiber reinforced polymer
(BFRP). Among them, BFRP is a pure natural environment-
friendly inorganic material with excellent mechanical and
durability properties, such as high ultimate strain and good
ductility [2, 3]. There is a good application prospect for this
material in structure building, reinforcement, and repair of
old structures.

FRP cloth and FRP sheet adhered to the outer side of
concrete are the most common methods to strengthen concrete

structures with FRP [4]. FRP and concrete rely on organic
polymer interface adhesives (e.g., epoxy resin) for external
surface reinforcement. The key to evaluating the FRP rein-
forcement effect is to assess whether stress can be effectively
transmitted between the concrete and FRP. The interface be-
havior between FRP and concrete has therefore been the focus
of many studies and applications to ensure efficient im-
provement of structural performance [5, 6]. Organic polymer
adhesives such as epoxy resins have particular disadvantages
including rapid aging and poor environmental corrosion re-
sistance. Previous studies have used inorganic materials (e.g.,
modified cement, fiber cement-based materials, and polymer
mortar) as an interface adhesive in place of epoxy resin to
improve durability of the FRP-concrete interface [7-10]. The
combination of FRP grid and polymer mortar for structural
strengthening improves component stiffness with better du-
rability compared with traditional external FRP cloth and is
more suitable for harsh reinforcement environments [11-15].
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The reinforcement system of FRP grid and polymer
mortar is applied in concrete structures under long-term
repeated loads (e.g., highway and railway bridges, offshore
platforms, and underwater structures) that ultimately un-
dergo fatigue failure. The fatigue behavior of FRP grid-
reinforced concrete structures is closely related to the
bonding fatigue performance of the FRP grid-concrete in-
terface, which therefore merits its detailed study. Previous
experimental studies on FRP grid-concrete interfaces have
included single-lap shear tests [16-18], double-lap shear tests
[19, 20], tensile property measurements of FRP grid-polymer
mortar specimens [21-24], flexural performance measure-
ment of grid-reinforced beams and slabs [25-29], and shear
performance measurement of FRP grid-reinforced beams
[30, 31] and walls [32-34]. These studies were conducted
under different static loading conditions to analyze the
bonding properties and failure modes of the FRP grid-
concrete interface with variable layer numbers, fabric types,
bond widths and lengths, temperatures, and other envi-
ronmental conditions. However, fatigue performance tests
on FRP grid-concrete interfaces are scarcely reported and
their fatigue behavior remains poorly understood.

In this study, we performed experiments on the fatigue
behavior of the FRP grid-concrete interface under different
stress level conditions on the basis of static loading test
results to analyze the failure modes, obtain failure life (S-N)
expressions, and investigate the relative slip behavior of the
interface. We use the results to further analyze the law of
strain evolution of FRP grid-concrete interfaces during fa-
tigue and the change of effective bonding length.

2. Materials and Methods

2.1. Sample Preparation. Concrete specimens were com-
mercial concrete C40 with a section size of 150 x 250 mm
and length of 400 mm. The longitudinal steel bars at the
bottom were 2C16 and the auxiliary steel bars at the top were
equipped with 2C10. The stirrups were bundled with A10@
300 at a distance of 50 mm from both ends of the specimens
with a protective layer thickness of 20 mm (Figure 1). During
the pouring process, six cubes were randomly selected as
standard specimens for compressive strength tests. The
dimensions of  the cube specimens were
150 mm x 150 mm x 150 mm, in accordance with the Chi-
nese design specification of concrete structures [35]. These
specimens were placed under conservation conditions of
constant temperature (20+2°C) and relative humidity of
95% or higher. After 28 days of curing, the mean com-
pressive strength of these cubes was measured as 45.1 MPa.
The concrete specimens were reinforced by BFRP grid
and polymer mortar. The BFRP grid is produced by Jiangsu
Green Materials Vally New Material Technology & Devel-
opment Co., Ltd, which uses continuous basalt untwisted
yarn as raw material. The raw material was formed into a
grid, infiltrated with resin, and then dried for shaping. A
bidirectional square grid with a thickness of 3 mm and mesh
size of 50 x 50 mm was adopted. Each BFRP grid specimen
had a width of 150 mm and length of 800 mm (Figure 2).
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FIGURE 1: Size and reinforcement diagram of concrete specimen
(unit: mm).

To obtain the material parameters of the BFRP grid, five
axial tensile specimens of BFRP grid were prepared with the
same size as the single grid specimen (Figure 2) with a
nominal cross-sectional area of 36 mm”. The two ends of the
tensile specimens were anchored by bonding of four layers of
FRP cloths evenly pasted on each side to ensure that the
BFRP grids were uniformly loaded. These FRP cloths were
applied at 45° to the loading direction to provide a soft
interface, as recommended by the standard test method
(ASTM D3039/D3039M-17) [36]. The anchoring length of
FRP cloths was 200 mm. The adhesive colloid was Sanyou
epoxy resin with a 2:1 ratio of resin to curing agent. Axial
tensile tests were conducted according to the standard test
method for tensile properties of thin plastic sheeting (ASTM
D882-18) [37]. The following results were obtained: the
mean tensile strength of the BFRP grid was 583 MPa, the
average elastic modulus was 38 GPa, and the mean elon-
gation was 1.46%. The related axial tensile stress-strain
curves are shown in Figure 3(a). All five BFRP grid speci-
mens exhibited linear variation under axial tensile loading,
and the final failure mode was tensile failure of the longi-
tudinal tensile fiber ribs (Figure 3(b)). The mortar was
polymer-modified cementitious mortar for structural
strengthening produced by Hunan Goodbond Co., Ltd.,
which was a two-component cement-based composite
material modified with polymer emulsion. Under constant
temperature (20 +2°C) and relative humidity (>95%) con-
ditions, the measured compressive strength after 28 days was
46.1 MPa, the flexural strength was 11.5 MPa, and the tensile
bonding strength with the concrete was 2.7 MPa.

When the concrete structure is reinforced by FRP grid
and polymer mortar, the effective stress transmission of FRP
grid and concrete interface depends mainly on the bonding
stress between the (i) concrete and mortar and (ii) mortar
and FRP. To ensure optimal bonding performance, detailed
steps of BFRP grid-reinforced concrete preparation proce-
dure are as follows. (1) The concrete surface that has been
cured for 28 days is chiseled to a depth of ~2 mm to remove
the weak surface layer and expose the solid concrete. (2) Thin
wood boards are used to install templates around the
reinforced surface of the concrete. (3) The configured
polymer mortar is completely wetted on the concrete surface
with a thickness of 1 mm. (4) The BFRP grid is installed.
Rivets are not used for temporary fixing owing to the small
specimen size and paste area (150x400mm). (5) The
polymer mortar is applied on the grid surface and a spatula is
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FIGURE 3: Axial tensile stress-strain curves and failure modes for the BFRP grids. (a) Stress-strain curves. (b) Failure modes.

used for filling, compacting, and smoothing. The mortar
layer thickness is held fixed at ~20 mm. The above prepa-
ration process is schematically illustrated in Figure 4. After
completion of these steps, the specimen is covered with a
thin film, watered after one day, and cured for 28 days.

2.2. Experimental Procedure. A servohydraulic dynamic
fatigue testing system was used in the tests. The reinforced
concrete specimen was fixed between the upper and lower
steel plates by screws. The lower steel plate was connected to
the instrument by an anchor bolt. The center of the upper
steel plate was slotted to protrude the unbonded end of the
BFRP grid. The end was anchored by the same method as
that of the anchoring method of axial tensile specimens of
the BFRP gird, which was convenient for clamping and
loading of the instrument chuck. The specimen installation is
shown in Figure 5.

Both static loading and fatigue loading were controlled
by force. The loading rate of static loading was 10 kN/min
until the specimen failed. In the fatigue tests, before the
fatigue loading, static loading was performed twice from 0 to
the upper limit (P,,) of the fatigue loading and then
unloaded to 0. The fatigue loading changed following a sine

law with a loading frequency of 5Hz. For all the fatigue
specimens, the lower limit (P, ) of the fatigue loading was
taken as 15% of the peak static loading (P,,). The upper limit
of the fatigue loading was, respectively, taken as 0.84 P,,, 0.80
P, 076 P, 072 P, 0.68 P,, and 0.64 P, for six groups of
specimens, which was in accordance with the standard test
method (ASTM D3479/D3479M-12) [38]. To obtain the
strain rule of BFRP grid under static and fatigue loading,
resistance strain gauges (G;-Gg) were sequentially arranged
at an equal distance of 50 mm along the middle of the BFRP
grid in the bonding area. A strain gauge G, was arranged in
the middle of the nonbonding area between the loading
anchoring end and bonding area. A detailed arrangement of
the strain gauges is shown in Figure 6. The entire test
procedure of fatigue test was controlled by an electro-hy-
draulic servo test system. The loading value was measured in
real time by a force sensor, and a multi-channel data ac-
quisition system was used to monitor the real-time strain
data of Gy-Gs.

3. Results and Discussion

3.1. Static Loading Tests. The loading-BFRP grid slip curve of
the specimens under static loading and the specimen failure
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FIGURE 4: Preparation process of specimens.

FIGURE 5: Specimen installation.

modes are obtained, as shown in Figure 7 for specimen S;.
During static loading, a relative slip Aw of the BFRP grid to
the concrete can be calculated as

Aw=w - 8010) (1)

where w is the total slip of the loading end under the load, ¢,
is the strain measured by strain gauge G, in the nonbonding
area of the BFRP grid, and [ is the length of the nonbonding
area with a value of 200 mm.

During the initial loading phase, Aw increases approx-
imately linearly with increased loading, indicating that the
interface between the BFRP grid and concrete are in an
elastic state. At this time, the bonding state is good with no

interface cracks or cracks on the mortar surface. When the
load reaches about 66% of the failure loading, there is a small
platform in the amount of slip. The first crack appears on the
outer surface of mortar near the loading end, local peeling
occurs at the interface above the first crack, and Aw con-
tinues to increase linearly with increased load. When the
load reaches about 75% of the failure loading, a small
platform appears again in the slip amount, a second crack
occurs on the outer mortar surface, and the interface peels to
the second crack. Because the direct peeling of the BERP grid
from the concrete is discontinuous, the platform phase
appears intermittently on the loading-slip curve and Aw
continues to increase linearly with loading in each phase
until the next platform appears. When the loading increases
to 86% of the failure loading, a third small platform appears,
which corresponds to a third crack on the outer mortar
surface. With increased load, the interface crack between the
BFRP grid and concrete expands to a certain length. In this
case, the remaining bonding length is insufficient to support
the increased load and slipping at the bonding end and Aw
increases rapidly until FRP grid peeling failure occurs. When
the load reaches the peeling load, two more cracks appear on
the mortar surface at the moment of failure.

3.2. Fatigue Tests. According to the results of the static
loading tests, the average ultimate bonding load of the in-
terface is 20.1 kN. Fatigue tests of BFRP grid-concrete in-
terfaces were performed on specimens F-1-F-6. The test
procedure and results are shown in Table 1.

The fatigue failure mode of the BFRP grid-concrete
interface under high-loading conditions is peeling failure,
which is consistent with the failure mode under static
loading. When the loading level is low, the fatigue failure
mode transforms to fatigue fracture of the BFRP grid. These
two failure modes are shown in Figure 8. Fatigue failure of
materials and components usually occurs at their weakest
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FIGURE 6: Arrangement of strain gauges on the BFRP grid.
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FIGURE 7: Loading-relative slip curve and failure mode of the BFRP grid under static loading.

TaBLE 1: Fatigue test results of BFRP grid-concrete interface.

Specimen Loading level Upper limit of loading Lower limit of loading Limit fatigue life Ny Failure
number S=P,../P, P ax (KN) P in (KN) (times) mode
F-1 0.84 16.88 3.02 354 Peeling
F-2 0.80 16.08 3.02 3561 failure
F-3 0.76 15.28 3.02 12358

F-4 0.72 14.47 3.02 103674 Grid
F-5 0.68 13.67 3.02 216459 fracture
F-6 0.64 12.86 3.02 533292

(®)

FiGure 8: Failure mode of the BFRP grid under fatigue loading. (a) The interface peeling failure. (b) Fatigue fracture of the BFRP grid.

points and is caused by the accumulation of fatigue damage. ~~ When the loading level is low (i.e, £D,>XD,), the in-
2D, and 2D, represent the cumulative damage of the BFRP  terface failure mode is fatigue fracture of the BFRP grid.
grid and BFRP grid-concrete interface during fatigue, re- The S-N curve (fatigue life curve), first proposed by the

spectively. When the loading level is high (i.e., 2D, <XD,),  “Father of Fatigue Test” August W&hler, represents the
the interface failure mode is peeling failure of the interface.  relationship between applied material stress and fatigue life



and is the basis for the prediction of fatigue life and fatigue-
resistant design of relevant components. More advanced S-N
curve expressions involve a power function formula (double
logarithmic formula) and exponential function formula
(single logarithmic formula). However, previous studies
have shown that fatigue life of FRP-concrete interfaces and
stress level obey a single logarithmic formula [39, 40]. We
therefore also use a single logarithmic formula to charac-
terize the S-N curve of the FRP grid-concrete interface
(Figure 9).

Figure 9 shows that the linear law of the S-N curves is
different for different fatigue failure modes. Numerical fit-
tings on fatigue test specimens with interfacial peeling failure
(F-1, F-2, and F-3) and fatigue fracture of the BFRP grid (F-
4, F-5, and F-6) were separated to obtain the S-N curve
expressions under different failure modes. The intersection
of the two S-N curves is interpreted to represent the critical
point of the two fatigue failure modes (where $=0.721 and
N=10°). The expression of the S-N curve between interface
fatigue life and stress level can be expressed as

{S =0.971-0.0501g N, S$>0.721,

2
§=1.281-0.1121gN, §<0.721. )

3.3. Evolution of Relative Interface Slipping during Fatigue.
Different fatigue failure modes inevitably lead to differences
in the evolution of relative slip of the interface during the
fatigue process. The real-time relative slip of the BFRP grid-
concrete interface during fatigue can also be calculated by
equation (1). The curves of the relative slip of BFRP grid-
concrete interface with fatigue times for each specimen are
shown in Figure 10. For the three fatigue specimens that
show the interface peeling failure mode (F-1, F-2, and F-3)
(§>0.721), Aw can be divided into three stages with in-
creasing fatigue time. The phase characteristic of relative slip
is similar to the results obtained by Zheng et al. [41]. The first
stage is the initial slip stage, which accounts for about 10% of
the fatigue life. At this stage, Aw increases rapidly with
increasing fatigue time. This is caused by the appearance and
rapid development of initial interface cracks under initial
fatigue loading. The second stage is the stable slip stage,
which accounts for about 80% of the fatigue life. Aw in-
creases steadily with increasing fatigue time and the in-
creasing rate slows down compared with the initial slip stage.
In this stage, the interface crack growth of the BFRP grid-
concrete bonding interface tends to be stable. The third stage
is the accelerated failure stage, which accounts for about 10%
of the fatigue life. At this stage, Aw increases significantly
with increasing fatigue time. This is because peeling of the
BFRP grid-concrete interface develops rapidly and the
remaining bonding length of the interface is insufficient to
support the peeling load.

For the three fatigue specimens that undergo fatigue
fracture of the BFRP grid (F-4, F-5, and F-6) (§<0.721), Aw
also shows an initial slip stage and a stable slip stage with
increasing fatigue time. Because no interface peeling failure
occurs, Aw changes little in the later stable slip, and no
accelerated failure stage occurs.
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FIGURE 9: S-N curve of the FRP grid-concrete interface.

3.4. Evolution of Interface Strain and Effective Bonding Length.
Figure 11 shows the strain distribution curves of the BFRP
grid as a function of bonding length under fatigue loading.
Each curve shows that fatigue loading reaches an upper
limit after a certain extent of fatigue time. Under high
loading (§>0.721), specimens F-1, F-2, and F-3 show
sufficient bonding between the BFRP grid and concrete
during the first loading and strain decreases rapidly with
increasing distance from the bonding end of the BFRP grid.
When the fatigue load reaches a certain value, the ability to
transmit shear stress decreases owing to the gradual fatigue
degradation of the bonding between the BFRP grid near the
bonding end and the concrete. The strain attenuation slows
down over a certain range near the bonding end, and the
effective force transmission area (from the front end of
interfacial peeling crack to the region where the strain
approaches zero) begins to move to the free end. With
increasing fatigue time, the bonding end area suffers ad-
hesive failure and the interface only transmits shear stress
by friction. The effective force transmission area also moves
towards the free end, and the strain attenuation continues
to slow down, eventually causing complete peeling failure
of the interface. This phenomenon has also been demon-
strated by the other investigator [42]. Under low loading
(§<0.721), specimens F-4, F-5, and F-6 show similar in-
terface strain evolution in the initial loading as those under
high loading. However, with increasing fatigue time, the
effective force transmission area slowly develops to the free
end. The length of the effective force transmission area
remains unchanged. When fatigue failure occurs, strain at
the free end changes only slightly from that before fatigue.

The effective bonding length of the interface under fa-
tigue load can be determined by the distribution curves of
BFRP grid strain along the bonding length during the fatigue
process [43]. The length of effective force transmission area
can be used to characterize the effective bonding length of an
interface . Figure 11 shows that I, of samples under high
loading gradually decreases with increasing fatigue time
owing to the continuous expansion of interface cracks and
interface peeling. When the remaining bonding length is
insufficient to withstand the peeling load, peeling failure of
the interface occurs. The effective bonding length of the low-
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load samples increases slightly with fatigue time and then
remains essentially unchanged. This can be explained by a
small amount of peeling failure that occurs under low
loading at the end of the bonding area. With increasing

fatigue time, the bonding performance of the interface re-
mains stable, and the interface fatigue gradually changes to
BERP grid fatigue with the length sum of unbounded area
and bonding end with peeling failure.
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4. Conclusions

A series of concrete specimens reinforced by BFRP grid and
polymer mortar were prepared for both static loading and
fatigue loading tests using a servohydraulic dynamic fatigue
testing system. Based on the results of the static loading tests,
various fatigue tests of interfaces between the BFRP grid and
concrete were conducted under different loading levels.
Under high loading level, the BFRP grid-concrete interface
undergoes peeling failure, and under low loading level, the
fatigue failure mode transforms to fatigue fracture of the
BFRP grid. The S-N curves under different failure modes
were obtained. The intersection of the two S-N curves is
interpreted to represent the critical point of the two fatigue
failure modes. The evolution of relative slip of the interface
during fatigue with high loading level can be described to
have three stages. The relative slip first increases rapidly in
the initial slip stage, then increases steadily during the stable
slip stage, and then increases significantly in the accelerated
failure stage. For specimens under low loading level, the
relative slip also experiences the former two stages and then
changes little.

The evolution of interface strain during fatigue was also
investigated. For specimens under high loading level, the
effective force transmission area moves towards the free end
and the strain attenuation continues to slow down with
increasing fatigue time, eventually causing the complete
peeling failure of the interface. Moreover, it can be con-
cluded that for specimens under high loading level, the
effective bonding length of the interface remains essentially
unchanged with increasing fatigue time, whereas for spec-
imens under low loading level, the effective bonding length
of the interface shows an increasing trend with fatigue time.

Future studies should include tests under a wider range
of loading conditions using various types of reinforced
concrete to investigate interface fatigue performance and
verify the preliminary conclusion drawn in this study. A
bonding slip model can be further developed to investigate
the slip mechanism.
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