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Abstract: The article describes an experimental study on
the bond–slip performance between the pultruded glass
fiber-reinforced polymer (GFRP) tube and the nano-CaCO3

concrete. Taking the nano-CaCO3 concrete strength and
GFRP tube thickness as primary parameters, nine speci-
mens were designed and tested to study the influence of
these parameters on the bond strength of the specimens.
Besides, three specimens filled with the ordinary concrete
were also tested by using the push-out tests to make
comparisons with the bond performance of the specimens
filled with nano-CaCO3 concrete. A total of four push-out
tests were conducted on each specimen. The experimental
results indicate that there are two types of axial load–slip
curves for each specimen in four push-out tests. Moreover,
comparison of the results of the push-out tests in the same
direction shows that the bond failure load of the specimen
decreases with the increase in the number of push-out
tests. Based on the analysis of the test results, it is shown
that the bond performance between the GFRP tube and the
nano-CaCO3 concrete is better than that between the GFRP
tube and the ordinary concrete. Furthermore, as the nano-
CaCO3 concrete strength increases, the bond strength of
the specimens decreases, indicating that the concrete
strength has a negative effect on the bond strength. When
the nano-CaCO3 concrete strength is relatively smaller
(C20), the bond strength of the specimens decreases with
the increase in the thickness of the GFRP tube. However,
when the nano-CaCO3 concrete strength is relatively larger

(C30 and C40), the bond strength of the specimens
increases as the thickness of the GFRP tube increases.

Keywords: bond–slip performance, bond strength, nano-
CaCO3 concrete, pultruded GFRP tube, push-out tests

1 Introduction

In recent years, with the rapid development of nanotech-
nology, more and more nanomaterials have been developed.
Because of their excellent characteristics, nanomaterials are
widely applied in various fields [1–4]. Therefore, nanomater-
ials have been studied in various fields, including construc-
tion materials, medicine, environment, and chemistry. It is
well known that concrete is one of the most extensively used
construction materials in the field of civil engineering. Hence,
many research studies were performed on the concrete mixed
with nanomaterials, and these research studies explained
that nanomaterials could effectively improve the physical and
chemical properties of concrete [5–9]. Guo et al. [10]
discussed the effect of GO nanomaterials on the chloride
penetration resistance of the recycled concrete. Their findings
indicated that the incorporation of GO nanomaterials could
significantly improve the chloride penetration resistance of
the recycled concrete. Pacheco-Torgal et al. [11] indicated that
the addition of nanoparticles to the concrete aggregates could
significantly improve the strength and durability of the
concrete. Lin et al. [12] experimentally investigated the
mechanical behavior of the circular nano-silica concrete-
filled stainless steel tubular columns after exposure to
freeze–thaw cycles. Their test results showed that the
freeze–thaw cycles had a significant influence on the residual
load-bearing capacity of the nano-silica concrete-filled
columns. He et al. [13] reported that the increase in the
compressive strength of the nano-silica concrete could
effectively enhance the bearing capacity and initial stiffness
of the glass fiber-reinforced polymer (GFRP) composite
columns. Behfarnia et al. [14] experimentally investigated
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the mechanical behaviour and frost resistance of concrete
containing nanomaterials after being subjected to freeze-
thaw cycles. They found that the frost resistance and
microstructure of concrete containing nano-particles were
significantly improved. Especially, due to the stable
performance and low price of nano-CaCO3, it has become
a perfect additive in construction materials. Adding an
appropriate amount of nano-CaCO3 into concrete can
improve the strength, frost resistance, and durability of
concrete. Shaikh and Supit [15] showed that the addition
of nano-CaCO3 could obviously improve the durability of
concrete. Shaikh and Supit [16] also found that the
compressive strength of the concrete with 1% nano-CaCO3

was the highest; its early compressive strength was about
146% higher than that of the ordinary concrete, and its
compressive strength at 90 days was about 40% higher
than that of the ordinary concrete. Besides, the research
results of Liu et al. [17] showed that the addition of nano-
CaCO3 could shorten the setting time of cement, reduce
the fluidity of mixture, and accelerate the hydration
reaction rate of cement.

The concrete-filled GFRP column is a new type of
composite structure initially proposed by Mirmiran et al.
[18,19]. In this novel composite structure, the fresh concrete
is poured into the GFRP tube, and the external GFRP tube
can be used as the formwork of the structure. This can avoid
the tedious process of making formwork and removing
formwork, thereby saving time and shortening the construc-
tion period. The external GFRP tube can also constrain the
core concrete and improve the load-carrying capacity of the
core concrete [20]. At the same time, the external GFRP tube
also plays a role similar to the hooping in the reinforced
concrete columns, which can improve the shear carrying
capacity of the inclined section of the column. Moreover, the
core concrete can prevent the local buckling of the external
GFRP tube, thus enhancing the structural stability [21]. The
GFRP composite materials also have the characteristics of
lightweight and corrosion resistance [22–26]. Therefore, the
GFRP tube can protect the core concrete and improve the
overall durability of structures when they are used in a
relatively harsh environment. The above relevant studies
show that the nano-CaCO3 concrete has better mechanical
performance and durability than the ordinary concrete.
Therefore, it can be an innovative idea that the nano-CaCO3

concrete was used to fill the GFRP tube in practical
engineering. When the nano-CaCO3 is added into the
ordinary concrete, the bond performance between the core
concrete and the GFRP tube might be significantly enhanced
owing to the tiny structural unit of nano-CaCO3. However, the
research on the bond–slip performance is mainly focused on
the ordinary concrete and FRP materials.

Gooranorimi et al. [27] established the bond–slip model
of the GFRP bars and concrete. It was found that the
model could reflect the failure mode of concrete.
Gooranorimi et al. [28] also studied the bond–slip
relationship between the FRP and the reinforced concrete.
Yuan et al. [29] conducted an experiment to investigate
the bond–slip behavior of the FRP–concrete interface. In
addition, Vilanova et al. [30] performed a numerical
simulation of bond–slip between the FRP and the
reinforced concrete. According to the test results and
the finite element results, Tekle et al. [31] found that the
distribution of bond stress between the GFRP bars and
the alkali-activated cement was nearly uniform. An
experimental study was performed by Yuan and Hadi
[32] to study the bond–slip performance between con-
crete and I-section GFRP. Moreover, the bond stress–slip
model was established and validated by comparison with
the experimental results. Based on the existing bond
strength models, Lu et al. [33] proposed a series of new
bond–slip models by the combination of the finite
element results and the test results. These models were
recommended for future use in the numerical modeling of
the FRP-strengthened reinforced concrete structures.

To develop a composite action, the GFRP tube and
concrete should have superior bond between them. Although
many researchers have investigated the bond–slip perfor-
mance between the ordinary concrete and the FRP materials,
little experimental study and theoretical analysis have been
carried out on the bond–slip performance between the nano-
CaCO3 concrete and the GFRP tube. In this study, the nano-
CaCO3 particles are added to the ordinary concrete to study
the bond–slip performance between the GFRP and the nano-
CaCO3 concrete. In particular, the effects of nano-CaCO3

concrete strength and thickness of the GFRP tube on the
bond strength of the specimens are analyzed and evaluated
systematically. This article can provide a good reference for
further relevant research studies and contribute to the
practical application of nano-CaCO3 concrete-filled GFRP
structures in the engineering construction fields.

2 Experimental program

2.1 Test specimens

A total of 12 specimens were designed and tested in this
experiment, including three specimens filled with the
ordinary concrete and nine specimens filled with
the nano-CaCO3 concrete. The bond–slip performance
between the pultruded GFRP tube and the nano-CaCO3
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concrete was experimentally studied, and the effects of
nano-CaCO3 concrete strength and GFRP tube thickness
on the bond strength of the specimens were analyzed.
Besides, the bond performance between the GFRP tube
and the nano-CaCO3 concrete was also compared with
that between the GFRP tube and the ordinary concrete.
Three kinds of nano-CaCO3 concrete with different
concrete strengths (C20, C30, and C40) were prepared,
and the thickness of the GFRP tube also has three
different grades, ranging from 3.5 to 5.0mm. In this
experiment, the cross-section dimension (b × b) of the
pultruded GFRP tube is 100mm × 100mm, and the
height (h) of the GFRP tube is uniformly 250mm. To
conduct four repeated push-out tests on each specimen,
it is necessary to leave a gap of 30mm at the top of each
specimen. Pictures of the prepared specimen are shown
in Figure 1. Table 1 shows the detailed parameters of the
test specimens. As shown in Table 1, all specimens are
named according to the nano-CaCO3 concrete strength
and the GFRP tube thickness. For example, the label
“GT3.5-C20” of the specimen is defined as follows:
• “GT3.5” represents that the thickness of the pultruded
GFRP tube is 3.5 mm.

• “C20” indicates that the nano-CaCO3 concrete strength
is C20. In particular, “OC20” indicates that the
ordinary concrete strength is C20.

2.2 Material properties

The material properties of the pultruded GFRP tube are
determined by standard tensile tests. Because of the
anisotropy of the material, transverse and longitudinal
tensile tests are required. The tensile tests were
performed in accordance with the ASTM D 3039 [34].
Table 2 shows the test results of the material property of
the pultruded GFRP tube, including the elastic modulus
(EG), yield strength (fyG), tensile strength (fuG), average
yield strength (fay), and average tensile strength (fau).

Figure 1: Pictures of the specimen: (a) elevation view and (b) overhead view.

Table 1: Parameters of test specimens

Specimens h (mm) b (mm) T (mm) h/b b/T fcu (MPa)

GT3.5-C20 250 100 3.5 2.5 28.6 20
GT3.5-C30 250 100 3.5 2.5 28.6 30
GT3.5-OC30 250 100 3.5 2.5 28.6 30
GT3.5-C40 250 100 3.5 2.5 28.6 40
GT4.0-C20 250 100 4.0 2.5 25.0 20
GT4.0-C30 250 100 4.0 2.5 25.0 30
GT4.0-OC30 250 100 4.0 2.5 25.0 30
GT4.0-C40 250 100 4.0 2.5 25.0 40
GT5.0-C20 250 100 5.0 2.5 20.0 20
GT5.0-C30 250 100 5.0 2.5 20.0 30
GT5.0-OC30 250 100 5.0 2.5 20.0 30
GT5.0-C40 250 100 5.0 2.5 20.0 40
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Shaikh and Supit [16] showed that when the content
of nano-CaCO3 is 1%, the mechanical behavior of the
concrete was greatly improved. Therefore, the concrete
mixed with 1% nano-CaCO3 was used to fill the GFRP
tube in the experiment. Due to the large specific surface
area and strong surface activity of nanomaterials, it is
easy to agglomerate into larger particle size agglomerate
particles and flocculent particles in the process of use,
which can affect the performance of nanomaterials and
reduce their purpose of improving the performance of
concrete. Therefore, the first step of the nano-concrete
production is to mix a certain amount of nano-CaCO3

with water to form a mixed solution. Then, the coarse
aggregates, fine aggregates, and cementitious materials
are added into the concrete mixer in turn to mix evenly,
and finally, the mixed solution is poured into the
concrete mixer to mix evenly to form the nano-CaCO3

concrete. The macroscopic morphology of nano-CaCO3 is
displayed in Figure 2, and the electronic microscopic
picture of the nano-CaCO3 concrete is shown in Figure 3.
Table 3 shows the mix proportion of the nano-CaCO3

concrete. During the preparation of the nano-CaCO3

concrete, a total of nine standard concrete blocks with
the dimensions of 150mm × 150 mm × 150mm were cast
for each strength grade (C20, C30, and C40) and then
cured in the same conditions as the specimens [35,36].
After 28 days of curing, the concrete blocks were loaded
in accordance with the Code for Design of Concrete
Structure (GB50010-2010) [37]. The measured compres-
sive strength of the concrete blocks is shown in Table 4,
including the ultimate compressive strength (fcu1, fcu2,
and fcu3) and average compressive strength (fcu,m).

2.3 Loading devices and schemes

The electro-hydraulic servo universal testing machine
with a maximum range of 1,000 kN was utilized to load
the specimens, as shown in Figure 4. Four repeated
push-out tests were required for each specimen. In the
experiment, the method of the monotonic hierarchical
static loading was adopted, and the values of axial load
and bond–slip were automatically monitored and
recorded.

Before loading, it is necessary to adjust the base and
keep the base parallel to the machine, then place a small
cylindrical cushion block on the base, and place the
specimen on the cylindrical cushion block to ensure that

Table 2: Material properties of the GFRP tube

Tensile direction EG (MPa) fyG (MPa) fuG (MPa) fay (MPa) fau (MPa)

Transverse 8.3 133.4 32.4 241.35 340.5
Longitudinal 41.6 349.7 648.6

Figure 2: Nano-CaCO3 powder.

Figure 3: Scanning electron microscope picture of nano-CaCO3 concrete.
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the push-out tests can be carried out normally. In the
first push-out test (forward direction), the specimen was
loaded at a lower loading speed during the initial
loading stage until the axial load–slip curve tended to
be gentle, and then, the loading speed was increased.
When the slip between the concrete in the GFRP tube
and the GFRP tube reached the maximum value, the first
push-out test was stopped. Then, the specimen was
inverted, and the second push-out test (reverse direc-
tion) was carried out. When the slip between the

concrete in the GFRP tube and the GFRP tube reached
the maximum value, the second push-out test was
stopped. Next, the specimen was inverted again, and
the third push-out test (forward direction) was carried
out. When the slip between the concrete in the GFRP
tube and the GFRP tube reached the maximum value,
the third push-out test was stopped. Finally, the
specimen was inverted again, and the fourth push-out
test (opposite direction) was carried out. The fourth
push-out test was stopped when the slip between the
concrete in the GFRP tube and the GFRP tube reached
the maximum value. The loading diagram of the test
specimens is shown in Figure 5.

3 Experimental results and
analysis

3.1 Loading process and phenomenon

A slight sound was produced during the loading process
of the specimens, which was likely to be the friction
sound caused by the slip between the inner concrete and
the pultruded GFRP tube. When the load reached a
certain level, the sound of “bang” was heard suddenly.
This is the sound of the concrete being pushed out of the
GFRP tube. At this time, it can be seen that the cushion
block rose rapidly with the concrete, and the load began
to decrease. Then, the load change was very small and
the slip value increased all the time. Finally, the load
suddenly increased again, indicating that the concrete in
the GFRP tube was pushed to the top of the GFRP tube.
At this point, the test was ended.

After the specimen was loaded, it was observed that
there was no obvious change in the square GFRP tube,
and the whole GFRP tube was intact without fracturing.
However, the concrete in the square GFRP tube had the
whole slip phenomenon. It can be found that the concrete
surface in contact with square GFRP tube was slightly
broken, but the whole concrete was relatively complete.

Table 3: Mix proportions of the nano-CaCO3 concrete

Design strength
grade

Cement (kgm−3) Fine aggregate (kgm−3) Coarse
aggregate (kgm−3)

Water (kgm−3) Nano-CaCO3 (kgm−3)

C20 350 690 1,160 185 3.5
C30 450 600 1,192 183 4.5
C40 520 525 1,220 178 5.2

Table 4: Mechanical properties of the nano-CaCO3 concrete

Design strength
grade

fcu1
(MPa)

fcu2
(MPa)

fcu3
(MPa)

fcu,m
(MPa)

C20 28.3 29.5 27.4 28.4
C30 37.1 36.9 38.3 37.4
C40 46.3 47.4 46.1 46.6

Figure 4: Loading apparatus.
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There was a gap of 20–30mm at the bottom of the GFRP
tube initially filled with the concrete, and the gap
between the concrete in the GFRP tube and the top of the
GFRP tube was also reduced correspondingly. Then, the
specimen was inverted and loaded again. In this way,
the push-out test needed to be carried out four times.
The first and the third push-out directions are the
same, and the second and fourth push-out directions are
the same. The damaged specimen is displayed in
Figure 6.

3.2 Axial load–slip curves

Figure 7 shows the axial load–slip curves of each
concrete-filled pultruded square GFRP column. Since
four repeated push-out tests were carried out for each
specimen, each specimen has four axial load–slip
curves. The number after the label of each specimen in
the legend refers to the number of push-out tests. For
example, the last number “1” in “GT3.5-C20-1” refers to
the first push-out test.

Gap

Concrete

GFRP tube

Cushion block

(a) (b)

Figure 5: Loading diagram of the specimen: (a) loaded specimen and (b) diagrammatic sketch of loading.

Figure 6: Failure process of specimens: (a) before loading and (b) after loading.
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Figure 7: Continued
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Figure 7 shows two types of axial load–slip curves for
each concrete-filled pultruded square GFRP column.
There is a peak point for the first type of axial load–slip

curve, while there is only an inflection point in the
second type of axial load slip–curve and no peak point.
Most of the axial load–slip curves of the first, second,
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Figure 7: (a–l) Axial load–slip curves: (a) GT3.5-C20, (b) GT3.5-C30, (c) GT3.5-OC30, (d) GT3.5-C40, (e) GT4.0-C20, (f) GT4.0-C30, (g)
GT4.0-OC30, (h) GT4.0-C40, (i) GT5.0-C20, (j) GT5.0-C30, (k) GT5.0-OC30, (l) GT5.0-C40.
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and fourth push-out tests belong to the first type, and
the axial load–slip curves of the third push-out test
basically belong to the second type. For the first type of
axial load–slip curve, at the initial stage of loading, the
curve generally shows a linear growth state. At this
time, there is no relative slip between the GFRP tube
and the concrete. Only the interface between the GFRP
tube and the concrete at both ends of the specimen has
a small slip, which indicates that the chemical bond
action plays a role. With the increase of the load, the
slip occurs in the concrete in the GFRP tube, the
chemical bond action is lost, and the mechanical
interlocking between the GFRP tube and the concrete
starts to work. The subsequent curve continues to rise
until the peak point is reached, but it is not linear. At
this stage, the mechanical interlocking between the
GFRP tube and the concrete plays a leading role. After
the peak point, the curve begins to fall. The bonding
force between the GFRP tube and the nano-CaCO3

concrete is mainly borne by the friction. At the
beginning of the decline, the load drops rapidly, and
the slip value of the specimen is still very small. Then,
the curve gradually becomes smooth, and the load
drops slightly, but the slip value of the specimen is
relatively large. Finally, the curve tends to be steady.
Although the curve has a little shake, the load is
roughly the same, and the slip value of the specimen
increases all the time.

For the second type of axial load–slip curve, the
rising stage of the curve is the same as that of the first
type. As the load continues to rise, although the curve is
always in the rising state, it does not reach the peak
point as the first type, but there is an inflection point.
After the inflection point, the curve does not decline, but
it keeps in a stable state. Although the curve has a little
shake, the load is nearly the same, and the slip value of
the specimen increases all the time. However, there are
also some curves showing an upward trend after the
inflection point. At this time, the bonding force between
the GFRP tube and the concrete is mainly borne by the
friction.

3.3 Shear bond strength

The diagrammatic sketch of stress between the GFRP
tube and the concrete in the GFRP tube during the push-
out process is shown in Figure 8. The load is transferred
between the GFRP tube and the concrete in the GFRP
tube through the bond interface. A small segment δ in

the GFRP column is taken, and the axial compressive
strain of this segment is obtained by integration:

∫ ∫
=

( )

=

( )

ε
bτ δ δ

bTE

τ δ δ

TE

4 d

4

d
.δ

δ δ

0

G

0

G

(1)

It is assumed that the shear bond stress between the
square GFRP tube and the concrete in the GFRP tube is
uniformly distributed on the contact surface between the
GFRP tube and the concrete [31]. Therefore, τ(δ) = τ, and
the formula for the shear bond strength between the
square GFRP tube and the concrete is as follows:

∫
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τl
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= /τ N bl4 ,1 (3)

where T is the thickness of the GFRP tube; EG is the
elastic modulus of the GFRP tube; b is the side length of
the GFRP tube; τ is the shear bond strength between the
GFRP tube and the concrete; N is the ultimate bond
failure load between the GFRP tube and the concrete,
which is equal to the bond failure load in the first push-
out test; and l1 is the length of the contact surface

Gap

Concrete
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h
b
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δ

N
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Figure 8: Diagrammatic sketch of stress of the specimen.
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between the GFRP tube and the concrete. In Table 5, the
bond strength between the square GFRP tube and the
concrete is also calculated according to the aforemen-
tioned formula.

3.4 Comparison of the test results

Table 5 shows the test results, including the bond failure
load (P1, P2, P3, and P4) of each specimen in four
repeated push-out tests, bond failure slip (Su), friction
resistance (f), bond strength (τ), and the ratio of friction
resistance to the first bond failure load (Pf). For the first
type of axial load–slip curves, the bond failure load is
the peak load. For the second type of axial load–slip
curves, the corresponding load at the inflection point is
the bond failure load. The bond failure slip (Su) is the
corresponding slip value when the applied load in the
first push-out test reaches the bond failure load.

The first and the third push-out directions are the same,
and the second and fourth push-out directions are the
same. Therefore, for each specimen, the first bond failure
load is compared with the third bond failure load, and the
second bond failure load is compared with the fourth bond
failure load. By comparison, it can be seen that the first
bond failure load (P1) of each specimen is greater than the
third bond failure load (P3), and the second bond failure
load (P2) of each specimen is greater than the fourth bond
failure load (P4). Therefore, for the push-out tests of each
specimen in the same direction, with the increase in the
number of push-out tests, the bond failure load of the
specimen decreases. This is because with the increase in the
number of push-out tests, the interface concrete is gradually
crushed and ground up, which makes the mechanical
interlocking between the GFRP tube and the concrete
gradually weakened. The friction resistance in Table 5 is

the last stable load in the first push-out test, and the ratio of
friction resistance to the first bond failure load is mostly
between 20% and 70%.

In addition, the test results show that the ultimate
bond failure load between the GFRP tube and the nano-
CaCO3 concrete is larger than that between the GFRP tube
and the ordinary concrete, as well as the bond failure slip
between the GFRP tube and the nano-CaCO3 concrete is
smaller than that between the GFRP tube and the ordinary
concrete. The bond strength between the GFRP tube and the
nano-CaCO3 concrete is 13.8% higher than that between the
GFRP tube and the ordinary concrete when the GFRP tube
thickness is 3.5 or 4.0mm. The bond strength between the
GFRP tube and the nano-CaCO3 concrete is 26% higher than
that between the GFRP tube and the ordinary concrete
when the GFRP tube thickness is 5.0mm. It can be
concluded that the bond performance between the GFRP
tube and the nano-CaCO3 concrete is better than that
between the GFRP tube and the ordinary concrete. This is
because when the nano-CaCO3 is added into the ordinary
concrete, the bond performance between the core concrete
and the GFRP tube is significantly increased owing to the
tiny structural unit of the nano-CaCO3 concrete.

3.5 Effect of concrete strength and GFRP
tube thickness

Figure 9(a) shows the effect of nano-CaCO3 concrete
strength on the bond strength of specimens. It can be seen
from Figure 9(a) that the bond strength of the specimen
decreases with the increase in the nano-CaCO3 concrete
strength. When the GFRP tube thickness is 3.5mm, the
decrease percentage of bond strength is about 26% as the
nano-CaCO3 concrete strength increases from C20 to C40.
When the GFRP tube thickness is 4.0mm, the decrease

Table 5: Experimental results of specimens

Specimens P1 (N) S1 (mm) τ (MPa) P2 (N) P3 (N) P4 (N) f (N) Pf (%) P1/P3 P2/P4

GT3.5-C20 8,750 1.36 0.099 2,250 750 1,500 3,500 40 11.67 1.50
GT3.5-C30 6,500 0.90 0.074 8,625 1,500 6,375 4,500 69 4.33 1.35
GT3.5-OC30 5,750 1.95 0.065 4,000 500 2,875 2,125 37 11.50 1.39
GT3.5-C40 4,750 1.04 0.054 2,000 875 1,500 1,875 39 5.43 1.33
GT4.0-C20 8,125 1.48 0.092 1,875 1,000 1,750 1,625 20 8.13 1.15
GT4.0-C30 8,000 1.06 0.091 5,375 4,375 1,625 2,000 25 1.83 2.69
GT4.0-OC30 7,000 1.98 0.080 1,250 2,000 750 1,750 25 3.50 1.67
GT4.0-C40 5,000 1.99 0.056 1,000 500 875 4,625 93 10.00 1.14
GT5.0-C20 6,500 1.00 0.074 3,000 1,000 2,500 2,750 42 6.50 1.20
GT5.0-C30 8,950 2.96 0.102 2,500 2,900 1,550 3,000 34 3.09 1.61
GT5.0-OC30 7,100 2.24 0.081 3,900 900 3,000 3,150 44 1.82 1.30
GT5.0-C40 7,250 0.87 0.082 6,000 2,500 1,750 2,000 28 2.90 3.43
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percentage of bond strength is about 20% as the nano-
CaCO3 concrete strength increases from C20 to C40. When
the GFRP tube thickness is 5.0mm, the decrease percentage
of bond strength is about −9.5% as the nano-CaCO3 concrete
strength increases from C20 to C40. It can be seen from the
decrease percentage of bond strength that this rule is
obvious when the GFRP tube thickness is small (3.5mm).
With the increase in GFRP tube thickness, although there is
a certain fluctuation, it generally follows this rule.

Figure 9(b) shows the effect of GFRP tube thickness
on the bond strength of specimens. As shown in
Figure 9(b), when the nano-CaCO3 concrete strength is
relatively small (C20), the bond strength of the specimen
decreases as the GFRP tube thickness increases. When
the nano-CaCO3 concrete strength is C20, the decrease
percentage of bond strength is about 13.5% as the GFRP
tube thickness increases. When the nano-CaCO3 concrete
strength is relatively larger (C30 and C40), the bond
strength of the specimen increases as the GFRP tube
thickness increases. When the nano-CaCO3 concrete
strength is C30, the increase percentage of bond strength
is about 26.5% as the GFRP tube thickness increases.
When the nano-CaCO3 concrete strength is C40, the
increase percentage of bond strength is about 18% as the
GFRP tube thickness increases.

4 Conclusions

In this study, a total of 12 specimens were designed, and
four repeated push-out tests were carried out on each
specimen to study the bond–slip performance between

the pultruded GFRP tube and the nano-CaCO3 concrete.
The effects of nano-CaCO3 concrete strength and thick-
ness of GFRP tube on the bond strength of specimens
were also analyzed and evaluated. Through the analyses
of the experimental results, the following conclusions
can be drawn:
(1) There are two types of axial load–slip curves for the

concrete-filled pultruded GFRP column. The first
type of axial load–slip curve has a peak point, while
the second type of axial load–slip curve has an
inflection point instead of the peak point. The axial
load–slip curves of the first, second, and fourth
push-out tests generally belong to the first type,
while the axial load–slip curves of the third push-
out tests basically belong to the second type.

(2) Comparison of the results of the push-out tests of
each specimen in the same direction shows that the
bond failure load of the specimen decreases with the
increase in the number of push-out tests. This is
because the concrete is gradually crushed and
ground with the increase in the number of push-
out tests.

(3) The ultimate bond failure load between the GFRP
tube and the nano-CaCO3 concrete is larger than that
between the GFRP tube and the ordinary concrete.
The bond failure slip value between the GFRP tube
and the nano-CaCO3 concrete is smaller than that
between the GFRP tube and the ordinary concrete.

(4) The bond strength of the specimen decreases with
the increase in the nano-CaCO3 concrete strength.
When the thickness of GFRP tube is relatively small
(3.5 mm), the decrease percentage of bond strength
is more obvious.
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Figure 9: Effects of the (a) concrete strength and (b) GFRP tube thickness.
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(5) When the nano-CaCO3 concrete strength is relatively
small (C20), the bond strength of the specimen
decreases with the increases in the GFRP tube
thickness. However, when the nano-CaCO3 concrete
strength is relatively larger (C30 and C40), the bond
strength of the specimen is increased with the
increase in the GFRP tube thickness.

5 Nomenclature

b side length of the GFRP tube
EG elastic modulus of the GFRP tube
f friction resistance
fau average tensile strength of the GFRP tube
fay average yield strength of the GFRP tube
fc strength grade of the concrete
fcu average compressive strength of the nano-

CaCO3 concrete
fu tensile strength of the GFRP tube
fy yield strength of the GFRP tube
h height of the specimen
l1 length of the contact surface between the GFRP

tube and the concrete
Nu ultimate bond failure load
P1 bond failure load of the first push-out test
P2 bond failure load of the second push-out test
P3 bond failure load of the third push-out test
P4 bond failure load of the fourth push-out test
Pf ratio of friction resistance to the first bond

failure load
Su bond failure slip
τ bond strength
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