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Abstract: By investigating the bond performance between glass-fiber-reinforced polymer (GFRP)
bars and concrete, GFRP bars can be better applied to concrete structures as a building material.
This paper considered the effects of three different GFRP bar surface treatments, three bonding
lengths, corrosive solution, and immersion time on the bonding strength. The test results indicated
that the bond strength decreases with the increase in the diameter and bond length. The bonding
between GFRP bars and concrete can be improved by treating the surface of the bars in different
ways. Compared with the control group, the bond strength of the specimens in the saline solution
decreased by 1.3-21.4%, and the bond strength of the specimens in the alkaline solution decreased
by 26.5-38.8%. In the corrosive environment, the bond properties are degraded. A bond strength
calculation formula considering the surface treatment method of the GFRP bars was proposed. The
prediction formula of the bond strength retention rate between the GFRP bar and concrete in the
corrosive environment was established. The formula was validated with the available research data
and the calculated values agreed well with the test values. The MBPE model and CMR model are
modified to establish the bond-slip model of the GFRP bars and concrete in the corrosive environment.
The model curve is close to the test curve. This paper provides a theoretical basis for future research
on the bond-slip performance of GFRP bars and concrete.
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1. Introduction

In the use of a reinforced concrete structure, concrete plays a certain role in protecting
the steel bars, but due to the external temperature, it is not stable; moreover, corrosive
media intrusion, the concrete cover being too small, and other reasons, result in the de-
struction of the surface protective film of the steel bars. As the corrosion of steel bars
occurs, the mechanical properties decrease [1-3]. The main advantages of fiber-reinforced
polymer (FRP) bars are their low density, light weight, ease of construction, and corrosion
resistance. Compared with steel bars, FRP bars can operate in some harsh environments,
such as acid, alkaline, saline, and so on, and the durability of the structure is guaran-
teed. FRP bars are a good choice to replace steel bars in some offshore buildings. FRP
bars, instead of steel bars, have become the object of research by scholars from various
countries [4-7]. At present, there are mainly glass-fiber-reinforced polymer (GFRP) bars,
carbon-fiber-reinforced polymer (CFRP) bars, basalt-fiber-reinforced polymer (BFRP) bars,
etc. The mechanical properties of different fiber bars are slightly different. CFRP has higher
mechanical properties, better corrosion resistance, fatigue resistance, creep resistance, etc.
The price of CFRP is relatively expensive. In contrast, GFRP and BFRP with higher elon-
gation are cheaper and environmentally friendly in the preparation process. At the same
time, their mechanical properties and long-term durability are also satisfactory during
service [8-10].
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In the performance evaluation of FRP bar structures, one of the key indicators is the
bond performance between the FRP bar and concrete. The results of the current study
show that the bond performance of FRP bars and concrete can be summarized as: (1) the
maximum average bond stress decreases as the diameter increases; (2) the maximum
average bond stress decreases as the bond length increases [11-13]. However, the method
of surface treatment of the FRP bars also has an impact on the bond strength. Currently,
there are no relevant instructions for the surface treatment of FRP bars, resulting in a wide
variation in the bonding properties of the different bars [14-17].

To achieve the long-term durability of structures, it is necessary to explore their bond-
ing mechanism and the long-term degradation performance in extreme environments.
At present, studies have confirmed that the bond strength will decrease in extreme envi-
ronments [17]. Liang et al. [18] conducted a 120 h aging test on FRP bars in an alkaline
environment. The results indicated that the decrease in the bond strength was associated
with the type of FRP bars. Dong et al. [19,20] analyzed the bond strength changes with
different curing ages. The results demonstrated that the bond performance reduced in
seawater, and the bond-slip curve was wavy with decreasing peaks. Yang et al. [21] ana-
lyzed the bond strength immersed in seawater, which was lower than that under standard
curing conditions and which fully demonstrated that seawater would have adverse effects
on the bond properties. Zhou et al. [22] showed that the maximum bond strength loss
of the GFRP bar after 75 days of corrosion was 11%, 22%, 17.2%, and 14%, respectively,
in the environment of tap water, with a pH = 2, 3, and 4. The results of Yan et al. [23,24]
showed that the concrete cover with three times the diameter of the bars was not sufficient
to resist the environmental factors under various weathering effects, and all the specimens
failed due to concrete splitting. Nepomuceno et al. [25] established a database based on
the results of 1002 pullout tests and provided the long-term prediction of the durability
in different types of exposure environments. Xiong et al. [26] conducted the fatigue bond
performance test on the BFRP bar and seawater sand concrete. The influencing factors of
its bond performance were the concrete strength, steel bar diameter, and surface shape,
respectively. Zheng et al. [27] conducted the pullout test on GFRP bars following 270 days
of corrosion; each specimen suffered an average loss of 51.5% of the bond strength in the
saline solution, followed by tap water (29.0%) and the alkaline solution (39.5%).

To sum up, as GFRP bars have a similar thermal expansion coefficient and the ex-
cellent bonding properties of steel bars, they can replace steel bars and work well with
concrete. The bond-stress—slip relationship can quantitatively describe the interface behav-
ior. Typical models include the Malvar model [28], MBPE model [29], Gao model [30], and
CMR model [29]. The bonding performance determines the efficiency of the stress transfer
between the FRP bar and concrete, thus affecting the carrying capacity and working perfor-
mance of the structure. Therefore, the bonding properties in the corrosive environment are
crucial to the structural performance. The research on the bond properties under corrosive
environments is still limited. In this paper, through 12 groups of specimens, the bonding
properties between GFRP bars and concrete were investigated in normal service, as well
as in saline and alkaline environments, and the effects of the surface treatment method,
bonding length, corrosion solution type, and immersion time on the degradation of the
bonding properties were analyzed. A model for calculating the bond strength considering
the surface treatment and corrosive environment of the FRP bars is proposed. The MBPE
and CMR models have been modified by the summary and analysis of existing bond-
slip models to describe the bond-slip between GFRP bars and concrete in the corrosive
environment.

2. Experimental Work
2.1. Materials
According to [31], the total length of the tensile specimen is 1000 mm, and both ends

are anchored by a steel tube sleeve. The length of steel tube is 40 times that of the diameter
of the bars, and epoxy resin glue is used between the sleeve and the GFRP bar. The tensile
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test of the GFRP bars is shown in Figure 1. The GFRP bars are 8 mm and 12 mm in diameter,
and the average tensile strength was measured at 1080 MPa and 870 MPa, respectively. The
average elastic modulus is 47.3 GPa and 44.5 GPa. The average compressive strength of
concrete cube (side length is 150 mm) is 42.3 MPa. The mixture ratio of concrete is shown
in Table 1.

Figure 1. The tensile test of GFRP bars.

Table 1. Mixture ratio of concrete (kg/ m3).

Cement Sand Aggregate Water Water-Reducing Agent
380 648 1198 180 2.8

2.2. Environmental Conditions

For the concrete structure in coastal areas or the structure of deicing salt (mostly
containing chloride ions) used on road surfaces in cold areas, it will be corroded by chloride
ions. In addition, concrete has a high alkalinity inside, so it is of great significance to
study the alkaline resistance of GFRP bars for the durability of the concrete structure. In
view of this, saline solution and alkaline solution are used as the corrosion environment
in this paper to further explore the bond-degradation performance of the GFRP bar and
concrete. The immersion container adopts a corrosion-resistant plastic box with a size of
100 x 83 x 60 cm, and the immersion solution is a saline [32] and alkaline solution [33].
The specific ingredients are shown in Tables 2 and 3. The temperature was set at room
temperature (20 & 3 °C). The pH value of the saline and alkaline solutions was 6.5 and 12.5,
respectively. A pad was placed at the bottom of the box to place the specimen, as shown in
Figure 2. The saline and alkaline solutions were poured, respectively, to ensure that the
specimen was immersed in the solution. During the immersion period, the pH value of the
solution was measured every 5 days according to the standard. If the pH value changed
due to water evaporation, it was adjusted in time. It was ensured that the solution height
exceeded the specimen height and the pH value remained unchanged. The immersion time
of the specimens was 30, 60, and 90 days, respectively.

Table 2. Saline solution (per 1 L of deionized water).

Element

NaCl

MgCl, NaySOyq4 CaCl, KCl1 Range of pH

Proportion/(g/L)

24.53

5.20 4.09 1.16 0.70 67




Buildings 2023, 13, 2126 4 0of 20
Table 3. Alkaline solution (per 1 L of deionized water).

Element CaOH, NaOH KOH Range of pH
Proportion/(g/L) 118.50 0.90 4.20 12.6-13
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Figure 2. Schematic diagram of immersion.

(1) Mechanical property test of concrete under a saline environment

The standard cubic concrete test specimens were corroded and immersed in a saline
solution for 30, 60, and 90 days, respectively. When the corrosion period was reached, the
concrete cube test specimens were removed, the surface solution was dried, and the test
was carried out within 24 h. The concrete compressive test results showed that the average
compressive strength was 42.8 MPa at 30 days, 41.5 MPa at 60 days, and 39.7 MPa at 90 days.
When the saline solution was immersed for 30 days, there was almost no degradation of the
compression strength of the concrete test specimens. Compared with 30 days of corrosion,
when the corrosion time was 60 and 90 days, the compression strength of the concrete was
reduced by 3.03% and 7.2%, respectively. With the longer immersion time, more and more
chloride ions enter the concrete, thus causing certain degradation to the concrete.

(2) Mechanical property test of concrete under an alkaline environment

The concrete cube test specimens were immersed in an alkaline solution for 30, 60, and
90 days, respectively. When the immersion days were reached, the concrete test specimens
were removed. As there was lime mud on the surface of the alkaline solution, it was rinsed
in clean water, and the surface water was dried before the test was carried out. The concrete
compressive test results showed that the average compressive strength was 41.7 MPa at
30 days, 39.5 MPa at 60 days, and 38.4 MPa at 90 days. When the alkaline solution was
immersed for 30 days, there was almost no degradation of the compression strength of the
concrete test specimens. Compared with 30 days of corrosion, when the corrosion time
was 60 and 90 days, the strength of concrete was reduced by 5.28% and 7.99%, respectively.
With the longer immersion time, more and more hydroxide ions enter the concrete, thus
causing certain degradation to the concrete.

2.3. Design of Specimen

The influencing factors of the test are: different treatment forms of the GFRP bars’
surface, the bond length, immersion solution type, and immersion time. The specific
information is shown in Table 4.
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Table 4. Specific information of specimens.
Surface .

. Solution for Days of Number of

Number ! Tf)(;a(t;ri:\%?’t ]l;grr;n Diameter/mm Length of Bond Immersion Immerzion /Day Specimens
N/HW/8/5d helically wrapped 8 5d - - 3
N/HW/12/5d helically wrapped 12 5d - - 3
N/SB/12/5d sandblaste 12 5d - - 3
N/TW/12/5d thread wrapped 12 5d - - 3
N/SB/12/8d sandblasted 12 8d - - 3
N/SB/12/12d sandblasted 12 12d - - 3
S/8/30/5d helically wrapped 8 5d saline 30 3
S/8/60/5d helically wrapped 8 5d saline 60 3
S/8/90/5d helically wrapped 8 5d saline 90 3
A/8/30/5d helically wrapped 8 5d alkaline 30 3
A/8/60/5d helically wrapped 8 5d alkaline 60 3
A/8/90/5d helically wrapped 8 5d alkaline 90 3

! In the table, “N” represents normal use environment; “S” represents saline solution and “A” represents alkaline
solution; “HW” stands for the helically wrapped GFRP bars, “SB” stands for the sandblasted GFRP bars, and
“TW” stands for the thread wrapped GFRP bars; 5d, 8d, and 12d represent 5 times the diameter, 8 times the
diameter, and 12 times the diameter of the bond length.

2.4. Preparation of Pullout Specimens

The curing agent used in the production of the pullout specimens is epoxy resin glue,
and the central pullout specimens are made in reference to the ACI 440.3R-12 [34]. The
concrete specimen adopts a cube with a side length of 150 mm, a free end length of 50 mm,
and a loading end length of 300 mm. The length of the whole bar is 500 mm, and the
specimen is shown in Figure 3.

- pa)
) 4 q'. a “a <
Bonding zone ) I PVC pipe Resin adhesive
N va A,
v 5 ]
e .
Concrete aa -, e GFRP bars Steel tube
4‘» < a4 9
L A
l 50 |, 150 l 100 |, 200
1

1

Figure 3. Pullout test specimen.

(1) Preparation for work

In Figure 4, the GFRP bar is cut into 500 mm long lengths, the steel pipe is cut into
200 mm long lengths, and the PVC pipe is cut into the required length according to the
different bonding lengths. The steel sleeve was placed on the loading end, namely one
end of the bars, and infused epoxy resin glue was used to fix it. The bonding length was
controlled by PVC pipe, which was respectively set on the GFRP bar. Holes were punched
in the middle of the plastic mold according to the bars of different diameters. The inside of
the mold was wiped clean, and the mold release oil was evenly applied.

""'IT

Figure 4. Preparation of specimen.

Cast concrete

Yl

GFRP bars |/}
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(2) Immersion the specimen

The specimens were arranged neatly in the immersion box and filled with saline and
alkaline solutions, as shown in in Figure 5. When the immersion time was reached, the
specimen was removed and the impurities on the surface of the specimen were rinsed with
clean water. After the specimen was completely dried, the pullout test was carried out
within 24 h after the specimen was removed from the solution.

Placement of sp

- .
Saline solution .,

Figure 5. Specimen placement and immersion.

2.5. Test Setup and Procedures

The test loading device is shown in Figure 6. The fixture of the test machine holds
the reaction frame, and the lower fixture of the test machine holds one end of the steel
casing and fixes it. The test machine is stretched upward, and the free end of the LVDTs
measures the slip of specimen. Three LVDTs are distributed at the loading end, and the
angle between the three LVDTs is 120°. The average of three LVDTs is used as the slip value
for the loading end.

Reaction

Figure 6. Test setup.

3. Test Results and Discussion
3.1. Test Observations

Figure 7 shows the surface changes of the specimen after immersion with the saline
solution. It can be seen that there are white crystal particles attached to the surface of the
specimen. This is because, with the increase in the immersion time, part of the water in
the solution will be evaporated, resulting in the increase in the solution saturation and the
precipitation of sodium chloride and sodium sulfate crystals. Sulfate ions penetrate into
the interior of the concrete from the outside and react chemically with the components
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of the concrete. There are more and more pits on the surface of the specimen due to the
saline solution.

(b)

Figure 7. Surface characteristics of specimens immersed in saline solution. (a) Corrosion of concrete
surface; (b) Corrosion of GFRP bars’ surface.

Figure 8 shows the surface changes of the specimen after immersion in the alkaline
solution. The proportion of calcium hydroxide in the alkaline solution is relatively large,
and calcium hydroxide is slightly dissolved in water at room temperature, and a layer of
lime slurry floats in the alkaline solution. The surface of the specimens is stained with
the lime slurry, and many impurities, such as lime powder, remain after washing and
drying. After immersion, the GFRP bars corrode severely and the surface fibers become
more brittle.

RSN

(b)

Figure 8. Surface characteristics of specimens immersed in alkaline solution. (a) Corrosion of concrete
surface; (b) Corrosion of GFRP bars’ surface.

3.2. Failure Modes

Through 12 groups of 36 tested specimens, the failure mode was pullout failure. When
the GFRP bars were pulled out, the concrete remained relatively intact and largely free of
cracks. To accurately analyze the failure pattern, the concrete was split and the interface
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between bars and concrete was observed. As shown in Figure 9, it can be clearly observed
that the GFRP bars are severely worn and become smooth in the bonding section. The
surface fibers are almost completely cut off by concrete, and the concrete damage is not
serious. The reason for this phenomenon may be that the rib on the surface of the bars
itself is relatively shallow, which is difficult to cause shear damage to the concrete, and the
mechanical interaction is relatively small. The test results of 12 groups of 36 specimens
and the bond strength values calculated by applying Equation (1) are recorded in Table 5.
In Equation (1), T is the bond strength (MPa); P is the ultimate pullout load (N); d is the
diameter of GFRP bar (mm); 1 is the bond length (mm).

T=—— 1

Figure 9. Bond surface of the specimen.

Table 5. GFRP-concrete pullout test results under corrosive environment.

Solution for . Bond Standard Days of
Number Immersion Ultimate Load/N Strength/MPa Deviation Immersyion/Day

N/HW/8/5d - 6990 6.95 0.22 -
N/HW/12/5d - 12,530 5.51 0.18 -
N/SB/12/5d - 10,130 4.48 0.24 -
N/TW/12/5d - 10,070 4.45 0.26 -
N/SB/12/8d - 12,200 3.37 0.15 -
N/SB/12/12d - 13,520 2.49 0.18 -

5/8/30/5d saline 6900 6.86 0.15 30

5/8/60/5d saline 5760 5.73 0.23 60

5/8/90/5d saline 5490 5.46 0.13 90

A/8/30/5d alkaline 5140 5.11 0.19 30

A/8/60/5d alkaline 4480 4.45 0.14 60

A/8/90/5d alkaline 4270 4.25 0.13 90

The 7-s relationship is shown in Figure 10. It can be obtained that, although the test
materials, test variables, and external influencing factors are different, they can be roughly
summarized into three stages. Among them, the first two stages are mainly used to analyze
and discuss the bond performance.

OA ascending section: Firstly, the bond layer between the two materials is destroyed,
and the slip begins to occur. The amount of slip increases gradually, and the bond strength
increases gradually. The curve is in the rising segment, and the line shape is closer to the
exponential rising form. The specimen is in the stage of elastoplastic deformation.
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AB descending section: After the bond strength reaches maximum value, the specimen
has a relatively large pullout or splitting failure. The bonding stress, nevertheless, does not
disappear immediately. The bond strength slowly decreases, and the curve enters the lower
half section. Through the analysis of the existing models, most of the models approximate
the curve of the lower half section as linear. During this stage, the mechanical interaction is
significantly reduced and the concrete shears at the “ribs” on the surface of the FRP bars,
resulting in a decreasing average bond strength.

BC residual stress section: After the descending section, the adhesive stress between
the GFRP bar and concrete still has some friction force, and the bonded specimen enters the
residual stress stage. The curve shows a sinusoidal wave shape, with each peak weakening
as the amount of slip increases.

5

—— N/SB/12/5d|

4_
3—.
)
o
=
e
2_.
g B
O.-|-|'|-|-|-|'|'|-|'|
o 2 4 6 8 10 12 14 16 18 20

s (mm)
Figure 10. Bond-slip curve of specimen.

3.3. Analysis of Influencing Factors
3.3.1. Effect of the Surface Treatment of the GFRP Bar

Figure 11 shows the surface forms of the specimens with helically wrapped, sand-
blasted, and thread-wrapped. The bond strength with helically wrapped, sandblasted,
and thread-wrapped are 5.51 MPa, 4.48 MPa, and 4.45 MPa, respectively, as shown in
Figure 12. The surface treatment of the GFRP bars will significantly enhance the bond with
the concrete. The greater the friction of the specimens, the greater the bond strength. The
different surface forms of the bars provide different adhesion forces. Helically wrapped
bars increased the friction and mechanical interaction, thus providing greater adhesion
forces. The test results indicated that the bond strength of the GFRP bars also varied
depending on the surface form. Compared with the helically wrapped form, the bond
strength of sandblasted and thread-wrapped forms was reduced by 18.7% and 19.2% re-
spectively. Therefore, the helically wrapped form is recommended for the surface forms of
the GFRP bar.
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— — - Helically wrappeda
L { '

Figure 11. The surface treatment of GFRP bars.

7 N/HW/12/5d 69
N/SB/12/5d
61 N/TW/12/5d

N/HW/12/5d N/SB/12/5d N/TW/12/5d
(@ (b)

Figure 12. Influence of the surface form of GFRP bars on the bond strength. (a) Bond-slip curves of
different surface treatments of the GFRP bar; (b) Bond strength of different surface treatment of the
GFRP bar.

3.3.2. Effect of Bond Length

Regarding the effect of the bond length on the bond strength of the specimen, the
results can be seen in Figure 13. In comparison to the 5d bond length, the bond strengths
of the 8d and 12d specimens were reduced by 24.7% and 44.4%, respectively. The bond
strength decreases with the increase in the bond length, which is caused by the uneven bond
stress distribution of the GFRP bar along the bond length. With the increase in the bond
length, the bond stress distribution becomes more uneven, so the strength becomes smaller.

= N/SB/12/5d
j—— N/SB/12/8d
— N/SB/12/12d

Figure 13. Comparisons of test results with different bond length. (a) Bond-slip curves of different
bond lengths; (b) Bond strength of different bond lengths.
3.3.3. Effect of Immersion Solution Type

The degradation properties of the GFRP bars in different corrosive solutions are
different. In this paper, the influence of the saline solution and alkaline solution on the
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bond strength is analyzed. The 7-s curves of different solutions are shown in Figure 14.
After immersion for 30 days, the bond strength of the specimen was 6.86 MPa after being
corroded by the saline solution. The specimen was corroded by the alkaline solution, and
the bond strength was 5.11 MPa. With immersion for 60 days, the bond strength was
5.73 MPa with corrosion in the saline solution. The specimen was corroded in the alkaline
solution, and the bond strength was 4.45 MPa. With immersion for 90 days, the bond
strength was 5.46 MPa with corrosion in the saline solution. The specimen was corroded in
the alkaline solution, and the bond strength was 4.25 MPa. In comparison to the control
group, the bond strength decreased by 1.3% when the specimens were immersed in the
saline solution for 30 days. The bond strength degenerated by 17.6% for 60 days. The bond
strength deteriorated 21.4% with 90 days of immersion. In comparison to the control group,
the bond strength of the specimens deteriorated by 26.5% with immersion in the alkaline
solution for 30 days. The bond strength decreased by 36.0% for 60 days. The bond strength
decreased by 38.8% with immersion for 90 days. It can be seen that the corrosive rate of the
specimen in the alkaline solution is greater than that in the saline solution.

— S$/8/30/5d —— $/8/60/5d
— A/8/30/5d 6F —— A/8/60/5d

1 1 1 1 1 1
2 4 6 8 10 9 4 6 8 10
s (mm) s (mm)

(@) (b)

— S/8/90/5d
— A/8/90/5d

s (mm)

()

Figure 14. Influence of corrosion solution on the bond-slip. (a) Comparison of test results for 30 days
immersion; (b) Comparison of test results for 60 days immersion; (c) Comparison of test results for
90 days immersion.

3.3.4. Effect of Immersion Time

In the saline and alkaline environments, different immersion times have different
effects on the bond strength, as shown in Figure 15. In the saline solution, the bond strength
after being immersed for 30 days decreased by 1.3% compared with the control group. The
bond strength after being immersed for 60 days was 16.5% lower than that of the specimens
immersed for 30 days. The bond strength after being immersed for 90 days decreased by
4.7% compared with that of the specimens immersed for 60 days. The bond strength after
being immersed in the alkaline solution for 30 days decreased by 26.5% compared with
that of the specimens without the corrosive. The bond strength after being immersed for 60
days was 12.9% lower than that of the specimens immersed for 30 days. The bond strength
after being immersed for 90 days was 4.5% lower than that of the specimens immersed for
60 days. It can be seen that 30 to 60 days in the saline solution has the greatest impact on
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the degradation in the bond strength of the specimens, 30 days in the alkaline solution has
the greatest impact on the degradation in the bond strength, and the bonding degradation
efficiency of the specimens immersed for 60 to 90 days gradually slows down.

5/8/30/5d] ] —— 4/8/30/5d
—— 5/8/60/5d| —— A/8/60/5d
5/8/90/5d 6 —— A/8/90/5d|

T T T T ! T T T )
0 2 4 6 8 10 0 2 4 6 8 10
s (mm) s (mm)

@) (b)

Figure 15. Influence of the immersion time on the bonding strength. (a) Comparison of results in
saline solution; (b) Comparison of results in alkaline solution.

3.4. Bond Strength Model

The design and calculation method of the bond strength is necessary when it is applied
to the concrete structure under the corrosive environment. In this paper, the calculation
formula of the recommended bond strength calculation model is given. According to
the test results and the factors affecting the bond performance, the calculation models of
existing scholars are selected, and the comparison of the existing calculation models is
shown in Table 6 and Figure 16.

ACI 440.1R-06 [35] stipulates the bond strength calculation method of FRP—concrete.
The formula adopts a standardized bond stress, a standardized concrete cover thickness,
and a standardized bond length, but this specification does not consider different forms of
GFRP bars and the influence of environmental factors, as shown in Equation (2):

Ty C db
————— =4.040.3— 4100-— 2
0.083/fc dp lg @)

For the calculation method in ACI 440.1R-06 [35], the influence of the different surface
conditions of the GFRP bars is not considered, which is obviously inconsistent with the
results discussed in the previous section. Therefore, it is necessary to propose a more
accurate calculation model for predicting the bond strength. The formula in ACI 440.1R-06
has been adopted as the reference for this paper, and the calculation formula of the bond
strength, which is more effective and suitable for the consideration of environmental factors,
is proposed according to the results of the discussion of the influence parameters above.
See Equation (3), where Kj is the influence coefficient of the surface of the bars. When the
surface of the bars is ordinarily helically wrapped, K; is 1.0; when the surface is helically
wrapped-sandblasted, Kj is 1.8; when surface is helically wrapped-thread-wrapped, Kj is
2.2; when surface is thread-wrapped, K; is 0.7; when surface is sandblasted, K; is 0.75. In
Table 6 and Figure 16, the existing test results of other scholars are selected for verification.

= I<1(2.0+1.1E +20@) 3)

T
0.083/f« dp la
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Table 6. GFRP—concrete pullout test results.

Source of Data Number Value of Test (MPa) Value of Calculation (MPa)
N/HW/8/5d 6.95 8.48
N/HW/12/5d 5.51 6.63
: N/SB/12/5d 4.48 497
This paper N/TW/12/5d 445 464
N/SB/12/8d 3.37 4.17
N/SB/12/12d 249 4.00
P-FHW7-1 18.8 17.14
P-FHW?7-2 20.5 17.58
P-FHW7-3 19.6 17.37
. P-FS8-1 14.0 13.08
Stefanovicova et al. [36] P-FS8.2 117 1272
P-FS10-1 12.1 11.42
P-FS10-2 14.1 11.27
P-FS10-3 14.3 11.23
R1-C1-8-N 13.51 15.76
R1-C1-12-N 10.32 12.33
Gao et al. [37] R1-C1-16-N 9.79 10.61
R2-C1-8-N 16.19 12.90
R2-C1-12-N 12.94 10.09
20.0
175 F
S 1501
2
.E 125 +
=
5 100
Ei
5 15F
o
=
S sof
25+
0.0 . 1 N 1 L 1 L 1 N 1 N 1 L 1 . 1
00 25 5.0 7.5 10.0 125 150 17.5 200

Value of test (MPa)

Figure 16. Comparison results between the test value and the calculated value.

3.5. Prediction and Analysis of Strength Degradation

The above test results show that the degradation of the GFRP bars and concrete
specimens in the saline environment is smaller than that in the alkaline environment,
indicating that the degradation mechanism of the GFRP bars and concrete is different for
the two solutions. The microstructure characteristics of the GFRP bar are analyzed. The
degradation of the GFRP bars can be classified into two categories in the alkaline solution:
leaching and etching [38,39].

S5i—0—Na+ H,O — Si—OH+OH™ 4)

Si—O—Si+OH — Si—OH + SiO~ ()

As can be seen from Equations (4) and (5), the dissolution of the GFRP bars in water
would finally evolve into an alkali attack. The degradation processes are aggravated in
the presence of alkaline solutions (hydroxyl ions). An alkali-aggregate reaction will also
occur in the concrete itself, and the alkali expansibility of the aggregate will lead to concrete
cracking [40], which will lead to the degradation of the surface condition of the GFRP bar
and the loosening of the bond between bar and concrete, resulting in the decrease of the
bond strength.
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A saline environment generally refers to a chloride or sulfate environment, such as
NaCl, CaCly, NapSOy, etc. As a composite material, the GFRP bar is composed of fiber and
matrix, so the performance degradation mechanism of the FRP bar is closely related to
its components. The ions of OH™, CI~, N at, K", and M gZJr in the solution can enter the
inside of the bars through the resin outside the fiber. The diameter of chloride ions is larger
than that of other ions because there are few microcracks in the bars and the diffusion
channel is narrow. Therefore, chloride ion diffuses slowly along the internal microcracks of
the reinforcement compared with other media. With the increase in the soaking time, water
molecules continue to enter, the microcracks increase with the continuous diffusion of water
molecules, and finally chloride ions enter the interior of the bars. At the same time, with a
large number of hydroxide ions and sodium ions in the saline solution, including chloride
ions, the two chemicals react with each other, destroying the composition of the concrete.
Under normal circumstances, hydroxide ions will directly deteriorate the structure of each
component through chemical reactions, while chloride ions can only lead to a decrease
in the interfacial bond strength through diffusion, so the GFRP bars are more affected by
alkaline solutions.

The ions in the corrosion solution cause chemical corrosion to the concrete and GFRP
bar. Starting from the corrosion mechanism of ions, by establishing an ion diffusion model,
considering the influence of chemical reactions, porosity, temperature field, and other
factors on the ion diffusion rate, the initial condition and boundary conditions in the
diffusion process are set by using finite element and mathematical models. Finally, the
analytical solution of the predicted strength is obtained [41-43]. The corrosion of the
concrete and GFRP bars by various ions in the corrosion solution is an extremely complex
physicochemical process. Therefore, due to the limited test data, this paper does not
conduct an in-depth study on the degradation mechanism, and considers the influence of
the strength-retention rate and corrosion time on the strength degradation of specimens
from a macro perspective.

The ACI 440.1R-15 [44] proposes that, for concrete structures exposed to corrosives,
the environmental impact factor is set at 0.7, which is a conservative estimate made by the
design steering committee for design safety. According to the test data, the influencing
factors of the bond strength include the type of solution and the immersion time, so it is
necessary to refine the environmental impact factors.

Bank et al. [45] discovered that the strength retention rate of the FRP is linearly related
to the logarithm of the corrosion age. Combined with the test data in this paper, a linear
function was used to fit the relationship between the bonding carrying capacity of the
GFRP-concrete bond interface and the degradation of the corrosive time in the saline and
alkaline environments. Before fitting, the bonding carrying capacity and corrosive time
were normalized, and Y is the strength retention rate, t is the corrosive time (day), while A
and B are the fitting parameters. The expression of the linear function is shown in Equation
(6), and the corresponding parameters are shown in Tables 7 and 8. The existing research
results of other scholars are selected for verification, and it is proved that the calculated
and tested values are in a better fit, as shown in Figure 17.

Y =A % log(t)+B 6)
Table 7. Parameter of fit.
Type of Solution A B R?
Saline —43.42 161.97 0.963

Alkaline —26.40 112.08 0.976
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Table 8. Bond test results of specimens exposed in different solutions.
Source of Data Type of Solution Time of Immersion (Day)
This paper saline and alkaline 30, 60, 90
Zheng et al. [27] saline and alkaline 150, 210, 270
Zhou et al. [22] saline 30, 45, 60, 75
Altalmas A et al. [46] saline and alkaline 30, 60, 90

—_
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S0 ,/’ 0.0 ® Zheng et.al
L B Zhou et.al
40 L ® Altalmas.A et.al
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Bond strength retention rate calculation value (%)
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[«
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30
Bond strength retention rate test value (%)

Figure 17. Comparison results between the test value and the calculated value [22,27,46].

3.6. Bond-Slip Model of GFRP Bars to Concrete in Corrosive Environment

The scholars have established several models suitable for the FRP bar through experi-
mental and theoretical research, mainly including the MBPE and CMR models, etc. The
existing models do not consider the influencing factors of the corrosion environment. This
paper modifies the MBPE and CMR models. A modified bond-slip model considering the
corrosive environment is proposed.

In the MBPE model [29], the corresponding expression is Equation (7). The simplified
curve is shown in Figure 18.

«
Tmax(%) ’ 0<s<s @)
T =
Tmux_TmaxP<% _1)/ 51 <s<s3

For the actual engineering design, only the use stage of the structure needs to be
considered, so it is only necessary to ensure that the curve has a more accurate rising
segment. Based on this, Cosenza et al. [29] proposed a new model that considers the
ascending segment of the curve, namely the CMR model, whose expression is Equation (8).
B and s, is obtained according to the test results, and the simplified T-s curve is shown in

Figure 19.

T (1) 0<s<
Tm_<1 e ),O_S_Sr 8)
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Figure 18. The simplified MBPE model.
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Figure 19. The simplified CMR model.

This paper simplifies the bond-slip curve by dividing it into two segments: an as-
cending segment and a descending segment, and it is all parabolic. Through the analysis
of the three existing models, the GFRP bar—concrete bond-slip test data in the corrosive
environment were fitted to the existing calculation model, and the obtained results were
sorted out, as shown in Table 9. It shows that, for the ascending curve, the MBPE and CMR
models are closer to the test curve, and for the descending curve, the MBPE model is in
good agreement. For the actual engineering design, only the trial stage of the structure,
namely the rising section, needs to be considered. According to the corrosive environment,
the corresponding fitting parameter values of the MBPE and CMR models are given in
Table 10, and the modified curve is compared with the test curve. Figure 20 shows the
fitting curve of some specimens. The modified MBPE model and CMR model can be used
to describe the bond-slip in the corrosive environment.
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Table 9. Prediction model calculation results and the corresponding regression parameters.
MBPE Model CMR Model
Number o P R? (Ascending R? (Descending B s R? (Ascending
Section) Section) Section)
S/8/30/5d 0.338 0.454 0.946 0.952 0.744 1.218 0.979
S/8/60/5d 0.335 0.516 0.986 0.937 0.662 1.766 0.973
S/8/90/5d 0.454 0.646 0.991 0.929 0.735 1.959 0.962
A/8/30/5d 0.466 0.877 0.979 0.912 0.977 1.590 0.974
A/8/60/5d 0.487 0.581 0.992 0.871 0.862 1.484 0.970
A/8/90/5d 0.548 0.742 0.989 0.881 1.061 1.720 0.969
Average value
of R2 - - 0.978 0.914 - - 0.973
Table 10. Parameter of fit.
. Modified MBPE Model Modified CMR Model
Type of Solution
o P B Sy
Saline 0.375 0.539 0.714 1.648
Alkaline 0.500 0.733 0.967 1.598

[ A/8/30/5d
== Modified MBPE model
===Modified CMR model

=4
E]
=1 R*=0. 845
e 3 2
3 R2=0. 974
R*=0. 975
24 .
A —/8/30/5d 4
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T T T T d F T T T T |
0 2 4 6 8 10 0 2 4 6 8 10
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Figure 20. Comparison between the modified model curve and test curve. (a) Comparison of the test
curve and the modified model curve of S/8/30/5d; (b) Comparison of the test curve and the modified



Buildings 2023, 13, 2126

18 of 20

References

model of A/8/30/5d; (c) Comparison of the test curve and the modified model curve of S/8/60/5d;
(d) Comparison of the test curve and the modified model of A/8/60/5d; (e) Comparison of the test
curve and the modified model curve of S/8/90/5d; (f) Comparison of the test curve and the modified
model of A/8/90/5d.

4. Conclusions

In order to explore the influence of corrosive media on the bond properties of GFRP
bars and concrete, this paper conducted central pullout tests on 12 groups of 36 specimens
in a normal environment, a saline environment, and an alkaline environment, respectively.
To study the influence of the surface treatment of the bars, the bond length, corrosion
solution, and immersion time on the bond properties, we analyzed the degradation law of
the bond strength. The conclusions are as follows:

(1) In this study, as the diameter of the GFRP bar decreases, the smaller the bond length
of the specimen and the increase in the bond strength. Different surface treatment
methods can increase the bond strength. The effect of the helically wrapped form is the
best, followed by the sandblasted form, and the thread-wrapped form is the lowest.

(2) Compared with the control group, the bond strength of the specimens in the saline
solution decreased by 1.3-21.4%, and the bond strength of the specimens in the
alkaline solution decreased by 26.5-38.8%. In the two corrosion environments (saline
solution and alkaline solution), the bond properties are degraded, and the degradation
degree of the specimens in the alkaline solution is greater. As the immersion time
increases, the bond strength decreases more in the early immersion period and less in
the later immersion period.

(3) A formula for calculating the bond strength considering the surface treatment method
of the GFRP bars was established, and a prediction formula for the retention rate of the
bond strength degradation considering the corrosive environment was established,
which was verified by the existing research results and test phenomena, and the
calculated value was in good agreement with the test value.

(4) Considering the effects of corrosive environments based on existing bond-slip models,
the MBPE and CMR models were selected to compare with the test curve in this paper.
This paper presents the fitted values of the corresponding parameters of the modified
CMR and modified MBPE models according to the type of solution. The modified
MBPE model and the CMR model curves are close to the test curve.
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