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Abstract: An epoxy-coated reinforcement geopolymer concrete structure with good durability and
energy-saving properties can be formed by combining epoxy-coated reinforcement and geopolymer
concrete. The bond strength is the precondition for the two to work together. In this paper, 13 beam
specimens (11 epoxy-coated reinforcements and 2 ordinary deformed reinforcements) were designed
to investigate the influence of the strength of geopolymer concrete, diameter of the reinforcement,
bonding length and type of reinforcement on the bond performance between reinforcement and
geopolymer concrete. The test results show that the ultimate bond strength of the epoxy-coated
reinforcement (ECR) and geopolymer concrete decreased by 7.32% and 14.76%, respectively, when
the rebar diameter increased from 14 mm to 16 mm and then to 20 mm. The ultimate bond strength
between ordinary threaded reinforcement and geopolymer concrete was slightly higher than that
between ECR and geopolymer concrete. When the length of the bond section is small or the concrete
strength is low, the beam specimen is prone to the failure of the reinforcement pullout. The specimen
with the larger reinforcement diameter is prone to concrete splitting failure. However, the specimens
with medium bond length and small reinforcement diameter suffered from pull-out failure after
concrete splitting. In this paper, based on the test data, the bond-slip constitutive model of ECR
and geopolymer concrete was established, and the bond-slip curve obtained by this model was in
good agreement with the measured curve. In addition, the calculation formula of the ultimate bond
strength between ECR and geopolymer concrete was also proposed in this paper, which can provide
theoretical reference for the engineering application of geopolymer concrete.

Keywords: geopolymer concrete; epoxy-coated threaded reinforcement; beam test; ultimate bond
strength; bond-slip model

1. Introduction

With the rapid development of the national economy and the continual improvement
in infrastructure construction, greater importance has been attached to environmental pro-
tection and sustainable development, along with economic development. The production
of ordinary Portland cement (OPC), which is a key concrete cementing material, consumes
a significant amount of energy and emits CO, and dust into the atmosphere [1]. In order to
solve the problems of the sustainable development of concrete and environmental pollution,
many scholars have changed adhesives, added materials (such as nanomaterials [2]) to
concrete or developed new materials. Bilek et al. [3] discussed the alkali activating agent
composed of potassium hydroxide-modified silicic acid modulus and sodium silicate. By
changing the content of the activator and the water cement ratio, they found that the curing
mode had an impact on the alkali activating material. Ibrahim YE et al. [4] used silica fume
as an auxiliary cementing material to mitigate the negative impact of date palm fiber (DPF)
on concrete strength and porosity. The study found that the water absorption of concrete
increased with the increase of DPF content, and silica fume significantly improved the me-
chanical strength of concrete. Khan K et al. [5] evaluated the nano silica-modified concrete
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using a new method based on scientific metrological analysis and pointed out that the
optimal dosage of nano silica is 2-3%, which is beneficial, and the mechanical strength can
be improved by 20-25%. Geopolymer concrete is produced from industrial waste such as fly
ash and slag at room temperature or high temperature with the assistance of alkali-activated
aluminosilicate [6,7]. It is more eco-friendly [8,9] and energy efficient [10,11] and exhibits
higher performance [12] than OPC. Therefore, the eco-friendly geopolymer concrete is a
promising alternative to ordinary silicate concrete [13]. The corrosion of reinforcement is a
key factor that causes structural failure, having led to frequent concrete structural failure
in marine engineering, municipal engineering and construction engineering [14-16]. To
extend the service life of reinforced concrete structures and guarantee the overall safety
and stability of structures, China spends an enormous amount of money every year to
alleviate reinforcement corrosion [17-19]. Hence, the engineering sector has attempted
to adopt stainless steel reinforcement, fibre-reinforced polymer (FRP) or ECR to alleviate
corrosion. Stainless steel reinforcement is resistant to corrosion, but it is expensive [20]. FRP
reinforcement offers favourable corrosion resistance and strength, but it is characterized
by poor structural ductility [21]. ECR is resistant to corrosion, more ductile than FRP
reinforcement, and less expensive [22]; thus, it is considered more promising.

Epoxy resin coating brings about changes in the surface state of the reinforcement;
as a result, the bond performance between reinforcement and concrete changes [23-26].
Furthermore, since there are differences in performance between geopolymer concrete
and ordinary concrete [27], the bonding law between ordinary concrete and reinforce-
ment is not completely applicable to geopolymer concrete. Accordingly, it is essential
to study the bond performance between coated reinforcement and geopolymer concrete
to apply coated reinforcement-geopolymer concrete structures to real projects. Scholars
in China and around the world have studied the bond performance between geopoly-
mer concrete and reinforcement, but most of them have relied on centre pull-out tests.
For instance, Yuan Xiaohui et al. [28] fabricated six geopolymer concrete-reinforcement
centre pull-out specimens and compared the bond performance between geopolymer
concrete and a plain round bar with the bond performance between geopolymer con-
crete and threaded reinforcement. Zhang Haiyan et al. [29] performed centre pull-out
tests on 24 reinforcement-geopolymer concrete bond specimens; investigated the effects
of the compressive and splitting strength of geopolymer concrete, the type and diameter
of the reinforcement, the thickness of the concrete cover, the reinforcement bond length
and other factors on the reinforcement-geopolymer concrete bond performance; and com-
pared such bond performance with the bond performance between reinforcement and
ordinary reinforced concrete. Romanazzi et al. [30] took into account the effects of bond
length and studied the bond-slip behaviour between reinforcement, glass fibre-reinforced
polymer (GFRP) reinforcement and geopolymer concrete through 24 centre pull-out tests.
Dahou et al. [31] compared the bond performance between geopolymer concrete, ordinary
concrete and reinforcement at different ages and identified the relationship between the
bond strength and compressive strength of geopolymer concrete. The studies above sug-
gest that geopolymer concrete is equivalent or superior to ordinary concrete under the
same conditions.

A centre pull-out test device is relatively simple and easy to analyse, but the external
load applied to the specimen during the test is quite different from the actual form of force;
hence, the local extrusion force at the loading end of the specimen when an external load
is applied has a certain impact on the reliability of the result, while beam tests can better
reflect the actual situations in projects. Moen et al. [32] analysed the law of influence of
an ECR on the bond strength through beam tests. The results suggested that the presence
of an epoxy coating effectively reduced the chemical adhesion between reinforcement
and concrete, but it did not affect the maximum mechanical interaction and maximum
bond strength. Liliana et al. [33] tested 70 ECR-concrete beam specimens. The results
suggested that beam specimens without hoop reinforcement underwent brittle failure
and that their ductility was significantly improved when they were furnished with hoop



Buildings 2023, 13, 430

30f16

reinforcements. An appropriate arrangement of hoop reinforcements in high-strength
concrete could favourably solve problems such as wide cracks and low ductility of the
specimen. Few studies have examined the bond performance between ECR and geopolymer
concrete. Due to their respective merits, geopolymer concrete and ECR are promising in
marine engineering and municipal engineering. Thus, it is of great significance to study the
bond performance between ECR and geopolymer concrete. For this reason, our research
group [34] performed beam tests on 13 bond-slip specimens to study the effects of the
reinforcement diameter, geopolymer concrete strength, reinforcement type and bond length
on the bond performance between reinforcement and geopolymer concrete. The group
built a bond-slip constitutive model and inferred the formula for computing the ultimate
bond strength between ECR and geopolymer concrete, which offers a theoretical reference
for the engineering application of geopolymer concrete.

2. Test Design
2.1. Test Material

The raw materials for geopolymer concrete preparation included granite fragments of
10-30 mm in size, medium sand with a fineness modulus of 2.70, S95 ground granulated
slag, metakaolin, solid flake sodium hydroxide, sodium silicate and TG retarding water
reducer. See the Table 1. above for the measured cube compressive strength and splitting
tensile strength of geopolymer concrete at different ages. The size gradation of the sand and
gravel is shown in Table 2. The chemical composition of S95 slag powder and metakaolin
measured by XRF is shown in Table 3. The alkali activator was an 8 mol/L mixture of
sodium hydroxide solution and sodium silicate solution; the sodium hydroxide solution
was prepared 24 h in advance, thoroughly cooled and mixed with sodium silicate solution.
The water-binder ratio of geopolymer concrete was 0.40 and 0.50; refer to Table 4 for the
mix ratios.

Table 1. Test results of geopolymer concrete material properties.

Specimen gzzzrettﬁ Curing Cube Compressive Strength Value (MPa)  Splitting Tensile Strength Value (MPa)
Number Gra§e Time (d) 1 2 3 Average Value 1 2 3 Average Value
GC40-7d 40 7 31.83 32.05 33.83 32.57 226 231 2.54 2.37
GC40-14d 40 14 40.13 4155 42.67 41.45 275 289 3.01 2.88
GC40-21d 40 21 4125 4138 43.40 42.01 - 2.99 - 2.99
GC40-28d 40 28 39.52 4296 45.78 42.77 3.00 3.24 3.45 3.23
GC45-7d 45 7 39.48 4034 42381 40.88 315 321 3.36 3.24
GC45-14d 45 14 4444 4574 4725 45.81 3.74 409 412 3.98
GC45-21d 45 21 4722  48.80 48.70 48.24 4.01 4.11 4.51 421
GC45-28d 45 28 4833 48.81 50.07 49.07 409 411 4.87 4.36

“_r

Note: Represented by “-”, take the middle value of the test block as the splitting tensile strength value.

Table 2. The basic properties of coarse aggregate (granite crushed stone).

Particle Water Apparent Bulk Crushing
Size/mm Absorption/%  Density/(kg-m—3)  Density/(kg-m—3) Index/%
10-30 1.53 2894 1758 9.61

Table 3. Chemical composition of slag powder and metakaolin %.

Chemical Composition

Si02 A1203 CaO Fe203 TiOz 503 MgO K20 P205

Raw Materials

Ground 3321 1576 3714 071 191 021 851 072 045
granulated slag

metakaolin 49.67  42.54 0.19 0.68 0.63 0.75 0.14 0.18 0.36
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Table 4. Mixture ratio of geopolymer concrete kg/m3.
Water-Binder Ground . Sodium Sodium Water
Ratio Gravel Sand Granulated Slag Metakaolin Silicate Hydroxide Reducer Water
0.40 1155 495 250 250 194 78 8 23
0.50 1225 525 200 200 194 78 6 25
The pull-out reinforcements for the test included HRB400 ECR with diameters of
14 mm, 16 mm and 20 mm and HRB400 ordinary threaded reinforcement with a diameter
of 20 mm. HRB335 ordinary threaded reinforcement with a diameter of 8 mm was used
as an erection bar and hoop reinforcement. See Table 5 for the key performance data for
the reinforcements.
Table 5. Main performance parameters of reinforcement.
Model of Type of Diameter Yield Strength Tensile Elastic Modulus  Yield Strain
Reinforcement Reinforcement (mm) (Mpa) Strength (Mpa) (Gpa) (10-3)
HRB335 Ordinary 8 4235 550 176 2.041
HRB400 threaded 20 448.4 559 198 2.220
HRB400 reinforcement 14 433.7 605 200 2.366
HRB400 ECR 16 441.8 610 200 2.132
HRB400 20 457.0 630 210 2.182

2.2. Specimen Design

With an overall size of 150 mm x 150 mm x 850 mm, the beam specimens were
composed of left and right halves, between which was a gap of 50 mm; they were connected
to the bottom tensile reinforcement via a steel hinge in the compression zone. Seven annular
hoop reinforcements of 8 mm in diameter were evenly arranged at a spacing of 50 mm
in each beam, and four HRB335 erection bars with a diameter of 8 mm and a length of
360 mm were arranged longitudinally in the hoop reinforcement corners. The thickness
of the concrete cover was 20 mm. The sample preparation process is shown in Figure 1.
The whole beam, composed of two half beams, was connected by the middle steel strand.
The steel strand of this structural form is simple in fabrication, clear in structure and can
make the force arm clear. It is convenient to calculate the tensile force of reinforcement
according to the test load and can effectively limit its horizontal displacement. The length
of the drawn reinforcement in the beam specimen was 1300 mm. In order to avoid the
influence of bearing reaction force and make the bond stress in the bond section of the test
piece evenly distributed, the test was carried out by means of local bond of reinforcement.
First, the rebar bonding area was set in the middle of the two blocks. The nonbonding zone
of the pull-out reinforcement was separated from the geopolymer concrete through a PVC
tube, both ends of which were blocked with a foaming agent to avoid ingress of mortar
into the tube during pouring. Figure 2 shows the dimensions of the specimens and the
reinforcement configuration.

The beam specimens were divided into four groups (13 pieces in total). For Groups
A, B, C and D, the effects of the geopolymer concrete strength, reinforcement diameter,
reinforcement type and bond length on the bond performance between reinforcement and
geopolymer concrete were investigated, respectively. The specimen groups and detailed
parameters are shown in Table 6. Among them, the number of GC45-20-5d-H specimens
in Group B and GC45-20-5d-H specimens in group D have been included in other groups.
The specimens were denoted by the parameters; for instance, for specimen GC45-14-5d-H,
“GC45” indicates geopolymer concrete with a strength grade of C45, “14” denotes a rein-
forcement diameter of 14 mm, “5d” indicates that the length of the bond segment between
the reinforcement and geopolymer concrete is five times the reinforcement diameter and
“H” represents ECR. In addition, “P” stands for ordinary threaded reinforcement.
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(a) Vibration of test piece (b) Specimen forming. (c) Curing of test piece.

Figure 1. Sample preparation process.

steel hinge

erection bar hoop reinforcement

o5,

150

5

PVC tube 1300

Figure 2. Size and reinforcement of the beam specimen (unit: mm).

Table 6. Details of specimens for the beam test.

Grouping of . Concrete Strength Rebar Bond Number of
Test Pieces Test Piece No Grade Diameter (mm) Length Rebar Type Test Pieces
A GC40-20-5d-H GC40 20 5d ECR 2
GC45-20-5d-H GC45 20 5d ECR 2
GC45-14-5d-H GC45 14 5d ECR 1
B GC45-16-5d-H GC45 16 5d ECR 2
GC45-20-5d-H GC45 20 5d ECR From Group A
c GC40-16-5d-H GC40 16 5d ECR 2
GC40-16-7d-H GC40 16 7d ECR 2
D GC45-20-5d-H GC45 20 5d ECR From Group A
Ordinary
GC45-20-5d-P GC45 20 5d threaded 2
reinforcement
Note: “-” means that the number of the test pieces has been included in other groups.

To determine the compressive strength and splitting tensile strength of geopolymer
concrete, the beam specimens were formed into 100 mm x 100 mm x 100 mm cube
blocks as per the Standard for Test Method of Mechanical Properties on Ordinary Concrete.
The beam specimens and cube specimens were released at 72 h and 24 h after pouring,
respectively, and then cured at room temperature for 28d for testing.

2.3. Test Process and Loading Device

The data of the load, displacement and strain in the beam test were recorded by the
Donghua DH3818 digital automatic acquisition instrument. The schematic diagram of
loading device and measuring device is shown in Figure 3. Before the test, balance and zero
adjustment were carried out to check the operating condition of the instrument. During
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the loading process, the slip and deflection changes of the specimen were closely observed,
as well as whether there were cracks on the beam surface. If there was a crack, the load at
the time of the crack was quickly recorded next to the crack, and the crack condition was
observed. The beam test was performed following the Standard for Test Method of Concrete
Structures. Stepped loading was performed using a 50t manual split hydraulic jack with a
50 t BLR-1 load cell, and the dead weight of the specimen was neglected. Preloading was
conducted to check if the support was stable and if the instruments and loading equipment
were in good condition, and the meters were zeroed before the start of the test. The beam
specimens were controlled to be stressed within the elastic range during preloading to
avoid cracks and other forms of loading residual values. The formal loading was at a step
of 5 kN. To accurately obtain the test data and respect the fact that stress relaxation may
occur in the reinforcement under external forces, the loading of each step lasted for 5 min,
and the load and displacement data were acquired after stabilization; then, the next step of
loading was started, which proceeded until the specimen failed. Since the two beam halves
were not necessarily perfectly symmetrical with each other when the specimen failed, the
test ended when one of them exhibited shear/bending/bonding failure features or when
the load dropped rapidly and remained unbearable after reloading. In addition, when the
specimen failed, the test was stopped to keep the researchers and instruments safe before
the reinforcement broke.

(a) Loading Device. (b) Measuring device.
Figure 3. Schematic diagram of the loading device and measuring device.

Figure 4 shows the loading and measuring devices. In the figure, displacement meters
@ and (p) were used to measure the free end slip of the pull-out reinforcement; displacement
meters (2) and (5) were used to measure the vertical displacement of the two beam halves at
the support; displacement meters (3) and (4) were used to determine the mid-span deflection
of the beam; and strain gauges @) and (8) were used to measure the strain in the pull-out
reinforcement.

hoisting jack

load sensor

spreader beam

specimens @U -
4T e

NPT

bar

- N

(@) strain gauge

Figure 4. Test loading device.
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3. Test Results and Analysis
3.1. Failure Mode

The beam specimens exhibited three failure modes during the test, i.e., reinforcement
pull-out failure, concrete splitting failure and concrete splitting-reinforcement pull-out
failure (hereinafter referred to as “split-pull-out failure”).

Reinforcement pull-out failure: As the external load continued to increase, the free end
slip of the reinforcement increased progressively, as did the distance between the two beam
halves. The concrete between the reinforcing ribs was damaged, and the reinforcement
was pulled out slowly and exhibited certain ductility. However, no obvious cracks were
observed on the surface of the specimen. Such failure principally took place in specimens
of shorter lengths or lower concrete strength in the pull-out reinforcement bond zone,
e.g., specimens GC45-14-5d-H, GC45-16-5d-H and GC40-16-5d-H. Specimen GC40-16-5d-H
was taken as an example of the failure mode; see Figure 5.

Figure 5. Steel bar pull-out failure (specimen GC40-16-5d-H).

Concrete splitting failure: Under external loads, large cracks developed suddenly and
extended rapidly in the specimen, forming splitting cracks due to the inadequate concrete
strength. The specimen failed without any precursors and showed obvious brittleness.
The splitting cracks extended longitudinally from the loading point and then extended
obliquely at 45° from the steel hinge joint to the bottom support, finally running through
it. There was no obvious slip at the free end of the reinforcement, but the concrete at the
bottom of the beam fell off. Such failure principally took place in specimens with a large
reinforcement diameter, e.g., specimens GC40-20-5d-H, GC45-20-5d-H and GC45-20-5d-P.
Specimen GC40-20-5d-H was taken as an example of the failure mode; see Figure 6.

Figure 6. Concrete splitting failure (specimen GC40-20-5d-H).

Split-pull-out failure: There were obvious splitting cracks on the surface of the speci-
mens when they failed, and the free end of the reinforcement slipped significantly. However,
the specimens did not split into two. One kind of crack occurred at the support or bond
of the beam type specimen, which was inclined 45° to the axis of the reinforcement and
was connected with the transverse crack in the anchorage zone at the bottom of the beam.
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Another type of crack extended along the centre of the beam bottom. Generally, cracks were
found in half of the beam specimen. The other half of the beam did not show obvious cracks
until the end of the test. The splitting cracks extended diagonally at 45° from the loading
point, gradually widened and extended to the support, and finally formed penetrating
cracks. Such failure principally took place in specimens with a medium length and a small
reinforcement diameter in the bond segment, e.g., specimen GC40-16-7d-H. See Figure 7
for the specific failure modes.

Figure 7. Splitting-pull-out failure (specimen GC40-16-7d-H).

3.2. Factors Affecting the Bond Performance between Reinforcement and Geopolymer Concrete
3.2.1. Calculation of the Bond Strength

The left beam half was isolated and used for the stress analysis (Figure 8). F denotes
the steel hinge force on the left beam half. The tension F of the pull-out reinforcement is
determined based on moment balance conditions:

PL

b= 2(h—ay — a2) M
where P denotes the test load in kN; L represents the horizontal distance from the loading
action line to the support (L = 240 mm); and a1 is the distance from the centroid line of the
pull-out reinforcement to the beam bottom face. The thickness of the reinforcement cover
is 20 mm, and the hoop reinforcement diameter is 8 mm. If the diameter of the pull-out
reinforcement is 14 mm, then a; = 35 mm. If the diameter of the pull-out reinforcement
is 16 mm, then a; = 36 mm. If the diameter of the pull-out reinforcement is 20 mm, then
a1 = 38 mm. a, is the distance between the steel hinge centre and beam top face (4, = 20 mm),
and & stands for the height of the beam specimen (1 = 150 mm).

P2
ST === ¢—F
F
Al L
")
[
7 P2

Figure 8. Force analysis diagram of the left half beam.
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The computational equation of the ultimate bond strength is as follows:

_ R
 pdl,

Tu (2)
where T, represents the ultimate bond strength in MPa; F,, denotes the ultimate tension
(kN) corresponding to ultimate load P; d is the diameter of the pull-out reinforcement in
mm; and [, is the bond length in mm.

3.2.2. Strength of Geopolymer Concrete

The specimens of Group A were fabricated from the ECR of 20 mm in diameter
and geopolymer concrete with various mix ratios, which were used to analyse the effect
of geopolymer concrete strength on the bond performance between reinforcement and
geopolymer concrete. Table 7 shows the test results of the specimens of Group A.

Table 7. Test results of specimens in Group A.

Test Piece N Water - - - Failure
est Hiece No Binder Ratio T« (Mpa) f cu (Mpa) f+ (Mpa) Mode

GC40-20-5d-H 0.50 20.39 4277 3.23 S

GC45-20-5d-H 0.40 23.85 49.07 4.36 S

Note: T, average ultimate bond strength; f.,, average compressive strength; f,, average splitting tensile strength;
S, splitting failure.

As shown in Table 7, the ultimate bond strength between ECR and geopolymer
concrete increased with the rise of the geopolymer concrete strength. The ultimate bond
strength of specimen GC45-20-5d-H was 16.97% higher than that of specimen GC40-20-
5d-H, largely due to the fact that the increase in geopolymer concrete strength brought
about an increase in the chemical adhesion, mechanical interaction and frictional resistance
between the ECR and the geopolymer concrete.

Figure 9 illustrates the bond-slip curves of beam specimens of various strengths. As
illustrated in Figure 9, the microslip segment and slip segment of the bond-slip curves
of specimens GC45-20-5d-H and GC40-20-5d-H grew linearly with a large slope; the
bond strength increased sharply, but the slip at the free end of the reinforcement was
less significant. In the split segment, the increase in the bond strength slowed down,
while the free end slip of the reinforcement increased progressively. When the ultimate
bond strength was reached, the specimen underwent split failure and the bond strength
decreased progressively; the free end slip of the reinforcement increased substantially, and
the curve came to its descending segment.

30
—— GC45-20-5d-H
—o—GC40-20-5d-H

— [\e) [\e]
W o (9)]
T

—_
o

Bond strength(MPa)

0 1 1 1 1 1
0 2 4 6 8 10

slip(mm)

Figure 9. Bond-slip curves of specimens with different concrete strength.
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3.2.3. Reinforcement Diameter

The specimens of Group B were used to study the effect of reinforcement diameter
on the bond performance between ECR and geopolymer concrete. The test results of the
specimens of Group B are shown in Table 8.

Table 8. Test results of specimens in Group B.

Test Piece No Rebar Diameter  Ultimate Load Ty Failure Mode
(mm) (kN) (MPa)

GC45-14-5d-H 14 62.14 30.19 P

GC45-16-5d-H 16 75.53 27.98 P

GC45-20-5d-H 20 100.64 23.85 S

Note: T,, average ultimate bond strength; P, pull-out failure; S, splitting failure.

As shown in Table 8, the ultimate bond strength between ECR and geopolymer
concrete decreased as the reinforcement diameter increased. The ultimate bond strength of
specimen GC45-20-5d-H was 14.76% lower than that of GC45-16-5d-H, while the ultimate
bond strength of specimen GC45-16-5d-H was 7.32% lower than that of GC45-14-5d-H.
Furthermore, specimen GC45-20-5d-H underwent concrete splitting failure, with two main
causes. First, as the diameter of the ECR increased, the initial damage to the interface
between reinforcement and concrete worsened, which gradually decreased the ability of
the geopolymer concrete to hold the reinforcement and accelerated splitting failure in
the geopolymer concrete. Second, under the action of longitudinal stress, the Poisson
effect resulted in a slight reduction in the bond strength; as the reinforcement diameter
increased, the reduction increased, which brought about a decrease in the friction force and
mechanical interaction of the reinforcements with larger diameters.

Figure 10 presents the bond-slip curves of three specimens with diameters of 14 mm,
16 mm and 20 mm. As illustrated in Figure 10, the microslip segment of the bond-slip
curve increased linearly. The curve began to increase nonlinearly in the slip segment as the
free end slip of the reinforcement increased. Upon arrival at the ultimate bond strength,
the bond strength of each specimen continued to decrease, while the free end slip of the
reinforcement increased sharply. Then, the curve came to its descending segment, where
the reinforcements of specimens with diameters of 14 mm and 16 mm were pulled out
slowly (longer descending segment). The specimen with a diameter of 20 mm exhibited
splitting cracks, corresponding to a shorter descending segment.

30

5 —o—GC45-14-5d-H
—o— GC45-16-5d-H
GC45-20-5d-H

[\
(9, ]
T

[\
(=]

Bond strength(MPa)
s &
p ./=,—_='JJ:_)._1‘_|I>\§[

0 2 4 6 8 10

slip(mm)

<

Figure 10. Bond-slip curves of specimens with different reinforcement diameters.
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3.2.4. Bond Length

The specimens of Group C shared the same water-binder ratio and reinforcement
diameter, but their bond lengths were different. Table 9 presents the test results of the
specimens of Group C.

Table 9. Test results of specimens in Group C.

Test Piece No Rebar Diameter  Bond Length Ultimate - Failure
(mm) (mm) Load (kN) ~ Tu(MP2)  ppoqe

GC40-16-5d-H 16 5d 69.16 25.62 P

GC40-16-7d-H 16 7d 71.86 19.01 SP

Note: T, average ultimate bond strength; P, pull-out failure; SP, splitting—pulling failure.

According to Table 9, the ultimate bond strength between the ECR and geopolymer
concrete decreased as the bond length of the reinforcement increased. The ultimate bond
strength of specimen GC40-16-7d-H was 25.80% lower than that of specimen GC40-16-
5d-H because the ultimate bond strength is the mean ultimate bond strength within the
reinforcement bond segment; as the ultimate load and bond length increased, the stress
distribution in the ECR and geopolymer concrete became more uneven over the range of
the bond length, resulting in the decrease in the ultimate bond strength.

Figure 11 illustrates the bond-slip curves of specimens with bond lengths of 5d and
7d. As illustrated in Figure 11, the bond-slip curves of GC40-16-5d-H and GC40-16-
7d-H included an ascending segment, descending segment and residual segment. In
the ascending segment, the bond strength was linearly related to the free end slip of
the reinforcement, and the bond strength increased faster, while the free end slip of the
reinforcement was extremely nonsignificant. The descending segment of specimens in
which the reinforcement was pulled out was long and gentle, and the descending segment
of specimens with split-pull-out failure was short and steep. In the residual segment, the
bond strength tended to a fixed value, while the reinforcement slip continued to increase;
in addition, the shorter the bond, the higher the residual bond strength.

301
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w
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Figure 11. Bond-slip curves of specimens with different bond lengths.

3.2.5. Reinforcement Type

The specimens of Group D were used to study the difference in the bond performance
between ECR and steel bar of the same diameter with geopolymer concrete. Table 10 shows
the test results of the specimens of Group D.
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Table 10. Test results of specimens in Group D.

. Ultimate Load - Failure
Test Piece No Rebar Type (KN) T, (MPa) Mode
GC45-20-5d-H ECR 23.86 23.85 S
GC45-20-5d-P Ordinary threaded 26.92 26.91 S
reinforcement

Note: T, average ultimate bond strength; S, splitting failure.

As shown in Table 10, all specimens underwent concrete splitting failure, which
demonstrated that the type of reinforcement did not affect the failure mode of the specimen.
Furthermore, the ultimate bond strength of the specimen with ECR was lower than that of
the specimen with ordinary threaded reinforcement. The bond strength of specimen GC45-
20-5d-H was 11.37% lower than that of specimen GC45-20-5d-P because the epoxy coating
reduced the chemical adhesion and friction between the reinforcement and geopolymer
concrete, which caused the bond strength of the ECR to be lower than that of the ordinary
threaded reinforcement. The failure modes of the two specimens are consistent. It shows
that the bonding property of epoxy-coated reinforced geopolymer concrete is slightly lower
than that of ordinary reinforced concrete. However, the two kinds of steel bars do not
change the failure mode of beam specimens.

Figure 12 illustrates the bond-slip curves of specimens with various types of reinforce-
ment. As illustrated in Figure 12, in the microslip segment, the bond strength increased
rapidly, and the free end of the reinforcement underwent microslip; as a result, the bond-slip
curve increased in a straight line. In the slip stage, as the free end slip of the reinforcement
increased, the curve slope of the ordinary threaded reinforcement was greater than that
of the ECR. Upon arrival at the ultimate bond strength, the curve came to its descending
segment, and the curve slopes of both descending segments were almost the same, while
the bond strength of ordinary threaded reinforcement was higher than that of the ECR at
all times.

30
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slip(mm)
Figure 12. Bond-slip curves of specimens with different reinforcement types.

3.2.6. Bond-Slip Constitutive Model

Bond-slip models regarding reinforcements and ordinary concrete have been exten-
sively studied in China and around the world [35,36], but bond-slip constitutive models
of reinforcements and geopolymer concrete are rarely studied. Borrowing ideas from the
bond-slip constitutive models of ECR and seawater-sea sand concrete presented in the
literature [37], this paper proposes using the following three-stage model to describe the
bond-slip relationship between ECR and geopolymer concrete based on the test data for
the paper:
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Ascending segment:
o
r=n(2) 0<s<a ®
1
Descending segment:
T—L(s <s<s) 4)
- u = —= 9or
(k+ £)?
Residual segment:
T="17(s > s) )

where &, k and A are constants, which were assigned values of 0.419, 0.459 and 0.350,
respectively; T is the bond strength; T, represents the ultimate bond strength; 7, denotes
the bond strength of the residual segment; s, is the slip value corresponding to the ultimate
bond strength; and s, represents the slip value of the residual segment.

Figure 13 presents a comparison between the measured bond-slip curves of some spec-
imens and the theoretical curves plotted with the abovementioned bond-slip constitutive
models. The specimens corresponding to Figure 13a underwent concrete splitting failure;
the specimens corresponding to Figure 13b underwent reinforcement pull-out failure; and
the specimens corresponding to Figure 13c underwent split-pull-out failure. As shown in
Figure 13, the ascending segments of the measured curves and theoretical curves of the spec-
imens exhibited a high degree of overlap for different concrete strengths and bond lengths,
and the overall fit was favourable. The bond-slip constitutive model built in this paper can
favourably predict the bond performance between ECR and geopolymer concrete.
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(a) Test piece GC45-20-5d-H. (b) Test piece GC40-16-5d-H.
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(c) Test piece GC40-16-7d-H.

Figure 13. Comparison of the bond-slip test and theoretical curves.
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3.2.7. Computational Formula of the Ultimate Bond Strength

The ultimate bond strength can accurately reflect the ultimate state of the bond perfor-
mance between reinforcement and concrete; thus, it is beneficial to the design of structural
components. Xu Youlin et al. [38] were the first to propose the computational equation of
the ultimate bond strength between reinforcement and concrete by considering factors such
as the reinforcement diameter, bond length and relative thickness of the concrete cover; see
Equation (6).

c

d
7= (082+09% (1.6 1075+ 20p5v) fis 6)
I d

where T, is the ultimate bond strength in MPa; d represents the reinforcement diameter in
mm; [, is the bond length in mm; c is the cover thickness in mm,; f;s is the splitting tensile
strength in MPa; and ps, is the stirrup ratio.

Equation (7) was proposed for computing the ultimate bond strength between ECR
and geopolymer concrete based on the test data and Equation (6).

T, = (2.734 + 12.158161) (0.729 - 0.2082) (3.819 — 125.570)ps fis @)
a

The comparison results between the computed and test values of the ultimate bond
strength are plotted in Figure 14 based on Equation (7), and the correlation coefficient was
0.988. As shown in Figure 14, there was a small gap and good fit between the computed
and test values of the ultimate bond strength; hence, Equation (7) can favourably predict
the ultimate bond strength between ECR and geopolymer concrete, thereby offering a
theoretical basis for analysing such bond performance.
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Figure 14. Comparison between calculated and experimental values of ultimate bond strength.

4. Conclusions

The effects of the geopolymer concrete strength, reinforcement diameter, bond length
and reinforcement type on the bond performance between reinforcement and geopolymer
concrete were studied through beam tests of 13 specimens, and the following conclusions
were drawn:

(1) The beam specimens exhibited three failure modes, i.e., reinforcement pull-out fail-
ure, concrete splitting failure and concrete splitting-reinforcement pull-out failure. Among
them, the pull-out failure of reinforcement mostly occurred in the specimens with smaller
bond length and concrete strength. The splitting failure of concrete usually occurred in the
specimens with larger rebar diameter. The pull-out failure of reinforcement after concrete
splitting occurred mostly in the specimens with medium bond length and small rebar di-
ameter. The two control factors, reinforcement diameter and bond length, play a key role in
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the failure mode of beam specimens. The failure mode of epoxy-coated reinforcement and
ordinary reinforcement is the same, which is the splitting failure of geopolymer concrete.

(2) The bond slip curves of beam specimens in this test mainly included the micro slip,
slip, pull-out and residual stages. The curve of the micro slip stage increased linearly with
the increase of external load. The curve of the slip stage showed a nonlinear growth trend
with the increase of external load. The curve of the pull-out stage showed a downward
trend with the reduction of external load. In the residual stage, the load was basically stable,
and the curve was basically parallel to the horizontal axis. The ultimate bond strength
between ECR and geopolymer concrete increased with the increase in the geopolymer
concrete strength and decreased with the increase in the reinforcement diameter and bond
length. In addition, the ultimate bond strength between ECR and geopolymer concrete was
lower than that between ordinary threaded reinforcement and geopolymer concrete.

(3) The results of the bond-slip constitutive models for ECR and geopolymer concrete
and the computational formula of the ultimate bond strength established in this paper were
in good agreement with the test results. It can be used to study the bonding property of
epoxy-coated reinforced geopolymer concrete.
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