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Abstract: Bridges’ expansion joints are prone to damage during operation, and repairing them often
requires interruption of traffic, the impact of which can be minimized by using fast-hardening and
early-strength expansion joint materials. In this study, a fast-hardening polymer cement composite
(PCC) was developed using sulfate aluminate cement and ordinary silicate cement as binding
agents and polymer powder as admixture. To improve the crack resistance of the material, several
types of fibers were added and the effects of different fiber types and admixtures on the crack
resistance of the material were compared using SCB tests. The results showed that the best effect of
improving the crack resistance of concrete was achieved with a volume fraction of 0.5% of basalt
fibers. Then, a test method for the interfacial shear properties of PCC materials and ordinary concrete
was established, and the cohesive force model was selected as the interface simulation parameter
for finite element analysis and compared with experimental data to verify its feasibility. Finally,
based on the previously obtained PCC material parameters, a solid model of the expansion joint
anchorage zone was established to study the mechanical properties of the expansion joint anchorage
zone with the application of fast-hardening PCC material. This research provides a new way to
develop fast-hardening and early-strength expansion joint materials with high crack resistance.

Keywords: polymer cement composite material; expansion joint anchorage zone; material crack
resistance; interface performance; fiber; finite element analysis

1. Introduction

Although Chinese highway bridge construction has made great achievements, the
damage problem of the expansion joint anchorage zone still becomes a key factor restricting
the rapid development of highway bridge infrastructure construction. In the actual opera-
tion of the expansion joint, damage occurs due to the external effects of vehicles’ impact,
sunlight, rainwater, vehicle impact, etc., resulting in an unsmooth connection between the
road surface and the bridge deck, reducing driving comfort, and affecting traffic operations.
And, due to the dramatic increase in traffic in recent years, this has accelerated degradation
in the performance of bridge expansion joints [1]. The role of expansion joints in the normal
and safe operation of bridges cannot be overstated [2]; however, due to the short life of
expansion joints, frequent maintenance and repair are required. In addition, bridges are
usually located in busy sections of traffic routes, and closing traffic for maintenance can
incur huge costs. Therefore, a kind of expansion joint repair material with good crack
resistance and impact resistance, simple construction, fast hardening, and early strength
is needed.
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The composite materials used in the anchorage zone of the expansion joint include
polymer cement composite (PCC) and fiber-reinforced concrete [3]. The advantages of
organic and inorganic materials are combined, and the mix ratio can be adjusted as needed
to obtain a higher-performance anchorage zone. In recent decades, scholars both abroad
and domestic have conducted a lot of research on the materials of the anchorage area of
expansion joints and made progress in various areas, from improving the use character-
istics of materials in the anchorage zone of expansion joints to studying their service life
and maintenance costs [4,5], from macroscopic mechanical properties to microstructural
changes [6–8], and from experimental research (interface compression–shear test [7–10],
mechanical fatigue test [11,12], crack resistance test [6]) to numerical simulation (stress
distribution in the anchorage zone, fine simulation of wheel pressure load [5,13,14]). In
the study of anchorage zone materials, Li [15] explored the utilization of polypropylene
fiber and styrene–butadiene latex in combination with self-compacting concrete for ex-
pansion joints, examining their performance. Considering that the functional properties
of PCC concrete depend on its microstructure and changes, Ohama [16,17] proposed the
B-O-V model [18] and divided the PCC microstructure into four stages [19]. For interface
compression–shear performance, Zhang Juan [20] studied the shear fatigue resistance of
the bonding layer of the cement concrete bridge deck using a 45◦ dynamic oblique shear
test. Luo Yuming et al. [21] conducted direct shear tests on Z-shaped bonded specimens to
study the shear performance of the bonding interface between the reinforced concrete and
the old concrete carbonation layer. Finally, in terms of numerical simulation, Li Wei [22]
established a finite element model of expansion joints to study the failure mechanism of
expansion joints and the stress of anchorage zones of expansion joints.

The above research shows that domestic and foreign scholars have conducted a lot of
research on expansion joints in terms of the causes of damage, anchorage zone materials,
and stress characteristics. In terms of materials, antifatigue materials polyurethane elastic
concrete, epoxy asphalt, and other materials are used in expansion joints, but these materials
have the characteristics of chemical instability, ease of change, and high cost. Therefore,
there is an urgent need to develop a good-performance and economical restoration material.
In contrast, a fast-hardening PCC developed in this paper shows the characteristics of
stable high- and low-temperature performance/long service life/short construction time,
which meets the current needs. It uses sulfate aluminate cement and ordinary Portland
cement as binders. With polymer powder as an admixture, the mix ratio of PCC fast-
hardening material is determined by trial mixing. The semicircular bending test (SCB) test
is carried out to study the effect of different fiber incorporation on the crack resistance of
fast-hardening PCC material. Then, the interface shear performance of the fast-hardening
PCC material and ordinary concrete is studied using a compression–shear test. Meanwhile,
a finite element model is established to simulate the interface behavior between fast-
hardening PCC material and ordinary concrete and compared with actual test results to
verify its rationality. Ultimately, the finite element model of the expansion joint zone is
established, and the mechanical response of the expansion joint anchorage zone after the
application of the PCC is analyzed. Compared with other materials, the superiority of
fast-hardening PCC material is verified.

2. Experimental Program
2.1. Materials and Specimen Preparation

Fast-hardening PCC material was used as the matrix material, and the composite
cementitious system of sulphate aluminate and Portland cement was adopted. The main
components of sulphate aluminate cement (SAC) are composed of CaO (47%), SO3 (12%),
SiO2 (9.7%), Al2O3 (23%), MgO (4%), Fe2O3 (2.3%), etc. Ordinary Portland cement adopts
Swan cards P.O 42.5 cement, and gypsum was used to further improve the viscosity of
mortar. Standard sand was used as the test sand of the material. The gradation of standard
sand is shown in Figure 1, and its physical and chemical indexes are shown in Table 1.



Buildings 2023, 13, 2910 3 of 26

The gradation and physicochemical indexes of the standard sand were provided by the
merchant. Detailed parameters are shown in Figure 1 and Table 1.
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Table 1. Physical and chemical indexes of standard sand (%).

Silicon Dioxide Ignition Loss Content of Moisture Clay Content Chloride Ion Content Floating Debris

>98.0 <0.40 <0.18 <0.18 <0.007 <0.001

Fly ash was used as a mineral admixture. Its microscopic particles are round, and
the corresponding ball effect can improve the fluidity of mortar [23,24]. The polymer used
dispersible latex powder (5010N, Germany), with a particle size of more than 400 µm.
Polyvinyl alcohol was used as a protective colloid, which has significant water absorption
and can be used to bond mortar to improve mortar toughness and durability [25]. The
powder defoamer (P803) is a mixture of liquid carbon chloride compounds, polyethylene
glycol, and non-crystalline silica. The P803 component is shown in Table 2 [26]. The reagent
was used to defoam the microbubbles present in this test and improve the self-leveling of
the cementitious material.

Table 2. P803 components.

PH Density Component Active Ingredient

About 7.0 About 330 g/L Carbon chloride compounds, polyethylene
glycol, and non-crystalline silicon dioxide ≥65%

Polycarboxylate superplasticizer was used as water reducing agent. Retarder was
used to control the hydration process of sulphate aluminate cement. Boric acid (H3BO3),
with a relative molecular mass of 61.83 and a reagent content higher than 99.5%, was used
to retard mortar.

Meanwhile, three kinds of fibers were used in this experiment: basalt fiber BF,
polypropylene fiber PP, and polyacrylonitrile fiber PAN. The parameters of each fiber
are shown in Table 3. The experimental group was set as follows: for the fiber-free matrix,
mortar numbered JT, the mortar with basalt fiber (BF0.5% group), polypropylene fiber
(PP0.5% group), and polyacrylonitrile fiber PAN (N0.5% group) was set up with a volume
fraction of 0.5%, followed by a volume fraction of 1% BF1%, PP1%, and PAN1% group.

Table 3. Fiber parameters.

Category Density
(g/cm3)

Diameter
(µm)

Tensile Strength
(MPa)

Elastic Modulus
(GPa)

Length
(mm)

Limit Elongation
(%) Ref.

BF 2.65 17 1050 7.6 12 3 [27]
PP 0.91 33 486 4.8 12 15 [27]

PAN 1.18 13 736 7.18 12 15 [28]
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2.2. Design and Preparation of Mix Proportion

After adjustment and trial mixing, an amount of material was used to determine the
matrix mix ratio, as shown in Table 4. The setting time of the material was measured as
30 min. According to the above material mix ratio, the following method was used: PO,
SAC, pulverized coal, gypsum, standard sand, and fiber were mixed into the barrel, fully
stirred for 2 min; water, boric acid, defoaming agent, and water reducing agent were mixed
and stirred well to form a mixture. About half of the mixture was poured and stirred for
2 min. The remaining liquid was poured after 1 min and stirred quickly for 1 min. It was
finally poured into the mold and shaken for 2 min. After pouring, the specimens and molds
were wrapped with a preservative film. The specimens were cured by standard curing, the
temperature was 20 ± 3 ◦C, and the relative humidity was not less than 95%.

Table 4. Fiber parameters of fast-hardening PCC material dosage (kg/m3).

Sulphate
Aluminate

Cement (SAC)

Portland
Cement

(P.O 42.5)

Fly Ash
(FA)

Water
Reducer

(A)

Boric
Acid (B)

Lithium
Carbonate

(C)

Powder
Defoamer

(D)
Sand Water Polymer

595 74 74 7 1 1 2 893 521 30

2.3. Experimental Method
2.3.1. PCC Performance Tests

• Compressive strength test
Compressive strength is an important index to measure the usability of materials, and

it is a necessary parameter to determine the design stress and crack control of components
in engineering design calculation. In this paper, a set of three 40 mm × 40 mm × 40 mm
specimens was used. The loading rate of the universal testing machine was 2.4 kN/s [29],
and the specimens were pressed to failure. The average value of the highest compressive
strength of each group of specimens was taken, and the error was less than 15%.

• SCB fracture test
A semicircular bend geometry (SCB) test was carried out according to AASHTO

specifications. Considering the relevant research of scholars at home and abroad [30–34],
the size of the SCB specimen was determined as 100 mm in diameter, 25 mm in thickness,
15 mm in incision depth, and 0.8 times in diameter and selected as the fulcrum spacing of
this test. The specific details are shown in Figure 2.
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The molding method of the specimen was achieved by mixing the concrete according
to the previous determination of the matrix mix ratio, pouring it in a cylindrical mold with
a height of 60 mm, a diameter of 100 mm, and an oiled inner wall, molding after 24 h,
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and placing it into the standard curing room for curing. After seven days of curing, the
cylindrical specimens were sliced, and the concrete at the top and bottom was removed.
Only the 2 × 25 mm part of the central part was taken; the “round cake” was cut in half,
and then 15 mm joints were cut out. The specific specimen-making method is shown in
Figure 3.
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The peak load, fracture energy, fracture toughness, and stiffness of mortar with dif-
ferent fibers under different curing times were tested. The test used a UTM-250 dynamic
servo-hydraulic material testing machine from Australia IPC Global. The test was loaded
at a loading speed of 0.9 mm/min until the load was lower than 0.3 kN or the specimen
failed [35].

2.3.2. PCC Interface Performance Test

In the interface compression–shear test of the PCC material, a C50 concrete block with
an age of more than 200 days was used, and the size of the concrete block was a cube with
a side length of 100 mm. The size and test principle of the specimen is shown in Figure 4.
Through the diagonal contact surface of the specimen, the vertical load and the self-weight
of the upper half could be decomposed into a tangential component and normal component
on the interface so that the compressive shear force was generated on the contact surface
and the compressive shear test of the interface was realized. Considering that the old
concrete needed to be cut in the actual expansion joint repair process, the old concrete
block was cut along the diagonal line with a cutting machine, and the cutting surface was
polished to make it a continuous plane. The loading rate is 1 mm/min [35].
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3. Experimental Results and Analysis
3.1. Effect of Fiber Incorporation on Compressive Strength
3.1.1. Effect of Fiber Content on Compressive Strength

The compressive strength test of each specimen at 3 d, 7 d, and 70 d was carried out.
The results are shown in Figure 5. The compressive strength of PAN fiber was slightly
higher than that of each specimen at the age of 70 d under the dosage of 0.5%, but when the
dosage was increased to 1%, the compressive strength of PAN was significantly lower than
that of other specimens. This reason is that too many small PAN fibers hinder the connection
of the PCC matrix. From Figure 5b, it can be seen that the highest compressive strength
of 70 d was PP1%, which is 53.4 MPa. Both BF1% and PP1% increased the compressive
strength of the matrix, while PAN1% significantly reduced the compressive strength of
the matrix. In Figure 5a, the fiber has a positive effect on the compressive strength of the
material in the case of low content. The influence of fiber content on compressive strength
at different ages is the same. The addition of a small amount of PAN fiber improved
the flow performance of the material and then improved its strength. However, after the
addition amount was increased, the defects in the cementitious material increased due to
the low elastic modulus and large fiber section of the PAN fiber, thus reducing the pressure
resistance of the material. However, when the age reached 70 days, as the hydration
reaction of the matrix ended, the incorporation of PP fiber was positively correlated with
the compressive strength.
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3.1.2. Effect of Fiber Type on Compressive Strength

The effects of different fibers on compressive strength at different ages can be seen in
Figure 6. For BF fiber, at different ages (3 d, 7 d, 70 d), with the increase in fiber content,
the compressive strength of the specimens decreased slightly and then increased (overall
increase). For PAN fiber, it increased slightly first and then decreased (overall increase); for
PP fiber, at the early stage (3 d, 7 d), the compressive strength of the specimens increased
slightly and then decreased with the increase of fiber content, and at the later stage (70 d)
continued to increase. Comprehensively comparing the improvement effect of each fiber at
each age, the shadow area in Figure 6 was used to quantify the improvement effect of this
type of fiber on the compressive strength at this age. At the early age stage (3 d to 7 d), the
compressive strength improvement effect of PAN fiber was the largest, almost 1.5 times that
of PP fiber, while during the later age stage (7 d to 70 d), the improvement effect of PP fiber
was slightly higher than that of the other two fibers. Based on the above analysis, increasing
the content of BF fiber has a positive effect on improving the compressive strength, while
increasing the content of PAN fiber harms compressive strength improvement. For PP
fiber, the increase in compressive strength at an early stage is negative, while the later stage
is positive. Therefore, considering the different expectations of compressive strength at
different stages, it is necessary to select the appropriate fiber.
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Figure 6. Effect of fiber content on compressive strength at different stages. (S1: the degree of growth
of fc for this type of fiber concrete at 3–7 d; S2: the degree of increase in fc for this type of fiber concrete
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3.2. Fracture Analysis of SCB Test
3.2.1. Failure Mode of SCB Specimen

As shown in Figure 7, the early stage, the JT specimen changes very little. However,
when the load–displacement curve reaches its peak, a crack extending from the end of the
slit to the contact point of the indenter suddenly appears. The specimen fails after rapid
crack propagation, and the section of the specimen is perpendicular to the lower contact
surface. For BF specimens, after the load–displacement curve reaches its peak, cracks begin
to appear and extend slowly. An obvious fiber connection can be seen on the fracture
surface, and there is no obvious broken fiber. Most of the fibers are due to pull-out failure.
For PAN specimens, the crack propagation speed is faster than that of BF specimens after
the load–displacement curve reaches its peak. Fine fibers can be seen on the fracture surface
of PAN specimens, and some fibers still connect two sections. Finally, in the PP specimen,
the load–displacement curve is the same as the first two before reaching the peak, but the
specimen can still bear a small force when the crack continues to expand. Even if the matrix
is almost disconnected, the remaining part of the specimen can still withstand the load,
and there is a clear “coupling” effect. The fracture surface of PP shows that some fibers are
still connected to two sections, and some fibers are observed to be broken. The addition of
fiber can reduce the degree of brittle cracking of the material. Among them, the influence
of BF fiber and PAN fiber on the material has certain similarities. After the material is
cracked, it is not the same as that of PP fiber. Even if the material has cracked, many fibers
are still coupling.
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Figure 7. Failure of SCB specimen.

3.2.2. The Result of SCB Test

The SCB test curve is shown in the following figures. Figure 8 shows that when
the specimen begins to bear force, there is a small nonlinear curve segment, which then
increases linearly until it reaches the ultimate load. After reaching the ultimate load,
almost straight down a small section, the curve is about a negative power function decline,
infinitely close to zero. As shown in Figure 8a, in the early stage (8 d), the influence of
fiber content and the presence or absence of fiber on the peak load is not obvious. This is
because the cement matrix of PCC material has not been completely hydrated in the early
stage, and has not been effectively combined with various fibers, which makes the initial
cracking stage and peak load between various specimens. There is no significant difference,
but in the later stage, BF fiber and PAN fiber have significantly delayed the generation
of cracking displacement, while PP fiber is too small, and there is not much difference in
delaying cracking from the JT without fiber group. PP fiber mortar does not show the effect
of inhibiting crack propagation like BF and PAN in the curve shape. The above reasons
are due to its small elastic modulus or failure under the influence of hydration heat. In
Figure 8b, the peak load increases with the increase of fiber content, but after the crack
is generated, due to the complete reaction of cement, the failure position appears when
various fibers are broken or pulled out, so that after the load reaches the limit, the material
quickly fails, and the curve falls vertically to zero.
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3.2.3. Fracture Energy Gf Analysis

Cohesive traction is a force of interaction between molecules in a material. The
cohesive force model is shown in Figure 9. The ordinate is the cohesive force Tc and
the abscissa is the crack width D of the fracture surface, where Tc is the crack cracking
strength, Dc is the corresponding opening displacement, and Df is the cracking width of
the maximum fracture surface, that is, the failure cracking width. The area of the envelope
under the curve is the fracture energy Gc of the material, the object from the beginning of
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cracking to complete separation, that is, the energy dissipated by the cracking width D of
the fracture surface from 0 to Df, and the total energy dissipated by the material from the
complete state to complete separation.
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The calculation of fracture energy is as follows: Fracture energy is the energy required
to generate a unit area of fracture. According to RILEM TC 50-FMC, the calculation formula
is as follows [35]:

G f =
W f

Alig
(1)

where Gf is the fracture energy (J/m2); Wf is fracture work (J), W f =
∫

Pdu; P is load (N);
Alig is the ligament area (m2), Alig = (r − a)t, where r is the radius of the specimen (m); a is
the incision length (m); t is the sample thickness (m).

As shown in Figure 10a, the fracture energy distribution of various mortars is as
follows: The average fracture energy of JT specimens at 8 d is 117.3 J/m2. Except for 0.5%
PP fiber, the fracture energy of other fiber specimens is improved to varying degrees. The
improvement effect is BF1% specimen >BF0.5% specimen >PAN1% specimen >PAN0.5%
specimen >PP1% specimen. The fracture energy of the PP0.5% specimen is slightly de-
creased by 14% compared with JT, which is due to the poor high-temperature stability of
the PP specimen with 0.5% volume content, which fails in the reaction of cement hydration
heat, which does not increase the fracture energy of the material but decreases because
of the increase in internal defects. The fracture energy of the PP1% specimen is slightly
increased compared with JT, indicating that the reason for qualitative change caused by
quantitative change is reflected between the volume content and fracture energy of the PP
specimen. The fracture energy of PAN0.5% and PAN1% specimens increased compared
with JT. The fracture energy of BF0.5% and BF1% specimens increased to nearly 600%
compared with JT. The BF fiber in the mortar has a very obvious contribution to the increase
in the fracture energy of the mortar compared with the other fibers in the mortar at the
same age. Secondly, PAN fiber also has a positive effect on the increase in its fracture energy.
However, PP fiber has limited contribution to the increase in fracture energy and may even
play a negative role.

As shown in Figure 10b, the average fracture energy of the JT specimen at 70 d is
126.3 J/m2. The fracture energy of the PP0.5% specimen is higher than that of JT. Because
the curing time of the specimen has reached the 70 d, the hydration reaction of cement is
basically completed, and the fiber is partially bonded with the hydrogel, but the internal
defects are improved to a certain extent but still exist, which makes the fracture energy
increase slightly compared with JT, which is not as good as other fiber specimens. At the
same time, the fracture energy of the PP1% specimen has no obvious change compared
with PP0.5%. The fracture energy of the PAN0.5% specimen is increased compared with
JT. The fracture energy of the PAN1% specimen is nearly 0.7 times higher than that of JT.
The fracture energy of the BF0.5% specimen is nearly 3.6 times higher than that of JT. The
fracture energy of the BF1% specimen is doubled compared to that of BF0.5%. In summary,
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it can be seen from Figure 10 that BF fiber has a significant effect on the fracture energy
of the matrix relative to other fibers. With the increase in PAN fiber content, the fracture
energy of the material increased. However, the incorporation of PP fibers did not increase
the fracture energy of the material but slightly decreased it.
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3.2.4. Fracture Toughness KIC Analysis

Fracture toughness KIC is the fracture factor K value when the load reaches its highest.
K is the amount used to describe the stress distribution near the crack tip and is the function
value of the external load and the size of the specimen as the dependent variable. Under
the condition of a certain specimen size, the K value is positively correlated with external
load. KIC is independent of specimen size and is a measure of the ability of the material
itself to prevent crack propagation; its calculation equation is as follows [35]:

KIC = YI(0.8)σ0
√

πa (2)

where σ0 is the stress value σ0 =
P

2rt
; P is the load value (N); r, a, and t refer to Equation (3);

YI is the normalized stress intensity factor. For the dimensions of the SCB specimen used in
this test method, YI is calculated as follows [35]:

YI = 4.782 + 1.219(
a
r
) + 0.063exp(7.045(

a
r
)) (3)

As shown in Figure 11, the fracture toughness of matrix JT at 8 d is about 0.63 MPa·m0.5;
the fracture toughness of the PP0.5% specimen is slightly lower than that of JT. The reason
is that the high-temperature stability of the PP0.5% specimen is poor, and it fails in the
reaction of cement hydration heat, which does not increase the fracture toughness of the
material. The fracture toughness of matrix JT at 70 d is between 0.77 MPa·m0.5; the fracture
toughness data of each fiber are relatively uniform. When the volume fraction of these
fibers is less than 1%, the effect on the fracture toughness of the matrix is limited, and there
is no obvious enhancement or weakening. From the perspective of incorporation amount,
BF fiber generally contributes a lot to the improvement in fracture toughness at the later
stage. This is because the addition of BF fiber reduces the fluidity of the material and slows
down the hydration reaction rate, resulting in material fracture. The incorporation of PAN
fiber is positively correlated with the early fracture toughness of the material, but more
than 1% of the content slightly reduces the fracture toughness of the material. PP fiber is
opposite to PAN fiber. More than 1% content can greatly improve the fracture toughness of
the material. This shows that when the content of PP fiber is less than 0.5%, the contribution
to the introduction of material defects is greater than the contribution to crack resistance.
From an age point of view, the fracture toughness of the material increases with time. In
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general, BF fiber improves the fracture toughness of the material more than other types
of fibers, and the higher the content, the more obvious the effect on the later fracture
toughness. A small amount of PP fiber (0.5%) slightly reduces the fracture toughness of
fast-hardening PCC material, but when the content reaches 1%, the fracture toughness
is improved.
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3.2.5. Stiffness S Analysis

Stiffness S is an index for measuring the ability of the material to resist tensile defor-
mation before reaching peak tensile stress. The definition of stiffness is shown in Figure 12,
which is the slope of the elastic phase of the P-u curve. To ensure the reliability of the results,
the slope of the load from 1/3 PC to 2/3 PC is used as the final value of the stiffness S.
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As shown in Figure 13a, the average stiffness of the JT matrix of the control group at 8 d
is 8.28 kN/mm; the incorporation of 0.5% BF and 0.5% PP fibers increased the stiffness by
only 2% and 9%, respectively, while the incorporation of 0.5% PAN fiber greatly increased
the stiffness (23%), and the stiffness increase corresponding to 1% PAN fiber content was
only 1%. The increase was only 1%, which indicates that 0.5% PAN fiber can also improve
the stiffness well in the case of low content, and for BF and PP fibers, only by increasing the
content, the stiffness of the specimen was greatly improved (BF fiber: 2% to 21%; PP fiber:
9% to 24%). As shown in Figure 13b, the average stiffness of the JT matrix in the control
group at 70 d was 10.54 kN/mm, which was 27% higher than that at 8 d. The addition of
0.5% BF fiber increased the stiffness by 16%, and the improvement effect was obvious. For
PAN fiber, the incorporation of 0.5% increased by 7%. When the content reached 1%, the
stiffness decreased by 5%. The reason is that with the increase in content, the fibers between
the matrix were not completely dispersed, hindering the reaction of the hydrogel and the
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connection of the aggregate. The above shows that from the perspective of improving the
stiffness of the specimen, adding 0.5% PAN fiber at 8 d is better, and adding 0.5% BF fiber
at 70 d is the best.
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In Figure 14, the ability of various fibers to resist tensile deformation from 8 d to 70 d
is comprehensively evaluated. The incorporation of fibers generally improves the stiffness
of the material. From the quantitative index of area, the improvement effect of BF fiber is
roughly two times that of PAN fiber and three times that of PP fiber.
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3.3. Interface Analysis of Compression–Shear Test

Under the action of vehicle load, the concrete in the anchorage zone of the expansion
joint is not only subjected to vertical load but also to the horizontal friction between the
wheel and the surface. Through the interface compression–shear test of fast-hardening PCC
material and ordinary C50 concrete, the shear failure strength of the two was determined,
and the finite element simulation parameters of the interface of fast-hardening PCC material
were determined, providing a basis for the study of the performance of fast-hardening PCC
material in the anchorage zone of the expansion joint. The interface compression–shear
test is shown in Figure 15, and the compression–shear test results of fast-hardening PCC
material and C50 concrete are shown in Figure 16 and Table 5.
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Table 5. Compression–shear test results.

Number Specimen 1 Specimen 2 Specimen 3 Mean Value

Peak load (kN) 111.5 109.6 115.4 112.2
Shear stress (MPa) 5.8 5.5 5.8 5.6

The test results are relatively stable. According to the calculation, the maximum
tangential shear stress between fast-hardening PCC material and ordinary concrete is
5.6 MPa when the ratio of interface normal pressure to tangential shear force is 1:1.

3.4. Finite Element Verification of Fast-Hardening PCC Material Interface Model
3.4.1. Interface Finite Element Model

According to the specification [37], the elastic modulus of C50 concrete was obtained.
According to the strength of the fast-hardening PCC material, the suggestion in CEB-FIP
(2010) [38], and the previous test results, Poisson’s ratio was estimated at 0.2. The final
parameters are summarized in Table 6.

Table 6. Material parameters of finite element model for the compression–shear test.

Material Elastic Modulus (MPa) Poisson’s Ratio Density (kg/m3)

C50 32,500 0.2 2500
PCC 3800 0.2 2220

The model consists of three parts, and the size of the parts is consistent with the actual
situation. In the model, red is the fast-hardening PCC material and green is C50 concrete,
both of which adopt a C3D8R solid element. The grey is a discrete rigid element, as shown
in Figure 17.
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For the boundary conditions of the model, combined with the actual situation of the
test, the bottom of the test piece adopts U2 = UR1 = UR3 = 0 (the positive direction of the
Y-axis is the normal line of the bottom), and the top of the test piece adopts the binding
contact. A vertical downward forced displacement is applied to the top surface of the
rigid body.

3.4.2. Interface Model Parameter Verification

The interaction parameters between the two materials in the finite element model were
set according to the determined interface model. The Coulomb friction model, cohesion
model, and cohesion–friction hybrid model were established and compared with the test
curve. The parameters are summarized in Table 7.

Table 7. Interface parameters of the compression–shear test model.

Type Stiffness (MPa/mm) Peak Stress (MPa) Effective Relative
Displacement (mm)

Friction
Coefficient

/ Knn Kss Ktt τ0
n τ0

s τ0
t δf

m − δ0
m µ

Cohesion 1× 106 7 7 2.07 5.61 5.61 1× 108 0.6
Mix 1× 106 7 7 2.07 5.61 5.61 1× 108 /

Coulomb / / / / 6.50 6.50 / 0.6

The cohesion model was defined using the contact property module. Since the stiffness
of C50 concrete was greater than that of the fast-hardening PCC material, when defining the
contact pair, the C50 concrete interface was set as the main surface, and the fast-hardening
PCC material was defined as the subsurface. For the contact property, the tangential
behavior was set to frictionless. The normal behavior was set to hard contact. It was set to
viscous behavior, meeting the conditions from the node set to any contact from the node;
the traction separation behavior was set to an uncoupled specified stiffness coefficient; the
stiffness K was set in all directions, damage expansion, and specified damage stability;
parameters such as normal and tangential peak stress, effective relative displacement, and
viscosity coefficient were specified.

For the cohesion–friction hybrid model, in addition to the above settings, it was also
necessary to set the tangential behavior as a penalty, that is, the friction coefficient. The
Coulomb friction model only needed to set the friction coefficient, and the normal behavior
was set to hard contact.

Figure 18a shows the comparison between the displacement (downward positive)–load
relationship curve in the test and the displacement–reaction force curve of the discrete
rigid body in the finite element simulation. Among them, the cohesion model and the
cohesion–friction hybrid model are consistent with the trend of the compression–shear test
curve, and the cohesion model is more in line with the actual results, but the Coulomb
friction model distorts the simulation of the interface compression–shear behavior, as
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shown in Figure 18b. In summary, compared with other interface simulations, the cohesive
zone model is more suitable for simulating the interface behavior between fast-hardening
PCC material and ordinary concrete under a compression–shear state.
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4. Simulation Analysis of Expansion Joint Model Applying Fast-Hardening
PCC Material
4.1. Establishment of the Model

Taking the expansion joint of bridge D80 as a reference (as shown in Figure 19), the
anchorage zone’s concrete utilized PCC material parameters, and the relationship between
the concrete interfaces was modeled using the cohesive-frictional mixture model. Due
to the limited influence of wheel pressure in the transverse and vertical directions of the
bridge, a modeling range of 1.5 m in the transverse direction, 0.88 m in the vertical direction,
and 1 m in the longitudinal direction was selected.
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Figure 19. Cross-section of expansion joint installation.

In the actual expansion joint area, there are numerous steel bars. However, due to
the differences in elastic modulus and strength between the anchorage zone material and
the steel, the number and configuration of steel bars have a negligible effect on the stress
calculation results in the anchorage zone of the model. Therefore, in this model, only a
unit model of embedded steel beams with a diameter of 16 mm is established (as shown in
Figure 20). The spacing between the embedded steel bars is 20 cm.
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Asphalt concrete is a viscoelastic material. However, in the localized model of the
expansion joint, due to the specific loading conditions at the expansion joint, under the
action of instantaneous vehicle loads, the mechanical behavior of asphalt concrete exhibits
linear elastic material properties. Since asphalt concrete is not the focus of our study, it is
modeled as a linear elastic material in the model.

In the diagram, the model represents the longitudinal direction of the bridge as the
X-axis and the transverse direction as the Y-axis. The gray area represents the expansion
joint steel section, the red part represents the anchorage zone made of fast-hardening PCC
material, the green part represents the beam body made of C50 concrete, the beige area
represents the asphalt concrete pavement layer, and the blue indicates the embedded steel
bars in the expansion joint.

4.1.1. Failure Mode of SCB Specimen

The local static finite element model of the expansion joint in this study utilizes C50
concrete for the main beam. The thickness of the asphalt concrete pavement layer was
8 cm, and its material parameters were set according to Reference [39]. The steel bars and
steel sections adopt commonly used Q345 steel, and the contact settings between different
materials are described in the following text. The material parameters used in the test and
numerical analysis are listed in Table 8, in which the characteristic parameters of the test
materials were obtained during the test. The FEM material data are set by reference to the
test material data and related Ref. [37].

Table 8. Material parameters in finite element model of expansion joint.

Component Material
Elastic Modulus (MPa) Poisson’s Specific Density

(kg/m3)EXP FEM EXP FEM

Concrete beams C50 32,441 32,500 0.2 0.0202 2500
Asphalt concrete bridge deck pavement Bituminous concrete 1421 1400 0.25 0.0244 2400

Anchorage zone material PCC 3788 3800 0.2 0.019 2220
Steel Q345 206,144 206,000 0.28 0.277 7850

4.1.2. Boundary Conditions

The boundary conditions of the present expansion joint model were established by
referring to the boundary condition settings in the literature for local modeling of expansion
joints [39–41]. Considering the local dimensions of the model and the actual situation, the
following boundary conditions were set:

(1) The expansion joint is located above the bearing, and the depth of the local model
is smaller than the cross-sectional height of the bridge. It is generally assumed that the
bottom of the model is fully restrained. Therefore, the bottom of this finite element model
(negative Z-axis) was set as completely fixed: U1 = U2 = U3 = UR1 = UR2 = UR3 = 0.

Figure 20. FEM of expansion joint.

Asphalt concrete is a viscoelastic material. However, in the localized model of the
expansion joint, due to the specific loading conditions at the expansion joint, under the
action of instantaneous vehicle loads, the mechanical behavior of asphalt concrete exhibits
linear elastic material properties. Since asphalt concrete is not the focus of our study, it is
modeled as a linear elastic material in the model.

In the diagram, the model represents the longitudinal direction of the bridge as the
X-axis and the transverse direction as the Y-axis. The gray area represents the expansion
joint steel section, the red part represents the anchorage zone made of fast-hardening PCC
material, the green part represents the beam body made of C50 concrete, the beige area
represents the asphalt concrete pavement layer, and the blue indicates the embedded steel
bars in the expansion joint.

4.1.1. Failure Mode of SCB Specimen

The local static finite element model of the expansion joint in this study utilizes C50
concrete for the main beam. The thickness of the asphalt concrete pavement layer was
8 cm, and its material parameters were set according to Reference [39]. The steel bars and
steel sections adopt commonly used Q345 steel, and the contact settings between different
materials are described in the following text. The material parameters used in the test and
numerical analysis are listed in Table 8, in which the characteristic parameters of the test
materials were obtained during the test. The FEM material data are set by reference to the
test material data and related Ref. [37].

Table 8. Material parameters in finite element model of expansion joint.

Component Material
Elastic Modulus (MPa) Poisson’s Specific Density

(kg/m3)EXP FEM EXP FEM

Concrete beams C50 32,441 32,500 0.2 0.0202 2500
Asphalt concrete bridge deck pavement Bituminous concrete 1421 1400 0.25 0.0244 2400

Anchorage zone material PCC 3788 3800 0.2 0.019 2220
Steel Q345 206,144 206,000 0.28 0.277 7850

4.1.2. Boundary Conditions

The boundary conditions of the present expansion joint model were established by
referring to the boundary condition settings in the literature for local modeling of expansion
joints [39–41]. Considering the local dimensions of the model and the actual situation, the
following boundary conditions were set:

(1) The expansion joint is located above the bearing, and the depth of the local model
is smaller than the cross-sectional height of the bridge. It is generally assumed that the
bottom of the model is fully restrained. Therefore, the bottom of this finite element model
(negative Z-axis) was set as completely fixed: U1 = U2 = U3 = UR1 = UR2 = UR3 = 0.
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(2) Behind the expansion joint (negative X-axis), the cross-section can only undergo
translational motion in the plane perpendicular to the longitudinal direction of the bridge.
Thus, it was set as a rotationally fixed constraint: U1 = UR1 = UR2 = UR3 = 0.

(3) For the interfaces at both ends of the expansion joint (positive and negative Y-axis),
besides translational motion in the plane perpendicular to the transverse direction of the
bridge, it can also undergo rotational motion in the transverse direction. Therefore, it was
set as U2 = UR1 = UR3 = 0.

The interface parameters between the fast-hardening PCC material and C50, fast-
hardening PCC material and asphalt pavement, and C50 and asphalt pavement were
referenced from previous data. The interaction between steel bars and concrete was
implemented using an embedded region approach. The contact angle between the steel
bars and steel sections was set as a bonded connection.

4.1.3. Grid Division

The general element used in the model is the C3D8R element with linear geometric
order. To address the varying importance of different components, a nonuniform method
of controlling the global size was employed to divide the mesh of each component in the
model. The non-anchored portions of the fast-hardening PCC material in the anchorage
zone and the embedded steel bars were divided with a global element size of 25 mm. For
the anchored portions of the expansion joint steel, asphalt concrete pavement layer, and
embedded steel bars, a global element size of 50 mm was used. The distribution of elements
is shown in Figure 21.
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(a) Beam part and embedded steel bar (b) Anchorage zone 

  
(c) Steel and embedded steel (d) Entirety 

Figure 21. Unit division.

4.1.4. Realization of Moving Loads

In this study, the plane load subroutine of Abaqus was used to apply surface load
to the model. The wheel pressure was determined based on the specifications outlined
in reference regarding vehicle loads, considering two types of load: front axle load and
rear axle load [42]. The standard value for the front axle load is 30 kN, with a contact area
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of 300 mm × 200 mm and a pressure standard value of 0.25 MPa. The standard value
for the rear axle load is 140 kN, with a contact area of 600 mm × 200 mm and a pressure
standard value of 0.58 MPa. The impact coefficient was conservatively set to 0.45 based on
the values provided in Reference [43]. To calculate the braking force of the vehicle, different
accelerations of the vehicle and the standard value of the vehicle’s weight were taken into
account to calculate the horizontal force exerted by the vehicle on the expansion joint.

In the finite element model of the expansion joint in this study, it is assumed that the
vehicle weight load and the horizontal force are evenly distributed to each wheel based on
the contact area. The effects of wheel loads on the expansion joint were investigated under
five different acceleration conditions: −5, −2, 0, 2, and 5 (unit: m/s2). The rear axle loads
under different acceleration levels are presented in Table 9.

Table 9. Rear axle loads under different horizontal accelerations.

Number Acceleration (m/s2)
Vertical Pressure (Impact

Coefficient 0.45) (MPa)
Horizontal

Pressure (MPa) Load Vector Value of Pressure
(MPa)

a-0 0 0.841 0 (0,0,−1) 0.8410
a-2 2 0.841 0.118 (−0.20,0,−1) 0.8493
a-5 5 0.841 0.296 (−0.51,0,−1) 0.8915
s-2 −2 0.841 −0.118 (0.20,0,−1) 0.8493
s-5 −5 0.841 −0.296 (0.51,0,−1) 0.8915

Note: In the table, “a” represents vehicle acceleration and “s” represents vehicle deceleration.

Here, we define D as the distance between the front section of the wheel and the
boundary line between the anchored and unanchored areas (Figure 22). The value of D is
negative when the wheel does not pass the line and positive after the wheel passes the line.
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4.2. Finite element Results Analysis
4.2.1. Principal Stress Nephogram

For the results of the vehicle deceleration forward model analysis, the main stress
cloud (no steel) is shown in Figure 23, and the red shear head is the vehicle forward
direction. It can be seen from the figure that when the wheel load is located at D = −0.1 m,
stress concentrations appear at the edge of the model, in the area under the wheel and at
the location of the expansion joint; when the wheel load is located at D = 0.5 m, the stress
concentrations appear mainly at the location of the expansion joint, and the values are
much larger than the former. This phenomenon may be due to the fact that when D = 0.5 m,
the wheel acts directly on the location of the expansion joint, resulting in the horizontal
load effect and the vertical load effect playing a role in the same position at the same time,
so the stress value is relatively large.
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4.2.2. Maximum Principal Tensile Stress in the Anchorage Zone

The relationship curve between the maximum principal tensile stress and D in the
anchorage zone is shown in Figure 24. When D is −0.6 m, the wheel starts to act on the
model, and the anchorage area is subjected to very small forces. When D is −0.15 m,
the wheel completely acts on the model, and the force on the anchorage zone can still be
ignored. When D is−0.5 m, the wheel begins to affect the anchorage zone and the influence
cannot be ignored. Therefore, it can be seen that the dimensional arrangement of the model
is reasonable.

When the vehicle slows down, the shape of the curve σ1max-D (Figure 25) is roughly
the same as that of the vehicle at a uniform speed, and the greater the horizontal force,
the farther away it is from the D-axis. However, the relationship curve of acceleration is
quite different from that of the vehicle at a uniform speed, and a peak appeared in the
first half. This may be due to the difference in the mechanic laws of the interface when
the wheel accelerates and decelerates past the boundary line between the anchored and
unanchored zones.

When D < 0 and the acceleration is 2 m/s2, the curve σ1max-D fluctuates and rises,
which is consistent with the curve σ1max-D trend of the vehicle acceleration of 0. It is specu-
lated that there may be a certain vertical relative displacement on the vertical extension
surface of the boundary line between the anchorage zone and the non-anchorage zone,
which exceeds the maximum tangential relative displacement. However, when the accel-
eration is 5 m/s2, the maximum stress value of the anchorage zone produces an upward
mutation at the position of D = 0 with a relatively flat curve. When the vehicle is decelerat-
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ing and the horizontal force of the wheel on the pavement is backward, the curve σ1max-D
is more gentle than the former, which may be due to the forward shear deformation in the
asphalt concrete and C50. The vertical extension surface of the boundary line between the
anchorage zone and the non-anchorage zone is better than the former. When the D value
is near 0, the maximum principal tensile stress of the anchorage zone increases abruptly
when the vehicle accelerates, while the curve σ1max-D decreases relatively slowly when the
vehicle decelerates.

Buildings 2023, 13, x FOR PEER REVIEW 20 of 26 
 

  
(a) Acceleration (b) Deceleration 

Figure 24. The curve of maximum principal tensile stress in the anchorage zone versus D (σ1max-D). 

When the vehicle slows down, the shape of the curve σ1max-D (Figure 25) is roughly 
the same as that of the vehicle at a uniform speed, and the greater the horizontal force, the 
farther away it is from the D-axis. However, the relationship curve of acceleration is quite 
different from that of the vehicle at a uniform speed, and a peak appeared in the first half. 
This may be due to the difference in the mechanic laws of the interface when the wheel 
accelerates and decelerates past the boundary line between the anchored and unanchored 
zones. 

When D < 0 and the acceleration is 2 m/s2, the curve σ1max-D fluctuates and rises, which 
is consistent with the curve σ1max-D trend of the vehicle acceleration of 0. It is speculated 
that there may be a certain vertical relative displacement on the vertical extension surface 
of the boundary line between the anchorage zone and the non-anchorage zone, which 
exceeds the maximum tangential relative displacement. However, when the acceleration 
is 5 m/s2, the maximum stress value of the anchorage zone produces an upward mutation 
at the position of D = 0 with a relatively flat curve. When the vehicle is decelerating and 
the horizontal force of the wheel on the pavement is backward, the curve σ1max-D is more 
gentle than the former, which may be due to the forward shear deformation in the asphalt 
concrete and C50. The vertical extension surface of the boundary line between the anchor-
age zone and the non-anchorage zone is better than the former. When the D value is near 
0, the maximum principal tensile stress of the anchorage zone increases abruptly when 
the vehicle accelerates, while the curve σ1max-D decreases relatively slowly when the vehi-
cle decelerates. 

 
Figure 25. Waterfall diagram of maximum principal tensile stress in the anchorage zone versus D. 

Figure 24. The curve of maximum principal tensile stress in the anchorage zone versus D (σ1max-D).

Buildings 2023, 13, x FOR PEER REVIEW 20 of 26 
 

  
(a) Acceleration (b) Deceleration 

Figure 24. The curve of maximum principal tensile stress in the anchorage zone versus D (σ1max-D). 

When the vehicle slows down, the shape of the curve σ1max-D (Figure 25) is roughly 
the same as that of the vehicle at a uniform speed, and the greater the horizontal force, the 
farther away it is from the D-axis. However, the relationship curve of acceleration is quite 
different from that of the vehicle at a uniform speed, and a peak appeared in the first half. 
This may be due to the difference in the mechanic laws of the interface when the wheel 
accelerates and decelerates past the boundary line between the anchored and unanchored 
zones. 

When D < 0 and the acceleration is 2 m/s2, the curve σ1max-D fluctuates and rises, which 
is consistent with the curve σ1max-D trend of the vehicle acceleration of 0. It is speculated 
that there may be a certain vertical relative displacement on the vertical extension surface 
of the boundary line between the anchorage zone and the non-anchorage zone, which 
exceeds the maximum tangential relative displacement. However, when the acceleration 
is 5 m/s2, the maximum stress value of the anchorage zone produces an upward mutation 
at the position of D = 0 with a relatively flat curve. When the vehicle is decelerating and 
the horizontal force of the wheel on the pavement is backward, the curve σ1max-D is more 
gentle than the former, which may be due to the forward shear deformation in the asphalt 
concrete and C50. The vertical extension surface of the boundary line between the anchor-
age zone and the non-anchorage zone is better than the former. When the D value is near 
0, the maximum principal tensile stress of the anchorage zone increases abruptly when 
the vehicle accelerates, while the curve σ1max-D decreases relatively slowly when the vehi-
cle decelerates. 

 
Figure 25. Waterfall diagram of maximum principal tensile stress in the anchorage zone versus D. Figure 25. Waterfall diagram of maximum principal tensile stress in the anchorage zone versus D.

In the section of 0 < D < 1.0, when the vehicle accelerates forward, the curve σ1max-D
rises rapidly at 0 < D < 0.05 and reaches a peak at D = 0.05. Then, the curve σ1max-D first
flattens and then decreases, taking a pattern of 7. The second obvious peak is reached at
D = 0.86, and then almost linearly decreases to the residual maximum principal tensile
stress at D = 0.9 when the rear end of the wheel pressure completely passes through the
anchorage zone. For the vehicle deceleration, the curve σ1max-D first rises gently, reaches a
certain value and then remains unchanged, and then rises to a peak at D = 0.86.
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4.2.3. Maximum Principal Compressive Stress in the Anchorage Zone

The relationship between the maximum principal compressive stress and D in the
anchorage zone is shown in Figure 26. In general, the relationship curve of vehicle decelera-
tion is similar to that of vehicle uniform speed. The greater the horizontal force, the greater
the absolute value of principal compressive stress of the anchorage zone, and the farther
the curve σ1max-D is from the D axis.
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D (σ3max-D).

When the D value is near 0, the absolute value of the maximum principal compressive
stress in the anchorage zone has a sudden increase. In the vicinity of the peak value of
the absolute value, the change is relatively small but not negligible. In the vicinity of the
D value of 0.9, when it completely passes through the anchorage zone the rear end of the
wheel pressure decreases rapidly to the residual stress.

4.2.4. The Stress Distribution of the Model

From the previous analysis, it can be seen that when the vehicle accelerates through
the expansion joint with an acceleration of 5 m/s2, the maximum principal tensile stress
above 0.23 MPa and the maximum principal compressive stress above 0.38 MPa remains.
Therefore, the fast-hardening PCC material expansion joint model with an acceleration of
5 m/s2 was taken as the research object to study the law of interface force when the vehicle
passes through the expansion joint.

From the section of the principal compressive stress nephogram (Figure 27) of the
anchorage zone (5 m/s2 acceleration), it can be seen that when D = 0.02 m, the maximum
main compressive stress appears at the interface between concrete and asphalt concrete in
the anchorage zone at the bottom of the wheel pressure. Meanwhile, because the elastic
modulus of asphalt concrete is smaller than the elastic modulus of concrete in the anchorage
zone, stress concentration occurs at the junction of the two materials. At D = 0.32 m, the
front end of the wheel pressure load exceeds the anchorage zone, and the rear end of the
wheel pressure has not yet entered the anchorage zone. The maximum compressive stress
position moves down and appears at the junction of the asphalt concrete, anchorage zone
material, and beam body. At D = 0.65 m, the rear end of the wheel pressure has entered
the anchorage zone 0.05 m, and the maximum principal compressive stress appears near
the rear end of the wheel pressure. At D = 0.8 m, the rear end of the wheel pressure has
exceeded the boundary line of the anchorage zone and the non-anchorage zone by 0.2 m,
but it has not yet gone out of the anchorage zone of the expansion joint, and the maximum
principal compressive stress appears near the rear end of the wheel pressure.
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4.2.5. Fast-Hardening PCC Material Compared with Other Expansion Joint Materials

To study the stress characteristics of fast-hardening PCC material for the expansion
joint anchorage zone relative to other materials, different materials were used in the finite
element model of the expansion joint, and the characteristics of principal stress at different
positions of wheel pressure were compared. Several representative anchorage zone material
parameters were selected and input into the model to study the variation characteristics
of maximum principal stress. The load of the finite element model does not consider the
horizontal force, only the vertical wheel pressure. The parameters of several anchorage
zone materials from recent years are shown in Table 10.

Table 10. Parameters of anchorage zone materials used for reference in recent years.

Number Source Year Anchorage Zone Material Elastic Modulus (MPa) Poisson Ratio

1 Reference [39] 2019 Resin concrete 7700 0.2
2 Reference [15] 2019 Fiber concrete 30,800 0.2
3 Reference [43] 2021 Elastic polyurethane concrete 2550.88 0.29
4 Reference [22] 2021 C50 34,500 0.2

It can be seen from the curves σmax-D (Figure 28) that the greater the elastic modulus of
the anchorage zone material, the greater the stress under the wheel load, and the farther the
curve σmax-D is from the D axis. The stress trend of the anchorage zone of fast-hardening
PCC material is roughly equivalent to that of elastic polyurethane concrete and resin
concrete. When the elastic modulus of the material reaches the level of fiber polymer
concrete and C50 concrete, compared with other materials, when the wheel passes through
the boundary between the anchorage zone and the non-anchorage zone of the expansion
joint, the curve σ1max-D has a sudden second peak.



Buildings 2023, 13, 2910 23 of 26

Buildings 2023, 13, x FOR PEER REVIEW 23 of 26 
 

It can be seen from the curves σmax-D (Figure 28) that the greater the elastic modulus 
of the anchorage zone material, the greater the stress under the wheel load, and the farther 
the curve σmax-D is from the D axis. The stress trend of the anchorage zone of fast-harden-
ing PCC material is roughly equivalent to that of elastic polyurethane concrete and resin 
concrete. When the elastic modulus of the material reaches the level of fiber polymer con-
crete and C50 concrete, compared with other materials, when the wheel passes through 
the boundary between the anchorage zone and the non-anchorage zone of the expansion 
joint, the curve σ1max-D has a sudden second peak. 

  
(a) Maximum principal tensile stress (σ1max-D) (b) Maximum principal compressive stress (σ3max-D) 

Figure 28. Different materials’ curves of maximum principal stress in the anchorage zone versus D 
(σmax-D). 

At D < 0, the wheel has not passed the boundary line, and the wheel pressure load 
has not been directly loaded into the anchorage zone. The curve σ1max-D fluctuates upward, 
and the curve σ1max-D produces an upward mutation at the position of D = 0. For the ex-
pansion joint anchorage zone of fast-hardening PCC material, resin concrete, and elastic 
polyurethane concrete, the peak value is not obvious, while for C50 and fiber polymer 
concrete, the curve σ3max-D is different, the peak value is relatively large, it seems to be 
enlarged, and the fluctuation of the front is relatively flat. At this stage, the curve σ3max-D 
also has a certain fluctuation, and the maximum principal compressive stress of the an-
chorage zone is not much different between different materials. 

In general, compared with other materials, when using fast-hardening PCC material 
as the expansion joint anchorage zone material, the stress value under the action of wheel 
pressure is at a low level, and it is far less than the compressive strength and crack re-
sistance strength of fast-hardening PCC material after adding fiber. 

In the following section, the results and how they can be interpreted from the per-
spective of previous studies and of the working hypotheses are discussed. The findings 
and their implications are discussed in the broadest context possible. Future research di-
rections are also highlighted. 

5. Conclusions 
● By comparing the compressive strength of basalt fiber BF, polyacrylonitrile fiber 

PAN, and propylene fiber PP at different ages, the fiber reinforcement effect of PCC fast-
hardening material was studied. It was found that 1% volume content BF can greatly im-
prove the compressive strength of the material. 

● Considering the crack resistance of the material, the effects of different fiber types 
and content on the crack resistance of the material were compared using the SCB test. The 
crack of the fiber-free matrix specimen extended rapidly; the crack propagation of speci-
mens mixed with BF or PAN fibers was slow, and the fibers were pulled out or broken. 

Figure 28. Different materials’ curves of maximum principal stress in the anchorage zone versus
D (σmax-D).

At D < 0, the wheel has not passed the boundary line, and the wheel pressure load has
not been directly loaded into the anchorage zone. The curve σ1max-D fluctuates upward,
and the curve σ1max-D produces an upward mutation at the position of D = 0. For the
expansion joint anchorage zone of fast-hardening PCC material, resin concrete, and elastic
polyurethane concrete, the peak value is not obvious, while for C50 and fiber polymer
concrete, the curve σ3max-D is different, the peak value is relatively large, it seems to be
enlarged, and the fluctuation of the front is relatively flat. At this stage, the curve σ3max-
D also has a certain fluctuation, and the maximum principal compressive stress of the
anchorage zone is not much different between different materials.

In general, compared with other materials, when using fast-hardening PCC material
as the expansion joint anchorage zone material, the stress value under the action of wheel
pressure is at a low level, and it is far less than the compressive strength and crack resistance
strength of fast-hardening PCC material after adding fiber.

In the following section, the results and how they can be interpreted from the perspec-
tive of previous studies and of the working hypotheses are discussed. The findings and
their implications are discussed in the broadest context possible. Future research directions
are also highlighted.

5. Conclusions

• By comparing the compressive strength of basalt fiber BF, polyacrylonitrile fiber
PAN, and propylene fiber PP at different ages, the fiber reinforcement effect of PCC fast-
hardening material was studied. It was found that 1% volume content BF can greatly
improve the compressive strength of the material.

• Considering the crack resistance of the material, the effects of different fiber types
and content on the crack resistance of the material were compared using the SCB test.
The crack of the fiber-free matrix specimen extended rapidly; the crack propagation of
specimens mixed with BF or PAN fibers was slow, and the fibers were pulled out or broken.

• Considering the influence of fiber incorporation on the fracture energy Gf, fracture
toughness KIC, and stiffness S of fast-hardening PCC materials in the SCB experiment, BF
fiber contributes more significantly to the fracture energy Gf, fracture toughness KIC, and
stiffness of materials than PAN fiber and PP fiber.

• Through the interface compression–shear test, it was concluded that the maximum
compression–shear stress between fast-hardening PCC material and ordinary concrete can
reach 5.61 MPa when the ratio of interface normal pressure to shear force is 1:1.
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• The finite element model of expansion joint anchorage zone using fast-hardening
PCC material was established. The stress characteristics of the expansion joint anchorage
zone were explored, and the superior mechanical properties of the fast-hardening PCC
material as expansion joint anchorage zone material were verified.

In summary, by determining the mix ratio of PCC material and the compressive
strength under different fiber contents, the effect of different fibers on the crack resistance
of the material and the interfacial bonding performance between the material and ordinary
concrete was studied. It can be seen from the test and numerical analysis results, with
a rational mixing ratio and fiber content, that PCC has favorable compressive and anti-
cracking properties, and meanwhile, due to the short time of its strength formation, the
application of PCC in the repair of bridge expansion joint anchorage areas can improve
the service life of the expansion joints; reduce the construction period, so as to reduce the
cost of maintenance; and minimize the impact of bridge repair on traffic. In addition, due
to the excellent anti-cracking property of PCC material and its strong bonding property
with ordinary concrete, PCC can also be applied to structural waterproofing or bridge deck
defect repair in the future, which has high practical value and broad application prospects.
The focus of future work may be to study the interaction between PCC materials and other
materials, such as stretching (interfacial bonding properties between PCC materials and
other cementitious materials) or drawing (bonding and anchoring properties between PCC
materials and reinforcements). At the same time, it is also important to use more test data
to reveal the deeper performance of PCC materials.
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