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,e numerical simulations were employed to establish an edge-corner repair model with magnesium phosphate cement (MPC)
concrete as the repair material and ordinary Portland cement concrete as the old pavement. After the simulation of repair
construction by usingMPC concrete with different coarse aggregates, the effect of sudden temperature drop during the stable stage
of hydration reaction on the stress distribution at each bonding interface was analyzed. ,e numerical calculations indicate that
the sudden temperature drop led to temperature-induced stress on the bonding interfaces.,e stress distribution at each bonding
interface was obtained and the maximum principal stress at each bonding interface was at the intersection angle of three bonding
interfaces. ,e relationship between the temperature and stress at each bonding interface was found when different coarse
aggregates were used to prepare the repairing material. Also, the effect of different coarse aggregates on the bonding interface of
the repairing material was obtained when basalt was the coarse aggregate of old concrete. ,e stability of bonding surface from
best to worst was as follows: basalt> limestone> granite> conglomerate> sandstone> quartzite.

1. Introduction

In recent years, owing to its high rigidity, good stability, and
convenient construction, cement concrete has been exten-
sively used in the runway projects of airports [1]. However,
apart from these advantages, cement concrete has prominent
disadvantages. As a relatively brittle material, cement con-
crete has relatively poor tensile deformation, and its flexural,
tensile, and fatigue properties are also relatively low. Es-
pecially in areas with large variations in temperature and
humidity in day and night, or within four seasons, the
concrete pavement is more prone to damage due to con-
tinuous impact of natural environment and repeated load
[2]. For a concrete pavement, the weakest areas are the edges
and corners. Hence, it is necessary to repair the damaged
areas in time, which can not only prevent further expansion
of damage but also extend the working life of concrete
pavement [3].

Magnesium phosphate cement (MPC) is a relatively
novel type of rapid-repair material for the concrete

pavement. It has several advantages such as short setting
time, high strength, remarkable wear resistance, strong
temperature adaptability, and excellent volume stability
[4, 5]. In the early stage of repair with magnesium phosphate
cement, the hydration reaction as neutralization reaction
releases a large amount of heat and heat further accelerates
the hydration reaction. Hence, in a short time, the repair
concrete achieves decent early-stage mechanical properties
[6, 7]. However, due to thermal expansion and contraction,
microexpansion and deformation occur on the repair
concrete in the early hydration process. All the interfaces of
the repair concrete impose compressive stress on the old
concrete, which is favorable for the interfacial bonding
between the repair concrete and old concrete. When the
repair construction is completed and most of the hydration
heat has been released, the repair concrete slowly cools down
until it reaches the ambient temperature.

At this time, the strength and bonding strength of the
repair concrete continue to increase slowly. Hence, the
interfacial stress between the repair concrete and old
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concrete pavement is close to zero. If the ambient tem-
perature is constant, the strength and bonding strength of
the repair concrete continue to increase until they reach a
certain level. ,erefore, the bond strength becomes signif-
icantly greater than the temperature stress caused by the
changes induced by the external environment, and the repair
interface becomes stable. However, in practical applications,
the temperature is not constant and some areas have larger
temperature variation between day and night. ,e large
temperature variation causes a certain tensile stress between
the new and old concrete parts. When the tensile stress is
greater than the current interfacial bonding strength, it
causes damage of the bonding interface that is in the
strength-growth period [8, 9]. ,erefore, in the rapid-repair
project under extreme weather conditions, it is essential to
study the effect of temperature load on the stress distribution
of the repaired bonding interface.

At present, the research on the effect of temperature on
concrete is mostly focused on the cracking caused by the
high internal temperature of the newly poured large-scale
concrete [10], on the variations of the bonding interface
between the two reinforced concretes due to temperature
variation [11], on the bonding conditions between the
concrete and the in-concrete rebar under high temperature
[12], on the effect of high temperature on the bonding
performance of concrete after repairing [13, 14], and so
forth. However, there are few studies on the stress distri-
bution of bonding interface between the new and old
concretes under the conditions of drastic drop in temper-
ature. ,erefore, this paper discusses the repair of the or-
dinary Portland cement concrete pavement using the MPC
concrete. When the hydration becomes stable and the
strength continues to increase, the stress distribution is
adopted as the research object and the effect of environ-
mental temperature change on the stress distribution of each
bonding interface is investigated. ,e study provides a
theoretical basis for the applications of magnesium phos-
phate cement concrete in the repairing engineering under
extreme climate conditions.

2. Theory

In the rapid-repair project, the cracking of repaired bonding
interface occurs due to large external temperature variation.
,e fundamental reason is that different linear expansion
coefficients of the two materials lead to the inconsistency in
the deformation between the rapid-repair material and the
old concrete material when the external environment
temperature changes greatly [15]. ,erefore, with regard to
the repaired concrete pavement, it is necessary to study the
linear expansion coefficients of rapid-repair materials and
old concrete material. ,e linear expansion coefficient of
concrete is primarily determined by that of the coarse ag-
gregates. When the new and old concrete coarse aggregates
are the same, the temperature variation leads to the con-
sistent volume change of the two concretes, and hence there
is no interfacial stress. When the two concrete coarse ag-
gregates are different, the stress is induced at the interface
with the variation of temperature. ,erefore, to analyze the

bonding interface between the repair concrete and the old
concrete, the temperature variation and the linear expansion
coefficient of the old and new concretes need to be con-
sidered. ,e relationship between the linear expansion co-
efficients (αl), the temperature (t), the length at t°C (lt), and
the length at 0°C (l0) is as follows:

αl �
lt − l0

l0t
, (1)

,erefore, herein, ordinary Portland cement concrete is
selected as the old concrete, basalt as coarse aggregate, and
magnesium phosphate cement concrete as the fast-repair
material. Different coarse aggregates were used to prepare
the systems consisting of the old concrete pavement and
repair concrete. ,e effect of temperature drop on the stress
distribution of the repaired bonding interface was studied
after the hydration heat release tended to stabilize.

3. Establishment of Repair Model

In the actual use of concrete pavement of airport, owing to
various influencing factors in the early pouring and later use,
the edges and corners are the weakest areas of the pavement.
In other words, the edges and corners are most likely to be
damaged under normal circumstances. Based on this phe-
nomenon, the pavement corner was designed as the dam-
aged position of the concrete pavement (see Figure 1). ,e
dimension of the old concrete pavement was
5m× 5m× 0.3m, while the dimension of the repair concrete
was 0.7m× 0.7m× 0.07m. ,ere were three bonding in-
terfaces between the repair concrete and the old concrete
pavement: two vertical bonding interfaces A and B and one
horizontal bonding interface C.

After the rapid-repair construction was completed, the
hydration reaction tended to stabilize. In this stage, the
established model primarily considered the impact of sud-
den temperature drop on the bonding interface between the
new and old concretes. Based on the above requirements, the
ABAQUS simulation software was selected for simulation
and finite element calculation. ,is is because ABAQUS
software has certain advantages for thermodynamic simu-
lations, in particular the simulation of heat conduction,
thermocouple analysis, and rock and soil mechanics anal-
ysis. Furthermore, ABAQUS has higher precision than
ANSYS.

,e model structure was mainly divided into two re-
gions, namely, the concrete pavement and the repair con-
crete. Based on the overall model of the concrete pavement,
three sections were set at its corners: two vertical sections
and one horizontal section. ,e intersection of the three
interfaces was replaced with repair concrete, as shown in
structure in Figure 2. ,e white overall is the old concrete
pavement, while the red frame indicates the location of the
repair concrete.

,e old concrete pavement material was 42.5 R ordinary
Portland cement concrete, while the repair concrete was
MPC concrete. Because the hydration and coagulation
process of MPC concrete are extremely rapid, decent
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strength was achieved at 1 d age under 20°C. ,e hydration
stabilized, so the indexes in test at age of 1d were used as the
experimental parameters of the material.

,e elastic moduli of two concretes were obtained from
the experiments, where the old cement concrete and repair
concrete had a modulus of 32.5GPa and 39.4GPa, re-
spectively. Because the concretes use the same fine aggre-
gates and coarse aggregates except for cement, their thermal
conductivity and specific heat capacity were relatively close.
,e common mean thermal conductivity and specific heat
capacity of concrete as per the reference data are 1.28W/m·K
and 0.97 J/g·K, respectively. ,e test indicates that the
masses of two concretes were similar when the concrete was
small beam with dimensions of
100mm× 100mm× 400mm. ,erefore, the calculation was
performed under the following parameters: the density was
2500 kg/m3; the coarse aggregate in old cement concrete was
basalt; and the linear expansion coefficient was 0.86×10−5°C.
As shown in Table 1, the coarse aggregate of repair concrete
was selected from different materials. “a” is linear expansion
coefficient in Table 1.

,e environmental temperature was set to drop from
20°C to 10°C, 0°C, −10°C, −20°C, and −30°C. ,e air con-
vection coefficient on the surface of the concrete model was
set to 15W/(m2·K) and the initial ambient temperature was
maintained at 20°C. Five temperature models and five stress
models were established for calculations. To show the
temperature and stress distributions on each bonding in-
terface more clearly, only the modules of repair concrete
were selected and the position of each bonding interface is
shown in Figure 3.,e longitudinal bonding interface A was

perpendicular to the x-axis, the longitudinal bonding in-
terface B was perpendicular to the y-axis, and the horizontal
bonding interface C was perpendicular to the z-axis.

4. Effect of Different Ambient Temperatures on
Stress at Bonding Interfaces

Using quartzite as the repair material and the temperature to
drop to 0°C as example, the stress distribution cloud chart of
three interfaces of repair material is presented in Figure 4.

As shown in Figure 4, since LA � LB, (LA and LB are the
lengths of the vertical bonding interfaces A and B) when the
ambient temperature dropped, the stress on the bonding
interface was symmetrically distributed, and maximum
principal stresses reached the positions close to the inter-
section of the three bonding interfaces. ,erefore, the most
unfavorable position for pavement repair is at the inter-
section of the three bonding interfaces, where the stress is
tensile stress. To understand the distribution of each axial
stress when each bonding interface was subjected to max-
imum stress, stress analysis was performed on each bonding
interface (see Figures 5 and 6).

As per Figure 5(a), the stresses on the vertical bonding
interface A and along the x-axis direction were all tensile
stresses. Closer to the intersection angle of the three bonding
interfaces, the tensile stress was greater with the maximum
value of 1.243MPa. Figure 5(b) shows the shear stresses on
the vertical bonding interface A and along the y-axis. ,e
shear stress direction in the upper area was the positive
direction of the y-axis, while that in the lower area was the
negative direction of the y-axis. Figure 5(c) displays the shear

Figure 2: Model of repaired concrete.
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Figure 1: Schematic diagram of repairing corner of airport pavement.
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stress along the z-axis direction and on vertical bonding
interface A. ,e shear stress direction at each point on the
surface was the positive direction of z-axis, with the mag-
nitude increasing from top to bottom.

As LA � LB, the vertical bonding interface A and vertical
bonding interface B were symmetrical in stress conditions
and had the same dimensions; therefore, the vertical
bonding interface B was not analyzed.

As per Figure 6(a), along the z-axis direction, the center
and edge areas of horizontal bonding interface were both
subjected to tensile stresses. Four corners of the horizontal
bonding interface were subjected to higher tensile stresses
and there was a circle of compression-stressed areas between
the two tensile-stressed areas. Figure 6(b) shows that, along
the x-axis, the stress on horizontal bonding interface was
shear stress: the left half reflects the shear stress along the
negative x-axis, while the right half reflects the shear stress
along the positive x-axis. ,e two shear stresses acted on the
horizontal bonding interface together. Figure 6(c) demon-
strates that the stress along the y-axis of horizontal bonding
interface was shear stress and the upper half was the shear
stress along the positive direction of the y-axis, while the
lower half was the shear stress along the negative direction of
the y-axis. ,e two shear stresses acted together on the
horizontal bonding interface. ,erefore, when the temper-
ature dropped sharply, the vertical and horizontal bonding

interfaces ofMPC concrete were simultaneously subjected to
the combined action of tensile stress and shear stress along
different directions.

For maximum principal stress on the bonding interface
of MPC concrete as the repair material with different coarse
aggregates, the results under different ambient temperatures
were calculated (see Figure 7). ,e positive values denote
tensile stress, while negative values denote compressive
stress.

As shown in Figure 7, after the hydration of MPC as
repair concrete was completed, the set ambient temperature
was 20°C. Hence, irrespective of which coarse aggregate was
used to prepare the MPC concrete, the interfacial stresses
were all 0 at 20°C. When the ambient temperature dropped
sharply, the concrete shrank. Accordingly, stress occurred
on each bonding interface because different coarse aggre-
gates have different linear expansion coefficients. At this
time, the stress was induced on the bonding interface be-
tween the old concrete and the MPC concrete prepared with
different coarse aggregates. When the expansion coefficient
of the coarse aggregate of old concrete was greater than that
of the MPC concrete, that is, when limestone was used as the
coarse aggregate of repairing concrete, the maximum
principal stress at the intersection angle of the three bonding
interfaces was the compressive stress and the compressive
stress increases with the decrease in temperature. When the

Table 1: Linear expansion coefficient of different coarse aggregates.

Coarse aggregate Limestone Basalt Granite Conglomerate Sandstone Quartzite
A (10−5/°C) 0.68 0.86 0.95 1.08 1.17 1.19

Figure 3: Schematic diagram of positions of bonding interfaces.

Figure 4: Cloud chart of maximum principal stress on three bonding interfaces.
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expansion coefficient of the coarse aggregate of old concrete
was less than that of the MPC concrete, the maximum
principal stress at the intersection of the three bonding
interfaces was the tensile stress, which increases with the

decrease in temperature. As per the calculation results, when
the coarse aggregate of old pavement concrete was basalt, the
influencing sequence of coarse aggregate in MPC concrete
on the bonding interface from best to worst was as follows:

(a) (b) (c)

Figure 6: Cloud chart of stress on horizontal bonding interface. (a) Normal stress along z-axis (σz). (b) Shear stress along x-axis (τzx).
(c) Shear stress along y-axis (τzy).

(a) (b) (c)

Figure 5: Cloud chart of stress on vertical bonding interface A. (a) Normal stress along x-axis (σx). (b) Shear stress along y-axis (τxy).
(c) Shear stress along z-axis (τxz).
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basalt> limestone> granite> conglomerate> sandstone
> quartzite.

5. Conclusions

Herein, MPC repair materials with different coarse aggregates
were prepared, which can be used in the rapid-repair project of
airport pavement. After the repair was completed andwhen the
hydration reaction entered a stable stage, the effect of sudden
temperature drop on the stress distribution of each bonding
interface was investigated. ,e conclusions are as follows:

(1) When the repair material was different from the
coarse aggregates of old concrete, the sudden tem-
perature drop causes a temperature stress on the
repaired bonding interface. ,e magnitude of the
temperature stress corresponds to the magnitude of
temperature drop and the type of coarse aggregates.

(2) As the ambient temperature drops, the stress of the
repaired bonding interface is symmetrically dis-
tributed and the maximum principal stress of each
bonding interface was located at the intersection
angle of the three bonding interfaces.

(3) When the linear expansion coefficient of the old
concrete coarse aggregate was greater than that of the
MPC as repair concrete, the maximum principal
stress was located at the intersection angle of the three
bonding interfaces. ,is stress is the compressive
stress and its magnitude increases with the decrease in
temperature. When the expansion coefficient of the
coarse aggregate in old concrete was smaller than that
in the MPC as repair concrete, the maximum prin-
cipal stress was located at the intersection angle of the
three bonding interfaces. ,e maximum principal
stress is tensile stress and its magnitude increases with
the decrease in temperature.

(4) When the coarse aggregate of the old concrete
pavement was basalt, the influencing sequence of
coarse aggregate of MPC concrete as repair concrete
on the bonding interface from best to worst was as
follows: basalt> limestone> granite> conglomerate>
sandstone>quartz rock.

,erefore, in the repair project, as much as possible,
coarse aggregate inMPC concrete should be selected as close
to that in the old concrete. In the absence of consistent
coarse aggregates, the one with less stress under temperature
drop should be selected for the preparation of repair con-
crete and the bonding strength of repair concrete should be
higher than the maximum shear stress on the horizontal
bonding interface and the maximum tensile stress on the
vertical bonding interface. ,e above requirements for
material and strength can ensure that the repair material
would not crack under temperature drop.
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