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Abstract: This study investigates the risk of early-age
cracking in cemented sand gravel by modeling it as a
two-phase material (aggregate and mortar) from a meso-
scopic perspective. A mathematical model incorporating
mesoscopic components was developed to simulate the
temperature stress field under different heat dissipation
conditions. Key findings include: (1) Early-age heat release
occurs primarily in the mortar, leading to uneven tempera-
ture distribution (low in aggregate, high in mortar), which
becomes uniform as hydration ends. Stress concentration
is observed at aggregate–mortar interfaces. (2) Mesoscopic
component consideration reveals local stress concentration,
unlike models ignoring meso-components. (3) External heat
dissipation conditions significantly affect temperature effects.
Under adiabatic conditions, larger deformations occur at
mortar–aggregate intersections and increase over time. In
heat dissipation states, deformation is higher at boundaries,
unevenly distributed, and decreases over time. This research
highlights the importance of mesoscopic considerations in
understanding and mitigating early-age cracking risks in
cemented sand gravel.

Keywords: cemented gravel, thermodynamic properties,
stochastic aggregate modeling, temperature response, finite
element calculation

1 Introduction

Cemented sand and gravel (CSG) [1–5] uses less cementi-
tious materials, unscreened aggregates, and small hydra-
tion reaction compared to ordinary concrete, so the on-site
temperature control measures are not as strict as those for
concrete dams. However, its ability to resist deformation is
poor. With the progress of hydration reaction, more and
more heat is accumulated inside the structure, resulting in
an internal thermal expansion effect. Under the constraint
of boundary conditions, temperature stress is formed. It is
precisely because of the heterogeneity, nonlinearity, and
anisotropy of CSG. Therefore, the temperature gradient is
different everywhere in the structure, and the temperature
stress is also different. The dam body produces tempera-
ture cracks on the surface or inside, which will reduce its
durability. Therefore, it is important to explore the devel-
opment law of temperature stress inside the structure, so
that it is within the controllable range, to prevent the gen-
eration and development of temperature cracks [6,7] in the
early-age cemented gravel dam structure, and to prolong
the service life of the dam structure.

There are few existing studies on temperature stress
and temperature control of cemented gravel dams, Wu et al.
[8], combined with Shoukoubu cemented gravel dam test
data, numerically simulated the temperature stress change
rule of the dam body under different working conditions.
Liu et al. [9] analyzed the temperature stress field of the
Shoukoubu cemented gravel dam. Liu [10] studied the tem-
perature stress field of a rubberized gravel dam.Wu et al. [11]
used a three-dimensional finite-element simulation method
to analyze the temperature stress of a 100-m dam. Xu [12]
investigated the effects of factors such as air temperature,
dam height, and pouring interval on the temperature stress
of cemented gravel dams. Fu [13] performed a numerical
simulation of the temperature stress field for the Shoukoubao
cemented gravel dam and found that there was a significant
temperature effect on the dam during the construction
period. Zhao and He [14] proposed a temperature field calcu-
lation method applicable to cemented gravel materials by
considering the thermal–mechanical properties and seepage
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characteristics of cemented gravel materials. Cai et al. [15]
investigated the creep temperature stresses of different adhe-
sive columns. Chen and Zheng [16] studied the structural
damage of cemented gravel materials under the conditions
of freezing and thawing based on the freeze and thawing
damage law. Jiang et al. [17] conducted an adiabatic tempera-
ture rise test. Numerical simulation is essential for capturing
themesoscale thermal–mechanical behavior of CSG, as demon-
strated by advanced approaches like CT-image-driven mod-
eling [18,19], which validate the critical role of a mesostructure
in heterogeneous material analysis.

In this article, the temperature effect of early-age CSG
is studied. From a mesoscopic perspective, it is regarded as
a two-phase material of aggregate and mortar. A random
aggregate model is constructed, and the mesoscopic para-
meters are inverted through laboratory tests. The tempera-
ture stress field under different heat dissipation conditions
considering and not considering the mesoscopic compo-
nents is compared and analyzed. It is found that the heat
release of early-age mortar leads to the temperature dif-
ference between aggregate and mortar, and the interface is
prone to stress concentration, and the mesoscopic model
will show local stress concentration. Different heat dissipa-
tion conditions will make the temperature stress distribu-
tion and deformation law different. The research provides
a theoretical basis for the early crack control of CSG dams.

2 Numerical simulation methods

2.1 Stochastic aggregate modeling for
cemented gravels

CSG is made of naturally graded sand and gravel material
or excavated abandoned riverbed sand and gravel mate-
rial. In principle, it is not screened. According to Feng et al.
[20], the study shows that the sand layer and gravel layer
are alternately distributed, and the grading distribution is
uneven. Figure 1 shows the 12 groups of sand and gravel
material gradation and fuller gradation curve in the pro-
ject site.

Based on the aggregate characteristics of CSG, three-
dimensional aggregate is randomly generated to determine
the distribution of aggregate according to the three-dimen-
sional grading curve of CSG in the field. The plane is ran-
domly intercepted in the three-dimensional model, and the
total area of aggregate in each particle size interval is cal-
culated on the plane, so as to obtain the cumulative dis-
tribution function of the two-dimensional aggregate mass

and ultimately generate the number of two-dimensional
aggregate particles to meet the specific grading. The spe-
cific process is shown in Figure 2.

The number of aggregates in each particle size interval
was then calculated by
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cemented gravel.
The morphology and distribution of the coarse aggre-

gate of the cemented gravel specimen have randomness,
and random variables are needed in the finite-element
analysis. The Monte Carlo method is used to set up the
random variables for the coarse aggregate placement.
The common forms of distribution of the random variables
are uniform, logarithmic, and normal, etc., among which
the most basic form of distribution is the uniform distribu-
tion, which assumes that there is a set of uniform, inde-
pendent random variables distributed in the interval [0, 1].
The probability density function of X can be expressed as
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A subsample sequence [Xn] is generated by randomly
drawing from the random variable X. In this article, by gener-
ating the aggregate random circle and the bond belt boundary
random circle, dividing the quadrants within the inner and
outer circles, determining the number of corner points in

Figure 1: Gravel gradation and Fuller gradation curve.
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each quadrant, generating the coordinates of the corner points,
andfinally connecting the corner points to generate the polygon
[21,22].

2.2 Inverse analysis of fine-scale parameters

Because the fine material parameters are difficult to mea-
sure directly by indoor tests, these parameters are obtained

by inverting the indoor adiabatic temperature rise test. The
test uses a Φ400 × 400mm three-dimensional cylinder of
CSG, and the aggregate is a secondary distribution. In this
article, the design of the mix ratio of the adiabatic tempera-
ture rise test of CSG is based on the mix ratio of the CSG dam
of the Shanxi Shoukoubao Reservoir. The water–binder ratio
of the adiabatic temperature rise test is 1.58, the sand ratio is
0.418, the cement is 50 kg/m3, the fly ash is 40 kg/m3, the
coarse aggregate is 1,233 kg/m3, and the medium coarse
sand is 885 kg/m3 records the temperature change curve after
pouring. On this basis, numerical simulation of the above test
was carried out, and its fine view parameters were obtained

Figure 2: Method for determining the mass cumulative distribution function of two-dimensional aggregates of any gradation.

Table 1: Adiabatic temperature rise test results

Mold temperature (°C) Appreciation

0.5 day 1 day 2 day 3 day 4 day 7 day Supreme
(°C) (°C) (°C) (°C) (°C) (°C) (°C)

32.25 5.59 9.78 13.8 15.7 15.22 15.01 15.23

Figure 3: Random polygonal aggregate model of cementitious sand
gravel. Figure 4: Comparison of temperature change curves.
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by inversion. Because of more thermal parameters, this
article mainly focuses on the inversion of sensitive adiabatic
temperature rise and thermal conductivity coefficient, in
which the model of adiabatic temperature rise adopts the
composite exponential model [23–25].

The adiabatic temperature rise test uses a BY-ATC/B-type
concrete thermophysical parameter tester to track and mea-
sure the temperature change of the cemented gravel spe-
cimen for 7 day, and the test results are shown in Table 1.

From the results, it can be seen that with the hydration
reaction, the temperature rises gradually and stabilizes
after 3 day and reaches the maximum adiabatic tempera-
ture rise at about 4 day, which is 15.23°C; the maximum
adiabatic temperature rise rate occurs at about 6 h, and the
maximum adiabatic temperature rise rate value is about
0.35 (°C/h).

In order to solve the problems of a cumbersome tradi-
tional inversion process and unclear modeling of a math-
ematical relationship between parameters of CSG, the
inversion of fine parameters was carried out according
to the response surface method of the previous group

[26]. A two-dimensional random aggregate model of Φ400
× 400mm is established as shown in Figure 3.

The adiabatic temperature rise test data are brought
into the response surface model as the inversion target,
requiring more than 97% guarantee rate, and the basic
parameters are brought into the response surface software
to solve the temperature field regression equation. The
inversion results are shown in Table 2.

The adiabatic temperature rise for the macroscopic
cemented gravel specimen is 15.23-(1-exp(−0.0208-τ1.2356))°C
and for the mortar is 32.55-(1-exp(−0.0208-τ1.2356))°C.

The inversion fine view parameters were brought into
the finite-element model for solving to obtain its tempera-
ture ephemeral curve and compared with the indoor test
results as shown in Figure 4.

The similar temperature rise trends and close agree-
ment between simulation and experimental results indi-
cate that the numerical analysis of the temperature field
for cemented sand and gravel is highly reliable.

To further calculate the thermal stress response, the
following fine-scale mechanical parameters shown in

Table 2: Table of thermal parameters

Individual parts making up a
compound

Thermal conductivity
[kJ/(m h °C)]

Thermal conductivity
[kJ/(m h °C)]

Specific heat capacity
[kJ/ (kg °C)]

Mortar (building) 2.06 15.00 0.00
Aggregate 9.90 0.20 0.00

Table 3: Parameter description

Sports event Coarse aggregate Mortar (building) Cohesive sandstone

Coefficient of linear expansion (1/°C) 8.45 15.00 8.49
Poisson’s ratio 0.16 0.20 0.16

Table 4: Calculate the working conditions and their boundary conditions

Condition no. Stress field boundary
conditions

Temperature field boundary
conditions

Note

1 Bottom full constraint Insulation all around Model validation, comparison with indoor adiabatic
temperature rise test results

2 Peripheral heat dissipation Comparison of working conditions 1
3 Two sides insulated, two sides heat

dissipation
Consideration of fine-grained components

4 Two sides insulated, two sides heat
dissipation

Comparison of Case 3 without consideration of fine-
grained components
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Table 3 were used with reference to the relevant litera-
ture [27,28].

3 Thermal stress analysis of
cemented gravel considering
fine-scale components

3.1 Computational conditions and boundary
conditions

In order to explore the distribution and trend of tempera-
ture and stress field inside the cemented gravel specimen,
the following four working conditions are set as shown in
Table 4. Under different working conditions, there are dif-
ferences in the internal temperature stress field of CSG
specimens. In order to explore the distribution and change
trend of the internal temperature stress field of CSG speci-
mens and to accurately describe the law, numerical simu-
lation studies were carried out under four working condi-
tions. Among them, working conditions 1 and 2 were
compared, working conditions 3 and 4 were compared,
working conditions 1, 2, and 3, the microscopic compo-
nents—such as the distinct phases of mortar and aggre-
gate—were included in the simulation. Only the mortar
was assumed to release heat, while the aggregate did not.
In contrast, working condition 4 did not consider micro-
scopic components; the specimen was treated as a homo-
geneous material, and all elements were assumed to
release heat uniformly.

The temperature field is calculated with an initial
pouring temperature of 32.25°C. Case 1 is a verification of
the adiabatic temperature rise test, with adiabatic heat all
around; Case 2 is a state of full heat dissipation all around,
with the third type of boundary conditions; and Cases 3
and 4 are the states of adiabatic heat on the left side and
the bottom and heat dissipation on the right side and on
the top, with the heat dissipation surface exchanging heat
with the external medium. The external ambient tempera-
ture is 25°C.

The stress field is analyzed with the model fully con-
strained at the bottom, and the other faces are free.

The selection of temporal sampling points for tempera-
ture field visualization was carefully optimized according
to the distinct thermal evolution characteristics of each
working condition. For the adiabatic case (Case 1), six
representative time points were systematically selected to
comprehensively capture the complete thermal transition
process, given its relatively gradual temperature variation.

In contrast, for the heat dissipation cases (Cases 2–4), the
analysis focused on key temporal nodes that most effec-
tively characterize the thermal behavior.

3.2 Analysis of temperature field results

3.2.1 Case 1 (adiabatic temperature rise test
verification case)

The simulated specimen tends to an isothermal state.

3.2.2 Working condition 2

From Figure 6, comparing the trend of temperature field
distribution of Cases 1 and 2 at the same moment, it can
be found that the temperature is higher at the same
moment in Case 1, the temperature difference is smaller,
and the distribution of high-temperature region is dif-
ferent, which is due to adiabatic condition 1, the heat
released by the high-temperature mortar is transferred
to the low-temperature aggregate, and eventually the
internal temperature of the specimen is getting higher
and higher, and is maintained at a certain value, while
Case 2 is in the state of full dissipation of heat, and heat is
exchanged at the boundary, and the temperature is
changing more quickly. As time proceeds, the internal
temperature of the specimen tends to approach the
ambient temperature.

3.2.3 Working condition 3

On the adiabatic surface, the heat released by mortar accu-
mulates and causes a temperature rise, whereas on the
heat dissipation surface, although the mortar also releases
heat, it is quickly lost to the environment. As hydration
progresses and the amount of reactive cementitious mate-
rial decreases, the temperature distribution gradually
becomes more uniform and the temperature difference
diminishes.

3.2.4 Working condition 4

The comparison of conditions 3 and 4 in Figure 8 shows
that the temperature distributions of the two models are
not exactly the same, the temperature distribution of the
fine model is more drastic, and the temperature difference

Early age temperature effect of cemented sand and gravel based on random aggregate model  5



is larger, which is due to the different material properties
of mortar and aggregate, while the temperature distribu-
tion of the macroscopic model is relatively moderate, and
the macroscopic model considers the cemented gravel as a

homogeneous material and pays more attention to the
study on the effect of the exotherm of the hydration of
the cemented gravel and heat dissipation of the surface
of the cemented gravel in contact with the air on the

Figure 5: Cloud picture of temperature distribution changes.
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distribution of the temperature field of cemented gravel. It
focuses more on the effects of exothermic hydration of
cemented gravel and heat dissipation from the surface of
cemented gravel in contact with air on the distribution of
the temperature field of cemented gravel.

3.3 Analysis of stress results

Based on the temperature field results, stress field calcula-
tions are performed as shown in Figures 3–7, 3–8, 3–9
and 3–10.

Figure 6: Cloud picture of temperature distribution changes.

Figure 7: Cloud picture of temperature distribution changes.
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3.3.1 Working condition 1

Observing the change of the first principal stress at each
moment in Figure 9, it can be seen that the first principal
stress of the simulated specimen decreases with time, in
which the maximum value of the first principal stress at 1 h
is about 0.157 MPa, and the tensile strength at early age is
lower, and there is a risk of cracking. The other specimen

tensile stress is mainly concentrated in the intersection
surface of mortar and aggregate, which is due to the heat
released by mortar hydration to the aggregate; there is a
temperature difference between the two, but also due to
the different moduli of elasticity of the two.

3.3.2 Working condition 2

Comparing the first principal stress of condition 2 and con-
dition 1 in Figure 10, it is found that the maximum first
principal stress of condition 2 is greater than that of con-
dition 1 at the same time. This is due to the heat dissipation
around the CSG in condition 2, the temperature changes
rapidly, the temperature difference is large, and the stress
is large.

3.3.3 Working condition 3

Observing the simulation specimen's first principal stress
distribution at each moment in Figure 11, it can be seen
that 1 h hydration at the beginning of the adiabatic surface
causes the temperature to gradually increase and the tem-
perature change is faster, resulting in a larger first prin-
cipal stress. The maximum first principal stress is about
0.215 MPa. It can also be seen that 60 h hydration exotherm
is basically over, the simulation specimen temperature gra-
dually tends to the ambient temperature, and the tempera-
ture difference change is small. The maximum first prin-
cipal stress is about 0.0155 MPa.

3.3.4 Working condition 4

As shown in Figure 12, compared with working condition 4
and working condition 3, the first principal stress of working
condition 4 is small, mainly distributed at the boundary of the
heat dissipation surface, while the maximum first principal
stress in working condition 3 is concentrated on the intersec-
tion surface of mortar and aggregate. The reason is that in
working condition 4, the CSG are regarded as homogeneous
materials, and the heat is transferred to the heat dissipation
surface. The gradient here is large, and the stress is large.
However, in working condition 3, the mortar is exothermic,
and the aggregate is not exothermic. There is a temperature
difference between the two. Due to the random distribution
of aggregate, the stress distribution shows the characteristics
of concentration and dispersion. In addition, as the weak
link of stress, the interface is easier to crack, which is the
focus of future attention.Figure 8: Cloud picture of temperature distribution changes.
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4 Conclusion

In this article, according to the characteristics of CSG aggre-
gate, the random polygon aggregate model is established

by using ANSYS finite-element software. According to the
test results of CSG, the meso parameters are inverted, and
the temperature stress variation law of CSG considering
meso parameters and not considering meso parameters

Figure 9: Cloud picture of the first principal stress change.
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under different working conditions is studied. The fol-
lowing conclusions are obtained:
(1) Under different boundary conditions, the temperature

field distribution of CSG is different. In the case of
considering the meso-component, the temperature of
the CSG specimen in the adiabatic state gradually
increases with time. There is a certain temperature
difference between the mortar and the aggregate
inside the specimen, and it gradually tends to be iso-
thermal with time. The temperature of the CSG spe-
cimen in the heat dissipation state increases first and
then decreases with time and gradually maintains an
isothermal state with the ambient temperature. The
temperature gradient changes rapidly. The internal
temperature difference of the specimen is large at
the heat dissipation boundary, and the temperature

difference between the mortar and the aggregate is
not obvious.

(2) The magnitude of the first principal stress of CSG
changes with the change of temperature difference.
The greater the temperature difference, the greater
the first principal stress. If the CSG does not consider
the microscopic components, the first principal stress
increases first and then decreases with time under the
heat dissipation state, and the larger stress is concen-
trated at the boundary heat dissipation. If the meso-
components are considered, in the adiabatic state,
the first principal stress increases with time in
a wave-like manner, and the maximum stress is
mainly concentrated on the intersection surface of
mortar and aggregate. However, due to the random
distribution of aggregate, the maximum stress is

Figure 10: Cloud picture of the first principal stress change.
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dispersed. In the heat dissipation state, the first prin-
cipal stress increases with time and then decreases.
The stress distribution is uneven, and the maximum
stress is concentrated on the intersection surface of
mortar and aggregate.

In summary, considering the finite-element analysis
results of meso-components, stress concentration is more
likely to occur at the interface, and the risk of cracking is
increased due to the low strength of early-age CSG, which
provides a theoretical basis for crack control in engi-
neering practice.
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