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The physical and chemical properties of cement base material for road pavement will
undergo changes in high temperature environment, so improving the high temperature
resistance and fire resistance of cement base material is very important for reducing the
loss of road projects caused by high temperature. In actual engineering projects,
maintenance measures are often adopted to repair the damaged components so that the
roads could be used continuously, however, research on the thermal properties and fire
resistance of cement base components of road pavement is insufficient, therefore, in view

of this blank, this paper aims to study the thermal properties and fire resistance of road
cement base material based on finite element analysis. At first, this paper measured the
temperature inside the road cement base during the process of environmental thermal
fatigue, analyzed the law of the response of cement base to the temperature changes under
the action of relative humidity in the micro environment, and figured out the delay time of
such response and the changes of internal temperature gradient. Then, this paper selected
proper thermal parameters of road cement material and the stress-strain relationship under
compression or tension in high temperature environment, and used the software Python to
perform finite element analysis on the fire resistance of road cement base specimens. At
last, the corresponding experimental results were given and the validity of the constructed
model was verified.

1. INTRODUCTION

Good resistance to wear, frost, fire, and explosion is
necessary for cement base material used for the pavement of
roads, highways, airport runways and other projects [1-6],
however, under high temperature, road cement base material
is prone to temperature stress [7-11], for mortar, concrete,
grout, and other building materials that take cement as the
cementing material, their thermal expansion coefficients are
different, as the temperature changes, the different
deformations would result in temperature stress inside the
structure of road cement base, and when the stress
concentration reaches a certain value, the structure of road
cement base will crack, which is detrimental to the
construction quality of road structure [12-19]. Moreover,
under high temperature, the physical and chemical properties
of road cement base will undergo changes, such as mass
reduction, formation of holes and cracks, and the decline of
stress and durability performance [20-23]. Therefore,
improving the high temperature resistance and fire resistance
of road cement base material is very important for reducing the
economic loss of road projects caused by high temperature.

Under high temperature, the sealing integrity of cement
sheath in offshore oil wells will be seriously threatened, which
can lead to problems such as gas channeling, to provide more
experimental results, Zou et al. [24] prepared and analyzed
samples of a cement slurry sealing section of a typical offshore
high-temperature well, and evaluated the mechanical
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properties with a triaxial pressure servo instrument and a high-
temperature curing kettle; the researchers also tested the
density and the Poisson's ratio of the samples and plotted the
stress-strain curve to attain the elastic modulus and the
compressive strength. Gunjal and Kondraivendhan [25] used
calcined clay-limestone cement to prepare concrete, compared
it with concrete using ordinary portland cement of grade 53,
and tested its physical and chemical properties, the attained
results showed that, the compressive strength decreased after
the temperature rose to 200°C and significant losses occurred
after 400°C, then noticeable minute cracks started to appear on
the surface of the cube specimens. Duarte et al. [26]
experimented on the fire behaviour of GFRP-reinforced
concrete slab strips and performed numerical investigations.
The researchers tested the fire resistance of four concrete slab
strips reinforced with sand-coated GFRP bars in a four-point
bending configuration, the specimens were subjected to a
sustained service load and their bottom surface was exposed
to the ISO 834 fire curve. The tests were then complemented
with the development of 3D thermo-mechanical finite element
models of the slab strips to simulate the fire resistance tests.
The test results showed that specimens manufactured with a
higher concrete strength presented less extensive cracking,
reducing the localized heating of the reinforcement and
leading to a higher fire resistance. Ye et al. [27] built a robust
finite element model in ABAQUS to study the performance of
steel-concrete composite joints in post-earthquake fire
scenarios and verified the model using the results of previous
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experiments, then they carried out comprehensive numerical
analysis and identified the parameters affecting the post-
earthquake fire behavior of the steel-concrete composite joints.

According to the existing research findings, world field
scholars have made some comparisons of the cement base
material for road pavement at room temperature and high
temperature, however, due to the high cost and difficult
operation of open fire test of road cement base components
and the fact that the actual project usually takes repair
measures to repair the damaged components, and this can also
realize uninterrupted use of roads, so the analysis of the
thermal properties and fire resistance of road cement base
components is insufficient. Therefore, in view of this blank,
this paper studied the thermal properties and fire resistance of
cement base material for road pavement based on finite
element analysis. In the second chapter, the internal
temperature of road cement base during the process of
environmental thermal fatigue was measured, the law of the
response of cement base material to temperature changes
under the action of relative humidity in the micro environment
was analyzed, and the delay time of such response and the
changes of internal temperature gradient were figured out. In
the third chapter, this paper selected proper thermal parameters
of road cement material and the stress-strain relationship under
compression or tension in high temperature environment, and
used Python to perform finite element analysis on the fire
resistance of road cement base specimens. At last, the
corresponding experimental results were given and the validity
of the constructed model was verified.

2. RESPONSE OF THE INTERNAL TEMPERATURE
OF ROAD CEMENT BASE TO AMBIENT
TEMPERATURE

To reveal the evolution mechanism of the performance of
road cement base under high ambient temperature, in this
paper, the difference between the ambient temperature and the
internal temperature of road cement base, as well as the
relative humidity of the micro environment were changed to
explore the law of changes of the internal temperature
response of road cement base. At first, the temperature inside
the road cement base during the process of environmental
thermal fatigue was measure; then, the law of such response
under the action of relative humidity in the micro environment
was analyzed to attain the delay time of the response and the
changes of internal temperature gradient.

To study the internal temperature response of road cement
base, this paper adopted the one-dimensional heat conduction
temperature solution to analyze the changes of the internal
temperature gradient of road cement base material. Assuming:
w(a, p) represents the excess temperature of a certain position
of the road cement base at a certain time moment; wo
represents the excess temperature of the initial time moment;
oo represents the initial internal temperature of the road cement
base; o, represents the ambient temperature, there is wo=00-0p;
ym represents the root of the transcendental equation
tan(ymé)=Yilym, ymé represents the function of a dimensionless
number Y;, Y;represents the Biot number and it satisfies Yi=f&/u;
xp/E is also a dimensionless number, a/¢ represents the
dimensionless coordinates; let Fourier number Gy be equal to
xp/&, then the following formula gives the temperature
solution of the one-dimensional transient heat conduction
problem:
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When the Fourier number Gy is greater than 0.2, the above
formula converges faster. By comparing the results calculated
based the first term of the series and the complete series, it’s
found that the difference between the two calculation results
was very small, so the above formula can be simplified as
follows:
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By substituting w(a,p)=o(a,p)-0, and wo=00-0, into the
above formula, the temperature at any position of the road
cement base at any time moment could be calculated based on
the following formula:

o(a, ) = 0, +2(0p — 0,)p ~nd (52)
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By taking the derivative of a in the above formula, the
temperature gradient inside the road cement base could be
attained:

do(a, d)
da

. 6)2(*¢
— _2y1(00 _ Op)p 1) (fz)
a ] “4)
$

sin(raf) - cos (1) - (§)
i€ +sin(9)cos(y4)

By taking the second derivative of @ in the above formula,
we have:
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The development law of the internal temperature rise rate of
road cement base can be explained by the position at which the
maximum value of 6%0%*0a* appears, according to above
formula, at the initial moment, the value of 6%0*/6a* was the
largest, then, with the increase of the duration of high ambient
temperature, this value decreased, so it can be inferred that the
main cause of the changes in the internal temperature rise of
the road cement base is the changes of the temperature
gradient. At the same time, the greater the value of 0¢-0,, the
faster the internal temperature rise of the road cement base.

3. FINITE ELEMENT ANALYSIS OF THE FIRE
RESISTANCE OF ROAD CEMENT BASE

The heat transfer caused by high ambient temperature will



lead to an uneven temperature field in the section of road
cement base components, resulting in changes in the strength
and deformation of the road cement base material. In order to
get the distribution law of temperature field on the section of
road cement base material and the changes of the deformation
of the road cement base, it’s a necessary work to sort out and
analyze the test results of road cement base components
obtained by previous researchers, and figure out the thermal
parameters of the road cement base material and the
mechanical parameters of the ambient temperature, so as to lay
a good foundation for the construction of the finite element
model of the road cement base components. Besides, another
more important thing is to figure out the stress-strain
relationship of the road cement base under tension in high
temperature environment. Figure 1 gives the flow of the finite
element model.

Subdivide into several 1mm? units and select
reasonable thermal parameters of the road
cement base material

v

Build geometric model and layer the
temperature field of the model in the gradient
direction

!

Iterative calculation

Y

Pre-process

Define the boundary conditions and plot the

Solve . .
temperature curve of the specimen section

v

Post-process >

Plot the moment-curvature curve of

thermodynamic coupling

Figure 1. Flow of the finite element model

To select proper thermal parameters of road cement base
material and stress-strain relationship under compression or
tension in high temperature environment, the software Python
was adopted to perform finite element analysis on the fire
resistance of specimens of road cement base. In this paper, 0.1s
was defined as the time step, within each time step, the created
scenario of high temperature environment, the heat transfer
and stress on the section of the road cement base specimens
under fire were analyzed.

At first, the created high temperature environment scenario
was analyzed. Key step of the research on the fire resistance
of road cement base specimens was the selection of the
temperature-time curve of road cement base material. The
commonly-used /SO 834 temperature rise curve is given by
the following formula:

0=0,+345lg(80+1) (6)

Assuming: Op represents the initial ambient temperature, O
represents the ambient temperature after time duration o, o
represents the duration of fire, then the commonly-used ASTM
E119 temperature rise curve is given by the following formula:

0 = 0, + 750 [1 —exp (—3.79553,/0/60)]
+180.41,/0/60

Under current standards, although the above two
temperature rise curves have been widely used in studies on
the fire resistance performance of road cement base specimens,

()
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however, they cannot accurately reflect the actual conditions
of flame combustion in high temperature environment, this is
because in an actual high temperature environment, the flame
will tend to extinguish in the later stage of combustion, and in
the stage of combustion intensity weakening, part of the
strength and rigidity inside the road cement base material will
restore, and the above two temperature rise curves cannot
describe the fire resistance of the specimens at this time.
Therefore, for this stage, the ISO 834 temperature rise curve
shown in the following formula was considered, assuming: Oy
and osrepresent the temperature and time at which the ambient
temperature begins to fall, then there are:

0, -10.417(0 -0, ),0, <30min
(6] . .
0= of—4.167(3—&))(0—of),30mm <0, <120min  (g)

0, -4.167(0—o0, )0, >120min
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Figure 2. The heat transfer process of road cement base
specimens in high temperature environment

Then, the heat transfer on the specimen section was
analyzed, that is, the temperature distribution on the specimen
section was calculated. The transfer of heat has three forms:
heat conduction, heat convection, and heat radiation. During
the fire resistance test, in the high temperature furnace, the
heat flux first reaches the outermost surface of the specimen,
and then exchanges heat with the specimen surface through
heat convection and heat radiation. Then, when the heat flux
reaches the inside of the specimen, it exchanges heat with the
inside of the specimen through heat conduction. Figure 2
shows the heat transfer process of road cement base specimens
in high temperature environment. Assuming: / represents the
coefficient of heat conduction, W represents the amount of
heat produced by per unit volume of the road cement base
specimen within per unit time, this paper constructed a Fourier
differential equation to describe the temperature gradient
distribution on the section of road cement base specimens
under the form of heat conduction:

o0
IVZO+W =od —
+ P )

For the convenience of calculation, it’s assumed that the
road cement base specimen itself does not produce inherent
heat, that is, W is equal to 0. The heat convection and heat
radiation processes of the heat exchange between heat flux and
the outermost surface of road cement base specimens can be
described by the following formula, assuming: m represents
the outer normal direction of the surface of the road cement
base specimen, f; represents the coefficient of heat convection,



O, represents the calculated flame temperature of the fire, O,
represents the surface temperature of the road cement base
specimen, p, represents the radiation coefficient of the surface
of the road cement base specimen, p, represents the radiation
coefficient of the flame, ¢ represents the Boltzmann constant,
then there is:

90
l% = fa(0, - 0,)

+ £pupy |(0g +273.14)"
— (0, + 273.15)4]

(10)

The road cement base specimens were subject to heat
transfer analysis based on the temperature calculated from the
temperature rise curves. At first, the section of specimens was
sub-divided into several 1mm? wunits, proper thermal
parameters of the road cement base material were selected, and
the constructed differential equation of heat transfer was
solved. Then, based on the solution of the equation, the
temperature curve of each section of the specimens could be
plotted.

At last, the mechanical performance of specimen section
under fire was analyzed to figure out the moment-curvature
relationship of the specimen section. By combining the section
temperature attained from the heat transfer analysis with the
stress-strain relationship of the road cement base material in
high temperature environment under compression and tension,
the said mechanical performance of specimen section could be
analyzed. High temperature environment can seriously affect
the mechanical properties of road cement base material.
Assuming: p; represents the total strain, pr represents the
mechanical strain, pr represents the temperature strain, the
following formula gives the strain relationship of the road
cement base material:

Protal = Pr T Pr (11

This paper adopted the plane section assumption for the
calculation of the mechanical performance of specimen
section under fire, the total strain of the specimen section was
determined by the area of the section of the specimen, and it’s
not affected by the temperature of the section. The temperature
strain affected by the temperature of specimen can be attained
by integrating the thermal expansion coefficient of the road
cement base material.

The shear force was ignored during the analysis, so when
the specimen was subject to stress and bent, the specimen
section still met the plane section assumption. Besides, the
analysis process also ignored the peeling of the road cement
base in high temperature environment. Assuming: &g
represents the stress of the road cement base, X represents the
area of the section, ¢, represents the distance from the center
of the i-th unit to the neutral axis of the specimen section, the
following formula gives the expression of the axial force and
moment balance conditions satisfied by the finite element
analysis of the road cement base specimen section:

M =j£edx ;;gdxij 12)

N :jla:dx zzxjsdcixu (13)
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The above equation needs to be solved based on iterative
program. That is, to determine a strain value and a curvature
at the center of specimen section, and then calculate its stress
value based on the stress-strain relationship of the road cement
base material in high temperature environment under
compression and tension. After that, using the iterative
program, the stress under different strain values was iteratively
calculated to attain the strain that meets the force balance
condition and the stress corresponding to this strain, based on
this attained strain and the above formula, we can easily
calculate the bending moment of the road cement base
specimen corresponding to the selected curvature.

After above steps were completed, the deflection of the
specimen was further calculated based on the plotted thermo-
mechanical coupling moment-curvature curve according to the
principle of virtual work. Assuming: oy represents the duration
of the fire, p, represents the strain caused by the real load, and
they satisfy e.=g(NV,M,o0n...); ¥ represents the curvature caused
by the real load and there is ¥=g(M,N,on...); g represents the
virtual force, ¥ is the bending moment of the specimen under
fire duration on, P=g(N) represents the curvature curve, the
following formula gives the expression of the virtual work
principle of specimens considering normal force and bending
moment:

g-u=| (M-p,+N-¥)Ha (14)

If the specimen M=0, then the above formula can be
simplified as:

g-u:IKN -Wda (15)

To solve the equation, the above formula needs to be
discretized, then there is:

g-u=> N;-¥(N,)-Aq (16)

Based on above formula, the deflection at any position of
the specimen at any time step can be calculated.

4. EXPERIMENTAL RESULTS AND ANALYSIS

Table 1 shows the experimental results of the internal
temperature rise rate of road cement base specimens.
According to the data in the table, the evolution laws of the
three specimens are basically consistent. Under the condition
of a same temperature difference, the internal temperature of
the specimens exhibited the largest rise rate during the early
stage; then it decreased gradually during the transition stage
and reached the smallest in the later stage. After that, this paper
compared the solutions of the temperature field of 9 measuring
points attained in this paper with their analytical solutions, and
the comparison results are given in Table 2, as can be seen in
the table, the differences between the attained solutions and
the analytical solutions are small, and the maximum error is
0.152, which has verified the validity and calculation accuracy
of the finite element analysis method proposed in this paper.

Based on the selection of different measuring points of
different specimens, the temperature-time curves of the
surface and inside of the specimens could be plotted to further
analyze the temperature evolution laws of different positions



on the section of the specimens. Figure 3 and Figure 4 show
the temperature-time curves of different specimens and the
temperature-time curves of different measuring points on a
same specimen.

Table 1. Experimental results of the internal temperature rise
rate of road cement base specimens

Specimen Rise rate Rise rate in Rise rate
Depth  inearly transition in later
No.
stage stage stage
30 1.43 0.416 0.025
1 60 1.25 0.037 0.037
90 0.96 0.283 0.060
30 241 0.192 0.025
2 60 1.74 0.286 0.026
90 1.33 0.235 0.045
30 1.82 0.140 0.018
3 60 1.51 0.195 0.032
90 1.16 0.243 0.053

Table 2. Comparison results of the attained solutions and
analytical solutions of different measuring points

. Attained Analytical Relative
Coordinates . .

solution solution error
(10, 10) 219.2732 219.2883 0.0069
(20, 20) 228.2126 228.2375 0.0109
(30, 30) 227.0881 227.1186 0.0134
(40, 40) 217.7284 217.7593 0.0141
(50, 50) 202.3442 202.3751 0.0152
(60, 60) 183.0671 183.0936 0.0144
(70, 70) 161.7645 161.7858 0.0131
(80, 80) 140.0083 140.0221 0.0099
(90, 90) 119.0771 119.0853 0.0069

As can be seen from the figure, the simulated curves shown
in Figures 3 and 4 are smooth because situations such as
cracking of the road cement base material had been ignored.
Due to the existence of a hot air transition layer, the ambient
temperature was always higher than the surface temperature of
the specimens, and the temperature difference between the two
gradually decreased as the high temperature continued. After
100min, the temperature curve of the measuring points on the
direct fire surface peaked, which was consistent with the
reference curve of criterion. The temperature curves of the
measuring points on the surface not facing the fire exhibited
as straight lines, and the slope of the straight line was the ratio
of the final temperature of the measuring point to the distance

Table 3. Results of standard thermal

from its position to the flame. Thus, the conclusion can be
drawn as that: the closer the measuring point to the flame, the
greater the temperature rise rate during the fire resistance
experiment of the specimens.
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Figure 3. Temperature-time curves of different specimens
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Figure 4. Temperature-time curves of different measuring
points on a same specimen

Then, this paper discussed the convergence problem of
finite element analysis. The discretization of specimens was
realized based on 4-node PLANE13 plane thermal coupling
units. The standardized stress of different measuring points
under different grid sizes and different layer numbers was
calculated, and the experimental results are shown in Table 3
and Table 4.

stress finite element analysis at point C

m 5 15 25 35 45  Reference solution
1 -0.02227  -0.22853 - - -
0.6 -0.03023  -0.23681 -0.24625 - - 025153
03 -0.03212 023882 -0.24816  -0.25253 - -
0.1 -0.03264 023936 -0.24875 025212 -0.25134

Table 4. Results of standard thermal

stress finite element analysis at point D

Layer number

Size 5 15 25 35 45 Reference solution
1 2.74365 2.09633 - - -
0.6 2.68532 2.05426 2.04852 - - 201937
0.3 2.67081 2.04371 2.03804 2.03654 - )
0.1 2.66673 2.04082 2.03509 2.03351 2.01642
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According to the table, with the decrease of grid size and
the increase of layer number, the thermal stress of measuring
points of the road cement base material gradually converged
to the reference solution of finite element analysis. The
increase of layer number can significantly improve the
convergence rate of the analytical model, so when building the
finite element analysis model, a reasonable number of layers
should be set.

Figure 5 and Figure 6 show the vertical displacement-time
curves of measuring points that are far from the flame. As can
be seen from the figures, for measuring points on different
positions of the specimen, during the temperature rise process,
the vertical displacement of measuring points far from the
flame changed in the same pace, the change rate was slow, and
the maximum displacement during the later stage of
temperature rise was still less than 50cm. For measuring points
that were closer to the flame, there were great differences in
their vertical displacement, the changes of some measuring
points were large and the change rate was fast, the shorter
distance decreased the area of the compression zone of the
road cement base material, and greatly increased the vertical
displacement.
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Figure 5. Vertical displacement - fire duration curves of
measuring points far away from the flame
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Figure 6. Vertical displacement - fire duration curves of
measuring points close to the flame

5. CONCLUSION

This paper analyzed the thermal performance of road
cement base material based on finite element analysis and
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verified its fire resistance. At first, the internal temperature of
the road cement base material during fatigue process in the
high temperature environment was measured, the law of the
response of cement base to temperature changes under the
action of relative humidity in the micro environment was
analyzed, the delay time of such response and the changes of
internal temperature gradient were studied. Then, the paper
selected proper thermal parameters of road cement base
material and stress-strain relationship under compression or
tension in high temperature environment, and performed finite
element analysis on the fire resistance of specimens of road
cement base in Python.

After that, experiments were performed to measure the
internal temperature rise rate of road cement base specimens,
the attained solutions and analytical solutions of the
temperature field at 9 measuring points were compared, the
validity and calculation accuracy of the finite element analysis
method proposed in this paper were verified. Moreover, this
paper gave the temperature-time curves of different specimens
and the temperature-time curves of different measuring points
on a same specimen, and drew the conclusion that the closer
the measuring point to the flame, the greater the temperature
rise rate during the fire resistance experiment. At last, the
standard stress of different measuring points under different
grid sizes and layer numbers was calculated, the vertical
displacement-fire duration curves of measuring points far from
the flame were plotted, and the corresponding analysis results
were given.
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