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Special environmental condition with strong wind and large diurnal temperature range is not conducive for the control of crack
development during the curing of mass concrete in the cold environment of Northwest China. In this study, the temperature at
four measured points along the vertical profile of a mass concrete was measured over 14 days. Then, a thermal-mechanical model
with the optimized initial condition, thermal parameters, boundary conditions, and the effects of rebar on temperature stress of
concrete was built. Based on the observations and numerical model, the effects of environmental factor on the peak
temperature, temperature fluctuation amplitude, and maximum temperature stress of the mass concrete are analyzed. The
result showed that increasing wind speed can reduce the temperature of the concrete, but an opposite result is observed with
increase in diurnal temperature range. Moreover, the more obvious diurnal variation of concrete temperature with the increase
in wind speed and diurnal temperature range is not conducive to the thermal stability of the structure, especially for horizontal
and side surfaces. Accordingly, increasing wind speed and diurnal temperature range will increase the peak temperature stress
of the concrete and the overall stress level. Strong wind and large diurnal temperature range significantly increase the
temperature stress and its duration for the side surface. The high temperature stress and intensive daily variation of
temperature stress at the horizontal surface affect the durability of the concrete material. Therefore, the temperature stresses of
the horizontal surface under wind speed levels 3, 4, 5, and 1.25 times large diurnal temperature range easily exceed the tensile
strength; then, the temperature crack will appear. Combined with the research results, the temperature control and crack
prevention measures are proposed under the condition of ensuring concrete strength. The study will further guide the
improvement and optimization of mass concrete construction in an extreme environment.

1. Introduction

Under the interaction between the hydration heat and envi-
ronment conditions, the cold shrinkage and thermal expan-
sion of concrete promote the generation of cracks and
seriously affect the structural durability of concrete [1, 2].
In particular, the mechanism of cement hydration is a very
complex and interdependent chemical and physical process

involved. Although the current state of knowledge on hydra-
tion is far from sufficient, there are generally accepted factors
that affect the process [3-8]. From a construction process
standpoint, environment variation is an important factor
to be considered for temperature control during the placing
and curing of mass concrete [2, 9, 10]. It is especially true for
construction projects in the region of large diurnal tempera-
ture range (LDTR) and strong wind.
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In the Northwest China, wind speed seriously affects
the surface humidity characteristics and plays an
important factor for the curing of mass concrete. The
drying-shrinkage cracks appear to increase when environ-
mental factors make the surface evaporation rate exceed
the concrete bleeding rate [11-13]. Moreover, the effects
of high air temperature, solar radiation, and low relative
humidity may be more pronounced with increases in wind
speed [14]. Field observations shows that the LDTR make
the temperature of concrete be high enough to induce a
substantial amount of evaporation in certain months as
well [10, 15]. In the current construction practice, the
humidity condition that allows the cement hydration
process to proceed normally and proper surface curing
measures, such as moisturizing curing method of plastic
film in an early age, can reduce the drying-shrinkage of
freshly placed concrete [10, 16, 17]. Moreover, the simple
and accurate shrinkage equivalent temperature difference
methods are adopted to consider the influence of drying-
shrinkage cracks in this paper [18, 19].

The temperature cracks caused by LDTR and strong
wind are a key problem for construction, even the different
curing during the day and night [9, 20]. The temperature
cracking due to thermal shrinkage is generally more severe
in spring and autumn, when the daily and seasonal temper-
ature differences are mostly obvious and the change of wind
speed is various. In particular for mass concrete structures, it
is a disadvantageous condition [14, 21]. The greater the tem-
perature gradient between the surface and the interior of
concrete caused by LDTR and strong wind, the greater the
temperature stress and the more cracks are [22]. Moreover,
according to Fourier’s law of thermal conduction, the time
rate of heat transfer through a material is proportional to
the negative temperature gradient and the area, at right
angles to that gradient, through which the heat flows [23].
Under LDTR and strong wind, the heat transfer process will
fluctuate widely to bring uncertainty on temperature control
for mass concrete during the concrete placing and curing.
Concrete exposed to rapid heating or cooling condition has
a lower tensile strain capacity and is more susceptible to
shrinking and cracking [1]. Therefore, in the whole process
of concrete placing and curing, it is necessary to study the
influence of short-term significant changes of LDTR and
wind environment on the potential temperature stress and
cracking in mass concrete.

Field temperature and stress testing are the most direct
measures to obtain temperature and stress in the process
of mass concrete curing, but its test cost is expensive,
and the test steps are complex, which is not suitable for
large-scale engineering applications [24, 25]. Numerical
models are used to predict temperature cracks in the
whole process of placing and curing which has been
proven to be efficient and reliable. However, in the previ-
ous study, the simulation results deviate greatly from the
measured results. The main reasons are that the difference
in initial conditions, thermal parameters, and boundary
characteristics was seriously ignored [2, 9, 26, 27]. As for
the prediction of temperature stress, the constraint effect
of rebars on temperature stress of concrete in the process
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of concrete hardening and the construction process,
including rebar assembling, placing, and curing, are also
important factors [28-30]. Therefore, it is necessary to
consider some key factors affecting concrete temperature
and temperature stress in the actual construction process.
It will be beneficial to optimize the model and achieve
the accuracy of guiding engineering construction.

In this study, taking a mass concrete project in a sea-
sonally frozen soil area in Northwest China as an example,
the concrete temperature and stress conditions under the
action of LDTR and strong wind are analyzed. Basic con-
crete temperature data were monitored on site. Then, a
thermal-mechanical model, combined with in situ observa-
tion data, was built to use the partial differential equations
(PDEs) from finite element software, COMSOL MULTI-
PHYSICS. The effects of the optimized initial condition,
thermal parameters, boundary conditions, and the rebar
effect on temperature stress of concrete were considered
in the model. Comparison of the measured concrete tem-
perature data and the simulated results was performed to
verify the feasibility of the model. Accordingly, the model
is used to discuss the temperature change process and
temperature stress level of mass concrete under the action
of different grades of wind speed and LDTR. The results
can provide reference for engineering.

2. Materials and Methods

The established model mainly considers the heat transfer
process caused by concrete hydration heat and the temper-
ature stress change process caused by temperature differ-
ence and drying shrinkage during concrete hardening.
Moreover, several important factors, such as optimized
initial condition, thermal parameters, boundary conditions,
and the constraint effect of rebars on temperature stress of
concrete, were also considered in the model. To facilitate
the construction of mass concrete in cold regions and
model optimization, we tested the temperature at different
monitored points of mass concrete in the research site in
the western end of Hexi Corridor; also, basic meteorolog-
ical data was monitored.

Assumptions in model: (1) mass concrete structures are
regarded as elastic materials; (2) consider the thermal con-
ductivity characteristics of the concrete built-in rebars, and
ignore its thermal expansion characteristics; (3) after the
concrete is poured, the internal relative humidity is kept sta-
ble under standard curing conditions; (4) the foundation soil
is continuous and isotropic; (5) ignore the influence of the
unevenness of the mass concrete temperature distribution
caused by the pouring sequence and time at the initial stage
of the hydration heat; and (6) the constraint conditions of
the same constraint surface are identical when calculating
the temperature stress.

2.1. Mathematical Model

2.1.1. Heat Transfer. A temperature gradient is produced
under the temperature difference between the concrete interior
and the environment and the local temperature difference in the
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concrete. For the temperature field, the heat exchange process
of the concrete is considered as follows [23, 31]:

oT
p+Cy 5 +V - (k- VT)= Q4 Qs 1)

where t is the time (s), p is the concrete density (kg m™), Tis the
concrete temperature ("C), Cp is the heat capacity of the rein-
forced concrete (k]kg'l"C'l), and k is the heat conductivity
(K msCh. Qeq Is the elastic damped heat (kJ), which is
ignored in the study. The factors that can affect the thermal
properties of the concrete include the amount and thermal
properties of the aggregate, temperature, and water content of
the concrete. They should be determined by using the weighted
average method [19].
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where C; (k] kg '°C™), k; (km?*s*°C?), and W, (kg) are the
heat capacity, heat conductivity, and weight of each ingredient
of the reinforced concrete, respectively, and W, is the gross
weight (kg).

The rate of hydration heat, Q, is the hydration heat gen-
erated by a unit volume of concrete in a unit time (W m”),
which continuously decreases with the hydration process
of the mass concrete [31, 32].

- WA
Coop dt’ (3)
Qt = Qc(l - eim.t))

Q

where W is the amount of cementing material of concrete.
Q, is the hydration heat with age (kJ), which can be esti-
mated from the hydration heat values after 7-day and 3-
day age [2, 33]. m is the hydration coefficient. The total
hydration heat of the cementitious material, Q. (kJ), was
considered under the effect of different cement admixtures.

2.1.2. Temperature Stress Change. The change in the con-
crete mechanic’s characteristics with time during the pro-
cess of hydration hardening is a key for influencing the
concrete performance. In the theory of concrete structure,
a simplified calculation model is proposed, which assumes
that the concrete aggregate is circular, does not deform,
and is uniformly distributed in the homogeneous elastic
cement [19]. The corresponding equation is as follows:

o*u

pSs =V (Ci (Ew) + 1, (4)

where u is the displacement of the concrete (m). C(E, y) is
the constitutive parameter tensor related to the elastic
modulus, y is Poisson’s ratio of concrete, and E is the
concrete elastic modulus (N m-2). f is the volume load

(Nm™), and &, is the concrete strain due to the temper-
ature change (m mY).

The elastic modulus of the cement is constantly chang-
ing during the hydration process [34, 35]. As the age
increases, the growth rate decreases, and the elastic modulus
tends to be constant after the final hydration process [36]. Its
change over time can be characterized by a negative expo-
nential function:

E(t) = BBy (1- "), (5)

where f3 is the correction coefficient of the concrete elastic
modulus with admixtures and = f3; - B,. E, is the concrete
elastic modulus after 28-day age under the standard curing
condition (Nm™), and ¢ is an empirical coefficient.

In the temperature change process of mass concrete
structure, the shrinkage and expansion will be limited [37],
resulting in the self-confining temperature stress and the
external confining temperature stress. Therefore, tempera-
ture stress is considered as

x AT, (t) x E(t) x K(t, T), (6)

N

oy(t) =
ox(t) = % X AT, (t) x E(t) x R(t) x K(£,7),  (7)

1
cosh (ﬁmﬁs’@ : L/z)

where a is the linear expansion coeflicient of the concrete
(°C"). AT, (t) is the temperature difference between the cen-
ter and the surface of concrete (°C), K(¢t,7) is the stress
relaxation coeflicient of the concrete, t is the stress-
generated time (s), and 7 is the stress-held time (s). AT,(¢)
is the comprehensive temperature difference reduction of
concrete. R(t) is a generalized constraint coefficient, where
Cy is the horizontal deformation stiffness of the external con-
straint (Nm™) [19, 33], H is the concrete structure thickness
(m), and L is the length of the concrete deposit (m).

AT(t), a shrinkage equivalent temperature difference, is
introduced to quantitatively study the concrete shrinkage
(°C) [18, 33]. The concrete dry shrinkage becomes equiva-
lent to the temperature shrinkage effect as the temperature
decreases. The temperature difference index mentioned
above is expressed as follows:

R(t)=1-

(8)

AT(t) = - 50~ 6_0'01:) <1424 .9

where Eﬁ is the final shrinkage deformation of the concrete

under the standard test condition (mm™). M; denotes the
correction coefficients of the concrete shrinkage value under
different conditions, which are listed in Table 1 [33].

To avoid the crack occurring under the temperature dif-
ference at the curing age of concrete, the concrete internal
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TaBLE 1: Correction coefficient.

Coeflicient M, M, M, M, M, Mg M, Mg M, M, My,

Value 1.0 1.13 0.98 1.66 1.09 0.70 0.65 0.61 1.30 0.87 1.01

and surface stresses should not exceed the standard value of
the tensile strength [38, 39]:

Jul®)

0,(t) < I
oxity< 4, (10)

fult)=fu(1-€7),

where f, (¢) is the standard value of the tensile strength var-
iation with age (Nm™), f,, is the standard value of tensile
strength (Nm™), y is an empirical coefficient, and K is the
safety factor of the crack resistance.

Due to the low reinforcement ratio of mass concrete, the
thermal elastic deformation is mainly controlled by concrete
[40]. The axial force of rebars was subjected to hydration
heat expansion constraint of concrete [41]:

ON; _f, (11)

i
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i
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Ni = Er ! <a_xl - Einel) > (12)
where A, p,, and E, are the cross-sectional area (m?), den-
sity (kg m>), and elastic modulus of the rebars (Nm?,
respectively. u;, N;, and f; are the displacement (m), axial
force (N), and body force (N m™) in the x, y, and z direc-
tions, respectively. &, is the inelastic strain (mm™).

2.1.3. Boundary Conditions. Based on Newton’s cooling law,
the normal heat flux at the boundary is related to the heat
transfer coefficient, 4, and the temperature difference of the
internal and external concrete [2, 19, 26, 31]:

—n-—kKVT =h(T o~ T), (13)

ext

where T, is the ambient temperature (°C), when the effect
of the wind speed, v (m s), is considered and the convective
heat transfer coefficient (Wm°C™'), h, is determined
according to the test [33]. Therefore,

h=5.46v +6. (14)

The heat release coefficient from the concrete surface to
thermal insulation medium is considered [19, 31]

1 h,
Ry=7— +ZX’ (15)
ext i 1

where Ry is the total thermal resistance of the insulation
layers (m*CW™), h,, is the heat transfer coefficient

between the outermost material of insulation layers and air
(Wm™?C™"), and h;, A; are the thickness (m) and thermal
conductivity of the insulation material (k] m’sCh),
respectively [19].

The boundary between the concrete structure and the
foundation is considered poor contact. The affected factors,
such as the air heat transfer coefficient and the radiant ther-
mal conductivity of the contact void, are required to be
considered [26, 31]. Moreover, there are two temperature
indicators, the temperature of concrete, T (°C), and the tem-
perature of foundation, T} (°C).

oT 1
o= —(T;=T), 16
5 Rc(f ) (16)
oT oT;

. — e . 17

ke or =k =1, (17)

where R is the contact thermal resistance, which can be
obtained from tests (m*CW™); k; is the heat conductivity
of foundation (kj m's™°C™). In this model, the boundary
can be considered a constant heat flux [42].

The contact between the rebars and the concrete inter-
face can be considered a good contact [19].

T=T, (18)

il LT 19
o " ot (19)
where T, and k, are the temperature (°C) and the heat con-
ductivity of rebars (kJ mlstCch, respectively.

2.2. Model Implementation. The hydration heat causes the
uneven distribution of temperature in mass concrete
through the heat transfer and boundary heat exchange
process, which will cause uneven expansion and temperature
stress in concrete. The partial differential equation (PDE)
model of COMSOL was used to solve the thermal-
mechanical model. The governing equations (1), (4), and
(11) are the key to building a numerical model. The relation-
ship between the heat transfer process and the temperature
stress change process is established by formulas (6)-(9)
and (11)-(12). The model of multiphysical field interaction
was built. In the whole process, the concrete and the rebar
are assumed to be elastic deformation, and the development
of mechanical parameters with the hydration process is con-
sidered. The PDE function of COMSOL is used to simulate
the thermal state of foundation soil as well.

2.3. Field Observations

2.3.1. Study Site. The observation site is located at 39°47'N and
98°17'E in the western end of Hexi Corridor (Figure 1(a)). The
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FiGure 1: Research location and environmental condition.

maximum wind speed at the natural site is 26ms’”, and
the annual average wind speed is approximately 2.3ms™.
Under the influence of the air pressure of Eurasia and
the terrain of Northwest China, strong wind weather is frequent
(Figure 1(b)). There is a long sunshine duration, strong solar
radiation, and maximum DTR that can reach above 23.4 °C,
as shown in Figure 1(c). Basic information of mass concrete is
shown in Table 2. The total pouring volume of the mass con-
crete is 1120.5m’, the pouring temperature is 25.6 °C, and the
pouring time is up to 2 days by using layered inclined plane.
According to the actual construction situation, the pouring date
is October when LDTR and the northwest wind are prevailing.

The surfaces of concrete were covered with a thin layer of plastic
film to decrease evaporation. Besides the plastic film covering, a
20 mm thick layer of cotton covered the top of mass concrete to
ensure thermal insulation under LDTR and strong wind
weather. In order to facilitate the subsequent construction pro-
cess, it was removed 3 days later. For the mass concrete struc-
ture, there were wooden formworks surrounding the four
sides to act as both support and thermal insulation.

2.3.2. Observation Conditions. The placement of temperature
sensors should be carried out after the process of built-in
rebar binding in concrete (Figure 2). Four different-depth
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TaBLE 2: Basic information of mass concrete.

Information Data Information Data
Concrete strength grade C40 Rebar type HRB400
Concrete mix ratio C:8:G:W=1:2.36:353:0.48 Water-binder ratio 0.38
Collapse degree 160 + 30 mm Reinforcement ratio 2.00%
§95 granulated blast furnace slag 10.21% Fly ash 18.14%
HP-AE high-performance water reducer (kg) 6.00 Cement variety P.O 42.5
Fineness of cement (m>kg™) 400.00 Slurry volume 34.1%
Rs of cotton material (K m? W'l) 0.32 Rs of wooden model (K m? W'l) 0.20

C is cement, S is sand, G is gravel, and W is water.

~ Surface layer

50mm

Upper—face layer

7501pm,

Mid-face layer

Lower-face layer

50mm

Height:
1500mm

(a) Schematic diagram of monitored point location

(b) The real picture of the monitored point

FIGURE 2: Measured points in concrete structure (unit: mm).

measured points are selected on the same vertical profile of
mass concrete. Three Pt1000 resistance temperature detector
sensors (RTDS) were installed at 5cm below the surface
(upper-face layer), in the middle (midface layer), and above
the bottom (lower-face layer), respectively. Apart from these
RDTS, two thermometers were installed on the surface (sur-
face layer) of concrete and in the air nearby to monitor the
surface temperature of mass concrete and air temperature.
Three Pt1000 and two thermometers have a range of
—20~100 “C and measured the temperature with a resolution
of 0.1 °C. During the monitoring, the Pt1000 sensors were
bound on the rebar and separated with insulation tape to
avoid direct contact with the rebar. Sensors were immersed
in fresh concrete. All probes were connected to a data collec-
tor with a cable. Each data collector can send data wirelessly
through an onboard 433 MHz transmitter module to the
data host in a safer place.

2.4. Model Verification. A comparison of the measured and
simulated results will be conducted to verify the accuracy
and feasibility of the simulated temperature field. The syner-

gistic effects between the hydration heat and the ambient
temperature on the temperature stress and thermal cracks
of the mass concrete are further researched. The simulation
parameters are provided from basic data of mass concrete at
the monitoring site and the standard for Construction of
Mass Concrete (GB50496-2018), and all the parameters used
in the solution of the numerical model are listed in Table 3.

The surfaces of mass concrete were covered with a thin
layer of plastic film, which can be used for moisturizing cur-
ing in the early period (0 to 3d). The curing materials of
20mm cotton are placed on the horizontal upper surface
of the concrete, and a wooden model at the side face. The
rebars are placed 100 mm below the surface of the concrete
(Figure 3). The boundary mainly includes the thermal
boundary and the displacement boundary. The thermal
insulation characteristics of the concrete surface cured mate-
rial are determined by the second type of formulas (13) and
(15). The contact boundary characteristics of mass concrete
and foundation satisty formulas (16) and (17). The bound-
ary conditions of concrete and built-in rebars are explained
by formulas (18) and (19). Except for the free boundary
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TABLE 3: Parameters were used in the solution of the theoretical
model.

Parameter Value range Value
p(kg m™) (2.44-2.50) x10° 2.44x10°
k(g m™* st °Ch 8.39-12.56 9.02
B,(—) 0.95-1.00 0.99
B(—) 1.00-1.01 1.00
o(—) — 9.00x1072
K(t, 1) 0.39-0.79 0.50
Cx(N m™) (1.00-1.50) x10° 1.50x10°
L(m) >1.00 3.00x10"
fa(N m™?) (1.78-2.64) x10° 2.39x10°
K(—) 1.00-1.15 1.15
E.(Nm?) (2.00-2.10) x10™ 2.00x10"
h;(m) — 2.00x1072
ke m™ s °C™) 5.75-7.91 7.34
k,(km's'Ch (1.29-2.08) x10? 1.60x10>
C,(kJ kg "C™) 0.92-1.00 0.97
W(kg) >3.30%x10° 3.44x10°
m(—) 0.29-1.89 1.28
Q.(K)) (1.52-6.76) x10° 3.72x10?
B,(—) 1.00-1.05 1.01
Ey(N m™) (2.80-3.45) x10"° 3.25x10"°
a’C?h) (0.60-1.30) x107° 1.00x107°
T,(C) 6.70-7.50 6.70
H(m) >1.00 1.50
52(_) (3.24-4.00) x10™* 3.24x10™
y(—) — 0.30
p,(kg m™) — 7.85x10°
A, (m?) (1.13-10.17) x10™* 8.04x10™
Ro(m*>°CW™) 0.13-0.18 0.17

feature on the upper surface, the mechanical boundary of the
mass concrete adopts the fixed boundary considering the
generalized constraint coefficient formula (8). At the annual
average geothermal depth, the temperature gradient is rela-
tively constant and the lower boundary of the foundation
model is 0.03 °Cm™" [43]. The initial temperature of the
rebars was 25.6 “C, which was the same as the concrete.
The temperature distribution along the depth of the founda-
tion soil under the mass concrete was simulated by consider-
ing the phase change between ice and water, heat
conduction, and heat transfer of water [44].

According to the shape and size of the research object
and the research emphasis, the mesh should be subdivided.
The linear rebars were refined into linear elements with a
length of 0.25m along the longitudinal direction. The con-
crete structure was subdivided into a mesh of 0.5m x 0.5m
x 0.5m. The grid of the foundation part is relatively moder-
ate, and the maximum mesh is 1.0m x 1.0m x 1.0 m. The
time step is a variable with the measured time. The initial
time step is 3h, and the maximum time step is 12h. The
mesh refinement and relative tolerance refinement are com-

plementary. To ensure convergence and get an accurate cal-
culating result, the allowable relative tolerance was 10>, The
COMSOL MULTIPHYSICS detection function was used to
obtain the maximum value in the calculation domain in real
time. Therefore, the data analysis in Sections 2.4 and 3 shows
the change in maximum values of temperature and stress on
the horizontal surface and side face in the study.

As shown in Figure 4, the results fit well through the com-
parison between the simulated and measured temperatures,
especially in deep positions (midface, lower-face layer). Due
to the difference in the interaction strength between hydration
heat and ambient temperature, the day-round amplitude of
simulated temperature gradually faded with the depth increas-
ing. The simulated value is slightly higher than the measured
one (Figure 4(a)), especially in the early days. During the
period of 3.5-8 d (day) after pouring, the simulated peak value
is close to the measured one, with a difference of 1.4 °C. For the
upper-face layer (Figure 4(b)), the measured peak temperature
is 49.6 °C, and the time to peak is 2 d. The simulated peak value
is 52.84 °C on 3 d. The time to measured peak is earlier than
that of the simulated value. The reason is that the hydration
heat loss of the transporting and pouring period was not
considered in the verification model. For the midface layer,
the fitting degree of temperature is higher than that of other
temperature measuring points (Figure 4(c)). The time to the
peak value of the hydration heat is close to the measured
one, which is 2.5d and 2.1d, respectively. At the lower-face
layer, the measured peak value is 52.80 °C on 4d, and the
simulated result reaches the peak of 52.92 “C on 4.5d
(Figure 4(d)). This is related to the temperature field and
thermal characteristics of the foundation soil. In the 0-3d
early period, the measured value is also 2-6 “C higher than
the simulation. It is owing to the heat storage in the bottom
of the mass concrete occurring earlier than that in the upper
part by the layered pouring in the actual condition. Overall,
the simulation errors were acceptable, and the calculated
results showed a good agreement with the measured data.

In the absence of measured results, the distribution and
variation of temperature stress are needed for making pre-
dictions. Figure 5 shows the cloud image of the temperature
stress distribution of mass concrete at different times. As the
weak position of curing (double-sided heat dissipation), the
corner of concrete is more vulnerable to environmental
changes. The temperature stress of the surface edge and cor-
ner significantly increases in 1-3d. The effect of curing
materials and the temperature stress at other locations on
the surface is small. As the concrete hooping effect, a phe-
nomenon in which the ultimate tensile strength of concrete
is significantly increased, inhibits the development of cracks
on the lower edge of the concrete side face, the stress is small
(Figure 6(a)). Briefly, the temperature stress of the horizon-
tal face is larger and changes more rapidly than that of the
side upper surface, and the temperature stress of the edge
of the horizontal surface is larger and increases more rapidly
than that of the surface center in the early period. Moreover,
with the removal of the horizontal surface thermal insulation
materials (3 days after pouring), the temperature stress of
the horizontal surface starts to change from the edge to the
interior and increases sharply. The change rule is similar to



Geofluids

Mass concrete block -

Wooden model

40

Cotton cur

Temperature (°C)

0 1 2 3 4 5 6 8 10 12 14
Time (days)
(a) Surface layer

80

Temperature (°C)

10 +

0 1 2 3 4 5 6 8 10 12 14
Time (days)

(c) Midface layer

— Horizontal layout rebars

- Side layout rebars

60

Temperature (°C)

10 +
O L L L L L L L L L L
0 1 2 3 4 5 6 8 10 12 14
Time (days)
(b) Upper-face layer

60
S
E
2
«©
g o
g‘ 20
s

10 +

0

0 1 2 3 4 5 6 8 10 12 14
Time (days)
e Measured value
— Numerical modeling

(d) Lower-face layer

FIGURE 4: Measured and simulated results of temperature.

the empirical conclusion of concrete surface cracking
summed up through a lot of engineering practice [2, 9, 19].
The maximum temperature stress change of different parts
of concrete is shown in Figure 6(a). The axial stress of the
upper rebars and lower rebars increases rapidly due to the
dual effect of the environment (thermal characteristics of
the foundation) and hydration heat (Figure 6(b)), while the
stress of side rebars increases slowly due to the insulation

and restraint of supporting materials. Therefore, it is feasible
through the above mechanism analysis to predict the change
of temperature stress in the period of curing.

2.5. Model Application. The good correlation between the
measurements and simulated results is verified by the above
numerical model. Based on the verification model, the
boundary parameters are modified to study the variation in
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the temperature and temperature stress in strong wind and
large diurnal temperature range (LDTR) environments.
According to the environmental condition of the study site,
five conditions of wind speed (0ms™, 2.5ms™, 5.4ms’,
79ms™, and 10.7ms™, ie., 0 and 2 to 5 level winds) were
used as the major wind speed conditions of the curing period
to simulate. The thermal boundary condition at the ground
surface used to study the LDTR case was calculated from
formulas (13) and (14). Based on the original ambient tem-
perature data of the curing period, the temperature and tem-
perature stress field variations are simulated and analyzed
when the diurnal temperature range is increased to 1.25
times LDTR (1.25 LDTR) and the DTR is decreased to

0.75 times LDTR (0.75 LDTR). The model parameters,
geometry, mesh, and initial boundary conditions are the
same as those of the verified model. Model establishment
and solution are also based on COMSOL.

3. Results and Discussion

Based on the numerical model described above, the effects of
each environmental factor (i.e., strong wind and large diur-
nal temperature range) on the peak temperature, tempera-
ture fluctuation amplitude, and maximum temperature
stress of the mass concrete are analyzed using the variable-
controlling approach.
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3.1. Strong Wind. Figure 7 shows the maximal temperature
variation at different positions of mass concrete. The con-
crete temperatures increase obviously during the early cur-
ing period (0 to 3 days after pouring) but then decrease
gradually. Figure 7(a) is the temperatures of the horizontal
surface under different wind speeds. According to formu-
las (13) and (14), the increased wind speed increases the
heat transfer coefficient of the concrete surface. It shows
that the peak temperature on 3.5d is 57.26 °C under the
wind condition of 0m/s. As the wind speed increases from
level 2 to 5, the peak temperatures decrease to 38.48 °C,
32,98 °C, 31.06 °C, and 29.68 °C, respectively, and all the
peak values occur at approximately 2.5d. Because of the
removal of curing materials 3d after pouring, the maximal
temperature fluctuation amplitudes are 2.03 °C, 4.92 °C,
5.93 °C, 5.96 °C, and 6.45 °C, respectively. For the concrete
center, where the effect of hydration heat is stronger than
that of strong wind, the peak temperature is 72.68 °C on
6.5d under 0 m/s wind speed condition. On approximately
3.5d, it decreases to 60.96 "C under wind level 2. The
peaks decrease to 59.29 °C, 58.81 °C, and 58.47 °C under
the conditions of wind levels 3, 4, and 5, respectively,
and the time to peak is all 3d (Figure 7(b)). Thus, there
is no noticeable temperature fluctuation during the curing
period. Regarding the side face (Figure 7(c)), the peak
temperature on approximately 3.5d is 54.76 °C under
no-wind conditions. When the wind speed increased from
level 2 to 5, the peak temperatures decrease to 47.93°C,
47.34 °C, 47.16 °C, and 47.02 °C, respectively, and all the
peak values occur at approximately 2.5d. The maximal
temperature fluctuations are 2.30 °C, 3.29 °C, 3.23 °C,
3.17 °C, and 4.15 °C, respectively, during 3.5-28d after
pouring. The temperature variation characteristics of side
faces are different from the thermal characteristics of the
horizontal surface, which is related to the difference in
surface insulation materials and the difference in convec-
tive heat transfer coefficient between the vertical wall and

the horizontal surface. From the above analysis, the influ-
ence of wind speed on the horizontal surface temperature
of mass concrete is stronger than that on the side face and
center. It is conducive to the cooling of concrete, but the
obvious diurnal variation of concrete temperature with
the increase in wind speed is not conducive to the thermal
stability of the structure, particularly for horizontal and
side surfaces.

Figure 8 shows the temperature stress changes of differ-
ent parts of the concrete structure. In the early stage of the
concrete curing, there is a definite increase in the temper-
ature stress, following which under the condition of
decreasing temperature difference, it reduces. Figure 8(a)
is the temperatures stress of the horizontal surface under
different wind speeds. It shows that the peak stress on
9.5d is 0.76 MPa under the no-wind condition. As the
wind speed rises from level 2 to 5, the peak temperature
stress increases to 1.67MPa, 1.85MPa, 1.89 MPa, and
1.94 MPa, respectively, and the time to peak value after
pouring is 9d, 8d, 8d, and 8d, respectively. Concurrently,
the temperature stresses—1.47 MPa, 1.57 MPa, and
1.62 MPa—exceed the tensile strength of 1.43 MPa on the
4th day under wind levels 3, 4, and 5. Moreover, 4 to 10
days after pouring is the sensitive period of concrete sur-
face cracking. It is mainly related to the strong influence
of the environment and the constraints of surface rebars
on the horizontal plane, primarily at the edges and corners
of the horizontal surface. During the curing period, the
temperature stress is induced by the action of temperature
differences and self-weight. Due to symmetry, the temper-
ature stress of the center is close to zero (Figure 8(b)). The
peak temperature stresses are markedly smaller than the
value of the tensile strength at this time. For the tempera-
ture stress of the side face (Figure 8(c)), all peaks are
approximately 0.95MPa in wind levels 0-4, and all the
peak values occur at 7d. However, due to strong boundary
constraints, the peak value is 1.52 MPa in wind level 5 on
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FIGURE 7: Maximal temperatures of concrete under different wind speeds.

19d, and the reduction in temperature stress is also not
remarkable after the time to peak. According to formulas
(13) and (14), the increased wind speed increases the heat
transfer coefficient of the concrete surface, which induces a
significant temperature difference between the inside and
outside of the concrete (Figures 7(a) and 7(b)). Therefore,
the temperature stress will change significantly [14]. The
influence of wind speed on horizontal surface temperature
stress of mass concrete is stronger than that on the side
surface and center. For the horizontal surface, strong wind
speed may lead to the crack of concrete during the period
to hydration heat peak. The intensive daily variation of
temperature stress affects the durability of the concrete
material. For the side surface, the increase in wind speed
significantly increases the temperature stress and its
duration.

Therefore, it is needed to adjust the curing conditions
in time according to the variations of wind speed during
the curing period. Engineering control measures not only
ensure the temperature fluctuation amplitudes but also
makes sure the temperature stress under the concrete
strength. Some research results [2, 14, 19, 45] can be used

to accomplish these engineering targets. In the windy con-
ditions, adjusting the concrete pouring time based on basic
environmental factors is vital to ensuring the quality of
construction. The monitoring includes local weather and
routine recording of conditions at the site, such as prevail-
ing winds, air temperature, and relative humidity. These
measured data provide reliable references for engineering
supervisors to determine and prepare the required protec-
tive measures. Finally, curing materials should be available
at the project site to adjust cooling and insulation mea-
sures in time, particularly at the edge and corner of mass
concrete. Different types and thicknesses of curing mate-
rials are selected according to the velocity and duration
of wind. For the curing of the side face, both temperature
control and constraint conditions should be enhanced.

3.2. LDTR. In order to investigate the transfer process of
the hydration heat and the temperature stress under large
diurnal temperature range environments, the temperature
and temperature stress variations are analyzed by the dif-
ferent diurnal temperature ranges of 1.25 LDTR, 1.0
LDTR, and 0.75 LDTR (Figures 9 and 10). During the
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FIGURE 8: Maximum temperature stresses of concrete under different wind speeds.

0-3.5d period when the heat of hydration is dominant,
the increasing tendency of the concrete temperature is evi-
dent. And the mass concrete structure cooling is marked
in the late period. Due to the influence of high ambient
temperature during the daytime in LDTR, the peak tem-
peratures of the horizontal surface under 0.75 LDTR, 1.0
LDTR, and 1.25 LDTR are 50.05 °C, 52.07 °C, and 54.83
°C, respectively, and all the peak values occur at approxi-
mately 2.5d (Figure 9(a)). After the removal of the curing
materials at the end of the third day, the maximum tem-
perature fluctuation amplitudes are 4.09 °C, 6.30 °C, and
9.29 °C, respectively. For the center position, the effect of
LDTR is weaken and there is no noticeable temperature
fluctuation (Figure 9(b)). Regarding the side face
(Figure 9(c)), the maximal temperature fluctuations are
241 °C, 347 °C, and 547 °C, respectively. It is different
from the thermal characteristics of the horizontal surface,
which is related to the difference in surface insulation
materials and curing duration. From the above analysis,
it can be obtained that the increase in the LDTR enhances
the peak temperature and the effect of the LDTR on the
temperature variation of the structure center is consider-

ably smaller than that of the side face and the horizontal
surface. Moreover, thermal shrinkage cracks are usually
associated with a cooling rate of more than 3 “Ch™". The
obvious diurnal variation of concrete temperature with
the rise of LDTR is not conducive to the thermal stability
of the structure, particularly for the horizontal surface and
side face.

Figure 10 shows the temperature stress variations at
different parts of the concrete structure. There is initially
a definite increase in temperature stress, which is followed
by a decrease. As for the horizontal surface (Figure 10(a)),
from 0.75 LDTR to 1.25 LDTR, the peak temperature
stresses are 1.53MPa, 1.69 MPa, and 2.04 MPa, respec-
tively, and all the peak values occur at approximately 8d
after pouring. The initial peak temperature stress is
1.75MPa under 1.25 LDTR, which exceeds the tensile
strength of 1.66 MPa. Moreover, 4.5-9d is the sensitive
period for concrete surface cracking under 1.25 LDTR. It
is primarily related to the strong influence of the ambient
temperature after the removal of the curing condition and
the constraints of surface rebars on the horizontal surface.
There is a clear increase in the temperature stress of the
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FIGURE 9: Maximum temperatures of concrete under different LDTRs.

surface during 3-4d, and the growth of maximal temper-
ature stress is 0.878 MPa, 0.963MPa, and 1.181 MPa,
respectively. The variations of temperature stress at the
center under different LDTRs are small and the values
are much smaller than the value of the tensile strength,
which is similar to that of strong wind (Figure 10(b)).
The peak temperature stresses of the side face are smaller
than the instant tensile strength all the time (Figure 10(c)).
In conclusion, the influence of LDTR on horizontal sur-
face temperature stress of mass concrete is stronger than
that of the side surface and center. With the increase in
the LDTR, the stresses of the horizontal surface and the
side surface remarkably increase by 37.6% and 35.8%,
respectively. Horizontal surfaces are more prone to cracks
than the side face under the action of the LDTR. In com-
parison, the temperature stress of the concrete center
increases less, which is relatively stable.

Mass concrete is vulnerable to the influence of LDTR
in the cold region, such as Northwest China. By observa-
tions and simulations, we found that the temperature var-
iations of rise during the daytime and the sudden drop at
night severely disturbed the temperature and thermal
stress stability of its horizontal surface, center, and side

face. In fact, the unreasonable control of the concrete con-
struction in LDTR will affect the mechanical performance
of the mass concrete and cause hidden problems for engi-
neering [46]. By consideration of the construction sched-
ule and the mass concrete quality, engineers need to
control the maximum temperature stress to avoid struc-
ture cracking through some construction methods. Besides
reducing the initial temperature of concrete, controlling
the pouring time and pouring at night is advisable. Avoid-
ing direct sunlight and strong solar radiation during the
daytime is needed, which will reduce thermal shock from
rapid temperature drops caused by LDTR or cool rain
on concrete heated by the sunlight earlier in the day.
Monitoring and predicting of local weather conditions,
including air temperature, sun exposure, relative humidity,
and prevailing winds, can be conducted locally. These
data, together with projected or actual concrete tempera-
tures, enable supervisors to precisely adjust the cooling
measures by removing the curing mould during the day-
time and to strengthen the heat preservation measures at
night [1, 14, 47]. Based on the actual construction steps
and key influencing factors, this paper predicts the tem-
perature and temperature stress changes of the whole
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FIGURE 10: Maximum temperature stresses of concrete under different LDTRs.

curing process of mass concrete under the strong wind
and LDTR in cold regions. It is useful to accurately evalu-
ate the process of concrete cracking, as well as guide the
improvement of the curing process of mass concrete in
this area. However, there is insufficient research on the
influence of moisture changes in newly poured concrete
on the internal heat transfer process and temperature
distribution.

4, Conclusion

Temperature and temperature stress analysis in mass con-
crete under cold environments of strong wind and large
diurnal temperature range was performed. Some prelimi-
nary conclusions are drawn as follows:

(1) The increase in wind speed can reduce the tempera-
ture of the concrete but increase the peak tempera-
ture stress of the concrete and the overall stress
level. The influences of wind speed on the horizontal
surface temperature and temperature stress of mass

()

concrete are stronger than those of the side face
and center. Under the wind speed levels of 3, 4,
and 5, the temperature stresses of the horizontal sur-
face may exceed the tensile strength and lead to the
crack of concrete during the period to hydration heat
peak

The increase in the diurnal temperature range (DTR)
enhances the peak temperature and temperature
stress

Moreover, the obvious diurnal variation of concrete
temperature with the rise of DTR is not conducive
to the thermal stability of the structure, particularly
for the horizontal surface and side face. The influ-
ence of large diurnal temperature range (LDTR) on
horizontal surface temperature stress of mass con-
crete is stronger than that of the side surface and
center. With the increase in the DTR, the stresses
of the horizontal surface and the side surface
remarkably increase by 37.6% and 35.8%, respec-
tively. Horizontal surfaces are more prone to cracks
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than the side face and center under the action of the
LDTR.

(3) In the windy conditions, adjusting the concrete
pouring time based on basic environmental factors
is vital to ensuring the quality of construction. And
also, different types and thicknesses of curing mate-
rials are needed according to the velocity and dura-
tion of wind. Besides reducing the initial
temperature of concrete, avoiding direct sunlight
and strong solar radiation during the daytime is rec-
ommended. Monitoring and predicting of local
weather conditions enable supervisor to determine
and prepare the required protective measures
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