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Abstract

Industrial waste management has been an integral part of many countries in the world, including in Vietnam. In which, bottom ash
(BA) has been used as a pozzolanic additive in compositions of the heavy concrete applying for airport concrete pavement (ACP), which
allows reducing the hydration heat, the cost, and the thermal cracking of the concrete during the construction process. The purpose
of this study is to summarize the experimental laboratory results of the heavy concrete samples containing 35 % BA sourced from a
thermal power plant in Vietnam. The mechanical and thermal properties of the heavy concrete samples were determined at different
curing ages. Besides, the heat of cement hydration during the preparation of the heavy concrete in the laboratory was measured
using a "TAM AIR" isothermal calorimeter. Moreover, the Midas civil computer software based on the finite element method was used
to analyze the temperature field and thermal cracking index of the ACP at the early ages. As the results, the heavy concrete had the
respective thermal conductivity and the average of specific heat of 1.1 W/(m.°C) and 878.35 J/(kg.°C). Moreover, the value of thermal
cracking index indicates that no cracking occurred on the ACP at the early ages. Furthermore, the results of the present study can be

considered as a useful reference source for future projects that are associated with the construction of the ACP.
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1 Introduction

Thermal stress caused by the temperature regime in the
pavement slab is vital in the structural design of the airport
concrete pavement (ACP) [1]. The ACP slab is relatively
thick. Therefore, the temperature in the ACP slab varies
throughout the slab depth. Many factors cause cracks in
the ACP at an early age. At the early age of concrete ele-
ments or structures, when the tensile strain formed from
restrained thermal contraction or temperature different
exceed the tensile strain capacity of concrete, cracking is
the outcome. The tensile strain may also be created from
early contraction caused by autogenous shrinkage [2].
Xu et al. [3] and Young et al. [4] reported that heat of
hydration was one of the most important characteristics
associated with thermal stress and concrete temperature
during the early age of the pavement. Since the concrete
mixture generates heat during the hydration process of

cement, the pattern of concrete temperature during con-
struction period is somewhat different from that occurred
during the later ages of the concrete pavement [5].

The temperature pattern of ACP slab due to the cement
hydration depends on many factors, such as the type of
cement, cement content, the initial temperature of the con-
crete mixture, air temperature, etc. [2]. Cracking of the
ACP has a relationship with the temperature change of
the ACP slab. Huang et al. [6] proved that cracks occurred
when the temperature difference between the center part
and the surfaces of the concrete pavement was significant.
Cement hydration is the process of a chemical reaction
between cement and water. The amount of heat generated
inside a large concrete block. Besides, the surface of the
concrete block is exposed to air; they cool down faster
than the interior, leading to a temperature difference in the
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concrete. The temperature difference between the center
and the surface of the slab is complicated. The difference
depends on space and time. It is recorded that the envi-
ronment temperature changes during the day in the sum-
mer is much greater than the changing of environmental
temperature during winter. Besides, the high environmen-
tal temperature during summer causes fast water evapora-
tion, leading to a large shrinkage of concrete. As a result,
the concrete pavement may have more cracks as indi-
cated in Fig. 1. This behavior becomes more serious when
the construction activities are carried out in the summer
rather than in winter, especially during the first several
days of the construction [7]. There are many researchers
interested in concrete cracking at an early age. However,
the research direction, as well as the conditions for apply-
ing research results, are still modest.

To minimize the number of cracks, therefore, the tem-
perature rise in the ACP at an early age should be reduced.
Among the methods that have been used for reducing the
temperature rise in the concrete pavement, the following
methods, which have particular practical application to the
ACP [8, 9], could be considered: (i) pre-cooling concrete
ingredients to reduce the fresh concrete temperature and
(i1) using pozzolanic material and retarder.

Recently, the use of various industrial solid waste mate-
rials to partially replace the amount of cement in the con-
crete mixture not only reduces the risk of cracks in the
pavement at early ages but also protects the environment,
saves land area dump, saves the mineral resources for
the production of construction materials, and ensures the
sustainable development [10—12]. Prior published studies
[13-16] reported that the use of fly ash, bottom ash (BA),
and other pozzolanic materials as a cement substitution
resulted in a reduction of hydration heat, thermal crack-
ing, and production cost of concrete.

Fig. 1 Cracks that occurred in the ACP at an early age
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In this paper, the preliminary proportion of the heavy
concrete mixture that applied for the ACP was calculated
by the ACI 211.1-2002 standard. The mechanical prop-
erties and the thermal parameters of the heavy concrete
samples were determined. Additionally, the heat of hydra-
tion of the concrete was measured. Of course, there are
many methods to assess the formation of cracks at the
early age of concrete, and thermal cracking in the concrete
depends on a lot of parameters. In which, the temperature
difference and principal tensile stress are the most consid-
eration one. Especially, when the calculated principal ten-
sile stress exceeds the modeled tensile strength of the con-
crete, cracking is likely to occur. Midas civil is a famous
software based on the finite element principle. It is also
well-known that cracking index is one of the outputs of
this software with high reliability, which is always used to
evaluate the behavior of cracks at an early age of concrete.

2 Experimental details

2.1 Materials

Crushed limestone (CL) sourced from Vietnam with the
particle sizes of 5—10 mm and 10-20 mm in a volume ratio
of 60:40 was used as coarse aggregate in the preparation of
heavy concrete samples for this investigation.

Quartz sand (QS) sourced from "Lo river" in Vietnam
with fineness modulus of 3.1 was used as fine aggregate in
the heavy concrete mixtures. The gradation curve of QS
is displayed in Fig. 2. Also, the physical properties of both
the fine and coarse aggregates are presented in Table 1.

The cement used was locally Grade 40-ordinary
Portland cement (OPC) manufactured at "But Son" fac-
tory in Vietnam with the specific gravity of 3.15. The min-
eralogical compositions and characteristics of OPC are
given in Table 2.
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Table 1 The physical properties of both fine and coarse aggregates

Table 4 Mix proportions and properties of the fresh concrete

. Loose Dry Saturated Water
Size . . . .
Type (mm) density density density  absorption
(kg/m’)  (kg/m®)  (kg/m’) (%)
CL 10 -20 1445 2700 2720 0.45
Qs 0.15-5 1490 2650 2682 0.50

Table 2 Mineralogical compositions and characteristics of OPC
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Table 3 Characteristics of binder materials

Chemical components (wt. %) BA OPC
SiO, 61.22 21.4
AlLO, 21.17 4.5

Fe,0, 5.85 5.1

SO, 242 1.97
K,0 1.25 1.12
Na,0 1.23 0.45
MgO 0.57 2.01
CaO 1.12 60.9
Loss on ignition, LOI (%) 4.14 2.55
Average particle size (um) 6.15 8.37
Specific gravity (g/cm?) 2.35 3.15
Dry density (kg/m?) 575 1262
Surface area (m?/g) 5.85 0.36

The class-F bottom ash (BA) sourced from "Vung Ang",
Vietnam was used as an OPC substitution. The character-
istics and particle size distribution of both OPC and BA
are shown in Table 3.

Local tap water (W) was used for both mixing concrete
and curing of the test specimens in this study.

2.2 Mixture proportions

In this study, the preliminary proportion of the heavy con-
crete was designed following the guidelines of the ACI
211.1-2002 standard. The target properties of the heavy
concrete were selected based on the requirements for the
ACP application in Vietnam, including (i) The workability
of the fresh concrete mixtures that measured by standard
slump cone device ranges from 8 to 12 cm; (i) The 28-day
compressive strength of the hardened concrete is greater
than 30 MPa; (iii) The concrete has the water-resistant
ability in the aquatic environment; (iv) The inclusion

Concrete proportions (kg/m®) Fresh concrete properties

m 9
= ZE Unit weight  Slump
< C

= OPCBA ‘B QS CL W (ke/m?) (cm)
0.45 035 317 170 487 584 1032 214 2311 11

2 W/B is water-to-binder ratio, b BA/B is bottom ash-to-binder ratio,
and © B is binder

of about 35 % BA (by mass of total binder) as an OPC
replacement in the concrete mixture is required; and (v)
The relative volume of entrapped air is no more than 1 %.
The ingredient proportions for the production of the heavy
concrete are shown in Table 4.

2.3 Test methods

Workability of the fresh concrete mixture was mea-
sured using a standard slump cone with dimensions of
100 x 200 x 300 mm as described by ASTM Cl143 stan-
dard and average unit weight of the fresh mixture was
measured right after mixing.

The compressive strength test of the heavy concrete
was performed at 1, 3, 7, 14, 28, and 56 days using cubic
samples of 150 x 150 x 150 mm as stipulated by ASTM
C39 standard. The cube samples were de-molded 24 hours
after casting and placed in a water curing tank at 25+ 2 °C
until testing. The test was performed using a computer
controlled compression tester with a constant loading rate
of 3000 N/s to keep the loading rate to a minimum rate in
comparison with the test results of heavy concrete.

The third-points flexural strength test of the concrete
was also conducted at 1, 3, 7, 14, 28, and 56 days using the
100 x 100 x 400 mm samples (ASTM C293).

The modulus of elasticity of the heavy concrete was
determined through the 28-day compressive strength val-
ues of the concrete following the ACI 318-2005 standard.

The thermal conductivity A [W/(m.°C)] and heat capac-
ity C, [J/(kg°C)] of the concrete samples were deter-
mined using heat transfer analyzer model ISOMET 2104
(Slovakia) [17—19]. The tests were conducted at a tempera-
ture of 20 + 5°C and a relative humidity of 90-95 % using
concrete samples of 25 X 25 x 6 c¢cm in size.

A "TAM AIR" isothermal calorimeter was used to ana-
lyze the exothermic hydration process of OPC and other
mineral additions.

2.4 Finite element method for thermal analysis concrete
The variation of temperature in concrete during the
cement hydration is described by the Fourier equation,
which depends on space and time [20-22].
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where k = A/(c.p) is diffusivity (m?/s), ¢ is specific heat
[kJ/(kg.cC)], p is density (kg/m?), At=div(grad t) is Laplace
temperature operator, and ¢ is thermal source (W/m?).

To determine the temperature field, it is important to
know the initial and boundary conditions [23]:

The initial condition is the initial transient temperature
field distribution inside the concrete. Generally, the initial
instantaneous temperature field distribution is uniform. It
is considered to be constant when 7= 0, #(x, y, z, 0) = 7 .

The third boundary condition is the concrete bound-
ary air condition, which is proportional to the difference
between the surface heat flow (¢) and the concrete surface
temperature (¢). The boundary condition is expressed by

Eq. (2):
ot
—la—h(l—’s% 2

The surface in contact with the foundation is called the
fourth boundary condition. The temperature and the heat
flow are continuous and can be expressed by Eq. (3):
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where 7, A and ¢,, A, are the temperature and thermal con-

2272
ductivity of the concrete and foundation, respectively.

To solve Eq. (1), the numerical method (finite element
method) is recently used to determine the temperature
field in the concrete. As aforementioned, the temperature

value depends on space and time [24].

t(x,y,z,‘r)»;:Zn:Ni(x,y,z)ti(r)z[N]{t}, )

where N is the shape function, 7 is the number of nodes
in an element, and ¢(z) is the time-dependent nodal tem-
peratures 7.

The Galerkin representation of Eq.(1) is:
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where 7 is the heat transfer coefficient (W/m2.°C), V is the
volume of the element (m?), S is the boundary conditions
on the surface, ¢ is the heat flux (W/m?), and G is heat gen-
eration within an element (W).

The notation is introduced as:

S (52
+ ! h[N]N,dS; o
[C]=[pC[N]NdV;

[f]=[aNt,dS - [qN,dS+ [GNgV,
N N Vv

where [K] is the conductivity operator, [C] is a capacity
operator, and [ f] is heat load due to heat hydration.

Substitute Eq. (6) into Eq. (5), equations in matrix form
can be obtained as:

[ k=3 o)

Considering the heat transfer with the internal source
(thermal hydration of cement), the problem of heat transfer
is not stable. Therefore, the time step should be divided.
Applying the method of Galerkin for each element: #(z) =
t(t)Ni + tj(r)N/.; N, = 1-(z/At); and N, = 7/Atr. At each step,
these equations are solved for the time and then the Eq. (7)
can be written as follows:

2[K]

L8, 2,

] K] o
+(E+?\J{t}(n+])r = {f}

Thus, the temperature field in the concrete block at any
time can be obtained easily by solving Eq. (8).

2.5 The assessment of cracking in the concrete

The assessment of cracking probability in the concrete
due to the heat of hydration is considered by using Eq. (9)
[25, 26]:

I(‘I = f;p(r) >
A

where [ is a thermal crack index, f,(z) is the maximum

()

thermal stress at day z, and f; p(‘[) is the tensile strength of
concrete at day 7. Both the test and evaluation of thermal
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Table 5 Thermal crack index (/)

Criteria The thermal crack index value
To prevent cracks I, >15

To limit cracks 1.2<1 <15

To limit harmful cracks 07<1 <12

crack index regarding the cracks occurred due to thermal
stresses was presented. In addition, the crack criteria are
listed in Table 5 [26, 27].

In recent years, there is much software based on the
finite element principle to solve the problem of heat that
is available in the commercial world. In this investigation,
both the early-age temperature field and the stress field
in the ACP were determined with the help of Midas civil
software. In this study, a three-dimensional (3D) model of
ACP with dimensions of 4 x 6 x 0.4 m was simulated. To
improve the efficiency of the analysis, an advantage was
taken of the double symmetry of the block, which allowed
for the modeling of one-quarter of the block as shown in
Fig. 3. The model was divided into 2688 elements and
3443 nodes [27]. It is assumed that the model was built in
the North of Vietnam in June.

3 Results and discussion

3.1 The properties of heavy concrete samples

The results of slump and unit weight measurement of the
fresh concrete are shown in Table 4, and the mechani-
cal properties of the heavy concrete are given in Table 6.
As a result, the concrete samples achieved a compres-
sive strength value of 32.45 MPa at 28 days of curing.
Whereas, the flexural strength and modulus of elasticity
values were, respectively, 2.73 MPa and 26944.4 MPa at
the same age.

According to ACI 318-2005 standard [28], the aver-
age modulus of elasticity (£) value of concrete at 28 days
can be indirectly determined by its average compressive
strength (R 28) following Eq. (10):

E, =4730\R*® = 4730/32.45 = 26944.4 (MPa)-  (10)

Analysis of shrinkage and creep have numerous mod-
els such as the CEB-FIP model, the ACI model, the BP
model, and the exponential model. These models are also
used to calculate the thermal stress of concrete. In this
study, according to ACI 209.2R-08 standard [29] and the
help of Midas Civil computer software, parameters that
need to evaluate the creep of concrete at early age days
were declared. Thus, the creep of mass concrete may be
expressed by the following Eq. (11).

J(t,r) = Fewn) +E‘f’((;;” : (11)

where J(t,7) is the creep compliance (MPa™); ¢(¢,7) is the
coefficient of creep (equal to the ratio of creep to elastic
strain).

3.2 Determining the temperature field in the ACP

The hydration heat evolution and the rate of the hydra-
tion heat evolution of the ACP that measured at 25°C are
shown in Figs. 4a and 4b, respectively.

A 3D finite-element model was built with the help of
Midas civil computer software to perform a coupled ther-
mal analysis of the ACP with convection boundary con-
ditions of concrete-air. The convection coefficient can be
constant, temperature-dependent, or time-dependent. The
convection coefficient was calculated using the Eq. (12):

{5.6+3.9v, v<5m/s

12
7.60° v>5m/s O’ (12)

where v is the wind speed (m/s).

analyzed 1/4 of the ACP

Fig. 3 Typical dimensions of an ACP studied by 3D model —
FEM (unit: m)

Table 6 Mechanical properties of heavy concrete at different curing

ages

Properties of the Curing ages (day)

concrete 1 3 7 14 28 56

Compressive strength

(MPa) 5.25 16.17 25.31 2948 3245 34.82

Flexural strength

2 (MPa) 042 128 213 250 273 278
3 Dry density (kg/m?) - - - - 2298
Modulus of elasticity

4 (MPa) - - - - 269444
5 Thermal conductivity L1

2 (W/m.LC) . . . : .
6 Poisson's ratio 0.2

Specific heat
7 - - 872.35 -

[I/(kg.°C)]
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Fig. 4 Heat evolution (a) and the hydration heat evolution rate; (b) for
the concrete mixture containing 65 % OPC and 35 % BA

Table 7 The variation of temperature with time
Hours 6 7 8 9 10 11 12 13
(°C) 265 272 277 285 294 301 307 313
Hours 14 15 16 17 18 19 20 21
(°C) 3.8 320 317 313 302 296 288 284
Hours 22 23 24 1 2 3 4 5
(°C) 282 276 272 270 268 265 264 263

In this research, the constant convection coefficient
values of 10 W/m2.°C and 7 W/m2.°C were used for con-
crete-air [30, 31]. The environmental temperature changed
during an average day in June of the construction area in
Northern Vietnam was summarized in Table 7 [32]. The
initial temperature at the bottom of the slab is assigned as
the temperature of subsoil (about 28.85 °C). The properties
of the subsoil used in the analysis are presented in Table 8.

The breakdown of the calculation area into the final ele-
ments is shown in Fig. 5.
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Table 8 The properties of the subsoil

Physical characteristics Subsoil
Thermal conduction coefficient (W/(m.°C) 1.96
Specific heat (kJ/kg.°C) 0.85
Density (kg/m?) 2600
Convection coefficient (W/m2.°C) 14.5
Modulus of elasticity (N/m?) 2.5 x 10"
Thermal expansion coefficient (1/°C) 1x10°
Poisson's ratio 0.3

It is noted that the construction practice of the ACP
depends on its location. Thus, the emergence of temperature
cracks is usually connected with temperature differences.
Temperature field at 8 nodes as marked in Fig. 5 was ana-
lyzed with the results as shown in Figs. 6 and 7. The tempera-
ture distribution of the main points at the center of the
ACP was relatively stable, which primarily developed to
the maximum temperature at 24 hours after laying. Node 1
located at the outside of the concrete slab, where the tem-
perature was always lower than the inner points. The tem-
perature at node 1 raised to the maximum temperature of
t ..~ 35.660C (r= 24 h) then decreased over time. The tem-
perature of the nodes 2—7 increased with almost the same
pattern. The temperature at node 7 was higher than that of
the outside point, reaching the z, | =40.12 °C (r =24 h) then
decreasing rapidly to  =29.93 °C (z =72 h).

T.°C
4015
3sal
arar
3|43
35.19
3385
327

3147

R g,

3023

2890

2775

Fig. 6 Temperature field at nodes 1-7 of the ACP over time
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Fig. 7 Temperature field at nodes 1 and 7 of the ACP over time

When the temperature difference between the center —
the surface and the center — the lateral surface of the ACP
exceeds the allowable limit, there are excessive stresses due
to the extreme temperature gradient that appeared during the
hardening process of concrete and thus resulted in the crack
appearance atthe surface or the lateral surface of the concrete.
Therefore, analyzing the thermal cracking index and ther-
mal stress of the two serious locations (1 and 8) was perfor-
med with the result as shown in Figs. 8 and 9. Fig. 8 shows
that thermal stress change in the time of the two dangerous
nodes (1 and 8) did not exceed the allowable tensile stress.
Besides that, the thermal cracking index of node 8 was less
than that of node 1, which means that the risk of surface
cracking at the edge of the concrete slab is higher. However,
the thermal cracking index of both node 1 and node 8 was
above 1.5 as previously mentioned in Table 5, indicating
that no cracking occurred on the ACP at the early ages.

4 Conclusions

The prediction of the temperature regime and the evalua-
tion of crack risk of the heavy concrete applying for air-
port pavement were proposed in the present study. The fol-
lowing conclusions can be drawn:

1. The preliminary composition of the heavy concrete
mixture with a slump value of 11 cm was calculated
following the instructions of ACI 211.1-2002 stan-
dard, and the concrete registered the 28-day com-
pressive strength and flexural strength values of
32.45 MPa and 2.73 MPa, respectively.

2. The experimental thermal analysis shows that the
heavy concrete had the respective thermal conduc-
tivity and the average of specific heat of 1.1 W/(m.°C)
and 878.35 J/(kg.°C).

—a— Node 1
—e— Node 8
—a— Allowable tensile stress |

Thermal stress (MPa)
o

3 I I 1 I I I 1 I I
0 24 48 72 96 120 144 168 192 216 240

Time (hours)

Fig. 8 The thermal cracking index at nodes 1 and 8 of the ACP over time
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Fig. 9 The thermal cracking index at nodes 1 and 8 of the ACP over time

3. The hydration heat evolution and the rate of the
hydration heat evolution of the heavy concrete sam-
ples were accurately determined using a "TAM AIR"
isothermal calorimeter.

4. Temperature difference at the center (node 7) — the
the lateral surface (node 1) and at the center (node 7)
— the outer surfaces (node 8) of ACP reached respec-
tively 5.35°C and 4.43°C after 24 hours, and the
value decreased at further observation time. On the
other hand, the thermal cracking index both at the
surface and at the center of the ACP slab was greater
than 1.5. This indicates that no cracking occurred on
the ACP at early ages.

5. The model of finite element mesh is developed for
simulation analysis of temperature and thermal
stress distribution for airport pavement as well as
evaluating the cracking index at an early age. Based
on the numerical model results, the engineers can
predict the thermal distribution, thermal stress and
cracking index formed with different construction
conditions in order to control cracking and chosen
factors appropriately.
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