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� Simulations show concrete thermal conductivity has a decrease of 20–30% during tensile and compressive failure.
� Debonding of aggregate and mortar dominants the reduction of concrete thermal conductivity.
� Experiments show a 25% decrease in thermal conductivity during compressive test.
� Wang Jiajun model is calibrated to calculate the thermal conductivity of cracked concrete.
a r t i c l e i n f o

Article history:
Received 8 February 2017
Received in revised form 4 June 2017
Accepted 4 July 2017
Available online 15 July 2017

Keywords:
Cracked concrete
Effective thermal conductivity
Mini-scale modeling
Finite element method
Experiment
Wang Jiajun model
a b s t r a c t

The pronounced decrease of Effective Thermal Conductivity (ETC) due to the cracking behavior of con-
crete changes the temperature profile in concrete structures, indirectly inducing the redistribution of
thermal stresses. To study this phenomenon, a mini-scale numerical method within the framework of
finite element method is proposed for both tensile and compressive cracked concrete and this method
is applied to obtain quantitative relationships between tensile or compressive strain and ETC. Results
show that (a) for tensile dominated failure, concrete ETC decreases by 23% during the plastic stage
whereas little decrease is found at complete failure; (b) for compressive dominated failure, ETC decreases
by 30% during the plastic stage, and then becomes stable afterwards. In the softening stage ETC linearly
decreases with the increase of compressive strain; (c) it is the interfacial thermal resistances induced by
the micro-cracks between aggregates and mortar rather than the macro-cracks that play the dominant
role in this phenomenon; (d) concrete ETC becomes anisotropic when cracks appear. The experiments
show that compressive cracked concrete’s ETC vertical to cracks dramatically decreases by 20–25% at
plastic drop stage and then becomes stable at the plastic steady stage. The numerical results are used
to determine the interfacial thermal resistance factor in Wang Jiajun model. The proposed formulation
provides results that are in excellent agreement with experiments.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

It is acknowledged that cracking behavior in massive concrete
structure is inescapable, especially for hydraulic engineering and
nuclear reactor structures [1]. Many researchers put their efforts
on the influence of cracks on the safety and water retaining perfor-
mance of dams while little attention has been paid so far to the
effects of cracks on temperature distribution. Thermal loads
induced by hydration reaction of cement paste and cold weather
as well are a common reason for cracking in hydraulic structures
[2]. Hence it is of vital importance to study the cracks’ influence
on the thermal distribution in the massive concrete structure.

According to Fourier’s Law and energy conservation law, the
accuracy of numerical studies primarily relies on two input ther-
mal parameters, i.e., thermal conductivity and specific heat capac-
ity. However, recent experimental investigations [3–5] showed
that, after the occurrence of concrete cracking, specific heat capac-
ity was proved to remain unchanged, while the thermal conductiv-
ity decreased significantly. Therefore studying the evolution of
thermal conductivity during concrete failure is the main objective
of this study.

Numerical investigations in recent years have increased the
understanding of this topic. Tang et al. [6] found out by using the
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RFPA2D program [7,8] that for uniaxial compression tests the max-
imum drop of effective thermal conductivity (ETC) of a concrete
specimen was 24% during softening. In their finite element method
(FEM) based program, the elements’ thermal conductivity was set
to zero when the compressive or tensile stress reached the peak
value. Obviously, this assumption did not correctly reflect the ther-
mal behavior inside cracks. Hence Shen et al. [9] proposed a mini-
scale numerical method to simulate the thermal conductivity of
tensile cracked concrete. In this work, the heat bridge effect,
caused by the higher conductivity of aggregates, and the interfacial
thermal resistance effect, induced by the rupture of aggregates and
mortar were emphasized to be the main mechanism of the remark-
able drop of conductivity (23%) during the plastic stage. Wu et al.
[10] also found the debonding of aggregate and mortar would lead
to a temperature jump across the micro-cracks at Interfacial Tran-
sition Zone (ITZ). Therefore numerical study on this topic should be
carried out at mini scale in order to capture the debonding phe-
nomenon of aggregate and mortar.

Numerical simulations, coupled with experiment, are consid-
ered to be an effective and efficient tool for successfully examining
material properties. Hence experimental investigations are neces-
sary. Vejmelkova et al.’s [4] experiment showed up to 40% decrease
in thermal conductivity in cracked concrete specimens which were
heated up to 600 �C to impose randomly distributed cracks. Per-
kowski [11] analyzed the variation of thermal conductivity due
to brittle damage in concrete subjected to the ultimate compres-
sion load and observed an average of 20% decrease in thermal con-
ductivity for high-performance concrete specimens. The
aforementioned experiments have two shortcomings: one is that
the thermal conductivity evolution could not be obtained, and
another one is that measurements of conductivity are taken place
after unloading when cracks undergo unloading and closure.

In the current study, three-dimensional simulations of heat
transfer at mini scale and experiments of compressive cracked con-
crete ETC are carried out. Then a semi-theory model is calibrated
by numerical results and compared to experimental data.
2. Numerical method and results

Concrete has a highly heterogeneous microstructure and its
composite behavior is exceedingly complex. Therefore, reliable
predictions of the behavior of the material based exclusively on
experimental studies have become limited. For obtaining a deeper
understanding, FEM-based simulations at mini scale have been
employed to study the macroscopic constitutive mechanical [12]
and thermal behavior of concrete [13] and their coupling mecha-
nism [7–9].

At mini scale, concrete is considered as a three-phase composite
material consisting of mortar matrix, aggregate, and ITZ. Material
properties of different phases are directly assigned to the elements
in order to characterize the random heterogeneity in concrete
numerically. The ability of this numerical approach has been vali-
dated by good agreements between experimental data and numer-
ical results [9,10,14,15]. One point should be highlighted that some
Fig. 1. Illustration of concrete material at multi scale.
authors use the term ‘‘meso-scale” (no ITZ) in a wider sense to
include the ‘‘mini-scale” [16–19] (see Fig. 1).

2.1. Mini-scale numerical method

The first step is to obtain the crack information of concrete dur-
ing low friction uniaxial tension and compression tests. The three
phases, namely mortar, aggregate and ITZ, are simulated by con-
crete damage plastic (CDP) model with different parameters given
in Section 2.2. The constitutive is basically introduced in Sec-
tion 2.1.1 which is provided by commercial finite element software
ABAQUS [20].

Secondly, thermal conductivity of each element is modified
with respect to its cracking opening which is obtained from the
first step. The details of thermal behavior in crack are discussed
and the modifier formulas for three cracked phases are assumed
in Section 2.1.2.

The last step is to calculate the macroscopic ETC of concrete
specimen with modified thermal conductivity distribution. The
homogenization method is proposed in Section 2.1.3. By repeating
these three steps above, one can obtain the evolution of ETC during
tensile and compressive failure.

2.1.1. Concrete damage plastic model
Mechanical behavior of concrete-like material, e.g., cracking in

tension and crushing in compression, can be well simulated by
using CDP model [14,21,22]. The CDP model was first proposed
by Lubliner et al. [23] for monotonic loading, and was further
developed by Lee and Fenves [24] to consider the dynamic and cyc-
lic loadings. The basic framework of the CDP model is illustrated as
follows.

The uniaxial stress-strain curves can be converted into stress
versus plastic strain curves. Tensile damage factor dt and compres-
sive damage factor dc are assumed as increasing functions of the

equivalent plastic strain (~epl), ~eplt and ~eplc (subscripts, ‘t’ and ‘c’ stand
for tension and compression, respectively). Herein, the degradation
of the elastic stiffness is characterized by damage variables, dt and
dc, and the stress-strain relationships (shown in Fig. 2) under ten-
sion and compression are:

rt ¼ ð1� dtÞE0ðe� ~eplt Þ
rc ¼ ð1� dcÞE0ðe� ~eplc Þ

ð1Þ

respectively, in which E0 is the initial (undamaged) elastic modulus,
r is stress and e is strain. The evolution equation of the hardening
parameters subjected to multi-axial loading are developed from
Fig. 2. Unaxial loading path of CDP model. fc is usually 10 times of ft.
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uniaxial loading conditions. For more detail about the constitutive
model, please refers to Lubiner et al. [23] and Lee and Fenves [24].

2.1.2. Thermal behavior in cracks
Heat exchange in cracks is very complex and includes not only

heat conduction, but also convection and radiation as discussed
below.

For a cube specimen with 2 W/(K�m)�1 thermal conductivity,
100 mm side length and 20 �C temperature difference along the
sides, the conductive heat flux /con equals to 4 W.

To calculate the flux caused by convection and radiation, crack
surfaces are assumed as a pair of parallel surfaces (see in Fig. 3) and
crack opening, d, is set as 1000 lm (1% of 100 mm) which is very
huge for massive concrete structures. Hence when heat flux
becomes steady, the linear temperature difference, DT, between
crack surfaces will be 0.2 K (1% of 20 K). Then the Grashof number
(Gr), a dimensionless number in fluid dynamics and heat transfer,
is introduced to approximate the ratio of the buoyancy to viscous
force acting on a fluid. For air in crack, the finite space Gr empirical
formula is [25]:

Gr ¼ gaDTd3

l2 ¼ 1:88 ð2Þ

where g = 10 m/s2 is gravitational acceleration; a = 2.41 � 10�3 K�1

is air volume expansion coefficient; l = 16 � 10�6 m2/s is air Kine-
matic viscosity. If Gr is larger than 2860 (for vertical crack) or
2430 (for horizontal crack), the free-convection behavior of air
should be considered [25]. Obviously, the Gr in cracks is much less
than these thresholds which means that the space inside crack is
too narrow for air to convect. In addition, no forced convection is
considered in this study. Therefore the convection can be neglected.

Another heat exchange mechanism is radiation. In engineering
calculation, concrete can be regarded as a gray body when its tem-
perature is under 2000 K [25]. Hence, the radiant heat flux, /rad,
between the two crack surfaces can be expressed as:

/rad ¼
C0

T1
100

� �4 � T2
100

� �4h i
� S

1
erad

þ 1
erad

� 1
ð3Þ

where erad ¼ 0:8 is concrete’s radiant emittance at 20 �C;
C0 ¼ 5:67W=ðm2 � K4Þ is black body radiation coefficient;
S ¼ 10�2m2 is specimen’s section area. When the ambient temper-
ature is 20 �C, T1 ¼ 293:2K and T2 ¼ 293K. And then the /rad equals
to 0.0076 W, which is 0.2% of /con. Therefore, the neglecting of radi-
ant heat exchange is reasonable in this investigation.

In summary, the conduction dominates the heat transfer in con-
crete cracks at ambient temperature. So the relationships between
cracking extent and thermal conductivity in phases’ finite elements
are given in this Section, since pertinent experimental data is not
available so far. The tensile equivalent plastic strain (~eckt ) is
employed to depict cracking degree of elements, and the thermal
Fig. 3. Illustration for hea
conductivity is considered as an ~eckt -dependent isotropy
parameter.

Since the ITZ is thin (50 lm) enough to be regard as an inter-
face, the ITZ elements’ conductivity kckITZ turns to that of the air
kair when air flow into the gaps between aggregate and mortar
matrix. During the failure process, when cracks propagate into
mortar matrix and aggregates, the defects are assumed to be
smeared in elements and the values of thermal conductivity satisfy
the series model.

kckITZ ¼ kair
1þ~eckt
kckcem

¼ 1
kcem

þ ~eckt
kair

1þ~eckt
kckagg

¼ 1
kagg

þ ~eckt
kair

ð4Þ

where the subscripts ‘ITZ’, ‘agg’, ‘cem’ and ‘air’ mean ITZ, aggregate,
cement and air, respectively and the superscript ‘ck’ represents
cracked; the tensile equivalent plastic strain in CDP model, which
has similar conception with the inelastic strain in discrete model
[18] and fracture model [8], is defined as (Fig. 4) [20]:

~eckt ¼ ~et � rt

E0
ð5Þ
2.1.3. ETC calculation strategy
Computational homogenization is a multi-scale approach

where the macro-scale material response is obtained from an Rep-
resentative Volume Element (RVE). A sample from the heteroge-
neous material qualifies as an RVE when it is small enough
compared to the macrostructural dimensions, yet it contains suffi-
cient statistical information about the microstructure so as to accu-
rately represent the response that the heterogeneous material
exhibits at the macro-scale [9,12,13]. Hence the side length of con-
crete RVE is usually at least 100 mm [26]. In computational ther-
mal homogenization, an effective thermal conductivity matrix k

is introduced to map the volume average of temperature gradient
hrTi to the volume average of thermal flux hQ i:
hQ i ¼ �khrTi ð6Þ
where the volume average of a quantity h�i is defined as:

h�i ¼ 1
jXj

Z
X
� dX ð7Þ

with X is the RVE volume.
For the heterogeneous material with isotropic ETC kiso, the Eq.

(6) can be written as:

hQ i ¼ �
kiso

kiso
kiso

2
64

3
75hrTi ð8Þ

and in 3-D problem, the kiso becomes:
t exchange in crack.



Fig. 4. Tensile equivalent plastic strain in CDP model.

58 L. Shen et al. / Construction and Building Materials 153 (2017) 55–68
kiso ¼ �hQ i1hrTi1 þ hQ i2hrTi2 þ hQ i3hrTi3
hrTi21 þ hrTi22 þ hrTi23

ð9Þ

In this study, to satisfy the Hill criterion, a linear temperature
boundary condition with a constant prescribed temperature gradi-
ent rT1 is addressed in direction 1, so that hrTi1 ¼ rT1 and
hrQ i1 ¼ rQ 1 can be proved. Above all the ETC in 1-D can be sim-
plified as follows (see Fig. 5):

k1 ¼ � hQ i1
hrTi1

¼ � Q 1

rT1
ð10Þ
2.2. Specimens and parameters

The take-and-place method [12] which follows Fuller Curve
(the shape factor is 0.5) is used to randomly place sphere aggre-
gates (diameter ranges from 30 mm to 10 mm) into the 100 mm
side length cube specimen. Fig. 6 shows the 40% aggregate volume
fraction (AVF) specimen composed of mortar (blue phase), aggre-
gate (red phases) and ITZ (green phases). No defect is set for trig-
gering cracks localization.

For the three-dimensional simulations, two bottlenecks need to
be broken through. One is the method used to mesh the ITZ mesh
which will be discussed in Section 2.3, and the another one is the
Fig. 5. Illustration of the principle of the ETC computation.
definition of the ITZ mechanical properties because these proper-
ties still cannot be measured directly.

Xiao et al. [27] reported that on the basis of nanoindentation
tests, the thickness of ITZ is in the range 40–65 lm and the average
indentation modulus of ITZ is 70–90% of that of mortar matrix.
Hence in this numerical study, a reduction factor of ITZ mechanical
properties is assumed to be 0.8 (listed in Table 1) compared to
those of mortar. To alleviate mesh sensitive results, the post-
failure tensile behavior is defined by using the fracture energy
cracking criterion that employs a stress-displacement curve, rather
than a stress-strain curve, to depict tensile behavior after cracking.
The ultimate displacement of ITZ is given to obtain proper fracture
energy, ranging from 49.6 to 62 N/m (in Section 2.4.1), in macro
stress strain response [28]. In addition, a residual strength
(0.2 MPa) is suggested for ITZ to avoid convergence problem
caused by the distortion of cracked ITZ element during failure.

For each AVF (30%, 35% and 40%), the tensile and compressive
tests of two specimens with different aggregates distribution are
modeled in X and Y directions (Cartesian coordinates in Fig. 6).
The averages value of tests in different directions are used in plots.
2.3. Aggregate-expansion method

The ITZ meshing method in three-dimensional remains a chal-
lenging issue since ITZ is only 40–65 lm thick [27], which is rather
small compared to the general dimensions of coarse aggregates (at
least 5 mm in diameter) in typical concrete laboratory specimens.
The correct ITZ thickness is of vital importance to correctly simu-
late the mechanical and thermal behavior of concrete; however
the thinner the ITZ elements are, the higher the computational
demands is.

In the previous mini-scale analysis, the ITZ structure was repre-
sented by either zero-thickness interface elements [10] or brick
elements larger than actual ITZ size (background method) [15]
about 500–1000 lm in thickness. Both methods resulted in big dis-
crepancies in the dimensions of ITZ between the models and the
real structures, necessarily inducing a low accuracy in the
simulations.

Accordingly, Li et al. [29,30] proposed ‘‘Aggregate-Expansion
Method” (AEM) in which the ITZ structure is represented with
50 lm thickness wedge elements in an acceptable number. AEM
can generate the thin-layer elements between aggregate and mor-
tar meshes. A brief overview of the procedure is as follows:

(1) Generate a grid model without ITZ elements (see in Fig. 7a):
mesh a aggregates and mortar with tetrahedron elements.

(2) Select ‘‘Old ITZ Nodes”: select the nodes at the interface
between mortar (blue) and aggregate i (red), named ‘‘Old
ITZ Nodes”.

(3) For aggregate i, select the mortar elements which contains
‘‘Old ITZ Nodes”.

(4) Generate ‘‘New ITZ Nodes”: for aggregate i, extend the Old
ITZ Nodes by 50 lm outward the aggregate surface in the
radial direction, named ‘‘New ITZ Nodes”.

(5) Generate the new mortar elements: update the mortar ele-
ments by replacing ‘‘Old ITZ Nodes” with paired ‘‘New ITZ
Nodes”.

(6) Obtain the ITZ elements: organize the Old ITZ Nodes (shared
by aggregate and ITZ elements) and New ITZ Nodes (shared
by mortar and ITZ elements) into wedge ITZ elements
(green, see in Fig. 7b).

One need to be pointed out that to ensure the quality of ITZ ele-
ments the aspect ratio of wedge elements is recommended as 1:40,
which is limited to be no less than 1:50 in ABAQUS [20,31]. Hence



Fig. 6. 40% AVF mini-scale concrete specimen.

Table 1
Parameters in simulation.

Material Aggregate Mortar matrix ITZ Air Reference

Elastic models 50 20 16 [2,14]
E / (GPa)
Poisson’s ratio 0.16 0.22 0.2
Tensile strength 15 3 2.4
ft/(MPa)
Compressive strength 200 40 32
fc/(MPa)
Ultimate displacement 50 40 20
wc/(lm)
Thermal conductivity 5 2 2 0.026 [2,6,25]
k/(W/(m�K))

Fig. 7. Aggregate-expansion method: (a) Before meshing and (b) After meshing.
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the number of elements for the specimen in Fig. 6 is about 300
thousands.
Fig. 8. Relationship between tensile strain and ETC.
2.4. Numerical results

2.4.1. Tension
Fig. 8 shows the numerical complete tensile stress-strain curves

(black) and the relationships between tensile strain and tensile
cracked concrete ETC vertical to cracks (T-ETCV in red) or tensile
cracked concrete ETC parallel to cracks (T-ETCP in blue) respec-
tively. At the tension stiffening stage (0–80 l-strain), the stress lin-
early increases with strain. Before the peak, plastic strain can be
observed in the range 80–100 l-strain and micro-cracks initiate
at ITZ (Fig. 9b). With the accumulation and propagation of micro-
cracks, the specimen reaches its peak stress at 2.24 MPa and at this
point the displacement distribution becomes discontinuous
(Fig. 10b). Then in the softening phase, the tensile stress decreases
rapidly with the growth of a macro-crack. At 500 l-strain, the
specimen reaches its tensile residual stress and ultimately frac-
tures into two halves (Fig. 10c). Overall, this specimen shows
strong brittleness in tension.

According to the tensile failure process, the evolutions of
T-ETCV and T-ETCP, can be divided into 3 stages with respect to
tensile strain. In the elastic stage, ETC has a little change. In the
plastic stage (80–100 l-strain) both the ETCV (23%) and ETCP
(10%) have a significant reduction, while at the softening stage a
very slight linear decrease appears.



Fig. 9. PEEQT(~eckt in ABAQUS) distribution during the tensile test: (a) 76 l-strain, (b) 100 l-strain and (c) 500 l-strain.

Fig. 10. Y-displacement distribution during tensile test: (a) 76 l-strain, (b) 100 l-strain and (c) 500 l-strain.
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The variation of thermal conductivity is highly consistent with
the failure process. The initiation, accumulation, propagation and
coalescence of cracks directly reduce the local thermal conductiv-
ity inside the specimen. In Fig. 11a, one can see that the ITZ first
cracked at the two opposite ends of aggregates in the Y (loading)
direction where the thermal conductivity of cracked ITZ elements
becomes that of air (blue). Then as the load increases, cracks prop-
agate along the surface of aggregates (Fig. 11b). In the softening
stage, the thermal conductivity of most ITZ elements decreased
to that of air around the macro-crack (Fig. 11c). Ultimately, when
the tensile strain reaches 500 l-strain, the conductivity of cracked
mortar elements decreases to various degrees with the crack open-
ing at the location of the macro-crack.

Fig. 12 illustrates the thermal conductivity distribution of the
tensioned 500 l-strain specimen. In this figure, the thermal con-
ductivity of elastic aggregates elements (gray), uncracked mortar
(red) and ITZ elements (red) remains unchanged, the conductivity
of cracked ITZ elements (blue) turns into that of air and at the zone
of macro-crack the conductivity of cracked mortar elements
decreases to various degrees with the crack opening.
Fig. 11. Thermal conductivity distribution at ITZ during tensile
Since the thermal conductivity of aggregates is usually 2.5 times
of that of mortar, heat prefers to flow in and out of the aggregates
while passing the specimen. Thus in Fig. 13a, heat shortcuts pro-
vided by aggregates can be easily observed which in this study is
called ‘‘heat bridge effect” (red lines). When mortar and aggregates
start to debond, the heat will be prevented by air the in cracked ITZ
(Fig. 13b). This phenomenon significantly weakens the ‘‘heat
bridge effect”, leading to a remarkable drop of conductivity in
the plastic stage. Herein this is called ‘‘interfacial thermal resis-
tance (ITR)” effect.

In Figs. 9–11, it is easy to find that both the macro- and micro-
cracks are orthogonal to Y (tensile loading) direction. When heat
flows into the specimen from Y direction, it will be blocked by
ITR from conducting into the aggregates. Hence most of the heat
flows into the mortar in order to bypass the cracked ITZ area
(Fig. 13b). Correspondingly, when heat flows into the specimen
from X direction, it can flow into the aggregates without thermal
barriers, resulting in a little weakening of ‘‘heat bridge effect”
(Fig. 13c). Therefore the T-ETCV reduces 23% and T-ETCP decreases
10%.
test: (a) 76 l-strain, (b) 100 l-strain and (c) 500 l-strain.



Fig. 12. Thermal conductivity distribution at tensile 500 l-strain.

Fig. 13. Heat flux during tensile test: (a) ETC 0 l-strain, (b) T-ETCV 500 l-strain and (c) T-ETCP 500 l-strain.
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In summary, during the tensile failure process, the concrete ETC
has a significant drop in the plastic stage due to the appearance of
micro-cracks while in the softening stage it decreases slightly with
the increase of macro-crack opening. Further, ETC becomes aniso-
tropic because of the direction of cracks (or loading).

2.4.2. Compression
Fig. 14 shows the numerical complete compressive stress-strain

curves (black) and the relationships between compressive strain
and compressive cracked concrete ETC vertical to cracks (T-ETCV
Fig. 14. Relationship between compressive strain and ETC.
in red) or compressive cracked concrete ETC parallel to cracks (T-
ETCP in blue) respectively. In the compressive stiffening stage
(0–400 l-strain), stress increases linearly with strain. As load
increases, inelastic strains appear due to the initiation of micro-
cracks at ITZ (Fig. 15) and during this apparent plastic stage
(400–1600 l-strain) discontinuity appears in the displacement
distribution (Fig. 16b). At 1600 l-strain, this specimen reaches
the peak stress of 21 MPa at which almost all the ITZ elements
are cracked (Fig. 15b). In softening stage, the stress decreases dra-
matically and the specimen is crushed into several parts (Fig. 16c).
Overall, unlike the brittleness in tension, the compressive mechan-
ical behavior is somewhat plastic.

The C-TECV and C-ETCP curves are made up of 4 stages, among
which the plastic stage (400–1600 l-strain) is divided into plastic
drop stage (400–600 l-strain) and plastic steady stage (600–
1600 l-strain). In the elastic period, these curves are overlapped.
During the plastic drop stage, one can observe remarkable reduc-
tions in C-ETCV (30%) and C-ETCP (23%) and a bifurcation of these
curves occurs at 500 l-strain. Both curves become stable tempo-
rally during the plastic steady stage, and during the softening stage
begins to linearly decrease.

It is noteworthy that micro-cracks initiate at ITZ at a 45-degree
angle with respect to the Y (loading) direction as illustrated in
Fig. 17a. With the increase of compressive deformation micro-
cracks grow along the surface of aggregates and gradually cover
the aggregates except for the top ends in the Y direction
(Fig. 17b). That is the reason for the overlap and bifurcation of C-
ETCV and C-ETCP curves mentioned above. A comparison between
Fig. 17b and c indicates that the number of cracked ITZ elements is
already saturated at the peak point.



Fig. 15. PEEQT(~eckt in ABAQUS) distribution at ITZ during compressive test: (a) 500 l-strain, (b) 1600 l-strain and (c) 5000 l-strain.

Fig. 16. Y-displacement distribution during compressive test: (a) 500 l-strain, (b) 1600 l-strain and (c) 5000 l-strain.

Fig. 17. Thermal conductivity distribution at ITZ during compressive test: (a) 500 l-strain, (b) 1600 l-strain and (c) 5000 l-strain.
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Fig. 18 shows the distribution of thermal conductivity in a com-
pressed 5000 l-strain concrete specimen. In this illustration, the
thermal conductivity of elastic aggregate elements (gray),
uncracked mortar and ITZ elements (red) remains unchanged, the
conductivity of cracked ITZ elements turns into that of air and at
the location of the macro-crack the conductivity of cracked mortar
elements decreases to various degrees with crack opening. Also,
one can observe several intertwined cracks inside the specimen
in a manner that is completely different from the one single
macro-crack in observed tensile cracked concrete.

Based on the discussion above, the ITR effect which prevents
heat from flowing into aggregates clearly plays a dominant role
in the reduction of thermal conductivity before the softening stage
(see Fig. 19a, b, d and e). Then after the full growth (saturation
number) of cracked ITZ elements, the crack-opening increase of
intertwined macro-cracks causes a linear decrease of C-ETCV and
C-ETCP which seems a little more apparent than that of the T-
ETCV and T-ETCP curves. This could be observed by comparing
the heat flux in mortar phase in Fig. 19b–c and e–f.

In conclusion, during the compressive failure process, the con-
crete ETC has a significant drop in the plastic drop stage due to
the appearance of micro-cracks and in the softening stage it
decreases linearly with the increase of macro-cracks opening. Fur-
thermore, the ETC becomes anisotropic because of the direction of
loading. C-ETCV and C-ETCP decrease 30% and 23%, respectively.
3. Experiment

This section discusses experiments in which the compression
test and thermal conductivity measurements are carried out simul-
taneously. The most difficult task is to choose an appropriate
method to obtain the temperature gradient without any interfer-
ence with the mechanical results. The infrared thermal imaging,
therefore, may be the most suitable approach which has been
applied on a number of situations in concrete structures, such as
bridges, highway and airport pavement [32,33]. Büyüköztürk
[34] stated that this technology although was characterized by
considerable accuracy and convenience, it could be affected signif-
icantly by change of weather condition. This drawback, however, is
avoided in this study since all the operation is taken place in an
indoor laboratory with controlled environment.



Fig. 18. Thermal conductivity distribution at compressive 5000 l-strain.

Fig. 19. Heat flux during compressive test: (a) C-ETCV 500 l-strain, (b) C-ETCV 1600 l-strain, (c) C-ETCV 5000 l-strain, (d) C-ETCP 500 l-strain, (e) C-ETCP 1600 l-strain and
(f) C-ETCP 5000 l-strain.
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Another difficulty is the measurement of discontinuous dis-
placements and strain distribution on the specimen’s surface with
non-uniform temperature distribution. Here digital image correla-
tion (DIC) [35,36] is employed to observe the failure process. DIC is
a fully non-destructive and non-contact measurement tool which
has been widely used to examine the deformation of engineering
materials, including concrete and related cement-based materials.

The adopted setup is shown in Fig. 20 in which the infrared
thermal imaging camera, whose thermal sensitivity is 0.04 �C and
precision is 2%, is used to measure the temperature field on the
concrete surface and the DIC, whose resolution is 1280 � 1024, is
used to measure the discontinuous displacement and maximum
principle strain distribution. The key point of this choice is that
these approaches do not have any mutual interference. The mea-
suring range of the electro-hydraulic servo universal testing
machines (WAW-E2000) is 40–2000 kN which is capable of out-
putting persistent force to keep the specimen in a compressive sta-
tus. The environmental temperature is kept at 25 �C and the
humidity is not controlled.

3.1. Specimens

The compressive strength test in this experimental investiga-
tion strictly obeys the Chinese ‘‘Test Code for Hydraulic Concrete”
(SL352-2006). The load speed is 0.3 MPa/s, and mix proportion is
listed in Table 2. The six cubic specimens of 150 mm side length



Fig. 20. Experiment setup.

Table 2
Component mass (kg) per m3 C25 concrete.

Material Component mass (kg)

Portland cement P.O 32.5 380
Natural sand middle 625
Crushed aggregates diameter: 20–40 mm 1235
Water 200

64 L. Shen et al. / Construction and Building Materials 153 (2017) 55–68
are cured in water for 28 days and then the rough cast surface of
each cube is polished in order to expose the aggregates (shown
in Fig. 20). The natural different grayscale between aggregates
and mortar can be used as the speckle pattern for DIC method.
3.2. Equipment

The equipment illustrated in Fig. 21a is designed based on the
steady-state method which is detailedly described in the Chinese
standard ‘‘Thermal Insulation-Determination of Steady-state
Thermal Resistance and Related properties-Guarded Hot Plate
Apparatus” (SL352-2006). Components are listed as follows: 1.
Carbon steel frame (Q255); 2. Heat insulation foam board
(0.002W�K�1 m�1); 3. Heat insulation aluminosilicate fiber textile
(0.035 W�K�1 m�1); 4. Concrete specimen; 5. Heating unit (electric
heating silicon sheet, 15 W); 6. High thermal conductivity silicon
sheet (6 W�K�1 m�1); 7. Cooling unit (water cooler); 8. Square
Fig. 21. Illustrations of Equipment: (a) Exploded
carbon steel top plate with 150 mm side length; 9. Plate for sup-
porting spring; 10. Carbon steel top frame; 11. Screw; 12. Spring.

Fig. 21b shows the operation schematic diagram. When load is
applied to the top plate (8), expansion strain will appear in the
direction orthogonal to the loading direction, because of the defor-
mation and cracks inside the specimen (4). Then, the springs (12)
supported by fixed plates (9) will shrink due to the movement of
the foam boards (4), the heating unit (5) and the cooling unit (7).
The heating unit (5) provides a stable heat source on one surface
and the cooling unit keeps another parallel surface at room tem-
perature. Hence during loading is kept, a steady heat flow forms
inside the specimen (4) and a temperature gradient rT can be
obtained between the two parallel surfaces after sufficient time.
Thus the specimen’s C-ETCV can be computed as:

kexp ¼ Q
rT � l ð11Þ

where l is the side length of cubic specimen and Q is the steady heat
flow which depends on the heating unit’s electricity consumption,
W, and its heat efficiency. Because of some uncontrollable factors,
such as heat leak, precision of instruments and so on, a correction
factor, kexp, considering heat efficiency is defined for this
equipment:

kexp ¼ kexp
W

rT � l ð12Þ
views and (b) Operation schematic diagram.



Fig. 22. Percentage of thermal conductivity during the uniaxial compression test: (a) Experimental data, (b) Temperature at point a, (c) Maximum principle strain at point b,
(d) Displacement at point b, and (e) Temperature at point b.
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3.3. Experimental results

4 sets of valid data are plotted in Fig. 22a. The elasticity modu-
lus ranges from 19.3 to 28.8 GPa, the compressive strength ranges
from 24.5 to 29.2 MPa and the reduction of C-ETCV ranges from
21% to 25%. The scatter of elasticity modulus may be caused by
alteration of cooling water temperature in different experimental
days, because the elasticity modulus is sensitive to average tem-
perature of specimen [37]. To begin with, one needs to measure
the steady temperature distribution of the intact specimen (point
a in Fig. 22a). In Fig. 22b, one can see a uniform one-dimensional
temperature gradient rTun. During the test, specific compressive
loads (0 MPa, 10 MPa, 15 MPa, 20 MPa and 25 MPa) are succes-
sively applied and held, and whereafter the temperature of the
two parallel surfaces’ center points are monitored until a new

steady gradient rTck is reached. At the peak compressive stress
(point b in Fig. 22a), macro-cracks (Fig. 22c) and discontinuous dis-
placement distribution (Fig. 22d) can be observed on the surface of
the concrete specimen. In addition, when damage localizes, tem-
perature discontinuities can be observed in Fig. 22e. It is important
to point out that this temperature distribution cannot be used to
calculate the conductivity, because it is transient. Also the neither
before or after cracking temperature distributions are not ideal
one-dimensional along the temperature gradient (from left to right
in Fig. 22b and e), because a certain amount of heat leaks from top
and bottom (aluminosilicate fiber textile in Fig. 21), even though
its thermal conductivity is very low (0.035 W�K�1 m�1). In order
to avoid this drawback, the reduction proportion of conductivity
g is used to eliminate kexp which cannot be measured accurately:

g ¼ kckeff
kuneff

¼ WckrTun

WunrTck ð13Þ

where kckexp and kunexp are the experimental thermal conductivity of

uncracked and cracked concrete, respectively; Wun and Wck are
the power consumptions of the heating unit (5) for the uncracked
and cracked concrete respectively. Therefore the reductions of C-
ETCV under various compressive loads can be obtained which is
plotted in Fig. 22a as the red nodes.

The simulations in Section 2.4.2 show that the C-ETCV has a sig-
nificant reduction during plastic drop stage and then it becomes
steady until the specimen reaches its peak stress. For this reason,
this curve presents an ‘‘S” shape. Hence the Logistic function is
employed to fit the experimental data:

g ¼ gmax � gmin

1þ ðe=epÞp
þ gmin ð14Þ

The Logistic curve is composed of a convex function (e < ep), a
concave function (e > ep) and an inflection point p (e ¼ ep), in
which parameter p is related to the slope at point p; gmax and
gmin is the maximum and minimum of this function. The fitted
curve is plotted as the black line in the Fig. 22a and its parameters
are listed in Table 3. The fitted curve shows a significant decrease
at 400–800 l-strain and becomes stable at 800–1250 l-strain. This
phenomenon confirms the definition of plastic steady stage and
plastic drop stage in compressive numerical test.
4. Semi-theoretical model

According to the simulations, the debonding of aggregates and
mortar plays a dominant role in ETC reduction during concrete fail-
ure. Hence homogenization model for cracked concrete ETC should
consider the cracked ITZ (air). However cracked ITZ is not uni-
formly mixing in mortar matrix which means three-phase homog-
enization model is not suitable in this study. It is more proper to
assume the cracked ITZ as the interfacial thermal resistance in
two-phase composite (aggregates and mortar). Therefore the
following model is recommended.



Table 3
Values of Logistic function fitting parameters.

parameter gmax gmin ep (l-strain) p

value 1 0.76 669 6.19

Fig. 23. Wang Model fit of simulation results.

Fig. 24. Comparison of ETC percentage.
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Based on the pioneering work of Maxwell [38], many semi-
theoretical models with succinct forms and explicit physical mean-
ing for two-phase composite materials have been developed by
taking into account more influencing factors. Bruggeman [39]
model took the effect of high particle content into account.
Hamilton-Crosser model [40] considered the effect of particle
shapes. Hasselman-Johnson model [41] was capable of including
the effect of interfacial thermal resistance. Based on existing fruit-
ful results, Wang [42] presented an advanced Maxwell model
(Wang model) which featured the effect of particle shape, ITR
and high particle content:

ð1� vpÞn ¼ km
keff

� �ð1þna�aÞ=ð1�aÞ keff � kpð1� aÞ
km � kpð1� aÞ

� �n=ð1�aÞ
ð15Þ

where km and kp stand for the thermal conductivity of continuous
phase (mortar matrix) and discrete phase (aggregates), receptively;
vp is the particle volume fraction, i.e., AVF; n 2 (1,3] is particle
shape factor which is related to the particle’s sphericity. For spher-
ical particles, n equals to 3; a 2 (0,1] presents the degree of ITR
effect. a = 0 means no ITR effect, a < 1 means the increase of vp

has a negative effect on material ETC and conversely a > 1 indicates
a positive effect on ETC. Zhang et al. [43] verified the feasibility of
applying of above models to estimate concrete ETC by comparing
with experiment data.

As a matter of fact, all the methods, namely simulations, exper-
iments and semi-theories, are not perfect. The drawback of FEM
simulations is the low AVF (around 40%) of mini-scale numerical
specimens while in engineering concrete AVF ranges from 50% to
70%. The disadvantages of experiments are the complex operating
procedures and the lost of ETC evolution during post-peak soften-
ing. Regarding Wang model, its accuracy completely relies on the
selection of parameters which depend on the ratio of two phases’
thermal conductivity, moisture condition and other factors. As all
these influences are stochastic and complicate in concrete, the
pure theoretical determination of n and a is rather difficult. To
address this problem, the numerical results in Section 2.4 which
are regarded as known data are used to calibrate the unknown
coefficient, namely aggregate shape factor n and ITR factor a, by
following the least square method. Then a comparison between
Wang model and experimental data is carried out to verify the reli-
ability of simulations.

Consider now that the ITR factor, a, changes with failure model
while keeping the shape factor, n = 3, constant as aggregates are
spheres in simulations. For intact concrete specimens which means
a = 0, one can find in Fig. 23 Wang model agrees (black line) well
with numerical results (red nodes). Regarding the compressive
cracked specimens, when a equals to 0.478 and 0.337 respectively,
Wang model (red and blue line) matches well with C-ETCV (green
nodes) and C-ETCP (blue nodes). And for the tensile cracked spec-
imens, when a equals to 0.337 and 0.094 respectively, Wang model
(blue and green line) matches well with T-ETCV (purple nodes) and
T-ETCP (dark blue nodes). Notice that the cracked concrete ETC is
the value of conductivity at the specimens’ peak stress point since
the ITR effect plays a dominant role.

In Fig. 24, a comparison of cracked concrete ETC percentage
between Wang model and experimental data is presented. In the
high AVF range (70–75%), Wang model matches well with Vej-
melkov et. al.’s [4] experiment which adequately makes up for
the disadvantages of the low AVF of mini-scale specimens used
in simulations. However Wang model does not achieve a satisfac-
tory fit of test data in this investigation (orange points). This may
be caused by various factors, such as the difference of components’
thermal conductivity, aggregates’ shape [9] and so on.

In Figs. 23 and 24, AVF shows a significant impact on both intact
concrete ETC and cracked concrete ETC. In Fig. 23, concrete ETC
increases with AVF, since more aggregates can provide ‘‘heat
bridge” for heat. In Fig. 24, the reduction of ETC due to cracking
increases with AVF because the more ITR effect arise during failure.
This is completely consistent with two-dimensional simulations
[9].

5. Conclusions

A mini-scale numerical method is proposed within the frame-
work of finite element method (ABAQUS) to simulate the thermal
conductivity of both tensile and compressive cracked concrete
with 50 mm Interfacial Transition Zone (ITZ) in 3-D. The main con-
clusions are as follows:

(1) In the course of the tensile failure process, the evolution
between ETC (effective thermal conductivity), including T-
ETCV (tensile cracked concrete ETC vertical to cracks) and
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T-ETCP (tensile cracked concrete ETC parallel to cracks), and
strain can be divided into 3 stages. In the elastic stage, ETC
has a little change. In plastic stage (80–100 l-strain) both
the ETCV (23%) and ETCP(10%) has a significant reduction.
In the softening stage a very slight linear decrease occurs.

(2) According to the compressive failure process the C-TECV
(compressive cracked concrete ETC vertical to cracks) and
C-ETCP (compressive cracked concrete ETC parallel to
cracks) curves are made up of 4 stages. In the elastic stage,
tow curves have no change and are overlapped. Then at plas-
tic drop stage, one can observe remarkable reductions in C-
ETCV (30%) and C-ETCP (23%) and a bifurcation of the curves
at 500 l-strain. As load increases both curves become stable
temporally during the plastic steady stage, and during the
softening stage then begin to linearly decrease again.

(3) It is the micro-cracks at Interfacial Transition Zone (ITZ)
rather than the macro-cracks that play the dominant role
in this phenomenon. Aggregate particles whose thermal
conductivity is commonly 2.5 times of that of mortar pro-
vides ‘‘heat bridges” for heat transfer. The micro-cracks
induced by the debonding of mortar and aggregates prevent
heat flowing into the aggregates which remarkably weakens
the heat bridge effect. This is called interfacial thermal resis-
tance (ITR) effect.

Experiments conducted in this study show that C-ETCV dramat-
ically decreases 20–25% at 300–900 micro compressive strain and
then becomes steady. This phenomenon confirms the conceptions
of plastic drop stage and plastic steady stage which are defined in
simulations, indicating the correctness of simulations.

Wang model which is calibrated by simulations is recom-
mended to estimate the ETC of cracked concrete. The agreement
between the data from simulations, Wang model and experiment
indicates the correctness of this study.

However, further researches need to be carried out. Better con-
stitutives, such as lattice discrete particle model [18] or fracture
constitutive [8], need to be employed to model more explicit crack-
ing pattern and failure phenomena. The ETC evolutions during the
complex mechanical and thermal load, and the improvements of
aggregate volume fraction (AVF) for both numerical and real spec-
imen are essential for the application in engineering. It is, as well,
of interest to account for the effects of the concrete mixture, mois-
ture content and high temperature condition on cracked concrete
ETC.
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