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Abstract

A mesoscale model was developed to investigate the effect of steel fiber on the ther-
mal conductivity of steel fiber-reinforced concrete (SFRC). Delaunay triangulation
was employed to generate the unstructured mesh for SFRC materials. The model was
validated using the existing experimental data. Then, it was used to study how model
thickness affected simulation outcomes of thermal conductivity of models with dif-
ferent fiber lengths, by which an appropriate thickness was determined for the later
analyses. The validated and optimized model was applied to the study of relationships
between thermal conductivity and factors such as fiber content, fiber aspect ratio and
different parts of an SFRC block by conducting steady-state heat analyses with the
finite element analysis software ANSYS. The simulation results reveal that adding
steel fiber increases thermal conductivity considerably, while fiber aspect ratio only
has an insignificant effect. Besides, the presence of steel fibers has an obvious impact
on the distribution of temperature and heat flux vector of the SFRC blocks.

Keywords Delaunay triangulation - Mesoscale modeling - SFRC - Steel fiber -
Thermal conductivity

1 Introduction

With increasingly rampant terrorism, protective structures against blast and fire are
gaining more and more attention from governments and researchers. Steel fiber rein-
forced concrete (SFRC) is an ideal material for this kind of structures. Compared
to normal-strength concrete (NSC), SFRCs have remarkably high strength, toughness
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and ductility [1-5]. Under dynamic loads, steel fibers randomly distributed within con-
crete matrix help absorb more impact energy [6, 7]. Some investigations have been
carried out into the performance of fiber-reinforced concretes (FRCs) after exposure to
high temperatures [8—13]. However, to appropriately understand how SFRCs respond
to fire, it is essential to well know the thermal properties such as thermal conductiv-
ity of SFRCs under high temperatures. A study [14] revealed temperature difference
between different parts of a concrete specimen could result in internal cracking due
to the developed thermal stress. This indicates low thermal conductivity of concrete
could be a considerable factor for spalling of concrete exposed to fire. As an excellent
heat conductor, steel fiber added to concrete may improve thermal conductivity of the
latter and thus reduce its occurrence of cracking and spalling. In some other cases
where SFRCs are employed as high-abrasion-resistant dies in the molding process of
metal and polymer products, it is also important to know their capability of heat loss
[15]. Therefore, it is worth studying how steel fibers affect the thermal conductivity
of SFRCs.

Earlier researchers [16, 17] studied the effect of high temperature on thermal prop-
erties of high-strength concrete (HSC). They suggested that the presence of steel
fibers has some effect on thermal conductivity, but little on specific heat. They also
concluded that temperature notably affects the thermal properties of HSCs. With ris-
ing temperature, thermal conductivity usually decreases, while specific heat fluctuates
dramatically at a couple of temperature points. A study [18] investigated the thermal
and mechanical properties of SFRCs under high temperatures up to 1000 °C and found
steel fibers added into concrete have little impact on thermal properties in comparison
with the effect on mechanical properties. However, it was proposed that an increase in
steel fiber content enhances thermal conductivity as well as mechanical performances
and thermal conductivity has a positive relationship with density of concrete mixture
by an experimental study [19].

Knowledge of thermal properties of SFRC is a prerequisite to appropriately under-
stand the response of this kind of material to high temperatures. Though some
researches have been done on thermal properties of SFRCs under ambient and high
temperatures, mainly they were carried out by experimental testing. It is well known
that experimental study is a costly approach in comparison with numerical study and
thus numerical simulation can, on some occasions, be a desirable substitute for tests.
For example, Sun and Fang [20] conducted a numerical study on thermal conductiv-
ity of hollow concrete bricks. However, to the best knowledge of the authors, there
are very limited investigations on thermal conductivity of SFRCs through numerical
simulation in the literature. When the focus is on the effect of steel fiber on ther-
mal conductivity of SFRCs, this kind of investigation can be achieved by mesoscale
numerical simulation rather than testing only.

Mesoscale modeling is adopted in this study. Instead of a homogenous material
usually considered in many numerical studies, concrete is a heterogeneous composite
consisting of aggregate, cement paste and void. This heterogeneity is even furthered by
addition of fibers. In mesoscale modeling of SFRCs, fibers are explicitly modeled so
that their influence on SFRC properties is able to be worked out. Mesoscale modeling
models SFRC components separately, by which it is much easier to find an appropriate
material model for each component than the integrated composite when conducting
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Middle section Edge section
Fig. 1 Models cut from an SFRC block

numerical analyses. In recent years, some researchers have applied mesoscale model-
ing to the analyses of mechanical properties of SFRCs [21-30]. For heat analyses, a
mesoscale model was created to iteratively deduce thermal conductivity of an SFRC
to agree with the test results, with both steel fiber and concrete matrix modeled as
solid elements [31]. However, solid element mode for both fiber and concrete leads
to high modeling complexity. Besides, their model is unable to represent situations
where specimens are cut from an SFRC block or to study properties of different parts
of a specimen. Previously, the authors developed a new mesoscale model for SFRCs to
study their mechanical properties [32]. In the current study, this mesoscale model was
used to numerically investigate how steel fiber affects thermal properties of SFRCs
after it was validated against test results from other researchers. In some cases, instead
of fabricated directly, test samples are sliced from a concrete block for thermal tests
[9]. The numerical model developed in this paper has the capability to accurately
represent the situation where a simulated SFRC sample is cut from an SFRC block
(see Fig. 1), thereby ensuring high fidelity. This feature is particularly important and
necessary when studying very small specimens where random fibers are unable to be
created within the model directly. To model SFRCs appropriately, in this study Delau-
nay triangulation algorithm was employed to mesh the two components, ensuring that
the randomly distributed fibers and the concrete matrix are connected to each other
by node correctly. It should be noted adding steel fibers to concrete mixture could
result in variations of density and porosity of the concrete [31, 33], while thermal
conductivity of concrete is subject to density [34, 35], moisture content and poros-
ity [35-39]. Also, thermochemical behavior under elevated temperatures could affect
thermal properties of concrete. These factors were not considered in this study since it
is difficult to numerically quantitatively analyze the relationships between fiber ratio
and these factors and between thermal properties and these factors.

2 Model Preparation

In this study, SFRC was considered as a composite made up of steel fiber and concrete.
It should be noted that geometry of steel fibers was not considered, though they usually
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Fig. 2 A mesoscale model of SFRCs

have different shapes. In other words, herein only round straight fibers were used. To
generate random fibers in the numerical computing environment MATLAB, firstly a
model with cuboid shape was defined. Then one endpoint of a fiber was randomly
located within the model. The other endpoint of the fiber keeping a distance of the
fiber length from the first one was randomly determined if it was contained by the
model domain. After the intended number of fibers was reached, the fiber generation
process was completed. A mesoscale geometric model of SFRCs is shown in Fig. 2.

Incremental algorithm of Delaunay triangulation was employed to generate unstruc-
tured mesh for the SFRC models. Details of the Delaunay triangulation process can be
found in the authors’ previous work [32]. As an example to be seen clearly, a Delau-
nay triangulation of a model with only five fibers is shown in Fig. 3. It can be seen
that mesh becomes dense where fibers are present. Prior to the determination, various
lengths of average fiber element were attempted to obtain a converged result. In this
study, the average fiber element length was set at around 1.4 mm. For heat analyses
of SFRCs, no deformation or fiber sliding happens, so shared-node or perfect-bond
mode was applied to the linkage of these two materials. The interfacial zone between
the fiber and the matrix could have negative effects on thermal transfer between them.
Interfacial zone effect is subject to concrete constitution, fiber properties and moisture
variation under elevated temperatures. However, the lack of such data in the literature
makes it difficult to integrate this effect into the numerical model. Nevertheless, the
focus of this study is on how fiber parameters, such as content, diameter and length,
affect thermal conductivity of SFRCs under room temperature.

3 Thermal Parameters and Material Models

Thermal conductivity A can be calculated according to the law of heat conduction or
Fourier’s law:
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Fig. 3 Demonstration of Delaunay triangulation of SFRC models

A= —¢g - dx/dT, (1)

where ¢, is the heat flux (unit: W~m’2); dx is the distance between the two heat
transfer surfaces as shown in Fig. 4; dT is the temperature difference between these
two surfaces; and the negative sign indicates that heat moves from higher temperature
part to lower temperature part. In this study, the heat flux ¢, was calculated as the total
heat flow divided by the area of the heat transfer surface, the temperature difference
dT was set at 40 °C, and the distance dx was equal to the thickness of the model. This
equation was used to calculate the thermal conductivity of the composite material
consisting of concrete and steel fiber in this study.

For plain concrete and steel fiber, thermal conductivity and specific heat can be
determined according to relevant European standards [40, 41]. It should be noted ther-
mal properties of concrete may vary depending on density, moisture content, aggregate
type, etc. However, since the concrete type is not the main concern in this study, only
normal-weight dry concrete is considered. The thermal conductivity A, of plain con-
crete can be determined between the lower and upper limit values as follows [40]:

Upper limit:

Ae(T) =2 —0.2451(T /100) +0.0107(T/100)2 20°C <T< 1200°C 2)
Lower limit:

Ae(T) = 1.36 — 0.136(T /100) + 0.0057(T /100)> 20°C <T <1200°C, (3)
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Fig. 4 Model for calculating thermal conductivity

where T is the temperature. It is suggested the thermal conductivity of high-strength
concrete may be higher than that of normal-strength concrete. The specific heat ¢, of
plain concrete can be determined from the following [40]:

900 20°C<T <100°C
o — 1900+(T —100) 100°C < T <200°C @
¢ 1000 + 0.5 x (T —200) 200°C < T <400°C

1100 400°C < T < 1200°C.

For steel fiber, the thermal conductivity A; and the specific heat c; are here taken as
the same as those of common steel and can be calculated as a function of temperature
T as follows [41]:

54-333x1072.7T20°C<T <800°C
(M) = {27.3 800°C < T < 1200°C &)
4254773 x 107 . T —1.69x 1073 - T2+2.22x107°. 73 20°C < T < 600°C
e(T) = 666 + 13002/(738 — T) 600°C<T <735°C
2T 545 +17820/(T — 731) 735°C < T <900°C
650 900°C < T < 1200°C.
(6)
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Fig. 5 Geometric and analytic models. (a) Geometric model. (b) Analytic model

The unit for thermal conductivity is W/(mK) and for specific heat is J/(kg - K). In
this study, the convection coefficient for concrete surface is taken as 4.74 W/(m? - K)
[42], which is under natural convection conditions.

In ANSYS, there are several solid element types for thermal analysis such as Solid5,
Solid69, Solid70 and Solid87. Solid 70 is an 8-node hexahedral element with one
temperature DOF on each node and is used for plain concrete, while Solid87 is a
10-node tetrahedral element with one temperature DOF on each node and is selected
for SFRC concrete in this study. For fibers, Link33 2-node 3D line element is used.
Link33 element has one temperature DOF on each node and has the ability to transfer
heat through the shared nodes with concrete elements.

4 Model Validation

Loading and boundary conditions for calculating thermal conductivity through steady-
state heat analysis with ANSYS are exhibited in Fig. 4. It shows that a constant
temperature load T acts on the upper surface of the SFRC model, while a convection
load with a constant air temperature is imposed on its bottom surface. The four side
surfaces of the model are applied an insulation boundary condition to prevent heat from
moving through these surfaces. When the air temperature is lower than the temperature
loaded on the top surface, a steady flow of heat will constantly go into the model from
the top surface and go out from the bottom surface. The total amount of the heat flow
per unit time reflects the thermal conductivity of the specimen. This method was also
adopted by [43].

An experimental study was conducted on the thermal properties of fiber-reinforced
high-performance self-consolidating concrete (SCC) at elevated temperatures [9]. The
authors made comparisons among plain SCC, steel fiber-reinforced SCC (SCC-S) and
other types of fiber-reinforced SCCs. The SCC-S specimen had a size of 60 x 60 x 25
mm and was reinforced with 0.54 % steel fibers by volume. The steel fibers were
1.14 mm in equivalent diameter and 38 mm in length. In this simulation for validation,
data such as specimen’s specific heat and thermal conductivity for the plain concrete
were chosen from their tests, except that the thermal properties of steel fibers were
calculated using Eqgs. 5 and 6. The geometric and analytic models for simulation are
shown in Fig. 5.
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Fig. 6 Temperature distribution at 800 °C

The simulations for the calculation of thermal conductivity of the specimen were
done under a series of temperature points ranging from 20 °C to 800 °C, which were
loaded on the top surface of the model. In each case, the air temperature was 40 °C
lower than the top surface load as shown in Fig. 4. It should be noted this temper-
ature difference has little effect on simulation results [43]. Thermal conductivity is
an intrinsic property of matter and thus has nothing to do with boundary or loading
conditions. Figure 6 displays the temperature distribution when the top surface load
was 800 °C. It can be seen that with the presence of steel fibers the fringe line between
any two adjacent color areas becomes irregular, meaning an uneven distribution of
thermal gradients. Distribution of heat flux vector at 800 °C is plotted in Fig. 7. It
shows that the flux vector becomes denser and greater around the steel fibers, which
means the steel fibers have higher thermal conductivity than the concrete. It can also
be found that where fibers are present some flux vectors do not have the direction per-
pendicular to the two loading surfaces, which indicates the steel fibers locally affect
the direction of heat flow. Comparison of thermal conductivity between the test results
and the simulation is shown in Fig. 8, and the values are listed in Table 1. It can be seen
the simulation results agree well with the test results except at 800 °C. At 800 °C, the
abnormity of thermal conductivity of the SCC-S, which is much smaller than that of
the SCC, could result from its greater thermal expansion. The tests by [9] showed that
the SCC-S experienced a slightly bigger thermal expansion than the SCC between
20 °C and 600 °C, but the expansion difference increased sharply from 600 °C to
800 °C. The decreased density of the SCC-S led to a great drop of its thermal conduc-
tivity. The situation of thermal expansion is unable to be captured in the current model,
leading to the discrepancy of thermal conductivity between the tested SCC-S and the
simulated SCC-S at 800 °C. Nevertheless, the numerical simulation does reflect two
important features of the effect of steel fibers on thermal properties of SFRCs. One
is that with the increase in temperature, the thermal conductivity of SFRCs declines.

@ Springer



International Journal of Thermophysics (2018) 39:142 Page90of19 142

AN

APR 122017
10:23:20

l/EC TOR

ELEM=8907
MIN=.032461
MAX=.94398

e I
032461 1235021 43758 64014 8427
133741 336301 53886 74142 94398

vi0.54% D1.14x38
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Fig. 8 Comparison of thermal conductivity between test and simulation

The other is that the addition of steel fibers helps enhance the thermal conductivity of
the concrete at all temperatures up to 700 °C. At 20 °C the discrepancy between the
test result and the simulation is only 2.3 %. Therefore, the model is acceptable when
the major concern is the effect of steel fibers but not thermochemical change, and the
calculated thermal conductivity at room temperature is accurate enough.

5 Simulation Results and Discussion
Firstly, the effect of model thickness on simulation outcomes of thermal conductiv-
ity was studied. Usually, the thickness should not make difference to outcomes from

either tests or simulations when determining the thermal conductivity of a homoge-
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Table 1 Thermal conductivity under various temperatures (unit: W/(mK))

Temperature (°C)

20 200 400 600 800
SCC 3.288 2.110 1.476 1.476 0.880
SCC-S 3.508 2.356 1.528 1.566 0.608
SCC-S 3.427 2.222 1.568 1.554 0.940
simulation
Simulation 2.3 5.7 2.6 0.8 55.0
error (%)

neous material. However, SFRCs are a heterogeneous material and can contain steel
fibers with various lengths, which could lead to different results when using different
thicknesses. By this, an appropriate thickness was determined for models used for the
later simulations. Then, the effect of steel fiber on the thermal conductivity of SFRCs
under room temperature was numerically investigated. There were two factors to be
taken into account, i.e., fiber content and fiber diameter. Thermal properties such as
thermal conductivity and specific heat for plain concrete and steel fibers at 20 °C and
100 °C were calculated using Eqs. 2—6. The European standard [40] suggests that the
lower limit of thermal conductivity gives more realistic temperatures for plain concrete
structures than the upper limit, which was derived from tests for steel and concrete
composite structures. Therefore, the lower limit of thermal conductivity was used for
plain concrete herein. For calculation of thermal conductivity of SFRCs, steady-state
heat analyses were implemented in ANSYS.

5.1 Effect of Model Thicknesses on Simulation Outcomes of Thermal Conductivity

Nine models with three thicknesses, i.e., 25 mm, 37.5 mm and 50 mm, and three dif-
ferent fiber lengths, i.e., 25 mm, 40 mm and 55 mm, were simulated. Fiber diameter
was 0.7 mm, and fiber content was 1 % by volume in all models. It should be noted
all models were ‘cut’ from the middle of SFRC blocks. In other words, the two heat
transfer surfaces of the models were not the original surfaces of the matrix block.
Loading and boundary conditions for all the models were the same as shown in Fig. 4.
To achieve an almost equal average temperature within the models, the constant tem-
perature load T for models with thickness 25 mm and 37.5 mm was 25 °C, while for
that with thickness 50 mm was 26 °C.

The simulation results are plotted in Fig. 9 and listed in Table 2. With an increase
in thickness, the fluctuation of all the three curves representing three different fiber
lengths is small and each curve tends to level off. It can also be known from Table 2, the
maximum gap between the models with different thicknesses is 1.54 %, where the two
models have a thickness of 25 mm and 37.5 mm, respectively, and have fibers in length
of 25 mm. The minimum gap is only 0.18 % between the two models having a thickness
of 37.5 mm and 50 mm, respectively, and containing fibers in length of 55 mm. In
addition, with an increase in thickness the difference of thermal conductivity between
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Fig. 9 Curves of thermal conductivity versus model thickness

Table 2 Thermal conductivity under different model thicknesses and fiber lengths (unit: W/(mK))

Fiber length Model thickness (mm) Gap between Gap between
(mm) 25 mm and 37.5 mm and
37.5 mm (%) 50 mm (%)
25 37.5 50

25 1.508 1.485 1.489 1.54 0.33

40 1.503 1.492 1.488 0.68 0.27

55 1.482 1.491 1.488 0.57 0.18
Maximum gap 1.69 0.52 0.08

(%)

the models with different fiber lengths decreases and the maximum gap is 1.69 %,
0.52 % and 0.08 % at the thickness of 25 mm, 37.5 mm and 50 mm, respectively. This
also indicates that fiber length has little impact on thermal conductivity of SFRCs.
Since the difference of simulation results between the models with the thickness of
37.5 mm and 50 mm is less than 0.4 % (see Table 2), 37.5 mm will be adopted as the
thickness for all later models which contain fibers in length ranging from 25 mm to
55 mm.

5.2 Effect of Fiber Content on Thermal Conductivity

Totally four models were prepared with different fiber contents, i.e., plain, 0.5 %, 1 %
and 2 % by volume, and they all had a size of 50 x 50 x 37.5 mm. All fibers were
0.9 mm in diameter and 40 mm in length. For the model with 2 % steel fibers by
volume, there were 34 578 solid elements for the concrete and 2126 line elements for
the fibers. Loading and boundary conditions for all the models are shown in Fig. 4
with T being 25 °C.
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Fig. 10 Temperature distribution of models with different fiber contents. (a) Plain. (b) 0.5 % steel fiber. (c)
1 % steel fiber. (d) 2 % steel fiber

Figure 10 displays temperature distribution in sections diagonally cut from the
four models with different fiber contents. It can be seen that with an increase in fiber
content, the minimum temperature which is on the bottom surfaces increases. Usually,
higher minimum temperature on the heat-output surfaces means smaller temperature
difference between the two heat transfer surfaces and higher thermal conductivity.
From Fig. 10 it can also be seen that with higher fiber content the irregularity of
temperature distribution on the diagonal section becomes more noticeable.

Figure 11 illustrates heat flux vector distribution of the four models (viewed from
the bottom). The plain model has an almost completely even flux distribution. It can
be seen that the highest flux vector for each SFRC case presents close to the heat-
isolation side surfaces where a few fibers gather. Steel fibers have much higher thermal
conductivity than concrete, and with greater fiber content, more fibers likely gather,
which usually leads to higher local heat flux. However, the model with 1 % rather than
2 % fibers by volume has the maximum highest flux vector due to the uneven fiber
distribution as displayed in Fig. 11c, where much more fibers are located in the upper
half section than in the lower half section. Figure 11 also shows that with an increase
in fiber content, the minimum lowest flux vector decreases. This could be attributed
to the fact that all the models have the identical loading and boundary conditions, and

@ Springer



International Journal of Thermophysics (2018) 39:142 Page 130f19 142

L AN 1, N
ECTOR s e s e B A1 0 L. U ECTOR “ii| TUL 142017
STRP 1 X o o o 17:14:17 STEP=1 | 1mos07
SuB -1 e R A I I T2 SUB -1 048265
TIME=1 ) o o o TIME-1
TF L L L o TF 1235)
FLEM 5609 | o T T ELEM=4150 7
MIN=165991 || o o o MIN= 048565 198778
MAX~=.165 = .
X 165903 | o bt b bt MAX=72556 27403
! n b v 349283
T T
+ + + + + + + 42454
N T T
R 499795
| bl o bt 57505
A O AP
! b - - 650303
Poroma s 165993 72556,
RIS
I = = =
4 b+ b r
Plain
(a) (b)

ECTOR JUL 142017 VECTOR JUL 142017
STEP=1 17:16:53 STEP-1 17:10:47
SUB =1 SUB=1 .

242
TIME-1 024201 TIME-1 017145
TF 1147559) TF 08182}
ELEM=19027 ELEM=8534 |
MIN=.024291 -27082§ MIN=017145 [ 146495
MAX=1.134 304007 MAX=599218 211164
517366 B 275844
640633 340518
763904 405193
887173 469868
101 534543
1134 599218
vfl.0 0.9x40 v2.0 0.9x40

(©) (d)

Fig. 11 Heat flux vector distribution of models with different fiber contents (bottom view). (a) Plain. (b)
0.5 % steel fiber. (c) 1 % steel fiber. (d) 2 % steel fiber

therefore, for the model with more fibers more heat is transferred around the fibers
but less through plain concrete areas from the heat-input surface to the heat-output
surface.

Figure 12 shows the relationship between thermal conductivity and fiber content.
It can be seen that the thermal conductivity grows almost linearly with the rise in the
fiber content. Compared to the plain concrete, the 2 % steel fiber reinforced concrete
increases by 26 % in thermal conductivity. However, it should be noted in practice
adding steel fiber to concrete could bring air to the concrete and increase porosity,
which indicates higher fiber content does not necessarily contribute to higher thermal
conductivity [31]. On the other hand, if longer vibration duration is adopted for con-
crete with higher steel fiber content, the porosity can be actually reduced [33]. In this
case, the thermal conductivity could be further increased compared to plain concrete
or concrete with fewer steel fibers.

The relationship between thermal conductivity and fiber content can be expressed
by the following equation:

A=Ao+17.2Vy, @)

where A is the thermal conductivity of the plain concrete and V is the fiber content
by volume.
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5.3 Effect of Fiber Diameter on Thermal Conductivity

As discussed above, fiber length has little effect on thermal conductivity especially
when the model thickness is great enough, e.g., 37.5 mm. In this subsection, the effect
of fiber diameter is investigated. Totally, four models were prepared with different
fiber diameters, i.e., 0.5 mm, 0.7 mm, 0.9 mm and 1.1 mm, and they had a size of
50 x 50 x 37.5 mm. All models were ‘cut’ from the middle of SFRC blocks that had
a fiber content of 1 % by volume, and fibers had a length of 40 mm. For the model
with 0.5 mm fibers, there were 48 398 solid elements for the concrete and 3411 line
elements for the fibers. Loading and boundary conditions for all the models are shown
in Fig. 4 with T being 25 °C.

For the four models with fiber diameters of 0.5 mm, 0.7 mm, 0.9 mm and 1.1 mm, the
average temperatures on their bottom surfaces were calculated as 20.77 °C, 20.78 °C,
20.81 °C and 20.71 °C, respectively. Usually, the higher this average temperature, the
greater the thermal conductivity. Figure 13 exhibits temperature distribution in sections
diagonally cut from the four models. It can be seen all models almost experience the
same lowest temperature. That the lowest temperature of the model with 0.5 mm
fibers is a little higher than the other models indicates this model has the most even
temperature distribution on its bottom surface. Except for the model with 0.5 mm fibers,
all other models experience almost the same irregularity of temperature distribution
on their diagonal sections.

For the four models, the total heat flow from the upper surface to the bottom surface
was calculated as 0.42 012 W, 0.42 024 W, 0.42 043 W and 0.41 957 W, respectively.
Heat flux vector distribution of the four models is shown in Fig. 14 (viewed from
bottom). The model with 0.9 mm fibers has the minimum lowest flux vector, while it
has the greatest total heat flow. It means this model experiences the most uneven flux
distribution and steel fibers in this model play a bigger role in transferring heat than
in the other three models.

Figure 15 shows the relationship between thermal conductivity and fiber diameter.
With an increase in fiber diameter, the thermal conductivity rises up to 1.505 W/(mK)
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Fig. 13 Temperature distribution of models with different fiber diameters. (a) 0.5 mm. (b) 0.7 mm. (c)
0.9 mm. (d) 1.1 mm

at 0.9 mm, but then decreases. The maximum difference among these four models
is 0.037 W/(mK) or 2.5 % between the models with 0.9 mm and 1.1 mm fibers,
respectively. The reason could be that there are actually two contradictory factors, i.e.,
fiber diameter and fiber distribution density. While big fiber diameter is beneficial to
heat conduction along the fiber, relatively low fiber distribution density weakens heat
transfer between the two component materials.

5.4 Difference of Thermal Conductivity Between Edge and Middle Sections

This subsection is to investigate thermal conductivity of different parts of an SFRC
block. Fiber distribution near the boundaries of the SFRC block is different from
the interior, so thermal conductivity of these two parts of the SFRC block could be
different from each other. As shown in Fig. 1, models cut from an SFRC block can
be divided into two categories according to their position in the block, i.e., middle-
section model with both heat transfer surfaces cut and edge-section model with only
one of its heat transfer surfaces cut. All models simulated in this subsection had
the same parameters as in the above subsection Effect of fiber content on thermal
conductivity.
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Fig. 14 Heat flux vector distribution of models with different fiber diameters (bottom view). (a) 0.5 mm. (b)

0.7 mm. (¢) 0.9 mm. (d) 1.1 mm
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Fig. 15 Thermal conductivity versus fiber diameter

Comparison between thermal conductivity of these two kinds of models is shown in
Fig. 16. It can be seen that except the plain concrete model, all the edge-section models
have lower thermal conductivity than their corresponding middle-section models. With
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Fig. 17 Difference of thermal conductivity versus fiber content

different fiber contents, the difference of thermal conductivity between edge-section
models and middle-section models is plotted in Fig. 17. With an increase in fiber
content, the difference increases by up to 8.5 % for the model with a fiber content
of 2 % by volume. This indicates when preparing for testing of thermal conductivity,
specimens cut from SFRC blocks should be consistently selected.

6 Conclusions

To investigate the thermal properties of SFRCs, a mesoscale model was developed,
treating SFRCs as a composite material of concrete and steel fiber. Delaunay triangu-
lation was employed to generate the mesh for the composite material so that the two
constituent materials were able to work with each other appropriately.

@ Springer



142 Page 18 of 19 International Journal of Thermophysics (2018) 39:142

The study reveals that the presence of steel fibers has an obvious impact on the
distribution of temperature and heat flux vector. With an increase in model thickness,
the simulation outcome of thermal conductivity converges rapidly. Overall, model
thickness has an insignificant effect on the simulation outcomes of thermal conduc-
tivity for all the models with different fiber lengths ranging from 25 mm to 55 mm.
It is found that with an increase in steel fibers, the thermal conductivity of SFRCs
improves noticeably. As for the effect of aspect ratio of steel fibers, fiber length makes
a negligible impact on thermal conductivity of SFRCs, while fiber diameter affects
this thermal property marginally. The model with fibers of 0.9 mm in diameter has the
highest thermal conductivity among all the models with different fiber diameters, but
the same fiber content. The reason could be that this model has fibers with a relatively
large diameter which benefits heat flow along the fibers and at the same time relatively
dense fiber distribution which boosts heat transfer between fibers and concrete. It is
also found that thermal conductivity of an edge section of SFRC blocks is lower than
that of a middle section, and the difference grows with an increase in fiber content.

The current model does not take into account moisture content and thermochemical
behavior that could affect thermal properties of SFRCs. Also, it is unable to consider
variations of density, moisture content and porosity of SFRCs due to incorporation of
steel fiber. These could be addressed in the future model.
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