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ABSTRACT: Ultra-high performance concrete (UHPC) exhibits superior mechanical and durability
performance with very high compressive strength. Compared with ordinary concrete, it is more environmentally
friendly and has the great potential to be a practical solution to improve the sustainability of infrastructure. This
study focuses on examining thermal properties of UHPC with coarse aggregates (CA-UHPC) subjected to
temperature ranged from 20°C ~900°C, including changes in macro and micro morphology before and after high
temperatures, thermal conductivity, mass loss, specific heat and thermal expansion. The effects of high
temperature, coarse aggregate and steel fiber content on the thermal performance of the material will be
evaluated both qualitatively and quantitatively. Experimental results show that high temperature greatly affects
thermal properties of CA-UHPC. Coarse aggregates also have a considerable influence on the thermal properties.
Steel fibers, however, have little effect on the thermal properties. Based on the test results, meso calculation
formulas are proposed to predict the thermal properties, which can be used in the design of structural components
made of CA-UHPC.
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1 Introduction

Compared with ordinary concrete, Ultra-high performance concrete (UHPC) is a new type of sustainable
and environment-friendly material that has a high compressive strength, tensile ductility and toughness. Reactive
powders and fibers are normally added to the mixture to achieve the design requirements. The use of reactive
powders can fill the fine pores, resulting in a super dense material structure. Adding steel fibers to the mixture
increases the capacity to sustain flexural and tensile loads, even after initial cracking, thus achieves higher
toughness. Obviously, applications of UHPC will promote “do more with less” and “build to last”, resulting in
significant reduction of embodied CO2 in concrete.

In the past few decades, significant advances in the research of steel reinforced concrete structures in fire
have been made through rigorous testing, both small and large scale, which led to the development of reliable

modelling and analytical techniques. These techniques were developed based on improved understanding of
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high-temperature thermal performance of structural components made of normal strength concrete. Apparently,
with the increase usage of UHPC in a broad range of infrastructure designs, thermal performance of UHPC has
now become a topic that requires urgent attention.

Most of the work in the literatures on concrete focused on factors such as temperature, the type and content
of aggregates and fibers [ 2. For example, Wangl®!. Lil*l, Wang!®! and Zhang!®’, et al. studied the changes in
thermal properties of different types of concrete at elevated temperatures, and established the relationships
between thermal parameters and temperature. Ju et al.l”) explained the mechanism of change in thermal
performance of reactive power concrete (RPC) at elevated temperatures and developed analytical expressions of
thermal parameters in relation to temperature and steel fiber content. EC2!®! and ASCE! provide empirical
formulas for thermal conductivity, specific heat, density and thermal expansion of normal strength concrete

(19 studied temperature dependent thermal parameters of RPC by

(NSC) under high-temperature. Zheng et al.
curve fitting using experiment data and inverse finite element. It was found that thermal conductivity of RPC
was higher than that of high strength concrete (HSC) and NSC. Kim!'!! and Zhang!'?! et al. conducted
experiments to study the influence of the type and content of coarse aggregates in NSC on the thermal
conductivity at room temperature. They found that volume fraction of coarse aggregates was the main factor,
and was positively correlated with thermal conductivity. Corinaldesi et al.!'¥) tested thermal conductivity of ultra-
high performance fiber concrete at room temperature. Kodur'*'”! and Zheng et al. ' tested concrete and RPC
at elevated temperatures. They found that fiber content (within 2%) had no obvious effect on the thermal
conductivity of concrete and RPC. Some researchers, including Emamel'®! Siddiqui!'”’, Nahhas®’!, and
Vigroux?! et al. conducted detailed studies on thermal expansion of concrete. These studies have shown that
thermal expansion is closely related to the composition and content of a concrete material.

The above-mentioned researches have provided fundamental understanding of the thermal performance of
concrete at normal and high temperatures. However, to the authors’ best knowledge, reports on testing and
predicting thermal parameters of CA-UHPC are still hardly found, especially at high temperatures. The mix
proportion of CA-UHPC is significantly different to that of other types of concrete, which is, undoubtedly, a
cause for concern in promoting applications of this new material. To address this concern, thermal properties of
CA-UHPC at high temperature need to be further examined. In this study, systematical tests and detailed
investigations on the performance of CA-UHPC subjected to high temperatures are carried out. Thermal
conductivity, mass loss, specific heat and thermal expansion of CA-UHPC at elevated temperatures are measured
experimentally. The effects of high temperature, coarse aggregate and steel fiber content on the thermal

performance of CA-UHPC are studied, including changes in the internal physical and chemical structures of the



material. Finally, simplified calculation formulas are proposed to predict the temperature dependent thermal

parameters.

2 Test preparation

2.1 Materials and mix ratio

The raw materials of CA-UHPC include cementitious materials (cement, silica fume and fly ash, etc),
quartz sand, coarse aggregates, copper plated steel fibers, water, and water reducer. The grade of ordinary
Portland cement is 52.5. The silica content in the silica fume is about 90% with an average particle size of
nanometer scale, thus, can fill the micro- and nano-scale pores in the cement and other components. The Grade
I fly ash contains more than 60% silica and alumina, the use of which can improve workability of concrete and
contribute to environmental protection. The coarse aggregates are basalt with particle size of Smm~10mm. The
straight copper-plated micro-wire steel fibers has a length of 12 mm + 1 mm and a diameter of 0.20mm ~ 0.25
mm. The addition of coarse aggregates and steel fibers help to reduce autogenous shrinkage of CA-UHPC at
early-age. Tap water is used. The water-reducing agent is a high-performance liquid polycarboxylate
superplasticizer.

The CA-UHPC is composed of RPC matrix and coarse aggregates. The volume fractions of coarse
aggregates in the CA-UHPC are 0, 10%, 20%, and 30%, respectively. The volume fractions of steel fibers are 0,
1%, 2%, and 3%, respectively. Taking the CA-UHPC with a coarse aggregate content of 20% and a steel fiber
content of 2% as the benchmark mix ratio, a total of 7 UHPCs with different mix ratios are designed for the

experiment. The sample number and mix proportion of CA-UHPC are shown in Table 1.

Table 1 Mix ratio of CA-UHPC (by mass ratio)

Sample ID Cennllzlz‘t?irtii;us Cement Silica fume Flyash Water Watera;eec:ltzcing Quartz sand  Steel fibers ag(;;):gries
C0S02 1 0.80 0.15 0.05 0.16 0.03 1.37 0.18(2%) 0.00(0%)
C10S02 1 0.80 0.15 0.05 0.16 0.03 1.37 0.18(2%) 0.32(10%)
C20S02 1 0.80 0.15 0.05 0.16 0.03 1.37 0.18(2%) 0.72(20%)
C30S02 1 0.80 0.15 0.05 0.16 0.03 1.37 0.18(2%) 1.23(30%)
C20S0 1 0.80 0.15 0.05 0.16 0.03 1.37 0.00(0%) 0.70(20%)
C20S01 1 0.80 0.15 0.05 0.16 0.03 1.37 0.08(1%) 0.71(20%)
C20S03 1 0.80 0.15 0.05 0.16 0.03 1.37 0.27(3%) 0.73(20%)

In Table 1, The sample ID in the first column shows the volume ratios of coarse aggregates and steel fibers,
e.g., C20S02 means that the mixture has 20% coarse aggregates (C20) and 2% steel fibers (S02) in volume. The

percentages in the brackets of the last two columns are the volume fractions of steel fibers and coarse aggregates,



respectively.
2.2 Preparation of samples

The pouring process of the CA-UHPC mainly includes initial preparation, weighing and mixing of raw
materials, pouring and curing. The fluidity of the fresh CA-UHPC is tested first according to GB/T 5008-2016.
The fresh CA-UHPC is then poured into a slump cone with an upper diameter of 100 mm, a lower diameter of
200 mm and a height of 300 mm. The cone is lifted vertically upwards and the slump of the CA-UHPC is
measured. The range of the slump of the samples in Table 1 is between 220mm~320mm. After the mixture is
poured into the mold, it is placed on a shaking table to vibrate until the surface is pulped. After covering with
plastic film and standing for 48hrs, the sample is demolded and cured. The preparation and processing of the

samples are illustrated in

Figure 1.
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Figure 1 Manufacturing process of specimens

Cubic specimens of side length 100 mm are made to measure the mass loss and specific heat of the CA-
UHPC. For thermal conductivity test, specimens of 230mm x 114mm x 64mm are used according to GB/T 5990-

2006 and are grooved and polished

Figure 1(f)). A thermocouple is embedded in the center of the specimen for specific heat test, as shown in



Figure 1(b)~(d). The cylindrical specimens of @50 mm X 100 mm shown in Figure 1(e) are used for thermal

expansion test.
2.3 Experiment design and preparation

Thermal conductivity: For materials such as concrete, the commonly used measurement methods of

thermal conductivity include steady-state method, transient hot wire method, laser flash diffusion coefficient
method and transient plane source method?>-*!. Taking into account the time required for the tests and other
conditions, the transient parallel hot wire method is chosen in this study. Ten target temperatures, namely 20°C,
100°C, 200°C, 300°C, 400°C, 500°C, 600°C, 700°C, 800°C and 900°C, are chosen to study the material
properties at each of them.

Mass loss: After weighing the specimen, it is placed into a high-temperature electric furnace at room
temperature. After the furnace reaches each of the target temperatures (20°C, 100°C, 300°C, 500°C, 700°C, and
900°C), the temperature is maintained for 3hrs before cooling. The sample is then removed from the cooled
furnace for immediate weighting. This process is repeated for all the 6 target temperatures.

Specific heat: There are mainly three test methods to directly measure specific heat, i.e., the conventional
measurement method, differential thermal analysis (DTA) and differential scanning calorimetry (DSC). The
above methods work well only on very small samples of 1 mg to10 mg. However, concrete is a non-uniform
material containing coarse aggregates of, e.g., 5~10 mm in this study. The weight of such a single coarse
aggregate is greater than 300mg. If the specific heat is measured directly, it is very likely to have inconsistent
test results. Alternatively, the problem is dealt with an inverse, rather than forward, problem solving technique.

25][26][27]

From the earliest research on inverse heat transfer problem! , it was found that the solution of an heat



equation satisfies the conditions of existence, uniqueness and stability, thus the solution of specific heat from an
inverse process must also be unique and stable.

To find the specific heat of the material using inverse solution, the time dependent temperature curve of the
central point of a sample is produced first based on the collected experiment data of the thermocouple. A three-
dimensional finite element heat transfer model is then developed to simulate the laboratory test to obtain a
temperature-time curve that is most close to the test one by searching the optimal value of specific heat using
the gradient method.

Thermal expansion: Thermal expansion is an important property in predicting thermal stress of a material

at high temperatures. There have been many studies on using various test equipment?®-!. In this paper, the
sample is heated from normal temperature to 900°C at the rate of 3 “C/min, and keptat 50 ‘C, 100 ‘C,200 C,
300 C, 400 C, 500 C, 600 C, 700 C, 800 ‘C and 900 °C, respectively, for 90 min to ensure that the
temperature of the sample is uniform. Thermal expansion of the sample is recorded continuously by an electronic

dial indicator.
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Figure 2 Principle and flow chart of thermal test

Figure 2 summarizes the above thermal tests, including the size of specimen, test set-up, heating mode,
calculation method and test results carried out in this research. Details of the instruments used in the above tests

can be found in the literature [31]. The steel shield outside the sample in the heating chamber is to make the

sample heated more evenly, which reduces concrete bursting, and for safety protection.

3 Experimental observations

3.1 Macro morphology
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Figure 3 Comparison of sample morphology before and after high temperature: 1. Hydrate covered on the surface before
high temperature; 2. Warped in the middle; 3. Crisp of the corners; 4. Some light green on the surface; 5. Steel fibers

discoloration; 6. Coarse aggregates discoloration.

Before the test, the upper and lower surfaces of the sample used in the thermal conductivity test appear
smooth and compact (Figure 3((D)). Although the side of the sample is not as smooth as the top and bottom
surfaces due to the use of wooden mold, the sounds of typing on the sample is clear and loud, indicating a dense
structure, i.e, higher thermal conductivity and mass. After exposure to heat, a change of morphology of the
sample is evident. The surface color of the sample becomes light green(Figure 3(@)). This is due to the
dispersion of the basic copper carbonate generated from copper-plated steel fibers on the surface of the sample
(Eq.(1)). Gently removing the surface copper carbonate shows pinkish white subsurface that has a similar color
to the color inside the sample. The reason for this phenomenon is that the calcium silicate hydrate (C-S-H) and
calcium hydroxide (C-H) in the sample are almost completely decomposed and white calcium oxide (CaO) is
then produced (Eq.(2) and Eq.(3)). The decomposition of C-S-H and C-H causes decrease of thermal
conductivity and mass loss. Additionally, since the sample is heated over a period of time, iron is oxidized at
high temperature to produce iron oxide (Eq.(4)). The white CaO together with a small amount of reddish-brown

Fe>O3 make the sample an overall pinkish-white color.

2Cu+0, + CO, + H,O —2x4aing_s ¢y (OH ), CO,(Green color) (D

Heating
xCaO-ySiO, -nH,0 A 3Ca0-Si0,+2Ca0 - Si0,+SiO,+H,0 @

Hydrating
Ca(OH), —2*2e 5 CaO + H,O 3)

Fe+ 0, —" 5 Fe O,(Reddishd —brown color)+ Fe,O,(Black color) “)



Meanwhile, other manifest changes have also taken place. The sample is crisped as a whole, surface cracks
appear along the outer contour of steel fibers and the cement matrix at the corners peels off (Figure 3(®)). The
sample warps around the contact of the two samples, so that they no longer fit closely (Figure 3(®)). This can
be explained by the chemical decomposition (Eq.(2) and Eq.(3)) and the incompatible deformation of the
samples. The pore structure of the sample is coarsened, and the typing sound is low, which indicate that
irreversible pores and cracks have been produced from high temperature, resulting in reduction in thermal
conductivity and mass and a change in the specific heat of the sample. After 3 days in the air, the sample becomes
powdery, which is due to water swelling of CaO (Eq.(5)). The morphological changes of the sample in the

specific heat test are consistent with the changes in the thermal conductivity test.
CaO + H,O0——> Ca(OH), (5)

In the thermal expansion test, the color of cement matrix becomes pinkish white, and the color of coarse

aggregates change from dark black to reddish brown and then to tan (Figure 3(® and ©)). The steel fibers

change from the original silvery white to black due to oxidation ( Fe,O, in Eq.(4)), and becomes brittle and

easy to break. There are net-like micro-cracks distributed on the surface of the sample, especially at both ends

of the cylindrical sample, which attributes to the increase of thermal expansion.

3.2 Micro morphology
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(a) Morphology at room temperature



100 um EHT = 2.00 kv Signal A=SE2 || 2Hm EHT = 2.00 kv Signal A = SE2
I WD = 54 mm Mag= 50X | | WD = 5.0mm Mag= 5.00KX

(b) Morphology after high temperature
Figure 4 Micro morphology of CA-UHPC before and after high temperature

The micro morphological changes of the sample before and after being subjected to high temperature are
studied using field emission scanning electron microscope (FE-SEM) as shown in Figure 4. Before being heated,
the compact surface is observed with 150x magnification (Figure 4 (a)). When the magnification is 5000x, the
hardened matrix and the complete hydrate can be seen, which shows C-S-H as a three-dimensional network
structure composed of nano particles. Inside the CA-UHPC, C-S-H presents irregular spherical particles, and C-
H presents a lamella crystal structure. C-S-H is formed closely on the surface of C-H. The formation of hydrates
results in a dense structure inside the material, which helps to increase the thermal conductivity and mass of the
CA-UHPC. After the sample has experienced high temperature, when the magnification is 50X, obvious cracks
and holes are seen (Figure 4 (b)). When the magnification is 5000, many small pores can be seen between the
structures, which is due to the decomposition of hydrates occurring at the meso level, as described in Eq.(2) and
Eq.(3). The cluster-like dense structure disappears completely, and the layered C-H is no longer visible. The
whole structure has a relatively loose three-dimensional structure. As a result, a fraction of the solids within the
material is replaced by pores after the high temperature , which presents a lower thermal conductivity and mass.

In addition, the generation of pores and cracks also affects the specific heat and thermal expansion of the material.
4  Test results and analysis

UHPCs of seven different mix ratios are tested for the thermal experiments. Three or four samples of the
same mix ratios are, respectively, made and tested for each of the properties, and the results are generally
consistent. Thus, 28 (4x7) samples are made for testing thermal conductivity, 21 (3x7) samples are made,
respectively, for the specific heat and thermal expansion tests, and a total of 126 (3x7x6) samples are made for

the mass loss test as the results are taken at 6 different temperatures. Averages are taken from every group of the



three or four samples with the same mix ratio. To further explore the effect of the coarse aggregate and steel
fiber content on the thermal performance of the CA-UHPC, bar charts are plotted in Figure 5 and Figure 6 to
show the thermal properties across the range of temperature, where the samples with fixed amounts of coarse

aggregates and steel fibers are studied, respectively.

4.1 The influence of coarse aggregates on thermal performance
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Figure 5 Thermal parameters with coarse aggregate content

Figure 5 presents the influence of coarse aggregates on the thermal parameters, where the content of steel
fibers is fixed to 2% in volume. It can be seen that thermal conductivity, mass ratio and thermal expansion of the
CA-UHPC are greater when the content of coarse aggregate is higher, while specific heat is negatively related
to the volume ratio of coarse aggregates.

When the temperature is below 300 °C, the volume ratio of coarse aggregate has little influence on the
thermal properties. Especially for the samples with the content of coarse aggregate less than 20%, the

difference of thermal conductivity caused by coarse aggregate content is about 3%. In this temperature range,



the microstructure of internal pores and cracks is virtually unchanged and the small variations of the thermal
properties are mainly due to evaporation of free water and hydration reaction, which is not significantly related
to the content of coarse aggregate. After 300°C, the influence of the volume ratio on thermal conductivity, mass
ratio and thermal expansion becomes greater, as shown in Figure 5(a), (b) and (d). In detail, the thermal
conductivity of C30S02 is 5% and 13%, respectively, higher than that of COS02 at room temperature and 900 °C.
This comparison is consistent with the general observation that thermal conductivity increases with the increase
of coarse aggregate content. The water content of the CA-UHPC is low, so there is no phenomenal contrast in
specific heat at the early stage of heating.

The specific heat and thermal expansion have the largest difference at 700°C due to the difference in coarse
aggregate content (Figure 5(c) and (d)), where the specific heat of C30S02 decreases by 26% and the thermal
expansion increases by 23% when compared, respectively, with those of C0S02. Because when the temperature
reaches 700°C, the decomposition rate of hydrate reaches a peak again. The increase of coarse aggregate content
results in reduction in hydrate content and the heat absorbed by the decomposition reaction, hence a lower
specific heat. Similarly, the thermal expansion of the samples containing more coarse aggregate is smaller due
to less hydrate content.

When the temperature reaches 900°C, as shown in Figure 5(a) and (b), the thermal conductivity is reduced
by about 50%, and the mass reduction ranges from 18% to 28%. Compared with at room temperature, at 900°C
the difference between the CA-UHPCs becomes more apparent, as the materials have deteriorated to different
extend due to their different coarse aggregate content. At this temperature, the pores are severely coarsened, and
more cracks are connected with each other, which reduces the overall thermal conductivity and mass of the
samples. Hence, a sample with more coarse aggregate content will have higher thermal conductivity and mass.
At this stage, all the chemical bound water has been completely lost, resulting in little change in the specific heat,
and the expansion of coarse aggregates and the development of macroscopic cracks allow for a rapid increase in
thermal expansion. In general, coarse aggregates exhibit higher thermal conductivity, residual mass and thermal
expansion and deteriorates less than matrix does, which has a great impact on the thermal performance of CA-

UHPC.
4.2 The influence of steel fiber on thermal performance

The thermal properties of the CA-UHPC with different steel fiber contents are plotted in Figure 6, where

the coarse aggregate content of the mixture is fixed at 20%.
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Figure 6 Thermal parameters with steel fiber content

The thermal conductivity of steel is about 53W/(m-K), which is significantly higher than that of cement
concrete. Theoretically, a larger proportion of steel fibers in concrete results in greater thermal conductivity of
the material. Figure 6 (a) exhibits that steel fibers can increase the thermal conductivity, but only marginally
when the content of steel fibers increases from 0 to 3%, which was also observed in other literatures®*). The
introduction of steel fibers slightly increases the porosity of the concrete, which results in a reduction in thermal
conductivity and offsets any increase in the thermal conductivity of the samples due to the addition of steel fibers.
The percentage volume difference of steel fibers in the CA-UHPC brings only a small overall difference in the
mass ratio of the material. For every 1% increase of steel fibers, the mass difference is within 2%. At 900°C, the
reduction of mass of the CA-UHPC is between 23% and 25%, as shown in Figure 6 (b) when compared with the
mass at 20°C. Similarly, the effect of steel fiber content on specific heat is not significant, as shown in Figure
6(c).

The effect of steel fibers on thermal expansion mainly starts noticeably at 400°C as shown in Figure 6 (d).



The coefficient of linear expansion of steel fibers is close to that of concrete. Steel fibers also have inhibitory
effect on inside crack propagation. Therefore, thermal expansion of the samples without steel fibers is larger,
and the thermal expansion of C20S01 is minimum between 400°C~700°C. However, at 800°C~900°C, thermal
expansion increases as the increase of steel fiber content, i.e., C20S0<<C20S01<<C20S02<<C20S03. This is
because at high temperature the steel fibers are softened and the crack suppression effect is weakened. Many
macro- and micro-cracks in the CA-UHPC are observed (Figure 3), and significant thermal expansion is evident.

In summary, the influence of steel fibers on thermal performance is not as obvious as that of coarse

aggregates. And since the steel fiber content is less than 3%, the influence of steel fibers can be ignored.
4.3 The influence of temperature on the thermal properties.

With the increase of temperature, the thermal properties of all the samples show the same upward or
downward patterns (Figure 5 and Figure 6). In Figure 5(a) and Figure 6(a), the thermal conductivity decreases
as the temperature increases from room temperature to 200°C, a slightly increase when the temperature is from
200°C to 300°C, and then decreases continuously after 300°C.When the temperature reaches 800°C ~900°C,
the decrease of thermal conductivity tends to be small. The thermal conductivity varies between 1.42 W/(m-K)
~3.18 W/(m-K).

The loss of mass reflects the reduction of water and compounds. The mass loss increases with the increase
of temperature, and is accelerated after 500°C, as plotted in Figure 5(b) and Figure 6(b). The mass ratio varies
between 0.72 ~ 0.82 at 900°C. Figure 5(c) and Figure 6(c) show that the specific heat is almost unchanged from
room temperature to 600°C, rises sharply between 600°C~700°C, and then falls dramatically between 700°C
~800°C. From 20°C to 700°C, the thermal strain increases monotonically, as shown in Figure 5(d) and Figure
6(d), where the thermal strain increases approximately linearly between 20°C ~300°C. The sample continues to
expand when it is heated from 300°C ~700°C, but the expansion rate is substantially lower than that in the
previous stage. The thermal strain shows a sharp decline and then a sharp rise between 700°C~800°C and
800°C~900°C, respectively.

The above observations can be explained further by studying the change of microstructures of the samples
at different stages of heating. From 100°C to 300°C, the free water inside the sample evaporates, and a space of
vapor pressure is developed internally within the CA-UHPC. In this heating stage, rehydration produces more
C-S-H and C-H that fill some existing pores and the pores occupied originally by free water. As a result, the
thermal conductivity increases slightly at 300°C, as shown in Figure 5(a) and Figure 6(a). The heat changes
caused by free water evaporation and hydration are partly mutual compensating, so that the change of specific

heat is not apparent (Figure 5(c) and Figure 6(c)). However, due to the high thermal expansion of the cement



matrix paste and the aggregates!!”), the thermal expansion curve in Figure 5(d) and Figure 6(d) is approximately
straight upward.

From 300°C to 700°C, thermal stress increases, damage occurs inside the structure and microcracks begin
to appear. At 500°C, significant hydrate decomposition occurs, most of the internal bound water loses and the
pore structure coarsens. At 573°C, the quartz sand undergoes an allotropic transformation from o to B quartz,
accompanied by nearly 0.85% volume expansion®?]. As the temperature continues to rise, the decomposition
reaction intensifies. At this heating stage, thermal conductivity exhibits a continuous downward trend (Figure
5(a) and Figure 6(a)). Thermal expansion continues to increase, while the expansion rate is significantly lower
than that of the previous stage (Figure 5(d) and Figure 6(d)).

From 700°C to 900°C, the internal hydrate decomposition rate reaches another peak at 700°C*, and the
decomposition process is endothermic. The austenitization of steel at about 750°C absorbs massive amount of
heat and causes a substantial reduction in the volume of the steel.!**!, though this reduction is not significant in
the samples, due to the low content of steel fibers. The decomposition process absorbs a significant amount of
heat, which makes the specific heat increase sharply to the peak value in Figure 5(c) and Figure 6(c). The volume
shrinkage caused by steel fiber phase transformation and the expansion of steel fibers caused by thermodynamics
roughly offset each other, but the shrinkage caused by decomposition is clearly seen in Figure 5(d) and Figure
6(d) as an overall reduction of thermal expansion at 800°C. After this stage, the cracks incurred from the
incompatibility between the shrinkage of the cement matrix and the expansion of the coarse aggregates develop
further, as shown in Figure 4 (b). Larger cracks are clearly visible on the surface of the samples (Figure 3), which
are accompanied by large volume expansion. In this stage, Figure 5 and Figure 6 show that the thermal
conductivity decreases slowly, the specific heat reaches the peak, and the thermal expansion increases sharply

after a decline before 800°C.

5 Meso-scale analytical formulas for estimating thermal properties of CA-UHPC at high
temperatures

It is known from the above studies that the effect of steel fibers on the thermal performance of CA-UHPC
is very small and can be ignored, when the steel fiber content is small (less than 3%). Thus, to develop simple
analytical formulas with acceptable accuracy, CA-UHPC can be regarded as a two-phase material composed of

coarse aggregates and matrix only.
5.1 Thermal conductivity at high temperatures

The two-phase basic models for calculating thermal conductivity include parallel model, series model and

Maxwell model, as shown, respectively!'? in Eqs.(6)~(8)



A=AV, + AV, (6)

1
Vi ! Ay +Ve | A

(7

1= Ae +24, +2v.(A. = 4,,)

M (3
Ac +22, —ve (A — 4y)

where, 1 is thermal conductivity of CA-UHPC. ; ~and ;_represent the thermal conductivity of matrix and

coarse aggregates, respectively. .~ and . are the volume fraction of matrix and coarse aggregates,

respectively. The parallel and series models provide, respectively, the upper and lower limits of the property*®!
To facilitate engineering applications, the test values (Figure 5(a)) of the matrix are fitted to obtain the

temperature dependent relationship in Eq.(9)
A T)=2x10°T* —0.0035T +2.9631 )

The thermal conductivity of coarse aggregates at different temperatures can be calculated using the

empirical formula (Eq.(10)) given by Zoth and Hanel3”!

A
+B 10
D=0 (350+7) (19)

where 4 and B are constant coefficients depending on the types of rock. In this paper, artificially broken basalt
is selected, taking 4=718 and B=1.47 by fitting the test data in Figure 5(a) to obtain the thermal conductivity

formula of coarse aggregates (Eq.(11)):

A(=—18 147 (1)
(350+7)

The thermal conductivities calculated from the three models, respectively, using Eq.(6)~(8) are all close to
the experimental value with comparable accuracy. Hence, the simplest parallel model is selected and used in the
calculations below.

Figure 7 shows the comparisons between the test results (Figure 5(a)) and the results predicted by Eq.(6).
It can be seen that the calculation results are in good agreement with the test results, and the difference is within

a +10% error band.
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conductivity materials

Figure 8 shows the thermal conductivity curves of Kodurt'* 381, Zheng[m], Yul*H, EC2[8! and ASCE™! for
UHPC, RPC, Grout, HSC, NSC and this paper for comparisons. As can be seen from the figure, in general,
thermal conductivity decreases as temperature increases. The thermal conductivities of these cement-based
materials can be divided into three categories. The first one includes NSC and HSC. The thermal conductivities
of NSC(EC2) and HSC (Kodur) are close to each other at room temperature, and the thermal conductivities of
NSC(EC2) and NSC(ASCE) are almost the same after 300°C. As the temperature increases, the thermal
conductivity of HSC decreases the fastest. The second category is grout. Its thermal conductivity decreases
linearly, and the overall thermal conductivity is 0.3~1.1 W/(m-K) higher than that of HSC. The third category
includes RPC, UHPC and CA-UHPC. Their thermal conductivities are close at room temperature, but the thermal
conductivity of UHPC changes rapidly, while that of RPC and CA-UHPC change rather slowly, as the
temperature increases. The thermal conductivity of RPC decreases faster than CA-UHPC does in the early stage
of heating, but becomes slower in the later stage. The reduction rate in thermal conductivity of CA-UHPC is

smaller than that of RPC, due to the addition of coarse aggregates.
5.2 Mass ratio and specific heat at high temperatures

5.2.1 Mass ratio
The experimental data (Figure 5(b)) at high temperatures are fitted to obtain the relationship between the

mass ratio of the matrix and the temperature, as follows

ZMT (7Y = —0.00032T + 1.023 (12)

mmo

In Eq.(12), ,,,, and ,,  denote, respectively, the mass of cement matrix at temperature 7" and room

temperature.



The mass ratio of coarse aggregates at high temperatures is calculated by referring to the formula given in

[39],
mCT T): 1, . T S 4000? (13)
me, ( 1+(1.88— 0.6 x In(7 —350.5)) /100, 400°C < T <1000°C

where 5, and ,,_  are, respectively, the mass of matrix at temperature 7' and room temperature.

Eq.(14) is the parallel model for the mass ratio of CA-UHPC with different amounts of coarse aggregates

D Myry By (14)
my My My

Figure 9 compares the calculated values of Eq.(14) with the test values (Figure 5(b)), which shows that they

are well correlated and is within a £5% error band.
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The mass ratios of UHPC!'¥, RPCI'%, Grout®!!, HSCP®), NSC® and CA-UHPC are shown in Figure 10.
Except for PRC that was assumed constant in the reference ['%), the mass ratios of other cement-based materials
decrease with the increase of temperature. Before 400°C, the mass ratio reduction rate of CA-UHPC is close to
that of UHPC and NSC. However, after 400°C, the mass ratio reduction rate of CA-UHPC accelerates. The mass
loss of CA-UHPC is between Grout and HSC when the temperature reaches 900°C.

5.2.2 Specific heat

Eq.(15) is the specific heat of the matrix obtained from fitting the experimental data of COS02 (Figure 5(c)).

0.156T +1127.2, 20C<T <6000 C

_|57.49T -33274, 6000 C<T <700 C (15)
-35.49T +31812, 7000 C<T <800 C
1710, 800°C<T <900 C



where . is the specific heat of the matrix.

The specific heat of coarse aggregates is calculated by Eq.(16) from Zhang!":

c.=625(1+T)"°" (16)

where . is the specific heat of coarse aggregates.
- P gereg

By using the parallel model, the specific heat of CA-UHPC with different coarse aggregate contents at

different temperatures can be calculated as follows:
c=c, V,, +c.V, (17)

Figure 11 is the comparison between the test values (Figure 5(c)) and the calculated results of Eq.(17),

where good agreement with the test results is observed, and most of the error is within +10%.
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Figure 11 Comparison of calculated and test values of Figure 12 Heat capacity curves of different cement-based

specific heat materials

Heat capacity can be expressed as the product of specific heat and density. The high-temperature heat
capacity curves of Kodurl!'* 381, Zhengl'% yuB3!l  EC2[® ASCEP! and this paper are plotted in Figure 12. It
can be seen that the trend of the heat capacity curve of CA-UHPC is similar to that of NSC and HSC, and the
peak value of CA-UHPC at 700°C is close to that of HSC. The heat capacity decreases dramatically between

700°C~800°C, indicating that heat absorption is phenomenal within this range.

5.3 Thermal expansion at high temperatures

The fitted equations of thermal strains of the matrix (Figure 5(d)) are,



1.35x10°T —0.027, 20°C < T <300°C
£, (Ty=1 —1.0x10°T2 +1.7x10°T —0.073, 300°C <T <700°C (18)
2.0x10°T2 —3.01x102T+11.9,  700°C <T <900°C

where &, 1is the thermal strain of the matrix.
Based on the homogenization theory and the mixture model, the thermal expansion of coarse aggregate can
be inversely fitted from the test date (Figure 5(d)),
e.(T)=1.6x10"T —0.032 (19)
where ¢. is the thermal strain of coarse aggregate.

[41]

Eq.(20) combines the matrix and coarse aggregates using the mixture model*" to obtain the calculation

formula for the thermal strain of CA-UHPC with different coarse aggregate contents at different temperatures
e=¢,V,, +&V, (20)

Comparing the predicted stains calculated from Eq.(20) with the experimental values (Figure 5(d)) in Figure
13, it can be seen that except the large deviation of the value at 50°C, the calculation curve is well consistent

with the experimental curve.
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Figure 13 Comparison of calculated and test values of Figure 14 Thermal expansion of different cement-based
thermal expansion materials

The high-temperature thermal expansion curves of Kodur!'* 381 Yyl EC2 | ASCE™ and this paper are
plotted in Figure 14. As a whole, thermal expansion increases with the increase of temperature. The thermal
expansion of both UHPC and CA-UHPC show a tendency of decreasing from 700°C to 800°C, which is much
more significant for UHPC. This can be explained by the fact that they all contain more cementitious materials
than the other four materials. The decomposition of more hydrates at this temperature range are the main factor

causing reduction in the thermal expansion.



6 Conclusion

This paper studied some of the most important thermal properties, including thermal conductivity, mass
loss, specific heat and thermal expansion, of CA-UHPC at high temperatures. Experiments were conducted to
measure the properties and simple analytical formulas were proposed for potential adoption by structural and
material engineers. The following conclusions were drawn from the study.

(1) High temperature has a considerable influence on the morphological characteristics of CA-UHPC, such as
change of the color and percussion sound, structure crispness, network cracks, etc. At the micro level,
the reduction of hydrate, interface crack and pores coarsening can be observed.

(2) In general, thermal conductivity of CA-UHPC decreases with the increase of temperature, which is almost
plateaued around 300°C due to the further hydration of CA-UHPC in the vapor pressure environment.
The mass ratio keeps decreasing with the increase of temperature. The specific heat and thermal
expansion increase as the temperature rises, which is more prominent between 700°C and 800°C. This
is because the decomposition rate of hydrate reaches a peak at about 700°C, and the steel fibers undergo
austenite transformation, which makes CA-UHPC absorb more heat and shrink. It is manifested by a
rapid rise in specific heat and a decline in thermal expansion, respectively, before and after 700°C.

(3) Coarse aggregates attribute to the increase of thermal conductivity, mass ratio and thermal expansion of
CA-UHPC, and decrease of the specific heat. Especially CA-UHPC with 30% coarse aggregates has the
most manifest effect. However, the influence of steel fibers on thermal performance is not as obvious as
coarse aggregates. Adding more coarse aggregates to CA-UHPC can reduce the overall cost, but it will
increase the thermal conductivity and thermal expansion of the material. This requires finding a right
balance that is most suitable for a design.

(4) The simple formulas for predicting the temperature dependent thermal properties of CA-UHPC with
varying coarse aggregate contents can provide estimate of the properties with satisfactory agreement with
the experimental results, which can be used next in simulating temperature field and coupled
temperature-mechanical effect within structural components made of CA-UHPC.

(5) Compared with the cement-based materials such as UHPC and RPC, thermal conductivity of CA-UHPC
is higher with a smaller reduction rate. The mass loss is more significant, and the specific heat and thermal

expansion changes more dramatically around 700°C.
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