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Abstract: Ultra-high performance concrete (UHPC) has a high self-healing capacity and is prone
to bursting after exposure to high temperatures due to its characteristics. This work evaluates the
damage and improvement of UHPC with coarse aggregates through mechanical properties (compres-
sive strength and ultrasonic pulse velocity), transport properties (water absorption and a chloride
diffusion test), and micro-properties such as X-ray diffraction (XRD), Mercury intrusion porosimetry
(MIP), and Scanning electronic microscopy (SEM). The result demonstrates that polypropylene (PP)
fibers are more suitable for high temperature tests than polyacrylonitrile (PAN) fibers. The result
shows that 400 °C is the critical temperature point. With the increase in temperature, the hydration
becomes significant, and the internal material phase changes accordingly. Although the total pore
volume increased, the percentage of various types of pores was optimized within 400 °C. The mass
loss gradually increased and the ultrasonic pulse velocity gradually decreased. While the compres-
sive strength first increased and then decreased, and the increase occurred within 25-400 °C. As
for the transport properties, the chloride migration coefficient and capillary absorption coefficient
both increased dramatically due to the higher sensitivity to temperature changes. The results of the
property improvement test showed that at temperatures above 800 °C, the compressive strength
recovered by more than 65% and the ultrasonic pulse velocity recovered by more than 75%. In
terms of transport properties, compared to the results before self-healing, the chloride migration
coefficient decreased by up to 59%, compared with 89% for the capillary absorption coefficient, after
self-healing at 800 °C. With respect to the enhancement effect after exposure to high temperatures,
the environment of a 5% NaySOy solution was not as good as the clean water environment. The
corresponding changes in microstructure during the high temperatures and the self-healing process
can explain the change in the pattern of macroscopic properties more precisely.
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1. Introduction

With significant economic and performance advantages, ultra-high performance con-
crete (UHPC) has been gradually used in civil engineering structures such as high-rise
buildings and bridges. As a dense internal microstructure can effectively reduce poros-
ity and permeability, UHPC has excellent characteristics such as high strength and high
durability [1-3]. Fire is one of the most severe hazards in tunnels, high-rise buildings, and
underground construction. The burst of concrete is the most serious form of damage caused
by the coupling of thermal stress, water vapor pressure, material decomposition, and other
factors in the process of fire [4,5]. When a burst occurs, the concrete will rapidly decompose
into random splashes of different sizes within a short period. Damaged concrete not only
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leaves reinforcing steel exposed and rapidly reduces the load-bearing capacity of the struc-
ture, but also causes unpredictable injuries to the escapees and rescuers. Consequently, the
burst would produce significantly unexpected damage to both the concrete and surround-
ing environment [6,7]. Compared to ordinary concrete, UHPC has a lower water—cement
ratio and lower porosity, which makes it more prone to burst at elevated temperatures,
limiting its wide range of applications [8].

Adding polypropylene (PP) fiber to the concrete is the most common measure to
inhibit the burst of concrete since the pores left by the melting PP fibers at elevated
temperatures can effectively release internal vapor pressure [9-11]. Coarse aggregates
can also have an impact on the burst because the addition of coarse aggregates would
form a porous interface transition zone (ITZ). It is believed that the ITZ presented by the
coarse aggregates can function together with the PP fiber melting pore to provide internal
water vapor with a release channel [12-14]. Li et al. [15,16] investigated the change in the
pattern of the pore pressure and pore structure after exposure to high temperatures and
found that the combination of PP fiber with steel fiber or PP fiber with coarser aggregates
could effectively improve the permeability and ultimately inhibit the occurrence of burst.
However, common UHPC depends on the principle of compact stacking, which eliminates
coarse aggregates, and no obvious ITZ areas can be observed [17-19]. Related research
shows that the steel fibers can improve the resistance of concrete to high temperatures, but
cannot completely avoid the burst [20-22]. Other researchers have studied the joint action
of PP fibers and steel fibers to prevent the burst of UHPC [23-25]. However, the actual
mechanisms that serve to explain the improvement in the burst phenomenon have not
been explained in a unified way. Moreover, in addition to PP fibers, it remains to be studied
whether similar mechanisms and effects exist for other types of polymer fibers. Transport
properties of UHPC after exposure to elevated temperatures have not been studied in
depth.

Transport behavior is the primary means to evaluate the durability performance,
which is related to the microstructure of cementitious composites and the invading solution
ions [26]. Compared to the changes in mechanical properties, the adverse phenomena
caused by high temperatures have a more significant degree of influence on the transport
properties. The decline in transport properties would affect the resistance of concrete
to the intrusion of exterior materials, ultimately causing deterioration in the durability
performance of concrete structures. Hence, the transport property after exposure to elevated
temperatures is one of the most critical indicators to evaluate phenomena such as internal
moisture migration and pore pressure accumulation, which are related to the microstructure
of cementitious composites and invasive solution ions [27,28]. Li et al. [23] found that
adding PP fibers to concrete significantly increased the permeability without the burst,
while steel fibers decreased the permeability and eventually burst. Poon et al. [29-31]
found that the resistance of concrete to water and chloride ion penetration after exposure
to high temperatures underwent a remarkable degradation, and the deterioration of high
performance concrete was more serious.

Studies have demonstrated that post-fire treatment could result in a better improve-
ment of relevant properties. A self-healing capability means that in the absence of external
action, the moisture and other components of the atmosphere penetrate into the concrete to
produce chemical reactions in it and generate substances to fill the gaps; thus, the concrete
has the ability to recover its properties. Due to its own low water—-cement ratio, a large
amount of unhydrated cementitious material exists in UHPC. When cracks occur and
external moisture intrudes, UHPC will have a higher potential self-healing ability than
regular concrete, which can approach the undamaged groups in some properties [32,33].
Jiang et al. [34,35] showed that apparent cracks, mechanical properties, and permeability
properties would be recovered. Nevertheless, for fire-damaged concrete, post-fire curing is
a promising method to recover properties with a much lower cost. For example, Li et al. [36]
found that the target temperature needed to exceed a specific value before demonstrating
the recovery of the permeability properties effectively. The effect of post-fire curing as a
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self-healing method on the mechanical and transport properties of fire-damaged UHPC
remains to be explored. When the water from outside penetrates inside, the unhydrated or
partially hydrated cement particles in the concrete will undergo secondary hydration to
produce C-5-H gels and other products, gradually healing the cracks through filling and
cementation. In addition, in the presence of Na;SO,, NaOH is formed as a by-product of
the reaction, which ensures the continuity of the high alkalinity of the concrete system that
is crucial for the stability of the C-S-H gels.

Although scholars have conducted a lot of research on the high temperature per-
formance of UHPC, the research results are inconsistent, and opposite conclusions have
been. The, UHPC containing coarse aggregates and the enhancement of performance after
exposure to high temperatures still need to be studied in depth. Therefore, the present work
investigates the deterioration and recovery of the transport properties and mechanical
properties of UHPC containing coarse aggregates after exposure to high temperatures. In
the temperature experiments, the better synthetic fiber types were selected based on the
burst performance. Then, the effect of high temperatures on the transport properties and
mechanical properties of UHPC media was evaluated by water absorption, rapid chloride
migration, and mechanical experiments. Further, microscopic properties were assessed by
various microscopic testing techniques, which are beneficial to analyze the microstructure
evolution at different temperatures. Finally, clean water and a 5% NaySOj, solution were
selected to evaluate the effects of the self-healing environment on the relevant properties
through water absorption, rapid chloride migration, and mechanical experiments. The
self-healing products were determined by means of a microscopic test. This study also
provides a feasible way to improve the resistance and mechanical properties of UHPC after
exposure to elevated temperatures. The authors hope this work can help evaluate the post
high-temperature mechanical properties and durability performance of UHPC.

2. Materials and Experiments
2.1. Mix Proportions and Specimen Preparation

The UHPC mix consisted of P-II 52.5 silicate cement, silica fume, fly ash, mechanism
sand, river sand, 0-10 mm basalt aggregate, superplasticizer, polypropylene (PP) fibers,
polyacrylonitrile (PAN) fibers, and steel fibers. Table 1 shows the main chemical com-
position of the cementitious materials. The main component of the superplasticizer was
polycarboxylic acid. Table 2 shows the basic parameters of the fibers used.

Table 1. Chemical composition of the major materials.

Main Oxide Types (%)
Bind
mder SiO, ALLO; Fe,03 CaO MgO
Cement 19.70 4.45 2.93 63.62 1.28
Fly ash 52.92 23.17 5.14 9.82 3.02
Silica fume 87.21 0.43 3.02 1.19 1.97
Table 2. Main parameters of the fibers.
Fib Density Diameter Length Tensile Strength Elasticity Modulus
1ber (g/cm®) (um) (mm) (MPa) (GPa)
Steel 7.80 200.00 12.00 2100.00 210.00
PP 091 31.12 12.00 510.42 4.65
PAN 1.18 11.69 12.00 624.73 11.48

The concrete water—cement ratio was 0.19, and Table 3 shows the number and ratio of
each group; the percentage replacement of cement with fly ash and silica fume was 20% and
10%, respectively, and synthetic fibers were blended separately or mixed with steel fibers.
Figure 1 shows the preparation process, and the whole process was characterized by several
additions of raw materials and several mixing times. The specific operational requirements
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were as follows: first, the cementitious material was placed in the equipment, and the
mixing time was set to 2 min. Then, the aggregates were mixed with the cementitious
material, and the mixing time was set to 1 min. Next, the water and water reducing agents
were placed in the equipment; the uniformity of the entire equipment needed to be noted
and controlled during the addition, and the mixing time was set to 5 min. Finally, the
fibers were sieved and placed in the equipment to ensure their uniformity inside, and the
mixing time was set to 3-5 min. In addition, if in any step the material was observed to
collect in the corners or form clumps, it was necessary to stop the process and quickly
shovel the material to the appropriate position with tools such as a shovel to achieve a
uniform mix. The test specimens were all prepared to a size of 100 x 100 x 100 mm. In
each group, three samples were prepared for each property to be tested, according to the
Chinese standard GB/T 31387-2015 “Reactive Powder Concrete” and the standard CECS 02:
2005 “Technical Specification for Detecting Strength of Concrete by the Ultrasonic-rebound
Combined Method”.

Table 3. Test mix ratios.

N Raw Material (kg/m®) Fiber Content (%)

o Cement Fly Ash Silica Fume River Sand  Artificial Sand Coarse Aggregate Steel PP PAN
PU 630.00 180.00 90.00 476.00 84.00 742.33 — — —
UP 630.00 180.00 90.00 476.00 84.00 742.33 — 0.30 —
UN 630.00 180.00 90.00 476.00 84.00 742.33 — — 0.30
us 630.00 180.00 90.00 476.00 84.00 742.33 1.00 — —
SP 630.00 180.00 90.00 476.00 84.00 742.33 1.00 0.30 —
SN 630.00 180.00 90.00 476.00 84.00 742.33 1.00 — 0.30

Silica fume

Water
reducer

Transport properties Micro-properties Single
PU. US. UP. U
Mechanical properties Transport properties ( Mix N ‘
Improvement Mechanical properties (SP. SN)

Figure 1. Mixing process of UHPC.

The specimens were cured by hot water at 90 °C for 72 h, after which they were
naturally cooled to room temperature. In the high temperature test, the specimens were
pre-dried to a constant weight, and the heating rate was set as 5 °C/min. The target
temperature was 200 °C, 400 °C, 600 °C, and 800 °C, and the continual temperature time
was 2 h. The test was conducted when the specimens were cooled to room temperature in
the furnace.

2.2. Compressive Strength and Ultrasonic Pulse Velocity Determination

The compressive strength of UHPC was determined based on the average value of
three samples using the YAW-300C microcomputer-controlled automatic pressure testing
machine, according to the Chinese standard GB/T 31387-2015.The ultrasonic pulse velocity
of UHPC was determined by utilizing the average value of three samples through the
NM-4A non-metallic ultrasonic detection analyzer, according to the standard CECS 02:
2005, three test points were taken for each surface of the test specimen. The degree of
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damage was obtained by Equation (1). In Equation (1), V, is the initial ultrasonic pulse
velocity before exposure to high temperatures, V; is the ultrasonic pulse velocity after
exposure to high temperatures, and D is the degree of damage of the specimens [37,38].

Vi\2
D=1-|(— 1
(%) <>
2.3. Water Absorption and Chloride Diffusion Test

Figure 2 shows the capillary water absorption test. The 100 mm cubic specimens were
dried to a constant weight and sealed with wax on the side to ensure one-dimensional
transportation of water. The surface slurry of the absorbing surface was ground away
through an angle grinder so that it was entirely in contact with water and immersed in
3-5 mm. The mass of water absorption was tested every once in a while, over a period of
72 h.

Sealed with wax

Figure 2. Diagram of the capillary water absorption test.

By ignoring the effect of gravity, the capillary water absorption coefficient can be
calculated from Equations (2) and (3), where AW is the capillary water absorption per unit
area (g-m_2); my is the initial mass (g); m; is the mass at the specified time point (g); S is the
contact area with water (m?); t is the water absorption time (h); A, is the capillary water
absorption coefficient (g-m~2-h~1/2) [39,40].

The capillary water absorption coefficient is generally obtained by fitting the water
absorption curve of the initial 6 h, and the higher the capillary water absorption coefficient,
the higher the efficiency of water transportation. When considering the gravity factor,
the relationship between capillary water absorption and time can be described by the
exponential function, as shown in Equations (4) and (5), where a and b are the fitting
coefficients, and A; = a x b is the capillary water absorption coefficient with the change in
the water absorption time [41,42].

AW = (my —myg)/S )
AW = ApV't 3)

AW = a(l - e_b‘ﬁ) 4)
Aty = AW _ gtV (5)

VAR



Buildings 2021, 11, 416 6 of 23

Chloride diffusivity is an important parameter used to assess the lifecycle and long-
term durability of concrete. According to the Chinese standard GB/T 50082-2009 “Standard
for test methods of long-term performance and durability of ordinary concrete”, the rapid
chloride migration method (RCM) was applied. The specimens were treated with sealing
wax on the sides, and the experiments were conducted by a determination instrument,
as shown in Figure 3. Finally, the chloride ion diffusion coefficient was estimated accord-
ing to Equation (6), where Dy is the non-stationary chloride ion mobility coefficient
(x10712m?/s), U is the absolute value of the used voltage (V), T is the average of the initial
and final temperatures of the positive solution (°C), L is the thickness of specimen (mm),
X is the average value of chloride ion penetration depth (mm), ¢ is the duration of the test
(h) [43,44].

(6)

u-2

00239273+ T) x L (273 4+ T) x L x Xy
Drem = U—2) <t Xy 0.0238\/

Sealed with wax

Negative solution
10% NaCl

Figure 3. Schematic presentation and image of the RCM test.

2.4. Microstructure Property Test

X-ray Diffraction (XRD; Equipment: D8 Advance) was utilized to test the composition
of the pastes after exposure to different temperatures and self-healing products in different
environments, with angles ranging from 5-70°, along with the Fourier Transform Infrared
Spectroscopy (FTIR; Equipment: Cary 610/670) for the self-healing products. The pore
structure is closely related to the transport properties; hence, Mercury Intrusion Porosimetry
(MIP; Equipment: AutoPore IV 9500) was utilized to test the pore structure of the pastes
after exposure to elevated temperatures. Scanning Electronic Microscopy (SEM; Equipment:
Gemini SEM 300) was utilized to observe the morphology of the fibers and the matrix of
the pastes after exposure to elevated temperatures.

3. Results and Discussion
3.1. Appearance and Weight Loss

As the temperature increased, the appearance color gradually changes from cyan
gray to reddish brown and light yellow, and the knocking sound became crisper. Some
groups exploded, and the critical temperature was also different, as shown in Figure 4.
The groups of PU and UN exploded above 400 °C, while the degree of damage of the PU
group was more serious, i.e., primarily small fragments. Above 800 °C, steel fiber can
effectively conduct heat and reduce the internal thermal stress difference, and the space
left by synthetic fibers after exposure to high temperatures was conducive to the release
of vapor pressure, and the UP, SP, and SN groups remained intact. In the case of the UN
and SN groups, this occurred mainly because the PAN fiber cannot leave enough space to
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release pressure after experiencing high temperatures, and the steel fiber dispersed in the
interior can not only transfer heat effectively, but also form a relatively stable framework to
restrict the specimen [45,46].

", s Vi)

(b) UN-400 °C () US-600 °C

Figure 4. The bursting specimens after exposure to high temperatures.

Figure 5 shows the surface condition observed by the stereomicroscope. The number
of cracks increased with the increase in temperature. The cracking phenomenon appeared
on the surface above 800 °C, with broad and fine cracks jaggedly spread all over. The
crack width also increased. Taking the 200 °C group as the reference group, the crack
width at 400 °C, 600 °C, and 800 °C was 2 times, 3 times, and 4 times, which increased in a
multiplicative relationship. According to the principle of thermal stress [20,25], concrete
itself is a polymorphic and non-homogeneous composite material. The heat transfer and
thermal conductivity of the internal materials differ from each other, resulting in a more
obvious temperature gradient after being subjected to high temperatures. The thermal
expansion trend between the materials was not consistent, which in turn generated thermal
stress. When it exceeds the tolerance range of concrete itself, it cannot resist the change in
temperature stress, and various internal parts will expand, which will eventually contribute
to the generation and development of cracks. The admixture of steel fiber and PP fiber
formed a three-dimensional chaotic distribution of the internal space structure, reducing the
phenomenon of partial stress concentration and delaying the appearance and expansion of
cracks. The steel fiber with good thermal conductivity can transfer and disperse heat faster
and more evenly, so the specimen can withstand a higher temperature before cracking or
bursting.

Figure 5. Surface crack conditions after exposure to high temperatures.

After exposure to elevated temperatures, the concrete undergoes specific changes
in its internal material composition and microstructure, resulting in varying degrees of
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changes in its quality [47]. The specimens were weighed after cooling to room temperature.
The variation curves between the mass loss rate of UHPC and temperature were measured
for each group, as shown in Figure 6. The results were consistent with those of Sanchayan
et al. [47] and Gong et al. [48]. Above 200 °C, the mass loss was not significant, with an
average loss rate of 1.04%, which is less than 2%, with the lowest loss rate of 0.41% for
the US and the largest for the single-doped synthetic fibers (UN and UP), which were
1.31% and 1.69%, respectively. The main mass loss in this temperature section is due to the
evaporation of moisture, along with the melting or softening of synthetic fibers. Above
400 °C, the mass loss was pronounced, with an average loss rate of 5.33%; the lowest
was 3.62% for the US, and the highest was 6.44% for the UP. This occurred because the
combined water in hydrated products such as C-S-H gels starts to decompose in sequence,
which makes more water escape from the interior. At the same time, the softened or molten
synthetic fibers also undergo melting and evaporation. Above 600 °C and 800 °C, the mass
loss continued to increase with an average loss rate of 7.54% and 9.04%, respectively, and
the UP remained the highest. The loss within this temperature range is mainly attributable
to the internal CaCOj3, Ca(OH); and other materials that continue to decompose, along
with the chemically bound water that is continuously lost.

10
—3-PU 0 UN :
—A—US —»—UP A
8 J— SN SP 2
- >
X
~ 6+
172]
7]
=}
—
2 4t
s
2+
0 — 1
0 200 400 600 800
Temperature (°C)

Figure 6. Mass loss after exposure to high temperatures.

3.2. Mechanical Properties

During the test, the PU and the single-doped synthetic fiber groups (UN and UP)
both split into pieces and scattered everywhere after a loud burst sound, with more ap-
parent brittle damage; the UN and UP groups were less broken than the PU due to the
admixture of synthetic fibers. Cracks occurred on the surface after the damage among
the groups containing steel fibers (US, SN, and SP), maintaining the integrity much bet-
ter. The mechanical properties (compressive strength and ultrasonic pulse velocity) of
UHPC after exposure to high temperatures are shown in Figure 7. As can be seen from
Figure 7a, except for the PU group, which decreased after exposure to high temperatures,
the rest of the groups showed a change in the pattern, of increasing and then decreasing,
where a turning occurred at 400 °C with an increase ranging from 5-10 MPa. The compres-
sive strength above 200 °C, 400 °C, 600 °C, and 800 °C was approximately 105%, 115%,
75%, and 30% respectively, with 25 as the reference. The test results are in agreement with
the conclusions of Yang et al. [14] and Sanchayan et al. [47]. This is because many internal
mineral admixtures (silica fume and fly ash) that have not hydrated yet and escaping water
co-exist in the high temperatures and humidity interior space, stimulating and promoting
cement hydration and volcanic ash reaction, correspondingly increasing the compressive
strength [14]. Above 400 °C, most synthetic fibers had shrunk or decomposed, and the
internal cracks and pores increased considerably. The internal damage generated by high
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Residual percentage of compressive

Compressive strength (MPa)

temperatures and the deterioration caused by the melting of synthetic fibers dominated.
Thus, only less than 40% of the strength remained above 800 °C.
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Figure 7. Mechanical properties of UHPC after exposure to high temperatures.

A variety of factors can affect the propagation of ultrasonic pulse velocity (Figure 7b),
and the change in the pattern was a decrease with increasing temperatures. The results
are similar to those of Gong et al. [48]. Taking 25 as the reference, the ultrasonic pulse
velocity above 200 °C, 400 °C, 600 °C, and 800 °C was about 95%, 75%, 55%, and 40%,
respectively. The main reason is that with increases in the internal evaporated water, the
decomposed material and micro-cracks, pores, etc., also increased when the temperature
increased. There was a large number of internal air spaces and other media, leading to a
decrease in the length of ultrasonic vibrations in the concrete and an increase in the distance
of ultrasonic vibrations in the air [48]. The propagation velocity of ultrasonic pulses in
concrete (about 4 km/s) is obviously higher than that in the air (about 0.34 km/s), and the
velocity of ultrasonic pulses gradually decreased with the extension of the air gap.

Figure 7c shows the residual percentage of compressive strength after exposure to
different temperatures, with the compressive strength of 25 °C as the reference. It also
shows the related equations in order to predict the compressive strength after exposure to
elevated temperatures. In equations, T is the elevated temperature, f.(T) is the compressive
strength after exposure to elevated temperatures, and f-(T) is the compressive strength at
25°C.

When the ultrasonic waves spread through the cracks, the measured velocity will be
decreased compared to the velocity without cracks. Therefore, the ultrasonic pulse velocity
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of concrete can reflect the performance and its internal conditions. The measured ultrasonic
pulse velocity can be converted into the degree of damage by Equation (1). From the data
of the groups without bursting (UP/SP/SN) and Equation (1), Figure 7d further shows the
relationship between the damage degree and high temperature, and there was a well-fitted
linear relationship between them. The degree of damage above 25 °C, 200 °C, 400 °C,
600 °C, and 800 °C was about 0, 0.1, 0.5, 0.7, and 0.8, respectively. Figure 7d also shows a
detailed equation, where D is the damage degree, and T is the elevated temperature.

3.3. Transport Properties

The groups without bursting in the whole process were selected for the capillary water
absorption test. Because of the specification requirements, steel fiber-containing specimens
cannot be used for the RCM test. Therefore, the UP group was selected for the RCM test,
and the results are shown in Figure 8. The change trend is similar to that presented by Poon
et al. [29] and Nadeem et al. [30]. Since UHPC is very dense and it is difficult for external
substances to invade the material, the phenomenon of chloride ion migration could hardly
be detected inside at room temperature during the experiment, so the result was set to 0.
With the increase in temperature, the migration coefficient also gradually increased, and
it began to deteriorate obviously after 400 °C. Due to the capacity to reflect the evolution
of the pore structure, the two were in good agreement based on a comparison with the
ultrasonic wave velocity. UHPC has low porosity, a dense structure, and poor connectivity
of pores. The steam pressure caused by high temperatures cannot be effectively released,
which leads to energy accumulation and considerable pore pressure, and finally makes the
pore structure more severely and significantly damaged.
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Figure 8. Results of RCM after exposure to high temperatures.

Figure 9 shows the capillary water absorption curve after exposure to elevated tem-
peratures. When the target temperature increased, the water absorption per unit area
increased, and the higher the temperature, the sooner it tended to level off. The threshold
temperature was 400 °C, above which the water absorption substantially increased. Taking
the UP as an example, with 25 °C as the standard, after 72 h of water absorption, the
values for 200 °C, 400 °C, 600 °C, and 800 °C were 1.31, 14.78, 90.04, and 117.73 times.
Table 4 shows the variation in the initial capillary water absorption coefficient. Taking the
UP group as an example, with 25 °C as the reference, the initial capillary water absorption
coefficients were 1.70, 15.85, 102.76, and 299.14 times for 200 °C, 400 °C, 600 °C, and 800 °C,
respectively. The change trend is consistent with that presented by Sideris et al. [31].

Based on Equation (5) and an exploration of the capillary water absorption coefficient—
absorption time curve after exposure to high temperatures by an exponential function,
the general trend was similar for all groups (Figure 10). This occurred because [42,49]
the early water absorption of concrete mainly depends on the capillary suction. When
the concrete specimens are in contact with moisture initially, the water invades rapidly,
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and later the rate slows down. It was recognized that the invaded moisture increased the
internal humidity of concrete, gradually filling the internal pores. The capillary suction
force also decreased accordingly, showing a trend of a flat curve. Above 800 °C, due to
the presence of a great deal of internal deterioration damage formed by pores and cracks,
the early water invasion increased dramatically; at the same time, the curve varied more
rapidly and tended to decline and become moderate.
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Figure 9. Capillary water absorption curves after exposure to high temperatures.

Table 4. Initial capillary water absorption coefficients after exposure to high temperatures.

T (°Q) PU uUsS UP SP
25 95.89 77.87 55.92 64.30
200 168.17 128.81 95.20 146.48
400 — 1040.40 880.87 969.67
600 — — 5367.46 7364.33
800 — — 16,868.97 16,337.68

The changes in the water absorption curve and water absorption coefficient were
mainly caused by the internal microstructure evolution. After exposure to high tempera-
tures, the escape of free and bound water, the decomposition of hydration products, and the
coarsening of pores would lead to an increase in porosity. The difference in the shrinkage
or expansion between components due to thermal conductivity will also cause the appear-
ance and development of micro-cracks and pores, which will lead to the enhancement of
capillary action, making it much easier and faster for moisture to penetrate.
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Figure 10. Capillary water absorption coefficient curves after exposure to high temperatures.

3.4. Microstructure Properties
3.4.1. XRD

The variation patterns of the main components were analyzed by XRD (Figure 11).
Among them, the peaks of CaCO3 (around 20 = 29.4°), C,5&C3S (around 260 = 32.5°), and
Ca(OH); (around 26 = 62.4°) varied greatly. With the increase in temperature, the peak
value of CaCOs first increased and then decreased, the peak value of C;S and C3S first
decreased and then increased, and the peak value of Ca(OH), gradually decreased.

The more intense the carbonation reaction in the specimen after exposure to high
temperatures [50], the more pronounced the peaks of CaCOj3. The decomposition of CaCOs3
occurred approximately at 650 °C, so its peaks showed a sudden drop above 800 °C. A
suitable high temperature (less than 400 °C) can stimulate and increase the volcanic ash
activity of some mineral admixtures (fly ash and silica fume), which can react with Ca(OH),
faster, more frequently, and more comprehensively. When the volcanic ash reaction rate
exceeds the cement hydration reaction rate, the consumption of Ca(OH), will be higher.
The internal pores are filled more fully, promoting the densification of the internal structure,
and thus contributing to a strong improvement in a certain period. The decomposition
of Ca(OH), was also basically completed at about 500 °C, and then gradually decreased.
Above 800 °C, the decomposition of the C-S-H gels was significant, resulting in a marked
broadening and enhancement of the peaks of C,5 and C3S.
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Figure 11. Phase composition of UHPC after exposure to high temperatures.

3.4.2. MIP

It is well known that the macroscopic mechanical properties of materials are often
closely related to the microstructure. The macroscopic phenomenon of the final destabi-
lization and damage of concrete materials is the externalization of its internal micro-cracks
that form, develop, and expand to form visible cracks. Therefore, the perceptible results of
substantial damage are determined by the internal micro-damage evolution. Consequently,
there is an inevitable link between the deterioration of macroscopic mechanical properties
after exposure to high temperatures and microscopic damage evolution.

According to the MIP test data (Figure 12), the high temperature significantly affected
the pore structure, the overall porosity, and various pore parameters, which showed
different degrees of increase. Compared to 200 °C, the increase in porosity reached 308.65%,
and the increase in the average pore size was 422.75% at 800 °C. As seen from Figure 12a,
the trend of the cumulative curves at different temperatures was similar to that presented
by Missemer et al. [5]. The critical pore size where the amount of incoming mercury starts
to increase substantially was also related to the temperature, with the essential pore sizes
of 26.29 nm, 32.40 nm, 50.39 nm, and 349.01 nm for 200 °C, 400 °C, 600 °C, and 800 °C,
respectively. As shown in Figure 12b, the curve shifted to the right as a whole and the most
probable pore diameter increased.



Buildings 2021, 11, 416 14 of 23

—_
o0 0.25

B8 —&—200°C =3

] —0—400°C E

Eoist —0—600°C o020}

= —— 800°C 5 Harmful pores
o

.a 0.12 % ' Less harmful pores

E jé. 0.15 | A \ Harmless pores

~—

E 0.09 :

@ Eotof

‘= 0.06 =

45 A 8 —4&—200°C

.—=n & —0—400°C

£ 0.03 & 005 —o—600°C

= =

@] o o0

0.00 L L ' ! S 0.00 F HrOrsenn oot
10 100 1000 10000 100000 o= 10 100 1000 10000

Pore size Diameter (nm)

(a) Cumulative intrusion

Less harmful pores
18.8% Harmful pores
0.9%

58.9%

Harmless pores
Porosity: 8.44% Average pore diameter: 14.64 nm

200°C

Pore size Diameter (nm)
(b) Log differential intrusion

(c) Parameters of UHPC above 200 °C

Less harmful pores
37.9%

Harmful pores
0.4%

53.4%

Harmless pores
Porosity: 20.61% Average pore diameter: 17.60 nm

400°C

Less harmful pores
58.6%

Harmful pores
0.4%

Harmless pores 26.5%
Porosity: 21.72% Average pore diameter: 24.67 nm

600°C

(d) Parameters of UHPC above 400 °C

Harmful pores
31.2%

46.9% 2.2%

Less harmful pores Harmless pores

Porosity: 34.49% Average pore diameter: 76.53 nm

800°C

(e) Parameters of UHPC after 600 °C

(f) Parameters of UHPC above 800 °C

Figure 12. Pore structure of UHPC after exposure to high temperatures.

The pore sizes were classified as follows: pore sizes <20 nm as harmless pores; pore
sizes 20-100 nm as less harmful pores; pore sizes 100-200 nm as harmful pores; and pore
sizes >200 nm as more harmful pores. Compared to 200 °C, when the temperature was
400 °C, the rate of multi-harmful pores decreased by 13.0% and the percentage of less-
harmful pores increased by 19.1%. The phenomenon indicates that during the heating
process from 200 °C to 400 °C, the appropriate temperature was conducive to the hydra-
tion reaction of the mineral admixture. The generated hydration products further filled
the larger internal pores and disintegrated the large pores into small ones, effectively
optimizing and improving the pore structure system.
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During the heating process from 400 °C to 600 °C, the percentage of harmless pores
decreased by 26.9%, and the rate of less harmful pores increased by 20.7%. This is be-
cause [51] the large amount of hydrated material produced in a short time in the early
temperature section cannot be distributed in an orderly manner. The high temperature can
also accelerate the rate of water loss. Further, the hydration of cement particles is insuffi-
cient in the later stage; shrinkage cracks appear and develop in a dry and hot environment,
in addition to large-scale decomposition of Ca(OH);. The superposition of various factors
results in continuous coarsening of the pores.

During the heating process from 600 °C to 800 °C, the percentage of harmless pores
decreased by 24.3% and the rate of harmful pores increased by 30.8%, which is due to the
continuation of the various types of influential behaviors mentioned above. Moreover,
the decomposition of crystals such as C-S-H gels and CaCOj3; was also completed in large
quantities. Eventually, significant destruction of the pore structure system occurred [52].

3.4.3. SEM

Figure 13 shows the SEM images of the cement matrix after exposure to elevated
temperatures. It was found that the presence of fiber could still be observed above 200 °C,
and the surface of the fiber tended to separate. The root of the fiber bonding to the matrix
also tended to detach. Above 400 °C, the pore channels left by the melting of PP fiber
can be seen. Cracks and pores appeared on the surface of the matrix near the pores and
gradually loosened. PP fibers exist in concrete with a three-dimensional spatial chaotic
distribution, and the staggering pore channels left after exposure to high temperatures will
aggravate the void defects of the internal structure, although they provide an escape exit
for the internal moisture to inhibit the burst.

Strip-shaped plate-like crystals were observed in the matrix at 200 °C, which, accord-
ing to the literature [53], is Tobermorite with a lower calcium-to-silicon ratio and higher
hardness. The coexistence of dense and continuous C-S-H gels with the Tobermorite formed
by transformation after exposure to high temperatures was macroscopically manifested as
an enhancement of the compressive strength.

The matrix was severely damaged above 800 °C, with pores and cracks available
everywhere. The external structure of C-S-H gels was loose and similar to a honeycomb.
Most of the surface or internal water escaped and left pits and holes, leading to a sud-
den deterioration of compressive strength, ultrasonic pulse velocity, and capillary water
absorption above 800 °C.

o o 30
WD= 88mm  Signal A= SE2 Mag= 300X m EHT= 500kV ~ WD= 88mm Signal A= SE2 Mag= 300X

(a) The fiber above 25 °C (b) The fiber above 200 °C

Figure 13. Cont.
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Figure 13. SEM images of UHPC after exposure to high temperatures.

3.5. Property Enhancement and Improvement
3.5.1. Mechanical Properties

According to the high-temperature performance test, 400 °C was the most crucial
temperature point, and the change trend of each group was similar. Therefore, for
the self-healing test after exposure to high temperatures, the UP groups above 200 °C,
400 °C, and 800 °C were selected to be placed in clean water and 5% Na;SOy solution for
28 d. The relevant performance of the UP groups before self-repair can be found in the
Sections 3.1-3.3. As the temperature increased, the size and number of cracks also in-
creased. Figure 14 shows the surface of the groups after self-healing. It can be seen from
the microscope that in the groups at 200 °C and 400 °C, due to the initial fewer and finer
cracks, white sediment appeared and filled the gaps on the surface. However, in the group
at 800 °C, due to the initial more numerous and broader cracks, the filling degree decreased
significantly, and the cracks were in a semi-blocked state.

Figure 15a shows the compressive strength after self-healing. When the temperature
was 200 °C and 400 °C, the strength enhancement effect of the specimens in water and
the 5% NaySOy solution was low, less than 10%. Above 800 °C, however, the enhance-
ment effect was significant. Using the results before self-healing as the reference, the
improvement rates for the two environments (clean water and 5% NaySO4 solution) were
63.67% and 65.10%, respectively. It can be found that after 28d, the recovery results of the
two environments for the compressive strength were about the same and there was no
significant difference.
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Figure 15. Mechanical properties of UHPC after exposure to high temperatures and self-healing.

Figure 15b shows the ultrasonic pulse velocity after self-healing. The changing trend
of ultrasonic pulse velocity after self-healing was consistent with the compressive strength.
The enhancement was not significant when the temperature was low, while it was signifi-
cant above 800 °C. There was substantial recovery from 400 °C, and the ultrasonic pulse
velocity above 800 °C was similar to that before self-healing above 400 °C, which shows
that the effect of self-healing on ultrasonic pulse velocity was more evident compared with
the compressive strength.

3.5.2. Transport Properties

Based on the results of compressive strength and ultrasonic pulse velocity, it was
initially concluded that self-healing development above 200 °C and 400 °C was not that
noticeable, and the restoration effect of clean water was slightly more substantial than that
of the 5% NaySO; solution. The impact of self-healing above 800 °C was significant, and
the recovery effect of the 5% NaySOy solution was marginally stronger than that of clean
water. Then, the trend of the performance recovery after exposure to high temperatures
was further explored in the RCM and capillary water absorption test.

While there are many reasons for the deterioration of concrete durability, steel corro-
sion is one of the most dominant forms, and chloride ions are the leading cause of steel
corrosion. For this reason, it is necessary to investigate the improvement of the chloride
ion attack phenomenon through the self-healing effect. Figure 16 shows the results of
RCM tests before and after self-healing, and the degradation of the coefficients is very pro-
nounced. Using the previous data before self-healing as the reference group, the decrease
rates above each temperature for the two respective environments (clean water and 5%
NaySOy solution) were 31.58% and 42.11% above 200°C, 53.15% and 52.45% above 400°C,
and 59.92% and 59.43% above 800 °C.



Buildings 2021, 11, 416 18 of 23

12,000

9000

D
(=4
(=4
(=]

Cumulative water absorption(g/m?)

Il 0d (27 Water—28d =5 5% Na,S0, —28d]

e
Vv
14 NZ

(o)}
T
~0
7.9/
b4
.9)

X7

Rapid chloride migration
coefficient (x107'2 m?/s)
2

S N
S
Q- Q;\Q;\

200 400 800
Temperature (°C)

<17
<
[T

[ITI]

Figure 16. RCM results of UHPC after exposure to high temperatures and self-healing.

The capillary water absorption curves after self-healing are shown in Figure 17, and
the initial capillary water absorption coefficients can be obtained according to Equation (5),
as shown in Table 5. The initial capillary water absorption coefficients of the different
groups all showed various degrees of decreasing trends after going through the self-healing
process. With 0 d of self-healing as the reference group, the initial capillary water absorption
coefficients in the respective clean water and 5% Na;SO; solution decreased by 30.00%
and 26.68% above 200 °C, 83.17% and 66.30% above 400 °C, and 89.74% and 69.37% above

800 °C.
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Figure 17. Capillary water absorption curves after exposure to high temperatures and self-healing.

Table 5. Initial capillary water absorption coefficient after exposure to high temperatures and self-

healing.
Environment 200 °C 400 °C 800 °C
None—0d 95.20 880.87 1,6868.97
Clean water—28 d 66.64 148.25 1730.56
5% NaySO, solution—28 d 69.80 296.89 5166.73

The self-healing environment had little effect below 200 °C. In contrast, the clean
water environment was more favorable to the self-healing effect above 400 °C and 800 °C,
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whose initial capillary absorption coefficient was significantly reduced and substantially
lower than that of the 5% Na;SO4 solution.

The curves were plotted using Equation (5) and indicated that the change trends
after self-healing in different environments were roughly similar and consistent with the
previous conclusions (Figure 18). In the early stage, the high capillary absorption coefficient
of the reference group resulted from the extensive damage caused by high temperatures.
The invaded moisture rapidly increased the internal relative humidity, making it reach the
internal humidity equilibrium state quickly, which in turn resulted in the lowest absorption
coefficient in the late stage (the interior moisture was close to 100%). The self-healing effect
extended the internal humidity equilibrium process, thus forming a relative change in the
pattern of low in the early stage and high in the late stage.
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Figure 18. Capillary water absorption coefficient curves after exposure to high temperatures and self-healing.

3.5.3. Self-Healing Products

The sample above 800 °C was selected; the white sediment was scraped off and
collected from the surface of the sample with tools after the self-healing period. The results
are shown in Figure 19. XRD results show that CaCO3; and CaSO4-2H,O were the main
self-healing products in different environments, which is consistent with the research
results of several scholars [35,54], with a higher characteristic peak of CaSO4-2H,O in the
5% NapSQOy solution.
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Figure 19. XRD&FTIR patterns of self-healing products.

The Ca?* and SO4%~ generated by the high-temperature decomposition of hydration
products (such as Ca(OH),, Ettringite, etc.) still exist stably in the matrix. On the one hand,
the residual cementitious material is exposed to the outside through cracks and continues to
hydrate when it comes into contact with water, generating Ca®*. At the same time, the CO,
in the air dissolves in water and forms CO32_ in an alkaline environment. Together, they
produce CaCOs. The SO4%~ that exists inside the concrete will also generate Gypsum and
other substances along with the newly formed Ca?*. On the other hand, the cracks formed
after the high temperatures exposure provide a channel for the external environment,
facilitating the penetration of SO42~ from the 5% NaySOy solution into the interior. The
exterior and internal SO42~ accumulate in the cracks, generating more hydration products
such as Gypsum.

The FTIR results indicated that the absorption characteristic peaks of CaCOj3 (in-
plane shear vibration peak at around 712 cm~!, out-of-plane bending vibration peak
at 872 cm ™!, and antisymmetric absorption peak at 1407 cm~!) were mainly present in
both environments of the self-healing products, which is consistent with the XRD test
results [54,55]. The CaCO3 and Gypsum generated by self-healing were deposited and
filled in the cracks, contributing to the refinement and even recovery of the damage, and
the macroscopic expression is the recovery of mechanical properties and water absorption
properties. However, the hydration products such as Ettringite and Gypsum will continue
to enrich, grow and swell in the cracks, rapidly generating a considerable crystallization
pressure. Over time, this will even exceed the tensile strength of the specimen itself to
resist the internal stress, and secondary cracking will eventually occur. Therefore, in terms
of the transport properties, the 5% NaySO4 solution environment will be inferior to the
clean water environment.

4. Conclusions

This work presents the results of experimental investigation on the properties after
exposure to elevated temperatures of ultra-high performance concrete with two types
of synthetic fibers (PP and PAN fibers) in terms of the mass loss, compressive strength,
ultrasonic pulse velocity, transport properties, and micro-structure. An effective approach
to improving mechanical and transport properties was found from two types of environ-
ments (clean water and 5% NaySOy solution). The phase compositions responsible for
the enhancement of the properties were also determined by XRD and FTIR patterns. The
following main conclusions can be drawn based on the results of this research.

(1) Compared to PAN fibers, PP fibers are more effective in preventing the concrete
from bursting and are more suitable for high-temperature tests. With the increase in
temperature, the compressive strength showed an increase and then decline; the rest of
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the properties (mass loss, surface cracks, ultrasonic pulse velocity, and capillary water
absorption) showed the same pattern of change, that is, gradual deterioration and
more serious effects. A temperature of 400 °C was the threshold temperature point for
the beginning of a significant decline, where the water absorption performance was
more sensitive to temperatures and there was a greater degree of high-temperature
deterioration.

(2) During the process of high temperature and self-healing, all the properties rebounded,
and the higher the temperature, the wider the crack, and the better the recovery effect.
After self-healing, the compressive strength at 800 °C was about 60% higher than that
before self-healing. Likewise, the water absorption property was more responsive to
the degree of post-high temperature recovery. After self-healing, the initial capillary
water absorption coefficient in the clean water environment above 800 °C was 89.74%
lower than that before self-healing.

(3) After the high temperatures, the phase composition and pore structure both changed
significantly. The lower temperature (within 400 °C) was conducive to further hydra-
tion reactions to generate more hydration products and possible crystalline changes,
refining the internal pores and optimizing the pore structure, which was macroscopi-
cally manifested in the increase in compressive strength.

(4) The main product generated after exposure to high-temperature self-healing was
CaCOs. There will also be the presence of Gypsum and other substances; the in-
teraction of the two promotes the refinement and healing of cracks. However, the
5% NapS0y solution environment promoted generation, which will lead to signifi-
cant expansion and cause the secondary cracking phenomenon. Therefore, for the
self-healing of UHPC after exposure to high temperatures, the 5% Na;SO, solution
environment would be inferior to the clean water environment.
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