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Abstract: Ultra-high-performance concrete (UHPC) is a material that has high compactness, low
porosity, and high mechanical strength, with especially high tensile strength. Due to these charac-
teristics, the behavior of the material when exposed to high temperatures is debatable. The high
amount of fibers in the mixture, which makes UHPC present a high tensile strength, is seen as one of
the arguments for the good performance of the material when exposed to high temperatures. The
objective of this study was to evaluate the behaviors of ultra-high-performance concrete columns
with hybrid steel and polypropylene fibers and no loose reinforcements when subjected to elevated
temperatures after 180 days of curing. The exposure of concrete with a low age, less than 90 days,
to high temperatures results in greater damage to the concrete due to spalling, and because of this,
this study sought to evaluate the UHPC with a higher age. Two columns were manufactured with a
cross-section of 250 mm x 250 mm and a height of 2800 mm. A heating regime followed the heating
curve of standard ISO 834-1. The physical characteristics of the samples were evaluated during and
after exposure to high temperatures with measurements of the decreases in the cross-section and
surface aspect. Effects on the compressive strength, modulus of elasticity, and apparent density were
evaluated with cylindrical test bodies of 100 mm in diameter and 200 mm in height. These samples
were cured for 180 days, subjected to the same heating regime, and evaluated after cooling. The re-
sults showed an increase in the compressive strength with an increasing temperature up to a factor of
30% at a temperature of 400 °C. The modulus of elasticity and apparent density decreased gradually
as the temperature increased, with maximum decreases of 29% and 6%, respectively. Throughout
heating, audible cracks were heard from the columns because of spalling. The spalling frequency
peaked at an oven temperature of 600 °C, and testing was suspended at 78 min after the complete
rupture of a column section. On average, 46.5% of the column cross-sections suffered from spalling.

Keywords: ultra-high performance concrete; high temperature; columns; steel fiber; curing concrete

1. Introduction

The definition of ultra-high-performance concrete (UHPC) varies with international
standards, but common characteristics are a ductile compound with elevated mechanical
resistance, post-fissuring tensile strength, and durability [1,2]. The minimal compression
strength varies between 120 MPa and 150 MPa, as per the standard [1,3-5].

The mechanical performance and durability of UHPC are related to the aggregate
packing of the materials, a low water/agglomerate ratio, and the use of low-granulometry
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supplementary cementitious materials, such as silica fume [6-8]. Granular packing allows
an UHPC to have low porosity, which is important when concrete is subjected to elevated
temperatures [9,10]. Due to the low porosity and perfect granular packing, the physical and
chemical effects of UHPC, when exposed to high temperatures, are not well known. Coarse
aggregates are not commonly found in UHPC, and their absence prevents the formation
of a weak transition zone between cement and aggregates and yields desired mechanical
resistance and durability levels [8].

Concrete exposed to elevated temperatures underwent physical and chemical changes
that decreased the compressive strength. These changes were related to the characteristics of
the compound, such as the water/cement ratio, internal humidity level, type of cement, and
aggregates [11]. Xiong et al. [12] denoted two residual mechanical properties of importance
to UHPC following exposure to high temperatures: compression strength and the modulus
of elasticity. Other physical properties of interest were the thermal conductivity, specific
heat, and density.

Besides decreases in compressive strength, another phenomenon observed in concretes
exposed to elevated temperatures was spalling or the breaking away of layers of the
structural element. This phenomenon was caused by water-induced expansion inside the
concrete upon heating and an increased internal pressure [13]. Aggregate expansion, which
occurred at elevated temperatures, also contributed to spalling depending on the type of
aggregate [11]. Quartz begins to have its expansion altered at a temperature of 400 °C,
different from other materials, such as basalt and limestone, among others. The effect of
some aggregates might be higher than the type or amount of cement used in the compound.
Other physical and chemical changes could result in additional damages and a loss of
performance [14].

The addition of synthetic fibers could be an alternative technique to decrease UHPC
internal stresses due to water vapor pressure and resist spalling [15,16]. Some studies
evaluated the addition of between 2 kg/m? and 3 kg/m? of polypropylene fibers in UHPC
to determine their effect on spalling [15-17], while Sanchayan and Foster [18] made use
of up to 6.5 kg/m? of polyvinyl alcohol (PVA) fibers. Choe et al. [19] determined that
adding 0.15%, by volume, of synthetic fibers completely prevented spalling in UHPC, while
Zheng et al. [20] achieved the same result with a 2.73 kg/ m?3 content. Overall, while there
was no consensus on the ideal amount of polymer fibers, there was evidence that their
disintegration decreased pore pressure effects and spalling.

If coarse aggregates were not used, the resulting matrix was more compacted, and
tiny pores could significantly relieve water steam pressure. Furthermore, the expansion of
metallic fibers could also contribute to this result. Li et al. [21] noted that heated metallic
microfibers tended to lose adhesiveness with the UHPC matrix and cause damage to the
structural element. However, Gravit and Golub [22] reported that even though metallic
fibers had higher melting points than polymer fibers, they could still contribute to spalling
mitigation in hybrid compounds.

Two or more types of sand with varying granulometry can improve packing in UHPC.
Sands were usually quartz-based and corresponded to 40% to 60% of the volume of the
mixture [2]. The phase change of quartz started at temperatures between 500 °C and 600 °C,
and elevated expansion occurred between 600 °C and 1000 °C [14]. This phase change
causes the material to have a significant increase in volume. Since the UHPC matrix is of
high density, this increase in volume causes internal tensile stresses to occur, thus increasing
the occurrence of spalling.

The mechanical properties of concrete, such as the compression strength and modulus
of elasticity, were affected by elevated temperatures. These changes take place up to a
certain temperature, provisionally 400 °C; up to this temperature, the anhydrous cement
that still exists in the mix binds with the water that moves via the effects of internal thermals,
and thus, the resistance is improved. It is necessary to understand that concrete does not
remain at this temperature for a long time, because if this occurs, the chemical bond
will not occur, and it takes time for this bond to occur. However, since concrete has low
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thermal conductivity, only the exposed surface tends to be involved [23]. Abid et al. [24]
noted that several experimental studies used test bodies to evaluate UHPC properties.
In general, it was concluded that the loss of UHPC mechanical strength was related to
the type of aggregate, heating rate, cooling rate, test body size, and compression strength
of concrete [12]. However, Kodur et al. [25] noted that most studies evaluated UHPC
performance solely through test bodies. This agreed with Gil et al. [26], which denoted
that an analysis of cylindrical test bodies was essential, but insufficient, to fully assess the
behavior of the mixture in realistic structural elements.

Considering that real size tests are needed and there is a lack of research in this area,
the objective of this study was to evaluate the performance of UHPC columns reinforced
with polymer and steel fibers in samples with realistic physical scales, cured for 180 days
and subjected to a standard heating curve. Only a few laboratories count with this type
of oven and can perform those tests. This is the reason why this paper is innovative and
contributes to an understanding of fire in UHPC materials. The curing period was chosen
to approximate the actual conditions that might be encountered, since the probability of
a structure burning at early ages is low. Despite that, a study showed that until 180 days,
there is a relevant humidity variation on the concrete surface, and thus, this time is recom-
mended [27]. Losses in the compression strength and modulus of elasticity were evaluated
as well.

2. Materials and Methods
The UHPC used in this study [1] is shown in Table 1.

Table 1. UHPC mix ratio.

Materials kg/m?
Portland cement 490
Silica fume 269
Fly ash 235

Quartz sand 1025.5
Water 179
Superplasticizer additive 17.6
Steel fibers 120

PVA fibers 6

The cement used in the mixture was Portland cement CEM 1I 40, containing 20.90%
5i0,, 3.64% Al O3, 63.68% CaO, and 3.03% SOs;. The specific density of cement was
310g/ cm?, and the Blaine surface area was 4.989 cm?/ g. The silica fume had a silicon
content of 88.43% and a specific mass of 2.35 g/cm3. The fly ash had a silicon content
higher than 50% and a specific mass of 2.10 g/cm>. Quartz sand was sourced from a river
and, following washing and drying, had a specific mass of 2.66 g/cm?. Figure 1 presents
the granulometric distribution curves of the materials.

Reinforcement of the column test bodies consisted of hybrid fibers with a total content
of 2%, concerning the volume of concrete, and no loose reinforcements. More specifically,
the fiber content consisted of 1.6% steel fibers and 0.4% PVA fibers. Fiber types are shown
in Figure 2. The steel fibers were 25 mm in length and 0.75 mm in diameter with a tensile
strength of 1100 MPa and an aspect ratio of 33. The modulus of elasticity of the steel fibers
was 210 GPa. The PVA fibers were 12 mm in length and 0.04 mm in diameter with a tensile
strength of 1600 MPa and an aspect ratio of 300. The modulus of elasticity of PVA fibers
was 41 GPa.
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Figure 1. Granulometric distributions of UHPC materials.

Figure 2. Steel and PVA fibers added to the UHPC.

To increase the flowability of the composite, the superplasticizer additive was used,
without the need to add water.

The methodology consisted of two parts. The first part evaluated the variations (loss)
in the compressive strength and modulus of elasticity by conducting compressive testing
on cylinders of 100 mm in diameter and 200 mm in height according to ASTM C39 and
ASTM C469, respectively. Four specimens were evaluated for each temperature and for
each mechanical property tested, thus requiring a total of 40 specimens. The test specimens
were subjected to the heating regime prescribed by standard ISO 834-1 up to a temperature
of 400 °C. Higher temperatures were not considered due to the amount of spalling that
occurred beyond this limit. The second part consisted of subjecting two columns with
a cross-section of 250 mm x 250 mm and a height of 2800 mm to the heating regime of
standard ISO 834-1 but not uniformly along all faces. Figure 3 shows the exposure of the
faces of the columns and the oven used. Column dimensions have been defined to match
actual element values. This simulated a real wall with masonry filling the gap between
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columns. The samples, after curing for 28 days, remained stored internally in the laboratory
until the day of the test, in a condition of ambient temperature and humidity.

> 3 A
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Figure 3. Top view of the column and masonry test in the kiln and the kiln used to carry out the test.

The columns and simulated wall were placed in a standard test frame with internal
dimensions of 315 mm X 300 mm as shown in Figure 4. Masonry was coated with a layer
of 10 mm-thick coarse plaster on the face exposed to heat.

Even column

Exhaust chimney

Oven thermocouples 0Odd column

Oven Burners Alvenaria

Samples thermocouples

Figure 4. Placement of columns in the test frame and simulated wall and oven.
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A protective screen was installed on the external face of the wall, as seen in Figure 5,
as a safety measure against explosive spalling.

U R

Figure 5. Protective screen on the external face of the wall.

Each column was equipped with seven T-type thermocouples on the geometric center
of the face at different heights. This allowed for the measurements of temperatures along
the cross-section. The depths and locations of the thermocouples are shown in Figure 6.

Figure 6. Locations and depths of thermocouples inserted in the columns.
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The decrease in the cross-section was measured after the heating tests. This measure-
ment was conducted by dividing the column into 12 sections along the height, as seen
in Figure 7. Within each section, the decreases in the cross-section were measured at five
locations, and five measurements were taken and averaged at each location.

- Section 12
- Section 11

- Section 10
SR ., Section 9
Section 8

Section 7

Section 6

Section 5

Section 4 Spalling area

Section 3

Section 2

Section 1

Figure 7. Locations of measurements of decreases in the cross-section.

3. Results

3.1. Losses of the Compressive Strength and Modulus of Elasticity Due to Exposure to High
Temperatures

The values of the compressive strength and modulus of elasticity of the cylindrical
specimens in relation to temperatures are shown in Figure 8.
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Figure 8. Variations in the compressive strength and modulus of elasticity with respect to temperature.

The mechanical properties of UHPC presented opposing trends concerning heating.
The compressive strength increased with the increasing temperature up to a gain of 30.5%
at 400 °C for the initial reference value. This increase in the compressive strength was also
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noted in other studies, such as Lee et al. [28], Xiong and Liew [13], and Morales et al. [29]. It
is worth pointing out that this increase was only measured up to 400 °C due to the spalling
of the UHPC at higher temperatures.

According to Peng et al. [30], the increase in the compressive strength was related
to the hydration process of anhydrous cement and the chemical bonds between calcium
hydroxide and pozzolans in the mixture. As the temperature increases, the strength of the
concrete decreases. This loss is associated with the dehydration of the compounds and
the decomposition of the formed crystals. However, at high temperatures, a rehydration
process could occur due to the high pressure of intrinsic water, i.e., as compounds were
dehydrated, water was adsorbed and could become available to form new compounds due
to the presence of anhydrous cement [31]. This complex dehydration process contained
phases of hydrated, partially hydrated, and dehydrated compounds. Each phase could be
affected by the exposure temperature initial water/agglomerate ratio.

On the other hand, the modulus of elasticity presented a significant loss with the
increasing temperature. At 300 °C, a decrease of 30% in the modulus of elasticity was
registered for the initial reference value. This decrease could be related to the micro-
fissuring of cement due to high temperatures, which would allow for more significant
deformation associated with a reduction in the modulus of elasticity. Changes to the
density due to high temperatures were also noted with decreases above 100 °C. There was a
maximum decrease of 6% measured at 400 °C. Similar results were observed by Sanchayan
and Foster [18] and Zheng and Wang [20].

3.2. Behaviors of Columns Exposed to Elevated Temperatures

Along the heating tests, several audible cracks were heard, resulting from spalling.
The first cracks were noted in the first 5 min of testing and progressed in succession in
intervals of approximately 5 min.

The spalling measurements are presented in Table 2, with the average decreases in the
cross-section of columns 1 and 2 at the end of testing, which corresponded to 78 min.

Table 2. Losses of the cross-section and spalling of columns 1 and 2 at the end of testing.

COLUMN 1 COLUMN 2
Section Ave (mm) Spalling Ave (mm) Spalling

1 66.8 27% 57.2 23%
2 179.6 72% 61.6 25%
3 184.0 74% 104.0 42%
4 134.6 54% 122.0 49%
5 130.0 52% 46.8 19%
6 122.8 49% 135.4 54%
7 158.2 63% 154.2 62%
8 91.2 36% 165.0 66%
9 62.2 25% 134.2 54%
10 126.2 50% 120.4 48%
11 129.0 52% 114.6 46%
12 81.6 33% 93.0 37%

Average spalling 49% Average spalling 44%

It is important to highlight that the concrete spalling did not occur in a single moment,
but the spalling occurred gradually throughout the entire test. Cracks were heard, thus
identifying the moment of the spalling occurrence. As shown in Table 2, spalling was not
uniform. Spalling in column 1 varied between 25% and 74%, while in column 2, it varied
between 19% and 66%. For a further comparison, Figure 9 graphically presents spalling
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in columns 1 and 2. No trend is apparent in Figure 9, but the most significant difference
between columns 1 and 2 occurred in Section 2, near the base of the columns.

12

- mColumns2 mColumns1

10

Position

[

10% 20% 30% 40% 50% 60% 70% 80%

o
X

Detachment percentage

Figure 9. Spalling of columns 1 and 2 after exposure to elevated temperatures.

Figures 10 and 11 present the images of the spalling on columns 1 and 2, respectively.

.

Figure 10. Column 1 after exposure to elevated temperatures: (a) whole column; (b) top 1/3 detail;
(c) central 1/3 detail; (d) bottom 1/3 detail.
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Figure 11. Column 2 after exposure to elevated temperatures: (a) whole column; (b) top 1/3 detail;
(c) central 1/3 detail; (d) lower 1/3 detail.

Figure 10 shows the non-uniformity of spalling of column 1. The central 1/3 portion (c)
presented total spalling while the bottom 1/3 (d) was unaffected. Fibers could be observed
in all spalling occurrences, which attested to the efficient dispersal of fibers in the UHPC.

Figure 11 shows that spalling in column 2 occurred mostly in the central 1/3 and top
1/3. Spalling behaviors were observed by Kahanji et al. [32] in the UHPC beams subjected
to similar heating regimes but with concrete with a compressive strength of 131 MPa and a
2% steel fiber content. Similar to the results of this study, extensive spalling was observed
along the entire length of the sample with variations in depth.

The high occurrence of spalling in the UHPC of this study was likely the result of a
quartz sand aggregate in the mixture. As noted by Bulletin FIB 38 [14], quartz suffers from
significant physical changes from thermal expansion when exposed to temperatures close
to 500 °C. Further effects could be considered from the oxidation of metallic fibers and
their thermal expansion, further decreasing adhesiveness to the matrix. These phenomena
could have promoted deagglomeration, even though Zhang et al. [33] considered them to
be inhibitors of spalling.

The heating curve applied in this study provided exposure to elevated tempera-
tures in a short period, i.e., temperatures reached 600 °C in approximately 5 min, which
would significantly affect the volume of the grains of quartz. The progressive spalling
observed resulted from the low thermal conductivity of concrete. Spalling occurred in
concrete constantly exposed to elevated temperatures sufficient to reach the critical ex-
pansion temperature of quartz. Figure 12 shows the temperature in columns 1 and 2 at
several depths.
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Figure 12. Temperatures at varying depths of column 1 and 2 over time.

As expected, Figure 12 shows that temperatures were lower deeper in the concrete.
Stable plateaus were apparent at 100 °C at locations where spalling did not occur despite
the exposure of the face of the concrete to high temperatures. These plateaus were due to
water evaporation, which stabilized the temperature until the water was no longer present.
This was in agreement with Mehta and Monteiro [34], who observed that the temperature
only exceeded 100 °C after all free water had evaporated.

4. Conclusions

This study evaluated the behaviors of columns exposed to elevated temperatures. The
main contribution of this paper was to measure the spalling on a real scale, which behaved
differently than that in small samples. The columns evaluated were tested and reinforced
only with fibers, and even considering this melting temperature, the mechanism that leads
to spalling was extreme. Also, this paper showed the following results and conclusions:

e  Comparing the results obtained with those reported in the bibliography, it should be
mentioned that the high strength of the UHPC may lead to a higher displacement and
spalling than in conventional concretes, even considering the lower water/cement ratios.

e UHPC exposed to elevated temperatures suffered from external degradation, which
gradually changed the cross-section of the columns due to spalling.

e  Up to a temperature of 400 °C, the compressive strength increased by up to 30.5% con-
cerning the reference value. On the other hand, the modulus of elasticity and density
decreased for the reference values, with peak reductions of 30% and 6%, respectively.

e  The test results pointed out that the quartz sand aggregate in the mixture was deleteri-
ous to concrete performance and induced spalling as temperatures reached approxi-
mately 600 °C.

e  Theloss of the concrete session did not occur immediately, and there was a progressive
detachment of the concrete due to heating. Once a heated piece of concrete was
loosened, a new surface was exposed and again, it was heated to the point of spalling.
This phenomenon caused small cracks that were possible to hear during the tests.
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