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ABSTRACT

Ultra-high-performance concrete (UHPC) has exceptional mechanical properties at room temperature.
However, there are no standardized procedures to characterize UHPC in fire. This is due to the lack of
research on the subject, leaving gaps for experimental and numerical studies. This study collects a series of
parametric data of UHPC at high temperatures. Thermal diffusivity, thermal conductivity, thermal strain and
specific heat as thermal parameters were defined for different temperature ranges. The results were compared
with other structural concretes proposed in the literature (NSC, HSC and UHSC). The UHPC exhibited a
particular fire behavior. Compared to NSC, HSC and UHSC, the thermal expansion and mechanical
parameters of UHPC are less affected in fire, but its thermal conductivity and mass loss are higher. UHPC also
has the highest specific heat compared to other concretes. The thermal field of UHPC tends to be higher
compared to the other concretes.
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Notation:
CA Coarse aggregate
FA Fly ash

HSC Hight-strength concrete

NSC Normal-strength concrete

PVA  Polyvinyl acetate

SF Silica fume

UHPC Ultra-High-Performance Concrete
UHSC Ultra-High Strength Concrete
w/b  Water-binder ratio

C p  Specific heat

k Thermal conductivity
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INTRODUCTION

Ultra-high-performance concrete (UHPC) is a cementitious concrete with remarkable
mechanical properties at room temperature. The specified compressive strength must be at least 120
MPa according to ASTM C1856 (2017) [1]. UHPC has low w/b, high cement content, aggregates,
fibers (steel, PVA, glass) and superplasticizer. Its matrix is very dense and has a minimum of
interconnected pores, making it an attractive option in chemically aggressive environments.

Buildings are vulnerable to fire. According to Zhu et al. (2021) [2], there is not much research
on UHPC at high temperatures. However, UHPC must behave well in fire to be used as a building
material. Studies such as Xiong and Liew (2016) [3], Kodur and Khaliq (2011) [4], L1, Qian, and Sun
(2004) [5], Poon, Shui, and Lam (2004) [6], Kodur and Sultan (2003) [7], and Shin et al. (2002) [8]
already show that high-strength concrete (HCC) does not have the same fire behavior as normal-
strength concrete (NSC) due to concrete spalling, as also stated by Ullah et al. (2022) [9] and Akca
and Zihnioglu (2013) [10]. According to Liang et al. (2013) [11], spalling occurs more frequently in
UHPCs than in NSCs due to their dense structure and limited permeability. Analysis of concrete
spalling has been the focus of research that sought to parametrically analyze UHPC under fire
conditions [3, 10, 11, 12, 13, 14, 15, 16, 17].

There are no standardized fire design requirements for UHPC structures. Standards such as
EN 1992-1.2 (2004) [18], ACI-216 (2014) [19], AS 3600 (2018) [20], NZS 3101-1 (2006) [21], and
NBR 15200 (2012) [22] do not provide thermomechanical values for fire design RC structures with
compressive strength greater than 100 MPa. There are few studies on this topic, and the fire behavior
of UHPC is not well known in the literature. This is a problem in fire design of RC structures. Few
studies have attempted to define the thermal properties of UHPC in fire. In this regard, authors such
as Ullah et al. (2022) [9] do not suggest any application of UHPC in fire.

There is a discrepancy. Authors such as Du et al. (2021) [23], Willie, Naaman, and Parra-
Montessinos (2011) [24], and Habel et al. (2006) [25] believe that UHPC is one of the most
promising building materials for the future, but others, including Zhu et al. (2021) [2] and Ullah et al.
(2022) [9], question its fire sensitivity. There is a need to do more research on UHPC in fire.
According to SFPE (2008) [33], the fire performance of structures depends on the high-temperature
properties of their materials.

In contrast, recent UHPC research does not analyze fire behavior. Zhang et al. (2022) [26]
studied the mechanical behavior of RC column with UHPC jacket at room temperature; Tian and al.
(2022) [27] and Zhou et al. (2023) [28] studied the performance of UHPC under cyclic loading;
Zhang et al. (2022) [29] the flexural behavior of UHPC beams; Zhang et al. (2023) [30] the use of
UHPC with recycled fine concrete; Li et al. (2023) [31] the mechanical properties of UHPC with
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different types of cement, Cui et al. (2023) [32] with expansion agents in the concrete mix, among
others.

Kodur et al. (2020) [37] investigated the thermal properties of UHPC. Conductivity, specific
heat, mass loss, and expansion were investigated by the authors. The literature review recommended
by Zhu et al. (2021) [2] proved to be the only study that suggested thermal parameters for UHPC in
different temperature ranges. The UHPC studied by Kodur et al. (2020) with fc value between 164
and 178 MPa contains SF, silica sand, PP and steel fibers, slag and coarse aggregates (CA). Yang et
al. (2019) [38] already show that CA reduces the thermal field of UHPC, i.e., UHPC without CA has
a much larger temperature gradient than UHPC with CA. The UHPC in this study does not contain
CA, but PVA fibers and a 750-day curing of the concrete, which makes this study a precedent. UHPC
without CA has not yet been evaluated in the literature.

In this study, the thermal properties of UHPC without CA were determined. Conductivity,
diffusivity, specific heat and thermal elongation were determined as thermal properties. Equations,
diagrams, and tables for the use of these parameters in fire design of structures were presented to fill

a gap in standard procedures.

METHODS
The methods used to characterize UHPC in each temperature range are shown. The materials

used to build the UHPC are shown below.

MATERIALS

The cement used was a high-initial resistance type that contained fewer chemical cement
additions. It is a Portland cement used in Brazil classified as CP-V ARI by NBR 16697 [39]. Silica
fume (88.5% silicon contained) and fly ash (50.0% of silicon content) were used with, respectively,
specific gravity of 350 kg/m? and 210 kg/m?. Silica fume acts as a microfiller. It also reacts with
calcium hydroxide, thus increasing the final strength.

A natural quartz sand with 260 kg/m? was incorporated. It is a river sand that received a
washing process to eliminate impurities. The steel fiber had a length of 25 mm and a diameter of 0.75
mm, with a tensile strength of 1100 MPa and a modulus of elasticity of 210 GPa. The PVA (polyvinyl
acetate) fiber had a length of 12 mm and 0.04 mm in diameter, tensile strength of 1600 MPa and
modulus of elasticity of 41 GPa. Superplasticizing additive based on polycarboxylates was
incorporated to improve the workability of the concrete. The UHPC production and mix was made
according to Christ et al. (2022) [40] method.

The concrete mix is presented in Table 1.
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Table 1 — Concrete mix

Material Unit content (kg/m?) Ratios of concrete mix
Cement 488 1.00
Silica fume 268 0.55
Fly ash 235 0.48
Natural sand (fine aggregate) 1025 2.10
Steel fiber 120 0.25
PVA fiber 6 0.02
Chemical additive 17.6 0.03
Water 178 0.36

The average compression strength of the concrete at 28, 150 and 750 days were 108.0, 146.4
and 162.4 MPa, respectively. The elastic modulus was 41.4, 44.0 and 46.1 GPa at, respectively, 28,
150 and 750 days. These results were obtained by testing a concrete cylinder with a dimension of
150x300 mm (diameter x length) made according to ASTM C470 [41]. The concrete compressive
strength testing was obtained according to ASTM C39 [42] and the elastic modulus in accordance to
ASTM C469 (2014) [43] procedures. The concrete samples are produced in accordance to ASTM
C31 [44] and ASTM C192 [45].

THERMAL PROPERTIES DEFINITIONS
The thermal diffusivity, specific heat, thermal conductivity and thermal elongation data were

determined as shown below.

Diffusivity

The thermal diffusivity of UHPC was obtained according to the Flash Method proposed by
ASTM E1461 [39]. The method is used to measure values of thermal diffusivity of a wide range of
solid materials. The results were obtained by testing a concrete cylinder with a dimension of 12.7x2.5
mm (diameter x thickness) in accordance to ASTM E1461-13 [46] prescriptions. The UHPC
specimens were heating to 100, 200, 300, 400, 500 and 600°C. The test equipment used was a
thermal diffusivity analyzer (TDA) with a temperature range from -125°C to 500°C, a thermal
diffusivity measurement ranges from 0.01mm?/s to 1000mm?*/s and a thermal conductivity range from
0.1W/mK to 2000W/mK..

According to the thermal diffusivity («) results and with the density in fire (p) it is possible to
obtain the specific heat (C,,) and thermal conductivity (k) according to Equation (1).

a=k/p.C, 1)
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Specific heat
According to the thermal diffusivity results and according to Equation 1, the specific heat

values were defined for the same temperature ranges as in section 2.2.1.

Conductivity
According to the results of thermal diffusivity and Equation 1, the thermal conductivity values

were defined for the same temperature ranges as in section 2.2.1.

CORRELATION WITH THE STANDARD PROCEDURES AND REFERENCES

The results (data available in this research) were compared with those proposed by the
references. When possible, the data were compared with normal-strength (NSC), high-strength
(HSC), ultra-high-strength (UHSC) and, when available, ultra-high-performance (UHPC) concrete
similar to this research. Graphs were proposed with the UHPC results of this research. From these,

new equations were extracted.

REMARKS FOR TESTING UHPC IN HIGH TEMPERATURES

The first fire tests with UHPC test specimens were evaluated at 28 and 150 days after their
construction. However, in these ages, there was explosive spalling of the concrete. In the first case,
there was spalling when the specimen was heated to around 100°C. In the second case, when heated
to 300°C. After 700 days, the specimens showed no more concrete spalling when heated to 800°C.
This justifies carrying out the tests with 750 days.

The low porosity of UHPC prevents internal dissipation of water vapor produced during
heating. It is necessary that fire tests be carried out on aged concrete. Due to the high mechanical
strength of UHPC, the amount of internal water vapor is high and the concrete spalling is explosive.
These results are in agreement with Zhu et al. (2021) [2] and Ullah et al. (2022) [9], who showed that
UHPC is more susceptible to spalling in fire than NSC. However, it is important to highlight that the
spalling decreases with age, as the internal humidity of the concrete tends to reduce with age, as

shown by Manica et al. (2020) [50] and in accordance the previous results of this research.

RESULTS AND DISCUSSION

The results of this research are presented.

THERMAL ELONGATION
Table 1 and Figure 1 a show the thermal elongation (AL/L,) results of UHPC for different

temperature ranges. Figure 1b shows the comparison of these results with references.
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Figure 1 — Thermal elongation at high temperatures
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Table 1 — Thermal elongation: correlation between UHPC and references

£ Thermal elongation AL/L, (x10~3)
I S UHPC | EN 1992 EN 1992 HSC HSC - Sili HSC - Carbo UHPC
8.9 | Test | NSC (Sili) | NSC (Lime) | (Kodur and (Kodur and (Kodur and (Kodur et
E} Data (C20/50) (C20/50) Khaliq,2011) | Sultan,2003) | Sultan,2003) al., 2020)
() (b) () (d) (e) (€] (g
25 0.00 0.00 0.00 0.00 0.00 0.00 0.00
100 0.71 0.74 0.50 1.50 2.60 0.70 0.41
200 1.28 1.80 1.19 2.50 4.20 1.60 1.21
300 1.59 3.14 2.06 3.50 5.80 2.50 241
400 2.20 4.89 3.18 4.50 7.40 3.40 4.01
500 3.33 7.20 4.63 5.50 9.00 4.30 6.01
600 4.50 10.2 6.50 6.50 13.6 5.20 8.41

UHPC (Table 1a) has positive thermal elongation when exposed to high temperatures, as with
other concretes (Table 1b-g). The UHPC of this research had the lowest AL/L, value in relation to
the others. Up to 100°C thermal elongation can be related to the loss of humidity (free water) in the
concrete. Between 200 and 300°C, it can be related to the loss of adsorbed water from hydrated
cement compounds and aggregates. Between 300 and 500°C, values may be associated with C,(OH),
and CaO dehydration, as reported by Laneyrie et al. (2016) [16]. The lower expansion of UHPC
(Table 1a) in relation to the other concretes (Table 1b to f) shows the influence of the coarse
aggregate in this aspect. In relation to the UHPC tested by Kodur et al. (2020) [37], in addition to the
aggregate, also the experimental procedure (see section 2).

Specific heat
Figure 2a and Table 2 show the specific heat results of UHPC in different temperature ranges.

Figure 2b shows the comparison of these results with references.
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Figure 2 — Thermal elongation at high temperatures
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Table 2 — Thermal elongation: correlation between UHPC and references
g Specific heat (J/kg.K)
§ o UHPC NSC NSC HSC UHPC HSC - Sili HSC - Carbo
&% | Test Data EN 1992 | (Shinetal., (KOfiur and (Kodur etal., | (Kodur and (Kodur and
§ (C20/50) 2002) Khalig, 2011) 2020) Sultan,2003) | Sultan,2003)
(a) (b) () (d) (e) ® (8)
25 1009 900 1104 1000 720 730 977
100 1229 900 - 1008 767 880 977
200 1230 1000 - 1016 846 1080 977
300 1232 1050 - 1025 942 1080 977
400 1269 1100 - 1033 1055 1080 977
500 1280 1100 1354 1041 1184 1600 977
600 1310 1100 - 1050 1330 1080 911

Specific heat changes with temperature due to chemical and physical changes that occur in
cement past and aggregates when in heating. According to fib Bulletin 38 (2007) [55] and Kodur et
al. (2020) [37], specific heat around 100°C increases because of evaporation of moisture present in
the form of free water (Figure 2). Between 100°C-300°C, specific heat increases further due to the
evaporation of moisture present in the remaining free water, in addition to the adsorbed and bonded
water. In 300-500°C range, the Cj, value remains almost constant because of the counteracting effects
of decrease in moisture due to complete evaporation of free water and the increase in humidity due to
Ca(OH), decomposition. There is a small increase in C,, after this temperature due to the release of
moisture from the decomposition of the C—S—H gel and significant deterioration of the
microstructure within the concrete.

In the case of the UHPC, Figure 2a and Table 2a show that at 25°C its specific heat is 1009
J/kg k. This means that the amount of energy required to increase the temperature of 1 kg of UHPC

by 1K is 1009 J. At the same temperature, these values are similar to those presented by Shin et al.
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(2002) [8] for NSC, by Kodur and Khaliq (2011) [4] for HSC and Kodur and Sultan (2003) [7] by
HSC with carbonate aggregate. however, the UHPC value at 25°C (Table 2a) was lower than those
reported by EN 1992 for the NSC (Table 2b), for the UHPC evaluated by Kodur et al. (2020) [27]
(Table 2¢), and also for HSC with siliceous aggregates proposed by Kodur and Sultan (2003) [7]
(Table 2f).

According to Figure 2a and Table 2a, at 100°C, the C,, of the UHPC tested increased to 1229

J/kg K. At the end of the tests (600°C) the value was 1310 J/kg.K. For the equations proposed in
section 5, the value of the specific heat in the range from 100 to 600°C was defined as the average of
the C, readings in this temperature range (i.e., 1270 J/kg.K). This is a practical simplification of fire
design since there is variability between the results, according to Table 2.

In the temperature range 100-600°C, the same interpretation and comparison made at 25°C
between researches is preserved (Table 2a-g). However, the research of Kodur et al. (2020) [37] for
UHPC (Table 2e) and Kodur and Sultan (2003) [7] (Table 2f) for HSC, which at initial temperatures
(i.e., 25 °C) did not converge with the UHPC of this research, tends to converge at the end of
analysis. Normally the UHPC of this research (Table 2a) has a specific heat relatively higher in
relation to the others concretes. It can be attributed to the lower permeability and dense

microstructure of UHPC that requires more heat for evaporation of water.

Conductivity
Figure 3a plots the thermal conductivity of UHPC for various temperature ranges. Figure 3b

and Table 3 show the comparison of these results with bibliography.
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Figure 3 — Thermal elongation at high temperatures
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Table 3 — Thermal conductivity: correlation between UHPC and references
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25 2.00 1.33 1.95 1.95 2.19 2.42 3.11 1.97 1.97
100 1.83 1.23 1.77 1.77 - 2.17 2.19 1.89 1.87
200 1.64 1.11 1.55 1.11 - 1.84 1.88 1.78 1.74
300 1.24 1.00 1.36 1.00 - 1.51 1.53 1.67 1.61
400 1.20 0.90 1.19 0.90 - 1.18 1.18 1.56 1.41
500 1.10 0.82 1.04 0.82 1.28 1.30 1.40 1.45 1.21
600 1.00 0.75 0.91 0.75 - 1.10 1.40 1.34 1.00

Thermal conductivity variation in concrete with temperature is governed by the change in
moisture levels in fire. Concrete moisture decreases with increasing temperature and therefore
thermal conductivity decreases at high temperatures. At temperatures above 100°C, free water starts
to evaporate, sometimes causing spalling. When the concrete temperature reaches about 300°C, the
adsorbed water from the calcium silicate hydrate (C—S—H) gel and a part of the chemically bound
water begin to evaporate. The concrete temperature further to 400°C causes decomposition of

C,(0OH),, converting it into C,0 and H,0, increasing the moisture content of concrete. Further
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increase in temperature beyond 500°C leads to decomposition of C—S—H and further deterioration of
concrete and aggregate.

According to Figure 3b and Table 3, it can be seen that the UHPC in this research (Table 3a)
are, respectively, 50.4%, 2.6% and 2.6% higher in relation to the NSC proposed by EN 1992-1.2 [18]
(Table 3b and c) and NF EN 1992 [53] (Table 3d). Research by Kodur et al. (2020) [37] show that
the UHPC had a conductivity 55% higher than those obtained in this research. After 300°C, the
values between both researches tend to converge. In relation to the NSC proposed by the EN 1992-
1.2, the UHPC tested by Kodur et al. (2020) were 133.8% higher. The notable variability in these
results is understandable, and can be attributed to varying moisture content, cement type, aggregate,
test conditions and measurements techniques used in each research, as explain by Kodur et al. (2020)
[37], Kodur et al. (2019) [52], Bazant and Kaplan (1996) [54].

PROPOSAL OF PROCEDURES FOR STRUCTURAL FIRE DESIGN
In this section, due to the absence of the NBR 15200 standard, parametric data are proposed
to support the fire-design of UHPC structures in case of fire.

ELONGATION
Figure 4 and Equation 3 show the proposed thermal elongation values for UHPC at different

temperature ranges.

Figure 4 — Proposal of thermal elongation values for UHPC
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Figure 5 and Equation 4 show the proposed specific heat values for UHPC at different

temperature ranges.
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Figure 5 — Proposal of specific heat values for UHPC
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Figure 6 and Equation 5 show the proposed specific heat values for UHPC at different
temperature ranges.

Figure 6 — Proposal of thermal conductivity values for UHPC
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CONCLUSIONS
The general conclusions of this paper are:
e This research demonstrated that UHPC specimens tested before 700 days are susceptible
to concrete spalling;

e  When compared to NSC (according to EN 1992-1.2 parameters), UHPC showed higher
thermal diffusivity;

Engineering and its advancements
Ultra High Performance Concrete (UHPC) in case of fire



\V4

UHPC has a specific heat higher in relation to the others concretes (NSC, HSC). It can be

In this sense, in relation to NSC, UHPC will have a higher average temperature;

When compared to NSC and HSC, UHPC has the lowest thermal elongation;

attributed to the lower permeability and dense microstructure of UHPC that requires more
heat for evaporation of water;

Thermal conductivity of UHPC is also higher than NSC. Steel fibers can justify these
results;

New equations were proposed to define the thermal, physical and mechanical parameters
of UHPC at high temperatures. These equations are essential for researchers who intend
to carry out numerical research with the UHPC,;

As future research, it is recommended to compare the fire performance of UHPC with
NSC. In the view of the authors, this comparison should be holistic and from a structural
perspective. The combination of mechanical and thermal results are the motivation: in
relation to NSC, UHPC has a larger thermal field but is less mechanically affected by

temperatures;

Engineering and its advancements
Ultra High Performance Concrete (UHPC) in case of fire



\V4

[1.] ASTM C1856. Standard Practice for Fabricating and Testing Specimens of Ultra High-
Performance Concrete. ASTM International, West Conshohocken, United States (2017).

REFERENCES

[2.] Y Zhu, H Hussein, A Kumar, G Chen. A review: Material and structural properties of UHPC at
elevated temperatures or fire conditions. Cement and Concrete Composites. (2021) V123.
https://doi.org/10.1016/j.cemconcomp.2021.104212

[3.] MX Xiong, JTR Liew. Mechanical behaviour of ultra-high strength concrete at elevated
temperatures and fire resistance of ultra-high strength concrete filled steel tubes. Materials and
Design (2016). v. 104, pp. 414-427. https://doi.org/10.1016/j.matdes.2016.05.050

[4] VKR Kodur, W Khalig. Effect of Temperature on Thermal Properties of Different Types of High-
Strength Concrete. Journal of Materials in Civil Engineering (ASCE) (2011) V.15, Issue 2.
https://doi.org/10.1061/(ASCE)0899-1561(2003)15:2(101)

[5.] M Li, CX Qian, W Sun. Mechanical properties of high-strength concrete after fire. Cement and
Concrete Research (2004). V.34, Issue 6, pp.1001-1005.
https://doi.org/10.1016/j.cemconres.2003.11.007

[6.] CSPoon, ZH Shui, L Lam. Compressive behavior of fiber reinforced high-performance concrete
subjected to elevated temperatures. Cement and Concrete Research (2004). V.34, Issue 12.
https://doi.org/10.1016/j.cemconres.2004.02.011

[7] VKR Kodur, MA Sultan. Effect of Temperature on Thermal Properties of High-Strength
Concrete. Journal of Materials in Civil Engineering (2003). V.15, Issue 2
https://doi.org/10.1061/(ASCE)0899-1561(2003)15:2(101)

[8.] KY Shin, SB Kim, JH Kim, M Chung, PS Jung. Thermo-physical properties and transient heat
transfer of concrete at elevated temperatures. Nuclear Engineering and Design (2002). V.212,
pp.233-241. https://doi.org/10.1016/S0029-5493(01)00487-3

[9.] R Ullah, Y Qiang, J Ahmad, NI Vatin, MA El-shorbagy MA. Ultra-High-Performance Concrete
(UHPC): A  State-of-the-Art  Review. Materials ~ (2022). V15, pp.4431.
https://doi.org/10.3390/mal5124131

[10.] AH Akca, NO Zihnioglu. High performance concrete under elevated temperatures. Construction
and Building Materials (2013). V44, pp.317-328.
https://doi.org/10.1016/j.conbuildmat.2013.03.005

[11.] X Liang, C Wu, Y Su, Z Chen, Z Li. Development of ultra-high performance concrete with high
fire resistance. Construction and Building Materials (2018). V. 179, pp. 400-412.
https://doi.org/10.1016/j.conbuildmat.2018.05.241

[12.] S Banerji, VKR Kodur. Effect of temperature on mechanical properties of ultra-high-
performance  concrete. Fire and  Materials  (2021). V.46, pp. 287-301
https://doi.org/10.1002/fam.2979

[13.] G Choe, G Kim, N Gucunski, S Lee. Evaluation of the mechanical properties of 200 MPa ultra-
high-strength concrete at elevated temperatures and residual strength of column. Construction
and Building Materials (2015). V86, pp.159-168.
https://doi.org/10.1016/j.conbuildmat.2015.03.074

Engineering and its advancements
Ultra High Performance Concrete (UHPC) in case of fire


https://doi.org/10.1016/j.cemconcomp.2021.104212
https://doi.org/10.1016/j.matdes.2016.05.050
https://doi.org/10.1061/(ASCE)0899-1561(2003)15:2(101)
https://doi.org/10.1016/j.cemconres.2003.11.007
https://doi.org/10.1016/j.cemconres.2004.02.011
https://doi.org/10.1061/(ASCE)0899-1561(2003)15:2(101)
https://doi.org/10.1016/S0029-5493(01)00487-3
https://doi.org/10.3390/ma15124131
https://doi.org/10.1016/j.conbuildmat.2013.03.005
https://doi.org/10.1016/j.conbuildmat.2018.05.241
https://doi.org/10.1002/fam.2979
https://doi.org/10.1016/j.conbuildmat.2015.03.074

\V4

[14.] M Abid, X Hou, W Zheng, RR Hussain. Effect of fibers on high-temperature mechanical
behavior and microstructure of reactive powder concrete. Materials (2019). V.12, pp.1-30.
https://doi.org/10.3390/mal12020329

[15.] S Sanchayan, SJ Foster. High temperature behaviour of hybrid steel-PVA fibre reinforced
reactive powder concrete. Materials and Structures (2016). V.49, pp.769-782.
https://doi.org/10.1617/s11527-015-0537-2

[16.] C Laneyrie, AL Beaucour, MF Green, RL Hebert, B Ledesert, A Noumowe. Influence of recycled
coarse aggregates on normal and high-performance concrete subjected to elevated temperatures.
Construction and Building Materials (2016). V.111, pp. 368-378.
https://doi.org/10.1016/j.conbuildmat.2016.02.056

[17.] B Luo, C Deng, Y Luo (2022). Mechanical properties and microstructure of UHPC with recycled
glasses after exposure to elevated temperatures. Journal of Building Engineering (2022). V.62,
pp.105369. https://doi.org/10.1016/j.jobe.2022.105369

[18.] EN 1992-1.2. Eurocode 2: Design of concrete structures - Part 1-2: General rules - Structural fire
design. Brussels, Belgium (2004).

[19.] ACI 216. Code Requirements for Determining Fire Resistance of Concrete and Masonry
Construction Assemblies. American Concrete Institute (ACI). Farmington Hills, Michigan,
United States (2014).

[20.] AS 3600. Concrete Structures. Australian Standard. Sydney, Australia (2018).

[21.] NZS 3101. Concrete structures standard. The design of concrete structures. Standards New
Zealand. Wellington, New Zealand (2006).

[22.] NBR 15200. Design of reinforced concrete structures in case of fire. Brazilian Standard
Association, Rio de Janeiro [in Portuguese] (2012).

[23.] J Du, W Meng, KH Khayat, Y Bao, P Guo, Z Lyu, A Abu-obeidah, H Nassif, H Wang. New
development of ultra-high-performance concrete (UHPC). Composites Engineering (2021)
V224, https://doi.org/10.1016/j.compositesh.2021.109220

[24.] K Wille, AE Naaman, GJ Parra-Montessinos. Ultra-High Performance Concrete with
Compressive Strength Exceeding 150 MPa (22 ksi): A Simpler Way. ACI Materials Journal
(2011). V.108, pp.46-34. https://doi.org/10.14359/51664215

[25.] K Habel, M Viviani, E Denarié, E Bruhwiller. Development of the mechanical properties of an
Ultra-High Performance Fiber Reinforced Concrete (UHPFRC). Cement and Concrete Research
(2006). V36, Issue 7, pp.1362-1370. https://doi.org/10.1016/j.cemconres.2006.03.009

[26.] X Zhang, X Wu, D Zhang, Q Huang, B Chen. Axial compressive behaviors of reinforced concrete
composite column with precast ultra-high-performance concrete (UHPC) jacket. Journal of
Building Engineering (2022). V.48, pp.103956. https://doi.org/10.1016/j.jobe.2021.103956

[27.] H Tian, Z Zhou, Y Wei, L Zhang. Experimental and numerical investigation on the seismic
performance of concrete-filled UHPC tubular columns. Journal of Building Engineering (2022).
V.43, pp. 103118. https://doi.org/10.1016/j.jobe.2021.103118

Engineering and its advancements
Ultra High Performance Concrete (UHPC) in case of fire


https://doi.org/10.3390/ma12020329
https://doi.org/10.1617/s11527-015-0537-2
https://doi.org/10.1016/j.conbuildmat.2016.02.056
https://doi.org/10.1016/j.jobe.2022.105369
https://doi.org/10.1016/j.compositesb.2021.109220
https://doi.org/10.14359/51664215
https://doi.org/10.1016/j.cemconres.2006.03.009
https://doi.org/10.1016/j.jobe.2021.103956
https://doi.org/10.1016/j.jobe.2021.103118

\4

[28.] F Zhou, Q Su, Y Cheng, H Wu. A novel dynamic constitutive model for UHPC under projectile
impact. Engineering Structures (2023). V. 280, pp.115711.
https://doi.org/10.1016/j.engstruct.2023.115711

[29.] P Zhang, J Shang, Y Liu, J Shao, D Gao, Z Dong, SA Sheikh. Flexural behavior of GFRP bar-
reinforced concrete beams with U-shaped UHPC stay-in-place formworks. Journal of Building
Engineering (2022). V.45, pp. 103403. https://doi.org/10.1016/j.jobe.2021.103403

[30.] XY Zhang, MX Fan, YX Zhou, DD Ji, JH Li, R Yu. Development of a sustainable alkali activated
ultra-high performance concrete (A-UHPC) incorporating recycled concrete fines. Journal of
Building Engineering (2023). V.67, pp.105986. https://doi.org/10.1016/j.jobe.2023.105986

[31.] Y Li, X Zeng, Y Shi, K Yang, J Zhou, HA Umar, G Long, Y Xie. A comparative study on
mechanical properties and environmental impact of UHPC with belite cement and portland
cement. Journal of Cleaner Production (2023). V.380, pp.135003.
https://doi.org/10.1016/j.jclepro.2022.135003

[32.] Y Cui, Y Li, Q Wang. Engineering performance and expansion mechanism of MgO expansion
agent in ultra-high performance concrete (UHPC). Journal of Building Engineering (2023). V.68,
pp.106079. https://doi.org/10.1016/j.jobe.2023.106079

[33.] SFPE. Handbook of fire protection engineering. Society of Fire Protection Engineers, 4th Ed.,
Cleveland (2008).

[34.] JJ Park, DY Yoo, S Kim, SW Kim. Benefits of synthetic fibers on the residual mechanical
performance of UHPFRC after exposure to 1SO standard fire. Cement and Concrete Composites
(2019). V.104. https://doi.org/10.1016/j.cemconcomp.2019.103401

[35.] C Kahaniji, F Ali, A Nadjai, N Alam. Effect of curing temperature on the behaviour of UHPFRC
at elevated temperatures. Construction and Building Materials (2018). V182, pp.670-681.
https://doi.org/10.1016/j.conbuildmat.2018.06.163

[36.] DX Xuan, ZH Shui. Rehydration activity of hydrated cement paste exposed to high temperature.
Fire and Materials (2010) V.35, Issue 7. https://doi.org/10.1002/fam.1067

[37.] VKR Kodur, S Banerji, R Solhmirzaei. Effect of Temperature on Thermal Properties of
Ultrahigh-Performance Concrete. ASCE Journal of Materials in Civil Engineering (2020). V.32.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003286

[38.] JYang, GF Peng, J Zhao, GS Shui. On the explosive spalling behavior of ultra-high performance
concrete with and without coarse aggregate exposed to high temperature. Construction and
Building Materials (2019). V.226, pp.932-944.
https://doi.org/10.1016/j.conbuildmat.2019.07.299

[39.] NBR 16697. Portland cement - Requirements. Brazilian Standard Association, Rio de Janeiro [in
Portuguese] (2018).

[40.] R Christ, BF Tutikian, PRL Helene. Proposition of Mixture Design Method for Ultra-High-
Performance Concrete. ACI (American Concrete Institute) Materials Journal, (2022) V.119,
pp.79-89. https://doi.org/10.14359/51734191

[41.] ASTM C470. Standard Specification for Molds for Forming Concrete Test Cylinders Vertically.
American Society for Testing and Materials, West Conshohocken, United States (2016).

Engineering and its advancements
Ultra High Performance Concrete (UHPC) in case of fire


https://doi.org/10.1016/j.engstruct.2023.115711
https://doi.org/10.1016/j.jobe.2021.103403
https://doi.org/10.1016/j.jobe.2023.105986
https://doi.org/10.1016/j.jclepro.2022.135003
https://doi.org/10.1016/j.jobe.2023.106079
https://doi.org/10.1016/j.cemconcomp.2019.103401
https://doi.org/10.1016/j.conbuildmat.2018.06.163
https://doi.org/10.1002/fam.1067
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003286
https://doi.org/10.1016/j.conbuildmat.2019.07.299
https://doi.org/10.14359/51734191

\V4

[42.] ASTM C39. Standard Test Method for Compressive Strength of Cylindrical Concrete
Specimens. American Society for Testing and Materials, West Conshohocken, United States
(2022).

[43.] ASTM C469. Standard Test Method for Static Modulus of Elasticity and Poisson's Ratio of
Concrete in Compression. American Society for Testing and Materials, West Conshohocken,
United States (2022).

[44.] ASTM C3L1. Standard Practice for Making and Curing Concrete Test Specimens in the Field.
American Society for Testing and Materials, West Conshohocken, United States (2022).

[45.] ASTM C192. Standard Practice for Making and Curing Concrete Test Specimens in the
Laboratory. American Society for Testing and Materials, West Conshohocken, United States
(2020).

[46.] ASTM E1461-13. Standard Test Method for Thermal Diffusivity by the Flash Method. American
Society for Testing and Materials, West Conshohocken, United States (2022).

[47.] RILEM TC 129-3 Test methods for mechanical properties of concrete at high temperatures:
compressive strength. International Union of Laboratories and Experts in Construction,
Materials, Systems and Structures. Cité Descartes, France (1995).

[48.] RILEM TC 129-5 Test methods for mechanical properties of concrete at high temperatures:
modulus of elasticity. Cité Descartes, France (2000).

[49.] ASTM E228. Standard Test Method for Linear Thermal Expansion of Solid Materials with a
Push-Rod Dilatometer. American Society for Testing and Materials, West Conshohocken,
United States (2017).

[50.] G Manica, FL Bolina, BF Tutikian, M Oliveira, MA Moreira. Influence of curing time on the
fire performance of solid reinforced concrete plates. Journal of Materials Research and
Technology (2020). V.9, pp2506-2512. https://doi.org/10.1016/j.jmrt.2019.12.081

[51.] D Zang, Y Liu, KH Tan. Spalling resistance and mechanical properties of strain-hardening ultra-
high performance concrete at elevated temperature. Construction and Building Materials (2021).
V.266. https://doi.org/10.1016/j.conbuildmat.2020.120961

[52.] VKR Kodur, S Banerji, R Solhmirzaei. Test methods for characterizing concrete properties at
elevated temperatures. Fire and Materials (2019). V.44, pp.381-395.
https://doi.org/10.1002/fam.2777

[53.] NF EN 1992-1.2. Design of concrete structures - Part 1-2: general rules - Structural fire design -
National annex to NF EN 1992-1-2. France (2005).

[54.] ZP Bazant, MF Kaplan. Concrete at temperatures: Material properties and mathematical models.
Essex, UK: Longman Group (1996).

[55.] FIB Bulletin 38. Fire design of concrete structures — materials, structures and modelling — state
of art report. Fédération Internationale du Béeton, 97p (2007).

Engineering and its advancements
Ultra High Performance Concrete (UHPC) in case of fire


https://doi.org/10.1016/j.jmrt.2019.12.081
https://doi.org/10.1016/j.conbuildmat.2020.120961
https://doi.org/10.1002/fam.2777

