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Introduction

Reactive powder concrete (RPC) is 
gaining increasing attention, from both 
academia and the construction industry, 
because of its favourable characteris-
tics, such as good dynamic mechanical 
properties (Tuama, Kadhum, Alwash, 
Al-Khafaji & Abdulraheem, 2020). 
Therefore, RPC, since it was developed 
during the 1990s, has been widely ap-
plied in different construction industry 
fields, such as bridges, roads, military 
shelters, and municipal works (Yan, 
2009; Kadhum, Alwash, Tuama & Ab-
dulraheem, 2020). Numerous studies 

(Liu & Huang, 2009; Tai, Pan & Kung, 
2011) have been performed to investi-
gate the performance of concrete mem-
bers exposed to fire in two phases; the 
first, investigate the impact of fire on 
the main mechanical characteristics as 
a construction material, and the second, 
focuses on the analysis of the structural 
behavior during the fire. Suddenly ex-
posure of RPC to elevated temperatures 
might cause a spalling incident; this is 
probably due to the internal gas pore 
pressure increments while heating (Hag-
er, Zdeb & Krzemień, 2013). “Spalling 
that caused by the rapid concrete loss 
after the fire temperatures reach to the 
inner concrete’s layers core, thus incre-
ment in the transmission rate of concrete 
heat to the deeper member’s layers” 
(Abdulraheem & Kadhum, 2018). The 
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temperature range of fire could be sub-
divided into two strength loss terms in 
RPC: 23–200°C and 300–500°C. Within 
the range 23–200°C, RPC maintains or 
maybe gains an increase in the origi-
nal strength. In the range 300–500°C, 
RPC loses abundant amounts of genu-
ine strength (Kadhum, 2015). Based on 
their position in the structure, columns 
may be exposed to fire on one side, two 
sides, three sides, or all four sides, which 
is an extremely critical situation. It can 
be seen so far that experimental studies 
relating to this new ultra high strength 
fiber reinforced concrete are still lim-
ited. According to that, the informa-
tion available on the fire performance 
of RPC columns need to be conducted 
further. The purpose of the present study 
is to an extremely critical situation (Ko-
dur & Raut, 2012), quantify some of 
the parameters influencing the residual 
strength and surface spalling of RPC col-
umns to provide recommendations for 
fire-safe constructions. Experiments on 
RPC columns were performed through 
the manufacturing of a special smart 
system to represent the real condition of 
fire. The following parameters are con-
sidered: reinforcement ratio, tempera-
ture levels, and duration of exposure to 
fire. This research aims to compare the 
structural behavior of the concentrically 
loaded RPC and NSC column specimens 
after exposure to fire at various tempera-
ture levels.

Experimental program

The experimental work consists of 
two stages. The first stage includes the 
materials utilized, preparation, casting, 

and curing of the test samples. The sec-
ond stage comprises (i) loading up to 
25% of the ultimate load before heat-
ing, and (ii) heating with keeping the 
25% loading constant (iii) loading after 
the heating process is finished and until 
failure, whereas the results for columns 
that are not heated are measured after 
the applied load only.

Depiction of the tested column 
specimens

The tested columns have dimensions 
of 900 mm long and a square cross-sec-
tion of 100 × 100 mm, as demonstrated 
in Figure 1. The experimental program 
consists of 21 reduced-scale columns, 
which were cast, and tested up to failure 
under concentric compression loading. 
These columns were categorized into 
three groups according to their variables: 
the first group consisted of seven col-
umns of RPC reinforced with 4∅6 mm as 
longitudinal reinforcement and ∅5 mm 
bars were utilized for ties (lateral rein-
forcement), the second group consisted 
of seven columns of RPC that were with-
out reinforcement to investigate the im-
pact of column reinforcement after the 
fire at different heating levels, and the 
third group consisted of seven columns 
of NSC reinforced with 4∅6 mm as lon-
gitudinal reinforcement and ∅5 mm bars 
were utilized for ties.

Constituent materials 
and fabrication

Two kinds of concrete were inves-
tigated in this investigation: the RPC 
for the specimens of the first and the 
second group and the NSC mix for the 
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 specimens of the third group. The RPC 
mix consisted of 230 kg·m–3 of silica 
fume and 950 kg·m–3 of ordinary Port-
land cement (OPC). The physical and 
chemical compositions were depending 
on the requirement of the ASTM C1240-
-05 standard (ASTM International, 
2005). The specific surface and chemical 
compositions of silica fume and cement 
are presented in Table 1. A 0.175 water-
cementitious ratio was produced using 
a dosage (4% by weight of cementitious) 
of high-performance super-plasticizer 

(SP) which is known commercially as 
Hyperplastic PC200. Sand amount of 
1,050 kg·m–3 with a maximum particle 
size of 600 μm and 230 kg·m–3 of brass-
-coated steel micro-fibers (0.18 mm in 
diameter and 13 mm long) and tensile 
strength of 2,300 MPa were used for 
all RPC mixes. The NSC mix consisted 
of 550 kg·m–3 of OPC, 730 kg·m–3 of 
natural sand, 810 kg·m–3 of rounded 
gravel with a maximum size of 10 mm, 
whilst the w/c was 0.45. The physical 
properties of fine and coarse aggregate 

FIGURE 1. Characterization of the columns

TABLE 1. Chemical characteristics of silica fume and cement

Material
CaO
[%]

SiO2
[%]

Al2O3
[%]

Fe2O3
[%]

SO3
[%]

MgO
[%]

Fineness
[m2·kg–1]

OPC 62.23 19.86 4.88 3.48 2.47 2.47 340

Silica fume 0.41 94.84 0.55 0.05 0.11 0.21 19 980
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were determined as per the Iraqi Stand-
ard Specification IQS 45/1984 (Central 
Organization for Standardization and 
Quality Control [CCSQC], 1984) and 
are listed in Table 2. The mixing proc-
ess utilized a horizontal rotary mixer of 
0.09 m3 capacity for the column sam-
ples. The mixing method was adopted 
by our previous research (Abdulraheem, 
2018) and approved to give satisfying 
workability and good dispersion of the 
materials.

Heating process and testing 
methodology

The slab specimens were tested 
under increasing concentric load up 
to failure at the age of 60 days utiliz-
ing a frame of 200 t capacity. For each 
of the three groups, one specimen was 
used as a reference, which was tested up 
to the failure, without any fire exposure, 
while the other six specimens were ini-
tially loaded to 25% of the ultimate 
load; subsequently, they were subjected 
to fire temperature under 25% constant 
loading, assuming three different tem-
peratures (300, 400 and 500°C) and two 
durations (30 and 60 min) for fire expo-
sure, and finally were tested until fail-
ure after the exposure to fire is finished. 
For the columns, which were subjected 

to fire under loading, the target heating 
temperature was reached utilizing a slid-
ing arm to control the fire distance to 
the surface of the columns and by moni-
toring the fire intensity thru controlling 
the liquefied petroleum gas pressure in 
the burners by utilizing an electric gas 
regulator control. A gas regulator con-
trol is an electronic valve used to supply 
a very fast and straight gas flow. The 
target temperatures were 300, 400, and 
500°C for the exposed columns, while 
the reference columns were not exposed 
to fire (at room temperature). The dura-
tion of the temperature loading was ei-
ther 30 or 60 min, which was enough to 
warm up the sample to a uniform tem-
perature (Abdulraheem, 2018; Abdulra-
heem & Kadhum, 2018). The structural 
behavior of the RPC columns exposed 
to fire results from loading each column 
to 25% of the ultimate load before heat-
ing, utilizing load control at a loading 
rate of 1 kN·s–1, and then heating these 
columns with keeping the 25% loading 
constant after that is loading them until 
failure. For columns that have not been 
heated, the results come solely from the 
applied load (Fig. 2). The vertical and 
lateral deformations were measured us-
ing two dial gauges with an accuracy of 
0.001 mm per deviation to measure the 
deformations for each load increment.

TABLE 2. Physical characteristics of fine and coarse aggregate

Fine aggregate Coarse aggregate

Fineness modulus = 2.6 Fineness modulus = 7.87

Sulphate content = 0.09% Bulk density = 1 405 kg·m–3

Fine material passing from sieve (75 μm) = 4.2% Max. size used = 10 mm

Specific gravity = 2.65 Specific gravity = 2.75

Water absorption = 0.74% Water absorption = 1.2%
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Test results and discussion

Axial load and deformation

The results in Table 3 showed that, 
after exposure to fire at 300°C for 
30 min, the ultimate strength of the RPC 
columns slightly increased, by 0.35% for 
the first group and 1.27% for the second 
group, which can be attributed to the fur-
ther hydration of cementitious materials 
activated by elevated temperature (Ab-
dulraheem, 2018; Abdulraheem & Kad-
hum, 2018), while for NSC columns the 
bearing strength is decreased by 1.88%. 
Exposure for 60 min shows a slight de-
crease in the ultimate strength of the 
RPC columns, by 0.58% for the first 
group and 0.954% for teh second, while 
the NSC continued to decrease by 3% of 
its ultimate load capacity. After 3–6 min, 
a crack propagation sound was heard, 
and small chunks from the surface layer 
fell out. The bearing strength started to 
decrease for the RPC columns after ex-
posure to fire temperature of 400°C be-
cause thermal gradients developed in the 
concrete cross-section, and the moisture 

in the concrete was transformed to vapor 
and thus created pore pressure (Abdul-
raheem, 2018; Abdulraheem & Kadhum, 
2018). When pore pressure exceeded the 
tensile strength of the concrete, pieces of 
the concrete peeled off, and the ultimate 
loading capacity of the RPC columns 
decreased after 30 min of heating, by 
28.52% for the first group and 35.29% 
for the second group, and after 60 min 
the ultimate load of the RPC decreased, 
by 31.92% for the first group and 37.28% 
for the second group. The ultimate load 
of the NSC column decreased by 5.64% 
and 11.9% after half an hour and an hour 
of exposure to fire, respectively. After 
9–12 min of exposure to fire at 500°C, the 
RPC specimens started to spall, big parts 
fell out, and the ultimate strength clearly 
decreased after 30 min, by 48.78% for 
the first group and 71.55% for the second 
group, and after 60 min, by 54.37% for 
the first group and 78.53% for the sec-
ond group. These results demonstrate the 
effect of steel reinforcement, which con-
tributes to saving the core of the column 
from the internal pressure that results 
from heating. The ultimate strength of 

FIGURE 2. Experimental set-up
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the NSC columns was reduced by 8.52% 
after 30 min and 18.2% after 60 min. 

The residual strength with the fire 
temperature level is shown in Figure 3. 
The results of the ultimate capacity of 
the columns with and without exposure 
to fire are given in Table 3. It could be 
observed from Figure 3 that with increas-
ing the fire duration from 30 to 60 min, 
the decrement in the load-carrying ca-
pacity is not highly affected. However, 
when the column capacity is reached, the 
column fails either by crushing or flexu-
ral buckling.

The results proved that the resist-
ance of NSC to fire is greater than that 
of RPC, which is severely spalled at el-
evated temperatures. The internal cracks 
are the main cause of spalling. There 
is, however, some doubt surrounding 
whether the surface layer is split par -
tially or completely at various depths at 
the core of the column, taking into ac-
count that there is no considerable dam-
age on the surface (Kadhum & Moham-
med, 2017). The vertical displacement of 
the reinforced RPC and NSC columns, 
as shown in Figure 4, has a similar trend 

TABLE 3. The results and details of the tested columns

Group Column
designation

Fire 
duration

[min]

Ultimate
load capacity

[kN]
Failure mode

1

RPC-1-25 – 1 070.5 compression
RPC-1-300 30 1 074 compression
RPC-1-300 60 1 064 compression
RPC-1-400 30 765 compression
RPC-1-400 60 728.5 flexural
RPC-1-500 30 548 compression
RPC-1-500 60 488.5 flexural and compression

2

RPC-0-25 – 872 compression
RPC-0-300 30 883 compression
RPC-0-300 60 864 compression
RPC-0-400 30 564.5 compression
RPC-0-400 60 547 flexural
RPC-0-500 30 248 flexural
RPC-0-500 60 187 flexural and compression

3

NSC-1-25 – 399 compression
NSC-1-300 30 391.5 compression
NSC-1-300 60 387 compression
NSC-1-400 30 376.5 compression
NSC-1-400 60 351.5 compression
NSC-1-500 30 365 compression
NSC-1-500 60 326.5 compression
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FIGURE 3. The residual strength with the change of temperature after half an hour and an hour of fire 
exposure

for all columns, but the maximum ver-
tical displacement values of 4.21 and 
2.54 mm for RPC and NSC columns, 
respectively, were reached after fire 
exposure at 400°C and for 60 min. The 
vertical deformation during exposure 
to fire results from many reasons, such 
as thermal expansion, applied load, and 

creep. The positive and negative verti-
cal deformation values indicate expan-
sion and contraction, respectively, of 
the concentric column specimens. RPC 
and NSC column specimens exposed to 
fire at 300, 400, and 500°C exhibited 
a small contraction when loaded to 25% 
of the ultimate load; the initial deforma-

FIGURE 4. Comparison of vertical displacements of RPC and NSC columns after exposure to fire
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tion (expansion) of the RPC and NSC 
column specimens was mostly because 
of the thermal concrete expansion and 
steel, though in the intermediate stages 
both load and thermal expansion had 
a substantial influence. In the succeed-
ing stages, the creep influence becomes 
clear due to the high temperature. The 
contraction of the RPC and NSC col-
umns after the exposure duration is fin-
ished could be attributed to the loss in 
stiffness and strength of the steel and 
concrete. Finally, Figure 3 shows the 
column surface temperature versus the 
vertical deformation in the y-direction 
(elongation or contraction) for RPC and 
NSC columns at different stages dur-
ing loading and heating, while Figure 5 
shows the vertical displacement for 
RPC and NSC columns due to loading 
at the normal temperature of the room 
(25°C).

Pattern of cracks and spalling

By inspecting each case, it is clear 
that, despite the good agreement in the 
measured parameters, an obvious aber-
ration in the values of the extent of the 
cracks may be noticed between the test-
ed columns in each instance. The cracks, 
which appeared in the columns, can be 
classified according to the acting loading 
condition, as: pure axial concentric load; 
pure thermal stress; combined thermal 
stress and axial load.

Pure axial concentric load. In this 
study, one column from each group was 
tested at room temperature in order to be 
the reference for the other columns. The 
columns failed by compression mode 
(crushing) and the cracks appeared in 
a conical pattern like the failure of the 
cylinder in a compression test, as shown 
in Figure 6.

FIGURE 5. Comparison of vertical displacements of the reference RPC and NSC columns
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Pure thermal stress. In this study, 
the thermal stress that resulted when the 
columns were exposed to fire differed in 
intensity. Different cracks appeared in 
each stage (stages A, B, C, D):
A. During 30–45 min of exposure to fire 

at 300°C, hairline cracks appeared 
at the middle portion of the column 
specimens.

B. During 21–36 min of exposure to fire 
at 400°C, hairline cracks and surface 
spalling appeared in the RPC col-
umn; before that, the sound of crack 
propagation was heard. The surface 
spalling occurs due to the pore pres-
sure (Klingsch, 2014).

C. Sloughing-off spalling (non-violent 
breaking off of concrete fragments) 
and corner spalling (removal of the 
concrete cover from the corner) oc-
curred during 40–55 min of expo-
sure to fire at 400°C. Sloughing-off 
spalling occurs due to longer expo-
sure, corner spalling occurs due to 
the temperature impact from two 
sides (Klingsch, 2014).

D. Explosive spalling took place in RPC 
columns at 500°C. An assumption is 
proposed that the combined thermal 
stresses and pore pressure caused 

FIGURE 6. Typical crack pattern of pure axial 
concentric load columns

this explosive spalling (Khoury & 
Anderberg, 2000). The pore pres-
sure ensuing from explosive spalling 
may, in short, be defined as follows: 
moisture is created within the pore 
concrete system along with tem-
perature increases. This moisture 
in creases when the temperature is 
above 100°C, water as liquid and va-
por are present inside the pore sys-
tem. The presence of pressure occurs 
due to the pore saturation degree and 
the building temperature. A part of 
this vapor is liberated through the 
voids and pores depending on the 
concrete permeability; nevertheless, 
pore pressure rises as long as ad-
equate moisture is obtainable.
Combined thermal stress and axi-

al load. The present research focuses on 
the structural behavior of the columns 
exposed to burning under loading, which 
is a real situation that represents the 
chemical changing of the microstructure 
of a building by raising the temperature 
levels during the burning of the member 
and as follows:
A. All NSC columns failed by com-

pression mode; diagonal cracks 
appeared at the middle third of col-
umns at 75–80% of the failure load, 
followed by crushing and rupture of 
certain ties.

B. At 300°C, the RPC failed by com-
pression mode. A set of cracks ap-
peared on the column faces, approxi-
mately 80% of the failure load; the 
cracks seen on the columns were 
vertical and diagonal.

C. At 400°C, the unreinforced RPC col-
umn failed by flexural mode, while 
the reinforced RPC column failed in 
compression mode.
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D. The deterioration of the RPC at 
500°C appeared in two forms: lo-
cal damage (cracks) in the material 
itself, and global damage resulting 
from flexural failure at the first third 
of the column.
The mode of failure of the RPC col-

umns due to combined thermal stress and 
axial load is shown in Figure 7.

Finally, the authors recommend, bas-
ing on the successful use of electromag-
netic sensors in many fields (Gkantou, 
Muradov, Kamaris, Atherton & Kot, 
2019; Ryecroft et al., 2019a; Ryecroft et 
al., 2019b; Teng et al., 2019), using of em-
bedded sensors in the concrete members 
to monitor the progress of temperature that 
helps to have a better understanding for 
the effects of fire on concrete structures.

Conclusions

This research has studied the post-
-fire performance of reactive powder 
concrete columns exposed to fire at dif-
ferent temperature levels (300, 400 and 
500°C) and for two durations (30 and 

60 min). From the outcome of our inves-
tigation, it is possible to conclude that:
− The residual strength of RPC col-

umns drops with increasing tempera-
ture starting at 300°C.

− Based on the experimental results, 
explosive spalling occurred in a pe-
riod of up to 30 min of heating. At 
all times, minor spalling took place 
first, followed by major and severe 
spalling.

− The deterioration of the RPC at 
500°C appeared in two forms: local 
damage (cracks) in the material itself 
and global damage resulting from 
failure in the column.

− Compared to the fire resistance of 
NSC, RPC has a higher susceptibil-
ity to fire-induced spalling. This is 
possibly due to the low permeability 
and the high density of RPC, which 
prevents water vapor from escaping 
at elevated temperatures and leads to 
high pore pressure, which produces 
spalling.

− Explosive spalling took place in 
RPC columns at 500°C due to pore 
pressure.

FIGURE 7. Failure mode of RPC columns due to combined thermal stress and axial load at different 
temperature levels
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− The residual strength of reinforced 
RPC columns is greater than that 
of the unreinforced columns at high 
temperatures because the longitudi-
nal reinforcement confined the core 
of the column and prevent it from 
spalling.
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Summary

Experimental investigation on the 
post-fire performance of reactive powder 
concrete columns. The increased use of re-
active powder concrete (RPC) in concrete 
structures has attracted attention towards 
the structural behavior of RPC in fires. This 
work examines experimentally the perform-
ance of RPC and NSC columns subjected 
to 25% of the ultimate load and exposed 
to direct fire flame for a period of 30 and 
60 min at various temperature levels. The 
paper aims to evaluate the maximum tem-
perature level and fire duration that can be 
withstood by this type of concrete columns. 
The results show that the failure mode of 
RPC columns without reinforcement is 
a sudden shear failure, whereas the failure 
mode of reinforced RPC columns is a crush-
ing failure with rupture of certain ties. The 
RPC columns at high temperatures spall in-
tensively; additionally, the ultimate strength 
clearly decreases compared to the NSC col-
umns at the same conditions.
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