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In this study, the effects of silica fume (SF), fly ash (FA) and granulated blast furnace slag (GBFS) on the design and fire 
resistance properties of ultra-high performance concrete (UHPC) were analyzed using the Taguchi L16 method. Samples were 
exposed to temperatures of 300 °C, 450 °C and 600 °C. The composition of the UHPC was: sand/binder ratio = 1, water/binder ratio 
= 0.19, Polycarboxylate superplasticizer (PCE) /binder ratio = 3.5%, pozzolanic (SF, FA and GBFS)/binder ratio = (0, 10, 15, 20)% 
and steel fibers = 1% by volume, and a Taguchi L16 program was prepared that consisted of 240 samples (40x40x160mm). The 
high-temperature properties of the UHPC samples were evaluated. Because several mixtures could withstand a temperature of 
450 °C, it was determined that the losses were more effective when the highest temperature reached was greater than or equal to 
600 °C, and the twelve mixtures are damaged by breaking them up. When the actual values obtained in the verification test were 
examined, it was determined that the results were sufficient for the compressive and flexural strength and physical properties of 
the concrete under various heating conditions and the Taguchi optimization was successfully implemented. 

 
 

Keywords:  Ultra-high performance concrete (UHPC); Cement; Steel fibers; Polycarboxylate ether-based superplasticizers (PCEs); 
Compressive strength; Taguchi Method; Fire resistance     

 
1. Introduction 

 
Concrete is a construction material that plays 

a basic and important in our modern world [1]. 
Moreover, concrete is a material that has 
advantages such as durability properties and a low 
cost to create the desired shape and size. [2–11] 
However, concrete also has durability issues such as 
corrosion of the reinforcements, alkali-silica reaction, 
sulfate attack and the freeze-thaw effect, which is 
associated with cracks caused by mechanical, 
thermal and chemical stress of structures. This not 
only accelerates the deterioration of concrete 
structures and shortens their service life, but also 
increases the life-cycle cost as careful monitoring 
and periodic maintenance and rehabilitation are 
required. Conventional concrete is not suitable for 
harsh environmental applications [12]. Since the 
1980s, significant research and development efforts 
to improve the mechanical and durability properties 
of concrete have led to the evolution of ultra-high 
performance concrete (UHPC), with applications in 
the construction of buildings that require higher 
strength concrete with higher corrosion resistance 
[13–16]. The initial aim of the UHPC production 
process was to develop a single material that has 
minimal disadvantages compared to conventional 
concrete and has many properties including pore 
voids, micro cracks and superior load-bearing 
capacity [17].  

UHPCs were first introduced in France in the 
1990s and are a relatively new class of advanced 
cementitious composite materials that exhibit much 
higher mechanical and durability properties than  

 conventional concrete [12]. UHPC is an advanced 
cementitious material typically created with a low 
water/binder (w/b) ratio and high fineness additives 
without any coarse aggregates [13–15]. UHPC 
typically consists of a combination of Portland 
cement (PC), fine aggregate, SF, a high proportion 
of high-range water reducers (HRWR) for high 
viscosity (self-leveling) and micro steel fibers 
[12,18,19]. While ACI-239 defines manufactured 
UHPC as a high compressive strength concrete 
material with a strength of 150 MPa and greater [20], 
ASTM C1856 defines it as a cementitious mixture 
with specified strength, ductility and toughness 
requirements and specific compressive strength of 
at least 120 MPa [21].  UHPC, which has higher 
strength than conventional and high strength 
concretes, is a material that exhibits performance 
superior [22]. It has mechanical and durability 
properties such as compressive strength of at least 
120 MPa, a tensile strength of 5–15 MPa and 
flexural strength of 30–40 MPa [14,23]. These 
improved mechanical and durability properties have 
led to the development of smaller structural 
components/elements as well as the improved 
durability of structures [24]. The construction of 
smaller elements is associated with a reduction in 
shipping, mold, labor and maintenance costs. The 
high strength of UHPC guarantees sustainability 
through the construction of slim and durable 
designs. The high durability of UHPC results mainly 
maintenance costs [25,26]. Briefly, UHPC can be 
from its resistance to all types of corrosion, which 
extends the design life of a project and reduces 
characterized by its machinability, high strength and  
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toughness, low porosity and superior durability [24]. 
Due to the low w/b ratio (0.15–0.25) that 

reduces the capillary pores in its production and 
disconnects them, UHPC cannot move in the 
structure of gas and liquids. Additionally, it is a 
stronger and more homogeneous material as the 
diameter of the aggregates decreases. The steel 
additive used in UHPC prevents the occurrence of 
micro and macro cracks and increases the shear 
stress, flexural strength and ductility [20]. Similar to 
other types of concrete, the mechanical 
performance of UHPC changes when exposed to 
fire. Because the density of UHPC is extremely high, 
it can cause high water pressure when exposed to 
fire. Additionally, this situation causes deterioration 
and destruction of the concrete structure. However, 
this issue can be overcome if polypropylene fibers 
are used when the burning or melting process 
occurs since these fibers form capillary pores. To 
achieve this, a connection between the transition 
zones around the fibers and between the matrix and 
aggregates in the transition zones (which reduces 
the vapor pressure), is required. The use of 
polypropylene fibers can limit the explosive 
tendency of the UHPC and reduce the depth of 
propagation [27–31]. However, its pore structure is 
vulnerable to explosive spread in case of fire 
exposure [24].  

Since the generation of UHPC, extensive 
focus has been placed on its fresh and rheological 
properties [19,32–36], mixture designs [16,18,37–
39], fiber–matrix bond properties [40,41], 
mechanical properties [42–45], dimensional stability 
[46–53], hydration and microstructure [51,54–57] 
and its structural design and applications [58–61], 
as well as microstructure characterization 
[11,62,63].  Additionally, investigations on the 
durability of UHPC (including chloride ion 
permeability, carbonation, steel fiber corrosion and 
fire resistance) have been conducted [64–66].   

To reduce the cement content without 
significantly compromising the mechanical strength, 
high-volume substitutes for cement can be created 
using materials such as fly ash (FA), ground 
granulated blast furnace slag (GGBS) and silica 
fume (SF). It is stated that this substitution ratio is 
20–35% (by volume%) of GGBS, 10–30% of FA and 
15–30% of SF in UHPC mixtures [18,38,39]. 
However, most UHPCs contain SF and silica dust. 
SF is a reactive powder with pozzolanic properties. 
Silica powder is an inert powder that is mainly used 
to increase the density of the cementitious matrix. 
The effects of SF on the hydration and 
microstructure of UHPCs are due to the fact that SF 
dominates the hydration process at lower w/b ratios 
[37]. Previous studies have shown that the typical 
SF content used in the UHPC mix is approximately 
20%–30% by mass of cement-based materials.  

Because of widespread terrorism, which has 
increased in recent decades, governments and 
researchers have been focusing on explosion and  

 fire protective structures. UHPC is regarded as a 
desirable material for such structures. Portland 
cement has been recently been investigated as a 
new additive in several nanomaterials in the 
production of UHPC. It is a high strength, ductile 
material that is formulated by combining SF, quartz 
flour, fine silica sand, HRWR, water and steel or 
organic fibers. However, fire or high temperatures 
remain a major threat to all types of concrete, 
including UHPCs [11]. Although concrete is an 
excellent fire-resistant building material, if the free 
moisture content is below 3% to 4%, an explosive 
spill will not occur due to its low thermal conductivity 
and high thermal capacity. However, with low 
amounts of free water, the virtual absence of 
capillary pores may result in the concrete becoming 
more prone to explosive spill due to increased vapor 
pressure and a non-uniform thermal gradient during 
heating [12]. The aim of this study was to 
investigate the strength and mass-loss rates of 
UHPC produced using the L16 matrix with SF, FA 
and GBFS additives from industrial wastes at a low 
w/b ratio (0.19). Moreover, the effectiveness of the 
Taguchi method in UHPCs exposed to high 
temperatures was also investigated. 

 
2. The Taguchi Method 

The Taguchi method is a statistical technique 
developed by Genichi Taguchi during the 1950s as 
an optimization process procedure [67]. Taguchi’s 
approach to parameter design provides the design 
engineer with a systematic and efficient method for 
determining near optimum design parameters for 
performance and cost. The initial concept of 
Taguchi that must be discussed is the “noise 
factors”. Noise factors are viewed as the cause of 
variability in performance, including why products 
fail. The signal-to-noise ratio (S/N) is used to 
evaluate the quality of the product [68].  

The S/N measures the level of performance 
and the effect of noise factors on performance and 
provides an evaluation of the stability of the 
performance of an output characteristic. Target 
values may be: 

Smaller is better, this is chosen when the 
goal is to minimize the response. The S/N can be 
calculated as given in Equation (1) for the smaller 
the better. 
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Larger is better, this is chosen when the goal 
is to maximize the response. The S/N is calculated 
as given in Equation (2) for the larger the better. 
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Nominal is better, this is chosen when the 
goal is to target the response and it is required to 
base the S/N on standard deviations only. The S/N 
is calculated as given in Equation (3) for the nominal 
the better. 
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In Eqs. (1)–(3), Y shows the measured value 
of each response. When variability occurs, it is 
because of the physics that are active in the design 
and the environment that promotes the change. 
Noise factors can be classified into three groups 
[69]: 
 External noise factors: sources of variability 

that originate from outside the product. 
 Unit-to-unit noise: since no two manufactured 

components or products are exactly alike. 
 Internal noise: due to deterioration, aging and 

wear incurred during storage and use. 
 
The objective is to select the most suitable 

combination of control parameters so that the 
product or process is most robust with respect to the 
noise factors. The Taguchi method utilizes 
orthogonal arrays from the design of experiments 
theory to study a large number of variables using a 
small number of experiments. An orthogonal array 
significantly reduces the number of experimental 
configurations to be studied. Furthermore, the 
conclusions drawn from small-scale experiments 
are valid over the entire experimental region 
spanned by the control factors and their settings. 

There are ten steps in a systematic approach 
to the use of Taguchi's parameter design 
methodology. These steps are [70]: 
 Problem recognition and formulation. 
 Select the quality characteristic. 
 Select the design or process parameters. 
 Classify the design parameters. 
 Determine the levels. 
 Identify the interactions. 
 Choose the appropriate orthogonal array. 
 Conduct the experiments. 
 Perform the statistical analysis. 
 Perform a confirmatory experiment and 

implement the results. 
 

3. Materials and Methods 
3.1. Materials: 

During the UHPC production process, 
washed silica sand (Fig.1) at 0–2 mm sieve size 
obtained from the city of Kastamonu was used. The 
particle size distribution of the sand used in the 
study, which had a fineness module of 2.14 
according to ASTM C 136 [71], is shown in Fig. 2. 
Additionally, PC in the form of type 1 (CEM II/A-M 
(P-L) 42.5R) (OPC) according to TS EN 197-1 
standard [72] and with a cement specific weight of 
2.94 gr.cm-³ and Blaine surface area of 4191 cm².gr-
1 was used. The SF used in the concrete production 
was obtained from the Antalya Eti-Mine Electro-
Ferrochrome Plant and was used according to 
ASTM C 1240 standard [73]. The SF specific weight 
used was 0.55–0.65 gr.cm-³ and the Blaine surface 
area was 23.36 m².gr-1. The other pozzolanic 
materials used were FA and GBFS. The FA was 
used as a mineral admixture which was classified as  

 

      
        PCEs               Steel Fiber                 Sand                     PC 

     
                        SF                           FA                               GBFS 

Fig. 1 - The materials used in the production UHPC 
 

 
Fig. 2 - The Sieve analysis of sand used 

 
a V-type according to TS EN 197-1 [72], and it was 
also classified as F-type according to ASTM C 618 
[74]. The GBFS was provided by the Ereğli Iron & 
Steel Works Company in Kdz. Ereğli, Turkey. The 
chemical compositions of GBFS and FA are shown 
in Table 2. For this research, PC conforming to the 
TS EN 197-1 [72] standard requirements was 
obtained from the Bolu Cement Industry Inc., 
Turkey. The detailed physical and chemical 
properties of the cement used in this experiment are 
shown in Table 1. 
 

Table 1 
The chemical composition, physical and mechanical properties 

of the using materials 

Chemical 
composition (%)                     

PC FA SF GBFS 

CaO 63.59 1.77 0.44 .37.79 
SiO2 20.90 61.81 80.9 35.09 
Al2O3 5,.53 9.54 0.34 17.54 
Fe2O3 3.70 7.01 0.55  
MgO 1.76 2.56 5.23 5.75 
Na2O  0.18 2.43 0.35 0.74 
K2O 0.41 0.99 4.5 0.28 
SO3 0.73 0.31 - 0.19 
CI 0.0027 - 0.13  
Free CaO 2.56 - 2.70  
Physical and mechanical properties  
Comp. str. 2 days 
(MPa) 

17.9    

Comp. str. 7 days 
(MPa) 

31.7    

Comp. str. 28 days 
(MPa) 

45.9    

Specific gravity  2.94 2.76   0.55-0.75 2.95 
Initial setting time (min.)  177    
Final setting time (min.) 233    
Volume stability (mm) 1    
Blaine value (cm2.gr-1) 4191    
90 µm passing (%) 98.8    
32 µm passing (%) 88.5    
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Steel fibers with a diameter of 0.15 mm, 
length of 13 mm, specific gravity of 7.8, a tensile 
strength of 3000 MPa and modulus of elasticity of 
200 GPa were used. Polycarboxylate ether-based 
superplasticizers (PCEs) (Chryso® Lab Bet 8109) 
were adsorbed electrostatically to the cement 
surface with negatively charged carboxylic acids on 
the polymer surface. Due to this absorption, 
polyethylene glycol side chains [75] were used as 
superplasticizers in this study because they were 
stretched towards the water phase to provide an 
effective cement dispersing effect 
 
3.2. Mix Design and Specimens Preparation 

 
In this study, the design of the mixture was 

determined using the Taguchi L16 matrix. Each 
mixture was assigned a code (Table 2) with a 
specified letter identifier. A total of 16 groups of 
mixtures were prepared using the Taguchi method 
(Table 3), which included an orthogonal array L16 
(4^3) that showed all factors and levels. 

 
Table 2 

The considered levels for each parameter in Taguchi design of 
experiment 

Parametres Code 
Level 

1 2 3 4 
SF  S 0% 10% 15% 20% 
FA F 0% 10% 15% 20% 
GBFS G 0% 10% 15% 20% 

 
 

Table 3 
L16 array has been suggested by Taguchi method for 3 

parameters at 4 levels 

 
 Parameters 

Mixture Cement 
(%) 

SF 
(%) 

FA 
(%) 

GBFS 
(%) 

1 Reference 100 0 0 0 
2 S0F10G10 80 0 10 10 
3 S0F15G15 70 0 15 15 
4 S0F20G20 60 0 20 20 
5 S10F0G10 80 10 0 10 
6 S10F10G0 80 10 10 0 
7 S10F15G20 55 10 15 20 
8 S10F20G15 55 10 20 15 
9 S15F0G15 70 15 0 15 

10 S15F10G20 50 15 10 20 
11 S15F15G0 70 15 15 0 
12 S15F20G10 55 15 20 10 
13 S20F0G20 60 20 0 20 
14 S20F10G15 55 20 10 15 
15 S20F15G10 55 20 15 10 
16 S20F20G0 60 20 20 0 

 
In all the UHPCs produced in this study, the 

pretesting mixtures and cement dosage determined 
by the literature were kept constant at 1000 kg.m-³ 
[38,45,76–80]. Additionally, the w/b ratio was 
applied as 0.19 [29,35,45,80,81] and the PE/binder 
ratio was 3.5% [39,45,77]. While the blends had a 
sand/binder ratio of 1/1 (by weight), the number of 
steel fibers were kept constant at 1% by volume 
[32,34,80,82] in the same volume. The w/b ratio was 
adjusted to 0.2 for the control mixture only 
[29,45,76,83]. The effect of the sand and reinforcing 
fibers on the properties of the mixtures were  

examined in the context of choosing the best ratio 
used in the study. The mixes prepared in the 
concrete mixer were moved sideways with the 
bucket to align the fibers as much as possible and 
were filled into prismatic molds of 4x4x16 cm in size 
(Fig. 3). Additionally, within the scope of this study, 
the path followed at the laboratory stage was as 
follows: 

 Preparation of the materials: Dry sand, FA 
and GBFS were kept at 105°C for 24 hours, 
thus, the materials were kept dry by 
removing moisture (Fig. 1). 

 Mixing of the materials: The materials were 
mixed in a 10-liter bowl of an ÖZAK 
planetary mixer (LTC 320 model, 1100W) 
(Table 4) and were set aside after the 
mixing process. 

 Mixing process: This type of mixing is 
generally performed specifically for the 
UHPC used in this study. The mixtures 
were prepared by following the mixing 
process (Table 4) specified by Torregrosa 
(2013) [77] for UHPC production. 

Table 4 
Mixing process of the study 

Min Process Aspect  

0-1 
Sand and binder 
mixing 

Dry 

 
 

 
 

 

1-3 
Adding water and 
50% PCE 

Dry -
Plastic 

3-4 Stop the mixer Plastic 

4-6 
Mixing after adding 
the left over PCE  

Plastic 
- Fluid 

6-7 High speed mixing Fluid 

7-10 
Mixing after adding 
steel fiber 

Fluid 

 

     
Fig. 3 - UHPC casting and test process 

Temperature and humidity are important 
factors for improving the mechanical properties of 
UHPC, and these properties can be further 
improved through the use of heat curing regimes 
that accelerate the early strength of the concrete 
[1,84]. UHPC samples were removed from the 
molds 24 hours after the casting process was 
completed, and they were maintained until the day 
of the experiment by applying standard water curing 
(23.0 + 2.0°C) as specified by ASTM C192 [85]. 
 
3.3. Test Procedures 

Compressive strength and flexural strength 
tests, which  are  among  the  hardened  state  
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properties, were conducted on samples that 
underwent 28 days of curing. The tests were 
conducted using an experimental process according 
to the BS EN 196-1 [86] standard. Samples of 
40x40x160 mm were placed horizontally on two 
supports that were spaced 100 mm apart. To assess 
the flexural strength, a vertical load application was 
initiated using a loading cylinder on the upper 
surface of the prism and was loaded at a rate of 50 
± 10 N.s-1 until breakage occurred. To determine the 
compressive strength of the UHPC samples, the 
tests were performed on two parts obtained from the 
flexural strength test. For this purpose, a maximum 
capacity of 250K brand UTEST LC815 brand 
cement tester (Fig. 1) was used. According to the 
obtained force (Fr), the flexural strength was 
calculated using the equation Rf = (1.5 Fr L).b-3. 
Conversely, the compressive strength test was 
applied at a loading speed of up to 2400 ± 200 N.s-

1 to each one of the pieces that were broken during 
the flexural strength test and the compressive 
strength value was calculated with the help of the 
sample breaking load. Additionally, the density and 
void ratios were determined according to the ASTM 
C642 [87] standard. This was also useful for 
developing the conversion data for the mass and 
volume of the concrete, which aided in determining 
the concrete specifications and revealing variations 
in different locations.  

The fire resistance test was conducted after 28 
days. Before heating, a drying treatment is generally 
required to control explosive spalling [28]. A 
mechanically ventilated oven was used to dry the 
paste and mortar specimens at 105°C for 24 hours 
(Fig. 1). The samples were subjected to an elevated 
temperature in an electric furnace (Fig. 3). The 
samples were heated at a rate of 5°C/min until the 
following temperatures were reached: 300°C, 450°C 
and 600°C [88]. Once the test temperatures were 
reached, the samples were maintained at these 
temperatures for one hour to ensure the 
homogeneity of the thermal field in the sample [89]. 
At the end of each interval, the power was shut off 
and the oven was returned to room temperature. 
The mechanical tests were performed in a non-
heated environment. 

4. Results and Discussion 

4.1. Compressive and Flexural Strengths 

The compressive strength and flexural test 
results were determined at 28th days at standard 
water curing (SC) [86] as shown in Fig. 4, Fig. 5 and 
in Fig. 6.  
FA and GBFS were used as mineral additives in the 
UHPC mixtures (Fig. 6). It was determined that the 
compressive strength caused a decrease with the 
increase of its content and in the use of SF. It is 
known that the use of FA decreases the strength of 
concrete at an early age and increases the strength 

 
Fig. 4. Compressive strength range  

 

 
(a) FA 

 
(b) SF 

 
(c) GBFS 

Fig. 5 - Contour plot of mineral admixtures impact on 
compressive strength results 
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in later stages of concrete maturation [52]. Maltais 
and Marchand (1997) reported that at a curing 
temperature of 20°C, depending on the cement 
replacement level and FA type, the compressive 
strength of an FA mortar mixture takes 25–50 days 
to reach the reference value [54]. This indicates that 
pozzolanic reactions of FA become dominant after 
28 days of use in cement replacement under 
standard water curing conditions [55]. Increasing 
the FA addition to the UHPC resulted in a decrease 
in the total hydration of the system [56] and the FA 
activity was maintained at a lower level compared to 
the cement activity, resulting in a decrease in the 
strength at the 28th day curing values. 
  

 
Fig. 6 -The flexural strength range 

A similar decrease in strength was observed in 
the GBFS addition, and the results revealed that the 
FA and GBFS mineral additives caused a loss of 
strength after a certain rate in the UHPCs. However, 
it was observed that the SF added to the UHPC 
mixtures as a substitute for cement, resulted in a 
compressive strength value of 130 MPa or greater 
and flexural strength values (Fig. 6) of 19–24 MPa, 
highlighting  the positive contribution of this additive 
to the properties of the concrete. 

4.2. Results of Fire Resistance  

Fire resistance tests were used to analyze the 
mechanical properties of the concrete and the 
results are shown in Table 5 for each compressive 
strength and flexural strength. 

Used to determine the high-temperature effect 
, the compressive strength and flexural strength are 
important parameters of measured after it heated 
up to a certain temperature and the internal 
temperature of the material is brought to the 
ambient air temperature.. The results obtained 
during this phase of testing (Table 5) revealed little 
change in the strength of the samples up to a 
temperature of 300ºC. For certain groups, this 
temperature was even greater due to the additives 
used. However, depending on the materials used, 
at temperatures of 450ºC and greater, explosions 
that occurred in the samples caused structural 
damage (Fig. 7).  

It was observed that temperature increases up 
to 300°C in the UHPCs caused the strength 
(compressive and flexural) to increase slightly (Fig. 
8), however, the temperature was increased further, 
the samples experienced a significant loss of 
strength. The UHPC exhibited decomposition (Fig. 
7) due to explosions in the samples caused by the 
intrinsic temperature increase in the furnace 
(temperatures of between 400°C and 600°C). Three 
stages were distinguished, with significant 
variations in the angle of the flexural strength. In the 
first stage, it was determined that the average 
compressive strength values did not decrease 
between 25°C and 300°C, and there was an 
increase of approximately 32.19% in the F20G20 
mixture group and an average increase of 8–9% in 
all the mixture groups. These increases in the 
UHPC may have been due to the low water 
permeability that triggering the delayed strength 
increase.   

Table 5 
Compressive strength and flexural strength test results for mixtures 

 25 °C 300 °C 450 °C 600 °C 

Mix code CS 
(MPa) 

FS 
(MPa) 

CS 
(MPa) 

FS 
(MPa) 

CS 
(MPa) 

FS 
(MPa) 

CS 
(MPa) 

FS 
(MPa) 

Control 118.35 22.66 125.05 25.10 154.57 21.80 107.38 15.83 
S0F10G10 94.28 22.03 103.66 22.76 122.29 23.27 113.94 15.42 
S0F15G15 106.84 22.08 111.89 24.30 132.24 24.37 120.64 17.11 
S0F20G20 106.21 21.94 140.40 24.14 148.30 21.94 132.54 14.25 
S10F0G10 147.07 26.88 148.34 24.77 191.46 25.15 * * 
S10F10G0 139.32 26.27 146.89 17.55 * * * * 

S10F15G20 127.43 18.28 136.76 16.99 * * * * 
S10F20G15 121.83 18.31 118.52 11.84 * * * * 
S15F0G15 139.35 23.25 148.19 16.80 * * * * 

S15F10G20 115.05 19.48 152.06 18.56 * * * * 
S15F15G0 131.46 22.76 142.85 13.31 * * * * 

S15F20G10 123.17 15.89 148.70 17.70 * * * * 
S20F0G20 139.48 22.64 134.23 15.87 191.94 24.30 * * 

S20F10G15 130.91 21.75 138.23 23.84 144.78 21.70 * * 
S20F15G10 138.34 21.12 131.63 26.74 151.56 23.72 * * 
S20F20G0 133.50 22.52 152.33 25.34 183.33 20.98 * * 

(CS) Compressive strength, (FS) Flexural strength, * Not measured 
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Fig. 7 - Sample damage at temperatures of 450 ° C and above 

(a) (b) 
Fig. 8 - Change of compressive strength loss (a) and flexural strength loss (b) at high temperature in UHPCs 

 
Alternatively, the increases may have been 

associated with the water discharge that caused the 
concrete to shrink and created a more porous 
microstructure in the concrete. The increase in 
strength also coincides with the fact that high 
temperature accelerates the pozzolanic reaction, 
increases the hydration products and reduces the 
pore size [89]. During the second phase, under the 
effect of high temperature, although the 
compressive strength values between 300°C and 
450°C increased in parallel with an increase in the 
temperature of several of the mixture groups, 
strength was not obtained in certain groups due to 
damage. In the third stage, at 600°C, the 
compressive strength did not increase in twelve of 
the mixtures, and the strength decreased compared 
to its value at 450°C for all groups. This can mostly 
be explained by thermal mismatches between the 
cement paste, or aggregates and cracks that 
occurred due to decomposition of the hydration 
products such as calcium-silica-hydrate (C-S-H) 
and calcium-hydroxide (C-H). Additionally, the steel 
fibers prevent cracking due to heat exposure and 
mechanical loading. No significant effect of the steel 
fibers on the flexural strength of the UHPC was 
observed.  

 

 The gradual heating of the UHPC up to 600°C 
resulted in a decrease in the flexural strength values 
(Fig. 8b and Table 5). However, although this 
decrease varied in the groups subjected to 300°C, 
a slight increase in the strength was observed in 
several groups. In contrast to this increase in the 
strength in several groups, the temperature 
increase caused a depreciation of up to 28% in the 
other groups and in all the groups in which the 
values could be measured at temperatures of 
450°C or greater. However, the fact that this rate of 
decrease was less than the rate of compressive 
strength is considered positive. The loss of flexural 
strength occurred due to many micro and macro 
cracks that were produced in the specimens due to 
thermal incompatibility between the sand and 
cement paste [88]. 

The extremely high compressive strength and 
toughness properties of UHPC are mainly due to 
the increased mold settling density. However, an 
additional value that can be examined at high 
temperatures is whether there are mass losses. 
Table 6 and Figure 9 show the mass losses at 
300°C, 450°C and 600°C for all the mixtures. The 
increasing density caused an increase in the 
sensitivity and an explosive effect due to a decrease 
in the porosity and dry-bulk density (Fig. 10). The  
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control mixture of the UHPC exhibited non-
explosive decomposition up to 600°C at test 
temperatures. This was due to the addition of steel 
fibers to the concrete, which increased its thermal 
diffusivity by 50% to 100% [90], and the use of the 
fibers prevented the UHPC from flaking away. 

Table 6 
Mass loss results after exposure to high temperatures  

 
Mix Code 

Mass Loss 
(%) 

300 °C 

Mass Loss  
(%) 

450 °C 

Mass Loss  
(%) 

600 °C 
Control 0.15 0.60 5.80 

S0F10G10 0.10 1.30 6.10 
S0F15G15 0.15 1.80 5.80 
S0F20G20 0.10 2.40 6.40 
S10F0G10 0.15 4.40 3.40 
S10F10G0 0.20 24.25 23.10 

S10F15G20 0.25 5.30 6.00 
S10F20G15 0.20 4.50 14.60 
S15F0G15 0.40 11.40 13.90 

S15F10G20 1.30 7.60 6.50 
S15F15G0 0.65 10.80 35.80 

S15F20G10 0.90 5.80 10.60 
S20F0G20 1.40 3.80 6.30 

S20F10G15 1.00 4.30 7.20 
S20F15G10 0.50 3.10 15.30 
S20F20G0 0.70 2.80 8.40 

 

 
Fig. 9 - Change in mass losses after high temperature 

 
An analysis of the effect of increasing 

temperatures on the loss of strength and mass in the 
samples demonstrated either a high density-low 
porosity relationship or a low density-high porosity 
relationship. An increased vacancy rate in the 
UHPCs helped to decrease the vapor pressure 
caused by the water at high temperatures. This also 
decreased the tendency of dense concretes to 
splinter or explode when heated rapidly [89,90]. In 
low-density concrete, the pressure generated is 
generally not severe due to the high pore volume, 
and the results of the present study corroborated 
this. 

The effects of varying temperature levels on 
UHPCs were investigated, and the effects of the 
mineral additives (FA, GBFS and SF) on the mass-
loss rate are shown in Figure 11. The mass-loss rate 
increased due to increasing temperatures if GBFS 
was not used. When GBFS was used at 300°C, it 
did not contribute to the mass loss rate, however, 

when it was used at temperatures of 450°C and 
600°C, it caused a significant decrease in the mass-
loss rate. The use of up to 10% of SF in the group 
that was exposed to 300°C did not affect the mass-
loss rate, and it has caused a mass loss rate of 
approximately 1% for the other temperatures used. 
However, when 15% or greater of SF was used at 
450°C and 20% of SF was used at 600°C, the rate 
of mass loss decreased. A similar situation was 
observed with the addition of FA. However, at 
300°C the FA additive had almost no effect on 
reducing the mass-loss rate. Considering that the 
ideal temperature in terms of compressive strength 
was 450°C, it was observed that the most effective 
material for mass loss was GBFS, followed by SF 
and FA. 

Statistical analyzes were also performed on 
the relationships between strength (CS), porosity 
(PO) and bulk density (BD) at elevated 
temperatures. The regression equation and 
significance levels showing the effect of increasing 
temperatures on UHPCs are given in Table 7. At a 
significance level of P<0.05, PO caused a statistical 
difference at 300 °C, whereas BD did not cause a 
difference at temperatures up to 600 °C. According 
to the increasing temperature values, the PO effect 
at 600 °C at a significance level of P<0.05 was less 
than the BD effect. This showed that the varying 
sample densities at high temperature were a 
statistically difference.   

Table 7   
Regression equation results at UHPCs 

Temperature Equation P 
300 °C  
  

PO    =   4,095 - 0,01825 . CS    0,00* 

BD  =   2320,6 + 0,2670 . CS 0,483 
450 °C  
 

PO    =   1,449 + 0,00181 . CS  0,095 
BD  =   2369,47 - 0,1406 .CS 0,024* 

600 °C  
 

PO   =   1,4776 + 0,00445 . CS 0,13 

BD  =   2361,52 - 0,1528 . CS 0,04* 

            * P<0.05 

4.3. Taguchi Optimization 

The most ideal mixture was developed based 
on the results obtained using the Taguchi L16 test 
matrix. Firstly, the optimum results concerning the 
compressive and flexural strengths after exposure 
of the concrete to high temperatures are provided in 
Figures 12 and 13, and the optimum levels of these 
results are provided in Table 8. 

The results revealed a total of four different 
mixture groups, one of which was the same as the 
L16 group and three were different to the L16 group. 
According to the Taguchi approach, the ideal 
optimum result of compressive strength for 300°C 
in the UHPCs was the S15F20G0 mixture group, in 
which 15% SF, 20% FA and 0% GBFS was used. It 
was observed that the ideal optimum result of the 
compressive strength for 450°C was the S20F0G10 
mixture group, in which 20% SF, 0% FA and 10% 
GBFS was used. However, the optimum flexural 
strength was demonstrated by a mixture in the L16 
group and included 0% SF, 10% FA and 10% GBFS 
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at 300°C. The optimum flexural strength at 450°C 
was the S0F0G10 mixture group which included 0% 
SF, 0% FA and 10% GBFS. The results obtained 
from validation experiments to control the values of 
the Taguchi optimization reflect the success of the 

 
Table 8  

Optimum Taguchi level and values for strength depending on 
curing conditions 

Test Control 
factors 

Unit Optimum 
level 

Optimum 
value 

Compressive 
strength for 300 °C 

SF % 3 15 
FA % 4 20 

GBFS % 1 0 
Compressive 

strength for 450 °C 
SF % 4 20 
FA % 1 0 

GBFS % 2 10 
Flexural strength 

for 300 °C 
SF % 1 0 
FA % 2 10 

GBFS % 2 10 
Flexural strength 

for 450 °C 
SF % 1 0 
FA % 1 0 

GBFS % 2 10 
 

 

optimization. Accordingly, the results demonstrated 
that the optimum conditions were estimated and the 
values obtained as a result of the calculations and 
verification experiments were reached (Table 9).  

 
 
 

Table 9  
Optimal results and validation experiments for control factors 1 
Test Taguchi 

optimization
Predicted value Real value 

SF FA GBFS SF FA GBFS 
Compressive 
strength for 

300 C 

Level 3 4 1 3 4 1 
Value 15 20 0 15 20 0 
Result  157,25 MPa 148,37 MPa 

Compressive 
strength for 

450 C 

Level 4 1 2 4 1 2 
Value 20 0 10 20 0 10 
Result  169,19 MPa 154,17 MPa 

Flexural 
strength for 

300 C 

Level 1 2 2 1 2 2 
Value 0 10 10 0 10 10 
Result  27,04 MPa 27,04 MPa 

Flexural 
strength for 

450 C 

Level 1 1 2 1 1 2 
Value 0 0 10 0 0 10 
Result  28,50 MPa 26,18 MPa 
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Fig. 10 -  Contour plot of porosity and dry density results after high temperature 
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Fig. 11 - Effect of FA, GBFS and SF additive on change at high temperature 

 
 

  
 

  

Fig. 12 - Taguchi optimization SN ratios and control factor graphs for compressive strength after high fire  
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Fig. 13 - Taguchi optimization SN ratios and control factor graphs for flexural strength after high fire  

5. Conclusions 

The results obtained in this study by adding 
steel fibers, GBFS, FA and SF to the UHPCs are 
listed below: 

• When Taguchi analysis was examined for 
compressive strength, the effect of the S/N 
ratios on the compressive strength was 
obtained at a mixture of 20% SF, 0% FA and 
10% GBFS and a maximum compressive 
strength was obtained at 450°C. 

• Taguchi analysis for flexural strength was 
obtained in a mixture of 0% SF, 0% FA and 
10% GBFS at had an optimum level at 450°C. 

• The results of an examination of the effect of 
high temperatures on UHPCs showed that the 
compressive strength did not decrease 
between 25°C and 300°C, and there was an 
increase of approximately 32.19% in the 
F20G20 mixture. Furthermore, an average 
increase in the compressive strength of 8–9% 
was observed for all mixtures. It was observed 
that between approximately 300°C and 450°C, 
several mixtures began to degrade, and the 
increase in the compressive strength 
continued in other groups with an increase in 
the temperature. It was determined that the 
high-temperature effect in the UHPCs was 
more effective at temperatures of 600°C and 
greater, and twelve of the mixtures were 
damaged due to degradation. 

• An examination of the values obtained in the 
verification test demonstrated that the results 
were sufficient concerning the compressive 
and  flexural  strength and  physical  properties 

 under various heating conditions and that the 
Taguchi optimization can be successfully applied 
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