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Investigation of the use of waste mineral additives in ultra-high-performance 
concrete 

This study examined the effects of various waste materials on the properties of ultra-high-
performance concrete (UHPC), along with their designs and ideal mix ratios. Several UHPC 
mixtures have been developed using the Taguchi L16 method, which generally forms part 
of the experimental programs for evaluating the properties of UHPCs. Furthermore, the 
proportions of the component materials were chosen based on approximate ranges found 
in literature. The samples were cured under two different regimes: standard immersion 
water curing (SC) and hot water immersion curing (HC). The properties of both hardened 
and fresh concretes were assessed. A flow test was conducted on the fresh concrete to 
determine the workability, and a standard test was conducted to assess the density. To 
investigate a hardened concrete sample, the compressive and flexural strengths were 
examined and density, absorption, and void tests were conducted. The results obtained 
from the Taguchi approach for the compressive strength at 28 days were found to be 
20 % for SF, 0 % for FA, and 0 % for GBFS; the flexural strength was 10 % for SF, 0 % for 
FA, and 0 % for GBFS. The compressive strength was 147.07 MPa with SC and 150.13 
MPa with HC and flexural strength was 26.88 MPa with SC and 27.31 MPa with HC (as 
conducted at 28 days in a mixture of 10 % SF and 10 % GBFS).
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Prethodno priopćenje

Selçuk Memiş, Ali Alshaab Ramroom 

Ispitivanje primjene otpadnih mineralnih dodataka u betonu ultravisokih 
svojstava

Ovo istraživanje ispituje utjecaj različitog otpadnog materijala na svojstva betona ultravisokih 
svojstava (UHPC), kao i način njihova projektiranja i idealne omjere mješavine. Primjenom metode 
Taguchi L16 razvilo se nekoliko UHPC mješavina, a što općenito oblikuje eksperimentalne programe 
za procjenu svojstava UHPCA-a. Nadalje, izabrani su omjeri sastavnih materijala na temelju 
približnih dosega nađenih u literaturi. Uzorci su njegovani na dva različita načina, a to su: standardno 
njegovanje uranjanjem u vodu (SC) i njegovanje uranjanjem u vruću vodu (HC). Primijenjena su 
svojstva očvrsnulog i svježeg betona. Provedeno je ispitivanje betona u svježem stanju kako bi se 
odredila obradivost te se provelo standardno ispitivanje gustoće. Kako bi se ispitao očvrsnuli uzorak 
betona, proučene su tlačna čvrstoća i čvrstoća pri savijanju, a provedena su ispitivanja gustoće, 
apsorpcije i poroznosti. Rezultati tlačnih čvrstoća nakon 28 dana dobiveni Taguchijevim pristupom 
iznosili su 20 % u slučaju SF-a, 0 % u slučaju FA-a i 0 % u slučaju GBFS-a, a čvrstoće pri savijanju 
iznosile su 10 % za SF, 0 % za FA i 0 % za GBFS. Tlačna je čvrstoća bila 147.07 MPa u slučaju SC-a, 
150.13 MPa u slučaju HC-a, a čvrstoća pri savijanju bila je 26.88 MPa u slučaju SC-a i 27.31 MPa 
u slučaju HC-a (jer se provodi nakon 28 dana u mješavini s 10 % SF i 10 % GBFS).

Ključne riječi:
beton ultravisokih svojstava (UHPC), cement, čelična vlakna, superplastifikatori na bazi polikarboksilatnog 
etera (PCE), tlačna čvrstoća
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1. Introduction

Concrete is an extensively used building material owing to its 
good strength and durability. It is the most common man-
made building material and has the necessary mechanical and 
durability properties to be made into the desired shapes and 
sizes; it is also a relatively low-cost material [1–10]. Certain 
advanced civil engineering design facilities (such as high-rise 
buildings and nuclear power plants) constructed using ultra-
high-performance concrete (UHPC) have been specifically 
designed considering extreme loading in adverse events, such 
as a missile attack or an aircraft impact, owing to the dire 
consequences if such structures were to fail [11].
UHPC is a desirable material for these types of structures. 
Recently, UHPC has been extensively studied as it can improve 
the lifespans and economic efficiency of structures. The 
deterioration of civil infrastructure has drawn worldwide 
attention owing to the large amounts of annual outlays required 
for repair and rehabilitation, as well as the profound detrimental 
impacts on society and the environment [11, 12]. Thus, 
sustainable construction materials have attracted considerable 
research interest, including concretes with reduced embodied 
energies, reduced carbon footprints and enhanced durability 
[13, 14]. Ecological goals such as reducing non-renewable 
resource extraction, regenerating renewable energy and reducing 
residues and wastes require using improved building materials. 
The appropriate usage of raw materials is essential for building 
material production; moreover, it is necessary to recycle wastes 
in a way that meets future requirements [6–9, 14]. In addition, 
the innovative materials and methodologies being developed will 
likely extend the infrastructural lifetime. Experts are interested 
in UHPC because, a novel cementing material, it can provide 
improved infrastructural durability and increase the service 
lives of buildings [15, 16]. First introduced in France during the 
1990s, UHPC exhibits higher strength than conventional high-
strength concretes [17, 18]. Replacing conventional concretes 
with UHPCs allows for the development of smaller structural 
components/members. The construction of smaller members 
is associated with reductions in transportation, formwork, 
labour and maintenance costs. The high strength of UHPC also 
assures its sustainability through the construction of slim and 
durable designs. A UHPC's high durability mainly arises from its 
resistance against all types of corrosion; this increases the design 
life of a project and reduces the maintenance costs [11, 19]. For 
instance, UHPC has extremely low permeability against chloride 
penetration (one of the factors with the strongest effects on 
improving durability). Other properties of UHPC facilitating its 
high durability include its lower total porosity, micro-porosity, 
water absorption and chloride ion diffusion [19, 20].
Alsalman et al. (2020) developed several UHPC blends using locally 
available materials and investigated the effects of the binder 
content high-range water reducer admixture, steel fibre, mixer 
and curing regime on the compressive strength [21]. Meng et al. 
(2016) developed systematic mixture designs using mathematical 

models and used fly ash (FA), silica fume (SF) and granulated blast 
furnace slag (GBFS) to obtain UHPC at a relatively low cost. They 
used traditional concrete sand and relatively low fibre content 
and proposed several cost-effective UHPC blends with various 
ingredients. They then evaluated the basic processability, strength 
and durability these blends [12]. Hou et al. (2021) investigated 
the use of red sludge obtained from landfills with SiO2 (equivalent 
to cement) as a mineral additive in the development of UHPCs, 
together with SF and FA [18]. In general, SF fills the voids in the 
paste matrix, accelerating the pozzolanic reactions that generate 
additional calcium silicate hydrates. In addition, it is 4–7 times 
cheaper than cement. The use of an optimised SF as well as FA 
and GBFS reduces the UHPC costs without affecting the concrete 
properties [12]. Hung et al. (2020) examined the processability and 
fibre distributions of hooked-end steel macro-fibre-reinforced 
UHPCs with various fine aggregates and fibre contents. They 
investigated the effects of various variables on the mechanical 
properties of this type of UHPC on the 28th and 90th days [22]. 
Memiş and Ramrom (2020) studied the effects of the ideal ratio 
of mineral additives as specified in references on UHPC production 
and the effects of the ideal steel fibre ratio on concrete [23]. Shen 
et al. (2020) investigated the effects of incineration bottom ash on 
a UHPC's mechanical properties, workability, hydration, volume 
stability and microstructure by reusing the base ash from an urban 
solid waste incinerator as a fine aggregate to prepare a UHPC with 
SF and FA additives [24].
This study investigated the economic production of SF, FA and 
GBFS from industrial wastes for providing the necessary high 
strength to UHPCs (in addition to the properties of normal 
concretes). The Taguchi L16 matrix was used to examine the 
efficiency of the UHPC production.

2. Material and methods

2.1. Materials

The UHPC production process used included washing silica sand 
from an 0–2 mm sieve obtained from the city of Kastamonu, 
Turkey. The particle size distribution of the sand used in the 
study is shown in Table 1. In addition, the process used Type 
1 Portland cement (PC; CEM II / A-M (P-L) 42,5R). The PC was 
a general use cement (Portland composite cement) created 
according to TS EN 197-1 standard [25]. The cement's specific 
weight was 2.94 g/cm³ and the Blaine surface area was 4191 
cm²/g. The SF used in the concrete production was obtained 
from the Antalya Etimine Electro-Ferrochrome Plant and used 
according to the American Society for Testing and Materials 
(ASTM) C 1240 standard [26]. The specific gravity of the SF was 
2.19 and the Blaine surface area was 23.36 m²/g. The other 
pozzolanic materials used in the cement were FA and GBFS. 
The FA was used as a mineral admixture and was classified 
according to TS EN 197-1 as V-type [25]; it was also classified 
as F-type according to ASTM C 618 [27]. The GBFS was provided 
by the Ereğli Iron & Steel Works Company in Kdz. Ereğli, Turkey. 
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The chemical compositions of the GBFS and FA are shown in 
Table 2. The PC conforming to the TS EN 197-1 [25] standard 
requirements was obtained from the Bolu Cement Industry 
Inc., Turkey. Detailed information regarding the physical and 
chemical properties of the cement used in this experiment is 
shown in Table 2.
This study used steel fibre with a diameter of 0.15 mm, length 
of 13 mm, specific gravity of 7.8, tensile strength of 3000 MPa 
and modulus of elasticity of 200 GPa. Polycarboxylate ether-
based superplasticizers (PCEs) were adsorbed electrostatically 
on the cement surface with negatively charged carboxylic acids 
on the polymer surface. Owing to this absorption, polyethylene 

glycol side chains [30] could be used as the superplasticizers 
in this study because they were stretched towards the water 
phase, thereby providing a good cement-dispersing effect. 

2.2. Mix design and specimen preparation

The design of the mixture was determined using the Taguchi L16 
matrix [31-34]. A naming system was developed to understand 
and indicate the compositions of these different mixtures. Each 
mixture was given a code (Table 3) with a specific letter identifier. 
In particular, "S" was used for SF, "F" for FA and "G" for GBFS. In 
addition, group codes were created by writing the percentage 

Sieve  Weight [g] Remaining in the sieve [%] Percentage passing [%] ASTMC33 [%]

9.5 mm 0 0 100 100

4.75 mm 0 0 100 95 – 100

2.36 mm 0 0 100 80 – 100

1.18 mm 35.61 7.12 92.88 50 – 85

600 μm 138.7 34.86 65.14 25 – 60

300 μm 187.42 72.35 27.65 5 – 30

150 μm 102.47 92.84 7.16 0 – 10

Pan 35.80 100 0

Fineness module according to ASTM C 136 (2014.) = 2.14 [29]

Table 1. Sieve analysis of silica sand used in the study [28] 

Table 2. Chemical compositions and physical and mechanical properties of materials

Chemical composition [%] Portland cement (PC) Fly ash (FA) Silica fume (SF) Granulated blast furnace slag (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

Cl 0.0027 - 0.13

Free CaO 2.56 - 2.70

Physical and mechanical properties of cement

Compressive strength, 2 days [MPa] 17.9

Compressive strength, 7 days [MPa] 31.7

Compressive strength, 28 days [MPa] 45.9

Specific gravity 2.94 2.76 2.19 2.95

Initial setting time [min.] 177

Final setting time [min.] 233

Volume stability [cm2/g] 1

Blaine value [cm2/g] 4191 3300 2390 3500

90 μm passing [%] 98.8

32 μm passing [%] 88.5
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used after each letter. For example, S15F20G10 denoted a UHPC 
mixture containing 15 % SF, 20 % FA and 10 % GBFS.

Table 3.  Considered levels for each parameter in Taguchi L16 matrix 
design of experiment

Table 4.  L16 array as suggested by Taguchi for three parameters at 
four levels

A total of 16 groups of mixtures were prepared using the 
Taguchi L16 matrix (Table 4). As shown in Table 4, the matrix 
comprised an L16 orthogonal array (three parameters at four 
levels) showing all factors and levels [32–34]. The quantities of 
the materials used in these mixtures are provided in Table 5. 
In all of the UHPCs produced in this study, the pretesting mixtures 
and cement dosages as determined by the literature (Table 6) 
were kept constant; for example, the binder weight remained at 
1000 kg/m3. In addition, the water/binder ratio (w/b) was 0.19 
and the PCE/binder ratio was 3.5 %. While the blends had a sand/
binder ratio of 1:1 (by weight), the amounts of steel fibre were 
kept constant at 1 % by volume in the same volume. The w/b was 
adjusted to 0.2 for the control mixture only. The effects of the 
sand and reinforcing fibres on the properties of the mixtures were 
examined in the context of choosing the best ratio for the study. 
In the mixtures prepared for this purpose, the sand, SF, GBFS and 
FA were kept at 105 °C for 24 h so that the materials were freed 
from moisture and could be used in dry mixes. The mixtures were 
specially prepared as UHPC mixtures. For this purpose, the mixing 
process for UHPC mixtures, as specified in Torregrosa (2013) was 
followed (Table 7) [35] for the UHPC production. The materials 
were mixed using a Hobart-type mixer (LTC 320 model) with 
1100-W power and a 10-L boiler. Each mixed material was set 
aside after the procedure.
The mixes prepared in the concrete mixer were moved sideways 
with the bucket to align the fibres for as long as possible and 
then were poured into prismatic moulds of 4 × 4 × 16 cm3.
In general, temperature and humidity are important factors in 
improving the mechanical properties of UHPCs. For example, 
the properties of UHPCs can be improved by using heat-curing 
regimes to accelerate the early strength of the concrete [21, 44]. 
In this study, the UHPC samples were removed from the moulds 

Parameters Code
Level [%]

2 3 4
SF S 0 10 15 20
FA F 0 10 15 20

GBFS G 0 10 15 20

Mixture
Parameters

SF FA GBFS
1 Reference 0 0 0
2 S0F10G10 0 10 10
3 S0F15G15 0 15 15
4 S0F20G20 0 20 20
5 S10F0G10 10 0 10
6 S10F10G0 10 10 0
7 S10F15G20 10 15 20
8 S10F20G15 10 20 15
9 S15F0G15 15 0 15

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

Mixture Cement SF FA GBFS Sand Steel fibre Water PE
Slump [cm] Fresh unit weight

[kg/m³]Static Dynamic

Reference 1000

0

0 0

1000 78 190 35

200 240 2345
S0F10G10 800 100 100 210 250 2352
S0F15G15 700 150 150 240 270 2310
S0F20G20 600 200 200 250 280 2354
S10F0G10 800

100

0 100 210 240 2350
S10F10G0 800 100 0 200 230 2310

S10F15G20 550 150 200 250 270 2314
S10F20G15 550 200 150 250 280 2346
S15F0G15 700

150

0 150 200 230 2356
S15F10G20 550 100 200 200 220 2340
S15F15G0 700 150 0 210 230 2320

S15F20G10 550 200 100 240 260 2310
S20F0G20 600

200

0 200 190 220 2358
S20F10G15 550 100 150 200 230 2312
S20F15G10 550 150 100 190 220 2335
S20F20G0 600 200 0 190 220 2313

Table 5. Mixture proportioning [kg/m³] and fresh properties for ultra-high-performance concrete (UHPC)
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24 h after the casting process was completed. Subsequently, 
they were then cured using standard water curing (SC) as per 
ASTM C192 until the day of the experiment [45] and using hot 
water immersion curing (HC) (24 h in 65 °C hot water and 23.0 
+ 2.0 °C water) until the day of the experiment.

2.3. Test procedures

An important feature of a UHPC is its self-levelling ability. To test 
this feature, the modified ASTM C1437 [46] standard was used 
to ensure a hydraulic UHPC mortar flow. The spreading diameter 
(Figure 1) was measured after the material was allowed to 
stabilise in all directions; this method measures the actual 
diameter (mm) of the material before compression (static flow) 
and spread diameter (dynamic flow) as a result of compression 
after 25 drops. In addition, the fresh-state UHPC density was 
determined according to the ASTM C 138 [47] standard and was 
calculated by dividing the weight of the material placed into the 
mixture by the volume occupied (T = M/V). 
Compressive and flexural strength tests are among the tests for 
hardened-state properties; in this study, they were conducted 
on samples after completing their 3rd, 7th and 28th days of 
curing. These tests were conducted in an experimental process 
according to the BS EN 196-1 [48] standard. Specifically, 40 × 
40 × 160 mm samples were placed horizontally on two supports 
spaced 100 mm apart. To test the flexural strength, a vertical 
load was applied with a loading cylinder on the upper surface 
of the prism at a rate of 50 ± 10 N/s1 until breakage occurred. 
The compressive strength tests of the UHPC samples were 
performed on two parts obtained from the flexural strength 
tests. For this purpose, the UTEST LC815 brand cement tester 

(maximum capacity of 250,000 lb) was used. Using the obtained 
force (Fr), the flexural strength was calculated with the equation 
Rf = (1.5 Fr L)/b3. 

Figure 1.  Flow test setups and spread measurements: a) Konus 
ispunjen materijalom; a) The cone filled with material; b) The 
cone is removed and mix spread; c) Static flow; d) Dynamic 
flow (after 25 drops)

In the compressive strength test, a loading speed of 2400 ± 200 
N/s1 was applied to each one of the pieces as broken in response 
to the flexural strength at the device jaw with a size of 40 × 
40 mm. Thus, the compressive strength value was calculated 
with the help of the sample-breaking load. In addition, the 
absorption, density and void ratio were determined according 
to ASTM C642 [49]. This standard can also be useful for 
developing conversion data for concrete masses and volumes; 

Table 6. Use of studies to determine ideal ratios

Table 7. Mixing process of the study

Selected ratio [%] Selected ratio 

Binder weight  = 1000 kg/m3 [15, 23, 35–38]

Water-to-binder ratio (w/b) = 0,20 [15, 23, 39, 40] 

Polycarboxylate ether-based superplasticizer (PCE)-to-binder ratio = 3.5 % [23, 35, 41]

SF-to-binder ratio = 20 % [23, 36, 39, 42]

Steel fibre to volume = (0, 0.5, 1.0, 2.0) % [15, 43]

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 fibre Fluid
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correspondingly, it can help determine 
the concrete specifications and identify 
differences or variations in different 
locations.

3. Results and discussion

3.1. Fresh properties

The results from the flow test for 
measuring workability are shown in 
Table 5. The actual diameter of the 
material was measured in mm in both 
pre-tamping (static flow (Figure 1.c)) and 
post-tamping (dynamic flow (Figure 1.d.). 
Generally, pozzolanic admixtures such as 
SF, GBFS and FA may provide an excellent 
workability effect to UHPCs. Notably, 
the flows of the mixes of UHPCs with 
high pozzolanic additives were highly 
fluid. Figure 2.a shows the relationship 
between the SF content and dynamic 
flow. Previous studies demonstrated 
that using SF as a filler causes a decrease 
in the dynamic flow rate. The effect of SF 
on the workability of a UHPC is relatively 
complicated. In previous studies, some 
researchers found that SF could improve 
the workability of a UHPC [50, 51]. 
However, other researchers concluded 
that SF decreased the workability of a 
UHPC [52, 53]. 
As shown in Figure 2, an increase 
in the ratio of FA and GBFS leads 
to an improvement in the dynamic 
machinability of the UHPC mixture. 
Conversely, an increase in silica 
fume (SF) ratio leads to a decrease in 
machinability. The effect of the dynamic 
flow on the machinability is similar to 
that described by Bajaber and Hakeem 
(2021), i.e., FA and GBFS positively 
affect the increase in machinability 
[53]. The different conclusions may be 
attributed to the different characteristics 
of the raw materials and the effect of 
superplasticizer in SF. It is likely that the use of superplasticizer 
in SF, with its small particle size, high specific surface area and 
high water demand, reduces the fluidity of the UHPC mixture. 
When mixed with superplasticizer, the fine and round particles 
of SF are covered by a layer of the surface-active compound, 
resulting in a repulsive electric force between the particles of 
cement and additive. As the SF particles are much smaller than 
those of cement, they act as ball-bearings between the cement 

particles, increasing the fluidity of the cement paste, [54]. 
Figures 2.b and 2.c show the improvements in the flow of UHPC 
mixtures for FA and GBFS. As the content of these materials in 
the mixtures increases from 0 % to 20 %, the flow of the mixture 
also increases (Figure 2.d). The spherical shape of FA particles 
helps to reduce the water requirement, resulting in high levels 
of workability. Additionally, the spherical shape reduces the 
friction between sand particles, leading to better lubrication and 

Figure 2. Relationship between dynamic flow and mineral content

Figure 3.  Relationship between fresh unit weight and mineral content: a) Unit weight- SF; b) 
Unit weight – FA; c) Unit weight – GBFS; d) Effect of additives on unit weight
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improved flow of the concrete. The greater the percentage of FA 
in the concrete paste, the better the lubrication of particles and 
the better the flow of the concrete [55]. 
The test results for the unit weight of fresh concrete are shown 
in Table 5. The unit weight ranges from 2310 to 2356 kg/m3. 
Adding SF and FA to the UHPC mixtures decreases the fresh unit 
weight as shown in Figure 3, whereas adding GBFS increases 
the unit weight (Figure 3.c). This is because the specific gravities 
of the pozzolanic mineral admixtures (2.26 kg/m3 for SF, 2.75 
kg/m3  for FA and 2.95 kg/m3 for GBFS) are less than the specific 
gravity of the cement (3.15 kg/m3); thus, the admixture volume 
is larger than that of the paste from the substituted cement 
[54]. 

3.2. Hardened properties

3.2.1. Results of compressive strength tests

Compressive strength tests were conducted on the 3th, 7th 
and 28th days of SC and on the 28th day of HC in accordance 
with BS EN 196-1 [48], as shown in Table 8. The compressive 
strength on the 28th day in the HC was significantly higher 
than in all SC periods. The highest percentage increase was 
21 % in mixture group S15F10G20 and the lowest percentage 
increase was 0.9 % in the control mixture. This can be attributed 
to the effect of the accelerated hydration on the compressive 
strength in the concrete owing to the greater heat relative to 
SC. Moreover, the pozzolanic reactions are also accelerated 

by the higher curing temperatures. As is well-known from the 
literature, the temperature of the curing regime plays a vital 
role in increasing the strength (Figure 4.a). Owing to the high 
percentage of cement in a UHPC, a hot environment leads to 
the rapid hydration of cement; this results in high proportions 
of hydrated products, which in turn leads to high strength [56].
The compressive strength test results show compressive 
strengths of 147.07 MPa under SC and 150.13 MPa under HC. 
The temperature change according to the statistical averages is 
given in Figure 4.
The use of FA and GBFS at a content-to-binder percentage 
between 20 %–35 % decreases the compressive strength of 
the UHPCs at early ages. However, SF significantly improves 
the compressive strength. A comparison of the 28-day 
compressive strengths reveals that adding 10 % SF and 10 % 
GBFS improves the compressive strength by 24 % relative to 
the control. As shown in Figure 5, the effect of the addition of 
SF can be assessed by comparing the compressive strengths at 
28 days. In SC, the strength is increased when the quantity of 
SF is increased. A similar phenomenon has been observed and 
attributed to the filler and pozzolanic effects of SF [50, 51].
As shown in Figure 5b and Figure 5c, the compressive strength 
in SC decreases at 28 days with increased quantities of FA 
and GBFS. This phenomenon may be attributed to the use of 
FA, which leads to a decrease in strength in the early age of 
concrete at up to 28 days [55]. Maltais and Marchand (1997) 
reported that when curing at 20 °C, depending on the cement 
replacement level and type of FA, the compressive strengths of 

Mix No. Mix code
Compressive strength [MPa] Flexural strength [MPa]

3 days 
(SC)

7 days 
(SC)

28 days 
(SC)

28 days 
(HC)

3 days
(SC)

7 days 
(SC)

28 days 
(SC)

28 days 
(HC)

1 Reference 97.62 109.69 118.35 119.13 14.65 21.27 22.66 23.05

2 S0F10G10 74.85 92.60 94.28 110.05 15.38 18.33 22.03 22.59

3 S0F15G15 66.55 88.59 106.84 115.84 12.61 20.70 22.08 22.84

4 S0F20G20 64.16 79.25 106.21 114.25 13.53 16.48 21.94 22.05

5 S10F0G10 93.36 114.66 147.07 150.13 16.46 18.19 26.88 27.26

6 S10F10G0 87.85 112.74 139.32 146.05 16.29 22.99 26.27 27.31

7 S10F15G20 71.24 92.70 127.43 137.88 11.11 16.39 18.28 19.92

8 S10F20G15 72.63 94.12 121.83 142.70 10.78 14.79 18.31 21.00

9 S15F0G15 95.39 117.66 139.35 144.04 15.63 18.96 23.25 24.18

10 S15F10G20 68.81 91.09 115.05 139.78 14.46 15.64 19.48 21.34

11 S15F15G0 86.9 109.63 131.46 144.74 15.29 16.31 22.76 22.97

12 S15F20G10 72.58 89.71 123.17 140.07 12.42 13.55 15.89 18.30

13 S20F0G20 81.25 110.04 139.48 147.36 14.95 19.32 22.64 22.98

14 S20F10G15 75.65 100.48 130.91 133.87 13.69 18.21 21.75 23.23

15 S20F15G10 74.07 99.47 138.34 140.83 17.53 17.95 21.12 23.78

16 S20F20G0 81.9 110.17 133.50 135.51 16.55 17.21 22.52 23.33

(SC) Standard curing,. (HC) Hot water curing

Table 8. Compressive strength and flexural strength test results for mixtures
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FA mortars can take from 25 to 50 days 
to reach that of a reference mixture [57]. 
Generally, the pozzolanic reactions of 
FA in cement systems under SC become 
dominant after 28 days [58]. According 
to Wang et al. (2004), the activity of FA is 
not completed until 365, with only 36.56 
% of it reacting [59]. This depends on two 
important factors: the activity of FA by 
itself and the role of FA in promoting the 
hydration of the cement. It is uncertain 
whether the pozzolanic reaction will 
continue to occur for all of the active FA in 
the system; this depends on the Ca(OH)2 
(promoted by the cement hydration) and 
is important for continuing the pozzolanic 
activity. An increase in FA content leads 
to a decrease in the total hydration of the 
system as the activity of FA is lower than 
that of cement. 

3.2.2.  Results of flexural strength 
tests

The flexural strengths of UHPCs after 
different curing conditions (SC and HC) 
on the 3rd, 7th and 28th days are presented 
in Table 8 in accordance with BS EN 
196-1 [48]. The results indicate that the 
highest flexural strength was observed 
in the S10F0G10 mixture, with a value of 
26.88 MPa at 28 days of curing under SC 
conditions, representing an approximate 
118 % increase in strength compared to 
the reference mix. The lowest flexural 
strength was observed in the S15F20G10 mixture, with a value 
of 15.89 MPa, which was less than that of the reference mix, as 
depicted in Figure 6. Furthermore, the flexural strength of each 

group increases with the progression of time in HC, regardless 
of the type of concrete. This improvement is especially evident 
from the 7th to 28th day.

Figure 4. Compressive strength range distribution at every stage of testing

Figure 5. Mineral admixtures impact on compressive strength results

Figure 6. Flexural strength range distribution at every stage of testing
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3.2.3. Determination of density, absorption and voids

The test results for the density, percentage absorption and 
percentage of voids in the hardened concrete according to 
ASTM C642 [49] are shown in Table 9. Table 9 shows that the 
water absorption and voids of UHPCs with SF, FA and GBFS 
decrease relative to those of control mixture. The decrease in 
water absorption could result from the pozzolanic reactions 
reducing the sizes of the pores of the concrete.
By examining the effects of the SF, FA and GBFS on the water 
absorption rate, porosity and apparent density (Figure 7), it can be 
seen that SF is more effective in UHPCs than the other additives. 
In addition, depending on the ratio of its increase, it can cause 
decreases in the water absorption rate (Figure 7.a) and porosity 
(Figure 7.b). This could be owing to the very fine particles of the 
SF filling the pores in the concrete. In addition, Figure 7.a, 7.d, 7.g 
and 7.j show the relationship between the water absorption and 
percentage of FA in the mixtures; the water absorption changes 
by approximately 1.0 % to 1.8 %. The porosity (Figure 7b, Figure 
7h, Figure 7k) causes a change of approximately 1.4 % to 1.8 % 
depending on the ratio of increase of the SF, FA and GBFS. These 
data demonstrate that the water absorption and porosity of 
the UHPC decrease with an increasing concentration of the 
microparticles in the composite material, owing to the reduced 
proportion of open pores in the rigid UHPC. An open-cell contains 
air and is the same size as the microparticles (filler particles). 
Therefore, as the water absorption depends on the number of 
communicating openly connected cells, filling the open pores 
with microparticles reduces the water absorption.

However, an increase in the GBFS content results in a slight 
increase in the apparent density (Figure 7i). Insofar as similar 
changes in the apparent density based on the additive (Figure 
7c, Figure 7f, Figure 7i, Figure 7l), increasing the SA, FA and 
GBFS ratios results in a change between 2360 and 2425 kg/m3 
(depending on the ratios). Adding SF and FA in UHPC mixtures 
leads to a decrease in dry-bulk density, whereas adding GBFS 
increases it. This can be attributed to the fact that the specific 
gravity of the pozzolanic mineral admixtures is lower than that 
of the cement [54]. These results are consistent with those of 
Sunil et al. (2015), who found that density decreased with an 
increasing amount of FA, as the specific gravity of FA is lower 
than that of cement [60].

3.3. Taguchi optimisation

3.3.1. Taguchi analysis for strengths

To determine the ideal mixture based on the results obtained by 
using the Taguchi L16 test matrix, the optimum results for the 
compressive and flexural strengths according to the effects of 
the curing conditions are shown in Figure 8. The optimum levels 
of these results are listed in Table 10.
As a result of the optimisation analysis, it was determined 
that one group in L16 mixture was the same mixture and 
was not absent in this mixture in two different mixtures. The 
ideal optimum result for the compressive strength is when 
using the S20F0G0 mixture, i.e., 20 % SF, 0 % FA and 0 % GBFS 
under SC conditions. In contrast, under HC conditions, the 

Mix code
Absorption 

after immersion
[%]

Absorption after 
immersion and 

boiling
[%]

Volume of 
permeable 

voids
[%]

Bulk density, 
dry

[kg/m³]

Bulk density 
after 

immersion
[kg/m³]

Bulk density after 
immersion and 

boiling
[kg/m³]

Apparent 
density
[kg/m³]

Reference 3.10 1.10 2.49 2335 2407 2351 2374

S0F10G10 2.49 0.96 2.25 2342 2400 2364 2396

S0F15G15 2.44 1.05 2.47 2351 2408 2376 2410

S0F20G20 2.06 0.72 1.68 2344 2393 2361 2385

S10F0G10 1.22 0.59 1.41 2388 2417 2402 2422

S10F10G0 1.30 0.68 1.60 2357 2387 2373 2395

S10F15G20 1.45 0.59 1.41 2389 2424 2403 2423

S10F20G15 1.29 0.65 1.54 2383 2413 2398 2420

S15F0G15 1.38 0.65 1.55 2385 2418 2401 2423

S15F10G20 1.23 0.57 1.34 2356 2385 2370 2388

S15F15G0 1.16 0.56 1.31 2362 2389 2375 2393

S15F20G10 1.00 0.42 0.99 2368 2392 2378 2392

S20F0G20 1.29 0.71 1.67 2354 2384 2371 2394

S20F10G15 1.29 0.73 1.72 2342 2372 2359 2383

S20F15G10 1.26 0.70 1.64 2330 2359 2346 2369

S20F20G0 1.19 0.66 1.53 2326 2353 2341 2362

Table 9. Results for water absorption rate, porosity, and apparent density
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Figure 7. Effect of mineral additives on water absorption rate, porosity, and apparent density

Figure 8. Taguchi optimisation control factor graphs - 1st part
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best compressive and flexural strengths are found with group 
S10F0G0, i.e., 10 % SF, 0 % FA and 0 % GBFS. The results obtained 
from the verification experiments when controlling the values 

Figure 8. Taguchi optimisation control factor graphs - 2nd  part

Table 10. Optimum Taguchi levels and values for strength depending on curing conditions

Test Control factors Unit Optimum level Optimum value

Compressive strength for SC

SF % 3 20

FA % 1 0

GBFS % 1 0

Compressive strength for HC

SF % 2 10

FA % 1 0

GBFS % 1 0

Flexural strength for SC

SF % 2 10

FA % 1 0

GBFS % 1 0

Flexural strength for HC

SF % 2 10

FA % 1 0

GBFS % 1 0

Test Taguchi optimisation
Predicted value Real value

SF FA GBFS SF FA GBFS

Compressive strength for SC

Level 3 1 1 3 1 1

Value 20 0 0 20 0 0

Result 150.70 MPa 148.37 MPa

Compressive strength for HC

Level 2 1 1 2 1 1

Value 10 0 0 10 0 0

Result 150.43 MPa 147.58 MPa

Flexural strength for SC

Level 2 1 1 2 1 1

Value 10 0 0 10 0 0

Result 26.36 MPa 24.78 MPa

Flexural strength for HC

Level 2 1 1 2 1 1

Value 10 0 0 10 0 0

Result 26.63 MPa 25.98 MPa

Table 11. Optimal results and validation experiments for control factor 1

obtained as a result of the Taguchi optimisation reflect the 
success of the optimisation. The optimum conditions were 
estimated and the values obtained as a result of the calculations 
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and those obtained as a result of the verification experiments 
are presented in Table 11.

3.3.2. Taguchi analysis for physical properties

In terms of the physical properties, the optimum results for the 
water absorption rate, porosity and apparent density based on 
the Taguchi L16 experiment matrix are shown in Figure 9. The 
optimum levels of those results are provided in Table 12.
According to the obtained results, two different mixtures do 
not fit the L16 group in terms of porosity and apparent density. 
The water absorption rate and porosity results are the same 
as those in the S15F20G10 group, i.e.,15 % SF, 20 % FA and 10 
% GBFS. The ideal optimum result for the porosity is from the 

S15F20G0 mixture (15 % SF, 20 % FA and 0 % GBFS), whereas 
the ideal optimum result for the apparent density is from the 
S0F15G10 mixture (0 % SF, 15 % FA and 10 % GBFS). The optimum 
conditions were estimated from the results of the verification 
experiments performed while controlling the values obtained as 
a result of the Taguchi optimisation. The values obtained as a 
result of these calculations and those obtained as a result of the 
verification experiments are provided in Table 13.

4. Conclusions

The results obtained for UHPCs produced by adding steel fibre, 
GBFS, FA and SF within the scope of this study are as follows.
The addition of SF results in a reduction in propagation diameter. 

Test Control factors Unit Optimum level Optimum value

Water absorption [%]

SF % 3 15

FA % 4 20

GBFS % 2 10

Porosity [%]

SF % 3 15

FA % 4 20

GBFS % 1 0

Apparent density [kg/m3]

SF % 1 0

FA % 3 15

GBFS % 2 10

Test Taguchi optimisation
Predicted value Real value

SF FA GBFS SF FA GBFS

Water absorption [%]

Level 3 4 2 3 4 2

Value 15 20 10 15 20 10

Result 0.93 0.93

Porosity [%]

Level 3 4 1 3 4 1

Value 15 20 0 15 20 0

Result 1.03 1.12

Apparent density [kg/m3]

Level 1 3 2 2 1 3

Value 0 15 10 10 0 15

Result 2393.63 2389

Table 13. Optimal results and validation experiments for control factors

Table 12. Optimum Taguchi levels and values for physical properties depending on curing conditions

Figure 9. Taguchi optimisation control factor graphs
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However, in the case of using FA and GBFS in the mixtures, an 
increase in the spreading diameter is observed. 
Adding SF and FA to UHPC mixtures leads to a decrease in the 
fresh unit weight, e.g., a decrease from 2339 to 2329 kg/m-3 
when increasing the amount of SF and from 2347 to 2321 
kg/m-3 when increasing FA. However, adding GBFS increases 
the fresh unit volume weight (from 2323 kg/m-3 to 2340 
kg.m-3).
In the UHPC mixtures, HC leads to higher mechanical strength 
values compared to those in SC; thus, HC can be used as an 
acceleration factor to improve the compressive strength. In the 
HC process, the compressive strength at 28 days is significantly 
higher than that in the SC samples. In the compressive strength 
tests, the highest strengths are 147.07 MPa under normal 
conditions for the S10G10 mixture without FA; in HC conditions, 
the value is 150.13 MPa.
Increasing the quantities of FA and GBFS decreases the 
compressive strength of the UHPC in all mixtures. The ratios of 
the FA and GBFS to the binder added to mixtures of different 
proportions can be increased by up to 20 % to 35 % in total, but 
this increase results in decreased early compressive strength 
of the UHPC. In contrast, adding SF to the mixtures significantly 
increases the compressive strength. Moreover, the best results 
for the flexural strengths are similar (26.88 MPa to 27.31 MPa) 
in both water curing regimes with the S10G10 group, whereas 

the lowest strengths are obtained from the S15F20G10 group 
with the GBFS being added to the mixture. Using GBFS, SF and 
FA in UHPC mixtures to replace the binder may contribute to a 
decrease in water absorption. The effect of the SF on the porosity 
may contribute to the production of less-porous materials. The 
addition of SF and FA to the UHPC mixtures also causes the bulk 
density to decrease with an increasing ratio of addition, whereas 
the addition of GBFS causes the density to increase.
Based on the Taguchi analysis of the compression resistance, the 
impact of the signal-to-noise ratio on the compression resistance 
was obtained under SC conditions. The maximum compression 
resistance was obtained from the 20 % SF, 0 % FA and 0 % GBFS 
mixture. The Taguchi analysis for the flexural strength was 
obtained in the same water curing and mixture of 10 % SF, 0 % 
FA and 0 % GBFS. The SF additive was found to be a more useful 
material to add to UHPCs.
The verification test results values are sufficient for the 
compressive and flexural strength strengths and physical 
properties under different curing conditions; thus, Taguchi 
optimisation can be successfully applied.
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