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A B S T R A C T   

Ultra-high performance concrete (UHPC) is an innovative cement-based composite with high mechanical per
formance under tensile and compressive loads, extremely low permeability, and excellent durability. Because of 
these features, UHPC has the potential to contribute to the development of new architectural perspectives and 
structural systems with prolonged service life; therefore, it is anticipated that the use of UHPC in cast-in-situ 
applications will increase in the near future. As a result of its high Portland cement dosage, the hydration 
heat of UHPC can be relatively high compared to that of conventional concrete. Thus, ground granulated blast 
furnace slag (GGBS) can be used in UHPC formulation for reducing Portland cement dosage thereby limiting 
hydration heat while also addressing ecological and engineering concerns. In the scope of this study, the effects 
of GGBS replacement (0%, 30%, and 60%) on the hydration heat, strength, and microstructural characteristics of 
UHPC were studied. Results showed that GGBS-bearing UHPCs are more sensitive to ambient temperature in 
respect to cumulative heat. 60% GGBS replacement reduced cumulative heat release by 36% and 28% at 20 ◦C 
and 35 ◦C respectively. So, the benefit of GGBS on reducing hydration heat is less pronounced in hot weather. 
Performance differences in strength depending on the replacement ratio were only noticeable on the first day of 
curing. Prolonged curing time and fiber inclusion eliminated strength differences. Microstructural investigations 
indicated that Ca(OH)2 can be lowered up to 0.5%, and the Ca/Si ratio of the C–S–H phase was reduced below 
the value of 1.0 after 90 days of curing as a result of GGBS replacement.   

1. Introduction 

Structural engineers and architects have focused on the use of high- 
performance concrete in recent decades to ensure that structures are 
resistant to external influences such as seismic movements and to 
minimize maintenance costs due to durability problems. Ultra-high 
performance concrete (UHPC) is a cement-based composite that can 
exhibit high strength and advanced durability properties as a result of its 
low water/binder ratio and fine-rich design. Due to its high cement 
content, the hydration heat of UHPC can be relatively large [1]. As a 
result, the problems encountered in the production of mass concrete can 
also be seen in the case of UHPC structural members with reduced 
cross-sectional areas. Despite the expectation of perfect protection 
against rebar corrosion from UHPC, thermal or shrinkage-induced 
cracks can reduce corrosion resistance by disabling the advantages of 
the dense cementitious matrix that resists the ingress of harmful ions 
[2–4]. Therefore, researchers have given importance to the use of 

pozzolanic materials for reducing Portland cement dosage thereby 
limiting hydration heat and in accordance with both ecological and 
engineering concerns. 

Ground-granulated blast furnace slag (GGBS) is a by-product of the 
production of pig iron which has been used since the early 1900s as 
supplementary cementitious material in traditional concrete. Recent 
studies have shown that GGBS is one of the most suitable supplementary 
cementitious materials for high performance concretes to reduce cement 
dosage while enhancing its mechanical properties. Yazıcı et al. [5] re
ported that the compressive strength of UHPC could be increased by a 
replacement of up to 40 wt % of cement with GGBS; it was also possible 
to use of GGBS up to 60% with satisfactory results. Yu et al. [6] studied 
the development of eco-friendly UHPCs by using efficient mineral ad
mixtures and found that the mechanical properties of UHPC with GGBS 
were higher than that of UHPCs bearing fly ash or limestone powder. Wu 
et al. [7] investigated the detailed mechanical performance of UHPC 
mixtures bearing GGBS or fly ash, and concluded that the optimum 
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ratios were 40% and 20% for GGBS and fly ash, respectively. Bae and 
Pyo [8] emphasized that GGBS can be added to UHPC mixtures to 
enhance workability as well as to bring down material costs. 

The hydration of cementitious materials in UHPC is similar to that in 
traditional concrete under standard curing conditions. Portland cement 
hydrates to form calcium silicate hydrate (C–S–H) and Ca(OH)2. Then 
mineral admixtures such as silica fume, commonly used in UHPC, react 
with calcium hydroxide to form secondary C–S–H [9]. However, the 
phase development in UHPC is expected to be kinetically and quanti
tatively different from that in traditional concretes. In addition, it is 
expected that heat flux and microstructure will be greatly influenced by 
incorporating pozzolanic additives [10]. GGBS can produce additional 
C–S–H upon hydration while decelerating early strength development 
when there is no activator in the system [11]. However, the hydration 
rate of the blends with GGBS generally accelerates after five days of 
hydration because the diffusion of Ca2+ and OH− can be restricted at 
earlier ages [6]. Hydration is also retarded due to the diluting effect 
compared with an equivalent increase in the w/c ratio, which suppresses 
the temperature rise associated with the release of the hydration heat 
[12]. 

UHPC is a promising material for reinforced concrete structures 
because it has significant potential for creating new architectural per
spectives as well as structural systems with a prolonged service life and 
low maintenance costs thanks to its superior durability performance 
[13]. Due to its hydraulic action, high strength activity, and fineness 
value [14], GGBS may be one of the best alternative cementitious ma
terials for use in UHPC that will allow for a reduction in Portland cement 
dosage while maintaining satisfactory performance. It is anticipated that 
the use of UHPC in cast-in-situ applications will increase in the near 
future. Since early age hydration heat of UHPC is a central issue for 
cast-in-situ applications and has a great influence on cracking tendency, 
it should be studied under different temperature conditions. To date, 
most strength and microstructure studies of UHPC have been performed 
up to a standard curing time of 28 days when UHPC cannot reflect its full 
potential [15]. Thus, in the scope of this study, the effects of the GGBS 
replacement ratio on the mechanical properties, and microstructure of 
UHPC after 90 days of moisture-curing were investigated. Moreover, the 
effects of GGBS replacement on the early age hydration heat release 
were evaluated at two different temperatures reflecting moderate and 
hot weather conditions. 

2. Experimental 

2.1. Materials and mix proportions 

GGBS was provided by Orcem BV, the Netherlands. As common 
cementitious materials of UHPC, Portland cement (CEM I 52.5 R) and 
silica fume were used. Portland cement was produced by ENCI Company 
(Heidelberg cement group) in the Netherlands. Densified silica fume was 
obtained from Elkem Silicon Materials, Norway. The main chemical 
compositions determined by X-ray fluorescence and selected properties 

of cementitious materials are given in Table 1. Particle size distributions 
are shown in Fig. 1. Quartz aggregates were provided by Sibelco, 
Belgium. The aggregate phase was composed of 40% 0–125 μm and 60% 
125–250 μm quartz by mass. High-range water-reducing polycarboxylic 
ether-based superplasticizer, applicable in UHPC, was used to adjust the 
slump-flow value of UHPC mixtures. In order to determine the curing 
time-dependent mechanical properties of fiber-reinforced UHPC mix
tures, brass-coated straight micro steel fibers of a length of 13 mm and a 
diameter of 0.2 mm were incorporated. Micro steel fibers had a reported 
tensile strength of 2750 MPa and Young’s modulus of 200 GPa. 

The reference mixture was formulated to exceed a compressive 
strength level of 150 MPa in presence of micro steel fibers accompanied 
by self-compacting ability. Silica fume was used at a dosage corre
sponding to 20% by mass of cement. The water to binder ratio was kept 
at 0.20. In the second stage, Portland cement was replaced by 30% and 
60% GGBS by weight, and three UHPC mixtures were produced in total. 
Mix proportions are given in Table 2. The superplasticizer dosage was 
adjusted to reach the target spread value of 310 ± 10 mm. The mini flow 
cone (60 mm high with diameters of 100 mm at the base and 70 mm at 
the top) was used for the slump-flow test of self-compacting mixtures. 
UHPC mixtures were prepared by using a Hobart-type mixer. First, 
cementitious materials were mixed. Then, the dry ingredients were 
incorporated into the water + superplasticizer solution. After obtaining 
fluid paste, quartz aggregates were gradually added to the paste. Finally, 
high-speed mixing was initiated. The mixing procedure lasted for 18 min 
for plain UHPCs and 20 min for fiber-reinforced UHPCs (Fig. 2). Refer
ence UHPC without GGBS replacement, UHPC with %30 GGBS 
replacement, and UHPC with %60 GGBS replacement were denoted as 
ref., FS30, and FS60, respectively. Mixtures with micro steel fiber rein
forcement were coded as ref.-f, FS30-f, and FS60-f. The volume needed 
for micro steel fiber inclusion was deducted from the volume of the 
quartz aggregate in the 125–250 μm fractions in order to keep constant 
water to powder ratio among the mixtures. 

2.2. Isothermal calorimetry measurements 

To clarify the effect of GGBS replacement and curing temperature on 
the heat of hydration, the heat flows of the paste phase of UHPCs were 
monitored by isothermal calorimetry (TAM-Air) over 48 h in accordance 
with ASTM C1679 [16]. Measurements were taken at temperatures of 
20 ◦C and 35 ◦C to reflect moderate and hot weather conditions, 
respectively. All the binders (cement, silica fume, GGBS), mix water, and 
superplasticizer were prepared and stored at 20 ◦C during the 24 h 
before the test. For each mixture, the dry components were mixed with 
the water + superplasticizer solution for 3 min by using a high-speed 
mixer, and 6 g of the fresh mixture was put into the glass ampoule. 
The sample was then moved into the test cell of the calorimeter imme
diately. A reference vessel filled with fine quartz sand having the same 

Table 1 
Chemical composition and selected properties of cementitious materials.  

Chemical Composition (wt %) Cement GGBS Silica Fume 

CaO 68.71 42.00 0.42 
SiO2 17.41 30.73 90.38 
Al2O3 4.62 13.30 0.54 
Fe2O3 2.75 0.54 3.09 
MgO 2.49 9.44 0.67 
K2O 0.63 0.34 1.03 
SO3 2.44 1.45 0.57 
Loss on Ignition 1.37 0.57 1.45 
Physical Properties 
Strength Activity Index-28d (%) – 100 125 
Fineness (m2/kg) 530 460 24,250 
Specific Gravity 3.15 2.89 2.20  Fig. 1. Particle size distributions of cementitious components.  
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specific heat capacity as the tested paste was also put into a parallel cell. 
During the test, heat values were recorded at 1-min intervals. Two 
ampoules for each mixture were tested and there were no observable 
differences between the results of these two ampoules. 

2.3. Mechanical tests 

The mechanical properties of UHPC mixtures were evaluated with 
and without fiber reinforcement. The mechanical properties consisting 
of compressive and flexural strength were determined after 1, 7, 28, and 
90 days of moisture-curing in accordance with the specifications of NEN- 
EN 196–1 [17]. All the prismatic specimens (40 × 40 × 160 mm3) were 
sealed right after casting and kept in a 20 ◦C environment during the first 
24 h. After that, the specimens were demoulded and put into a fog room 
with a condition of 20◦C–100% relative humidity. A three-point bending 
test was applied to determine the flexural strength. The 
simply-supported specimens were loaded from their mid-span. A 
compressive strength test was applied to the two pieces left from the 
flexural test at a loading rate of 2400 N/s. Six specimens for flexural 
strength and six specimens for compressive strength were tested for each 
mixture. 

2.4. X-ray diffraction analysis 

In order to analyze the mineral phases of UHPC depending on GGBS 
content, a solid phase analysis was conducted for 90 day-cured UHPC 
specimens by using X-Ray diffraction (XRD). To obtain suitable 

powdered samples that were homogenous and fine enough (≤20 μm), 
hand grinding was applied following a mixer mill. An XRD analysis was 
performed on the powdered samples using a Philips X’Pert diffractom
eter applying CuKα radiation (λ = 0.154 nm). The samples were scanned 
between 5◦ and 70◦ 2-theta, with a step size of 0.02◦ 2-theta and a dwell 
time of 5 s per step. 

2.5. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was performed to understand the 
effect of GGBS replacement on the hydration products. Samples were 
prepared following the same procedure as that of XRD. At 90 days of 
standard curing, 45 ± 5 mg of the powdered UHPC sample were tested in 
Argon atmosphere using a Netzsch Sta 449 F3 Jupiter® simultaneous 
thermogravimetry analyzer. The sample was heated from 40 to 1000 ◦C 
at a ramp rate of 20 ◦C/min. 

2.6. Nanoindentation test 

Nanoindentation technique involves indenting a surface with a dia
mond indenter, followed by a loading-unloading cycle while continu
ously recording the load and indentation depth. From the load- 
displacement slope and calibrated contact area, the modulus of elastic
ity of the material can be determined at the micro-scale. An Agilent 
Nanoindenter G200 (Keysight, Santa Rosa, CA, USA) equipped with a 
diamond Berkovich tip was used for nanoindentation. Continuous 
stiffness mode (CSM) was implemented during the nanoindentation test. 
The CSM was accomplished by imposing a harmonic force, which was 
added to the nominally increasing load on the indenter. The displace
ment response of the indenter at the excitation frequency and the phase 
angle between the two were measured continuously as a function of 
depth [18]. Measurements were performed after seven days of moisture 
curing of UHPCs to understand the strength differences observed from a 
short curing time depending on GGBS replacement. The specimens were 
cut into slices of 10 mm thickness. They were then ground and polished 
prior to the test. 

2.7. Scanning electron microscopy 

The microstructure of specimens was monitored by using a Philips 
XL30 scanning electron microscope (SEM) at 15 kV accelerating voltage. 
To carry out the microscopic investigation, 40 × 40 × 160 mm3 pris
matic specimens were produced. For SEM investigations, polished sec
tions were prepared after a 90-day curing period. Prismatic specimens 
were cut into pieces of 40 × 40 × 10 mm3 by using a blade saw specially 
designed for cementitious materials. For backscattered electron (BSE) 
microscopy, nearly 20 × 20 × 10 mm3 specimens were ground and 
polished after epoxy impregnation. Between each of the steps of 
grinding, an ultrasonic bath was applied for 5 s. 

3. Results and discussion 

3.1. Hydration heat 

Due to high binder content, it was anticipated that UHPC would have 
a noticeably higher heat of hydration compared to that of traditional 
concretes. In this study, high replacement ratios of GGBS were imple
mented to achieve a similar strength level accompanied by a lower heat 
of hydration than that of conventional UHPC. The heat flow and cu
mulative heat curves measured at 20 ◦C and 35 ◦C for the first 48 h are 
given in Fig. 3, and Fig. 4, respectively. The given heat values were 
normalized by the total weight of binders (cement + silica fume +
GGBS). The first peak—which was not fully recorded (the test data 
started to record nearly 30 min after water addition)—was specifically 
due to the hydration of C3A which upon dissolution reacts with Ca2+ and 
SO4

− ions present in the liquid phase to form ettringite (AFt) [19]. At the 

Table 2 
Mix proportions of UHPC mixtures.  

Materials (kg/m3) Ref. FS30 FS60 Ref.-f FS30-f FS60-f 

Water 211 213 215 211 213 215 
CEM I 52.5R 881 623 360 881 623 360 
GGBS – 267 540 – 267 540 
Silica fume 176 178 180 176 178 180 
Quartz (0–125 μm) 372 372 372 372 372 372 
Quartz (125–250 μm) 559 559 559 507 507 507 
Micro steel-fiber – – – 143.4 143.4 143.4 
Superplasticizer 58 44 30 58 44 30 
Design Parameters 
GGBS replacement (wt. 

%) 
0 30 60 0 30 60 

Water to binder ratio1 0.20 0.20 0.20 0.20 0.20 0.20 
Paste volume (%) 65 65 65 65 65 65 
Micro steel-fiber volume 

(%) 
– – – 2 2 2 

Slump-flow diameter 
(mm) 

310 ±
10 

310 ±
10 

310 ±
10 

290 ±
10 

290 ±
10 

290 ±
10  

Fig. 2. Mixing procedure of UHPC.  
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end of the first peak, there was almost no dormant period as a result of 
the high amount of silica fume acting as nucleation sites for cement 
hydration as well as the high early strength effect of the superplasticizer 
used. This behavior was more prominent at 35 ◦C than at 20 ◦C. Then, 
the main heat flow started to evolve, mainly due to the hydration of C3S 
and the initial pozzolanic reactions. GGBS replacement reduced the total 
heat released and the main peak of the heat flow curve as well. In the 
case of 20 ◦C (Fig. 3), the initial rate of heat flow slightly increased 
during the first 8 h as a result of 30% GGBS replacement. This can be 
attributed to a reduction in the amount of superplasticizer. The early 
hydration of binders is usually retarded as a result of high super
plasticizer dosage in UHPC [20,21]. GGBS replacement at 60% caused 
an extensive dilution effect and heat flow started to slow down around 
5.5 h as compared to that of the control mixture. When the temperature 
was 35 ◦C, a steeper increase in the heat flow rate was observed as a 
result of GGBS replacement. The increment of the temperature at early 
age accelerated hydration reactions of the binders and significantly 
reduced the time needed for achieving peak points of the curves. The 
peak of heat flow curves at 20 ◦C was reached at 10.6 h, 9.6 h, and 9.5 h 
for ref., FS30, and FS60 mixtures, respectively. The peak values at 35 ◦C 
were observed at 5.2 h, 4.5 h, and 4 h for ref., FS30, and FS60 mixtures 
in sequence. The reduction in the time that was needed for achieving the 
second peak as a result of the temperature increase became slightly more 
pronounced as GGBS replacement increased. This can be attributed to an 
accelerated pozzolanic reaction of UHPC due to more Ca(OH)2 forma
tion during the first few hours. FS60 mixture exhibited a shoulder 
following the main peak at 35 ◦C, whereas it exhibited a gradual 
reduction of heat flow at 20 ◦C. When Portland cement was replaced by 
GGBS in a high volume (%60), the time needed for the liberation of a 

sufficient amount of Ca(OH)2 to achieve the correct alkalinity was 
prolonged [22]. Abdulkareem et al. [23] have observed a similar trend 
for UHPC mixtures where GGBS content was equal to or higher than 
Portland cement content, as a result of the dilution effect. Apparently, an 
increase in the curing temperature made the shoulder formation related 
to the delayed reaction of GGBS more obvious by accelerating the Ca 
(OH)2 formation. The cumulative heat releases of ref., FS30, and FS60 
mixtures were 140, 120 and 90 J/g at 20 ◦C, whereas they were 152, 134 
and 110 J/g at 35 ◦C at the end of 48 h, respectively. An increase in the 
curing temperature increased the total heat release in concordance with 
the conclusions of the previous studies [24,25]. Moreover, 
GGBS-bearing mixtures were found to be more sensitive to curing tem
perature when compared with the control mixture in terms of cumula
tive heat. 60% GGBS replacement reduced cumulative heat release by 
36% and 28% at 20 ◦C and 35 ◦C, respectively. As it is seen, the benefits 
of GGBS on reducing hydration heat are less pronounced in hot weather. 

3.2. Strength development 

The flexural strengths of UHPC mixtures without and with fiber 
reinforcement are given in Fig. 5 and Fig. 6, respectively. In the case of 
plain UHPC without fiber (Fig. 5), GGBS replacement caused a slight 
decrease in flexural strengths at early age curing. However, when the 
curing time reached 7 days, flexural strengths for all mixtures were very 
close and almost the same as that of 28 days. Some previous studies 
showed that the flexural strength of UHPC could reduce when GGBS 
replacement surpassed 40% [7,26]. These contradictory findings can be 
attributed to the difference in mix design parameters and GGBS source 
used. As a result of the prolonged curing for 90 days, flexural strengths 

Fig. 3. Heat flow (a) and cumulative heat (b) curves of UHPC pastes at 20 ◦C.  

Fig. 4. Heat flow (a) and cumulative heat (b) curves of UHPC pastes at 35 ◦C.  
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were enhanced in the range of 31%–42% compared to 28 days of curing. 
The increment ratio was found largest for 30% GGBS replacement. When 
it comes to the fiber-reinforced series (Fig. 6), the FS60 mixture bearing 
60% GGBS exhibited an intense curing sensitivity and gained just 54% of 
the strength of the control mixture at one day. Due to the high volume 
replacement, the strength differences among the fiber-reinforced UHPCs 
were greater than those between the plain ones; this indicates that there 
is an explicit effect of strength development of the matrix on the 
fiber-matrix bond at an early age. At seven days, flexural strengths 
exceeded 40 MPa and multiple cracking behaviors were observed for all 
mixtures. Further increment in flexural strength was observed between 
28-day and 90-day curing periods; finally, a very high flexural strength 
level around 45 MPa was recorded at all GGBS ratios. 

Compressive strengths of UHPC mixtures without and with fiber 
reinforcement are given in Fig. 7 and Fig. 8 respectively. In the case of 
plain UHPCs without fiber (Fig. 7), 60% GGBS replacement caused a 
sharp reduction (50%) in compressive strength whereas 30% GGBS 
replacement caused a 12% strength loss at the end of the first day. At 
seven days, pozzolanic reactions had taken place and compressive 
strength in the range of 83–88 MPa was achieved for all mixtures. GGBS- 
bearing mixtures exceeded the performance exhibited by the control 
mixture at 28 days. After 90 days of curing, UHPC mixtures exhibited 
compressive strength in the range of 116–119 MPa. When UHPC was 
reinforced by micro steel fibers (Fig. 8), an explicit increase in 
compressive strength in comparison with plain UHPCs was recorded 
starting from an early age. The compressive strength value of the fiber- 
reinforced mixtures achieved the level of 120 MPa at seven days. Very 

similar performances were exhibited by the mixtures at 28-day strength. 
The prolonged curing period of 90 days did not supply any strength 
development and an ultimate compressive strength between 163 and 
170 MPa was obtained. An equal or better mechanical performance as a 
result of GGBS replacement of up to 60% was also reported in the pre
vious studies [5,27]. 

3.3. XRD findings 

XRD patterns of UHPC mixtures at the end of the 90-day curing 
period are given in Fig. 9. The characterizations of hydration products 
elaborated that the main phases after a long hydration period are Ca 
(OH)2 and ettringite (AFt). Moreover, there were still peaks of C3S, C2S, 
and C4AF due to non-hydrated cement particles in cement-rich UHPC 
mixtures, and these peaks were reduced by GGBS replacement. As a 
result of GGBS replacement, the Ca(OH)2 peaks reduced and almost 
disappeared in the case of high-volume replacement (60%). This implies 
that most of the Ca(OH)2 present in UHPC was consumed by the 
pozzolanic reactions in concordance with the literature [28,29]. More
over, some of the peaks related to unreacted cement particles also 
vanished with an increase in replacement ratio. This can be attributed to 
the reduced Portland cement content of GGBS-bearing mixtures. 

3.4. TGA findings 

The thermogravimetry/derivative thermogravimetry (TG-DTG) and 
differential scanning calorimetry (DSC) curves of UHPCs cured for 90 

Fig. 5. Flexural strength of UHPC mixtures without fiber.  

Fig. 6. Flexural strength of fiber-reinforced UHPC mixtures.  

Fig. 7. Compressive strength of UHPC mixtures without fiber.  

Fig. 8. Compressive strength of fiber-reinforced UHPC mixtures.  
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days are given in Fig. 10. The first peak detected under 200 ◦C is mostly 
due to the dehydration of several hydrates such as C–S–H, ettringite, 
monosulfoaluminate, gypsum, and monocarbonate [30]. As a result of 
GGBS replacement, the main peak located at 139 ◦C was weakened and 
shifted to a slightly lower temperature. In the case of 60% GGBS 
replacement, the peak was located around 127 ◦C. This can mainly be 
attributed to a reduction in the amount of unreacted gypsum as well as a 
reduction in ettringite that was observed in XRD patterns. The second 
main peak that indicates decomposition of Ca(OH)2 was observed at 
471 ◦C, 468 ◦C, and 463 ◦C for Ref., FS30, and FS60 mixtures respec
tively. The intensity of the peak was weakened by increasing GGBS 
replacement. In addition to XRD patterns, DTG curves imply that Ca 
(OH)2 was consumed by the pozzolanic reaction of GGBS. The amounts 
of Ca(OH)2 were calculated from Fig. 10(a) by implementing a 
tangential method described in previous studies [31,32]. Ca(OH)2 con
tents (%) of Ref., FS30, and FS60 were 2.1%, 1.2%, and 0.5%, respec
tively. Initially, Ca(OH)2 content depends mainly on the fraction of 
cement content in the matrix, and afterward, it is reduced due to the 
pozzolanic reaction over curing time [33]. Ca(OH)2 contents decreased 
with the increasing of GGBS content in concordance with the previous 
findings [34,35]. At 572 ◦C, a small endothermic peak was recorded 
(Fig. 10(b)). Beginning from this temperature, broadband of DTG curve 
started to form, with a peak at 700 ◦C. This broad peak can be attributed 
to the de-carbonation of CaCO3 accompanied by solid-solid trans
formations [36]. The exothermic peak at 860–875 ◦C indicates a phase 
transformation to wollastonite (CaSiO3) [37–39]. 

3.5. Nanoindentation findings 

Nanoindentation test was implemented to measure the moduli of 
elasticity of the paste phases of UHPC mixtures after the curing period of 
seven days when the strength values of FS30 and FS60 almost reached 

that of the reference mixture. Before the test, 25 points from the hy
drated phase were selected manually by means of optical microscopy of 
the nanoindenter. Examples of the curves obtained by nanoindentation 
are given in Fig. 11(a). The values of Young’s modulus were stabilized 
after the initial indentation depth of 1500 nm due to some effects such as 
subtraction, surface stress, and roughness [40]. Therefore, elastic 
moduli were obtained by averaging the corresponding values between 
1500 nm and 2000 nm. Elastic moduli of the paste phase of ref., FS30, 
and FS60 mixtures were found to be 31.2, 32.4, and 27.7 GPa, respec
tively (Fig. 11(b)). Parallel to the compressive strengths obtained at 
seven days (Figs. 7 and 8), 60% GGBS replacement notably reduced 
elastic modulus. Similarly, Hu et al. [41] measured the micromechanical 
properties of a cement paste with a water to binder ratio of 0.23 by 
nanoindentation and found that the indentation modulus of C–S–H 

Fig. 9. XRD patterns of UHPC mixtures that were cured for 90 days.  

Fig. 10. TG-DTG (a) and DSC (b) curves of UHPC mixtures that were cured for 90 days.  

Fig. 11. Typical curves obtained by nanoindentation (a), elastic moduli of 
paste phases of UHPCs at 7-day (b). 
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reduced significantly (from 31 to 24 GPa) as a result of 50% GGBS 
replacement. 

3.6. SEM observations 

BSE micrographs of ref., FS30, and FS60 mixtures that were cured for 
90 days are given in Fig. 12. It was obvious that there was still a large 
quantity of non-hydrated cement and GGBS particles after the 90-day 
curing period. Increasing GGBS replacement reduced the cement con
tent, thereby reducing the number of non-hydrated cement particles. 
However, in this case, unreacted GGBS particles became visible. More
over, an explicit porosity domain (black area in the images) was noticed 
even after a long curing period. In the reference mixture, trace amounts 
of GGBS particles that probably arose from the cement production 
process were also detected. 

During the SEM investigation, a noticeable amount of agglomerates 
consisting of silica fume particles were detected in the mixtures, 
particularly in the reference mixture (Fig. 13(a)). Silica fume used in 
UHPC was in the dry densified form and consisted of agglomerates 
varying in size from microns to several millimeters. Apparently, the use 
of densified silica fume in UHPC mixtures with a very low water to 
cement ratio may result in poor dispersion of the densified particles. 
GGBS-bearing UHPCs reached the ultimate slump-flow diameter in a 
shorter time. Even if a viscosity measurement had not been made during 
the experiments, lower detection of agglomerates in the case of GGBS 
replacement can be attributed to better dispersion of fines in these 
mixtures as a result of lower viscosity. In Fig. 13(a), the agglomerate has 
inner porosity and microcracks. A border that is distinguished as a tight 
microcrack pattern can be seen around the agglomerate. This particular 
observation can be attributed to a local volumetric instability that may 
be associated with an ongoing local alkali-silica reaction which is not 
harmful to the entire UHPC body [42]. However, when we look deep 
into the unreacted cement particles, not only the C2S but also the C3S 
phase was observed despite a long curing period. The C3S phase bearing 
some impurities on the surface can be differentiated in C4AF phase in 
Fig. 13(b). This finding was supported by XRD patterns (Fig. 9). It should 
be emphasized that although cement with a very high fineness (CEM I 
52.5 R) was used, the existence of a considerable amount of unreacted 
cement particles persisted, even after the 90-day curing period. 

In order to compare C–S–H phases of UHPC mixtures, energy 
dispersive spectrometer (EDS) analyses were performed on five spots 
that were selected manually during the SEM investigation (Fig. 14). The 
average Ca/Si ratios were 1.19, 0.92, and 0.88 for ref., FS30, and FS60 
mixtures, respectively. In the case of silica-rich cement composite such 
as UHPC, it is expected that Ca/Si of about 1 can be obtained [43]. The 
lower Ca/Si demonstrates the overall improved polymerization of 
C–S–H [44]. By means of silica-rich GGBS replacement, the Ca/Si atomic 
ratio of C–S–H reduced as a result of the consumption of Ca(OH)2 in the 
pozzolanic reaction. The determined Ca/Si ratios of moisture-cured 
mixtures are comparable with that of previous studies [45,46]. The 
Ca/Si ratio of C–S–H was reported to vary from 1.2 to 2.3 and can reduce 
with a decrease in the water to binder ratio and the addition of sup
plementary cementitious materials [47]. Reduction in the Ca/Si ratio 
enhances the micromechanical properties of the C–S–H phase; however, 
the results cannot be directly translated into macro mechanical prop
erties of the composite since the compressive strength depends not only 
on the elastic properties of the C–S–H phase but also on porosity, 
shrinkage cracks, unreacted particles, presence of aggregates, etc. [48]. 
Although GGBS replacement reduced the Ca/Si ratio below 1.0, a 
noticeable increment in the compressive strength of UHPC could not be 
achieved at 90 days of curing (Fig. 7). A moderate negative linear 
relationship (R2 = 0.62) between the Ca/Si ratio and the compressive 
strength of UHPC was reported [43]. Thus, further research is required 
to confirm a strong relationship between these two properties in the case 
of very low Ca/Si ratios under the standard curing condition as in this 
study. 

4. Conclusions 

In this experimental study, calorimetric and microstructural in
vestigations were carried out to clarify the effect of GGBS replacement 
on the most important engineering properties of UHPCs. The following 
major conclusions can be drawn: 

Fig. 12. BSE micrographs of ref. (a), FS30 (b) and FS60 (b) mixtures that were 
cured for 90 days (QZ: quartz grain, C: unreacted cement, S: GGBS particle). 
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• Replacing Portland cement with GGBS significantly reduced the 
superplasticizer requirement to reach the target slump-flow value of 
self-compacting UHPCs. This can ensure a further reduction in the 
cost of the material in addition to the reduction in cement dosage.  

• GGBS replacement reduced both the total heat released and the main 
peak of the heat flow curve at both 20 ◦C and 35 ◦C. An increase in 
the curing temperature increased the total heat release of UHPC 
pastes at an early age (48 h). GGBS replaced matrices were found to 
be more sensitive to curing temperatures when compared with the 
reference mixture in respect to cumulative heat. 60% GGBS 
replacement reduced cumulative heat released by 36% and 28% at 
20 ◦C and 35 ◦C, respectively. In other words, the benefits of GGBS on 
reducing hydration heat are less pronounced in hot weather. This 
should be taken into account during hot weather concreting with 
UHPC.  

• As a result of GGBS replacements, strength levels which are nearly 
the same as those of the reference mixture without GGBS could be 

achieved. Performance differences in strength values were only 
noticeable on the first day of the curing period. Prolonged curing 
time and fiber inclusion eliminated strength differences. Ultimate 
compressive strength of 160 MPa and flexural strength of 45 MPa 
were obtained with a cement dosage of only 360 kg/m3.  

• XRD and TGA investigations revealed that as a result of GGBS 
replacement, main compounds originating from unreacted cement 
particles as well as Ca(OH)2 content were significantly reduced in the 
UHPC matrix at the end of the 90-day curing period. Ca(OH)2 could 
be lowered up to 0.5% in the case of 60% GGBS replacement, indi
cating that the rest of the Ca(OH)2 amount may not be enough for 
further pozzolanic reactions despite large numbers of unreacted 
GGBS particles observed in SEM micrographs.  

• Nanoindentation test was carried out to measure the moduli of 
elasticity of the paste phases of UHPC mixtures after the moisture- 
curing period of 7 days. High-volume GGBS replacement (60%) 

Fig. 13. Typical appearances of silica fume agglomerate (SA) (a), and unreacted cement particle (UC) (b).  

Fig. 14. Spots in ref. (a), FS30 (b), FS60 (c) mixtures that were subjected to EDS analyses, and average Ca/Si ratios (d).  
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notably reduced the elastic modulus whereas 30% GGBS replace
ment slightly increased it.  

• GGBS replacement reduced the Ca/Si ratio of the C–S–H phase below 
the value of 1.0 after 90 days of moisture-curing; however, further 
enhancement in the compressive strength of UHPC could not be 
observed. 

Partial replacement of Portland cement by GGBS reduces the hy
dration heat while retaining the mechanical performance of UHPC. In 
this study, a maximum replacement level of 60% which is commonly 
recommended as the highest percentage for UHPC in the literature was 
evaluated. However, the effects of the use of slag cement in UHPCs on 
the engineering properties of UHPCs should be comprehensively inves
tigated to lower the used clinker amount and obtain more eco-friendly 
mixtures. 
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