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Abstract
Rapid strengthening ultra-high-performance concretes (RS-UHPCs) have great potential in repair applications and precast
elements manufacturing. Using industrial and natural pozzolans to reduce cement consumption and carbon dioxide footprint
can be a crucial step in the industrial and economic development of UHPCs. In this study, by introducing ten mix designs
based on UHPC and replacing 5%, 10%, and 15% by weight of silica fume with single pozzolans including slag and zeolite
separately and a combination of percentages of both pozzolans as a silica fume replacement up to 15% by weight, various
tests, including evolutions in internal temperature, setting time, compressive strength, and electrical resistivity in early and
higher ages and final water absorption were performed on the specimens. The test results revealed that each of the pozzolans
exhibits a different behavior during the hardening period, early and higher ages. In addition, a strong mathematical correlation
was found between the results of various mechanical and durability tests. Slag and zeolite in amount of 5% cement weight in
the mix designs, acquired the best results in terms of mechanical and durability properties, and percentages of 15% in single
and complex conditions gave relatively lower results. The microstructural evaluation of the two optimal designs showed the
increased compaction and improved C.S.H. growth due to pozzolan replacement with silica fume.

Keywords Ultra-high-performance concrete · Zeolite · Slag · Electrical resistivity · Hydration heat

1 Introduction

Using admixtures such as fibers andmineral fillers to improve
the mechanical properties of cementitious composites has
been studied and industrialized during the past decades
(Ahmad et al. 2022; Jan et al. 2022; Moein et al. 2019). In
recent years, tremendous improvements have been reached
in the development of UHPC technology (Bahmani and
Mostofinejad 2022; Du et al. 2021; Sharma et al. 2022;Wang
et al. 2021). Nowadays, this type of concrete is used as a
standard construction material with a compressive strength
of at least 120MPa in the industry (ASTM 2017). Achieving
ultra-high performance at an early age is a crucial step for
UHPC. Due to this property of UHPC, this type of concrete
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for structural purposes requires relatively faster andmorepre-
cise operations compared to ordinary concrete, with a unique
advantage. Gaining the desired mechanical strength for the
structural concrete elements within 1–3 days or even less
from this material investigated in numerous studies (Stein
et al. 2010; United States Department of Transportation
2002).

The acquirement of mineral rock powders to improve
mechanical properties of new class of cementitious compos-
ites such as high performance and ultra-high-performance
concretes with the obvious environmental and economic
advantages, has been the subjects of numerous research cases
(Ahmad et al. 2022; Shaukat et al. 2020). The primary pur-
pose of introducing natural zeolite (NZ) and slag in concrete
mixtures is the potential of these pozzolans to improve their
mechanical properties (Caputo et al. 2008; Hajforoush et al.
2019; Moein and Soliman 2022; Moein et al. 2023a; Sadr-
momtazi et al. 2019; Tahmouresi et al. 2021). Recent studies
show that the use of NZ in pozzolanic concretes has positive
effects and a good impact on the durability and mechanical
properties (Ahmadi and Shekarchi 2010; Chan and Ji 1999;
Poon et al. 1999). Theuse ofNZ inUHPCcaused a significant
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change in the characteristics of this type of concrete while
reducing cement consumption (Pezeshkian et al. 2020, 2021).
In the scope of this study, asmentioned in the case ofNZ, sim-
ilar effects of ground granulated blast furnace slag (GGBFS)
onhydration temperature, strength, andmicrostructural prop-
erties of UHPC observed (Kim et al. 2016; Shi et al. 2015;
Xiao et al. 2014). In terms of heat evolution during hydra-
tion, UHPC can undergo significant changes due to its high
cement and low water content (Sbia et al. 2017; Yalçınkaya
and Çopuroğlu 2021). In this case, the necessity of using
pozzolanic materials by researchers to reduce the amount of
Portland cement to control the heat of hydration with the
desired limits has been investigated (Bajaber and Hakeem
2021). In different studies is stated that GGBFS does not
play an influential role in reducing the heat of hydration in
hot climates (Kim et al. 2016;Woo et al. 2018). According to
some researches, the difference of strength growth depend-
ing on the replacement ratio of GGBFS as an active pozzolan
with cementitious properties to Portland cement is significant
in the early curing ages (Yazici et al. 2010; Yu et al. 2014).

In various studies, a theoretical basis for realizing the rela-
tionship between hardening properties and the development
of electrical resistivity is implied (Cosoli et al. 2020;Wei and
Xiao 2013). This characteristic of concrete depends on the
microstructure of the cement paste and the different geome-
tries of pores, which is determined by the volume, size, and
connection of them (Gholhaki et al. 2018; Mansoori et al.
2020; Moein et al. 2022, 2023b; Mosavinejad et al. 2018;
Rahmati et al. 2022; Sadrmomtazi et al. 2018; Saradar et al.
2018, 2020; Shadmani et al. 2018). The electrical resistivity
of concrete also depends on its moisture content and chemi-
cal structure (Gorzelańczyk and Hoła 2011; Sengul 2012). In
addition, the amount of additives such asGGBFS, fly ash, and
silica fume reduces the size and volume of the pores. UHPC
is known as a composite with a well-packed structure and
low permeability. A high degree of packing and low poros-
ity content significantly reduces the transfer of ions through
the matrix and in turn, improves the durability properties (Li
et al. 2020; Wang et al. 2019).

Despite the variety and number of researches on the elec-
trical resistivity of hardened concrete, very few specially
focused studies are found in the field of UHPCs, and few
studies showed a significant effect of pozzolans on elec-
trical resistivity, specifically at higher ages (Ghasemzadeh
Mosavinejad et al. 2020). Development of research and col-
lection of laboratory data in the field of electrical resistivity
of pozzolanic UHPCs can play an essential role in the com-
prehensive evaluation of the long-term behavior of these
concretes and the application of this non-destructive method
leads to the prediction of durability and mechanical proper-
ties even after several decades of UHPC’s life cycle.

In this study, the effects of Zeolite and slag as a replace-
ment of silica fume investigated on the behavior of fresh

concrete by evaluating the setting time and temperature evo-
lution of fresh concrete in the first 28 h. These pozzolans are
well-known as secondary binders with relatively low poz-
zolanic reaction compared to silica fume which is beneficial
in controlling the C.S.H. evolution of high strength cementi-
tious composites, such as UHPC. In a matter of setting time
control for rapid repair cases, such as pavements of highways
with high traffic load and time sensitive projects, the modi-
fication of mix design is crucial. Moreover, in cold regions,
rapid strengthening formulas specially in the case of UHPC
could benefit themediators such as zeolite to overcome draw-
backs in terms of physical and mechanical properties of such
concretes at the long-term performance. Furthermore, after
hardening of the UHPC, by studying the mechanical prop-
erties, durability, and microstructure of these concretes, the
effect of these additives for higher ages was evaluated.

2 Experimental program

2.1 Materials

The powder materials used in this research, including type II
cement, were used following the specifications of theASTM-
C150 standard (ASTM 2019). Silica fume compatible with
ASTM-C1240 standard specifications (ASTM 2020) was
selected. GGBFS and zeolite were used to replace part of
the cement up to 15% by weight, both passing through the
200mesh sieve. The chemical characteristics of the powdered
materials used are based on Table 1. In addition, silica sand
passing through sieve No. 30 (less than 600 microns) was
used as a fine aggregate and polycarboxylate-based super-
plasticizer as a water-reducing agent in accordance with
ASTMC-494 (ASTM 2013). The accelerator used was pow-
dered sodium aluminate with a purity of 98%.

2.2 Fabrication and curing

Fabrication, molding, and curing were performed following
the requirements of the ASTM C109 test method (ASTM
2005) with the following changes: to make a fresh mixture,
powders and silica sand were first mixed in a pan mixer to
obtain a uniform dry mixture. The water and superplasti-
cizer mixture was then gradually added over about 30 s and
the mixing was continued for 1 min at 30 RPM. After that,
rest around the mix pot with a spatula for 1 min to remove
any unmixed material in the blades’ path. Finally, for two
min., mixing was continued at 60 RPM, and the mixture was
ready for molding. The specimens were demolded 12 h later
and the initial tests (12 h were performed on the first series of
specimens, the rest of the specimens were cured under stan-
dard conditions until the determined ages. Specifications of
the mix designs are presented in Table 2.
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Table 1 Chemical properties of cement, silica fume, zeolite, and slag

SiO2 Fe2O3 Al2O3 CaO MgO Na2O K2O SO3 L.O.I

Cement 22.72 2.91 3.69 62.68 4.92 0.18 0.71 2.42 1.56

Silica fume 93.4 1.14 0.64 1 0.62 – 0.03 1.14 2.9

Zeolite 69.12 0.29 12.81 2.31 1.42 2.29 1.25 0.2 8.99

GGBFS 36.6 0.52 11.1 35.4 1.7 0.6 0.82 1.02 2.1

Table 2 Mix designs (kg/m3)
Mix code Cement Silica fume GBFS Zeolite Water SP SAA

C 848 212 0 0 169.6 13.78 2.12

5G 848 159 53 0 169.6 13.78 2.12

10G 848 106 106 0 169.6 13.78 2.12

15G 848 53 159 0 169.6 13.78 2.12

5Z 848 159 0 53 169.6 13.78 2.12

10Z 848 106 0 106 169.6 13.78 2.12

15Z 848 53 0 159 169.6 13.78 2.12

5G5Z 848 106 53 53 169.6 13.78 2.12

10G5Z 848 53 106 53 169.6 13.78 2.12

5G10Z 848 53 53 106 169.6 13.78 2.12

C control mixture, XG, YZ, XGYZ x is the percentage of replacement of silica fume with slag, Y is the
percentage of replacement of silica fume with zeolite

2.3 Tests

2.3.1 Internal temperature evolution

In different studies, various forms of semi-adiabatic cham-
bers used to measure the heat of hydration, heat flow and
monitoring the internal temperature variations of different
concretes, including UHPC (An et al. 2016; Liu et al. 2018;
Soliman and Nehdi 2013; Viviani et al. 2022). In the present
study, a customized 0.4 mm thick polymer spherical mold
(plastic ball) was used to build the UHPC paste spheri-
cal specimens. UHPC paste (without aggregate) was made
according to the mix design and poured into the mold imme-
diately. The J-type thermocouple sensor was placed in the
center of the sphere, and the fabricated specimen, including
the polymer mold, was installed inside the EPS insulation
box, as shown in Fig. 1, to measure the internal temperature
evolution of theUHPCspecimens. The temperaturemeasure-
ments monitored and recorded by the digital counter every
15 min. up to 28 h, and the range was reported with temper-
ature changes due to the development of heat in the center of
the specimen.

2.3.2 Setting time

The paste fabricated to assess the heat evolution, also used
to measure the initial and final setting time with the vicat

Fig. 1 Schematic diagram of measuring setup for internal temperature
evolution of UHPC paste in the first 28 h after molding

needle device. Apart from the specifications and method
of fabricating UHPC paste, the rest of the test procedure
and calculations were performed according to ASTM C191
(American Society for Testing and Materials 2008).
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2.3.3 Compressive and flexural strength

Compressive strength tests at the ages of 1/2, 1, 2, 7, 28,
and 90 days were performed on cubic specimens with a
dimension of 7.5 cm and in accordance with BS EN 12390-3
(British Standards Institution 2019). In addition, the flexural
strength test according to ASTM C348 (ASTM 2021) was
performed on prismatic specimens with dimensions of 4 ×
4 × 16 cm.

2.3.4 Electrical resistivity and final water absorption

The electrical resistivity of the specimens was measured
according to the AASHTO TP95 standard (AASHTO TP
95-11 2011) using the compressive strength specimens at
the same test ages and by a pair of plate electrodes on oppo-
site sides of the specimens. To achieve reliable results, all
three specimens were tested for each mix design at every
age and under saturated conditions. The final water absorp-
tion was also performed on compressive strength specimens
following ASTM C642 (ASTM 2013).

2.3.5 Microstructure

UHPC microstructural evaluation has a relatively good
research background, and extensive studies have been con-
ducted so far on the effect of additives and their role in
the structure formation of the cement matrix (Wang et al.
2015). Scanning electron microscopy was used to examine
the microstructure of UHPC specimens containing different
pozzolans. SEM images with 50 kX and 75 kX magni-
fications were used to evaluate the cement matrix of the
specimens and the role of zeolite and slag pozzolans in the
UHPC microstructure.

3 Results and discussion

3.1 Fresh state

The results of the temperature evolution testing of the pastes
categorized based on mix designs in Fig. 1 show that each of
the pozzolans alone or in combination has different effects
on the temperature evolution of the specimens. Mixtures
containing slag (Fig. 2a) reaching up to 510 min. have a tem-
perature range close to the control design. Still, over time,
and especially in the time range of 1395 min., a significant
difference emerged, and the temperature growth trend at this
time for the design containing Slag was much faster. The ini-
tiation of heat evolution in specimens containing slag has a
delay compared to control mix design which is previously
studied and confirmed (Yalçınkaya and Çopuroğlu 2021). It
can be stated that slag started its slow pozzolanic activity
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Fig. 2 Temperature evolution of the control design in the first 30 h
after molding and its comparison with designs containing pozzolan.
a Comparison of designs containing slag. b Comparison with designs
containing zeolite. c Comparison with designs containing slag and zeo-
lite simultaneously
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Fig. 3 Initial and final setting time of paste from different mix designs

due to the temperature jump and the presence of an accel-
erating agent in this time range, and the delay was probably
due to slag activity and the relatively slow hydration process
of secondary pozzolanic reactions so the minimum temper-
ature increase of 46.9% (5G) is observed in this period. In
contrast, the rate of temperature increase of the control mix
design in the previous period (735 min.) is much higher than
the mix designs containing slag. The 15G mix had the least
difference from the control mix in this time period (differ-
ence of 13.7%) and the decrease observed in the next time
step. This temperature jump evidently repeated in the 15G
mix design due to the cementitious properties of the slag and
its synergy with the cement. According to Fig. 2b, zeolite
showed more activity than slag. In 735 min., the 5Z design
appeared with a slight difference (3.8%) above the control
design and even in 1395 min., at least The difference (15Z
design compared to the control design) reached 16.3%,which
was much closer to the control design than the trend of mix
changes containing slag. Zeolite keeps the initial tempera-
ture rise close to the control mix which is practical in cold
regions and reaching higher temperatures in mixes including
high percentage of zeolite can improve the hardening pro-
cess. Simultaneous use of two pozzolans of slag and zeolite
in complex designs (Fig. 2c) slowed down the slag reac-
tion to some extent and neutralized the optimum activity of
zeolite and the minimum difference in thermal peak (time
interval 1395 min.) reached 21.4% Which implies a differ-
ence of 5.1% compared to the previous chart data. Increasing
the hydration temperature over 28 h can be helpful in slag-
containing concretes, especially in cold regions and seasons,
and to neutralize the slow setting due to cold weather to some
extent.

Slag and zeolite pozzolans had different effects on the
setting time ofUHPC paste. Based on the results in Fig. 3, the
most significant increase in setting time was obtained in the

10G design, which final setting took 2.62 times longer than
the control design. However, this trend sharply decreased
with a 5% increase in slag in the 15G design compared to
the previous one, and the final setting decreased by 33.7%.
In general, the addition of pozzolans has reduced the interval
between the initial and final setting, reducing the difference
of 60.5% in the control design to 9.59% in the 10G design.
In addition, 5G, 5Z, and 10Z designs with 3.28%, 9.84%,
and 19.7% differences compared to the control design at the
time of final setting, respectively, have the shortest distance
in terms of setting rate with the control design. Increasing
the percentage of zeolite and slag pozzolans to more than
10% has led to a decrease of setting time which from this
perspective, had a negative effect on the behavior of UHPC.

3.2 Mechanical properties

The trend of increasing compressive strength in the first 2
days of curing for designs containing slag (Fig. 4a), implied
a higher initial strength than the control design that is increas-
ing the percentage of pozzolan which had a direct effect on
reducing the amount of compressive strength. In the first ½
day of curing, the highest compressive strength belongs to
the 5G design, which is 2.74 times higher than the control
design. The strength growth rate continued to slow down
gradually for the slag-containing designs compared to the
control design, and on the second day (first 2 days), the
10G and 15G designs showed lower strength than the control
design. This relatively initial fast setting, which has occurred
due to the cementitious properties of slag and the increased
hydration activity of cementitious and pozzolanic particles,
can create a remarkable potential in UHPC and enable rapid
repair and temporary applications before ½ day. Zeolite, on
the other hand (Fig. 4b), behaved much similar to the con-
trol design in UHPC. A much smaller increase in strength
observed in the first ½ day (maximum 67.1% increase in
the 10Z design). Unlike slag-containing designs, in zeolite-
containing designs, the growth trend of compressive strength
was still higher than the control design during the first 2 days,
and despite the results of these designs approaching the con-
trol design at the end of first day, again at 2 days of age, the
distance between the results increased. This unique effect
of zeolite, which unlike cement, is not hydration related,
could be originated from its high porosity and the role of
zeolite in internal curing and relatively better hydration of
cement particles. In designs containing the two pozzolans
(Fig. 4c), zeolite also reduced the impact of slag and thus
reduced the hardening process rate. At age of 2 days, signif-
icantly increasing the percentage of total pozzolans to 15%
has resulted in lower compressive strength than the control
design. The 5G10Z design, which also has a higher ratio of
zeolite, at this age has resulted in the lowest compressive
strength compared to other compositions (13.4% lower than
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Fig. 4 Comparison of compressive strength of control design at 1/2, 1,
and 2 days of curingwith a designs containing slag pozzolans, b designs
containing zeolite pozzolans, c designs containing slag and zeolite poz-
zolans simultaneously

the control design). Zeolite seems to have played an influen-
tial role in reducing the pozzolanic and cementitious activity
of slag.

As shown in Fig. 5, at 90 days, most designs experienced
a decrease in compressive strength due to the accelerating
agent negative effect. The only exception is the 5Z design, in
which the positive impact of 5% zeolite resulted in a 3.1%
increase in compressive strength at 90 days compared to the
age of 28 days. At different ages, the replacement of slag
pozzolans, both individually and collectively, by 15%, led
to a reduction in compressive strength compared to the con-
trol design in most cases which is supported by other studies
(Mounira et al. 2021; Chadli et al. 2020; Tebbal and Rah-
mouni 2016). However, the 15G, and 15Z designs at the
age of 90 days showed a slight increase (1.79% and 4.46%,
respectively) due to the pozzolanic effect on the trend of
increasing strength. Furthermore, the role of aggregates is
undeniable which some studies support the effect of aggre-
gates at higher ages (Tebbal and Rahmouni 2016).

The results of flexural strength (Fig. 6) also show a
decrease in values at 90 days compared to the period of
28 days, which is consistent with the results of compres-
sive strength. This reduction in strength, previously attributed
to the accelerating effect, is not observed in the 5Z design,
and this exception can also be seen in the compressive
strength results. The 7 day age of flexural specimens show the
maximum amount of 14.3 MPa for 5Z5G mix design. Fur-
thermore, the results as expected are close to 28 day results
similar to compressive strength data. The flexural strength
results of different designs at the age of 28 days are rela-
tively close to each other. The minimum flexural strength is
recorded in the 5G10Z design with 17.3 MPa, and the maxi-
mum in the 5Z design is 20MPa.Very close results in flexural
strength may indicate less sensitivity of these results to the
effect of pozzolans compared to the results of compressive
strength.

3.3 Electrical properties and water absorption

The trend of changes in electrical resistivity in the first 2 days
of curing for designs containing slag (Fig. 7a) revealed the
positive effect of slag on the improvement of electrical resis-
tivity at the end of ½ day curing. The presence of 5% slag
led to an increase 2.07 times the electrical resistivity at this
age compared to the control design. As the percentage of
slag increased at this age, the electrical resistivity decreased.
However, up to 15%, the higher results were recorded com-
pared to the control mix design. At the first day of age, the
electrical resistivity of the 5G design was still 153% higher
than the control design, but the results of the designs con-
taining 10% and 15% slag were closer to the control design.
At 2 days of age, the control design showed a significant
increase in electrical resistivity and appeared at least 14.9%
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Fig. 5 Compressive strength of
different pozzolanic UHPC
designs at the ages of 7, 28, and
90 days
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(compared to the 5G design) higher than other designs. The
trend of changes in slag-containing designs reveals the cross-
sectional effect, and intense slag activity, especially in the
first curing day. In designs containing zeolite (Fig. 7b), the
results are closer to the control design.At the endof½day, the
5Z design has almost the same results as the control design,
and the 10Z and 15Z designs show higher results with a
164% increase over the control design. At the end of the first
curing day, the results of zeolite-containing designs became
more distant from the control design and closer to each other.
The trend of changes in electrical resistivity of these designs
changed after 1 day of curing. At the age 2 days, the 5Z
design approached the control design again, while the 10Z
design was, furthermore, associated with an increase in elec-
trical resistivity. The effect of zeolite probably led to a turning
point at the age of 1 day due to the complexities caused by
porosity and the pozzolanic effect, which had both negative
and positive effects on electrical resistivity.

According to Fig. 8, the sharp increase in electrical resis-
tivity after the age of 7 days is well visible. At the age of
28 days, the minimum increase in electrical resistivity (in the
10G design) compared to the age of 7 days 14.3 times, and
at the age of 90 days (5Z). The minimum increase in resis-
tivity compared to the age of 28 days was 2.54 times. These
drastic changes, which are significantly different from the
compressive strength growth rate, regardless of the mechan-
ical structure, probably occurred due to chemical changes in
the cement matrix and the closure of capillary pores with the
development of hydration. In addition, at the age of 90 days,
all designs containing slag and zeolite pozzolans individually
had higher results than the control design, which shows the
optimal performance of pozzolans in improving the dura-
bility of UHPC. Compositions containing 15% of binary
pozzolans showed lower results at 90 days than the control
design.

The lowest amount of water absorption, according to the
diagram in Fig. 9, belongs to the 5Z design, which is con-
sistent with other results. This composition can be suggested
as the optimal one. This result is in good agreement with
the results of electrical resistivity and the positive effect of
pozzolans, except for the designs of 10G5Z and 5G10Z,
which arewell-reflected in the results. The reduction ofwater
absorption due to the significant improvement of hydration,
which results from the favorite activity of slag and zeolite,
seems to be a logical reason for these values.

3.4 Correlation of results

Correlation with coefficients above 85% between the results
of compressive strength and flexural strength at 28 and
90 days (Fig. 10) has shown a significant exponential rela-
tionship between these two groups of results. The higher
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Fig. 9 Percentage by weight of final water absorption of various poz-
zolanic UHPC designs at 28 days of age

slope of the chart at 90 days can be related to the improve-
ment of flexural strength against compressive strength at this
age. In addition, at the age of 90 days, the obtained exponen-
tial relationship was more consistent with the experimental
results, and the correlation coefficient reached 88%, which
shows a stronger connection between the results of compres-
sive and flexural strength at higher ages.

The relationships between compressive strength and elec-
trical resistivity at the ages of 28 and 90 days (Fig. 11) have
relatively high correlation coefficients (at least 86.4%). In
contrast to the correlation between the results of mechani-
cal tests, at 90 days, the relationship between the results is
slightlyweaker. This decrease in correlation can be attributed
to the difference in the growth of electrical resistivity com-
pared to the compressive strength for the two types of
pozzolans.

An excellent linear correlation (with a correlation coeffi-
cient of 87.9%) is shown in Fig. 12 between the results of
electrical resistivity and final water absorption at the age of
28 days. This linear and inverse relationship has shown the
strong dependence of the results of electrical resistivity on
the water absorption of the specimens and their subsequent
porosity.

3.5 Microstructure

Figure 13 shows the microstructures of two selected compo-
sitions, 5Z, and 5G, at different magnifications. Figure 13a
shows the abandoned particles of silica fume in the closed
cavities of the cement matrix. The high density of matrix
and sharp-edge crystals of unhydrated cement particles can
be seen in this image. Also shown in Fig. 13b is the multi-
growth direction of the C.S.H gel within the cement matrix,
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as one of the main reasons for the significant increase in
compressive strength and electrical resistivity values, can be
considered. Fractured pieces of sand with a lighter color can
be detected on the cement matrix in Fig. 13c. Scattered sil-
ica fume particles are also detectable in this image, which
is less numerous than in Fig. 13a. In this specimen, too, the
high degree of packing of the cement matrix due to the devel-
opment of C.S.H. is visible. In addition, anhydrate cement
crystals are observable on the broken surface of concrete,
which can be due to the effect of slag on the optimal devel-
opment of the gel and reducing the number of raw cement
crystals. Figure 13d shows development of a different struc-
ture of C.S.H. gel and it is shown in Fig. 13b and at the same
magnification. The gel mass structures are relatively larger
and do not follow a specific orientation.
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Fig. 13 5Z design microstructure
at: a 50 kX and b 75 kX—5G
design at: c 50 kX and d 75 kX

4 Conclusion

Mix designs of pozzolanicmodifiedUHPCs that investigated
in this study with the aim of rapid repair and cold region
applications in relatively short periods and time sensitive
manners, in addition to optimal performance in the first 2
days, at higher ages also maintain the range of optimal char-
acteristics of UHPCs and efficiency they have been proven
for utilization in industry. According to the results obtained
and the interpretations provided, the following can be sum-
marized in the conclusion of the study:

• The internal heat evolution of UHPCs containing slag
and zeolite was delayed compared to the control design
which is a crucial factor for time sensitive projects. Higher
temperatures were recorded as a result of the pozzolanic
reaction process, in which slag showed more intense
activity than zeolite and the highest hydration reaction
temperature belonged to designs containing slag. This

behavior of slag is useful to control drawbacks such as
early cracks during the hardening of UHPC.

• The setting time of the designs containing single zeo-
lite and slag pozzolans, except for the 10G design, was
relatively short compared to the control design, and the
complex designs with 15% of single pozzolans had a
somewhat higher setting time. Depending on the project
requirements, each mix design can be ideal for the speci-
fications of that project.

• The growth trend of compressive strength in the first ½
day was intense and unique in the compositions incorpo-
rating slag and zeolite aswell as the designs containing two
pozzolans showed less difference than the control design.
These combinations could be beneficial specially for cold
and dry climates.

• At the ages of 1 and2days, the growth trendof compressive
strength for pozzolanic designs decreased, and the control
design, in most cases, surpassed the pozzolanic designs.
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• At 90 days, the negative accelerating agent effect on com-
pressive strength was noticeable, although the 5Z design,
unlike other designs, experienced a slight increase in com-
pressive strength at this agewhich eliminates the drawback
of using accelerating agent. In addition, at the periods of 7
and 28 days, designs containing 15% of pozzolan showed
a decrease in compressive strength compared to the control
design.

• Severe changes in electrical resistivity of slag-containing
designs at early ages, up to 2 days, compared to zeolite
and complex designs, showed the effect of slag in blocking
capillary pores. This is useful specifically for reinforced
elements in a freezing environment.

• The rapid increase in electrical resistivity at the ages of
28 and 90 days for pozzolanic mix designs, regardless of
changes in compressive strength, was a prominent result
of this study. This enormous rise of ER, ensures drastically
long service life of the concrete element.

• A strong mathematical correlation was established at the
ages of 28 and 90 days between the results of compres-
sive and flexural strength, and compressive strength and
electrical resistivity.

• Microstructural images of the two selected designs
revealed highly dense structural matrix, and different
behavior of the two pozzolans revealed.

4.1 Scope of the future research

This study is a beginning framework for research projects
concerning rapid repairs and cold region applications of
UHPC. Using pozzolans to control the fresh state behav-
ior of this concrete in a timely manner and the elimination
of drawbacks at the long term, could pave the way for more
sophisticated civil engineering projects. More variety of tests
including different environments and utilization of chemi-
cal admixtures to improve the performance of pozzolans are
expected to facilitate industrial applications of engineered
UHPCs.
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