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Abstract: In this paper, the effect of nano-silica on the autogenous shrinkage, hydration heat,
compressive strength hydration products of Ultra-High Strength Concrete (UHSC) is studied.
The water/binder ratio (w/b) of UHSC is 0.2. The nano-silica replaces 2% and 4% of the mass
fraction of the cement in UHSCs, respectively. A new instrument was developed to simultaneously
measure the autogenous shrinkage, internal relative humidity, and internal temperature of UHSC.
The following results were obtained from the analysis of the experimental data: (1) The trends in the
autogenous shrinking of UHSC can be divided into two stages, which are the variable temperature
stage and the room temperature stage. The dividing point between the two stages occurs at the
age of approximately 2 days. During the room temperature stage, the internal relative humidity
and autogenous shrinkage showed a good linear relationship. (2) The compressive strength of
UHSC increased significantly with the increase of nano-silica content at 3 days, 7 days, and 28 days.
(3) The total accumulated heat of UHSC increased during the 72 h, with the increasing of nano-silica
content. (4) The XRD data at the age of 28 days showed that the Ca(OH)2 peaks of nS2 and nS4 have
a tendency to weaken due to the pozzolanic reaction, compared with the peak of nS0.
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1. Introduction

Concrete is widely used in the construction industry because of its many advantages, such as
its low-cost [1], high strength, good plasticity [2], and good durability. With the development of the
construction industry, ordinary strength concrete cannot meet the needs of actual projects. At the same
time, ultra-high strength concrete (UHSC), with its superior mechanical properties and durability,
has been studied and produced [3]. UHSC is a type of concrete with a low water/binder ratio and
various additives. The most common additives include mineral admixtures and fibrous materials. With
nanotechnology’s continuous development, more and more nano-mineral materials are being applied
in the construction industry, such as nano-calcium carbonate (nano-CaCO3) [4,5], nano-titanium
dioxide (nano-TiO2) [6,7], nano-silica (nano-SiO2) [8,9], and so on. Due to its high level of activity and
very high specific surface area, nano-SiO2 (nS) is often integrated into the construction of cement-based
materials to obtain a superior performance, compared with traditional materials [10,11].

Most researchers have paid attention to the properties of UHSC-containing nS, such as their
mechanical properties, durability, and microstructure, for example, and the study of a nano-silica
modified low water/binder ratio (w/b = 0.2) UHSC can be traced back to Yu et al. [11]. A series of
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experiments confirmed that the optimal mixing amount of nS obtained is 3.74 wt.%. Ghafari et al. [12]
investigated the effect of nS on the durability of UHSC. By comparing the accelerated corrosion test
results of UHSC with and without nS, it was found that UHSC containing nS has better corrosion
resistance. nS can effectively reduce the corrosion rate of steel bars in UHSC. Ghafari et al. [13] evaluated
the performance of UHSC with nS by thermogravimetric analysis, mercury intrusion porosimetry,
and scanning electron microscopy. After replacing the cement amount of 3 wt.%, the cement paste
exhibited the best performance. UHSCs blended with nano-silica alone were studied [11,13], and more
researchers began to focus on the addition of at least two kinds of nano-particles to UHSCs. Li et al. [14]
studied the properties of UHSC containing nS and nano-limestone. For a denser microstructure
and high mechanical properties of UHSC, it is necessary to dope the UHSC matrix with nS and
nano-limestone, which added 1 wt.% and 3 wt.%, respectively. Wu et al. [15] studied the effects of
different nano-CaCO3 and nS contents on the performance of UHSC. The study showed that the
optimal dosages for nano-CaCO3 and nS are 1.6%–4.8% and 0.5%–1.5%, respectively. It was also found
that nS provides more strength before the age of 7 days, and the 7–28 days strength increased due to
the nano-CaCO3.

Compared to studies on the effect of nS on the mechanical properties and microstructure of UHSCs,
there have been relatively few studies on the effect of nS on the autogenous shrinkage of UHSCs.
All UHSC designs are based on a low water–cement ratio. Although such a configuration can obtain
high strength, UHSC also shows exceptionally large autogenous shrinkage, thereby increasing the early
cracking risk of the substrate. In short, shrinkage is the unavoidable volume deformation of UHSC
in the process of gradual hardening. It is a disadvantage that cannot be ignored in the construction
engineering phase of UHSC. The effect of nS on the autogenous shrinkage of concrete has been studied
extensively. Baloch et al. [16] studied the properties of self-compacting pastes mixed with nS. Their
results showed that nS increases the total shrinkage due to the initiation of the pozzolanic reaction.
Chen et al. [17] studied the properties of composite cement pastes with the addition of nS and silica
fume and found that both nS and silica fume promote the increase of autogenous shrinkage. They also
found that in early-age shrinkage, nS plays a more active effect than silica fume. Chen et al. [18] found
that nS effectively improved the mechanical properties of mortars mixed with recycling plastic waste,
but also increased the self-shrinkage.

Although many studies have been done on the autogenous shrinkage of UHSC, these previous
studies showed some weak points. First, most researchers have only focused on measuring the
autogenous contraction strain of UHSC, but few studies have explored the relationship between
the simultaneous measurement of internal relative humidity, internal temperature, and autogenous
shrinkage. Second, most previous studies focused on autogenous shrinkage at a constant temperature,
such as 20 ◦C. However, in real construction projects, due to the effect of binder hydration, the internal
temperature of hardening concrete will initially increase and then decrease due to heat convection.
The mechanism responsible for the interaction between hydration heat, temperature variance, and
autogenous shrinkage needs more investigation.

This study’s primary purpose is to observe the effect of nS on the autogenous shrinkage
of UHSCs. In addition, the internal relative humidity (IRH) and internal temperature (IT) are
measured simultaneously by improving the experimental installation on ASTM C1698-09 [19].
The research methods implemented include the internal relative humidity, autogenous shrinkage,
internal temperature, compressive strength, X-ray diffraction, and isothermal calorimetry tests.

The innovative points of this study are summarized as follows: First, the new measuring
instrument is modified to simultaneously determine the autogenous shrinkage, internal relative
humidity, and internal temperature. Second, the trends in the autogenous shrinking of UHSC are
divided into two stages, the variable temperature stage (Stage I) and the room temperature stage
(Stage II). The mechanism of autogenous shrinkage in the two stages is explained. The deformation
of autogenous shrinkage is closely related to the internal relative humidity in stage II and shows a
good linear relationship. Finally, we find a very interesting phenomenon: in stage I (until 2 days of
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age), the internal relative humidity of UHSC undergoes a reduced–increased process as the binder
hydration proceeds. In stage II, the internal relative humidity of UHSC continuously decreases with
the progress of binder hydration. This phenomenon is different from the continuous decrease of the
internal relative humidity of concrete from the final setting time reported in previous studies [20].

2. Materials and Methods

2.1. Material and Specimen Preparation

Type I ordinary Portland cement (OPC) and nano-silica were used as binders for the UHSC mix
design. The chemical composition of cement and nano-silica are listed in Table 1. Nano-silica flour with
a specific surface area of 263 m2/g and an average particle size of 15 nm was used. The superplasticizer
used in this study was a polycarboxylate (PCE) superplasticizers supplied by Dongnam Co., Ltd.,
Seoul, Korea. Due to the large specific surface area of the nano-silica [21], the superplasticizer content
required in this study was increased due to the increase in the amount of nS added. For nS0, nS2, and
nS4, the superplasticizer content was 0.9, 2.4, and 3.9 wt.%, respectively. The details of measurement of
a slump were shown as follows: after mixing, the fresh UHSC mixture was cast into a conical mold.
After removing the conical mold, the average of two mutually perpendicular diameters was recorded
as the mini-slump flow of UHSC. The slump of specimens of nS0, nS2 and nS4 was approximately
195 mm.

The UHSC mix designs are shown in Table 2. The water/binder ratio (w/b) of UHSC was 0.2.
All binders were mixed for 30 s by a mortar mixer. Water was added and mixed for 1 min followed by
the addition of superplasticizer, and then it was mixed for an additional 2 min at a low speed and
3 min at a high speed. In this paper, nano-silica is labeled nS2 and nS4 instead of 2 wt.% and 4 wt.%
ordinary Portland cement, and the control group is labeled nS0.

Table 1. Chemical compositions of cement and nano-silica.

SiO2 Al2O3 Fe2O3 CaO MgO SO3 ZnO K2O P2O5 Loss

Cement (%) 21.95 6.07 2.45 61.38 2.80 2.54 0.11 1.58 0.10 0.46
Nano-silica (%) 99.80 0.05 - - - - - - - -

Table 2. Mix proportion design of ultra-high strength concrete (UHSC).

Number
Binder/% w/b Superplasticizer/%

Cement Nano-Silica

nS0 100 0 0.2 0.9
nS2 98 2 0.2 2.4
nS4 96 4 0.2 3.9

2.2. Experimental Program

2.2.1. Isothermal Calorimetry

The isothermal calorimetry technique was used to study the reaction heat and hydration.
A TAM-Air isothermal conduction calorimeter (TA Instruments, New Castle, DE, USA) was used to
measure the heat release rate and cumulative heat of the adhesives. Calibration was done at 20 ◦C,
before measurements for a period of 72 h. All binders were mixed by a mortar mixer and transferred
to the calorimeter. In addition, Hu et al. [22] experimentally found that the curve obtained by the
first-order derivative of the heat release rate curve showed a good correlation with the setting time.
Therefore, the samples’ setting time was obtained by the first derivative of the heat release rate curve.
This method can accurately assess the hydration process while accurately determining the setting time.
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The final setting time (start time of the autogenous shrinkage test) is related to the time at which the
concrete evolves at the maximum rate during the acceleration period [23].

2.2.2. Autogenous Shrinkage, Internal Relative Humidity, and Internal Temperature

The current ASTM C1698 standard can only measure the autogenous shrinkage of concrete,
but it cannot simultaneously measure the internal relative humidity and internal temperature.
For cast-in-place concrete in actual engineering, engineers are interested not only in the autogenous
shrinkage of concrete but also in its internal relative humidity and internal temperature. Therefore, an
experimental machine that can simultaneously measure the three indicators of autogenous shrinkage,
internal relative humidity, and internal temperature is urgently needed. Based on the above features,
such an experimental device was invented in the present study. Figure 1a shows the overall schematic
diagram of the internal relative humidity, internal temperature, and deformation measurement set-up.
A corrugated tube with concrete is placed on the steel support, and the magnet absorbs one end of
the corrugated tube. The linear variable differential transducer (LVDT) measures the deformation
throughout the experiments. To ensure the internal relative humidity and temperature reflect the
real values inside the samples, a sensor bar with a measurement accuracy of ±0.8% RH and ±0.1 ◦C
is embedded into the specimens. A PVC tube with an inner diameter 15 mm is used to hold the
sensor. Two rectangular holes are made on the surface of the PVC tube to keep the sensor bar at the
same humidity as the surrounding materials. Figure 1b is the physical object of the measurement
set-up. The whole set-up was placed in a constant temperature chamber at 20 ± 1 ◦C for 7 days.
The most obvious advantage of the new measuring instrument is that it can simultaneously measure
the autogenous shrinkage, internal relative humidity, and internal temperature.
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2.2.3. X-ray Diffraction

X-ray diffraction (XRD) measurements were conducted to examine the crystalline phases in the
specimens cast at the age of 28 days. XRD was carried out by using a Panalytical X’pert-pro MPD
diffractometer (Panalytical, Almelo, The Netherlands) with Cu Kα radiation (1.5404 Å), a step size of
0.1◦, and a 2 θ range of 10–75◦ [24].

2.2.4. Compressive Strength Test

The standard specimens for the compressive strength test, with sizes of 40 mm × 40 mm × 160 mm,
were tested based on ASTM C349 [25]. The specimens were sealed with polyethylene film and kept in
a constant temperature and humidity box at 20 ◦C for 3, 7, and 28 d.

3. Results and Discussion

3.1. Isothermal Calorimetry

Figure 2 shows the heat release rate and accumulated hydration heat of the adhesives kept at a
temperature of 20 ◦C for 72 h. nS0 represents the paste without nanoparticles. nS2 and nS4 represent
pastes containing nano-silica doped with 2 wt.% and 4 wt.% cement, respectively. Cement hydration
involves the initial (pre-induction) period, induction period, acceleration (post-induction) period,
deceleration period, and diffusion period [26].

As shown in Figure 2a, the main heat flow peaks appeared in the order of nS0 > nS2 > nS4.
The PCE used in this study delayed the binder hydration kinetics in all UHSC systems with its dosage.
In the induction period, the appearance of the main hydration peak was delayed and the peak heat
flow rate values were suppressed because of the addition of PCE. This behavior occurred because
the surface of cement and nS particles was adsorbed by PCE molecules. The surface dissolution and
product nucleation sites were inhibited by this adsorption of PCE molecules, resulting in suppression
of the hydration kinetics in the induction period [27]. In addition, it can be clearly observed that there
were three peaks for nS2 and nS4. The first peak represents a dissolved peak of tricalcium aluminate.
The second peak represents an exothermic peak of C3S and other topochemical reactions, and the last
peak represents sulphate-type-AFm and C3A rehydration. The formation of three peaks was due to
the following three reactions. The first peak, representing initial hydration on the cement particle
surface, mainly involved tricalcium aluminate (C3A). However, since the paste was stirred outside the
bottle, the first peak was not captured entirely. The second peak was due to the consumption of C3S
and other topochemical reactions [28], resulting in the formation of calcium silicate hydrate (C–S–H)
and calcium hydroxide (CH). The third distinct peak was due to the formation of sulphate-type-AFm
(monosulphate) or due to secondary hydration of C3A with ettringite [29]. This is similar to the
experimental results of a previous study [10]. The appearance of monosulphate depends on the
gypsum content. After the depletion of gypsum, and AFt is unstable and AFt begins to change into
AFm. If the gypsum is depleted in the first 3 days, monosulphate can be formed. The three peaks were
still observed in the nS0 specimens. However, due to the proximity of the second and third peaks to
each other, the two peaks could not be easily distinguished.

Figure 2b shows the cumulative heat accumulation curve of all UHSCs for 72 h at 20 ◦C. It can
be observed that as the nano-silica was added, the heat released from UHSCs increased significantly,
indicating an increase in the hydration phase formation relative to the amount of binder. For example,
compared with the heat released from nS0 (145 J/g) at 3 days, nS2 (160 J/g) and nS4 (170 J/g) were
observed to increase approximately by 10% and 17%, respectively. It is worth noting that, in the initial
period, the amount of heat released from nS2 and nS4 was greater than that from nS0 because of the
nucleation effect of nano-silica which promotes cement hydration [30]. However, in the acceleration
period, the heat released from nS0 was greater than that from nS2 and nS4. This behavior occurred,
because the higher PCE content reduces binder hydration [31], resulting in a decrease in the heat
flow rate, making the cumulative heat of the nS0 the highest. Finally, in the deceleration period and
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diffusion period, the heat release from nS4 was the greatest, followed by nS2, and the heat release from
nS0 was the lowest.
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heat curves (b).

The setting time was determined by the first derivative of the heat release rate curve of the
specimen [22]. Figure 3 is a typical plot of the first derivative of the heat release rate curve from the
original isothermal calorimetry test data. The time at which the first derivative curve reached its
maximum value was used to determine the initial setting time, and the increase in calorific value was the
highest at this point. After the initial setting time, the first derivative value began to decrease. The time
at which the first derivative dropped to zero was defined as the final setting time. The hydration rate
reached the highest point at this time.
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The obtained maximum values of the first derivative (initial setting time) of nS0, nS2, and nS4 are
expressed by ti0, ti2, and ti4, and the values are 11.05, 13.68, and 14.16 h, respectively. The obtained zero
values (final setting time) of the first derivative of nS0, nS2, and nS4 are expressed by tf0, tf2, and tf4, and
the values are 14.13, 16.74, and 17.65 h, respectively. The setting time results mainly relate to the test
methods, concrete mixtures, and curing conditions. Regarding test methods, Hu et al. [22] found that
compared with the Vicat needle method (ASTM C191), the setting time determined by the isothermal
calorimetry method is much higher. The trend of results from the Vicat needle method was consistent
with those from the isothermal calorimetry method [22]. There was a linear relationship between
the two methods [22]. Regarding concrete mixtures, Zhang et al. [32] found that polycarboxylate
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superplasticizers can retard cement hydration and increase the setting time. This is because the surface
dissolution and product nucleation sites are inhibited by the adsorption of polycarboxylate molecules,
resulting in a delay of the hydration kinetics [33,34]. In summary, due to the combined effect of the
testing method and superplasticizer addition, the setting time of UHSC in this study is significantly
high (setting time after 11 h). In future research, setting time measurement with a Vicat needle method
will be done for UHSC with nano-silica.

3.2. Development of Autogenous Shrinkage, Internal Relative Humidity, and Internal Temperature

3.2.1. Autogenous Shrinkage

The modified deformation measurement set-up was used to investigate the autogenous shrinkage
(AS), internal temperature (IT), and internal relative humidity (IRH) of the three groups’ specimens for
up to 7 days. nS0 was used to define specimens without nano-silica, and nS2 and nS4 were used to
define specimens containing 2 wt.% and 4 wt.% nano-silica in cement.

Figure 4 shows the effect of nS on the development of AS in UHSC. Firstly, the shrinkage
rate of all specimens increased from the test start time (final setting time) for 2 days. Secondly,
after 2 days, the autogenous shrinkage of nS0 developed very slowly, while that of nS2 and nS4
continued. Although the shrinkage speed of nS2 and nS4 reduced at an early age, it continued to
occur. Finally, until 7 days, the autogenous shrinkage strains of nS0, nS2, and nS4 were −738.96,
−879.04, and −1002.16 µm/m, respectively. The total shrinkage increased as the nS content increased
(in all specimens). The reason for this behavior was the initiation of the pozzolanic reaction, in which
nano-silica reacts with Ca(OH)2 to produce more compact and dense C–S–H gel, which leads to a
reduction of capillary pores and a refinement of the pore structure of UHSC, resulting in the promotion
of high shrinkage [12,16].

The experimental data measured by LVDT show that all three specimens underwent expansion at
the beginning (1.2–6.7 h). Expansion and shrinkage were joint occurrences. All small positive peaks are
expansions. Expansion occurred due to a combination of the formation of AFm, the internal variable
temperature, and water absorption by hydration productions. The main reason for the shrinkage
was that binder hydration consumed some of the water and IRH decreased, resulting in self-drying.
Macro-phenomena lead to expansion when the factor where the expansion occurs dominates; otherwise,
macro-phenomena lead to shrinkage when the factor where the shrinkage occurs dominates [35,36].
Moreover, the expansion of nS2 was more pronounced compared to nS0. However, the expansion of
nS4 did not show up more noticeably as the amount of nS increased.
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3.2.2. Development of the Internal Relative Humidity, Shrinkage, and Internal Temperature

Autogenous shrinkage occurs without any loss of moisture from the concrete, and it is a
microvolume change. Many past studies have introduced the capillary tension theory to explain
shrinkage behavior [37]. Capillary water is subjected to surface tension through the curved moon
surface, causing volume changes and deformation of the concrete. The decrease in relative humidity in
the pore structure causes capillary tension to cause shrinkage stresses, a mechanism that causes the
autogenous shrinkage of concrete [38,39].

Figures 5–7 show the relationships among the shrinkage strain, internal temperature, and internal
relative humidity of all specimens curing to 7 days. The experimental data of IRH and AS of UHSC
were analyzed. The trends in the autogenous shrinking of UHSC were divided into two stages,
the variable temperature stage (Stage I) and the room temperature stage (Stage II). The dividing point
between the two stages occurred after approximately 2 days.

Firstly, in stage I, Figure 2a shows that the maximum hydration rates of nS0, nS2, and nS4 were
3.22, 2.78, and 2.60 mW/g, respectively. As mentioned in the previous section, in order to ensure the
same workability, UHSC added with a higher amount of nano-silica requires more superplasticizers,
which suppress binder hydration. This trend of the hydration rate values decreasing with an increasing
nS content is shown by the IT values (the data can be seen in Figures 5a, 6a and 7a). The maximum IT
values of nS0, nS2, and nS4 were 30.51, 29.58, and 28.02 ◦C (ITnS0 > ITnS2 > ITnS4), respectively.Appl. Sci. 2020, 10, x FOR PEER REVIEW 9 of 16 
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Secondly, in stage I, the IRH curve peaks of all specimens showed distinct downward peaks in a
short time after the final setting time, and the timing at which these peaks appeared corresponded
to the highest peak of IT. The three main reasons for this behavior are as follows: The continued
occurrence of binder hydration led to a decrease in IRH. Meanwhile, at a higher temperature, water
in the ink bottle spaces was released and redistributed as condensed water with the passage of time,
resulting in an increase in IRH [40]. The last factor was the greater decrease in the surface tension of the
interstitial fluid due to the increased superplasticizer content. The reduction in surface tension resulted
in an increase in the IRH [41]. Therefore, the macroscopic expression was a decline in IRH [42].

Thirdly, in stage II, the IRH of all specimens continued to decrease. This behavior was due to
the continued binder hydration, which consumed some of the water, resulting in the IRH decreasing.
The final IRH value of UHSC at 7 days decreased as the nS content increased, and the final IRH values
of nS0, nS2, and nS4 were 88.54%, 87.76%, and 74.19%. The IRH trend of UHSC was consistent with
the trend in AS. From the results shown in Figures 5b, 6b and 7b, it is clear that as the content of nS
added increased, the AS of UHSC became more significant, and the final IRH value decreased more.
The AS values of nS0, nS2, and nS4 were −738.96, −879.04, and −1002.16 µm/m, respectively.

In stage I (initial 2 days), a significant reduction in IRH was exhibited due to the dominant effects
of binder hydration and PCE addition. Afterwards, binder hydration continued, leading to an increase
IT, and the ink bottle effect became dominant, leading to a rebound in IRH. In stage II, the results shown
in Figures 5c, 6c and 7c indicate that AS and IRH had great significant linear relevance for UHSC,
regardless of the dosage of nS. In addition, in stage II, the cement paste is at a constant temperature,
and the autogenous shrinkage is mainly caused by self-desiccation. Many researchers have reported a
linear relationship between the decrease in internal relative humidity and the increase in autogenous
shrinkage [41]. Thus, we also chose a linear regression.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 16 
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3.3. X-Ray Diffraction 

Compared with 3 and 7 days, the reaction extent of nS at 28 days is much higher, and CH 
reduction is significant [10]. Thus, XRD analysis was done at the age of 28 days. The XRD patterns of 
UHSC at the curing age of 28 days are presented in Figure 8. A 2 θ degree angle between 10 and 75 
degrees was selected. For concrete with a low water-binder ratio (0.2), a large amount of cement is 
not hydrated, so XRD analysis found the majority of cement remained non-hydrated. The trend of 
Ca(OH)2 (CH) consumption was determined by the intensity variation of the main diffraction peaks 
(A—Alite, B—Belite, P—Portlandite). Compared with nS0, the CH intensities corresponding to nS2 
and nS4 specimens decreased. This was due to the pozzolanic reaction of the added nS and CH, which 
consumed the CH produced by cement hydration [43]. This finding is consistent with that of Ghafari 
et al. [13], which indicated higher pozzolanic performance in the presence of a higher percentage of 
nS. In addition, XRD a qualitative analysis method. For the quantitative measurement of CH content, 
thermogravimetric analysis (TGA) is much better. A TGA should be done in further study. 

Figure 7. Development of the IRH and IT (a) and autogenous shrinkage (b) with the age of the nS4
specimen. Linear regression results (c) of the IRH and autogenous shrinkage of the nS4 specimen in
stage II.

3.3. X-ray Diffraction

Compared with 3 and 7 days, the reaction extent of nS at 28 days is much higher, and CH
reduction is significant [10]. Thus, XRD analysis was done at the age of 28 days. The XRD patterns
of UHSC at the curing age of 28 days are presented in Figure 8. A 2 θ degree angle between 10 and
75 degrees was selected. For concrete with a low water-binder ratio (0.2), a large amount of cement
is not hydrated, so XRD analysis found the majority of cement remained non-hydrated. The trend
of Ca(OH)2 (CH) consumption was determined by the intensity variation of the main diffraction
peaks (A—Alite, B—Belite, P—Portlandite). Compared with nS0, the CH intensities corresponding
to nS2 and nS4 specimens decreased. This was due to the pozzolanic reaction of the added nS and
CH, which consumed the CH produced by cement hydration [43]. This finding is consistent with
that of Ghafari et al. [13], which indicated higher pozzolanic performance in the presence of a higher
percentage of nS. In addition, XRD a qualitative analysis method. For the quantitative measurement of
CH content, thermogravimetric analysis (TGA) is much better. A TGA should be done in further study.
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3.4. Compressive Strength

The test specimen used for the compressive strength test is cement paste. Figure 9 shows the
compressive strength of the cubed UHSC specimen with a side length of 50 cm for 3, 7, and 28 days of
curing (three replicates were used for each test). It is clear that nS improved the compressive strength
of UHSC, regardless of the curing age and dosage of nS. The main mechanisms behind this were the
nano-filler effect [44] and the pozzolanic reaction [29]. The addition of nS can partially fill large pores
and capillary pores. In addition, the addition of nS reacts with the calcium hydroxide formed by the
binder hydration to produce more C–S–H gel [45].
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Figure 9. Compressive strength change of UHSCs at 3, 7, and 28 days.

Compared to the control group at 28 days of age, the compressive strength increased by 26.31% with
2 wt.% added, and the compressive strength increased by 30.32 with 4 wt.% added. As the addition of nS
increased, the ability of nS to enhance the compressive strength of UHSCs decreased significantly [46].
Similar experimental results have been reported in previous studies [11]. This behavior is most likely
due to the fact that excess nS did not contribute significantly to the compressive strength. In addition,
because of the high surface energy of nS, the pronounced tendency towards agglomeration reduced
the ability to enhance the compressive strength [13].

Figure 10 shows the relationship between compressive strength and the cumulative heat of
hydration at 3 days of age for UHSCs. A linear relationship between the compressive strength and
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cumulative heat of hydration can be clearly observed. The hydration heat came from the chemical
reaction of binders, and the compressive strength came from the deposition of reaction products.
The essence of hydration heat was found to be closely related to compressive strength development [47].Appl. Sci. 2020, 10, x FOR PEER REVIEW 13 of 16 
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3 days of age.

4. Conclusions

By studying the effects of nano-silica on the autogenous shrinkage, internal relative humidity,
internal temperature, and compressive strength of UHSCs, the following conclusions were reached:

1. The isothermal calorimetric data showed that due to the significantly delayed effect of
polycarboxylate superplasticizers, the heat flow peaks of each hydration heat appeared in
the order of nS0 > nS2 > nS4. Three peaks (dissolved peak of tricalcium aluminate, the exothermic
peak of C3S and other topochemical reactions, and sulphate-type-AFm and C3A rehydration)
were found in the heat flow curves in all UHSCs. Isothermal calorimetry is used to determine the
setting time approximately. The setting time of UHSC specimens was delayed due to the addition
of polycarboxylate superplasticizers. A greater amount of polycarboxylate superplasticizers led
to more noticeable delayed effects.

2. Total shrinkage increased with an increase in the nano-silica content. All specimens expanded at
the beginning of the aging (1.2–6.7 h). The expansion of nS2 was more pronounced compared to
that of nS0. However, the expansion of nS4 did not show up more noticeably as the amount of
nS increased.

3. The trends in the autogenous shrinking of UHSC were divided into two stages: the variable
temperature stage (Stage I) and the room temperature stage (Stage II). The dividing point between
the two stages occurred at approximately 2 days. In stage I, the hydration rate values decreased
as the nS content increased. The maximum IT values decreased as the nS content increased.
The IRH curve peaks of all specimens showed distinct downward peaks in a short period of time,
and the timing at which these peaks appeared corresponded to the location of the highest peak of
IT. However, in stage II, the IRH of all specimens continued to decrease. The final IRH value of
UHSC after 7 days decreased as the nS content increased.

4. At 28 days, XRD analysis showed that compared with nS0, the CH intensity of the nS2 and nS4
specimens decreased. This was due to the pozzolanic activities of the added nano-silica and CH,
which consumed the CH produced by cement hydration.

5. Firstly, at 3 days, a linear relationship between the compressive strength and cumulative heat
of hydration was clearly observed. Secondly, at 28 days, the addition of 2 wt.% and 4 wt.%
nano-silica increased the strength of the specimen by 26.31% and 30.32%, respectively. As the
amount of nS added increased, the ability of nS to enhance the compressive strength of UHSCs
decreased significantly.
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