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Autogenous shrinkage is a significant issue in ultra-high-performance concrete (UHPC). Internal curing has been
effective in mitigating autogenous shrinkage, but its impact on drying shrinkage and crack-free concrete needs to
be considered. This study investigates the controversial phenomenon of the effect of internal curing on shrinkage
strains under drying conditions. A very specific steel fiber reinforced cementitious composite (Slurry infiltrated
fiber concrete (SIFCON)) was examined to better understand the cumulative effects. Two additional internal
curing water contents (36 kg/m® and 60 kg/m®) and two superabsorbent polymers (SAP) with different particle
sizes (Dso: 215 ym and Dsg: 725 um) were utilized. Shrinkage measurements were conducted on the SIFCON
matrix for early (up to 7 days) and long-term (up to 90 days), under both autogenous and drying conditions. The
SIFCON specimens were cured under autogenous and drying conditions for 90 days, then dried to simulate the
field conditions, which was followed by crack mapping. The results indicate that SAP effectively mitigates
shrinkage strains under both autogenous and drying conditions, attributed to its ability to reduce plastic
shrinkage strains during the initial hours. However, crack mapping studies revealed increased cracked areas in
specimens with SAP usage, higher internal curing water content, and larger SAP size. Additionally, specimens
cured under autogenous conditions exhibited more cracks compared to those cured under drying conditions. This
suggests that although shrinkage measurements demonstrate positive effects of internal curing in both condi-
tions, the cumulative effect can vary.

lower the water-to-binder ratio and increase the binder dosage, but this
increases the risk of shrinkage. Early-age shrinkage of concrete refers to

1. Introduction

Material technology has been rapidly developing over the past few
decades due to continuous demand. Concrete, among other materials,
still holds its position as the most successful and widely used human-
made material [1]. With the high consumption and demand, re-
searchers have been developing various types of ultra-high-performance
concrete (UHPC). In addition to their impressive mechanical properties,
these new materials are also expected to be long-lasting, considering the
limitations of our world’s resources. The term “high-performance” in
UHPC refers to its remarkable durability properties besides advanced
mechanical properties. In addition to conventional construction pur-
poses, UHPC offers tailor-made solutions such as high-early strength [2],
high ductility [3], and impact resistance [4].

However, dimensional stability is the Achilles tendon of UHPC.
Although UHPC is designed to resist external forces, internal forces such
as shrinkage are more difficult to control. Most UHPC designs aim to
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the reduction in the volume of the concrete that occurs in freshly placed
and hardening concrete during the initial stages of the curing process.
Among the different types of shrinkage, plastic shrinkage, autogenous
shrinkage, and drying shrinkage pose the most significant challenges for
UHPC. Plastic shrinkage begins when the concrete is in its plastic state
and continues for a couple of hours until the final setting. If the rate of
evaporation exceeds the rate of bleeding, increased capillary pressures
and volumetric consolidation lead to plastic shrinkage [5]. Autogenous
shrinkage is mainly effective during the early stages of hydration,
typically the first few days [6]. This time the hydration reactions are
responsible for the apparent volume reduction by mainly triggering the
chemical shrinkage and internal consumption of water [7]. Drying
shrinkage, on the other hand, can occur throughout the lifespan of the
concrete. The mechanism of drying shrinkage is based on water loss due
to evaporation. The internal and external humidity of the concrete will
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eventually reach equilibrium. Meanwhile, as water moves inside the
concrete, drying shrinkage occurs during the stage of water movement
through the exterior of the concrete. After the water movement, the
porous skeleton shrinks due to various mechanisms such as disjoining
pressure, capillary pressure, and changes in surface free energy [7].

Prevention methods for shrinkage can be categorized into active and
passive methods [8]. Passive methods commonly involve optimizing
mixture design or substituting materials with lower shrinkage potential
for those with higher shrinkage potential (e.g., substituting fly ash for
cement). Active methods focus on controlling environmental conditions.
These methods are applicable to all types of shrinkage and are often the
initial approaches due to their lower cost and less labor sensitivity.
Admixtures can also be used as shrinkage mitigating agents, depending
on the type of shrinkage. Various admixtures, such as superabsorbent
polymers (SAP) [9,10], lightweight aggregates [11] or viscosity modi-
fiers [12], and shrinkage-reducing admixtures (SRA) [13], have been
found effective in mitigating plastic shrinkage regardless of their pri-
mary purpose. Similarly, internal curing agents like SAP and lightweight
aggregates [14], or expansive agents [15], can be utilized to mitigate
autogenous shrinkage. SRA and expansive agents are also effective in
mitigating drying shrinkage [16].

Active methods primarily focus on physically preventing water loss
and vary depending on the type of shrinkage to be prevented. Based on
the basic mechanisms mentioned above, it can be concluded that water
evaporation should be prevented to mitigate plastic and drying
shrinkage. Autogenous shrinkage, however, requires special attention.
As it is caused by water consumption during hydration reactions, active
methods such as traditional curing methods (e.g., water-ponding, wet/
moist covering, and fog spraying) can be employed to prevent it. It is
worth noting that autogenous shrinkage typically does not exceed 100
pe in normal concrete but becomes problematic in concrete with low
water-to-binder ratios and high cement dosages [17].

Shrinkage is a complex phenomenon, and specific precautions need
to be taken for each concrete mix and specific conditions. For instance,
the impermeability of UHPC restricts the successful application of
external water supply [18]. In such cases, a passive method known as
internal curing can be employed to mitigate autogenous shrinkage in
impermeable concrete mixes with high autogenous shrinkage potential.
In 1991, Philleo [19] introduced a novel curing technique termed “in-
ternal curing.” This method involves the integration of water reservoirs
within the concrete to supply additional water for ongoing hydration
and to counteract water loss from reactions. Materials that can absorb
water and release it in a controlled manner, such as lightweight aggre-
gates, SAP, wood fibers, powders, microcapsules, and emulsified water,
are suitable as internal curing agents [20]. In his research, Philleo [19]
employed lightweight aggregates for this purpose. Subsequently, pio-
neering studies by Tsuji et al. in 1998 [21] and Jensen and Hansen in
2002 [22] presented SAP as an effective internal curing agent. SAP has
gained attention as an internal curing agent due to its significant water
absorption capacity (up to 3040 times its weight in cement pore solu-
tion [23]) and easier application compared to lightweight aggregates.

In the context of shrinkage, certain prevention methods can have
both positive and negative effects on different types of shrinkage. For
example, while wet covering has been observed to negatively affect
drying shrinkage, it is essential to note that in an open system exposed to
external relative humidity, the capillary pressure is governed by the RH.
The finer pore structure on the outer surface can lead to a higher degree
of saturation and smaller pore sizes, which suggests greater capillary
tension-induced strain during drying [24] Similarly, the effect of inter-
nal curing on autogenous shrinkage is generally positive, but there are
contradictory results regarding its effect on drying shrinkage. Some
studies have reported reductions in shrinkage strains under drying
conditions when internal curing methods are applied [25,26]. while
others have observed increases in shrinkage strains [27,28].

The reductions in shrinkage strains under drying conditions can be
linked to factors such as the increase of effective stress [29], a decrease
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in the depth of drying, and minimized humidity disparities within the
specimen [30]. Conversely, the escalation in shrinkage strains has been
associated with a range of factors [31]. SAP serves as internal reservoirs
in concrete, absorbing water during the mixing phase and subsequently
dispersing it to the adjacent cement paste. However, as underscored by
insights from Wyrzykowski et al. [32], even though the SAP-contained
water exhibits enhanced mobility, it is the movement through the
adjacent cement paste that predominantly dictates the pace. The process
of self-desiccation plays a role in depleting the SAP. Moreover, the early-
age water dynamics in the cement paste might be instrumental in opti-
mizing internal curing. Additionally, the distribution patterns of SAP
within cement paste matrices indicate challenges in achieving complete
coverage of the matrix, even when there is an abundance of entrained
water [32]. Collectively, these observations spotlight the pivotal role of
water dynamics in relation to drying shrinkage. The behavior and dis-
tribution of water might not consistently correlate with drying shrinkage
patterns, underscoring the need for a deeper exploration of these
mechanisms and their implications.

In the scope of this study, mechanisms, and effects of internal curing
on the early and long term on both autogenous and drying shrinkage
were investigated. Rather than restraining the specimens, a very specific
concrete (slurry infiltrated fiber concrete (SIFCON)) might help to un-
derstand this phenomenon. SIFCON is a special type of concrete that
consists of up to 30 % (by volume) fiber content [33]. To produce SIF-
CON fibers are laid randomly or oriented in the mold, then a very fluid
slurry is poured over these fibers. SIFCON is known for extraordinary
mechanical properties; even though it deformed 10 % under flexural
load, it can still maintain 60 % of its compressive strength, and in the
same compressive strength class, the toughness of SIFCON can be 50
times greater than normal concrete [34]. Rather than conventional
construction purposes, the aim of the SIFCON mostly covers strength-
ening, repairing, and impact resistance [35]. Besides these superior
properties of SIFCON, it can, rarely, suffer from some durability prob-
lems such as freeze-thaw [36], sulfate attack [37], corrosion [38], and
shrinkage [39]. In addition, shrinkage cracks are known to connect
capillary pores to each other [40], thus, durability problems could
occur. SIFCON consists of steel fibers up to 30 %, thus, impermeability is
quite important since steel fibers are more sensitive to environmental
attacks than normal concretes. The shrinkage properties of SIFCON are
not comprehensively examined in the literature. Even though no sig-
nificant shrinkage strains were observed in the SIFCON specimens, it is
reported that areas between fibers are cracked [39]. It is pointing out
that SIFCON potentially tends to shrinkage and shrinkage cracks. This is
mostly related to the rigid and connected fiber structure of SIFCON. This
unique property makes SIFCON a suitable material for studying
shrinkage, especially when examining the cumulative effects of applied
prevention methods.

The cumulative effects of prevention methods have not been exten-
sively investigated in the literature. Some methods used to mitigate
plastic and autogenous shrinkage may have negative effects on drying
shrinkage. Internal curing, particularly the use of SAP, has been exten-
sively studied, but its effect on shrinkage strains under drying conditions
remains a research gap. This study aims to fill this gap by conducting
shrinkage measurements and crack analyses on specimens subjected to
autogenous and drying conditions.

2. Experimental program
2.1. Materials

CEM I 42.5 R type Portland cement with a specific surface area of
395 m?/kg was supplied by Soma Cement. Silica fume (MasterRoc® MS
610) with a nitrogen absorption fineness of 20,000 mz/kg and a SiO,
content of 92.25 % was supplied by BASF. The material properties of the
cement and silica fume are presented in Table 1.

Two SAPs based on acrylamide and acrylic acid were supplied by
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Table 1
Chemical compositions of cement and silica fume (%).
SiO4 Al,O3 Fe,03 CaO MgO Na,O K>,O SO3 Ccr LOI
Cement 19.79 4.78 3.39 63.71 1.78 0.32 0.78 2.84 0.0098 2.09
Silica Fume 92.25 0.88 1.98 0.51 0.96 0.45 0.12 0.33 - -
&
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1000
Particle diameter (um)

Fig. 1. Particle size distributions of SAP A and SAP B.

SNF Floerger (France). The SAP with a smaller particle size, having a Dsg
value of 215 um, was named SAP A, while the SAP with a larger particle
size, having a Dg( value of 725 ym, was named SAP B. The particle size
distributions of the SAPs were determined using a Master Sizer Hydro
3000 model particle size analyzer. The water absorption kinetics of these
SAPs have been previously investigated in a previous study [41]. The
particle size distributions of the SAPs are presented in Fig. 1.

The experimental studies involved the use of three different sizes of
quartz aggregate (0.4-1, 0-0.4, and 0-0.075 mm). The specific gravity
of the quartz aggregate was 2.61, with a water absorption of 0.10 %. To
ensure proper filling of the SIFCON slurry into the dense fibers, a finer
aggregate gradation was preferred, and the maximum aggregate size
was limited to 1 mm. To achieve the desired fresh-state properties
without experiencing bleeding and segregation, a polycarboxylic ether-
based high-range water reducer (MasterGlenium® ACE 450) supplied by
BASF was added to the SIFCON matrix. For the compressive strength and
crack mapping studies, hooked-end steel fibers 35 mm in length and
0.55 mm in diameter were employed. The steel fibers had an aspect ratio
of 45 and a tensile strength of 1200 MPa.

2.2. Mixture designs and mixing procedure

A SIFCON matrix was designed with specific ratios: a water/cement
ratio of 0.28, a water-to-binder ratio of 0.25, and a water-to-powder

ratio of 0.18. The volume of fibers in the mixture was set at 10 % (by
volume), and fibers were randomly distributed. Only the fiber orienta-
tion is determined before the trials. Fiber volume is ascertained by
placing fibers, dispersed randomly, into the respective molds intended
for the experiments. Subsequently, the total fiber ratio filling the molds
entirely is calculated. The mix designs for the SIFCON are presented in
Table 2. In the mixture codes, the first part denotes the type of SAP (A or
B), while the second part indicates the amount of internal curing water
(36 or 60 kg/m®). The volumes of aggregate and cement were kept
constant for the SAP-modified mixtures. Additional curing water was
added on top of the mixing water. Thus, for a 1 m® mixture, the mix
designs were slightly changed. However, these changes were minor, and
it was assumed that the internal curing water would remain contained
within the SAP until required. Similar methodologies have been applied
in previous studies [42,43].

Based on Jensen and Hansen’s approach [44] (Eq. (1), the theoretical
requirement for additional internal curing water was calculated to be 36
kg/m>. However, considering that the actual conditions did not perfectly
match the ideal conditions of complete cement hydration and uniform
water access to all cement particles, a higher amount of additional in-
ternal curing water (60 kg/m3) was also selected. As a result, two
different amounts of additional internal curing water (36 kg/m> and 60
kg/m>) were employed for both types of SAP.

Table 2
Mixture designs and properties.
REF SAP A 36 SAP B 36 SAP A 60 SAP B 60

Cement (kg/mS) 800 800 800 800 800
Silica Fume (kg/m°®) 80 80 80 80 80
Additional Internal Curing Water (kg/m?) - 36 36 60 60
Total Water (kg/m>) 220 256 256 280 280
SAP (kg/m3) - 0.90 1.09 1.50 1.82
Quartz (0-0.075 mm) (kg/m°>) 328 328 328 328 328
Quartz (0-0.4 mm) (kg/rns) 419 419 419 419 419
Quartz (0.4-1 mm) (kg/ma) 140 140 140 140 140
Steel Fiber (kg/m°®) 785 785 785 785 785
Superplasticizer (kg/m?) 17 17 17 17 17
Free Flow Diameter (cm) 34.5 (£0.71) 30.8 (£0.57) 32.8 (£0.42) 31.3 (+£0.42) 31.0 (£0.49)
Mini V-funnel Passing Time (s) 13.8 (£0.35) 19.3 (+£0.39) 12.3 (+£0.45) 13.7 (+£0.35) 12.9 (+£0.30)
Compressive Strength (MPa) 142.9 (+4.5) 125.2 (+3.6) 123.0 (+6.8) 113.9 (+£3.1) 114.8 (+£5.2)
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0.18(w/c);forw/c < 0.36
0.42 — (w/c);for0.36 < w/c < 0.42 (€8]
0; forw/c > 0.42

(w/e), =

where:(w/c). = additional water needed for internal curing (g of water
per g of cement)

The absorbency values for SAP A and SAP B were assessed using the
slump flow method, which is commonly employed for mixtures con-
taining SAP [23]. To match the slump values with the reference mix-
tures, water was added to the SAP-containing mixtures, and the slump
flow test was conducted on standard mortar mixtures with a water-to-
cement ratio of 0.5 and quartz aggregate with standard gradation.
Following 15 drops, the flow values were determined in accordance with
the TS EN 1015-3 standard [45]. Based on the results of the slump flow
test, the absorbency values for SAP A and SAP B were found to be 40 g/g
and 33 g/g, respectively. Regarding the SAP A 36 and SAP A 60 mix-
tures, the quantities of SAP utilized were 0.11 % and 0.19 % (by weight
of cement), respectively. Similarly, for the SAP B 36 and SAP B 60
mixtures, the amounts of SAP employed were 0.14 % and 0.23 % (by
weight of cement), respectively. These proportions were determined
based on the absorbency rates obtained through the slump flow method.

A Hobart mixer with a 2-liter capacity was employed to prepare the
mixtures. For the internal curing mixtures, SAP was added to the mix-
tures in dry form, and the additional internal curing water was weighed
together with the mixture water. The dry ingredients of the mixture
were pre-mixed for 1 min. Then, 2/3 of the water and the super-
plasticizer were added to the mixture, with the remaining 1/3 of the
water added separately. The mixture, along with the water and super-
plasticizer, was mixed at normal speed for 9 min, followed by an addi-
tional 9 min of high-speed mixing.

Given the SIFCON matrix’s high powder content and a relatively
substantial amount of superplasticizer, prolonged mixing periods were
preferred to ensure homogeneous dispersion of the superplasticizer.
Once the mixing process was completed, the SIFCON slurry was poured
into molds that had been pre-filled with 10 % (by volume) steel fibers for
compressive strength and crack mapping studies. On the other hand, for
the early and long-term specimens, fibers were not utilized, as the study
aimed to examine the slurry’s shrinkage strains. To ensure proper filling
of the slurry between the fibers, it was gradually placed in 10 steps,
without employing any vibration.

The workability of the mixtures was evaluated through the free flow
test and mini v-funnel test, following the EFNARC guidelines [46].
Compressive strength values were determined on 71 x 71 x 71 mm cube
specimens after 28 days of standard water curing. To eliminate the
possibility of misleading results arising from internal humidity varia-
tions due to the presence of SAP, as emphasized by Esteves et al. [47],
the specimens were further subjected to drying in a 40 °C oven for three
days. A temperature of 40 °C can be a detrimental drying condition,

Ultrasonic Steam Diffuser

Fig. 2. Shrinkage measurement system ().
adopted from [48]

Laser Sensors
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potentially leading to the emergence of fine cracks. For mixtures like
SIFCON, drying specimens presents challenges due to their impermeable
characteristics. After a series of initial trials, the minimum drying degree
was determined. Nonetheless, drying attempts in a 40 °C environment
did not successfully dry the specimens completely. The workability and
compressive strength results are presented in Table 2.

2.3. Early age shrinkage measurements

Early age shrinkage measurements were carried out using a non-
contact laser system for a period of up to 7 days from the initial
setting time. This system has been successfully implemented in previous
publications [48,49]. Each mixture was assessed using five specimens
with dimensions of 25 x 25 x 290 mm for the early age shrinkage
measurements. Since notable length changes were not expected in SIF-
CON mixtures and the objective was to observe the effect of the matrix’s
shrinkage between fibers, only the SIFCON matrix (without fibers) was
examined in this section of the study.

For the autogenous shrinkage measurements, the shrinkage system
was maintained at a temperature of 20 °C and a relative humidity of 95
%. Furthermore, to prevent any water evaporation, the molds were
covered with parafilm, in addition to the ambient system conditions.
Regarding the drying shrinkage measurements, the shrinkage system
was set at a temperature of 20 °C and a relative humidity of 50 %. An
illustration of the non-contact laser system is presented in Fig. 2.

2.4. Long-term shrinkage measurements

Long-term shrinkage measurements were conducted on three mortar
bar specimens with dimensions of 25 x 25 x 285 mm for each mixture,
following the ASTM C 157 standard [50]. Similar to the early age
shrinkage assessment, only the SIFCON matrix was examined in this
phase of the study. For the initial 24 h, the molds were covered with
plastic sheets and kept at a temperature of 20 (+1) °C. After demolding,
the autogenous shrinkage specimens were placed inside a climate
chamber set to a temperature of 20 °C and a relative humidity of 95 %.
Additionally, the autogenous long-term shrinkage specimens were
covered with aluminum foil to prevent any water loss. Conversely, the
drying shrinkage specimens were placed inside another climate chamber
adjusted to a temperature of 20 °C and relative humidity of 50 %.

The first measurements were taken on the 7th day, followed by
regular interval measurements up to 90 days. The calculated shrinkage
strains were added to the early-age shrinkage strains starting from the
7t day. A similar measurement approach has been successfully imple-
mented in a previous study [51]. This approach allowed for the inclusion
of shrinkage strains that could not be obtained using the conventional
mortar bar method, especially within the first 24 h, leading to more
realistic results. In both early and long-term measurement

Temperature and RH sensors
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Data Logger
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methodologies, the entire surface areas of the specimens were sealed
during the assessment of autogenous shrinkage strains. It can be posited
that the conditions of the specimens were theoretically consistent across
both measurement techniques for autogenous shrinkage. However,
when considering drying shrinkage measurements, it is imperative to
acknowledge that, owing to the intrinsic differences between the
methods, the specimens had varying degrees of surface exposure. Spe-
cifically, early-age specimens were exposed on a single side, whereas
long-term specimens were exposed on all sides. Consequently, the actual
deformation of the SIFCON matrix might not align perfectly with the
recorded long-term shrinkage strains in the context of drying shrinkage.
However, it is postulated that the long-term shrinkage strains provide a
lucid perspective for comparing the mixtures. Subsequent sections offer
interpretations, taking these nuances into consideration, and compari-
sons are drawn based on relative changes.

2.5. Crack mapping

In this part of the study, SIFCON mixtures with fibers were used for
crack mapping analysis. Plate-shaped specimens with dimensions of 25
x 50 x 305 mm were employed, and three specimens were examined for
crack mapping in each mixture. This specimen type has been used in
previous SIFCON studies [52,53]. The selected specimen dimensions
served two purposes. Firstly, they ensured that cracks would form in the
narrow side and center of the specimen. Secondly, they maintained a
constant surface area-to-volume ratio with the drying shrinkage speci-
mens, as this ratio is known to have a significant effect on shrinkage
strains due to differences in water evaporation [54].

All specimens were kept in a room with a temperature of 20 °C, and
the molds were covered with plastic sheets to prevent plastic shrinkage
cracks, as the aim of this study was to observe drying and autogenous
shrinkage cracks. Subsequently, the specimens were demolded, and half
of them were cured in lime-saturated water at 20 °C, while the other half
were cured in a climate cabinet maintained at 20 °C and 50 % relative
humidity for 90 days.

At the age of 90 days, all specimens were removed from their curing
environments and dried in the laboratory environment. At the time of
experiments, the average RH of the lab environment is regularly checked
and it is found to be 40.3 % (+7.2). The purpose of this drying process
was to simulate field drying after curing. By doing so, half of the
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specimens were assumed to be sealed in the field for the long term, while
the other half were left unsealed after one day. The lateral sides of the
specimens were polished with 2500-grit sandpaper to facilitate better
observation of the cracks. Before the examination, the polished sides of
the specimens were wetted with ethanol. Due to the rapid evaporation of
ethanol, cracks become more pronounced. This method was also bene-
ficial for observing small cracks that may not be visible under dry con-
ditions with a camera. The lateral center side of the specimens, limited
to an area of 25 x 25 x 600 mm (Fig. 3-a), was photographed using a
high-resolution camera with the assistance of a powerful LED light
(Fig. 3-b). Subsequently, the images were analyzed using ImageJ (Fiji
version). The cracks were enhanced for better visibility by increasing the
contrast, and the images were then converted to binary (Fig. 3-c). The
percentage of cracked areas was calculated. It should be noted that since
the crack widths were found to be very similar after prior examinations
with a digital microscope, it was assumed that the percentages of
cracked areas were not influenced by differences in crack width.

3. Results and discussions
3.1. Shrinkage

Fig. 4-a and Fig. 4-b present the early age and long-term shrinkage
strains of the SIFCON matrixes under autogenous conditions, respec-
tively. It can be observed that all mixtures exhibited very high shrinkage
strains in the first few hours. After this initial period, a slight expansion
was observed (Fig. 4-a). This phenomenon could be attributed to the
crystallization pressure of calcium hydroxide or the re-absorption of
bleeding water [55]. The persistent rise in shrinkage strains across all
mixtures is somewhat surprising, as autogenous shrinkage typically
culminates within the initial days. Nevertheless, given the high binder
dosage and the low w/b ratio, reactions might still be ongoing. As ex-
pected, an increase in the SAP ratio resulted in a decrease in autogenous
shrinkage strains. While the shrinkage strains of the mixtures with 60
kg/rn3 additional water (SAP A 60 and SAP B 60) and the reference
mixture remained almost constant after 1 day, the mixtures with 36 kg/
m? additional water (SAP A 36 and SAP B 36) continued to shrink. It
might be pointing out that 36 kg/m® of additional water is not fully
enough to compensate for water loss from hydration reactions. This
phenomenon can be attributed to the inherent properties of high-
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Fig. 3. Crack mapping procedure: a) examined area, b) polished and wetted surface, c) binary image of the surface.
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Fig. 4. Early age (a) and long-term (b) shrinkage deformations under autogenous conditions.

performance cement pastes, particularly the presence of silica fume
which leads to significant chemical shrinkage [56]. Since Eq. (1) does
not cover the supplementary cementitious materials, not including SF in
calculations resulted in insufficient additional water.

Fig. 5-a and Fig. 5-b illustrate the early age and long-term shrinkage
strains of the SIFCON matrixes under drying conditions, respectively.
The reductions in shrinkage strains followed a similar pattern to the
autogenous shrinkage strains, except for SAP A 60 and SAP B 36. In
contrast to the autogenous shrinkage strains, SAP B 36 exhibited better
performance than SAP A 60 under drying conditions. This observation
suggests that the performance of SAPs is also influenced by ambient
conditions. This is understandable since SAPs have unique absorption
and desorption kinetics that are dependent on their size and the testing
environment [23].

There is no specific limit value for shrinkage, and the critical point is
reached when the shrinkage strains exceed the tensile strength [57].
Therefore, the critical shrinkage value varies for different concretes
depending on their strength development and shrinkage characteristics.
However, the effect of SAP can be evaluated with reductions in
shrinkage relative to the REF mixture. The reduction percentages in
shrinkage strains on the 7th day, relative to the REF mixture, under
autogenous conditions were 11.1 % for SAP 36, 48.2 % for SAP A 60,
44.9 % for SAP B 36, and 95.3 % for SAP B 60 mixtures. Additionally, the
reduction percentages under autogenous conditions on the 90th day
were 9.6 % for SAP 36, 33.5 % for SAP A 60, 32.6 % for SAP B 36, and
65.9 % for SAP B 60 mixtures. As observed, SAP was notably more
effective at the early stages in reducing shrinkage strains under

autogenous conditions. However, SAP exhibited poorer performance in
terms of reducing shrinkage strains at the early stages under drying
conditions. Specifically, shrinkage strain reduction on the 7th day was
12.3 % for SAP 36, 38.1 % for SAP A 60, 26.3 % for SAP B 36, and 46.7 %
for SAP B 60 mixtures. Moreover, shrinkage strain reduction on the 90th
day under drying conditions was 13.8 % for SAP 36, 44.1 % for SAP A
60, 30.7 % for SAP B 36, and 53.9 % for SAP B 60 mixtures.

The SAP A 36 mixture exhibited a lower reduction in shrinkage
strains compared to the other mixtures, and there were no significant
differences between early and long-term reductions. Additionally, when
considering the same amount of internal curing water, SAP A was less
effective than SAP B in reducing shrinkage strains under both autoge-
nous and drying conditions. This suggests that the specific characteris-
tics of SAPs, beyond just size, have a significant impact on internal
curing performance. Zhong et al. (2019) [58]highlighted that the ab-
sorption behavior of SAPs can vary based on their chemical structures.
Specifically, SAPs with high densities of anionic functional groups
absorbed cement pore solution quickly but also released it rapidly due to
interactions with multivalent cations in the pore solution, such as Ca*.
Furthermore, another study by Zhong et al. (2021) [59] emphasized the
mechanisms of internal curing water release from different types of SAPs
in cement paste, suggesting that the kinetics of water release and the
distribution of SAPs in the mixture are crucial for their performance.
Therefore, the differences observed between specimens containing SAP
A and SAP B may stem from the kinetics of water release and particle
distribution.

The better performance of SAP at the early stages under autogenous
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Fig. 5. Early age (a) and long-term (b) shrinkage deformations under drying conditions.

conditions is understandable, as the mechanism of internal curing aims
to reduce shrinkage strains by supplying extra water to compensate for
the water loss due to hydration reactions. On the other hand, SAP
showed slightly better performance on the 90th day compared to the 7th
day under drying conditions in terms of reducing shrinkage strains. This
indicates that, although SAP reduced shrinkage strains for both ages, the
availability of extra water slightly affected the shrinkage-reducing per-
formance at the early stages due to increased evaporation. However,
there could be more than one parameter influencing this behavior. This
phenomenon will be discussed in detail in the following section.

3.2. Effectiveness of internal curing under drying conditions

There have been controversial reports in the literature regarding the
effectiveness of internal curing under drying conditions. Some re-
searchers have reported an increase in shrinkage under drying condi-
tions [27,28], while others have reported contrary results [25,26]. This
phenomenon has been explained by several reasons in the literature
[31], including:

1. Easier water evaporation: Water absorbed by SAP has higher
mobility, making it more prone to evaporation [60].

2. Higher evaporation rate: Internal humidity in SAP-containing mix-
tures can be higher, leading to an increased RH difference between
the specimen and the environment, resulting in higher evaporation
rates [61].

3. More available water for evaporation: The additional internal curing
water provides more water that can potentially evaporate [62].

The mechanisms behind this phenomenon are reasonable, but the
controversial results in the literature may be attributed to the mea-
surement technique and the ratio of shrinkage under drying conditions
to shrinkage under autogenous conditions.

Plastic shrinkage typically begins within the first few hours and
continues until the final setting [63]. Therefore, the time between the
initial and final setting can be considered as the plastic shrinkage stage.
In Fig. 6, shrinkage strains under drying conditions from the initial to
final setting and from the final setting to the 7th day are presented. It can
be observed that SAP is highly effective in reducing the shrinkage strains
from the initial to final setting times. From the final setting to the 7th
day, the REF mixture exhibited the least shrinkage strain. If the mea-
surements were taken at 24 h as recommended in the ASTM C 157
standard [50], the shrinkage strains of SAP-containing mixtures would
be higher than those of the REF mixture. This indicates that measure-
ment techniques can lead to misleading results, especially when dealing
with delicate phenomena like early-age shrinkage.

Internal curing is introduced to provide water for hydration re-
actions, thereby mitigating autogenous shrinkage [44]. It has also been
found to be beneficial in terms of mitigating plastic shrinkage [9,10].
While achieving these benefits, side effects such as increased shrinkage
under drying conditions may occur. To avoid such unwanted effects, the
proportions of shrinkage strains under autogenous and drying condi-
tions should be evaluated. In this study, the mean ratio of shrinkage
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under drying conditions to shrinkage under autogenous conditions was
approximately 4.1. This ratio was sufficient to compensate for the side
effects of SAP under drying conditions, as the shrinkage strains of the
SAP-containing mixtures on the 7th day and the 90th day were lower
than those of the REF mixture. However, depending on mixture char-
acteristics such as water/binder ratio and binder dosage, the reduction
in plastic shrinkage and autogenous shrinkage strains may not be
enough to compensate for the increase in shrinkage strains under drying
conditions.

Indeed, determining the specific contributions of plastic, drying, and
autogenous shrinkage strains can be challenging, and it requires addi-
tional tests and analyses to differentiate between them accurately.
However, based on the results presented in Fig. 6, it can be concluded
that SAP has a significant effect in reducing the overall shrinkage under
drying conditions, as it demonstrates high effectiveness from the initial
setting until the final setting. As demonstrated in previous sections, SAP
effectively reduced autogenous shrinkage. Consequently, it also posi-
tively impacts shrinkage strains under drying conditions. It is note-
worthy that the size of the specimen significantly influences shrinkage.
Therefore, further investigations and specific tests targeting individual
shrinkage mechanisms and governing specimen sizes would be valuable
to gain a more comprehensive understanding of how SAP influences
different types of shrinkage and their magnitudes.

3.3. Crack mapping

A representative cracked surface shown in Fig. 7 clearly illustrates
the presence of cracks predominantly around and between the fibers in
the SIFCON matrix. It is important to note that SIFCON, which contains
10 % (by volume) randomly dispersed fibers, may have cracks that are
not directly connected to the fibers visible on the surface. These cracks
could potentially be connected to fibers located beneath the surface,
emphasizing the complex crack pattern in SIFCON.

The observed crack pattern, described as “mapping-like cracks,” is
consistent with previous studies [64,65]. The cracking around and be-
tween fibers can be attributed to stress concentration in these regions
caused by the shrinkage strains. As mentioned by Gilani [39], SIFCON
tends to exhibit cracking between the fibers. This phenomenon is unique
to SIFCON due to the combination of significant shrinkage strains
induced by the nature of the SIFCON matrix and the presence of a rigid
network formed by the fibers.

It is noteworthy that the specimens in this study were cured under
non-restrained conditions, making the occurrence of cracking between
fibers even more intriguing. Typically, the formation of cracks in con-
crete under non-restrained conditions is relatively uncommon. Yet, it
could be said that specimens were restrained by fibers. The findings of
cracking between fibers in this study provide valuable insights into the

Fig. 7. Example of a cracked surface (A: fibers).
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behavior of SIFCON and highlight its unique characteristics in terms of
crack formation and distribution.

The binary images of cracks in Fig. 8 and the corresponding mean
percentages of cracked areas in Fig. 9 provide insights into the crack
development in the different mixtures and under different curing con-
ditions. The results show clear evidence of cracking induced by the use
of SAP. As the SAP content increases, the cracks become more pro-
nounced, and the cracked area expands.

It is important to note that these cracks, although present, might not
appear to have a significant negative impact on the strength properties
of the specimens. However, it is well-known that shrinkage cracking can
lead to durability issues, primarily due to the increased diffusion of
harmful substances through the cracks. Additionally, shrinkage cracks
can facilitate the interconnection of capillary pores, further compro-
mising the durability of the material [40].

Notably, significant differences were observed between water curing
and RH curing. Contrary to expectations, the water-cured specimens
exhibited more cracking compared to the RH-cured specimens. Several
reasons may account for this difference, including increased cracking
sensitivity due to strength loss, parasite strain development caused by
the swelling of SAP, and the drying process of the water-cured
specimens.

It is known that SAP can lead to strength loss due to an increased pore
ratio, which might result in lower tensile strength, thus increasing
cracking sensitivity. Additionally, long-term swelling of SAP in the
water-cured specimens may contribute to this phenomenon. Considering
the 90-day water curing period for the specimens, it is expected that the
SAP remained swollen during the curing process. The utilization of
SAP’s absorption capacity was based on its behavior in cementitious
environments, suggesting that during water curing, SAP is likely to
absorb more, resulting in parasite strains within the matrix.

However, these effects are assumed to be minor. It seems that water
movement during the drying process has a more dominant effect, as the
non-SAP-containing reference specimens exhibited a similar pattern to
the SAP-containing specimens. Consequently, water movement is found
to be responsible for the cracking performance observed in the speci-
mens mentioned above.

3.4. Effect of water movement on cracking

The findings show that cracking is strongly related to the usage of
SAP, SAP content, SAP type, and curing environment. Due to the intri-
cate nature of shrinkage and cracking, the aforementioned effects must
be examined in three main parts: i) the increase in cracking in SAP-
containing mixtures relative to REF mixtures, ii) the increase in
cracking in SAP B-containing mixtures relative to SAP A-containing
mixtures, iii) the increase in cracking in water-cured specimens related
to RH-cured specimens.
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3.4.1. Increase of cracking in SAP-containing mixtures

The increase in cracked areas of SAP-containing mixtures relative to
their REF mixtures is presented in Fig. 10. When SAP A is used, cracking
is increased by 37 % to 99 % in water-cured specimens and by 62 % to
138 % in RH-cured specimens. When SAP B is used, cracking is increased
by 71 % to 149 % in water-cured specimens and by 152 % to 266 % in
RH-cured specimens. The increase in cracking is observed with the in-
crease in SAP and internal curing water content. The mechanisms of
easier water evaporation [60], increased RH difference between the
specimen and the environment [61], and more available water to
evaporate [62], individually or in combination, are responsible for these
increased cracked areas, as mentioned in Section 3.2. Once the water
evaporates due to various reasons mentioned above, loose capillary
pores become desiccated. This indicates that internal curing may lead to
more cracking during the structure’s life cycle if it is subjected to water
movements such as wetting-drying and significant RH changes in the
environment. It is known that wetting—drying can increase shrinkage
due to viscoelastic relaxation [66]. Therefore, the inclusion of water
reservoirs like SAP in concrete could result in more desiccation and
shrinkage.

3.4.2. Increase of cracking in SAP B-containing mixtures

In both curing environments and with both additional internal
curing water contents, specimens containing SAP B exhibited more
cracking compared to specimens containing SAP A (Fig. 10). The main
difference between SAP A and SAP B lies in their particle sizes and
distributions. Although both SAP types have the same origin, the ab-
sorption and desorption kinetics can vary with particle size [67]. The
evaporation rate is known to have a significant effect on plastic
shrinkage [68], and it is also an important parameter for drying
shrinkage. It is well-known that as the RH of the environment decreases,
drying shrinkage strains increase [24]. The main mechanism behind this
is the increased evaporation rate of the specimens due to the larger
difference between the RH of the environment and the internal RH of the
specimen. As mentioned in Section 3.2, the mechanism of increased RH
difference between the specimen and the environment [61] appears to
be more effective than other mechanisms in this context. Smaller
particle-sized SAP tends to release water more quickly due to the larger
surface area [67]. The prolonged drying time (or lower evaporation
rate) of SAP B may have resulted in greater differences in shrinkage
strains between the inner and outer sides of the specimens. Conse-
quently, the prolonged drying time of SAP B-containing specimens likely
contributed to increased cracking. Therefore, in addition to water con-
tent and water movement, the water absorption and desorption char-
acteristics, as well as the particle size distribution of SAP, are also
important factors to consider concerning cracking.

3.4.3. Increase of cracking in water-cured mixtures
The increase in cracked areas of water-cured specimens compared to
RH-cured specimens is shown in Fig. 11. The REF mixture exhibited a
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Fig. 11. Increase in cracked areas of water-cured specimens relative to RH-
cured specimens.
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Fig. 12. Illustration of water and RH-cured specimens’ internal RH change through the curing and crack mapping processes.

122 % increase in cracking after water curing. In contrast, SAP A-con-
taining mixtures experienced an 85 % to 88 % increase in cracking, and
SAP B-containing mixtures showed a 51 % increase. Although the
cracked areas of SAP B-containing mixtures were higher than the other
mixtures, they were less influenced by environmental conditions. This
finding is consistent with the observed shrinkage strains of the mixtures
(Fig. 4 and Fig. 5). However, as discussed earlier, SAP B is more affected
by water movement. Therefore, the contrasting results suggest that
shrinkage should be examined using different tests and test conditions to
observe the side effects of shrinkage-reducing methods or agents.

The observation of more cracking in water-cured specimens
compared to RH-cured specimens is unexpected. The illustration in
Fig. 12 shows the internal RH change in both types of curing and during
the crack mapping process. Water-cured specimens did not experience a
drop in RH during the first 24 h and the curing period, but they lost 60 %
of RH during the crack mapping process. In contrast, RH-cured speci-
mens encountered RH drops both during curing and after the curing
period, yet the drops were relatively smoother; approximately 50 %
(from 100 % to 50 % RH) after the first 24 h and 10 % (from 50 % to 40
% RH) after the curing period. The rapid moisture loss in water-cured
specimens may have led to increased cracking in these specimens.
Particularly, rapid RH changes could induce stress relaxation. In con-
crete, stress relaxation means that when there is constant strain, internal
stresses diminish over time. If these stresses don’t relax properly, they
can cause cracking [69]. Also, the connection between SAP content and
cracking can be explained by stress relaxation. As more water evaporates
from the specimen during drying, more voids are left, which can lead to
increased stress relaxation. In addition to stress relaxation, the swelling
of SAP during water curing might also negatively influence cracking.
When SAP is saturated and swells in pore water, it reaches its maximum
size for those conditions. However, during water curing, when SAP en-
counters lime-saturated water, it might try to absorb more water and
expand, given that the pH of lime-saturated water is lower than that of
the pore solution. This tendency of SAP to expand could introduce
additional stresses. Regardless of the effect of SAP usage and content on
cracking, as discussed earlier, all specimens exhibited an increase in
cracked areas ranging from 51 % to 122 % (Fig. 11). This indicates that
RH changes and change ratios also have a significant influence on
cracking.

4. Conclusion

Based on the experimental study and analyses conducted, the
following conclusions can be drawn:

e SAP is effective in reducing both autogenous and drying shrinkage
strains, with a significant effect observed in the first few hours. This
can be attributed to the substantial decrease in plastic shrinkage with
the use of SAP during the early stages of hydration.

e The size of SAP particles plays an important role in mitigating
shrinkage strains. Coarser SAP (SAP B) was found to be more effec-
tive in reducing shrinkage, but it also resulted in more cracking. This

can be explained by the absorption and desorption characteristics of
SAP, where coarser particles release water more quickly, leading to
increased shrinkage strain differences within the specimen.
Contradictory reports on the performance of internal curing agents in
drying shrinkage strains may be attributed to the measurement
techniques and the proportion of different types of shrinkage. Mea-
surements starting from the final setting or one day after may be
misleading due to the significant reduction in shrinkage strains
caused by SAP during the first few hours. Evaluating the all side-
effects of SAP is important to accurately assess the benefits of SAP.
o The negative effects of SAP on drying shrinkage can be compensated
by reductions in autogenous and plastic shrinkage at early ages. The
ratio of shrinkage strains under drying conditions to shrinkage
strains under autogenous conditions is crucial for assessing the
compensation of negative effects. Therefore, the proportion of
different types of shrinkage should be considered to avoid an in-
crease in drying shrinkage.

Crack mapping revealed that, cracks can form due to shrinkage
strains between fibers in SIFCON. This indicates the importance of
considering the presence and behavior of fibers in assessing cracking
potential.

RH-cured specimens displayed fewer cracks compared to those cured
in water. The rapid change in RH can be posited as the potential
cause. Given the accelerated RH change in water-cured specimens,
stress relaxation occurred, and insufficient time was available for
adjustment, possibly leading to increased cracking.

These conclusions highlight the complex nature of shrinkage and
cracking phenomena and emphasize the need for careful consideration
of various factors, such as SAP characteristics, curing conditions, and
measurement techniques, to accurately assess and mitigate cracking
potential in UHPC.
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