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Abstract

The durability and service life of concrete structures reduces considerably due to the induced cracks from the con-
crete volumetric changes. Therefore, adopting appropriate measures to overcome this drawback is crucial. In this
respect, this research was conducted to investigate the effects of internal curing on high-performance concrete’s
autogenous shrinkage and mechanical properties. For this purpose, the curing capability of concrete specimens
containing pre-saturated artificial aggregate (LECA), superabsorbent polymers (SAP), and recycled crushed bricks
(RCB) as internal curing agents was investigated. The volumetric changes and mechanical properties tests of internal
cured concrete specimens, including autogenous shrinkage, the compressive, tensile, bending strength, modulus
of elasticity, and X-Ray diffractometer (XRD) tests, were performed to investigate the effect of internal curing on
the micro-structures and hydration procedure. According to obtained results, the SAPs could omit the autogenous
shrinkage of studied concrete specimens. The test results of specimens containing LECA also showed a reduction in
the autogenous shrinkage value; however, using LECA caused a reduction in the mechanical properties. In compar-
ison, recycled crushed bricks could reduce the concrete autogenous shrinkage and improve mechanical properties.

Keywords Internal curing, Autogenous shrinkage, lightweight aggregate, Superabsorbent polymers, High-per-

formance concrete.
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Introduction

Supplying suitable concrete curing is a critical factor in
ensuring concrete structures’ durability and sustainability.
Hydration products and their penetration in the internal
pores occur during curing, accompanied by sufficient wa-
ter support. This process is associated with reduced po-
rosity, concrete volume changes, and crack probability.
There are different ways to keep concrete internal humid-
ity. External curing is a common and traditional method
that performs poorly. In this technic, required moisture is
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provided by sprinkling water or using wet burlap, which
primarily is not performed homogeneously. Some ad-
vanced methods for concrete curing have been proposed
to overcome this problem in recent years.

Paul Klieger issued a report on internal concrete curing
by LECA in 1957 [1,2]. In the mid-90s, some German
and Dutch researchers introduced innovative methods for
internal concrete curing by pre-wetted lightweight aggre-
gates [2,3,4]. Water can penetrate some millimeters in
the external curing of concrete with a low w/c ratio. In
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contrast, in the internal curing technique, humidity can
be distributed uniformly in the whole parts of a concrete
mass [5]. In the following, the use of other materials (e.g.,
superabsorbent polymers, cenospheres, and pre-wetted
wood fibers) that were applied as internal water reser-
voirs was considered [6-10]. However, the production of
hundreds of thousands of cubic meters of concrete with
pre-wetted lightweight aggregate for internal curing in
the US before 2007 [11] shows that this modern technol-
ogy is efficient and economical.

One of the most significant purposes of internal curing
is the reduction of autogenous shrinkage strains in high-
er-performance concrete (HPC) [5]. To this end, many
studies have been carried out on the impact of internal
curing on concrete shrinkage strains [12]. In addition, the
measurement method of autogenous shrinkage [21] and
reduction of autogenous shrinkage in hydrated cement
paste are among the studied issues in this field. ASTM
C1698 standard has introduced a method of autogenous
shrinkage measurement based on the Jensen & Hansen
method proposed in 1995 [15,16]. In the proposed meth-
od, a cement paste or mortar sample is put in a flexible
polymer pipe, and the deflection is measured periodically.
Giker et al. studied the autogenous shrinkage of mortar
with water to cement ratio of 0.35, containing 8% Silica
Fume (FSF), which was internally cured by pre-wetted
lightweight aggregate (LWA) and (SAP) [17]. According
to the Giker report, all specimens cured internally had
more internal wet ratio and less shrinkage strain [17].
Henkensiefken et al. placed the prismatic specimens of
the mortar after one-day curing under a moisture isola-
tion situation to observe shrinkage as a function of light-
weight aggregate replacement [17]. The results showed a
considerable reduction in self-shrinkage strains.
Comparison between plastic shrinkage and the cracking
tendency of concrete with and without internal curing
was the subject of several studies [18, 19]. The results
demonstrated a reduction in plastic shrinkage caused by
internal curing with the LWAs.

In summary, despite the valuable studies and considering
the problems of using SAPs and LWAS, such as non-uni-
form distribution inside the concrete volume, further in-
vestigation is needed. Also, introducing internal curing
agents with a density closer to concrete can significantly
increase the efficiency of internal curing, especially in
concretes with a low water-to-cement ratio. In this study,
in addition to a more detailed examination of the issue,
crushed brick particles with a density close to concrete
aggregates have been used as an internal curing agent,
along with SAP and LWAS particles. In addition to inter-
nal curing, using crushed brick particles can play a signif-
icant role in reducing the accumulation of construction
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debris in nature.

In the literature, different methods were proposed to cal-
culate the required LWA for internal curing of a concrete
mixture with low water content (e.g., Eq. 1). Equation 1
determines the required mass of dry lightweight aggre-
gate used as micro-water reservoirs [16].
Cr.Cs.Omas=S. PLwa.Mrw4 (1)
Where Cr is the concrete mixture cement factor, Cs is the
chemical shrinkage of cement in a complete reaction, and
omax 18 the maximum hydration rate with a value between
zero and one. Also, S is the saturation ratio of the LWAs
to the whole saturated level, @y, is the absorption capac-
ity calculated from the internal reservoirs in pre-wetted
conditions, and Miwa is the value of internal reservoirs
required for the internal curing. It should be noted that,
on the right side of the equation, the LWA dis-absorption
capacity should be considered [16].

2. Research Significance

The primary goal of this research is to assess the ability
of pre-saturated artificial aggregate, LECA, SAPs, and re-
cycled crushed bricks for internal concrete curing. In this
regard, it has tried to study the absorption properties and
determine the efficiency and performance of these inter-
nal curing agents. To this end, the absorption capacities
of cited internal curing agents were primarily measured
as the water reservoirs. The volumetric changes and me-
chanical properties tests of internal cured concrete spec-
imens, including autogenous shrinkage, the compres-
sive, tensile, bending strength, modulus of elasticity, and
X-Ray diffractometer (XRD) tests, were performed to in-
vestigate the effect of internal curing on the micro-struc-
tures and hydration procedure.

3. Material and methods

The cement for the concrete specimens was ordinary Portland
cement (Type I), and the cement content was 350 kg/m®. The
fine aggregate was river sand. The fine and coarse aggre-
gates were crushed, and the maximum size of the coarse
aggregate was 0.39 mm. In all studied mixes, 10% of ce-
ment weight was replaced by silica fume as an additive.
In order to reach suitable workability, also reducing w/c,
poly-carboxylic, as a high-range water-reducing admix-
ture, is added to the mix designs (Table 1).

As mentioned, several different materials, including
LECA, superabsorbent and crushed brick, were used for
the internal curing of concrete specimens. The LECA
(with an actual specific gravity of 970 kg/m3) was fine-
grained with a maximum size of 4 mm. The 24- and 48-
hour water absorption of LECA was 37.8% and 40.28%,
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respectively. Using crushed brick (with 2050 kg/m3 ac-
tual specific gravity) is a new idea for internal curing,
considering these particles’ environmental obligations
and noticeable porosity. This material’s 24- and 48-hour
water absorption was 51.2% and 53%, respectively. One
of this research’s main goals is to assess using brick as an
internal curing agent in concrete to achieve knowledge
of its performance. The used bricks were some recycled
compressive ones crushed by the crusher machine. The
maximum nominal diameter for the crushed bricks was
4.75 mm. The SAP used in this research was synthetic
A200. The superabsorbent sizes and diameters were ho-
mogenous and between 2 and 3 mm. Also, the A200 wa-
ter absorption in 5 and 115 minutes equals 14.5 and 105
times its weight, respectively.

The studied mix designs for the experimental program
are presented in Table 1. Letters L, S, B, and C represent
LECA, SAP, crushed bricks, and specimen. For exam-
ple, in “35L33+10”, “35” means the total water-to-ce-
ment ratio, “L” indicates the material for internal curing,
“33” means the effective water-to-cement ratio, and “10”
means the additional material replacement percentage.

Table 1. Mix designs of concrete specimens

[J]
Mixtures g ’\::, We! gﬂ LECA® | CB* | SAP
<
35533+.14 0.4 | 0.033 | 115.5 | 1900 0 0 0.48
35530+.34 | 0.4 0.3 105 | 1900 0 0 1.2
40S35+.34 0.4 0.35 | 122.5 | 1900 0 0 1.2
40S33+.49 0.4 0.33 | 115.5 | 1900 0 0 1.7
40S30+.68 0.4 0.3 105 1900 0 0 24
35033+10 0.4 0.33 | 115.5 | 1805 | 49.6 0 0
38L30+20 0.4 0.3 105 | 1710 | 99.2 0 0
43L35+20 0.4 0.35 | 1225 | 1710 | 99.2 0 0
45133+30 0.5 0.33 | 1155 | 1615 | 148.9 0 0
35L27+20 0.4 0.27 94,5 | 1710 197 0 0
35B30+4.5 | 0.4 0.3 105 | 1857 0 53.2 0
40B30+9 0.4 0.3 105 1814 0 106.3 0
C30 0.3 0.3 105 1900 0 0 0
33 0.3 0.33 | 115.5 | 1900 0 0 0
C35 0.4 0.35 | 122.5 | 1900 0 0 0
C40 0.4 0.4 140 | 1900 0 0 0

1. Effective Water, 2. In saturation conditions with a dry surface,
3. Wetted for 48 hours, 4. Crushed Bricks: Weight ratio to cement (%)

Figure 1a compares the 72-hour water absorption curves
for LECA and crushed brick. This figure shows that the
water absorption rate in both materials is primarily high
and reduces over time; Also, the 72-hour water absorp-
tion for crushed brick is more than LECA.
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Fig 1. Water absorption capacity, a) A comparison be-
tween water absorption of LECA and crushed bricks, b)
Superabsorbent water absorption

In this research, to calculate the required values of LECA
and crushed brick, the 48-hour water absorption equiv-
alent to 40 and 55% is considered. The teabag method
is employed to calculate SAP’s water absorption curve.
In this method, 0.2 grams of A-200 superabsorbent were
put in a teabag, and the water absorption changes were
measured. Figure 1b shows the water absorption curve
for superabsorbent.

The prismatic concrete specimens with 50x10x10 cm
size were used to measure concrete volumetric changes.
A waterproof polymer material was used to keep the exist-
ing water in the specimens and avoid moisture loss from
the concrete surface. After isolation, concrete specimens
were put under a strain gauge, and the length changes of
the specimens were recorded in specific time intervals.



The XRD (X-Ray Diffractometer) test was performed to
compare the specimen’s reactivity degree by specifying
the existing phases. This test is a practical method to eval-
uate the efficiency of the internal curing material and the
hydration or reactivity degree. Moreover, the mechanical
properties of the internally cured concretes and the con-
trol specimen were studied by performing the compres-
sive, tensile, bending strengths, and modulus of elasticity
tests in 7 and 28 days.

4. Results and discussion

This section presents the results relevant to the tests per-
formed on concrete specimens to investigate concrete
volume changes along with mechanical properties.

4.1. Internal curing effect on the autogenous shrink-
age strains

Figure 2a shows the autogenous shrinkage of the control
specimens and specimens containing LECA, with the ef-
fective water-to-cement ratio of 0.3 and 0.35. As seen in
Figure 2a, in the specimen of 20% LECA with water to
cement 0.3, the autogenous shrinkage has been omitted
approximately, while the C30 control specimen in the first
week after demolding had about 600 um shrinkage, and
its 28-day shrinkage reached 400 pm. Similar results can
be observed for the specimen containing 20% LECA with
a 0.35 water-to-cement ratio. According to the obtained
results, in addition to autogenous shrinkage elimination
after 28 days, the specimens containing LECA experi-
enced an approximately 100 um longitudinal expansion,
while in the C35 control specimen, after 28 days, the
shrinkage strain was 200 um. As seen in Figure 2a in the
uncured specimens, the autogenous shrinkage at 3 and
7 days’ age is at its maximum value. This probably oc-
curs because of the low relative internal moisture in these
specimens’ microstructure. In other words, eliminating
autogenous shrinkage strain in the specimens containing
LECA could happen because of a reduction in capillary
stresses by the presence of water in the capillary pores.
Also, the logged water from the LECA increased the sep-
arating force, leading to separation in the capillary layers
and volume expansion. It is worth mentioning that similar
results have been reported by other researchers [20].
For the specimens containing LECA with different effec-
tive water-to-cement ratios (0.27, 0.30, and 0.35) with
identical amounts of LECA equal to 20% of sand volume,
as predicted, the autogenous shrinkage reduces as the in-
crease of the water-to-cement ratio. Comparing the con-
crete specimens with different LECA quantities, with a
constant water-to-cement ratio, shows that the shrinkage
is restricted or even omitted in the mix with 20% LECA.
These results show that in the specimen with a constant
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Fig 2. Autogenous shrinkage of the concrete specimen
containing different quantities of internal curing agents

vs. control mixes, a) LECA, b) SAP. ¢) Crushed bricks, d)
Comparative results
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total w/c, the effect of saturated LECA on the induced
autogenous shrinkage strains is more than the effect of
increasing effective w/c.

Figure 2b indicates the autogenous shrinkage in the mixes
containing different quantities of SAP with equal (w/c)
t=0.4. Accordingly, it could be detected that the autoge-
nous shrinkage at the 28-day age does not necessarily
decrease by increasing SAP values. For instance, the
specimen with 0.68% SAP has more autogenous shrink-
age than the specimen with 0.49% SAP. The results also
proved that in w/c=0.4, there is an optimum value for
SAP in the 34 to 49% range. The comparison was made
among the specimens with w/c=0.35, containing differ-
ent quantities of SAP, and an optimum amount of SAP
was detected. Other specimens with (w/c)e between 0.3
and 0.33, containing different SAP, were studied. The ob-
served outcomes indicate that both concrete specimens
had less (or even zero) autogenous shrinkage than the
counterpart control specimens.

Figure 2c illustrates the autogenous shrinkage of speci-
mens containing 4.5 and 9% crushed bricks vs. the C30
control specimen with the same (w/c)e. according to this
figure, mixes containing crushed bricks can effective-
ly reduce autogenous shrinkage strain. In the specimen
with 4.5% crushed brick, the small amount of crushed
brick and inappropriate spatial distribution decreased
the autogenous shrinkage less than the expected value.
In comparison, based on the (w/c)t instead (w/c)e, in the
specimens with total w/c=0.35 and 0.40, the autogenous
shrinkage for the third and fourth weeks is approximately
equal to the counterpart control specimens.

Figure 2d compares the mixes containing LECA, SAP,
and crushed brick as water reservoirs in concrete for a
(w/c)t=0.35. According to this figure, the SAP performs
more effectively as an internal curing material for reduc-
ing or omitting the autogenous shrinkage in concrete.

4.2. The effects of internal curing on the mechanical
properties

Figure 3 indicates the compressive strength of the mixes
with SAP vs. control specimens. Comparing the result of
cured specimens shows an increase in the compressive
strength of the specimens containing SAP (figure 3). All
the specimens with SAP have greater 7-day compressive
strengths compared to C40. Also, the 28-day compressive
strength of the mixes with 0.34 and 0.49% SAP has more
than the control mix. The results obtained show that the
specimen with 0.49% SAP has the maximum strength,
while the compressive strength of the specimen with
0.68% SAP was 4% less than the C40. Similar results
were observed in the mixes with SAP in w/c=0.35.
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Fig 3. Compressive strength of the specimens having SAP
with total w/c=0.40.

Figure 4 shows the specimens containing 10 and 20%
LECA have more 7-day compressive strength than the
C35. The 28-day compressive strength of the specimen
with 20% LECA with a total w/c=0.35 is approximately
11% less than the control specimen. While for the spec-
imen with 10% LECA and the same total w/c, approx-
imately no changes were observed in the 28-day com-
pressive strength. In the specimens with 20% saturated
LECA, an increase in the compressive strength was ob-
served by reducing the effective w/c and fixing the LECA
substitution value.
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Fig 4. Compressive strength of the cured specimens with
LECA and the control specimen.



The 7-day compressive strength of C33, 35L.33+10, and
45L33+30 (constant effective w/c) were 235.5, 275.5,
and 152 kg/cm2. For the specimen with 10% LECA,
approximately 20% increase in the strength, and for the
specimen containing 30% LECA, a 34% decrease in the
7-day strength was observed compared to the control mix.
This means more strength decrease is observed with an
increase in LECA substitution.

Figure 5 shows the 28-day compressive strength for the
specimens having crushed bricks. For the specimens with
4.5% crushed brick, the compressive strength was 407
kg/cm2, and for the specimen with 9% crushed brick, the
strength was 362 kg/cm2. Compared to the C30 control
mix with the same effective w/c, a 14.5 and 2% increase
in compressive strength was observed for the specimens
containing 4.5 and 9% crushed brick. Therefore, the in-
ternal curing by crushed bricks improved the concrete
compressive strength. According to Figure 5, the notice-
able decrease in primary autogenous shrinkage in the
specimens having crushed bricks and, consequently, the
reduction in the micro-cracks caused by the volumet-
ric changes can be considered the main reason for the
strength increase.
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Fig 5. Compressive strength of the specimens internally
cured by crushed brick (28 days).

Figure 6 shows the 7 and 28-day tensile strength for the
specimens containing 0.34, 0.49, and 0.68% SAP with a
total w/c=0.40. All specimens showed an increase in ten-
sile strength for the 7 and 28-day ages compared to the
C40 control specimen. At 7-day age, the maximum in-
crease in compressive strength in comparison to tensile
strength is for the specimens containing 0.68 and 0.49%
SAP. Also, the specimen with the minimum SAP value
reached the maximum tensile strength in 28 days (42.4
kg/cm?2.
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Fig 6. Tensile strength of the specimens containing SAP
with total w/c=0.40

Conducted study on the specimens with w/c=0.35 con-
taining SAP and the C35 control specimen showed simi-
lar results for the tensile strength.

The tensile strength for the specimens with LECA was
measured, and its outcomes are given in Figure 7. For the
specimens 35L.33+10 and 35127420 with total w/c=0.35,
internal curing reduced the concrete strength compared to
the C35 control sample (7 and 5% in order). The tensile
strength of the internally-cured specimens with crushed
bricks was measured (figure 8). The 28-day tensile
strengths for specimens containing 4.5 and 9% were 46.5
and 45 kg/cm2, which is greater than the control sample’s
tensile strength.
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Fig 7. Tensile strength of the specimens internally cured
by LECA and the control specimen
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Figure 9 shows the bending test results for cured and con-
trol specimens at 28 days.
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Fig 9. Bending strength and dynamic modulus of elastic-
ity of the specimens, a) Bending strength, b) modulus of
elasticity

According to Figure 9a, using SAP has an improving effect
on bending strength. The specimens with total w/c=0.40
and containing 0.34, 0.49, and 0.68% SAP have bending
strengths of 9.6, 9.75, and 9.6 kg/cm2, respectively. These
results show an approximately 17% increase compared to
the C40 control sample. The specimens with 10 and 20%
LECA and total w/c=0.35 showed a negligible increase
in 28-day bending strength compared to the C35 control

sample. The presence of crushed bricks as water reser-
voirs for internal curing caused an increase in the bending
strength of the specimens compared to their counterpart
control specimen. The 28-day bending strength of the spec-
imen containing 4.5% crushed bricks (35B30+4.5) is 9.9
kg/cm?2, and the specimen containing 9% crushed bricks
(40B30+9) is 9.3 kg/cm2 that shows 16 and 9% increase
in comparison to the C30 specimen. The results of the dy-
namic modulus of elasticity test are given in Figure 9b.
As seen in Figure 9b, among the specimens with total
w/c=0.40 and different amounts of SAP (0.34, 0.49, and
0.68%), the 40S33+0.49 mix design has the maximum
modulus of elasticity, which is approximately equal to the
C40 control sample. Considering this figure, substituting
LECA with sand causes a decrease in the concrete modu-
lus. Also, the internal curing of concrete by crushed bricks
has no improving effects on the concrete dynamic modulus
of elasticity.

4.3. Internal curing effects on hydration degree

The Calcium Hydroxide (CH) percentage in a complete
reaction should be calculated to determine the hydration
degree. Table 2 depicts the amounts of calcium hydroxide
in the cement hydration reaction in the specimens with a
total ratio of water to cement equal to 0.35.

According to obtained results, except for the specimen
containing 4.5% crushed bricks, the rest of the specimens
show an increase in CH compared to the C35 control sam-
ple. It could be because of the less available water to de-
velop the hydration process. In the specimens with effec-
tive w/c=0.3, it is observed that the specimen containing
crushed bricks could recover the hydration degree slightly.
The specimen containing 20% LECA with effective w/
¢=0.27 could increase the hydration products well and has
a greater degree of hydration than the control samples with
w/c=0.35. Also, as observed, the hydration degree has in-
creased by enriching the percentage of LECA substitution
by sand from 10 to 30%. The specimen containing 0.14%
SAP has an approximately similar hydration product to
30% LECA. Figure 10 shows the graph of the XRD test for
the 35S33+0.14 mix design.
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Fig 10. The XRD test results for 35533+0.14 mix design
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Table 2. The percentage of calcium hydroxide in the hydration reaction of cement ((w/c)t=0.35)
35S33+0.14  35S30+0.34 35L33+10 35L27+30 35B30+4.5 C30 C35
CA(OH), 3 5 2.58 3 1 <1 2.38

5. Discussion

The comparison between the results obtained from the
specimens containing the internal curing agents indi-
cates that despite the effect of the internal curing on re-
ducing or even eliminating the autogenous shrinkage of
concrete, the internal curing has caused a decrease in the
compressive strength and modulus of elasticity in some
specimens. Internal curing by preparing and providing
appropriate and sufficient moisture inside the concrete,
in addition to eliminating capillary stresses, improves the
strength of concrete by increasing the degree of hydration
of un-hydrated cementitious materials. On the other hand,
low specific weight and low resistance of light grains re-
duce the strength and modulus of elasticity in internally
cured concrete. The superabsorbents inside the concrete,
whether they contain water or not, by creating and in-
creasing the porosity in the concrete, reduce concrete
compressive strength and modulus of elasticity. Accord-
ingly, improving hydration and microcracks on the one
hand, reducing specific weight, and increasing porosity
on the other, each of which has a more significant impact
on concrete, will cause an increase or decrease effect in
compressive strength, respectively. Based on the results
obtained, it is evident that the specimens containing su-
per absorbent have a higher strength and modulus of elas-
ticity while also effectively reducing shrinkage strains.
The specimens containing crushed brick reduced shrink-
age strains by 20-50% and simultaneously increased the
compressive strength of concrete compared to the control
specimens.

The reason for the ineffectiveness of crushed brick com-
pared to LECA in reducing shrinkage strains is its higher
specific weight. In the mix designs, an attempt was made
to use fine-grained aggregates to improve the spatial
distribution of water reservoirs in concrete. However,
due to the crushed brick’s high absorption and specific
weight, achieving proper spatial distribution in concrete
was impossible compared to LECA and other agents.

6. Conclusion

Considering the significant effect of autogenous shrink-
age in the low w/c ratio concretes, this study tried to
reduce the negative impact of shrinkage strains on the
strength and durability of concrete. To this end, it was
tried to supply internal curing conditions for the studied
mixes using SAP, LECA, and crushed bricks, as the inter-

nal water reservoirs. In the following, the most significant
outcomes of the study are summarized:

¢ Internal curing by SAP, LECA, and crushed bricks has
caused a reduction or even elimination of the autogenous
shrinkage in the studied specimens. SAPs have more
satisfactory results than LECA and crushed bricks. The
specimens containing SAP and crushed bricks increased
the tensile strength of the concrete by 3 to 35%. The
maximum increase relates to the specimens containing
SAP equal to 0.34% cement weight. The 28-day bending
strengths of concrete showed an increase by using all in-
ternal curing agents compared to the counterpart control
specimen.

e Specimens containing crushed bricks with 4.5 and
9% substitution could reduce the autogenous shrinkage
from 20 to 50% in the low ages and increase the concrete
strength specifications compared to control samples.

* The specimen with very low w/c=0.25 with 20% LECA
has less autogenous shrinkage than the control specimen
with w/c=0.4. In specimens that have water-to-cement
ratios greater than 0.4, where the autogenous shrinkage
potential is less, using SAP should be selected in its min-
imum value. In this study, the proper weight of SAP was
obtained between 0.34 to 0.49% for the concrete mixes
with w/c=0.4.
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