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A B S T R A C T   

Internal curing (IC) and other shrinkage mitigating materials are employed to reduce shrinkage and risk of 
cracking. This study investigates the efficiency of individual versus combined use of IC and shrinkage mitigating 
materials on key characteristics of fiber-reinforced mortar (FRM). The investigated mixtures include a 25% pre- 
saturated lightweight sand (LWS) that is added individually and combined with 10% CaO-based expansive agent 
(EA) and 2% shrinkage reducing admixture (SRA). This elucidates the synergistic effect of high content IC and 
EA/SRA on macro- and micro-mechanical characteristics of FRM, especially at the interface of the matrix with 
fibers. Mechanical properties, microstructural characteristics, and fiber–matrix bonding of FRM made with 0.5% 
steel fibers are investigated. The results show that the use of IC with EA and SRA completely compensates for 
shrinkage at 56 days. The highest compressive and fiber pull out strengths are observed for FRM with IC and 
without EA/SRA due to the densification of the interfacial transition zone (ITZ) confirmed by microstructural 
analysis. Such improvement is associated with the lower porosity of the cement paste and longer silicate 
chain—higher Si/Ca—obtained by FRM made with LWS. Although the combination of both EA and SRA with IC 
leads to 180 μstrain expansion after 56 days, the corresponding mixture presents the weakest ITZ and inferior 
mechanical properties.   

1. Introduction 

The development of high-performance concrete with low water-to- 
cementitious material ratio (w/cm), higher packing density, and low- 
permeability matrix has made the external curing water movement 
into depth of concrete less effective [1]. Internal curing (IC) as an 
effective curing technique has been successfully employed to reduce 
plastic, autogenous, and drying shrinkage and mitigate the risk of 
cracking [2–5]. IC can infuse water stored in pre-saturated lightweight 
aggregates (LWA) to increase the internal relative humidity of the hy
drated cement paste. In order to achieve high surface area of LWA 
particles, enhance distribution in the cement paste to secure more uni
form water dispersion throughout the hydrated cement paste, and to 
minimize the adverse effect of LWA on mechanical properties, the use of 
fine lightweight sand (LWS) is preferred [6–9]. Saturated LWS is usually 
made of expanded shale, clay, and slate is used to replace a given volume 
of natural sand to reduce self-desiccation. In 1991, Philleo [10] intro
duced the idea of using LWS as a promising solution to compensate for 
self-desiccation due to the hydration and chemical shrinkage in depth of 

concrete. The water in large capillary pores of LWS after cement hy
dration is drawn into the smaller cement paste pores to avoid self- 
desiccation and reduce autogenous shrinkage [7,11]. Trtik et al. re
ported that 3D images obtained by X-ray and neutron tomography for 
measuring water retention and migration throughout the matrix showed 
IC water in cement paste with a low w/cm of 0.25 was effective at least 3 
mm into the cement paste after one day of age [12]. It is more common 
to use pre-saturated LWS, since LWS pores can otherwise be blocked in 
dry mixing, the use of dry LWS can make it difficult or impossible to 
saturate the LWS completely during concrete mixing. Additionally, the 
viscosity and surface tension of the pore solution due to less water in
jection into the pores can be increased by adding IC water into mixing 
water [13]. This phenomenon would lead to less effective shrinkage 
mitigation, as well as lower degree of hydration and mechanical prop
erties. Golias et al. [13] reported that the substitution of 15% pre- 
saturated LWS with 24 h absorption of 17.5% can reduce the autoge
nous shrinkage of mortar with w/cm of 0.3 from − 350 µstrain to a net 
expansion of +260 µstrain after one week of age. However, substituting 
28% dry LWS (not pre-saturated) plus 0.06% additional IC water in the 
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same mortar with similar effective w/cm degraded the IC performance 
and led to 50 μstrain lower expansion after a week. 

Due to LWS pre-treatment requirements to ensure saturation, un
certainty of the uniform humidity, large scale of usage, and relatively 
quick water release, the use of super absorbent polymers (SAP) as an 
alternative IC material has recently drawn attention. SAPs are polymeric 
materials with ionic [14,15], non-ionic [14,16], and cationic [14,17] 
classifications, which were introduced by Jensen and Hansen in 2001 
[15]. The use of SAP can also alleviate self-desiccation and shrinkage in 
cement-based materials [16,18]. The most common type of SAP for 
concrete IC is ionic with acrylic acid and cross-linked acrylamide-acrylic 
acid copolymer [16,18]. This type of SAP, due to their ionic and inter
connected structure, absorb liquid up to 5000% of their mass [15,19] 
and desorb into the matrix gradually. The absorption/desorption kinetic 
is highly dependent on the physical and chemical characteristics of the 
SAP [14,20,21]. De Meyst et al. [22] reported that the use of 0.25% SAP 
with particle size (d50) of 100 μm was more effective than that with 40 
μm in shrinkage mitigation of cement paste with w/cm of 0.35, espe
cially at early age. This can be justified by the smaller surface-to-volume 
ratio of the coarser SAP and its prompt IC water release versus the less 
active surface zone of the finer SAP and potential filling and blockage of 
particles with hydration products [15,22]. 

The effect of IC materials on mechanical properties and the quality of 
aggregate/fiber interfacial transition zone (ITZ) is controversial. 
Although the use of IC can promote cement hydration leading to 
densifying the hydrated cement paste [23,24], there is evidence that IC 
materials, depending on the utilized content, swelling rate, and gener
ated porosity after water release, can diminish mechanical properties 
[18,25–28]. Santos et al. [29] studied the synergetic effect of using 1.3% 
steel fiber and up to 0.6% SAP. The authors reported that the use of 0.3% 
SAP can completely suppress autogenous shrinkage of high-performance 
concrete (HPC) from − 425 μstrain shrinkage in the reference mixture to 
+40 μstrain expansion after 28 days with the lowest effect on 
compressive strength (16% reduction). The mechanical properties 
reduction can be due to the high absorption and swelling rate of the SAP 
particles, and the retained porosity after desorption of SAP particles. 

In order to effectively limit shrinkage, shrinkage mitigating materials 
such as expansive agent (EA) and shrinkage reducing admixture (SRA) 
can be used in addition to IC [30]. The use of EA can partially 
compensate for drying shrinkage through an initial expansive reaction 
[31]. According to ACI 223 [32], EA can be classified in three categories: 
calcium sulfoaluminate (CSA)-, CaO-, and MgO-based that lead to the 
formation of expansive products, notably ettringite, Ca(OH)2, and Mg 
(OH)2 platelet crystals, respectively. Corinaldesi and Nardinocchi [33] 
reported that the coupled effect of 8% CaO-based EA and 2% hooked 
steel fibers in FRC can reduce the final shrinkage by 51% compared to 
the reference FRC mixture made without EA. The pre-stressing effect of 
fibers in the presence of EA was established as the reason for this 
enhancement. 

SRA is a non-ionic surfactant that can reduce the surface tension of 
the water in capillary pores and maintains a higher internal relative 
humidity in the matrix, resulting in lower shrinkage [34]. Higher 
cracking resistance was exhibited when SRA was used in FRC, as well as 
cracking width limitation and time to cracking extension, even when 
half fiber content compared to the reference mixture was used [35]. The 
combination of shrinkage mitigating materials and IC can create large 
expansion which, if restricted by reinforcing bars and fibers, can induce 
internal stress and improve the mechanical properties and durability of 
concrete [36]. Wyrzykowski et al. [37] reported that the use of CSA- 
based EA, SRA, and SAP can lead to approximately 4000 μstrain 
expansion after 28 days of curing at 70% relative humidity. This 
expansion under restriction can induce 2.5–3 MPa chemical pre- 
stressing into the matrix. This can result in high compressive strength 
of around 100 MPa and superior durability. 

The individual use of EA or SRA can compensate for shrinkage and 
their coupled use with IC can indeed amplify this effect [38–41]. For 
example, Li et al. [39] concluded that the combined use of 8% CaO- 
based EA and up to 10% pre-saturated LWS in concrete with 0.4 w/cm 
can increase the initial expansion by 60 µstrain and reduce the final 
shrinkage up to 50 µstrain compared to a mixture made with only EA. 
The coupled system limited the reduction in mechanical properties by 
single EA to 8%. The effect of combined shrinkage mitigating strategies 
on macro mechanical properties is relatively known [42–48]. However, 
their effect on microstructural characteristics and fiber–matrix interface 
characteristics especially at high content and combinations is unknown. 
Meticulous investigation to analyze the microstructure of the ITZ and 
understanding the mechanism of the binary and ternary combination of 
IC, EA, and SRA is needed. The current study utilized LWS content of 
25% that is required to eliminate chemical shrinkage of the selected 
concrete [2,4,5,39,49] with and without EA/SRA, to maximize 
shrinkage reduction while exploring the effect on the aforementioned 
microstructural properties. In this regard, compressive strength devel
opment, fiber pull-out characteristics, and shrinkage of FRM mixtures 
(proportioned with w/cm of 0.4) were evaluated. Hydration kinetics, X- 
ray diffraction (XRD), thermo-gravimetric (TG), and scanning electron 
microscopy (SEM) analysis were employed to characterize the micro
structure of the FRM matrix and the fiber–matrix ITZ. 

2. Experimental program 

2.1. Materials 

A Type I/II ordinary portland cement (OPC), conforming to ASTM 

Table 1 
Physical and chemical characteristics of cement and Type G EA.   

OPC EA 

SiO2, % 18.7  12.6 
Al2O3, % 4.0  5.7 
Fe2O3, % 3.6  1.9 
CaO, % 65.9  82.6 
MgO, % 1.7  0.1 
SO3, % 2.4  – 
Na2O eq., % 0.97  0.90 
LOI, % 1.5  – 
Blaine fineness, m2/kg 390  – 
Density, g/cm3 3.14  3.12  

Table 2 
Characteristics of chemical admixtures.  

Admixture Solid content (%) Specific gravity 

HRWR  34.0  1.05 
SRA  15.0  1.10  

Table 3 
Mixture proportioning.  

Mixture OPC, kg/m3 Sand, kg/m3 EA, kg/m3 SRA, kg/m3 LWS, kg/m3 Fiber, kg/m3 HRWR, kg/m3 Water, kg/m3 

25LWS 600 1103 0 0 253 39  1.8 239 
25LWS10EA 540 1103 60 0 253 39  1.8 239 
25LWS2SRA 600 1103 0 12 253 39  1.8 229 
25LWS10EA2SRA 540 1103 60 12 253 39  1.8 229  
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C150, was used. A CaO-based EA was utilized to compensate for 
shrinkage via initial expansion by the hydration of CaO. Table 1 presents 
the physical and chemical properties of the cement and EA. 

Natural sand with fineness modulus of 2.6, specific gravity of 2.61, 
and saturated-surface-dry (SSD) water absorption of 0.36% was used in 
this study. Expanded shale LWS with SSD-specific gravity and absorp
tion of 1.83 and 19%, respectively, was utilized for IC. Eq. (1) was 
applied to identify the required content of LWS: 

MLWA =
Cf CSαmax

S∅LWS
(1) 

MLWA is mass of dry LWS (kg/m3), Cf is binder content (kg/m3), and 
CS is chemical shrinkage of cement, which typically ranged between 
0.06 and 0.08 for cementitious matrix made with OPC, at room tem
perature. In this study, CS of 0.08 was applied. αmax is the maximum 
expected degree of hydration (1), S is the degree of LWS saturation (1), 
and φ is absorption of LWS (19%) [50]. For measuring the absorption 
rate, the LWS was soaked in water for 72 h, and a 500-g sample was 
taken and spread on a thin layer on paper towel to dry by another paper 
towel until there was no shine on the aggregate surface or moisture 
absorbed by the paper towel. The weight of the sample was then 
recorded as WSSD. The sample was allowed to dry in an oven at 105 ◦C for 
24 h or until there was no change in weight. The oven dried weight was 
recorded as WOD. The SSD absorption was calculated as follows: 

Absorption =
WSSD − WOD

WSSD
× 100% (2) 

Straight steel fibers measuring 13 mm in length and 0.2 mm in 
diameter (aspect ratio of 65) were used at 0.5% volumetric ratio. The 
modulus of elasticity and average tensile strength of the fibers were 200 
GPa and 1200 MPa, respectively. 

A polycarboxylate-based high-range water reducer (HRWR) at a 
constant ratio was utilized to achieve the required flowability. A 
shrinkage reducing admixture (SRA) was used to mitigate shrinkage by 
reducing the surface tension of the pore fluid. Considering 34% and 15% 
solid part associated with HRWR and SRA, 66% and 85% mass of HRWR 
and SRA were subtracted from the mixing water. The characteristics of 
the mentioned chemical admixtures are presented in Table 2. 

2.2. Mixture proportioning 

Table 3 presents the mixture proportioning of the four investigated 
FRM mixtures. The mixtures were prepared with 0.40 w/cm and a fixed 
HRWR dosage of 0.3% (active powder), by mass of binder. In order to 
achieve a superior shrinkage performance, the highest suggested 
amount of shrinkage mitigating materials was applied [30]. The EA and 
SRA contents corresponded to 10% and 2% of the binder mass, respec
tively. The LWS, which was pre-saturated for 72 h was replaced by 25% 
of the total volume of sand. All the mixtures were reinforced with 0.5% 
steel fiber. The nomenclature of each mixture refers to the amount of EA, 
SRA, and LWS (e.g., 10EA2SRA25LWS denotes an FRM mixture 
including 10% EA, 2% SRA, and 25% LWS, respectively). 

2.3. Mixing and curing 

Five-liter batches of FRM were prepared for each mixture using a 
Hobart mixer. The mixing procedure began with stirring the OPC and EA 
for one minute. Sand was then introduced and mixed for two minutes. 
The HRWR diluted in the mixing water was then added, and the mortar 
was mixed for three more minutes at 140 revolutions per minute (rpm). 
If SRA applied, it was included following the mixing water and HRWR 
and mixed for one minute. Subsequently, the mortar rested for two 
minutes. In the meantime, dog bone samples for the fiber pull-out testing 
were cast. Finally, the steel fibers were added, and the FRM was mixed at 
high speed of 285 rpm for two more minutes. Compressive strength and 
shrinkage samples were cast in one and two lifts, respectively. All the 
samples were consolidated using a vibrating table. After casting, the 
molds were covered with a damp burlap and plastic sheet to prevent 
moisture loss. Samples were demolded after 24 ± 1 h and stored in a 
lime-saturated water at 23 ± 2 ◦C until the age of 7 days. The shrinkage 
samples after demolding were covered with wet burlap and plastic sheet 
up to 7 days. Afterwards, all the samples were stored in lab with ambient 
temperature of 21 ± 3 ◦C and relative humidity of 50% ± 5%. 

Fig. 1. (a) Schematic view of fiber pull-out sample, embedded plastic clip, and 
mold, (dimensions in mm); (b) fiber pull-out by Instron universal 
testing machine. 
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2.4. Testing methods 

2.4.1. Compressive and fiber pull-out strength testing 
Compressive strength testing was performed on FRM cubes of 50 ×

50 × 50 mm, according to ASTM C109 [51]. Compressive strength 
samples were tested at 1, 7, and 28 days of age using a Tinius Olsen 
universal testing machine with loading rate of 0.9 kN/s and break 
detection of 50%. The reported strengths represent the average of at 
least three and maximum five FRM tested samples. 

To evaluate the fiber–matrix bonding, fiber pull-out testing was 
performed on dog bone mortar samples (Fig. 1). Four steel fibers were 

perpendicularly inserted into the holes that were punched into a 3D 
printed plastic clip and evenly spaced at 15-mm spacing. The plastic clip 
was used to induce direct uniaxial tension only at the interaction of 
fiber–matrix. A shorter fiber development length of 5 mm was 
embedded into the pull-out half of the samples to ensure one side pull- 
out (Fig. 1). The fibers were fixed in the holes using super glue before 
casting the mortar. The samples were tested using an Instron universal 
testing machine with loading rate of 1 mm/min at the age of 28 days, 
according to CECS13-2009 [52] (Fig. 1b). The bond strength between 
the fibers and the matrix was calculated using Eq. (3). 

τmax =
Pmax

nπdl
(3)  

where, τmax (MPa) is the bond strength between fibers and matrix at the 
maximum pull-out load; Pmax (N) is the maximum pull-out load; n is the 
number of fibers (4); d (mm) is the diameter of a single fiber; and l (mm) 
is the embedment length of the fiber in pull-out half (5 mm). The pull- 
out energy (N.mm) was obtained by calculating the area under the 
load–displacement curve. 

Fig. 2. (a) Shrinkage samples with 120 Ω embedded strain gauges located in the middle of mold; (b) strain gauges wired to DAQ.  

Fig. 3. Compressive strength development and fiber pull-out bond strength of investigated FRM mixtures.  

Table 4 
Fiber pull-out peak load and energy at 28 days.  

Mixture Peak Load (N) Bond strength (MPa) Energy (N.mm) 

25LWS 173 21 85 
25LWS10EA 151 18 72 
25LWS2SRA 148 18 70 
25LWS10EA2SRA 121 15 51  
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2.4.2. Shrinkage 
Shrinkage testing was performed on 300 × 75 × 75 mm prismatic 

samples up to 56 days, as recommended by ASTM C157 [53]. Two 
samples were tested for each mixture. As Fig. 2a shows, for each sample 
a 120 Ω strain gauge with a gauge factor of 2.12 ± 0.5% was mounted on 
a chair in the middle of the mold. The strain gauges were wired up to the 

CR 1000 Campbell Scientific data acquisition system (DAQ) to collect 
the measurements immediately after casting the samples in 10-min in
tervals up to 56 days (Fig. 2b). This enabled the determination of the 
strain before and after setting for all the mixtures. 

2.4.3. Hydration kinetics 
Mortar samples were inserted into I-Cal 8000 isothermal calorimeter 

approximately after 10 min from water and cement contact. The calo
rimeter measured the rate and extent of heat release during the hydra
tion of FRM mixtures, in compliance with ASTM C1679 [54]. It was 
programmed to maintain an isothermal condition at temperature of 
20 ◦C for 48 h. Thermopiles converted the thermal flux to voltage and 
the data was recorded by a DAQ. Heat flow (mW/gcement) and heat of 
hydration (J/gcement) were calculated up to 48 h. 

2.4.4. Internal relative humidity 
In order to evaluate the effect of shrinkage mitigating materials on 

Fig. 4. (a) Early age shrinkage strain; (b) overall shrinkage strain of FRM mixtures.  

Table 5 
Cumulative heat of hydration for FRM mixtures over 48 h of hydration.  

Mixture Heat of hydration (J/gcement) 

12 h 24 h 48 h 

25LWS 88 189 249 
25LWS10EA 103 209 267 
25LWS2SRA 54 163 236 
25LWS10EA2SRA 83 181 239  
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the internal relative humidity of FRM mixtures, USB-PTH450 sensors 
manufactured by Dracal Technologies were employed. The sensors were 
housed inside 10-mm diameter copper pipes sealed with silicon at the 
bottom and top, and embedded into the mixtures made with EA and 
SRA. Immediately after casting, the sensors were placed in one of the 
shrinkage prisms spaced evenly at 35 ± 5 mm from the sides of the 
prisms. Data was collected in one-minute intervals. 

2.4.5. X-Ray diffraction (XRD) 
FRM cubes similar to the compressive strength samples were cast for 

microstructure testing. The samples were crushed and soaked in iso
propyl alcohol to stop hydration, after 28 days. Then, the samples were 
removed from alcohol and oven dried at 60 ◦C for 24 h. Up to 5 g of 
crushed particles were ground to powder. The ground powder was 
sieved through a 75 μm sieve before use. According to NBS SRM 674, as 
the internal standard 30 wt% anatase TiO2 was added to each sample 

[55]. The XRD analysis was carried out using a Philips MPD X-ray 
diffractometer to characterize crystalline phases of FRM mixtures at 2θ 
values ranging from 5◦ to 90◦ and scanning rate of 1.5◦/min. Rietveld 
refinement was performed using the analysis software (RIQAS) to find 
the peaks. 

2.4.6. Thermo-gravimetric (TG) analysis 
The TG analysis was implemented using a Netzsch Simultaneous 

instrument (Model 429) to quantitatively estimate the amount of hy
dration products of FRM mixtures. Hydration of the FRM samples was 
stopped at 28 days by soaking them in alcohol for two weeks. The 
samples were then vacuum dried at 60 ◦C for at least 24 h. Then they 
were ground, and about 0.05 g powder, which was passed through a 
0.075 mm sieve, was taken for the TG test. The powder samples were 
subjected to heat ranging from 20 to 1000 ◦C at a heating rate of 10 ◦C/ 
min in a nitrogen gas flow of 60 ml/min. 

Fig. 5. (a) Heat flow; (b) cumulative heat evolution of FRM mixtures.  
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2.4.7. Backscattered electron microscopy (BSEM) 
The BSEM testing was conducted to investigate the microstructure 

features of the matrix and fiber–matrix interface, qualitatively and 
quantitatively. The chemical element mapping was used to determine 
the distribution of various elements at the fiber–matrix interface. An 
energy-dispersive spectrometry (EDS) using line scanning from the edge 
of fiber into 100 μm matrix was conducted to quantitatively evaluate 
element distribution and assess the fiber–matrix ITZ. The point scanning 
was employed to quantify the distribution of elements at the fiber
–matrix interface and into the matrix. 

For this test, samples measuring about 35 × 35 mm were cut using a 
diamond saw blade from intact 50 × 50 mm FRM cubes and dried 
overnight at 45 ◦C before mounting in epoxy. The samples were then 
soaked in epoxy. While the epoxy was still fluid, a vacuum was applied 
for about 10 min. Afterward, the samples were polished with 220 to 
4000 grit pads, prior to the application of diamond paste as the final 
polish. After polishing, the samples were gold-coated using Denton desk 
V standard sputter coater. The BSEM testing was carried out using a 

Tescan VEGA3 scanning electron microscope with back-scattered de
tector in high vacuum mode. 

3. Test results and discussion 

3.1. Compressive and fiber pull-out strength 

Fig. 3 shows the compressive strength of the investigated mixtures at 
1, 7, and 28 days versus their bond strength at 28 days. It is shown that 
although there is not a significant compressive strength reduction 
resulting from the use of shrinkage mitigating materials in the presence 
of IC, the use of EA or SRA reduced the bonding strength with the 
embedded fibers by 14%. The individual use of 25% LWS resulted in the 
highest 28-day compressive strength (79 MPa) and bond strength (21 
MPa). The use of EA and SRA in addition to IC resulted in insignificant 
(77 and 75 MPa, respectively) compressive strength reduction of FRM 
mixtures. The mixture made with the ternary combination of LWS, EA, 
and SRA exhibited the lowest 28-day compressive strength of 72 MPa 
and bond strength of 15 MPa. The compressive strength reduction was 
less than 10% compared to the 25LWS mixture, while the bonding 
strength was reduced by 28%. Comparing the effect of EA or SRA at the 
presence of IC (25LWS10EA or 25LWS2SRA mixtures) shows that the 
use of 10% EA did not change the initial strength development, while the 
incorporation of 2% SRA decelerated the compressive strength devel
opment compared to the 25LWS mixture. The use of EA coupled with 
LWS in the 25LWS10EA mixture improved the 1-day compressive 
strength by 23% compared to the 25LWS2SRA mixture. However, after 
28 days similar strengths were recorded for both mixtures. 

Table 4 presents the results of fiber pull-out testing on the investi
gated mixtures at 28 days. The highest peak load and pull-out energy 
was exhibited by the mixture made with 25% LWS. However, the lowest 
pull-out characteristics were demonstrated where the combined 
shrinkage mitigating strategy using all the shrinkage mitigating mate
rials were utilized. The use of LWS with either EA or SRA (i.e., 
25LWS10EA and 25LWS2SRA) diminished bond strength and pull-out 
energy by up to 14% and 18%, respectively. The use of LWS with both 
EA and SRA did not improve the fiber pull-out characteristics compared 
to the use of LWAS with EA/SRA (binary system). This can be due to the 
creation of internal microcracks resulting from an excessive initial 
expansion in the 10% EA mixture. Guo et al. [56] reported that the use of 
10% CSA-based EA can reduce the fracture energy of concrete with 
compressive strength of 25 MPa and w/cm of 0.47. The excessive un
restrained expansion and the presence of microcracks are associated 
with the drop in fracture energy [56]. For the mixtures made with SRA, 

Fig. 6. Effect of shrinkage mitigating materials combination on relative hu
midity of FRM mixtures. 

Fig. 7. XRD pattern of FRM mixtures at 28 days.  

Table 6 
Semi-quantitative analysis of crystalline phases for FRM mixtures at 28 days.  

Mixture Crystalline phase (%) 

Ettringite CH C3S/C2S 

25LWS 2.8 11.3 3.8 
25LWS10EA 2.8 14.3 3.2 
25LWS2SRA 3.5 10.3 3.7 
25LWS10EA2SRA 3.0 12.1 3.0  

Fig. 8. Mass loss curves of FRM mixtures subjected to TG test.  
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the reduction of radial confinement pressure at ITZ due to diminishing 
surface tension characteristics of SRA can contribute to lower fiber
–matrix bonding strength. Yoo et al. [57] showed that the use of 2% SRA 
can reduce the average bond strength of fiber and matrix in ultra-high- 
performance fiber-reinforced concrete by 34% compared to the refer
ence mixture made without SRA. 

3.2. Shrinkage 

Fig. 4a and b show early age shrinkage measured with strain gauges 
embedded in concrete up to 12 h and, overall shrinkage strain of the 
investigated mixtures up to 56 days, respectively. As seen in Fig. 4a, 
within the first two hours the lowest early age shrinkage was demon
strated by the 25LWS10EA mixture, while the highest was recorded for 
the 25LWS10EA2SRA mixture. However, after 12 h the combination of 
EA and SRA with LWS (25LWS10EA2SRA mixture) significantly 
compensated for the early age shrinkage and exhibited the same 
expansion as the 25LWS10EA mixture (30 µstrain). 

As shown in Fig. 4b, after 56 days the highest expansion (+180 
µstrain) and shrinkage (-570 µstrain) were recorded by the 
25LWS10EA2SRA and 25LWS mixtures, respectively. Although higher 
initial expansion was demonstrated by using EA, the 25LWS10EA and 
25LWS2SRA mixtures showed a mediocre strain range and converged at 
shrinkage strain of about − 300 µstrain after 56 days. Corinaldesi [58] 
used 10% CaO-based EA and 1% SRA, by mass of cement, in a self- 
consolidating concrete. It was reported that the addition of EA was 
more effective than SRA in the initial expansion and final shrinkage 
compensation. The combination of EA and SRA caused stronger initial 
expansion, which gradually reduced while it remained positive after 60 
days. Previous studies confirmed that higher EA expansion was obtained 
by the lower CH solubility. The presence of SRA can reduce the 
permittivity of water, and thus the water solubility of CH leading to 
higher expansion in the combined system of EA and SRA [59,60]. 

Considering Fig. 4b, although the overall shrinkage of the 25LWS 
mixture is highest (even more than 25LWS10EA2SRA mixture), yet as 
observed the mechanical properties of this mixture was the highest. 
Comparing the shrinkage and mechanical properties of these mixtures 
reveals that the initial expansion of the 25LWS10EA2SRA mortar occurs 
at early age when the matrix has not developed enough resistance to 
cracking, while the shrinkage of the 25LWS mixture gradually increased. 
In addition, the former mixture is subjected to a significant expansion 
followed by shrinkage, while the latter one experienced shrinkage only. 

3.3. Hydration kinetics 

Table 5 summarizes the cumulative heat of hydration for the inves
tigated mixtures up to 48 h. The highest heat of hydration was obtained 
by the 25LWS10EA mixture, and the lowest was recorded for the 
25LWS2SRA mixture. This justifies the prompt strength development of 
EA compared to SRA mixtures reported in Section 3.1. The effect of IC by 
the use of LWS combined with EA and SRA (25LWS10EA2SRA) on the 
heat of hydration was higher than that of the mixture made with SRA 
(25LWS2SRA), and lower than the one made with EA (25LWS10EA). 

Comparing the heat of hydration and strength development of FRM 
mixtures, it can be realized that although the 25LWS10EA mixture 
showed the highest heat of hydration due to the reaction of CaO with 
water, the high expansion at early age and presence of microcracks in 
the matrix reduced strength development of the mixture, and as 
observed its early strength was equal to that of the 25LWS mixture. The 
incorporation of 2% SRA delayed cement hydration, while the presence 
of 10% EA in the 25LWS10EA2SRA mixture compensated for the net 
reduction in heat of hydration, and higher heat of hydration compared 
to the 25LWS2SRA mixture was recorded for the 25LWS10EA2SRA 
mixture. However, the presence of cracks due to the high expansion of 
the matrix led to lower strength compared to 25LWS2SRA mixture. 

To better understand the effect of IC by LWS in the presence of EA/ 
SRA on the performance of FRM, the heat evolution rate of FRM mix
tures is plotted in Fig. 5a and b. It is shown that the 10EA mixtures 
exhibited the shortest induction period and highest peaks afterward. The 
enhanced heat evolution promoted portlandite (CH) generation and 
contributed to higher initial expansion of these mixtures, as observed in 
Section 3.3. The mentioned mixtures also presented a shorter accelera
tion/deceleration stage, which resulted in quick loss of the expansion. 
The longer induction period, low peak of heat flow, and relatively wide 
acceleration/deceleration stage presented by the 25LWS2SRA mixture 
explains the lowest cumulative heat of hydration, delayed strength 
development, and negligible expansion of this mixture, as discussed in 
sections 3.1 and 3.3. The effect of SRA on reducing the alkalinity of the 
pore solution, thus delaying, lowering, and widening the acceleration/ 
deceleration peak, and reducing cumulative hydration hear release was 
reported in the literature [34,61,62]. 

3.4. Internal relative humidity 

Fig. 6 shows the effect of the combination of EA and SRA on the 

Fig. 9. Derivative thermogravimetric (DTG) curves of the (a) 25LWS vs. 25LWS2SRA and (b) 25LWS10EA vs. 25LWS10EA2SRA mixtures.  
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Fig. 10. BSEM images of (a) 25LWS, (b) 25LWS10EA, (c) 25LWS2SRA, and (d) 25LWS10EA2SRA mixtures at fiber–matrix interface at 28 days.  

Table 7 
Quantitative analysis of the chemical elements at the fiber–matrix interface.  

Mixture Element weight percentage 

Fe Ca Mg Si Al O Na K C 

25LWS  11.57  17.32  0.81  37.33  1.41  18.19  0.05  0.36  12.95 
25LWS10EA  12.51  25.28  1.06  23.63  3.33  17.61  0.26  2.69  13.05 
25LWS2SRA  11.38  19.68  0.90  27.63  3.64  17.14  0.25  5.99  13.17 
25LWS10EA2SRA  13.44  24.18  0.97  29.60  1.60  17.88  0.16  1.53  10.65  
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relative humidity (RH) of FRM mixtures. As shown, the use of LWS 
coupled with SRA indicates extended 100% RH by the 25LWS2SRA 
mixture and a final RH of 95% after 10 days. However, the use of LWS 
coupled with EA resulted in lower RH in the first day due to the hy
dration of EA and formation of calcium hydroxide (CH). The water 
desorption by the LWS led to maintaining a temporary RH of 100% for a 
day and half, which dropped quickly to 88% after 10 days. 

3.5. XRD analysis 

Fig. 7 shows the XRD patterns, and Table 6 summarizes the semi- 
quantitative analysis of the crystalline phases of the investigated FRM 
mixtures at 28 days. Although during the crushing and grinding process, 
efforts were made to eliminate sand particles as much as possible, SiO2 
peaks were found in the XRD pattern, which were ignored in the semi- 
quantitative analysis of crystalline phases since they are not associated 
with a crystalline phase and are not formed by a chemical reaction. As 
shown in Fig. 7, the most prominent phase is CH with detected peaks at 
2θ of 18◦, 34◦, 47◦, and 55.5◦. The higher intensity of CH peaks in the 
25LWS10EA and 25LWS10EA2SRA mixtures confirm higher CH for
mation and expansion (Section 3.3) of these mixtures. The 25LWS2SRA 
mixture recorded the lowest amount of CH. The effect of SRA in hin
dering CH formation was reported in previous studies [60]. The peaks 
associated with ettringite formation were mostly found at 2θ of 8◦ and 
25.5◦. The unhydrated C3S/C2S peaked at 2θ of 29.3◦, 39◦, and 51.6◦. 
Higher unhydrated binder were found for the 25LWS and 25LWS2SRA 
mixtures, compared to the 25LWS10EA and 25LWS10EA2SRA mixtures. 

3.6. TG analysis 

Fig. 8 illustrates the mass loss of the FRM mixtures that was deter
mined using thermo-gravimetric (TG) analysis. The highest mass loss 
was associated with the mixtures containing 10% EA. This can justify the 
higher amount of water absorbed by EA for the formation of CH. The 
lowest mass loss was recorded for the 25LWS mixture, which presented 

the highest compressive strength and fiber pull-out bonding. Fig. 9a and 
b compare the results of derivative thermo-gravimetric (DTG) analysis 
for the FRM mixtures. All the mixtures exhibited the first major peak at 
around 160–170 ◦C, which was associated with the loss of chemically 
bound water into the C-S-H, ettringite, and monosulfate phases [63]. 
The C-S-H/ettringite formation of the 25LWS and 25LWS10EA mixtures 
are slightly higher than the 25LWS2SRA and 25LWS10EA2SRA mix
tures. This indicates a higher C-S-H formation for the 25LWS and 
25LWS10EA mixtures compared to the counterpart mixtures. The 
slightly higher C-S-H/ettringite formation can lead to stronger matrix 
and can correspond to the higher mechanical properties exhibited by the 
25LWS and 25LWS10EA mixtures compared to 25LWS2SRA and 
25LWS10EA2SRA mixtures (sections 3.1 and 3.2). The second peak, 
which appeared around 420 ◦C, corresponds to the decomposition of CH 
[64]. This peak refers to the CH consumption for the formation of C-S-H/ 
ettringite and monosulfate phases. Although there is not much differ
ence in the amount of CH by the mixtures shown in Fig. 9a and b, the 
higher presence of CH in the 25LWS and 25LWS10EA mixtures confirm 
the results obtained from the XRD analysis. The higher CH formation can 
enhance local indentation modulus and hardness of the mortar; how
ever, the contribution to strength is not significant [65]. The last peaks 
at 600–700 ◦C and around 900 ◦C, which can be associated with the 
decarbonation of calcite [66], indicate insignificant carbonation that 
could occur during dry curing and sample preparation [67]. 

3.7. BSEM observation at fiber–matrix interface 

BSEM images showing the microstructure of the investigated mix
tures at the interface of fiber and matrix are presented in Fig. 10. The 
dark spots into the cement matrix indicate the presence of C-S-H, and 
brighter spots in these images represent the unhydrated grains. The 
amount of unhydrated grains due to the presence of LWS is not signifi
cant. This indicates that LWS provided adequate water to sustain greater 
cement hydration even in the presence of EA that reduces the internal 
RH. As shown in Fig. 10, the presence of CH deposited around voids and 

Fig. 11. Element-mapping of investigated mixtures at interface of fiber and matrix at 28 days.  
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at aggregate-matrix ITZ is visible in most of the mixtures. Fig. 10d shows 
the presence of major microcracking in the 25LWS10EA2SRA matrix. 
These cracks are not associated with sample preparation and testing 
condition, however, they can be due to the excessive initial expansion, 
as was reported in Section 3.3. 

In the following sections, energy dispersive spectroscopy (EDS) 
electron scanning was utilized for surface scanning, chemical element 
mapping, line scanning, and point scanning at the fiber–matrix interface 
to analyze the characteristics of cement matrix and fiber–matrix ITZ. 
There were 10 to 15 fibers in each SEM sample. The SEM EDS surface/ 
map/line scanning was performed on the ITZ regions of at least 10 fi
bers, and the common pattern for each mixture was identified and 
presented in this paper. The result of EDS point scanning was cumula
tively presented for all 10 fibers in each sample/mixture. 

3.7.1. EDS surface scanning analysis 
The EDS was applied for scanning areas shown in Fig. 10 to identify 

the presence and content of various elements in the spectrums. Table 7 
presents the quantitative analysis and elements weight percentage ob
tained by EDS surface scanning for the investigated mixtures. The higher 
content of Ca and Mg for the mixtures containing EA, 25LWS10EA, and 
25LWS10EA2SRA confirms high content of CH, which agrees with the 
XRD analysis results. The high content of Si for the 25LWS mixtures 

contributes to the longer silicate chain and higher atomic ratio of Si/Ca, 
which causes a stronger C-S-H [68,69]. 

3.7.2. EDS chemical element mapping analysis 
Fig. 11 displays element mapping at fiber–matrix interface, which 

provides the distribution of Fe, C, Ca, Si, Al, and O in the vicinity of fiber 
for the investigated mixtures. The pink area in the middle identifies steel 
fiber. The Si signifies sand particles and silicate in hydration products. 
The C can imply porosity. The other elements are representative of hy
dration products. The brighter spots refer to the greater and purer 
content of the element. Higher area showing Ca element for the 
25LWS10EA and 25LWS10EA2SRA mixtures represents the higher 
content of CH due to the presence of EA in these mixtures. 

3.7.3. EDS line scanning analysis 
The EDS line scanning was applied to evaluate the variation in the 

characteristics of cement paste at the vicinity of the fiber. As previous 
studies have defined ITZ zone at around 50 to 100 μm of fiber, the 
chemical composition of the cement matrix within 100 μm of the fiber 
was investigated. In addition, the 100 μm distance for scanning was 
chosen since longer lines would interfere with sand particles. Fig. 12 
shows the element distribution along selected scanning lines at the 
interface of fiber for the investigated mixtures. All the lines started from 

Fig. 12. Element distribution along scanning line at the interface of fiber for the (a) 25LWS, (b) 25LWS10EA, (c) 25LWS2SRA, and (d) 25LWS10EA2SRA mixtures.  
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the edge of a fiber and passed through the matrix without any confliction 
with sand grains. This was the reason for a high intensity of Fe at the 
beginning of the plots and the absence of irregular Si bumps. As shown 
in Fig. 12, after the fiber zone the intensity of Fe significantly dropped 
and other elements such as Si, Ca, and Al dominated, signifying the 
cement matrix layer. In almost all the scanned lines the intensity of Ca is 
higher than Si, suggesting the presence of inner or outer C-S-H. The 
narrower gap between these elements for the 25LWS mixture indicates 
the higher C-S-H content and a stronger matrix. The higher Si to Ca 
intensity ratio can lead to longer silicate chain and enhance hardness 
and elastic modulus of C-S-H [70,71]. This characteristic, which is 
observed at the vicinity of the fiber in the 25LWS mixture, resulted in a 
stronger ITZ and higher fiber–matrix bonding as observed in Section 3.2. 

The high intensity of C for the 25LWS10EA mixture, specially at the 
vicinity of the fiber, and relatively high intensity of C for the 
25LWS10EA2SRA mixture between 80 and 100 μm indicates the high 
amount of porosity in these regions. This can imply the high expansion 
of these mixtures due to the use of 10% EA and the presence of micro- 
cracks into their matrix. 

3.7.4. EDS point scanning analysis 
In addition to porosity, phase assemblage of the hardened concrete 

plays a crucial role in the strength. The atomic ratio of Si/Ca for C-S-H 
can vary from 0.1 to 0.6 with the ratio of around 0.1 to 0.4 represent the 
outer C-S- H and 0.4 to 0.6 indicates inner C-S-H [72–74]. The inner C-S- 
H is denser with foil- or sheet-like morphology, and it forms on the 
surface of C3S. However, the outer C-S-H is porous with fibrillar 
morphology, since it forms in the process of the dissolution of cemen
titious particles and formation of C-S-H intermixed with other phases 
such as CH, ettringite, and monosulfate [75,76]. The higher atomic ratio 
of Si/Ca contributes to longer silicate chain and higher strength 
[77–79]. To better understand the mechanism behind the strength 
development of the investigated mixtures, about 120 random points per 

sample at the vicinity of 10 fibers (around 200 µm)— fiber–matrix ITZ 
and matrix— with distances of about 50 μm were scanned, and their Si/ 
Ca ratio was obtained by EDS point analysis. Sand particles and voids 
were avoided during scanning. Fig. 13 displays the Si/Ca of the scanned 
points for the investigated mixtures. As shown for the 25LWS mixture, 
more points associated with inner C-S-H or Si/Ca above 0.4 can be 
identified. For the 25LWS10EA and 25LWS2SRA mixtures, the majority 
of the scanned points are associated with outer C-S-H. There is not any 
point with Si/Ca of 0.4 or above for the 25LWS10EA2SRA mixture. This 
result is consistent with the mechanical properties of the investigated 
mixtures. 

4. Conclusions 

The effect of pre-saturated LWS on the performance of FRM mixtures 
prepared with and without EA and SRA was investigated. Compressive 
and fiber pullout strength, microstructure characteristics, and fiber
–matrix interfacial bond of FRM reinforced with 0.5% steel fibers were 
evaluated. The following conclusions can be drawn:  

1. The highest compressive strength and fiber pull out characteristics 
were exhibited by the mixture made with 25% LWS and without EA 
or SRA. This can be attributed to higher Si/Ca or higher content of 
inner C-S-H into the 25LWS mixture’s matrix. The longer silicate 
chain at the vicinity of the fiber described the higher fiber pull out 
characteristics. 

2. Although the use of EA/SRA resulted in slight reduction of me
chanical properties, shrinkage was significantly improved with the 
coupled use of EA and SRA along with LWS. The 25LWS10EA and 
25LWS10EA2SRA mixtures presented greater shrinkage compensa
tion effects at 1 and 56 days.  

3. The hydration kinetics, SEM, and TG analysis revealed high heat of 
hydration and CH formation in the 25LWS10EA and 

Fig. 13. Si/Ca ratio for the (a) 25LWS, (b) 25LWS10EA, (c) 25LWS2SRA, and (d) 25LWS10EA2SRA mixtures.  
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25LWS10EA2SRA mixtures, leading to considerable initial expan
sion and greater degree of shrinkage compensation in the mentioned 
mixtures.  

4. The BSEM observation and analysis confirmed a denser C-S-H 
(higher Si/Ca) at the vicinity of the fiber for the 25LWS mixture, and 
the presence of micro-cracks in the 25LWS10EA and 
25LWS10EA2SRA mixtures due to the high content of EA.  

5. The BSEM EDS point scanning at the vicinity of the fibers revealed 
that the Si/Ca ratio decreased with the use of EA/SRA. The high and 
low numbers of Si/Ca over 0.4 were recorded for the 25LWS and 
25LWS10EA2SRA mixtures, respectively, confirming their observed 
mechanical properties. 
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