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ABSTRAC T

This work reports the properties of hybrid-fiber-reinforced concrete (HyFRC) made with expansive (Type K) cement. Combinations of metallic and non-metallic 
fibers at total fiber volume fraction of 1% were studied. The effectiveness of double hooked-end (DHE) steel fibers in concrete containing expansive cement is 
investigated for the first time in this study. The mechanical, physical, and microstructural properties of concretes have been assessed. Additionally, the fiber pull-out 
test was also performed to investigate the effectiveness of Type K cement in improving the fiber-matrix interfacial bond. The results indicate that Type K cement has 
small in-fluence on the mechanical properties of concrete fabricated at the same water-cement ratio of 0.35 with a similar consistency. However, as expected, it 
enhances the volume stability of concrete subjected to drying condition. The pull-out resistance of steel fibers increased by 26% as a result of full replacement of 
ordinary Portland cement (OPC) with Type K cement. A deflection-hardening performance is achieved by introducing of DHE steel fibers in HyFRC. The partially 
replacement of DHE steel fibers with other type of fibers results in a reduction in the strengths of HyFRC. The results obtained in this study proves that the bond 
between fiber and cement matrix is enhanced by fully replacement of OPC with expansive cement, which subsequently improves the mechanical properties of HyFRC.

1. Introduction

Concrete, with a yearly consumption of more than 25 billion tons 
[1], is the most used construction material in the world. The durability 
of concrete is an important concern for engineers to increase its servi-
ceability and reduce the cost of maintenance [2]. Obviously, the pre-
sence of cracks in concrete can accelerate the penetration of harmful 
agents like chloride and sulfate ions, which subsequently degrade the 
service life of concrete structures [3]. The high amount of binder which 
is required to design high performance concrete (HPC) as well as ex-
posure to dry climate, increase the possibility of crack formation and 
drying shrinkage [4,5]. Hence, controlling the shrinkage deformation as 
a source of cracks in concrete is of great interest for the concrete in-
dustry to expand the structural uses of concrete for specific applications 
[6]. To overcome this weakness, different techniques have been 
adopted including the replacement of ordinary Portland cement (OPC) 
with expansive cement, the addition of shrinkage reducing admixtures 
(SRA), expansive agent (EA), surface treatment, and introducing fibers 
[7,8]. The addition of EA in concrete can result in shrinkage-

compensating concrete (SHCC) and self-stressing concrete, depending 
on the type and the content of EA [9,10]. The magnitude of the final 
expansion is the dominant factor that influencing the properties of 
expansive concrete that is larger in self-stressing concrete [11,12]. Type 
K cement is a modified Portland cement containing ye'elimite (C4A3S), 
gypsum (CaSO4), and lime (CaO) as its main components. It was re-
ported that the addition of EA based on ye'elimite had insignificant 
influence on the mechanical properties of concrete, while a reduction up 
to 80% was occurred in the autogenous shrinkage [13].

As previously mentioned, another possible solution for controlling 
crack extension is through reinforcement of the concrete with fibers 
[14,15]. Reinforcing of concrete with single or combined used of dis-
crete fibers not only increase the mechanical properties like splitting 
tensile, flexural and toughness of concrete [16–18] but also improve 
some durability performance [19,20]. The role of fibers is different in 
composites based on their properties like fiber type, size, aspect ratio, 
and modulus of elasticity. Basically, longer fibers would be more ef-
fective in resisting against macro-cracks and delaying crack opening, 
while micro fibers mainly postponing the initiation of micro-cracks
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2.2. Concrete mixtures and mixing procedure

Two plain concrete mixtures with different types of cement and three 
fiber-reinforced concrete (FRC) were cast at the same water-ce-ment 
ratio of 0.35, and constant cement content of 450 kg/m3. The mix 
proportions of different mixes were listed in Table 2. In that table, the 
amount of superplasticizer and hydration stabilizer are shown as per-
centage of cement content. To achieve a homogeneous concrete, the 
following mixing procedure was selected. First, the coarse and fine 
aggregate in addition to the cement were mixed for 2 min. Then, the 
mixing water including the superplasticizer and hydration stabilizer (if 
applicable) was added to the dry materials and mixed for another 3 min. 
For FRC, the fibers were added gradually to the concrete and mixed for 
another 5 min to ensure the good distribution of fibers. To determine the 
workability of fresh concrete, slump tests were per-formed as per ASTM 
C143 [29] during the preparation of the concrete mixes. Finally, the 
specimens were molded with different dimensions that matched the 
requirements of their standards test. They were de-molded after 
approximately 24 h and then immersed in lime-saturated water at 23 °C 
until their testing ages. In addition to concrete mixes, two cement pastes 
at water-cement ratio of 0.35 with different types of cements were 
prepared for analyzing the hydration products of har-dened cement 
paste by means of XRD at different curing ages of 7, 28, and 56 days. 
Moreover, four mortar mixes with water-cement ratio of 0.35 have been 
prepared by modification of concrete mixes and elim-ination of coarse 
aggregate to study the pull-out behavior of fiber. The details of their mix 
proportions are given in Table 3.

2.3. Testing methods

Compressive strength and splitting tensile strength were conducted 
on the cylindrical specimens, with dimensions of Φ100 × 200 mm using 
a 3000-KN universal compression machine in accordance with ASTM 
C39 [30] and ASTM C496 [31], respectively. Prismatic beams with 
dimensions of 150 × 150 × 600 mm were used to measure the flexural 
performance of concrete in accordance with EN 14651 [32]. The 
adopted test setups and details of specimens of compressive strength 
test, splitting tensile test, and flexural test are shown in Fig. 1. For each 
reported test data, three specimens were prepared and they were tested 
at 7, 28, or 56 days of curing.

The free drying shrinkage test was performed on three prismatic 
specimens with dimensions of 75 × 75 × 285 mm in accordance with 
ASTM C157 [33] and the mean value is reported as drying shrinkage of 
different concrete mixes. The initial zero reading taken after demolding 
of samples. Then, the specimens immersed in lime-saturated water at 23 
°C and 100% relative humidity for 27 days. The drying shrinkage was 
performed on the air stored specimens at a room with a relative 
humidity of 50% and temperature of 23 °C, and consecutive readings 
were carried out up to 56 days.

The water absorption tests were performed on three cylindrical 
specimens in accordance with ASTM C642 [34] and the mean value is 
reported in this study. The water absorption of specimens was

Type and shape of fiber Length l (mm) Diameter d (mm) Aspect ratio l/d Density (g/cm3) Tensile strength (N/mm2) Picture of fibers

Double hooked-end steel (DHE) 60 0.9 65 7.8 2300

Hooked-end steel (HE) 35 0.55 65 7.8 1050

Polyvinyl alcohol (PVA) 12 0.039 300 1.3 1600

[21]. Obviously, the inclusion of a given fiber type can be effective only 
in a limited dimension of crack size [22]. Hence, hybridization of two or 
more precisely selected fibers with different sizes and types can develop 
more attractive engineering properties [23–25]. Researchers have 
mainly focused on the progress of hybrid-fiber-reinforced concrete 
(HyFRC) with fiber volume fraction more than 2% to produce high-
ductility composites. Therefore, there are very limited experimental data 
about the hybridization of fibres at low fiber volume fraction, al-though 
it has many applications in the area of civil infrastructure.

The objective of the current study is to investigate the properties of 
concretes fabricated with Type K cement. There are very limited number 
of research that evaluated the effect of combined use of ex-pansive 
cement and fibers on the features of HPC [4,5,26–28]. There-fore, this 
study is aimed at developing new HyFRC with combinations of metallic 
and non-metallic fibers at low fiber volume fraction (less than 1%). The 
effectiveness of double hooked-end steel fibers in expansive concrete is 
investigated for the first time in this work. Five different batches of 
concrete were fabricated to characterize their performance. The 
compressive strength, splitting tensile strength, flexural behavior, 
drying shrinkage, water absorption, and microstructural properties of 
concrete by means of Scanning electron microscopy (SEM) were de-
termined. Additionally, four different mortar mixes were prepared to 
study the effectiveness of Type K cement in improvement of fiber-ma-
trix interfacial bond and the effect of microfibers on the pull-out re-
sistance of steel fibers. Finally, the hydration products of two types of 
cement were evaluated by means of X-ray diffraction (XRD) method at 
different curing ages of 7, 28, and 56 days. The findings of this research 
have the potential to contribute toward expanding the use of HyFRC 
made with expansive cement to different structural applications.

2. Experimental program

2.1. Characteristics of materials

ASTM Type II/V Portland cement and Type K expansive cement with 
specific gravity of 3.15 and 3.1 were used in conventional concrete (CC) 
and shrinkage-compensating concrete (SHCC), respectively. Crushed 
gravel with a nominal maximum size of 19 mm, water ab-sorption of 
1.24%, and specific gravity of 2.74 and sand with a fineness modulus of 
2.9, water absorption of 1.1%, and specific gravity of 2.65 were used. 
Both crushed gravel and sand were employed at an equal volume 
fraction of 50%. A MasterGlenium 7500, produced by BASF factory was 
used in all concrete mixes as a superplasticizer. Moreover, a RECOVER 
hydration stabilizer was used in mixes containing expansive cement to 
delay the setting time of those concretes. Double hooked-end (DHE) and 
hooked-end (HE) steel fibers provided from Dramix and polyvinyl 
alcohol (PVA) fibers that was supplied by Kuraray were em-ployed in 
this study. The geometry and the properties of fibers are provided in 
Table 1.

Table 1
Properties of hooked-end steel and PVA fibers.
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calculated using the difference between the weights of oven dried 
samples and specimens that were immersed in the water tank for 30 min 
and 7 days, and correspond to early and ultimate water ab-sorption, 
respectively.

The fiber pull-out test was conducted on cylindrical samples with 
diameter and height of 37.5 mm. The embedment length of steel fiber 
was 19 ± 0.5 mm. The fiber pull-out test was carried out at 28 days and 
three specimens were prepared for each mixes. The single fiber pull-out 
test setup is shown in Fig. 2. To observe the micro-cracking process of 
pull-out samples by a microscope, the following technique was used. 
First, the samples were kept in a vacuum impregnation for the period of 
24 h to ensure that air have been sucked out from the mortar. Then, an 
epoxy was poured on the top surface of samples and leaved it for a while 
to allow epoxy be penetrated inside the free spaces of mortar. After 2 
days that epoxy got hardened enough, the samples were cut along their 
fiber axis. Afterwards, the side of cut sample in-cluding the injected 
epoxy was selected to be polished carefully and reach the right position 
where the steel fiber was in the mortar. The polishing of samples 
stopped as soon as a clear appearance of fiber

channel filled with hardened epoxy was seen.
The unreacted cement powders, as well as hydrated pastes of se-

lected ages (7, 28, and 56 days), were measured by X-ray Diffraction

Mix No. Mixture ID W/B Water Cement Fine Agg. Coarse Agg. Fiber volume fraction (%) SP (%) HS (%) Slump (cm)

OPC Type K

(kg/m3) DHE HE PVA

1 CC 0.35 157.5 450 – 901 936 – – – 1.0 – 22
2 SHCC 157.5 – 450 898 933 – – – 1.2 0.2 24
3 DHE1 157.5 – 450 884 919 1.0 – – 1.5 0.2 25
4 DHE0.5 + PVA0.5 157.5 – 450 884 919 0.5 – 0.5 1.8 0.2 14
5 DHE0.5 + HE0.3 + PVA0.2 157.5 – 450 884 919 0.5 0.3 0.2 1.8 0.2 18

Note: OPC, DHE, HE, PVA, SP, and HS represent ordinary Portland cement, double hooked-end steel fiber with the length of 60mm, hooked-end steel fiber with the
length of 35mm, polyvinyl alcohol fiber with the length of 12mm, superplasticizer, and hydration stabilizer, respectively. The amount of superplasticizer and
hydration stabilizer are shown as percentage of cement content.

Table 3
Mix proportions of mortar mixes.

Mix No. Mixture ID W/C Cement Water Sand PVA
fiber
(%)

SP (%)

OPC Type K

(kg/m3)

1 Type II/V-
Plain

0.35 691.5 – 240.1 1381.6 – 0.40

2 Type K-
Plain

– 686.6 241.1 1368.6 – 0.80

3 Type II/V-
1%PVA

684.4 – 237.7 1367.5 1 0.56

4 Type K-
1%PVA

– 679.6 238.6 1354.6 1 0.90

Fig. 1. Test setups for: (a) compressive strength test, (b) splitting tensile test, (c) flexural test.

Fig. 2. Test setup for single fiber pull-out test.

Table 2
Mix proportions of concrete mixes.



Fig. 3. Compressive strength of different concrete mixes (Hybrid-
1 = DHE0.5 + PVA0.5, and Hybrid-2 = DHE0.5 + HE0.3 + PVA0.2).

(XRD). The hydrated paste were hand-grinded using a ceramic mortar 
and pestle. The sample were immediately sent to XRD measurements 
and therefore no special care was taken to stop the hydration. A 
PANalytical X'Pert Pro diffractometer was used for the XRD measure-
ment, operating at 40 keV and 40 mA with a Cobalt anode. The 2-theta 
scanning range was between 5° and 80°, with a step width of 0.0167°
and total collection time of 1 h. Software HighScore (Plus) was used to 
identify the peak positions. This study also used a ZEISS EVO®MA10 
SEM to collect microscale morphology of the samples. The secondary 
electron (SE) mode was used to study a fracture surface, and the back-
scattered electron (BSE) mode was used to image a well-polished sur-
face. The samples were carbon-coated prior to the SEM experiment, to 
avoid charging problem.

3. Results and discussions

3.1. Compressive strength

The compressive strength results of different mixes at curing ages of 
7, 28, and 56 days is shown in Fig. 3. The results indicate that the full 
replacement of OPC with Type K cement has no significant influence on 
the compressive strength of concrete, and a slight reduction up to 3%
was occurred. It may be attributed to the formation of higher ettringite 
in concrete with expansive cement which is the source of volume ex-
pansion and can create some micro-cracks in the body of concrete that 
subsequently reduce the strength compared to conventional concrete. A 
slight reduction in the strength of concrete fabricated by expansive 
cement has been observed by other researchers [35,36] as a result of 
aforementioned phenomena. It can be seen that the inclusion of 1%DHE 
steel fibers slightly increased the compressive strength of SHCC. For 
instance, the compressive strength of concrete reinforced with 1%DHE 
steel fibers were 8%, 4%, and 5% higher than those of CC at 7, 28, and 
56 days, respectively. DHE steel fibers, owing to their high elastic 
modulus and particular shape that restricts the propagation of cracks, 
alters the tendency of cracks, and subsequently improves the com-
pressive strength of concrete [37]. However, the substitution of 0.5%
DHE steel fibers volume content with PVA fibers led to a slight reduc-
tion in the compressive strength of concrete. There are several factors 
including the fiber content, fiber type, fiber size, and porosity of cement 
matrix that affect the compressive strength of FRC. The reduction at-
tained in the strength of DHE0.5 + PVA0.5 mix can be attributed to the 
higher porosity of this mix compared to that of SHCC that becomes the 
dominant factor in this mix. The results demonstrate that the strength

Fig. 4. Splitting tensile strength of different concrete mixes (Hybrid-
1 = DHE0.5 + PVA0.5, and Hybrid-2 = DHE0.5 + HE0.3 + PVA0.2).

of DHE0.5 + HE0.3 + PVA0.2 mix is slightly higher than that of the 
corresponding mix without fibers (SHCC) at all curing ages considered 
in this study.

3.2. Splitting tensile strength

The splitting tensile strength of the different mixes prepared in this 
study is shown in Fig. 4. Similarly, the splitting tensile strength of 
concrete produced with Type K cement is reduced by only 3% com-
pared to that of CC. The results indicate that the incorporation of fibers 
significantly improves the splitting tensile strength of concrete. Among 
different mixes that considered in this study, the highest strength was 
achieved by the mix containing 1% DHE steel fibers. The splitting 
tensile strength of this mix were 99%, 94%, and 133% higher than 
those of CC at 7, 28, and 56 days, respectively. Even though hy-
bridization of the fibers resulted in a reduction in the splitting tensile 
strength of concrete compared to DHE1 mix; however, the strength of 
HyFRC mixes is still significantly higher than that of the plain concrete. 
For instance, the splitting tensile strength of DHE0.5 + PVA0.5 and 
DHE0.5 + HE0.3 + PVA0.2 mixes increased by 22% and 49% at 28 
days compared to that of SHCC, respectively. As it can be seen in Fig. 4, 
the effect of curing age on the improvement of splitting tensile strength 
is relatively higher in FRC compared to plain concrete. The presence of 
expansive cement in FRC resulted in a better bond between fibers and 
cement matrix over time due to self-stressing that consequently caused 
an increase in the splitting tensile strength of FRC. For instance, the 
splitting tensile strength of SHCC mix was increased by 14% and 19% at 
28 and 56 days compared to its 7 days strength, respectively, while the 
average increase in FRC mixes was 13% and 35%, respectively. This 
result has been verified by the results of single fiber pull-out test and 
SEM images that show the effectiveness of Type K cement in im-
provement of bond between fibers and cement matrix that are discussed 
in sections 3.6.2 and 3.7.2.

3.3. Flexural performance

3.3.1. Flexural strength-CMOD curve
The diagram of 28-day flexural strength-CMOD for different con-

crete mixes is shown in Fig. 5. As it can be seen in Fig. 5, the behavior of 
concretes without fibers was almost linear up to the maximum load, 
followed by a sharped descending branch up to failure point, then the 
beam specimens split into two separated parts. The results indicate that 
substitution of OPC with Type K cement resulted in 4% increase in the



Fig. 5. 28-days flexural strength-CMOD curves of different concrete mixes 
(Hybrid-1 = DHE0.5 + PVA0.5, and Hybrid-2 = DHE0.5 + HE0.3 + PVA0.2).

flexural strength. It has been reported that the addition of expansive 
agent in concrete led to an almost similar flexural strength compared to 
ordinary concrete [27]. On the other hand, the results of fiber-re-
inforced concretes illustrate that the addition of fibers remarkably im-
proved the post-cracking behavior of FRC with an extensive cracking 
process between first crack load and peak load. Once the first crack was 
occurred, the fibers bridging the crack resisted the load and prevented 
further crack propagation. This resulted in an increase in the load that 
could be resisted to loads beyond the first cracking load. Fig. 5 shows 
that the best performance has been achieved by incorporation of 1%
DHE steel fibers in concrete. The inclusion of 1% DHE steel fibers in 
concrete led to an increase in the load bearing capacity after first crack 
and the flexural strength increased up to CMOD equal to 1.5 mm. Then, 
a relatively big crack occurred in the beam and the flexural load gra-
dually decreased. The excellent performance of this mix can be attrib-
uted to the ability of DHE steel fibers to carry the load after matrix 
cracks until further creation of cracks. The flexural load would be re-
duced due to the failure of fiber anchorage or debonding of fibers and 
the matrix [38–40]. However, the replacement of 0.5% DHE steel fibers 
content with PVA fibers adversely affected the flexural performance of 
concrete compared to DHE1 mix, while its behavior was significantly 
better over that of plain concrete. The flexural strength of this mix was 
increased by only 4% compared to that of SHCC, and a drop in the 
flexural strength of concrete was observed after appearance of first 
crack. Then, a relatively flat behavior was seen in the load bearing 
capacity up to CMOD equal to 3.5 mm. When the flexural stress at the 
fiber-matrix interface has surpassed the bond developed by the matrix, 
the fibers are either slipping or being unbounded. As a result, the only 
mechanism that contribute to improve the strength of cracked section is 
through mechanical anchorage. Since, PVA fibers are straight and have 
lower length compared to steel fibers, they can bridge mainly the 
micro-cracks and have minor influence on the flexural strength. The 
results demonstrate that hybridization of three different kind of fibers 
increased the flexural strength by 60% compared to that of the SHCC. 
Similar to DHE1 mix, combination of fibers in 
DHE0.5 + HE0.3 + PVA0.2 mix led to a load-deflection hardening 
behavior. According to EN 14651 [32], limit of proportionality (LOP) is 
stress at the tip of the notch which is assumed to act in an un-cracked 
mid-span section with linear stress distribution of a prismatic beam 
subjected to the centre-point load. The CMOD and flexural strength 
corresponding to this point are designated as CMODLOP and fLOP, re-
spectively. The ultimate flexural strength commonly known as modulus 
of rupture (MOR) is defined as the point where softening happens after 
the LOP. The CMOD and flexural strength corresponding to this point 
are designated as CMODMOR and fMOR, respectively. The results indicate

Fig. 6. Residual flexural tensile strength of different concrete mixes (Hybrid-
1 = DHE0.5 + PVA0.5, and Hybrid-2 = DHE0.5 + HE0.3 + PVA0.2).

that the CMODMOR corresponding to the peak load for plain concretes 
and DHE0.5 + PVA0.5 mix was similar to CMODLOP. However, the 
CMODMOR for DHE1 and DHE0.5 + HE0.3 + PVA0.2 mixes were 1.5 
and 1.6 mm, respectively that were 15 and 26.6 times of their CMO-
DLOP. For these mixes, the fMOR increased by 52% and 50% compared to 
their fLOP, respectively. An increase of up to 46% was also observed in 
the fLOP of FRC compared to that of SHCC. The research finding of this 
study demonstrate that all the HyFRC considered in this work show a 
deflection hardening behavior and conventional steel bar can be re-
placed by randomly distributed fiber according to fib Model Code 2010 
[41]. Therefore, HyFRC were developed in this study can be of high 
interest for design of structural member that subjected to bending load.

3.3.2. Residual flexural tensile strength and flexural toughness
The residual flexural tensile strength for different concrete mixes is 

shown in Fig. 6. As can be seen in Fig. 6, the residual flexural strength of 
plain concretes are quite similar and since these samples split in two 
separated parts, the results beyond CMOD of 0.5 mm were not pro-
vided. The results indicate that the inclusion of fibers and specifically 
DHE steel fibers significantly improves the residual flexural strength of 
concrete. The results also show that the hybridization of fibers resulted 
in a reduction in the residual flexural strength compared to that of the 
mix containing 1% DHE steel fibers. For example, the residual flexural 
strength of DHE0.5 + PVA0.5 mix reduced by 58%, 60%, 49%, and 
49% at CMOD of 0.5, 1.5, 2.5, and 3.5 mm, respectively compared to 
those of DHE1 mix. DHE steel fibers due to their particular shape resist 
significantly against the propagation of cracks, absorbed more energy, 
and caused an increase in the load carrying capacity. However, the 
inclusion of PVA fibers in the mixes that reinforced with steel fibers was 
very effective to improve the post-cracking behavior of concrete and 
avoid the propagation of micro-cracks. For instance, the residual flex-
ural strength of DHE0.5 + PVA0.5 mix at CMOD of 0.5, 1.5, 2.5, and 
3.5 were 5.18, 5.82, 5.96, and 5.10 MPa, respectively. This result show 
that the main influence of micro fibers like PVA is to enhance the 
toughness of concrete instead of increasing the peak flexural load. The 
full replacement of OPC with Type K cement slightly reduced the 
toughness of concrete. On the other hand, the introducing of fibers of 
any type and combination has a remarkable effect on the improvement 
of toughness. The highest toughness was attained by the mix containing



Fig. 7. Drying shrinkage of different concrete mixes (Hybrid-
1 = DHE0.5 + PVA0.5, and Hybrid-2 = DHE0.5 + HE0.3 + PVA0.2).

1% DHE steel fibers that its toughness was 22.7 times compared to 
SHCC. This is followed by DHE0.5 + HE0.3 + PVA0.2 and 
DHE0.5 + PVA0.5 mixes that their toughness were 10.7 and 19.5 
times, respectively over that of SHCC.

3.4. Drying shrinkage

The result of drying shrinkage for different concrete mixes is shown 
in Fig. 7. The results indicate that the replacement of OPC with Type K 
cement led to an expansion, while samples prepared with OPC experi-
enced shrinkage over testing time. Fig. 7 shows a great expansion (369 
μm/m) that occurred in SHCC after 1 day, whereas the shrinkage of CC 
samples was 27 μm/m. This high value of early volume expansion in 
SHCC mix can be attributed to the high amount formation of et-tringite. 
The results also demonstrate that the replacement of OPC with Type K 
cement can compensate the shrinkage of concrete and the length change 
remained almost unchanged after 56 days. It was also observed that 
highest shrinkage among all mixes considered in this study was attained 
by CC that a shrinkage strain of 475 μm/m was happened at 56 days. As 
shown in Fig. 7, the inclusion of fibers of any type and fiber combination 
resulted in a reduction in the expansion of FRC made with Type K 
cement. However, an expansion strain up to 85 μm/m was ob-served in 
FRC at 1 day due to the presence of expansive cement. Thereafter, the 
expansion of concrete samples has been fully cancelled due to the 
restraining effect of fibers. The effectiveness of steel fibers in restraining 
the expansion of shrinkage-compensating concrete has been also shown 
by Paul et al. [42]. In another study, He et al. [43] studied the expansive 
deformation of self-stressing concrete reinforced with steel fibers. They 
pointed out that inclusion of fibers can fully eliminate the swelling of 
concrete resulted from the introducing of expansive agent. They 
hypothesized that this phenomenon would create a mutual interfacial 
stress between matrix and fibers and consequently leads to an internal 
homogeneous compressive prestress. Moreover, the im-proved chemical 
bond between fibers and cement matrix and subse-quently enhanced 
flexural performance of FRC can be attributed to the self-prestress effect. 
The results of present study in the sections of splitting tensile strength 
and single fiber pull-out test verified the abovementioned hypothesis. 
The results of FRC indicate that hy-bridization of fibers is a promising 
way to reduce the shrinkage de-formation of concrete. Among 
different FRC considered in this study, the lowest drying shrinkage 
was attained by DHE0.5 + HE0.3 + PVA0.2 mix. As cracks are 
initiated with small size

Fig. 8. Early and ultimate water absorption of different concrete mixes 
(Hybrid-1 = DHE0.5 + PVA0.5, and Hybrid-2 = DHE0.5 + HE0.3 + PVA0.2).

and later propagated with different sizes in the body of concrete, hy-
bridization of fibers with various features, such as different lengths and 
modulus of elasticity, plays an important role in resisting cracking at 
different scales and causes lower shrinkage. It was also reported by Sun 
et al. [26] that combined use of PVA fibers and steel fibers can sig-
nificantly inhibit the shrinkage of concrete compared to using mono-
type of steel fibers. The results also indicate that the shrinkage of all 
samples tends to stabilize after 14 days.

3.5. Water absorption

The ingress of destructive ions like chloride and sulfate into the 
concrete adversely affects the durability of concrete. Fig. 8 shows early 
(30 min) and ultimate (7 day) water absorption of different concrete 
mixes. The SHCC samples had lower water absorption compared to that 
of the CC. The reduction were 24% and 22% for early and ultimate water 
absorption, respectively. This reduction can be attributed to the 
formation of higher amount of ettringite in mix containing Type K ce-
ment that fills the voids, leads to the discontinuity of pore network, and 
also improves the characteristics of cement matrix [44]. The finding of 
this research in microstructural observation confirmed the improved 
properties of cement matrix in SHCC mix. The results show that the 
addition of fibers reduced the water absorption of concrete with respect 
to SHCC irrespective of the fiber type and fiber hybridization. It was 
observed that the lowest water absorption was attained by the mix 
reinforced with 1% DHE steel fibers that its ultimate water absorption 
was 17% lower than that of SHCC. This reduction can be attributed to 
the ability of fibers to restrict the creation and propagation of cracks in 
the body of concrete that resulting in a reduced permeability [45]. The 
results illustrate that substitution of DHE steel fibers with PVA and HE 
steel fibers slightly increased the water absorption of concrete, while 
these concretes reached lower absorption compared to SHCC. This re-
sult suggests that the addition of PVA fiber content results in a rela-tively 
higher porosity compared to one reinforced by only steel fibers. The 
results of water absorption demonstrate a good correlation with the 
compressive strength test results, in which higher PVA fiber content led 
to a reduction in the strength of concrete.

3.6. Compressive, splitting tensile, and pull-out test results of mortars

3.6.1. Compressive and splitting tensile strength
The mechanical test results of different mortar mixes are listed in 

Table 4. The mixes with Type K cement showed slightly lower com-
pressive and splitting tensile strength compared to that of mixes



cement. This improvement can be attributed to the better bond that took 
place between steel fibers and cement matrix as a result of cement 
expansion and formation of self-prestress effect [43].

The results of FRC indicate that the reinforcement of plain mortars 
with 1% PVA fibers led to a reduction in the peak load of pull-out force. 
It was observed that pull-out force of Type II/V-1%PVA and Type K-1%
PVA mixes were 12% and 19% lower when compared to that of the 
corresponding plain mortar mixes. In fact, introducing microfibers in 
concrete either resulting in higher pull-out resistance due to the re-
striction of micro-cracks or reducing the pull-out resistance because of 
lower shrinkage that is not favorable for the bond between fiber and 
matrix [21]. The results of this study suggests that the pull-out re-
sistance was reduced as a result of lower shrinkage in cement matrix that 
weakened the fiber-matrix bonding. This reduction can also be 
explained by the higher porosity of mixes containing PVA fibers com-
pared to plain mortars. Indeed, the appearance of big voids around the 
hook counteracts the positive effect of PVA fibers to restrict the in-
itiation of micro-cracks. This result has been confirmed by microscopic 
observation of cut surface that will be discussed in next section. As it can 
be seen in Fig. 9, the second peak reached a value almost similar to first 
peak in case of mortars reinforced with PVA fibers, while there was a big 
drop in the pull-out force of plain mortars after the first peak. Comparing 
the pull-out behavior of different mortars in part c indicate that the 
addition of PVA fibers resulted in an increase in the frictional stress 
between steel fibers and surrounding matrix. The coefficient of variation 
of pull-out test results is presented in Table 4. The results indicate that 
the scatter in pull-out test results and particularly mixes reinforced with 
1% PVA fibers was high. This can be attributed to the increased porosity 
and air voids around the hooked-end of steel fiber embedded in mortar 
due to the presence of PVA fibers. Markovich et al.[46] studied single 
fiber pull-out from hybrid fiber-reinforced concrete. It was reported that 
the standard deviation for Pmax varied from 0.9%to 15.2%. The findings 
of this study are in good agreement with their results.

Mix No. Mixture ID Compressive strength (MPa) Splitting tensile strength (MPa) Pull-out

Pmax (N) Δpeak (mm)

1 Type II/V-Plain 63.5 (2.3) 5.9 (4.2) 418.1 (3.6) 0.75 (4.1)
2 Type K-Plain 59.4 (1.8) 5.6 (4.7) 525.9 (5.2) 0.65 (7.4)
3 Type II/V-1%PVA 64.4 (4.6) 7.4 (7.1) 366.0 (6.9) 0.60 (11.6)
4 Type K-1%PVA 61.0 (3.8) 6.9 (7.5) 427.7 (4.7) 1.33 (11.2)

Note: The number in the () shows the coefficient of variation (%).

manufactured with OPC. These results are in good agreement with our 
finding for concrete mixes that has been already discussed. It was also 
observed that the addition of 1% PVA fibers in both plain mortars led to 
an increase in the mechanical properties and particularly the splitting 
tensile strength. For instance, the compressive and splitting tensile 
strength of Type II/V-1%PVA mix increased by 2% and 25%, respec-
tively compared to those of corresponding mix without fibers, while 
these increase for mortars with Type K cement were 3% and 23%, re-
spectively. This improvement can be related to the ability of fibers to 
restrict the formation and propagation of cracks in the body of concrete.

3.6.2. Single fiber pull-out test
The load versus displacement curve of different mortar mixes is 

depicted in Fig. 9 and pull-out test results are presented in Table 4. In 
this table, the maximum pull-out force is specified as Pmax, while the 
displacement corresponding to this point is designated as Δpeak. As can 
be seen in Fig. 9, a relatively similar trend was observed in the fiber pull-
out curves of different mortar mixes. The load versus displacement 
curves can be divided to three distinctive parts, in which each of them 
represent a specific behavior of fiber inside the mortar [46]. The hooked-
end of steel fiber including a straight part at the end that fol-lowed by an 
inclined part connected to the long straight steel fiber. Part a, represents 
a linear ascending branch that resulted from the plastic deformation of 
both parts of hooked-end. Afterwards, a descending branch was observed 
that followed by a second peak with a relatively lower pull-out force 
(part b). This peak corresponds to the bending of straight part of hooked-
end at the position where inclined part was in the beginning. Finally, 
fiber pull-out curve shows a relatively flat be-havior with a gradual 
reduction in the pull-out force that corresponds to the movement of steel 
fiber through the original channel of mortar after complete straightening 
of hooked-end (part c). The results indicate that the replacement of OPC 
with Type K cement has a positive influence on the pull-out force of 
mortar. It was observed that pull-out force in-creased by 26% as a result 
of the full replacement of OPC with Type K

Fig. 9. Fiber pull-out curves versus displacement of different fiber-reinforced mortars.

Table 4
Mechanical and fiber pull-out test results of mortar mixes.



3.6.3. Microscopic observation of pull-out samples
Fig. 10 shows the microscopic observation of different samples after 

the fiber was pulled out. The plastic deformation of hook and slipping of 
fiber inside the channel led to the formation of micro-cracking around 
the fiber and particularly at the area closed to the hook in plain samples. 
There was no clear difference between the number and width of cracks 
in two different plain mortars. On the other hand, the addition of 1% 
PVA fibers in mortar increased the porosity of mortar and two big voids 
were observed very close to the hook in Type K-1%PVA sample. As 
shown in previous section, the pull-out force of reinforced mortars was 
lower compared to that of plain mortars and it can be contributed to the 
appearance of these voids due to the less workability of mixes.

3.7. Evidence from the microstructure

3.7.1. Components analysis from XRD measurements
To track the phase change of at the microscale during hydration 

process, XRD was conducted to both types of paste at different hydra-
tion ages. As shown in Fig. 11(a), the diffractogram of anhydrous Type K 
cement contains strong diffraction peaks of ye'elimite and CaSO4, apart 
from the signals of C3S and small quantity of C2S. As a result, the 7 days 
hydration product contains significant amount of ettringite, which 
contributes to the volume expansion of the paste. Another major

crystalline phase in the hydration product is portlandite, which is from 
the hydration of C3S. It should be noted that, the intensity of C3S peaks 
decreases rapidly in the first week, but the decrease clearly slows down 
thereafter. However the major peak of ye'elimite (∼27.8°) exhibits a 
continuous attenuating until complete absence in 28 days. As shown in 
Fig. 11(b), the Type II/V cement composed mainly of C3S, and minor 
contents of C2S, C3A, C4AF and gypsum. Its hydration products contains 
significant amount of portlandite, and minor content of ettringite. Si-
milar to the behavior of C3S in Type K, hydration of Type II/V cement is 
rapid in the first week, but significantly slows down after that.

3.7.2. SEM observations
To provide microscale morphology for the tested samples, SEM were 

conducted on the flexural-test samples, at both SE and BSE modes. To 
have a reliable knowledge about the microstructure, large numbers of 
images were collected and analysed. Here, representative images are 
shown in Fig. 12. As shown in Fig. 12(a), the hydrated matrix is com-
posed of featureless paste and crystals embedded within. The crystals 
with large size and smooth cleavage (white arrow in Fig. 12(a)) are 
assigned to Portlandite, due to its unique morphology and abundance in 
XRD results. Some fibrillar products are observed within the paste and 
are assigned to ettringite needles, which exhibit small quantity of sig-
nals in the XRD results. The featureless paste is the anhydrous cement

Fig. 10. Microscopic observation of micro-cracking process around the fiber hook of different fiber-reinforced mortars: (a) sample with Type II cement, (b) sample
with Type K cement, (c) sample with Type K cement and reinforced with 1.0% PVA fiber.



and the hydration product C-S-H gel. In general, hardened Type II/V 
paste resembles the microstructure of a typical hydrated matrix of OPC. 
As shown in Fig. 12(b), fibrillar crystals dominate the microscale 
morphology of Type K cement paste. This is consistent with XRD result 
that hydration product of expansive cement contains large quantity of 
ettringite. Ettringite in Type K cement paste grows to much larger size 
(length 15–30 μm, and diameter 1–1.5 μm), compared with the et-
tringite needles in OPC paste (length 3–5 μm, and diameter 0.3–0.4 μm). 
The rapid formation of ettringite in expansive cement contributes to its 
volumetric expansion that was seen in drying shrinkage test 
results.
    The microscale morphology of fiber embedment in Type K cement 
paste is also investigated. As shown in Fig. 13(a), on a fracture surface

of mix containing 0.5% PVA fibers, a PVA fiber is half-embedded in the 
paste (red solid square). However the other end of the fiber (red dashed 
square) exhibits a large deformation, which could possibly be a fracture 
too. This indicates that the PVA fiber is very well embedded in the 
matrix, and therefore increases the resistance against cracking-opening. 
In Fig. 13(b), a tight bond between the paste and steel fiber is also 
observed – even after fracture, the paste is still closely attached to the 
surface of the steel fiber. The microstructure evidence therefore confirm 
that the mechanical bonding between two types of fiber and the paste is 
solid, and should significantly increase the fracture toughness of the 
composite. This can also contribute to the better performance of fiber 
pull-out resistance in mixes containing expansive cement.

To obtain a better estimation of the pore structure, BSE mode was

Fig. 11. XRD pattern of anhydrous cements and hydration products of both types of cement at different ages: (a) Type K cement, (b) Type II/V cement. The black
arrows in the small 2-theta domain is the background peak from certain sample holders.



applied to finely-polished surfaces of pastes, as shown in Fig. 14. In 
each image, there exist gaps between aggregates and paste, which is most 
likely generated during the polishing process and will not be discussed. In 
Fig. 14(a), pores of a several micron are universally ob-served in the paste 
of Mix 1 (Type II/V), whereas in (b) the paste of Mix 2 (Type K) cement 
appears much less porous. The matrix of Mix 3 also exhibit no visible 
pores. This can be attributed to the large volume of the Type K cement 
hydrates which efficiently fill the pore space. However, in the hardened 
paste of Mix 4 and 5 that contains PVA fibers, large pores are observed. 
There pores exhibit spherical shape, with diameter in the range of 10–100 
μm. In Table 2, it is shown that the workability of Mix 4 and 5 are worse 
than the other three mixes, even the additions of superplasticizer in these 
mixes are the highest. There-fore the observed pores in Mix 4 and 5 can 
probably be attributed to two reasons: 1) the honeycomb due to the low 
workability, and 2) the PVA fiber itself is black under SEM, and is 
accounted as pores. Mix 3 has the best workability and an intermediate 
dosage of superplastisizer, and it turns out that the paste of Mix 3 does 
not contain as many large pores as in Mix 4 and 5. Using software Image 
J, Fig. 14(a), (d) and (e) are converted to binary images with pores being 
highlighted and solids as background. The binary images are then 
processed with a ‘particle analysis’ plugin for size distribution analysis. 
The results are shown in Fig. 14(f). Most pores in Mix 1 have diameter 
smaller than 10 μm, with average value ∼3 μm. However in Mix 4 and 5, 
the major contribution to porosity is from pores with diameter larger than 
40–50 μm. The average pore diameters of Mix 4 and 5 are ∼60 and ∼67 
μm, respec-tively.

3.8. Correlation between microstructural observation and engineering 
properties of concrete

Concrete is a heterogeneous material consists of aggregate, cement 
paste, and pores that distributed with different sizes, and shapes [47]. 
The pore structure significantly affects the strength of concrete, and an

increase in the porosity reduces the mechanical properties of concrete 
[48]. The results of microstructural observation by SEM method show 
that the replacement of OPC with Type K cement resulted in a reduction 
in the porosity of concrete. Additionally, the main hydration products of 
OPC and Type k cement were portlandite and ettringite, respectively. 
However, the mechanical properties of concrete produced with Type K 
cement were lower over those of the OPC mix. This result suggest that 
the presence of micro-cracks due to the formation of ettringite with 
expansion behavior may adversely affected the strength of concrete. The 
results further indicate that the water absorption of concrete con-taining 
Type K cement was lower than that of the OPC mix. This can be 
explained by the fact that the greater amount of ettringite developed in 
this mix, fills the pores, causes the discontinuity of pore network, and 
subsequently reduces the water absorption of concrete. Comparing the 
SEM images of FRC in BSE mode indicate that the addition of 1% DHE 
steel fibers had insignificant influence on the porosity of concrete, while 
introducing PVA fibers notably increased the content and size of pores. 
The finding of this research reveal that the best performance among all 
FRC considered in this study was attained by the mix containing only 
DHE steel fibers. On the other hand hybridization of metallic fibers with 
PVA fibers resulted in a reduction in the mechanical properties of 
concrete. Additionally, the highest water absorption was attained by the 
mix containing higher amount of PVA fibers (i.e. Mix 4). This is in 
agreement with the pore structure of the corresponding mix. Therefore, 
slightly higher water absorption and lower mechanical properties of 
HyFRC compared to those of mix containing only DHE steel fibers can 
also be explained by the appearance of pores with larger size. However, 
it is worth noting that the dominant factor in this study that influences 
the mechanical properties of FRC is the fiber type.

4. Conclusions

This paper studied the effect of Type K cement on the mechanical,
physical and microstructural properties of concrete. Also, the

Fig. 12. Microscale morphology of: (a) Type II/V
cement paste and (b) Type K cement paste after 28-
day curing. Scale bars are 10 μm. White arrow in (a)
indicates the large and smooth cleavage of
Portlandite crystals. A fibrillar morphology (red-da-
shed square) in (a) is magnified. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 13. Microscale morphology of: (a)
DHE0.5 + PVA0.5 paste and (b)
DHE0.5 + HE0.3 + PVA0.2 paste after 28-day
curing. Scale bars are 20 μm. Red squares and circles
indicate details of PVA fiber and steel fiber, respec-
tively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the
Web version of this article.)



characteristics of HyFRC containing metallic and non-metallic fibers
and fabricated with Type K cement was investigated. The following
conclusions can be drawn from the experimental results:

1 The replacement of OPC with Type K cement has insignificant in-
fluence on the mechanical strength of concrete and it leads to almost
similar compressive, splitting tensile and flexural strength.

2 A great expansion was occurred in samples containing expansive
cement at 1 days. Thereafter, it compensates the shrinkage of con-
crete and leads to volume stability of concrete after 56 days. The
early expansion of concrete fabricated with Type K cement can be
attributed to the formation of high amount ettringite. On the other
hand, the highest drying shrinkage was attained by the plain con-
crete made with OPC that shows 475 μm/m after 56 days.

3 The results indicate that the ultimate water absorption of mix con-
taining Type K cement was reduced by 22% as a result of improved
characteristics of cement past.

4 The replacement of OPC with Type K cement in mortars led to an
increase of 26% in the pullout resistance of steel fibers. The reason
of that can be attributed to the better chemical adhesion between
fibers and cement matrix as a result of cement expansion and for-
mation of self-prestress effect.

5 The microstructural analysis by means of XRD method show that the
main hydration product of cement paste made with OPC and Type K
cement is portlandite and ettringite, respectively. The SEM ob-
servation also demonstrate that the replacement of OPC with Type K
cement improves the properties of cement matrix and leads to the
appearance of ettringite needles with larger size compared to that of

OPC.
6 Introducing 1% DHE steel fibers significantly increased the me-
chanical properties and particularly the flexural performance of
concrete. With the addition of 1% DHE steel fibers the compressive,
splitting tensile, and flexural strengths increased by 4%, 94%, and
122%, respectively at 28 days compared to those of corresponding
mix without fibers.

7 A deflection hardening behavior was seen in the flexural perfor-
mance of all HyFRCs considered in this study. This can be explained
by the ability of DHE steel fibers to restrict the propagation of cracks
due to their high elastic modulus and particular shape.
Hybridization of DHE steel fibers with HE steel fibers or PVA fibers
led to a reduction in the flexural performance of HyFRC.

8 The results of FRC indicate that hybridization of fibers is a pro-
mising way to reduce the shrinkage deformation of concrete. Among
different FRC considered in this study, the lowest drying shrinkage
was attained by DHE0.5 + HE0.3 + PVA0.2 mix. The inclusion of
fibers also reduces the water absorption of concrete.

9 Irrespective to the type of cement, the addition of 1% PVA fibers in
mortars adversely affects the pull-out resistance of steel fibers. This
can be related to the higher amount of voids around the hooked-end
as a result of poor workability.

10 The SEM observation verifies the good bond between the fibers and
cement matrix due to the expansion of Type K cement. Also, the BSE
images show that voids with bigger size was formed in mixes con-
taining PVA fibers compared to other mixes.

Fig. 14. Back-scattered electron mode images of hardened paste of Mix 1 to Mix 5, in the order of (a) to (d). Scale bars are 200 μm. The accumulated volume
percentage of pores as a function of their pore diameter is shown (f), as calculated from (a), (d) and (e).
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