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Abstract 
This paper investigates the effects of reinforcing one-part alkali-activated slag binders (OAASs) with different types of 
fiber (steel, polyvinyl alcohol [PVA], basalt, and cellulose) and fiber combinations (single and hybrid) on the mechanical 
and durability properties of OAASs. All OAASs were reinforced by a 1% fiber volume fraction. Compressive and flexural 
strengths were the mechanical properties, which were addressed. The durability of the reinforced OAASs was examined based 
on water absorption by immersion and capillary, acid resistance, high temperature resistance, carbonation resistance, and 
freeze/thaw resistance. The experimental results showed that the fiber type and combination greatly affects the mechanical 
and durability properties of OAASs. Moreover, the influence of fiber type and combination on high temperature resistance 
and freeze/thaw resistance is greater than the influence on acid resistance and carbonation resistance.
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Statement of Novelty

Few studies have reported the durability performance of 
fiber-reinforced one-part alkali activated slag binders, and 
there is no extensive experimental study has been conducted 
on the effects of using different fibers and fiber combinations 
as reinforcement on fiber-reinforced one-part alkali activated 
slag binders’ mechanical and durability properties. Moreo-
ver, the mechanisms of durability aspects on hardened state 
properties

Introduction

The growth of global construction has contributed to the 
increase in the amount of ordinary Portland cement (OPC) 
concretes. However, the production of OPC-based concretes 
and transportation of raw materials results in significant CO2 
emissions into the atmosphere. Cement contributes more 
CO2 emissions than other components in OPC-based con-
cretes [1]. Therefore, alkali-activated materials with vari-
able raw material availabilities, hydration reactions, costs, 
and CO2 emissions due to production have been proposed 
as alternatives to OPC-based concretes, showing accept-
able mechanical and durability properties as well as lower 
environmental impacts [2]. Alkali-activated materials are 
commonly comprised of aluminosilicate precursors (such as 
fly ash, volcanic ash, or metakaolin), alkali activators (such 
as sodium hydroxide and sodium silicate), and aggregates 
[3–7]. Although the use of alkali-activated materials has 
some environmental advantages, liquid alkali activators are 
corrosive, viscous, difficult to handle, and not user-friendly 
[4]. Thus, some researches have made efforts to replace 
aqueous alkali activators with solid activators [8–10]. These 
alkali-activated binders are called one-part alkali-activated 
materials, and they have various advantages over conven-
tional alkali-activated materials with aqueous alkali solu-
tions, which are called two-part alkali-activated materials.

Various studies have reported the high potential of 
ground-granulated blast-furnace slag (GGBFS) as a main 
binder in alkali-activated materials. The developed alkali-
activated slag binders (AASs) contains high calcium content 
[11], which could lead to rapid setting time [12], low hydra-
tion heat [13], and acceptable mechanical and durability 
properties [13–15].

Combination of the benefits of one-part alkali-activated 
materials and GGBFS as the main precursor resulted in 
the development of one-part alkali-activated slag binders 
[16–19]. Similar to other cementitious compositions, the 
plain AASs suffer from brittleness under flexural and ten-
sile loadings. Moreover, AASs exhibit much greater drying 
shrinkage than OPC-based compositions [2]. Therefore, one 

of the easiest ways to increase ductility and decrease drying 
shrinkage is to use fiber to reinforce plain compositions. A 
few investigations have implemented such an approach to 
clarify the effects of adding different fibers on the mechani-
cal characteristics of OAASs [16]. Although various studies 
have been conducted on different aspects of the fresh and 
hardened state properties of fiber reinforced alkali activated 
mortars (with liquid sodium silicate), such as: rheological 
properties (reinforced with polyvinyl alcohol (PVA) fibers) 
[20], bending properties (steel and Polypropylene (PP) [21], 
PP [22], steel [23–25], carbon [26]), durability properties 
(PP [22], refractory fibers [27]), and ultra-high performance 
fiber reinforced mortars (PVA [28], polyethylene [29, 30], 
steel [31]). All of these investigations confirmed the positive 
influential impacts of fibers on alkali activated materials, 
which the effects of reinforcements majorly depend on the 
physical and mechanical properties of fiber, bond properties 
at interfacial transition zone (ITZ) between fiber/matrix, and 
binding properties and compactness of the matrix.

To the best of the author’s knowledge, although a few 
studies have reported the durability performance of fiber-
reinforced AASs [32, 33], no extensive experimental study 
has been conducted on the effects of using different fibers 
as reinforcement on OAASs’ mechanical and durability 
properties. It is worth stating that there are some investiga-
tions regarding development of ultra-high fiber reinforced 
concrete using reinforcement of one-part alkali activated 
materials with Polyethylene (PE) and PVA fibers [34–36]. 
Moreover, the impacts of using different curing regimes on 
the mechanical performances of the reinforced OAAS with 
steel and PVA fibers were investigated [16], however, no 
one reported the performance of these binders under harsh 
conditions. To enable commercial use of one-part alkali-
activated materials, it is necessary to assess the performance 
of fiber-reinforced OAASs under harsh conditions. This 
study aims to clarify the damage and the effects of each 
fiber type and combination on the durability performance 
of reinforced OAASs.

Experimental Plan

Materials and Mixed Design

The mixed compositions in this study are comprised of 
GGBFS (Finnsementti, Finland), solid anhydrous sodium 
metasilicate (Alfa Aesar, Germany), sand (Normensand, 
Germany), superplasticizer (BSF), and water. The binder 
consists of GGBFS and sodium metasilicate (molar ratio 
of SiO2/Na2O ≈ 0.9, water content 2.5%). The ingredients 
of the mixed design were based on [17]. The content of the 
GGBFS was 90% of the total mass, and the other 10% was 
assigned to sodium metasilicate. Also, GGBFS had a d50 
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of 10.8 μm and a density of 2.93 g/cm3, and its chemical 
composition is as follows: MgO ≈ 10%, Al2O3 ≈ 9%, SiO2 
≈ 33%, Na2O ≈ 0.5%, SO3 ≈ 4%, Fe2O3 ≈ 1%, TiO2 ≈ 2%, 
and CaO ≈ 39%. Sodium metasilicate was also prepared by 
mixing SiO2 with Na2O in 1:1 molar ratio. The size distribu-
tion of standard sand has been illustrated in Fig. 1a accord-
ing to EN 196-1. Standard sand (minimum and maximum 
particle sizes of 0.08 and 2 mm, respectively) was used in 
accordance with the standard EN 196-1 [37]. The ratio of 
sand to binder (GGBFS and sodium metasilicate) was 2. To 
reduce the amount of water, a polycarboxylate-based super-
plasticizer (SP supplied from BSF company) with a mass of 
0.014 of the total binder mass was mixed by the available 
water and then added to the composition. Yang et al. [38] 
noticed that polycarboxylate-based superplasticizer showed 
retarding effect on alkali-activated fly ash/slag pastes with 
negligible effects on the heat of hydration. Using modified 
admixtures introduces high negative charge, so that the 
particles are repelled and deflocculated, and subsequently 
water released. The modified polycarboxylate admixture 
in addition to electrostatic repulsion benefits from steric 
repulsion produced by lateral ether chains on the molecule 
[39]. A constant water to binder ratio of 0.45 was used in 

all mixtures. In [17], a constant water to binder ratio of 0.35 
was used for the plain alkali activated mortars. Since in this 
paper, different fibers were used to reinforce the mixtures, 
the content of water was increased to provide good flowabil-
ity and have fully dispersed fibers in fresh mortars.

Different fiber types (PVA, short length steel, cellu-
lose, basalt) and combinations were used to reinforce a 
plain OAAS. Figure 1b shows the fibers that were used, 
and Table 1 lists the physical and mechanical properties 
of these fibers. In this study, the total volume of the fiber 
was constant (1%). When a combination of fibers was used, 
each type comprised 0.5% of the total volume. In order to 
reduce the cost of final construction materials, OAAS should 
be reinforced with the minimum amount of fiber. The pre-
liminary studies revealed that using fiber volume fraction 
above 1% leads to improve flexural strength, therefore, this 
fiber volume fraction was used in this study as the minimum 
amount of fiber. As listed in Table 2, eleven different com-
positions were designed and prepared for assessment with 
various mechanical and durability tests.

During the batching process, GGBFS, sodium metasili-
cate, and sand were mixed for 3 min in a mixer. Then, water 
and SP were stirred and added to the mixture, and the mixing 

Fig. 1   a Grain size distribution 
according to EN 196-1 b The 
fibers used to reinforce a plain 
OAAS
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procedure continued for an additional 3 min. Finally, the fib-
ers were gradually added to the compositions and mixed for 
a further 2 min. The mix was then cast into prismatic beams 
(40 × 40 × 160 mm3) and cubic molds with edges of 50 mm 
and 100 mm, and the castings were vibrated using a jolting 
table (2 × 60 shocks, 1 shock/s). After casting, the specimens 
were cured in a chamber with a controlled temperature of 
22 °C and relative humidity of 95% for 24 h, then the speci-
mens were demolded and kept in lab conditions (temperature 
of 23 °C and relative humidity of 35%) until the testing day.

Experimental Test Procedure

Ultrasonic Pulse Velocity

The non-destructive ultrasonic pulse velocity (UPV) evalu-
ation is intended to determine the quality of an OAAS by 
propagating the ultrasonic waves that pass through the 
OAAS and measuring the velocity of the pulse. Lower veloc-
ities indicate lower-quality OAASs with a higher volume 
of air voids, while higher velocities indicate higher-quality 
OAASs with greater compactness. Since the addition of fib-
ers affects the amount of air voids in an OAAS, UPV can 
also be used to reflect the quality of fiber-reinforced OAAS. 
Equation (1) can be used to compute the pulse velocity of 
specimens:

where V is pulse velocity (km/s), L is the distance between 
two transducers (mm), and T is transmission time (µsec). To 
assess UPV for each mixture, three prismatic beams with 
dimension of 40 × 40 × 160 mm3 were used. Later, these 
beams were used to obtain the flexural strength. UPV meas-
urements were carried out on different parallel external sides 
of the beams and the differences in the measured UPV were 
ignorable.

Compressive Test

The compressive strength of cubic specimens (50 × 50 × 50 
mm3) was obtained according to ASTM C109/C109M rec-
ommendations [40]. Compressive strength was defined by 
averaging three cubes after 28 days of aging. This assess-
ment was carried out by imposing the compressive load with 
a displacement rate of 1.8 mm/min under a displacement 
control. A hydraulic machine (Toni Technik) with a load cell 
of 3000 kN was used to submit the compressive load. Equa-
tion (2) was used to determine the compressive strength:

where �c is the compressive strength (MPa), F is the maxi-
mum compressive force (N), and A is surface area of the 
specimen (mm2).

Flexural Test

The flexural strength of prismatic beams (40 × 40 × 160 
mm3) was obtained through a three-point bending (TPB) 
test based on the ASTM C78 recommendation [41]. Flexural 
strength was determined by replicating three specimens aged 
28 days under a displacement control with a speed rate of 
0.6 mm/min. It was calculated with Eq. (3):

(1)V =
L

T
,

(2)�c =
F

A
,

(3)�f =
3FL

2bh2
,

Table 1   Physical and 
mechanical properties of the 
employed fibers

Fiber type Length/diameter 
(mm/mm)

Elastic modu-
lus (GPa)

Tensile strength 
(MPa)

Density (g/cm3) Melting 
temperature 
(°C)

Steel 47 200.0 1300 7.80 1538
PVA 200 41.0 1600 1.30 220
Cellulose 117 8.5 750 1.10 150
Basalt 333 100.0 4500 2.63 1350

Table 2   Mixtures, dosages, and types of fibers

Dosage and type of fiber (in Vol%)

Steel PVA Cellulose Basalt

Reference 0.0 0.0 0.0 0.0
St1.0 1.0 0.0 0.0 0.0
PVA1.0 0.0 1.0 0.0 0.0
Cel1.0 0.0 0.0 1.0 0.0
Bs1.0 0.0 0.0 0.0 1.0
St0.5PVA0.5 0.5 0.5 0.0 0.0
PVA0.5Cel0.5 0.0 0.5 0.5 0.0
St0.5Cel0.5 0.5 0.0 0.5 0.0
Bs0.5Cel0.5 0.0 0.0 0.5 0.5
Bs0.5St0.5 0.5 0.0 0.0 0.5
Bs0.5PVA0.5 0.0 0.5 0.0 0.5
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where �f  is the flexural strength, F is the maximum flexural 
load (N), L is the span length (120 mm), and b and h are the 
width (40 mm) and height (40 mm) of beams, respectively.

Water Absorption by Immersion and Capillarity

After 28 days, water absorption by immersion and capillarity 
was performed using cubes with dimensions of 50 × 50 × 50 
mm3 and 100 × 100 × 100 mm3, respectively.

For water absorption by immersion, the cubes were ini-
tially placed in an oven with a temperature of 105 °C for 
24 h [42]. The dried specimens were allowed to cool down at 
room temperature and then were weighted ( Wdry ). The dried 
specimens were placed underwater in a container for 48 h. 
After 48 h, the saturated weight ( Wsat ) of the specimens was 
measured. Water absorption by immersion was determined 
using the following equation:

The subtracted suspension weight (Wsus) of cubes was 
determined. Using all the gathered data, the apparent poros-
ity (i.e., open or connected) of compositions was computed 
as follows:

Water absorption by capillarity was conducted based on 
EN 1015-18:2002 [43]. Three cubes with dimensions of 
100 × 100 × 100 mm3 were cast and prepared. A silicon layer 
covered the lateral surfaces of cubic specimens because this 
helps to avoid water evaporation and humidity transporta-
tion over such surfaces. Then, the bottom surface was placed 
touching water and the mass of the water absorbed through 
capillary rise was measured over 96 h. Equation (6) was used 
to find the coefficient of capillary water absorption:

where Aw represents the water absorption coefficient (kg/
m2/H0.5), ΔB represents the mass of absorbed water, and A 
represents the surface area (m2). The gradient of the straight 
line identified by plotting the cumulative mass of absorbed 
water was used to evaluate the mass of water entering the 
cubic specimen per unit of area and time [43].

Acid Test

Acid resistance was measured with cubes (50 × 50 × 50 mm3) 
that had been cured for 28 days. The cubes were weighted 
before immersion in a liquid comprised of water and 3% 

(4)Water absorption by immersion =
Wsat −Wdry

Wdry

× 100

(5)Apparent porosity =
Wsat −Wdry

WSat −WSus

× 100

(6)Aw =
ΔB

A
√

t
,

mass of sulfuric acid (at pH 1.0). Then, the specimens were 
removed from the liquid and their weight and weight loss 
were computed. Three cubes were measured for each com-
position. The specimens immersed in the acidic environment 
for 9 days. Reinforcement of the cementitious (or cement-
less) compositions commonly increases porosity and per-
meability compared to the plain compositions, therefore, it 
can be assumed that fiber reinforced compositions are more 
susceptible to mass and strength losses exposed to the acidic 
environments. On the other hand, the lowest pH sulfuric 
acid (pH 1) was selected to assess the highest impacts of the 
chemical attacks on AAS [44]. Therefore, exposure time to 
acidic environment was reduced to 9 days.

High Temperature Test

Resistance against high temperatures was evaluated by 
exposing three cubes (50 × 50 × 50 mm3) from each mixture 
to a temperature of 600 °C for 3 h. After exposure to a high 
temperature, they were cooled to room temperature and then 
their compressive strength was measured. The temperature 
from the range of 400 to 800 °C could be critical to the 
strength loss in concrete [45], therefore, the temperature of 
600 °C was selected for being elevated.

Freeze/Thaw Test

Three prismatic beams from each mixture were assessed 
under cyclic freeze/thaw conditions. The specimens were 
kept in a tray and filled to 20 mm with distilled water. In 
accordance with the PD CEN/TS 12390-9:2016 standard, 
temperature varied from – 20 to + 15 °C [46]. The dura-
tion of each cycle was 8 h. The specimens were subjected 
to − 20 °C for 2 h, to temperature variations for 4 h, and 
then to 15 °C for 2 h. All specimens experienced 60 freeze/
thaw cycles.

Carbonation Test

The carbonation test was performed with three prismatic 
beams (40 × 40 × 160 mm3) from each mixture, which were 
exposed to 23 °C, 60% relative humidity, and 5% CO2 gas for 
7 days [32]. Then, the impacts of carbonation were evaluated 
on flexural and compressive strength.

Results and Discussion

UPV

The impacts of using each fiber type and combination on the 
UPV are shown in Fig. 2. Reinforcement of OAASs with dif-
ferent fiber types and combinations had no significant impact 
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on the UPV. Increases or decreases in the UPV varied within 
2% of the UPV of the plain reference mixture. The greatest 
increases and decreases in the UPV in relation to the refer-
ence mixture were observed in the OAASs reinforced by 
St0.5Cel0.5 (+ 2%) and Bs1 (− 2%), respectively. In gen-
eral, it could be concluded that adding a particular fiber did 
not have a great impact on the UPV or air voids, although 
this test does not assess air voids’ connectivity, size, and 
tortuosity.

Mechanical Strengths

Reinforcement of a plain OAAS could either increase or 
decrease the compressive strength, which depends on the 
pore structure and capacity of fibers to arrest further open-
ing of cracks [47–49]. Increasing porosity by adding fib-
ers decreases the compressive strength of an OAAS, while 
arresting further opening of cracks increases it. In general, 
addition of fibers increases the flexural strength caused by 
fiber bridging action [47–50], although some degradation in 
flexural strength was reported and attributed to various rea-
sons, such as use of a high amount of fibers (which resulted 
in a balling effect), the synergic impacts of hybrid fibers, the 
properties of bonds at the ITZ between a fiber and matrix, 
and the impact of these properties on the fiber failure mode 
[47–49].

The mechanical properties of fiber-reinforced OAASs 
were addressed in terms of compressive and flexural 
strength. These properties are shown in Fig. 3. The results 
reported in Fig. 3a indicate that compressive strength is 
significantly affected by reinforcement of a plain OAAS 
with different fiber types and combinations. The addition 
of single steel and PVA fibers increased the compressive 
strength by around 25% and 20%, respectively, while the 
addition of cellulose and basalt fibers reduced the com-
pressive strength by about 20% and 50%, respectively. It 
seems that using short length steel fibers and PVA could 

arrest further opening of cracks by bridging these cracks. 
Interestingly, a hybrid combination of steel and PVA fibers 
both decreased compressive strength compared to the refer-
ence mixture due to the synergic impacts of fibers. Except 
ST0.5Cel0.5 (≈ 10% increase), all hybrid fiber combinations 
decreased compressive strength. The compressive strength 
loss should be investigated by the pore structure of the rein-
forced compositions. In this regard, the results reported in 
the sections UPV and water absorption by immersion and 
capillarity were used to assess indirectly the pore structures 
of the compositions. The reported values of the UPV reflect 
this fact that total porosity is not affected by fiber reinforce-
ment, however, it will be shown (in “Water Absorption by 
Immersion and Capillary” section, water absorption by 
capillarity) that pores’ connectivity is governed by the fiber 
combinations. High and low pore’s connectivity and tor-
tuosity with equal total porosity means that the diameters 
of pores are fine and coarse, respectively. According to the 
compressive strength, strength gain and loss were mainly 
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observed in the reinforced compositions with fine and large 
pore’s diameter, respectively.

Comparison of the mechanical strength of differ-
ent OAASs revealed that the impacts of hybrid fibers on 
flexural strength are greater than the impacts on compres-
sive strength. As indicated in Fig. 3b, except for Cel1 and 
Bs0.5Cel0.5, the addition of single or hybrid fibers increased 
flexural strength compared to plain OAASs due to bridg-
ing function of fibers. The maximum increase in flexural 
strength (≈ 2 times the baseline) was achieved with St1 
and St0.5Cel0.5, although the compressive strength of the 
mixture reinforced with hybrid steel and PVA fibers was 
decreased.

Moreover, it was found that using basalt and cellulose 
as single (Bs1 and Cel1) and hybrid (Bs0.5Cel0.5) fib-
ers did not improve mechanical strength. As shown in 
“Water Absorption by Immersion and Capillary” section, 
using these fibers significantly increases the total porosity 
of the mixtures and a hard bond did not form at the ITZ 
of fiber/matrix and thus further opening of the crack was 
not arrested. Combination of Bs1 and Cel1 with steel and 
PVA fibers as hybrid increased mechanical strength as this 
enhanced the bonding properties of the fibers at the fiber/
matrix ITZ. However, addition of steel fibers had a greater 
impact than addition of PVA fibers.

Figure 4 indicates the failure modes of fibers using scan-
ning electron microscope (SEM) images, which provided 

Fig. 4   SEM images from fracture surface of the reinforced OAAS with: a steel fiber; b PVA fiber; c cellulose fiber; d basalt fiber
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from the fracture surface of specimens. Accordingly, it 
seems steel and basalt fibers were dominantly debonded 
from their surrounded matrix and paths of debonding in the 
matrix can be clearly observed. In contrast, PVA fibers were 
mainly ruptured due to form hard bond between fibers and it 
surrounded matrix. SEM images show that matrix has been 
attached to the multi-layers of cellulose fibers.

Water Absorption by Immersion and Capillary

Reinforcement of an OAAS could either provide physical 
confinement or increase the permeability of the composition. 
Domination of physically confinement of the composition 
enhances the durability performance, while increasing the 
permeability decreases it. Therefore, enhancement or deg-
radation of durability properties depend significantly on the 
physical and mechanical properties of the fiber are used.

The effect of reinforcing a plain OAAS with different fib-
ers on pore connectivity and tortuosity have been indirectly 
investigated by water absorption by immersion and capillary 
tests. Figure 5 depicts the results of a water absorption test 
of each composition. As expected, the addition of fibers, 
except St1, increased the compositions’ porosity and water 

absorption by immersion (see Fig. 5a). The maximum water 
absorption by immersion was around 10% in OAASs rein-
forced with cellulose and basalt as single and hybrid fibers, 
which is more than 65% than the reference mixture. It is 
worth stating that water immersion by capillary action is 
governed by the capillary network and pore tortuosity. As 
indicated in Fig. 5b, use of steel and PVA fibers resulted in 
more connected pores, and therefore a higher cumulative 
mass of water, compared to use of cellulose and basalt fib-
ers. This means that using steel and PVA fibers produces 
more connected pores and tortuosity, while cellulose and 
basalt fibers generate larger pores as less connected pores 
and tortuosity. Differences in the pore structure of OAASs 
are determined by differences in the physical and mechani-
cal properties of the fibers, which affect the fibers’ distribu-
tion and dispersion. Figure 5c displays the capillary water 
absorption coefficients, which varied from 0.14 (for Cel1) to 
0.165 (for St1) kg/m2.min0.5. These values are much lower 
than the 0.18–0.51 kg/m2 min0.5 reported in [51, 52] for plain 
fly ash-based alkaline mortars. The maximum and minimum 
increases in the capillarity network were observed in OAAS 
reinforced with steel (≈10%) and cellulose (7%) fibers, 
respectively. Figure 5d illustrates the apparent porosity of 
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different mixtures. The results were in line with those for 
water absorption by immersion. In the OAASs reinforced 
with single fibers, the maximum porosity was 21% (for Bs1), 
which is 65% higher than the reference mixture. The addi-
tion of all types of fibers as a combination increased the 
apparent porosity by 35–55% compared to the reference 
mixture.

Acid Resistance

In the plain AAS, acid resistance could be governed by dif-
ferent parameters such as permeability and porosity of AAS, 
and Ca/Si and Al/Si ratios [53–56]. Using GGBFS in the 
matrix leads to having a fine pore structure and compact 
matrix, which decreases the penetration of acid into the 
binder, and results in a lower loss of aluminum leached from 
gel structures [53]. However, the porosity notably increases 
with a low amount of penetrated acid to the compact matrix 
when exposed to the sulfuric acid in the plain AASs, which 
high amount of calcium in GGBFS makes it more prone to 
porosity increase under acid attack.

Reinforcement of OAAS affects acid resistance due to the 
resultant increase in physical confinement and permeabil-
ity (and total porosity), which are affected by fibers’ type, 
length, shape, and mechanical properties.

Figure 6 shows the resistance of OAAS reinforced with 
different fibers and exposed to 3% sulfuric acid as normal-
ized mass changes and mass changes. All the plain and rein-
forced OAASs had high acid resistance, and both the plain 
and reinforced OAASs had low mass loss (≤ 2% of the initial 
mass). After exposure to an acidic environment for 9 days, 
the maximum and minimum mass losses were recorded for 
PVA0.5Cel0.5 (≈ 2%) and Bs0.5St0.5 (≈ 0.4%), respec-
tively. In the OAASs reinforced with single fibers, steel and 
basalt fibers were best performance in minimizing mass loss 
after exposure to an acidic environment (≈ 1%). Cel1 was 
associated with the maximum mass loss over time (1% after 
3 days and 1.7% after 9 days) among the mixtures reinforced 
with single fibers, but all such mixtures had lower mass loss 
than the reference mixture. The efficiency of hybrid fibers 
in terms of mass loss depends on the combination of fibers. 
Funke et al. assessed the impacts of using different short 
fibers (glass, carbon, basalt) in alkali-activated fly ash bind-
ers exposed to an alkali attack (1 mol/L NaOH) [57]. Mass 
loss varied from 0.7% (carbon fiber) to 5% (basalt fiber) for 
these binders after 9 days. They found that the efficiency 
of fibers depends on the alkali resistance of fibers against 
acidic environments.

Also, it should be mentioned that the results reported here 
in this paper is for a limited time of acid resistance and this 
test could be prolonged for several months, therefore, this 
assessment under longer test periods may be suggested to be 
conducted in future investigations.

High Temperature Resistance

Exposing fibers to high temperatures caused fibers to melt 
and created micro-channels and extra air voids in the mix-
tures [58]. In addition, temperature affects the physical and 
mechanical properties of fibers, their bonding properties at 
the fiber/matrix ITZ, and matrix properties. In some cases, 
fibers do not reach a melting point under high temperatures, 
but the weak bond properties at the fiber/matrix ITZ and/
or weak matrix properties could affect the performance of 
fiber-reinforced OAASs. Moreover, it should be mentioned 
that the use of temperature of 600 °C certainly damages 
the matrix properties and strength loss is mainly caused by 
bonding properties at the fiber/matrix ITZ and matrix prop-
erties. Therefore, strength loss depends on the temperature 
to which specimens are exposed, the fibers that are used, and 
the properties of the matrix.

Steel fibers can resist strength loss against high tempera-
tures in both single and hybrid systems (see Fig. 7). The 
residual strength in St1 was around 40% of the un-heated 
strength. The residual strength of St1 reached about 33 MPa 
after heating for 3 h at 600 °C, which is an acceptable 
strength for fire resistance in real structural applications. 
Nonmetallic single fibers led to strength loss of 85–90% 
compared to un-heated strength.

Following the high temperature exposure, no evidence of 
the nonmetallic fibres was observed. The maximum strength 
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loss (around 90%) was reported for Bs1. The un-heated 
strength of the OAAS reinforced with PVA fibers was higher 
than that of the reference mixture (≈ 20%), but exposure to 
a high temperature melted the PVA fibers (temperature of 
melting point for PVA fibers is ≈ 220 °C) and led to the crea-
tion of extra micro-channels, increasing porosity.

This caused the residual strength (≈ 12 MPa) to become 
even lower than that of the heated reference mixture (≈ 
23 MPa). Inclusion of steel fibers in hybrid-reinforced 
OAAS reduced strength loss, limiting it to 70–75%, while 
inclusion of nonmetallic fibers led to strength loss of 
80–85%.

Puertas et al. used glass fiber to reinforce AASs under 
consistently elevated temperatures up to 1200 °C [33]. After 
reaching 600 °C, both plain and reinforced AASs indicated 
60% strength loss. Mastali et al. reinforced AASs with differ-
ent fibers (PVA, polypropylene, cellulose, steel, and basalt) 
and assessed their resistance to a high temperature (600 °C) 
for 4 h [32]. Similar to the findings of the present study, the 
minimum compressive and flexural strength loss (around 
75% and 70%, respectively) were reported for the AASs rein-
forced with steel fibers. The maximum strength loss was 
found for AASs reinforced with PVA fibers, while basalt 
fibers resulted lower strength loss than other nonmetallic fib-
ers [32]. This confirms that nonmetallic fibers have different 
impacts on strength loss at high temperatures, depending on 
the properties of the matrix and bond at the fiber/matrix ITZ.

Carbonation Resistance

The chemical reaction and compounds formed during the 
carbonation of AASs have been formulated in the follow-
ing Equations. Carbonation first causes porosity to increase 
due to the decalcification of C–S–H gels [59]. Calcium 
hydroxide behaves as a buffer and a source of calcium in 
OPC [60], while the formation of C–S–H phases in alkali-
activated slag-based binders consumes calcium hydroxide, 
consumption of large amounts of the OH– in the pore liquid, 

which reduces the pH value [61]. Second, in the presence of 
a small amount of solid sodium silicate, which remained un-
consumed in the polymerization reactions, consumption of 
the OH– in the pore liquid could dissolve rapidly and release 
a large amount of Ca2+, OH–, Na+, and SiO3

2−, which can 
react with a large amount of CO2 and consequently form 
H2O, CaCO3, and C–S–H gel [62]. In this phase, poros-
ity decreases due to the formation of crystals. In the plain 
AASs, the formation of the crystals introduces additional 
internal stresses or even local destruction in the compact 
matrix, which could damage the matrix due to lack of space 
and subsequently, a strength loss may be happened [63, 64].

Conversely, the addition of fibers increases porosity based 
on the fibers’ content, type, length, and shape. The impacts 
of carbonation on the compressive strength of reinforced 
OAASs could be a challenge in addition to the increase in 
porosity due to the addition of fibers, the decrease in poros-
ity due to the formation of crystals, and the capacity of fibers 
to arrest further opening of cracks. Therefore, the compres-
sive strength of fiber reinforced compositions can be either 
increased or decreased when exposed to the carbonation 
conditions.

It is worth mentioning that carbonation conditions 
are also effective on this strength challenge, which these 
parameters are mainly included CO2 concentration, relative 
humidity, temperature, and exposure duration [65]. Moreo-
ver, properties of cementitious compositions (such as binder 
properties, alkali solution, liquid to solid ratio) could be 
effective [65].

Using combinations of fibers instead of single fibers can 
enhance mechanical properties after carbonation (see Fig. 8). 
Moreover, if the increased porosity at the fiber/matrix ITZ 
could be filled with the formed crystals, the friction between 
fibers and their surrounding matrix increases, which could 
affect the debonding of fibers and, in turn, enhance the 
flexural performance of the reinforced OAAS. However, it 
should be noted that excessive crystal formation imposes 
internal stress on the matrix and results in the formation of 
some micro-cracks, which decreases mechanical strength.

Figure 8 shows the effects of carbonation on the mechani-
cal strength of OAASs reinforced with different fibers. As 
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indicated in Fig. 8a, increases or decreases in compres-
sive strength depend on the type and combination of fib-
ers. Interestingly, compressive strength increased in some 
OAASs reinforced with hybrid fibers (St0.5PVA0.5 and 
PVA0.5Cel0.5), while compressive strength decreased in 
OAASs reinforced with single fibers after exposure to CO2 
gas. The maximum increase (20%) and decrease (25%) in 
compressive strength in single-fiber reinforced OAASs 
were recorded for Bs1 and PVA1, respectively. Except for 
Bs0.5Cel0.5, the compressive strength of all hybrid-fiber 
reinforced OAASs increased. The maximum increase (17%) 
was recorded for Bs0.5PVA0.5.

Unlike compressive strength, the flexural strength 
of reinforced OAASs increased or did not significantly 
decrease. The maximum increase in flexural strength (30%) 
was reported by Cel1, followed by St1 (18%). Except for 
St0.5PVA0.5, the flexural strength of all hybrid-fiber rein-
forced OAASs increased. The maximum increase (20%) 
and decrease (30%) in flexural strength were reported for 
St0.5PVA0.5 and Bs0.5PVA0.5, respectively. Mastali et al. 
showed that exposing AASs reinforced with PVA and poly-
propylene fibers to carbonation reduced compressive and 
flexural strength, while other fiber types (cellulose, basalt, 
and steel) increased these types of strength [32].

Freeze/Thaw Resistance

Freeze/thaw resistance depends on the pore structure 
(including, tortuosity, pore distribution, and pore size vol-
ume) of an OAAS. A higher amount of water suction results 
in more ice volume formation inside pores, and this expan-
sion submits the compressive load on the matrix walls, while 
melting results in unloading of this imposed internal stress 
and decreases in pore volume. The final volume change of 
the pores depends on the elastic/plastic strains (i.e., perma-
nent/recovered deformations) of the matrix, although pore 
sizes become larger and total porosity and tortuosity increase 
after performing this test. As shown in Fig. 9a, this mecha-
nism leads to the formation of some cracks in the matrix 
around the single pores as well as the pore sizes become 
larger and total porosity increases. The increment of pore 
sizes may generate more single pores connected, and then 
tortuosity increases and it affect the water movements in the 
composition. Mastali et al. proposed that this type of load-
ing/unloading due to expansion/contraction of volume could 
be simulated as fatigue loading [66]. Moreover, the addi-
tion of fibers can result in two different scenarios regarding 
freeze/thaw resistance: (1) increased porosity and changed 
pore structure (including, tortuosity, pore distribution, and 
pore size volume) and (2) fiber bridging action. Further-
more, it should be noted that the efficiency of fiber bridging 
action is influenced by the pore structures at the fiber/matrix 
ITZ. Filling pores at the ITZ with water and exposing them 
to freeze/thaw loading/unloading cycles degraded the bond-
ing properties of the fiber/matrix ITZ.

Figure 9b presents the compressive strength of OAASs 
reinforced with different fibers under cyclic freeze/thaw 
loadings. In this study, steel fibers were associated with high-
est strength loss under cyclic freeze/thaw loadings. Since the 
addition of steel fibers generated the maximum capillary 
coefficient and more water could be sucked in to the compo-
sitions, more pores were filled with water and more damage 
was observed (high tortuosity). Addition of different types 
and combinations of fibers resulted in decreases in compres-
sive strength compared to the plain OAAS. For single-fiber 
reinforced OAASs, this strength loss ranged from 25% (Cel1 
and Bs1) to 55% (St1). For hybrid-fiber reinforced OAASs, 
the strength loss varied from 20% (St0.5PVA0.5) to 65% 
(Bs0.5Cel0.5).

As shown in Fig. 9c, the addition of fibers significantly 
affected flexural strength loss. For instance, the addition of 
steel fibers reduced flexural strength by around 60% com-
pared to specimens that were not exposed to cyclic freeze/
thaw loadings. The addition of PVA fibers had a significant 
effect on strength loss, limiting it to less than 1%. Using cel-
lulose and basalt fibers also limited the flexural strength loss 
to 20–25%. In OAASs reinforced with hybrid fiber combina-
tions, strength loss varied from 0.5% (Bs0.5Cel0.5) to 35% 
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(PVA0.5Cel0.5). In general, reinforcement with a combina-
tion of fibers more effectively limited flexural strength loss 
than reinforcement with single fibers, although this depends 
on the fiber type. Moreover, it was found that adding fib-
ers often had a greater impact on flexural strength loss than 
compressive strength loss.

The mass changes in OAASs reinforced with different 
fibers after cyclic freeze/thaw loadings are presented in 
Fig. 9d. Reinforcement of OAASs with single fibers limited 
mass loss to 2% (Bs1) to 5% (St1). For comparison, the plain 
OAAS experienced mass loss of more than 5%. Use of fiber 
combinations resulted in mass loss of 3% (Bs0.5PVA0.5) to 
7% (Bs0.5Cel0.5). Therefore, it can be concluded that addi-
tion of single fibers (regardless of their type) could reduce 
mass loss.

Mastali et al. examined the freeze/thaw resistance of 
AASs reinforced with different fibers after exposure to 60 
freeze/thaw cycles [32]. They reported mass loss of 1% (1% 
PVA) to 3% (1.5% basalt). The maximum compressive and 
flexural strength losses were 25% and 55%, respectively, but 
reinforcing AASs with different fibers had a greater impact 
on compressive strength loss than flexural strength loss 
[32]. Since the fiber type and test conditions in [32] and the 
present paper were exactly the same, it be concluded that 
differences in the nature of OAASs and AASs affect the 
performance of fibers regarding strength loss.

Conclusions

This paper presents the experimental results regarding the 
durability of OAASs reinforced with different fiber types 
and combinations. The following conclusions can be made 
based on the results:

1.	 As expected, compressive strength can either increase or 
decrease with the addition of fibers, and flexural strength 
typically increases. In general, hybrid fibers have a 
greater positive impact on flexural strength compared 
to compressive strength.

2.	 All the plain and reinforced OAASs have high acid 
resistance. The mass loss in all reinforced compositions 
was limited to 2% after exposure to sulfuric acid for 9 
days.

3.	 Steel fibers can resist the strength loss generated by high 
temperatures in both single and hybrid systems. Under 
high temperature conditions, the maximum residual 
strength was around 40% (33 MPa) of the un-heated 
strength for St1. This is an acceptable strength for fire 
resistance in real structural applications.

4.	 In general, the addition of single fibers decreases car-
bonation resistance in relation to compressive strength, 
while the use of hybrid fibers increases it. Moreover, 

carbonation resistance in relation to flexural strength 
typically increases when OAASs are reinforced, regard-
less of the fiber type or combination with which they are 
reinforced.

5.	 Except for steel fiber (St1), all single and hybrid fibers 
increased the OAASs’ total porosity and water absorp-
tion by immersion. The addition of steel as a single fiber 
had no impact on total porosity. Since steel fibers have 
the maximum positive impact on tortuosity and water 
suction, the steel fibers used in this study were associ-
ated with highest strength loss under freeze/thaw cyclic 
loadings.
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