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Abstract
Ground granulated blast furnace slag (GGBFS) is a solid waste characterized by a high reactivity with alkali solutions, which 
is normally used geopolymer precursor. Fiber is often used to reinforce geopolymer. However, systematic investigation on 
the relationship between mechanical properties and microstructure for PVA fibers reinforced GGBFS-based geopolymer 
(FRGp) is neglected. In this study, the effects of the PVA fiber content on the mechanical properties and microstructure of 
the geopolymer were investigated. The incorporation of PVA fibers into the Gp reduced its compressive strength, attributable 
to the increase in pore size and total porosity from 4.0% to 7.6%. Nonetheless, the PVA fibers could confine the crack 
propagation and absorb energy, thereby remarkably increasing the flexural strength of the FRGp. The FRGp containing 2.0 
wt% PVA fibers exhibited a flexural strength of 10.1 MPa, 65.6% higher than the Gp after 28 days of curing. Moreover, 
the PVA fibers exhibited strong physical adhesion to the geopolymer matrix without altering its mineral composition. The 
results of this study can further elucidate that PVA fibers can pose the positive and negative effects on flexural strength 
and compressive strength based on the microstructure, respectively, which provided some basic theories for the practical 
application of Gp.

Keywords Ground granulated blast furnace slag (GGBFS) · Polyvinyl alcohol (PVA) fibers · Fiber-reinforced geopolymer · 
Mechanical properties · Microstructure

Introduction

Ground granulated blast furnace slag (GGBFS) is a byprod-
uct of steel manufacturing. It is generated through the 
water-quenching of molten iron ore furnace slag and then 
grounding to the required fineness. GGBFS mainly consists 

of calcium oxide, silica, alumina, and magnesia, as well as 
some other oxides in small quantities [1].

GGBFS, a common solid waste from steel manufac-
turing, is widely distributed and generated in high yield. 
The production of 1 ton of pig iron is expected to yield 
200–400 kg of liquid GGBFS and the annual global out-
put reaches approximately 270–320 million tons [2–4]. 
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GGBFS has been widely used as a supplementary cementi-
tious material to partially replace cement [4–6]; however, a 
gap still exists between GGBFS production and utilization. 
Zhu et al. [1] reported that in China, only 80–100 million 
tons of GGBFS are used. Considering the inadequate use 
and recycling of this solid waste, technologies for its effec-
tive utilization are needed. Geopolymerization has been 
considered as a potential alternative technology for the uti-
lization of this solid waste because of its ability to convert 
aluminosilicate sources into green and sustainable binders.

Generally, geopolymerization can be described as 
follows: (1) the dissolution of aluminosilicate in an alkali/
acid activator and the formation of tetrahedral  [AlO4] 
and  [SiO4] units; (2) the reorganization and diffusion of 
tetrahedral  [AlO4] and  [SiO4] units; (3) polycondensation 
to form an aluminosilicate gel phase; and (4) the hardening 
of the aluminosilicate gel [7]. Finally, a geopolymer is 
formed as an inorganic polymeric material with a unique 
three-dimensional network structure. The geopolymer 
exhibits high durability, good chemical resistance, and 
excellent mechanical properties, making it highly useful 
in applications, such as heavy metal immobilization, 
infrastructure construction, and composite manufacturing 
[8–10].

Studies have reported that the  CO2 footprint of concrete 
prepared with geopolymer is 40–80% less than that of 
concrete prepared with 100% ordinary Portland cement 
[11–13]. Hence, geopolymers are regarded as eco-friendly. 
Moreover, raw materials with reactive silica and alumina, 
such as metakaolin, fly ash (FA), and GGBFS, can be used 
as the precursors for geopolymer synthesis [9, 14–17]. 
Studies have confirmed that GGBFS has high reactivity 
with alkaline solutions and that geopolymers prepared via 
the alkali-activation of GGBFS exhibit excellent mechanical 
properties [1–3, 18, 19]. Aziz et al. [18] studied the strength 
development of a GGBFS-based geopolymer (Gp) and found 
that a Gp with a solid-to-liquid ratio of 3.0 exhibited a high 
compressive strength of 168.7 MPa after 28 days of curing. 
Jang et al. [20] and Deb et al. [21] investigated the properties 
of FA/GGBFS-based geopolymer with different FA/GGBFS 
ratios. The increased concentration of GGBFS led to a 
denser microstructure or the co-existence of geopolymer 
gel and C-(A)-S-H (C: Ca; A: Al; S: Si; H:  H2O) and thus 
an increase in compressive strength [22].

However, the quasi-brittleness and low flexural strength 
of Gp usually limit their wide application [23–25]. The 
incorporation of fibers into the geopolymer may be a feasible 
way to overcome the geopolymer brittleness, because fibers 
can provide a good resistance to cracking and increase the 
fracture toughness of the brittle matrix [26, 27]. For instance, 
Long et al. [28] found that Gp reinforced with steel fibers 
showed a high storage modulus. Shoaei et al. [29] confirmed 
that the incorporation of polypropylene (PP) fibers, glass 

fibers, and basalt fibers improved the compressive and 
flexural strengths of the Gp. The geopolymer composite 
with 0.5 vol% of PP fibers exhibited 14% higher compressive 
strength than the control geopolymer after 28 days of curing. 
Besides, the addition of 0.5 vol% of glass fibers and 1 vol% 
of basalt fibers enhanced the 28-day compressive strength 
by 37% and 26%, respectively. Moreover, the geopolymer 
reinforced with 0.5 vol% of PP fibers, 1 vol% of glass fibers, 
and 1 vol% of basalt fibers exhibited 44%, 28%, and 33% 
higher flexural strengths than the control geopolymer.

The above results also reflected that different types of 
short fibers, including steel fiber, PP fiber, polyvinyl alcohol 
(PVA) fiber, polyethylene (PE) fiber, glass fiber, and basalt 
fiber, have different reinforcement effects on the mechanical 
properties of Gp [30–34]. Among these fibers, the PVA fiber 
is considered a suitable reinforcement fiber because of its 
outstanding alkali and acid resistance [35]. Mastali et al. 
[36] have also proved that Gp reinforced with PVA fibers 
outperformed basalt and PP fibers. Adding PVA fiber can 
help minimize the shortcomings of geopolymer, such as 
drying shrinkage and brittleness. Besides, it was reported 
that the integrity of geopolymer under impact loading at 
similar strain rates, the freeze–thaw, and carbonation 
resistance are improved by adding PVA fiber [37–39]. For 
example, the fiber-free geopolymer was destroyed in 50 
freeze–thaw cycles while geopolymer incorporated with 2.0 
vol% PVA fibers can withstand 175 freeze–thaw cycles. This 
can be explained as the mechanical interlocking effect of 
PVA fiber and reduced in porosity of geopolymer composite 
[38]. On the other hand, due to the hydrophilicity and low 
density of PVA fiber, incorporation of PVA fiber into 
geopolymer caused a decrease in the density, flowability, 
workability, consistency, sorptivity, and chloride penetration 
[40, 41].

Therefore, PVA fiber can pose positive and negative roles 
on geopolymer, depending on many factors, including the 
content, the length, and so on. With the regard to the fiber 
content, it should note that a high dosage of fiber can cause a 
clumping effect [42]. Furthermore, overdose PVA fiber con-
tent deteriorated the structure of geopolymer matrix near the 
PVA fiber, which became sparser [37]. Xu et al. [43] found 
that the compressive and flexural strengths of GGBFS-steel 
slag-based geopolymer reduced after incorporation of 0.4 
vol% PVA fiber while adding 0.2 vol% PVA fibers enhanced 
the compressive and flexural strengths by 13.6% and 20.6%, 
respectively. However, previous studies also revealed that 
the optimal content of PVA fiber in geopolymer is differ-
ent [44, 45], which needs to further research. Investigations 
performed by Abdollahnejad et al. [44] indicated that the a 
maximum compressive strength of GGBFS-based geopoly-
mer was obtained after incorporating 1.0 wt% PVA while 
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Sun and Wu [45] reported that the optimal PVA fiber content 
for FA-based geopolymer was estimated to be 1.0 vol%.

Thus far, most of the studies related to PVA fiber-
reinforced geopolymers more focused on blended (with 
FA, MK, ceramic, steel slag, and so on) or FA-based 
geopolymer than Gp [25, 41]. Besides, PVA fiber-reinforced 
Gp (FRGp) mortar or concrete was also presented in 
numerous studies, but scholars mostly concentrated on 
the mechanical properties rather than the influences of 
microstructure on the mechanical properties of the Gp. 
For example, although Kadhim et al. [40] referred to the 
durability of PVA FRGp mortars after incorporation of 
aggregate, the effect of fiber content and microstructure 
were not considered. Lee et al. [46] reinforced a GGBFS-
based mortar with 2 vol% of PVA fiber and found that the 
tensile strength of the mortars was increased by 4.7%; 
however, how the microstructure affects the mechanical 
properties, and the mechanism of the improvement tensile 
strength were still unknown. Nevertheless, the limited 
studies concentrated on the mechanical properties rather 
than microstructure of PVA fiber-reinforced Gp. Choi et al. 
[34] found that hybrid PE–PVA fibers improved mechanical 
properties and autogenous healing of a Gp; similarly, this 
study did not focus on the microstructure of Gp. However, 
the development of mechanical properties of Gp is highly 
affected by microstructure. Systematic investigation about 
the influence of mechanical properties and microstructure 
of FRGp is neglected. In order to promote the application 
of GGBFS in the practice, it is necessary to clarify the 

relationship between the microstructure and mechanical 
properties of FRGp.

To elucidate the relationship between the mechanical 
properties and microstructure, the Gp was reinforced with 
PVA fibers. The mechanical properties of Gp and FRGp 
were characterized via compressive strength and flexural 
strength tests. The chemical compositions of Gp and FRGp 
were determined through several techniques, including 
Fourier-transform infrared (FTIR) spectroscopy and X-ray 
diffraction (XRD). The microstructural features and pore 
structures of Gp and FRGp were characterized via scanning 
electron microscopy/Energy-dispersive X-ray detector 
(SEM/EDX), and mercury intrusion porosimetry (MIP), 
respectively.

Experiment

Materials

GGBFS was supplied by Shanxi Antai Group Co., Ltd. The 
chemical compositions of GGBFS, determined via X-ray flu-
orescence (XRF), are listed in Table 1. GGBFS was mainly 
composed of calcium oxide (CaO), silica  (SiO2), aluminum 
oxide  (Al2O3), and magnesium oxide (MgO). The XRD pat-
tern of GGBFS (Fig. 1a) featured a broad hump centered at 
around 2θ = 30.0°, indicating that it was mainly composed 
of a glassy phase. Moreover, the diffraction reflections at 
about 29.4°, 36.0°, 39.4°, 43.1°, 47.5°, and 48.5° (2θ) were 

Table 1  Oxides constituent of 
GGBFS and loss of ignition in 
percentage by weight

L.O.I loss on ignition

CaO SiO2 Al2O3 MgO Na2O MnO K2O TiO2 SO3 L.O.I

GGBFS 38.57 30.00 15.01 9.35 0.43 0.51 0.29 0.64 3.48 0.17

Fig. 1  a XRD pattern of GGBFS; b particle size distribution of GGBFS
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indexed to calcite while dolomite can be recognized at about 
23.2° and 31.4° (2θ). The presence of calcite and dolomite 
indicated that the GGBFS was carbonated to some extent. 
The particle size distribution of GGBFS is shown in Fig. 1b. 
The  D50 of GGBFS was 15.64 μm. PVA fibers were obtained 
from commercial suppliers. The physical properties of the 
PVA fibers used in this study are presented in Table 2. Both 
the GGBFS and PVA fibers were directly used without any 
treatment.

Figure 2 shows the photographs and SEM images of 
the raw materials used to prepare Gp and FRGp, including 
GGBFS and PVA fibers. GGBFS occurred as a gray–white 
irregular solid (Fig. 2a, c). The PVA fibers easily agglomer-
ated (Fig. 2b), and the texture exhibited some longitudinal 
striations (Fig. 2d).

The properties of commercial sodium silicate, with a 
modulus (the molar ratio of  SiO2/Na2O) of 3.31, are shown 
in Table 3. The commercial sodium silicate was mixed with 
chemical-grade sodium hydroxide pellets (purity ≥ 97%) 
to prepare an alkaline activator solution with a modulus of 
1.5. This composition was selected based on preliminary 

experiments, which favored the development of mechani-
cal properties. Ultrapure water was added to the solu-
tion to adjust the concentration (m(SiO2) + m(SiO2))/
(m(SiO2) + m(SiO2) + m(water)) of 35%. The solutions were 
stored at room temperature for 1 day before use.

Table 2  The properties of PVA fibers

Length 
(mm)

Nominal 
diameter 
(μm)

Density 
(g/cm3)

Elastic 
modulus 
(GPa)

Tensile 
strength 
(MPa)

Broken 
elongation 
(%)

3 15.09 1.29 40 1830 6.9

Fig. 2  Photographs of GGBFS 
(a) and PVA fibers (b); SEM 
micrographs of GGBFS (c) and 
PVA fibers (d)

Table 3  The properties of sodium silicate

AppearanceModulus Baume 
degree 
(Be)

Na2O 
(wt%)

SiO2 (wt%) Density (g/
cm3)

Colorless 
and trans-
parent

3.31 40 8.73 28.01 1.387

Table 4  Mix compositions of Gp and FRGp

Mix no GGBFS (wt%) PVA Fibers 
(wt%)

Liquid/ 
solid ratio

Gp 100.0 0.0 0.5
Gp-0.5%PVA 99.5 0.5 0.5
Gp-1.0%PVA 99.0 1.0 0.5
Gp-2.0%PVA 98.0 2.0 0.5
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Mixture design and preparation of geopolymer

The mix compositions for preparing Gp and FRGp are 
summarized in Table 4. The GGBFS was evenly mixed with 
PVA fibers in a 5-L mortar mixer (Wuxi Jianye Instrument, 
China) for approximately 10 min at a low speed (140 ± 5 r/
min). The activator solution was added to the mixer with a 
liquid/solid ratio of 0.5. The resulting geopolymeric paste 
was then poured into 20 × 20 × 20   mm3 silicon molds or 
40 × 40 × 160   mm3 plastic molds and vibrated for 1 min 
to remove the entrained air bubbles. All specimens were 
cured at ambient temperature and demolded after curing for 
24 h. Finally, the cured specimens were sealed in plastic 
bags and then aged at ambient temperature. The non-fibrous 
matrix specimen was denoted as Gp and the fiber-reinforced 
geopolymer was denoted as “Gp-xPVA”; for example, 
Gp-1.0%PVA represents Gp reinforced with 1.0 wt% PVA 
fibers.

Isopropanol (purity ≥ 99.5%) was used to stop hydration 
for Gp and FRGp specimens under 28 days of curing, and 
the solvent was changed after 2 days. The specimens were 
stored in isopropanol for at least 4 days and then vacuum-
dried for a minimum period of 3 days before spectroscopic 
and microscopic tests.

Characterization methods

The particle size distribution of GGBFS was measured using 
a JL-1177 laser particle size analyzer.

The chemical compositions of GGBFS were determined 
via XRF spectrometry using a wavelength-dispersive 
sequential scanning spectrometer (Shimadzu XRF-1800).

The mechanical properties (compressive and flexural 
strengths) of Gp and FRGp specimens cured at ambient 
temperature and of ages 7, 14, and 28 days were determined 
using a compression resistance tester (YAW-300D, Schlikör, 
China), at a loading rate of 500 N/s.

The FTIR spectra of Gp and FRGp specimens in the range 
of 4000–400  cm−1 were recorded using a Bruker Vertex 70V 
spectrometer (Karlsruhe, Germany). Approximately 0.8 mg 
of the specimen powder with 80 mg potassium bromide 
(KBr) was mixed and pressed into a pellet. Over 64 scans 
were collected for each measurement at a resolution of 
4  cm−1.

The powder XRD patterns of the Gp and FRGp were 
taken in the range of 3°–70° (2θ) on a Bruker D8 Advance 
diffractometer (Mannheim, Germany) with Ni filter and 
CuKα radiation (λ = 0.154 nm). The generator voltage and 
current were set to 40 kV and 40 mA, respectively. The 
scan rate was 10°(2θ)/min, and JADE software was used 
for analysis.

The SEM images and EDX spectroscopy were obtained 
using the SU8010 field-emission scanning electron 
microscope (Hitachi, Japan), with an accelerating voltage 
of 1.5 and 15 kV, respectively.

The total porosity and critical pore size of Gp and FRGp 
specimens at 28 days were determined using MicroActive 
Autopore V 9600. The intrusion pressure ranged from 0.10 
to 61,000.00 psia, and the contact angle was set to 130°.

Results and discussion

Mechanical properties and failure mode

Compressive strength and flexural strength

The compressive strengths of FRGp with different PVA 
fiber contents cured at 7, 14, and 28 days are shown in 
Fig. 3a. The addition of PVA fibers reduced the compressive 
strength. Little differences in compressive strength existed 
between Gp-0.5%PVA and Gp-1.0%PVA. The 7-, 14-, and 

Fig. 3  Mechanical properties of of Gp and FRGps: a compressive 
strength; b flexural strength and growth rate of flexural strength from 
7 to 28 days
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28-day compressive strengths of Gp-1.0%PVA (71.9, 76.3, 
and 78.1 MPa, respectively) were lower than those of Gp 
(90.8, 85.1, and 92.4 MPa, respectively). However, the Gp 
with 2.0wt% of PVA fiber exhibited a more considerable 
difference in compressive strength: the 7-, 14-, and 28-day 
compressive strengths of Gp-2.0%PVA were 57.3, 62.6, and 
68.0 MPa, 36.9%, 26.4%, and 26.4% lower than those of Gp, 
respectively. Other studies have reported such a weak effect 
on compressive strength [47, 48]. Zhong et al. [49] reported 
that FA/GGBFS-based geopolymer with 1.5 vol% and 2.0 
vol% of PVA exhibited approximately 14.5% and 24.9% 
lower compressive strength than the fiber-free geopolymer, 
attributable to the entrapment of more air in the interfaces 
of FRGp [50].

The 7- and 28-day flexural strengths and the growth rate 
from 7 to 28 days of all specimens are illustrated in Fig. 3b. 
The flexural strengths of all specimens (except specimen 
Gp) slightly increased with increasing curing time from 7 
to 28 days, owing to further geopolymerization. Incorporat-
ing the PVA fibers into Gp significantly increased its flex-
ural strength. Gp with 0.5, 1.0, and 2.0 wt% of PVA fibers 
exhibited 42.3%, 45.2%, and 91.7% higher flexural strength 
than PVA-free Gp after 28 days of curing. Besides, with the 
increase of curing time, the growth rate of flexural strength 
of Gp decreased by 9.1% while those of Gp-0.5%PVA and 
Gp-1.0%PVA were similar (9.5% and 7.0%). When the con-
tent of PVA fiber increased to 2.0 wt%, an obvious growth 
rate of 18.8% was achieved.

Fig. 4  Failure mode for Gp and FRGp after the a compressive and b flexural strength tests
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Failure mode

The failure modes of specimens are shown in Fig.  4. 
Compared with Gp, the inclusion of PVA fibers into the 
geopolymer matrix altered the compression failure mode 
from highly brittle to relatively ductile (Fig. 4a). Gp exhib-
ited a typical brittle failure with a high degree of matrix 
fragmentation. The FRGps with PVA fibers relatively pre-
served the original cubic shape of the specimen, although 
the ultimate load was reached, owing to the high elastic 
modulus and the bridging effect of the PVA fibers [51]. 
Besides, the integrity of FRGps increased after the addi-
tion of more fibers, demonstrating that more fibers can bet-
ter confine crack propagation [52, 53] and more efficiently 
improve the ductile behavior of the geopolymer [54].

Similarly, after the flexural strength test, Gp was broken 
into two parts, whereas FRGps showed some cracks but 
did not break from the middle (Fig. 4b). This demonstrates 
that the PVA fibers in the geopolymer actively prevented 
a catastrophic failure.

Composition and microstructure of specimens

FTIR results

The FTIR spectrum of GGBFS shown in Fig. 5 is dif-
ferent from those geopolymer specimens. However, the 
FTIR spectra of Gp, and FRGp (Fig. 5) showed no con-
siderable difference, indicating that the addition of PVA 
fibers did not significantly alter the structure at an atomic 
level for Gp and FRGp. Therefore, the PVA fibers were 

connected to the geopolymer matrix mainly through physi-
cal interaction.

The spectra featured absorption peaks at approximately 
3470  cm−1 and 1651  cm−1, corresponding to the stretching 
vibration of O–H and the bending vibration of H–O-H, 
respectively [55, 56]. The bands at 1420  cm−1 corresponded 
to the symmetric stretching vibration of O-C-O bonds [57, 
58], whereas the band at 713  cm−1 was related to the out-
of-plane bending vibrations of  CO3

2− [59], confirming the 
carbonation of GGBFS. The strongest band, located at 
975  cm−1 in GGBFS and assigned to Si–O–T (where T is Si 
or Al), shifted to higher wavenumber (979–981  cm−1) after 
geopolymerization, revealing the dissolution of the initial 
solid material into the strongly alkaline aqueous solution 
and the formation of a new aluminosilicate phase [60–62]. 
Besides, an absorption band at 670  cm−1 appeared after 
geopolymerization, and this band was related to the Al–O 
vibrations of the  AlO4 groups, demonstrating the formation 
of a new amorphous phase after geopolymerization [63]. 
The band at 460–510  cm−1 was assigned to the Si–O–Si 
asymmetric tensile vibration [63].

XRD results

No considerable difference existed between the XRD pat-
terns of Gp and FRGp specimens after 28 days of curing 
(Fig. 6), reflecting that PVA fibers addition to Gp did not 
alter the mineral composition of the matrix.

The main crystalline phases were calcium silicate 
hydrate (C–S–H), calcite  (CaCO3, PDF#85-0849), and 
dolomite (CaMg(CO3)2, PDF#79-1344), and all specimens 
exhibited a broad amorphous reflection between 20° and 
40° (2θ), indicating the presence of an amorphous phase 
[64]. Dolomite can be observed at 23.2° and 31.4°(2θ) 
while reflection at around 29.4° (2θ) was assigned to C-S–H 
crystal or calcite. The intensity of the reflection at 29.4° (2θ) 

Fig. 5  FTIR spectra of GGBFS, Gp and FRGp specimens

Fig. 6  XRD patterns of Gp and FRGp specimens
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should be reduced as calcite can react with alkali activators 
[65]. However, the intensity of this reflection was increased 
compared with that of GGBFS (Fig. 1a), which was mainly 
due to the formation of C–S–H crystal. Moreover, except the 
reflection at around 29.4 (2θ), calcite can also be recognized 
at 36.0°, 39.4°, 43.1°, 47.5°, and 48.5° (2θ).

SEM results

Figures 7, and 8 demonstrate the SEM/EDX images of the 
fracture surfaces of 28-day Gp and Gp-2.0%PVA after the 
test for mechanical properties. The SEM images were used 
for understanding the morphology of geopolymer specimens 
while EDX results were based on the atomic (%) to confirm 
the composition.

Fig. 7  SEM images of the 
Gp specimen: a homogene-
ous matrix; b matrix at high 
magnification; c and d crack 
in matrix; e matrix at high 
magnification. f–i EDX results 
of the matrix indicated in (b), 
(c), and (e)
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The SEM images of Gp (Fig. 7a) showed that the matrix 
was dense and homogeneous. As displayed in Fig. 7b, SEM 
images of Gp showed a worm-like porous microstructure and 
EDX result (Fig. 7f) proved that those phases were geopoly-
mer gel for its high content of Na, O, Ca, and Si. Cracks were 
distributed inside the specimen (Fig. 7c, d), resulting from 
the destruction of structure during compressive strength test. 
It can be observed that many platy-like particles on the Gp 
surface (Fig. 7e), and the EDX result (Fig. 7g) indicated that 
these particles are mainly C/N-(A)-S-H, whose composition 

were mainly comprised of O, Na, Si, Al, Ca, and traces of 
Mg. Besides, those particles connected together to form 
a homogenous matrix, indicating that it should not be a 
GGBFS particle. However, there were many unreacted par-
ticles found in the matrix. EDX shown in Fig. 7h indicated 
the existence of calcite or dolomite for high content of C, 
O, Mg, and Ca while Fig. 7i reflected the unreacted GGBFS 
for its high content of C, Si, Ca, and relative low O content 
compared with other location’s.

Fig. 8  SEM images of the 
Gp-2.0% PVA specimen: a the 
bridging effect of PVA fibers; 
b pulled-out PVA fibers and 
holes; c the non-uniform disper-
sion of PVA fibers; d deformed 
PVA fibers; e crack in matrix. 
f–h EDX result of the matrix 
indicated in (b) and (d)



1728 Journal of Material Cycles and Waste Management (2023) 25:1719–1731

1 3

As shown in Fig. 8a, the PVA fibers functioned as a 
bridge connecting the geopolymer matrix even in the 
presence of macro-cracks. Longitudinal striations on the 
PVA fibers surfaces increased the adhesion of the matrix 
with the fibers [46]. Besides, it also indicated that the 
alkali activator solution did not significantly degrade the 
PVA fibers, thereby preserving their role. Moreover, most 
of the PVA fibers were covered by the geopolymer gel, 
indicating a strong adhesion between the geopolymer 
gel and fibers (Figs. 8b, c). The fiber failure mode is 
strongly influenced by the bond strength between fibers 
and matrix. Fiber pulled-out occurred in the presence 
of a weak interfacial transition zone (ITZ), whereas 
a strong ITZ resulted in the fiber ruptured [66]. It can 
also be observed some ruptured PVA fibers and holes 
resulting from pulling-out of PVA fibers, presented in 
the geopolymer matrix. And the pulled-out PVA fiber has 
undergone a certain deformation (Fig. 8d). This reflects 
that both fiber ruptured and fiber pulled-out occurred for 
PVA fibers. The cracks were distributed in the matrix of 
specimen Gp-2.0%PVA (Fig. 8e), with a crack width of 
less than 0.87 μm. Furthermore, unlike Fig. 8c, e showed 
no PVA fibers, indicating that the PVA fibers were not 
well dispersed. Similarly, EDX displayed in Fig. 8f–h 
implied the co-existence of the GGBFS (Fig. 8f), calcite 
and dolomite (Fig. 8g), and C/N-(A)-S-H geopolymer gel 
(Fig. 8h). More EDX data of Gp-2.0%PVA were provided 
in Supplementary Material (Fig. S1).

More SEM images of Gp-0.5%PVA and Gp-1.0%PVA 
were provided in Fig. S2 and Fig. S3 (in Supplementary 
Material), and similar EDX data of Gp-0.5%PVA and 
Gp-1.0%PVA can be found in Fig. S4 (in Supplementary 
Material). These images indicated that the matrix of FRGp 
was inhomogeneous even in the same specimen, namely, 
geopolymer gel, calcite and dolomite, and GGBFS were 

co-existence. Combining the FTIR and XRD results, it can 
be concluded that the addition of PVA fiber did not change 
much the composition of geopolymer.

Pore structure

Figure 9 displays the total porosity and the critical pore size 
of Gp and Gp-2.0%PVA after 28 days of curing. The total 
porosity of the Gp with 2 wt% of PVA fibers (7.6%) was 
greater than that of the PVA-free Gp (4.0%) (Fig. 9a). The 
critical pore size corresponds to the peak of the differential 
pore volume curve, and shows the size at the maximum vol-
ume intrusion. After the incorporation of PVA fibers, the 
critical pore size of specimen Gp-2.0%PVA became larger 
than that of Gp. The Gp specimen possessed a large vol-
ume of pores with diameters ranging at 4 ×  103–8 ×  103 nm, 
whereas specimen Gp-2.0%PVA exhibited a wide pore 
diameter range of 1 ×  103–200 ×  103  nm (Fig.  9b). The 
increase in total porosity and pore size is attributable to the 
formation of an ITZ between the matrix and the PVA fibers, 
which introduced a large number of mesopores around the 
fibers [28, 29, 67], as confirmed by SEM images (Fig. 8c, 
Fig. S2d, and Fig. S3c). The occurrence of mesopores con-
sequently reduced the compressive strength, as discussed in 
“Compressive strength and flexural strength”. However, the 
function of PVA fibers for preventing of crack propagation 
and energy absorption can mitigate the detrimental effect 
resulting from the increase in total porosity and the enlarge-
ment of pore size. Therefore, the flexural strength increased, 
rather than decreased.

Fig. 9  MIP curves of Gp and Gp-2.0%PVA: a total porosity and b differential intrusion volume
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Summary and conclusion

In this study, the effects of PVA fiber content on the 
compressive strength, flexural strength, composition, 
morphology, and pore structure of the Gp and FRGp were 
evaluated. And the relationship between the mechanical 
properties and microstructure of Gp and FRGp was 
systematically investigated through a combination of 
microscopic and spectroscopic techniques. Based on 
the experimental results and analytical studies, the main 
conclusion can be drawn as follows:

(1) The incorporation of PVA fibers into Gp reduced its 
compressive strength but increased its flexural strength. 
The increase in total porosity and pore size due to fibers 
addition was detrimental to the mechanical properties 
of the FRGps. However, the PVA fibers confined crack 
propagation and absorbed energy, thereby mitigating 
the detrimental effect and increasing flexural strength. 
With increasing fiber content, the effect on the FRGp’s 
mechanical properties became more significant. The 
Gp with 2.0 wt% of PVA fibers exhibited a lower 
compressive strength (68.0 MPa) than the PVA-free 
Gp (92.4 MPa) but 91.7% higher flexural strength 
after 28 days of curing. Besides, with the increasing 
curing time from 7 to 28 days, an obvious growth rate 
of 18.8% was achieved for this specimen.

(2) The PVA fibers strongly adhered to the geopolymer 
matrix via physical interaction and did not alter the 
mineral composition of the FRGps. Furthermore, 
the geopolymer failure mode was transformed from 
brittleness into ductile failure after PVA fibers 
incorporating, whereas the failure mode of the PVA 
fibers was fiber pulled-out and fiber ruptured.

In conclusion, the PVA fibers considerably influenced 
the microstructure of the as-obtained Gp and FRGp, 
consequently influencing their mechanical properties. 
However, only the relationship between mechanical 
properties and the microstructure of Gp and FRGp 
specimens was evaluated. Further properties dependent on 
microstructure, such as dynamic mechanical properties, 
physical properties, and durability (e.g., freeze–thaw 
performance), need to be studied for the application of 
geopolymers as building material in the construction field.
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