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ABSTRACT
Fibers can increase the ductility of geopolymer materials, acting as reinforcements to improve 
mechanical properties. These improvements depend on fiber content and quantity. This study 
evaluates the impacts of different percentages of glass fiber on a GBFS (ground blast furnace 
slag) geopolymer matrix. The glass fibers were used on the critical length of 20 mm, obtained 
by pull-out test in previous studies. Percentages of 0.25%, 0.50%, 0.75%, and 1.00% of glass 
fiber in mass were tested in fresh state, by flow measurement, and in hardened state, by 
variation of shrinkage, water porosity and response of composites under flexural and com
pressive load conditions at 7, 14, 28, and 90 days. The mixture resulted in a high porosity 
geopolymer paste. In addition, an analysis of variance (ANOVA) was performed to evaluate the 
statistical significance of fibers in compressive strength. The results show that increasing 
percentages glass fibers, until 0.75%, enhances mechanical properties. Percentage of 1.00% 
started to show accumulation of branch of multifilament fibers which contribute to higher 
drying shrinkage. The ANOVA test showed that the percentage of fibers can influence the 
compressive strength. With the results, the optimum percentage of fibers for his composite 
mixture was found at 0.75%.
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1. Introduction

Although, a high volume of cement Portland (CP) pro
duction can be interpreted as high industrial develop
ment, it can also cause concern in the environmental 
aspect. The production process of CP consists in burn
ing of raw materials, such as limestone and clays, at 
high temperatures causing high releases of CO2, a gas 
that is the main cause of the greenhouse effect and 
rising earth temperature [1]. To obtain CP, there is 
a reaction between calcite and silica, and each ton 
produced generates 550 kg of CO2. In addition, there 
is a need for combustion of carbon-based fuels, gen
erating an additional 400 kg of CO2 [2]. The production 
of geopolymer generates lower carbon dioxide emis
sion compared to ordinary CP, because it is present 
only in obtaining raw materials and not in the reaction 
of the final production of the geopolymer [3]. The 
production does not need limestone calcination and 
fuel combustion for production.

Geopolymers are characterized by acquiring high 
values of resistance to compression in the early ages 
[4–8]. Metha and Siddique [9] found that the material 
acquired about 92% of its resistance in just three days 
and 97% in 7 days, while in conventional concrete the 
percentage of resistance acquired at seven days was 
only 70%. Certain geopolymer compositions can 

achieve a compressive strength of approximately 20 
MPa in just 4 hours after preparation, when cured at 
higher temperatures [10], while ordinary cement 
Portland has strengths ranging between 11 and 26 
MPa at 3 days of age [11]. Low shrinkage rates when 
compared to CP also makes geopolymer a promising 
material for applications in several areas of civil con
struction [12].

Geopolymer matrix can be based on different pre
cursor materials, such as fly ash, metakaolin, ground 
blast furnace slag, amongst other types of materials 
source of alumina and silica. The material is susceptible 
to deformations, having low tensile strength [13] and 
relatively low fracture energy, thus the need for rein
forcements [7]. Incorporated into cementitious 
matrices, reinforcements supply an increase in tensile 
strength, ductility, toughness, and improve durability 
[14]. For fibrous reinforced composites, i.e. the function 
of the matrix is to guarantee the orientation and spa
cing of the fibers, to transmit shear forces between the 
fiber layers to resist torsional and bending forces, and 
to prevent superficial damage to the fibrous reinforce
ment [14].

Geopolymer composites can be reinforced with par
ticulates [15–18] and fibers, such as sisal and pineapple 
leaf [19], jute [20], polypropylene [21], glass [22,23], 
carbon [24], steel [25,26], amongst other types of 
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fiber [14,27–31]. The interaction with the matrix for 
particulates reinforced composites is influenced by 
the size of the reinforcement [17]. Fibers can be 
arranged in line or randomly, and oriented continu
ously or discontinuously [28]. It is important to select 
a reinforcement that is not reactive with the constitu
ents of the geopolymer during the curing process, and 
that is chemically resistant to the high alkalinity of the 
geopolymer paste [32]. It is also necessary to limit 
corrosion, especially on steel [33] and polypropylene 
fibers [34], which can cause deterioration of the com
posite due to the reaction between the matrix and the 
corrosion agent.

Due to high modulus of elasticity and high tensile 
strength, the fibers increase the ductility of the mate
rial and prevent abrupt rupture [31]. These effects will 
be directly proportional to the fiber-matrix interaction 
force. Ranjbar et al. [34] states that a proper bond 
between reinforcement and matrix also depends on 
the wettability of the matrix. The adhesion between 
the surface of the fiber and the surface of the compo
site, is directly proportional to the strength of the 
geopolymer matrix [35,36]. Fiber quantity superior to 
the wettability of the matrix can cause greater porosity 
which affects the strength of the geopolymer [34]. On 
the order hand, some precursor material require more 
water to obtain the desired workability, which also 
increases porosity [8].

An experimental analysis is necessary to analyze the 
adhesion between the fiber matrix and determine the 
critical embedded length. The critical length repre
sents the optimum length capable of promoting the 
greater adhesion and better mechanical performance 
of the composite and can be assessed through the 
pull-out test [37]. It is important to achieve the appro
priate amount and proportion of fibers [17] for an 
effective increase in the strength of the composite to 
occur with an efficient transfer of loads between fibers 
and matrix [38].

Considering strengthening and hardening of the 
matrix, it is desirable to have high concentration of 
incorporated fibers, in large proportions. However, 
there is a considerable reduction in workability with 
the increase of these two variables. The volumetric 
fraction of fibers in the composite also influences the 
stability of an adequate interaction between fiber and 
matrix [17]. To reduce cracking due to shrinkage, it is 
more common to use low volumetric fraction [7]. To 
significantly increase properties such as toughness, 
impact resistance and rupture modulus, the use of 
a moderate fraction is recommended [13].

This work seeks to verify how fresh and hardened 
properties of geopolymer composites, based on a pure 
ground blast furnace slag (GBFS)-based matrix and 
random synthetic glass fibers with 20 mm in length 
[39], are influenced by different glass fiber percen
tages. The specimens had 0.25%, 0.50%, 0.75%, and 

1.00% of glass fiber content and were tested for com
pressive and flexural strength at 7, 14, 28, and 90 days, 
as well as water porosity at 28 days and shrinkage up 
to 270 days. It aims to examine the differences caused 
by fiber quantity in the specimens and to discover the 
optimum percentage of fibers for the composite 
mixture.

2. Materials and methods

2.1. Geopolymer precursor and activating 
solution characterization

GBFS was obtained by ECOCEM from France. Table 1 
presents the chemical composition for the GBFS used 
in this research, according to the product’s technical 
sheet. Median particle size for the GBFS from ECOCEM 
is D50 = 11.8 μm, with 95% of particles passing through 
32 μm and apparent density of 0,8 ± 0,1 g/cm3.

Alkaline activating solution employed in the mix
tures, in its proper proportions, consisted of mixing 
sodium hydroxide (NaOH) solution with sodium silicate 
(Na2SiO3) solution. NaOH was purchased from ALFA- 
AESAR prepared in pellet form, white colored, with 
98% purity. Na2SiO3 was purchased from VWR in liquid 
form, of pH between 11 and 11.5, and density 1.35 g/ 
cm3 at 20°C. The chemical compositions for the mix
ture can be found in Alves et al [40]. Sodium silicate 
activator (Na-Si) was prepared by mixing 10 M NaOH 
and Na2SiO3 solution, with 2 Na2SiO3/NaOH mass ratio. 
The produced Na-Si activator contained 66.7% water 
with 0.7 Na2O/SiO2 molar ratio. After preparation, the 
solution was kept for 24 hours in ambient conditions.

2.2. Fiber characterization

The glass fiber used was commercial S2-glass which 
have high tensile strength of about 3700 to 4300 MPa, 
without alkaline oxides, containing 65% SiO2, 10% 
MgO, and 25% Al2O3. S2-glass fibers have a higher 
level of silica than standard glass fiber products, 
which results in improved physical properties such as 
tensile and compressive strength, high temperature 
resistance, and improved impact resistance. The dia
meter for a single fiber was measured around 17– 
20 µm, by Scanning Electronic Microscopy (SEM) 
using an electron microscope equipped with 
a secondary electron sensor and a backscattered elec
trons sensor. Strands of glass fibers measured around 
1 mm in diameter and 20 mm in length. Fiber-matrix 
adhesion, shear stress, and relative displacement was 
assessed by fiber pull-out test in previous work by the 
authors [39]. The authors stated that fiber material 

Table 1. Chemical composition of precursors (wt%).
CaO SiO2 Al2O3 Fe2O3 MgO Na2O SO3 TiO2 MnO LOI
43.2 37.2 10.5 0.6 7.0 0.6 0.1 0.5 0.3 0.7
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influences the efficiency of the reinforcement and 
applied force and greatest efficiency was obtained by 
glass fibers incorporated 20 mm in GBFS matrix. 
Differences can be explained by chemical interactions 
between fiber and matrix, where fibers with shorter 
lengths results in deficiencies of the transmission of 
the external loads and higher lengths are above the 
critical embedded length.

2.3. Glass fiber GBFS geopolymer composite 
preparation

The precursor material and the amount of glass fiber 
for the mixture was mixed for three minutes to have 
a more homogeneous mixture and avoid poor distri
bution. Fibers were randomly distributed. Research 
have shown the shrinkage of the composite is not 
affected by fiber orientation [41]. The activating solu
tion mixed with the water was added to the dry 
mixture and blended for three minutes more. The 
percentage of water in the mixture was 12.4% and 
solid-to-liquid ratio 2.0. The material was immediately 
poured into 4 cm × 4 cm × 16 cm stainless steel 
molds and cured with a theoretical cycle proposed 
by Leklou et al [42]. The first phase consists in a pre- 
cure at 20°C for 1 h. At the second stage the tem
perature rises at a constant rate for 3 h until 40°C. The 
third stage maintains the temperature at 40°C for 
10 h. And the last stage decreases at a constant rate 
for 10 h, until 20°C. After 24 hours, the specimens 
were demolded and kept in a chamber with an aver
age temperature and humidity of 20°C ± 3°C and 50% 
±5%, respectively, until the testing day. The glass 
fiber content in geopolymer paste varied in the 
range of 0.25%, 0.5%, 0.75%, and 1.0%. Percentages 
higher than 1.0% resulted in accumulation of branch 
of multifilament fibers in particular place, nonunifor
mity, and agglomeration in the matrix. All the varia
tions found in the development of the specimens 
were due to common causes (with small individual 
influence), with no variation due to special causes 
(great individual influence) being detected.

2.4. Experimental program

To evaluate workability, flow measurement tests were 
conducted in accordance with ASTM C1437 [43]. The 
geopolymer was poured into a truncated conical mold, 
measuring 50 mm in height, 100 mm diameter at top, 
and 70 mm of diameter at bottom, in two equal layers. 
After each layer, the paste was tamped 20 times for 
compaction. After one minute, the paste was 
demolded, as the conical mold was lifted, and the 
table with the specimen was dropped 25 times in 
15 seconds. The flow is the percentage of the increase 
in base diameter of the paste in relation to the initial 
measurement of diameter.

Three specimens, of 4 cm × 4 cm × 16 cm, with fixed 
studs on the top and bottom, were tested for each 
formulation measuring shrinkage. The variation of 
axial expansion over time was measured with an 
extensometer with ± 1 µm of resolution, and weight, 
monitored using a digital scale with a resolution of 
± 0.1 g.

Water Porosity essay consisted of measuring the 
Buoyant mass of the saturated specimen in water, the 
saturated surface-dry mass, and the oven-dry mass at 
105°C, porosity is then computed using three mea
sured values, as stated by NF P18-459 [44]. Porosity 
was obtained at 28 days and is expressed as a function 
of the apparent density and the skeletal density.

The flexural and compressive strengths develop
ments of the specimens were obtained after 7, 14, 28 
and 90 days, according to the European Standard NF 
EN196-1 [45] in a Cyber-Plus Evolution testing 
machine. Specimens measuring 4 cm × 4 cm × 16 cm 
submitted to the 3-point bending test are broken into 
two half-prisms which are both tested to compressive 
resistance. SEM analysis was done using an electron 
microscope equipped with a secondary electron sen
sor and a backscattered electrons sensor for the 
samples.

Finally, an analysis of variance (ANOVA) was per
formed to verify if there is any evidence of a possible 
difference between the population means of the 
analyzed parameters that affect the strength of geo
polymer. According to Levine [46], if this evidence of 
possible differences between the means is found by 
comparing the value of the F statistic, generated 
with the calculations performed and its results 
synthesized in the ANOVA table, with the tabulated 
value of this statistic considering a level of confi
dence for the test, it is possible to verify which 
population data differs from another, using the 
Tukey-Kramer test. Some hypotheses are intrinsic to 
the model, such as the randomness and indepen
dence of the data, the assumption that the sample 
size is of sufficient size to consider the Normal dis
tribution, and equality of variance in the data of its 
populations [47].

3. Results and discussion

3.1. Fresh state properties

The strength of the structure depends on the den
sity ratio and compaction, which depends directly 
on sufficient workability. An increase on the water- 
to-solid ratio indicates an increase in workability 
and increases porosity. Workability of pure geopo
lymer is relatively high and is expected to decrease 
as the percentage of fibers increases and offers 
higher shear resistance to flow [21]. The influence 
of glass fiber content on the flow reduction of 
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GBFS geopolymer composites in fresh state is 
shown on Figure 1. By adding 0.25%, 0.50%, 
0.75%, and 1.00% of fibers, a reduction of 24%, 
40%, 56%, and 73% in flow results, respectively, 
can be observed. Percentages higher than 1.00% 
presented very low workability and compaction, 
being discarded for use in the following stages of 
the study. Nematollahi et al. [48] also observed that 
addition of glass fibers into the geopolymer matrix 
generated a cohesive mixture and decreased the 

workability. Higher volumetric replacement of glass 
fibers in the geopolymer concrete mix lowered the 
slump values significantly.

3.2. Effect of fiber percentage on mechanical 
properties

As indicated in Figure 2a, addition of 0.50% and 0.75% 
of glass fiber improves the flexural strength of the 
matrix. At 28 days, compressive strength was 15% 

Figure 1. Workability by flow measurement tests by % of glass fiber on the geopolymer composite.

Figure 2. Maximum stress development over time by different fiber percentages for flexural strength (a) and compressive strength 
(b).
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higher for 0.50% (20.3 MPa) and 30% higher for 0.75% 
(23.2 MPa) than the reference mixture with 0% (18.0 
MPa). For the addition of 0.25%, the values were main
tained approximately equal when comparing to 0% of 
fibers. At 28 days, a difference of 4% is presented for 
the mixture and the referred composite. The final 
strength of the matrix improved lightly (44%) com
pared to early strength for 1.00% fiber content, while 
for 0.75%, this difference was 70%. This behavior can 
be explained by the defect propagation observed in 
specimens for 1.00%.

Shrinkage cracks started to appear at 7 days curing, 
and accumulation of branch of multifilament fibers in 
particular places of the specimens could be observed. 
Nonuniformity in distribution can cause a higher 
volume of pores, which effect the flexural strength of 
the specimens. Flexural strength results were 45% 
lower (9.9 MPa) than reference for 28 days testing.

The compressive strength variation from 7 to 
90 days is presented on Figure 2b, the same pattern 
explained in flexural strength can be observed. The 
addition of 0.50% and 0.75% of glass fiber improves 
the compressive strength of the matrix. At 28 days, 
compressive strength was 2% higher for 0.50% (68. 5 
MPa) and 11% higher for 0.75% (74.3 MPa) than the 
reference mixture with 0% (66.9 MPa). For the addition 
of 0.25%, the values were maintained approximately 
equal when comparing to 0% of fibers. At 28 days, 
a difference of 2% is presented for the mixture and 
the referred composite. For the addition of 1.00% of 
fibers, compressive strength results were 54% lower 
(31.1 MPa) than reference for 28 days testing. Thus, 
paste hardening is a dominant factor in compressive 
strength over time, improving about 115%, from 
7 days to 90 days, for the 0.75% fiber content 
specimen.

3.3. Effect of fiber percentage on mechanical 
properties using analysis of variance

An analysis of variance (ANOVA) was performed to 
evaluate the application of fibers in the compressive 
strength. The results of the ANOVA statistical test, are 
structured in Table 2, indicating the F-values calcu
lated, and the respective p-values. For the calculation 
of each F-values, the MS (mean square) of each factor, 
or the interaction between them, is divided by the MS 

of the errors. The MS of each factor, of the interaction 
and of the errors is obtained by dividing the SS (sum of 
squares) of each factor, of the interaction and of the 
errors, by the respective df (degrees of freedom).

Each df of the factors will be composed of the 
number of groups minus one. In the interaction, the 
df of each factor is multiplied, time of essay and per
centage of fibers. The total df is the number of ele
ments of the study minus one. Therefore, the df of the 
error consists of subtracting the total df by the df from 
each factor and the df for the interaction of the factors.

These calculated F-values are compared with the 
tabulated values of the statistic, and the null hypoth
eses are rejected if the calculated values are greater 
than the tabulated values before the level of signifi
cance defined for the tests. The first test available in 
this table, refers to the verification of possible interac
tion between the factors (in the third line of the table); 
there are also tests to analyze the possible effects of 
the factors separately (in the first and second lines of 
the table).

It is noticed that the null hypothesis for the interac
tion test between the data obtained with the date of 
essay and those recorded by the percentage of fibers is 
rejected, even considering a reduced level of signifi
cance of 1%, indicating that the compressive strength 
with some percentages of fibers is higher for certain 
curing times, and this fact compromises the analysis of 
the factors (curing time and percentage of fibers) sepa
rately. It is worth noting that the lower the level of 
significance, the greater the probability that popula
tion data will be recorded in its result [49].

Based on this observation, and following the artifice 
presented by Levine et al [46] for these cases, the 
values obtained in the tests are converted to different 
groups, regardless of the originating factor. Thus, if 
initially there were four groups of compressive 
strength by curing time (7, 14, 28, and 90 days) and 
five groups of fiber percentage (0%, 0.25%, 0.5%, 
0.75%, and 1%), these converged to a one-way 
ANOVA with 20 levels of analysis. The results gener
ated with these data are summarized in Table 3. The 
results of the ANOVA statistical test, are structured in 
Table 3, indicating the F calculated, and the respective 
F critical (tabulated). This calculated value is compared 
with the tabulated value, with the null hypothesis of 
the test for equality between the means being rejected 
if the calculated value is greater than the tabulated in 
the level of significance defined for the test.

Table 2. Two-way ANOVA result for fiber percentage.
ANOVA df SS MS F-value p-value
Time of essay 

(days)
3 4.95×104 1.65×104 9.41×102 2.10×10−74

Percentage of 
fibers (%)

4 4.75×104 1.19×104 6.77×102 1.37×10−72

Time of essay * 
Percentage of 
fibers

12 5.74×103 4.78×102 2.72×101 3.92×10−26

Error 100 1.76×103 1.75×101 - -
Total 119 1.05×105 - - -

Table 3. Result of one-factor ANOVA for compression with 
percentage of fibers.

ANOVA df SS MS F F critical

Between groups 19 1.03×105 5.41×103 3.09×102 2.35
Within groups 100 1.75×103 1.75×101 - -
Total 119 1.05×105 - - -
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The result of the F statistic obtained in Table 3 will 
be compared with the tabulated value of the statistic, 
considering the level of significance proposed for the 
test, the null hypothesis that all arithmetic means of 
the studied populations are equal. If this hypothesis is 
rejected, it appears that there is evidence that at least 
one of the population averages is different from the 
other. And based on this perception, the Tukey-Kramer 
test can be performed to see between which averages 
there is this possible evidence of differentiation.

Considering the level of significance, α = 1%, the 
value of the critical F statistic for 15 degrees of freedom 
in the numerator and 60 degrees of freedom in the 
denominator is 2.35 [46]. The critical F statistic is tabu
lated and represents the frontier to reject the null 
hypothesis of the equality between means. And since 
the F-value found with the study data is 308.19, higher 
than the F critical, the null hypothesis is rejected and at 
least one of the means differs from the other.

When performing the Tukey-Kramer test to verify 
which average(s) differ(s) from other(s), the critical 
value found for the analysis was 43.67 and, considering 
the 190 possible difference results between the 20 
groups analyzed, statistically significant differences 
were found between 78 groups.

Table 4 presents the quartile of the most significant 
different found between the 78 groups. Considering 
the data presented, a statistically significant difference 
between the means of the compression strength 
results were obtained between the values of compres
sion strength at 7 days, and the values 28 and 90 days 
of compression, regardless of the percentage of fibers 

used can be observed. Considering, e.g. the first differ
ence recorded in this table |(7d.0.25% – 90d.0.75%)| it 
reads “the module of the difference between the result 
obtained with 7 days of curing and 0.25% addition of 
fibers and the result generated with 90 days of curing 
and 0.75% addition of fibers.” A statistically significant 
difference is also perceived between the means of the 
compression strength results obtained between the 
values of compression strength at 14 days, and the 
values of compression strength at 28 and 90 days, 
regardless of the percentage of fibers used.

Results also indicate a statistically significant differ
ence between the means of the compression strength 
results obtained between the values of compression 
strength at 28 days with the results obtained of com
pression strength at 90 days, regardless of the percen
tage of fibers used. It is worth noting that the 
processing of results obtained with 1% fiber content 
have a statistically significant difference with values 
generated with all other percentages, even when ana
lyzed on the same category of date of essay, consider
ing 7, 14, 28, or 90 days. It is also observed that 55% 
differences (in module) of the quartile, are defined by 
the fiber percentage of 0.75%. Thus, validating the 
discussion of the results presented previously.

3.4. Effect of fiber percentage on drying 
shrinkage

As can be observed in Figure 3, the drying shrinkage 
reduced with the addition of glass fibers, from 0.25% to 
0.75% in geopolymer composites. As the % in fiber 
content increased, it can be expected that fibers 
located parallel to the main axis of the specimen are 
able to overcome shrinkage stress due to the interface 
contact area, as well as act prevent abrupt failure due 
to linkage in microcracks that appeared [21]. The mag
nitude of the porosity, size, shape, and the continuity 
of the capillary system in the mixture are the main 
factors that influence the values for drying shrinkage 
[41]. For these percentages, the specimens underwent 

Table 4. Significant differences between groups.
Parameter Diff. Parameter Diff.
|(7d.0% – 90d.0.75%)| 69.48 |(7d.1% – 90d.0.5%)| 76.11
|(7d.0,25% – 90d.0.75%)| 74.19 |(7d.1% – 90d.0.75%)| 90.45
|(7d.0,5% – 90d.0.75%)| 70.22 |(14d.1% – 28d.0.75%)| 78.08
|(7d.1% – 14d.0.75%)| 69.66 |(14d.1% – 90d.0%)| 74.11
|(7d.1% – 28d.0%)| 71.12 |(14d.1% – 90d.0.25%)| 71.53
|(7d.1% – 28d.0.25%)| 69.35 |(14d.1% – 90d.0.5%)| 71.08
|(7d.1% – 28d.0.5%)| 73.68 |(14d.1% – 90d.0.75%)| 85.42
|(7d.1% – 28d.0.75%)| 83.12 |(28d.0.75% – 28d.01%)| 69.22
|(7d.1% – 90d.0%)| 79.15 |(28d.1% – 90d.0.75%)| 76.55
|(7d.1% – 90d.0.25%)| 76.57 |(90d.0.75% – 90d.1%)| 69.06

Figure 3. Glass Fiber content effect on controlling the shrinkage of fly ash-based geopolymer.
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shrinkage strain for about 10 days, and then remained 
practically unchanged. Percentage of 1.00% started to 
show accumulation of branch of multifilament fibers in 
particular places, and non-uniformity in distribution, 
which can have caused the increased shrinkage due 
to the pores trapped among clusters of fibers. Silva 
et al [41] states that the increase in matrix porosity, 
caused by the addition of fibers above 1.00% in 
volume, result in retention of moisture which contri
butes to the higher drying shrinkage.

3.5. Effect of fiber percentage on water porosity

The results displayed in Figure 4 show the relationship 
between the fiber-reinforced geopolymer total poros
ity and maximum compressive strength, both 

measured at 28 days. Porosity directly affects compres
sive strengths [50]. The addition of the glass fibers at 
1.00% increased the matrix porosity of the geopolymer 
composites in approximately 19%, compared to the 
reference geopolymer, and a decrease in compressive 
strength can be noted (see also Figure 2b). This can be 
explained by the fiber quantity higher than wettability 
of the matrix, which can cause an increase in porosity 
and impair the transfer of efforts as a result from the 
agglomeration of fibers [51]. Porosity results varied 
from 1% to 5% for samples from 0.25% to 0.75% 
which did not affect negatively mechanical properties 
results.

SEM analysis was carried out after the flexural and 
compressive essays, to observe fiber distribution in 
the cross section of each mixture. In Figure 5 the 

Figure 4. Relationship between concrete porosity (ε) and compressive strength for different fiber percentages in mass.

Figure 5. Scanning electron microscopy (SEM) analysis for the different sets of mixtures (a) 0.25%, (b) 0.50%, (c) 0.75%, and (d) 
1.00% of glass fiber addition.
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images for the different mixtures can be observed. As 
seen in previous results, 1,00% fiber content speci
mens showed a decrease in durability and mechan
ical properties. This can be caused by the high 
volume of fibers, which started to show accumula
tion of branch of multifilament fibers in a particular 
place, nonuniformity, and agglomeration of the 
matrix, as showed in Figure 5d, which is not 
observed at other percentages. Some research has 
found the same loss in properties after reaching the 
optimum content of natural fiber in the matrix 
[52–54].

4. Conclusions

This study evaluated GBFS-based geopolymer reinforced 
by glass fiber from the aspects of shrinkage variation, 
fresh and mechanical properties. The workability of the 
composite reduced by increasing percentages of fiber 
content due to higher shear resistance to flow.

Shrinkage of the composite can be controlled based 
on the fib-r content and showed best results for 0.75% 
addition of fiber into the geopolymer matrix. It can be 
concluded that shrinkage variation significantly affects 
the mechanical properties of glass fiberreinforced GBFS 
geopolymer. Water porosity was not significantly 
affected by addition of fibers and had a small variation 
as the percentage ranged from 0.25% to 0.75%. For 
1.00% the porosity was higher, and compressive strength 
decreased, showing the percentage was above the opti
mum value.

Mechanical properties increased with the addition 
of glass fiber into the matrix, until the optimum per
centage of fibers of 0.75%. Specimens of 1.00% fiber 
content in the geopolymer matrix showed accumula
tion of branch of multifilament fibers in particular 
place, nonuniformity, and agglomeration of the matrix 
which decreased durability and mechanical properties 
due to pores trapped among clusters of fibers.

The application of the ANOVA statistical tool found 
evidence of an interaction between the results 
obtained with the percentage of fiber and the com
pressive strength at different ages of the tested geo
polymer mixture. Two findings were highlighted: (1) 
the data with fiber content of 1% proved to be, on 
average, statistically different from all other percen
tages of concentration, regardless of the date of the 
compressive strength test, and (2) that almost half of 
the highest, the values of the average differences 
recorded were in specimens with 0.75% of fiber con
tent in their composition, highlighting this percentage 
of the other percentages of fiber used in the test.

In conclusion, the addition of fibers from 0.25% to 
0.75% in GBFS geopolymer matrix improved durability 
and mechanical properties. Percentages higher 
showed a decrease in the results for the composite 

studied. A composite mixture of GBFS reinforced with 
glass fiber, with smaller shrinkage and good mechan
ical results can be produced by adding 0.75% of fiber 
to the reference mixture.
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