Construction and Building Materials 438 (2024) 136974

Contents lists available at ScienceDirect

Construction
and Building

MATERIALS

Construction and Building Materials

journal homepage: www.elsevier.com/locate/conbuildmat

ELSEVIER

t.)

Check for

Mechanical properties of basalt macro fibre reinforced ol
geopolymer concrete

b,a,**

Zhijie Huang*, Cek Sem So?, Wensu Chen® , Paing Min Htet”, Hong Hao

2 Center for Infrastructural Monitoring and Protection, School of Civil and Mechanical Engineering, Curtin University, Australia
Y Earthquake Engineering Research & Test Center, Guangzhou University, China

ARTICLE INFO ABSTRACT

Keywords:

Geopolymer concrete (GPC)
Basalt macro fibres (BMFs)
Mechanical properties
Compressive tests

Flexural tests

Growing public environmental awareness leads to an increased focus on utilizing green and sustainable materials
in infrastructure construction. Geopolymer concrete (GPC) and basalt macro fibres (BMFs) are promising con-
struction materials due to their eco-friendly merits and excellent mechanical properties. In this study, a new type
of BMFs reinforced GPC (BMF-GPC) was developed, and the compressive and flexural properties of BMF-GPC
were investigated. The effects of BMF content and length on the mechanical properties of GPC were studied.
It was found that with the addition of 2 % BMFs, the compressive and flexural toughness (energy absorption
capacities) of GPC were greatly enhanced by up to 126 % and 965 %, respectively. Increasing the content and
length of BMFs resulted in favourable outcomes for strain softening of GPC under compression and post-cracking
behaviour of GPC under flexural loads, whilst having limited effects on the modulus of elasticity and flexural
strength. Additionally, an analytical model was proposed to predict the compressive stress-strain behaviour of

BMF-GPC, which could be used for the design of BMF-GPC structures.

1. Introduction

With the growing public environmental awareness, there is an
increasing trend towards using more sustainable materials in infra-
structure construction, such as geopolymer concrete (GPC) and basalt
fibres [1]. GPC s a type of concrete that utilises industrial wastes such as
fly ash and slag as alternative binder materials to cement, resulting in
fewer carbon emissions whilst maintaining competitive mechanical
properties as compared to ordinary Portland cement concrete (OPC)
[2-4]. Basalt fibre is a type of inorganic fibre for reinforcing concrete,
which is environmentally friendly and sustainable due to its natural
material resources (made from natural basalt rock) [5]. In addition,
basalt fibres have other merits such as low cost, high tensile strength,
high temperature resistance, good corrosion resistance to water, salt,
and acid, etc. [6,7]. The integration of these two materials benefits
infrastructure construction due to their green and sustainable attributes.

However, there is a concern about the alkali resistance of basalt fi-
bres in concrete as concrete matrix exhibits a strong alkaline environ-
ment. It is reported that traditional basalt fibres have low corrosion
resistance to alkali [7,8]. As compared to traditional basalt fibres, basalt
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macro fibres (BMFs) have much higher durability in alkaline environ-
ments [8]. BMFs are a type of novel fibres that consist of bundled basalt
fibres embedded into a resin matrix, forming mini basalt fibre-reinforced
polymer (BFRP) bars with a diameter of approximately 0.7-1.0 mm [9].
The resin matrix plays a role in protecting the internal micro basalt fi-
bres from chemical corrosion whilst inheriting the advantages of basalt
fibres [10]. Nowadays, BMFs have become a popular choice among
various fibres for reinforcing concrete [11-13].

In recent years, some efforts have been made to explore the me-
chanical properties of BMFs reinforced concrete (BMF-C). Currently,
there is no consensus on the effect of BMFs on the compressive strength
of concrete. Tests by Branston et al. [9] and Wang et al. [11] showed that
the addition of BMFs with a content of 0.31-2 % by volume fraction led
to a 31-45 % lower compressive strength of concrete. On the contrary,
tests by Sohail et al. [14] and Alnahhal et al. [15] found that the addition
of BMFs with a volume fraction of 0.25-1 % slightly improved the
compressive strength of concrete by 6.2-17.5 %. Meanwhile, some tests
by Adhikari [16] and Zhang et al. [17] showed that the inclusion of
BMFs with a content of 0.5-1.5 % had an insignificant effect on the
compressive strength of concrete, and so did the elastic modulus. As for
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the splitting and flexural strength of concrete, studies demonstrated that
adding BMFs with a content of 1-1.5 % could enhance the flexural
strength by up to 17-23 % [14,15] and splitting tensile strength by 16 %
[17]. More importantly, the post-cracking behaviour and flexural
toughness were also improved with the addition of BMFs [18]. Some
studies also investigated the effect of BMFs on the performance of con-
crete with different sustainable aggregates, e.g., steel slag aggregates
and gravel aggregates [15], recycled concrete aggregates [14,19],
lightweight aggregates [10], etc., and other types of concrete such as
high performance concrete [18,20] and ultra-high performance concrete
(UHPCQ) [21,22].

A good understanding of the mechanical properties of BMF-GPC
could facilitate predicting its structural behaviour, enabling effective
designs. However, very few studies on BMF-GPC have been reported in
the open literature to date. Only one study [23] carried out tests on
BMFs reinforced fly ash-based geopolymer composites (without sand
and coarse aggregates), with the fibre volume fraction ranging from
12.5 % to 75 %. The results showed that the geopolymer composites
with BMFs had 12-26 times higher flexural strength and 4-8 times
higher tensile strength than those without fibres, owing to the high
percentage of volume fraction of BMFs. It should be noted that the
specimens were very small (2 x 2 x 7 cm), and the BMFs served as
longitudinal reinforcements rather than fibres. In this study, compres-
sive and flexural tests were conducted to reveal the mechanical prop-
erties of BMF-GPC. The slump, modulus of elasticity, compressive
strength, compressive stress-strain curves, flexural strength, and flexural
toughness of BMF-GPC were obtained and analysed.

2. Experimental programme

In this section, the details of the experimental program are pre-
sented, covering the raw materials used in BMF-GPC, the mix design,
and the testing methods. The raw materials used in BMF-GPC include
binder materials, activators, aggregates, and BMFs. Subsequently, the
mix designs are outlined, specifying the weight proportions of each type
of raw material. Lastly, the tests conducted are described, along with the
respective standards followed in the tests.

2.1. Raw materials

Commercially available Class F fly ash compliant with AS/NZS
3582.1 [24] (Grade I) and ground granulated blast-furnace slag (GGBFS)
conforming to AS 3582.2 [25] were used as binder materials. Table 1
gives the details of chemical compositions and loss on ignition of fly ash
and GGBFS [26]. The alkali activators consisted of a commercially
available D grade sodium silicate (Na3SiO3) solution and a sodium hy-
droxide (NaOH) solution with a concentration of 12 Molarity. Crushed

Table 1
Chemical compositions and loss on ignition of fly ash and GGBFS [26].

Chemical compositions Fly ash (wt%) GGBFS (wt%)

SiO2 55.90 32.72
Al,O3 26.94 13.37
Fe;03 0.06 0.83
CaO 4.25 41.46
MgO 1.51 5.54
MnO 0.10 0.20
TiO, 1.43 0.60
V205 - -

SO3 0.20 4.97
P50s 0.50 0.01
K30 0.76 0.30
NaO0 0.31 0.27
SrO - 0.12
BaO - -
Cry03 - 0.02
Loss on ignition 1.51 0.15
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granite was used as coarse aggregates, which comprised two different
maximum nominal sizes, i.e., 7 mm and 10 mm (each accounted for
50 % of the total weight), and natural sand was employed as fine ag-
gregates with a nominal maximum size of 1.2 mm. Fig. 1 shows the BMFs
used for reinforcing GPC in the present study, with three different
lengths, i.e., 50 mm, 35 mm, and 20 mm. Their density, diameter, tensile
strength, and modulus of elasticity are 2,000 kg/m® 0.65 mm, 1,
200 MPa, and 50 GPa, respectively [12].

2.2. Mix design

Table 2 tabulates the weight proportions of the mixes, which fol-
lowed a similar GPC mix in the authors’ previous study [12]. The effects
of two factors, i.e., fibre content (by volume fraction) and fibre length,
were investigated. The previous studies [9,17] indicate a dosage of BMFs
over 40 kg/m? is not favourable due to the fibre balling and compaction
issues. Therefore, a maximum dosage of 40 kg/m® of BMFs was selected
in this study, corresponding to a fibre content of 2 % by volume fraction.
Mix 1 (M1) without fibres serves as a benchmark for other mixes. The
effect of fibre content was investigated through three mixes (M1, M2,
and M3) with volume fractions of 0, 1 %, and 2 %, respectively. In
previous studies [17, 20, 23, 27], fibre lengths ranging from 18 mm to
55 mm were commonly used. In this study, three different lengths of
20 mm (M4), 35 mm (M2), and 50 mm (M5) were chosen to evaluate the
effect of fibre length.

2.3. Testing methods

Concrete specimens were cast and cured for 28 days under ambient
conditions. Slump tests were conducted according to ASTM C143 [28].
Cylinders with a diameter of 100 mm and a height of 200 mm were
prepared to determine the modulus of elasticity and compressive
strength. Compressive tests were conducted as per ASTM C39 [29], as
shown in Fig. 2(a). It is required that the load shall be applied contin-
uously at a specified loading rate not exceeding 0.25 MPa/s. Therefore,
a loading rate of 0.08 MPa/s was applied in this study. Tests on modulus
of elasticity were carried out in accordance with ASTM C469 [30].
Flexural tests with a four-point bending configuration were performed
following ASTM C1609 [31]. Prisms with a cross-sectional size of 100 x
100 mm and a length of 400 mm, consistent with the specimen dimen-
sion in previous studies [32,33], were prepared for the flexural tests, as
shown in Fig. 2(b). The span (L) between the two support rollers was
300 mm. A loading rate of 0.075 mm/min was initially applied until
reaching a net deflection of L/9 (0.33 mm). After that, it was changed to
0.5 mm/min, in accordance with the provisions (not exceeding 8 times
the initial rate) of ASTM C1609 [31].

3. Results and analysis
3.1. Workability

The slumps of all mixes were measured to evaluate the workability of
BMF-GPC, which is presented in Fig. 3. All mixes exhibited slumps in the
range of 140-220 mm, which is similar to the slump range
(125-200 mm) of BMF-C reported in reference [34]. The higher BMF
content resulted in a lower slump of BMF-GPC. However, increasing the
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Fig. 1. Pictures of basalt macro fibres (BMFs) used in this study.
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Table 2
Mix design of the BMF-GPC.
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Mix No. CA (kg/m%) FA (kg/m®) Binders (kg/m>) Solutions (kg/m>) BMFs (kg/m>) Fibre content (%) Fibre length (mm)
Fly ash GGBFS Na,SiO3 NaOH

M1 1220 650 280 120 129 51 0 0 0

M2 1220 650 280 120 129 51 20 1 35

M3 1220 650 280 120 129 51 40 2 35

M4 1220 650 280 120 129 51 20 1 20

M5 1220 650 280 120 129 51 20 1 50

Note: “CA”: Coarse Aggregates; “FA”: Fine Aggregates; “GGBFS”: ground granulated blast-furnace slag; “BMF”: Basalt Macro Fibres.

Fig. 2. Configuration of tests: (a) compressive tests and (b) flexural tests.
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BMF length from 20 mm to 50 mm with 1 % content only slightly
reduced the slump of BMF-GPC by 6 %. The effect of BMF length on the
slump of BMF-GPC is negligible.

3.2. Modulus of elasticity

The moduli of elasticity of specimens are shown in Fig. 4. Statistical
analysis on the modulus of elasticity was also conducted via t-test [35].
A p-value of less than 0.05 from t-tests is usually considered statistically
significant [36]. For instance, the p-value between specimens with 0 %
and 2 % BMFs is 0.0004 (less than 0.05) from t-tests, which is considered
statistically significant. The average modulus of elasticity of GPC spec-
imens decreased by 18 % (from 24.5 GPa to 20.0 GPa, as shown in Fig. 4
(a)), which indicates the clear effect of increasing BMF content from 0 %
to 2 % on the modulus of elasticity. Meanwhile, the average moduli of
elasticity of GPC specimens with 0 % and 1 % BMFs are 24.5 GPa and
23.8 GPa, respectively. The corresponding p-value between the speci-
mens with 0 % and 1 % BMFs is 0.375 (higher than 0.05) from t-tests,
which is considered statistically nonsignificant and indicates the insig-
nificant effect of increasing BMF content from 0% to 1% on the

Fig. 3. Effects of (a) fibre content and (b) fibre length on the workability of GPC.

W
(=]
T

—
(=]
T

S

Modulus of elasticity £ (GPa)
[\
S

Fibre length L=35 mm

24.5 23.8

20

0.0 1.0

Fibre content (%)

(@)

2.0

400 -
Fibre content Vf:I%
~300 -
g
g
3200 T 170 162 160
=
0
20 35 50
Fibre length (mm)
(b)
=40 - —
% Fibre content Vf—l %
30 +
E, 23.2 23.8
fé 20 F 18.5
=
[
B0}
2
=
g0
s 20 35 50

Fibre length (mm)

(b)

Fig. 4. Effects of (a) fibre content and (b) fibre length on the modulus of elasticity of GPC.
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modulus of elasticity of GPC. Specimens with different fibre lengths
generally had a similar modulus of elasticity, except for M5, which had a
relatively lower modulus of elasticity due to the lower compressive
strength of concrete (presented in Section 3.3.1).

To exclude the effect of compressive strength variation among
different batches, the normalised moduli of elasticity [37-39] of the
specimens are shown in Fig. 5, which were calculated by dividing the
modulus of elasticity by the square root of compressive strength (f,) of
GPC, i.e., E/ (fc)l/ 2, since the modulus of elasticity of concrete is linearly
proportional to the square root of the compressive strength of concrete
[40,41].

The relationship of the normalised modulus of elasticity versus fibre
content Vy(with the same fibre length L;of 35 mm) is shown in Fig. 5(a).
The results show that the normalised modulus of elasticity of GPC
decreased by up to 12 % with the increase in fibre content by up to 2 %,
indicating that fibre content (0-2 %) has a limited effect on the modulus
of elasticity of GPC. The formula of the normalised modulus of elasticity
(E/ (fc)l/ 2) of BMF-GPC as a function of fibre content (V}) can be fitted as
Eq. (1) below.

E
— = —20636.0V; +3353.8,

fe2

0 <V, <2%, Lf=35mm 1)

The relationship of the normalised modulus of elasticity versus fibre
length Ly (with the same fibre content Vyof 1 %) is given in Fig. 5(b). It
shows that the normalised modulus of elasticity of GPC decreased by
12 % with increasing fibre length from 20 mm to 50 mm, indicating that
fibre length (20-50 mm) has a limited effect on the modulus of elasticity
of GPC. The formula of the normalised modulus of elasticity (E/(f,)!/?)
of BMF-GPC as a function of fibre length (Ly) is fitted as Eq. (2).

= —12.9L; +3554.6, 20 <L <50mm, V;=1% 2)

(SIS

fe
3.3. Compressive tests

3.3.1. Compressive strength

The compressive strengths of specimens from each mix are presented
in Fig. 6. Overall, the GPC specimens with different fibre contents (V)
exhibit similar compressive strengths ranging from 46.6 MPa to
56.1 MPa. This observation is consistent with that reported in references
[16-18] for OPC. The GPC specimens with different fibre lengths (Ly)
also exhibit compressive strength within the range of 41.3-56.1 MPa,
whereas the specimens (M5) with 50 mm-long BMFs have a relatively
lower strength of 41.3 MPa. This might be attributed to more lacunas or
voids formed in the GPC matrix of M5 specimens with BMFs because
longer fibre length could cause more difficulties for concrete consoli-
dation as reported in reference [9]. Strength variations of GPC were also
reported in previous studies [42-44]. It is worth mentioning that a fibre
content higher than 2 % might lead to fibre balling and compaction

< 6000
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difficulties [9, 17], resulting in decreased strength.

3.3.2. Compressive stress-strain relation

The effect of fibre content on the compressive stress-strain behaviour
of the GPC specimens is illustrated in Fig. 7. It should be noted that the
data of specimen M1-3 from Batch M1 was not obtained due to the
malfunction of the testing machine. It is observed that GPC specimens
without fibres (M1) failed in a very brittle manner, indicated by a sud-
den decrease in compressive stress after reaching the peak stress. For
specimens (M2) with 1 % fibre content, the compressive stress gradually
decreased after the peak stress. With a fibre content of 2 % (M3), GPC
specimens showed a more ductile strain softening stage after the peak
stress. The test results indicate that higher BMF content leads to more
ductile post-peak compressive softening behaviour of GPC. The peak
strain ¢y (the strain corresponding to the peak stress) is shown in Fig. 7
(d). The mean peak strains &g ,, of the specimens with fibre contents of 0,
1 %, and 2 % and a fibre length of 35 mm are 2,734 pe, 3,087 pe, and
3,458 pe, respectively. It shows that the peak strain ¢ is linearly pro-
portional to the fibre content, with the equation presented below.

g9 = 36200V, +2731, 0<V; <2%, L;=35mm )

The effect of fibre length on the compressive stress-strain behaviour
of GPC is shown in Fig. 8. Both the specimens without fibres (M1) and
those with 20 mm-long fibres (M4) exhibited brittle failure with an
abrupt decrease in post-peak compressive stress, except for the tail stage
of the M4 specimens. This suggests that the addition of 1 % fibre content
with a length of 20 mm has a negligible effect on the compressive stress-
strain behaviour of GPC. As the fibre length increased to 35 mm and
50 mm, a more ductile compressive stress-strain behaviour of the
specimens was observed, characterised by decreasing slopes of the
curves. Fig. 8(e) provides the peak strains ¢y of the specimens with
different fibre lengths. It can be found that increasing the fibre length
from 20 mm to 50 mm almost led to a linear increase in the peak strains
€p, as given in Eq. (4).

g0 = 24.9L; + 2236, 20<L; <50mm, V;=1% (€)]
3.3.3. Compressive toughness and index

The toughness of concrete under compression (T,), also referred to as
energy absorption, is defined as the area under the stress-strain curve up
to a specified strain value [45, 46]. The compressive toughness index (I.)
is defined as the ratio of the toughness of fibre-reinforced concrete to
that of plain concrete [47]. In this study, a specified strain value of 9,000
pe was used for the toughness calculation, where the corresponding
compressive stress decreased to a very low value, e.g., 5-6 MPa. It
should be noted that the stress-strain curves of M4 specimens did not
reach 9,000 pe, as shown in Fig. 8(b), due to the termination of
compressive tests. The toughness of M4 specimens up to a strain value of
9,000 pe was then calculated with the extended stress-strain curves
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Fig. 5. Effects of (a) fibre content and (b) fibre length on the normalised modulus of elasticity of GPC.
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Fig. 6. Effects of (a) fibre content and (b) fibre length on the compressive strength of GPC.
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Fig. 7. Effect of fibre content on the compressive stress-strain behaviour of GPC (for L~35 mm).

assumed to be horizontal lines, since the slopes of the curves at the tail
stage are almost O as shown in Fig. 8(b). The compressive toughness (T.)
of the specimens is shown in Fig. 9(a) and (c). As observed, the addition
of BMFs significantly enhanced the toughness of GPC. Higher BMF
content and longer fibre length led to increased toughness. As compared
to plain GPC, the addition of BMFs up to 2 % resulted in improved
compressive toughness by up to 126 %, and a BMF length up to 50 mm
achieved higher compressive toughness by up to 99 %. Similarly, the
compressive toughness index I, also increased with fibre content and
length, as shown in Fig. 9(b) and (d). It should be noted that the
compressive toughness and index of specimens with 50 mm-long fibres
(M5) are slightly lower than those of specimens with 35 mm-long fibres
(M2), due to the lower compressive strength of M5 specimens as

mentioned in Section 3.3.1.
3.4. Proposed analytical model for compressive stress-strain behaviour

In the past decades, various analytical models [46, 48-53] have been
proposed for predicting the compressive stress-strain behaviour of
concrete and fibre-reinforced concrete. Among these models, the
expression of Eq. (5), proposed by Popovics [48], is widely selected as a
basic form for other models [49-51], where the normalised stress o/f, is
a function of the normalised strain ¢/¢p and § (a material parameter).
The material parameter $ could be obtained through regression analysis
of the test results, considering the effects of independent variables such
as fibre content and fibre length.
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In this study, the effects of both fibre content (V}, by volume fraction)
and fibre length (Ly) on the compressive stress-strain behaviour of GPC
were investigated. Subsequently, a reinforcing index (RI), defined as Eq.
(6), is used to combine the effects of both fibre content (Vy) and fibre
length (Lp), which has been widely used for fibre-reinforced concrete
[50, 54, 55]. In Eq. (6), df represents the diameter of BMFs, which is
0.65 mm as mentioned in Section 2.1. Thus, the reinforcing indices (RIs)
of M1 to M5 are calculated as 0, 0.54, 1.08, 0.31, and 0.77, respectively.

Subsequently, the effect of reinforcing index (RI) on the normalised
stress-strain curves of the GPC specimens is illustrated in Fig. 10. One
representative specimen from each mix is shown. As seen, the ascending
branches of the normalised stress-strain curves are generally consistent,
while the descending branches are significantly different. With a higher
reinforcing index RI, the post-peak strain softening phase of the
compressive stress-strain curves of GPC becomes more ductile. This
again confirms the conclusion stated above that higher fibre content and
longer fibre length lead to a more ductile compressive stress-strain
behaviour and higher toughness of GPC.
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Fig. 9. Effects of fibre content ((a) & (b)) and fibre length ((c) & (d)) on the compressive toughness T, and compressive toughness index of GPC specimens.
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Fig. 10. Effect of reinforcing index (RI) on the normalised stress-strain
behaviour of the GPC specimens.

Through regression analysis, the material parameter $ can be ob-
tained as a function of the reinforcing index (RI), as given in Eq. (7).
Given the specific values of compressive strength of concrete f., BMF
content (Vp), and fibre length (Ly), the compressive stress-strain curve of
BMF-GPC could be calculated using Eqs. (5)-(7), provided the peak
strain ¢y (the strain corresponding to the peak stress f.) is known.
Therefore, it is necessary to find an explicit relationship between the
peak strain ¢y and the reinforcing index (RI). Fig. 11 shows the effect of
reinforcing index RI on the peak strain, giving a linear relationship be-
tween the peak strain ¢y and the reinforcing index (RI), as presented in
Eq. (8). Eventually, the compressive stress of BMF-GPC at a given strain
could be predicted via Egs. (5)-(8). The comparison of the compressive
stress-strain curves between the test results and the proposed analytical
model in the present study is shown in Fig. 12. It can be seen that the
proposed analytical model in this study could well predict the
compressive strain-stress behaviour of GPC with and without BMFs,

8000 .
= A Testing data
Ez 6000 L — Fitted curve
‘; 95% Confidence band
£ 4000 |
Pt
3
A~ 2000 [,= 840.6R[+2642.2, 0<RI<1.08 (R2:0.71)
0 1 1 1
0.0 0.3 0.6 0.9 1.2

Reinforcing index R/

Fig. 11. Effect of reinforcing index RI on the peak strain &, of the
GPC specimens.

which can be used for the design of BMF-GPC structures in the future.

/} _ 26.36—163RI (7)

€0 = (840.6RI +2642.2) x 10°° ®

3.5. Flexural tests

3.5.1. Failure modes

The failure modes and cracking surface of the specimens in flexural
tests are shown in Fig. 13. As seen from the cracking surface, BMFs
exhibited the main failure mode of fibre pull-out, which could lead to a
gradual decrease of the post-cracking load with increasing deflection. As
a result, specimens with fibres (M2-M5) experienced a ductile load-
deflection behaviour as presented in Section 3.5.2. Specimens (M1)
without fibres experienced very narrow flexural cracks on the tensile
side of the beam prisms, which was due to the brittle failure behaviour
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Fig. 12. Comparison of the compressive stress-strain curves between the test results and the proposed analytical model.

after cracking. The cracks of the specimens with fibres (M2-M5) are
wider than those of the ones without fibres (M1) due to the improved
ductility induced by the bridging effect of BMFs. Based on crack width, it
can be generally known that M3 specimens have the best performance of
ductility, followed by the specimens M5, M2, M4, and M1.

3.5.2. Load-deflection curves

In flexural tests, the applied load to the specimens was recorded,
along with the corresponding mid-span deflection of the beam speci-
mens. The flexural performance of concrete could be assessed by flexural
strength, residual strength, flexural toughness (energy absorption),
flexural toughness index, etc. A typical load-deflection curve of the
specimens subjected to four-point bending is illustrated in Fig. 14, where
L is the span length (300 mm) of the beam specimens between the two
supports. The strength f can be obtained by using Eq. (9).

PL

f:W (©)

where P is the recorded load (including peak load P;, post-cracking
residual loads Pr,400, Pr/300, PL/150, and Pr/1p0 at the corresponding

deflections of L/400, L/300, L/150, and L/100, respectively), and b and
d are the width (100 mm) and height (100 mm) of the beam prisms,
respectively. According to ASTM C1609 [31], the peak load P; and re-
sidual loads (Pyr,400, PL/300, Pr/150, @and Pp,100) can be used to calculate
the flexural strength f (also named as modulus of rupture) and residual
strengths (f1./400, f1/300> f1/150, and f1,100) of the GPC specimens, corre-
sponding to a specified net deflection of L/400, L/300, L/150, and
L/100, i.e., 0.75 mm, 1 mm, 2 mm, and 3 mm, respectively. A summary
of the flexural test results is listed in Table 3.

The comparison of the load-deflection curves of GPC specimens with
different fibre contents is shown in Fig. 15. As seen, the specimens with
no fibres almost had no post-cracking resistance, indicated by a signif-
icant decrease of the load, while those with fibres could still sustain load
after cracking. With a higher fibre content, GPC exhibited higher post-
cracking resistance. The mean peak loads of the specimens with fibre
contents of 0, 1%, and 2% are 16.0kN, 17.7 kN, and 18.1 kN,
respectively. The mean peak loads of the specimens slightly increased
with the fibre content. It should be noted that the specimen M2-2 has a
slightly lower peak load, which might be due to the introduced lacunas
and voids as reported in references [32,56]. Nevertheless, the curve
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Fig. 13. Failure modes and cracking surface of the specimens under flexural loads.
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Fig. 14. Illustration of load-deflection curve of specimens from flexural tests.

profile of M2-2 is generally consistent with those of M2-1 and M2-3.
The introduced lacunas and voids mainly affect the peak load, while the
post-cracking behaviour is primarily governed by BMFs.

A comparison of the flexural load-deflection curves of GPC speci-
mens with different fibre lengths is shown in Fig. 16. The peak loads of
the specimens with different fibre lengths are generally similar, except
for those with 50 mm-long fibres (M5) due to the lower compressive
strength as mentioned in Section 3.3.1. Additionally, the specimens with
longer fibres show a more ductile post-cracking behaviour than those
with shorter fibres, suggesting that longer BMF length could lead to
better flexural performance of BMF-GPC.

3.5.3. Flexural strength

The flexural strengths f; of the tested specimens are shown in Fig. 17.
Overall, the flexural strength of BMF-GPC is higher than that of plain
GPC, except for M5 with 50 mm-long BMFs due to the lower compres-
sive strength as mentioned in Section 3.3.1. With the increase in fibre
content, the flexural strength of GPC increased, as shown in Fig. 17(a). A
2 % fibre content led to a 13 % increase in the flexural strength of GPC,
indicating that BMFs have a limited effect on the flexural strength of
GPC. In reference [14], test data also shows that 1 % BMFs led to a

similar improvement (e.g., 17 %) in flexural strength for concrete with
natural limestone aggregates. However, the flexural strength of GPC
slightly decreased with the increase in fibre length, as shown in Fig. 17
(b). This trend might be attributed to a reduced number of bonding
connections resulting from fewer amounts of longer fibres at the
cracking section.

To exclude the effect of compressive strength, the normalised flex-
ural strengths ff/(fc)l/ 2 [57-59] of the specimens are shown in Fig. 18,
As seen in Fig. 18(a), the normalised flexural strength also increased
with fibre content. For instance, adding 2 % BMFs improved the nor-
malised flexural strength of GPC by 22 %. The formula of the normalised
flexural strength of BMF-GPC as a function of BMF volume fraction (V)
is fitted as Eq. (10).

f—f =7.332V;+0.640, 0<V;<2%, L;=35mm (10)

Vfe

The relationship between the normalised flexural strength and fibre
length (with the same fibre content Vy of 1 %) is shown in Fig. 18(b). It
can be found that the normalised flexural strength of BMF-GPC slightly
decreased with fibre length. Increasing fibre length from 20 mm to
50 mm led to a 14 % reduction in normalised flexural strength. The
normalised flexural strength as a function of BMF length is given in Eq.
(1.

i = —0.004L; +0.834,

e

3.5.4. Residual strength

The average residual strength of three specimens from each group is
depicted in Fig. 19. The residual strength of GPC specimens without
fibres is zero (black lines). As expected, the residual strength of GPC
specimens decreased with deflections, owing to the reduction in con-
crete area at the cracking section. As shown in Fig. 19(a), GPC with 2 %
BMFs had 50 %, 117 %, 343 %, and 375 % higher residual strengths
than that with 1 % BMFs at the net deflections of L/400, L/300, L/150,
and L/100, respectively. Fig. 19(b) shows the residual strengths of BMF-
GPC with 50 mm-long BMFs were 37 %, 56 %, 146 %, and 183 % higher
than those of BMF-GPC with 20 mm-long BMFs at the net deflections of
L/400, L/300, L/150, and L/100, respectively. It indicates that the effect
of fibre content on the residual strength of BMF-GPC is more prominent

20 < L; < 50mm, V;=1% an
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Table 3
Summary of flexural test results.

Specimen Peak load P; Flexural strength ff fr/a00 fis300 fuiso fri00 T1/400 T1/300 Ti/150 T1/100
label (kN) (MPa) (MPa) (MPa) (MPa) (MPa) (6)] ) ) )
M1-1 17.1 5.1 0.0 0.0 0.0 0.0 3.5 0.0 0.0 0.0
M1-2 15.4 4.6 0.0 0.0 0.0 0.0 3.1 0.0 0.0 0.0
M1-3 15.6 4.7 0.0 0.0 0.0 0.0 2.8 0.0 0.0 0.0
Mean 16.0 4.8 0.0 0.0 0.0 0.0 3.1 3.1 3.1 3.1
SD 0.9 0.3 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0
M2-1 20 6.0 4.6 2.6 0.9 0.5 8.6 11.3 16.3 18.4
M2-2 14 4.2 3.1 2.4 0.6 0.3 6.1 8.4 13.3 15.0
M2-3 19 5.7 3.1 1.9 0.7 0.3 6.3 8.3 12.3 14.0
Mean 17.7 5.3 3.6 2.3 0.7 0.4 7.0 9.3 14.0 15.8
SD 3.2 1.0 0.9 0.3 0.1 0.1 1.4 1.7 2.1 2.3
M3-1 17.3 5.2 5.2 4.6 2.5 1.6 6.0 10.1 21.2 28.0
M3-2 18.5 5.6 5.5 5.1 3.5 2.0 7.4 11.8 26.0 34.9
M3-3 18.5 5.6 5.6 5.2 3.2 2.0 9.1 13.6 27.6 36.1
Mean 18.1 5.4 5.4 5.0 3.1 1.9 7.5 11.8 249 33.0
SD 0.7 0.2 0.2 0.3 0.5 0.2 1.6 1.8 3.3 4.4
M4-1 19.3 5.8 2.5 1.7 0.8 0.3 6.8 8.5 12.4 14.0
M4-2 17.6 5.3 3.4 2.9 0.9 0.4 6.9 9.5 15.5 17.6
M4-3 16.8 5.0 2.5 2.0 0.4 0.2 6.5 8.3 11.6 12.3
Mean 17.9 5.4 2.8 2.2 0.7 0.3 6.7 8.8 13.2 14.6
SD 1.3 0.4 0.5 0.6 0.3 0.1 0.2 0.6 2.1 2.7
M5-1 13.5 4.1 3.5 3.1 1.4 0.5 6.6 9.3 16.2 19.2
M5-2 14.6 4.4 4.4 4.0 2.5 1.3 6.8 10.3 21.2 27.3
M5-3 13.2 4.0 3.6 3.2 1.4 0.7 5.8 8.7 16.0 19.2
Mean 13.8 4.2 3.8 3.4 1.7 0.9 6.4 9.4 17.8 21.9
SD 0.7 0.2 0.5 0.5 0.6 0.4 0.5 0.8 2.9 4.7

Note: “SD”: Standard Deviation; “f;,/400, f1./300, f./150, and f1,/100”: residual flexural strengths at the deflections of L/400 (0.75 mm), L/300 (1 mm), L/150 (2 mm), L/100
(3 mm), respectively; “Tr, 400, T1/300, T1/150, and Tp100”: flexural toughnesses at the deflections of L/400, L/300, L/150, L/100, respectively.
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Fig. 15. Comparison of the flexural load-deflection curves of GPC specimens with different fibre contents.
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3.5.5. Flexural toughness and index

The flexural toughness Trat different deflections (T 1,400, T £1/300, T ¥,
1150, and T 1,100) is defined as the area under the load-deflection curve
up to a specified net deflection [31], with the test results shown in
Fig. 20. Similar to the compressive toughness index I, the flexural
toughness index Ir could also be defined as the ratio of the toughness of
fibre reinforced concrete to that of concrete without fibres [47]. The test
results show that the fibre content and fibre length have positive effects
on the flexural toughness and flexural toughness index. The flexural
toughness Tyand flexural toughness index Ir of plain GPC remained 3.1 J

11

(black solid line, see Fig. 20(a)) and 1 (black solid line, see Fig. 20(b)),
respectively, due to little post-cracking resistance of plain GPC. For
flexural toughness Ty at a net deflection of L/100 as shown in Fig. 20(a),
the p-values for specimens with Vy =0 % vs. 1 %, Vy= 0 % vs. 2 %, and
Vr=1% vs. 2% are 0.0006, 0.0003, and 0.0039 (all less than 0.05),
respectively, which are considered statistically significant and clearly
indicate the effect of fibre content on the flexural toughness of
BMF-GPC. As observed, GPC with 2 % 35 mm-long BMFs had higher
flexural toughness and flexural toughness index at L/100 than plain GPC
by up to 965 %. As shown in Fig. 20(c) and (d), GPC with 1 %
50 mm-long BMFs had higher flexural toughness and flexural toughness
index than plain GPC by up to 606 %. The test results indicate a
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significantly improved energy absorption capacity of BMF-GPC as
compared to plain GPC.

4. Conclusions

In this study, a new type of basalt macro fibres (BMFs)-reinforced
geopolymer concrete (GPC), denoted as BMF-GPC, was developed and
its mechanical properties were investigated. The effects of fibre content
and fibre length on the mechanical properties of GPC were revealed. The
results were analysed and discussed in terms of slump, modulus of
elasticity, compressive strength, compressive stress-strain curve, peak
strain (strain corresponding to peak stress), compressive toughness and
index, flexural load-deflection curve, flexural and residual strengths,
and flexural toughness and index. Based on the test results, the following
conclusions can be drawn.

1. The slump of GPC decreased by up to 36 % with increasing fibre
content from 0 % to 2 %, whilst it only slightly decreased by 6 %
with increasing fibre length from 20 mm to 50 mm. The effect of
fibre length on the workability of GPC is insignificant.

2. The fibre content and fibre length exerted limited effects on the
modulus of elasticity of GPC.

3. Higher fibre content and fibre length led to a more ductile post-peak
strain softening of compressive stress-strain curve and higher peak
strains. Both the compressive toughness and compressive toughness
index of BMF-GPC increased by up to 126 % with the addition of 2 %
35 mm-long BMFs as compared to GPC.

4. An analytical model was proposed to predict the compressive stress-
strain behaviour of BMF-GPC. This model takes into account the
effects of both BMF content and length, and demonstrated a good
agreement with the test results. It could be used for the design of
GPC/BMF-GPC structures.

5. With the addition of 2 % 35 mm-long BMFs, the flexural strength of
BMF-GPC was only improved by 13 %. However, the flexural
toughness and flexural toughness index were greatly improved by up
to 965 %.

6. Increasing BMF content and length leads to better compressive and
flexural performances of BMF-GPC, especially the compressive and
flexural toughness (energy absorption capacities). The effect of fibre
content on its performance is more prominent than that of fibre
length.
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