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Abstract  
Recycled tyre steel (RTS) fibre is favoured as a replacement for industrial steel fibre to reduce the environmental impact 
and material cost of fibre reinforced cementitious composites as well as a potential substitute for the commonly used 
polyvinyl alcohol (PVA) fibre to develop sustainable engineered geopolymer composites (EGC). This paper systemati-
cally examines the effect of hybrid PVA and RTS fibre dosage on the engineering properties of fly ash-slag based EGC, 
with special focus on uniaxial tensile behaviour and dynamic compressive and splitting tensile behaviour. Results indicate 
that combining RTS fibres with PVA fibres can effectively improve the drying shrinkage resistance of EGC. All studied 
EGC mixes exhibit expected strain-hardening and multiple cracking behaviour under uniaxial tension and about 5% en-
hancement in tensile strength is captured for EGC when 0.25% PVA fibre is replaced with RTS fibre. The incorporation 
of RTS fibres can improve the quasi-static compressive strength of EGC up to 31%, as compared to EGC with 2.0% PVA 
fibre. Replacing 0.25 to 0.5% PVA fibre with RTS fibre is beneficial to the dynamic mechanical properties of EGC, where 
up to 20% improvement in dynamic splitting tensile strength is found for EGC. 
 

 
1. Introduction 

Concrete is the most widely used construction material, 
which is inherently brittle and prone to cracking. To mit-
igate these issues, fibre reinforced cementitious compo-
sites (FRCC) have been developed by incorporating sev-
eral types of short fibres. As a special class of FRCC, en-
gineered cementitious composites (ECC) exhibit superior 
crack resistance and ultra-high tensile strain capacity be-
yond 2% which is much greater than that of plain con-
crete (i.e., 0.01%) (Li 2019). ECC also has unique tensile 
strain-hardening behaviour along with stable microcrack 
propagation with an average crack width below 100 μm. 
Given these characteristics, ECC outperforms other ma-
terials in engineering applications, such as hydraulic 
structures requiring tight crack widths, retrofitting pro-
jects for longer service life, and seismic resilient build-
ings (Paulay and Binney 1974; Rokugo et al. 2009; 
Rokugo and Kanda 2013). 

The typical ECC contains approximately 2 to 3 times 
higher Portland cement content than normal concrete due 
to the absence of coarse aggregates (Wang and Li 2007), 
which would lower its greenness and sustainability as the 
manufacture of Portland cement consumes a huge 

amount of natural resources (e.g., limestone) and requires 
extensive energy consumption as well as contributing to 
around 8% of the global CO2 emissions (Luukkonen et al. 
2018). Thus, finding alternative sustainable binding ma-
terials for ECC is urgently needed. Given the better engi-
neering properties, superior thermal performance, re-
duced greenhouse emissions and low energy consump-
tion, geopolymers made from industrial by-products such 
as fly ash and ground granulated blast-furnace slag are 
considered as a promising alternative to Portland cement, 
which can reduce energy consumption and carbon foot-
print by 40 to 80% (Provis and Van Deventer 2009). In 
recent years, engineered geopolymer composites (EGC) 
have been developed by combining the benefits of geo-
polymers and ECC (Zhong and Zhang 2023). To date, 
different types of precursors have been used to synthesise 
EGC and among them, blended fly ash and slag is in-
creasingly adopted as the resultant composites can 
achieve a good synergy between fresh and hardened 
properties under ambient temperature, which cannot be 
attained by the composites made with either fly ash or 
slag solely (Nematollahi et al. 2017a, 2017b; Zhang et al. 
2020b; Zhong and Zhang 2021; Wang et al. 2022). 

Similar to ECC, hydrophilic polyvinyl alcohol (PVA) 
with oil coating or hydrophobic polyethylene (PE) fibres 
have been frequently used as fibre reinforcement in EGC 
for the desired tensile strength and ductility. Nevertheless, 
their material costs and potential environmental impacts 
whilst manufacturing would lower the sustainability of 
EGC and limit its widespread engineering applications 
(Yu and Leung 2017; Merli et al. 2019; Zhang et al. 
2020a). Previous studies found that about 70 to 80% of 
the total material cost of ECC and EGC comes from PVA 
fibres (Yu and Leung 2017; Zhong and Zhang 2021). The 
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cost of PE fibres is even around 8 times higher as com-
pared with PVA fibres (Li 2008). Hence, an increasing 
number of studies have recently focused on the usage of 
lower cost and more sustainable fibres including recycled 
fibres to develop either ECC or EGC. 

Regarding ECC, most studies have employed recycled 
polyethylene terephthalate (PET) fibres to replace PVA 
fibres (Choi et al. 2012; Lu et al. 2018; Yu et al. 2018), 
revealing that the total material cost and sustainability in-
dicators especially embodied energy were reduced in the 
presence of recycled PET fibres. Nevertheless, the uniax-
ial tensile behaviour of the resultant composites dropped 
with the increasing content of recycled PET fibres. To re-
duce the increasing landfill burden of end-of-life tyres, a 
few studies have explored the feasibility of using recy-
cled tyre fibres such as polymer and steel fibres to par-
tially substitute PVA fibres in EGC. Adopting recycled 
tyre polymer (RTP) fibre at 0.25 to 0.5% (by volume) to 
replace PVA fibre was beneficial to the dynamic mechan-
ical properties of EGC and the material cost and embod-
ied energy dropped by about 35% and 16%, respectively, 
when the RTP fibre substitution content was 1.0% 
(Zhong and Zhang 2021, 2022a, 2022b). Incorporating 
recycled tyre steel (RTS) fibres in EGC also has a great 
potential to improve its overall engineering properties 
along with cost-effectiveness and sustainability as many 
existing studies proved the benefits of RTS fibres in or-
dinary concrete (Liew and Akbar 2020). A previous study 
found that EGC containing RTS fibres had about 26% 
higher compressive strength and 73% lower drying 
shrinkage in comparison with EGC reinforced with 2.0% 
PVA fibre (Wang et al. 2020). Although the flexural 
strength of EGC was not improved when PVA fibres were 
partly substituted with RTS fibres, the crack width after 

flexural loading was narrowed down, which is consistent 
with a previous study (Lao et al. 2022) that the good 
bonding between normal steel fibres and the geopolymer 
matrix resulted in a very fine crack width (10 to 20 μm) 
for the resultant composites. It is worth noting that the 
specimen presenting deflection-hardening behaviour 
may not mean it could exhibit strain-hardening perfor-
mance under uniaxial tension (Li 2019). Hence, it is im-
portant to understand the effect of RTS fibre on the uni-
axial tensile behaviour of EGC to further explore its fea-
sibility in EGC, which has not been addressed yet. In ad-
dition, concrete structures may experience both static and 
dynamic loadings during the service life, implying that it 
is also essential to understand the dynamic mechanical 
properties of EGC containing RTS fibres to promote its 
widespread application. 

The main purpose of this paper is to systematically in-
vestigate the engineering properties of fly ash-slag based 
EGC reinforced with hybrid PVA and RTS fibres under 
ambient curing, with special focus on the uniaxial tensile 
behaviour and dynamic mechanical properties. A series 
of tests were first conducted to measure workability, dry-
ing shrinkage, uniaxial tensile behaviour, and quasi-static 
compressive strength. Afterwards, a split Hopkinson 
pressure bar (SHPB) was employed to explore the effects 
of strain rate and fibre on the dynamic compressive be-
haviour of EGC in terms of failure pattern, stress-strain 
response, dynamic compressive strength, energy absorp-
tion capacity, and dynamic increase factor (DIF). Moreo-
ver, the failure pattern and dynamic splitting tensile 
strength of EGC under various impact velocities were ex-
amined. Based on the obtained experimental data, the un-
derlying mechanisms were discussed in depth. 
 
2. Experimental program 

2.1 Raw materials 
Low calcium fly ash equivalent to Class F fly ash as per 
ASTM C618-17a (ASTM 2017b) and ground granulated 
blast-furnace slag were adopted as the precursors to syn-
thesise EGC, the chemical composition and particle size 
distribution of which are given in Table 1 and Fig. 1, re-
spectively. Micro silica sand with a specific gravity of 
2.66 was used as fine aggregate and its particle size is 
also presented in Fig. 1. The sodium silicate solution with 
a modulus (SiO2/Na2O) of 2.0 was mixed with 10 M so-
dium hydroxide solution to produce the alkaline activator. 
10 M sodium hydroxide solution was obtained by dis-
solving 400 g of sodium hydroxide powders in 1 L of tap 
water. A small amount of polycarboxylate-based super-
plasticiser (SP) was added to improve the workability and 
fibre dispersion of EGC. The solid content of the used SP 
was around 35%. 

Table 1 Chemical compositions (wt.%) of fly ash and slag. 
Oxide SiO2 Al2O3 CaO MgO K2O Fe2O3 TiO2 Na2O SO3 LOI 
Fly ash 57.02 32.35 2.88 0.58 2.07 3.01 1.26 0.03 0.41 0.39 

Slag 31.85 17.31 41.20 6.13 0.33 0.34 0.62 0.03 1.78 0.41 

 
Fig. 1 Particle size distribution of fly ash, slag, and silica
sand. 
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In this study, the geopolymer matrix was either rein-
forced with PVA fibres or the combination of PVA and 
RTS fibres, the main properties and physical appearance 
of which are illustrated in Table 2 and Fig. 2, respectively. 
PVA fibres with 1.2 wt.% oil coating were supplied by 
Kuraray Co., Ltd., Japan. It should be noted that the as-
received RTS fibres had lengths ranging from 2 mm to 27 
mm, which need to be screened to avoid the adverse ef-
fect on the fresh and hardened properties of the resultant 
composites. It was reported that the strength of steel fibre 
reinforced cementitious composites was lower when the 
length of the incorporated RTS fibres was mostly less 
than 9 mm (Isa et al. 2020). In addition, the preliminary 
results from a previous study (Zhong et al. 2023) indi-
cated that the mixture containing RTS fibres with length 
between 9 mm and 16 mm can exhibit better quasi-static 
compressive, flexural and tensile strengths compared to 
mixes containing RTS fibres with other length ranges (4 
to 9 mm and 16 to 24 mm). It should be noted that the 
adopted RTS fibres in this study were the same as those 
in this previous study. Thus, RTS fibres with a length 
range of 9 to 16 mm and an average length of around 12.8 
mm were used in this study (see Fig. 2). 
 
2.2 Mix proportions 
Table 3 lists the mix proportions of EGC studied herein, 
where the fly ash/slag ratio, activator/binder ratio, and 
sand/binder ratio were kept constant as 4.0, 0.45, and 0.2, 
respectively (Wang et al. 2022). The dosage of SP was 
set as 1.0% of the total binder mass for all mixtures. For 
the meaning of mix ID, ‘P1.5’ denotes the mix with 1.5% 

PVA fibre while P1.75R0.25 stands for the mixture con-
taining 1.75% PVA fibre and 0.25% RTS fibre. 
 
2.3 Specimen preparation 
All EGC mixtures here were prepared using a Hobart 
mixer under an ambient temperature. The adopted mixing 
procedure was consistent with that employed in a previ-
ous study (Wang et al. 2022). Firstly, a homogenous dry 
mix was attained by adding fly ash, slag and silica sand 
into the mixer and mixing for 1.5 min. Subsequently, the 
alkaline activator was slowly added into the dry mix and 
mixed for around 3 min. Afterwards, SP was added and 
mixed for another 1 min. PVA fibres were then evenly 
incorporated into the wet mix, followed by the slow and 
careful addition of RTS fibres (if any). Once all fibres 
were well dispersed in the mixture, the whole mixture 
was mixed for another 1 min. The total mixing time lasted 
for around 10 min. After that, the fresh EGC was imme-
diately poured into the moulds with sufficient vibration 
to remove the air bubbles. All samples were de-moulded 
after 24 h and then cured in a standard room with temper-
ature of 20±2°C and relative humidity of 95% until 28 d 
(except for samples prepared for drying shrinkage tests). 
 
2.4 Testing methods 
2.4.1 Workability test 
As per ASTM C1437-15 (ASTM 2015), the flow table 
test was carried out to measure the spread diameters of 
fresh EGC mixtures in two directions. The flow of each 
mixture can be calculated as: 

0

0

Flow 100%D D

D


   (1) 

where D   is the average spread diameter of the fresh 
EGC and 0D  represents the bottom diameter of the flow 
table mould (100 mm). 
 
2.4.2 Drying shrinkage test 
The drying shrinkage test was performed according to 
ASTM C490-17 (ASTM 2017a). The samples were cast 
into 50×50×280 mm prismatic moulds when the mixing 

Table 2 Properties of PVA and RTS fibres. 
Fibre 
type 

Length 
(mm) 

Diameter  
(μm) 

Density  
(g/cm3) 

Tensile strength  
(MPa) 

Elastic modulus  
(GPa) 

PVA 12 40 1.3 1600 41 
RTS 12.8* 220 7.8 2165 200 

*Average length. 

 
Fig. 2 Physical appearance of PVA and RTS fibres. 

Table 3 Mix proportions of EGC. 

Mix ID Binder Activator/binder Sand/binder SP/binder PVA 
(vol%) 

RTS 
(vol%) Fly ash Slag 

P1.5 0.8 0.2 0.45 0.2 0.01 1.5 0 
P2 0.8 0.2 0.45 0.2 0.01 2.0 0 

P1.75R0.25 0.8 0.2 0.45 0.2 0.01 1.75 0.25 
P1.5R0.5 0.8 0.2 0.45 0.2 0.01 1.5 0.5 
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procedure ended. The first comparator reading was rec-
orded for each mix immediately after the de-moulding 
and all specimens were then placed in an environment 
with temperature of 20±2°C and relative humidity of 
60±5%. The subsequent comparator readings at various 
ages were recorded and compared with the initial reading 
to determine the drying shrinkage. 
 
2.4.3 Quai-static uniaxial tension test 
Dog-bone shaped specimens with a cross-sectional area 
of 13×30 mm and a total length of 330 mm were fabri-
cated for uniaxial tensile tests (JSCE 2008), as illustrated 
in Fig. 3(a). All dog-bone shaped samples were inserted 
into a testing mould as in Fig. 3(b) and a uniaxial tensile 
load was applied at a constant loading rate of 0.5 mm/min. 
Two linear displacement transducers (LVDTs) were in-
stalled around the gauge part of the test specimen to 
measure the tensile deformation whilst testing. The ten-
sile strain was calculated by dividing the tensile defor-
mation by the gauge length of the sample (80 mm). 
 
2.4.4 Quasi-static compression test 
According to ASTM C109/C109M-20b (ASTM 2020), 
the quasi-static compressive strength test was conducted 
on cubic EGC samples (50×50×50 mm) using a universal 
testing machine. The constant loading rate of 1200 N/s 
was employed for all test samples. 

2.4.5 Split Hopkinson pressure bar test 
The dynamic compressive behaviour of EGC was inves-
tigated using a 100-mm diameter SHPB testing apparatus, 
as shown in Fig. 4. The details of this SHPB testing sys-
tem can be found in previous studies (Chen et al. 2019; 
Zhong and Zhang 2022b). EGC specimens were cast into 
ø100×50 mm cylindrical moulds and adopting this sam-
ple size can reduce the axial inertia effect during the im-
pact loading (Bertholf and Karnes 1975; Khan et al. 
2018). All test samples were sandwiched between the in-
cident bar and the transmission bar, and the loading sur-
faces of the samples were covered by some grease to mit-
igate the end friction effect. The impact velocity can be 
adjusted by either varying the depth of the striker or al-
tering the pressure level. In this study, the employed im-
pact velocities were about 6 ms-1, 8 ms-1 and 10 ms-1, 
which were selected to study the dynamic mechanical 
properties of EGC from slight damage to severe fragmen-
tation corresponding to different loading conditions in the 
real world. When the striker impacted the incident bar, 
three pulses ( i , r  and t ) were generated and then col-
lected by the strain gauges mounted on the incident and 
transmission bars. According to one-dimensional elastic 
stress wave theory, the history of compressive stress 

 dc t , compressive strain dc , and strain rate  t  can 
be determined as follows (Chen and Song 2011): 
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where 1E , 1A  and 1C  are the elastic modulus, cross-sec-
tional area and wave propagation velocity of the bar, re-
spectively, and 2A  and 2l  denote the cross-sectional area 
and length of the EGC sample, respectively. 

The dynamic splitting tensile strength ( dtf  ) of EGC 
under various impact velocities was also characterised 
using the SHPB apparatus (Khan et al. 2019; Lai et al. 
2022), which can be calculated as: 

 
Fig. 3 Schematic illustration of (a) dog-bone shaped sam-
ple, and (b) setup for uniaxial tensile test. 

 
Fig. 4 Schematic diagram of SHPB testing apparatus (Zhong and Zhang 2022b). 
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2 2

2 dt
dt

F
f

D l
  (3) 

where dtF  is the splitting tensile force acting on the EGC 
specimen which can be derived from Eq. (2), and 2D  
stand for the diameter of the test sample. 
 
3. Results and discussion 

3.1 Workability 
Figure 5 shows the flow values of all EGC mixtures with 
various fibre dosages. A large flow value indicates better 
workability, allowing easier casting and compaction. In-
creasing either PVA or RTS fibre content reduced the 
flow value of EGC due to the increased interaction be-
tween fibres and fibres and the matrix and the decreased 
packing density (Ranjbar and Zhang 2020). As compared 
with P2, the flow values of EGC containing RTS fibres 
were 2.50% and 4.76% lower, consistent with a previous 
study (Wang et al. 2020). Different from the effect of 
mono-fibre reinforcement on the workability of compo-
sites, the mutual effect between hybrid fibres can affect 
the flowability of the matrix by restricting each other’s 
rotation (Yu et al. 2014). RTS fibres with ununiform 
lengths and deformed shapes can increase the possibility 
of inducing a congested fibre network and thereby, reduc-
ing the overall flowability. However, the smaller aspect 
ratio (mostly 65) of RTS fibres can compensate for the 
workability loss mentioned above. Thus, the observed re-
ductions here caused by the presence of RTS fibres were 
insignificant and were much lower than those induced by 
the addition of as-received RTS fibres (around 22% and 
40% under the same replacement levels) (Wang et al. 
2020). A similar finding was reported that utilising steel 
fibres with lower aspect ratios (72) to replace PE fibres 
with larger aspect ratios (765) improved the overall 
workability of EGC (Alrefaei and Dai 2018). 
 

3.2 Drying shrinkage 
The drying shrinkage of EGC can be induced by the 
evaporation of capillary water from the internal environ-
ment with a higher relative humidity to the external con-
dition with a lower relative humidity (Yang et al. 2017). 
Figure 6 depicts the effects of PVA and RTS fibre con-
tents on the drying shrinkage of EGC, indicating that re-
gardless of reinforcing fibre, the drying shrinkage of all 
mixtures evolved very rapidly at early ages and after 
which, the development rate was gradually reduced. The 
drying shrinkage of EGC with only PVA fibres became 
stable after about 10 d, while that of EGC containing hy-
brid PVA and RTS fibres flattened after 4 d. As the curing 
age increases, the internal microstructure of EGC is re-
fined as a result of the continued chemical reactions, 
which intensifies the interaction between fibres and the 
matrix and therefore slows down the development of dry-
ing shrinkage. The deformed shape of RTS fibres can im-
prove the bonding with the matrix by providing addi-
tional mechanical anchorage (Gong et al. 2022). There-
fore, the drying shrinkage of EGC containing RTS fibres 
was considerably lower than that of PVA fibre reinforced 
EGC at various testing ages. For instance, the 28-d drying 
shrinkage of P1.75R0.25 and P1.5R0.5 was 58.37% and 
65.61% respectively lower than that of P2. Previous stud-
ies also reported that the use of RTS fibres can lower the 
drying shrinkage of cementitious composites (Al-Mu-
sawi et al. 2019; Zhong and Zhang 2020). The higher 
strength and elastic modulus of RTS fibres also contrib-
uted to limiting the drying shrinkage of EGC. Combining 
PVA fibres with a suitable content of RTS fibres can cre-
ate a synergistic effect to control the shrinkage-induced 
cracking, where short RTS fibres can effectively bridge 
the micro-cracks while PVA and long RTS fibres can con-
trol the macro-cracks. Increasing the PVA fibre dosage 
from 1.5% to 2.0% did not enhance the drying shrinkage 
of EGC, which can be attributed to the increased porosity 
(Zhong and Zhang 2021; Wang et al. 2022). It is worth 
noting that internal moisture can be lost more easily in 

 
Fig. 5 Effects of PVA and RTS fibres on flowability of fresh
EGC. 

 
Fig. 6 Effects of PVA and RTS fibres on drying shrinkage 
of EGC. 
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the presence of more pore networks, increasing the dry-
ing shrinkage (Afroughsabet and Teng 2020). 
 
3.3 Uniaxial tensile behaviour 
3.3.1 Tensile stress-strain response and failure pat-
tern 
The tensile stress-strain curves of all mixtures are pre-
sented in Fig. 7. For P1.75R0.25 and P1.5R0.5, only two 
curves were presented as the tensile failures of the third 
specimens did not occur within their gauge regions. Sim-
ilar to other ECC and EGC specimens, the tensile stress-
strain curves of all mixtures can be divided into two dis-
tinct parts, including a linear elastic region and a strain-
hardening region. These curves were consistent with their 
failure patterns shown in Fig. 8, where multiple cracking 
features can be observed. The tensile stress-strain curves 
and failure patterns of P1.5, P2 and P1.75R0.25 were 
similar, while the strain-hardening region of P1.5R0.5 
was the shortest along with the least number of cracks. 
The effect of RTS fibre on the uniaxial tensile perfor-
mance of EGC will be further assessed by discussing the 
quantitative results in the next section. 
 
3.3.2 Tensile properties 
Table 4 summarizes the results of first cracking strength, 
tensile strength, tensile strain capacity, strain energy den-
sity and average crack width for all mixtures. It should be 
noted that the strain energy density is the strain energy 
per unit volume of EGC during the linear elastic and 
strain-hardening regions and was derived by integrating 
the tensile stress-strain curve up to the highest point of 

tensile stress (Xu et al. 2022; Yoo and Banthia 2022). A 
portable digital microscope was used to measure the 
crack width of EGC immediately after the tensile failure. 

The first cracking strength of EGC went up with the 
increasing PVA fibre content but dropped as the RTS fi-
bre replacement dosage increased. The first cracking 
strength of EGC is influenced by the matrix fracture 
toughness and internal pore structure as well as fibre 
bridging behaviour if the initial flaws are bridged by the 
fibres (Li 2019). P2 had the highest first cracking strength 
of 2.69 MPa, which can be ascribed to the stronger fibre 
bridging effect before the appearance of the first visible 
crack induced by the uniaxial tensile loading. A similar 
finding was also reported by previous studies (Ohno and 
Li 2018; Zhong and Zhang 2021) that the first cracking 
strengths of EGC with various PVA fibre contents were 
different when the same matrix component was em-
ployed. 

Raising the PVA fibre dosage from 1.5% to 2.0% 
slightly improved the tensile strength of EGC while the 
tensile strain capacity dropped by 4.85%, consistent with 
that reported by Ohno and Li (2018) that the tensile strain 
capacity of EGC was reduced from 4.7% to 4.4% when 
the PVA fibre content changed from 1.5% to 2.0%. At the 
cracking plane, fibres aligning parallel to the loading di-
rection with lower inclination angles can play a more ef-
fective bridging role. Some typical fibre orientations are 
illustrated in Fig. 9(a). Fibre-1 and fibre-2 can better 
bridge the crack induced by the uniaxial tensile loading, 
while fibre-3 could not offer any restraining effect as its 
inclination angle is 90°. The in-situ strength of PVA fi-
bres would be weakened when their inclination angles are 

 
Fig. 7 Tensile stress-strain curves of all EGC mixtures. 

 
Fig. 8 Failure patterns of all EGC mixes after uniaxial ten-
sion. 

Table 4 Uniaxial tensile properties of all mixtures. 

Mix ID Fist cracking 
strength (MPa) 

Tensile strength 
(MPa) 

Tensile strain  
capacity (%) 

Strain energy  
density (kJm-3) 

Average crack 
width (µm) 

P1.5 1.83 (0.05) 4.37 (0.47) 5.15 (0.51) 161.93 (19.22) 111.35 
P2 2.69 (0.11) 4.47 (0.27) 4.90 (0.23) 172.15 (11.77) 85.39 

P1.75R0.25 2.58 (0.24) 4.70 (0.57) 4.92 (0.08) 163.38 (14.18) 78.72 
P1.5R0.5 2.14 (0.16) 3.03 (0.01) 4.33 (0.24) 106.62 (3.93) 72.17 

Note: The values in parentheses are standard deviations. 
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too large (over 45°), rupturing more easily and thereby 
diminishing the overall bridging capacity (Li 2019; Li et 
al. 2021). In addition, the centroidal distance of the in-
clined fibres can also influence the overall fibre bridging 
capacity of the composites (Li 2019). As displayed in Fig. 
9(b), fibre-5 can still offer the bridging effect while fibre-
4 is not counted as the bridging fibre at the cracking plane 

due to its large centroidal distance [  cos
2
fl


 

  
 

 ],  

where fl  is the fibre length and   is the inclination an-
gle). These suggest that both fibre distribution and fibre 
orientation play a critical role in the uniaxial tensile be-
haviour of EGC. Nevertheless, the tensile performance of 
P2 was more stable than that of P1.5 given that the coef-
ficient of variations of the tensile strength (6% against 
11%) and tensile strain capacity (5% against 10%) were 
lower. Besides, the strain energy density of P2 was 6.3% 
greater than that of P1.5, indicating its better strain-hard-
ening performance. The smaller residual crack width of 
P2, as compared with P1.5, revealed its stronger crack-
controlling ability. 

Replacing 0.25% PVA fibre with RTS fibre led to a 
5.15% improvement in tensile strength and a comparable 
tensile strain capacity for EGC as compared to P2, which 
can be related mainly to the improved fibre-matrix bond-
ing and high mechanical properties of RTS fibres. This 
can be supported by a previous study (Alrefaei and Dai 
2018) that the tensile strength of fly ash-slag based EGC 
with 2.0% steel fibre was 10.84% better than that with 
2.0% PE fibre due to the larger tensile strength of steel 
fibres against PE fibres. The unimproved tensile ductility 
can be linked to the reduced fibre bridging capacity as a 

result of the lower number of RTS fibres inside EGC 
compared to that of PVA fibres under the same incorpo-
rated fibre content. Due to the smaller diameter of PVA 
fibres, more PVA fibres can appear across a certain area 
within EGC, which increases the possibility of arising ef-
fective fibres at the crack interface and avoids the tensile 
failure localisation prior to the formation of a new crack, 
as illustrated in Fig. 10(a). Thus, the tensile properties 
including tensile strength, tensile strain capacity and 
strain energy density were further weakened when more 
RTS fibres were employed to replace PVA fibres 
(P1.5R0.5). The crack widths of P1.75R0.25 and 
P1.5R0.5 were 7.81% and 15.48% smaller than that of P2, 
which can be attributed to the better RTS fibre-matrix in-
teraction, as discussed above. The synergistic effect of 
RTS and PVA fibres in restraining the crack width of 
EGC can be observed in Fig. 10(b), This agrees well with 
a previous study (Wang et al. 2020) that the average crack 
widths of EGC containing RTS fibres after four-point 
bending tests were 63 to 73% smaller than that of EGC 
incorporating 2.0% PVA fibre. 
 
3.4 Quasi-static compressive strength 
Figure 11 presents the effect of PVA and RTS fibre con-
tent on the quasi-static compressive strength of EGC. The 
compressive strength of P2 was 13.54% lower than that 
of P1.5 due to the lower compactness of the composite 
induced by the low elastic modulus of PVA fibres. More 
air voids can be introduced into the mixture after the ad-
dition of more PVA fibres, which would lead to a higher 
degree of compressibility (Ranjbar and Zhang 2020). By 
contrast, adding RTS fibres was beneficial to the quasi-

 
Fig. 9 Schematic illustration of fibre conditions at the cracking planes, based on (Li 2019; Ding et al. 2020). 

 
Fig. 10 Fibre status across the fracture surface of EGC. 
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static compressive strength of EGC. The compressive 
strengths of P1.75R0.25 and P1.5R0.5 were 8.04% and 
30.72% higher than that of P2. This can be ascribed to the 
higher strength and elastic modulus of RTS fibres, better 
bonding between RTS fibres and the matrix, and syner-
gistic effect of different fibres in restraining the cracks. 
The enhancement in compressive strength caused by the 
incorporation of 0.5% RTS fibre here was greater than 
that induced by the same volume fraction of unscreened 

RTS fibres (Wang et al. 2020). This is because the unu-
niform lengths and irregular shapes of as-received RTS 
fibres can lead to inconsistent performance in limiting the 
cracks. The ultimate compressive strength of EGC with 
RTS fibres could be weakened if RTS fibres are poorly 
distributed. 

The typical compressive failure modes of all mixtures 
are illustrated in Fig. 12. No major difference can be ob-
served for the failure patterns of all mixes. Unlike the 
brittle failure of plain geopolymers, all EGC mixtures 
maintained their integrity along with some visible cracks 
presenting on the surfaces. 
 
3.5 Dynamic compressive behaviour 
3.5.1 Failure pattern 
The dynamic compressive failure patterns of all mixtures 
under various strain rates are demonstrated in Fig. 13, in-
dicating that the damage degree of all specimens was sen-
sitive to strain rate. The resulted strain rates caused by 
impact velocities of 6 ms-1, 8 ms-1 and 10 ms-1 were in 
ranges of 40 to 60 s-1, 80 to 130 s-1 and 130 to 180 s-1, 
respectively. The failure modes can be distinguished into 
three types including slight edge cracking failure, split-
ting cracking failure and fragmentation failure. When the 
strain rate was below 126.6 s-1, all EGC specimens can 
still maintain intact while after which, all mixes were dis-
integrated into several irregular broken fragments. At a 
lower strain rate, the impact energy was consumed by the 

 
Fig. 11 Effects of PVA and RTS fibres on quasi-static com-
pressive strength of EGC. 

 
Fig. 12 Failure modes of EGC mixtures after quasi-static compression. 

 
Fig. 13 Typical dynamic compressive failure patterns of all EGC mixtures. 
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crack propagation from the edge of the test specimen to-
wards its core area. Meanwhile, the fibre bridging behav-
iour can significantly restrain the generated cracks, re-
taining the shape of the sample. As the strain rate rises, 
the impact energy and crack velocity go up simultane-
ously, generating more cracks to consume the energy be-
fore the crack development (Yu et al. 2021). The fibre 
bridging efficiency would be weakened due to the larger 
crack size and most fibres were either pulled out (com-
pletely or partly) or ruptured. Only a few fibres can 
bridge the broken pieces. 

Changing the PVA fibre content did not lead to obvious 
changes in the failure patterns of EGC at various strain 
rates. As indicated in a previous study (Xiao et al. 2021), 
the damage degree of fly ash-slag based geopolymer 
composites with 1.2% PVA fibre was more serious than 
that containing 0.6% PVA fibre, while a different conclu-
sion was reported in another study (Zhong and Zhang 
2022b) that increasing the PVA fibre content from 1.0% 
to 2.0% reduced the dynamic compressive damage level 
of EGC. Like static mechanical properties, fibre distribu-
tion and fibre orientation can affect the dynamic failure 
pattern of EGC substantially, where fibres aligned per-

pendicular to the loading direction would be more effec-
tive in restraining the cracks caused by the dynamic com-
pression. The failure patterns of EGC containing RTS fi-
bres were similar to that of P2 when the strain rate was 
lower than 126.6 s-1. At a higher strain rate, the presence 
of RTS fibres mitigated the damage of test specimens, 
where the fragment sizes were larger compared to that of 
P2, which can be associated with the stronger bridging 
effect of RTS fibres when facing a larger size of the crack 
and the crack-controlling synergy created by hybrid PVA 
and RTS fibres. Additionally, the bridging capacity of 
PVA fibres could be weakened at a high strain rate due to 
their extraordinary interface bonding with the matrix 
(Boshoff et al. 2009; Yang and Li 2014; Curosu et al. 
2016; Farooq et al. 2022), which may lower the re-
sistance of EGC to dynamic compressive cracking. 
 
3.5.2 Stress-strain response 
Figure 14 depicts the dynamic compressive stress-strain 
curves of all mixes under various strain rates. Under dy-
namic compression, EGC specimens experienced elastic 
deformations in the initial stage and after reaching the 
elastic limit, the cracks inside the samples were initiated 
and propagated with the rising strain, which cause a non-

 
Fig. 14 Dynamic compressive stress-strain curves of (a) P1.5, (b) P2, (c) P1.75R0.25, and (d) P1.5R0.5. 
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linear stress-strain behaviour. The strain increment rate 
can be limited by the bridging fibres. When exceeding the 
peak stress, the induced cracks would be further propa-
gated and expanded. The bridging fibres crossing these 
cracks were either pulled out or ruptured during the slid-
ing/slippage process. As discussed in Section 3.5.1, the 
crack velocity tends to be higher at a larger strain rate. 
This can be evidenced here that the slope of the curve up 
to the peak stress went up with the strain rate, correspond-
ing to faster rates of crack initiation and development. 
Similar to other fibre reinforced geopolymer composites 
(Khan et al. 2018; Xiao et al. 2021) and mono-PVA fibre 
reinforced EGC (Zhong and Zhang 2022b), the dynamic 
compressive strength (peak stress) of all mixtures was 
strain-rate dependent. For instance, the dynamic com-
pressive strength of P1.75R0.25 was improved by 
11.49% and 49.42% when the strain rate changed from 
54.03% to 107 s-1 and 181.6 s-1, respectively. This can be 
ascribed mainly to the Stefan effect, cracking propaga-
tion effect and some structural effects (Lai and Sun 2009; 
Hao et al. 2013; Ren et al. 2015). The structural factors 
including lateral inertia and end friction effects may not 
be the dominant reasons here because of the selected 
specimen size, considered test strain rate range, and the 
use of grease before the test (Bertholf and Karnes 1975; 
Zhang et al. 2009; Khan et al. 2018). The peak strain 
(strain at the peak stress) of EGC was mostly greater at a 
higher strain rate as the increasing number of cracks can 
result in a larger specimen deformation. 
 
3.5.3 Dynamic compressive strength 
Figure 15 presents the dynamic compressive strength 
and energy absorption capacity of EGC under different 
strain rates. Like quasi-static compressive strength, the 
dynamic compressive strength of P2 was lower than that 
of P1.5 at all test strain rates. As mentioned earlier, the 
weakened workability could lead to poor fibre dispersion 
and high porosity for P2, limiting the fibre bridging be-
haviour and the generation of new cracks. The poor fibre 

dispersion would not be favourable for inducing the ef-
fective fibre orientation and thereby, the overall fibre 
bridging capacity would be impaired. P1.5 with better fi-
bre distribution and orientation can effectively reduce the 
dynamic deformation of EGC, improving the dynamic 
compressive strength. As seen in Figs. 14(a) and 14(b), 
the peak strain of P1.5 was smaller than that of P2 within 
the strain rate range of 80.08 to 143.3 s-1. The properties 
and interfacial bonding properties of PVA fibres were re-
ported to be sensitive to the strain rate as well, where 
around 55% and 64% increments in tensile and bond 
strengths were observed for PVA fibres when the loading 
rate increased from 0.005 mms-1 to 50 mms-1 (Curosu et 
al. 2016). These would induce more pulled out PVA fi-
bres, which absorb more energy and therefore enhance 
the dynamic compressive strength. Nevertheless, the 
probability of fibre rupture in ECC was found to go up 
with the rising loading rate (Boshoff et al. 2009) and the 
chemical bonding of ECC with PVA fibres at the testing 
speed of 10 mms-1 was approximately 5 times higher than 
that at 10-3 mms-1. The superior chemical bonding could 
result in fibre rupture before the pull-out process, impair-
ing the fibre bridging effect considerably. Hence, the dy-
namic compressive strength of EGC was not enhanced 
with the increase of PVA fibre dosage. 

Owing to the insignificant strain rate sensitivity of 
steel fibres (Su et al. 2016; Nieuwoudt and Boshoff 2017), 
the presence of RTS fibres in EGC can compensate for 
the loss of bridging capacity caused by ruptured PVA fi-
bres, especially at a larger strain rate. Although RTS fi-
bres are also hydrophilic, the appropriate fibre-matrix 
bonding along with the additional anchorage is condu-
cive to inducing fibre pull-out instead of fibre rupture, 
bridging the cracks effectively. When the strain rate was 
between 133.8 s-1 and 181.6 s-1, the dynamic compressive 
strength of P1.75R0.25 was 10.63% higher than that of 
P2. However, P1.5 still outperformed hybrid PVA-RTS 
fibre reinforced EGC because of its better internal struc-
ture with lower porosity and superior fibre dispersion. 

 
Fig. 15 Effects of strain rate and fibre on (a) dynamic compressive strength, and (b) energy absorption capacity of EGC. 
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As seen in Fig. 15(b), the changing tendency of energy 
absorption capacity with the strain rate was similar to that 
of dynamic compressive strength. For plain concrete, its 
energy absorption only comes from the generation and 
propagation of cracks while for EGC, additional energy 
is needed to pull out or rupture the incorporated fibres to 
finally fracture the whole composites. At the strain rate 
of 42.59 to 58.14 s-1, the energy absorption capacity of all 
mixtures was comparable, and the calculated energy ab-
sorption could be underestimated as the specimens within 
this strain rate range were not completely fractured (see 
Fig. 13) (Khan et al. 2018). At higher strain rates, raising 
the PVA fibre content was still not beneficial to the en-
ergy absorption capacity of EGC. By contrast, replacing 
PVA fibres with RTS fibres improved the energy absorp-
tion capacity of EGC considerably. For instance, the ab-
sorbed energy of P1.75R0.25 and P1.5R0.5 was about 29 
to 39% and 27 to 33% respectively greater than that of P2 
when the strain rate was within 80.08 s-1 and 181.6 s-1. 
This was primarily related to the reduced number of rup-
tured PVA fibres. It is worth noting that the energy ab-
sorption capacity of P1.75R0.25 was even better than 
P1.5 at the strain rate of 133.8 to 181.6 s-1. 

DIF was calculated by dividing the dynamic compres-
sive strength by the quasi-static compressive strength, the 
results of which are demonstrated in Fig. 16(a). The 
changing tendency of DIF with the strain rate and fibre 
was similar to that of dynamic compressive strength. The 
increase rate of DIF for mono-PVA fibre reinforced EGC 
(24 to 53%) was greater than that for hybrid PVA-RTS 
fibre reinforced EGC (6 to 49%), which can be mainly 
associated with the lower strain rate sensitivity of steel 
fibres as compared with PVA fibres. The DIF results here 
were also used to compare with the existing DIF models 
for normal concrete, as displayed in Fig. 16(b). The fib 
Model Code for Concrete Structures (fib 2013) and CEB-
FIP Model Code 1990 (CEB-FIP 1993) are two reliable 
models to predict the DIF of normal-strength concrete, as 
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130s   is considered as the transition strain rate and 

over which, the DIF rises dramatically with the increas-
ing strain rate. As the strain rate went up, the DIF results 
of mono-PVA fibre reinforced EGC approached the CEB-
FIP model while those of EGC with hybrid fibres devi-
ated significantly from both fib and CEB-FIP models. 
The transition strain rates for hybrid fibre reinforced 
EGC were greater than those for mono-fibre reinforced 
EGC. In comparison with the DIF results obtained from 
the existing literature (Khan et al. 2018; Xiao et al. 2021; 
Zhong and Zhang 2022b), the DIF values here were com-
parable at a strain rate of lower than 100 s-1 but those of 
EGC containing RTS fibres were smaller when the strain 
rate was higher than 100 s-1. In addition, the DIF of hy-
brid steel-PE fibre reinforced geopolymer composites 

 
Fig. 16 DIF of all EGC mixtures: (a) effects of strain rate and fibre, and (b) comparison with predictions by existing mod-
els and literature (CEB-FIP 1993; fib 2013; Khan et al. 2018; Xiao et al. 2021; Zhong and Zhang 2022b). 
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was generally lower than that of mono-PVA fibre rein-
forced EGC, consistent with our previous discussion. The 
discrepancies observed here can be ascribed to the differ-
ent macroscopic properties and microstructure between 
disparate mixes. 
 
3.6 Dynamic splitting tensile behaviour 
3.6.1 Failure pattern 
Figure 17 displays the typical failure modes of EGC after 
dynamic splitting tension, indicating that all tests were 
valid as the major cracks passed through the central por-
tions of test specimens. Like the strain rate effect on the 
dynamic compressive failure mode of EGC, increasing 
the impact velocity intensified the damage on the sample 
along with a larger crack width. At the impact velocity of 
6 ms-1, the major splitting cracks were still connected by 
the bridging fibres while most mixtures disintegrated into 
two parts when the impact velocity reached 8 ms-1. Under 

this impact velocity, only P1.5R0.5 was not split into two 
parts and many derivative cracks can be observed along 
the major crack, implying its superior ductility. The 
strong bridging effect of RTS fibres can disperse the split-
ting stress to the surrounding areas, generating additional 
cracks. At the highest impact velocity (10 ms-1), all mix-
tures presented pronounced triangular damage near the 
loading ends, which can be induced by the increased 
stress concentration near the two ends. Similar phenom-
ena were also captured in previous studies (Khan et al. 
2019; Zhong and Zhang 2022a) and increasing the fibre 
dosage did not effectively mitigate such damage. Some 
studies pre-treated the loading surfaces of the test sample 
before the dynamic splitting tension while the triangular 
damage failure can still be observed (Feng et al. 2018; 
Chen et al. 2020). However, the triangular damage near 
two loading ends was lessened when 0.5% PVA fibre was 
replaced with RTS fibre [see Fig. 17(d)]. 
 
3.6.2 Dynamic splitting tensile strength 
Figure 18 illustrates the effects of impact velocity and 
fibre content on the dynamic splitting tensile strength of 
EGC. The dynamic splitting tensile strength of all mix-
tures exhibited a strong sensitivity to the impact velocity 
and the causing reasons are similar to those explained for 
dynamic compressive strength. Different from dynamic 
compression, only one major crack was induced by the 
dynamic splitting tension and the effective fibre bridging 
action across the cracking interface can substantially en-
hance the ultimate strength of EGC. In addition, the dy-
namic splitting tensile strength of P2 was 2.38 to 19.43% 
greater than that of P1.5 under various impact velocities 
due to the presence of more PVA fibres along the major 
cracks. Under dynamic compression, the fibre distribu-
tion and orientation inside the whole specimen are essen-
tial as cracks are generated randomly and simultaneously 
while for dynamic splitting tension, only the fibres near 
the major crack can play a critical role. At the impact ve-
locity of 6 ms-1 and 10 ms-1, the dynamic splitting 
strengths of P1.75R0.25 and P1.5R0.5 were 11.72 to 

 
Fig. 17 Typical dynamic splitting failure patterns of all EGC mixtures. 

Fig. 18 Effects of impact velocity and fibre on dynamic
splitting tensile strength of EGC. 
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12.12% and 17.21 to 20.04% higher than that of P2, re-
spectively, which can be attributed mainly to those men-
tioned previously in Section 3.5.3. However, an opposite 
trend can be identified at the impact velocity of 8 ms-1 
that increasing the RTS fibre content led to a reduced dy-
namic splitting tensile strength for EGC. This could be 
related to the inconsistent behaviour of each RTS fibre as 
some fibres could be damaged during the recycling pro-
cess, resulting in an unstable performance for the result-
ant composites (Skarżyński and Suchorzewski 2018; 
Zhong and Zhang 2020). Future studies are required to 
explore the effect of more impact velocities on the dy-
namic splitting tensile behaviour of EGC to better under-
stand the inconsistency observed in this study. 
 
4. Conclusions 

This paper presents a systematic experimental study on 
the effects of polyvinyl alcohol (PVA) and recycled tyre 
steel (RTS) fibres on the static and dynamic mechanical 
properties of ambient-cured fly ash-slag based engi-
neered geopolymer composites (EGC). Based on the re-
sults obtained, the main conclusions can be drawn as fol-
lows: 
(1) The workability of EGC was slightly weakened with 

the increasing PVA and RTS fibre dosages. Raising 
the PVA fibre content from 1.5% to 2.0% impaired 
the drying shrinkage resistance of EGC due to the 
increased porosity, while the 28-d drying shrinkage 
of EGC with 0.25% RTS fibre and 0.5% RTS fibre 
was 58.37% and 65.61% respectively lower than 
that of EGC containing 2.0% PVA fibre. 

(2) All EGC mixes existed obvious strain-hardening 
and multiple cracking features. The uniaxial tensile 
properties of EGC were not significantly improved 
by increasing the PVA fibre content. Replacing 
0.25% PVA fibre with RTS fibre slightly enhanced 
the tensile strength of EGC but further incorporation 
of RTS fibre to 0.5% weakened the tensile properties 
of EGC. The quasi-static compressive strength of 
EGC went up by 31% when 0.5% PVA fibre was re-
placed with RTS fibre. 

(3) Regardless of reinforcing fibre type, the dynamic 
compressive properties including dynamic compres-
sive strength, peak strain, dynamic increase factor 
and energy absorption capacity of EGC were 
strongly sensitive to strain rate. EGC with 1.5% 
PVA fibre outperformed EGC containing 2.0% PVA 
fibre because of the better microstructure and supe-
rior fibre distribution. The insignificant strain rate 
sensitivity of RTS fibres and their higher mechani-
cal properties compared to PVA fibres contributed to 
enhancing the dynamic compressive properties and 
reducing the damage of EGC. 

(4) The dynamic splitting tensile strength of EGC can 
be improved by rising the PVA fibre dosage or sub-
stituting PVA fibres with RTS fibres. The dynamic 
splitting tensile strength of EGC with hybrid PVA 

and RTS fibres was about 12 to 20% greater than 
that of mono-PVA fibre reinforced EGC. 

(5) This study reveals that employing 0.25 to 0.5% RTS 
fibre to replace PVA fibre can improve the drying 
shrinkage resistance and static and dynamic com-
pressive properties of EGC while maintaining ac-
ceptable uniaxial tensile behaviour. Towards practi-
cal applications of such sustainable composites, the 
effect of RTS fibre on durability under different 
loading conditions needs to be explored. 
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