Journal Pre-proof CERAMICS

INTERNATIONAL

Effect of recycled polymer fibre on dynamic compressive behaviour of engineered
geopolymer composites

Hui Zhong, Mingzhong Zhang

PII: S0272-8842(22)01576-0
DOI: https://doi.org/10.1016/j.ceramint.2022.05.023
Reference: CERI 32633

To appearin:  Ceramics International

Received Date: 18 March 2022
Revised Date: 24 April 2022
Accepted Date: 2 May 2022

Please cite this article as: H. Zhong, M. Zhang, Effect of recycled polymer fibre on dynamic compressive
behaviour of engineered geopolymer composites, Ceramics International (2022), doi: https://
doi.org/10.1016/j.ceramint.2022.05.023.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2022 Published by Elsevier Ltd.


https://doi.org/10.1016/j.ceramint.2022.05.023
https://doi.org/10.1016/j.ceramint.2022.05.023
https://doi.org/10.1016/j.ceramint.2022.05.023

© 00 N O o A W DN

W W W W N NN DN DN DD DNDDDDDDDDDNN P PR R R R PR P
wWw N PO © 0N OO Ol AW DN P O O 0N O W DN kO

Effect of recycled polymer fibre on dynamic compressive behaviour of engineered geopolymer
composites
Hui Zhong, Mingzhong Zhang*
Department of Civil, Environmental and Geomatic Engineering, University College London,
London, WC1E 6BT, UK
Abstract: To enhance the cost-effectiveness and sustainability of engineered geopolymer composites
(EGC), polyvinyl alcohol (PVA) fibres in EGC can be partially replaced with recycled tyre polymer
(RTP) fibres. This paper presents a systematic experimental study on the effects of PVA fibre volume
fraction (1.0%, 1.5% and 2.0%) and RTP fibre content (0.25%, 0.5%, 0.75% and 1.0%) on the
dynamic compressive behaviour of EGC under various strain rates (54.43-164.13 s1). Results indicate
that the flowability, quasi-static compressive strength and elastic modulus of EGC reduce with the
increase of PVA fibre content, where the reductions can be effectively mitigated by adding RTP fibres.
The dynamic compressive properties of all investigated mixtures including dynamic compressive
strength, dynamic increase factor (DIF) and energy absorption capacity show a pronounced strain rate
dependency which can be well described using the proposed equations for DIF against strain rate
ranging from 10 s to 10° st with R? values of mostly greater than 0.9. The dynamic compressive
properties of EGC are enhanced with the increasing PV A fibre dosage under various strain rates while
replacing PVA fibre with a certain amount of RTP fibre (0.25% and 0.5%) can result in better
dynamic compressive properties compared to EGC with 2.0% PVA fibre. EGC containing 1.75%
PVA fibre and 0.25% RTP fibre can be considered as the optimal mixture given its superior quasi-
static and dynamic compressive properties in comparison with EGC with 2.0% PVA fibre.
Keywords: Strain hardening geopolymer composites; Recycled fibre; Split Hopkinson pressure bar
(SHPB); Strain hardening behaviour; Dynamic increase factor; Toughening mechanism
1. Introduction
To mitigate the low brittleness and improve the tensile strength of traditional concrete, a special class
of fibre reinforced concrete called engineered cementitious composite (ECC) or strain hardening
cementitious composite (SHCC) is developed in the 1990s, which exhibits extraordinary ductility
under quasi-static tensile loading accompanied by the formation of multiple microcracks [1].
Nevertheless, the required Portland cement dosage in ECC is generally higher than that for other
cementitious composites, which may lower the greenness of ECC given that the production of
Portland cement accounts for about 8% of global CO2 emissions [1-3]. To tackle this issue, one of
the emerging solutions is to replace Portland cement with eco-friendly binders, e.g., geopolymers. In

recent years, engineered geopolymer composite (EGC) has been increasingly studied, which can be
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synthesised by a variety of precursors, activators and fibres based on the micromechanical design
theory of ECC [1].

Among all types of developed EGC, the ones utilising fly ash [4-7] and ground granulated blast-
furnace slag [8-10] as binders have been extensively investigated primarily because of the large
availability of them around the world [11, 12]. However, heat curing is typically required for fly ash-
based EGC and slag-based EGC has poor workability, short setting time and high shrinkage. These
issues may impede the engineering applications of the composites, especially cast-in-situ works [13,
14]. Hence, EGC containing blended fly ash and slag cured at ambient temperature has been attracting
increasing attention as it exhibits desired fresh properties and superior tensile behaviour, regardless
of the used activators and fibres [13, 15-22]. The existing studies on fly ash-slag based EGC mainly
focused on the effects of different factors such as fly ash/slag ratio, silicate modulus of activator, sand
content, fibre content, fibre length, curing regime and curing age on the fresh and quasi-static
mechanical properties. For instance, fly ash-slag based EGC under ambient temperature curing was
found to possess similar tensile properties compared to heat-cured EGC, which can exhibit a tensile
strength of 4.6 MPa along with a high tensile strain capacity of 4.2% and can reduce carbon emission
and energy consumption by 76% and 36%, respectively in comparison with traditional ECC [13]. The
developed fly ash-slag based EGC generally exhibited a tensile strength of 3.06-5.77 MPa, a tensile
strain capacity of 2.27-5.81% and tensile crack widths ranging from 28.4-147.34 um [18-20, 22],
which are comparable or even better than traditional ECC [23]. It is worth mentioning that most
aforementioned studies have adopted either polyvinyl alcohol (PVA) or polyethylene (PE) fibres to
reinforce the geopolymer matrix because of the excellent fibre-matrix bonding for PVA fibres and
high tensile strength of PE fibres [7, 22]. However, these fibres have relatively higher material costs
than other types of fibre, e.g., steel and polypropylene fibres [24, 25]. In addition, the environmental
impact associated with the production of virgin synthetic fibres is inevitable [26]. Thus, it is vital to
find and utilise other low cost and sustainable fibres for the development of EGC.

Among all possible attempts, using recycled fibres from natural and synthetic materials (e.g.,
waste bottles and end-of-life tyres) to develop EGC is a potential solution as it can not only improve
the cost-effectiveness and sustainability of EGC but also reduce the solid wastes by turning them into
value-added construction ingredients/materials [26-28]. In our previous studies [15, 17], the
feasibility of using recycled tyre steel and polymer fibres in EGC was explored, aiming to find an
effective disposal way for the large quantity of annually generated waste tyres (around 1500 million
[29]). The utilisation of recycled tyre steel (RTS) fibres can offer benefits to the compressive strength
and drying shrinkage resistance of EGC while the flexural performance including flexural strength
and toughness was weakened [15]. On the other hand, due to the high strength and stiffness of RTS
fibres, the flexural crack widths of EGC containing hybrid PVA and RTS fibres were much smaller
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compared to that of mono-PVA fibre reinforced EGC (mostly less than 60 um). The tight crack widths
may be favourable for durability and self-healing behaviour [30]. Apart from RTS fibres, the
feasibility of partially replacing PVA fibres with recycled tyre polymer (RTP) fibres was also studied
[17], with a special focus on the uniaxial tensile behaviour, indicating that the presence of RTP fibres
weakened the tensile behaviour of mono-PVA fibre reinforced EGC (see Fig. 1), which can be
attributed to the reduced fibre bridging effect induced by the low strength and hydrophobic
characteristic of RTP fibres. However, the drying shrinkage, material cost and embodied energy of
hybrid fibre reinforced EGC were found to be about 17.33%, 34.52% and 16.23% lower than those
of mono-PVA fibre reinforced EGC. The influence of recycled tyre fibres on quasi-static mechanical
properties of EGC has been preliminarily assessed, while the effect of them on dynamic mechanical
properties remains unclear and requires further research, given that concrete structures may be
subjected to static loadings as well as dynamic loadings with various strain rates.

So far, the dynamic mechanical properties of EGC have been very rarely studied. It was reported
that the tensile failure mode of ambient-cured EGC changed to brittle when the strain rate increased
from 10 s to 0.51 st while the heat-cured EGC did not show such a phenomenon [22]. Furthermore,
fly ash-slag based EGC presented better tensile properties than both fly ash-based and slag-based
EGC under quasi-static and dynamic loadings. The EGC mixture containing 2.0% ultra-high-
molecular-weight PE fibres demonstrated superior dynamic mechanical properties in terms of tensile
strength and energy absorption capacity compared to PVA fibre reinforced EGC and normal-strength
ECC [31], which is consistent with the findings presented in Refs. [32, 33] that EGC showed a better
impact resistance than ECC at both ambient temperature and elevated temperature (50-150 °C).
Besides, the impact resistance of EGC was improved with the increasing molarity of sodium
hydroxide up to 12 M [32]. Although the mechanical properties of PVA and PE fibre reinforced EGC
under dynamic tensile and drop weight impact loadings have been studied, to the authors’ best
knowledge, the effects of RTP fibre dosage and strain rate (10* to 102 s) on the dynamic compressive
behaviour of fly ash-slag based EGC cured at ambient temperature have not been explored to date,
which would hinder the widespread application of such sustainable composites.

The main purpose of this study is to conduct a systematic experimental study on the effects of
PVA fibre volume fraction (1.0%, 1.5% and 2.0%) and RTP fibre replacement level of PVA fibre
(0.25, 0.5%, 0.75% and 1.0% by volume) on the quasi-static and dynamic compressive behaviour of
fly ash-slag based EGC cured at ambient temperature under various strain rates (50-160 s1). A series
of tests were carried out to measure the flowability, quasi-static compressive strength and elastic
modulus as well as dynamic compressive properties using split Hopkinson pressure bar (SHPB) in
terms of stress-strain response, failure pattern, dynamic compressive strength, dynamic increase

factor (DIF) and energy absorption capacity. Based on the obtained experimental data, the empirical

3



104
105
106
107
108
109

110
111

112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127

equations for DIF were then proposed for all studied mixtures within the considered strain rate range
from 10° s to 10° s, which are crucial and helpful for the structural design. Afterwards, the fibre
morphology across the cracking interface after SHPB tests was characterised using the digital
microscope and scanning electron microscopy (SEM), based on which the underlying mechanisms of
the synergistic effects of hybrid PVA and RTP fibres on the dynamic compressive behaviour of EGC
were analysed and discussed in depth.
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Fig. 1. Uniaxial tensile stress-strain curves of engineered geopolymer composites (EGC) containing
various polyvinyl alcohol (PVA) and recycled tyre polymer (RTP) fibre contents [17].

2. Experimental program

2.1. Raw materials

The solid precursors adopted in this study were low calcium fly ash according to ASTM C618-17a
[34] and ground granulated blast-furnace slag, the chemical composition and particle size distribution
of which are illustrated in Table 1 and Fig. 2a, respectively. Regarding the morphology, fly ash
particles are mostly spherical (Fig. 2b) while slag contains a large number of angular particles (Fig.
2¢). Fig. 3 illustrates the X-ray diffraction (XRD) patterns of fly ash and slag measured using a
Malvern Panalytical X’Pert® Powder diffractometer, where CuKa X-ray was employed at 45 kV and
40 mA and 26 configuration ranging from 5-70° was applied. It can be observed that fly ash consists
of a considerable amount of amorphous phases (board hump range of 26=15°-35° in Fig. 3) and its
major crystalline phases are mullite and quartz. A significant amount of amorphous phases can also
be detected for slag, as seen in the board hump from 26=25° to 260=35°in Fig. 3. Fine silica sand was
used as aggregate, the particle size distribution of which is presented in Fig. 2a. A combination of
sodium hydroxide (SH) solution with a molarity of 10 M and sodium silicate (SS) solution with a
silicate modulus (SiO2/Na20) of 3.15 was used as the alkaline activator. A polycarboxylate-based

4



128
129
130
131
132
133
134
135
136

137
138
139

140

141
142

143

superplasticiser (Sika®ViscoFlow®3000) was applied to control the workability of mixtures. Fig. 4
illustrates the physical appearance of the fibres used in this study including PVA fibres (Kuraray Co.,
Ltd., Japan) and RTP fibres recycled from the truck tyres, the main properties of which are presented
in Table 2. RTP fibres were cleaned before the usage to remove most of the attached rubber particles,
the detailed process of which can be found in Ref. [35]. Based on the SEM images of PVA and RTP
fibres (Fig. 4a and b), the dimensions of PV A fibres were unified while RTP fibres exhibit irregularity
in dimension. The primary composition and main properties of RTP fibres were characterised and
reported in a previous study [17].

Table 1 Chemical compositions (wt.%) of fly ash and ground granulated blast-furnace slag.

Oxide  SiO, A0z Fe03 CaO SOs MgO TiO2 P20s LOI
Flyash 57.02 3235 301 288 041 058 126 020 245
Slag 3185 1731 034 4120 178 6.13 0.62 0.02 0.39

Note: LOI (Loss on Ignition).

Table 2 Main properties of polyvinyl alcohol (PVA) and recycled tyre polymer (RTP) fibres used
in this study.

Fibre tvpe Length Diameter  Tensile Elastic Density
yp (mm) (um) strength (MPa) modulus (Ga)  (kg/m®)

PVA 12.0 40.0 1560 41.0 1300

RTP 5.2 (24) 21.4(4.4) 761 (115) 3.8(0.7) 1476 (3)

Note: the values are standard deviations in parentheses.
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Fig. 2. (a) Particle size distribution of fly ash, slag and silica sand; SEM images of (b) fly ash and
(c) slag.
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Fig. 4. Images of (a) PVA and (b) RTP fibres.

2.2. Mix proportions

The mix proportions of all studied mixtures are listed in Table 3, which are kept consistent with a

previous study [17]. For all mixtures, the weight ratios of fly ash/slag, silica sand/binder, alkaline

activator/binder, SS/SH and superplasticiser/binder were set as 4.0, 0.2, 0.45, 1.5 and 0.01 and kept

constant. These parameters were selected based on previous studies [14, 16, 21], which can provide
6



153  acceptable workability and mechanical properties for the geopolymer matrix. The influencing
154  parameters studied here included fibre type (PVA and RTP) and fibre content (0-2.0% by volume).
155  Regarding the meaning of the labels shown in Table 3, for instance, PORO denotes the mixture without
156  fibres, while P1.0R1.0 represents the mixture reinforced with two types of fibres where ‘P1.0’
157  indicates the content of PVA fibre (1.0%) and ‘R1.0’ denotes the dosage of RTP fibre (1.0%). These
158  mixtures were designed to examine the effects of PVA fibre content as well as RTP fibre addition
159  and replacement on the quasi-static and dynamic mechanical properties of EGC.

160  Table 3 Mix proportions of all studied mixtures.

By weight By volume (%)
Mixture label E:;(::L g f;:}'ga ’:;'t'?\"’/‘gtr(‘ﬁ* SP*  PVA fibre RTP fibre
PORO 0 0
P1.0RO 1.0 0
P1.5R0 15 0
P2.0R0 0.8 02 0.2 0.45 0.01 20 0
P1.75R0.25 1.75 0.25
P1.5R0.5 15 0.5
P1.25R0.75 1.25 0.75
P1.0R1.0 1.0 1.0

161  Note: “weight ratio of binder; SP (superplasticiser).

162  2.3. Sample preparation

163  The SH solution was prepared by dissolving SH pellets (>99% purity) in the tap water for 24 h before
164  the mixture preparation. The mixing process for mono-PVA fibre reinforced EGC is consistent with
165 that given in Ref. [17]: (1) add fly ash, slag, silica sand and mix for 90 s; (2) add alkaline activator
166  and mix for 180 s; (3) add superplasticiser; (4) add PVA fibres slowly. Regarding the mixtures
167  containing hybrid PVA and RTP fibres, the RTP fibres were first mixed with a small amount of
168 alkaline activator, which can effectively avoid the fibre clumping or balling as per previous studies
169  [17, 36, 37]. The mixing process of all EGC mixtures lasted about 10 min. The fresh mixtures were
170  poured into cylindrical moulds (@ 100 mm x 200 mm and @ 100 mm x 50 mm) in two layers. After
171  casting with sufficient compaction, all mixtures were sealed with the plastic sheet at room temperature
172 (20 £ 2 °C)and then de-moulded after 24 h. Then, all samples were cured in a standard room (20 +
173 2°C, 95% RH) for 28 d. Before the quasi-static and dynamic mechanical tests, the end surfaces of all

174 cylindrical specimens were polished to ensure they are flat and parallel.
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2.4. Test methods

2.4.1. Flowability test

The flowability of fresh mixtures was determined using the flow table test as per ASTM C1437-15
[38]. Herein, the fresh mixtures were firstly poured into a truncated conical mould with a top diameter
of 70 mm, a bottom diameter of 100 mm and a height of 50 mm. Then, the spread diameter of the
tested mixture was measured after lifting the mould and tapping the flow table 25 times. Three
repeated tests were conducted for each mixture to determine the flowability that can be calculated as:

Ds — Dy

F= x 1009 1
5 2 ®

where F is the flowability of the tested mixture, Dy is the spread diameter of the tested mixture, and

D,, is the bottom diameter of the truncated conical mould (i.e., 100 mm).

2.4.2. Quasi-static compression test

For each mixture, the uniaxial compression test on three cylindrical specimens (@ 100 mm x 200 mm)
according to ASTM C39-21 [39]. The loading rate was set constant as 1.0 mm/min which is

equivalent to a strain rate of about 8.33 x 10° s, The tested specimens had the same diameter as

those for the dynamic compression test but with a different aspect ratio (i.e., length/diameter = 2.0).
Previous studies [40-42] revealed that the quasi-static compressive strength obtained based on this
aspect ratio is more appropriate for calculating DIF as the size and end friction effects can be
minimised. Once the average quasi-static compressive strength was obtained, the elastic modulus test
was performed following ASTM C469-14 [43]. Fig. 5 shows the setup for the elastic modulus test,
where two strain gauges were installed at the mid-height of the tested specimen to measure the
longitudinal strain. During the test, the tested specimen was initially loaded to 40% of its ultimate
load-carrying capacity based on the average quasi-static compressive strength, followed by an
unloading phase and this testing procedure was repeated three times. The corresponding elastic

modulus can be calculated as:
0, — 01
e, — 0.00005 (2)

where E; is the elastic modulus of the tested specimen, o, is the stress corresponding to 40% of the

E; =

ultimate stress, o; is the stress at a longitudinal strain of 50 pig, and &, is the longitudinal strain at o.
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Fig. 5. Test setup for measuring elastic modulus.

2.4.3. Dynamic compression test
The dynamic compressive behaviour of all mixtures was evaluated using a SHPB with a diameter of
100 mm. Fig. 6 presents the schematic illustration of the SHPB testing system, the main components
of which include a striker bar (600 mm), an incident bar (5000 mm), a transmission bar (3500 mm)
and an absorbing bar (1200 mm) that are all made of high-strength steel materials. The velocity of
the striker bar can be adjusted by either varying the pressure level or changing the depth of the striker
bar inside the launch tube. In this study, the depth of the striker bar was fixed while the pressure level
was altered from 0.4 MPa to 1.0 MPa to generate various impact velocities. Three specimens were
used for each pressure level. Before the test, the tested specimen was first sandwiched between the
incident bar and the transmission bar. The used specimen had a diameter of 100 mm and a length of
50 mm (aspect ratio: 0.5), which was selected to eliminate the axial inertia effect during the impact
loading [42, 44]. Besides, the end surfaces of the specimen were applied with a small amount of
grease to minimise the end friction effect. Once the test was started, the striker bar was launched by
the immediate release of the compressed nitrogen in the pressure vessel and then it accelerated inside
the launch tube until impacting the incident bar, generating an incident wave. When the incident wave
reached the interface between the incident bar and the specimen, part of the wave was reflected, and
the rest propagated along the transmission bar. The incident strain (g;(t)), reflected strain (e,-(t)) and
transmission strain (e;(t)) were recorded by the strain gauges.

In this study, the pulse shaping technique was used to ensure the validity of SHPB test results by
filtering out the high-frequency components in the incident pulse and achieving the dynamic stress
equilibrium [45, 46]. As illustrated in Fig. 6, a small piece of rubber was placed on the impact end of

the incident bar, which changed the shape of the incident pulse to extend its rising time for better
9



224  facilitating the dynamic stress equilibrium [45, 47]. It should be noted that the rising time of the
225 incident pulse can be increased by either reducing the diameter of the pulse shaper or raising its
226  thickness [48]. Thus, trial tests were performed to select the suitable dimension of the pulse shaper.
227  The rubber with a diameter of 30 mm and a thickness of 3 mm was found to be adequate for producing
228  dynamic stress equilibrium, which was similar to those employed by other studies [42, 49]. Fig. 7
229  presents some examples of checking the dynamic stress equilibrium for plain and EGC mixtures after
230  removing the time lags, indicating that the sum of incident stress and reflected stress fitted well with
231  the transmission stress during the whole loading process, which suggests the achievement of dynamic
232  stress equilibrium condition. Based on the one-dimensional stress wave theory, the time history of
233 stress (a(t)) strain (e(t)) and strain rate (£(t)) can be calculated as [45]:

a(t) = (sl(t) + &, (t) + &.(1)) 3)

4

OF l—b f () = &(8) = .(0)) dt @
s Y0

®)

. Cp
ét) = 7~ (&u(t) — & (8) — &)

234  where E}, A, and C, denote the elastic modulus, cross-sectional area and longitudinal wave velocity
235 of the SHPB bar, respectively, and A and [ are the cross-sectional area and length of the tested
236  specimen, respectively.

237 After the SHPB tests, the fibre conditions crossing the crack interfaces were captured using a
238  digital microscope. Besides, to better characterise the fibre morphology in EGC subjected to high-
239  velocity impacts, SEM scanning (FEI, QUANTA FEG 250, USA) was carried out on some fracture
240  pieces of failed specimens.

mm

© Striker bar Launch tube lse shaper  Incident bar T Transmission bar Absorbing bar
e T
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| ke ﬂj ] | il e o S
; 4 _—J ¢ & A
3 7l N\ i

i [ \
Pressure vessel Strain gauge Strain gauge Buffer
Gas tank % Digital oscilloscope
Speed detection device .

Computer

241
242 Fig. 6. Schematic illustration of split Hopkinson pressure bar (SHPB) test.
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Fig. 7. Examples of typical dynamic stress equilibrium: (a) PORO at 139.57 s*; (b) P2.0R0 at 139.21
stand (c) P1.75R0.25 at 143.85 s,

3. Results and discussion

3.1. Flowability

Fig. 8 depicts the effects of PVA and RTP fibres on the flowability of EGC. It can be observed that
the flowability of mixtures was reduced by 12.14-52.34% compared to that of plain geopolymer
mixture when the fibres were added. Fresh mixtures containing fibres were less flowable and more
viscous, which may affect the compactness and internal structure especially fibre distribution,
impairing the hardened properties of EGC. This can be ascribed to the contact network between fibres
and increased liquid content absorption on the surfaces of fibres, leading to increased overall shear
resistance [50, 51]. Additionally, the fibre properties and critical fibre dosage can affect the reduction
degree of flowability [51]. For instance, it was reported that the flowability of EGC tended to be lower
when the fibres had a larger surface area [5] and the fibre balling behaviour would be easier to induce
after exceeding the critical fibre content [51]. As seen in Fig. 8, replacing PVA fibre with 0.25% RTP

fibre did not significantly reduce the flowability of EGC as compared with P2.0R0 (98% against
11
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95%), which can be partially ascribed to the lower aspect ratio (length/diameter) of RTP fibres [5,
52]. However, the flowability of mixtures containing RTP fibres over 0.25% was about 17.11-24.51%
lower in comparison with P2.0R0, suggesting that the critical dosage of RTP fibre for EGC would be
in the range of 0.25-0.5% as exceeding this range could increase the possibility of rendering a
congested fibre network inside EGC. Therefore, the overall workability of hybrid fibre reinforced
EGC can be reduced considerably compared to that of mono-fibre reinforced EGC. Similar findings
were also reported in previous studies [53, 54]. It is worth noting that all mixtures had acceptable

flowability without obvious fibre balling or clumping behaviour based on visual observations.
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Fig. 8. Effects of PVA and RTP fibres on flowability of EGC.

3.2. Quasi-static compressive strength

Fig. 9a shows the quasi-static compressive strength of all mixtures, which ranged from 45.87 MPa to
52.1 MPa. Similar to previous studies on EGC [15, 17] and ECC [55, 56], the inclusion of PVA fibres
did not lead to a positive effect on the compressive strength of composites. For instance, the
compressive strengths of P1.0R0, P1.5R0 and P2.0R0 were about 0.45-7.17% lower than that of PORO.
As compared with P2.0R0, incorporating RTP fibres in EGC led to a slightly higher or lower
compressive strength while the differences can be considered as insignificant (0.48-5.17%). As
mentioned earlier, the reduced flowability caused by the fibre addition can lower the compactness of
the composites and thus compressive strength. This can be evidenced that the decreasing trend of
compressive strength induced by the fibre addition coincides with that of flowability (Section 3.1).
Besides, the used PVA and RTP fibres in this study may entrap a certain amount of air during the
mixing which would increase the porosity near the fibres, forming the weak zone inside EGC [51].
The hydrophobic characteristic of RTP fibres can lead to poor fibre-matrix bonding [17] and hence,
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the compressive strength of EGC tended to be lower at a higher RTP fibre dosage (over 0.5%). It is
worth noting that the compressive strength of P1.75R0.25 was slightly higher (about 2.14%) than that
of P2.0R0, which can be attributed to its better internal structure such as better fibre distribution,
smaller porosity and less defects. The incorporation of either PVA or RTP fibres did not improve the
compressive strength of geopolymers but resulted in enhanced ductility. As seen in Fig. 9b, PORO
showed an hourglass compressive failure shape where some oblique cracks appeared near the end
surfaces and splitting cracks can be found in the mid-portion of the specimen due to the pure tensile
effect [40], while the presence of fibres retained the original cylindrical shape of the specimen
exhibiting a longitudinal main crack accompanied by derivative micro-cracks (Fig. 9¢). This can be
attributed to the crack-arresting ability of fibres [15, 55, 57]. In general, all EGC mixtures showed

adequate compressive strength for basic engineering applications.
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Fig. 9. (a) Quasi-static compressive strength of all mixtures and representative compressive failure
modes of (b) plain geopolymer mixture and (c) hybrid PVA and RTP fibre reinforced EGC.

3.3. Elastic modulus

The elastic modulus of materials is defined as the ability to sustain the applied stress for every unit
strain within the elastic region, which is strongly associated with the compressive strength. Fig. 10a
illustrates the elastic modulus of geopolymers with and without fibres. As observed, PORO achieved
the highest elastic modulus of 18.33 GPa while by comparison, the elastic modulus of all EGC
mixtures was about 14.67-35.78% lower, which agrees well with the tendency of quasi-static
compressive strength. Previous studies [58-60] also reported that the incorporation of synthetic fibres
reduced the elastic modulus of composites as compared with plain mixtures, which can be mainly
ascribed to the internal structure of the composite (e.g., porosity and fibre orientation) as well as the
stiffness of incorporated fibres [51]. Given the high stiffness of steel fibres (about 210 GPa), adding
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a certain amount of steel fibres (1.0-2.0%) into geopolymers can lead to a slight improvement in the
elastic modulus [60, 61]. However, as listed in Table 2, PVA and RTP fibres have lower elastic
modulus (3.8 GPa and 41 GPa) than steel fibres and thus may partially contribute to the reduced
elastic modulus of EGC, while it was reported that fibre stiffness has a minor effect on the mechanical
properties of composites before cracking [24]. During the elastic modulus test, no visible cracking
appeared on the tested specimen. As discussed above, replacing a small dosage of PVA fibre (0.25%)
with RTP fibre led to slightly better workability and quasi-static compressive strength compared to
EGC with 2.0% PVA fibre (P2.0R0), implying that the specimen had a better internal structure in
terms of lower porosity and better fibre dispersion. Hence, the elastic modulus of P1.75R0.25 was
around 25.56% higher than that of P2.0R0. In addition, the elastic modulus of all other hybrid fibre
reinforced EGC mixtures was in the range of 11.77-13.79 GPa which was either greater or comparable
in comparison with P2.0R0.

Elastic modulus is regarded as an important index for structural designs and hence, it is vital to
develop a reliable model of elastic modulus concerning the compressive strength. For comparison,
the proposed equations for estimating the elastic modulus of Portland cement concrete [62, 63] and
geopolymer concrete [64] were plotted in Fig. 10b, along with some data on geopolymer composites
collected from previous studies [57, 60, 65]. It can be seen that the elastic modulus of all geopolymer
composites especially EGC mixtures obtained from other studies [57, 65] was significantly lower
than the calculated values using the equations for Portland cement and geopolymer concrete, which
can be attributed to the absence of coarse aggregates in the geopolymer composites. It suggests that
the existing models for predicting the elastic modulus would not be suitable for EGC. However, the
available elastic modulus data of EGC is insufficient to offer a reliable model and therefore, more

extensive studies are needed considering different grades of compressive strength for EGC.
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Fig. 10. Elastic modulus: (a) obtained from this study; (b) in comparison with other existing models
and studies [57, 60, 62-65].

3.4. Dynamic compressive behaviour

3.4.1. Stress-strain response

The stress-strain response is an important index for characterising the dynamic properties of materials
and the representative stress-strain curves of all mixtures covering the strain rates from 54.43 to
164.13 s are presented in Fig. 11. As the strain rate of concrete is not constant during the entire
process of dynamic loading [41, 66] and the strain rate at the failure point (i.e., peak stress) can be
considered as the representative strain rate [67-69], the same approach was employed to define the
representative strain rate in this study. As seen, the stress-strain curves of the plain geopolymer
mixture and EGC had similar shapes consisting of ascending and descending stages. During the
ascending stage, the stress increases linearly with the rising strain within the elastic region followed
by the non-linear stress increment before the peak stress. After reaching the elastic limit, the internal
cracks are initiated and progressed with the increase of strain. In the meantime, the fibres in EGC
start to bridge the cracks and restrain the crack growth. Besides, a certain amount of energy is required
to de-bond the fibres from the geopolymer matrix and initiate the pull-out of fibres. After exceeding
the peak stress, the cracks are further propagated and expanded, leading to visible cracks [46, 70].
Furthermore, most of the fibres in EGC undergo sliding/slippage during the pull-out process up to the
final failure of tested specimens. Although a similar shape of stress-strain response can be observed
for different mixtures, the resultant values of stress and strain in various stages (e.g., peak stress) were

different which will be discussed further in the following sections.
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3.4.2. Failure pattern

Figs. 12 and 13 demonstrate the typical failure patterns of all mixtures at various strain rates,
indicating that the damage degree and integrity loss of all mixtures were increased with the increasing
strain rate. At a low strain rate (56.27 s%), the plain geopolymer mixture (PORO) exhibited prominent
longitudinal splitting failure with several fragments with irregular sizes (Fig. 12a). When the strain
rate raised, the damage on PORO became more severe with more and smaller fragments. The crack
velocity tended to be lower at a low strain rate, which allowed the cracks to go through the weak
zones to propagate from the edge of the specimen towards its core area [46, 71]. Thus, several large
fragments can be observed for the failed specimen. As the strain rate increased, the applied stress and
crack velocity went up rapidly to generate more cracks to consume the energy before the cracks had
sufficient time to seek the weak zone to propagate [46, 72] as crack generation requires more energy
than crack propagation. Therefore, the specimen fractured into more fragments with smaller sizes at
a high strain rate.

As seen in Figs. 12b-d, the incorporation of PVA fibres reduced the damage degree of specimens
under various strain rates compared to PORO (Fig. 12a). When the strain rate was lower (54.43-104.36
s1), P1.0R0, P1.5R0 and P2.0R0 maintained the cylindrical shapes of specimens along with some
visible edge cracks after the dynamic compression due to the bridging effect of fibres that can
effectively prevent the matrix from breaking into fragments and improves the impact resistance.
Similar findings were reported for steel and PVA fibre reinforced geopolymer composites [42, 73].
As the strain rate increased to about 140 s, all PVA fibre reinforced EGC specimens started to
disintegrate and presented fragmental failure, while fewer fragments with larger sizes can be found if
the PVA fibre dosage was high (Fig. 12d). With the further increase of strain rate to about 160 s,
more fragments with irregular sizes can be observed for all PVA fibre reinforced EGC, mainly due
to the less bridging fibres across the cracking interfaces induced by the increased crack size at a high
strain rate [74]. More fibres were either pulled out or ruptured under high-velocity impact loads.

As displayed in Fig. 13, the hybrid fibre reinforced EGC had similar failure patterns with P2.0R0
at different strain rates. When the strain rate exceeded approximately 140 s, replacing PVA fibres
with more RTP fibres (0.75% and 1.0%) tended to be less resistant to impact with a higher integrity
loss (Figs. 13c and d). Given the length difference between PVA and RTP fibres (see Table 2), RTP
fibres would be more effective in bridging the initiated internal micro-cracks while when the micro-
cracks grew into macro-cracks, PVA fibres started to exert the crack-arresting ability. Fewer RTP
fibres can be found in bridging the crack interfaces of failed specimens as they were mostly pulled
out with the crack development. Thus, when an appropriate content of PVA fibres is replaced with
RTP fibres, the synergistic effects of them can lead to better impact behaviour compared to mono-
PVA fibre reinforced EGC. Besides, fibre-matrix bonding and fibre orientation also play essential
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393 roles in reducing the damage degree of EGC after dynamic compression [46]. Regarding fibre
394  orientation, inconsistent conclusions can be found in the literature revealing that better impact
395  resistance can be achieved when fibres are distributed either parallel [75] or perpendicular [76] to the
396 loading direction. Given the different failure patterns here, fibres aligned perpendicular to the loading
397  direction could be more effective in bridging and restraining the longitudinal splitting cracks along
398  the edge of the specimen and the transverse cracks around the centre surface of the specimen. The
399 failure patterns discussed above can only be used to qualitatively assess the impact resistance of

400  materials while the quantitative analysis will be given below.
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402 Fig. 12. Typical failure patterns of plain mixture and mono-PVA fibre reinforced EGC at different

403 strain rates.

61.00 s! 104.77 st 139.83 s°! 155.65 s
(a) P1.75R0.25

57.88 s°! 109.64 s’! 144.04 s! 157.60 s°!
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57.39 ¢! 108.59 st 140.41 s! 162.20 s’!

(c) P1.25R0.75

*e®

60.09 s! 107.93 s°! 142.49 s°! 163.11 s°!
(d) P1.0R1.0
404
405 Fig. 13. Typical failure patterns of hybrid PVA and RTP fibre reinforced EGC at different strain
406 rates.

407  3.4.3. Dynamic compressive strength
408  Fig. 14 demonstrates the dynamic compressive strength of all mixtures at different strain rates, which
409 indicates that all mixtures exhibited a similar feature that the dynamic compressive strength was

410 enhanced with the increase of strain rate. For instance, the dynamic compressive strength of PORO
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was increased by 30.88-115.95% when the strain rate changed from 56.27 s to 106.35 s}, 136.23 s
Land 157.7 s, respectively, which can be ascribed to the structural effects (lateral inertia and end
friction confinement), time-dependent crack propagation effect and Stefan effect induced by the
viscosity of free water [77-79]. As mentioned in Section 2.4.3, some approaches have been applied
to mitigate the structural effects. Besides, it was reported that a significant lateral inertia effect only
appears when the strain rate is over 200 s [80]. Thus, it can be assumed that the strength enhancement
observed in this study could be mainly caused by the crack propagation effect (see Section 3.4.2) and
the Stefan effect. Regarding the Stefan effect, the free water between cracks would create a viscous
force to hinder the crack propagation under high-velocity impact loading (i.e., improving the strength)
instead of generating a wedging effect to favour the crack propagation at a low strain rate [71, 81].
The viscous force tends to be higher at a higher crack velocity (larger strain rate) which can further
enhance the dynamic compressive strength of specimens.

Unlike the quasi-static compressive strength, the addition of PVA fibres increased the dynamic
compressive strength of geopolymers. For instance, as seen in Fig. 14, within the strain rate of 100.81-
109.64 s, the dynamic compressive strengths of P1.0R0, P1.5R0 and P2.0R0 were 6.98%, 12.37%
and 17.22% higher than that of PORO. The crack propagation under the quasi-static loading is similar
to that under the dynamic loading at a low strain rate, where the cracks can go through the weak zones
to propagate. As discussed in Sections 3.1 and 3.2, the porosity of EGC can be higher due to the
additional air entrapped by PVA fibres, and thus fewer fibres can offer bridging effects under quasi-
static loading as the cracks tend to propagate through the induced voids caused by the fibres [51]. As
mentioned previously, the crack velocity raised with the increasing strain rate and more cracks were
generated before the cracks had enough time to reach the weak zones. Meanwhile, more PVA fibres
can exert their effects to bridge and restrain the induced cracks. Different from plain geopolymer, an
additional amount of energy was required to pull out or rupture the fibres in EGC. Hence, the dynamic
compressive strength can be improved by the bridging effect of PVA fibres under various strain rates,
which is consistent with the findings reported in Refs. [71, 82] that polypropylene fibre reinforced
concrete had comparable or lower quasi-static compressive strength but higher dynamic compressive
strength under various strain rates (25-125 s) as compared with plain concrete.

Besides, the fibre-matrix interface properties would also strongly affect the dynamic compressive
properties of EGC. Compared to other synthetic fibres, PVA fibres possess special interface
characteristics in terms of chemical bonding, frictional bonding and slip-hardening coefficient [83],
which are related to the microstructure and properties of the matrix, e.g., fracture toughness [20]. To
facilitate the pull-out process of PVA fibre, the applied stress should first overcome the chemical
bonding to de-bond the fibre from the matrix followed by the slippage/sliding of the fibre governed
by the frictional bonding and slip-hardening coefficient [1]. Moderate frictional bonding and slip-
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hardening coefficient are desirable to induce fibre pull-out instead of fibre rupture. It was found that
the interface properties between PV A fibre and matrix especially frictional bonding can be improved
with the increasing strain rate [84, 85]. Besides, the mechanical properties of PVA fibres (e.g., tensile
strength) can be enhanced with the increase of strain rate [86]. These combined effects can cause an
increased number of pulled out PVA fibres as the strain rate rises, leading to an increase in dynamic
compressive strength of EGC. This finding can be detected in Fig. 15a that more PVA fibres were
pulled out instead of ruptured under dynamic loading, which is in good agreement with a previous
study [31] demonstrating that the failure mode of PVA fibre in EGC changed from fibre rupture under
quasi-static loading to fibre pull-out under dynamic loading. Hence, the strength improvement of
PVA fibre reinforced EGC over PORO was found to rise with the increase of strain rate up to about
140 s, For instance, the dynamic compressive strengths of P2.0R0 at the strain rates of 55.05 s,
103.95 s and 137.81 st were found to be about 6.80%, 17.22% and 18.88% higher than that of POR0
under similar strain rates (Fig. 14). However, as the strain rate went up to around 160 s, the strength
improvement ratio of PVA fibre reinforced EGC over PORO declined. For instance, the dynamic
compressive strength of P2.0R0 was only 9.13% higher than that of PORO, which can be ascribed to
the increased crack width and superior fibre-matrix interface properties. Due to the excellent interface
properties, the probability of PVA fibre rupture tended to be higher, which would reduce the fibre
bridging efficiency. Many ruptured PVA fibres can be observed at the strain rate of around 160 s
(Fig. 15b). Overall, all PVA fibre reinforced EGC exhibited a higher dynamic compressive strength
compared to plain geopolymer mixture under different strain rates where P2.0R0 indicated the best
performance.

As illustrated in Fig. 14, partial replacement of PVA fibres with RTP fibres can result in a slightly
higher or comparable dynamic compressive strength compared to EGC containing 2.0% PVA fibre.
For instance, the dynamic compressive strengths of P1.75R0.25 at strain rates of 61 s*, 104.77 s,
139.83 st and 155.65 s were approximately 3.57%, 5.34%, 2.34% and 0.62%, respectively greater
than that of P2.0R0 under similar strain rates. Besides, P1.5R0.5 showed a comparable dynamic
compressive strength to P2.0R0 with a difference of no more than 3.42%. Like PVA fibre, the
mechanical and interface properties of RTP fibre could be improved with the increase of strain rate.
The use of hybrid PVA fibre and a small amount of RTP fibre in EGC can lead to desirable fibre
orientation and the synergistic effect of hybrid fibres at different scales can be effectively employed
to bridge and restrain the induced cracks under dynamic loadings. As shown in Fig. 15c¢, RTP fibres
were mostly pulled out due to their shorter lengths while longer PVA fibres can better provide the
crack-resistance action as the cracks developed. Besides, the fibre spacing of RTP fibres in EGC
tended to be smaller compared to that of PVA fibres due to the shorter length under a given volume
of fibre reinforcement [37]. As such, more RTP fibres can contribute to the bridging effect around a
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single micro-crack to prevent it from further growth and coalescence into a macro-crack and thus
improve the impact resistance of EGC. EGC with RTP fibre could contain more free water than PVA
fibre reinforced EGC due to the release of temporarily blocked water content at the surface of RTP
fibre [17, 87], which would lead to an improvement in dynamic compressive strength due to the
Stefan effect [81]. The interface properties of RTP fibre at a higher strain rate were still significantly
lower as compared with PVA fibre due to the inherent hydrophobic surface feature of RTP fibre, as
displayed in Fig. 15a and c that more matrix fragments were adhered on the PVA fibre surfaces, while
RTP fibres had smooth surfaces with less attached matrix fragments. Thus, with the substitution of
RTP fibre (0.75-1.0%) for PVA fibre in EGC, a 4.21-13.17% reduction in dynamic compressive
strength can be observed in comparison with P2.0R0. To conclude, most hybrid fibre reinforced EGC
mixtures can outperform the plain geopolymer mixture in terms of dynamic compressive strength and
adding a small amount of RTP fibre into EGC is beneficial to the dynamic compressive strength of

EGC mainly because of the synergistic effect of hybrid fibres in arresting and controlling the cracks.
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3.4.4. Dynamic increase factor

DIF is defined as the ratio of dynamic compressive strength to quasi-static compressive strength.
Acquiring a reliable relationship between DIF and strain rate can better characterise the strain rate
sensitivity of materials under high-velocity impact loads and can offer more insights for future
structural design and numerical study [58]. To this end, the experimental scatters of DIF and strain
rate were used to develop the DIF equations for all mixtures, the results of which are illustrated in
Fig. 16 and Table 4. In this study, the transition strain rate was considered, which divided the proposed
DIF equations into two parts [42, 68, 88]. It was reported that the strength improvement of materials
as the change of strain rate is not pronounced below the transition strain rate while over which, the
strength would go up considerably [88]. As seen in Fig. 16, the DIF of all mixtures was improved
significantly with the increasing strain rate after exceeding the transition strain rate ranging from
56.15 s to 67.51 s1, which can be due to the reasons explained for dynamic compressive strength
(see Section 3.4.3). When the fibre content changed, the variation of transition strain rate was not
consistent. Khan et al. [42] found that the transition strain rate of fibre reinforced geopolymer
composites was 66 s which was higher than that of plain geopolymers (30 s1). This can be ascribed
to the reduced lateral deformation as a result of the fibre bridging behaviour, leading to a higher

triggering rate to change the properties of composites [89]. Besides, the transition strain rate can be
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affected by the combined effect of fibre content, fibre shape and matrix strength [88]. As shown in
Table 4, the developed first-part DIF equations of PORO, P1.0R0 and P1.0R1.0 had lower reliability
considering their R? values. By contrast, other proposed first-part DIF equations seemed reliable due
to their higher R? values (mostly larger than 0.9). In general, to further increase the reliability of the
first-part DIF equations and better understand the transition strain rate, more DIF data at the low strain
rates especially quasi-static (10#-10 s) and intermediate strain rates (103-1 s%) are required.

Regardless of fibre type and content, the presence of fibres enhanced the strain rate sensitivity of
geopolymers given that the second-part DIF equations of EGC mixtures had higher gradients ranging
from 2.559 to 3.178 compared to PORO (Fig. 16), which can be ascribed to the additional resistance
provided by the fibres under dynamic loadings. This is in good agreement with previous studies on
geopolymer composites [42, 73]. For instance, it was found that the DIF of geopolymer composites
containing 1.2% PVA fibre was increased by 3.56-4.25 times as compared with plain geopolymers
under similar impact velocities [73]. Similar to dynamic compressive strength, the strain rate
sensitivity of EGC was improved with the increase of PVA content while the strain rate sensitivity
reduced when the RTP fibre content was over 0.25%. As observed in Fig. 16, P1.75R0.25 exhibited
the highest strain rate sensitivity among all mixtures and the strain rate sensitivity of P1.5R0.5 was
comparable with that of P2.0R0. The mechanisms behind these were similar to those provided in
Section 3.4.3. This further suggests that replacing PVA fibres with a small amount of RTP fibres can
lead to better dynamic compressive properties. The proposed second-part DIF equations of all
mixtures shown in Table 4 had high reliability as most of the R? values were greater than 0.9.

Fig. 17 shows the DIF results obtained from this study in comparison with the predictions using
the existing DIF models [63, 90] and the results obtained from literature on geopolymer composites
[42, 73]. The DIF models proposed by the FIB model code [90] and CEB-FIP model code [63] have
high accuracy and reliability for normal-strength concrete with a transition rate of 30 s

DIFs 5 = (2)0-014 foré<30s7! (6)
DIFsp = 0.012(2% foré>30s71 (7)
DIFsgp_pip = (2)1-026“ for é <3051 (8)

9)

g1
DIFcgp_pip = V(e.—)3 foré>30s"1
1

where &; is equal to 0.00003 s?, a is (5+9;—C)‘1, y is 10(6156a=2) = £ is the quasi-static
cl

compressive strength, and f.; = 10 MPa.
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The above equations indicate that the FIB model code ignores the quasi-static compressive
strength while the CEB-FIP model code has taken it into account. In this study, 50 MPa was selected
as the input of the CEB-FIP model. As seen in Fig. 17, the predicted results of DIF using the above
models were higher than the results obtained from this study when the strain rate was less than 100 s
! which can be attributed to the lower transition strain rates of the models proposed by FIB and CEB-
FIP. The differences in between were reduced with the increasing strain rate. It is worth noting that
when the strain rate reached about 160 s, the DIF of the plain geopolymer mixture was comparable
to that predicted by the models while all EGC exhibited higher DIF values. On the other hand, Fig,
17 reveals that at a higher strain rate (e.g., 140 s), the mixtures containing solely synthetic fibres
possessed higher DIF values than the mixtures containing steel fibres, implying a lower strain rate
sensitivity for steel fibre reinforced composites. Similar results have been reported in Refs. [70, 78],
which can be ascribed to the superior internal quality of steel fibre reinforced composites with lower
porosity and fewer internal flaws as concrete with poorer quality can lead to higher DIF under
dynamic loadings [70, 88, 91]. Besides, the lower strain rate sensitivity of steel itself compared to the
matrix may contribute to the smaller DIF values [92].

Table 4 Summary of fitted logarithm curves for all mixtures.

Mixture Fitted equation Strain rate range R?
PORO DIF = 0.00507Logé + 1.0209 107 °s7 1 <¢<62.04s7! 0.1524
DIF = 2.370Loge — 3.1972 £€>62.04s71 0.8064
P1.0RO DIF = 0.00805Logé + 1.0326 107°s 1< ¢ <59.07s7! 0.1482
DIF = 2.559Logé — 3.4702 £>59.07s7 ! 0.9055
P1.5R0 DIF = 0.0258Logé¢ + 1.050 1075571 < £ <64.15s71 0.9059
DIF =2.792Logé¢ — 3.8306 §> 6415571 0.9062
P2.0RO DIF = 0.0318Logé + 1.1295 10 5s ! <¢é <56.1557! 0.9092
DIF = 2.930Logé — 3.9920 §>56.15571 0.9330
P1.75R0.25 DIF = 0.0343Logé¢ + 1.1401 1075s 1< ¢ <6751s71 0.9059
DIF = 3.178Logé — 4.4951 §>6751s71 0.9437
P1.5R0.5 DIF = 0.0270Logé + 1.1103 1075s 1 <¢<6239s71 0.8238
DIF =2987Logs — 4.1789 £§>6239s71 0.9022
P1.25R0.75 DIF = 0.0312Logé + 1.1274 1075571 <¢<58.79s7! 0.9341
DIF = 2.871Logé — 3.9633 §>58.79s71 0.9031
P1.0R1.0 DIF = 0.0239Logé¢ + 1.0973 1075571 <£<6191s71 0.6342
DIF = 2.994Logé¢ — 4.2823 £§>6191s71 0.9114
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[42, 63, 73, 90].

3.4.5. Energy absorption capacity

The energy absorption capacity of all mixtures under dynamic loadings can be represented by the
area under the entire stress-strain curve shown in Fig. 11, the results of which are presented in Fig.
18 considering the effects of strain rate and fibre. As discussed in Section 3.4.1, the energy absorption
capacity of the mixture is significantly increased after the elastic stage as the generation and
propagation of cracks as well as the fibre pull-out (for EGC only) mainly appear after reaching the
elastic limit. Consistent with dynamic compressive strength and DIF, the energy absorption capacity
of all mixtures was considerably enhanced with the increasing strain rate (Fig. 18). For instance, the
energy absorption capacity of P2.0R0 was increased by 157.43%, 387.64% and 551.90% when the
strain rate raised from 55.05 s? to 103.95 s, 137.81 s and 162.86 s, respectively. This can be
partially due to the improved dynamic compressive strength as a result of the combined action of
time-dependent crack propagation and Stefan effect (Section 3.4.3). It should be noted that the energy
absorption considered in this study is not only affected by strength but also strain (deformation). As
seen in Fig. 11, the strain at the peak stress of all mixtures known as peak strain was mostly improved
with the increase of strain rate as a result of the enhanced cumulative strain at the appearance of more
cracks [66], which contributes to the overall improvement of energy absorption capacity.

The SEM images of PVA and RTP fibres in EGC are presented in Figs. 19 and 20, respectively,
which can provide more details about the fibre surface condition after dynamic loadings and help
interpret the test results. As pointed out above, the presence of fibres was beneficial to the energy
absorption capacity of geopolymers under various strain rates. Within the strain rate range of 54.43-

109.64 s1, increasing the PVA fibre content from 1.0% to 2.0% did not obviously improve the energy
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absorption capacity, which can be ascribed to the insignificant improvement in dynamic compressive
strength caused by the increased PVA fibre dosage under these strain rates (Fig. 14). As mentioned
earlier, the increase of strain rate can improve the mechanical and interface properties of PVA fibres,
which facilitates the fibre pull-out rather than fibre rupture. Thus, within the strain rate range of
136.23-144.04 s, the energy absorption capacity of P2.0R0 was the highest among all mono-PVA
fibre reinforced EGC, which was approximately 11.06% and 2.87% higher than that of P1.0R0 and
P1.5R0, respectively. More pulled out PVA fibres can be observed along with some pronounced
traces after PVA fibre pull-out (Figs. 19a and b). However, with the further increase of strain rate,
the energy absorption capacity of EGC was not improved as the PVA dosage increased from 1.5% to
2.0% (Fig. 18), which can be associated with the reduced fibre efficiency (see Section 3.4.3). As seen
in Fig. 19d, due to the considerably high interface properties of PVA fibre, it ruptured when the
applied stress exceeded its tensile strength during the pull-out process, which can weaken the energy
absorption capacity as fibre pull-out can absorb more energy than fibre rupture [93].

As illustrated in Fig. 18, replacing PVA fibre with a certain amount of RTP fibre (0.25-0.5%) led
to a better or comparable energy absorption capacity as compared with P2.0R0. For instance, the
energy absorption capacity of P1.75R0.25 was about 5.12-30.65% higher than that of P2.0R0 under
various strain rates. This can be primarily attributed to the enhanced dynamic compressive strength
caused by the synergistic effect between PVA and RTP fibres in controlling the cracks, smaller fibre
spacing of RTP fibres and possibly increased free water content (see Section 3.4.3). Additionally, the
flexible feature of RTP fibre can enhance its efficiency in bridging and restraining cracks (Fig. 20a).
Although the increase of strain rate may improve the mechanical and interface properties of RTP
fibre, it still exhibited pull-out behaviour due to the intrinsic hydrophobic feature, which can be
identified in Fig. 20. As seen in Figs. 19c and 20b, the RTP fibre’s surface had fewer attached matrix
fragments as compared with PVA fibre. Under compressive loading with a high strain rate, the pull-
out behaviour of RTP fibre can compensate for the loss of energy absorption capacity induced by the
ruptured PVA fibre. Thus, substituting a small amount of RTP fibre for PVA fibre in EGC can help
enhance the energy absorption capacity of EGC. Lu et al. [94] found a similar phenomenon that
replacing PVA fibres with recycled polyethylene terephthalate fibres led to a higher energy absorption
capacity in comparison with composites containing 2.0% PVA fibre because of the larger number of
pulled out polyethylene terephthalate fibres under impact loading. On the other hand, due to the lower
dynamic compressive strength, P1.25R0.75 and P1.0R1.0 exhibited poorer energy absorption
capacity in comparison with P2.0R0, as shown in Fig. 18. Within the strain rate range of 136.23-
164.13 s1, the energy absorption capacities of P1.25R0.75 and P1.0R1.0 were found to be even
smaller than that of PORO due to the smaller peak strain values of them compared to PORO as their

dynamic compressive strengths were comparable within the aforementioned strain rate range (Fig.
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624  14). It was observed that the incorporation of fibres does not vary the peak strain considerably [46,
625 70, 74], while the peak strain is more relevant to the strain rate. Moreover, due to the incomplete
626  fracture of some EGC mixtures, the evaluated energy absorption capacity may be slightly
627  underestimated compared to PORO [42]. Overall, P1.75R0.25 and P1.5R0.5 can outperform PORO in

628 terms of energy absorption capacity.
4.0

PORO PLORO [71P1.5R0 P2.0R0
P1.75R0.25 P1.5R0.5 P1.25R0.75 4 P1.ORI1.0
3.5
.
3.0 i %
—_ iy
225 T H
..5 éz % E _%
B201 A | = ENg=:
8 = = = :
2 H V] [
3 15 - A i é
— == - -
7} T : L = =
S 1.0 sllzE: g g
H | = E
054 _T g H E
I-" H i “H ENZE E
0.0 — L L _

54.43-61.00  100.81-109.64 136.23-144.04 155.65-164.13

629 Strain rate (s")

630 Fig. 18. Effects of strain rate and fibre on energy absorption capacity of geopolymer mixtures.
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632 Fig. 19. SEM images of fibre morphology in PVA fibre reinforced EGC after dynamic loading.
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634 Fig. 20. SEM images of fibre morphology in hybrid fibre reinforced EGC after dynamic loading.

635 4. Conclusions

636 Inthis study, the effects of polyvinyl alcohol (PVA) fibre content (1.0%, 1.5% and 2.0%) and recycled
637  tyre polymer (RTP) fibre dosage (0.25%, 0.5%, 0.75% and 1.0%) on the flowability and quasi-static
638  compressive properties of fly ash-slag based engineered geopolymer composites (EGC) cured at
639  ambient temperature as well as their dynamic compressive behaviour under various strain rates of
640  54.43-164.13 st were investigated. Based on the experimental results obtained, the main conclusions

641 can be drawn as follows:
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e The flowability, quasi-static compressive strength and elastic modulus of EGC reduced with the
increase of PVA fibre dosage while replacing PVA fibre with 0.25% RTP fibre can compensate
for such loss, leading to a 2.14-25.56% improvement compared to EGC with 2.0% PVA fibre.

e The dynamic compressive behaviour including dynamic compressive strength, dynamic increase
factor (DIF), failure degree and energy absorption capacity of all mixtures was sensitive to strain
rate. The strain rate dependency can be well described using the proposed DIF equations with R?
values of mostly greater than 0.9 for the considered strain rates ranging from 10° s* to 10% s,

e The incorporation of either PVA or RTP fibres can mostly improve the dynamic compressive
strength, DIF, and energy absorption capacity and can all reduce the post-test damage degree of
geopolymers mainly due to the additional resistance induced by the fibre bridging effect. Utilising
a small amount of RTP fibre (e.g., 0.25%) to replace PVA fibre in EGC can lead to a better
dynamic compressive strength, DIF and energy absorption capacity as compared with mono-PVA
fibre reinforced EGC.

e SEM images indicate that more pulled out PVA fibres can be identified under dynamic loading,
which was favourable for enhancing the dynamic compressive properties, especially energy
absorption capacity. However, the possibility of PVA fibre rupture increased at the strain rate of
155.65-164.13 s1, which can weaken the energy absorption capacity. RTP fibres still exhibited
pull-out behaviour under dynamic loadings, leading to an enhanced energy absorption capacity
of EGC containing RTP fibres at various strain rates.

e EGC containing 1.75% PVA fibre and 0.25% RTP fibre can be regarded as the optimal mixture
considering its highest dynamic compressive properties at various strain rates among all studied
mixtures. Besides, it had adequate workability and quasi-static mechanical properties especially
exhibiting the robust tensile strain-hardening behaviour as well as lower material cost and higher
sustainability.
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