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Abstract: To enhance the cost-effectiveness and sustainability of engineered geopolymer composites 6 

(EGC), polyvinyl alcohol (PVA) fibres in EGC can be partially replaced with recycled tyre polymer 7 

(RTP) fibres. This paper presents a systematic experimental study on the effects of PVA fibre volume 8 

fraction (1.0%, 1.5% and 2.0%) and RTP fibre content (0.25%, 0.5%, 0.75% and 1.0%) on the 9 

dynamic compressive behaviour of EGC under various strain rates (54.43-164.13 s-1). Results indicate 10 

that the flowability, quasi-static compressive strength and elastic modulus of EGC reduce with the 11 

increase of PVA fibre content, where the reductions can be effectively mitigated by adding RTP fibres. 12 

The dynamic compressive properties of all investigated mixtures including dynamic compressive 13 

strength, dynamic increase factor (DIF) and energy absorption capacity show a pronounced strain rate 14 

dependency which can be well described using the proposed equations for DIF against strain rate 15 

ranging from 10-5 s-1 to 103 s-1 with 𝑅2 values of mostly greater than 0.9. The dynamic compressive 16 

properties of EGC are enhanced with the increasing PVA fibre dosage under various strain rates while 17 

replacing PVA fibre with a certain amount of RTP fibre (0.25% and 0.5%) can result in better 18 

dynamic compressive properties compared to EGC with 2.0% PVA fibre. EGC containing 1.75% 19 

PVA fibre and 0.25% RTP fibre can be considered as the optimal mixture given its superior quasi-20 

static and dynamic compressive properties in comparison with EGC with 2.0% PVA fibre. 21 

Keywords: Strain hardening geopolymer composites; Recycled fibre; Split Hopkinson pressure bar 22 

(SHPB); Strain hardening behaviour; Dynamic increase factor; Toughening mechanism 23 

1. Introduction 24 

To mitigate the low brittleness and improve the tensile strength of traditional concrete, a special class 25 

of fibre reinforced concrete called engineered cementitious composite (ECC) or strain hardening 26 

cementitious composite (SHCC) is developed in the 1990s, which exhibits extraordinary ductility 27 

under quasi-static tensile loading accompanied by the formation of multiple microcracks [1]. 28 

Nevertheless, the required Portland cement dosage in ECC is generally higher than that for other 29 

cementitious composites, which may lower the greenness of ECC given that the production of 30 

Portland cement accounts for about 8% of global CO2 emissions [1-3]. To tackle this issue, one of 31 

the emerging solutions is to replace Portland cement with eco-friendly binders, e.g., geopolymers. In 32 

recent years, engineered geopolymer composite (EGC) has been increasingly studied, which can be 33 
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synthesised by a variety of precursors, activators and fibres based on the micromechanical design 34 

theory of ECC [1]. 35 

Among all types of developed EGC, the ones utilising fly ash [4-7] and ground granulated blast-36 

furnace slag [8-10] as binders have been extensively investigated primarily because of the large 37 

availability of them around the world [11, 12]. However, heat curing is typically required for fly ash-38 

based EGC and slag-based EGC has poor workability, short setting time and high shrinkage. These 39 

issues may impede the engineering applications of the composites, especially cast-in-situ works [13, 40 

14]. Hence, EGC containing blended fly ash and slag cured at ambient temperature has been attracting 41 

increasing attention as it exhibits desired fresh properties and superior tensile behaviour, regardless 42 

of the used activators and fibres [13, 15-22]. The existing studies on fly ash-slag based EGC mainly 43 

focused on the effects of different factors such as fly ash/slag ratio, silicate modulus of activator, sand 44 

content, fibre content, fibre length, curing regime and curing age on the fresh and quasi-static 45 

mechanical properties. For instance, fly ash-slag based EGC under ambient temperature curing was 46 

found to possess similar tensile properties compared to heat-cured EGC, which can exhibit a tensile 47 

strength of 4.6 MPa along with a high tensile strain capacity of 4.2% and can reduce carbon emission 48 

and energy consumption by 76% and 36%, respectively in comparison with traditional ECC [13]. The 49 

developed fly ash-slag based EGC generally exhibited a tensile strength of 3.06-5.77 MPa, a tensile 50 

strain capacity of 2.27-5.81% and tensile crack widths ranging from 28.4-147.34 µm [18-20, 22], 51 

which are comparable or even better than traditional ECC [23]. It is worth mentioning that most 52 

aforementioned studies have adopted either polyvinyl alcohol (PVA) or polyethylene (PE) fibres to 53 

reinforce the geopolymer matrix because of the excellent fibre-matrix bonding for PVA fibres and 54 

high tensile strength of PE fibres [7, 22]. However, these fibres have relatively higher material costs 55 

than other types of fibre, e.g., steel and polypropylene fibres [24, 25]. In addition, the environmental 56 

impact associated with the production of virgin synthetic fibres is inevitable [26]. Thus, it is vital to 57 

find and utilise other low cost and sustainable fibres for the development of EGC. 58 

Among all possible attempts, using recycled fibres from natural and synthetic materials (e.g., 59 

waste bottles and end-of-life tyres) to develop EGC is a potential solution as it can not only improve 60 

the cost-effectiveness and sustainability of EGC but also reduce the solid wastes by turning them into 61 

value-added construction ingredients/materials [26-28]. In our previous studies [15, 17], the 62 

feasibility of using recycled tyre steel and polymer fibres in EGC was explored, aiming to find an 63 

effective disposal way for the large quantity of annually generated waste tyres (around 1500 million 64 

[29]). The utilisation of recycled tyre steel (RTS) fibres can offer benefits to the compressive strength 65 

and drying shrinkage resistance of EGC while the flexural performance including flexural strength 66 

and toughness was weakened [15]. On the other hand, due to the high strength and stiffness of RTS 67 

fibres, the flexural crack widths of EGC containing hybrid PVA and RTS fibres were much smaller 68 
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compared to that of mono-PVA fibre reinforced EGC (mostly less than 60 μm). The tight crack widths 69 

may be favourable for durability and self-healing behaviour [30]. Apart from RTS fibres, the 70 

feasibility of partially replacing PVA fibres with recycled tyre polymer (RTP) fibres was also studied 71 

[17], with a special focus on the uniaxial tensile behaviour, indicating that the presence of RTP fibres 72 

weakened the tensile behaviour of mono-PVA fibre reinforced EGC (see Fig. 1), which can be 73 

attributed to the reduced fibre bridging effect induced by the low strength and hydrophobic 74 

characteristic of RTP fibres. However, the drying shrinkage, material cost and embodied energy of 75 

hybrid fibre reinforced EGC were found to be about 17.33%, 34.52% and 16.23% lower than those 76 

of mono-PVA fibre reinforced EGC. The influence of recycled tyre fibres on quasi-static mechanical 77 

properties of EGC has been preliminarily assessed, while the effect of them on dynamic mechanical 78 

properties remains unclear and requires further research, given that concrete structures may be 79 

subjected to static loadings as well as dynamic loadings with various strain rates. 80 

So far, the dynamic mechanical properties of EGC have been very rarely studied. It was reported 81 

that the tensile failure mode of ambient-cured EGC changed to brittle when the strain rate increased 82 

from 10-4 s-1 to 0.51 s-1 while the heat-cured EGC did not show such a phenomenon [22]. Furthermore, 83 

fly ash-slag based EGC presented better tensile properties than both fly ash-based and slag-based 84 

EGC under quasi-static and dynamic loadings. The EGC mixture containing 2.0% ultra-high-85 

molecular-weight PE fibres demonstrated superior dynamic mechanical properties in terms of tensile 86 

strength and energy absorption capacity compared to PVA fibre reinforced EGC and normal-strength 87 

ECC [31], which is consistent with the findings presented in Refs. [32, 33] that EGC showed a better 88 

impact resistance than ECC at both ambient temperature and elevated temperature (50-150 °C). 89 

Besides, the impact resistance of EGC was improved with the increasing molarity of sodium 90 

hydroxide up to 12 M [32]. Although the mechanical properties of PVA and PE fibre reinforced EGC 91 

under dynamic tensile and drop weight impact loadings have been studied, to the authors’ best 92 

knowledge, the effects of RTP fibre dosage and strain rate (101 to 103 s-1) on the dynamic compressive 93 

behaviour of fly ash-slag based EGC cured at ambient temperature have not been explored to date, 94 

which would hinder the widespread application of such sustainable composites. 95 

The main purpose of this study is to conduct a systematic experimental study on the effects of 96 

PVA fibre volume fraction (1.0%, 1.5% and 2.0%) and RTP fibre replacement level of PVA fibre 97 

(0.25, 0.5%, 0.75% and 1.0% by volume) on the quasi-static and dynamic compressive behaviour of 98 

fly ash-slag based EGC cured at ambient temperature under various strain rates (50-160 s-1). A series 99 

of tests were carried out to measure the flowability, quasi-static compressive strength and elastic 100 

modulus as well as dynamic compressive properties using split Hopkinson pressure bar (SHPB) in 101 

terms of stress-strain response, failure pattern, dynamic compressive strength, dynamic increase 102 

factor (DIF) and energy absorption capacity. Based on the obtained experimental data, the empirical 103 
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equations for DIF were then proposed for all studied mixtures within the considered strain rate range 104 

from 10-5 s-1 to 103 s-1, which are crucial and helpful for the structural design. Afterwards, the fibre 105 

morphology across the cracking interface after SHPB tests was characterised using the digital 106 

microscope and scanning electron microscopy (SEM), based on which the underlying mechanisms of 107 

the synergistic effects of hybrid PVA and RTP fibres on the dynamic compressive behaviour of EGC 108 

were analysed and discussed in depth. 109 

 110 

Fig. 1. Uniaxial tensile stress-strain curves of engineered geopolymer composites (EGC) containing 111 

various polyvinyl alcohol (PVA) and recycled tyre polymer (RTP) fibre contents [17]. 112 

2. Experimental program 113 

2.1. Raw materials 114 

The solid precursors adopted in this study were low calcium fly ash according to ASTM C618-17a 115 

[34] and ground granulated blast-furnace slag, the chemical composition and particle size distribution 116 

of which are illustrated in Table 1 and Fig. 2a, respectively. Regarding the morphology, fly ash 117 

particles are mostly spherical (Fig. 2b) while slag contains a large number of angular particles (Fig. 118 

2c). Fig. 3 illustrates the X-ray diffraction (XRD) patterns of fly ash and slag measured using a 119 

Malvern Panalytical X’Pert3 Powder diffractometer, where 𝐶𝑢𝐾𝛼 X-ray was employed at 45 kV and 120 

40 mA and 2𝜃 configuration ranging from 5-70o was applied. It can be observed that fly ash consists 121 

of a considerable amount of amorphous phases (board hump range of 2𝜃=15o-35o in Fig. 3) and its 122 

major crystalline phases are mullite and quartz. A significant amount of amorphous phases can also 123 

be detected for slag, as seen in the board hump from 2𝜃=25o to 2𝜃=35o in Fig. 3. Fine silica sand was 124 

used as aggregate, the particle size distribution of which is presented in Fig. 2a. A combination of 125 

sodium hydroxide (SH) solution with a molarity of 10 M and sodium silicate (SS) solution with a 126 

silicate modulus (SiO2/Na2O) of 3.15 was used as the alkaline activator. A polycarboxylate-based 127 
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superplasticiser (Sika®ViscoFlow®3000) was applied to control the workability of mixtures. Fig. 4 128 

illustrates the physical appearance of the fibres used in this study including PVA fibres (Kuraray Co., 129 

Ltd., Japan) and RTP fibres recycled from the truck tyres, the main properties of which are presented 130 

in Table 2. RTP fibres were cleaned before the usage to remove most of the attached rubber particles, 131 

the detailed process of which can be found in Ref. [35]. Based on the SEM images of PVA and RTP 132 

fibres (Fig. 4a and b), the dimensions of PVA fibres were unified while RTP fibres exhibit irregularity 133 

in dimension. The primary composition and main properties of RTP fibres were characterised and 134 

reported in a previous study [17]. 135 

Table 1 Chemical compositions (wt.%) of fly ash and ground granulated blast-furnace slag. 136 

Oxide SiO2 Al2O3 Fe2O3 CaO SO3 MgO TiO2 P2O5 LOI 

Fly ash 57.02 32.35 3.01 2.88 0.41 0.58 1.26 0.20 2.45 

Slag 31.85 17.31 0.34 41.20 1.78 6.13 0.62 0.02 0.39 

Note: LOI (Loss on Ignition). 137 

Table 2 Main properties of polyvinyl alcohol (PVA) and recycled tyre polymer (RTP) fibres used 138 

in this study. 139 

Fibre type 
Length 

(mm) 

Diameter 

(μm) 

Tensile 

strength (MPa) 

Elastic 

modulus (Ga) 

Density 

(kg/m3) 

PVA 12.0 40.0 1560 41.0 1300 

RTP 5.2 (2.4) 21.4 (4.4) 761 (115) 3.8 (0.7) 1476 (3) 

Note: the values are standard deviations in parentheses. 140 

         141 

Fig. 2. (a) Particle size distribution of fly ash, slag and silica sand; SEM images of (b) fly ash and 142 

(c) slag. 143 
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 144 

Fig. 3. X-ray diffraction (XRD) patterns of fly ash and slag. 145 

 146 

Fig. 4. Images of (a) PVA and (b) RTP fibres. 147 

2.2. Mix proportions 148 

The mix proportions of all studied mixtures are listed in Table 3, which are kept consistent with a 149 

previous study [17]. For all mixtures, the weight ratios of fly ash/slag, silica sand/binder, alkaline 150 

activator/binder, SS/SH and superplasticiser/binder were set as 4.0, 0.2, 0.45, 1.5 and 0.01 and kept 151 

constant. These parameters were selected based on previous studies [14, 16, 21], which can provide 152 
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acceptable workability and mechanical properties for the geopolymer matrix. The influencing 153 

parameters studied here included fibre type (PVA and RTP) and fibre content (0-2.0% by volume). 154 

Regarding the meaning of the labels shown in Table 3, for instance, P0R0 denotes the mixture without 155 

fibres, while P1.0R1.0 represents the mixture reinforced with two types of fibres where ‘P1.0’ 156 

indicates the content of PVA fibre (1.0%) and ‘R1.0’ denotes the dosage of RTP fibre (1.0%). These 157 

mixtures were designed to examine the effects of PVA fibre content as well as RTP fibre addition 158 

and replacement on the quasi-static and dynamic mechanical properties of EGC. 159 

Table 3 Mix proportions of all studied mixtures. 160 

Mixture label 

By weight  By volume (%) 

Binder Silica 

sand* 

Alkaline 

activator* 
SP* PVA fibre  RTP fibre  

Fly ash Slag 

P0R0 

0.8 

 

0.2 

 

0.2 

 

0.45 

 

0.01 

 

0 0 

P1.0R0 1.0 0 

P1.5R0 1.5 0 

P2.0R0 2.0 0 

P1.75R0.25 1.75 0.25 

P1.5R0.5 1.5 0.5 

P1.25R0.75 1.25 0.75 

P1.0R1.0 1.0 1.0 

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

2.3. Sample preparation 162 

The SH solution was prepared by dissolving SH pellets (>99% purity) in the tap water for 24 h before 163 

the mixture preparation. The mixing process for mono-PVA fibre reinforced EGC is consistent with 164 

that given in Ref. [17]: (1) add fly ash, slag, silica sand and mix for 90 s; (2) add alkaline activator 165 

and mix for 180 s; (3) add superplasticiser; (4) add PVA fibres slowly. Regarding the mixtures 166 

containing hybrid PVA and RTP fibres, the RTP fibres were first mixed with a small amount of 167 

alkaline activator, which can effectively avoid the fibre clumping or balling as per previous studies 168 

[17, 36, 37]. The mixing process of all EGC mixtures lasted about 10 min. The fresh mixtures were 169 

poured into cylindrical moulds (∅ 100 mm × 200 mm and ∅ 100 mm × 50 mm) in two layers. After 170 

casting with sufficient compaction, all mixtures were sealed with the plastic sheet at room temperature 171 

(20 ± 2 °C) and then de-moulded after 24 h. Then, all samples were cured in a standard room (20 ± 172 

2 °C, 95% RH) for 28 d. Before the quasi-static and dynamic mechanical tests, the end surfaces of all 173 

cylindrical specimens were polished to ensure they are flat and parallel. 174 
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2.4. Test methods 175 

2.4.1. Flowability test 176 

The flowability of fresh mixtures was determined using the flow table test as per ASTM C1437-15 177 

[38]. Herein, the fresh mixtures were firstly poured into a truncated conical mould with a top diameter 178 

of 70 mm, a bottom diameter of 100 mm and a height of 50 mm. Then, the spread diameter of the 179 

tested mixture was measured after lifting the mould and tapping the flow table 25 times. Three 180 

repeated tests were conducted for each mixture to determine the flowability that can be calculated as: 181 

𝐹 =
𝐷𝑠 − 𝐷𝑏

𝐷𝑏
× 100%                                                                        (1) 

where 𝐹 is the flowability of the tested mixture, 𝐷𝑠 is the spread diameter of the tested mixture, and 182 

𝐷𝑏 is the bottom diameter of the truncated conical mould (i.e., 100 mm). 183 

2.4.2. Quasi-static compression test 184 

For each mixture, the uniaxial compression test on three cylindrical specimens (∅ 100 mm × 200 mm) 185 

according to ASTM C39-21 [39]. The loading rate was set constant as 1.0 mm/min which is 186 

equivalent to a strain rate of about 8.33 × 10-5 s-1. The tested specimens had the same diameter as 187 

those for the dynamic compression test but with a different aspect ratio (i.e., length/diameter = 2.0). 188 

Previous studies [40-42] revealed that the quasi-static compressive strength obtained based on this 189 

aspect ratio is more appropriate for calculating DIF as the size and end friction effects can be 190 

minimised. Once the average quasi-static compressive strength was obtained, the elastic modulus test 191 

was performed following ASTM C469-14 [43]. Fig. 5 shows the setup for the elastic modulus test, 192 

where two strain gauges were installed at the mid-height of the tested specimen to measure the 193 

longitudinal strain. During the test, the tested specimen was initially loaded to 40% of its ultimate 194 

load-carrying capacity based on the average quasi-static compressive strength, followed by an 195 

unloading phase and this testing procedure was repeated three times. The corresponding elastic 196 

modulus can be calculated as: 197 

𝐸𝑠 =
𝜎2 − 𝜎1

𝜀2 − 0.00005
                                                                        (2) 

where 𝐸𝑠 is the elastic modulus of the tested specimen, 𝜎2 is the stress corresponding to 40% of the 198 

ultimate stress, 𝜎1 is the stress at a longitudinal strain of 50 µε, and 𝜀2 is the longitudinal strain at 𝜎2. 199 
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 200 

Fig. 5. Test setup for measuring elastic modulus. 201 

2.4.3. Dynamic compression test 202 

The dynamic compressive behaviour of all mixtures was evaluated using a SHPB with a diameter of 203 

100 mm. Fig. 6 presents the schematic illustration of the SHPB testing system, the main components 204 

of which include a striker bar (600 mm), an incident bar (5000 mm), a transmission bar (3500 mm) 205 

and an absorbing bar (1200 mm) that are all made of high-strength steel materials. The velocity of 206 

the striker bar can be adjusted by either varying the pressure level or changing the depth of the striker 207 

bar inside the launch tube. In this study, the depth of the striker bar was fixed while the pressure level 208 

was altered from 0.4 MPa to 1.0 MPa to generate various impact velocities. Three specimens were 209 

used for each pressure level. Before the test, the tested specimen was first sandwiched between the 210 

incident bar and the transmission bar. The used specimen had a diameter of 100 mm and a length of 211 

50 mm (aspect ratio: 0.5), which was selected to eliminate the axial inertia effect during the impact 212 

loading [42, 44]. Besides, the end surfaces of the specimen were applied with a small amount of 213 

grease to minimise the end friction effect. Once the test was started, the striker bar was launched by 214 

the immediate release of the compressed nitrogen in the pressure vessel and then it accelerated inside 215 

the launch tube until impacting the incident bar, generating an incident wave. When the incident wave 216 

reached the interface between the incident bar and the specimen, part of the wave was reflected, and 217 

the rest propagated along the transmission bar. The incident strain (𝜀𝑖(𝑡)), reflected strain (𝜀𝑟(𝑡)) and 218 

transmission strain (𝜀𝑡(𝑡)) were recorded by the strain gauges. 219 

In this study, the pulse shaping technique was used to ensure the validity of SHPB test results by 220 

filtering out the high-frequency components in the incident pulse and achieving the dynamic stress 221 

equilibrium [45, 46]. As illustrated in Fig. 6, a small piece of rubber was placed on the impact end of 222 

the incident bar, which changed the shape of the incident pulse to extend its rising time for better 223 
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facilitating the dynamic stress equilibrium [45, 47]. It should be noted that the rising time of the 224 

incident pulse can be increased by either reducing the diameter of the pulse shaper or raising its 225 

thickness [48]. Thus, trial tests were performed to select the suitable dimension of the pulse shaper. 226 

The rubber with a diameter of 30 mm and a thickness of 3 mm was found to be adequate for producing 227 

dynamic stress equilibrium, which was similar to those employed by other studies [42, 49]. Fig. 7 228 

presents some examples of checking the dynamic stress equilibrium for plain and EGC mixtures after 229 

removing the time lags, indicating that the sum of incident stress and reflected stress fitted well with 230 

the transmission stress during the whole loading process, which suggests the achievement of dynamic 231 

stress equilibrium condition. Based on the one-dimensional stress wave theory, the time history of 232 

stress (𝜎(𝑡)), strain (𝜀(𝑡)) and strain rate (𝜀̇(𝑡)) can be calculated as [45]: 233 

𝜎(𝑡) =
𝐸𝑏𝐴𝑏

2𝐴𝑠
(𝜀𝑖(𝑡) + 𝜀𝑟(𝑡) + 𝜀𝑡(𝑡)) 

                                                                       (3) 

𝜀(𝑡) =
𝐶𝑏

𝑙𝑠
∫ (𝜀𝑖(𝑡) − 𝜀𝑟(𝑡) − 𝜀𝑡(𝑡))

𝑡

0

 𝑑𝑡 
                                                                       (4) 

𝜀̇(𝑡) =
𝐶𝑏

𝑙𝑠
(𝜀𝑖(𝑡) − 𝜀𝑟(𝑡) − 𝜀𝑡(𝑡)) 

                                                                       (5) 

where 𝐸𝑏, 𝐴𝑏 and 𝐶𝑏 denote the elastic modulus, cross-sectional area and longitudinal wave velocity 234 

of the SHPB bar, respectively, and 𝐴𝑠  and 𝑙𝑠 are the cross-sectional area and length of the tested 235 

specimen, respectively. 236 

After the SHPB tests, the fibre conditions crossing the crack interfaces were captured using a 237 

digital microscope. Besides, to better characterise the fibre morphology in EGC subjected to high-238 

velocity impacts, SEM scanning (FEI, QUANTA FEG 250, USA) was carried out on some fracture 239 

pieces of failed specimens. 240 

 241 

Fig. 6. Schematic illustration of split Hopkinson pressure bar (SHPB) test. 242 
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          243 

 244 

Fig. 7. Examples of typical dynamic stress equilibrium: (a) P0R0 at 139.57 s-1; (b) P2.0R0 at 139.21 245 

s-1 and (c) P1.75R0.25 at 143.85 s-1. 246 

3. Results and discussion 247 

3.1. Flowability 248 

Fig. 8 depicts the effects of PVA and RTP fibres on the flowability of EGC. It can be observed that 249 

the flowability of mixtures was reduced by 12.14-52.34% compared to that of plain geopolymer 250 

mixture when the fibres were added. Fresh mixtures containing fibres were less flowable and more 251 

viscous, which may affect the compactness and internal structure especially fibre distribution, 252 

impairing the hardened properties of EGC. This can be ascribed to the contact network between fibres 253 

and increased liquid content absorption on the surfaces of fibres, leading to increased overall shear 254 

resistance [50, 51]. Additionally, the fibre properties and critical fibre dosage can affect the reduction 255 

degree of flowability [51]. For instance, it was reported that the flowability of EGC tended to be lower 256 

when the fibres had a larger surface area [5] and the fibre balling behaviour would be easier to induce 257 

after exceeding the critical fibre content [51]. As seen in Fig. 8, replacing PVA fibre with 0.25% RTP 258 

fibre did not significantly reduce the flowability of EGC as compared with P2.0R0 (98% against 259 
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95%), which can be partially ascribed to the lower aspect ratio (length/diameter) of RTP fibres [5, 260 

52]. However, the flowability of mixtures containing RTP fibres over 0.25% was about 17.11-24.51% 261 

lower in comparison with P2.0R0, suggesting that the critical dosage of RTP fibre for EGC would be 262 

in the range of 0.25-0.5% as exceeding this range could increase the possibility of rendering a 263 

congested fibre network inside EGC. Therefore, the overall workability of hybrid fibre reinforced 264 

EGC can be reduced considerably compared to that of mono-fibre reinforced EGC. Similar findings 265 

were also reported in previous studies [53, 54]. It is worth noting that all mixtures had acceptable 266 

flowability without obvious fibre balling or clumping behaviour based on visual observations. 267 

 268 

Fig. 8. Effects of PVA and RTP fibres on flowability of EGC. 269 

3.2. Quasi-static compressive strength 270 

Fig. 9a shows the quasi-static compressive strength of all mixtures, which ranged from 45.87 MPa to 271 

52.1 MPa. Similar to previous studies on EGC [15, 17] and ECC [55, 56], the inclusion of PVA fibres 272 

did not lead to a positive effect on the compressive strength of composites. For instance, the 273 

compressive strengths of P1.0R0, P1.5R0 and P2.0R0 were about 0.45-7.17% lower than that of P0R0. 274 

As compared with P2.0R0, incorporating RTP fibres in EGC led to a slightly higher or lower 275 

compressive strength while the differences can be considered as insignificant (0.48-5.17%). As 276 

mentioned earlier, the reduced flowability caused by the fibre addition can lower the compactness of 277 

the composites and thus compressive strength. This can be evidenced that the decreasing trend of 278 

compressive strength induced by the fibre addition coincides with that of flowability (Section 3.1). 279 

Besides, the used PVA and RTP fibres in this study may entrap a certain amount of air during the 280 

mixing which would increase the porosity near the fibres, forming the weak zone inside EGC [51]. 281 

The hydrophobic characteristic of RTP fibres can lead to poor fibre-matrix bonding [17] and hence, 282 
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the compressive strength of EGC tended to be lower at a higher RTP fibre dosage (over 0.5%). It is 283 

worth noting that the compressive strength of P1.75R0.25 was slightly higher (about 2.14%) than that 284 

of P2.0R0, which can be attributed to its better internal structure such as better fibre distribution, 285 

smaller porosity and less defects. The incorporation of either PVA or RTP fibres did not improve the 286 

compressive strength of geopolymers but resulted in enhanced ductility. As seen in Fig. 9b, P0R0 287 

showed an hourglass compressive failure shape where some oblique cracks appeared near the end 288 

surfaces and splitting cracks can be found in the mid-portion of the specimen due to the pure tensile 289 

effect [40], while the presence of fibres retained the original cylindrical shape of the specimen 290 

exhibiting a longitudinal main crack accompanied by derivative micro-cracks (Fig. 9c). This can be 291 

attributed to the crack-arresting ability of fibres [15, 55, 57]. In general, all EGC mixtures showed 292 

adequate compressive strength for basic engineering applications. 293 

 294 

Fig. 9. (a) Quasi-static compressive strength of all mixtures and representative compressive failure 295 

modes of (b) plain geopolymer mixture and (c) hybrid PVA and RTP fibre reinforced EGC. 296 

3.3. Elastic modulus 297 

The elastic modulus of materials is defined as the ability to sustain the applied stress for every unit 298 

strain within the elastic region, which is strongly associated with the compressive strength. Fig. 10a 299 

illustrates the elastic modulus of geopolymers with and without fibres. As observed, P0R0 achieved 300 

the highest elastic modulus of 18.33 GPa while by comparison, the elastic modulus of all EGC 301 

mixtures was about 14.67-35.78% lower, which agrees well with the tendency of quasi-static 302 

compressive strength. Previous studies [58-60] also reported that the incorporation of synthetic fibres 303 

reduced the elastic modulus of composites as compared with plain mixtures, which can be mainly 304 

ascribed to the internal structure of the composite (e.g., porosity and fibre orientation) as well as the 305 

stiffness of incorporated fibres [51]. Given the high stiffness of steel fibres (about 210 GPa), adding 306 
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a certain amount of steel fibres (1.0-2.0%) into geopolymers can lead to a slight improvement in the 307 

elastic modulus [60, 61]. However, as listed in Table 2, PVA and RTP fibres have lower elastic 308 

modulus (3.8 GPa and 41 GPa) than steel fibres and thus may partially contribute to the reduced 309 

elastic modulus of EGC, while it was reported that fibre stiffness has a minor effect on the mechanical 310 

properties of composites before cracking [24]. During the elastic modulus test, no visible cracking 311 

appeared on the tested specimen. As discussed above, replacing a small dosage of PVA fibre (0.25%) 312 

with RTP fibre led to slightly better workability and quasi-static compressive strength compared to 313 

EGC with 2.0% PVA fibre (P2.0R0), implying that the specimen had a better internal structure in 314 

terms of lower porosity and better fibre dispersion. Hence, the elastic modulus of P1.75R0.25 was 315 

around 25.56% higher than that of P2.0R0. In addition, the elastic modulus of all other hybrid fibre 316 

reinforced EGC mixtures was in the range of 11.77-13.79 GPa which was either greater or comparable 317 

in comparison with P2.0R0. 318 

Elastic modulus is regarded as an important index for structural designs and hence, it is vital to 319 

develop a reliable model of elastic modulus concerning the compressive strength. For comparison, 320 

the proposed equations for estimating the elastic modulus of Portland cement concrete [62, 63] and 321 

geopolymer concrete [64] were plotted in Fig. 10b, along with some data on geopolymer composites 322 

collected from previous studies [57, 60, 65]. It can be seen that the elastic modulus of all geopolymer 323 

composites especially EGC mixtures obtained from other studies [57, 65] was significantly lower 324 

than the calculated values using the equations for Portland cement and geopolymer concrete, which 325 

can be attributed to the absence of coarse aggregates in the geopolymer composites. It suggests that 326 

the existing models for predicting the elastic modulus would not be suitable for EGC. However, the 327 

available elastic modulus data of EGC is insufficient to offer a reliable model and therefore, more 328 

extensive studies are needed considering different grades of compressive strength for EGC. 329 

            330 
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Fig. 10. Elastic modulus: (a) obtained from this study; (b) in comparison with other existing models 331 

and studies [57, 60, 62-65]. 332 

3.4. Dynamic compressive behaviour 333 

3.4.1. Stress-strain response 334 

The stress-strain response is an important index for characterising the dynamic properties of materials 335 

and the representative stress-strain curves of all mixtures covering the strain rates from 54.43 to 336 

164.13 s-1 are presented in Fig. 11. As the strain rate of concrete is not constant during the entire 337 

process of dynamic loading [41, 66] and the strain rate at the failure point (i.e., peak stress) can be 338 

considered as the representative strain rate [67-69], the same approach was employed to define the 339 

representative strain rate in this study. As seen, the stress-strain curves of the plain geopolymer 340 

mixture and EGC had similar shapes consisting of ascending and descending stages. During the 341 

ascending stage, the stress increases linearly with the rising strain within the elastic region followed 342 

by the non-linear stress increment before the peak stress. After reaching the elastic limit, the internal 343 

cracks are initiated and progressed with the increase of strain. In the meantime, the fibres in EGC 344 

start to bridge the cracks and restrain the crack growth. Besides, a certain amount of energy is required 345 

to de-bond the fibres from the geopolymer matrix and initiate the pull-out of fibres. After exceeding 346 

the peak stress, the cracks are further propagated and expanded, leading to visible cracks [46, 70]. 347 

Furthermore, most of the fibres in EGC undergo sliding/slippage during the pull-out process up to the 348 

final failure of tested specimens. Although a similar shape of stress-strain response can be observed 349 

for different mixtures, the resultant values of stress and strain in various stages (e.g., peak stress) were 350 

different which will be discussed further in the following sections. 351 

            352 
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            353 

            354 

            355 

Fig. 11. Representative stress-strain curves of all mixtures: (a) P0R0; (b) P1.0R0; (c) P1.5R0; (d) 356 

P2.0R0; (e) P1.75R0.25; (f) P1.5R0.5; (g) P1.25R0.75; (h) P1.0R1.0 357 
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3.4.2. Failure pattern 358 

Figs. 12 and 13 demonstrate the typical failure patterns of all mixtures at various strain rates, 359 

indicating that the damage degree and integrity loss of all mixtures were increased with the increasing 360 

strain rate. At a low strain rate (56.27 s-1), the plain geopolymer mixture (P0R0) exhibited prominent 361 

longitudinal splitting failure with several fragments with irregular sizes (Fig. 12a). When the strain 362 

rate raised, the damage on P0R0 became more severe with more and smaller fragments. The crack 363 

velocity tended to be lower at a low strain rate, which allowed the cracks to go through the weak 364 

zones to propagate from the edge of the specimen towards its core area [46, 71]. Thus, several large 365 

fragments can be observed for the failed specimen. As the strain rate increased, the applied stress and 366 

crack velocity went up rapidly to generate more cracks to consume the energy before the cracks had 367 

sufficient time to seek the weak zone to propagate [46, 72] as crack generation requires more energy 368 

than crack propagation. Therefore, the specimen fractured into more fragments with smaller sizes at 369 

a high strain rate. 370 

As seen in Figs. 12b-d, the incorporation of PVA fibres reduced the damage degree of specimens 371 

under various strain rates compared to P0R0 (Fig. 12a). When the strain rate was lower (54.43-104.36 372 

s-1), P1.0R0, P1.5R0 and P2.0R0 maintained the cylindrical shapes of specimens along with some 373 

visible edge cracks after the dynamic compression due to the bridging effect of fibres that can 374 

effectively prevent the matrix from breaking into fragments and improves the impact resistance. 375 

Similar findings were reported for steel and PVA fibre reinforced geopolymer composites [42, 73]. 376 

As the strain rate increased to about 140 s-1, all PVA fibre reinforced EGC specimens started to 377 

disintegrate and presented fragmental failure, while fewer fragments with larger sizes can be found if 378 

the PVA fibre dosage was high (Fig. 12d). With the further increase of strain rate to about 160 s-1, 379 

more fragments with irregular sizes can be observed for all PVA fibre reinforced EGC, mainly due 380 

to the less bridging fibres across the cracking interfaces induced by the increased crack size at a high 381 

strain rate [74]. More fibres were either pulled out or ruptured under high-velocity impact loads. 382 

As displayed in Fig. 13, the hybrid fibre reinforced EGC had similar failure patterns with P2.0R0 383 

at different strain rates. When the strain rate exceeded approximately 140 s-1, replacing PVA fibres 384 

with more RTP fibres (0.75% and 1.0%) tended to be less resistant to impact with a higher integrity 385 

loss (Figs. 13c and d). Given the length difference between PVA and RTP fibres (see Table 2), RTP 386 

fibres would be more effective in bridging the initiated internal micro-cracks while when the micro-387 

cracks grew into macro-cracks, PVA fibres started to exert the crack-arresting ability. Fewer RTP 388 

fibres can be found in bridging the crack interfaces of failed specimens as they were mostly pulled 389 

out with the crack development. Thus, when an appropriate content of PVA fibres is replaced with 390 

RTP fibres, the synergistic effects of them can lead to better impact behaviour compared to mono-391 

PVA fibre reinforced EGC. Besides, fibre-matrix bonding and fibre orientation also play essential 392 
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roles in reducing the damage degree of EGC after dynamic compression [46]. Regarding fibre 393 

orientation, inconsistent conclusions can be found in the literature revealing that better impact 394 

resistance can be achieved when fibres are distributed either parallel [75] or perpendicular [76] to the 395 

loading direction. Given the different failure patterns here, fibres aligned perpendicular to the loading 396 

direction could be more effective in bridging and restraining the longitudinal splitting cracks along 397 

the edge of the specimen and the transverse cracks around the centre surface of the specimen. The 398 

failure patterns discussed above can only be used to qualitatively assess the impact resistance of 399 

materials while the quantitative analysis will be given below. 400 

 401 
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Fig. 12. Typical failure patterns of plain mixture and mono-PVA fibre reinforced EGC at different 402 

strain rates. 403 

 404 

Fig. 13. Typical failure patterns of hybrid PVA and RTP fibre reinforced EGC at different strain 405 

rates. 406 

3.4.3. Dynamic compressive strength 407 

Fig. 14 demonstrates the dynamic compressive strength of all mixtures at different strain rates, which 408 

indicates that all mixtures exhibited a similar feature that the dynamic compressive strength was 409 

enhanced with the increase of strain rate. For instance, the dynamic compressive strength of P0R0 410 
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was increased by 30.88-115.95% when the strain rate changed from 56.27 s-1 to 106.35 s-1, 136.23 s-411 

1 and 157.7 s-1, respectively, which can be ascribed to the structural effects (lateral inertia and end 412 

friction confinement), time-dependent crack propagation effect and Stefan effect induced by the 413 

viscosity of free water [77-79]. As mentioned in Section 2.4.3, some approaches have been applied 414 

to mitigate the structural effects. Besides, it was reported that a significant lateral inertia effect only 415 

appears when the strain rate is over 200 s-1 [80]. Thus, it can be assumed that the strength enhancement 416 

observed in this study could be mainly caused by the crack propagation effect (see Section 3.4.2) and 417 

the Stefan effect. Regarding the Stefan effect, the free water between cracks would create a viscous 418 

force to hinder the crack propagation under high-velocity impact loading (i.e., improving the strength) 419 

instead of generating a wedging effect to favour the crack propagation at a low strain rate [71, 81]. 420 

The viscous force tends to be higher at a higher crack velocity (larger strain rate) which can further 421 

enhance the dynamic compressive strength of specimens. 422 

Unlike the quasi-static compressive strength, the addition of PVA fibres increased the dynamic 423 

compressive strength of geopolymers. For instance, as seen in Fig. 14, within the strain rate of 100.81-424 

109.64 s-1, the dynamic compressive strengths of P1.0R0, P1.5R0 and P2.0R0 were 6.98%, 12.37% 425 

and 17.22% higher than that of P0R0. The crack propagation under the quasi-static loading is similar 426 

to that under the dynamic loading at a low strain rate, where the cracks can go through the weak zones 427 

to propagate. As discussed in Sections 3.1 and 3.2, the porosity of EGC can be higher due to the 428 

additional air entrapped by PVA fibres, and thus fewer fibres can offer bridging effects under quasi-429 

static loading as the cracks tend to propagate through the induced voids caused by the fibres [51]. As 430 

mentioned previously, the crack velocity raised with the increasing strain rate and more cracks were 431 

generated before the cracks had enough time to reach the weak zones. Meanwhile, more PVA fibres 432 

can exert their effects to bridge and restrain the induced cracks. Different from plain geopolymer, an 433 

additional amount of energy was required to pull out or rupture the fibres in EGC. Hence, the dynamic 434 

compressive strength can be improved by the bridging effect of PVA fibres under various strain rates, 435 

which is consistent with the findings reported in Refs. [71, 82] that polypropylene fibre reinforced 436 

concrete had comparable or lower quasi-static compressive strength but higher dynamic compressive 437 

strength under various strain rates (25-125 s-1) as compared with plain concrete. 438 

Besides, the fibre-matrix interface properties would also strongly affect the dynamic compressive 439 

properties of EGC. Compared to other synthetic fibres, PVA fibres possess special interface 440 

characteristics in terms of chemical bonding, frictional bonding and slip-hardening coefficient [83], 441 

which are related to the microstructure and properties of the matrix, e.g., fracture toughness [20]. To 442 

facilitate the pull-out process of PVA fibre, the applied stress should first overcome the chemical 443 

bonding to de-bond the fibre from the matrix followed by the slippage/sliding of the fibre governed 444 

by the frictional bonding and slip-hardening coefficient [1]. Moderate frictional bonding and slip-445 
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hardening coefficient are desirable to induce fibre pull-out instead of fibre rupture. It was found that 446 

the interface properties between PVA fibre and matrix especially frictional bonding can be improved 447 

with the increasing strain rate [84, 85]. Besides, the mechanical properties of PVA fibres (e.g., tensile 448 

strength) can be enhanced with the increase of strain rate [86]. These combined effects can cause an 449 

increased number of pulled out PVA fibres as the strain rate rises, leading to an increase in dynamic 450 

compressive strength of EGC. This finding can be detected in Fig. 15a that more PVA fibres were 451 

pulled out instead of ruptured under dynamic loading, which is in good agreement with a previous 452 

study [31] demonstrating that the failure mode of PVA fibre in EGC changed from fibre rupture under 453 

quasi-static loading to fibre pull-out under dynamic loading. Hence, the strength improvement of 454 

PVA fibre reinforced EGC over P0R0 was found to rise with the increase of strain rate up to about 455 

140 s-1. For instance, the dynamic compressive strengths of P2.0R0 at the strain rates of 55.05 s-1, 456 

103.95 s-1 and 137.81 s-1 were found to be about 6.80%, 17.22% and 18.88% higher than that of P0R0 457 

under similar strain rates (Fig. 14). However, as the strain rate went up to around 160 s-1, the strength 458 

improvement ratio of PVA fibre reinforced EGC over P0R0 declined. For instance, the dynamic 459 

compressive strength of P2.0R0 was only 9.13% higher than that of P0R0, which can be ascribed to 460 

the increased crack width and superior fibre-matrix interface properties. Due to the excellent interface 461 

properties, the probability of PVA fibre rupture tended to be higher, which would reduce the fibre 462 

bridging efficiency. Many ruptured PVA fibres can be observed at the strain rate of around 160 s-1 463 

(Fig. 15b). Overall, all PVA fibre reinforced EGC exhibited a higher dynamic compressive strength 464 

compared to plain geopolymer mixture under different strain rates where P2.0R0 indicated the best 465 

performance. 466 

As illustrated in Fig. 14, partial replacement of PVA fibres with RTP fibres can result in a slightly 467 

higher or comparable dynamic compressive strength compared to EGC containing 2.0% PVA fibre. 468 

For instance, the dynamic compressive strengths of P1.75R0.25 at strain rates of 61 s-1, 104.77 s-1, 469 

139.83 s-1 and 155.65 s-1 were approximately 3.57%, 5.34%, 2.34% and 0.62%, respectively greater 470 

than that of P2.0R0 under similar strain rates. Besides, P1.5R0.5 showed a comparable dynamic 471 

compressive strength to P2.0R0 with a difference of no more than 3.42%. Like PVA fibre, the 472 

mechanical and interface properties of RTP fibre could be improved with the increase of strain rate. 473 

The use of hybrid PVA fibre and a small amount of RTP fibre in EGC can lead to desirable fibre 474 

orientation and the synergistic effect of hybrid fibres at different scales can be effectively employed 475 

to bridge and restrain the induced cracks under dynamic loadings. As shown in Fig. 15c, RTP fibres 476 

were mostly pulled out due to their shorter lengths while longer PVA fibres can better provide the 477 

crack-resistance action as the cracks developed. Besides, the fibre spacing of RTP fibres in EGC 478 

tended to be smaller compared to that of PVA fibres due to the shorter length under a given volume 479 

of fibre reinforcement [37]. As such, more RTP fibres can contribute to the bridging effect around a 480 
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single micro-crack to prevent it from further growth and coalescence into a macro-crack and thus 481 

improve the impact resistance of EGC. EGC with RTP fibre could contain more free water than PVA 482 

fibre reinforced EGC due to the release of temporarily blocked water content at the surface of RTP 483 

fibre [17, 87], which would lead to an improvement in dynamic compressive strength due to the 484 

Stefan effect [81]. The interface properties of RTP fibre at a higher strain rate were still significantly 485 

lower as compared with PVA fibre due to the inherent hydrophobic surface feature of RTP fibre, as 486 

displayed in Fig. 15a and c that more matrix fragments were adhered on the PVA fibre surfaces, while 487 

RTP fibres had smooth surfaces with less attached matrix fragments. Thus, with the substitution of 488 

RTP fibre (0.75-1.0%) for PVA fibre in EGC, a 4.21-13.17% reduction in dynamic compressive 489 

strength can be observed in comparison with P2.0R0. To conclude, most hybrid fibre reinforced EGC 490 

mixtures can outperform the plain geopolymer mixture in terms of dynamic compressive strength and 491 

adding a small amount of RTP fibre into EGC is beneficial to the dynamic compressive strength of 492 

EGC mainly because of the synergistic effect of hybrid fibres in arresting and controlling the cracks. 493 

 494 

Fig. 14. Effects of strain rate and fibre on dynamic compressive strength of geopolymer mixtures. 495 

 496 
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 497 

 498 

Fig. 15. Fibre conditions at the cracking interfaces after dynamic compression. 499 

3.4.4. Dynamic increase factor 500 

DIF is defined as the ratio of dynamic compressive strength to quasi-static compressive strength. 501 

Acquiring a reliable relationship between DIF and strain rate can better characterise the strain rate 502 

sensitivity of materials under high-velocity impact loads and can offer more insights for future 503 

structural design and numerical study [58]. To this end, the experimental scatters of DIF and strain 504 

rate were used to develop the DIF equations for all mixtures, the results of which are illustrated in 505 

Fig. 16 and Table 4. In this study, the transition strain rate was considered, which divided the proposed 506 

DIF equations into two parts [42, 68, 88]. It was reported that the strength improvement of materials 507 

as the change of strain rate is not pronounced below the transition strain rate while over which, the 508 

strength would go up considerably [88]. As seen in Fig. 16, the DIF of all mixtures was improved 509 

significantly with the increasing strain rate after exceeding the transition strain rate ranging from 510 

56.15 s-1 to 67.51 s-1, which can be due to the reasons explained for dynamic compressive strength 511 

(see Section 3.4.3). When the fibre content changed, the variation of transition strain rate was not 512 

consistent. Khan et al. [42] found that the transition strain rate of fibre reinforced geopolymer 513 

composites was 66 s-1 which was higher than that of plain geopolymers (30 s-1). This can be ascribed 514 

to the reduced lateral deformation as a result of the fibre bridging behaviour, leading to a higher 515 

triggering rate to change the properties of composites [89]. Besides, the transition strain rate can be 516 
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affected by the combined effect of fibre content, fibre shape and matrix strength [88]. As shown in 517 

Table 4, the developed first-part DIF equations of P0R0, P1.0R0 and P1.0R1.0 had lower reliability 518 

considering their 𝑅2 values. By contrast, other proposed first-part DIF equations seemed reliable due 519 

to their higher 𝑅2 values (mostly larger than 0.9). In general, to further increase the reliability of the 520 

first-part DIF equations and better understand the transition strain rate, more DIF data at the low strain 521 

rates especially quasi-static (10-4-10-3 s-1) and intermediate strain rates (10-3-1 s-1) are required. 522 

Regardless of fibre type and content, the presence of fibres enhanced the strain rate sensitivity of 523 

geopolymers given that the second-part DIF equations of EGC mixtures had higher gradients ranging 524 

from 2.559 to 3.178 compared to P0R0 (Fig. 16), which can be ascribed to the additional resistance 525 

provided by the fibres under dynamic loadings. This is in good agreement with previous studies on 526 

geopolymer composites [42, 73]. For instance, it was found that the DIF of geopolymer composites 527 

containing 1.2% PVA fibre was increased by 3.56-4.25 times as compared with plain geopolymers 528 

under similar impact velocities [73]. Similar to dynamic compressive strength, the strain rate 529 

sensitivity of EGC was improved with the increase of PVA content while the strain rate sensitivity 530 

reduced when the RTP fibre content was over 0.25%. As observed in Fig. 16, P1.75R0.25 exhibited 531 

the highest strain rate sensitivity among all mixtures and the strain rate sensitivity of P1.5R0.5 was 532 

comparable with that of P2.0R0. The mechanisms behind these were similar to those provided in 533 

Section 3.4.3. This further suggests that replacing PVA fibres with a small amount of RTP fibres can 534 

lead to better dynamic compressive properties. The proposed second-part DIF equations of all 535 

mixtures shown in Table 4 had high reliability as most of the 𝑅2 values were greater than 0.9. 536 

Fig. 17 shows the DIF results obtained from this study in comparison with the predictions using 537 

the existing DIF models [63, 90] and the results obtained from literature on geopolymer composites 538 

[42, 73]. The DIF models proposed by the FIB model code [90] and CEB-FIP model code [63] have 539 

high accuracy and reliability for normal-strength concrete with a transition rate of 30 s-1: 540 

𝐷𝐼𝐹𝐹𝐼𝐵 = (
𝜀̇

𝜀1̇
)0.014  𝑓𝑜𝑟 𝜀̇ ≤ 30 𝑠−1 

                                                                       (6) 

𝐷𝐼𝐹𝐹𝐼𝐵 = 0.012(
𝜀̇

𝜀1̇
)

1
3  𝑓𝑜𝑟 𝜀̇ > 30 𝑠−1 

                                                                       (7) 

𝐷𝐼𝐹𝐶𝐸𝐵−𝐹𝐼𝑃 = (
𝜀̇

𝜀1̇
)1.026𝛼  𝑓𝑜𝑟 𝜀̇ ≤ 30 𝑠−1 

                                                                       (8) 

𝐷𝐼𝐹𝐶𝐸𝐵−𝐹𝐼𝑃 = 𝛾(
𝜀̇

𝜀1̇
)

1
3  𝑓𝑜𝑟 𝜀̇ > 30 𝑠−1 

                                                                       (9) 

where 𝜀1̇  is equal to 0.00003 s-1, 𝛼  is (5 + 9
𝑓𝑐

𝑓𝑐1
)−1 , 𝛾  is 10(6.156𝛼−2) , 𝑓𝑐  is the quasi-static 541 

compressive strength, and 𝑓𝑐1 = 10 MPa. 542 
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The above equations indicate that the FIB model code ignores the quasi-static compressive 543 

strength while the CEB-FIP model code has taken it into account. In this study, 50 MPa was selected 544 

as the input of the CEB-FIP model. As seen in Fig. 17, the predicted results of DIF using the above 545 

models were higher than the results obtained from this study when the strain rate was less than 100 s-546 

1, which can be attributed to the lower transition strain rates of the models proposed by FIB and CEB-547 

FIP. The differences in between were reduced with the increasing strain rate. It is worth noting that 548 

when the strain rate reached about 160 s-1, the DIF of the plain geopolymer mixture was comparable 549 

to that predicted by the models while all EGC exhibited higher DIF values. On the other hand, Fig, 550 

17 reveals that at a higher strain rate (e.g., 140 s-1), the mixtures containing solely synthetic fibres 551 

possessed higher DIF values than the mixtures containing steel fibres, implying a lower strain rate 552 

sensitivity for steel fibre reinforced composites. Similar results have been reported in Refs. [70, 78], 553 

which can be ascribed to the superior internal quality of steel fibre reinforced composites with lower 554 

porosity and fewer internal flaws as concrete with poorer quality can lead to higher DIF under 555 

dynamic loadings [70, 88, 91]. Besides, the lower strain rate sensitivity of steel itself compared to the 556 

matrix may contribute to the smaller DIF values [92]. 557 

Table 4 Summary of fitted logarithm curves for all mixtures. 558 

Mixture Fitted equation Strain rate range 𝑅2 

P0R0 𝐷𝐼𝐹 = 0.00507𝐿𝑜𝑔𝜀̇ + 1.0209  10−5 𝑠−1 ≤ 𝜀̇ ≤ 62.04 𝑠−1   0.1524 

 𝐷𝐼𝐹 = 2.370𝐿𝑜𝑔𝜀̇ − 3.1972 𝜀̇ > 62.04 𝑠−1   0.8064 

P1.0R0 𝐷𝐼𝐹 = 0.00805𝐿𝑜𝑔𝜀̇ + 1.0326  10−5 𝑠−1 ≤ 𝜀̇ ≤ 59.07 𝑠−1   0.1482 

 𝐷𝐼𝐹 = 2.559𝐿𝑜𝑔𝜀̇ − 3.4702 𝜀̇ > 59.07 𝑠−1   0.9055 

P1.5R0 𝐷𝐼𝐹 = 0.0258𝐿𝑜𝑔𝜀̇ + 1.050  10−5 𝑠−1 ≤ 𝜀̇ ≤ 64.15 𝑠−1   0.9059 

 𝐷𝐼𝐹 = 2.792𝐿𝑜𝑔𝜀̇ − 3.8306 𝜀̇ > 64.15 𝑠−1   0.9062 

P2.0R0 𝐷𝐼𝐹 = 0.0318𝐿𝑜𝑔𝜀̇ + 1.1295  10−5 𝑠−1 ≤ 𝜀̇ ≤ 56.15 𝑠−1   0.9092 

 𝐷𝐼𝐹 = 2.930𝐿𝑜𝑔𝜀̇ − 3.9920 𝜀̇ > 56.15 𝑠−1   0.9330 

P1.75R0.25 𝐷𝐼𝐹 = 0.0343𝐿𝑜𝑔𝜀̇ + 1.1401  10−5 𝑠−1 ≤ 𝜀̇ ≤ 67.51 𝑠−1   0.9059 

 𝐷𝐼𝐹 = 3.178𝐿𝑜𝑔𝜀̇ − 4.4951 𝜀̇ > 67.51 𝑠−1   0.9437 

P1.5R0.5 𝐷𝐼𝐹 = 0.0270𝐿𝑜𝑔𝜀̇ + 1.1103  10−5 𝑠−1 ≤ 𝜀̇ ≤ 62.39 𝑠−1   0.8238 

 𝐷𝐼𝐹 = 2.987𝐿𝑜𝑔𝜀̇ − 4.1789 𝜀̇ > 62.39 𝑠−1   0.9022 

P1.25R0.75 𝐷𝐼𝐹 = 0.0312𝐿𝑜𝑔𝜀̇ + 1.1274  10−5 𝑠−1 ≤ 𝜀̇ ≤ 58.79 𝑠−1   0.9341 

 𝐷𝐼𝐹 = 2.871𝐿𝑜𝑔𝜀̇ − 3.9633 𝜀̇ > 58.79 𝑠−1   0.9031 

P1.0R1.0 𝐷𝐼𝐹 = 0.0239𝐿𝑜𝑔𝜀̇ + 1.0973 10−5 𝑠−1 ≤ 𝜀̇ ≤ 61.91 𝑠−1   0.6342 

 𝐷𝐼𝐹 = 2.994𝐿𝑜𝑔𝜀̇ − 4.2823 𝜀̇ > 61.91 𝑠−1   0.9114 
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           563 

Fig. 16. Relationship between dynamic increase factor (DIF) and strain rate for all mixtures. 564 
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 565 

Fig. 17. Comparison of DIF obtained from the current study with the predictions and literature data 566 

[42, 63, 73, 90]. 567 

3.4.5. Energy absorption capacity 568 

The energy absorption capacity of all mixtures under dynamic loadings can be represented by the 569 

area under the entire stress-strain curve shown in Fig. 11, the results of which are presented in Fig. 570 

18 considering the effects of strain rate and fibre. As discussed in Section 3.4.1, the energy absorption 571 

capacity of the mixture is significantly increased after the elastic stage as the generation and 572 

propagation of cracks as well as the fibre pull-out (for EGC only) mainly appear after reaching the 573 

elastic limit. Consistent with dynamic compressive strength and DIF, the energy absorption capacity 574 

of all mixtures was considerably enhanced with the increasing strain rate (Fig. 18). For instance, the 575 

energy absorption capacity of P2.0R0 was increased by 157.43%, 387.64% and 551.90% when the 576 

strain rate raised from 55.05 s-1 to 103.95 s-1, 137.81 s-1 and 162.86 s-1, respectively. This can be 577 

partially due to the improved dynamic compressive strength as a result of the combined action of 578 

time-dependent crack propagation and Stefan effect (Section 3.4.3). It should be noted that the energy 579 

absorption considered in this study is not only affected by strength but also strain (deformation). As 580 

seen in Fig. 11, the strain at the peak stress of all mixtures known as peak strain was mostly improved 581 

with the increase of strain rate as a result of the enhanced cumulative strain at the appearance of more 582 

cracks [66], which contributes to the overall improvement of energy absorption capacity. 583 

The SEM images of PVA and RTP fibres in EGC are presented in Figs. 19 and 20, respectively, 584 

which can provide more details about the fibre surface condition after dynamic loadings and help 585 

interpret the test results. As pointed out above, the presence of fibres was beneficial to the energy 586 

absorption capacity of geopolymers under various strain rates. Within the strain rate range of 54.43-587 

109.64 s-1, increasing the PVA fibre content from 1.0% to 2.0% did not obviously improve the energy 588 
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absorption capacity, which can be ascribed to the insignificant improvement in dynamic compressive 589 

strength caused by the increased PVA fibre dosage under these strain rates (Fig. 14). As mentioned 590 

earlier, the increase of strain rate can improve the mechanical and interface properties of PVA fibres, 591 

which facilitates the fibre pull-out rather than fibre rupture. Thus, within the strain rate range of 592 

136.23-144.04 s-1, the energy absorption capacity of P2.0R0 was the highest among all mono-PVA 593 

fibre reinforced EGC, which was approximately 11.06% and 2.87% higher than that of P1.0R0 and 594 

P1.5R0, respectively. More pulled out PVA fibres can be observed along with some pronounced 595 

traces after PVA fibre pull-out (Figs. 19a and b). However, with the further increase of strain rate, 596 

the energy absorption capacity of EGC was not improved as the PVA dosage increased from 1.5% to 597 

2.0% (Fig. 18), which can be associated with the reduced fibre efficiency (see Section 3.4.3). As seen 598 

in Fig. 19d, due to the considerably high interface properties of PVA fibre, it ruptured when the 599 

applied stress exceeded its tensile strength during the pull-out process, which can weaken the energy 600 

absorption capacity as fibre pull-out can absorb more energy than fibre rupture [93]. 601 

As illustrated in Fig. 18, replacing PVA fibre with a certain amount of RTP fibre (0.25-0.5%) led 602 

to a better or comparable energy absorption capacity as compared with P2.0R0. For instance, the 603 

energy absorption capacity of P1.75R0.25 was about 5.12-30.65% higher than that of P2.0R0 under 604 

various strain rates. This can be primarily attributed to the enhanced dynamic compressive strength 605 

caused by the synergistic effect between PVA and RTP fibres in controlling the cracks, smaller fibre 606 

spacing of RTP fibres and possibly increased free water content (see Section 3.4.3). Additionally, the 607 

flexible feature of RTP fibre can enhance its efficiency in bridging and restraining cracks (Fig. 20a). 608 

Although the increase of strain rate may improve the mechanical and interface properties of RTP 609 

fibre, it still exhibited pull-out behaviour due to the intrinsic hydrophobic feature, which can be 610 

identified in Fig. 20. As seen in Figs. 19c and 20b, the RTP fibre’s surface had fewer attached matrix 611 

fragments as compared with PVA fibre. Under compressive loading with a high strain rate, the pull-612 

out behaviour of RTP fibre can compensate for the loss of energy absorption capacity induced by the 613 

ruptured PVA fibre. Thus, substituting a small amount of RTP fibre for PVA fibre in EGC can help 614 

enhance the energy absorption capacity of EGC. Lu et al. [94] found a similar phenomenon that 615 

replacing PVA fibres with recycled polyethylene terephthalate fibres led to a higher energy absorption 616 

capacity in comparison with composites containing 2.0% PVA fibre because of the larger number of 617 

pulled out polyethylene terephthalate fibres under impact loading. On the other hand, due to the lower 618 

dynamic compressive strength, P1.25R0.75 and P1.0R1.0 exhibited poorer energy absorption 619 

capacity in comparison with P2.0R0, as shown in Fig. 18. Within the strain rate range of 136.23-620 

164.13 s-1, the energy absorption capacities of P1.25R0.75 and P1.0R1.0 were found to be even 621 

smaller than that of P0R0 due to the smaller peak strain values of them compared to P0R0 as their 622 

dynamic compressive strengths were comparable within the aforementioned strain rate range (Fig. 623 
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14). It was observed that the incorporation of fibres does not vary the peak strain considerably [46, 624 

70, 74], while the peak strain is more relevant to the strain rate. Moreover, due to the incomplete 625 

fracture of some EGC mixtures, the evaluated energy absorption capacity may be slightly 626 

underestimated compared to P0R0 [42]. Overall, P1.75R0.25 and P1.5R0.5 can outperform P0R0 in 627 

terms of energy absorption capacity. 628 

 629 

Fig. 18. Effects of strain rate and fibre on energy absorption capacity of geopolymer mixtures. 630 
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 631 

Fig. 19. SEM images of fibre morphology in PVA fibre reinforced EGC after dynamic loading. 632 

 633 

Fig. 20. SEM images of fibre morphology in hybrid fibre reinforced EGC after dynamic loading. 634 

4. Conclusions 635 

In this study, the effects of polyvinyl alcohol (PVA) fibre content (1.0%, 1.5% and 2.0%) and recycled 636 

tyre polymer (RTP) fibre dosage (0.25%, 0.5%, 0.75% and 1.0%) on the flowability and quasi-static 637 

compressive properties of fly ash-slag based engineered geopolymer composites (EGC) cured at 638 

ambient temperature as well as their dynamic compressive behaviour under various strain rates of 639 

54.43-164.13 s-1 were investigated. Based on the experimental results obtained, the main conclusions 640 

can be drawn as follows: 641 
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• The flowability, quasi-static compressive strength and elastic modulus of EGC reduced with the 642 

increase of PVA fibre dosage while replacing PVA fibre with 0.25% RTP fibre can compensate 643 

for such loss, leading to a 2.14-25.56% improvement compared to EGC with 2.0% PVA fibre. 644 

• The dynamic compressive behaviour including dynamic compressive strength, dynamic increase 645 

factor (DIF), failure degree and energy absorption capacity of all mixtures was sensitive to strain 646 

rate. The strain rate dependency can be well described using the proposed DIF equations with 𝑅2 647 

values of mostly greater than 0.9 for the considered strain rates ranging from 10-5 s-1 to 103 s-1. 648 

• The incorporation of either PVA or RTP fibres can mostly improve the dynamic compressive 649 

strength, DIF, and energy absorption capacity and can all reduce the post-test damage degree of 650 

geopolymers mainly due to the additional resistance induced by the fibre bridging effect. Utilising 651 

a small amount of RTP fibre (e.g., 0.25%) to replace PVA fibre in EGC can lead to a better 652 

dynamic compressive strength, DIF and energy absorption capacity as compared with mono-PVA 653 

fibre reinforced EGC. 654 

• SEM images indicate that more pulled out PVA fibres can be identified under dynamic loading, 655 

which was favourable for enhancing the dynamic compressive properties, especially energy 656 

absorption capacity. However, the possibility of PVA fibre rupture increased at the strain rate of 657 

155.65-164.13 s-1, which can weaken the energy absorption capacity. RTP fibres still exhibited 658 

pull-out behaviour under dynamic loadings, leading to an enhanced energy absorption capacity 659 

of EGC containing RTP fibres at various strain rates. 660 

• EGC containing 1.75% PVA fibre and 0.25% RTP fibre can be regarded as the optimal mixture 661 

considering its highest dynamic compressive properties at various strain rates among all studied 662 

mixtures. Besides, it had adequate workability and quasi-static mechanical properties especially 663 

exhibiting the robust tensile strain-hardening behaviour as well as lower material cost and higher 664 

sustainability. 665 
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