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Abstract

Geopolymer as eco-friendly and alternative cementitious material has been intensively investigated.
In a previous study, Expanded Polystyrene (EPS) of volume fractions of 10%, 20% and 30% was
mixed into the ambient-cured plain geopolymer mortar (GM) to form lightweight geopolymer
composite (LGC). The static mechanical properties were tested and reported. The developed LGC
can be used in various applications such as road barriers, tunnel cushions and lightweight building
products i.e. bricks and panels, which could be subjected to dynamic loads such as impact or blast.
Therefore, its dynamic properties need to be investigated. In this study, dynamic compressive
properties of LGC were investigated by using ¥100-mm split Hopkinson pressure bar (SHPB). The
failure processes and the failure modes of plain GM and LGC specimens with various EPS contents
under different strain rates, as well as the stress-strain curves and the energy absorption capacity were
compared. The strain rate effect on the dynamic compressive strength, axial strain at peak stress and
normalized energy absorption capacities were compared and analysed. The test results showed that

dynamic compressive properties and energy absorption capacity of LGC with more EPS contents
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were more sensitive to the strain rate. Based on the testing results, the empirical formulae of dynamic
increase factor of compressive strength and energy absorption versus strain rate were proposed.
Keywords: Expanded polystyrene; Lightweight geopolymer composite; SHPB; Impact loading;

Strain rate effect; Energy absorption.

1. Introduction

Ordinary Portland Cement (OPC) has been widely used as the primary cementitious material,
and its production keeps increasing by 9% annually around the world [1, 2]. Massive carbon dioxide
(CO2) can be released by calcining non-renewable natural resources, i.e. limestone and clay during
cement production, which is an average of 6% of the total emissions around the world [3]. Therefore,
the sustainable development of a new material to replace OPC has become increasingly important
due to the greenhouse effect caused by CO2. Geopolymer can be used as an alternative eco-friendly
material to reduce resource and energy consumption as well as waste emissions [4]. Solid
aluminosilicate sources can be activated by alkaline solutions to obtain geopolymer [5]. For instance,
industrial waste or by-product materials from plants, i.e. fly ash (FA) and blast furnace slag as
supplementary cementing materials were used in the manufacture of geopolymer. With the use of
industrial wastes or by-products, geopolymer can reduce greenhouse gas emissions up to 80% [2].

Lightweight concrete (LWC) can be produced for various applications, such as load-bearing
hollow bricks, cladding panels, slabs and reinforced concrete beams [6-9]. Depending on the
requirements for various construction applications, lightweight aggregates could be incorporated in
LWC either by partially or totally replacing natural aggregates. Expanded polystyrene (EPS) as an

artificial material has been widely used in lightweight packaging, energy absorption and insulation
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applications [10-12]. It is worth noting that waste EPS has resulted in environmental issues. EPS with
the density of 10~30 kg/m*® has non-absorbent, hydrophobic and closed-cell nature. In recent years,
numerous studies have been conducted to investigate the mechanical properties of LWC with EPS
under the quasi-static or low-velocity impact [8, 13-19]. In the previous very limit studies, dynamic
mechanical behaviours of LWC with EPS under high strain rates have been investigated. For example,
Bai, et al. [20] used a split Hopkinson pressure bar apparatus (SHPB) to conduct dynamic
compressive tests on LWC with different volume contents of EPS. As reported, the dynamic
compressive strength of LWC with EPS exhibited strong sensitivity to the strain rate. This is because
LWC is a heterogeneous material with different components, i.e., cement, aggregates and EPS, and
likely the micro-cracks and air voids in the material, and these components, as well as their interfaces,
have different mechanical properties. Under quasi-static or lower strain rate loading, cracks initiate
and propagate along the relatively weaker sections in the specimen, therefore less cracks are
developed and specimen fails with a few dominant fragments. When strain rate is high, cracks
propagate quickly therefore have no time to seek weaker sections in the specimen. Specimen breaks
into many number of small fragments. This different damage mode under dynamic loading
contributes to the strain rate effect on the dynamic material properties. Other factors including
viscosity, resistance from air and water trapped in the voids of the specimen, as well as inertial
resistance also contribute to the dynamic material strength increment. In addition, it was found that
EPS concrete was effective to improve the energy absorption capacity [21, 22]. Furthermore, the
dynamic performance of a newly designed concrete barrier made of LWC with different EPS contents

was investigated, and good energy absorption capacity was observed [23].
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Geopolymer as an eco-friendly material has the potential to replace OPC, which has reasonable
strength and sound physical properties, i.e. low water permeability, efficient thermal stability and low
shrinkage [24-27]. Lightweight geopolymer concrete (LGC) as a novel lightweight material is
developed by replacing OPC with geopolymer as matrix. LGC can be used in various applications
such as road barriers, tunnel cushions and lightweight building products, i.e. bricks and panels, which
could be subjected to dynamic loads such as impact or blast. Therefore, dynamic properties of LGC
need to be investigated to understand the dynamic performance and energy absorption capacity of
structures made of LGC. Currently, some studies have investigated the manufacturing process of
heat-cured LGC with different volume fractions of EPS and the effect of EPS on the thermal and
mechanical properties [28-31]. It was reported that the replacement of natural aggregates by EPS
significantly improved the thermal insulation, but it led to a reduction of the compressive strength.
Aslani, et al. [32] recently developed ambient-cured LGC with chemical treated EPS which used
viscosity modifying agent as an admixture and obtained LGC with the compressive strength of
7.70~25.40 MPa and density of 1750 ~ 2200 kg/m?. It is evident that these studies have mainly
focused on the quasi-static material properties of ambient-cured or heat-cured LGC with EPS. To the
best of authors’ knowledge, no study has been conducted to investigate the dynamic mechanical
properties of ambient-cured LGC with EPS under high strain rates.

In a previous study [3], the authors also mixed a LGC with the ambient cured GM and EPS of
different volume percentages. The quasi-static compressive tests of plain GM and LGC containing
EPS beads with volume fractions of 10%, 20% and 30% were conducted. The performances of LGC
with different EPS volume fractions were observed and discussed, and the corresponding mechanical

properties were defined. The mixed LGC showed reasonable mechanical properties and some
4
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potential applications were identified in constructions where lightweight materials with acceptable
strength are required. In this study, as an extension of the previous study [3], the dynamic material
properties of the developed LGC were quantified for the design analysis of structures made of LGC.
The dynamic compressive tests were carried out in this study by using @100-mm split Hopkinson
pressure bar (SHPB) with the strain rates up to 173.22 s'. The effects of strain rate on the failure
process, failure mode, dynamic strength, axial strain at peak stress and energy absorption capacity of
plain GM and LGC specimens were compared and analysed. The formulae pertaining to the dynamic
increase factor of compressive strength (CDIF) and the energy absorption capacity of plain GM and

LGC containing different EPS volume fractions were derived accordingly.

2. Experimental program

2.1. Material

Low calcium FA, type F as per ASTM 618-19 [33], with the median particle size of 9.7 um
was sourced from Gladstone power station, Queensland, Australia. A construction-grade blast furnace
slag with the median particle size of 11.5 um was provided by BGC cement, Perth, Australia. The
alkaline activator was the mixture of 8-M (Molarity = 8 mol/L) sodium hydroxide (NaOH) solution
and D-grade sodium silicate (Na2SiO3) (Specific gravity = 1.53). Silica sand (fineness modulus =
2.77 and specific gravity = 2.65) was supplied by Hanson Construction Materials. The commercially
available EPS beads (Specific gravity = 0.0135) with the nominal diameter of 5- mm were obtained
from a local company. The chemical compositions of the aluminosilicate materials (i.e. FA and slag)
determined by X-ray fluorescence analysis (XRF) and alkaline activator solutions are presented in

Table 1.
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Table 1. Chemical compositions (weight %) of fly ash, slag, Sodium silicate (Na2S103) and Sodium
hydroxide solution (NaOH) [3].

Composition

( t‘V) SiOz NaZO HzO Ale3 F6203 CaO MgO TiOz MnO PzOs Kzo SO3 Others
WL. 70

LOI

Fly ash 51.10 0.77 - 25.56 1248 4.30 145 132 0.15 088 070 025 046
Slag 32.50  0.27 - 13.56 085 4120 5.10 049 0.25 0.03 0.35 320 1.12
NaxSiOs; 29.40 1470 5590 - - - - - - - -

NaOH - 28.05 7195 - - - - - - - - - -

0.57

Note: LOI is loss on ignition.
2.2. Mix proportions

For completeness, the mix proportions of plain GM and LGC with different EPS volume
fractions in the previous study [3] are presented in Table 2. A combination solution of D-grade Na:
Si03 and 8-M NaOH solutions at a ratio of 2.50 was used as the alkaline activator. Both plain GM
and LGC specimens had an identical ratio of alkaline activator to binder (FA and slag) of 0.40. The
sand to binder ratio of 1.60 was used for plain GM. Fine aggregates were replaced with EPS beads at
10%, 20% and 30% in volume. LGC specimens with EPS volume fractions of 10%, 20% and 30%
were labelled as EPS-10, EPS-20 and EPS-30, respectively. The use of slag can prohibit the
segregation of EPS beads in the matrix and result in a reduction of the flow rate of the geopolymer
matrix [34]. Therefore, the FA to slag ratio was maintained as 5.60 to obtain reasonable workability
with uniform distribution of EPS beads for all mixtures (as shown in Fig. 1). More details about

mixing, workability and curing of specimens can be found in [3].

Table 2. Mix proportions and flow rate of plain GM and LGC with different EPS contents [3].

Mix ID Mix proportions (kg/m?) EPS beads Flow rate
Flyash Slag NaOH Na,SiO; Sand Wt. (kg/m*) Vol (%) (%)
Plain GM 595 105 80 200 1120 - - 104.33
EPS-10 595 105 80 200 855 1.35 10% 98.64
EPS-20 595 105 80 200 590 2.70 20% 80.27
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EPS-30 595 105 80 200 325 4.05 30% 60.19

The sand of 10%, 20% and 30% in volume corresponding to 12.62%, 25.24% and 37.86% in
weight was replaced with the EPS beads of 10%, 20% and 30% in volume. As calculated, the
corresponding weight of sand proportion is 855 kg/m?, 590 kg/m? and 325 kg/m? and that of EPS
beads proportion is 1.35 kg/m?, 2.70 kg/m? and 4.05 kg/m? for EPS-10, EPS-20 and EPS-30 mixtures,

respectively.
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Fig. 1. Cross-sectional views of specimens. (a) EPS-10 specimen, (b) EPS-20 specimen, (c¢) EPS-30
specimen.

2.3. Experimental methodology

The SHPB test system was used to conduct the dynamic compressive tests in this study. A total
of 51 specimens with a dimension of @100 x 50 mm, i.e. L/D =0.5 were prepared by cutting
cylindrical specimens to disc. Both cut surfaces of the specimens were ground with surface roughness
less than 0.02 mm. To quantify the dynamic strength increment and compare the failure modes of the
specimens corresponding to different strain rates, the quasi-static tests and the results obtained in [3]

are also briefly presented herein for easy reference.
7
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2.3.1. Quasi-static test and results

The density of plain GM and LGC specimens was calculated as per ASTM C1688-14 [35]. The
average value of the three specimens was obtained for each configuration. Quasi-static compressive
tests were conducted as per ASTM C39-18 [36]. At least three sulfur-capped cylindrical specimens
for each configuration were tested under a loading rate of 0.33 MPa/min with the strain rate of 1 x
10 s"!. Modulus of elasticity (E) and Poisson’s ratio (i) were determined according to ASTM C469-
14 [37].

Table 3. Quasi-static test results [3].

Mix ID Density ~ Compressive strength  Failure strain ~ Modulus of elasticity ~ Poisson's ratio

p* (kg/m?) J< (MPa) &' (%) £* (GPa) ue
Plain GM  2204.41 61.12 0.36 16.74 0.10
EPS-10  1791.86 2433 0.25 9.66 0.13
EPS-20  1634.67 16.31 0.22 7.38 0.15
EPS-30  1284.31 6.32 0.13 4.83 0.19

Note: ? presents 28-days mean value.

Table 3 gives the quasi-static results of plain GM and LGC with different EPS contents, which
have been reported in [3] and are also presented herein as reference to obtain dynamic increase factor
of compressive properties. The density of plain GM was 2204.41 kg/m?, while that of EPS-10, EPS-
20 and EPS-30 were 1791.86 kg/m?, 1634.67 kg/m? and 1284.31 kg/m?, respectively. The quasi-static
strength and failure strain of LGC reduced with the increase of EPS contents due to the matrix
replaced by the EPS beads with ultra-low density. The average compressive strengths of plain GM,
EPS-10, EPS-20 and EPS-30 were 61.12 MPa, 24.33 MPa, 16.31 MPa and 6.32 MPa with the

standard deviation of 1.43, 2.99, 1.98 and 0.39, respectively, and the average failure strains of plain
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GM, EPS-10, EPS-20 and EPS-30 were 0.36%, 0.25%, 0.22% and 0.13% with the standard deviation
01 0.04, 0.03, 0.06 and 0.02, respectively.
2.3.2.  Dynamic compressive test procedure and equipment details

Dynamic compressive tests were conducted by using @100-mm SHPB test system. Dynamic
properties of plain GM and LGC with different EPS contents including failure processes, failure
patterns, dynamic compressive strengths, axial strain at peak stress and energy absorption capacities
were carried out from the SHPB test. Fig. 2 shows that the SHPB system consists of three ¥100-mm
pressure bars, including an incident bar with a length of 5500 mm, a transmitted bar with a length of
3000 mm and an absorption bar with a length of 1000 mm. The pressure bars were made of stainless
steels with density, Young’s modulus, elastic wave velocity and Poisson’s ratio of 7800 kg/m?, 240
GPa, 5064 m/s and 0.30, respectively. A striker bar with a length of 400 mm was made of the same
material as the pressure bars. The signal was recorded by two strain gauges at the middle of both
incident and transmitted bars. The failure process of plain GM and LGC specimens were recorded by
using a high-speed camera. Before the impact tests, grease was applied to interfaces between the
specimen and pressure bars to minimize the effect of end friction confinement. As shown in Fig. 3,
an ¥20-mm circular rubber pulse shaper with a thickness of 3 mm was attached to the impact end of
the incident bar. At least three specimens were tested under the same impact load for each

configuration.
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3. Dynamic test results and discussions
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3.1. Validity and strain rate determination of SHPB tests

Fig. 4 shows typical stress wave signals recorded in the incident and transmitter bars. The
incident wave was shaped with the aid of rubber pulse shaper in the test. The pulse shaper can not
only mitigate the high frequency oscillation at the front of the incident wave but also extend the rising
time of the incident pulse, which can facilitate achieving the dynamic stress equilibrium in the

specimen [38].

120
Reflected wave
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40 4
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é 0 = < 2 7
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-160 . T : T ) T i T :
200 400 600 800 1000 1200

Time (us)
Fig. 4. Typical stress wave signals recorded in the incident and transmitter bars.

Dynamic compressive properties of the specimens were derived from the recorded data. One-
dimensional wave propagation theory was applied. It should be noted that the data is valid only when
the specimen achieved dynamic stress equilibrium. The stress (o), strain rate (€) and strain (g) of the

specimens can be calculated by the equations below, respectively [39].

Ap
o) = Ey(er(®) n
&) = %SR ®) (2)
T
e(t) = f ¢ (O)dt 3)
0

11
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where Eb, Ab and Co are the modulus of elasticity,

cross-section area and elastic wave velocity of the

pressure bars, respectively; 4s and L are the cross-section area and length of the tested specimen,

respectively; & and &g are the recorded time-dependent transmitted and reflected strain.

Fig. 5 shows the typical dynamic stress equilibrium of SHPB test, which was checked for all test

results. Fig. 6 (a)-(d) demonstrate the stress equilibrium status of plain GM and LGC with different

EPS contents at strain rate of around 150 s™!, indicating the validity of dynamic compressive test

results in this study.
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Fig. 5. Typical stress equilibrium of SHPB test.
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Fig. 6. Typical stress equilibrium of (a) Plain GM specimen, (b) EPS-10 specimen, (c¢) EPS-20
Specimen, (d) EPS-30 specimen.

According to Eq.(3), the strain rate is determined by the reflected signal. There are several
methods to determine the representative strain rate from results in the SHPB test. As reported in [40,
41], the mean value of the strain rate during the loading period was used as the representative strain
rate. In addition, the strain rate can be represented by the strain rate at the failure point [42]. A nearly
constant strain rate as the representative strain rate has been used as well [43-45]. In this study, the
value corresponding to the maximum compressive stress was taken as the strain rate of the tested
specimen as shown in Fig. 7, which has been also used to determine the strain rate of concrete-like

material in SHPB test in the previous studies [42, 46, 47].

13
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Fig. 7. Strain rate determination.
3.2. Failure process and failure mode

The failure process was recorded by using a high-speed camera with 40,000 frames per second
(fps) and a resolution of 640 x 744 pixels. Fig. 8 (a)-(d) show the failure process of plain GM and
LGC with different EPS contents at strain rate of around 150 s™!. The first image corresponded to the
instant when the specimens were initially stressed. For plain GM, surface cracks were initiated from
both edges of the specimen at around 150 ps, which extended further to the mid region. The specimen
was shattered into small pieces at around 400 ps.

For LGC, surface cracks were initiated earlier than that of plain GM because of lower
compressive strength and porous structures of LGC. In addition, the time of surface cracks initiation
of LGC specimens was delayed with the increase of EPS volume content from 10% to 30% at a
similar strain rate. As observed, surface cracks in the specimens EPS-10, EPS-20 and EPS-30 initiated
at around 80, 100 and 125 ps, and then pulverized at around 250 ps. It might be due to the enhanced

deformation ability of LGC specimen with the increase of EPS volume fraction.

14
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232 (a) Plain GM specimen
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233
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235
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237
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239 Fig. 8. Fracture images and failure process of the specimens at strain rate of around 150 s™!.
240 Failure patterns of plain GM and LGC with different EPS volume fractions are shown in Fig. 9

241  (a)-(d). As observed, the rising strain rate significantly affected the failure modes of plain GM and

242 LGC. The damage levels of plain GM and LGC specimens became more severe with the higher strain
15
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rates, and the average size of fragments of test specimens decreased. As shown in Fig. 9(a), the
specimens of plain GM experienced edge cracks at strain rate of 65.76 s”!. Then, the specimen failed
with many numbers of fragments, and the number of fragments increased, and the size of the average
fragments decreased with the increase of the strain rates. At strain rate of 173.22 s°!, the test specimen
was shattered into smaller fragments.

The effect of the high strain rate on the failure patterns can be explained by the strain-rate
hardening effect, which demonstrates that the compressive strength and energy absorption capacities
of test specimen increase with the rising strain rate [48]. Firstly, when the specimen is under quasi-
static compression, the plain GM specimen failed in a sudden manner [3]. It is considered that micro-
cracks and tiny voids were produced due to slurry shrinkage and local compression of the matrix
during the casting and curing process. With the rising strain rate, the specimen failed due to both
newly generated cracks and the spread of existing cracks. It was reported that more energy was
required to produce new cracks than that required for the spread of existing cracks [21]. Therefore,
with the rising strain rate, the developed number of cracks and the required amount of energy
increased during this process. Consequently, more fragments with smaller size were expanded from
the internal cracks of plain GM specimens.

For the specimens of LGC with different EPS contents, the damage level was severer with the
increase of EPS volume fractions under a similar strain rate. As shown in Fig. 9 (b)-(c), with the rising
strain rate, the specimen of EPS-10 experienced four damage levels, i.e. partially crush, crush into
pieces and pulverize into small fragments, which indicated more energy absorption at higher strain
rate. The failure mode of EPS-20 had similar trends that the specimen was shattered into smaller

fragments with the rising strain rate. It should be noted that EPS-30 was broken but kept its structural
16



265  integrity at strain rate of 51.12 s! and then pulverized into smaller pieces with the rising strain rate.
266  The failure mode of LGC with the rising strain rate is consistent with the previous studies of LWC

267  with EPS [21].

268 65.76 51 83.12 51 11141 s! 152.85 51 173.22 51
269

270

271

7 58.44 51 86.82s1 110.80 s | 149.34 51
273

274 511281 | 74.29 s 112.76 s 144.31 s
275 (d) EPS-30 specimens

276 Fig. 9. Failure patterns of specimens under high strain rates.

277  3.3. Dynamic stress-strain curves

17



278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

Fig. 10 (a)-(d) show the dynamic compressive stress-strain curves of plain GM and LGC with
different EPS volume fractions at different strain rates. As shown, the compressive strength of all
specimens increased with the rising strain rate, i.e. the dynamic compressive strength of plain GM
increased from 82.84 MPa at strain rate of 65.76 s! to 191.02 MPa at strain rate of 173.22 s™', and the
strength of EPS-10 increased from 50.56 MPa at strain rate of 61.22 s! to 97.22 MPa at strain rate of
145.21 s7!. Fig. 10 (c) and (d) show that the dynamic compressive strength of EPS-20 increased from
38.38 MPa at strain rate of 58.44 s!' to 71.18 MPa at strain rate of 149.34 s™! and the dynamic
compressive strength of EPS-30 increased from 23.37 MPa at strain rate of 51.12 s™! to 37.18 MPa at
strain rate of 144.31 s’'. It means that the compressive strength of plain GM and LGC was sensitive
to the strain rate, which is consistent with the previous studies about strain rate effect on the
compressive strength under impact loadings [21, 48]. It is due to the strain-rate hardening effect as
explained in section 3.2, which indicates that more external energy and impulse can be absorbed by
the production and spread of internal cracks owing to the theory of work-energy and impulse-
momentum. As a result, the rising strain rate can lead to the higher compressive strength of the test

specimen under impact loadings.
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Fig. 10. Comparison of dynamic stress—strain curves.

3.4. Rate effects on dynamic properties

Strain rate effect on the compressive strength of concrete-like materials under impact loadings
is commonly quantified by the dynamic increase factor (CDIF), which is derived by normalizing the
dynamic compressive strength by the quasi-static compressive strength. According to Eq. (1), the
dynamic compressive strength can be determined by the peak stress. It should be noted that the
dynamic compressive strength is also affected by the lateral inertial confinement and the end friction
effects [49]. In this study, the effect of the end friction effect has been minimized by applying grease
at the interfaces of the specimen and pressure bars. Meanwhile, the lateral inertial confinement as a
structural effect always exists under high strain rates loading due to the Poisson's effect, which can
enhance the load capacity of the specimen [44]. The contribution of lateral inertial confinement to the
CDIF should be removed from the experimental results of CDIF (CDIFk) to obtain the true CDIF
(CDIFr) of the specimen. The contribution of the lateral inertial confinement of different specimen
sizes to CDIF was numerically quantified by the previous study [50], which is specimen size, mass

density and strain rate dependent. For instance, the contribution of lateral inertial confinement of the
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@100 specimen reached 13.68% at strain rate of 200 s'. The CDIF7 of the specimen was obtained by
removing the contribution of lateral inertial confinement effect according to the empirical relation
proposed in [50].

Fig. 11 presents the strain-rate effect on the dynamic compressive strength of plain GM and
LGC with various EPS contents. The CDIFr of plain GM and LGC increased with the rising strain
rate, which was due to the strain-rate hardening effect. Additionally, the CDIFrof EPS-30 was the
most sensitive to strain rate, followed by EPS-20, EPS-10 and then the plain GM, i.e. the CDIF7 of
EPS-30, EPS-20, EPS-10 and plain GM were 4.34, 3.51, 3.23 and 2.21 at strain rate around 110 s™!,
respectively. It is indicated that LGC with higher EPS volume fraction was more sensitive to the
strain rate. It should be noted that LGC with EPS is a heterogeneous material with geopolymer mortar
matrix, EPS beads, initial inherent micro-cracks, tiny voids and discontinuities. The internal pore of
EPS beads was restrained due to the viscosity effect (as shown in Fig. 12), which increased the
dynamic compressive strength under impact loadings. Besides, with the increase of EPS volume
fraction, more inherent micro-cracks, tiny voids and discontinuities were more likely produced during
the casting and curing process. Under the high strain rate, more cracks were generated from inherent
micro-cracks, tiny voids and discontinuities inside the matrix. Consequently, the increase of EPS
volume fraction resulted in the higher CDIFrat a similar strain rate in this study. Based on the test
results, the predictions of CDIFr for plain GM and LGC at their corresponding strain rate (€) ranges,
are given as:
For plain GM:
CDIF; = 1.537In(¢) — 5.187 for61.79s' < ¢ <173.22 s (R>=0.961) 4)

For EPS-10:
20



CDIF; = 1.7191In(¢) — 5.073 for 54.26 sl< & <152925¢! (R2=10.965) (5)
331 For EPS-20:
CDIF; = 1.7101In(¢) — 4.771 for 49.53 s1< & <149345¢! (R2=0.924) (6)

332  For EPS-30:

CDIF; = 1.6381In(¢) — 3.046 for43.87s' < & <149.33 57! (R2=0.928) (7)
7
A Plain GM =+ = Plain GM-Fitted curve
B EPS-10 ccceeee EPS-10-Fitted curve
64 ® EPS-20 === EPS-20-Fitted curve
¢ EPS-30 = EPS-30-Fitted curve ®
5 -
~ 4
=
a
Q 3
2
1 -
0 g y T g —T1 °®* * I ® T = TI""
30 60 90 120 150 180 210
333 Strain rate (s™)
334 Fig. 11. Relationship between the CDIFr and strain rate.
k =\ PO, A S
335
336 Fig. 12. Cell-structure of EPS bead [30].
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Fig. 13 compares the test results from the previous studies on CDIF of plain GM [48, 51] and
LWC with EPS [20, 52] with the test results in this study. As observed, the CDIF of plain GM in this
study was more sensitive to the strain rate than the test results of GM reported by Khan, et al. [48]
and Feng, et al. [51]. It is due to different mix proportions, the synthesis environment and curing
conditions of GM, i.e. more slag (FA/slag =1.5) was used as ingredients to prepare ambient-cured
GM specimens with compressive strength of 112 MPa in [48], while the heat-cured plain GM
specimens with compressive strength of 68 MPa were prepared by using fly ash as ingredients [51].
As reported in [53], the ratio of ingredients and curing condition affected the microstructure, i.e.
micro-cracks, tiny voids and discontinuities, or moisture condition within the specimen of GM, which

can influence the dynamic behaviours at high strain rate.

6

V¥ LWC-21.81 MPa- Ding et al. 2011
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Fig. 13. Comparison of CDIF from this study and previous studies.

Furthermore, the test results of the previous studies on LWC with EPS are shown in Fig. 13.

The CDIF of LGC with EPS specimens had similar trend as that of LWC with EPS specimens. As
22
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observed, the test results of LWC with EPS and partial coarse aggregates reported by Bai, et al. [20]
and Ding, et al. [52] displayed a higher CDIF as compared with EPS-10 of similar compressive
strength. It is because the regions with coarse aggregates of LWC experienced cleaving under high
strain rates, which can obtain a higher compressive strength increase.

As observed in Fig. 10, the axial strain corresponding to peak stress of plain GM and LGC
increased with the rising strain rate, i.e. the axial strain of plain GM was 0.39% at strain rate of 65.76
s and increased to 0.45% at strain rate of 173.22 s'. The CDIF of axial strain (CDIF,) was
normalized by the quasi-static failure strain to evaluate the strain rate effect on the strain at peak stress.
Fig. 14 presents the strain rate effect on the axial strain of plain GM and LGC with various EPS
contents. As observed, the axial strain of both plain GM and LGC was consistently enhanced with
the rising strain rate. Meanwhile, the specimen of LGC with higher EPS contents were more sensitive
to the higher strain rate, i.e. the CDIF; of plain GM was 1.08 at strain rate of 65.76 s and increased
to 1.42 at strain rate of 152.85 s°!, while CDIF: of EPS-30 was 1.31 at strain rate of 51.12 s and
increased to 3.23 at strain rate of 144.31 s’!. It may be due to the great deformation ability of EPS
beads. It is worth noting that the increasing trend of strain at peak compressive stress of concrete-like
material with the rising strain rate was reported in some previous studies [40, 46], while nearly
constant axial strain [54] and a declining trend of axial strain with the rising strain rate [55, 56] were
also reported. Therefore, further study regarding the strain rate effect on axial strain corresponding to

peak stress of plain GM and LGC is necessary.
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Fig. 14. Relationship between CDIF; and strain rate.
3.5. Energy absorption
Energy absorption capacity can be evaluated by the Strain Energy Density (SED), which is
determined by the combined effect of ductility and strength under high strain rates [49]. In order to
demonstrate the effect of strain rate on energy absorption capability of plain GM and LGC with
different EPS contents, Eq.(8) was used to calculate SED, which can be determined by the enclosed

area of stress-strain curves as shown in Fig. 15.
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T
W= f o(£)de(t) )
0

where W is the strain energy density, o(t) denotes the time-dependent stress and g(t) represents time
dependent strain.

Fig. 16 shows the comparison of energy absorption capacities of plain GM and LGC. As shown,
the SED of both plain GM and LGC with different EPS contents increased with the rising strain rate,
i.e. the SED of plain GM increased from 711.90 KJ/m? at strain rate of 61.79 s™! to 2960.42 KJ/m? at
strain rate of 173.22 s”!, and the SED of EPS-30 increased from 143.24 KJ/m? at strain rate of 45.72
s't0 350.95 KJ/m? at strain rate of 149.33 s!. Plain GM exhibited the highest SED due to the higher
compressive strength although it had the lowest deformation ability. As observed, the energy
absorption capacity of plain GM specimens is more strain rate dependent as compared with LGC
specimens. It was reported that the energy absorption capacity as a synthesized index was determined
by both strength and deformation ability of material [21]. As the EPS volume content increases, the
reduction level of strength has more significant effect on the energy absorption capacity than the
enhanced level of deformation ability, which resulted in the reduction of overall energy absorption

performance of LGC.
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The relationship between SED and strain rate (€) within their corresponding strain rate range

can be expressed as:

For plain GM:

SED = —0.083£2 + 41.799¢ — 1627.00 for 61.79 s < & < 173.22 s (R>=0.951) 9)
For EPS-10:

SED = —0.0537£2 + 21.085¢ — 626.96 for 54.26 s < & < 152.92 5! (R>=10.9596) (10)
For EPS-20:

SED = —0.0098£2 + 9.7239¢ — 206.37 for49.53s! < € < 149.34 51 (R>=0.9728) (11)

For EPS-30:
SED = 0.01036% — 0.1443¢ + 147.75for43.87s! < & < 149.33 5! (R2=0.9381) (12)
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Fig. 16. Comparison of strain energy density (SED) of plain GM and LGC.

As observed, the energy absorption capacities of material were greatly influenced by the
compressive strength. To evaluate the effect of EPS volume contents on the energy absorption

capacities of LGC with various strengths, the specific energy absorption (SEA) capacity was
26



405 normalized with quasi-static compressive strength [46]. Fig. 17 presents comparison of specific SEA
406  of plain GM and LGC at different strain rates. As observed, the SEA of LGC was higher than that of
407  plain GM, i.e. the SEA of plain GM was 45.54 KJ/m3/MPa at strain rate of 149.69 s-1, while that of
408  EPS-30 was 55.53 KJ/m3/MPa at strain rate of 149.33 s-1. It is demonstrated that LGC with EPS can
409  absorb more energy than plain GM of the same compressive strength. For LGC with different EPS
410  contents, the SEA of EPS-20 was slightly higher than that of EPS-10 in general. It is interesting to
411  observe that the SEA of EPS-30 was higher than that of EPS-20 at strain rate range from 40 s-1 to 80
412 s-1 but lower at strain rate range from 80 s-1 to 150 s-1, which was mainly because that the weak
413  bonding between geopolymer matrix and EPS beads reduced the toughness of EPS-30 under higher

414  strain rate. Dynamic compressive test results of all specimens are summarized in Table 4 - Table 7.
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416 Fig. 17. Comparison of specific energy absorption (SEA) at different strain rates.

417

418  Table 4. Summary of dynamic test results for plain GM specimens.
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419
420
421
422

Test No. Strain Dynamic CDIF; CDIFr Axial CDIF, SED SEA
rate compressive strength strain (KJ/m¥  (KJ/m?*/MPa)
(s fea (MPa) €(%)
Plain-1 61.79 80.20 1.31 1.20 0.37 1.03 711.90 11.65
Plain-2 65.76 82.84 1.35 1.23 0.39 1.08 912.69 14.93
Plain-3 75.36 80.68 1.32 1.20 0.36 1.00 691.21 11.31
Plain-4 83.12 124.91 2.04 1.84 0.39 1.08 1224.82 20.04
Plain-5 85.67 112.33 1.83 1.66 0.4 1.11 1481.85 24.24
Plain-6 88.14 109.81 1.79 1.62 0.39 1.08 1329.71 21.76
Plain-7 100.26 137.20 2.24 2.01 0.41 1.14 2026.15 33.15
Plain-8 111.41 152.19 2.48 2.21 0.44 1.22 1835.16 30.03
Plain-9 116.62 147.99 2.41 2.15 0.43 1.19 1944.55 31.82
Plain-10 143.23 170.13 2.77 2.43 0.47 1.31 2833.90 46.37
Plian-11 152.85 173.29 2.83 2.47 0.51 1.42 2627.84 42.99
Plain-12 149.69 171.01 2.79 2.44 0.46 1.28 2783.44 45.54
Plain-13 161.46 185.24 3.02 2.63 0.48 1.33 3289.27 53.82
Plain-14 170.94 187.21 3.05 2.82 0.49 1.36 3000.42 49.09
Plain-15 173.22 191.02 3.11 2.70 0.45 1.25 2960.42 48.44

Note: CDIFk is the experimental results of DIF of compressive strength; CDIFr is the true DIF of
compressive strength; CDIF:is the DIF of axial strain at peak stress.

Table 5. Summary of dynamic test results for EPS-10 specimens.

Test No.  Strain rate Dynamic CDIF; CDIFr Axial CDIF; SED SEA
& (sh compressive strength strain (KJ/m?)  (KJ/m’/MPa)
fia (MPa) £(%)
EPS-10-1 54.26 49.29 2.03 1.86 0.26 1.04 389.64 16.01
EPS-10-2 61.22 50.56 2.08 1.90 0.29 1.16 443.09 18.21
EPS-10-3 63.54 47.67 1.96 1.80 0.28 1.12 422.61 17.37
EPS-10-4 86.52 65.47 2.69 2.43 0.33 1.32 758.75 31.19
EPS-10-5 80.94 74.00 3.04 2.76 0.31 1.24 685.82 28.19
EPS-10-6 81.68 67.44 2.77 2.51 0.35 1.4 861.86 35.42
EPS-10-7 92.57 75.91 3.12 2.81 0.38 1.52 994.25 40.87
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EPS-10-8 116.82 88.04 3.62 3.23 0.43 1.72 1065.27 43.78
EPS-10-9 100.83 83.21 3.42 3.07 0.38 1.52 871.97 35.84
EPS-10-10 145.21 97.22 4.00 3.50 0.45 1.8 1295.25 53.24
EPS-10-11 148.18 98.87 4.06 3.56 0.48 1.92 1270.36 52.21
EPS-10-12  152.92 91.46 376 328 057 2.8 1404.08 57.71
423
424 Table 6. Summary of dynamic test results for EPS-20 specimens.
Test No.  Strain rate Dynamic CDIFg; CDIFr Axial CDIF, SED SEA
& (s compressive strength strain (KJm¥  (KJ/m?*/MPa)
fia (MP2) £ (%)
EPS-20-1 58.44 38.38 2.35 2.16 0.24 1.09 387.71 23.77
EPS-20-2 51.52 36.05 2.21 2.04 0.26 1.18 328.49 20.14
EPS-20-3 49.53 32.15 1.97 1.82 0.27 1.23 313.69 19.23
EPS-20-4 96.45 55.78 3.42 3.07 0.31 1.41 572.77 35.12
EPS-20-5 88.84 48.00 2.94 2.66 0.32 1.45 523.65 32.11
EPS-20-6 86.82 50.15 3.07 2.78 0.34 1.55 642.11 39.37
EPS-20-7 101.52 62.33 3.82 3.40 0.38 1.73 687.16 42.13
EPS-20-8 110.80 64.40 3.95 3.51 0.36 1.64 873.32 53.55
EPS-20-9 115.45 64.78 3.97 3.53 0.43 1.95 731.47 44.85
EPS-20-10 135.58 64.84 3.98 3.50 0.48 2.18 1005.07 61.62
EPS-20-11 147.95 68.98 4.23 3.70 0.51 2.32 974.25 59.73
EPS-20-12 149.34 71.18 4.36 3.82 0.56 2.55 1052.62 64.54
425
426  Table 7. Summary of dynamic test results for EPS-30 specimens.
Test No.  Strain rate Dynamic CDIF;  CDIFr Axial CDIF; SED SEA
& (sh compressive strength strain (KJ/m?)  (KJ/m’/MPa)
fea (MPa) €(%)
EPS-30-1 51.12 23.37 3.70 3.41 0.17 1.31 179.06 28.33
EPS-30-2 43.87 21.99 3.48 3.22 0.2 1.54 173.31 27.42
EPS-30-3 45.72 23.55 3.73 3.45 0.24 1.85 143.24 22.66
EPS-30-4 78.82 29.20 4.62 4.19 0.29 2.23 181.49 28.72
EPS-30-5 79.54 27.30 4.32 3.92 0.29 2.23 200.01 31.65
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5.70

6.28

5.88

3.74

4.34

4.96

4.55

5.02

5.50
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0.27
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0.4

0.48
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3.08
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210.30
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351.20

350.95

312.86

33.23

38.29

44.57

50.79

55.57

55.53

49.50

4. Conclusion

This study investigated the dynamic compressive material properties of ambient-cured plain

geopolymer mortar (GM) and lightweight geopolymer composites (LGC) with different expanded

polystyrene (EPS) volume fractions of 10%, 20%, and 30% by using split Hopkinson pressure bar

(SHPB). The failure process and failure mode of plain GM and LGC with various EPS contents were

compared. The test results demonstrated the strain rate effect on the compressive strength, axial strain

at peak stress and energy absorption within the strain rate range of 43.87 s’ to 173.22 s’!. Based on

the findings, the main conclusions can be summarized as follows:

1. The failure process of LGC was different with different EPS contents under high loading rate.

The crack initiation time of LGC delayed with the increase of EPS contents under a similar

strain rate. The failure patterns of both plain GM and LGC showed strain rate dependence.

With the rising strain rate, the number of fragments increased and the average size of

fragments reduced.

2. The compressive strength and the corresponding axial strain of plain GM and LGC were strain

rate dependent. LGC with more EPS contents was more sensitive to strain rate.
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442 3. The contribution of lateral inertial confinement has been removed to obtain the true dynamic

443 compressive strength. Based on the test results, the empirical formulae for the true dynamic
444 increase factor of compressive strength (CDIF7) of both plain GM and LGC containing
445 different EPS contents were proposed.

446 4. The energy absorption capacities of plain GM and LGC with EPS became higher with the
447 rising strain rate. The empirical formulae of energy absorption capacities were proposed for
448 plain GM and LGC with various EPS volume fractions. The energy absorption value
449 normalized by the quasi-static compressive strength of LGC was higher than that of plain GM.
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