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8 Abstract

9 High Volume Fly Ash (HVFA) concrete enables the utilization of fly ash (FA) to diminish
10  greenhouse gas emission by decreasing the demand of ordinary Portland cement. Structures
11 made of HVFA concrete, such as roadside barriers, tunnel cushions and building walls could
12 be subjected to impact and blast loads during service life. Thus, dynamic performance of HVFA
13 concrete is worthy of investigating for better analysis and design of concrete structures. This
14  paper presents the quasi-static and dynamic properties of HVFA concrete containing FA
15  contents of 40 and 60% (by wt.) as partial replacement of cement. The effect of 2% (by wt.)
16  nano silica (NS) on the quasi-static and dynamic properties of HVFA concrete is also studied.
17  The dynamic compressive tests are carried out by using a split Hopkinson pressure bar (SHPB)
18  with 100 mm diameter. The failure processes and patterns as well as stress-strain curves of plain
19  and HVFA concretes under different strain rates are compared. The strain rate effects on the
20  compressive strength, modulus of elasticity and energy absorption capacities are analysed. The
21  experimental results show that quasi-static and dynamic performances of HVFA concrete are
22 enhanced by the addition of NS. With the increase of FA content, the damage level becomes
23 more severe, and modulus of elasticity and energy absorption capacities of HVFA concretes
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become lower at the similar strain rate. Dynamic increase factors (DIF) of compressive strength
for HVFA concretes are quantified and compared with the empirical formulae recommended
by Euro-International Committee for Concrete (CEB) for normal concrete. Adding NS leads to
lower DIF for compressive strength of HVFA concrete. Empirical formulae for DIF of
compressive strength, modulus of elasticity and energy absorption capacity of HVFA concretes
with and without nano silica as a function of strain rate are proposed. It is worth noting that the
NS modified HVFA C60F38N2 in this study has higher compressive strength, modulus of
elasticity and energy absorption capacity than the plain concrete (PC), which shows the
potential to replace the normal concrete as a sustainable construction material.

Keywords: High Volume Fly Ash (HVFA) concrete; Nano silica; SHPB; Dynamic

compressive properties; Impact loading; Energy absorption.

1. Introduction

Conventional concrete has been used intensively as construction material around the world.
Ordinary Portland cement (OPC) is the main constituent of concrete. The annual consumption
of OPC is around 4.3 billion tons and the global production grows by 9% annually in recent
years [1-3]. The increasing demand of OPC has attracted the concern of environmental issues
because a ton of carbon dioxide is released from manufacturing one ton of OPC. It is reported
that the emissions of greenhouse gas from producing OPC account for 6% of global emissions
[4]. In this regard, industrial waste or by-products, such as fly ash (FA), rice husk ash and slag
can be used to diminish environmental impact by partially replacing OPC. High volume fly ash

(HVFA) concrete by replacing at least 40% OPC with FA can improve the sustainability and



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

workability of concrete [5-9]. However, there are several drawbacks of replacing OPC with FA,
i.e. inferior mechanical properties at an early age because of the slow pozzolanic reaction of
FA. To overcome the shortcoming, nanomaterials with smaller particle size and larger surface
area than FA can be used as cementitious additives in the HVFA concrete. The mechanical
properties of HVFA concrete at an early age can be improved by virtue of early hydration
reaction between nanomaterial and calcium hydroxide as well as the filling effect of
nanoparticles in the micro-voids.

Nanomaterials, such as nano silica (NS), refer to the materials with the nanoscale size or
bulk materials containing nano-sized particles with the diameter less than 100 nm. NS is
classified as an advanced pozzolan, which improves mechanical behaviors and modifies the
microstructural cement-based material [10]. When NS is added to the cement-based system, the
filling effect leads to the immobilization of free water. The micro-voids in the matrix are filled
by NS particles to form the dense microstructure. Besides, the bond strength of interfacial
transition zone (ITZ) between aggregates and matrix is enhanced by incorporating nanoparticles
due to the formation of calcium—silicate—hydrates (C—S—H) gel during pozzolanic reactions [11].
Thus, the early age strength and the durability of concrete containing high volume FA can be
significantly improved by adding NS particles.

The effects of NS addition on quasi-static properties of HVFA concrete have been
investigated in the previous studies. It was reported that the compressive strength of HVFA
concrete containing 50% FA was enhanced by substituting FA with 4% [12] and 1% [13] (by
wt.) of NS content. Shaikh et al. [9] reported that the addition of 2% NS as FA replacement in

HVFA concretes containing 40 to 70% FA obtained the highest compressive strength at 7 days
3
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and 28 days. Shaikh and Supit [11] revealed that the addition of 2% NS improved the
performance of HVFA concrete due to the modified microstructure.

Engineering structures might be subjected to dynamic loads such as blast and impact loads
during their service life. Thus, dynamic properties of concrete material are essential for the
accurate predication of structural performance under various strain rates. However, the studies
on the dynamic behaviours of HVFA concrete and nano silica modified HVFA concrete under
high strain rates are very limited. Zhou et al. [14] investigated dynamic properties of HVFA
mortar without nano silica at different curing ages. Mussa et al. [15] compared the dynamic
behaviours of HVFA concretes containing 52.5% of FA and 2.5% NS (by wt.) at strain rate
ranging from 30.12 to 101.42 s '. It was reported that the compressive strength, toughness,
critical strain and failure mode of HVFA concrete containing NS were sensitive to the strain
rate. Mussa et al. [16] further studied dynamic properties of NS modified HVFA concrete with
curing age changed from 7 days to 90 days, and reported that the compressive strength of NS
modified HVFA concrete with the longer curing age was more sensitive to strain rate,
demonstrated by the higher dynamic increase factor (DIF). It should be noted that the previous
studies have investigated dynamic properties of NS modified HVFA concrete. However, the
comparison of dynamic behaviour between HVFA concrete and NS modified HVFA concrete
(i.e. the effect of NS addition on dynamic behaviours) has not been revealed, which is deemed
necessary for study.

In a previous study [9], quasi-static compressive properties of HVFA concretes containing
40% and 60% FA with 2% nano silica (by wt.) have been studied. As an extension of the

previous study [9], quasi-static test on the HVFA concrete is also conducted, which serves as a
4
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reference for dynamic tests. A @100-mm split Hopkinson pressure bar (SHPB) system is used
to obtain dynamic compressive properties of HVFA concretes with/without nano silica with the
strain rate up to 149.49 s!, including failure mode, dynamic strength, modulus of elasticity and
energy absorption capacities of concrete mixes. Dynamic increase factors (DIF) of compressive
strength for HVFA concretes are compared with the formulae recommended by Euro-
International Committee for Concrete (CEB). The formulae for dynamic increase factor (DIF)
of compressive strength, modulus of elasticity and energy absorption capacity of HVFA

concrete with/without nano silica are proposed.

2. Experimental program

2.1. Material

As an extension of the previous study [9], the dynamic compressive properties of HVFA
concretes with/without NS are investigated in this study. Therefore, the similar raw materials
are used to get the consistent mix as the previous study [9]. Type I ordinary Portland cement
was supplied by Cockburn Cement, Australia. The commercially available silica sand was
sourced from Hanson Construction Materials. Low calcium class F fly ash (FA) was supplied
by the Gladstone power station. Nano silica (NS) was obtained from MK Impex Corp, Canada.
The chemical compositions and physical properties of ingredients are given in Table 1 and

Table 2, respectively.

Table 1. Chemical compositions of cement, fly ash and nano silica [9].

Composition Si0, ALO Fe,O CaO MgO MnO K,O Na,O P,0Os TiO, SOs;
(wt. %) 3 3
Cement 20.2 4.9 2.8 63.9 2.0 - - - - - 2.40
Fly ash (FA) 51.80 2640 1320 161 1.17 0.10 0.68 031 139 144 0.21

Nano silica (NS) 99 - - - - - - - - - -
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Table 2 Properties of cement, fly ash and nano silica [9].

Compounds Particle size Specific gravity Surface area Loss on
(m?/g) ignition (%)
Cement 25-40% <=7um 2.7-3.2 - 2.4
Class F fly ash (FA) 40% of 10 um 2.6 - 0.5
Nano silica (NS) 25 nm 2.2-2.6 160 -

2.2. Mix proportions

In this study, the cement was partially replaced with 40% and 60% (by wt.) FA to cast

HVFA concretes. NS content of 2% (by wt.) as partial replacement of FA was the optimum

amount based on the previous study [9]. The water/binder ratio of 0.4 and the sand/binder ratio

of 2.75 were used for all mixes. A constant superplasticizer dosage of 50 mL was used in all

mixes to achieve sound workability for casting. The mix proportions of all concrete mixes are

given in Table 3.

Table 3. Mix proportions (unit: kg/m?).

Mix type Cement Class F Fly ash Nano silica  Sand  Coarse aggregate Water
(FA) (NS)

PC (Plain) 400 - - 684 1184 163
C60F40 240 160 - 684 1184 163
C40F60 160 240 - 684 1184 163

C60F38N2 260 128 8 684 1184 163

C40F58N2 160 232 8 684 1184 163

2.3. Mixing and curing of specimens

In this study, sand and coarse aggregates in saturated surface dry (SSD) condition were

prepared as per ASTM [17]. The NS powder was dispersed in water by using an ultrasonic

mixer for about 30 minutes, as shown in Fig. 1. 70 L pan mixer was used for preparing all

concrete mixes at an ambient temperature of approximate 25°C. Firstly, cement, FA, sand and

coarse aggregates were dry mixed for three minutes. Then, NS dispersed in water and
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superplasticizer were gradually poured into the dry mixture and mixed for another three minutes.
The mixes were then cast in three layers into @100 x 200 mm cylindrical specimens with
vibration to release the entrapped air bubbles. After demoulding, the specimens were placed in
water-curing treatment at 25 °C for 28 days. The @100 % 200 mm cylindrical specimens and
disc specimens with a size of @100 x 50 mm were prepared for the quasi-static and dynamic

compressive tests, respectively.

Fig. 1. Ultrasonic mixing of nano silica

2.4. Experimental methodology
2.4.1. Quasi-static compressive test

Fig. 2 shows the test setup for quasi-static compressive tests. Quasi-static compressive
tests were carried out with a loading rate of 0.33 MPa/min in accordance with ASTM C39-18

[18]. Three sulphur-capped cylindrical specimens were tested for each mix.

Fig. 2. Set-up of quasi-static compressive tests.
7
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2.4.2. Dynamic compressive test

High-speed camera
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Thickness: 3 mm
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Fig. 3. (a) Schematic diagram of set-up; (b) @100-mm SHPB system; (c) rubber pulse

shaper.

In this study, dynamic compressive tests were carried out by using an @100-mm SHPB.

The failure process, failure mode, dynamic compressive strength, modulus of elasticity and

energy absorption capacities were analysed and compared. At least three specimens were tested

under a similar air pressure for each configuration. As shown in Fig. 3 (a), the SHPB test system

consists of an incident, transmitted and absorption bar with the length of 5500 mm, 3000 mm

and 1000 mm, respectively. A cylindrical striker with the length of 400 mm was used. The

strain gauges were attached onto the incident and transmitted bars to record the stress wave
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signal, respectively. The failure process of the specimens was recorded by using a high-speed
camera. In order to minimize the effect of end friction confinement, the grease was applied
evenly on the interfaces between the pressure bars and the specimen. Moreover, using pulse
shaper can facilitate stress equilibrium by diminishing the high-frequency oscillation and
prolonging the rising time of the incident wave [19]. As shown in Fig. 3 (c), a rubber pulse

shaper (diameter=20mm and thickness =3mm) was attached onto the incident bar in this study.

3. Results and discussions

3.1. Quasi-static compressive test

Fig. 4 shows the quasi-static compressive strength of plain and HVFA concrete mixes. As
expected, the quasi-static compressive strength decreased with the increase of FA content, i.e.
the compressive strength of plain concrete (PC) was 35.18 MPa and the compressive strength
decreased by 15% and 40% to 29.64 MPa and 21.13 MPa by replacing 40% and 60% of cement
with FA, respectively. Besides, the compressive strength was enhanced by replacing 2% FA
with NS. With the replacement of 2% NS, the compressive strength of HVFA concrete
containing 38% and 58% FA increased to 37.07 MPa and 23.29 MPa, by 25% and 10%,
respectively. It is worth noting that the HVFA concrete containing 38% FA and 2% NS has
higher compressive strength than the plain concrete (PC), which indicates the NS modified
HVFA concrete material can replace the normal concrete. It should be noted that the effect of
the addition of NS on the quasi-static compressive strength of HVFA is consistent with the

previous studies [1, 9, 12, 13].
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Fig. 4. Quasi-static compressive strength of plain concrete and HVFA concretes w/o NS.
3.2. Validity and strain rate determination of SHPB tests

In this study, the typical half-sine wave signals were obtained by using the rubber pulse
shaper as shown in Fig. 5. One-dimensional wave propagation theory is applied in the SHPB
technique. The stress (o), strain rate () and strain (€) of the specimens can be calculated by the

equations (1-3) [20], respectively.

Ap
a(t) = Eb(A—)ST(t) (1
é(t) = %SR (®) (2)
T
e(t) = f & (t)dt 3)
0

where Eb, A» and Co represents the modulus of elasticity, cross-section area and elastic wave
velocity of the pressure bars, respectively; 4s and L stand for the cross-section area and length
of the specimen, respectively; €r and &g are the time-dependent transmitted and reflected

strain, respectively.
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It is worth noting that stress equilibrium has to be satisfied to ensure the validity of test
data for the SHPB tests. Stress equilibrium indicates that the “‘incident + reflected” stress wave
is in good match with the transmitted stress wave. The stress equilibrium conditions of

representative plain and HVFA concrete specimens were reached as shown in

400 400
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Fig. 6 (a)-(e). The strain rate and stress can be determined by the reflected signal and

transmitted signal, respectively. In the previous studies [21-24], the strain rate of concrete-like

material was determined corresponding to the time when the maximum compressive stress was

reached as shown in Fig. 7, which was also used in this study.
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3.3. Failure process and failure mode

The failure process of all specimens under various strain rates was recorded and compared
in Fig. 8 (a)-(e). 0 us represents the moment when the specimen was initially stressed. The
cracks initiated from the edges and extended to the mid region of the specimen. As observed,
cracks appeared earlier with the increase of FA content. For instance, the specimen with 40%
FA showed six minor cracks and the specimen with 60% FA showed ten minor cracks whereas
only three minor cracks were observed on the specimen of plain concrete at 75 ps. As compared
with the specimen of HVFA concrete without NS, C60F40, the replacement of 2% FA by NS
delayed the occurrence of initial cracks, i.e. the specimen C60F38N2 showed only four minor
cracks at 75 ps. This is because the dense microstructure of matrix was obtained by the filling
effect of NS particles and the formation of calcium-silicate—hydrates (C—S—H) gel after
replacing FA with NS, which significantly enhanced the compressive strength of HVFA

concrete.

14



219
220

221
222

223
224

225
226

0 ps

0 ps

0 ps

0 ps

75 ps

75 ns

75 ps

75 ps

150 ps

(a) Plain concrete
150 ps

(b) C60F40
150 ps

(c) C40F60
150 ps

(d) C40F58N2

15

225 ps

225 ps

225 ps

225 ps




227

228
229
230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

0 ps 75 ps 150 ps 225 ps

(e) CO60F38N2
Fig. 8. Failure process of plain and HVFA concrete at the strain rate around 120 s
Note: the specimen size is 100 mm by 50 mm

The failure modes of plain and HVFA concrete with different FA contents and NS at
different strain rates are compared in Fig. 9. It is observed that the damage level became more
severe with the rising strain rate for each mix by experiencing partial crush, core remaining,
crushing into pieces and pulverizing into fragments, respectively. The size of generated
fragments depends on the imposed strain rate, which is consistent with the experimental results
from the previous studies with respect to the strain rate effect on failure patterns of concrete-
like materials [15, 22, 25, 26]. Various failure patterns of plain and HVFA concretes are due to
different failure mechanisms at different strain rates. Fig. 10 shows three failure mechanisms
of the specimen corresponding to different strain rates, i.e. matrix cracking, cracks cutting
through aggregate, and fracture of aggregate. Under quasi-static and low strain rate, the cracks
developed within the matrix, as shown in Fig. 10(a). The specimen then broken into large pieces
without damaging the coarse aggregates. With the rising strain rate, the generated cracks
propagated along shorter paths which resulted in cutting through coarse aggregates, as shown
in Fig. 10 (b). When the strain rate further increased, a great portion of cracks developed by

cleaving coarse aggregates and matrix into small pieces as shown in Fig. 10 (c).
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246 At the similar strain rate, the damage level of the specimen became more severe with the
247  increase of FA content. For instance, at the strain rate around 40 s, the specimen HVFA
248  concrete with 40% FA demonstrated better integrity than the HVFA concrete with 60% FA.
249  Meanwhile, the specimen containing 2% NS showed better performance than the specimen
250  without NS. For instance, the specimen of HVFA concrete with 40% FA shattered into several
251  pieces while the failure mode of HVFA concrete with 38% FA and 2% NS is partially crushed
252 under the strain rate around 50 s'. The dense microstructure resulted in fewer cracks by adding

253 NS in the matrix.
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Fig. 9. Comparison of failure patterns of plain and HVFA concrete at various strain rates.

Rising strain rate (s!)

>

. Coarse aggregate —— Crack

Fig. 10. Schematic diagram of failure modes with the rising strain rate. (a) cracks through
the matrix; (b) cracks through coarse aggregates; (c) fracture of coarse aggregates.

3.4. Stress-strain relationships

Fig. 11 (a)-(e) show the stress-strain curves of HVFA concretes under dynamic
compressive loads. As expected, dynamic compressive strength of all mixes increased with the
rising strain rate, which was similar to the previous studies about strain rate effect on the
dynamic compressive strength of concrete-like materials [22]. For instance, the compressive
strength of HVFA concrete containing 40% FA content increased from 59.70 MPa at the strain

rate of 49.68 s™! to 95.72 MPa at the strain rate of 121.81 s™'. The increase of strain rate leading
18



275  to the higher compressive strength can be explained by the failure mechanism discussed in
276  section 3.3. The dynamic compressive strength and energy absorption capacities of specimen

277  can be enhanced by cracking through harder ingredients under higher strain rate loading.
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Fig. 11. Dynamic compressive stress—strain curves.
3.5. Comparison of strain rate effects on dynamic properties

Dynamic increase factor (DIF) of compressive strength can be obtained by normalizing
dynamic compressive strength against quasi-static compressive strength. The peak stress of the
stress-strain curve was defined as the dynamic compressive strength based on Eq. (1). However,
the enhancement in the dynamic compressive strength was not only determined by the strain-
rate effect of material but also the contribution from the end friction and the lateral inertia
confinement [27]. In this study, the influence of the end friction effect was diminished by
applying the grease between the pressure bars and the specimen. The contribution of lateral
inertia confinement to the DIF for compressive strength was removed according to an empirical
formula suggested in the previous study [28]. The results of all tests are summarized in Table
4 -Table 8.

Fig. 12 shows the relation between DIF of compressive strength and strain rates for plain
and HVFA concretes. It is found that the DIF of all mixes was sensitive to the strain rate. For
instance, the DIF of the HVFA concrete containing 40% FA was 1.86 at the strain rate of 49.68
s and increased to 2.65 at the strain rate of 124.18 s™'. This is attributed to different failure
mechanisms at various strain rates elaborated in section 3.3. The DIF for compressive strength
of OPC concrete can be predicted by the Euro-International Committee for Concrete (CEB)

recommendation[29], which can be expressed as:

DIFy, = 04/0s = (ér/és)1'026as (& =30 5_1) 4)

20



301

302

303

304

305

306
307
308
309

310

311

312

313

314

315

316

317

DIFy. = 04/0s = Y(é-/é)"/? (¢, > 30571 (5)
where &, is the strain rate (s1); & =30 x 10 ®s!; ay= (5+9%:/10)!; log y = 6.156 as-2; fic is
the quasi-static compressive strength. The DIFs for the compressive strength of plain and
HVFA concretes are compared with the predication by the CEB recommendation for normal
concrete [29] as shown in Fig. 12. The experimental results of plain and HVFA concretes fit

well with the predictions by the CEB recommendation [29].
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Fig. 12. Comparison of DIF for the compressive strength. (L) Plain concrete, C60F40
and C60F38N2; (R) Plain concrete, C40F60 and C40F58N2.

Fig. 12 compares the DIF for the compressive strength of HVFA concrete specimens with
and without NS content. As shown, the DIF of HVFA concrete increased with the rising FA
content and it was more sensitive to strain rate than that of plain concrete. The DIF of the
specimens of HVFA concrete containing 2% NS was lower in general as compared to that of
HVFA without NS. This is due to the micro-crack inertial mechanisms [30]. The matrix of
HVFA concrete was a type of heterogeneous material consisting of cement and FA. More
inherent micro-cracks and tiny voids were presented in the HVFA specimens due to the

unreacted spherical shape of FA and the increased FA content. When subjected to higher strain
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rate loading, more cracks were developed from micro-cracks and tiny voids. As a result, the
process of generating and spreading more cracks in the matrix would cause more energy
dissipation, which resulted in higher compressive strength of the specimen. Shaikh et al. [9]
conducted the microstructural analysis of the matrix of HVFA concrete containing NS by using
the scanning electron microscopy (SEM) technique. It was reported that the adverse effect of
pores or voids resulted from unreacted FA can be mitigated by the formation of secondary
calcium silicate hydrate gels through the faster pozzolanic reaction of NS with calcium
hydroxide. The specimen of NS modified HVFA concrete demonstrated dense microstructure
without the observable pores and voids [31]. Therefore, the specimen with less micro-cracks
increased the compressive strength but resulted in lower DIF of compressive strength under
dynamic loading, which was consistent with the CEB recommendation. Furthermore, the test
results of HVFA concrete containing NS conducted by Mussa et al. [15] were also compared
as shown in Fig. 13. The DIF of HVFA concrete with NS in this study showed similar trend
with the previous study. The HVFA concrete containing NS with higher quasi-static
compressive strength of 58.72 MPa [15] than HVFA concrete in this study displayed a much
lower DIF under the strain rate ranging from 30.5 s™! to 85.5 s!. As shown in Fig. 13, the curve-
fitting equations between DIF of compressive strength and strain rate (€) for plain and HVFA

concretes within their corresponding strain rate ranges are listed below.

For plain concrete:

DIF = 0.7961n(¢) — 1.389 for31.10 s < ¢ <149.49 s! (R*>=0.865) (6)
For C60F40:
DIF = 0.9231In(¢) — 1.862 for38.42s'< ¢ <124.18 s (R>=0.802) (7)
For C40F60:
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DIF = 1.0921n(¢) — 2.287 for41.48 s' < ¢ <146.96 s (R*=0.968)

For C60F38N2:

DIF = 0.9181In(¢) — 1.906 for43.62s' < ¢ <129.92 s (R>=0.936)

For C40F58N2:

DIF = 0.717In(€) — 0.844 for 45.60 s < ¢ <121.21 s (R>=0.785)
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Fig. 13. Comparison of DIF for compressive strength from this study and the previous

study [15].

Fig. 14 presents the relations between modulus of elasticity (E) and strain rate (¢) for plain

and HVFA concrete. It is observed that the modulus of elasticity for all mixes increased with

the rising strain rate. For instance, the E value of the specimen of HVFA concrete containing

40% FA was 14.25 GPa at the strain rate of 49.68 s™' and 27.89 GPa at the strain rate of 121.81

s'!. The dynamic E value of HVFA concrete decreased with the increase of FA content subjected

to the similar strain rate ranging from 30 to 140 s™!. For instance, the modulus of elasticity of

HVFA containing 60% FA was 15.33 GPa at the strain rate of 89.11 s’!, while the modulus of

elasticity of HVFA containing 40% FA was 18.42 GPa at the strain rate of 87.36 s
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Additionally, the addition of NS improved the modulus of elasticity of HVFA concrete. For

instance, under the strain rate of 40 s”!, the E value of HVFA concretes containing 40% and 60%

FA was 14.25 GPa and 12.21 GPa, respectively, while the 2% NS addition enhanced the E

value of HVFA concretes with 38% and 58% FA content to 20.14 GPa and 15.36 GPa,

respectively. It is worth noting that the E value of HVFA concrete CO60F38N2 was higher than

that of plain concrete, which indicates C60F38N2 can be an alternative to normal concrete. The

curve-fitting equations between E and strain rate (€) for plain and HVFA concretes within their

considered strain rate ranges are given as,

For plain concrete:

E =11.4521n(¢) — 21.939 for31.10s' < & <149.49 5! (R2=0.861)
For C60F40:

E = 8.5641In(¢) — 16.876 for38.42s'< ¢ <124.18 s (R>=0.667)
For C40F60:

E =6.7911In(¢) — 14.423 for41.48 s < ¢ <146.96 s (R*>=0.689)
For C60F38N2:

E =12.6071In(é) — 24.124 for43.62s' < & <129.92 s (R2=10.702)
For C40F58N2:

E =7.2891In(¢) — 14.704 for45.60s' < ¢ <121.21s' (R>=0.610)
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372  strength [25]. The strain energy density was calculated to evaluate the energy absorption
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capability of plain and HVFA concrete. Therefore, the energy absorption capacities (/) can be
calculated by the equation as given below,

T
W= -[o o(t)de(t) (16)
where o(t) is the time-dependent stress, and &() is the time-dependent strain.

Fig. 15 presents the energy absorption capacities of plain and HVFA concretes with
respect to strain rates. As observed, the energy absorption capacities increased with the rising
strain rate for all mixes. It is found that the energy absorption capacities of HVFA concretes
were lower than that of plain concrete and decreased with the increase of FA contents. The
HVFA concrete containing 2% NS absorbed more energy than the corresponding HVFA
concrete without NS due to the higher compressive strength. It is noted that the specimen
C60F38N2 has the highest energy absorption capacity among all mixes at the same strain rate.
The relationship between energy absorption capacities (W) and strain rate (£) within their

corresponding strain rate ranges can be expressed as,
For plain concrete:

W = 0.038£%2 + 10.111£ + 80.556 (31.10s! < & < 149.49 s) (R?=0.969) (17)
For C60F40:

W = 0.00762 4+ 10.105¢ + 51.527 (38.42 s <&< 124.18 s!) (R* = (18)

0.876)
For C40F60:

W = 0.09662 — 6.192¢ + 384.68 (4148 5! < & < 146.965) (R> = 0.942) (19)

For C60F38N2:

W = 0.0526% 4+ 9.775¢ + 55.567 (43.62 s' < € < 129.92s) (R2=0.941) (20)
For C40F58N2:

W = 0.049£2 + 3.387¢ — 1.652 (45.60 s! < & < 121.21 s!) (R2=0.927) (21)

26



390
391  Table 4. Results of dynamic compressive tests for plain concrete (PC).

Specimen  Strain rate Dynamic compressive DIF;  DIFr Young’s modulus W (kJ/m®)
No. shH strength (MPa) (GPa)

PC-1 45.15 66.87 1.90 1.76 20.26 554.81

PC-2 31.10 53.18 1.51 1.41 19.21 472.12

PC-3 50.16 66.87 1.90 1.75 2542 595.32

PC-4 79.13 74.95 2.13 1.93 24.26 1190.21
PC-5 80.56 68.17 1.94 1.76 27.22 1303.45
PC-6 88.96 80.14 2.28 2.06 28.54 1472.71
PC-7 98.98 99.34 2.82 2.53 29.84 1252.15
PC-8 113.41 90.92 2.58 2.30 33.23 1662.16
PC-9 112.39 96.02 2.73 2.43 31.73 1574.55
PC-10 143.46 105.67 3.00 2.64 36.92 2380.90
PC-11 142.70 103.10 2.93 2.57 32.12 2430.84
PC-12 149.49 107.55 3.06 2.68 39.42 2380.44

392  Note: DIFg is the experimental results of DIF for compressive strength; DIF7 is the true DIF for

393 compressive strength after removing lateral inertial confinement; W is the energy absorption capacity.
394

395  Table 5. Results of dynamic compressive tests for HVFA concrete with 40% FA (C60F40).

Specimen  Strain rate Dynamic compressive DIF;  DIFr Young’s modulus W (kJ/m®)
No. s strength (MPa) (GPa)

C60F40-1 49.68 59.700 2.01 1.86 14.25 450.64
C60F40-2 58.27 60.971 2.06 1.89 21.22 453.09
C60F40-3 38.42 45.529 1.54 1.43 15.42 620.61
C60F40-4 87.36 73.03 2.46 2.23 18.42 13.73
C60F40-5 82.63 61.11 2.06 1.87 23.33 1100.82
C60F40-6 85.99 67.33 2.27 2.05 17.22 950.86
C60F40-7 93.98 83.39 2.81 2.53 19.36 1100.25
C60F40-8 100.00 77.00 2.60 2.33 25.48 1126.27
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C60F40-9 98.34 81.03 2.73 2.46 22.12 1203.97

C60F40-10 124.18 88.55 2.99 2.65 23.07 1430.25
C60F40-11 121.81 95.72 3.23 2.87 27.89 1330.36
C60F40-12 101.23 83.43 2.82 2.52 23.03 1060.08

396
397  Table 6. Results of dynamic compressive tests for HVFA concrete with 60% FA (C40F60).

Specimen No.  Strainrate =~ Dynamic compressive DIF;  DIFr Young’s modulus W (kJ/m?)

é(sh strength (MPa) (GPa)
C40F60-1 41.48 43.76 2.07 1.92 12.21 260.42
C40F60-2 41.61 41.34 1.96 1.81 11.82 290.07
C40F60-3 49.46 41.18 1.95 1.80 9.982 320.11
C40F60-4 89.11 59.54 2.82 2.54 15.33 624.31
C40F60-5 84.95 58.11 2.75 2.49 13.76 512.98
C40F60-6 61.32 51.64 2.44 2.24 14.44 463.76
C40F60-7 105.51 66.07 3.13 2.80 14.74 630.02
C40F60-8 103.43 66.26 3.14 2.81 18.43 780.16
C40F60-9 118.79 68.98 3.26 2.90 17.22 960.39
C40F60-10 146.96 74.39 3.52 3.08 19.33 1400.22
C40F60-11 127.79 74.11 3.51 3.10 23.56 1332.21
C40F60-12 136.30 80.03 3.62 3.19 17.63 1502.1

398
399  Table 7. Results of dynamic compressive tests for HVFA concrete with 38% FA and 2% NS
400 (C60F38N2).

Specimen No.  Strainrate ~ Dynamic compressive DIFr  DIFr Young’smodulus W (kJ/m?)
£(sh strength (MPa) (GPa)

C60F38N2-1 46.52 69.32 1.87 1.73 26.51 632.65

C60F38N2-2 51.21 59.26 1.60 1.47 27.32 552.86

C60F38N2-3 43.62 65.22 1.76 1.63 20.14 657.31

C60F38N2-4 68.12 83.84 2.26 2.07 29.42 1016.1

C60F38N2-5 76.06 82.15 222 2.01 31.22 1064.47
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402
403

404

405

406

407

C60F38N2-6

C60F38N2-7

C60F38N2-8

C60F38N2-9

C60F38N2-10

C60F38N2-11

C60F38N2-12

78.51

100.50

114.06

87.71

122.84

125.60

129.92

85.64

95.84

98.54

90.08

104.85

105.81

111.09

231

2.59

2.66

243

2.83

2.85

3.00

2.10

2.32

2.37

2.19

2.51

2.53

2.65

25.42

38.28

31.03

35.12

38.22

39.19

34.27

1249.22

1577.98

1622.86

1282.18

2242.53

2352.34

1974.56

Table 8. Results of dynamic compressive tests for HVFA concrete with 58% FA and 2% NS

(C40F58N2).
Specimen No.  Strainrate =~ Dynamic compressive DIF;  DIFr Young’s modulus W (kJ/m®)
é(sh strength (MPa) (GPa)

C40F58N2-1 45.60 48.68 2.09 1.93 15.36 270.21
C40F58N2-2 53.10 49.62 2.13 1.96 15.48 320.42
C40F58N2-3 58.24 53.81 2.31 2.12 14.12 289.33
C40F58N2-4 88.72 62.99 2.70 2.44 16.962 710.24
C40F58N2-5 75.66 62.28 2.67 243 15.433 685.87
C40F58N2-6 89.34 56.78 2.44 2.20 14.789 612.26
C40F58N2-7 91.27 56.13 241 2.17 17.33 723.54
C40F58N2-8 97.45 59.67 2.56 2.30 18.24 745.07
C40F58N2-9 103.56 65.18 2.80 2.51 17.98 733.11
C40F58N2-10 109.17 67.97 2.92 2.61 19.14 1003.18
C40F58N2-11 114.83 66.80 2.87 2.55 22.74 1180.02
C40F58N2-12 121.21 73.47 3.15 2.78 23.78 1250.59

4. Conclusion

29

This study investigates the effect of adding 2% (by wt.) nano silica (NS) content on the static
and dynamic properties of HVFA concretes containing 40% and 60% fly ash (FA). Dynamic

failure process, failure mode and stress-strain curves of all mixes are compared with the strain
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rate up to 149.49 s’!. The testing results demonstrate the strain rate sensitivity on the

compressive strength, modulus of elasticity and energy absorption capacity for HVFA concrete.

Based on the results, the main conclusions are summarized as follows.

1. Quasi-static compressive strength of HVFA concrete decreases by 15% and 40% with
replacement of 40% and 60% of cement by FA, respectively. The failure process and failure
pattern of HVFA concrete are strain rate dependent. With the increase of FA content, the
cracking appears earlier, and the damage level becomes more severe at the similar strain rate.

2. Dynamic compressive strength, modulus of elasticity and energy absorption capacities of
HVFA concretes are sensitive to strain rate. The DIF for compressive strength is higher with
the increase of FA content. The compressive DIF of C60F40 and C40F60 can reach up to
2.65 and 3.10 at the strain rate of 124.18 s™! and 127.79 s!, respectively. The modulus of
elasticity and energy absorption capacities of HVFA concretes in general become lower with
the increase of FA content at the similar strain rare.

3. The addition of 2% NS as partial replacement of FA in HVFA concretes containing 40% and
60% FA increases the quasi-static compressive strength and the enhancement is more
significant for the one with 40% FA content. The addition of 2% NS delays the time of crack
initiation, reduces the damage level and improves the dynamic compressive strength,
modulus of elasticity and energy absorption capacity. Adding NS leads to the lower DIF for
compressive strength of HVFA concrete.

4. The true DIF is obtained by removing the lateral inertia confinement effect from the
experimental data. The true DIFs for the compressive strength of all mixes show good

agreement with the predication by CEB recommendation. Empirical formulae are also
30
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proposed to predict the compressive strength, modulus of elasticity and energy absorption
capacity for all mixes.

5. The NS modified HVFA C60F38N2 has higher compressive strength, modulus of elasticity
and energy absorption capacity than the plain concrete (PC), indicating the NS modified
HVFA concrete material C60F38N2 can replace the normal concrete as a sustainable

construction material.
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