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The relationship between the nature of micro damage under impact loading and changes in mechanical be-
havior associated with different microstructures is studied for concretes made with two different coarse ag-
gregates having significant differences mainly in roughness and porosity — sintered fly ash and uncrushed
gravel. A range of techniques including X-ray diffraction, digital image analysis, mercury porosimetry, X-
ray computed tomography, laser surface profilometry and scanning electron microscopy were used to char-
acterize the aggregates and micro-structures. The concrete prepared with lightweight aggregates was stron-
ger in compression than the gravel aggregate concrete due to enhanced hydration as a result of internal
curing. In the lightweight concrete, it was deduced that an inhomogeneous micro-structure led to strain in-
compatibilities and consequent localized stress concentrations in the mix, leading to accelerated failure. The
pore structure, compressibility, and surface texture of the aggregates are of paramount importance for the
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1. Introduction

Concrete is a non-homogeneous material generally regarded as a
multiphase composite made of three phases at microscopic level:
coarse aggregate, matrix and an interfacial transition zone (ITZ) be-
tween the aggregates and the matrix. Among the constituents, the
ITZ is structurally inferior as it contains, on average, more pores and
soluble calcium hydroxide, and fewer cement grains than does bulk
paste farther away [1].

In the study of the ITZ, the key question that needs to be answered
is to what extent the existence of the ITZ has any practical influences
on the engineering properties of concrete or is it just a peculiarity of
academic interest? [2]. The general consensus for many conventional
concrete is that the breakdown of the ITZ (the weakest link) will re-
duce solidity of the concrete and facilitate penetration of deleterious
species into the concrete [3,4]. More specifically, under externally ex-
posed loads and environmental effects, the occurrence of tensile
stress leads to the growth of micro-cracks in the ITZ both in size
and number, and the penetration of the ITZ cracks into the surround-
ing matrix. The eventual joining of the micro-cracks yields large
cracks and failure results [5].In conventional concrete, there is a
“wall effect”, in which the aggregates appear locally flat to the cement
grains and disrupt their packing. In some lightweight aggregate
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concretes, this does not exist and a nearly continuous uniform micro-
structure of hydration products abuts and partially penetrates the
lightweight aggregates [6]. This difference has a pronounced effect
on crack initiation and propagation. Moreover, the lightweight
aggregate-cement paste can be characterized by a mechanical inter-
locking in combination with a chemical interaction in the form of
pozzolanic reaction [7] and lightweight aggregates can act as an inter-
nal water reservoir (“internal curing”) when they are saturated (pre-
wetted) and may increase the degree of hydration of cement [8]. As a
result of these effects, the lightweight aggregate-cement paste bond
strength is usually higher than the conventional aggregate-cement
paste bond strength. Although the affected part of the mix is small,
this can have a very significant influence on the concrete strength if
the interface would otherwise be the weakest part of the microstruc-
tural system.

Lightweight aggregate is usually weaker than both conventional
aggregate and cement mortar. On this basis one might expect the
concrete to be weaker, too. If, however, the lightweight aggregate is
stronger than the ITZ in conventional mix, then this expectation
might not be met. For example, a recent study conducted by Kayali
[9] showed that concrete produced with sintered fly ash lightweight
aggregates was 20% stronger in compression than concrete made
with conventional aggregates under the same mix design conditions
although the lightweight aggregate was weaker than the ordinary ag-
gregates. Unfortunately, the author did not conduct any quantitative
microstructural work, and based on qualitative analysis, the author
attributed the higher strength to the strong bonding characteristics
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that develop at the cement paste and the lightweight aggregate. In
addition, it was observed that cracking did not initiate at the inter-
faces but rather was arrested by the interfacial zone. This means
that the ITZ in conventional concrete could be weaker than the light-
weight aggregate and, thus, the high strength of other materials is in-
consequential if failure is primarily in the ITZ which is stronger for the
mixes. Overall, it appears that there are conflicting arguments and
continuing uncertainty about the significance of the ITZ with regard
to the overall concrete behavior.

In practice, structural concrete can be subjected to a range of high
loading rates stemming from dropped objects, vehicle collisions, missile
impacts, explosion, etc. [10]. The behavior of concrete under impact
loading is significantly different than that under static or seismic loads
as concrete is a strain-rate sensitive material and its properties change
with changes in the rate of loading [11,12]. Theoretically, the small
cracks that lead to the non-linearity in the static case are pushed to
propagate much more quickly under impact loading. Thus, cracks are
prone to propagate across aggregates rather than around them, leading
to an increase in strength and toughness, and a decrease in the non-
linear portion of the stress-strain curve [13]. In the literature, a signifi-
cant number of studies have been performed investigating the impact
behavior of conventional and fiber-reinforced concrete at a macro
level [14-16], however research conducted so far is still too limited to
clarify the micro damage and micro failure mechanism of concrete sub-
jected to high rates of loading. This leads to the objective of this study,
which is to analyze the micro-damage characteristics of concrete that
has experienced impact loading, so as to assess the influence of the
characteristics (strength, shape, surface texture etc.) of coarse aggre-
gate. A complementary objective is to make a comparison between
the mechanical, load-deflection, responses of concrete and its micro-
structure as exemplified in mixes made with lightweight sintered fly
ash aggregates and conventional aggregates.

2. Materials and methodology
2.1. Properties of materials used in concrete production

The fly ash aggregates (FAA) reported here (commercially known
as Lytag), were manufactured by pelletising the fly ash at a tempera-
ture of around 1100 °C. The manufactured aggregates are rounded in
shape and range in size from 14 mm down to 4 mm. The chemical
composition obtained from X-ray fluorescence (XRF) of the FAA is
shown in Table 1. Uncrushed gravel sourced from a local quarry
with a nominal maximum size of 14 mm was used to produce a con-
trol (reference) mix. General purpose Portland-fly ash cement CEM II/
B-V 32.5 R conforming to BS EN 197-1: 2000 [17] was used to pro-
duce all the concrete mixes. Local river sand complying with the re-
quirements of BS EN 13139: 2002 [18] with a specific gravity of
2660 kg/m> constituted the fine aggregate in all mixes.

2.2. Production of concrete mixtures

In all mixes, the volume fractions of cement, coarse aggregates,
sand and free water were the same. The only difference was the
type of coarse aggregate used in the mixtures. The mix proportions
are given in Table 2. The same size percentages were selected for
the lightweight fly ash and normal weight aggregates to eliminate
the effect of grading difference on concrete performance. The grading

Table 1
Average chemical composition of fly ash aggregate (wt.% dry solid).

Component SiO, AlLO3 Fe,03 CaO MgO SOs; (I~ Total sulfate LOI?

Amount (%) 53.0 250 6.0 40 29 03 001 04 3.1

2 Loss on ignition.

Table 2
Mix proportions for 1 m°,
Material (kg/m®) Normal weight Lightweight
concrete concrete
Cement 330 330
Water 198 198
Sand 678 678
Gravel (coarse aggregate) 1115 0
Sintered fly ash (coarse aggregate) 0 566

of the lightweight and conventional aggregates conformed to the re-
quirements given in the relevant British European Standard is pre-
sented in Table 3. All concrete mixtures were batched using a
mechanical pan mixer. In mixing, the dry ingredients (cement, sand
and coarse aggregates) were always blended first, and then water
was gradually added. In the case of lightweight concrete, the light-
weight aggregates were first immersed in water for 24 h until all par-
ticles were fully saturated before the mixing, and subsequently air
dried in the laboratory to obtain, approximately, a saturated surface
dry condition. In this condition, the aggregates cannot absorb any
more water. Depending on the relative osmotic and matric suctions
developed by the curing cement paste and the pores within the light-
weight aggregate pieces, some water might be drawn from the aggre-
gate, but this (if occurs) cannot be quantified so the amount of
absorbed water is not included in the calculation of mix water. There-
after, the fresh concrete was filled into steel molds in two layers and
then consolidated using a vibration table to release possible entrained
air voids and covered with plastic sheets to prevent moisture loss
from the concrete surface. The specimens were left in their molds
for 1 day before de-molding and finally cured at 20+ 2 °C in a water
tank until the day of testing.

2.3. Tests and analysis performed

2.3.1. Aggregate tests

Pore structure of the gravel and sintered fly ash aggregates were
measured by mercury intrusion porosimetry (MIP) with a pressure
applied up to 410 MPa, using a Quantachrome-PoreMaster Mercury
porosimeter. The porosity and the critical pore diameter for each ag-
gregate were calculated with the use of pore size distribution curves.

A digital image processing (DIP) technique was used to analyze the
particle shape characteristics of the coarse aggregates. A Cambridge
Instrument Quantimet 570™ DIP system connected to a CCD camera
was used for image acquisition. After acquiring the images, a computer
software program (Image Pro ™) was used for the quantification of ag-
gregate shape characteristics. Surface roughness (Ra) of the aggregates
was measured by stylus profilometry using a 2D Mitutoyo Surftest SV
662 profiler with a 5 um stylus. Auto drive unit was used to measure
the evaluation length at a speed of 0.2 mmy/s. Ra is calculated as the
total of the average height of the entire surface from the mean line with-
in the sampling length. It should be noted that the equipment is normal-
ly used for the roughness measurement of metallic surfaces.

Table 3
Grading of the coarse aggregates.

Sieve size % Passing Lower limit % passing Upper limit % passing
14 100 90 100

10 85.16 65 95

8 54.22 35 65

6.3 22.49 15 40

4 1.68 0 15
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The physical properties of the aggregates were also determined based
on standard procedure. The modulus of elasticity of the aggregates was
calculated using the formula given by Muller-Rochholz [19], namely
E.=8.1p2 where p, is density of aggregate. Given that the aggregate
pieces are the largest available form of the FAA, it is impossible to deter-
mine modulus of elasticity from core (or similar) samples. Hence this for-
mula has been used to determine the modulus of elasticity.

2.3.2. Hardened concrete tests

The density and compressive strengths were measured on
100 mm cubes in accordance with the relevant British European Stan-
dards. The dynamic modulus of elasticity of prismatic specimens was
determined using a commercially available non-destructive ultrason-
ic device. The apparent porosity of tested specimens was also deter-
mined in accordance with Archimedes principle by measuring the
weights of a saturated sample in water and in air, and the weight of
the sample oven-dried at 100+ 5 °C for 24 h. The flexural strength
was tested on 100x 100x 500 mm concrete beams with four-point
flexural loading. This test was carried out using a closed-loop deflec-
tion controlled Zwick universal testing machine with a capacity of
200 kN at a constant deflection rate of 0.10 mm-min. All the tests
were conducted at the age of 28 days.

2.3.3. Impact testing

The impact resistance of the concrete specimens was initially deter-
mined by an instrumented drop weight impact test arrangement that
the authors developed in accordance with the suggestions of ACI Com-
mittee 544 [20]. The impact was achieved by dropping a 5 kg cylindrical
steel mass with a hemispherical head from a height of 1 m onto a
100 mm cube under the guidance of a PVC tube (Fig. 1). The specimen
was placed on a steel base plate that rests upon the concrete laboratory
floor. There was a rubber sheet with a thickness of 3 mm that was also
placed between the specimen and the base plate to prevent stress

293

concentrations. A steel plate, 10 mm thick, was then positioned on the
top of the concrete specimen to help generate uniform load distribution.
A 25 mm diameter contact plate made of copper-coated mild steel was
placed beneath the top plate to prevent its bending. A small pulley and
nylon rope was used to hoist the mass to the required height and allow
it to free fall when released. The impact resistance of the specimens was
determined in terms of the number of blows required either to produce
the first visible crack or to cause complete failure of the specimens.

2.3.3.1. Micro-structural damage evaluation. The loss of the dynamic
modulus of elasticity, micro-crack concentrations at the ITZ and air
void content/distribution before and after the impact testing in the
concrete specimens were available as evaluation indexes for impact
damage. The crack density (1/um), equal to the micro-crack length
per area unit, was calculated from the SEM images by dividing the
total length of the cracks (um) to the total examined surface area
(um?). In order to investigate the void characteristics of the mixtures,
sequences of 2D images were captured through the height of the
100 mm cube specimens with a slice thickness of 1 mm using the
non-destructive X-ray CT system. The captured images from the X-
ray CT system were then analyzed and converted to 3D images
using an image analysis software package (Image ]). In addition, a sca-
lar variable €, suggested by Ying [21], was used to quantify the levels
of damage in the specimens as follows: £ =1— (A/A) where A is the
initial area of the undamaged section and A is the effective cross sec-
tional area in the current damaged state, which was calculated by
subtracting the areas of air voids from the total cross sectional area.

2.3.3.2. Characterization of fracture surfaces. The quantitative analysis of
the fracture surfaces after impact was made using a three-dimensional
(3D) non-contact profilometer with a laser scanner, Talysurf CLI 1000
(Taylor Hobson). The surface inspection was carried out on one of the
cracked halves of the specimen. The length of the measurement profiles
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Fig. 1. Schematic diagram of the impact test set up.
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was kept constant for all specimens so that the results are comparable.
Finally, micro roughness value was calculated for each mix. A mean
value of three measurements was used as a response value for each ex-
periment. For a rough measure of fracture energy based on surface
macro-crack, the formula suggested by Guo et al. [22] was adopted as
follows: Ws/Gf=a* (8/a)' ~P'"d where Ws is the total energy dissipat-
ed at the surface of the crack; Gris the fracture energy at the scale of ob-
servation 6 (6 is equal to 5 mm — the maximum diameter of sand in
concrete); a is the Euclidean length, which is equal to the height of
the cross-section and D;_q is the mean value of the fractal dimension
of surface cracks on the fractured specimen. The profiles of the crack
maps of the specimens were obtained using the same image software
that was used to calculate the fractal dimension.

2.3.4. SEM observation of concretes

The microstructure and morphology of the mixtures were ob-
served on fractured surfaces using with secondary electron mode of
the SEM. Fractured small samples were mounted on the SEM stubs
and left under high vacuum, and then coated with carbon before cap-
turing an image. The specimens were kept in a vacuum dessicator
until used to minimize the surface carbonation due to the exposure
of the samples to the CO, in the atmosphere. The microstructural fea-
tures investigated in this study were porosity and unhydrated (UH)
cement grain content. The quantification of the porosity in the ITZ
has been performed by means of the technique developed by Scriven-
er and Pratt [23]. The BSE images were captured at 540x magnifica-
tion. The porosity profile and UH grain content for ITZ were
analyzed up to 50 pm from the aggregate surface. The profile for the
bulk paste was also determined using a similar technique, but the
analysis was carried out at least 50 um away from the nearest aggre-
gate surface. Then, the ITZ and the bulk paste images were analyzed
using Scandium image software. The ITZ thickness has been regarded
as the distance from the aggregate surface where the porosity curves
approach to the observed porosity of the bulk paste. Twenty fields
were investigated for each sample.

2.3.5. Ca/Si ratio in the ITZ

X-ray line analysis was performed in the region of the aggregate-
cement paste interfaces of the specimens to detect the presence of
various elements. Ca/Si ratios were calculated for each element and
plotted against the distance from the interfaces. The analysis was car-
ried out at distances of 0-50 um away from the surface of aggregate. It
has been reported that the Ca/Si ratio for C-S-H is in the range 0.8 to
2.5; CH is above 10 and for monosulfate (AFm) is above 4 [24]. An ex-
ample of the analysis is given in Fig. 2.

2.3.6. Thermogravimetric (TGA) analysis

The quantity of portlandite (CH) in mortar was determined by
TGA. Analysis were conducted at heating rate of 3° per minute up to
220 °C and 10 °C per minute up to 600 °C in a nitrogen atmosphere.
The weight loss-temperature (TGA) combined with derivative weight
loss-temperature (DTG) profiles was recorded.

3. Results and discussions
3.1. Results of aggregate tests

The physical properties of the natural and sintered ash aggregates
are given in Table 4. Comparison between the properties of FAA and
those of gravel aggregates indicates that FAA is more porous, less
dense and weaker than the gravel aggregate. The mineralogical anal-
ysis results of FAA by the XRD technique are shown in Fig. 3. This
shows that the FAA contains, essentially, the crystalline phases of
quartz, mullite and crystobolite together with smaller amounts of
the crystalline phases of iron. However, some diffraction peaks, par-
ticularly at higher angles, could not be distinguished.

) m

.5|.|.m'

Fig. 2. Energy dispersive spectroscopy analysis in the ITZ.

The pore size distribution of the FAA and gravel aggregates is
shown in Fig. 4. The pressures were converted into values of equiva-
lent pore widths. The mercury intrusion porosities of the FAA and
gravel aggregates are 52.7% and 1.62%, respectively. The higher poros-
ities of FAA aggregates can be attributed to incomplete densification
during the sintering process at high temperatures. The pores in the
aggregates mainly distributed between 100 and 1 um, and the thresh-
old diameters - point at which there is a large change in slope - were
about 0.6 um.

Fig. 5 shows typical surface profiles of the gravel and FAA, and cal-
culated results of surface roughness (Ra) are also given in this figure.
In addition, the geometrical parameters of the FAA and gravel aggre-
gates are also shown in Table 5. As expected, the FAA aggregate was
more rounded, much rougher, less angular, and had a larger surface
area than the gravel.

3.2. Engineering properties of concrete accompanied by the microstructure

The engineering properties of the conventional and fly ash light-
weight concrete are tabulated in Table 6. Surprisingly enough, the results
demonstrate that the concrete with FAA is stronger in compression than
the concrete made with gravel aggregates, which contradicts the results
of previous studies [25-27]. However, Hijazin and Lopez [28] and Bentz

Table 4
The physical and mechanical properties of aggregates used.

Characteristics Gravel Sintered fly ash
Specific gravity (Mg/m?) 2.65 1.35

Dry rodded bulk density (kg/m?) 1520 710

Crushing value (%) 16.7 34.6

Impact value (%) 12 24

Voids (%) rodded 42.60 47.40

The modulus of elasticity (GPa) 56.9 14.8
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Fig. 3. XRD pattern of the sintered fly ash aggregate.

[29] showed that the mixtures with pre-wetted lightweight aggregates
reached a higher compressive strength. The higher strength was attribut-
ed to the fact that a higher degree of hydration can overcome the reduc-
tion in strength caused by the use of a lower intrinsic strength lightweight
aggregate.

The relatively higher compressive strength of the lightweight con-
crete could be attributed to combined effects of the localized high
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Fig. 4. Pore size distribution curves of gravel and fly ash aggregates.

cement content in the vicinity of the pre-wetted aggregate and to
the internal curing effect within the concrete. As wet lightweight fly
ash aggregate was mixed with cement and sand before water addi-
tion, the lightweight aggregates were coated in cement, which affects
local cement content around the aggregates after mixing. In parallel,
internal curing water from the lightweight aggregate could gradually
be released into the matrix with the progress of cement hydration
process and most likely, encourage pozzolanic reaction with pulver-
ized fly ash (PFA) from the cement, and thus influence the kinetics
of the hydration process and further hydrate the paste. Furthermore,
the absorbed water can also increase the pozzolanic reaction of Ca™*?2
with silica ions in the FAA as the XRD pattern indicates that the FAA
has amorphous nature and pozzolanic characteristic (see Fig. 3 —
the hump shown by a red arrow). The measurement of unhydrated
cement grains in the ITZ could provide good support to the hypothe-
sis of a locally higher degree of hydration within the lightweight con-
crete. Fig. 6 shows the curve of percentage of unhydrated cement
(UH) versus distance from the aggregate interface. The analysis re-
veals that there was a gradual increase in the percentage of UH in
both specimens with distance from the aggregate but the level of
UH for gravel concrete was clearly higher than that of the lightweight
concrete. More concentrated UH content in the case of gravel speci-
men signifies that less hydration has taken place and, hence, the pre-
sumption of a lower mechanical strength.

Another way of supporting this theory is looking at the elemental
composition in the ITZs of the mixtures. If water from the LWA is en-
couraging pozzolanic reactions with PFA from the cement, it can be
expected that PFA combines and consumes CH and forms new C-S-
H gel, which is amorphous and accounts for the main strength of con-
crete [30]. Table 7 shows the variation in the Ca/Si ratio as a function
of distance from the aggregate for both specimens. The quantitative
analysis reveals for the gravel concrete specimen that a higher
build-up of CH is mainly found in the interfacial zone. For the speci-
men with FAA, however, there is a fairly constant Ca/Si ratio and a rel-
atively large quantity of C-S-H throughout the microstructure. Such a
structure suggest that the microstructural development is much more
uniform and extra C-S-H would eliminate the weak area at the ITZ
somewhat, and more importantly the evidence points to the pozzola-
nic reaction occurring around the lightweight aggregate because of
the high amounts of glassy phases present in the fly ash. A further
way of supporting the theory is to measure CH content in the mortar
of the samples. Fig. 7 shows combined DTA/TGA curves of the nixes in
which the decomposition of CH occurs between 415° and 460°
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Fig. 5. Typical surface profiles of the aggregates used.

(conventional concrete), and 430° and 475° (lightweight concrete).
The percentage weight loss corresponding to the dehydration of CH
was measured as 1.70% for the lightweight mortar, while it was
about 5.20% for the conventional concrete (the standard deviation
of the analysis was 1.3 and 1.6% for the conventional and lightweight
samples, respectively), indicating that pozzolanic reaction taking
place in the lightweight mix reduces the CH content. At this point, it
is believed that the w/c ratio used in this study may contribute to
the development of pozzolanic reaction somewhat as the progress

Table 5
Geometrical parameters® of aggregates estimated by the Image Pro .

of cement hydration, which is a relatively fast process at a high w/c
ratio, leads to moisture loss and thus releasing of the absorbed
water from the pores of the material [31]. Thus, the high w/c may
provide an active migration medium for movement of the mobile
OH ™ ions that attack to SiO, or Al,05-SiO, framework for the primary
pozzolanic reaction [32].

SEM micrographs for the paste surrounding the conventional and
lightweight concrete are reproduced in Fig. 8(a) and (b), respectively.
The porosity of the pastes deduced from the image analysis of the

Aggregate Area Perimeter Perimeter (convex) Perimeter (ellipse) Roundness Angularity Fractal dimension
Gravel 0.90 3.76 3.70 3.50 1.25 1.12 1.08
Sintered fly ash 0.99 1.12 3.55 3.53 1.01 1.00 1.02

¢ The units are in mm.
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Table 6
Basic material properties at 28 days.

Concrete ID Density ~ Compressive Flexural tensile  Dynamic modulus
(kg/m®)  strength (MPa) strength (MPa) of elasticity (GPa)

Conventional 2325 254 4.00 41.0

Lightweight ~ 1895 28.7 3.15 23.7

micrographs as a function of the distance from the aggregate surface
is also shown in Fig. 9. From the figure, it can be seen that the porosity
of the paste surrounding the lightweight concrete at all distances was
distinctively smaller than that of the paste around the conventional
concrete. The error bars confirm the reliability of this comparison.
Fig. 10 illustrates the close-up view of the ITZs in the conventional
and lightweight concrete. It seems that a reduced amount of CH crys-
tals and penetration of hydration products into surface pores of the
aggregate (an example of EDX analysis is shown in Fig. 11) contrib-
utes to the development of a better bond and produce a relatively un-
favorable place for crack formation in the ITZ, as also suggested by
Wasserman and Bentur [33], and signifying that a higher local paste
density has been achieved. Fig. 9 also shows that the thickness of
the interfacial transition zone, where the porosity approaches to the
level observed in the bulk paste, was approximately 15pm and
about 28 pm for the lightweight and conventional concrete, respec-
tively. The reduction in the thickness of the ITZ may increase the in-
tegrity of the lightweight concrete by improving the contact point
interactions for the matrix materials that flow and deform in the vi-
cinity of the coarse aggregate, which in turn may enhance the con-
crete strength.
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Fig. 6. Percent of unhydrated cement grains in the ITZs.

Table 7

Ca/Si molar ratio at the ITZ.
Concrete 0 (u) 10 (W) 20 (p) 30 (W) 40 (p) 50 (u)
Conventional 2.20 0.82 2.62 2.70 3.22 2.84
Lightweight 0.46 1.90 2.00 2.59 2.26 2.40

The most credible explanation of the strength of the FAA mixes,
based on the results presented in this paper is that pozzolanic prod-
ucts, being the consequence of reaction of the fly ash in the cement
with water released from the FAA and late hydration of previously
unhydrated cement grains, are developing slowly after initial cement
hydration process is complete. The water movements are almost cer-
tainly driven by developing matric and osmotic suctions in the paste
during hydration. These products are helping to fill micro-pores in the
paste in the ITZ. Due to the denser paste in the ITZ and rougher sur-
face of the FAA, a stronger ITZ develops than would otherwise be
the case and, certainly, stronger in the conventional concrete.

The flexural tensile strength of the FAA concrete was comparable
and about 80% that of the conventional concrete. However, the in-
crease in compressive cube strength with fly ash aggregate replace-
ment is not replicated in flexure. This drop may be explained as
follows: The flexural behavior could be dependent on both the sur-
face roughness, which is leading factor for the interfacial bond
strength, and the strength of the coarse aggregate. A deficiency or ab-
sence of one of these factors could result in flexural strength loss.
Moreover, lightweight aggregate particles are much weaker than
the surrounding matrix, and thus can be expected to crush more
readily than do the gravel particles in the conventional concrete, lead-
ing to a less tortuous failure surface and a reduced contribution of
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Fig. 7. DSC-TGA curves of the specimens.
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Fig. 10. Close up views of the ITZs.

aggregate interlock to the load transfer from the matrix to the aggre-
gate with the generation of shear stresses under flexural loading.
Thus, this mechanism would reduce the resistance of the FAA con-
crete to tensile strain, thus allowing it to fail at premature flexural
strength level.

The concrete mixture prepared with FAA exhibited about 42%
lower dynamic modulus of elasticity than concrete containing gravel
aggregate, consistent with the findings by Tang et al. [25]. Given the
denser packing (Fig. 9) of the FAA concrete, this is assumed to be be-
cause of the lower modulus of elasticity of the FAA compared to that
gravel.

3.2.1. Flexural response accompanied by the microstructure

The loads versus average mid-span deflection responses for the
conventional and lightweight concrete are depicted in Fig. 12.

As expected, after reaching peak load, neither concrete sample
could carry any significant post-crack loads and collapsed within a
very short time. It can be also seen from Table 8, that the first cracking
and maximum load deflections for the conventional concrete are
identical, while the first cracking and maximum load for the light-
weight concrete are quite different (a much less linear pre-peak
stress—strain curve). However, there were remarkable similarities in
the post-peak region of the stress—strain curves. The conventional
concrete started failing in an unstable manner. This behavior, from a
fracture mechanics standpoint, might be attributable to the fact that
the gravel particles were much stiffer than the surrounding cement
matrix (i.e. a less homogeneous microstructure). Inhomogeneities
cause strain incompatibilities within the mix and consequent local-
ized stress concentrations and, hence, greater crack initiation and
propagation points, eventually leading to accelerated failure accom-
panied by less energy dissipation within the lightweight specimen.
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Fig. 11. Energy dispersive spectroscopy analysis in the pores of the FAA.

It is also worth highlighting that the deflection at the peak load for the
FAA concrete is distinctively higher than that of the conventional con-
crete, although its peak load is much lower than that of the conventional
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Fig. 12. Flexural load-displacement curves of the specimens.

concrete. This is basically an affect of mixture: a less stiff aggregate pro-
duced a less stiff concrete. A larger deflection is much more preferable
under dynamic conditions such as impact or load fluctuations [34] due
to the greater ability to absorb energy without yield. The high deflection
value is also beneficial for fracture energy, which is the integral of the load
vs. deflection curve, as seen in Table 8.

3.3. Micro-structural damage investigation

Table 9 presents the impact strength results in terms of the num-
ber of blows to cause first crack and ultimate failure for both series of

Table 8
First crack loads, peak loads and corresponding deflections.

Concrete ID  First crack Peak Fracture energy?®
Deflection Load (kN) Deflection Load (kN) (kNm)
(mm) (mm)
Conventional 0.028 13.36 0.028 13.36 1.51
Lightweight  0.0041 1.71 0.042 10.50 1.35

¢ Calculated from the area under load-deflection curve up to the point of failure.
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Table 9
The results of drop-weight impact test.
Concrete ID No. of blows Average No. of blows Average
for first crack for ultimate
failure
1 2 3 1 2 3
Conventional 4 3 3 3 6 6 5 6
Lightweight 2 2 1 2 3 5 3 4

concrete mixtures. The data for three samples of each are recorded. As
can be seen from Table 9, a relatively small number of blows were re-
quired to produce failure in the concrete specimens. They could en-
dure only a few additional blows after the appearance of the first
visible cracks.

Typical images captured to investigate micro-structural damage
are presented in Figs. 13 and 14 for the lightweight concrete and con-
ventional concrete, respectively. The concentrations of the micro-
cracks in the ITZ could be an important parameter to help understand
the failure process of the specimens subjected to impact loading.
Table 10 shows the measured crack densities in the ITZ of the mix-
tures. As can be seen from Table 10, a much more concentrated dam-
age occurred in the ITZ of the FAA (lightweight) concrete compared to
that of the fly ash (lightweight) concrete. As highlighted by Akcaoglu
et al. [35], the bigger the difference between the strengths of the ITZ
and surrounding the matrix, the higher the tendency of micro-
cracking in the ITZ. From this it may be inferred that the highly porous
internal structure and rough internal texture of the FAA could possi-
bly lead to a reduction in the grain-grain interlock and inter-
particle friction within aggregate pieces, resulting in a less stiff mate-
rial. By contrast, concrete made with gravel aggregates exhibited a
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Fig. 13. Scanning electron micrographs for the lightweight concrete.
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Fig. 14. Scanning electron micrographs for the conventional concrete.

different behavior; many interfaces between the matrix and the ag-
gregate were debonded (as shown, e.g., in Fig. 15) most likely due
to the weaker interface and the concrete had a much more tortuous
fracture surface as a consequence.

As a contribution to the discussion of the failure mechanism in-
volved in these concretes, a quantitative roughness analysis of the
fracture surfaces was conducted to determine the microroughness
number-Ra. The roughness profiles and calculated results of micro
roughness are presented in Fig. 16 for the conventional and light-
weight concrete, respectively. The results show that the micro-
roughness of the conventional concrete is much larger than that of
the lightweight concrete. There is already a theory that higher micro-
roughness usually results in higher fracture energy consumption dur-
ing the fracture and vice versa [36]. Figs. 17 and 18 show digitized
crack maps of the surface, calculated fractal dimension of the cracks
and fracture energies based on surface macro-crack measurement of
the conventional and lightweight concrete specimens, respectively.
The results give some support to the theory just mentioned and con-
firm that, for the concrete with gravel aggregates, greater fractal ener-
gies are dissipated during the impact event, mainly due to its more
zigzag surface macro-crack pattern. When the lightweight concrete
is subjected to the impact, relatively weak and less stiff the FAA can-
not effectively spread the load, which in turn reduces the area need to

Table 10
Micro-crack density of the ITZ.
Concrete ID Maximum crack  Total crack Total crack  Crack density
width (um) length (um)  area (um?)  (1/um)
Conventional ~ 28.90 705.9 9360.6 0.075
Lightweight 20.50 607.5 3627.55 0.167
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Fig. 15. Debonded interface in the conventional concrete.

be created on the surface during the fracture, and thus the concrete
cannot resist to high level of plastic deformations and produces less
tortuous fracture profile.

Fig. 19 compares the variation in relative dynamic modulus of
elasticity of the conventional and lightweight concrete mixtures dur-
ing impact exposure. The measurements have been performed in
both horizontal and vertical (loading) directions just before and just
after impact. It is obvious that the reduction in dynamic elastic mod-
ulus for the gravel concrete was more pronounced. This can be
explained by the greater development of discontinuities at weak re-
gions along the cement paste-aggregate bond and/or within the
paste matrix of the gravel specimen due to impact-induced stress
waves. In addition, it can also be assumed that the shock waves
could interact with the secondary stress waves generated by structur-
al inhomogeneities in the case of gravel specimen and further in-
crease the anisotropic nature of concrete, leading to a sharp delay of
velocity of travel time of the ultrasonic wave.

According to continuum damage mechanics, damage is caused as a
result of nucleation, growth and coalescence of micro-voids. These
voids may grow and generate new micro defects during the deforma-
tion process [37]. Thus, changes in air void distribution and content
could also provide valuable information that can be linked to the
damage process of concrete under impact. Fig. 20 presents the change
in air void distribution across the depth of the conventional and light-
weight specimens as a result of testing. As shown in Fig. 20, both
specimens were heterogeneous with relatively low air voids concen-
trations in the bottom and top sections, and a relatively higher air
void concentrations in the middle part of the specimens (much
more pronounced in the lightweight concrete specimen), signifying
that the damage is a localized phenomenon occurring in a critical lo-
cation in a heterogeneous material in accordance with the findings of
Ying [21].

The level of damage taking place during the impact testing was
quantified through the damage parameter §, previously described in
Section 2.3.3. Fig. 21 presents the calculated damage parameters for
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Fig. 17. Digitized crack maps and fractal energy of the conventional specimen.

the conventional and lightweight specimens, respectively. These re-
sults suggest that most of the damage taking place in the middle
part of the lightweight specimens compared to its top and bottom
sections, which likely contributes to a brittle fracture process associ-
ated with low energy dissipation under impact loading. Because less
energy dissipation associated with an inhomogeneous microstructure
would reduce the propagation of reflected tension waves from the
rear surface of concrete and correspondingly generate a non-
uniform stress distribution and high level localized plastic deforma-
tions. By contrast, the conventional specimen had a relatively higher
damage in top part while the middle and bottom sections were dam-
aged almost equally.

Based on the visual observation carried out on the cracking faces,
it was observed that the failure for the conventional concrete was cre-
ated by the destruction of the aggregate-paste interface or the paste,

whereas almost all lightweight aggregates were fractured across their
diameters. Of course, such results are predictable or already well-
known (i.e. failure through lightweight aggregate or gravel pull-out
under impact). The merit of this research is to provide a quantitative
microstructural analysis from which it may be possible, in the future,
to establish a numerical model for the fracture process or to correlate
the microstructure of concrete with its mechanical properties.

4. Concluding remarks

In the light of the findings obtained from this experimental study,
the following conclusions can be drawn:

» Concrete with pre-wetted lightweight ash aggregates had a higher
cube compressive strength than the conventional concrete with
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gravel. The higher compressive strength of the FAA concrete com-
pared with that of the conventional concrete is likely due to enhanced
hydration as a result of internal curing (confirmed from the character-
ization of interfacial porosity and the thermogravimetric analysis).
However, the flexural tensile strength and the dynamic modulus of
elasticity of the lightweight concrete are respectively about 20% and
44% lower than the corresponding values of the conventional concrete.
A micro-structural study revealed that a relatively dense and homo-
geneous interface with a moderate amount of C-S-H gels was present
between the FAA and cement matrix in the lightweight concrete,
while a more porous and loose interface existed in the conventional
concrete due to the presence of calcium hydroxide crystals and inter-
nal voids that could, presumably, provide a line of weakness for failure
to take place along, and thus lead to less strength.
 As observed for the impact behavior, the FAA concrete seems to be
more brittle than the gravel aggregate concrete. It is believed that
the less homogeneous micro-structure of the lightweight concrete


image of Fig.�18
image of Fig.�19

304

100

Slice Heigth (mm)
3

Air Void Content (%)

—— Gravel undamaged

~ -~ Gravel damaged

Lytag undamaged - Lytag damaged

Fig. 20. The changes in air void distribution across the depth of the mixes.

would lead to strain incompatibilities and consequent localized stress
concentrations and, hence, greater crack initiation and growth points,
leading to accelerated failure accompanied by less energy dissipation.
Under impact loading, failure of concrete containing gravel aggre-
gates occurred through the ITZ; mainly including pull-out of indi-
vidual aggregate pieces from their cavities. Concrete prepared
with the FAA failed through the aggregates; primarily including
splitting of the aggregates across their diameter. Analysis for the
real fracture profiles with a non-contact laser profilometer showed
that the physical and microstructural aspects of aggregate may lead
to a reduction in microroughness and correspondingly the amount
of fracture energy.
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