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(is paper aims to examine the effect of surface roughness of lightweight aggregate particles (LWA) on the strength and
permeation characteristics of lightweight aggregate concrete (LWAC). Changing the smooth surface texture of LWA particles was
achieved by applying surface polishing to make rough texture of the aggregate particle surface. LWAC mixes with different LWA
surface roughness (smooth and rough) were produced, and their strength and permeation properties were investigated. Cut
section method was adopted to measure the surface roughness of LWA particles. (e surface profile was measured by using
ImageJ software on images captured using the optical microscope (OM) and scanning electron microscope (SEM) with different
magnifications.(e ability of making the surface of LWA particles rough by polishing themwas proved bymeans of 2D roughness
measurements. From the results, it was found that using treated LWA with rough surface helped in enhancing the strength
(compressive) and the permeation properties (water absorption and sorptivity) of lightweight aggregate concrete (LWAC).
Making the LWA rough helped in improving the compressive strength by about 13.5% owing to enhancing the ITZ between the
LWA particles and the cement paste as well as improving the chemical bonding andmechanical interlocking forces between them.
In addition, using rough lightweight aggregate led to reduce the water absorption and cumulative volume of water absorbed by
about 9% and 12%, respectively, compared to values of mix with original (smooth) LWA.

1. Introduction

Concrete is an extensively used construction material due to
availability of its rawmaterials and its good properties. It can
be produced according to its density as light, normal, and
heavy weight consisting of three phases: cement paste, ag-
gregate, and the interfacial transition zone (ITZ) between
them [1].

(e practical density range of lightweight concrete is
between 300 kg/m3 and 1850 kg/m3. To reduce the total
weight of a building with multistorey, a successful approach
to follow is using lightweight construction materials. It is
well known that, in concrete construction, reducing its
weight has an important advantage. Lightweight concrete
not only reduced the weight of the building but also pro-
vided an excellent thermal and sound insulation and
achieved energy conservation benefits. (erefore, enhancing
its properties is investigated in this paper. On the other hand,

considering the environmental pollution to control and
manage waste materials generated by thermal coal-fired
power plants, a large amount of fly ash (FA) was used to
produce lightweight aggregate (LWA). Production of LWA
from FA provides artificial aggregate from recycling waste
resulting in reducing the dependence on natural aggregates
in concrete industry [2]. (erefore, from growing envi-
ronmental concern and due to significant advantages of
lightweight aggregate, its production should boost in the
future. In addition, as the demand for lightweight and
thermally insulating construction material increases, LWA
market is expected to grow mainly [3, 4].

In concrete, such porous LWA particles act as an
internal water reservoir with a beneficial effect of sup-
plying curing water internally. During the hydration
process, with shortage of water in the cement paste, water
transports from the LWA particles to cement paste to
support continuous hydration leading to improve
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strength and durability which are associated with lower
water-to-cement ratio [5].

It is well known that mechanical behavior and the
concrete durability are affected by the interfacial transition
zone (ITZ) between the aggregate and the cement paste
which to possess these good properties it should be as dense
as possible to provide a good bond between the aggregate
and matrix [6, 7]. In general, the ITZ is porous, with a width
of 50–100 μm, due to formation of large crystalline products
in the vicinity of aggregate or the poor packing of cement
grains. However, it was reported that the structure of ITZs
within the lightweight concrete varies with no definite form
[8].

It was stated that, unlike normal aggregate, there is no
“wall effect” occurring on lightweight aggregate surfaces,
and due to the porous surface of the latter, improvement in
the interfacial bond occurred by providing interlocking sites
within a dense and uniform ITZ [9].

Many research studies have been carried out to develop
or enhance some properties of lightweight aggregate con-
crete (LWAC) by incorporation of mineral additives [10],
use of CO2 curing [11], and adding shrinkage-reducing
admixture and fiber reinforcement [12]. However, in this
paper, achieving an enhancement in strength and perme-
ation properties of LWAC without using any additives will
be investigated. (is will be done by changing the smooth
surface texture of LWA particles by applying surface pol-
ishing to make rough texture of the particle surface. On the
other hand, from the production point of view, noticeable
problem in the production of concrete using LWA was the
phenomenon of aggregates flooding due to aggregate light
weight. (erefore, the effect of making the surface more
rough on the flooding phenomena will be examined as well.

2. Experimental Details

2.1. Materials. Raw materials of lightweight aggregate
concrete (LWAC) are cement, water, fine aggregate, and
lightweight aggregate (LWA). However, specified admix-
tures/additives might be used to produce concrete with
desired properties. (erefore, to achieve the aim of this
paper, LWA with different surface textures (smooth and
rough) will be used in this study. (e materials used for this
paper were type I cement with a specific gravity (S.G.) of
3.15, original sand with a maximum size of 4.75mm, and
fineness modulus of 2.34 as well as drinkable water. LYTAG
lightweight aggregate with spherical shape, 65% void ratio,
0.9 specific gravity, 1450 kg/m3 particle density, and particle
sizes between 4 and 10mm was used as well. Original LWA
particles with smooth surface (LWAs) and treated ones with
rough surface (LWAr) were used (see Figure 1). Figure 2
shows the sieve analysis of the smooth and rough LWA used.
It should be noted here that, to make the surface of original
LWA particles rough (Figure 3), these original particles were
grinded manually with 120 grit silicon carbide abrasive to
make treated LWA particles avoid shape changing and
maintain about the same sizes of original particles.

2.2. Mix Design and Production. In this paper, cement
content (400 kg/m3), sand content (600 kg/m3), and water-
cement ratio (0.5) were chosen to start the mix propor-
tioning process. (en, by adopting the absolute volume
method and to obtain a target density of 1600 kg/m3, the
LWA content was calculated as 400 kg/m3.

Production of LWAC is a simple process without the
need to any specific machinery, i.e., equipment for the
production of conventional concrete can be used. After
preparing the predetermined proportions of materials, the
mixing process started with adding half of sand, half of
cement, all the LWA, and the rest of cement and sand, and
then these dry materials were mixed.(en, mixing water was
added gradually during the mixing process to produce fresh
lightweight aggregate concrete LWAC. Later, the fresh
mixture was cast in oiled steel molds and covered with nylon
sheets to prevent evaporation of water during the concrete
hardening stage. Finally, the specimens with hardened state
were removed after 24 hours from casting time and put in
water tank for curing until the test day. Figure 4 shows the
uniform distribution of LWA particles throughout the
specimens.

Original Treated

Figure 1: Original (smooth surface) and treated (rough surface)
lightweight aggregate used.
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Figure 2: Sieve analysis of the smooth (LWAs) and rough (LWAr)
lightweight aggregate used.
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3. Tests

3.1. Roughness Measurement. Cut section method was
adopted to measure the surface roughness of LWA particles
[13]. (e cut profile surface of an aggregate particle can be
measured after cut, polished, and photographed at the de-
sired level of magnification for concrete specimen. (e
surface profile is then directly measured by using ImageJ
software.

Images captured using an optical microscope (OM)
(Figure 5) and scanning electron microscope (SEM) (Fig-
ure 6) were used for roughness measurement as 2D
roughness coefficient (RC). (ese images were analyzed
using ImageJ software to measure the lengths (L) and (Ls),
equation (1), of LWA particle surface [13, 14]. Many defi-
nitions of aggregate surface roughness have been proposed;
however, for this study, the definition adopted for surface
roughness (Rc) is as follows:

Rc �
L

Ls

, (1)

where L is the true length of segment of analyzed surface of
LWA and Ls is the length of best fit line of surface segment.

3.2. Density and Strength. For all investigated mixes, the
density (kg/m3) was measured by dividing the weight of
specimen (kg) on its volume (m3).

Compressive strength test was carried out on 100mm3

cubes, and the average of three specimens was taken at the
ages of 7 and 28 days.

3.3. Permeation Properties

3.3.1. Water Absorption. Absorption represents a percent-
age of a mass increase (due to immersing in water and
penetrating the concrete with easy manner) to a dry mass to
a constant weight [15].

(a) (b)

Figure 3: Surface of (a) original (smooth surface) and (b) treated (rough surface) lightweight aggregate used (scale: 5mm diameter).

(a) (b)

Figure 4: Uniform distribution of LWA particles: (a) LWAs and (b) LWAr (scale: 80mm× 80mm).

Figure 5: Roughness measurement by ImageJ software on the
image of optical microscopy (scale: 29× 22mm).

Figure 6: Roughness measurement by ImageJ software on the
image of scanning electron microscopy (scale: 299× 224 microns).
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(is test was carried out at the age of 28 days by
measuring the water absorption of three (48× 48×100mm)
wet cured specimens for each mix. (e test process was
carried out by drying the specimens at 60°C, until achieving a
constant mass, and then immersing them in water for a
period of achieving a constant wet mass. (e following
equation was adopted to measure the water absorption of
investigated mixes:

Ab �
Ww − Wdry

Wdry
∗ 100, (2)

where Ab is the water absorption value (%), Ww is the wet
weight, and Wdry is the dry weight.

3.3.2. Sorptivity. To identify concrete quality and to evaluate
its service life, an understanding of its moisture movement is
important. Sorption can be expressed as a tendency of
concrete to transmit water by capillary suction. (is is
necessary to indicate the penetration of detrimental solu-
tions such as sulphate and chloride ions, leading to control
or prevent long-term deterioration [16].

Movement of water into lightweight concrete can be
described as square-root-time relationship [17], as follows:

i � B + St
0.5

, (3)

where i is water cumulative volume per unit area (mm3/
mm2) during a time t (min), while B is an intercept value of
y-axis at t� 0 and S is concrete sorptivity obtained from the
best fit line of i versus t0.5 curve (mm/min0.5).

For sorptivity test, specimens of 100mm3 sizes were cast
and cut for four prisms with dimensions of 48∗48∗95mm.
To remove a mold effect, a slice of about 5mmwas cut (using
a diamond rotary cutter) from the bottom of the surface that
will be contacted to water during testing. (en, the speci-
mens were dried at 60°C until achieving a constant weight
and then left in the laboratory for cooling to room tem-
perature. (e lowest 3 cm of the specimen sides was painted
in order to achieve unidirectional flow, see Figure 7. (ese
treated specimens were rested on circular steel bars in a
water tray as shown in Figure 7. During the test, the lowest
3mm of the sealed sided faces were immerged in a constant
level of water to ensure that water will be freely accessed just
through the inflow surface. During a test period, 3.5 hours,
many weight measurements of submerged specimens were
taken to the nearest 0.01 g.(is test was carried out at the age
of 28 days on two specimens for each mix.

4. Results and Discussion

4.1. RoughnessMeasurement. It was reported that roughness
parameter can be used to characterize the surface mor-
phology of aggregate [18]. As observed from the roughness
investigation, surface roughness varies greatly over the
surfaces of original (smooth) and treated (rough) light-
weight aggregate particles. (e investigation results dem-
onstrate that, at different observation levels, not only the
roughness of the 2D contour lines of the lightweight

aggregate particles surfaces was different but also the ap-
parent morphologies were quite different (see Figure 8).
Observed variations in surface roughness were 1.14 for
smooth particles (LWAs) and 1.75 for rough particles
(LWAr). (ese results were the average of 12 readings from
SEM images captured at different magnifications and other
12 images captured by an optical microscope.

4.2. Density. Owing to the accuracy in grinding the LWA
particles, there was no obvious change in their diameters and
the particle distribution of them. (is finally contributed,
using the same volumes of smooth (original) or rough
(treated) LWA particles, in producing LWACmixes within a
density range of 1600± 15 kg/m3.

4.3. Compressive Strength. Table 1 shows the results of
compressive strength of LWAC mixes produced with
smooth or rough LWA particles. From the results, for mixes
with the same materials proportions, it was found that using
rough LWA particles (changing the texture surface) helped
in increasing the 28-day compressive strength of LWACr by
about 13.5% compared to that of LWACs with smooth
surface of LWA particles. (is is may be attributed to the
enhancing of bonding between the rough LWA particles and
the cement paste leading to increased compressive strength
of the mix (see Figure 9). In their study on the effect of coarse
aggregate surface texture on mechanical properties of
concrete, Jia and Gu [18] concluded that roughness of ag-
gregate can affect the mechanical properties of the ITZ by
not only increasing the actual interface bonding area but also
enhancing the mechanical interlocking action between the
cement paste and aggregates. It was reported that the bond
mechanism between aggregate and cement paste consists of
three parts: the van der Waals force (VDW), chemical
bonding, and themechanical interlocking forces [19]. Huang
et al. [20] concluded that the bond between rough light-
weight aggregate and cement paste was tight, without visible
cracks at their interface. For rough surfaces, deposition of
cement hydration products in their irregularities resulted in
enhancing the mechanical interlocking between the LWA
particles and cement paste. Zhao et al. [21] concluded that
roughness of aggregate is one of the important parameters
having a significance influence on the mechanical properties
of concrete. From the microhardness investigation results, it
was noticed that the interfacial transition zone (ITZ) be-
tween the rough LWAr particles and the cement paste was
stronger than that of smooth LWAs particles resulting in
making the LWA stronger and hence enhancing the mix
strength. (is is due to the concentration of the hydrated

48 mm

65 mm

30 mm

Figure 7: Schematic drawing of sorptivity test.
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(a) (b)

(c) (d)

(e)

Figure 8: Roughness measurements: (a) optical microscopy image. (b, c) SEM images of LWACs mix. (d, e) SEM images of LWACr mix.

Table 1: Compressive strength values at 7 and 28 days.

Mixes LWACs LWACr
Age (days) 7 28 7 28
Compressive strength (MPa) 7.42 (0.41) 9.23 (0.35) 8.26 (0.26) 10.48 (0.23)
Values in ( ) represents standard deviation.

(a) (b)

Figure 9: Interlocking of LWA particles. (a) LWAs and (b) LWAr (scale: 10mm diameter).
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and/or carbonated products near the ITZ mostly on the side
of the cement paste [20]. Microhardness investigation was
done by using a Vickers microhardness device with the
indenter of square-base pyramid, 10 g test load, and a
contact time of 15 sec. It was found that ITZ microhardness
results (average of five readings) at a distance of 30 μm from
the surface of LWA particles were 52.4 and 63.1 HV for
LWACs and LWACr, respectively (where “1 HV� 1 kgf/
cm3 � 0.09806650MPa”) [22]. In comparison with normal
weight concrete, it was also determined that increasing
aggregate surface roughness helped in enhancing concrete
compressive [23, 24].

4.4. Permeation Properties

4.4.1. Water Absorption. It was found that using rough
LWAr slightly decreased the water absorption by about 9%
of that of mix with smooth LWAs. (is small enhancement

indicated that the ITZ around the rough LWAr particles was
enhanced noted that the mortar volume was the same in the
two investigated mixes (with smooth or rough LWA
particles).

4.4.2. Sorptivity. Sorptivity can be characterized as concrete
tendency to absorb and transmit water by capillary suction.
(erefore, the controlled phase in concrete is its void
structure (gel and capillary voids) in cement paste. However,
lightweight aggregate itself may contribute to the mecha-
nism of water sorption due to having very fine pores in its
cellular structure (Figures (8(b)–8(e)). From the results, it
can be seen that due to the enhancement of ITZ around the
LWA particles, the LWACr mix with rough LWA particles
exhibits less sorptivity (0.168) compared to that with smooth
LWAs (0.178) (see Figures 10 and 11 ). In addition, the
volume of absorbed water decreased by about 12% with
using rough LWAr in producing lightweight aggregate
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Figure 10: (a) Volume of water absorbed in LWAC mixes versus time and (b) evolution in the cumulative volume of water absorbed in
LWAC mixes with time.
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Figure 11: Sorptivity obtained from the i versus t0.5 curve using a best fit linear regression (in mm/min0.5) (a) LWACs mix and (b) LWACr
mix.
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concrete (LWAC). Lyu et al. [25] stated that the ITZ
properties are affected by the surface texture of aggregate
and the distance of investigated point from the surface of
aggregate particle. Unlike the finding of this paper, it was
found that because of the effect of packing of cement grains,
more porous microstructure in the ITZ was formed around
the rough surfaces leading to form a water-rich pocket under
the normal aggregate particles resulting in higher water
amount in the ITZ region leading to make its microstructure
more porous [25]. However, owing to using of porous
lightweight aggregate in this investigation, which works as a
reservoir for internal curing, the microstructure of ITZ was
strong and less porous especially in the case of rough ag-
gregate particles.

5. Conclusions

From the experimental investigation and the obtained re-
sults, the following conclusions can be drawn:

(1) It is possible to make the texture of lightweight
aggregate surface rough by polishing it

(2) Using rough lightweight aggregate resulted in im-
proving the compressive strength by about 13.5%
owing to enhancing the ITZ between the LWA
particles and the cement paste as well as improving
the chemical bonding and mechanical interlocking
forces between them

(3) Using rough lightweight aggregate led to reduce
the water absorption and cumulative volume of
water absorbed by about 9% and 12%, respec-
tively, compared to that of mix with original
(smooth) LWA. (is makes the sorptivity value of
mix with rough LWA less than that with smooth
LWA.

In general, making the surface of LWA rough helped in
enhancing the compressive strength and the permeation
properties of lightweight aggregate concrete (LWAC) pro-
duced with the same mortar volume.

(is study has suggested a number of avenues for future
research including the following:

(1) Develop a mechanical method to polish the LWA
surface rather than the manual way

(2) Investigate the effect of LWA grading on properties
of LWAC

(3) Adding some additives such as fly ash and silica fume
by different ways to investigate their effect on LWAC
made with rough or smooth LWA
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