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Abstract: The present research investigates how incorpor-
ating waste concrete block aggregates (WCBA) in place of
natural coarse (5-12 mm) aggregates (NCA) affect the char-
acteristics of concrete pavement. The topography of the
voids, water absorption, porosity, and hydraulic conduc-
tivity characteristics such as flexural and compressive
strengths in addition to density were investigated. The con-
sequences of replacement were looked at using four repla-
cement percentages, 10, 30, 60, and 100% of the normal
weight had been substituted with 0% functioning as the
control value. Mix design of 1:1.41:2.52 (cement:fine aggre-
gate:coarse aggregate) was used in the study with water to
cement ratio of 0.43. As the replacement percentage of
WCBA increased, water absorption, porosity, and hydraulic
conductivity increased while density, compressive strength,
and flexural strength decreased. The drop in values in com-
parison to control mixture were in the range of 10-30, 22-40,
and 1-32% for density, compressive strength, and flexural
strength, respectively. On the other hand, increase in values
(16-33, 12-40, and 11-37%) have been identified for hydraulic
conductivity, porosity, and water absorption, respectively.
When designing rigid pavement, concrete with replacement
percentages of WCBA 30% produces results that were accep-
table. Porosity along with other hydraulic characteristics, such
as hydraulic conductivity, are closely associated. There is an
extremely significant correlation between porosity and all
topological parameters. Finally, high level validation (R* >
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0.9) and predictive models of hydraulic conductivity and por-
osity were established.
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1 Introduction

On a global scale, 25 billion tons of concrete undergo man-
ufacturing every year. Aggregate, a vital component that
significantly impacts the qualities of concrete, make up
to 80% of the volume of concrete [1]. The constructing
industry’s explosive growth has resulted in sustainability
issues as a result of over-mining and excessive utilization
of natural resources like cement and aggregate [2]. Under
such pressure, industries — particularly the construction
industry, which has adverse environmental consequences
due to its enormous consumption of natural resources and
production of building wastes — are driven to seek out sus-
tainable technology. Therefore, it is of utmost importance to
use leftover construction debris to create environmentally
friendly materials. Concrete may be manufactured by par-
tially or entirely substituting recycled aggregate (RA) for nat-
ural aggregate (NA).

Due to its low compressive strength and high degree of
variation, recycled aggregate concrete (RAC) is recom-
mended for non-structural concrete or pavement applica-
tions [3-5]. The pores in the structures are enlarged and
increased by the hardened mortar that is connected to the
surface of the RAs, which lowers the density of the aggre-
gate and raises its water absorption above NA [2]. Because
of this, it is challenging to manage the toughened RAC’s
durability and adaptability. The inferior performance of
RAC in comparison to natural aggregate concrete has
been supported by earlier studies [3-5]. Because aggregate
makes up a larger portion of concrete’s components, its
properties will have a significant impact on how voids
and pores are arranged, which will affect how liquids are
transferred into and out of concrete.
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Specifically, in cement concrete pavement, due to high
surface area and contact with base layer (unbound mate-
rial), there is a significant chance to ingress aggressive
materials inside pavement from upper and lower surface,
in addition to the sides of the pavement. Durability is one
of the basic and necessary items in continuity optimum
performance of concrete. The major factor in durability
is the concrete’s hydraulic characteristics.

Despite several studies on RAs for concrete production
being conducted [6-9], the impact of RA concrete on the
hydraulic properties and microstructure of the concrete
voids created by RAC is yet unclear. Therefore, in this
study, the effects of replacing some or all of the NA with
waste crushed concrete block aggregates were evaluated in
terms of compressive strength, topography of voids, water
absorption, porosity, and hydraulic conductivity. After that,
predictive models for the hydraulic properties of the stiff
pavement created by RAC is developed.

2 Theoretical considerations

Distinct topology characteristics that have an impact on
other distinct qualities of a concrete mixture, like hydraulic
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conductivity, can be used to define the air void structure
within a concrete [10,11]. Tortuosity, circularity, roundness,
aspect ratio, surface area, number of voids, voids class, and
pore size distribution index are characteristics related to the
topology of the voids structure. Based on measurements
collected by X-ray computed tomography (CT) scans, these
properties can be computed using universal equations (as
detailed later in the current work).

3 Experimental details

3.1 Materials

The materials used in this experiment included sulfate-
resisting Portland cement, sand and gravel (fine and coarse
aggregate, respectively), tap water, and superplasticizer
type F (SP). Every concrete component complies with the
standards used in the current study [12-15].

Since there is a substantial volume of waste concrete
block in the researchers’ region and because it is simple to
crush, waste concrete block was crushed and sieved to
produce 5-12mm (Figure 1) sized recycled coarse aggre-
gate. Based on past investigations, a 5-12 mm aggregate

Figure 1: (a-d) Waste concrete block is recycled to create coarse aggregate (5-12 mm).
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Figure 2: Gradation of fine aggregate.

size was selected [16], which, when compared to another
size (12-19 mm), demonstrated increased strength.

Figures 2 and 3, respectively, show the gradations of
fine (sand) and coarse (natural and waste concrete block)
aggregate. Figure 4 displays the particle size and texture of
both natural and recycled coarse aggregates.

The mass per unit volume of dry aggregate that has
been compressed by rodding under standardized condi-
tions is known as dry-rodded density. This volume com-
prises both the volume of the individual particles and the
space between them. The advantage of dry-rodding is that
it gives a more precise indication of the density of the
aggregate than other techniques. It also makes sure that
the aggregate is compacted uniformly. The specific gravi-
ties of NA and waste concrete block aggregates (WCBA),
which were their dry-rodded densities, were 2.70 and
2.53, respectively. Compared to NA, WCBA had around
two times higher water absorption rate.
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Figure 3: Gradation of coarse aggregate.

The resilience of aggregates to abrasion and impact is
gauged by the Los Angeles abrasion loss value. Los Angeles
abrasion values for good aggregates that are suitable for
high-quality pavement materials should be lower than
30%. Loss values between 25 and 55% (or 45% in other
states) are typically considered acceptable. NA and WCBA
suffered Los Angeles abrasion losses of 33.2 and 48.0%,
respectively.

According to earlier researchers, the RA’s low-density,
high-water absorption, and high Los Angeles abrasion loss
were caused by the material’s large porosity from the
adhering cement mortar. For the aggregate test, AASHTO
T19M, ASTM C127, and ASTM C131 [17-19] were used.

3.2 Designing a mix and preparing samples

Before mixing, the aggregates were brought to a saturated
surface dry (SSD) condition. WCBA was used in place of NA

Figure 4: Samples of coarse aggregate: natural (a) and recycled (b).



4 —— Tahseen D. Saadoon et al.

with a size range of 5-12 mm at weight percentages of 0, 10,
30, 60, and 100%. The ASTM (143 standard was followed to
determine the fresh concrete slump test [20]. The slump
measurements varied from 100 to 110 mm. Table 1 contains
a list of all mixtures’ weights.

In two to three layers, the freshly prepared mixture was
added to the mold. Then, a vibrating table was used to apply
the compaction vibration for 15 s. All samples were demolded
after 24 h and kept in a wet environment until testing.

3.3 Testing specifics
3.3.1 Density

According to ASTM C642 [21], the density was estimated. In
this test, 150 mm diameter cube specimens were employed.
This test was carried out at several times: 3, 7, 28, 63, and 90
days. From the following equation, the density can be
determined:

Dry density(kg/m?) = |[—2—|x p, , )

Wy — Ws w

where w; is the oven dried weight of the specimen, (kg) w,

is the SSD of specimen, (kg) ws is the submerged weight of
the specimen, (kg) p,, is the density of water, (kg/m>).

3.3.2 Water absorption

According to ASTM C642, a water absorption test was con-
ducted [22]. 100 mm cube specimens were tested at ages of
7 and 28 days. The following equation was used to deter-
mine the water absorption:

2

Water absorption(%) =

(B-4)
o 100,

where A is the oven dry weight, (g) B is the SSD weight, (g).

Table 1: Mix proportion of the concrete mixes (kg/m?)
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3.3.3 Vacuumed saturated porosity test

Particularly when the replacement amount is small, the
standard vacuum analysis is susceptible to the substitution
of WCBA for conventional coarse aggregate. Concrete disks
measuring 60 x 10 + 3 mm were vacuumed using 100 mb
for 3 h, then were vacuumed for another 2 h with saturated
Ca(OH), solution, and then left to dry for another day
(Figure 5). This was done to make sure that all the pores
in the concrete test specimens were completely saturated.

_B-4A

= 3
B-C ©)

p

x 100%),

where P is the porosity, B is the SSD weight, A is the oven-
dry weight, and C is the saturated submerged weight.

3.3.4 X-ray CT scans

Using a Phoenix v|tome|XL scanner, the test samples uti-
lized for the porosity tests were scanned. A current of

Figure 5: Vacuum set up.

Mix ID Cement (kg/m®) Aggregate (kg/m3) SP, (kg/m?) Water/cement
Fine Coarse
Natural Recycled
0% WCBA 450 635 1,135 0 24 0.33
10% WCBA 1021.5 113.5 0.34
30% WCBA 794.5 340.5 0.36
60% WCBA 454 681.0 0.37
100% WCBA 0 1,135 0.41
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1,300 A and an acceleration voltage of 290 kV were used to
run the X-ray source. The test samples were scanned on a
rotating platform with a 906.84 mm gap between them and
the X-ray source. The exceptional resolution, which also
applied to consecutive slides, was 96 m/pixel. The 16-bit
photos were converted into 8-bit greyscale resolution and
cropped into a region of interest (ROI) of 664 cm® using the
programs Avizo 8.1 and Image], Version 1.49 [23]. The noise
in the photos was then reduced using a 3D Gaussian and
Median filter with a 1 x 1 x 1 kernel size. Segmenting the
materials in the ROI allowed for the preparation of recon-
structions of the microstructure.

The Bone] particle analyzer plugin (Version 1.3.11) in
Image] software was used to ascertain the topological
(microstructure) properties of voids that is defined and
calculated later [24]. The analyze Skeleton and Skeletonize
2D/3D modules in Image] were used to measure the length
of macropores [24].

3.3.4 Hydraulic conductivity test

At room temperature (20 + 2°C), samples’ hydraulic con-
ductivity was measured using the Florida Method (falling
head method) [25] as shown in Figure 6.

)
D —=
t l \ Graduated tube
h, .
G Rubber cylinder
- A
h, / Test sample
\
A
Ly
Filter
A

Figure 6: Scheme of hydraulic conductivity test.

Table 2: Summary of the mechanical behavior tests
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Concrete test samples were cured at a temperature of

20 £ 2°C and evaluated for various curing durations.
Sample and testing water were preconditioned for 4h at
20 + 1°C before the test. The samples were then put into
cylinders that were vertical and had the bottom side
blocked. To completely saturate the sample, enough water
was added from the top until a reference level was reached,
then it was allowed to sit for 3 h. When that period was over,
more water was injected to raise the reference level. After
clearing the obstruction on the bottom side, the water was
allowed to flow through the sample. 700 mL of water had to
flow through the sample in a certain amount of time, or “t,”
in order to determine the hydraulic conductivity, or “Ks,”
according to Darcy’s law [25].
aL

Ks=—In
ST At

hy
— 4
Iy ], @

where a is the inner cross-sectional area of the graduated
tube (cm?), L is the thickness of the test sample (cm), A is
the test sample cross-sectional area (cm?), hy is the initial
head across the test specimen (cm), and h; the is the final
head across the test specimen (cm).

3.3.5 Mechanical strength

Compressive and flexural strength tests, which are key fun-
damental evaluations of mechanical performance, were
used to examine the concrete as shown in Table 2 and
Figure 7.

4 Results and discussion

4.1 Density

Figure 8 displays the density test results for concrete. The
specific gravity of recycled aggregates (WCBA) was signifi-
cantly lower than that of NA, which is related to adhered
mortar that was less solid and contained more voids than
NA. As a result, the density of concrete decreased as the
amount of RA increased. The drop was more pronounced
when utilizing 100WCBA as its density (2,263), however it
was still marginally lower than that of 10WCBA (2,610).

Test

Specifications followed in the test

Size of samples (mm) Age (days)

Compressive strength

Flexural (modulus of rupture) Strength ASTM (78 [27]

BS EN 12390 1881: part 116 [26]

Cube: 150
Prismatic (100 x 100 x 400)

3,7, 28, 63, and 90
7 and 28
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Figure 7: Samples under compressive strength test (left) and flexural strength test (right).

4.2 Water absorption

Considering Figure 9, the water absorption of all the
WCBA-containing mixes was pretty similar at 5.33-6.67%
in comparison to 4.49% of the control concrete. It should be
underlined that all mixtures had the same mix proportion
and particle sizes. A portion of the surface of WCBA was
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Figure 8: Samples of concrete that contain various amounts of recycled
coarse aggregate: Age and dry density relationship.

formed of dry mortar, which decreased its strength, as
indicated by the largest Los Angeles abrasion loss value
of 48%, which was previously mentioned. While being
blended, the WCBA particles underwent surface abrasion
and particle crushing, which caused a sizable loss. As a
result, the paste content of WCBA-concrete increased. According
to that, more paste filled the gaps as the WCBA level increased,

@7 (Days) 028 (Days)

Water Absorption (%)

0% 10% 30% 60% 100%

Replacement of coarse aggregate (Size 5-12 mm) (%)

Figure 9: Samples of concrete that contain various amounts of recycled
coarse aggregate: Age and water absorption relationship.



DE GRUYTER

giving rise to WCBA-concrete with water absorption roughly
equivalent to that of the control concrete. This demonstrated
that the substitution of WCBA for NA had no impact on the
concrete void.

A correlation between density and water absorption
of WCBA-containing concretes could be discovered using
the variety of WCBA-containing concrete data, as illu-
strated in Figure 10. The relationship is best described by
Equation (1), which has an R* value of 0.9. The preceding
results that were reported are consistent with this equa-
tion [28-30].

Wy = [-12.23 x In Dp] + 100.59, (5)

where W, is the water absorption (%); and Dy, is the dry
density (kg/m®).

4.3 Porosity

Concrete porosity is the ratio of the volume of the pores to
the volume of the entire concrete. Because water must eva-
porate after curing, leaving pores behind, concrete is a porous
material. Because pores cannot support a load, a concrete’s
strength decreases with the increase in the porosity.

Data on the samples’ porosity that were used in the
current investigations are shown in Figure 11. In this scien-
tific article, similar findings from earlier studies were vali-
dated. When additional WCBA is used in the production of
concrete, it is confirmed that the porosity values increase.
Considering that the porosity of concrete typically ranged
from 6 to 10%, porosity levels between 10 and 60% of
WCBA are regarded as appropriate.
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Figure 10: Absorption of water and density.
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Figure 11: Samples of concrete that contain various amounts of recycled
coarse aggregate: Age and porosity relationship.

4.4 Hydraulic conductivity

Hydraulic conductivity, also known as permeability, is a
measurement of how easily fluid and gas may pass through
cracks and open areas. In determining the service life of
concrete structures, a significant indicator is the hydraulic
conductivity of the concrete. Since permeability typically
exists independent of porosity, the same effect of WCBA
will be felt by both, as shown in Figures 11 and 12. Age-
related changes in porosity and mechanical strength are

Hydraulic Conductivity (Km/hr)

——0%
— - 60%

—10%
= = =100%

— - =30%

0 10 20 30 40 50 60 70
Age (days)

Figure 12: Samples of concrete that contain various amounts of recycled
coarse aggregate: Age and hydraulic conductivity relationship.
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both caused by the cement’s continued hydration, which
causes additional holes and voids to close and become
more tightly sealed.

10% of WCBA is found in the samples, which are close
replicas of the control samples. Additionally, the permeability

DE GRUYTER

of samples containing 30% WCBA may in certain cases be
acceptable in the field. Samples with 60 or 100% WCBA can
be used as the foundation layer of pavement in areas with
low water table levels, but the surface layer’s concrete should
be solid (low permeability).

Figure 13: Some 2D slides obtained from CT scan test of the concrete samples that contain different amounts of recycled coarse aggregate.
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Table 3: Parameters of the air void topology [10,31-35]

4.5 Microstructure of air voids

Parameter Formula No.  Concrete’s mechanical performance and durability are sig-
Airr voids content A = Toulairvoids 0o 6 nificantly impacted by the amount of air void in the mate-
| ¥ Totalimage area rial. The typical air void content ranges from 4 to 10%. The
Circularit _ 4xmxarea of void 7 . . . : : :
y i = perimeter of void)? air void of recycled mixtures is noticeably higher than that
Roundness - Axmeactwid 8 of reference concrete.
x (major axis of void) . . .
Aspect ratio " ongerdimension 9 Figure 13 provides an example of data obtained from
AR = Shorter dimension 2D CT scan slides of concrete samples with various percen-
Tortuosit _ Length of pore 10
y "~ Shortest distance between bore ends tages Of reCyCIed coarse aggregate‘
Pore size distribution index [ ke ]°-154 n Tortuosity, circularity, roundness, aspect ratio, surface
n= . . . . . .
0.003 area, number of voids, voids content, pore size distribution
index, and vertical profile are characteristics related to the
120 120
(a) (b)
100 100
T ~
E 80 5 80
g g
© h=]
o
5 60 2 60
= =
Qo [oF
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240 S 40
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20 20
0 0
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Air Voids Content (%) Air Voids Content (%)
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Figure 14: Vertical profile of air voids content: (a-c) Samples of control concrete at 20, 82, and 63 days, respectively.
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Figure 15: Vertical profile of air voids content: (a-c) Samples of concrete that contain 10% of recycled coarse aggregate at 20, 82, and 63 days,

respectively.

Table 4: Mean value of vertical profile of air voids content

Table 5: Standard deviation of vertical profile of air voids content

Samples of concrete that contain various
amounts of recycled coarse aggregate

Samples of concrete that contain various amounts of
recycled coarse aggregate

0% 10% 30% 60% 100% 0% 10% 30% 60% 100%
Age 20 7.50% 7.58 9.90 10.50 12.80  Age 20 3.03 3.09 3.22 3.38 3.38
(days) 28 6.70 7.30 8.50 9.00 1010  (days) 28 2.57 2.29 2.16 2.26 2.96
63 5.90 6.40 7.20 7.70 8.10 63 1.82 1.94 1.92 1.91 2.33

topology of voids structure. Using data from X-ray CT scans,

these features can be estimated as given in Table 3.
Figures 14-18 and Tables 4 and 5 show the vertical pro-

file, average, and standard deviation of air voids, respectively.

In general, the air void profiles are uniformly distributed
throughout all samples. Because of this, it is possible to conclude
that the qualities (such as mechanical properties, volume-
weight properties, hydraulic properties, and microstructure
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Figure 16: Vertical profile of air voids content: (a-c) Samples of concrete that contain 30% of recycled coarse aggregate at 20, 82, and 63 days,

respectively.

characteristics) of the samples, when tested in a particular area,
are indicative of the entire substance.

As can be observed, the content of voids increases as
recycled WCBA are used in greater quantities. Because they
are dependent on a combined component (the skeleton of
pores and voids), the results of air voids content (Figures
13-17) are extremely compatible with the general conclusion
of porosity (Figure 11). The majority of micropores in micro-
structures, particularly those that are challenging to mea-
sure in porosity tests, may be passed through and measured
using CT scans. As a result, the voids content as determined
by the CT-scan test was higher than the porosity test. In light
of this, Figure 19 shows the proportion of small-scale voids
in macrostructures.

The degree to which the routes created by the voids
are twisted, winded, or turned is referred to as the tortu-
osity of voids in concrete. The length of the flow path is
measured in relation to the length of a straight line con-
necting the two sites. Concrete’s tortuosity can be esti-
mated using a variety of techniques, including CT imaging.
It is crucial to explore the tortuosity in the current work in
light of the impact of permeability on the longevity of rigid
pavement since it is a significant property that affects the
permeability of concrete.

In other words, by increasing the density, the circu-
larity increases because there is more surface tension at
the voids—mortar interface in a fresh mortar. The circu-
larity of the voids and density closely correspond with one
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Figure 17: Vertical profile of air voids content: (a-c) Samples of concrete that contain 60% of recycled coarse aggregate at 20, 82, and 63 days,

respectively.

another. Additionally, the flexural strength of the concrete
was significantly influenced by the circularity of the voids,
but the compressive strength was mostly influenced by the
quantity of porosity.

When the air voids’ circularity, roundness, and aspect
ratio are all close to 1, the voids have a sphere-like struc-
ture; however, if the aspect ratio is larger and the circu-
larity and roundness values are close to 0, the voids take on
an elongated shape, as seen in Figure 20 [35].

The results of the topology of voids structure obtained
from samples of the current work are shown in Table 6.
With the exception of the roundness and aspect ratio para-
meters, all topology test variables were positively corre-
lated with WCBA replacement quantity. Higher tortuosity,

circularity, roundness, surface area, and pore size dis-
tribution index classes will result in higher porosity
and/or hydraulic conductivity, as indicated in previous
research [31].

4.6 Mechanical performance

Figures 21 and 22 show the results of tests on the compres-
sive and flexural strengths of concretes at various ages.
The strength of concrete is among its most important qua-
lities. Because crushed concrete block aggregate (WCBA) is
used, concrete should be suitably robust.
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Figure 18: Vertical profile of air voids content: (a—-c) Samples of concrete that contain 100% amounts of recycled coarse aggregate at 20, 82, and 63

days, respectively.

The strength of the concrete was decreased as a result
of the WCBA microstructure. This was anticipated because
the strength of concrete is usually decreased when broken
concrete block aggregate is used [36-38].

Concrete with no WCBA had a suitable compressive strength
at 28 days (38.9 MPa), whereas concrete with 10-100% WCBA had
compressive strengths of 353 and 24.0 MPa, respectively. This
shows that the 100% WCBA lowered the compressive strength
of the control concrete to 38.3%.

As mentioned in Section 1, cement mortar is applied to
RA. Because the interface between cement pastes and
aggregate is weaker than the strength of aggregate, per-
vious concrete often cracks at the interface or the binder
layer between the aggregate [39-41]. However, it is clear

that the compressive strength is decreased at high levels of
recycled material replacement, therefore this should be
taken into consideration.

According to test results shown in Figures 21 and 22,
RAs had an impact on compressive strength, though not as
much as they had on flexural strength. These qualities have
a tendency to significantly deteriorate due to the high
replacement levels. For instance, the flexural strengths of
the control and 100% WCBA concrete were 4.6 and 4.71 MPa.
The ratios of flexural to compressive strength were 12.4-14.1%,
with an average of 13.25%. These ratios were just a little more
than the 12.7% ratio of the control concrete.

WCBA can consequently be used in concrete, but only
as a partial and not a full replacement for NA.
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Figure 19: Samples of concrete that contain various amounts of recycled
coarse aggregate: Small-scale void-size and WCBA.
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Figure 20: Visual description of properties related to pore topology:
roundness, circularity, and tortuosity.

Table 6: Mean value of the topology parameters of voids of the samples
of concrete that contain various amounts of recycled coarse aggregate
at age of 28 days

0% 10% 30% 60% 100%
T(-) 1.00 1.20 1.26 2.23 2.78
Ci(-) 0.42 0.35 0.28 0.26 0.23
R(-) 0.11 0.14 0.14 0.18 0.23
AR (-) 2.00 1.89 1.62 1.58 1.55
A (mm?) 1.80 1.98 2.10 2.16 2.27
N(-) 240 267 329 360 423
n(-) 112 1.28 1.55 1.76 2.17

Tortuosity (7), Circularity (Ci), Roundness (R), Aspect ratio (AR), Surface
area (A), Number of voids (N), Pore size distribution index classes (n).
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Figure 21: Samples of concrete that contain various amounts of recycled
coarse aggregate: Age and compressive strength relationship.
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Figure 22: Samples of concrete that contain various amounts of recycled
coarse aggregate: Age and flexural strength relationship.

4.7 Correlations between properties
obtained for tested samples

Pearson’s correlation coefficients (R%) were used to analyze and
describe the correlation between the various parameters under
investigation. The range of this correlation coefficient is 0-1. A
very low correlation exists between 0 and 0.4, a moderate
correlation exists between 0.4 and 0.7, and a high or very
high correlation exists between 0.7 and 1 [42].

Table 7 displays the findings of a statistical analysis
using Pearson’s correlation coefficients to examine the cor-
relations between each pair of attributes.

Porosity of porous materials is closely connected with the
majority of other hydraulic parameters, including hydraulic
conductivity, according to earlier studies in the field [10,31].



DE GRUYTER

Table 7: Pearson’s statistical analysis (Pearson’s correlation factor; R
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CS (MPa)  FS (MPa) @ (%) HC (km/h) AVC(%) T(-) Ci(-) R(-) AR(-) A(mm?») N() n()
CS (MPa) 1
FS (MPa) 0.94 1.00
@ (%) -0.89 -0.96 1.00
HC (km/h) -0.95 -0.97 0.94 1.00
AVC (%) -0.91 -0.98 0.89 0.93 1.00
T(-) -0.82 -0.95 0.95 0.95 0.89 1.00
Ci(-) 0.98 0.91 -0.88 -0.96 -0.86 -0.83 1.00
R(-) -0.86 -0.95 0.99 0.95 0.87 0.98 -0.87 1.00
AR (-) 0.98 0.90 -0.81 -0.94 -0.89 -0.79 0.98 -0.80 1.00
A (mm?) -0.98 -0.93 0.92 0.97 0.87 0.87 -0.99 0.91 -0.96 1.00
N(-) -0.97 -0.99 0.96 0.99 0.96 0.93 -0.95 0.95 -0.93 0.97 1.00
n(-) -0.94 -0.99 0.98 0.98 0.95 0.95 -0.93 0.97 -0.90 0.96 1.00 1.00

Compressive strength (CS), Flexural strength (FS) [12], Porosity (®), Hydraulic conductivity (HC), Air voids content (AVC), Tortuosity (7), Circularity (Ci),
Roundness (R), Aspect ratio (AR), Surface area (A), Number of voids (N), Pore size distribution index classes (n).

Additionally, it is quick and simple to determine. As seen in
Table 7, there is a strong positive association between this
characteristic (the porosity) and the hydraulic conductivity
(R* = 0.94). Increases in porosity can therefore be interpreted
as an increase in linked pores/voids. The roundness and
aspect ratio of air voids have the highest and lowest correla-
tions with porosity, respectively (R* = 0.99 and 0.81), among all
topological constants, which have high to very high correla-
tions with porosity.

Additionally, it has been discovered that the porosity
has a positive association with all other parameters but
that the circularity and aspect ratio have a negative correla-
tion with this parameter. This phenomenon is connected to
the increased porosity that occurs when the aspect ratio or
circularity is decreased. Because of this, circularity or aspect
ratio needs to be lowered when the purpose is to produce
porous or permeable concrete pavement, and vice versa.

Concrete’s fundamental characteristic is its ability to
withstand compression. There are slabs present in the con-
crete pavement that are supported by the soil’s foundation.
Even though a high-quality system is used in construction,
there is a good probability that the soil could collapse, which
will cause the pavement to deflect downward. Therefore,
when designing stiff pavement, flexural strength is taken
into account as a necessary mechanical attribute.

Circularity and pore size distribution index classes in
Table 7 had the most positive and negative effects on the
flexural parameter (strength), respectively. This means
that in order to increase flexural strength, voids’ aspect
ratio and/or circularity must be increased, while other
topological qualities must be decreased.

In Table 7, R the correlation between the topological
parameters ranged from 0.81 to 0.99. There was some

positive association and some negative correlation. This
indicates that they are not linked in the same way, making
it challenging to obtain all necessary features simulta-
neously. That means it is important to concentrate on topo-
logical factors that have a greater impact on the desirable
characteristics of stiff pavement, such as flexural strength
and permeability.

4.8 Predictive models
According to the high area of the upper and lower surfaces

of the concrete pavement that will be in contact with the
weather and soil, there is a significant chance that
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Figure 23: Correlation between water absorption and porosity.
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Figure 24: Correlation between water absorption and hydraulic
conductivity.

aggressive materials (water table or rain) will infiltrate the
concrete, which will lead to decreased performance, espe-
cially in reinforcement pavement that is caused by steel
bar corrosion. Therefore, it is crucial to gauge the pave-
ment’s permeability and porosity. Predictive models are
one of the feasible, time-, effort-, and money-consuming
approaches for measuring attributes.

It is possible to obtain statistically approved models
based on the data from the current inquiry and as shown
in Figures 9, 11 and 12. The test for measuring water
absorption is simple and quick, and it is connected to the
same variables that affect hydraulic characteristics (such
as porosity and permeability). This increases the likelihood

10

Predicted-Porosity

0 2 4 6 8 10
Tested - Porosity

Figure 25: Comparison between predicted and tested porosity by
Equation (6).
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Figure 26: Comparison between predicted and tested hydraulic con-
ductivity by Equation (7).

that other hydraulic features may be predicted using the
data on water absorption as a known value.

Data on water absorption are correlated with porosity
and permeability, respectively, in Figures 23 and 24. The
power of correlation between the linked parameters is
translated by the trust factor (R* = 0.95-0.97), respectively.
High values of this factor confirm and strengthen the con-
clusion that the models (Equations (6) and (7)) obtained from
the earlier Figures 23 and 24 are trustworthy functions.

Porosity = 1.93 x (Water absortion)®, (6)
Hydrulic conductivity = 1.74 x (Water absortion)?®,  (7)

The validity of Equations (6) and (7) was discovered
using new samples that contain 15, 55, and 95% WCBA. This
sample can be seen as independent data because it was not
utilized in the initial calibration of the model’s creation.
Figures 25 and 26 show the obtained validation. This makes
Equations (6) and (7) more appropriate for use in other
research projects, as shown by eye inspection and the cor-
relation factor (R* = 0.98).

5 Conclusion

Following is a summary of the study’s main conclusions:

1. Compared to concrete made with NA, the density and mechan-
ical strength of concrete including waste RA are lower.

2. The hydraulic characteristics increased when waste
concrete block aggregate was used in place of NA.

3. When designing rigid pavement, concrete with replace-
ment percentages of WCBA-30% produces results that
are acceptable.
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4. The key variable affecting the hydraulic characteristics
is the topology of the voids.

5. Porosity and topological constants exhibit strong to
extremely strong correlations.

6. Predictive models for porosity and hydraulic conduc-
tivity were obtained with a high level of validation
and a high trust factor (R* > 0.9).

7. As an outcome, it is advised to research how aggregate
gradations affect void topology.
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