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Abstract: Due to expansion in infrastructure and increased development of urbanization in Ethiopia,
most of the places are covered either by impermeable cement concrete or bitumen that blocks the
percolation of water from rainfall. A porous concrete made of zero fine aggregates, creating a pore
that permits the concrete to be water permeable, is highly desirable. Similarly, the demand for natural
coarse aggregates remains high, while natural resources are being depleted. Therefore, this study
aims to investigate the properties of porous concrete using recycled concrete aggregate as a partial
replacement for natural coarse aggregate. Experimental tests were conducted on cement setting time,
workability of concrete, compressive, split tensile, porosity, and permeability of porous concrete. The
properties of porous concrete at different ratios—0, 15, 30, 45 and 60%—revealed that RCA is suitable
for use as coarse aggregate. The optimum replacement percentage of recycled aggregate for porous
concrete in terms of strength is 30%, with 28th-day compressive strength of 17.37 MPa. However,
slight increments were observed in porosity and permeability coefficient. Therefore, the concrete
produced in this study is structural concrete, which is suitable for walkways and other concrete flat
works, whereby heavy vehicle traffic loads do not exist.
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1. Introduction

The production of concrete ingredients commonly implies high energy costs and
causes environmental pollution. Therefore, producing sustainable and eco-friendly con-
crete is highly desirable for reducing the carbon footprint of concrete [1,2]. Additionally,
natural resources are being consumed at an increasing rate in today’s world due to rapid
urbanization and increased demand [3]. This increased demand for natural resources leads
to the depletion of virgin concrete ingredients, which is a critical issue for the construction
industry, particularly in developing countries [1]. Moreover, environmentally friendly
concrete that uses less energy and emits less carbon during its production than conven-
tional concrete is called green concrete. This concrete is a good alternative to conventional
concrete in terms of wise consumption of natural resources. Hence, replacing conventional
concrete constituent materials with other alternative raw materials makes green concrete
more environmentally friendly. As a result, it is often thought to be cheap to produce
concrete with recycled aggregate to avoid extra charges for the disposal of waste, consume
less energy, and achieve higher durability [4,5].

Several studies have reported that large quantities of waste are generated every year
by the construction industry. The waste continues to instigate serious problems both locally
and globally [6,7]. Hence, the trends in the last decade have been to increase the recycling
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and reuse of construction waste as secondary raw materials in order to enhance their
environmental benefits [8]. This waste must be stored in landfill, which does not have a
limitless capacity, and solutions are required to be able to reuse materials from demolished
buildings such as concrete or mortar [9]. The various construction waste management
approaches in decreasing order of environmental impact are disposal, recycling, reuse,
and reduction. Moreover, the disposal of waste in landfills is the most detrimental to the
environment among all of the waste management approaches [10]. Therefore, strategies for
using concrete waste materials such as recycled concrete aggregate (RCA) for the production
of porous concrete reduces the amount of demolition waste and the consumption of natural
aggregate, which is advantageous for the environment. Therefore, porous concrete is
an ideal solution that has been gaining popularity as a tool for sustainable development
because of its environmental benefits. Additionally, it is a very special type of concrete with
high porosity, being made up of little to no fine aggregates [11]. Conventional concrete has
a very low permeability, in which water simply runs off its surface [12]. However, porous
or permeable concrete is a special type of concrete that allows water from precipitation
and other sources to pass directly through the pores, thereby reducing runoff from the
site and recharging the ground water table [13]. It is viable to use it as paving material,
pavement sidewalks, secondary roads, parking areas, residential streets, and to achieve
good seepage of storm water [14]. Permeable concrete is considered an environmentally
friendly construction material, and has been quickly gaining recognition as a green building
component. Nevertheless, further attention is needed for construction materials with
respect to energy utilization, economy and environmental protection in order to enhance
the sustainability and remarkable development in the construction industry, particularly in
the context of developing countries.

Many studies have been carried out to investigate the properties of porous concrete
and improve its fresh and harden properties. For instance, in the work of Bhutta et al. [15],
both the fresh and harden properties of porous concrete made from RCA were improved
by adding polymers to the mix. However, in this paper, the properties of porous concrete
made from RCA were investigated without admixes or additives. Due to rapid urban-
ization in recent years, waste is generated during construction and demolition activities,
particularly in developing countries. This is commonly disposed in landfills, and only a
small quantity is reused for construction. Additionally, the disposal of these wastes causes
serious environmental problems and economic impacts. Furthermore, the demand for fresh
aggregates for producing concrete is still high, while the availability of natural resources
is diminishing. Therefore, recycling construction and demolition waste as an alternative
construction material is a sustainable solution for reducing environmental pollution and
reducing dependence on natural and non-renewal resources. The outcomes from the re-
search presented here will be beneficial for policymakers and decision makers in preparing
guidelines on how to use waste materials effectively, thereby adding to sustainability efforts
in the community.

2. Materials and Methods
2.1. Materials

The materials used for this experimental study included cement, coarse aggregate,
recycled concrete aggregate, and water. Relevant physical property tests were conducted on
the materials before starting the mix design procedures in order to investigate their quality.

2.1.1. Cement

Portland Pozzolana Cement (PPC) from Dangote cement factory, Oromia, Ethiopia
with a grade of 32.5 R, manufactured to satisfy Ethiopian standard ES 1177-1 CEM II/B-P
and conforming to ISO-9001:2015, was used in the production of all concrete specimens. The
cement class PPC 32.5 R is a versatile all-purpose cement with superior workability, reduced
water demand, and superior cohesion, strength and low emissions; it is a rapid-setting
cement and provides good early strength. It can also be used to produce low-strength
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concrete, which is also suitable for porous concrete. The properties of the cement were
tested as per ASTM C187, ASTM C191, ASTM C184 and ASTM C188, respectively, and
summarized in Table 1.

Table 1. Properties of cement.

Properties Test Results ASTM Standard

Specific gravity 2.9 Near 2.9
Standard Consistency (%) 31 26–33
Initial Setting Time (min) 188.57 more than 45 min
Final Setting Time (min) 316.20 (5 h and 27 min) not more than 10 h

Fineness (%) 1.5 <5

2.1.2. Normal Coarse Aggregate

Crushed stone gravel of natural basaltic origin conforming to ASTM C 33 was used
as coarse aggregate [16]. According to the A.C.I. 522R (2010) committee report, the coarse
aggregate size used for porous concrete is either of a single size or with gradings ranging
from 19 mm to 9.5 mm. Therefore, aggregates with gradings between 20 mm and 4.75 mm,
with a maximum size of 20 mm, were included. Additionally, corrective measures like
blending of the aggregate to meet the grading requirements and washing it to make it free
from impurities like silt, clay, dirt and inorganic matter were conducted before proceeding
to the mix proportion. The particle size distribution of the aggregate was analyzed, and
the obtained result fulfilled the ASTM C 33 standard specification of coarse aggregate
for concrete production. This test method is mainly used to identify the classification of
materials being used as aggregates. The results are shown in Figure 1.
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2.1.3. Recycled Concrete Aggregate (RCA)

As shown in Figure 2, recycled concrete aggregate obtained from a demolished con-
crete building at Jimma University’s Hotel and Tourism project site and conforming to
ASTM C 33 was used after crushing it to the specified grade, as shown in Table 2. Dur-
ing the recycling process, several impurities were eliminated by sorting the demolished
concrete waste from the site before disposal, removing unnecessary attachments, crushing
by jackhammer, loading and transporting it to the laboratory, resizing it by hammer to
the desired size, and washing it to remove fine particles and some of the old mortar. The
grain size distribution for recycled concrete aggregate also fulfilled the requirements of
ASTM C 33, as shown in Figure 1.
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Table 2. Summary of the properties of aggregates.

Test Parameters
Test Results

ASTM Code Standards
Normal Coarse Aggregate Recycled Concrete Aggregate

Shape Angular Angular Recommended
Maximum size(mm) 20 20 Depending on size

Fineness modules 3.82 3.95 ASTM C136-93
Unit weight(kg/m3) 1579.9 1537.1 ASTM C29, 1991

Apparent specific Gravity 2.8763 2.6233 ASTM C127-88 1993
Bulk specific Gravity 2.8117 2.5720 ASTM C127-88 1993
Moisture content (%) 0.980 1.617 ASTM C 566-89, 1989
Water absorption (%) 1.2399 1.735 ASTM C127-88 1993

Impact value (%) 4.805 9.659 ASTM D 5874-95
Crushing Value (%) 12.475 18.747 BS 812: Part 110:1990

Los Angeles Abrasion Value (%) 10.80 16.960 ASTM C 131-89, 1989

Tap water supplied to the Jimma university construction laboratory from the Jimma
town water and sewerage authority was utilized in the production, curing and soaking of
the samples.

2.2. Methods

Engineering property tests were conducted on the materials to determine their suitabil-
ity for concrete production. Mix design for the control concrete group and the recycled con-
crete aggregate replaced concrete group were determined per the A.C.I. 522R, 2010 design
standard. Cube molds with dimensions of 150 mm × 150 mm × 150 mm and cylinder
molds with dimensions of 200 mm × 100 mm were used to cast the specimen with partial
replacement of 0, 15, 30, 45 and 60% normal coarse aggregate with recycled concrete aggre-
gate. According to ACI 522R, (2010), the minimum and maximum compressive strength
required for porous concrete made up of natural aggregate ranges between 2.8 and 28 MPa,
respectively, with typical values of about 17 MPa, which is suitable for a wide range of
applications, such as light-traffic roads, parking lots, residential streets, and pavement
sidewalks. In order to obtain a proper mix of RCA, several concrete samples were cast at
different mix ratios, and the compressive strength was tested; whereby it was observed
that the compressive strength of the concrete decreased significantly when the ratio of
RCA was more than 50%, even though it is within the range specified in ACI. Then, it was
decided to analyze the effect of the replacement up to 60%. Therefore, a target compressive
strength of 17.37 MPa at 30% replacement of RCA is suitable for the intended use. Therefore,
15 to 60% was chosen in order to find the optimum percentage of RCA required for porous
concrete. The cast specimens were tested after 7, 14 and 28 days of curing. Destructive
test like compressive strength and non-destructive tests like porosity and permeability
tests were conducted.

2.3. Mix Proportion

Mix design for porous concrete with strengths ranging between 2.8 and 28 MPa, as per
the A.C.I. 522R-2010 recommendations, were used. The mix proportions for normal porous
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concrete with replacement of various percentages with recycled concrete aggregate (RCA)
porous concrete are given in Table 3. The quantity of cement for each experimental group
was kept constant, and the water-cement ratio varied with increasing amount of recycled
concrete aggregate, due to its higher water absorption capacity. For all tests, three samples
were tested, and the mean values are reported.

Table 3. Mix design proportions.

NCA * (%) + RCA ** (%) W/C Ratio
Proportion (%) Weight in kg /m3 (for 1 m3) Mix Proportion
NCA RCA Cement Water NCA RCA

100 + 0 0.39 100 0 350 136.95 1579.48 0 1:4.51:0
85 + 15 0.40 85 15 350 138.76 1340 236.55 1:4.51:0
70 + 30 0.40 70 30 350 138.76 1102.14 472.35 1:4.5:0
55 + 45 0.40 55 45 350 142.38 864.57 707.38 1:4.49:0
40 + 60 0.41 40 60 350 144.17 627.75 941.63 1:4.48:0

* N.C.A., normal coarse aggregate; ** RCA, recycled coarse aggregate.

2.4. Concrete Tests
2.4.1. Workability Test

Workability is the degree of mobility of the concrete and its easiness to work with [17].
Conventionally, it is checked by a vertically uplifting slump cone with a height of 300 mm,
a diameter of 200 mm at the top, and a diameter of 100 mm at the bottom. However, this
procedure is not appropriate for very wet or very dry concrete mixes. Hence, performing
compacting factor tests or testing the density ratio of the weight of partially compacted
concrete to the weight of fully compacted concrete is particularly useful for porous concrete
mixes with very low Workability. The corresponding compacting factor result is calculated
as shown in Equation (1):

Compacting factor =
weight o f the partially compacted concrete

weight o f f ully compacted concrete
(1)

2.4.2. Compressive Strength Test

Tests related to the compressive strength of the concrete were conducted at 7, 14,
and 28 curing days, as shown in Figure 3. The strength was determined by dividing the
maximum load attained for the cross-sectional area of the cube specimen, as shown in
Equation (2) [18].

δc =
P
A

(2)

where

δc = Compressive strength (MPa),
P = Maximum load (N) and
A = Cross-sectional area (mm2).
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2.4.3. Porosity Test

Porosity is the ratio of voids in the concrete to the total volume (V) of the sample. The
test was performed by dividing the difference between the oven-dry weight of the sample
(Md) and the weight of the submerged sample in the water tank for a minimum of 30 min
(Mw) by the water density (δw) to determine porosity (P) using Equation (3) [19]. The test
is shown in Figure 4.

P = 1 − Md − Mw
δw V

100% (3)

where

P = Porosity,
Md = Mass of oven-dried sample,
Mw = Mass of the submerged sample in the water tank for a minimum of 30 min,
δw = Density of water,
V = Total volume of sample.
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2.4.4. Permeability Test

The most important feature of the porous concrete is to allow the percolation of
water passing through the porous medium. The test was conducted using a constant head
method [20]. The coefficient of permeability was obtained using Darcy’s law, as shown in
Equation (4), which was preliminarily used as a falling head test to obtain its coefficient as
per standard procedures [21].

K =
QL
Aht

(4)

where

Q = Quantity of water discharged cm3,
K = Coefficient of permeability (cm/s),
L = Length of specimen (cm),
t = Total time of discharge (s),
A = Cross-section area of specimen (cm2),
h = Difference in head on manometer (cm).

3. Results
3.1. Compaction Factor Test Results

Very dry and wet mixes do not enable the correct slump height to be achieved and
are not suitable for use with the conventional compaction method. Hence, the compaction
factor test was conducted to determine the degree of Workability by allowing the mix to fall
through successive hoppers of standard height using a compaction factor test apparatus.
This test is a suitable method for testing the compacting factor limits from very low to high
Workability, with possible values of 0.78, 0.85, 0.92 and 0.95, which indicate very low, low,
medium, and high Workability, respectively as in Table 4.
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Table 4. Test results for compacting factor value.

Designation
Water Cement Ratio Compacting Factor Value Remark

N.C.A. (%) RCA (%)

100 0 0.39 0.924

All observed test values fall
within permissible range

85 15 0.39 0.853
70 30 0.40 0.82
55 45 0.40 0.80
40 60 0.41 0.79

The results confirmed that, with increasing percentage of recycled aggregate, (1) the
water absorption from cement paste increases when the aggregate is dry, due to a the high
void ratio; (2) water is released into the interfacial transition zone when the aggregate is moist;
and (3) the cement materials penetrate into the pores, in contrast to natural coarse aggregate.

This work highlights the need for a roller compacting technique for a concrete mix
that is characterized as harsh.

3.2. Compressive Strength Test Results

The average compressive strength results of cubes for both the natural aggregate mix
and the mix with recycled concrete aggregate replacement were determined and evaluated
on the 7th, 14th, and 28th curing days by crushing the samples using a Universal Testing
Machine. The corresponding mean strength is presented in Figure 5.
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As shown, with increasing percentage of recycled aggregates in the mixes, there is a
decrease in the compressive strength of the cube. For the natural aggregate mix (0% RCA),
the 28th-day compressive strength was 25.63 MPa. This mix is considered to be a reference
(control) mix for the purpose of comparison with the RCA replaced mix.

As per the A.C.I. 522R 10 guidelines, the compressive strength of natural aggregate
porous concrete ranges between 2.8 and 28 MPa, with typical average values of about
17 MPa, which is suitable for a wide range of applications, such as light traffic pavements,
parking lots, residential streets, and pavement sidewalks. These experimental results show
that for all RCA replacement levels, the compressive strength values fall within the range
stipulated in the standard.

For the 45% and 60% RCA replacement levels, the compressive strength results after
the 28th day were less than the typical average value of 17 MPa implemented in most
required application areas. However, for the 15% and 30% RCA replacement levels, the
results were higher than the typical average value of 17 MPa. From this study, the 30%
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replacement of recycled concrete aggregate was found to provide the optimum level of
RCA replacement for porous concrete.

As shown in Figure 5, the compressive strength test results decrease with increasing
percentage of recycled aggregate, which reduces the bond strength between cement paste
and aggregates. In addition, this affects the strength development of the concrete at the
microstructure level by forming different Interfacial Transition Zones (I.T.Z.) during the
strength development stages of the concrete [19]. Therefore, the RCA should not have a
rough surface structure (old mortar), which is the main drawback to the decreased strength
of porous concrete with recycled aggregate replacement.

3.3. Porosity Test Results

The porosity test was performed as per the standard [20], by dividing the difference
between the 24 h oven-dried weight of the sample (Md) and the weight of the sample
submerged in a water tank for a minimum of 30 min (Mw) by the water density. The
corresponding test results on the 28th day for RCA replacements of 0, 15, 30, 45 and 60%
were approximately the same, as shown in Figure 6.
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For every 15% increase in the RCA replacement ratio in the concrete, the porosity ratio
of the porous concrete increased. For example, the increment at 28 days with increasing
recycled concrete aggregate was 8.45, 12.95, 14.94 and 16.26% for 15, 30, 45 and 60% of
RCA, respectively, compared to the control mix. This increment was in the range of
approximately 8 to 16% for RCA contents of 15 to 60%. This indicates that porous concrete
with recycled aggregate contains not only virgin aggregate, but also hydrated cement paste,
which reduces the specific gravity and increases porosity. Additionally, the void ratio of
this concrete was beyond the acceptable range of 36–43%, which affects the Workability
and strength of the concrete.

3.4. Permeability Test Results

The permeability of porous concrete is an important parameter for evaluating the
suitability of using porous concrete for pavement sidewalks, residential streets, tennis
courts, light traffic roads, and parking lots. It mainly depends on the size and pore
structures of the concrete. The test was conducted by providing sufficient voids through
which water could drain or pass safely into the sub-base or subgrade layers of the pavement.
Researchers have argued that porous concrete generally has high permeability compared
to normal dense concrete, and the permeability test method may not be suitable for testing
porous concrete. Keeping this view in mind, a permeability test was conducted to estimate
the permeability coefficient of porous concrete. The infiltration test for water to pass
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through pores of porous concrete was expressed in centimeters per second (cm/s), as per
the ASTM-C1701 [21] standard, and the results are shown in Figure 7.
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Figure 7. Permeability coefficient.

With increasing percentage of RCA in the mix, the permeability of the concrete in-
creases due to the increasing void ratio or porosity of the concrete. This shows the direct
relationship of porosity and permeability with the RCA replacement amount. Furthermore,
Figure 7 shows that the coefficient of permeability (k) increases with every additional
15% inclusion of RCA by anywhere from 17.12 to 35.66%.

3.5. Relationship between the RCA, Strength, Porosity and Permeability Properties of the Concrete

The main challenges encountered during porous concrete mixture proportioning were
determining aggregate size, aggregate cement ratio, and water–cement ratio, and the
balance between acceptable values of compressive strength, porosity, and water percola-
tion rate. The strength properties of porous concrete decrease with increasing aggregate
size [22,23]. However, porosity has a direct relationship with permeability and RCA re-
placement percentage. Increasing the percentage of RCA increases the porosity, resulting
in faster discharge of water through the concrete pores, and consequently, a decrease in
compressive strength. As shown on Figure 8, the mean compressive strength of concrete
decreases as the percentage of RCA increases, while both porosity and permeability in-
crease. Therefore, by combining all the sizes of coarse aggregates between 20 and 4.75 mm
and 30% RCA by weight of natural coarse aggregate, the required compressive strength
(17 MPa), sufficient porosity, and permeability requirements were achieved in this study.
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4. Discussion

The test results show that the degree of Workability of the concrete slightly decreased
from medium to low with increasing amount of recycled concrete aggregate. A similar
conclusion was formulated in [24]. For the recycled aggregate mixes, their 28th-day com-
pressive strengths were 21.42, 17.37, 14.96 and 11.61 MPa for 15, 30, 45 and 60% recycled
aggregates, respectively. Compared with the control mix, the compressive strengths de-
creased from 16.43 to 54.70% when the percentages of RCA in the mix was increased
from 15 to 60%. The increased amount of RCA affected the strength development of the
concrete due to the high void ratio and high water absorption capacity of the old mortars
surrounding the RCA. This, in turn, affected the strength development of the concrete by
reducing the bond between cement paste and aggregate, as well as the formation of differ-
ent interfacial transition zones. This finding also confirms the findings reported in previous
research [25,26], which concluded that the presence of adhered mortar on the surface of
an overwhelmed concrete mixture usually degrades the quality of the recycled mixture,
and therefore the fresh and hardened residences of concrete crafted from it compared to
natural aggregates. Similar results were reported in [27] and [28], showing that compressive
strength decreases with increasing recycled aggregate percentage and porosity.

As shown in Figure 7, the porosity of the concrete increases with increasing ratio of
RCA. The cause of this extra porosity is the lack of fine aggregate (sand) and the uniform-
sized coarse aggregate in the design of the mix. This, in turn, affects the Workability of
the fresh concrete due to the presence of old mortar pores, which absorb a high amount of
water during mixing. Therefore, the high-water absorption of RCA results in a decrease in
the Workability of fresh concrete and the bonding strength of hardened concrete due to the
presence of old mortar on its surface.

This finding was independently confirmed in [29,30], where recycled aggregates were
reported to have a higher porosity than natural aggregates, causing a decrease in the
mechanical properties and durability of the concrete.

The maximum permeability value of 2.86 cm/s was measured for 60% replacement
of RCA by weight of natural coarse aggregate to produce porous concrete. Minimum
permeability requirements of 0.2 cm/s to 1.20 cm/s are reported in the standard [31]. The
rate of permeability measured during the tests ranges from 1.84 to 2.86 cm/s, demonstrating
that good permeability and infiltration capacity have been achieved.

Research conducted on the effect of sand on pervious concrete by [32] argued that the
porosity and permeability of pervious concrete decrease with the increase in sand content,
but the mechanical properties (strength) of the concrete increase.

5. Conclusions

This research presented experimental studies on the effects of recycled concrete aggre-
gate on the properties of porous concrete. Based on the findings of the study, the following
conclusions were drawn:
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Increasing the percentage of recycled concrete aggregate decreases the degree of
Workability of the porous concrete from medium to low.

The average compressive strength of the porous concrete decreased by between
16.43 and 54.70% for every 15% increase in RCA This is due to the presence of adhered
mortar on the RCA, which absorbs the designated mixing water and reduces the amount of
cement paste, reducing the bond strength between the cement paste and the coarse aggregate.
The cube compressive strengths of 21.42 MPa and 17.37 MPa for 15 and 30% RCA replacement
were higher than the typical value (17 MPa) used in non-structural construction applications.

The porosity of the concrete increases slightly with every 15% increase in RCA by an
amount in the range of 8 to 16% due to the increased coarseness of aggregate in the mix
and the lack of fine aggregates in the mix. This indicates that there is a direct relationship
between RCA content and the void ratio of the produced porous concrete.

The permeability of porous concrete increases with increasing RCA content by between
17.12 and 35.66% due to the increased void ratio. The value ranges from 1.84 to 2.86 cm/s,
which is high enough to be used as a drainage system. This shows that as the percentage of
RCA increases in the mixes, the permeability of the concrete increases.

Increasing the percentage of recycled concrete aggregate increases porosity and per-
meability and decreases the compressive strength of the porous concrete.

Overall, recycled concrete aggregate has a significant effect on the properties of porous
concrete. With increasing percentage of RCA, the higher the porosity, the faster the water
permeability rate, and the lower the strength of the final concrete.
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