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ABSTRACT 
 

The utilization of recycled aggregate is now picking up with wide spread applications in many 
areas including rigid pavement applications. There are certain issues to be sorted out that are 
likely to hinder the utilization of recycled aggregate in rigid pavements. Two of the important 
aspects viz., type and level of crushing and influence of the old mortar adhering to the 
aggregate after crushing are taken up in this investigation. The strength and the performance 
aspects of machine and hand crushed aggregates and the influence of old mortar in recycled 
aggregate concrete is being brought out.  

Key Words :  Construction and demolition waste, Rigid pavements, Level of crushing, 
Attached mortar. 

 
INTRODUCTION 

The waste arising from Construction and 
Demolition (C and D) constitutes one of the 
largest waste streams in many countries. C 
and D waste has become a global concern 
and demands a sustainable solution1. It is 
now widely accepted that there is a 
significant potential for reclaiming and 
recycling demolished debris for use in value 
added applications to maximize economic 
and environmental benefits2.Recycling of old 
concrete pavement has become an important 

issue as more concrete pavements reach the 
end of its functional and structural life. In 
order to overcome adequacies such as 
inferior quality of aggregates from recycled 
concrete and also the influence of old mortar 
clinging on to the aggregate particles on the 
mechanical and durability characteristics, 
there is a need to understand the role of RCA 
in the production of concrete for RCA 
pavements. The effect of attached mortar and 
also the level and type of crushing are likely 
to influence the characteristics of the 
concrete produced thereof. * Author for correspondence 
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MATERIAL AND METHODS 
Materials used and tests on recycled 
aggregates 

i. Cement : Ordinary Portland cement 
(OPC) of 43 grade (IS 8112) was 
used in the work. The specific 
gravity was 3.15. 

ii. Fine Aggregate : Fine aggregate i.e. 
sand procured from river source 
from nearby area was used. The 
specific gravity was 2.63, the 
fineness modulus was 2.88 and the 
sand was confirming to Zone-II as 
per IS-3833.  

iii. Coarse Aggregate-Natural and 
Recycled : The coarse aggregate 
used in the investigation was from 
two sources viz; natural (crushed 
granite) source and recycled 
aggregate (crushed building 
demolished waste and crushed 
concrete pavements). The specific 
gravity of natural aggregate was 2.7, 
while the fineness modulus was 7.06. 
In case of recycled aggregates again 
hand crushing and machine crushing 
aggregates were separately dealt 
with. The replacement of various 
dosages(percentages) of recycled 
aggregate in natural aggregate and 
the levels of crushing were taken as 
parameters for comparison. 

The characteristics of recycled aggregate 
used were studied under two broad 
perspectives one is the role of different 
percentage replacement of recycled 
aggregate(machine crushed) in natural 
aggregate (0, 25, 50, 75 and 100%) and the 
other is to study the influence of level of 
crushing (A-20%, B-40%, C-60%, D-80% 

and E-100%). The percentage crushing was 
such that 100% level of hand crushing is 
equal to that of machine crushing. A 
comparison with hand crushed aggregate was 
made as it was felt that in the absence of a 
crusher, hand crushing might be employed at 
the site in certain situations. It is known that 
the physical characteristics of aggregate gets 
altered due to the replacement of recycled 
aggregate in natural aggregate and the level 
of crushing of building demolished 
waste/concrete pavements. To understand the 
influence of the different percentage 
replacements of recycled aggregate in natural 
aggregate and also the level of crushing, 
some of the important physical aspects are 
studied as explained in the next paragraphs. 

Fineness Modulus  
The sieve analysis is conducted to 

determine the particle size distribution in a 
sample of aggregate, which we call 
gradation. The grading pattern of a sample of 
natural and recycled aggregates and 
combinations there of with an interval of 25 
percentage is assessed by sieving the sample 
as suggested by IS: 23864. In the sieve 
analysis the particle size distribution in a 
sample of aggregate was found out. Fineness 
modulus is an empirical factor and is an 
index of the coarseness of the material. There 
was a variation of fineness modulus with the 
replacement of recycled aggregate as shown 
in Fig. 1. To understand the role of crushing 
on the various properties, the level of 
crushing in steps of 20% increase was taken 
as a criterion. Crushing was done manually 
by hand. Fig. 2 shows the fineness modulus 
values for different levels of crushing of 
aggregate. 100% manual(hand) crushing was 
almost equal to that of machine crushed 
recycled aggregates. 
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     Fig. 1 : Fineness Modulus Vs % Repl. of RCA            Fig. 2 : Fineness Modulus Vs Level of Crushing 
 
Specific gravity and Water absorption 

The Specific gravity of an aggregate is 
considered to be a measure of the quality or 
strength of the material. The Specific gravity 
of coarse aggregate was determined as per 
IS: 23864 with part of natural aggregate 

replaced by coarse recycled aggregate 
varying from 0-100 percent in steps of 25 
percent. Also the effect of crushing on the 
specific gravity was studied. The results are 
plotted in Fig. 3 and Fig. 4. 
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     Fig.3 : Sp.Gravity  Vs  % Repl. of RCA              Fig. 4 : Sp.Gravity  Vs  Level of Crushing 
 
Similarly, a comparison of the water 
absorption for different replacements of RCA 
in natural aggregate and also the type of 

crushing (A-20%, B-40%, C-60%, D-80% 
and E-100%). These details are plotted in 
Fig. 5 and Fig. 6. 
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  Fig. 5 : %Water Absorption Vs % Repl. of RCA       Fig. 6 : %Water Absorption Vs Level of Crushing 
 
Bulk Density and voids ratio  

The bulk density is the ratio of the mass 
and volume of the material. Recycled 
aggregate being a porous material, it is very 
important to identify the volume, because the 
water trapped inside the pores, changes the 
mass of the aggregates.  Bulk density and 

voids ratio are determined for samples 
containing 0, 25, 50, 75 and 100 percent 
replacements of natural aggregate with 
recycled aggregate as shown in Fig.7 and 
Fig.8. Fig.9 and Fig.10 show the variation of 
bulk density and voids ratio for different 
levels of crushing. 
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       Fig.7 : Bulk Density Vs % Repl. of RCA                      Fig. 8 : Voids Ratio Vs Repl. of RCA  
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      Fig. 9 : Bulk Density Vs Level of Crushing                 Fig. 10 : Voids Ratio Vs Level of Crushing 
 
Flakiness and Elongation indices 

The flakiness index of aggregates is the 
percentage of weight of particles in it whose 
least dimension is less than 3/5 of their mean 
dimension (IS 23864). The flakiness index is 
taken as the total weight of the material 
passing through the various thickness gauges 
expressed as a percentage of total weight of 
sample taken. 

Elongation index is the percentage by 
weight of aggregate particles whose largest 
dimension is greater than 1.8 times the mean 
dimension (IS 23864). It is the total weight of 
the material retained on various length 
gauges expressed as the percentage weight of 
sample gauges. In the present study, these 
parameters were evaluated for natural and 
different replacements of recycled aggregate 
in natural aggregate and the results are 
plotted in Fig.11 and Fig.12. 
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   Fig. 11 : Flakiness Index Vs % Repl. of RCA              Fig. 12 : Elongation Index Vs % Repl. of RCA  
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Similarly, the relationship between the 
level of crushing and the flakiness index and 

elongation index are plotted in Fig. 13 and 
Fig.14. 
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Fig. 13 : Flakiness  Index Vs % Level of Crushing       Fig.14 : Elongation Index Vs % Level of Crushing  
 
IAPST and Angularity Number (A.N)  

Aggregates occupy bulk of the volume of 
concrete. Their size, grading, shape and 
surface texture have a significant influence 
on the properties of concrete, both in fresh 
and hardened state. Specifications in various 
codes on concrete mix proportioning, 
regarding size and grading of the aggregate 
are much clear than their counterparts 
regarding shape and surface texture, which is 
broadly classified into angular/crushed and 
rounded/uncrushed. The lack of a 
quantitative definition of aggregate particle 
shape and surface texture often leads to 
inconsistent results and requirement of 
number of trials for achieving desirable 
properties of concrete. Index of Aggregate 
Particle Shape and Texture (IAPST), 
Angularity Number (A.N) as per ASTM D-
3398-975,6 provides a quantitative measure of 
shape and surface texture of aggregates. 
Fig.15 and Fig.16 show the variation of 
angularity number and IAPST with respect to 
a percentage variation in dosage of RAC. 

Determination of IAPST 
The aggregate sample is compacted in 

three layers with 10 drops per layer of 
tamping rod. Each drop is applied from a 
height of 50 mm above the surface of 
aggregates. After the completion of tamping 
of the third layer, individual pieces of 
aggregate are added to make the surface level 
with the rim of the mould. The mould is then 
weighed and the weight of the aggregate 
sample (M10) is determined to an accuracy of 
1 g. The test is repeated twice and the 
average value of M10 is used for calculating 
percentage voids (V10). V10= 100 [1- M10/(S 
x V)], where S - Specific Gravity of 
aggregate size fraction; V - Volume of 
cylinder in m3. The equation used to obtain 
IAPST of each size fraction is given as 
IAPST = 1.011 x V10 – 326,7. 

Angularity Number (A.N) 
The aggregate sample is compacted in 

three layers with 100 drops per layer of 
tamping rod. Each drop is applied from a 
height of 50 mm above the surface of 
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aggregates. After the completion of tamping 
of the third layer, individual pieces of 
aggregate are added to make the surface level 
with the rim of the mould. The mould is then 
weighed and the weight of the aggregate 
sample (M100) is determined to an accuracy 
of 1 g. The test is repeated twice and the 
average value of M100 is used for calculating 

percentage voids (V100). V100= 100 [1- 
M100/(S x V)], where, S- Specific Gravity of 
aggregate size fraction, V - Volume of 
cylinder in m3. The equation used to obtain 
IAPST of each size fraction is given as 
Angularity Number =  V100 - 33. The 
variation of the angularity number and the 
IAPST are plotted in Fig.15 and Fig.167,8.
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   Fig. 15 : Angularity Number Vs % Repl. of RCA                 Fig.16 : IAPST   Vs % Repl. of RCA  
 

Similarly, the relationship between the Angularity number and the level of crushing and 
IAPST are plotted in Fig. 17 and Fig.18. 
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Fig.17 : Angularity Number   Vs % Level of Crushing           Fig.18: IAPST Vs % Level of Crushing    
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Abrasion resistance Test  
Aggregates used in road construction are 

subjected to wearing action due to the traffic 
movement; hence, the road stones should be 
strong enough to resist abrasion due to 
traffic. Abrasion tests are carried out to test 
the hardness property of stones and decide if 
they are suitable for different road 
construction works9. The aggregate abrasion 
value gives a relative measure of the 
resistance  of  an  aggregate  to abrasion. The  

principle of Los Angeles abrasion test is to 
find the percentage wear due to the relative 
rubbing action between the aggregate and 
steel balls used as abrasive charge10. In the 
present study this test is performed on 
aggregate samples with replacement of 
recycled aggregate at 0, 25, 50, 75, and 100 
percent in natural aggregate. Also recycled 
aggregates, hand crushed to various levels 
viz., A, B,C,D and E. Fig. 19 and Fig. 20 are 
investigated for their abrasion values. 
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   Fig.19 : % Abrasion Loss Vs % Repl. Of RCA          Fig.20 : % Abrasion Loss Vs % Level of Crushing    
 
Aggregate impact test  

Aggregate impact test is performed to 
evaluate the toughness of aggregate or 
resistance of the aggregates to fracture under 
repeated impacts. The test is carried out to 
evaluate the resistance to impact of aggregate 
and has been standardized by ISI. The 

aggregate impact value gives relative 
measure of the resistance of an aggregate to 
sudden shock or impact (IS: 2386 [4]). The 
details of the variation of the impact value 
with respect to percentage replacement and 
level of crushing is shown in Fig. 21 and 
Fig. 22. 
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Fig.21:  Agg. Impact Value Vs %  Repl. of RCA    Fig.22: % Agg. Impact Value Vs % Level of Crushing    
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Aggregate crushing  test  
The aggregate crushing value gives a 

relative measure of the resistance of an 
aggregate to crushing under gradually 
applied compressive load (IS: 23864). The 
standard aggregate crushing test is made on 
aggregate passing a 12.5 mm IS sieve and 
retained on 10 mm IS sieve. If required, or if 
the standard size is not available, other sizes 
up to 25mm may be tested. The recycled 
concrete aggregate is relatively weaker than 

the fresh granite aggregate against applied 
compressive load. As per IS code4, the 
crushing value should not be more than 45% 
for aggregate used for concrete other than 
wearing surfaces and 30% for concrete used 
for wearing surfaces. 

Fig. 23 and Fig. 24 show the details of 
the variation of the crushing value with the 
replacement of RCA and the various levels 
of crushing. 
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    Fig.23: Agg. Crushing Value Vs %  Repl. of RCA       Fig.24: % Agg. Crushing Value Vs % Level of Crushing 
 
Determination of Mortar content in 
Recycled Aggregate  

A test was carried out on recycled 
aggregate to estimate the amount of adhered 
cement mortar to the aggregate particles. A 
recycled coarse aggregate sample (mi) was 
taken for the test and immersed in water for 2 
hours, so that attached mortar is almost 
completely saturated. Next the sample is 
dried at a temperature of about 500oC for 2 
hours11. Then the sample is immersed in cold 
water.  This heating origins water vapor in 
the saturated mortar and the sudden cooling 
causes stress and cracks in the mortar, so that 
it can be easily removed.  After these steps, 
some mortar usually remains attached, so it 
is necessary to remove it by means of a 
rubber hammer or scratching the surface. 

When all the mortar has been removed, the 
sample is screened by 4 mm sieve, obtaining 
the coarse aggregate (mf).Mortar content is 
calculated as follows:  
% of Attached Mortar (AM)  

=  100


i

fi

m
mm

                                         (1) 

Soundness test  
The soundness test determines an 

aggregate’s resistance to disintegration by 
weathering action. In order to quicken the 
effects of weathering due to alternate wet-dry 
or freeze–thaw cycles in the laboratory, the 
resistance to disintegration of aggregate was 
determined by using saturated solution of 
magnesium sulphate12,13. Clean dry aggregate 
specimen of specified range is weighed. It is 
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immersed in the saturated solution of 
magnesium sulphate for 16 to 18 hours. Then 
the specimen is dried in an oven 105-110oC 
to a constant weight. This makes up one 
cycle of immersion and drying. The average 
loss in weight of aggregates to be used in 
pavement construction after 5 cycles should 
not exceed 18 percent as per standards. In the 
present investigation the role of different 
dosages of recycled aggregate replacements 
(0, 25, 50, 75 and 100%) and the different 
levels of crushing (A, B, C, D and E) are 
investigated and the mass loss is estimated 
with immersion in magnesium sulphate. 

Interpretation and Discussion of Test 
Results 

The present study focuses on two 
aspects. One is the role of the replacement of 
RCA in natural aggregate and the other is the 
role of level of crushing on the various 
properties.  

Role of Replacement of RCA in natural 
aggregate on the physical characteristics:  

It can be observed from Fig.1 that with 
the increase in the replacement of RCA in 
natural aggregate there is an increase in the 
fineness modulus though the increase is 
marginal. The specific gravity decreased as 
there is an increase in the recycled aggregate 
replacements. This can be noted in Fig.3. As 
expected there is an increase in the water 
absorption with increase in the recycled 
aggregate replacements and is 5.7% at 100% 
replacement of RCA in natural aggregate. 
This increase may be due to higher mortar 
attachments at higher replacements of RCA 
in natural aggregate. This can be noted in 
Fig.5. The bulk density of RCA decreased 
with increase in recycled aggregate 
replacements, while the voids ratio increased. 
This can be noted in Fig.7 and Fig.8. Fig.11 
and Fig.12 show the variation of flakiness 
index and elongation index with replacement 
of RCA in natural aggregate. The angularity 
number and IAPST values increased with 

increase in replacement of RCA in NA as 
shown in Fig.15 and Fig.16. There is an 
increase in the abrasion loss with increase in 
the replacements of RCA in NA Fig. 19 
while there is a decrease in the impact value 
as shown in Fig 21. There is a decrease in the 
aggregate crushing value with increase in the 
replacements of RCA in NA as shown in Fig. 
23.  

Role of Level of hand crushing on the 
physical characteristics 

As explained earlier, hand crushing with 
different levels of crushing is another aspect 
of study here. From the above results it can 
be observed that the fineness modulus 
decreases with increase in the level of 
crushing Fig. 2. 100% hand crushing values 
resulted in values approximately equal to 
machine crushed aggregate (100% RCA).In 
case of different levels of crushing, it was 
noted that there is a small increase in the 
specific gravity, with values of 100% 
RCA(machine crushed) approximately equal 
to that of level E crushing Fig.4. There is a 
decrease in the water absorption as the level 
of crushing increased and is 2.4% for level E 
crushing, which is much less than 100% 
RCA replaced aggregate(machine crushed). 
These details are plotted in Fig.6. The bulk 
density increased and the voids ratio 
decreased with increase in the level of 
crushing Fig. 9 and Fig.10. The flakiness 
index increased and the elongation index 
decreased with the levels of crushing Fig. 13 
and Fig. 14. The angularity number and the 
Index of Aggregate Particle Shape and 
Texture(IAPST) decreased with increase in 
the level of crushing Fig. 17 and Fig. 18. 
The abrasion, impact and the crushing values 
have decreased with the level of crushing 
Fig. 20, Fig. 22 and Fig. 24.  

It can be noted in general that level E 
hand crushing values are almost close to the 
100% RCA (machine crushing) and these 
values are satisfying most of the standard 
values. While it is recommended that even 
100% replacement of RCA in natural 
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aggregate can still be adopted for concrete 
and rigid pavement works from the physical 
characteristics, it is also required to 
concentrate on the strength and durability 
aspects vis a vis application for rigid 
pavements as these values may be inferior 
with higher replacements of RCA in NA. 
Also, when it comes to levels of hand 
crushing the physical properties are not very 
inferior, again the problem of old mortar 
sticking to the aggregate10-12 may pose 
potential strength and durability problems. 
Hence, it is required to understand to what 
extent the old mortar is clinging to the 
aggregate and also its influence.  

Influence of Old Mortar Content in 
Recycled Aggregates:  

The test results indicate that the amount 
of old cement mortar adhered to recycled 
aggregate is more in hand crushed recycled 
aggregate when compared to machine 

crushed recycled aggregate. It was also found 
that the amount of adhered old cement 
mortar decreased with increasing the number 
of hammer blows i.e with increase in the 
level of crushing. 

The test was also carried for different 
levels of replacement viz 0, 25, 50, 75 and 
100% RCA and it was found that the 
percentage of old mortar was respectively 0, 
5.8, 11.2, 16.14 and 24%. It was also noted 
that 100% machine crushed aggregate had 
mortar content slightly less than that of 100% 
hand crushed aggregate (level E crushing). 
Fig. 25 and Fig.26 show the details of the 
Attached Mortar(AM) sticking to the 
aggregate for different replacements and for 
different crushing levels. The influence of 
the old mortar sticking on to the aggregate is 
taken as a parameter to study the mechanical 
properties viz; compressive strength, tensile 
strength, flexural strength and modulus of 
elasticity. 
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          Fig. 25: % of AM Vs %  Repl of RCA                          Fig. 26: % of AM Vs Level of Crushing 
 
Study of the Role of Old Mortar on the 
Fresh and Hardened Properties 

In the present study 40Mpa concrete was 
desired to be obtained as the basic idea was 
the utilization of RCA in rigid pavements. 
ACI method of mix design15 was followed 
and the mix proportion arrived was 
1:1.5:1.83 with a w/c ratio of 0.36. Taking 

this mix proportion as standard different 
replacements of RCA in NA was taken up 
hence forth designated as Case-1, while the 
idea of studying with respect to different 
levels of crushing was treated as Case-2. 

Case-1: Taking the above mix 
proportion and replacing the obtained coarse 
aggregate with different levels of 
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replacements of RCA in NA as 0,25,50,75 
and 100%. These are Mixes I-V. 

Case-2: Taking the above mix 
proportion and using the coarse aggregate 
crushed to different levels A-E as explained 
earlier. These are Mixes VI-X. 

Both the above cases are meant to bring 
out the role of old mortar sticking to the 
aggregate.  

Effect of Mortar on Fresh Properties 

In the present study 40Mpa concrete was 
developed using ACI method of mix 
design15. The workability studies were 
conducted on the designed ten mixes (I - X). 
Mixes I-V are meant for the study of the role 
of different replacements of RCA in NA 
while mixes VI-X is are meant for 
understanding the role of level of crushing. 
The slump and compaction factors decrease 
with increase in the replacements of RCA in 
NA as shown in Fig. 27 and Fig. 28. 
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    Fig. 27: % of AM Vs Compaction Factor(CF)                       Fig. 28: % of AM Vs Slump in mm 
 

Similarly, the fresh concrete studies were 
taken up on concretes made with different 
levels of hand crushed aggregate and the 
results are shown in Table-1. The slump and  

compaction factors increased with the 
increase in the level of crushing of recycled 
aggregate. 

Table-1 : Fresh Properties of Hand Crushed Aggregate 

Level of Crushing Slump Compaction Factor 
A-20% Hand Crushing Collapse 0.61 
B-40% Hand Crushing Collapse 0.63 
C-60% Hand Crushing 10mm 0.75 
D-80% Hand Crushing 20mm 0.81 
E-100% Hand Crushing 25mm 0.82 

Strength of Hardened Concrete 
Table-2 shows the details of the variation of old mortar in aggregate on mechanical 

properties Viz: compressive strength, split tensile strength and flexural strength. 
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Table-2 : Mechanical Properties of Concrete with Recycled Aggregate 

Mix Design 28 Days Comp. 
Strength(MPa) 

28 Days Tensile 
Strength(MPa) 

28 Days Flexure 
Strength(MPa) 

% Old 
Mortar 
Content 

Mix-I(0% RCA) 48.12 3.73 6.23 0.00 
Mix-II(25% 

RCA) 47.13 3.12 6.10 5.80 

Mix-III(50% 
RCA) 44.95 2.98 5.89 11.20 

Mix-IV(75% 
RCA) 43.13 2.81 5.03 16.14 

Mix-V(100% 
RCA) 40.18 2.72 4.83 24.00 

Mix-VI(Level-A) 29.42 1.84 2.83 35.80 
Mix-VII(Level-

B) 32.25 2.15 3.12 32.50 

Mix-VIII(Level-
C) 36.28 2.56 3.63 29.60 

Mix-IX(Level-D) 40.13 2.97 4.02 28.10 
Mix-X(Level-E) 41.38 3.43 4.39 26.90 

 
It can be noted from Table 2 that with 

increase in old mortar content in recycled 
aggregate, there is a decrease in the 
compressive strength, split tensile strength 
and flexural strength. But, a concrete 
strength of 40Mpa could be achieved even 
with 100% RCA. It can hence be concluded 
that 100% RCA can be adopted to develop a 
40MPa concrete. Also, it can be noted from 
the above table that for mixes VI-X there is a 

increase in the compressive strength with 
increase in the level of crushing. A 
relationship between the attached old mortar 
content and the compressive strength is 
shown in Fig. 29. Similar such relations 
could also be observed in case of split tensile 
strength and flexural strength with respect to 
the change in the recycled aggregate dosage 
and the percentage of old mortar sticking on 
to the aggregate. 
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Fig. 29: % of AM Vs Compressive Strength 
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Modulus of Elasticity  
Modulus of elasticity of concrete is an 

important property to determine the 
deformation of the structural elements. The 
modulus of elasticity of concrete (Ec) 
provides a bridge between stress and 
corresponding strain and represents one of 
the most important mechanical properties of 
concrete. It was observed during testing 
(though not reported here) that the modulus 
of elasticity showed an increasing trend with 
increase in level of hand crushing of recycled 
aggregate. Further, the values from the 
Ultrasonic pulse test indicated an increasing 
trend of Ultrasonic pulse velocity value with 
increase in level of crushing of recycled 
aggregates used in concrete cubes. This value 
was higher for machine crushed recycled 
aggregate when compared to hand crushed 
aggregate and was increasing with increase 

in the level of crushing of hand crushed 
recycled aggregates  

Influence of Sulphate Attack on RCA and 
on Level of Crushing 

The mass loss due to the sulphate attack 
for different replacements of RCA in NA and 
for different levels of crushing is shown in 
Fig. 30 and Fig. 31. It is evident from the 
test results that the loss in mass due to 
weathering effect of magnesium sulphate 
solution used in soundness test is increasing 
with increase in the percentage of recycled 
aggregate replacement with natural 
aggregate. Also, the variation of mass loss in 
hand crushed aggregate as shown in Fig. 31 
indicate that the soundness of hand crushed 
aggregate is increasing with increase in  the 
level of crushing.  
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        Fig. 30: % Repl. of RCA Vs % Mass Loss                 Fig. 31: Level of Crushing Vs % Mass Loss    
 

CONCLUSION 
Based on the results of this study , the 

following conclusions can be drawn: 
1. With increase in the replacement of 

RCA in NA, there is an increase in 
the fineness modulus, water 
absorption, voids ratio, elongation 
index, angularity number, IAPST, 

abrasion loss, aggregate impact value 
and crushing value while the specific 
gravity, bulk density and flakiness 
index decreased. 

2. With the increase in the level of 
crushing, the fineness modulus, 
water absorption, voids ratio, 
elongation index, IAPST, angularity 
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number, abrasion value, impact 
value and crushing value decreased, 
while the specific gravity, bulk 
density, flakiness index, impact 
value and crushing values increased. 

3. The amount of mortar attached to the 
aggregate increased with higher 
recycled aggregate replacements in 
natural aggregate while the 
percentage of attached mortar 
decreased with the increase in the 
level of hand crushing. 

4. The fresh properties Viz slump and 
compaction factor decreased with the 
increase in the percentage of 
replacement of RCA in NA, while 
the above properties improved with 
the level of hand crushing. 

5. With the increase in the old mortar 
content there is a decrease in the 
compressive strength, tensile 
strength and flexural strength. This is 
including the replacement of RCA in 
NA and level of crushing of recycled 
aggregates. 

6. The percentage reduction of strength 
of concrete is more in hand crushed 
aggregate as compared to machine 
crushed aggregate due to more 
amount of old cement mortar 
attached. 

7. The aggregate soundness test results 
is based on five cycles of immersion 
in saturated solution of magnesium 
sulphate  in both machine crushed 
replacements of RCA in NA or in 
hand crushed aggregates. The values 
did not exceed the acceptable limit 
of 18%. This confirms superior 
durability of recycled aggregate.  
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