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Abstract

The	adhered	mortar	attached	to	recycled	aggregate	(RA)	is	one	of	the	main	causes	of	weakening	the	mechanical	properties	and	

durability performance of recycled aggregate concrete (RAC). Therefore, in order to improve the performance of RA and RAC, 

several	methods	have	been	proposed	to	remove	the	adhered	mortar	in	RA.	However,	knowing	the	adhered	mortar	content	is	as	

important as removing it. This is because concrete mix designs considering the amount of adhered mortar have been proposed 

and	better	strength,	durability	and	environmental	benefits	of	these	mix	designs	were	reported	compared	to	conventional	RAC	

mix	design.	Therefore,	in	this	study,	the	adhered	mortar	was	removed	by	using	two	methods	of	‘acid	treatment’	and	‘chemical	and	

mechanical	stress	treatment’	for	three	types	of	RA,	and	the	test	results	obtained	from	each	method	were	comparatively	analyzed.	

The	results	showed	that	the	adhered	mortar	contents	determined	by	the	two	methods	were	different	for	the	same	aggregate,	and	

neither	allowed	the	complete	removal	of	the	adhered	mortar	from	RA.	It	also	showed	that	the	test	environment	of	the	chemical-

mechanical stress method can be harsh enough to damage the original aggregate in RA, and that the acid treatment can cause 

corrosion of RA depending on the type of aggregate.
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1 Introduction
Construction waste generation has increased in several 
countries due to urbanization, industrialization, economic 
growth and urban reconstruction. In 2018, approximately 
600 million tons of construction waste were generated 
in the United States [1]. China produced approximately 
1.59 billion tons of construction waste in 2017: only 10% 
of that waste was recycled and the rest was disposed of 
through illegal dumping or landfilling [2]. In general, con-
crete waste makes up the largest proportion of construc-
tion waste [3, 4]. Moreover, as about 60–75% of concrete 
consists of aggregates. Producing and reusing recycled 
aggregate (RA) from concrete waste offers a more envi-
ronmentally sustainable alternative to the natural aggre-
gate mined for the production of concrete while treating 
a large amount of construction waste. Therefore, using RA 
to produce concrete with similar performance to natural 
aggregate concrete is crucial for the sustainable develop-
ment of the construction industry.

Many studies have developed methods for mixing RA 
into concrete, and have studied the physical and mechan-
ical properties and durability of recycled aggregate con-
crete (RAC) [5, 6]. In general, it has been reported that RA 
can negatively affect various properties of concrete [7, 8]. 
Tüfekçi and Çakır [9] reported that significant slump loss 
was observed after 15 minutes of testing due to the high 
water absorption of RA, despite the use of superplasticizer 
in concrete and pre-wetting of the RA. In addition, poor 
performance in RAC is clearly observed as the replace-
ment ratio of the RA increases [10, 11]. It is considered 
that the adhered mortar attached to RA contributes to 
this deterioration of RAC properties [12]. The effect of 
adhered mortar of RA on the properties of RAC was eval-
uated by several researchers. Kim et al. [13] produced 
two RAs with different physical characteristics by crush-
ing concrete waste from the same source with different 
crushers. According to the study, the 28-day compressive 

https://doi.org/10.3311/PPci.19065
https://doi.org/10.3311/PPci.19065
mailto:jeonghyun.kim%40pwr.edu.pl%20?subject=


732|Kim and Jang
Period. Polytech. Civ. Eng., 66(3), pp. 731–738, 2022

strength of RAC made with RA with the adhered mortar 
content of 12% decreased by 9.1%, while the strength of 
RAC was further decreased by 15% when using RA with 
the adhered mortar content of 50%. Similarly, Duan and 
Poon [14] investigated the properties of RAC using three 
RAs with different adhered mortar contents of 19%, 36% 
and 62%, respectively. When the adhered mortar content 
was increased from 19% to 36% and 62%, the compres-
sive strength of RAC decreased by 17% and 21%, and the 
drying shrinkage deformation increased by 33% and 48%. 
As a result of these findings, various methods for remov-
ing the adhered mortar from the RA have been proposed 
to improve the quality of RA. Abbas et al. [15] observed 
mortar degradation in RA by immersing RA in magne-
sium sulfate (MgSO4), magnesium chloride (MgCl2), and 
sodium sulfate (Na2SO4) solutions. Significant degrada-
tion of the adhered mortar was observed in RA immersed 
in Na2SO4 solution, whereas no significant mortar degra-
dation was observed in RAs soaked in MgSO4 and MgCl2 
solutions. For faster and more efficient mortar removal, 
the chemical decomposition method was combined with 
the mechanical stress method. RA samples were soaked 
in each solution for 6 hours, frozen at -18 °C for 12 hours, 
then thawed at room temperature. This process was 
repeated five times. After the test, the authors proposed a 
further modified method, and the reliability of the adhered 
mortar content calculated by this method was verified 
through image analysis. The modified method procedure 
is described in the following section. 

Tam et al. [16] proposed a method to remove the adhered 
mortar by immersing RA in hydrochloric acid (HCl), sul-
furic acid (H2SO4), and phosphoric acid (H3PO4) solutions, 
respectively. Kim et al. [17] reported that the compres-
sive strength of concrete containing RA subjected to the 
HCl treatment was 14% higher than that of concrete with 
untreated RA. Although some acid treatments leave traces 
of Cl- and SO4- ions in the treated RA, which can harm 
the durability of RAC, Ismail and Ramli [18] noted that the 
use of low-concentration acid solutions does not appear to 
be detrimental to RA. In that study, the authors immersed 
RA in three HCl solutions with different molar concentra-
tions of 0.1, 0.5, and 0.8M for 1, 3, and 7 days. The authors 
observed an increase in adhered mortar loss as the molar-
ity of the solution increased, but concluded that the soaking 
time did not significantly affect the amount of mortar loss.

Novel mix design methods for RAC considering the 
amount of adhered mortar have been proposed and their 
outstanding performance has been proven, underscoring 

the importance of measuring the adhered mortar con-
tent [19–23]. Moreover, in order to more accurately evalu-
ate the effect of adhered mortar on cement composites, an 
accurate estimation of the adhered mortar content should 
be preceded. Due to this importance, several methods for 
measuring adhered mortar content have been proposed by 
several researchers, but an extensive comparative analy-
sis of the proposed methods for the same RA has not been 
conducted. Therefore, this study compares commonly used 
methods aimed at determining the adhered mortar content 
using HCl and Na2SO4 solutions. Specific gravity, water 
absorption, and quality of RA based on Japanese Industrial 
Standards (JIS) A5021 [24] and A5023 [25] were evaluated 
before and after each method. 

2 Materials and methods
2.1 Aggregates
Natural crushed aggregate (CA) obtained from a quarry and 
three RAs (i.e., RA1, RA2 and RA3) produced from con-
crete waste were used. The RA1 and RA2 were collected 
from the same source of road pavement concrete waste, but 
they were produced differently: RA1 was crushed a total 
of 5 times so that the aggregate had an overall round grain 
shape, while RA2 was crushed fewer times, producing 
a rough aggregate shape. RA3 was obtained from an air-
port runway concrete waste through secondary crushing 
with a jaw crusher and a cone crusher. There were no visi-
ble impurities (e.g., brick, ceramic and asphalt) in the RAs. 
The nominal maximum aggregate size was 25 mm. 

2.2 Chemical-mechanical stress method
The chemical-mechanical stress method, one of the meth-
ods for determining the adhered mortar content, was pro-
posed by Abbas et al. [15], which combines the aggregate 
soundness test and concrete scaling test. The test proce-
dure is as follows. RAs that can represent each group are 
sampled by size. The suggested sample weight is 1000 g for 
4.75–9.5 mm fractions and 2000 g for larger size fractions. 
The samples are dried in an oven at 105 °C for 24 hours (M1) 
and then immersed in 26% (by weight) Na2SO4 solution for 
24 hours. The samples immersed in the solution are frozen 
at -17 °C for 16 hours then thawed at 80 °C for 8 hours. 
Freeze-thaw is repeated for a total of 5 cycles. After the end 
of the last cycle, the solution is drained and the samples 
are washed with tap water. Aggregates with sizes smaller 
than 4.75 mm are removed by sieving. The adhered mor-
tar remaining on the aggregate surface even after the treat-
ment is manually removed. The aggregate samples are then 
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dried in an oven at 105 °C for 24 hours and weighed (M2). 
The adhered mortar content is determined by comparing the 
weight loss before and after the treatment (Eq. 1). Fig. 1 
shows the RA before and after the treatment. The test is per-
formed twice for all RAs, and the adhered mortar content is 
presented by the size of the aggregate.

Adhered mortar content M M
M

,% �
��

��
�
��
�

1 2

1
100  (1)

2.3 Acid treatment
A method of removing adhered mortar using HCl solu-
tion was proposed by Tam et al. [16]. Compared to other 
methods of removing the adhered mortar, the acid treat-
ment has a shorter test period of 24 hours and does not 
require an additional operation after soaking RA in the 
acid solution. In this study, HCl with a concentration of 
1M is used to efficiently remove the adhered mortar. The 
test procedure is as follows. Representative samples of 
RA are obtained and weighed after drying in an oven at 
105 °C for 24 hours (M1), then soaked in 1M HCl solution 
for 24 hours. To ensure an effective degradation reaction 
between the acid solution and the mortar, the container 
was shaken occasionally. At the end of the test, the acid 
solution is poured out and the sample is washed with tap 
water. Aggregates smaller than 4.75 mm are filtered out 
through sieving and the remaining samples are dried in 
an oven at 105 °C for 24 hours (M2) (Fig. 2). Equation 1 is 
used to determine the adhered mortar content. The test is 
performed for each size fraction and for all size fractions 
(4.75–25 mm), respectively. 

3 Results and discussions
Table 1 shows the initial and final oven-dried weight and 
the weight loss by the size of RA samples that were sub-
jected to freeze-thaw action for 5 cycles after immersion 
in Na2SO4 solution. Table 2 presents the test results of 
soaking the aggregates in a 1M HCl solution for 24 hours. 
As in the other literature, this weight loss is used as the 
adhered mortar content [15, 16, 20].

The test results of RA1, the high-quality RA with water 
absorption of 2.87% and oven-dry specific gravity of 2.50, 
were similar in both the chemical-mechanical stress method 
and the acid treatment. The weight loss of the RA1 sam-
ple following the chemical-mechanical stress method was 
11.3–11.9%. The weight loss of RA1 after acid treatment 
was in the range of 11.2–11.3%. However, the low-quality 
RA, RA2, from the same source showed different results 
in the same test. When the chemical-mechanical stress 
method was performed twice, the first test showed that the 
adhered mortar content of RA2 was 51.8%, and the second 
test showed 37.0%. Also, in acid treatment, a weight loss of 
36.6% after the first treatment and 29.5% after the second 

Fig. 1 Recycled aggregate before and after chemical-mechanical stress 
treatment Fig. 2 Recycled aggregate before and after acid treatment
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treatment was observed. This means that there is a differ-
ence of 14.8% in weight loss in the chemical mechanical 
stress method and 7.1% in the acid treatment. A similar 
trend was observed for RA3, another low-quality RA with 
water absorption of 5.28% and an oven-dry specific gravity 
of 2.41. The difference in weight loss between the first test 
and the second test of chemical mechanical treatment was 
13%, and the weight loss difference after acid treatment 
was 4%. These differences may be attributable to the pro-
duction of RA or RA sampling process for testing.

In general, the RA production consists of crushing con-
crete waste, removing foreign substances, and screening 
by size. Masses of similar size fall into the category of 
RA, regardless of cement paste, cement mortar, or aggre-
gate. In the study performed by Kim [26], the author clas-
sified RA into 'mortar-covered aggregates', 'clean aggre-
gates' and 'partially liberated aggregates'. Thus, when 
sampling RAs of the same size, some aggregates may have 
less adhered mortar, while others may have only mortar 
masses with no aggregate. The upper row of Fig. 3 shows 
the appearance of RA1 and RA2 before the mortar removal 
treatment. In RA1, the adhered mortar is 'attached' to the 
original aggregate, whereas in RA2, the adhered mor-
tar 'covers' the original aggregate, making it particularly 
difficult to visually distinguish whether each individual 

RA2 mass is actually a mixture of original aggregate 
and adhered mortar or just mortar mass. For this reason, 
if a low-quality RA is used for the test, the deviation of the 
test results may increase. It may also be related to the qual-
ity of the RA produced. The RA1, RA2, and RA3 were 
subjected to mechanical crushing, 5 times for RA1 and 
twice for RA2 and RA3. Thus, RA1 may be less vulner-
able to physical and chemical stress as compared to RA2 
and RA3 because parts that are susceptible to impact and 
abrasion may have already been removed from the aggre-
gate during the mechanical crushing process.

Table 1 Weight change by chemical mechanical stress method

ID
Initial oven-dried weight, g Final oven-dried weight, g Loss of weight, %

19–25
mm

13–19
mm

9.5–13
mm

4.75–9.5
mm

19–25
mm

13–19
mm

9.5–13
mm

4.75–9.5
mm

19–25
mm

13–19
mm

9.5–13
mm

4.75–9.5
mm

Avr. 
(4.75–25 mm)

CA 1001 749 500 300 975 733 493 298 2.6 2.1 1.3 0.8 2.0

RA1 #1 2100 2000 2146 1000 1904 1800 1860 860 9.3 10.0 13.3 14.0 11.3

RA1 #2 2002 1880 2004 902 1756 1733 1724 768 12.3 7.8 14.0 14.9 11.9

RA2 #1 2025 2000 1950 1000 635 860 1248 620 68.6 57.0 36.0 38.0 51.8

RA2 #2 1950 1842 2004 1084 835 1362 1616 519 57.2 26.1 19.4 52.1 37.0

RA3 #1 3999 1231 1165 1190 3130 890 790 800 21.7 27.7 32.2 32.8 26.0

RA3 #2 1491 1005 749 500 892 597 455 326 34.9 39.3 40.6 40.5 39.0

Table 2 Weight change by acid treatment

ID
Initial oven-dried weight, g Final oven-dried weight, g Loss of weight, %

19–25
mm

13–19
mm

9.5–13
mm

4.75–9.5
mm

19–25
mm

13–19
mm

9.5–13
mm

4.75–9.5
mm

19–25
mm

13–19
mm

9.5–13
mm

4.75–9.5
mm

Avr. 
(4.75–25 mm)

CA 4145 4132 0.3 0.3

RA1 #1 2088 2000 1986 1417 1810 1800 1777 1254 13.3 10.0 10.5 11.5 11.3

RA1 #2 1998 1774 11.2 11.2

RA2 #1 2290 1911 2063 1011 1494 1224 1245 649 34.8 35.9 39.7 35.8 36.6

RA2 #2 1875 1321 29.5 29.5

RA3 #1 2300 2301 2302 1150 1560 1410 1360 565 32.2 38.7 40.9 50.9 39.2

RA3 #2 2298 1490 35.2 35.2

Fig. 3 Various recycled aggregates used in the study
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Regarding the relationship between the RA size and the 
adhered mortar content, contradictory research results were 
obtained. In the chemical-mechanical stress method, RA1 
and RA3 were determined to have a higher adhered mortar 
content in smaller aggregates (i.e., 4.75–9.5 mm). RA2 had 
the highest adhered mortar content at an aggregate size of 
19–25 mm. In the acid treatment, the adhered mortar con-
tent of RA3 followed the trend of the chemical mechanical 
treatment. That is, the adhered mortar content was high in 
the small-sized aggregate, but RA1 had the highest adhered 
mortar content at an aggregate size of 19–25 mm. These 
contradictory results are also observed in the literature. 
Bai et al. [27] observed that cement mortar accumulates 
in small-sized RA as concrete waste is gradually broken 
during the crushing process, and Suryawanshi et al. [28] 
found that the adhered mortar of 4.75–10 mm aggregate 
was about double that of 10–20 mm aggregate. On the 
other hand, more adhered mortar is observed in larger-sized 
aggregate [29, 30]. Also, no particular relationship between 
aggregate size and adhered mortar content was observed in 
the following studies [14, 15], implying that the crushing 
process of concrete waste affects the characteristics of RA.

With regards to the removal efficiency of adhered mor-
tar, neither method achieved complete removal of adhered 
mortar from RA, consistent with previous research [31–33]. 
As can be seen at the bottom of Fig. 3, the interface between 
the original aggregate and the adhered mortar was weakly 
coupled after the treatment, allowing easy separation of the 
aggregate from the adhered mortar. Nevertheless, there was 
still residual adhered mortar that had not been removed.

Fig. 4 and Fig. 5 show the oven-dry specific gravity and 
water absorption before and after each treatment along with 
RA quality according to JIS requirements [24, 25]. RA with 

an oven-dry specific gravity greater than 2.5 is classified as 
high quality, greater than 2.3 as medium quality, and less 
than 2.3 as low quality. For the water absorption, less than 
3% is classified as high-quality RA, less than 5% as medi-
um-quality, and less than 7% as low-quality. RA1, RA2, 
and RA3 used in the study are classified as high-, low- and 
low quality, respectively. After applying both methods, all 
RAs met the requirements for high-quality, except for RA3 
after the chemical-mechanical stress method.

The adhered mortar content of RA is generally propor-
tional to the water absorption. Thus, the mortar removal effi-
ciency can be evaluated by comparing the water absorption 
of untreated RA and treated RA. As expected, the specific 
gravity and water absorption of CA did not change before 
and after the treatments, and the RAs showed an increase in 
specific gravity and a decrease in water absorption. 

The water absorption of RA1, RA2 and RA3 subjected 
to the acid treatment were 0.24%, 0.21%, and 0.35% lower 
than those of RAs subjected to the chemical-mechanical 
stress method. Regarding specific gravity, the RAs that 
had undergone acid treatment had 0.2–0.3 higher spe-
cific gravity, showing higher efficiency of mortar removal. 
Although the weight loss (i.e., adhered mortar content) of 
RA2 with the chemical-mechanical stress method is up to 
15.2% higher than that of RA2 with the acid treatment, 
this does not mean that the former treatment can be con-
sidered more efficient in removing the adhered mortar. 
This is because higher water absorption and lower spe-
cific gravity were observed in RA2 after the acid treat-
ment. This may be because the high and low-temperature 
environment combined with Na2SO4 solution is too harsh 
for certain aggregates. The natural aggregate used in this 
study had a weight loss of 2% in the chemical-mechanical 
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treatment method. If this method only removes adhered 
mortar, it should theoretically be 0%. Braymand et al. [34] 
noted that damage was observed in original aggregates 
of RA after freeze-thaw test at -17.5 °C. Therefore, the 
chemical mechanical stress method with Na2SO4 solution 
may overestimate the adhered mortar content. 

In addition, in the visual inspection conducted after 
the test, damage to the aggregate by HCl was observed in 
the granite natural aggregate (Fig. 6). In particular, when 
estimating the adhered mortar content of RA contain-
ing limestone, the acid treatment should be avoided [35]. 
Therefore, the effectiveness of both treatment methods 
with respect to adhered mortar removal cannot be evalu-
ated on the basis of weight loss.

4 Conclusions
In this study, two methods for removing adhered mortar 
from recycled aggregate were compared and analyzed, 
and the following conclusions can be drawn.

1. Both acid treatment and chemical-mechanical stress 
methods were effective in removing adhered mor-
tar from RA. With the exception of RA3 after the 

chemical-mechanical stress method, all RAs used in 
the study met the requirements for high-quality RA.

2. RAs treated with acid showed 0.2-0.3 higher specific 
gravity and 0.21-0.35% lower water absorption than 
those treated with the chemical-mechanical stress 
method, indicating better mortar removal efficiency.

3. For the high-quality RA (RA1), the results of the 
chemical-mechanical stress method and the acid 
treatment for determining the adhered mortar con-
tent were similar.  However, the test results for the 
low-quality RAs (RA2 and RA3) showed a differ-
ence in adhered mortar content according to the 
two treatment methods. This varies depending on 
whether the component that dominates one RA is 
mortar or the original aggregate.

4. Neither test allowed complete removal of the adhered 
mortar of the RAs used in the study. However, it is 
possible to manually remove the mortar by impact-
ing the interface between the original aggregate and 
the mortar, after it has been weakened by the treat-
ment process, allowing for the approximate content 
of the adhered mortar to be determined.

5. The chemical-mechanical stress method can provide 
too harsh environment for the original aggregate, 
causing weight loss greater than the actual adhered 
mortar content. The acid treatment can also cause 
damage in certain aggregates. Therefore, regardless 
of the method, an analysis of the aggregate needs to 
be done in advance.

The findings of this study are limited to the RAs used 
in this study. Therefore, further studies should be con-
ducted to accurately estimate the adhered mortar content 
for specific RAs; e.g., different types of aggregates (i.e., 
rock types, different water absorption, properties of the 
parent concrete).

Fig. 6 Natural aggregate damaged by hydrochloric acid
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