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ABSTRACT: In this study is explored the use of construction and demolition waste as fine aggregate in mortars. The addition of 
nano-graphene oxide (0.1%wt) has also been evaluated. Tests were conducted to determine their density, humidity content, water 
absorption capacity and open void porosity (using water absorption) and the micro and nano-porosity using Hg intrusion and N2 
absorption techniques, as well as their flexural and compressive strength and resistance to acid attacks. The mechanical properties 
of mortars manufactured with standard sand were better (30%) than made with waste aggregate. Mortars with both aggregates can 
be classified as M20. Nano-Graphene oxide acts as a filler, reducing the volume of macro and micro pores, thereby increasing the 
mechanical performance, especially when recycled aggregates are used (30% the flexural strength for recycled aggregates and 4% 
for standard sand). The addition of nano-graphene oxide reduces the transmission channels of acid within mortar.
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RESUMEN: Explorando el impacto del óxido de grafeno en las propiedades mecánicas y de durabilidad de los morteros que 
incorporan residuos de demolición: efectos en la estructura de micro y nano-poros. Este estudio explora el uso de residuos de 
construcción y demolición como árido fino en morteros. Se ha evaluado la adición de nano-óxido de grafeno (0.1%p). Se ha 
analizado la porosidad abierta usando absorción de agua, micro-porosidad con intrusión de Hg y nano-porosidad por absorción de 
N2, así como su resistencia a la flexión, compresión y resistencia al ataque ácido. Las propiedades mecánicas con arena estándar 
fueron mejores (30%) que, con árido reciclado, aunque los dos morteros pueden ser clasificados como M20. El volumen de macro 
y micro-poros disminuyó con nano-oxido de grafeno, lo que aumentó las propiedades mecánicas, especialmente cuando se utilizan 
agregados reciclados (30 % de la resistencia a la flexión para áridos reciclados y 4 % para áridos estándar). La adición de nano-oxido 
grafeno reduce los canales de transmisión de ácido dentro del mortero aumentando la resistencia a compresión tras el ataque ácido.
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1. INTRODUCTION

The rapid increase in urbanization and industrial-
ization is leading to a growing trend in construction 
and demolition waste (CDW). The production of 
construction and demolition waste has increased to 
3.5 billion tons/year, which is a threat to the environ-
ment (1). The large amounts of waste generated by 
the construction sector negatively affect the environ-
ment due to the lack of appropriate disposal sites and 
the use of inadequate disposal methods (2). In the 
last 10 years, only in Europe, construction activity 
generated around 827 million tons of CDW on aver-
age per year and only 50% of them were reclaimed 
(3).

In Spain, waste management is regulated by Di-
rective (EU) 2018/851 (4) amending Directive 
2008/98/EC on waste (5), which includes the defini-
tion of CDW as “waste generated by construction and 
demolition activities” (6). The Spanish State Waste 
Management Framework Plan (PEMAR) 2016-2022 
establishes a minimum percentage of non-hazardous 
CDW destined for preparation for reuse, recycling, 
and other recovery operations (excluding clean soil 
and stones) and a maximum percentage of non-haz-
ardous CDW disposal in landfills. The values are 
shown on Table 1 (7).

Construction and demolition waste results mainly 
from the demolition of buildings or the rejection of 
building materials from new construction sites and 
home renovations. A considerable part of this waste 
is sent to landfills, with a negative visual, landscape 
and environmental impact because of the disposal of 
materials that could be recycled with proper treat-
ment (8). 

These problems provide an incentive to develop 
recycling alternatives and to exploit their potential 
as secondary materials. Research and technology for 
recycling construction waste makes it possible not 
only to conserve many aggregate natural resources 
but also to reduce construction waste, which is con-
sistent with the sustainability requirements of the 
construction industry (1, 9, 10).

Recycled concrete aggregates exhibit a certain 
heterogeneity in their properties due to the different 
characteristics of the materials that are sent to re-

cycling plants, crushing systems and impurities. To 
ensure that CDWs are inert or non-hazardous mate-
rials, they undergo a selection, cleaning, and separa-
tion process, after which they are subjected to treat-
ment if necessary. The recycled aggregate obtained 
from the original concrete after the crushing process 
is a mixture of coarse aggregate (≥ 4 mm) and fine 
aggregate (< 4 mm) (11). 

Recycled aggregate as a replacement for stan-
dard sand in cementitious composites has already 
been explored in various studies (12-14). Research 
has shown that recycled sand (RS) has more porous 
structures and higher water adsorption than standard 
sand (SS). The bond between RS and the cement ma-
trix has been found to be weaker than in SS cement 
composites. These results have revealed that the use 
of RS to replace SS reduces the mechanical proper-
ties of cementitious composites.

In Spain, aggregates for mortars must satisfy the 
following standards: 
•	 EN 13139:2003 “Aggregates for mortars” (15). 
•	 prEN 12620: 2002 Aggregates for concrete (16).
•	 EN 13055-1: 2003 Lightweight aggregates - Part 

1: Lightweight aggregates for concrete, mortar 
and grout (17).

•	 prEN 13242:2017 Aggregates for bituminous 
mixtures and surface treatments for roads, air-
fields and other trafficked areas (18).

To improve the mechanical performance of ce-
ment composites with recycled aggregates, vari-
ous reinforcements such as graphene oxide (GO) 
have been used in the concrete industry (19-21). 
Graphene oxide is a derivative of graphene that can 
be described as a layer of graphene with functional 
oxygen groups grafted (22). These oxygen-contain-
ing groups contribute to make GO sheets hydrophil-
ic and highly dispersible in water (1). The main ap-
proach used to manufacture cement-GO composites 
simply involves ultrasonication of GO dispersion in 
water, prior to mixing with cement. GO is a mate-
rial with a planar structure and excellent mechani-
cal properties that has the potential to improve the 
hardness of calcium silicate hydrate (C-S-H). This 
material can significantly improve the tenacity and 
strength of concrete and other cement-based mate-
rials (23).

Table 1. Spanish State Waste Management Framework Plan (PEMAR) 2016-2022.

Minimum % of non-hazardous CDW destined for preparation for reuse, recycling, and other recovery operations

60% in 2016 65% in 2018 70% in 2020

Maximum % of non-hazardous CDW disposal in landfills

40% in 2016 35% in 2018 30% in 2020

https://doi.org/10.3989/mc.2023.351623


Materiales de Construcción 73 (352), October-December 2023, e327. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2023.351623

Exploring the impact of graphene oxide on mechanical and durability properties of mortars incorporating demolition waste... • 3

GO in cementitious materials began to appear 
in the literature in 2011. Some of the first studies 
were conducted by Lv et al. (24-25). These authors 
suggested that GO was a great reinforcement for 
cement products that was able, for example, to en-
hance flexural strength by more than 60%. There is 
currently a controversy between the results reported 
by different researchers on GO-reinforced cement 
products because other studies (26-27) have shown 
no improvements or even disadvantages (28-30). It 
could be thought that discrepancies between results 
are due to the existence of significant differences 
between studies. Considering previous studies, two 
important factors can be observed to explain this 
controversy: a) the different particle size of GO af-
ter the necessary ultrasonication and b) the different 
porosity of the matrix to which GO is added (which 
depends on the water/cement ratio and the particle 
size of materials).

This study had a dual objective: to explore the 
possibility of recycling construction and demolition 
waste by replacing all the standard sand used in mor-
tar composites, and to analyze how the addition of 
GO affects mortars with both types of aggregates. 
The implementation of the results of this study will 
promote more sustainable construction practices, 
which will contribute to reducing the amount of 
construction and demolition waste that ends up in 
landfills as well as the costs in the construction in-
dustry will be reduced. On the other hand, mortars 
with nano-graphene oxide addition could exhibit in-
creased durability, especially in terms of resistance 
to moisture ingress, chemical attack, and carbon-
ation, as well as reduction of porosity which could 
lead to higher strength. This enhanced durability 
would contribute to longer-lasting structures, reduc-
ing maintenance and repair costs over time.

2. MATERIALS AND METHODS

2.1. Materials

For the production of the different compositions 
explored in this study, several components were 
used: Portland cement (CEM II/B-L 32.5 N) con-
forming to EN 197-1 (31); standard sand (i.e., nat-
ural river sand) conforming to EN 196-1 (31); and 
sand from CDW obtained from the ALCOREC plant 
in San Jose de la Rinconada (Seville, Spain). Both 
sands were previously sieved to obtain a maximum 
particle size of 1.25 mm.

Figure 1 shows the comparison between standard 
sand and recycled sand as received (without previ-
ous sieve). At first sight, it can be seen that demo-
lition waste has larger particles than standard sand. 
The colour is different, with recycled sand having 
a cementitious colour and standard sand having a 
more intense yellowish colour.

2.2. Preparation of mortars

The dosage of each component was conducted 
by weighing them according to the established ratio 
shown on Table 2.

The water/cement ratio is higher in mortars with 
recycled aggregates, due to their low specific grav-
ity. CDW absorbs water during the mixing process, 
and a high water/cement ratio is necessary to obtain 
a homogeneous mix (32).

Cement and sand (standard or recycled) were weighed 
and mixed for 30 seconds in a laboratory mixer. Next, 
water was added and mixed with the solids for 2 min-
utes, until a homogeneous paste was obtained. When 

Figure 1. Standard sand (left) and demolition and construction waste (right) as fine aggregate.
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GO was added, the required GO at a concentration of 
4 g/L (Graphenea) was previously stirred for 24 hours 
and sonicated for 15 minutes. All GO solutions had the 
same concentration during sonication. The sonicated 
solution was mixed with clean water (i.e., without GO) 
and then added to the solids. The dose of GO (0.0075% 
of solid content) was chosen according to a previous 
study (26).

The material was left in the mould for 24 hours 
so that it was hard enough for demoulding. After de-
moulding, the mortars were placed in water for 14 
days to cure. At the end of this period, they were 
removed from the water and exposed to air for 13 
days. After 28 days, they were ready for exploring 
their physical and mechanical properties.

2.3. Leaching study

Given that waste is used in mortars, a leaching test 
was necessary. According to European standards, con-
struction materials should not emit hazardous substanc-
es, but, for example, in Spain, no national tests or lim-
its are specified to evaluate the leaching properties of 
construction materials containing waste. This study was 
conducted in accordance with the EN-12457 (33) waste 
characterization standard. It is a conformity test for the 
leaching of granular waste and sludge including a one-
stage batch test with a liquid-solid ratio of 10 l/kg for 
waste with a particle size of less than 10 mm. This test 
is the most common leaching test in Europe to classify 
wastes, and some countries, such as Italy (34), use the 
results of this test to determine whether a residue can 
be used in building materials when compared to certain 
reference values. This test is a protocol used to acceler-
ate the release of chemical species contained in a mate-
rial in order to characterize its potential to be mobilized 
into the environment. The pollutants of greatest interest 

that can be mobilized by weathering and leaching due 
to rainfall are heavy metals, due to their high toxicity 
at low concentrations. Analysis in leachates was carried 
out through Inductively Coupled Plasma technique.

2.4. Physical properties

2.4.1. Density

Density is one of the main properties of construction 
products, as it affects other properties such as compres-
sive and flexural strength. The density of the different 
mortars was determined by their weight and volume di-
mensions. The density was carried out on 15 cylindri-
cal samples of 33 mm of diameter and 40 mm of heigh.

2.4.2. Humidity content

The water content of the mortars after 28 days is 
obtained from the change in weight observed in the 
samples at room temperature when weighed before 
introducing them into the oven and after curing in 
an oven at 105 ˚C until the weight of the samples is 
constant (35). The humidity content of each mortar 
was determined using the following Equation [1]:

	 	 [1]

where H (%) is the humidity content, Wo is the initial 
weight and Wd is the dried weight. The test was carried 
out on 3 cylindrical samples of 33 mm of diameter and 
40 mm of heigh.

2.4.3. Water absorption capacity

The water absorbed by the materials was obtained 
from the weight change produced in the samples 

Table 2. Compositions of mixtures.

Material
Mix design

Cement 
(kg)

Standard sand 
(kg)

Recycled sand 
(kg) Water (L) Graphene oxide 

(kg)

I SS -W/PC=0.37

333.3

999.9 -

123.3

-
II SS -W/PC=0.45 150.0

III SS -W/PC=0.5 166.7

IV SS – W/PC=0.37 – GO 123.3 0.10

V RS -W/PC=0.5

- 999.9

166.7

-VI RS -W/PC=0.6
200.0

VII RS -W/PC=0.6 – GO 0.10
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during a period of two hours immersed in a water 
bath (35). After this time, they reached their satura-
tion weight. Water absorption was obtained with the 
following Equation [2]:

	  	 [2]

where: A (%) is the Water absorption capacity, Ws 
is Saturation weight and Wd is the dried weight. 
The test was carried out on 3 cylindrical samples of 
33 mm of diameter and 40 mm of heigh.

2.4.4. Open void porosity ratio

To determine the open void ratio (36), the sam-
ples were dried in the oven at 105 ± 5 ºC. Next, 
they were weighed (Wd) and left under water in 
a vacuum vessel completely submerged until sat-
uration was reached. After 24 hours, they were 
removed and reweighed (WS). The proportion 
of open voids was calculated with the following 
Equation [3]:

	 	 [3]

where: V is the Total volume of the sample and Vw is 
Volume of the sample occupied by water, which can 
be expressed as (Equation [4]):

	 	 [4]

where ρw is the Density of water. The test was car-
ried out on 3 cylindrical samples of 33 mm of diam-
eter and 40 mm of heigh.

2.4.5. Pore size distribution

A pore size analysis was performed. Micromer-
itics Autopore IV mercury intrusion porosimeter 
was employed. The quantifiable pore size was in 
the range of 0.007 to 150 mm. The samples had to 
be dried in an oven at 105 °C until a constant mass 
was achieved because they were in the form of pel-
lets that were around 5 mm in size. Gas adsorption 
measurements were performed at -196 ºC using N2 
in a Micromeritics ASAP 2020 analyzer.

Scanning electron microscopy (SEM) was per-
formed with a JEOL JSM-5600 instrument. All of 
the samples were bonded to a thin coating of a 
quick-drying epoxy glue on an aluminum speci-
men stub, and then gold was sputter coated to a 
thickness of 10 nm to prevent charging effects.

2.5. Mechanical properties

Flexural strength was determined according to 
ASTM C-348-02 (37). Three different parallelepi-
peds 160 × 40 × 40 mm were used and tested at a 

loading rate of 15 mm/min. The equipment used to 
calculate flexural strength was the same as that used 
for the compression test: the Suzpecar machine, 
model MEM102/50 t.

Compressive strength was measured at the age of 
28 days following the procedure given in EN 196-1 
(38). The two pieces of each sample after the flex-
ural test (6 samples) were subjected to compres-
sive tests. This standard establishes that compres-
sive strength is determined by applying a normal 
force to the surface of the sample and measuring 
the stress applied when breakage occurs. Compres-
sive strength tests were performed with a Suzpecar 
machine, model MEM102/50 t. Six samples were 
broken down for each type of composition. In ad-
dition, speed was controlled by the displacement 
of the top face, which was tensioned at a rate of 
0.5 mm/min. 

2.5.1. Acid attack test 

Resistance to sulfuric acid attack was measured 
using six samples after they had been cured for 28 
days. Three were exposed to air and three were im-
mersed in 1 molar sulfuric acid for 14 days. The 
acid volume used was 3 times the volume of the 
samples, all the surfaces were exposed to the acid 
attack as it can be seen in Figure 2. They were 
hanging and during the 15 days the total volume of 
acid was constant, since acid was renewed as wa-
ter evaporated, keeping the acid volume constant. 
Samples were removed from their containers and 
their compressive strengths were measured after 
immersion (39).

Results are expressed as the ratio between the 
compressive strength of the mortars immersed in 

Figure 2. Samples during de acid test.

https://doi.org/10.3989/mc.2023.351623
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acid and that of the mortars exposed to air, as this 
calculation shows:

	 	 [5]

where Ci (MPa) is Compressive strength of mor-
tars immersed in acid after 14 days and Cair (MPa) 
is the Compressive strength of non-immersed after 
14 days.

3. RESULTS

3.1. Characterization of materials

The chemical composition using an X-ray fluores-
cence spectrometer of all components is shown on 
Table 3. SiO2 was the component most present in 
recycled sand, although standard sand contained a 
higher proportion of it. CaO, Al2O3 and Fe2O3 were 
also among the main components of recycled sand. 
Given that recycled aggregate results from construc-
tion and demolition waste, its composition is similar 
to that of cement (without considering SiO2).

The specific gravity of recycled sand is lower 
than that of standard sand. The specific gravity of 
recycled aggregate is lower than that of natural ag-
gregates due to the mixture of materials (e.g., Port-
land cement, concrete, gypsum, bricks) that form 
CDW (40).

The particle size distribution of standard and recy-
cled sand was measured with a particle size analyzer 
(Mastersizer 3000, Malvern, UK) and is presented in 
Figure 3. The cumulative percentage is represented 
by continuous lines, while dotted lines represent the 
total percentage.

CDW had smaller particle size than natural river 
sand. Cement was the component with the smallest 
particle size, with an particle size interval between 0 
and 150 µm. Although the particle size distribution 
is a key factor on the properties of the mortars, in 
this study, the different sands have no been subjected 
to any previous treatment (except the previous sieving 
at 1.25 mm for both) in order to compare the results 
as they were received. According to the technical data 
sheet the composition of GO consists of the follow-
ing elements: C (49-56%), O (41-50%), S (2-4%), H 
(0-1%) and N (0-1%).

Fourier-transform infrared spectroscopy (FTIR) 
measurements were performed on a Nicolet 380 in-
frared spectrometer (Thermo Electron Corporation, 
USA). To perform the FTIR, 1 mg paste powder sam-
ples were mixed with 100 mg KBr to produce slic-
es. The FTIR spectrum of graphene oxide is shown 
in Figure 4; the curve exhibits a sizable peak at 
3216 cm-1 in the high frequency region, which is re-
lated to the stretching mode of the O-H bond and re-
veals the existence of hydroxyl groups in the graphene 
oxide. The carboxyl group was assigned to the band 
at 1724 cm-1. The stretching and bending vibration 

Table 3. Main chemical components.

Component (%) Portland cement Standard sand Recycled sand

SiO2 13.83 96.21 52.60

Al2O3 3.53 0.76 7.08

Fe2O3 2.26 0.22 3.06

MnO 0.06 - 0.05

MgO 0.70 - 1.84

CaO 59.33 0.13 18.50

Na2O 0.08 0.05 0.71

K2O 0.48 0.30 1.38

TiO2 0.19 0.12 0.40

P2O5 0.06 0.01 0.09

SO3 1.68 0.02 0.03

Cl <0.03 <0.03 <0.03

Loss on ignition 15.50 0.31 12.27

Specific gravity (g/cm3) 3.18 2.62 1.68
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of the C=C groups of the water molecules adsorbed 
on the graphene oxide may have caused the peak at 
1610 cm-1. The C-O-H group was responsible for 
the peak at 1366 cm-1. The peak at 1046 cm-1was the 
vibrational mode of the C-O group, and the peak at 
1173 cm-1 represented C-O-C stretching.

The time and power of ultrasonication of GO to 
achieve a good dispersion of GO were very variable 
in previous studies. In some cases, samples were ex-
posed for 5 minutes (41), while in others they were 
exposed for about 3 hours (42). For instance, in (21, 
28) GO was not even ultrasonicated. Ultrasonication 
breaks GO sheets, producing smaller platelets. There-
fore, the size of GO sheets decreases with increasing 
time and power. The two types of sand used in this 
study had a relatively large particle size (between 0.1 
and 1 mm), which was expected to mark their mechan-
ical performance (43). Therefore, a moderate sonica-
tion process was carried out to adequately determine 

Figure 3. Particle size distribution of standard sand, recycled sand and Portland cement.

Figure 4. Graphene oxide IR spectrum. 

the particle size of GO and the pore size of the matrix, 
because smaller pore sizes of GO do not affect the 
larger pores of the matrix. The GO solution was pre-
viously agitated for 24 hours. GO was sonicated for 
15 minutes using an ULTRASONS 3000513 device 
with a power of 150 W to increase the dispersion of 
graphene oxide nanoparticles in water. 

The distribution of graphene oxide is shown in 
Figure 5. It was measured with a high-definition 
digital particle size analyzer (Saturn DigiSizer II). 
Different peaks can be seen in Figure 5 due to the 
three dimensions of GO (i.e., thickness, width, and 
length). The two larger peaks – at 2.5 and 4 mm – 
correspond to the width and length and are quite 
wide, which means that a high level of dispersion 
was not reached. The two smaller peaks (at 0.8 
and 1.6 mm) correspond to particles of different 
thicknesses and indicate the low GO-dispersion 
achieved.

https://doi.org/10.3989/mc.2023.351623
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3.2. Leaching study

Table 4 shows the concentration of leached heavy 
metals according to EN-12457 (33) of standard sand and 
recycled sand. The results were also compared to the 

limits set by European landfill regulations (44), which 
establish three categories of waste: inert, non-hazardous 
and hazardous. Recycled waste (and standard sand) can 
be considered as inert waste because both meet the limits 
set in the regulations. 

Table 4. Leaching results of standard and recycled sand.

  Standard sand 
(mg/kg)

Recycled sand 
(mg/kg)

Inert waste 
(mg/kg)

Non-hazardous 
waste (mg/kg)

Hazardous 
waste (mg/kg)

Italian Ministerial 
Decree 186 (34) (mg/kg)

As ≤0.05 ≤0.05 0.5 2 25 0.5

Ba 0.82 0.17 20 100 300 10

Ca 76.62 5989.6 - - - -

Cd ≤0.01 ≤0.01 0.04 1 5 0.05

Co 0.01 0.01 - - - 2.5

Cr ≤0.02 ≤0.02 0.5 10 70 0.5

Cu ≤0.015 ≤0.015 2 50 100 0.5

Hg ≤0.005 ≤0.005 0.01 0.2 2 0.01

K 5.99 226.32 - - - -

Mg 6.96 2.21 - - - -

Mo ≤0.02 ≤0.02 0.5 10 30 -

Na 1.94 230.45 - - - -

Ni ≤0.05 ≤0.05 0.4 10 40 0.1

Pb ≤0.015 ≤0.015 0.5 10 50 0.5

Sb ≤0.015 ≤0.015 0.06 0.7 5 -

Se ≤0.025 ≤0.025 0.1 0.5 7 0.1

Sn ≤0.01 ≤0.01 - - - -

V ≤0.02 0.29 - - - 2.5

Zn 0.67 ≤0.02 4 50 200 0.03

Figure 5. Particle size distribution of graphene oxide.
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In Italy, EN 12457-1 (33) results are used to deter-
mine whether waste can be used in construction mate-
rials. According to the limits of the Italian Ministerial 
Decree (34), CDW could be used as they do not ex-
ceed any limits, but Standard Sand exceeds the limit 
set for Zn.

3.3. Physical properties

3.3.1. Density 

Figure 6 shows the density of the different com-
positions with standard sand and CDW waste, with 
and without the addition of GO. Density is related 
to two parameters: particle size distribution and the 
specific gravity of the two types of sands. A higher 
particle size distribution produces higher porosity 
between the particles. If the specific gravity is lower, 
it results in higher porosity inside the particles. SS 
has a slightly higher particle size and a higher spe-

cific density (see Figure 3 and Table 1), so standard 
sand mortars have a higher density than recycled 
sand mortars.

Regardless of the material mortars are made of, 
their density decreases as the water/cement ratio 
rises. This is because when a high water/cement ra-
tio is used, non-reacted water evaporates during the 
last period of curing and creates a higher number 
of pores. When CDW aggregate is used, part of the 
water is stored inside the CDW aggregate producing 
a lower density diminution.

As shown by Figure 6, the addition of GO did not 
affect the mortar density because the amount of GO 
added was very low. Nevertheless, the effect of GO 
on the pore size distribution of mortars was very sig-
nificant (Figure 7). By adding GO, large pores de-
creased in size and were divided into smaller pores. 
Between 100 and 1000 μm, the number of large pores 
decreased, and a larger number of pores between 10 
and 100 μm appeared. The peak clearly displaced to 
finer pores with the addition of GO, and pore volume 

Figure 6. Density of mortars with different fine aggregates and GO addition.

Figure 7. Porosimetry of mortars with CDW and the same water/cement ratio.
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decreased significantly. The same thing happened to 
the peak around 0.1 μm: thanks to the addition of 
GO, the number of pores of that size decreased.

To analyze the influence in pores smaller than 
0.1 μm, gas adsorption measurements were per-
formed (Figure 8). As can be seen, there was an in-
crease in the number of nanopores between 60 and 
100 nanometers when GO was added. This increase 
was due to the previous reduction of pores by the ad-
dition of 0.1 μm GO. If GO with a low particle size 
had been used, the largest pores in the mortar would 
not have undergone any changes.

3.3.2. Humidity, water absorption capacity and po-
rosity.

Table 5 presents other physical properties: humid-
ity content, water absorption capacity and open void 
porosity. 

As mentioned above, when the water/cement ratio 
is higher, the density is lower because more pores are 
formed. These properties are inversely related to densi-
ty, so we expected humidity content, water absorption 
capacity and open void porosity to be higher when den-
sity decreased. When GO was added, density remained 
almost constant, but pore size decreased, preventing 
water from entering the sample during these tests.

3.4. Mechanical properties

Figure 9 shows the flexural strength of mortars 
with different compositions after the 28-day curing 
period. The strength of all mortars decreased as the 
amount of water increased. This happened because 
of the growth in porosity.

There was a considerable difference in the flexural 
strength values obtained between the two materials. 

Figure 8. Nanopores of mortars with CDW and the same water/cement ratio.

Table 5. Humidity content, water absorption capacity and open void porosity results.

Mortars Humidity (%) Water absorption capacity (%) Open void porosity (%)

SS- W/PC=0.37 5.6 8.3 17

SS- W/PC=0.45 5.7 10.1 20

SS- W/PC=0.5 5.8 10.8 22

RS- W/PC=0.5 6.9 15.6 26

RS- W/PC=0.6 8.1 15.6 28

GO-SS- W/PC=0.37 4.1 5.4 10

GO-RS- W/PC=0.6 5.1 8.8 14
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Standard sand showed better results than CDW with 
the same water/cement ratio. The addition of GO im-
proved the flexural strength of recycled waste. The 
improvement was greater for CDW.

The mechanical properties of mortars are very 
dependent on their microstructure. The correspond-
ing SEM images of the mortars were also examined 
to determine the link between mechanical strength 
and microstructure. SEM images of the microstruc-
ture of mortars containing recycled aggregate with 
and without GO are shown in Figure 10. When the 
mortar did not contain GO, many needle- and bar-
like crystals emerged on the fracture surface; they 
were disorderly stacked cement hydration crystals of 
ettringite and/or gypsum (Figure 9A). it is not easy 
to distinguish both. During the initial stage of hydra-
tion, ettringite decomposes to produce monosulfate, 
and at the same time, sulfate ions can be adsorbed 
in calcium silicate hydrates. Then, at ambient tem-
perature, the sulfate ions adsorbed in calcium sili-
cate hydrates leach out and react with monosulfate 
to form ettringite (45). Since GO is not easy to found 
at the presented doses. It has been postulated (46-47) 
that GO sheets act as 2D platforms to guide the for-
mation of 2D calcium silicate hydrated microplates 
with a dense nanostructure form a 3D network that 
can mechanically reinforce the cement paste at the 
nanoscale. GO regulates the morphology of calci-
um silicate hydrates and induces the formation of 
compact, flower-like C–S–H crystals, so flexural 
strength was greater (24, 48). GO gives a filler ef-
fect, supplies more nucleation sites at the time of the 
hydration process, and regulates the development of 
cement hydration crystals (49).

Figure 11 shows the effect of water/cement ra-
tio, type of sand and GO addition on compressive 
strength; its variation was like flexural strength.

According to CEDEX, the Spanish National Pub-
lic Works Research Centre (8), when 100% fine ag-

gregates are replaced by recycled mortars instead of 
standard aggregates, compressive strength can de-

Figure 10. SEM images of mortars with recycled aggregates at 
28 days and the same water/cement ratio: (A) without GO; (B) 

with GO.

Figure 9. Flexural strength of mortars with different fine aggregates and GO addition.

B

A
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crease by 33%. In this case, the experiment showed 
a 36% loss in compressive strength using recycled 
aggregate. 

The addition of GO to standard sand and recycled 
sand mortars resulted in an improvement of approxi-
mately 20% in both samples. The action of GO ben-
efitted from enhanced compressive strength. This 
material reduced the size of internal pores and re-
inforced its internal structure, leading to a decrease 
of large pores and an improvement of compressive 
strength.

The improvement in compressive strength due to 
the addition of small amounts of GO has been shown 
by many studies (27, 48, 49). The introduction of 
small amounts of GO – as little as 0.0075% by weight 
– increased compressive strength by 15-33%. The 
polyhedron-like crystal hydration products formed 
a compacted structure and had greater compressive 
strength (Figure 9).

As can be seen in the figure, all mortars exceeded 
a compressive strength of 20 MPa. Thus, accord-
ing to the EN 998-2 (50) specifications for masonry 
mortars, they would be classified as class M20.

3.4.1. Acid attack test

The properties related to CDW durability have 
been studied previously (51), the foreign agents 
move through concrete by flowing through the po-
rous system and diffusion and sorption, which in-
troduces corrosion hazards. Figure 12 shows the 
variation in compressive strength in a mortar after 
immersion in acid for 14 days, compared to a mortar 
that was not immersed for the same period.

Acid attack resistance decreases with higher wa-
ter/cement ratios and with the addition of recycled 
aggregate because open void porosity increases (see 

Figure 11. Compressive strength of mortars with different fine aggregates and GO addition. 

Figure 12. Compressive strength ratio of acid-immersed and non-immersed mortars.
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Table 5). Sulphuric acid attacks the matrix, pro-
ducing gypsum inside the pores, which causes pore 
spalling and results in worse mechanical properties 
than cement. As CDW is made up of cement and 
concrete waste, the reactivity of recycled aggregate 
increases, decreasing acid resistance; by contrast, 
standard aggregate is composed mainly of SiO2, 
which is not reactive, so only the cement matrix is 
affected by the acid attack.

A recycled sand mortar with a water/cement 
ratio = 0.6 with GO is presented above (Figure 14. 
A) after the compression test. The sample had a white 
layer covering the surface, and the inside of the mor-
tar had the colour of cement, which indicated that the 
attack was only superficial due to the addition of GO. 
Figure 14.B shows the standard sand mortar with a 
water/cement ratio = 0.5 without GO when the acid 
had penetrated the core of the mortar, after the com-
pression test, although it is not as marked as in the 
outer zone of both samples. Due to its high-water ab-
sorption capacity, the acid was able to penetrate more 
easily, and gypsum formed on the inside, contributing 
to the breakdown of the material as a result of spalling. 

4. CONCLUSIONS

The following conclusions were drawn from this 
study:
•	 The W/C ratio affected all properties. Samples 

with a lower ratio had better physical and me-
chanical properties, as their porosity was lower. 
Recycled aggregates present a higher W/C ratio, 
due to its lower specific density, which absorb 
the water during the mixing.

•	 Mortars made with standard sand had higher 
density than those made with recycled sand. 
Density depends on particle size distribution and 
specific gravity. According to the compressive 
strength. Both mortars with two aggregates can 
be classified as M20, although the particle size 
of the aggregates is very important factor.

•	 The addition of GO improved the properties of 
mortars with both sands, as graphene oxide re-
duces the macro and micropores, increasing the 
nano-pores, obtaining similar total porosities, 
but increasing the mechanical properties be-
cause the nano-pores have no influence in the 
properties.

Figure 13. Outer appearance of recycled sand mortar after im-
mersion in acid.

Figure 14. A) Mortar with recycled aggregate and water/cement ratio = 0.6 with GO and B) mortar with standard sand and water/ce-
ment ratio = 0.5 without GO.

Figure 13 shows a mortar made from recycled fine 
aggregate with a water/cement ratio of 0.6 and add-
ed GO after 14 days of immersion and two days of 
drying. The sample is covered by a white layer due 
to the formation of CaSO4∙H2O in the acid attack.

When GO was added, the pore size distribution 
was lower, which prevented the entry of water (and 
acid); only gypsum was formed outside and the in-
terior matrix remained unchanged (see Figure 13).

BA
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•	 Graphene oxide acts as a nucleation site for 
the formation of hydration products during the 
cement hydration process which accelerates 
the early-stage hydration reactions, leading to 
the formation of denser cementitious products 
which derive into higher compressive and flex-
ural strength.

•	 Regarding the acid attack, as recycled sand 
mortars are more porous, compressive strength 
decreased more in the samples containing recy-
cled sand than in those containing standard sand. 
Although the attack was carried out outside of 
the samples, the addition of GO in mortars made 
with both types of sand prevented the entry of 
the acid solution inside and showed a positive 
compressive strength after the acid immersion.

•	 The addition of GO in mortars made with both 
types of sand prevented the entry of the acid 
solution inside and showed a positive compres-
sive strength in acid immersion.

•	 Standard sand typically has well-rounded parti-
cles with a consistent size distribution. This al-
lows for better particle packing and interlocking, 
resulting in a denser mortar matrix. In contrast, 
waste sand has irregular particle shapes, impu-
rities, porosity and varying size distributions, 
leading to less efficient packing and reduced 
mortar density which conducts to lower mechan-
ical properties and durability.

Although the flexural and compressive results of 
recycled sand were lower than those of standard sand, 
they all satisfied the standard and the strengths ob-
tained were sufficient for compliance with EN stan-
dard on use in construction sites as masonry mortars.
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