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� EVA-nS hybrids enable recyclability
enhancement of waste plastics in
cementitious composites;

� The improved plastic-cement
interactions promote the engineering
properties of cementitious materials;

� XCT with CsI contrast enhancement
visualized the superior waterproof
performance of the polymer-
engineered composites;

� The mechanism of polymerization
and nanofilling jointly affect the
microstructure and strength of the
proposed composites.
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Waste plastics may be an environmentally friendly alternative to natural aggregates for concrete manu-
facture. However, the inferior bond strength between waste plastic aggregates and cement matrix greatly
limits the uses of waste plastics for engineering designs and applications. Herein, ethylene–vinyl acetate
(EVA) and nanosilica (nS) were jointly employed to enhance the matrix-aggregate interactions in cemen-
titious composites with recycled waste plastics (RWPs). Waterproof properties of the cementitious com-
posites with EVA and nS hybrids were measured. A non-destructive test using micro-focus X-ray
computed tomography (l-XCT) with contrast enhancing technique followed by microstructural tests
(SEM/BSE and EDS) were conducted to in-situ trace liquid migration in the composite specimens. The sin-
gle addition of EVA into the cementitious composites increased the porosity and depressed the compres-
sive strength, but greatly decreased the water sorptivity by nearly 50 %. The organic–inorganic (EVA-nS)
hybrids enhanced the recycling potential of the waste plastics in terms of the mitigated strength reduc-
tion and improved waterproofing performance. The coupled polymerization of EVA and nanofilling of nS
effects were resolved to account for the recyclability improvement. The findings would shed light on
design and fabrication of cementitious materials towards large scale recycling methods and technologies
of waste plastics.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
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1. Introduction

Within the construction industry, concrete is well-known as the
most consumed material causing huge environmental impacts [1],
particularly CO2 emissions. Aggregates occupy two-thirds of the
total volume of a typical concrete. This massive production of these
components is accompanied by huge energy consumption and pro-
gressive environmental consequences on water, land, and air. In
order to limit the negative environmental impacts of the construc-
tion sector, which is expected to grow significantly over the
upcoming few years [2], various actions have been made. Institu-
tions and foundations have been funding researches on increasing
the service life of products/materials and/or closed-loop recycling
systems of waste products, especially those with enormous
amounts [3,4], such as concrete, metal, plastic, to mention a few.

Generally, the amount of generated waste products are several
times more than that being recycled [5], specifically for single-use
and rapid disposable materials such as plastics [6,7]. Due to the
long-lasting biodegradability of plastics and relatively stabilized
characteristics, their aptitude of being recycled in composite mate-
rials is high [8], such as concrete. Partial or even full replacement of
aggregate with recycled materials shows high potentials to lessen
energy consumption and reduce the amount of waste. Due to the
high annual production of recycled waste plastics (RWPs) that sets
around 120 kg/capita, they have high susceptibility to fit this
approach [9]. Although plastic can reduce fire rating of concrete
due to its low melting temperature [10–13], it offers preferable
characteristics as a concrete component, such as great durability,
large flexibility, and high availability [14–16]. In addition to reduc-
ing wastes and saving energy and lands, the use of plastic as aggre-
gates reduces the overall construction cost owing to its lightweight
compared with typical natural aggregates [17–19].

However, the partial or full replacement of natural aggregates
with RWPs has revealed increasing strength reductions as the
replacement ratio increased [7,20–22]. Several treatments have
been applied to address the strength reduction of concrete with
RWP aggregate. For example, sodium hydroxide and sodium
hypochlorite, as strong alkalis, were used to modify surface prop-
erties of waste plastics, which resulted in better physical and
mechanical properties [23]. An improved concrete casting process
with ethylene–vinyl acetate copolymer (EVA) enhanced the com-
patibility between RWP aggregate and cement matrix [21]. In view
of the increasing trend of sorptivity in concrete with increasing
RWP content [24], nanofillers have been introduced and suggested
to enable better waterproof specimens [25,26], particularly to den-
sify the interfacial transition zones (ITZs) between aggregates and
the cement matrix.

Likewise, cement has been substituted with other materials to
gain improved characteristics in terms of strength, toughness,
adhesion, and impermeability [27–32]. One of the widely used
organic materials for tuning the microstructure and performance
of cement-based materials (CBMs) is EVA [33,34]. EVA is a copoly-
mer of vinyl acetate and ethylene, where the latter is the dominant
component. Meanwhile, nano materials (e.g. nanosilica, nS) have
been extensively used to improve compactness, strengths, and
resistance against water and gas permeability of CBMs [35]. The
potential for further applications of EVA and nS, owing to their
preferable properties, with RWP cementitious composites may
lead to promising results for strengths and waterproofing
performance.

Degradation of CBMs is highly dependent on transport charac-
teristics of liquids through their porous media. Practically, a wide
variety of CBM structures are rarely in saturated state, and the
in-situ water migration may facilitate the penetration of aggressive
species (e.g. sulfates, chlorines, carbonates, etc.) that physiochem-
2

ically and mechanically damage and entangle the durability of
such structures [36–38]. The absorption of water by capillary
action is known as sorptivity, which may have been firstly used
and measured for soils and rocks [39]. It semi-quantitatively
assesses the evolution of progressive penetration of liquids into a
CBM specimen, which is intrinsically associated with the pore
structure of the tested sample [40–43]. Therefore, the comprehen-
sive understanding of capillary sorption in building materials is
crucial to accurately evaluate and improve structures’ durability
during their service life.

Several techniques are available to measure water sorption
kinetics in CBMs, one of which is the commonly used gravimetric
method that has been standardized in ASTM C1585 [44] and BS-
EN 1357 [45], to name a few. Although this method has been ana-
lytically upgraded [46,47], it still does not provide data about
movement and distribution of liquids inside the tested material
[48]. In this method, specimens are oven dried and dipped in water
to measure the mass gain over a period of time. This technique has
been adopted in a wide variety of sorptivity investigations for air
entraining agent concrete [49], self-consolidating concrete
[40,50], steam-cured concrete [51], concrete with micro- and
macro-silica [52,53], mortars with waste powder of fly ash and
marble [54], fiber-reinforced concrete [42], and alkali-activated
composites [55–57].

The fundamental analytical approach for the capillary sorption
in porous media follows Darcy’s law, which enables establishing
links between the rate of flow in a material and its hydraulic gra-
dient [58]. A more general term of Darcy’s law is the well-known
Richards equation [59], that intrinsically takes hydraulic conduc-
tivity of a porous material as a function of the moisture content.
However, the complexity of liquid migration in CBMs is referred
to several pore structural factors, including size, distribution,
shape, tortuosity, and continuity of pores [60–62]. Analytical
researches have also proposed several factors and modifications
to Darcy’s law attempting to fit experimental results of different
CBMs with analytical approaches [40,47,63].

Non-destructive detecting methods of water penetration and
distribution in CBMs have been greatly advanced to deepen the
understanding of capillary sorption and waterproofing perfor-
mance [64,65]. Water ingress in CBMs was successfully visualized
in 3D for cracked and uncracked specimens using a technique
known as electrical capacitance volume tomography (ECVT) [66].
While documents on Gamma ray (c) attenuation suggested that
results would be more accurate for porous materials with densities
much higher than that of a typical concrete [67,68]. Moreover, the
use of nuclear magnetic resonance (NMR) revealed varying
remarks depending upon the magnetic resonance imaging (MRI)
instrument and specimens. NMR has the advantage of visualizing
dynamic 2D and 3D distribution and penetration of liquids in
non-metallic materials serving a wide variety of applications
[69,70], but it could be time demanding and highly sensitive to
polymer-based or organic materials [71,72]. Neutron imaging is a
powerful measuring technique that relies on the transmitted
intensity of neutron beams through a 2D or 3D object [73]. Neutron
beams are attenuated based on the chemical composition of
nucleus and specimens’ geometry [72,74], and they strongly inter-
act with hydrogen nuclei, enabling the observation of water in
samples at high spatial resolutions. However, due to the rare avail-
ability of neutron beam facilities and expensive resources [73,75],
the applicability of the neutron imaging technique is limited.

Micro-focus X-ray computed tomography (l-XCT) has shown
rapid development and wide applications in material science
owing to its ease of sample preparation [33,76] and relatively high
availability in research laboratories [71]. Nevertheless, a common
observation disadvantage of water sorption by l-XCT is the low



Fig. 1. Sieve analysis of quartz sand and recycled PP.
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X-ray attenuation of water, which makes it troublesome to be
detected by the X-ray imaging technique [77–79]. A comparison
study showed that l-XCT without contrast agent is less efficient
to visualize water in porous materials than other more sophisti-
cated imaging techniques (e.g. neutron radiography [80]). There-
fore, several studies have used different contrast agents to
enhance the visualization of water in l-XCT images, such as,
cesium (Cs) [33,77,78,81–83] and iodide (I) [84–87] solutions. For
instance, when a small amount of soluble cesium-based salt (e.g.
cesium chloride) was mixed with water for capillary penetration
test, the generated l-XCT images were able to demonstrate water
imbibition fronts and paths at high contrast [33,78,82,83]. Such
effortless addition could facilitate studies of permeability of porous
materials with X-ray imaging techniques.

In this work, a novel mixing method using EVA and nS was
developed to enhance the recyclability of RWP in cementitious
materials by consolidating compatibility with the cement matrix.
Compressive and flexural strengths were provided to show the
impact of EVA and nS on the mechanical properties of the cemen-
titious composites. Water uptake in the nano-engineered cementi-
tious composites blended with RWPs were visually evaluated by l-
XCT with the X-ray contrast enhancement agent of cesium iodide
(CsI) solution (25 wt%). In addition, capillary absorption tests were
conducted following the general steps provided by ASTM C1585
using the CsI solution. Microstructure of the RWP composites were
characterized using scanning electron microscopy (SEM) with
backscattered electron image (BSE) analysis and energy-
dispersive X-ray spectroscopy (EDS). In depth, waterproof mecha-
nisms of the EVA-nS hybrids were explained and schematically
visualized inspired by the microstructural images. This work pro-
vides a novel technique to enhance the interactions between
cement matrix and plastic aggregates, raising the recycling poten-
tial of plastic waste for construction materials manufacturing.
2. Materials and methods

2.1. Materials and specimens

The cement binder used in this work is the Chinese PI 42.5 Port-
land cement, which is identical to ASTM type 1. The chemical com-
positions of this type of cement and the clinker minerals as
received, determined by XRF and XRD tests, are presented in
Table 1. The specific surface area of the cement was 355 m2/kg,
while the standard consistency was 24.8 %.

A commercially-available quartz sand that meets the Chinese
standards GSB 08–1337-2018 was used as the fine aggregate. The
particle size distribution (PSD) of the sand was analyzed (Fig. 1),
where the largest sand particle did not exceed 4 mm. The natural
quartz sands had a SiO2 content > 96 % and fineness modulus of
2.3 – 2.8 (Xiamen ISO Standard Sand Co., Ltd., Fujian, China), meet-
Table 1
Chemical compositions of cement and minerals of clinker.

Chemical compositions of
cement %

Minerals of clinker %

Calcium oxide (CaO) 61.02 Tricalcium silicate (C3S) 59.03
Silica (SiO2) 20.94 Dicalcium silicate (C2S) 16.47
Alumina (Al2O3) 4.85 Tricalcium aluminate (C3A) 6.79
Iron oxide (Fe2O3) 3.44 Tetracalcium aluminoferrite

(C4AF)
11.73

Magnesium oxide
(MgO)

1.70

Sulfur trioxide (SO3) 1.88
Loss on ignition (LOI) 1.88
f-CaO 0.5
R2O 0.5

3

ing the specified standard. A polypropylene (PP) type RWP was
purchased from Xiamen Keyuan Plastic Co., Ltd. The recycled plas-
tics may be originated from packaging, sport equipment, furnish-
ings, food and water containers, etc. The PP possessed density
around 1.13 g/cm3 (ASTM D792), and tensile and flexural strengths
of 45 MPa (ASTM D638) and 58 MPa (ASTM D790), respectively.
The PSD of the recycled PP showed narrower range than the sand
used, with an average particle size of 2.18 mm (Fig. 1).

A redispersible EVA with an average size of 571 ± 29 nm was
used to tune the compatibility between the RWP aggregate and
matrix [21]. The polymerized particles of EVA have shown substan-
tial ability to increases adhesion, deformability, and crack resis-
tance when used in applications with multi-layer films or
coatings (e.g. tiles and finishing materials) [88,89]. On the other
hand, a type of nS with an average particle size of 91 ± 8 nm was
employed to enhance the material microstructure. Owing to the
high pozzolanic activity of nS, concrete mixtures with nS exhibited
refined pore structures and densified interfacial transition zones
[90,91]. This has resulted in improvement in impermeability and
chloride attack resistance [92]. Table 2 presents the main physical
and chemical properties of EVA and nS. Because polyvinyl alcohol,
a protective colloid in EVA, forms crosslinks in an alkaline solution,
sodium hydroxide solution of 2 wt% was prepared to guarantee
better dispersion of both additives.

PSDs of both EVA and nS powders were obtained by NANO-
SIGHT NS500 machine (Malvern Instruments Ltd). Preparations of
emulsions started by mechanically mixing powders with water at
a ratio of 1:9 for 10 min at a stirring speed of 400 rpm. The suspen-
sion or emulsion was diluted to conform the machine detection
requirements. 25 frames per second were captured as the suspen-
sion flowed in the machine, with 607 slider shutter and 15 slider
Table 2
Main physical and chemical properties of EVA and nS.

EVA nS

Density (g/cm3) 1.3 ± 0.02 2.4 ± 0.2
Mean particle size

(nm)
571 ± 29 91 ± 8

D10 (nm) 110 ± 18 78 ± 10
D50 (nm) 377 ± 33 181 ± 25
D90 (nm) 663 ± 80 223 ± 40
Solid content (%) 99 ± 1 Purity (%) > 99.9
Protective colloid Polyvinyl

alcohol
Specific surface area
(m2/g)

420 ± 30
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grains. The distribution curves of EVA and nS particles are demon-
strated in Fig. 2. It can be noted that EVA (Fig. 2a) and nS (Fig. 2b)
were more than one order and two orders of magnitudes thinner
than cement, respectively.

The replacement ratios of EVA and nS to cement were limited to
4 % [93,94] and 1 % [95,96], respectively. Table 3 lists the designed
mix proportions (in kg/m3) and replacement ratios. The nomencla-
ture was made as follows: Px + Ey + Nz, where P, E and N represent
plastic, EVA, and nS, respectively, and �, y and z represent their
content. It is worth noting that EVA and nS may have significant
opposite effects on CBMs’ workability, while EVA tends to increase
workability [28,88,97], nS decreases it [96,98,99]. Therefore, water
contents of mixtures were slightly tuned to keep consistent slump
of 115 ± 10 mm. Slump tests were conducted following the guide-
lines of ASTM C143 [100].

Cubic specimens with a side length of 5 cm were cast. Firstly,
water was mixed with 2 wt% sodium hydroxides to prepare a
highly alkaline solution; then, EVA was mechanically mixed with
the solution for 5 min at 400 rpm. During the mixing, nS was grad-
ually added to the mix to prevent agglomeration. Later, RWPs were
added to the solution with continued mixing for another 5 min.
Note that because the PSD of the RWP (PP type used) is different
from that of sand, the replacement of sand with PP was performed
with further sorting of sizes. In other words, RWP particles
replaced equivalent sizes of sand particles, and the resulting
sand + RWP mix possessed an equivalent PSD to that of the natural
quartz sand, which is shown in Fig. 1. After that, the EVA-nS-RWPs
mixture was poured into a homogenous cement-sand mixture
which had been dry-mixed at 60 rpm for 3 min. With further stir-
ring for 3 min, the cementitious composites slurries were readily
prepared and cast in cubic mold in the side length of 50 mm with
vibrations for 30 s. Following surface finishing, the top surface of
each specimen was covered with a thin layer of plastic film to pre-
vent water evaporation. After a primary curing for 1 day, speci-
mens were demolded and stored in a curing room at a
temperature of 22 ± 3 �C and humidity of 98 ± 2 % until testing
date.

2.2. EVA/nS emulsion stimulation

The microstructural alterations due to the additions of EVA and
nS were discretely detected on a glass surface as shown in Fig. 3.
While nS particles agglomerate in sperate units when being in con-
tact with water [91], EVA particles create bubble-like connected
films [28]. During mixing, small amount of the EVA/nS emulsions
were collected in glass tubes and a drop was dripped on a glass sur-
face (Fig. 3a). Once the drop was air-dried at room temperature,
SEM/EDS tests were performed. Fig. 3b shows separate units of
agglomerates of nS that are randomly connected by EVA films, as
Fig. 2. Particle concentration
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shown in the higher magnification image in Fig. 3c. The table in
the bottom left illustrates the EDS element analysis results for
two different spots, R1 and R2 (see Fig. 3c). The detected elements
are carbon (C), oxygen (O), and silica (Si). Spot R1 is on a nS unit,
showing higher Si and O readings, and of course some amount of
C because of the existence of EVA in the emulsion. Spot R2, how-
ever, was placed on the connecting films, which primarily shows
high values for C verifying the key component of EVA.

2.3. Mechanical tests

Compressive and flexural strengths of each mixture were tested
in an INSTRON 8802 full functional servo-hydraulic testing
machine. Force control at 30 MPa/min was applied for compression
tests, and displacement control at 1 mm/min was applied for flex-
ure tests. For each mixture, three specimens were tested, and the
strength values were averaged. RWP aggregates were included in
30 out of 36 cubes and prisms that were totally tested, as shown
in Table 3.

To precisely compare the specimens and observe the mechani-
cal changes due to the use of EVA and nS, results of three speci-
mens were averaged for each test. Specimens’ sides were
carefully checked beforehand, and they were set on the supports
of the loading machine horizontally using an alcohol glass tube.
Between the prisms and the loading rod, a 5-mm thick leather
was placed, and a 0.1-mm thin paper was utilized to avoid
unwanted gaps [101]. Before loadings, all stress and strain data
in the machine were set to zero, and loading parameters were
fixed, so consistent results of each mix can be obtained.

2.4. Waterproof tests

Waterproof property of the RWP cementitious composites was
assessed by water imbibition. Cubic specimens at 180 d were
adopted for waterproof tests. A thin layer (�1mm) at the water-
contacted face of each specimen was removed using Abrasi-Met
250 cutter to avoid the effects of the oily removing agents used
for demolding. The main steps of the sorption test are demon-
strated in Fig. 4. Before the tests, samples were completely dried
to constant weights. Drying temperature varied in guidelines and
published investigations, e.g., 40 �C [57], 44 �C [102], 50 �C
[44,84,86], 55 �C [87], 60 �C [51,78,82,83,103], 70 �C [104], 80 �C
[40], and 105 �C [47,48,105]. However, it was reported that the
drying temperature higher than 50 �C may cause non-negligible
damages to the microstructure of CBMs [106,107]. A study evi-
denced that the possible microstructure changes induced by drying
at 50 �C would take limited impacts on the water sorptivity of CBM
specimens [108]. Therefore, the temperature of 50 ± 2 �C was set in
an oven with air circulation to remove the water confined in the
of (a) EVA and (b) nS.



Fig. 3. Preparation process of the EVA + nS emulsion: (a) a drop of the emulsion on a glass surface, (b) SEM micro morphology, and (c) a higher magnification image showing
nS agglomerations with connecting EVA films. EDS results of R1 and R2 spots are represented in the bottom left table for carbon (C), oxygen (O), and silica (Si).

Table 3
Designed mix proportions.

Mix ID Cement Mix proportions in kg/m3 EVA/cement (%) nS/cement (%) Water/cement Water/solid

EVA nS Sand Plastic Water

Ref 525 0.0 0.0 1495 – 236 0 0 0.450 0.450
P10 525 0.0 0.0 1245 149 236 0 0 0.450 0.450
P10E2 510 10.5 0.0 1245 149 228 2 0 0.447 0.438
P10E2N1* 506 10.5 5.3 1245 149 240 2 1 0.474 0.460
P10E4 497 21.0 0.0 1245 149 226 4 0 0.455 0.436
P10E4N1 489 21.0 5.3 1245 149 235 4 1 0.481 0.456

* P: polypropylene, E: EVA, N: nanosilica.
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specimens, which is also suggested by ASTM C1585 [44]. After the
complete drying status of the specimens was reached (the mass
changes in 24 h less than 0.1 %), they were left to cool down at
room temperature (22 ± 1 �C) (Fig. 4a). To control the direction
of solution absorption, four sides of each specimen were coated
with epoxy resin, leaving the top and bottom sides free of coatings.
After the epoxy coatings hardened at ambient temperature for
24 h, specimens were again oven-dried at 50 �C for 72 h. Then,
the specimens were placed by their bottom surface on plastic sup-
ports that had been immersed in CsI solution (25 wt%) so that the
solution level was 1 to 3 mm above the top of the supports
(Fig. 4b). During sorption, the specimens were weighed by an elec-
tronic balance with the accuracy of 0.01 g at different time inter-
vals: 0 (before immersion), 45, 90, 180, 270, 360, 540 min.

At set time, excess surface water was removed by a damped
paper towel [44]. Within a minute, each sample was weighed
and carefully transferred to the l-XCTmachine (Fig. 4c). The device
used for the X-ray scans was XTH255/320 LC (Nikon, Japan) with
the accelerating voltage of 120 kV and the beam current of 80
lA. A Cu film of 1.5 mm was attached on the X-ray emitter to
reduce beam hardening artefacts in the X-ray tomograms. A detec-
tor with the resolution of 2000 � 2000 pixels was attached on the
backboard of the testing chamber to collect the transmitted X-ray
beams. Each specimen was fixed on the sample stage between the
X-ray emitter and the detector (see Fig. 4c for more details). Here,
as each cubic specimen rotated by 360�, 2000 high-resolution pro-
5

jections were acquired from different angles. Each l-XCT scan
lasted for 18 min and generated multiple projections that were
reconstructed using CTPro software to build a wide-range gray
level 3D model for each specimen. Using the tomographic lensfree
sensor with the above parameters, the spatial resolution created an
effective voxel size of 0.041 lm for the total volume of each spec-
imen in X, Y, and Z directions. Finally, the 3D models were
imported to a microstructure analysis software (VG Studio 3.1) to
process phase segmentation and visualization based on their X-
ray attenuation coefficients.

The mass gain of each specimen at different time intervals was
used to evaluate the so-called mass transport [46,109,110] or mass
sorptivity [33]. Because mass gain was immediately followed by
m-XCT, which required special preparation of samples and testing
tools, each one of the three cubes of every mixture was used twice
(45 and 270, 90 and 360, 180 and 540 min). Those cubes were cast
from the same mix and at the same time. Side length, density, and
porosity of specimens of the same mix were checked beforehand to
guarantee the data consistency. Mass gain (Dx) was calculated by
subtracting the pre-dried mass (xo) from the total mass at each
time interval (xt) using Eq. (1), where all variables are in g.

Dx ¼ xt �xo ð1Þ
The mass sorptivity (Sm) was evaluated using the mass absorbed

(Dx) and time (t) using Eq. (2) according to the Lucas-Washburn
(LW) equation [33]:



Fig. 4. Schematic illustration of the waterproof test: (a) preparation of specimens: drying and coating, (b) sorptivity test in CsI solution and measuring weights at 0, 45, 90,
180, 270, 360, and 540 min, and (c) l-XCT scans.
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Dx ¼ Sm
ffiffi
t

p
ð2Þ

Within the same regime, the sorptivity (Sl) measured by liquid
uptake height (DL) can be expressed as [111]:

DL ¼ Sl
ffiffi
t

p
ð3Þ

To take into consideration surface tension (c) and dynamic vis-
cosity (l) of the penetrating liquid, intrinsic sorptivity (Si) can be
found using Eq. (4), where (Sl) is taken in m/s0.5, c in N/m, and l
in Pa.s.

Si ¼ Slffiffiffiffiffiffiffiffiffi
c=l

p ð4Þ

For porous material with homogenous pore structure, mass
sorptivity (Sm) can be translated to depth sorptivity (Sl) when tak-
ing into account porosity (u) and sorption area (A) of the speci-
mens and density of the penetrated liquid (ql):

Sm ¼ qlAuSl ð5Þ
Using Eqs. (4) and (5), the intrinsic sorptivity (Si) by mass can be

found as follows [33,112]:

Si ¼ Sm
qlAu

ffiffiffiffiffiffiffiffiffi
c=l

p ð6Þ
2.5. SEM/EDS scans

To observe the microstructure of the cementitious composites
and detect the possible alterations due to the migration of CsI solu-
tion, the modes of secondary electron (SE) and backscattered elec-
tron (BSE) in SEM were used. Moreover, energy-dispersive X-ray
spectroscopy (EDS) test was conducted to enable chemical charac-
terization. This allowed us to explore the liquid transport paths by
tracing Cs and I. A FEI QUANTA 650 FEG device was used with a
voltage of 20 kV and a spot size of 4 nm.
6

Once the sorptivity test to evaluate waterproof of specimens
was finished, small segments at the sorption heights were acquired
to prepare the samples for SEM tests. Then, the segments were
oven-dried at 50 �C for 24 h. For ordinary SEM tests, a platinum
coating was performed to make the tested surfaces electrically
conductive, which as a result produced clear and high-quality
images. For BSE tests, samples were impregnated in epoxy resin
and then polished to get horizontal and smooth surfaces. The pol-
ishing scheme with SiC papers of 400, 800, 1200, 2000, and 4000
grits, each of 2 min, was adopted to control surface roughness of
the samples. After drying and coating, the samples were readily
prepared for BSE tests.
3. Results and discussions

3.1. Mechanical properties

Load-displacement curves of specimens at 28 d for compression
and flexure tests are shown in Fig. 5. Generally, the partial replace-
ment of natural sand with PP was accompanied by reductions in
both strengths [1,17,21,25,26]. More importantly, the addition of
small portions of EVA brought positive changes to the strain pat-
terns. For compressive stresses, Fig. 5a shows that the Ref speci-
men performed linearly within the elastic deformation range,
reaching a maximum-stress strain of 2.2 %, which was the least
among all other specimens. Other specimens, particularly with
EVA, performed differently, showing substantial decreases in the
stress–strain slopes and reaching higher strains within the elastic
region. This pseudo-ductile performance is clearly observed partic-
ularly in the EVA-nS-modified RWP composites, which could be
suitable for many civil engineering applications [113]. The reason
behind this behavior is the elastic nature of the polymeric films
that EVA creates when reacting with water [88,94] (see also
Fig. 3), and probably the more porous microstructure of specimens



Fig. 5. Load-displacement curves of specimens at 28 d and the corresponding peak-fore deformations with comparisons: (a) compression and (b) flexure tests.

Fig. 6. Mechanical properties of specimens at 28 d: compressive and flexural
strengths.
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with EVA (discussed in Section 3.2) that produces more voids for
the cement matrix particles to move in.

The relative changes of the strains at maximum compressive
stresses of specimens are shown in the lower part of Fig. 5a. The
increasing strain pattern is clear in the EVA-engineered specimens.
The relative increase of P10E2, compared with P10, was around
38.6 %, which then raised to 61.5 % when 4 wt% of EVA was added.
Likewise, flexural behavior of specimens with EVA had more
pseudo-ductile performance than Ref and P10, see Fig. 5b. Com-
pared with P10, P10E2 and P10E4 performed considerably well
with 49.8 % and 72.8 % more peak-stress strains than P10, respec-
tively. It is noteworthy that the addition of nS to some extent
increased maximum allowable stresses (as discussed in the follow-
ing paragraph), but also slightly decreased peak- stress strains
compared with specimens with EVA only. From a structural point
of view, those higher elastic strains of the polymer-modified spec-
imens are translated into higher energy absorption before total
failure [21,88], which would increase the scope of applications in
practice.

Fig. 6 shows the compressive and flexural maximum stresses of
specimens at 28 d. Regardless of the additions of EVA and nS, the
cementitious composites with RWP had an average of 12.2 % less
compressive strengths and 15.7 % less flexural strengths compared
with the Ref specimen. This reduction is attributed to the weak
body of plastic aggregates [19,26], which possess higher deforma-
bility than natural sand. When mechanical tests are carried out on
cement-based specimens, components suffer high shear and bear-
ing stresses. Plastic aggregates reach their maximum allowable
stresses first due to their weak body and plastic behavior [114],
which also explain the higher strain at maximum stresses com-
pared with the Ref specimen (Fig. 5a). Note that the increased pore
volume of matrices with RWP could also reduce the overall
mechanical performances [17,21,115], resulting in poorer bonding
between RWPs and the cement matrix. The pore volumes of matri-
ces were observed by l-XCT and discussed in the following section.
The addition of EVA and nS, however, mitigated strength reduc-
tions and showed promising results.

RWP cementitious composites with EVA-nS hybrids showed
increased compressive strength (Fig. 6). The cementitious compos-
ites with 2 % EVA witnessed slight increases in compressive
7

strengths owing to the transition zone effect that EVA created
between RWP and cement matrices [21]. An obvious increase of
nearly 4 % was observed for P10E2N1, which was believed to be
from the densification of microstructures by nS [90,116]. The fur-
ther increase of EVA to 4 % in mixtures with RWP produced more
porous structures, which resulted in inferior compressive
strengths. Compared with P10, P10E4 had about 1.8 % less com-
pressive strength. The addition of nS to the latter mixture densified
the microstructure, but the improvement was negligible. The
undesirable effect of EVA on compressive strength of mixtures
has been refereed to its interconnected layers that builds when
mixed with water, which blocks and affects the growth of hydra-
tion products [29,52].

On the other hand, the figure shows slightly different effects of
EVA and nS on the flexural behavior of RWP cementitious compos-
ites. The effect of EVA (even at higher dosage, 4 %) did not cause
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perceptive damage, nevertheless, the further addition of nS
enhanced the strength-decrease mitigation effect significantly.
For instance, when 2 % of EVA were added, flexural strength of
P10E2 was just above 1 % higher than that of P10. The microstruc-
tural alterations of EVA seemed to bring different effects for flexu-
ral strength than it did for compressive strength, which has been
reported elsewhere [29,117,118]. Although nS could improve flex-
ural strength by densifying cement matrices [99], the effect of high
amount of EVA to reduce strengths prevailed (P10E4). The reason
for this is that high volumes of EVA created thicker foam-like
microstructure that would enable higher deformability but less
rigidity [119].

3.2. Pore structure of specimens

Porosity was investigated by l-XCT. Here, a size of 64,000 mm3

was selected as the region of interest (ROI) for all specimens. 2D
Fig. 7. 2D and 3D l-XCT images of the Ref at the top, and going clockwise for othe
demonstrated in the 3D l-XCT images based on their volumes. Porosities are indicated
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and 3D images and values of porosity of each mixture are shown
in Fig. 7. Each 2D l-XCT image shows five different phases: a) dark
circles that represent isolated pores in the cement matrices with
the lowest X-ray attenuation; b) dark gray polygons that represent
the plastic aggregates, which cannot be seen in the Ref specimen
because it does not have plastic aggregates; c) gray phase that inte-
grally comprises different cement hydrates with indistinguishable
gray values; d) large sand particles shown in relatively bright poly-
gons; and e) small bright dots that represent the unhydrated
cement particles. It is worth noting that the unhydrated cement
particles are tiny and minimal, because all specimens were tested
at the age of 180 d.

For 3D l-XCT demonstrations, the solid phases of one half of
each 3D image were set as transparent, so the pores can be clearly
illustrated with different colors according to their volumes (Fig. 7).
Indeed, the porosity was significantly increased when adding EVA
to the cementitious composites due to its air entraining effect
r specimens in order: P10, P10E2, P10E2N1, P10E4, and P10E4N1. Air voids are
in circles besides each 3D image.
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[29,93]. However, the opposite effect on porosity was noted by
adding nS, owing to forming more CSH gel and filling the small
voids in cement matrices [90,92]. The 3D l-XCT images enabled
the demonstration of the effect of EVA on the polymer-modified
mixtures due to the air-entraining effect through increasing air
voids whose volumes are much less than 1 mm3. These findings
are in line with previous studies [28,33]. The Ref and P10 mixes
had porosities around 5.8 %, which then increased to 7.79 and
8.95 % when adding 2 and 4 wt% EVA, respectively. One can
observe a reduction of around 25 % in porosities when 1 wt% of
nS was added to the EVA-modified cementitious composites. This
testified that nS substantially enhanced the compactness of CBMs.

Fig. 8 provides quantitative pore characteristics of the cementi-
tious composites in terms of mean diameter, sphericity, and com-
pactness [120]. Here, mean diameter is the maximum permissible
diameter of pores, which is given in mm; sphericity is the ratio
between the surface of an ideal sphere (Ashpere) with the same vol-
ume as a pore and the surface of the same pore (Apore), provided by
Ashpere=Apore; while compactness is the ratio between the volume of
a pore (Vpore) and the volume of the corresponding circumscribed
ideal sphere (Vsphere), given by Vpore=Vsphere. Both sphericity and
compactness range from 0 to 1, with 1 representing a pore with
characteristics of a sphere with the same size. Mean size directly
reflects the pore size in statistic manner, while mean sphericity
and compactness characterize the geometry and shape of the pores
[33]. Although EVA increased porosity in the specimens (Fig. 7), it
also decreased pore diameter (Fig. 8). This is more likely referred to
the polymeric network created by the polymerized EVA particles in
cementitious composites. Sphericity did not show significant
changes between the mixtures blended with EVA and those with
nS, however, compactness decreased as EVA content increased.
Due to the different nature of polymers and their interaction mech-
anisms [89], the effects on the cementitious composites in altering
their pore characteristics by EVA are more obvious than nS.
3.3. Waterproof behavior

The resistance of cementitious composites against liquid trans-
port is a major criterion for waterproof property. Typically, mass
sorptivity is an easy approach that provides useful information
Fig. 8. Pore characteristics measured by l-XCT in the specimens: mean diameter
(mm), sphericity, and compactness.
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about liquid transport kinetics. Fig. 9a shows the mass gain in (g)
versus the square root of time in (s0.5) with linear fittings of the
specimens. The best linear fitting lines were plotted to obtain the
initial sorptivity that relies on the slope of these lines [44]. It is
clear that there are two main streams distinguished by the exis-
tence of EVA. Generally, mass accumulated over time at the initial
mass rise was much faster than the later stages, which may be due
to the filling of large capillary pores and/or cavities near the surface
at the very first liquid sorption and the interactions between
cement hydrates and water molecules [40,121,122]. The reduction
rate was more significant in the EVA-modified specimens owing to
the spatially-connected polymer films that enhanced the water-
proof performance of the porous composites (Fig. 3b and c, see also
[33]).

Fig. 9b provides the mass sorptivity for the tested specimens.
The direct incorporation of the PP particles in cementitious com-
posites slightly increased the mass sorptivity from 29.5 to
31.3 mg/s0.5 by 6.01 %. However, when EVA was employed, the
mass sorptivity was substantially decreased from around 30 mg/
s0.5 to nearly 19 mg/s0.5 by at least 35 % (Fig. 9b). While
polymer-modified cement materials may own air-entrainment
characteristic with higher air voids in the matrix (Fig. 7, see also
[123]), the formation of EVA polymer networks can block inter-
connected open channels for water penetration and consequently
decrease the water capillary imbibition in the EVA-modified mor-
tars. To take into account the physical parameters of the CsI solu-
tion (i.e. density, surface tension and dynamic viscosity), the
intrinsic sorptivity was calculated using Eq. (6) and presented in
Fig. 9c. For the CsI of 25 wt%, its density was 1254.4 kg/m3, surface
tension was 76.91 mN/m, and dynamic viscosity was 1:01� 10�3

pa.s, as interpolated from existing values in the literature [124].
These values were unified in Eq. (6) for all mixtures, but the poros-
ity data varied for different specimens. The variations in porosities
within the mixtures was due to the use of nS, as the latter pro-
duced denser specimens. Estimation showed that the intrinsic
water sorptivity was slightly increased by 5 % when PP was directly
recycled as the aggregate in P10 mixture (Fig. 9c). The pore
obstruction effect of EVA drastically decreased the intrinsic perme-
ability by 53 % for P10E2 and by 60 % for P10E4 compared with P10
(Fig. 9c). Note that when nS was incorporated into the mixture by
1 %, the intrinsic permeability surprisingly increased by 26 % and
43 % compared with the EVA-modified composites without nS. This
was because the cementitious composites with nS showed lower
porosity, according to Eq. (6), which would yield a lower intrinsic
water sorptivity for the materials with similar mass sorptivity.

The benefit of using CsI to trace water uptake in porous cemen-
titious composites becomes obvious when generating and process-
ing l-XCT data, in which the increased X-ray attenuation provides
clear and easily-distinguished images. Fig. 10 shows a representa-
tive illustration of processed l-XCT data for P10E2 after being
immersed in CsI solution for 360 min. The invasion process of
the CsI solution is shown in orange in the 3D model in Fig. 10a,
while the rest of the model is in gray. Some particles with the X-
ray attenuation coefficient close to the CsI filling the cement matrix
were also shown in orange. Fig. 10b shows a cross section near the
top surface that is beyond the water penetration fronts. The
attached gray value histogram with four peaks in Fig. 10c enabled
the identification of four main phases: pores at a gray value in the
range of 31–33; PP particles at a gray value range of 50–52; cement
matrix without CsI filling at a gray value in the range of 73–75; and
some natural aggregates at a gray value of 96–98 (Fig. 10c).

Fig. 10d displays a cross section near the water penetration
front of P10E2. Part of the cement matrix became brighter due to
the partial CsI filling, and the intensity of the last peak with the
gray values of 96–98 was drastically increased from 1000 to



Fig. 9. Mass sorptivity results: (a) mass gain of specimens after sorption in CsI solution, (b) mass sorptivity calculated from the slope of the fittings in the mass gain-time0.5

relationship, and (c) intrinsic mass sorptivity (Eq. (6)) after taking into account the liquid properties (i.e. density, surface tension, and viscosity).
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8500 (Fig. 10e). Otherwise, little changes can be found from the
sectional image when compared with Fig. 10b. Finally, Fig. 10f
unveils a cross section of P10E2 fully saturated with CsI solution.
The cement matrix became brighter, and the pores and plastic
aggregates were clearly observed. Analysis on gray value his-
togram indicated that the last peak was greatly raised to 20000,
the third peak (indicating cement hydrates) was substantially
decreased, and the first and second peaks had no significant
changes (Fig. 10g). The changes in gray value histogram of cemen-
titious composites before and after the sorption of a solution with
contrast agent may help better characterize the pores and cement
matrix. Indeed, a previous work suggested that the dyeing of
cement matrix may separate the cement matrix from aggregates,
which would widen the application of XCT [83].

Fig. 11 shows vertical 2D cross-sectional l-XCT images for spec-
imens with CsI penetration over time. The figure consists of six
rows (Ref, P10, P10E2, P10E4, P10E2N1, and P10E4N1) and six col-
umns (45, 90, 180, 270, 360, and 540 min). Each one of the three
cubes of each mixture was used twice in this test, and the sectional
images were acquired based on the clearness and consistency of
the sorption height. Dotted lines were drawn in the XCT images
to demonstrate the liquid migration fronts that can lucidly sepa-
rate the CsI-saturated and unsaturated zones. Clearly, the penetra-
tion heights of the Ref and P10 specimens were higher than those
of the others, reaching more than half of the total height in
540 min. The EVA-modified cementitious composites showed sig-
nificant waterproofing performance, limiting the maximum pene-
tration to less than one-third of the total height. This behavior is
10
referred to the polymeric films that partially block the penetration
paths (connected voids) in the microstructure of the cement
matrix, resulting in higher waterproofing performance. Further
addition of nS into the mixtures with EVA showedminor influences
on the water penetration heights (Fig. 11). The results were consis-
tent with those of mass sorptivity (Fig. 9a).

To qualitatively evaluate the capillary penetration rate from the
l-XCT images shown in Fig. 11, the solution rising height of each
specimen was measured. Five measurements at different locations
were averaged for each image to acquire reliable penetration
heights. Fig. 12 shows the solution penetration rates of the speci-
mens (liquid height to total specimen height) after being immersed
in CsI solution for 45, 90, 180, 270, 360, and 540 min. For instance,
within the first immersion time (45 min), rises of the CsI solution
into the Ref and P10 specimens exceeded 10 % of the total height,
while those were around 8 % and 6 % in the mixtures with 2 % and
4 % EVA, respectively. It could be concluded that the addition of
EVA, even at small portions, could provide easily distinguishable
waterproof behavior against water migration compared with other
specimens [33,125].

The differences between mixtures with and without EVA were
maintained as immersion time increased. Within 45 min, the
polymer-modified cementitious composites were nearly 48 % more
waterproof than Ref and P10, showing crucial improvements dur-
ing the first moments when water gets capillary-absorbed into
the specimens. The relative changes of the liquid uptake height
slightly decreased in 90 min when more water particles filled the
large and near-surface pores and migration paths in the specimens.



Fig. 10. An example of the l-XCT analyses to evaluate water sorption of P10E2 for 360 min: (a) 3D demonstration of the cement matrix (gray) and the penetrated CsI solution
(orange), (b) 2D sectional image near top surface showing no sign of CsI solution and the gray value distribution (c), (d) 2D sectional image showing partial CsI penetration
and the gray value distribution (e), and (f) 2D sectional image near bottom surface showing full CsI penetration and the gray value distribution (g). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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The gap between specimens with EVA and Ref and P10 increased
again as more water particles continued to penetrate filling more
isolated and connected pores. After being immersed for 540 min,
the penetrations in Ref and P10 specimens were around 52 %, while
other polymer-modified cementitious composites barely reached
33 %. These results were in good agreement with those calculated
for mass sorptivity presented in Fig. 9b and c.
Fig. 11. l-XCT profiles of the specimens showing CsI invasion over time: Rows 1 to
6 show the cementitious composites in order of Ref, P10, P10E2, P10E4, P10E2N1,
and P10E2N2. Columns 1 to 6 represent time evolution in order of 45, 90, 180, 270,
360, and 540 min.
3.4. SEM/EDS analyses

The incorporation of organic and inorganic additives in cemen-
titious composites can significantly impact their physical and
chemical characteristics [29,126]. Fig. 13 selectively shows SEM
images of the specimens at different magnifications. In the images,
different phases, i.e., calcium–silicate–hydrate (CSH), ettringite
(AFt), calcium hydroxide (CH), EVA, plastic aggregates, and the
aggregate-matrix interfaces were marked. For the Ref sample,
cement hydration products, such as CSH, CH and AFt, filled inter-
particle gaps, generating relatively dense microstructure
(Fig. 13a). For the mixture with 10 % RWP aggregate (P10), rela-
tively coarse cement matrix was observed, and short fibrous AFt
crystals were found in cavities and/or pores of the sample
(Fig. 13b). Local sites of the higher magnification images of
Fig. 13a and b verify the presence of regular hydration products
in the mortar skeletons. However, the ITZ between the cement
matrix and the plastic particle in P10 witnessed higher growth of
fibrous AFt crystals that may account of weaker bond between
these two components [21]. The more porous cement matrix of
11



A. Al-Mansour, R. Yang, C. Xu et al. Materials & Design 224 (2022) 111338
the P10 sample than that of the Ref sample may account for its
lower strength (Figs. 5 and 6).

Changes in the micro morphologies were clear in the EVA-
modified composites (Fig. 13c and d). EVA reacted with water
and created interconnected polymer films that altered the nucle-
ation and growth of typical cement hydration products (CSH, CH,
and AFt). For instance, AFt needles together with EVA copolymer,
formed a mixture that can fill the interparticle gaps (Fig. 13c). In
the P10E4 sample, EVA agglomerated together to generate polymer
films (Fig. 13d), and shrinkage of the EVA films may induce an
interconnected foam-like structure [127] (see also Fig. 3). The exis-
tence of EVA films around the plastic particles (as shown in the
higher magnification images of P10E2 and P10E4) shows that these
films can partially coat aggregates and to some extent fill the pores
in the ITZs [128]. These films can naturally obstruct the path for
water transport, which greatly develop better waterproofing per-
formance when EVA was mixed in the mixtures (Figs. 9 and 12).
Fig. 12. Penetration rate of specimens as a ratio of the total height after b
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Furthermore, it has been reported that EVA retards cement hydra-
tion due to the partial enclosure of cement grains [129] and con-
sumption of intermolecular bonds due to the reaction between
EVA and CH [29,117]. The addition of nS into the mixtures gener-
ated more CSH gel and longer AFt needles (Fig. 13e and f), probably
owing to the effects of filling and heterogeneous nucleation that
can accelerate cement hydration.

BSE/EDS tests were conducted to trace CsI at different locations
of the specimens (Fig. 14). Here, the results collectively testified
that the contrast enhancement for XCT can be expanded to other
microscopic techniques based on X-ray scans. As an example,
Fig. 14a represents a vertical cross-section of the P10E2N1 speci-
men after being immersed in CsI solution for 360 min. Three
regions of interest (ROI) were selected for further EDS scans
(Fig. 14a): a) ROI-I in the area without liquid penetration, b) ROI-
II on the liquid penetration front, and c) ROI-III in the area fully
penetrated with the CsI solution. EDS line and map scans were per-
eing immersed in CsI solution for 45, 90, 180, 270, 360, and 540 min.



Fig. 13. SEM images of cementitious composites: (a) Ref, (b) P10, (c) P10E2, (d) P10E4, (e) P10E2N1, and (f) P10E4N1.
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formed to monitor the chemical distributions in the selected ROIs.
Calcium (Ca), oxygen (O), silicon (Si), carbon (C), cesium (Cs), and
iodide (I) were specifically detected. Analyses showed that Ca
and O appeared as expected in the cement matrix and sand grains;
Si dominated over sand particles, but was observed in the cement
matrix due to the addition of nS; C showed up primarily over plas-
tic, yet it was detected in the cement matrix owing to the use of
EVA in this mixture (Fig. 14b, c, and d).

For the ROI-II on the CsI solution penetration front, white
blotches that represent the CsI penetrated part of the cement
matrix were observed, because the BSE signals are also propor-
tions to the density of a phase or the atomic number of an ele-
ment [83]. Cs and I were clearly detected in the mapping
analyses as shown in Fig. 14c, due to their high atomic numbers.
In the line scan, because the line started at a penetrated location
(A), high intensities of Cs and I were recorded. Also, the white
blotches were more likely to appear around sand grains, indicat-
ing that the CsI solution tended to penetrate through the weak
aggregates-matrix interface. Similarly, Fig. 14d shows the results
of ROI-III at a fully penetrated area. More white blotches all over
the image were observed, verifying the full penetration of the CsI
solution. Element mapping scans and line analysis evidently
showed the filling of Cs and I in the porous cement matrix. On a
side note, this indicated that heavy elements may also facilitate
to build highly contrast images for BSE and EDS tests [83]. Exten-
sive applications can be envisaged for the detection of porous
phases for liquid penetration.
13
4. Mechanism and further discussion

The experimental results explicitly imply that not only waste
plastics could be recycled seamlessly in CBMs, but they can also
show enhanced durability in terms of pseudo-ductility and water-
proofing performance. Strength reductions may be a common
problem when reusing waste materials, while the implications
and long—term uses of materials with enhanced integrative prop-
erties are diversified in the practical engineering field [1,130],
especially when cost of raw natural materials is a cause of concern.
The continuous improvements within more interconnected
research fields (e.g. materials, environment, physics, etc.) would
lessen the accompanying shortcomings of recycled materials and
finally achieve equivalent properties of that of natural raw
materials.

Fig. 15 shows a schematic illustration of RWP cementitious
composites with and without the hybrid effect of EVA-nS, which
demonstrates the tunned microstructure and liquid transport.
EVA that generated interconnected films and nS particles that
functioned as nanofillers jointly obstruct the channels for water
migration. Hydration starts as cement is mixed with water, where
mainly CSH, CH, and AFt grow in undefined shapes filling most of
the pore spaces that were initially filled with water (Fig. 13). The
remaining unfilled micro- and nano-scale pores function as iso-
lated and connected paths for liquid migration [33].

When liquid transforms through a typical cement matrix
(Fig. 15a1), the inter-particle spaces provide penetration paths



Fig. 14. BSE images and EDS analysis of the P10E2N1 sample at different locations after being immersed in CsI solution for 360 min: (a) ROIs of EDS analysis, (b) EDS results of
ROI-I at the upper part of the specimen, (c) EDS results of ROI-II on the penetration fronts, and (d) EDS results of ROI-III at the bottom part with full CsI penetration.
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allowing for higher penetration fronts as probed by l-XCT in
Fig. 11 (see the schematic illustration in Fig. 15a2). In contrary,
cementitious composites modified with EVA and nS have substan-
Fig. 15. Schematic illustration: (a1) RWP cementitious composite with its compo-
nents and water penetration paths (a2); (b1) EVA-nS modified RWP cementitious
composite with its components and mechanism of blocking water penetration
paths by the hybrid effect of EVA films and nanosilica particles (b2).
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tial high waterproofing performance. The mechanisms work when
EVA is firstly mixed with water and other components. On one
hand, EVA polymers entrain more voids in the cement matrix
[33,88], and seal the channels for water migration. On the other
hand, nS particles fill more spaces in the cement matrix, which
results in densified microstructure that enables more EVA-film
connections (Fig. 3). Here, the hybrid effect of this composite struc-
ture block mass migration (Fig. 15b2) while maintaining high
porosity (Fig. 7).
Fig. 16. Relationship between porosity and sorption ratio of the 540-min water
uptake for all specimens.
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To further explicate the waterproofing performance of typical
and polymer-modified specimens, P10 and P10E4 are compared
with some details. In addition to EVA in P10E4, both composites
consist of cement, sand, RWPs, and water. Based on the porosity
values and sorption ratios (or sorption heights) for 540 min of
specimens (Figs. 7 and 12), significant waterproof effect of EVA
and nS is testified in Fig. 16. For P10, this resulted in �6 % porosity
and �53 % sorption height in 540 min as probed by l-XCT (Figs. 7
and 11). As for P10E4, however, the effect of EVA emulsion can be
seen at the hydration process, where various air voids are
entrapped within the hydrated composites because EVA particles
partially wrapped cement particles and somewhat deprived them
from hydration [93], which resulted in cement-based composite
with higher porosity. At the same time, EVA emulsion created poly-
mer films (as observed in Fig. 3) that to some extent sealed the
connected channels in the porous system of the P10E4 matrix
resulting in blocking liquid migration paths [33,127]. In other
words, waterproofing performance was substantially enhanced
allowing for �32 % of the total height to be penetrated in
540 min while the porosity was �9 %. It is worth noting that nS
particles worked as nanofillers in P10E2N1 and P10E4N1 and
decreased the porosity, which was beneficial for strengths, while
keeping excellent waterproofing performance.

To understand the difference and affecting parameters between
mass sorptivity (Sm) and depth sorptivity (Sl), their results were
correlated using Eq. (5), assuming homogenous pore structures of
specimens. From the penetration heights in Fig. 12 based on l-
XCT images in Fig. 11, Sl was calculated using Eq. (3). Fig. 17 shows
the correlation between Sm and Sl. As expected, positive correla-
tions between both characteristics (Sm and Sl) were observed in
all specimens. Obviously from the slope values, the six different
mixtures could be categorized in three main groups: Ref&P10,
P10E2&P10E4, and P10E2N1&P10E4N1, which could also be noted
from the changes occurred to the porosity between specimens (see
Fig. 7). Given the ability of polymers and nS to improve water-
proofing performance [94,131] and alter microstructures, one can
notice that at any value of mass sorptivity, say 0.02 g/s0.5, the depth
sorptivity can vary remarkably, where it could be at an average of
0.077 mm/s0.5 for P10E2&P10E4 and 0.11 mm/s0.5 for Ref&P10. This
shows how noteworthy the alterations to the microstructures of
polymer-modified cementitious composites are even at small
quantities compared with typical specimens. These observations,
therefore, shed more light on how related parameters could affect
waterproofing performance directly or inversely.
Fig. 17. Correlation between mass sorptivity (Sm) from Eq. (5) and depth sorptivity
(Sl) from Eq. (3) with penetration height calculated in Fig. 12 from l-XCT images.

15
5. Concluding remarks

In this work, recyclability of RWP in cementitious materials was
enhanced by using 2–4 % EVA and 1 % nS that led to better compat-
ibility between the plastic aggregates and the cement matrix. In
particular, waterproof performance of the EVA-nS-engineered
RWP cementitious composites was thoroughly assessed by a
non-destructive l-XCT test with the contrast enhancing agent of
CsI. In addition, the microstructure of the cementitious composites
was tested by comprehensive techniques (SEM/BSE and EDS). The
following concluding remarks of this research can be drawn:

� The EVA-nS hybrids enabled recyclability enhancement of
RWPs in cementitious composites showing improved pseudo-
ductility and mitigated strength reductions (�4% and over 2 %
in compressive and flexural strengths, respectively).

� The polymerized EVA particles can greatly affect the
microstructure of cementitious composites resulting in higher
porosities. In contrast, 25 % reduction in porosities was
observed when nS was implemented in the mixtures owing to
the nanofilling effect.

� Significant improvements in waterproof performance were
detected for the EVA-nS hybrid cementitious composites. Aver-
age sorptivity reductions by over 50 % were recorded. The effect
of nS on the sorptivity reductions was not significant compared
with EVA.

� EVA formed polymers in cement matrix, affecting the main
cement hydration products (i.e. CSH, CH, and AFt). The poly-
meric EVA films obstructed the connected channels in the spec-
imens, which resulted in significantly higher waterproofing
performance.

In addition to mitigating strengths of RWP cementitious com-
posites by EVA-nS hybrids, this work affirms substantial improve-
ment of waterproofing performance of RWP cementitious
composites. Moreover, specific transport mechanisms and engi-
neering parameters are yet to be extensively elaborated in future
work taking advantage of contrast-enhancement agents (e.g. CsI)
and the accessibility to l-XCT, SEM/BSE, and EDS techniques.
Going beyond this, the findings would pave a path toward design
and fabrication of organic–inorganic composites for large scale
engineering applications.
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[13] S. Akçaözoğlu, he effect of elevated temperature on the lightweight concrete
containing waste PET aggregate, Int. J. Bus. Technol. 6 (3) (2018).

[14] A. Cabanes, F.J. Valdés, A. Fullana, A review on VOCs from recycled plastics,
Sustainable Mater. Technol. 25 (2020) e00179.

[15] N. Saikia, J. de Brito, Use of plastic waste as aggregate in cement mortar and
concrete preparation: a review, Constr. Build. Mater. 34 (2012) 385–401.

[16] F.V.W. Appels et al., Fabrication factors influencing mechanical, moisture-
and water-related properties of mycelium-based composites, Mater. Des. 161
(2019) 64–71.

[17] H.M. Adnan, A.O. Dawood, Recycling of plastic box waste in the concrete
mixture as a percentage of fine aggregate, Constr. Build. Mater. 284 (2021)
122666.

[18] A. Al-Mansour et al., Green concrete: by-products utilization and advanced
approaches, Sustainability 11 (19) (2019) 5145.

[19] S.N. Shah et al., Lightweight foamed concrete as a promising avenue for
incorporating waste materials: a review, Resour. Conserv. Recycl. 164 (2021)
105103.

[20] A. Aattache, Properties and durability of partially replaced cement-based
composite mortars co-using powders of a nanosilica superplasticiser and
finely ground plastic waste, J Build. Eng. 51 (2022) 104257.

[21] A. Al-Mansour et al., Sustainable cement mortar with recycled plastics
enabled by the matrix-aggregate compatibility improvement, Constr. Build.
Mater. 318 (2022) 125994.

[22] N. Dulsang et al., Characterization of an environment friendly lightweight
concrete containing ethyl vinyl acetate waste, Mater. Des. 96 (2016) 350–
356.

[23] J. Thorneycroft et al., Performance of structural concrete with recycled plastic
waste as a partial replacement for sand, Constr. Build. Mater. 161 (2018) 63–
69.

[24] R.H. Faraj, A.F.H. Sherwani, A. Daraei, Mechanical, fracture and durability
properties of self-compacting high strength concrete containing recycled
polypropylene plastic particles, J Build. Eng. 25 (2019) 100808.

[25] S.S. Ali et al., Degradation of conventional plastic wastes in the environment.
A review on current status of knowledge and future perspectives of disposal,
Sci. Total Environ. (2021) 144719.

[26] F.K. Alqahtani, I. Zafar, Plastic-based sustainable synthetic aggregate in Green
Lightweight concrete – a review, Constr. Build. Mater. 292 (2021) 123321.

[27] R.K. Dhir, P.C. Hewlett, Y.N. Chan, Near surface characteristics of concrete:
intrinsic permeability, Mag. Concr. Res. 41 (147) (1989) 87–97.
16
[28] H. Li et al., Influence of defoaming agents on mechanical performances and
pore characteristics of Portland cement paste/mortar in presence of EVA
dispersible powder, J Build. Eng. 41 (2021) 102780.

[29] G. Liang et al., Synergistic effect of EVA, TEA and C-S-Hs-PCE on the hydration
process and mechanical properties of Portland cement paste at early age,
Constr. Build. Mater. 272 (2021) 121891.

[30] N.M. Sigvardsen, M.R. Geiker, L.M. Ottosen, Reaction mechanisms of wood ash
for use as a partial cement replacement, Constr. Build. Mater. 286 (2021)
122889.

[31] N.M. Sigvardsen, M.R. Geiker, L.M. Ottosen, Phase development and
mechanical response of low-level cement replacements with wood ash and
washed wood ash, Constr. Build. Mater. 269 (2021) 121234.

[32] Z. Shi et al., Synthesis of alkali-silica reaction product structurally identical to
that formed in field concrete, Mater. Des. 190 (2020) 108562.

[33] Y. Peng et al., In-situ assessment of the water-penetration resistance of
polymer modified cement mortars by l-XCT, SEM and EDS, Cem. Concr.
Compos. 114 (2020) 103821.

[34] M. Nofar, R. Salehiyan, S.S. Ray, Influence of nanoparticles and their selective
localization on the structure and properties of polylactide-based blend
nanocomposites, Compos. B Eng. 215 (2021) 108845.

[35] C. Nunes et al., Microstructure of lime and lime-pozzolana pastes with
nanosilica, Cem. Concr. Res. 83 (2016) 152–163.

[36] B. Cantero et al., Water transport and shrinkage in concrete made with
ground recycled concrete-additioned cement and mixed recycled aggregate,
Cem. Concr. Compos. 118 (2021) 103957.

[37] C. Hall, Capillary imbibition in cement-based materials with time-dependent
permeability, Cem. Concr. Res. 124 (2019) 105835.

[38] F. Ren et al., Quantifying the anomalous water absorption behavior of cement
mortar in view of its physical sensitivity to water, Cem. Concr. Res. 143
(2021) 106395.

[39] C. Hall, Water movement in porous building materials—I. Unsaturated flow
theory and its applications, Build. Environ. 12 (2) (1977) 117–125.

[40] B. Aïssoun, K. Khayat, J.L. Gallias, Variations of sorptivity with rheological
properties of concrete cover in self-consolidating concrete, Constr. Build.
Mater. 113 (2016) 113–120.

[41] C. Hall, Water sorptivity of mortars and concretes: a review, Mag. Concr. Res.
41 (147) (1989) 51–61.

[42] D. Vafaei et al., Sorptivity and mechanical properties of fiber-reinforced
concrete made with seawater and dredged sea-sand, Constr. Build. Mater.
270 (2021) 121436.

[43] S. Kelham, A water absorption test for concrete, Mag. Concr. Res. 40 (143)
(1988) 106–110.

[44] ASTM C1585/C1585M-13, Standard Test Method for Measurement of Rate of
Absorption of Water by Hydraulic-Cement Concretes, ASTM International,
West Conshohocken, PA, 2013, www.astm.org.

[45] BS, E.N., Steel Tubes and Fittings for Onshore and Offshore Pipelines - External
Liquid Applied Polyurethane and Polyurethane-modified Coatings, 2002, p.
1–48.

[46] N.S. Martys, C.F. Ferraris, Capillary transport in mortars and concrete, Cem.
Concr. Res. 27 (5) (1997) 747–760.

[47] H. Baji et al., Analytical models for effective hydraulic sorptivity, diffusivity
and conductivity of concrete with interfacial transition zone, Constr. Build.
Mater. 225 (2019) 555–568.
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