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ARTICLE INFO ABSTRACT

Keywords: Anti-water-penetration techniques are important to raise the durability of cement-based materials (CBMs). Here
Anti-penetration the water penetration resistances of cement mortars with ethylene-vinyl acetate copolymer (EVA) and styrene
Polymers butadiene rubber (SBR) were in-situ and non-destructively probed by micro-focus X-ray computed tomography
ﬁir:r};:t:ifs:d tomography (p-XCT). Caesium Chloride (CsCl) was mixed in water to enhance the contrast gradients of y-XCT images. SEM

and EDS tests were provided to assess the mortar microstructure changes induced by water penetration. Results
show that the CsCl enhancement helps trace the water penetration fronts, while exerting minor influences on the
water penetration kinetics. The polymers can greatly raise the resistance against the water penetration into the
cement mortars. The pore blocking induced by the formation of polymer films on the surfaces of cement grains
and aggregates may account for the enhanced water-penetration resistance. The findings of this work provide a
new method to track the water penetration in CBMs by p-XCT and deepen the knowledge in the anti-water

mechanisms of polymer-modified cement materials.

1. Introduction

Materials based on ordinary Portland cement (OPC) (or cement-
based materials, CBMs) have been massively used in constructions and
infrastructures since the invention of OPC in the eighteenth century [1].
Though OPC concrete shows many advantages (e.g., low costs, high
compressive strengths, wide resources and versatilities in fabrication
and casting), its durability problems attract increasingly raised atten-
tions nowadays because most of concrete constructions are facing or will
face performance deteriorations [2]. Many factors, including material
components, curing schemes and temperature, hazard species, harsh
environments, and external loads, can affect concrete durability [3-7].
Most durability problems or performance degradations, somehow, show
connections to the migration of harmful species, like chloride ions, into
concrete material matrix, which leads to complex physico-chemical
processes, such as the phase transformation, decomposition of min-
erals and microstructure degradation [8,9]. In CBMs, water is not only
an indispensable reactant for cement hydration, but also an essential
carrier of various aggressive agents. Indeed, water participates in almost
all processes of decomposition and deterioration in CBMs [10]. There-
fore, the understanding of the water permeating capacities and routes is
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vitally important to assess the durability of CBMs [11-13].

Normally, water penetration in and through a porous material
mainly relies on the pore network, which can be characterized by several
pore parameters, e.g., total open porosity, pore size distribution and
pore connectivity [14-16]. The improvement of the pore characteristics
has been recognized as an effective way to enhance the
water-penetration resistance of CBMs. Following this regime, thin
inorganic particles are generally incorporated into cementitious system
to refine the pore structure of CBMs. Micro inorganic particles (e.g.,
silica fume, fly ash, ground slag and micro limestone powder) can
physically act as the micro fillers to fill the inter-particle spaces and/or
chemically react with the hydration products to eliminate the pores.
These actions would make the microstructure of CBMs denser, and as a
consequence, the water permeability can be depressed [17-24].

Recently, organic additives play the continually raised roles in tun-
ing the performance of CBMs. Polymers, in the form of either latex or re-
dispersible powder, when added into cement paste, show promising
potentials in the controls of flexural strength, flexibility and adhesion, as
well as the resistance against water penetration [25-28]. For example,
acrylic polymers modified cementitious coatings can reduce the water
content of concrete under wet conditions, as well as slow down the
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chloride penetration in concrete [29]. Cellulose ether can decrease the
water permeability by plugging part of the cement porosity [30].

Ethylene-vinyl acetate copolymer (EVA) and styrene butadiene
rubber (SBR) may be two of the most widely used polymers to tune the
microstructure and durability performance of CBMs. Experimental
studies testified that SBR and EVA can not only improve the CBMs’
workability, but also improve the resistance against chloride diffusion
and water absorption by refining pore structure [31,32]. It was reported
that a 15% addition of SBR or EVA in CBMs can substantially decrease
the chloride penetration rate under harsh cyclic wetting-drying loads
[33]. The incorporation of SBR into calcium aluminate cement can also
reduce the open porosity and drastically lower the water absorption,
suggesting the high compatibility between polymers and different
binders [34]. These performance modifications rely mostly on the for-
mation of polymer film networks and the interactions between the film
and cement particles (and other particles) [35-37]. Our recent work
suggested that EVA and SBR, by forming polymer films on the
un-reacted cement particles and hydration products, can dramatically
retard the cement hydration through depressing the dissolution of the
silicate and aluminate minerals, resulting in the increases of Ca/Si ratios
in the products layer and the decrease of the CH content [38].

While documents on the anti-penetration of polymer-modified
cement materials (PMCMs) are expanding, the underlined mecha-
nisms, however, remain far from being fully understood. A vital chal-
lenge comes from the lack of the techniques that can in-situ probe the
water penetration/permeation paths and fronts in CBMs. Conventional
tests, e.g., the pressurized water penetration test [39-41] and the mass
gain (or height rise) test [42,43], only provide some macro quantities to
assess the transport properties of CBMs in statistical manners. For better
understanding the water penetration/permeation in CBMs with spatial
information, tomographic techniques have been developed, such as,
electric tomography [44,45], y-ray radiography [46,47], neutron radi-
ography [48,49], low flied nuclear magnetic resonance (LF-NMR) [50,
51] and nano-or micro-focused X-ray computed tomography
(Nano-XCT/p-XCT) [52,53]. Among these testing techniques, the
neutron radiography can provide the high contrast images of concrete
with water migration because neutron signals are sensitive to hydrogen.
However, the light sources of neutrons are not available in most concrete
research laboratories. LF-NMR measurement is sensitive to water but
may be hard to detect the solid phases in CBMs.

p-XCT has attracted the increasingly raised attention in the field of
concrete science and engineering because of its non-destructiveness,
ease of use, and non-pretreatment of samples. With those features,
p-XCT has been widely used to characterize the microstructure of CBMs
with/without environmental actions [54-58]. For instance, p-XCT was
applied to evaluate the pore tortuosity of CBMs [59,60], an important
pore parameter affecting the permeability and permeation paths of
fluids in CBMs [61,62]. However, the direct uses of p-XCT to investigate
the water (and other liquids) penetration in CBMs are shapely limited
because pure water has little impact on X-ray attenuation when X-ray
beams penetrate through a water filled porous specimen. To enhance the
signals of X-ray attenuation provided by the water penetration, complex
algorithms may be required to separate the water-filled phase in p-XCT
images [63].

An alternative way to overcome the difficulties in the acquisition of
highly contrast p-XCT images is to use some agents with high X-ray at-
tenuations, e.g., Caesium (Cs), Iodine (I), Bromine (Br) and Mercury
(Hg) [53,64]). Caesium Chloride (CsCl) may be a preferable agent for
tracing the water penetration in porous materials, because it has high
X-ray attenuation and is soluble to water and other liquids (e.g., ethanol
and methanol) [65].

Inspired by these evidences, here we used a p-XCT technique with the
X-ray attenuation enhancements by a CsCl solution to track the water
penetration fronts in cement mortars modified by EVA and SBR. Ponding
tests were performed on the PMCMs for the penetration of the CsCl so-
lution. Scanning electron microscopy (SEM) and energy-dispersive X-ray
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spectroscopy (EDS) tests were conducted to measure the microstructure
and element alterations caused by the invasion of the CsCl solution.
Profound discussions were presented to explore the interactions be-
tween the polymers and the cement grains/aggregates and their impacts
on the water penetrations. The obtained results help explore the anti-
water penetration mechanisms of PMCMs.

2. Materials and methods
2.1. Materials and preparation of specimens

A Chinese P-II Portland cement (PII 52.5) was used as the only
binder, and its physical properties, chemical composition and main
minerals are listed in Table 1. Quartz sands conforming to the Chinese
standard GSB 08-1337-2018 were used as the aggregate.

Two kinds of re-dispersible polymer powders, ethylene-vinyl acetate
copolymer (EVA) and styrene butadiene rubber (SBR), were used to
prepare the PMCM specimens. The physico-chemical properties of the
EVA and SBR are listed in Table 2. The polymers show the similar values
of glass temperature and contents of solid and ash, but the different
values of particle size, density and lowest film-formation temperature.

Practically, the production of re-dispersible polymer powders con-
sists of: (1) the preparation of the parent polymer emulsion, and (2) the
spray drying of the emulsion. To prevent the polymer particles from
coalescence during the spray drying, hydrophilic protective colloids and
anti-caking agents are added to the emulsions. Here a polyvinyl alcohol
was adopted as the colloidal stabilizer for both polymers; and micro
calcium carbonate and kaolin were used as the anti-caking agent of SBR
and EVA, respectively. Fig. 1 shows the micro morphology of raw
polymer powders and the element distributions of local polymer parti-
cles and anti-caking agent determined by EDS. Backscattered electron
(BSE) image mode was used to identify different phases (Fig. 1A and B).
The gray ball-like particles are polymer particles and the white grains
are micro calcium carbonate or kaolin particles (see the EDS results in
Fig. 1C).

Mortar specimens were prepared with a constant water-to-cement
(w/c, wt%) ratio of 0.5, sand-to-cement (s/c, wt%) ratio of 3.0 and
polymer-to-cement (p/c, wt%) ratio of 0.1. After a normal mixing pro-
cess, the fresh mortar slurries were casted into steel moulds with the
dimensions of 40 x 40 x 160 mm?. Mortar prisms with a primary curing
for 24 h were demoulded and removed into a chamber in temperature of
20 + 2 °C and relative humidity of 90% for further curing to 28 d.

2.2. Formation of polymer film

The film formation process of the pure polymer emulsions on glass
surfaces was investigated, because this process would be a main factor
that influences the performance of PMCMs. This test also helps under-
stand the formation of polymer films in mortar matrix and their impacts
on mortar microstructure. The experiment procedures and main results
are shown in Fig. 2. First, the polymer powders were mixed with distilled

Table 1
Chemical compositions and physical properties of the cement.

Physical properties of cement Chemical Mineral
compositions of compositions of
cement/% clinker/%

Fineness 80/% 1.7 SiOy 21.89 CsS 57.34

Specific surface area mz/kg 346 Al,O3 4.18 CaS 18.90

Standard consistency/% 24 Fe,03 3.45 C4AF 11.25

Soundness/mm 0.5 CaO 62.03 C3A 6.47

Initial setting time/min 169 MgO 2.57 Others  6.04

Final setting time/min 253 SO3 2.93

Flexural strength (3d)/MPa 4.0 f-CaO 0.93

Compressive strength (3d)/MPa 25.1 NazOeq 0.57

Loss on ignition/(%) 1.71 cl 0.01
Others 1.44
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Table 2
Physico-chemical properties of the EVA and SBR.
Polymer  Solid content/ Ash content at 600 Average particle size/  Density/g. Lowest film formation Glass temperature/ Protective
% °C/% pm em™® temperature/°C °C colloid
EVA 99+ 1 1142 3.10 1.3 4 15 polyvinyl
alcohol
SBR 99 +1 12+ 2 2.46 0.91 8 15 polyvinyl
alcohol
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Fig. 1. Micro morphology of SBR (A) and EVA (B) as received: BSE images showing the different gray levels between the polymer particles and anti-caking agents
(left panels); (C) EDS data at different positions showing different element distributions (middle and right panels).

water to prepare the homogeneously distributed polymer suspensions.
The prepared suspensions are like opaque milk (Fig. 2A). Then a drop of
each suspension was dripped on a glass slide and exposed to the air at
room temperature. After the water was evaporated, the dried polymer
emulsions were achieved (Fig. 2B). SEM tests were performed on the
dried polymer emulsions. High-magnification SEM images show the
polymer films formed by the coalescence of the polymer particles with
the sizes of 150-200 nm for SBR (Figs. 2C) and 800-1000 nm for EVA
(Fig. 2D), respectively.

2.3. Specimens for strength and ponding tests

At the curing ages of 1, 3, 7 and 28 d, the compressive and flexural
tests of the mortars were conducted according to Chinese standard GB/T
17671-2005. Three data of each material were averaged to obtain the
reliable strength.

The mortar cubes with the dimensions of 20 x 20 x 20 mm?® (Fig. 3A)
were cut by an Abrasi-Met 250 manual cutter for ponding tests. The
cubes were oven-dried for 48 h at 40 °C to reduce the microstructure
alterations induced by drying. The pre-dried mortar cubes were then
coated with an epoxy resin to control the water penetration direction.
Specifically, five faces of each cubic specimen were sealed by the epoxy
resin, and only one face was open for water migration (Fig. 3B). After the
hardening of the surface epoxy resin, the reference (Ref.), SBR and EVA
mortar cubes were immersed in a CsCl solution (30 wt%) for the ponding
tests. During the tests, the un-sealed surface of each specimen was al-
ways kept upward, so the CsCl solution could invade the open space of
the mortars from top to bottom. The immersion depth (distance to the
water surface) was 10 mm (Fig. 3C).

2.4. Mass gain

To determine if the presence of CsCl in water affects the penetration
dynamics of cement mortars, two sets of cubic mortar specimens were
prepared and immersed in pure water and in the CsCl solution for mass
gain tests in parallel. The mass gain of each cubic mortar during the
ponding test was quantitatively measured by a balance (with the accu-
racy of 0.1%). The mass gain of water (Aw) was calculated by comparing
the current mass (w;) to the pre-dried one (wy) as follows:

Aw =" 100%
Wo

@

Generally, the depth (AL) or mass (Aw) of spontaneous absorption in
porous materials is governed by the Lucas-Washburn (LW) equation
[66]:

AL=S\/t or Aw = S,,\/t 2
where S; (m/so's) andS;, (g/sO'S) are the depth sorptivity and mass
sorptivity, respectively, which both characterize the liquid penetration
rates.

If a material has a homogenously distributed pore structure, the mass
sorptivity can be uniquely related to the depth sorptivity by S, =
PADS;, where pyis the liquid density (g/m®>), A is the sorption area (m?),
@ is the porosity of the specimen (%). Both the mass and depth sorp-
tivities of a porous material are associated with the material pore
structure and the physical properties of the sorption liquid. So, the
intrinsic sorptivity were introduced to avoid the influences of the liquid
properties, which is given by Ref. [66]:
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Fig. 2. (A) Preparation of polymer emulsion suspensions; (B) drops of SBR and EVA suspensions on a glass slide (1) and the formed films after drying (2); SEM images

of (C) SBR and (D) EVA films.
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where y and p are the surface tension (N/m) and dynamic viscosity (Pa-s)
of the liquid.

3

2.5. X-ray computed tomography

p-XCT scans were conducted on each mortar cube before immersion
and at the immersion time of 10, 20, 40,70, 190 and 310 min immedi-
ately after the mass measurement. The device of XTH255/320 LC
(Nikon, Japan) equipped with a high-resolution detector (2000 x 2000
pixels) was used to acquire the X-ray transmission projections at the
accelerating voltage of 120 kV and the beam current of 80 pA. Before
each p-XCT test, a cubic mortar specimen was attached on the sample
holder frame with the distances to the X-ray sources of 70.4 mm and to
the detector of 940.4 mm (Fig. 3D). A Cu filter with the thickness of 0.25
mm was applied between the X-ray source and the sample.

When p-XCT test began, the cubic mortar specimen rotated evenly by
360°, and X-ray beams penetrated through the specimen and the
attenuated X-ray signals were recorded by the detector at different po-
sitions and time (Fig. 3D). The X-ray transmission projections at
different angles can be used to for 3D microstructure computation
(Fig. 3E). In this work, the exposing time for each projection was 0.5 s,
and totally, 2500 projections were generated for completing the scans of
a sample.

The huge raw projections dataset of each sample (18.6 GB) was then
loaded into the CTPro software based on back-projection algorithms to
generate numerous gray images before further analysis (Fig. 3F). The
beam hardening, noise as well as ring artifacts were manually

controlled. The massive image sets were then loaded in the software of
VG Studio MAX 3.1 for microstructure analysis (Fig. 3G). The voxel size
of the p-XCT tests was 15.1 pm.

In p-XCT tests, phases with different X-ray (mass) attenuation co-
efficients, X(M)ACs, are projected in the images with different gray
values. Generally, a phase with the higher density also shows the higher
X-ray attenuation, which leads to the lighter color (or the higher gray
value) of the phase in the p-XCT image. It is therefore easy to identify the
phase by reading the gray value distributions of the p-XCT image. For
the p-XCT images of ordinary CBMs, the bright and dark areas, respec-
tively, represent the phases of high density (e.g., unhydrated cement
particles or some high-density additives) and low density (e.g., pores)
[671.

For compounds, the XAC can be calculated by the mixing rule [68]:

XAC=") wi(XAC), @

where w is the weight fraction with the subscript i representing the ith
component.

The XMACs of some elements, minerals and compounds in CBMs
were selectively displayed between 40-120 KeV according to the X-ray
energy provided by the X-CT equipment (Fig. 4A and B). The Cu filter
attached on the X-ray source tube may filter the low energy X-rays, so
the X-rays with the energy over 40 KeV were kept to penetrate the
specimens. When evaluating the XMACs of calcium-silicate-hydrate
(CSH), the chemical formula of 1.7Ca0-SiO,-2H,0 was adopted. It is
clearly shown in Fig. 4A and B that, normally, XMACs are proportional
to average atomic number and decrease with photon energy. Clearly,
CsCl has the highest XMACs, and as a consequence, can greatly enhance
the X-ray attenuation of water with CsCl. It is noteworthy that hydrogen
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Fig. 3. Schematic diagram of testing procedures: (A) fabrication of cubic PMCM specimens (with the edge length of 20 mm); (B) epoxy coating of the side and bottom
surfaces leaving the top surface open for water migration; (C) in-situ picture of a ponding test; (D) p-XCT scans; (E) acquisition of X-ray projections; (F) 3D

reconstruction; and (G) phase segmentation and analysis.

shows the higher mass attenuation then that of oxygen between 40 and
120 keV owing to the higher incoherent scattering of hydrogen [68].

2.6. SEM/EDS analysis

Scanning electron microscopy (SEM) in the modes of Secondary
Electron (SE) and Backscattered Electron (BSE) was applied to measure
the microstructure of the mortars after the ponding tests. SE images
provide the fracture surface morphology of materials and BSE images
provide the compositional information. BSE image analysis requires a
relatively complex sample preparation process, consisting of hydration
stopping, drying, cutting, epoxy impregnation, grounding and polishing
by abrasive papers with various fineness and diamond suspensions in
sub-micro size [69]. Energy dispersive X-ray spectroscopy (EDS), that
enables the chemical characterization of CBMs’ microstructure [38,70],
was applied to probe the chemical changes in the mortars caused by the
liquid penetration.

For the SE imaging tests, the prism samples were crushed and the

inner parts were immersed in absolute ethyl alcohol for 7 d to remove
the water confined in the mortars, then the samples were oven-dried at
40 °C for 8 h to evaporate the water-alcohol liquid. The dried samples
were coated with platinum to improve the conductivity. For the BSE and
EDS tests, the cubic mortars were oven-dried at 40 °C for 24 h once the
last X-ray scans completed, and impregnated with a quick-hardening
and highly floodable epoxy resin in a cylindrical mould. Later, the so-
lidified resin-covered samples were ground and polished by various
grades of sand papers and diamond suspensions with the diamond
particle sizes down to 50 nm. After a short carbon coating, the smooth
and flat samples were readily prepared for the BSE and EDS tests.

A device of FEI QUANTA FEG 650 ESEM was applied with the
voltage of 15 kV and spot size of 3.0 nm for acquiring the SE and BSE
images. EDS spectra were tested at the voltage of 20 kV and spot size of
4.0 nm.
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Fig. 4. X-ray mass attenuation coefficients of different elements (A) and compounds (B) that may exist in cement versus photon energy range from 40 keV to 120

keV [68].
3. Results and discussions
3.1. Material strengths

Mortars with 10 wt% SBR or EVA were tested at 1, 3, 7 and 28 d to
evaluate the compressive and flexural strengths (Fig. 5). Obviously, the
addition of either SBR or EVA in cement mortar can drastically decrease
the compressive and flexural strengths of PMCMs. At 1 d, the
compressive strength decreases from 16.6 MPa for the reference mortar
to 12.1 MPa (73.5%) for the SBR mortar, and to 10.4 MPa (62.7%) for
the EVA mortar (Fig. 5A and B). While the compressive strength rises
substantially with curing age, SBR and EVA always show the adverse
effects. Specifically, the relative compressive strengths of the SBR
mortar to the reference mortar is 70.4%, and that of the EVA mortar to
the reference mortar is 62.9% (Fig. 5B).

Similar to the data of compressive strength, the flexural strength
increases with curing age and decreases with the addition of the poly-
mers into the cement matrix (Fig. 5C and D). The rising rate of flexural
strength seems to be slower than that of compressive strength after 3
d (Fig. 5C). Furthermore, the adverse effects on the flexural strength are
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much lighter than those on the compressive strength. At 28 d, the flex-
ural strengths of both the SBR and EVA modified mortars are
approaching 85% of the reference mortar (Fig. 5D). Similar trends on the
strength development induced by the incorporation of polymers into
CBMs have been reported elsewhere [71]. The adverse effects of the
polymers on both compressive and flexural strengths are caused by the
formation of a microstructure with more non-connected porosity
showing weaker interactions between aggregates and cement matrices
(see section 4 for profound discussion).

3.2. Mass gain and sorptivity

Fig. 6A shows the mass gains of the mortars versus the square root of
the immersing time. Clearly, the EVA and SBR mortars show much lower
mass gains than the reference mortar during the liquid penetrations. The
calculated mass sorptivity (identical to the slope of the Aw-t>° plot) is
shown in Fig. 6B. The mass sorptivity of the mortars to the CsCl solution
is systematically higher than that to the pure water. This is indeed
caused by the alterations in the physical properties (density, surface
tension and dynamic viscosity) of water by the addition of CsCl. The mix
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Fig. 5. The compressive strength (A), relative compressive strength (B), flexural strength (C) and relative flexural strength (D) of the reference mortar and PMCMs.
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Fig. 6. (A) Mass gain of the cement mortars immersed in pure water and CsCl solution and the linear fittings of Aw-t*°, (B) the mass sorptivity (slope of the fittings in

(B)), and (C) the intrinsic sorptivity after the corrections in density, surface tension and dynamic viscosity (Eq. (3)).

of water with CsCl will increase the density and surface tension of the [73], respectively.
liquid but decrease the dynamic viscosity [72]. At the concentration of After the corrections in density, surface tension and dynamic vis-
30 wt%, the density, surface tension and dynamic viscosity of the CsCl cosity, the intrinsic sorptivity was evaluated (Fig. 6C). It shows the

solution are 1213 (kg/ms), 75.57 (mN/m) [72] and 1.162E-3 (Pa-s) similar intrinsic sorptivities between the mortars absorbing the pure
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Fig. 7. p-XCT images of the reference (top), EVA (middle) and SBR (bottom) mortars (left: 2D images, middle: 3D images, right: pores in different sizes after

segmentation) (the scale bars represent 4.0 mm).
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water and those absorbing the CsCl solution. Similar findings were re-
ported in a recent study by molecular dynamic simulations [74], which
demonstrated the superimposed capillary imbibition profiles of water
and CsCl solutions in a porous C-S-H phase. The intrinsic sorptivity of
the reference mortar is around 1 x 10~° m®%, with the addition of EVA
and SBR, it reduces by 55% and 70%, respectively (Fig. 6C). The results
tell that both EVA and SBR can greatly improve the resistances against
water penetration in the ponding tests. This is due to the microstructure
modifications provided by the polymers and their interactions with the
cement hydrates and aggregates.

3.3. Pore structure characteristics by u-XCT

The effects of EVA and SBR on the pore structure of mortars were
investigated by p-XCT. Fig. 7 shows the selected 2D, 3D and pore phase
images of each mortar, where the size of the region of interest (Rol) is
3375 mm?®. The light phases in the 2D and 3D p-XCT images represent
the detectable unhydrated cement particles with the higher X-ray
attenuation, and the dark circles denote the air voids and/or pores iso-
lated in the mortar matrices with the lower X-ray attenuation (Fig. 4b). It
is obvious that the PMCMs contain more pores than the reference mortar
(Fig. 7). The air voids are heterogeneously entrained in the reference
mortar matrix (Fig. 7(top-right)). While increasing the air content, EVA
seems to enhance the spatial heterogeneity of the air voids (Fig. 7
(middle-right)). The blend of 10% SBR promotes both the content and
size of the air voids (Fig. 7(bottom-right)).

It is difficult to single out the sand grains from the cement pastes
with/without the polymers, because they show the similar gray values.
Therefore, the sand grains and pastes were integrally treated as the solid
skeleton in the p-XCT analysis. Indeed, when reading the gray value
histograms (GVHs) of the mortars in a volume of interest (Vol), one can
find dual peaks: the first peak with the lower gray values captures the air
voids/pores, and the second peak with the higher gray values denotes
the solid skeleton (Fig. 8A). Because of the limited content of the
unhydrated cement particles, it is rather difficult to form a peak in the
GVHs (Fig. 8B).

To quantify the pore structure changes caused by the polymers, some
characteristic pore parameters (i.e., total porosity, pore number, pore
diameter, sphericity and compactness) were statistically analyzed based
on the pore data from the p-XCT tests. Here, the total porosity only
counts the pores larger than 8 voxels (27543 um®). Sphericity is defined
as the ratio between the surface area of an ideal sphere (Agpn) and that of
a pore (Ap) with the same volume (sphericity = Aspn/Ap). Compactness is
expressed as the ratio between the volume of a pore (V},) and that of its
circumscribed sphere (Vsph) (compactness = V,/Vgpn). Values of both the
sphericity and compactness are between 0 and 1, measuring the extents
by which a pore body deviates from an ideal sphere. The higher is the
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sphericity (or compactness), the closer are the pores to the ideal spheres.

Fig. 9 shows the selected pore parameters of the mortars. The
porosity of the reference mortar is 4.33%, greatly lower than that of the
cement mortar with the same w/c ratio determined by other poros-
imetries (e.g., mercury intrusion porosimetry, gas sorption and NMR
[75,76]) due to the limited pore sizes detected by the p-XCT tests. When
EVA and SBR are added into the mortar, the total porosity is dramati-
cally increased from 4.33% to 8.03% and 21.36%, respectively (Fig. 9A).
This is caused by the air entraining effect of the polymers [77-79].
Fig. 9A shows that SBR has much greater air entraining effect than EVA.
The air entrainment effect of the polymers also increases the pore
numbers (Fig. 9B). Statistical analysis shows that EVA can slightly
decrease the mean pore diameter (Fig. 9C) because more pores below
0.4 mm are generated (Fig. 9F). By contrast, SBR can significantly
depress the number of the pores thinner than 0.1 mm but increase the
pores between 0.2 and 0.6 mm (Fig. 9F), so the porosity, pore number
and mean pore size all rise significantly (Fig. 9A-C). Polymers’ addition
always increases the mean sphericity and compactness of the pores
(Fig. 9D and E), and EVA shows the greater increasing effects on pore
sphericity and compactness than SBR. The histogram plots (Fig. 9G and
H) clearly display the details in pore sphericity and compactness. The
heavily increased porosity and the pore geometries induced by the
polymers account for the significant strength decreases shown in Fig. 5.

3.4. Diagnosis of water penetration by u-XCT images

When CsCl solution is used as the liquid to invade the open pores of
cement mortars, some distinct features can be extracted from the p-XCT
data, which can help diagnose the liquid penetration depths and fronts
in the materials. As an example, Fig. 10 shows the p-XCT images and
GVHs acquired from a reference mortar specimen after the ponding
action for 40 min. Obviously, the invasion of the CsCl solution into the
mortar can be visually probed from the p-XCT image (Fig. 10A). The
rises of X-ray attenuation of the phases filled with the CsCl solution, i.e.,
the cement paste matrix and the interfacial transition zone (ITZ) be-
tween cement matrix and aggregates, greatly enhance the contrast of the
X-CT images. This feature can facilitate the diagnosis of the penetration
depths (see below for more details).

Cross-sectional views of the mortar slices beyond, on and in the
penetration fronts provide more evidences. For the un-penetrated part,
the macro air pores (dark circles) are distinguishable (Fig. 10B) and the
corresponding GVH peak (at the gray value around 30/255 for 8 byte 2D
gray scale image) is tiny but conspicuous (Fig. 10C). The aggregates and
cement pastes share the remaining spaces with the similar gray values,
which therefore greatly raises the intensity of GVH peak (at the gray
value around 100/255) (Fig. 10C).

Once the open pores are partially or fully saturated with the CsCl
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Fig. 8. (A) GVHs of the reference, EVA and SBR mortars showing obvious two peaks denoting the pores and solid skeletons, and (B) the logarithm GVH of the
reference mortar showing an unobvious peak representing the unhydrated cement particles.
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solution, both the X-ray attenuation images and GVHs are significantly
changed. As shown in Fig. 10D and F, the pastes containing CsCl appear
to be much brighter, whereas the air voids and aggregates keep the color
in the images because they are unlikely to absorb the CsCl solution
during the ponding tests. For the mortar slice on the penetration fronts
(Fig. 10D), some areas are brighter, some are not, which are the
consequence of the un-even penetration of the CsCl solution in the
material. One thus can trace the paths and fronts of liquid penetration by
reading the color (or gray value) changes in the p-XCT images.

For the mortar slice in the penetration fronts, the cement paste (and
the ITZs) are dyed due to the fillings of the CsCl solution in the pores, so
one can easily distinguish the pores, aggregates and cement pastes in the
p-XCT image (Fig. 10F). The dyeing of the cement paste is induced by the
greatly increased X-ray attenuations of the CsCl solution saturated paste,
and consequently, the gray values are increased. Specifically, the
average gray values of Fig. 10C, E and 10G are 103.0/255, 124.4/255
and 134.1/255, respectively. Note that the gray values of the air voids
and aggregates stay nearly unchanged at around 30/255 and 100/255,
respectively, which truly tells that no liquid penetration occurs in those
phases. The rises of gray values of the cement matrix saturated with the
CsCl solution generate the third GVH peak (at the gray value around
160/255) (Fig. 10G). It is expected that the X-ray attenuation
enhancement may also provide a way toward quantitatively character-
izing the aggregates by p-XCT tests since the paste phase can be dyed by
the penetration of CsCl solution.

3.5. Water penetration processes as viewed from u-XCT

Fig. 11 demonstrates the selected p-XCT images of the mortars during
the immersion tests from O to 310 min. The bright areas represent the
cement paste filled with the CsCl solution, whereas the dark-gray areas
represent the originally non-penetrated areas. Images at the same po-
sition were carefully aligned, so the intrusion process can be vividly
observed. The contrast gradients in the p-XCT images of the CsCl

penetrated mortars are obvious, and the liquid penetration fronts can be
directly drawn (see the dashed lines in Fig. 11). It seems that the liquid
penetration fronts are not strictly horizontal, meaning that the liquid
intrusion speed is un-even due to the heterogeneous mortar micro-
structure. The liquid is more likely to penetrate along the porous paths
along the ITZs between cement matrix and aggregates. The air voids are
sealed to prevent the liquid penetration. Akin results were reported
elsewhere [80].

The occurrence of liquid invasion begins immediately after the
mortar cubes are immersed into the liquid. This initial water intrusion is
particularly obvious for the reference mortar. For example, after the first
ponding test for 10 min, the intrusion depth is around 3 mm. As the
intrusion time is prolonged to 20, 40, 70, 190 and 310 min, the intrusion
depths are raised to around 4, 5, 6, 9 and 14 mm, respectively
(Fig. 11Top). After the ponding test for 5 h, around two-thirds of the
reference mortar cube has been penetrated by the CsCl solution (the
quantitative assessment of penetration depth was given in section 3.6).

The liquid penetrations in the materials slow down in the PMCMs.
Specifically, the penetration depths at 310 min are around 5 and 3 mm
for the EVA and SBR mortars, respectively (Fig. 11Middle and Bottom).
It is clear that the SBR mortar shows the higher water penetration
resistance than the EVA mortar. At 10 min, the liquid intrusion in the
SBR mortar is rather superficial. The penetration speed is so slow that it
requires 190 min to cross a superficial aggregate (with the size around
1.5 mm) in the upper left corner of the SBR mortar (see the rectangles in
Fig. 11).

Fig. 12 shows the 3D images of a SBR mortar at different ponding
times, which demonstrate how the liquid goes around an aggregate.
Clearly, the liquid first tends to enter the ITZ around the aggregate.
However, due to the improvement in microstructure of the ITZ and
cement matrix by SBR (so does EVA; see section 4 for more micro-
structure evidences), the liquid invasion is greatly obstructed. The re-
sults of Figs. 11 and 12 visually prove the barring effect of EVA and SBR
against water penetration through mortars.
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Fig. 10. Representative demonstration of p-XCT re-
sults of the reference cement mortar under the
ponding action of the CsCl solution for 40 min: 3D
image after phase segmentation (yellow: the cement
matrix and ITZs filled with the CsCl solution) (A); 2D
sectional image near the bottom showing no CsCl
penetration (B), that on the liquid penetration fronts
showing partial CsCl penetration (D), and that near
the top surface showing full CsCl penetration (F); (C),
(E) and (G) represent the gray value distributions of
the 2D images (B), (D) and (F), respectively. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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Fig. 11. Time evolution of p-XCT images of the reference (Top), EVA (Middle) and SBR (Bottom) mortars (For each mortar, the same vertical sections at different
times were chosen to indicate the liquid penetration process; the dashed lines roughly show the penetration fronts; and the rectangles on the top left corner of the SBR
mortar capture a local aggregate discussed in Fig. 12).

3.6. Water penetration dynamics as viewed from gray value distribution A gray-value dependent method was therefore developed in this work.
The method was inspired by the changes in GVHs of the mortars with the

Because of the un-evenly distributed water penetration fronts caused immersion time. Fig. 13 shows the voxel-gray value spectra of the
by the mortar heterogeneous microstructure; it is difficult to quantify reference, EVA and SBR mortars. As the immersion time increases, the
the penetration depths by directly reading the images shown in Fig. 11. peak intensities of the solid skeletons (aggregates plus non-penetrated

10



Y. Peng et al.

D: 70 min

E: 190 min
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F: 190 min

Fig. 12. 3D p-XCT images showing the invasion processes of the CsCl solution around an aggregate near the exposing surface of the SBR mortar at 10, 20, 40, 70 and
190 min (A-E) (the yellow phase represents the liquid-penetrated cement paste). The aggregates were set to be transparent and opaque in sub panels E and F,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 13. Comparative plots of voxel-gray value spectra of the reference (A), EVA (B) and SBR (C) mortars at different penetration times. The subplots in A, B and C

show the rises of the voxel count just over the main peak of gray values with increasing the ponding time.

cement paste) decrease, but those of the cement paste filled with the

CsCl solution increase. Due to the limited liquid penetrations in the EVA

and SBR mortars, the rises of the voxel-gray value spectra at the region

of high gray values are relatively minor (see the subpanels in Fig. 13B
and C).

To obtain the intrusion depth, we acquired the horizontal slices of
the p-XCT images (800 slices in 20 mm with the thickness of 25 pm per
slice) and analyzed the gray values of those slices from the surface to the
bottom along the intrusion direction. The average gray values (AGVs) of
each slice were calculated, and the AGV distributions along the

11

penetration direction for all mortars are shown in Fig. 14A-C. Here, the
Y-axis represents the slice position, the top surface of the sample, where
the liquid intrusion begins, was set as 0. The AGV spectrum of the mortar
before liquid penetration was set as the baseline to quantify the AGV
changes. As shown in Fig. 14, the AGV baselines are un-even in different
slice positions. For example, the AGVs near the top and bottom surfaces
are significantly lower than those of the inner part. This may be because
the surface mortars contain more cavities caused by the spalling of ag-
gregates during cutting. When CsCl solution enters these cavities, the
AGVs rise significantly, which explains the AGV oscillations near the top



Y. Peng et al.

Cement and Concrete Composites 114 (2020) 103821

(A)U (B)O R T — - (C) R
=< =SSN S i -
IS N, g Sy
£ h )
-5 4. = =5 ~ 7
= ?« -7 =" == 0min >
o Y - i .
= 3, 5 10 m!n
8 == 20 min -10
Q ” == 40 min
o -15 ' -15 == 70 min -15 W
& 4 . D
= @ == 190 min
v - . ):,;/
—20 R — == 310 min _20 =t
7500 8000 8500 9000 9500 10000 10500 7500 8000 8500 9000 9500 10000 10500 7500 8000 8500 9000 9500 10000 10500
Average Gray Value Average Gray Value Average Gray Value
(D) — - | o (E)o (F) 0 e e TR MRS i i o —
~ >
oL 1
£ 1, ===
E s y=1=—- == -5 1
= - .
.5 ! r’l' ¢ |1
_%' —10 [ 1 -10 -10 I
a [ rll| L
§ -15 1 1 =15 =15 {é |
[ ; 1 : 1
-20 - I‘I; L -20 3 =20 {me— &l
L}
10 -5 == 10 15 20 25 -0 -5 0 \ s 0 15 20 25 30 -0 -5 & Y5 10 15 20 25 30
AGVchange / % AGVchange / % AGVchange [ %
), H) o
c 1
= 1
E ! 2 1
) 1
4] =4 L}
G 1
o )
% -6 |
g I
w0 -8 I
1
1
-10
0

3
AGVenange / %

AGVichange / %

3 4

1 2 3
AGVchange / % L
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surface (Fig. 14B and C). As the immersing time increases, the AGVs near
the top surface rise obviously owing to the continual liquid invasion. As
the position deepens, the AGVs slowly merge with the baselines.

The AGV changes were calculated by AAGV = (AGV; — AGVy)/
AGV, x 100%, where AGV; and AGV, are the AGV of a slice after the
liquid immersion for t min and the baseline AGV before the immersion,
respectively. The AAGV spectra along the depth are displayed in
Fig. 14D-F. Clearly, sharp gradients in AGV change can be found, and
the magnified plots are illustrated in Fig. 14G-I. The results imply that
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the AGV plots are sensitive to the invasions of the CsCl solution. This
method was also employed to identify the imbibition depth of ethanol in
a cement paste [81]. In this work, AAGV = 2% was adopted as the
threshold value to evaluate the penetration depths. It means that the
slices with AAGYV less than 2% are classified as the unpenetrated area.

The liquid intrusion depths (Ah) obtained by the threshold seg-
mentation are shown in Fig. 15A. Resembling the observations displayed
in Fig. 11, one may find out that the reference mortar always has the
greatest penetration depths, and the polymer modifications can
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Fig. 15. (A) Penetration depths of the Reference, EVA and SBR mortars and (B) the intrinsic sorptivity calculated through Eq. (3).
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profoundly resist the liquid penetration. The SBR mortars show the
greatest water penetration resistance. For example, the penetration
depths of the EVA and SBR mortars at 310 min are close to those of the
reference mortars at the ponding time for 20 and 10 min, respectively.
The intrinsic sorptivity, calculated from Eq. (3), is shown in Fig. 15B.
The values of intrinsic sorptivity are similar to those calculated from the
mass gain data (Fig. 6C). This suggests that the AGV-based penetration
depths are reliable.

4. SEM-EDS analyses and discussions on the anti-water
mechanisms

4.1. Microstructure

Fig. 16 shows the SE images of representative phases and sites of the
mortars in different magnifications. At a low magnification, it is difficult
to find out the morphological differences between the reference, EVA
and SBR mortars (Fig. 16A-C), mainly owing to the similar compactness
of the material matrices. The similar compactness in turn explains the
similar gray values of the mortar skeletons displayed in Figs. 12 and 13.

Local sites in the mortars were measured to explore how the poly-
mers impact the mortar microstructure. For the reference mortar, the
amorphous CSH gels maturely grow around the cement grains to
diminish the inter-particle gaps (capillary pores), and numerous needle-
like ettringites (AFt) nucleate and grow between the gaps (Fig. 16D).

Reference
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These capillary gaps may interconnect to form continually percolated
3D pore clusters, facilitating water penetration. The expected large-scale
plate-like calcium hydroxide (CH) crystals are not found between the
gaps but around an air void (Fig. 16J).

The micro morphologies of the hydration products in the PMCMs are
different with those in the reference mortar. The presences of polymers
in cement mortar may alter the hydration products and their micro-
structure. On one hand, the formation and growth of CSH, CH and AFt
are drastically constrained by the obstructing effect of the polymer films
(Fig. 16E and F). Our previous study [38] implied that polymers can
form films on cement grains to decrease the dissolution of reactive
minerals, the migrations of ions and water molecules, and the nucleation
and growth of hydration products during cement hydration. On the
other hand, the gaps between cement particles can be filled with poly-
mer particles and films, which play important roles on anti-water
properties.

Polymers also alter the ITZs between cement matrices and aggregates
(Fig. 16G, H and I). Owing to the relatively low mechanical properties
and porous microstructure of ITZs, it has long been considered as the
weak phase in CBMs to lower the material strength [82,83] or to raise
the permeability [84]. This viewpoint can be supported by the porous
microstructure of ITZs for the reference mortar shown in Fig. 16G. When
EVA or SBR is blended with cement mortar, polymer films can absorb
onto the surfaces of aggregates and may partially fill the pores in ITZs
(Fig. 16H and I). In this regime, the water invasion of the ITZs can be

EVA

Polymer film

Fig. 16. SEM images of the mortars: Columns from left to right: reference (A, D, G, and J), EVA (B, E, H and K) and SBR (C, F, I and M) mortars; rows from up to
bottom: mortar matrix (A-C), C-S-H gel and AFt (D-F), ITZ (G-I) and air voids (J-M).
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greatly prevented.

SEM tests also help unravel the role of polymers on the formation of
air voids. As displayed in Fig. 2, polymer particles can coalescence
together to form continually connected films when the excess water is
dried or consumed by cement hydration. If the air is entrapped in the
films, polymer balloons will form, and those balloons would be the
parents of the air voids in cement mortars. As clearly shown in
Fig. 16J-M, the surfaces of the air voids in the PMCMs are covered with a
layer of polymer film. Because the particle size of EVA is much larger
than that of SBR (Table 2), the film thickness and the air void size in the
mortar modified by EVA is much larger than that those by SBR. The
entrained air pores result in the higher porosities (Fig. 9) and lower
mechanical properties (Fig. 5). When regarding to porosity and strength,
SBR can introduce more pores and thus bring the severer strength loss to
the mortars than EVA. The films around the air voids seem to be
impermeable to water.

4.2. Trace of Cs in ITZ by BSE-EDS

The microstructure of some randomly chosen ITZs was detected by
BSE and the element distributions were tested by EDS mapping and line
scans. Because the element with a higher atomic number also shows a
higher backscattered electron emission coefficient, CsCl can also
enhance the brightness of BSE images [85]. Fig. 17A, D and G show the
BSE images of ITZs in different mortars, where the light gray rough
surfaces are the cement paste in which the bright areas are the CsCl
deposits, the gray smooth surfaces are the aggregates, and the dark gray
areas are the resin-filled pores (Fig. 17G). The phase identification is
supported by the element tests shown in Fig. 17B, E and 17H. Roughly,
the CsCl deposits are homogeneously distributed around the aggregates
for the reference mortar (Fig. 17A), while for the EVA and SBR mortars,
the CsCl deposits are un-evenly distributed in the cement pastes and are
not directly in contact with the aggregates (Fig. 17D and G). This may
tell that the less CsCl solution permeates along the surfaces of the ag-
gregates in the PMCMs. The element mapping images (Fig. 17H)
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evidence the un-even distributions of Cs and Cl in the pastes around the
aggregates for the SBR mortar sample.

Chemical binding may occur between the elements (Cs and Cl) and
C-S-H gels (and other minerals) in CBMs [86-89]. In this work, the
physical sorption of CsCl, in the ITZ gaps and the pores in hydration
products, like CSH gels, may account for its abundant distribution in the
paste. A close examination on the Cs and Cl mapping images of the SBR
mortar tells that the brightest spots (Fig. 17H) coincide with the CsCl
deposits detected by BSE (Fig. 17G). EDS line scans show the significant
changes of Ca and Si on the interface between the cement paste (CSH,
CH and other minerals) and the aggregates (quartz). The shifts of Cs and
Cl are sharp for the reference mortar but mild for the PMCMs, when the
EDS detector scans from an aggregate to the surrounded paste (Fig. 17C,
G and 171). The ITZ size evaluated from the element spectra by EDS
scans (see the shadowed areas in Fig. 17C, G and 171), again, testifies the
heterogeneous microstructure of the PMCMs.

Overall, the BSE and EDS results tell that the deposition of CsCl in the
ITZs of the PMCMs is constricted, because EVA or SBR can block the
open pores against liquid penetration.

4.3. The anti-penetration mechanisms of PMCMs

From the integrated experimental analyses shown above, the anti-
penetration mechanisms of PMCMs can be elucidated. The anti-
penetration effects are initiated from the hydration process of PMCMs.
For the reference mortar, four main elements (i.e., cement particles,
aggregates, water and the entrained air voids) constitute the fresh
mortar (Fig. 18A1). As hydration proceeds, hydration products (mainly
CSH, CH and AFt) nucleate and grow somewhere, consuming water and
partially filling the inter-particle spaces that are initially occupied by the
water (Fig. 18A2). The ubiquitous presence of the inter-particle spaces
(especially for the spaces between cement grains and aggregates) can
provide the penetration channels for water and other media (Fig. 18A3).
In this regime, water can rapidly penetrate into 12 mm in 310 min as
probed by p-XCT (Figs. 11 and 15).

EDS Line scan

o 20 40 60 80
Distance from point A to B/um

ITZ area

o 10 20 30 40 50
Distance from point A to B/um

0 20 40 60 80
Distance from point A to B/um

Fig. 17. BSE images (A, D and G) and EDS mapping (B, E and H) and line scan (C, F and I) results of the reference (A-C), EVA (D-F) and SBR (G-I) mortars. The dash
lines from A to B in the subpanels A, D and G show the EDS line scanning positions and directions; the shadowed areas in the subpanels C, F and I represent the size

of ITZs.
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Fig. 18. Sketches of 3-stage hydration processes of the reference mortar (A) and PMCMs (B) (The scales of the phases are modified for schematic illustrations).

Hydration processes are altered when polymers are mixed with
cement mortar. Polymer emulsion, a highly floodable suspension,
partially replaces water to fill the spaces among all particles (Fig. 18B1).
During mixing, numerous air voids are introduced into the polymer
emulsion and stably entrapped in the hardened material matrix (Fig. 7).
Indeed, air-entrainment is an important characteristic of PMCMs
[77-79]. Then the polymer particles may precipitate on the surface of
the aggregates and cement particles (Fig. 18B2). The partial enclosure of
the cement grains by the polymer particles, to some extent, retards the
cement hydration [38,90]. When water is progressively consumed by
cement hydration, polymer films form and are spatially interconnected
(Fig. 18B3). Unlike the inter-particle spaces that provide the penetration
channels in ordinary cement mortar, those spaces in PMCMs are
partially occupied by the polymer film networks. Therefore, the open
channels in the reference mortar for water penetration are partially
sealed, shrunk or blocked by the formation of the polymer films or ag-
glomerates (Fig. 18B3), even though the total porosity is increased
(Figs. 7 and 9). In this regime, the resistance of liquid penetration into
PMCMs can be enhanced by the polymers and their interactions with
cement matrix and aggregates (Figs. 10 and 14).

In short, the spatially-connected polymer films make the micro-
structure of cement mortar more porous but less permeable by
obstructing the open channels for mass migration. It is expected that the
low permeable PMCMs should also show excellent durability perfor-
mances related to the transport properties of materials, such as, chloride
diffusion, carbonation and gas permeability. The relevant issues deserve
rigorous investigations in the future.

15

5. Conclusions

In this work, the anti-penetration of EVA and SBR mortars were in-
situ and non-destructively monitored by p-XCT. Partial surface coating
was performed on cubic mortars for ponding tests. CsCl solution was
adopted as the penetration liquid, because it can greatly improve the
contrast of p-XCT images while has little impacts on the penetration
dynamics of water. SEM/BSE and EDS techniques were applied to
characterize the microstructure of the mortars. The following conclu-
sions can be drawn:

(1) Mortars with EVA or SBR show the lower compressive and flex-
ural strengths. The adverse effects on flexural strength are less
than those on compressive strength. The causes of the strength
decrease are the increases of porosity and the retardation of
cement hydration induced by the polymers.

(2) The incorporation of EVA or SBR into cement mortar alters total
porosity, mean void size, sphericity and compactness. SBR can
more efficiently entrain air voids in cement mortar.

(3) The brightness of the cement paste filled with the CsCl solution is
greatly increased, while that of the aggregates and air voids are
maintained because the latter two phases do not absorb CsCl. The
changes in brightness of the cement pastes before and after CsCl
penetration allow us to in-situ trace the liquid penetration fronts
by reading the p-XCT images. The changes in gray value spectra
enable the separation of aggregates from cement paste.
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(4) A method of counting the average gray value of horizontal slices

(5)

(6)

7)

at different positions was developed. The water penetration depth
was quantified by a thresholding method on the AGV changes.
Liquid fronts reach 12, 4 and 2 mm for the reference, EVA and
SBR mortars at the ponding time of 310 min.

Polymers tend to form continual impermeable films after
removing water and introduce massive air voids in cement ma-
trix. Hydration products are impacted by the presence of poly-
mers, and the surfaces of air voids are covered by a layer of
polymer film.

CsCl also increases the brightness of BSE images because Cs can
enhance the backscattered electron emission coefficient. CsCl is
homogeneously detected in the ITZs of the reference mortar, but
is heterogeneously probed in the ITZs of the PMCMs.

Polymers can greatly increase the anti-penetration of cement
mortar by blocking the channels for liquid migration. SBR shows
the better anti-penetration effect than EVA.
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