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Relatively high drying shrinkage and permeability were two of the major challenges associated with foam concrete (FC), primarily
due to its high porosity nature.*is study was aimed at reducing the drying shrinkage and improving the impermeability of FC by
blending and modifying it with epoxy resin (EP). Extensive laboratory testing yielded an optimum content of 4.0% EP, cor-
responding to a minimum drying shrinkage rate of 1.47mm/m, which was 48% lower than that of the unmodified FC. At this
optimum dosage of 4.0% EP, the permeability pressure was at a maximum level of 1.4MPa, whereas the permeability coefficient
was at its lowest value of 0.75×10−9 mm/h. Internal pore structure and EP distribution were characterized using the scanning
electron microscopy and indicated that a microgrid structure of the FC was formed internally, featuring an increase in the number
of pores, a reduction in the average pore size, and a uniform pore size distribution. Similarly, surface energy measurements using
the tensiometry method yielded maximum surface energy values at 4.0% EP content, which could be used to explain the reduced
drying shrinkage and the enhanced impermeability characteristics of the modified FC.

1. Introduction

Foam concrete (FC) is a composite of cement slurry
containing aggregates and foam. Foam concrete is char-
acterized with favorable fluidity, fire, and heat resistance
and is lightweight, environmentally-friendly, and cost
effective [1]. Foam concrete has been traditionally used in
separating panels, filling, and cushioning materials.
However, recent advances in FC technology have seen
their use in applications where a high-performance ma-
terial is required [2–10], e.g., highways, military, civil
engineering, and aviation [11–15]. Foam concrete has
been successfully used in the backfilling of underground
projects such as building compensation foundation
treatment, and it can be used to widen the roadbed to
effectively reduce differential settlement [16, 17]. Un-
fortunately, FC is not only affected by loading [7], but also
the environment. In particular, shrinkage and water

penetration into its internal porous structure [18] tend to
degrade its durability and longevity [19–24]. Both the
shrinkage and permeability of FC depend on the pore
structure, size, surface area, and connectivity [2–5].

Microstructure defects such as the permeable pores in
the lightweight FC will significantly affect its shrinkage and
permeability properties. *e migration of water inside the
concrete is the major factor affecting the shrinkage and
permeability of FC. Prim and Wittmann investigated water
adsorption into aerated concrete [4] and concluded that the
propensity to adsorb water was related to the pore structure,
where the capillary coefficients decreased as the size of the
artificially blown holes increased. Research by Madjoudj
et al. showed that porous and lightweight FC had a smaller
water absorption capacity than high-density concrete [3].
Nambiar and Ramamurthy used FC specimens containing
different contents of fly ash, sand, and foam volumes to show
that the water absorption capacity was lower than its
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corresponding matrix without foam and that the adsorption
capacity decreased as the foam content increased [2].
Nambiar and Ramamurthy also discovered that pores
containing trapped air were not able to absorb water, as the
air could not be displaced. *erefore, it is necessary to in-
vestigate the impact of pore structure and microstructure of
FC on its drying shrinkage and water permeability char-
acteristics in order to improve its performance, durability,
and longevity [5].

*e mechanism of moisture movement within the FC
is more complicated due to the large range of pore sizes,
from large single pores to microcracks and pores in the
pore-walls, formed during blowing [2, 5, 25]. To enhance
the drying shrinkage resistance and impermeability,
blending and reinforcing the FC with polymer additives
using cost-effective simple methods improved mechanical
performance, water retention, and impermeability and
also increased the resistance to carbonization and chloride
ion penetration [9]. Al-Nasra and Daoud found that the
addition of a superabsorbent polymer improved the
concrete’s strength, plasticity, stability, and water im-
permeability [10]. Epoxy resin is a chemically stable and
low-absorbent polymer that undergoes low shrinkage and
has good abrasion resistance [20, 26]. *erefore, the
blending of EP into FC that is envisioned would dra-
matically reduce the FC’s drying shrinkage and enhance
its (FC) impermeability.

Griffith et al. developed the theory of crack propagation
through brittle materials, which considered classical me-
chanics and thermodynamic concepts such as surface energy
(SE) and energy conservation theories [19–21, 27–29]. Hori
concluded that, for mortar immersed in a liquid, its surface
tension increased [19]. Since then, the relationship between
the change in SE and the performance of FC has been well
studied from the perspective of SE. As documented by many
research scholars, the ability for water to be absorbed by
concrete can be deduced from the SE concepts [20–23]. *e
relationship between concrete and water has a great influ-
ence on the shrinkage and permeability properties of FC.
From the literature reviewed, however, there is limited
documentation on the relationship between moisture con-
tent and drying shrinkage and water permeability of con-
crete from the perspective of SE.

*e existing research on polymer modified FC from
across the globe mostly focused on the changes to the surface
characteristics such as physical properties and thermal
performance [8–10, 26, 30, 31]. *us, it is necessary to
further investigate the effects of polymers on the structure
and changes in the SE of the pores inside the FC. In this
study, the effects of EP on the shrinkage and impermeability
properties of FC were evaluated by adding different dosages
of the waterborne EP into FC. Scanning Electron Micros-
copy (SEM) was used to examine the pore size distribution
and pore diameter. Concurrently, the effects of EP blend
with FC on the pore structure, shape, connectivity, and SE
were also studied. *e study, as presented in this paper,
ultimately provided a theoretical analysis and a basis for the
probable use of EP in improving the performance, dura-
bility, and longevity of FC.

2. Materials and Mix Proportions

2.1. Materials. Grade 42.5 ordinary Portland cement, which
met the requirements of China’s GB175-2007 Standard [32],
was blended with Grade 42.5 rapid-hardening sulfoalumi-
nate cement to prepare FC. *e physical and chemical
properties of the mixed cement were in accordance with the
BSEN 196-1-2005 Standard [33]. *e foam in the concrete
was produced following the physical foaming method [34].
*e foaming agent, Type GS-1, was a planted protein-based
anionic surfactant. *e specific parameters of the air
compressor and foaming agent are provided in Tables 1 and
2, respectively.

*e epoxy resin used in this study was in an emulsion
form, with a solids content of 50% and a specific gravity
varying between 1.01 and 1.08. *e compatibility between the
EP and foammet the requirements specified by the BS EN 934-
2 Standard [35]. A specific curing agent was used at a mixing
ratio of 3 :1 to cure the resin. *e slag powder had a density of
2920 kg/m3, a specific surface area of 422m2/kg, and an av-
erage particle size of 0.15mm.*e silica fume had a density of
220 kg/m3, a specific surface area of 1.85×104m2/kg, and an
average particle size of 89 nm. Class I fly ash used was in
accordance with the ASTM C618 Standard [36]. A poly-
carboxylate water-reducing agent, with a water-reducing
ability of over 25%, was used in this study.

2.2.Mix Proportions. *e water-to-cement ratio was fixed at
0.19 [34]. Ordinary Portland cement was blended with
sulfoaluminate cement at a weight ratio of 9 :1 [1, 37]. A
series of FC specimens with the same density of 1500 kg/m3

[34] were prepared by adding graduated dosages (0.0%,
2.5%, 3.0%, 3.5%, 4.0%, and 4.5%) of EP into the mixed
cement. Details are provided in Table 3.

2.3. Specimen Preparation. Nine specimens, comprising a
group of three specimens for the shrinkage test and a group
of six specimens for the permeability test, were prepared for
each condition. Shrinkage specimens were prepared with the
prismatic dimensions of 40mm× 40mm× 160mm. Probes
were preburied at the two ends of each specimen. Perme-
ability specimens were prepared with a circular truncated
cone shape with a top diameter of 70mm, a bottom diameter
of 80mm, and a height of 30mm.

Each solid component, as listed in Table 3, was mixed in
a mortar mixer at a low stirring rate for 1min. An aqueous
solution of water-reducing agent was prepared by dissolving
the water-reducing agent in tap water.*e solution was then
added into an agitator kettle and mixed for 1min. Materials
stuck on the bottom and inner walls of the mixer were
scraped off and mixed with the whole mix. Foaming agent,
diluted with water in a ratio of 1 : 40, was poured into the
foamingmachine for foaming. Liquid foam, with a density of
50 kg/m3, was produced in the foaming machine. *e foam
was mixed with the solid components in the mortar mixer
and stirred for about 1min until the foam was uniformly
dispersed in the cement paste. *e epoxy resin and curing
agent were then added into the mixer and stirred gently for
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no more than 1min until they were evenly dispersed within
the cement slurry. *e mixed paste containing EP and foam
was then poured into the correspondingmolds and set under
ambient conditions for 24 hours for specimen molding and
fabrication.

3. Laboratory Test Methods

3.1. Drying Shrinkage. *e drying shrinkage of FC speci-
mens was measured with an SP-175 length comparator
following the procedures specified by the ASTM C157-2008
Standard [30] and China’s GB/T 11969-2008 Standard [38],
which included the moisture content determination.

3.2. Impermeability. *ere are currently no standard testing
procedures for impermeability measurements in FC. A
modified water penetration depth method was used to
calculate relative permeability coefficients using Darcy’s law,
which was then used to characterize the overall permeability
of the FC [7, 39, 40]. *ree replicate specimens per EP
dosage were used for determining the relative permeability
coefficients.

3.2.1. Impermeability Pressure Value. Specimens were set for
24 hours, removed from the mold, and then kept in a
constant temperature (20± 2°C) and humidity (60± 5%)
oven for 28 days. *ereafter, specimens were entirely coated
with a complete layer of sealant. *e mass of each sealed
specimen was then measured and designated as m0. *eir
impermeability was tested with a SS-1.5 permeameter [40].
Initially, a water pressure of 0.2MPa was applied, main-
tained for 2 hours, and then increased to 0.3MPa if no water
was exuded. After that, the water pressure was increased by
0.1MPa hourly until half of the specimens in each group
started to exude water, at which point the test was termi-
nated. *e final water pressure was recorded and designated
as H. *e impermeability pressure, P, was calculated using

P � H − 0.1. (1)

3.2.2. Determination of the Permeability Coefficient. If
specimens have good permeability and did not exude
water after the water pressure was increased to 1.5MPa,
then the water pressure was maintained constant for 6
hours, after which the mass of specimens was recorded
and designated as m. Specimens were subsequently
mounted in a press. Both the upper and lower ends of
specimens were separated from the holders of the press by
attaching a steel rod with a diameter of 6mm to each end
of the press. *e two steel rods were then sandwiched
between the ends of the specimen, and the holders of the
press were placed on the centerline of each end of the
specimen. *e press was then powered on, and the
specimen was split into two pieces along its longitudinal
section. *e water marks on the fracture surface were
marked out with a waterproof marker pen. A trapezoidal
transparent plastic plate was placed on the fractured
surface of the specimen. A steel ruler was then used to
measure the distance from the bottom of the specimen to
the intersection of the water marks and the 8 vertical lines
(Figure 1). *e length was measured and recorded to an
accuracy of 1mm.

For each specimen, the arithmetic mean value (h) of
eight water exudation heights (hi) was taken as its water
penetration depth (h) in mm. *e permeability coeffi-
cient Kp was calculated using the following equation
[40]:

Kp �
h2v

2tΔP
, (2)

where Kp is the permeability coefficient, h is the average
water penetration depth, v is the porosity of the test spec-
imen, t is the length of time, during which the test specimen
was pressurized, and ΔP is the pressure difference (which
has been converted to the height of the water column). *e

Table 1: Technical parameters of the air compressor.

Type Volume (L) Volume flow rate (m3/min) Voltage to frequency (V-Hz) Exhaust pressure (MPa) Rotating rate (r/min)
BAD-50 50 3.45 64.65 2.36 2.44

Table 2: Performance parameters of the foaming agent.

Type Density (g/cm3) Subsidence distance (mm/h) Bleeding rate (g/h) Dilution factor Foaming factor
GS-1 1.00 5 20 40 20

Table 3: Composition of FC specimens (kg/m3).

Group no. P.O. 42.5 R·SAC42.5 Silica fume Fly ash Slag Water Foam Water reducing agent EP Epoxy curing agent
b0 2363.0 262.6 787.7 1050.2 262.5 898.0 66.8 70.9 0 0
b1 2363.0 262.6 787.7 1050.2 262.5 898.0 66.8 70.9 65.6 21.9
b2 2363.0 262.6 787.7 1050.2 262.5 898.0 66.8 70.9 78.8 26.3
b3 2363.0 262.6 787.7 1050.2 262.5 898.0 66.8 70.9 91.9 30.6
b4 2363.0 262.6 787.7 1050.2 262.5 898.0 66.8 70.9 105.0 35.0
b5 2363.0 262.6 787.7 1050.2 262.5 898.0 66.8 70.9 118.2 39.4
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porosity of the test specimen, v, was obtained through ap-
proximation using [7]

v �
Vw

Ah
, (3)

where Vw is the volume of water, which infiltrated into the
specimen, and Ah is the volume of the specimen. Finally, the
volume of water, which infiltrated into the specimen, was
calculated using equations (4) and (5), respectively:

Vw �
Δm
ρwater

, (4)

Δm � m − m0, (5)

where m0 and m are the masses of specimens before the test
and after the test, respectively. Note that, for both the im-
permeability pressure and permeability coefficient deter-
mination, three replicate specimens were used per test
condition per EP dosage.

3.3. Scanning Electron Microscopy. SEM micrographs were
captured using a Gemini 300 scanning electron microscope
(ZEISS, Germany). *e SEM test was conducted to char-
acterize the morphology, microstructure, and pore size
distribution of the FC. Specimens were prepared for SEM
analysis by soaking in ethanol for 7 days to stop hydration.
Specimens were then dried in a vacuum drying oven at
60± 5°C until their weight reached constant values. A small
1 cm3 specimen was extracted from each specimen and
sputter-coated with gold before analysis. *ree replicate
specimens were evaluated per EP dosage.

3.4. Surface Energy. *e contact angle of (θ) a water droplet
on the specimen was measured with a DataPhysics DCAT21
interfacial tensiometer, from which the SE of the concrete
was calculated using equation (6) [41] derived from the
adhesion work formulation and Young’s model:

Wα � cLV(1 + cos θ), (6)

where Wα is the adhesion work, and cLV is free energy at the
interface between liquid and gas.

In this study, the SE test was conducted to quantify the
adhesion and bonding characteristics among the various FC

constituent elements.*e lower the contact angle, the higher
the SE and the stronger the adhesion/bonding–and vice
versa [42]. For each EP dosage, three replicate specimens
were evaluated.

4. Test Results and Discussions

4.1. Drying Shrinkage. Due to a large number of pores in FC
[43], high moisture content, rapid moisture dissipation, and
changes to the internal structure led to a relatively large
degree of shrinkage. Mixed cement, consisting of 60% or-
dinary Portland and 40% rapid-hardening sulfoaluminate
cement, was used in this study. A series of modified FC were
prepared by adding graduated dosages (0.0%, 2.5%, 3.0%,
3.5%, 4.0%, and 4.5%) of EP into the FC before curing. *e
drying shrinkage values of the FC specimens were measured
as previously discussed in Section 3.

4.1.1. Effects of Moisture Content on Drying Shrinkage.
Experimentally determined moisture contents and shrink-
age values of the FC specimens with different EP contents are
summarized in Table 4. Shrinkage values first decreased
gradually between moisture contents 14% and 4% and, then,
sharply increased between 4% and 2.5% (Figure 2). Water
lost during the early high water-content stage (i.e., 14% and
4%) came from the largest pores, which had a minimal effect
on shrinkage [44].

Any decline in shrinkage during the early high water-
content stage was attributed to the continuation of the
hydration reaction of concrete during this time [7, 34]. It
may be that the formation rate of ettringite and C-S-H gel
was higher than the rate of water dissipation. However, an
increase in polymer content allowed more water to be stored
in a greater fraction of continuous polymer membrane,
which minimized the impact of water loss on shrinkage at an
increasingly high polymer content.

From Table 4, when the EP content increased from 2.5%
to 4.5%, the maximum moisture contents varied from
10.68% to 12.02%, and their variation ranges were ap-
proximately the same. *e effect of decreasing moisture
content on the shrinkage value was smallest for specimen
b4, where the EP content was 4%. As the moisture content
decreased from 14.31% to 2.54%, the shrinkage value
changed by 1.48mm/m.*is represented a ratio of changes
in shrinkage value versus changes in moisture content of
0.12. *e ratios calculated for specimens b0, b1, b2, b3, and
b5 were 0.17, 0.17, 0.16, 0.15, and 0.13, respectively. *e
addition of EP into the concrete was, therefore, shown to
decrease the sensitivity of the shrinkage value to the change
in moisture content, which was attributed to the changes in
the internal structure and SE (adhesion/bonding) char-
acteristics. It was apparent that the bonding effect of EP
created a dense mesh structure within the FC as the pores
became filled with EP. *is was likely to affect water dis-
sipation and support the internal structure. As an ad-
mixture, EP also influenced SE and adhesion/bonding
characteristics, the impact of which is discussed in the
subsequent text.

70

80

30

Figure 1: Schematic diagram of the trapezoidal transparent plastic
plate (mm).
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4.1.2. Effects of Age on Drying Shrinkage. *e shrinkage
values of EP-FC specimens at different curing times are
summarized in Table 5. *e drying shrinkage of concrete
depended on the dissipation of adsorbed water from the
surface of the hydrated gel particles. Drying shrinkage of
ordinary FC is about 2mm/m∼3.5mm/m [34]. Compared
with the shrinkage of ordinary FC, the drying shrinkage
values of all test specimens were relatively low as shown in
Figure 3.

Figure 3 shows that as the EP content increased, the
drying shrinkage values measured after 56 days of curing
gradually decreased, with the b4 specimen yielding the
smallest drying shrinkage value of 1.47mm/m. Due to the
pore-filling effect of the internalized EP membrane, the pore
walls of the concrete became denser. *is enabled the
generation and distribution of the hydration products to

become more homogeneous throughout the specimen
matrix and, thereby, enhanced the resistance to shrinkage.

Generally, the walls of the pores within FC feature
numerous, tiny pores and cracks as well as gaps between the

Table 4: Experimentally determined moisture contents (MC) and shrinkage values (SV).

b0 b1 b2 b3 b4 b5
MC SV MC SV MC SV MC SV MC SV MC SV
3.18 0.90 2.43 0.48 2.54 0.26 2.42 0.58 2.54 −0.36 2.57 1.14
3.31 0.10 2.51 0.31 2.56 0.12 2.44 0.38 2.57 −0.57 2.60 0.85
3.44 −0.43 2.65 0.25 2.74 −0.05 2.61 −0.01 2.75 −0.89 2.78 0.56
3.47 −0.63 2.76 0.18 2.77 −1.00 2.64 −0.50 2.78 −1.17 2.81 0.39
3.48 −0.66 2.88 0.10 2.82 −1.32 2.69 −0.73 2.83 −1.43 2.86 0.14
3.49 −0.66 2.91 0.05 3.10 −1.44 2.76 −0.93 3.12 −1.65 3.17 −0.19
3.50 −0.66 3.06 −0.11 3.13 −1.51 2.87 −1.17 3.15 −1.95 3.17 −0.34
3.56 −1.21 3.13 −0.21 3.20 −1.69 2.97 −1.40 3.17 −2.21 3.24 −0.52
3.57 −1.27 3.15 −0.67 3.27 −1.69 2.99 −1.55 3.21 −2.36 3.31 −0.56
3.79 −1.44 3.18 −0.89 3.37 −1.84 3.18 −1.45 3.34 −2.31 3.39 −0.64
4.02 −1.12 3.27 −1.33 3.59 −1.66 3.40 −1.13 3.56 −1.84 3.43 −0.39
15.20 0.00 13.11 0.00 14.15 0.00 13.37 0.00 14.31 0.00 14.11 0.00
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Figure 2: Graphical correlations between shrinkage value and moisture content.

Table 5: Shrinkage values (mm/m) of the FC specimens with
different contents of EP after different curing times.

Time (days) b0 b1 b2 b3 b4 b5
0 0 0 0 0 0 0
3 0.45 1.08 0.81 0.60 0.46 1.25
7 1.45 1.80 1.72 1.30 0.75 1.71
14 1.75 1.51 1.38 1.24 0.60 1.65
21 1.95 2.12 1.83 1.44 1.38 2.31
28 2.71 2.14 1.93 1.49 1.40 2.36
56 2.81 2.27 2.17 1.65 1.47 2.49
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pores themselves. EP served to fill the pore walls [26, 31],
improve the pore structure, reduce the occurrence of weak
pores, and densify the pore wall structure. At the same time,
the film structure formed by the curing reaction can fill the
internal pore and microcracks. Ameliorate the structure of
the pore wall, thus reducing water migration and improving
resistance to drying shrinkage, which was elaborated in
microstructural analysis section. *e toughness and resis-
tance to shrinkage were consequently improved and en-
hanced. Additionally, the EP membrane formed on the
surface of the hydration products also helped reduce water
loss and promoted the hydration reaction. *e introduction
of the microfiber mesh structure caused by filling of the
micropores by EP strengthened the internal structure, in-
creased the force bearing point, and weakened the capillary
action, with an overall improvement in the resistance of FC
to drying shrinkage.

4.1.3. SEM Morphological Results. *e morphology and
microstructure of the end-products in the EP-enriched FC
specimens were characterized using the SEM test. As shown
in Figure 4, the unmodified FC in specimen b0 comprised a
huge amount of scattered distributed needle-shaped
ettringite and plate-shaped calcium hydroxide, which
overlapped to form numerous gaps and pores throughout
the concrete. *e number of pores and gaps decreased with
increasing EP content (Figures 4–7). *e surface of the
hydration products was uniformly covered by the EP
membrane, which structurally connected them, thus en-
hancing both the resistance to shrinkage and the bulk sta-
bility (Figure 6). Additionally, the gaps and cracks formed by
overlapping the hydration products became filled (see
Figure 8).

When the EP content was increased to 4.0%, the epoxy
resin membrane provided a microfibrous mesh throughout

the concrete matrix, which improved the resistance to
shrinkage by supporting the structure of the pore walls and
the hydrated calcium silicate gel phase (Figure 6). However,
when the EP content was increased further to 4.5%, the
strong agglutinating force of the EP disrupted the uniform
distribution of the hydration products. Consequently, a great
number of unhydrated particles became encapsulated and
shielded in the EP at an early stage, thus preventing their
hydration as visually evident in Figure 9. *is infers that the
detrimental effects of high EP contents above the optimum
dosage overshadow the potential benefits of EP in FC.

*e overall foam structure was then examined in detail.
In the FC that did not contain EP, the pores were generally
large in size with a wide distribution (≈100–200 μm) as
visually seen in Figure 10(a). When the EP content was
increased to 4.0%, the average pore size decreased, while the
relative number of small pores increased compared to the
large pores. Although the pore wall continued to be densified
and smoother as the EP content was increased further to
4.5%, the pores became interconnected, which counteracted
the cured EP’s resistance to drying shrinkage and also in-
creased its permeability; see Figure 11.*is was attributed to
the high viscosity of the cement paste with high EP contents
that prevented homogeneity during mixing. Additionally,
excessive EP contents weakened the adhesion and bonding
between the chemical admixture and the foam, leading to the
foam breakage and separation (Figure 11).

4.2. Impermeability Characteristics

4.2.1. Effects of EP Content on Permeability Pressure, Per-
meability Height, and Permeability Coefficient. *e effects of
different EP contents on the water exudation pressure of the
FC are summarized in Table 6. *e water exudation pressure
generally increased as the EP content increased, with the
exudation pressures for test specimens b0, b1, b2, b3, b4, and
b5 being 0.3MPa, 1.0MPa, 1.3MPa, 1.5MPa, 1.5MPa, and
1.5MPa, respectively. Using equation (1), the final water
pressure for each specimen group was then used to calculate
the impermeability pressures, P, which are plotted in Fig-
ure 12. Fewer than three specimens from b3 b4 or b5 exuded
water at the highest water pressure. *erefore, the perme-
ability coefficients of specimens b3, b4, and b5 were cal-
culated using Equations (2)–(5). *e results are summarized
in Table 7.

As shown in Figure 12, the water exudation pressure of
FC containing zero EP was the lowest at 0.2MPa. Upon
addition of 2.5% EP, the water exudation pressure increased
by almost 350% to 0.9MPa, while at 3.0% EP content, the
water exudation pressure increased by further 600% to
1.4MPa. *e depth of penetration measurements and the
calculated permeability coefficients were used to quantify the
permeability of specimens at the maximum water exudation
pressure.

Specimens b0, b1, and b2 underwent complete water
penetration as their depths of penetration of 30mm (Ta-
ble 7). *e depth of penetration dramatically decreased as
the EP content increased further (Figure 13), with the
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Figure 3: Effect of curing age on the shrinkage values of the FC
specimens with different contents of EP.
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Figure 4: SEM micrographs showing the morphology of specimen b0 at 1000x (a) and 5000x (b) magnification.

Figure 5: SEM micrographs showing the morphology specimen b3 at 1000x (a) and 5000x (b) magnification.

Figure 6: SEM micrographs showing the morphology specimen b4 at 1000x (a) and 5000x (b) magnification.

Figure 7: SEM micrographs showing the morphology specimen b5 at 1000x (a) and 5000x (b) magnification.
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Figure 8: SEM micrograph showing the morphology specimen b4 at 10000x magnification.

Figure 9: SEM micrograph showing the encapsulation of unhydrated particles within the EP membrane in specimen b5 at 10000x
magnification.

(a) (b)

Figure 10: SEM micrographs of the foam structure % of specimens (a) b0 (0% EP) and (b) b4 (4.0% EP).

Figure 11: SEM micrograph of the foam structure of specimen b5 (4.5% EP).
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calculated permeability coefficients, KP, of FC specimens
containing 3.5%, 4.0%, and 4.5% EP being 3.65, 0.75, and
47.81, respectively (Figure 14). *e smallest water pene-
tration depth and permeability coefficient, and, therefore,
the highest impermeability, were recorded for the EP
content at 4.0% - which was deemed as the optimum EP
dosage.

Generally, FC has high permeability coefficients [5, 25].
*roughout the FC specimens containing zero EP, many
gaps and pores facilitated water migration due to pressure
differences and capillary action when pressure was applied.
When EP was added, the average pore size and size dis-
tribution decreased as was shown in Figure 11. *is was
attributed to the fact that the EP served to fill in the gaps in
the pore walls formed by the hydrated products, which
extended or blocked the water migration pathways and
improved the impermeability characteristics of FC. How-
ever, this also infers that only a proportion of the pores could
be back filled with water [45].

As evident in Figure 14, the permeability coefficient in-
creased dramatically when the EP content reached 4.5%, with a
KP value of about 47.50×10−9mm/h versus about
0.75×10−9mm/h (lowest KP value) for 4.0% EP. *is was at-
tributed to the high viscosity of concrete slurry at high EP levels
that created difficulties in mixing, thus leading to poor foam
homogeneity, stabilization, bonding, and pore interconnections.
All these factors were detrimental to the impermeability char-
acteristics of FC. However, it was also possible that the amount
of water absorbed within the FC was dependent on both the
wettability and water binding ability of the outer surfaces of the
test specimens and the internal pore surfaces.*is phenomenon
was further explored with the SE (contact angle) measurements
that are presented and discussed in the subsequent text.

4.2.2. Effects of SE on the Impermeability and Drying
Shrinkage of FC. *e contact angle (CA) and SE results for
all the test specimens are summarized in Table 8 and also

Table 6: Effects of different contents of EP on the water exudation pressure of FC.

Specimen
Water pressure at the end of the experiment, H (MPa)

A B C D E F P
b0 — 0.3 — 0.2 0.3 — 0.2
b1 0.8 — 1 1 — — 0.9
b2 1.3 1.2 — — — 1.3 1.2
b3 1.5 1.5 1.5 1.5 1.5 1.5 1.4
b4 1.5 1.5 1.5 1.5 1.5 1.5 1.4
b5 1.5 1.5 1.5 1.5 1.5 1.5 1.4

2.0 2.5 3.51.50.5 3.01.0 5.04.50.0–0.5 4.0
Epoxy resin content (%)

0.2

0.4

0.6

0.8

1.0

1.2

1.4

P 
(M

Pa
)

Figure 12: Impermeability pressures, P of FC specimens containing different amounts of EP.

Table 7: Permeability coefficients of specimens b3, b4, and b5.

Test
specimen no.

Average depth of
penetration (mm)

Pressurization
time (t)

△P
(MPa)

△P (height of water
column, mm) △m (kg) Ah (m3) KP (×10−9mm/h)

b3 3.33 15 1.5 153000 0.0002 0.000133 3.65
b4 2.13 15 1.5 153000 0.0001 0.000133 0.75
b5 8.53 15 1.5 153000 0.0004 0.000133 47.81
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plotted in Figure 15, respectively. *e relationship between
the impermeability and drying shrinkage resistance of FC
and SE and CA needs comprehensive analysis and cannot be
generalized [17, 19, 27, 41, 42]. Between EP contents of 2.5%
and 4.0%, the contact angles were greater than 90°, indicating
lower wettability and better adhesion/bonding [42]. *e
contact angles for test specimens with EP contents of 0% and
4.5% were 88.6° and 82.7°, respectively, which suggested that
the wettability was relatively high with poor adhesion/
bonding characteristics than the other EP contents.

*e contact angle measurements only describe the
wettability of the outer surface of test specimens, which is
not related to the water adsorption ability of the pores. *is
is the main factor that dictates impermeability in FC. *e
penetration of water into FC reduced the SE, which in turn
reduced the energy required to form a crack, and easily

caused the interconnection of pores throughout the concrete
matrix [41, 42]. *is is detrimental to the impermeability
and the resistance to drying shrinkage.

As seen in Figure 15, the SE of specimen b4 was by far
the largest, in magnitude, which reflected the previous
observations that specimen b4 (with 4.0% EP) had the
lowest permeability coefficient and the highest resistance
to drying shrinkage, respectively. If the initial SE was
lower, and, therefore, the energy required to form
microcracks is low, channels through which water can
flow will be formed throughout the concrete under the
application of water pressure. However, when the SE is
high, the water pressure in the capillary is not enough to
trigger the formation of microcracks, and the capillary
action of water is also prevented. Overall, the penetration
of water throughout the FC matrix is minimized. By
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Figure 13: Measured values of the water exudation height of specimens (a) b3, (b) b4, and (c) b5. Data for three separate specimens A
(black), B (red), and C (blue) are displayed in each figure.
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Figure 14: Values of penetration depth, h, and permeability coefficient, KP, of the FC specimens with different contents EP contents.
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introducing EP into FC, the network channels through
which water can flow are longer, and many pores become
simultaneously blocked, thus enhancing the FC’s im-
permeability characteristics whilst increasing its resis-
tance to drying shrinkage.

5. Conclusions and Recommendations

*e influence of EP content on the drying shrinkage, im-
permeability, internal pore structure, and SE of FC with a
low water-to-cement ratio was evaluated in this study.
Laboratory testing was conducted to characterize the
physical and chemical properties of the EP-modified FC
including permeability, drying shrinkage, SEM, and SE tests.

*e study findings indicated that the amount of drying
shrinkage of FC increased with decreasing moisture content
and that the shrinkage value becomes less affected by the
decrease of moisture content after the addition of EP. An
increase in curing time also leads to an increase in the drying
shrinkage, where the rate of drying shrinkage followed an
exponential decay for up to 56 days.

*e addition of EP was shown to enhance both the
resistance to drying shrinkage and impermeability. An
optimum EP content of 4.0% was found to display the best
performance for both effects compared to the unmodified
FC, with the drying shrinkage reduced by 48% and the
impermeability pressure increased in excess of 600%. An
excessive dosage of EP above 4.0% led to poor performance
in terms of both the resistance to drying shrinkage and
impermeability.

Analysis of the FC microstructure revealed that the EP
filled and densified the pores, voids, and pore walls. *e
membranous EP component also formed a micromesh
structure that bonded the hydration products together. An
increase in the pore number and a decrease in the average
pore size were observed, which suggested that the improved
shrinkage resistance was caused by an increase in the length
of the internalized channels, through which water must
migrate.

Lastly, an analysis of the SE showed that EP increased the
contact angle, which reduces wettability. *e maximum SE
was obtained when the EP content was 4.0%, where the
highest SE provided the highest resistance to microcracking,
as well as the weakest capillary action for the migration of
water within the FC matrix.

Overall, the study has shown that the addition of a
polymeric additive, namely, EP, to FC significantly im-
proved the properties and performance of FC in terms of the
impermeability characteristics and resistance to drying
shrinkage. For the materials and laboratory tests conducted
in this study, 4.0% was found as the optimum EP dosage to
maximum the impermeability properties and drying
shrinkage resistance of FC. Although limited to the specific
materials discussed in the paper, the study findings, no
doubt, provide a launch-pad for further in-depth research
into polymeric additives (such as EP) to enhance FC in-
cluding field validation and practical applications. By in-
creasing the properties of FC such as impermeability and
shrinkage, it can not only increase the durability of the
material itself, but also be better used for building

Table 8: Measured values of the CA and SE.

Specimen groups b0 b1 b2 b3 b4 b5
CA (°) 88.60 100.20 115.30 90.70 107.30 87.20
SE (mN/m) 61.97 77.80 84.19 101.57 140.85 71.66
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Figure 15: (a) Measured contact angles and (b) calculated surface energies (b) of FC specimens containing increasingly higher amounts of
EP.
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compensation foundation filling, highway subgrade back-
filling, and roadbed widening.
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