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Abstract

To investigate the impermeability of foam concrete in various challenging environments,
this study evaluates its water resistance by measuring the water contact angle and water
absorption. Polyurethane (PU) was used to fabricate polyurethane foam concrete (PFC),
enabling a monolithic hydrophobic modification to improve the permeation performance
of foam concrete. The study also examines the effects of carbonation and freeze–thaw
environments on the permeation resistance of PFC. Graphene oxide (GO), KH-550, and
a composite hydrophobic coating (G/S) consisting of GO and KH-550 were employed
to enhance the permeation resistance of PFC through surface hydrophobic modification.
The functionality of the G/S composite hydrophobic coating was confirmed using energy
dispersive X-ray spectrometry (EDS) and Fourier transform infrared spectroscopy (FTIR).
The results showed the following: (1) The water contact angle of PFC increased by 20.2◦

compared to that of ordinary foam concrete, indicating that PU-based hydrophobic modifi-
cation can significantly improve its impermeability. (2) After carbonation, a micro–nano
composite structure resembling the surface of a lotus leaf developed on the surface of PFC,
further enhancing its impermeability. However, freeze–thaw cycles led to the formation
and widening of microcracks in the PFC, which compromised its hydrophobic properties.
(3) Surface hydrophobic modifications using GO, KH-550, and the G/S composite coating
improved the anti-permeability properties of PFC, with the G/S composite showing the
most significant enhancement. (4) GO filled the tiny voids and pores on the surface of the
PFC, thereby improving its anti-permeability properties. KH-550 replaced water on the sur-
face of PFC and encapsulated surface particles, orienting its R-groups outward to enhance
hydrophobicity. The G/S composite emulsion coating formed a hydrophobic silane layer in-
side the concrete, which enhanced water resistance by blocking water penetration, reducing
microscopic pores in the hydrophobic layer, and improving impermeability characteristics.

Keywords: polyurethane foam concrete; composite hydrophobic coating; water contact
angle; water absorption

1. Introduction
Lightweight foam concrete offers benefits such as low deadweight, effective acoustic

and thermal insulation, and ease of construction [1], and it has a wide range of application
scenarios. However, foam concrete has a porous structure and is hydrophilic [2]. This
hydrophilic and porous nature facilitates water penetration into the concrete structure. The
primary mechanisms for water migration and transport include capillary adsorption [3],
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concentration-driven diffusion [4], and pressure-driven infiltration [5]. Various ions con-
tained in water are corrosive to concrete structures [6]. For example, chloride ions, sulfate
ions, and carbonate ions can invade the concrete through capillaries, leading to corrosion
or carbonation of steel reinforcement. Consequently, addressing the issue of external water
penetration into the interior of concrete to improve its durability is a pressing concern.

Common methods to reduce concrete permeability include decreasing the porosity
of the cementitious material. This can be achieved by lowering the water–cement ratio or
by incorporating supplementary cementitious materials to enhance densification [7], and,
secondly, by introducing fine and unconnected air bubbles. However, these methods have
limited effectiveness in reducing permeability. Increasing the total amount of cementitious
materials and decreasing the water–cement ratio can adversely impact the fluidity of the
concrete mix, making the concrete more difficult to work with and potentially affecting its
overall performance. On the other hand, the hydrophobic modification of concrete is an
effective treatment to prevent moisture penetration. There are two types of hydrophobic
modification: integral modification and surface hydrophobic modification [8]. Integral
modification entails incorporating hydrophobic substances into foam concrete to improve
its properties, which is then hardened to achieve overall hydrophobicity. Surface hydropho-
bic modification involves applying a hydrophobic treatment to the surface of hardened
foam concrete, enhancing its water resistance and durability. The hydrophobic material
is usually attached to the surface and penetrates into the foam concrete interior through
coating or impregnation. Standard penetration test measurements include the Karsten tube
method [9], water contact angle measurements [10], and hydrophobic mass tests [11].

Overall hydrophobic modification can be achieved by using foaming agents with
hydrophobic properties, which not only provide a foaming function but also improve
impermeability. Among these foaming agents, the polyurethane (PU) foaming agent
exhibits a good hydrophobic effect [12]. The use of PU as a blowing agent not only reduces
environmental pollution caused by commonly used blowing agents such as aluminum
powder [13,14] and hydrogen peroxide [15,16], but also results in PU foam that is lighter
compared to aluminum powder and hydrogen peroxide [17,18]. Additionally, PU foam
offers more flexibility [19], waterproofing [20], high thermal stability [21], and a short
molding time [22], making it suitable for various engineering structures. Polyurethane
foam concrete (PFC) is prepared by a physical foaming method, where PU is added to
a preconfigured base mixture to form an integral cellular hydrophobic structure within
the concrete.

Environmental changes significantly impact the mechanical properties of foam con-
crete. Studies show that carbonation processes can enhance these properties, improving
the concrete’s overall performance [23]. On the other hand, freeze–thaw cycles are known
to negatively affect the mechanical properties of concrete, leading to deterioration over
time [24]. The dynamic elastic modulus of concrete increases with prolonged carbonation
but decreases as the number of freeze–thaw cycles increases. The increase in dynamic
elastic modulus after carbonation can be attributed to the growth of CaCO3 crystals and
geopolymers, which fill the pores and cracks in the concrete. Conversely, freeze–thaw cy-
cles exacerbate crack development, weakening the concrete’s structure. Currently, studies
on how carbonation and freeze–thaw cycles affect concrete’s permeability resistance are
lacking. Therefore, researching the impact of environmental factors on the permeability
resistance of PFC is significantly important.

Silane emulsions are commonly used for the surface hydrophobic modification of
concrete [25]. They have a good waterproofing effect because the small molecular size of
silane molecules allows them to penetrate deeply into the micropores of concrete [26]. In
the wet environment of concrete, silane molecules hydrolyze to produce silanol groups [27],
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which undergo condensation reactions with silicates to form a silica–oxygen bonding
structure with strong hydrophobicity. In external environments, the volatilization and
infiltration of silane emulsion can create tiny pores within the hydrophobic layer, allowing
water vapor to penetrate the concrete and compromise the hydrophobic layer. Graphene
oxide (GO), characterized by its abundance of hydroxyl, carboxyl, and oxygen groups on
its surface, can effectively mitigate this issue [28]. GO provides binding sites for small
silane molecules, enabling them to form a clustered structure within the concrete. This
clustering tightly bonds the silane molecules to the concrete, enhancing the thickness and
effectiveness of the hydrophobic layer. Surface hydrophobicity can also be applied to the
repair of ancient buildings to improve their durability.

In this research, the hydrophobic properties of foam concrete were evaluated using
water contact angle measurements and water absorption tests. These methods were em-
ployed to determine the effectiveness of the concrete’s resistance to water penetration.
Diphenylmethane diisocyanate (MDI) and polyether polyol (PP) were used as overall
hydrophobically modified blowing agents. Additionally, GO, the silane coupling agent
KH-550 and a composite emulsion of GO and KH-550 (G/S) were applied as three anti-
permeability coatings to study the anti-permeability performance of PFC under the complex
environmental conditions of carbonation and freeze–thaw cycles.

2. Materials and Methods
2.1. Materials

In PFC, the ordinary Portland cement used is PO 42.5 (Anhui Conch Cement Company
Limited, Wuhu, China), and the fine aggregate is basalt stone powder (BSP). BSP, selected
from Shaoxing Central Asia Industrial and Trade Park (Shaoxing Zhongya Industrial
and Trade Park Co., Ltd., Shaoxing, China), is depicted in Figure 1a. Its main chemical
composition was measured by an XRD test (PANalytical B.V., Almelo, The Netherlands),
as shown in Table 1. Before use, BSP was sieved through a 200 mesh to ensure it met
the standard for stone powder particle size. The particle size was measured using a
laser particle size analyzer (Malvern Instruments Ltd., Malvern, UK), with results shown
in Figure 1b. MDI (Jining Huakai Resin Co., Ltd., Jining, Shandong, China) and PP
(Guangzhou Huixiang Chemical Co., Ltd., Guangzhou, Guangdong, China) were used as
the foaming agents. The molecular formula of MDI is C15H10N2O2, as shown in Figure 1c.
MDI is a light-yellow liquid that is insoluble in water, with an NCO value of 30.5%–32%, a
viscosity of 150–250 mPa.s, an acidity of ≤0.03, and physical indices as shown in Table 2.
The molecular formula of PP is C16H34O5, as depicted in Figure 1d, with an OH value
of 400–460, a viscosity of 120–180 mPa.s, acidity ≤ 0.05, moisture ≤ 0.05%, and a pH
between 9 and 11. These results were obtained using a laser particle size analyzer for the
stone powder. A GO aqueous solution (2 mg/mL) served as the source of GO, obtained
from Carbon Fountain Technology Company, Suzhou, China. Its elemental analysis is
depicted in Figure 2, and its molecular structure and formula are shown in Figure 3a,b. The
particle size of GO was measured using a laser particle size analyzer, with results shown
in Figure 3c. The silane coupling agent KH-550 (Zhonghang New Material Technology
Co., Ltd., Zhengzhou, Henan, China) is a transparent liquid with the molecular formula
C9H23NO3Si and a molecular mass of 221.37 g/mol. It has one hydrogen bond donor, four
hydrogen bond acceptors, and nine rotatable bonds. The molecular formula and structure
of KH-550 are shown in Figure 4a,b.
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(a) The color and particle size of BSP powder. (b) Particle size distribution.

(c) The color of MDI liquid. (d) Picture of the color of polyether polyol liquid.

Figure 1. BSP picture (a) and particle size distribution (b); MDI picture (c) and PP picture (d) [29,30].

Table 1. Chemical composition of BSP (%) [29].

Chemical
Composition SiO2 Al2O3 CaO MgO Fe2O3 FeO Na2O K2O P2O5 TiO2 MnO Other

Content 48.79 13.06 8.6 3.5 5.6 8.93 2.64 1.28 0.33 3.05 0.17 4.05

Table 2. Physical specifications of the MDI [30].

Materials Smell Boiling
Point (◦C)

Fusing
Point (◦C)

Flash Point
(◦C)

Solubility
(mg/L) Density Log

Kow(est)

MDI Odorless 314 37 396 1.51 1.2 5.22

2.4%2%
2.4%

51.5%

41.7%

 C
 O
 H
 S
 Other

Figure 2. Elemental analysis table of GO.
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(a) Analytical structure. (b) Chemical formula. (c) Particle size analysis.
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Figure 3. Analytical structure (a), chemical formula (b), and particle size analysis (c) of GO [29].

(a) Molecular formula. (b) Molecular structure.

Figure 4. Molecular formula (a) and molecular structure (b) of silane coupling agent.

2.2. PFC Density Modulation and Specimen Preparation

The design dry density and water consumption of foam coagulation are calculated
according to Equations (1) and (2).

ρd = Sa(mc + mm) (1)

mW = B(mc + mm) (2)

where ρd is the design dry density of foam concrete, Sa is the quality coefficient determined
by the total amount of dry material of each basic constituent material and the total amount
of non-evaporated material in the finished product after 28 d of foam concrete curing, and
ordinary Portland cement is taken as 1.2. mc is the amount of cement used in 1 m3 of foam
concrete, mm is the amount of admixture used in 1 m3 of foam concrete, mW is the amount
of water used in 1 m3 of foam concrete, and B is the ratio of water to glue.

The total volume of slurry consisting of cement, admixture, aggregate, and water
in 1 m3 of foam concrete and the amount of foam added were calculated according to
Equations (3) and (4).

V1 =
mc

ρc
+

mm

ρm
+

ms

ρs
+

mw

ρw
(3)

V2 = K(1 − V1) (4)

where V1 is the total volume of slurry consisting of cement, admixture, aggregate, and
water, ρc is the density of cement, ρm is the density of admixture, ms is the aggregate used
for 1 m3 of foam concrete, ρs is the apparent density of aggregate, and V2 is the amount of



Coatings 2025, 15, 854 6 of 22

foam added. After calculating the concrete mix ratio after quality correction, the correction
factor η is calculated by Equations (5) and (6).

η =
ρco

ρcc
(5)

ρcc = mc + mm + ms + m f + mw (6)

where ρco is the wet density calculated according to the ratio of each constituent material,
ρcc is the measured wet density of the foam concrete mix, and m f is the amount of foam
agent in 1 m3 of foam concrete obtained from the calculation of the ratio.

Based on the mix ratio calculations and density modulation, three densities of PFC,
1500 kg/m3, 1350 kg/m3, and 1200 kg/m3, were obtained, as shown in Table 3, for the mix
ratio design. The internal pores of PFC with different densities are shown in Figure 5.

Table 3. Concrete density adjustment program [30].

Dry Density (kg/m3) Water–Binder
Ratio Filler Ratio Cement (%) Stone Powder (%) Blowing Agent (%)

1500 0.54 0.5 42.47 22.47 4.22

1350 0.54 0.5 43.22 21.72 4.58

1200 0.54 0.5 44.77 20.17 8.43

Figure 5. Internal pore distribution of PFC with different densities.

2.3. Specimen Preparation and Test Program
2.3.1. Preparation of Impermeable Specimens

The permeability specimen is a cube with a side length of 40 mm. The specimen
production process is as follows. (1) Preparation of specimen tools: A layer of petroleum
jelly was evenly coated around the mold to facilitate the demolding of the specimen.
(2) Preparation of test materials: The mass of each constituent material was calculated
according to the mixing ratio in Table 3, and all materials were weighed using an electronic
scale. Cement and stone powder were stirred for 2 min until the mixture was homogeneous,
forming the dry material. (3) Mixing of MDI and PP: MDI and PP were weighed separately.
PP was poured into the dry material and stirred evenly for 1 min, followed by the addition
of MDI, which was stirred evenly for another 2 min. (4) Preparation of specimen: The
mixed material was filled into the mold in layers, and the surface of the specimen was
smoothed with a spatula. (5) Specimen curing and mold removal: The molds were placed
in a controlled curing room where the temperature was maintained at 20 ◦C ± 2 ◦C and
the humidity was kept above 90%. The specimens were cured for 2 days before demolding.
After demolding, the specimens were immersed in water and cured for up to 28 days [31].
The test program and process are shown in Figure 6.
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Figure 6. Specimen preparation and test process.

2.3.2. Preparation of GO/KH-550 Composite Emulsion (G/S)

The steps involved in preparing the G/S composite emulsion are as follows:
(1) Weigh a 1:1 ratio of KH-550 and GO and mix them in a measuring cylinder. (2) Place the
measuring cylinder in a magnetic stirring water bath and raise the temperature to 60 ◦C.
(3) Add a magnetic stir bar (Shanghai Lichen Instrument Technology Co., Ltd., Shanghai,
Shanghai, China) to the measuring cylinder and stir at 1600 rpm for 1 h. (4) After stirring is
completed, remove the measuring cylinder from the water bath and allow it to cool to room
temperature to form the G/S composite emulsion. The detailed preparation process is
outlined in Figure 7. In these reactions, KH-550 is not only anchored to the GO surface, but
its unreacted ethyl acrylate group (-C=C) also provides potential active sites. This improves
the dispersibility and compatibility of GO within the target matrix [32].

KH-540(R-Si(OCH3)3) + 3H2O → R-Si(OH)3 + 3CH3OH (7)

The three ethoxy groups (-OEt) are hydrolyzed into hydroxyl groups (-OH), resulting
in the formation of trihydroxysilane (H2N-(CH2)3-Si(OH)3) and ethanol (C2H5OH).

For the carboxyl group (-COOH),

H2N-(CH2)3-Si(OH)3 + -COOH → R-CONH-R + H2O (8)

Figure 7. Reaction principle of GO with KH-550.
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2.3.3. Test Scheme

To examine the influence of environmental factors on the impermeability of PFC,
two key tests were conducted: a carbonation test and a freeze–thaw cycle test. Addition-
ally, to explore the effects of surface hydrophobic modifications on PFC, three different
hydrophobic coatings were applied to the PFC samples.

Details of the test procedures and the specific hydrophobic coatings used are outlined
in Table 4.

Table 4. Test scheme.

Sample Density and Type
Blowing Agent Environmental

Treatment
Coating

Treatment1500 kg/m3 1350 kg/m3 1200 kg/m3

PU-1500 PU-1350 PU-1200

PU

- -
CG-1500 CG-1350 CG-1200 Carbonization environment -
FT-1500 FT-1350 FT-1200 Freeze–thaw environment -
GO-1500 GO-1350 GO-1200 - GO
SCA-1500 SCA-1350 SCA-1200 - KH-550
C/S-1500 C/S-1350 C/S-1200 - C/S

2.4. Test Methods
2.4.1. Water Contact Angle Test Method

Standard permeation test methods include the Karsten tube method, water contact
angle measurement, and hydrophobic mass test [11]. In this study, the water contact angle of
PFC was measured using an OCA50Micro fully automated single-contact-angle measuring
instrument (OCA50Micro, Dataphysics Instruments GMBH, Filderstadt, Germany), as
shown in Figure 8. The contact angle of PFC was determined using the droplet method. In
this method, each droplet, consisting of 2.5 microliters of distilled water, was placed on the
surface of the PFC specimen. The contact angles at 10 different positions on the specimen’s
surface were captured using a high-speed camera. The average of these measurements was
then calculated and used as the final test result.

Figure 8. Water contact angle equipment.

2.4.2. Water Absorption Test

The concrete specimens were supported with stands of the same height, ensuring
that the distance between the bottom of the container and the concrete floor was 5 mm.
Water from the laboratory was added to the container to ensure that the water level was
higher than the top of the concrete specimens, as depicted in Figure 9. Subsequently, all
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the specimens were fully immersed in the water. After that, water absorption tests were
carried out at intervals of 0, 1, 2, 4, 6, 8, 12, 24, 36, and 48 h.

The mass of the specimen after different immersion times was measured to determine
the amount of water absorption, which was calculated using Equation (9) [33].

WAR =
(Wt − Wo)

Wo
× 100% (9)

where Wt denotes the mass after immersion and Wo denotes the mass before immersion.

Figure 9. Schematic diagram of water absorption test.

2.4.3. Carbonization and Freeze–Thaw Test Methods

To explore the effects of environmental conditions on the impermeability of PFC,
various assessments were conducted, including carbonation tests and freeze–thaw cycle
tests on PFC specimens.

Based on the research findings of Cui [34] and Fib [35], the concentrations chosen for
this study were 2% and 4%. After reaching the required curing age, the PFC specimens
were placed in a carbonation chamber. The environment inside the chamber was controlled
to maintain a constant temperature of 20 ◦C and a humidity level of 90%. The specimens
underwent the carbonation process for 48 h. After the carbonation process was completed,
the specimens were subjected to a permeability resistance test to evaluate their performance.

According to GB/T 50082-2009 [36], the procedure for one freeze–thaw cycle test is as
follows. (1) Place the PFC specimen, which has reached the required curing age, into water
at 20 ◦C for 4 h. (2) After soaking, transfer the specimen into a freeze–thaw chamber at
−20 ◦C and freeze it for 6 h. (3) After freezing, place the specimen back into water at 20 ◦C
and allow it to thaw for 6 h. In the present study, 25 freeze–thaw cycles were conducted on
the PFC specimens to carry out a permeability test.

In order to accurately obtain the water contact angle of PFC after freeze–thaw cycles,
Three-tier controls were implemented during the measurement. (1) Selection of measure-
ment points: Areas with visually observable spalling or holes (defects larger than 1 mm)
were avoided, and points were only arranged in relatively intact surface regions. (2) Param-
eter optimization: The droplet volume was adjusted to 4 µL to enhance the wetting stability
on rough surfaces. (3) Data filtering: Outliers were automatically excluded based on droplet
morphology (those with excessive contact diameter or asymmetric spreading). Although
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the obtained results are apparent contact angles (not intrinsic values), this method more
truly reflects the performance of the protective layer in actual harsh environments.

2.4.4. Concrete Surface Coating Method

The six surfaces of the concrete specimens were coated according to Table 5. The
process was as follows: (1) Calculate the amount of spray required based on the surface
area of the specimen, (2) use a pipette gun to draw the calculated amount of spray, and
(3) transfer the solution into a spray bottle and use it to evenly coat the surface of the PFC
specimen, as depicted in Figure 6.

Table 5. Spraying solutions for waterproof coatings.

Reagents GO KH-550 G/S

Coated amount (g/m2) 1200 1200 1200

Coated amount in one time (g/m2) 600 600 600

Interval between coating (/h) 6 6 6

Fourier transform infrared spectroscopy (FTIR, IRPrestige-21, Shimadzu, Tokyo, Japan)
was used to identify functional groups and chemical bonds within the wave number range
of 500–4000 cm−1 at room temperature. The morphology and size distribution of the
materials were recorded and observed with a scanning electron microscope (SEM, JSM-6360
LV, JEOL, Tokyo, Japan). An energy-dispersive spectrometer (EDS, JSM-7800F Prime, JEOL,
Tokyo, Japan) was used to measure the elemental species and contents in the microregions
of the materials.

3. Results and Analysis
3.1. Effect of PU on Seepage Resistance of Foam Concrete

Figure 10a shows the concrete specimen without PU addition, with a contact angle of
23.8◦. Figure 10b illustrates the water-repellent property of the PFC specimen. The contact
angle of the PFC with added PU foam was 44◦, and the curve of the water contact angle
versus titration time is shown in Figure 10c. The experimental data indicate that adding
PU foam to concrete increases the surface hydrophobicity of the PFC specimen, thereby
lowering its water storage capacity.

Figure 11 illustrates the water absorption rate of PFC. The test results indicate that
the water absorption rate of the PFC specimen increases rapidly during the initial 8 h
period. By the 10 h mark, the internal pore water of the specimen approaches saturation,
leading to a slower increase in water absorption between 10 and 48 h. At 48 h, the water
absorption reached 0.28% for PU-1200, 0.13% for PU-1350, and 0.07% for PU-1500. The data
demonstrate that the water resistance of composites enhanced with four different silane
coupling agents improved [35]. Additionally, composites modified with KH-570 exhibited
the best water resistance and superior interfacial compatibility. This modification effectively
minimized the space available for water molecules within the composites, resulting in
a significant enhancement of their water resistance. The water absorption of KH-570-
modified materials at 48 h reached 1.5%. The water absorption rate of the PFC specimens
in this experiment is much lower than that of the KH-570-modified composites in the cited
article, regardless of density changes. This finding demonstrates that incorporating PU
foam into concrete can significantly enhance its water resistance.



Coatings 2025, 15, 854 11 of 22

(a) (b)

(c)

0 5 10 15 20 25 30
10

20

30

40

50

W
at

er
 c

on
ta

ct
 A

ng
le

(°
)

Time(ms)

 Control group

Figure 10. Water contact angle and water absorption of concrete: (a) water contact angle of ordinary
concrete; (b) water contact angle of concrete after adding PU; (c) water absorption after adding PU.
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Figure 11. Water absorption of PFC.

3.2. Effect of Carbonation Environment on PFC Impermeability Properties

As shown in Figure 12a, upon carbonation of the PFC, the water contact angle on
its surface measured 66.2◦. The curve of the water contact angle versus titration time is
shown in Figure 12b. As the titration time increases, the water contact angle decreases
rapidly within 5 ms and continues to decrease rapidly after 9 ms. Subsequently, the contact
angle decreased slowly, reaching 14.4◦ at 27 ms. The surface micromorphology of the
carbonized specimen, depicted in Figure 12c, reveals through SEM imaging that CaCO3

produced by the carbonation reaction is dispersed across the PFC surface. The quantity of
CaCO3 formed is influenced by the duration of the carbonation process [30]. With longer
carbonation times, more CaCO3 particles adhere to the PFC surface. Conversely, if the
carbonation time is too short, there is insufficient CaCO3 on the surface, leading to slight
alterations in surface texture and a reduced wetting angle. When the carbonation time is
extended, the PFC surface becomes increasingly covered with CaCO3 particles, resulting
in a progressive rise in the wetting angle. Additionally, the surface particles of the PFC
develop a micro–nano composite structure akin to that of a lotus leaf, preventing water
droplets from spreading and thereby increasing the contact angle [37].
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Figure 12. Water contact angle and surface microstructure of carbide group: (a) initial water contact
angle; (b) end water contact angle; (c) surface micromorphology.

Figure 13 presents the results of the water absorption test conducted after the CG-1500
specimen underwent 48 h of carbonation. The test findings indicate that the water uptake
of the PFC sample increases rapidly during the initial 4 h, with continued growth observed
between 8 and 12 h. By the 12 h mark, the internal pore water of the specimen essentially
reaches saturation, leading to a stabilization of the water absorption rate, with little to no
further increase observed beyond this point. At 48 h, the water absorption rates under
different carbonation conditions are as follows: CG-1200 exhibits a water absorption rate of
0.2%, CG-1350 has a rate of 0.13%, and CG-1500 achieves a rate of 0.1%.
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Figure 13. Water absorption of carbonized groups.

3.3. Effect of Freeze–Thaw Cycling on the Permeability of PFC

Following 25 freeze–thaw cycles, the water contact angle on the PFC surface reduced to
10.8◦, as illustrated in Figure 14. The test findings demonstrate that freeze–thaw conditions
significantly affect the impermeability performance of PFC. The PFC specimens experience
internal damage as a result of freeze–thaw cycles, and this damage progresses through four
main stages: the initial stage, the water infiltration stage, the freeze-development stage,
and the structural damage stage [38], as shown in Figure 15. In the initial stage, the PFC
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exhibits small damage cracks and internal bubble cracks, as illustrated in Figure 15a. The
water infiltration stage is shown in Figure 15b, where external water enters the PFC, filling
the internal pores until they gradually become saturated. Next, in the freeze-development
stage, as shown in Figure 15c, the volume expansion of frozen water generates tensile
stress on the inner walls of the PFC specimen. This expansion pressure exceeds the load-
bearing limit of the PFC, leading to disintegration of the internal structure, as illustrated
in Figure 15d. The tensile stress results in the formation of microcracks or the expansion
of existing cracks. As the number of freeze–thaw cycles increases, these microcracks can
interconnect, forming larger cracks. The increase in internal water storage space leads to a
further decrease in the water contact angle of the PFC surface.

Figure 14. Water contact angle of PFC after 25 freeze–thaw cycles.

(a) (b)

(c) (d)

Figure 15. Development process of freeze–thaw damage of concrete: (a) Phase I; (b) Phase II;
(c) Phase III; (d) Phase IV.

Figure 16 displays the results of the water absorption test performed on the PFC
specimen after it underwent 25 freeze–thaw cycles. The experimental data show that
following the freeze–thaw test, the water absorption of the PFC is greater compared to both
the control group and the carbonation group. At 48 h, the water absorption rates are as
follows: FT-1200 is 0.31%, FT-1350 is 0.24%, and FT-1500 is 0.1%.
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Figure 16. Water absorption.

3.4. Effect of Three Hydrophobic Coatings on the Impermeability of PFC
3.4.1. Functionalization Tests for G/S

PU is a polymer material with a basic unit of urea bonds (-NHCOO-), formed through
the polymerization reaction of isocyanates and polyols. The FTIR spectrum of rigid PU
foam at room temperature in air is shown in Figure 17a.

   
(a)  (b) 

   
(c)  (d) 

Figure 17. FTIR curves: (a) PU; (b) GO; (c) KH-550; (d) G/S.

For MDI, the symmetric and asymmetric stretching vibrations of N-H are represented
by broad absorption bands near 3869 cm−1 and 3746 cm−1, respectively. A moderately
strong peak at 1520 cm−1 confirms the in-plane bending vibration of N-H. The sharp
absorption peak around 1705 cm−1 is typically associated with the stretching vibration
of ester C=O and the asymmetric stretching vibration of N-CO-O. The weak peak near
631 cm−1 is attributed to the symmetric stretching vibration of N-CO-O. Additionally,
several weak peaks in the range from 631 to 578 cm−1 correspond to the out-of-plane
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bending vibration of C-H in the polysubstituted benzene ring. For PP, the peaks near
2363 cm−1 are due to the stretching vibrations of C-H in methyl, methylene, and methine
groups. The -CH3 group exhibits a symmetric bending vibration at 1380 cm−1. The
stretching of ether bonds C-O-C results in a broad and strong absorption peak at 1009 cm−1.

Figure 17b illustrates the analysis of surface functional groups on GO using FTIR spec-
troscopy. The characteristic peak observed at 3414 cm−1 corresponds to the intermolecular
stretching vibration of the -OH group. In addition, the carbonyl C=C peak at 1684 cm−1,
the C=O backbone vibration at 1497 cm−1, and the C-O-C stretching vibration at 1067 cm−1

in GO are weakened.
Figure 17c shows the FTIR spectra of KH-550 as determined by FTIR spectroscopy.

The absorption peak at 2981 cm−1 is attributed to the asymmetric stretching vibration,
symmetric stretching vibration, and deformation vibration of C-H. The absorption peak
at 1076 cm−1 is associated with the stretching vibrations of C=C and N-H. Additionally,
the absorption peaks at 1076 cm−1 and 777 cm−1 correspond to the C-Si-O and Si-O-Si
vibrations, respectively [39].

Figure 17d shows the FTIR spectrum of G/S. The shift in the characteristic peak of the
OH stretching vibration from 3414 cm−1 to 3353 cm−1 in G/S suggests that the hydroxyl
groups of GO have chemically reacted with the silane coupling agent. This reaction leads to
a decrease in the number of available functional groups. A change in the peak at 1660 cm−1

indicates a reduction in the characteristic peak associated with the bending vibration of
water absorbed by G/S. The weak absorption peak at 854 cm−1 corresponds to the Si-O-Si
bond vibration resulting from the self-polymerization of silanol groups. Additionally, the
absorption peak at 954 cm−1 increases to some extent, attributed to the formation of Si-O-C
bonds between the silanol hydroxyl groups and the hydroxyl groups of GO during the
reaction [40].

To demonstrate the functionalization of GO lamellae with KH-550, we analyzed the
FTIR spectra of both GO and G/S samples, as illustrated in Figure 16. The FTIR spectrum
of GO displayed a C=C backbone vibration at 1684 cm−1 [41], a C-O-C vibration of epoxy
groups at 1067 cm−1, and a C=O stretching vibration at 1497 cm−1 [42–44]. Upon interaction
with KH-550, new bands at 954 cm−1 and 854 cm−1 appeared in the FTIR spectrum of G/S,
which were attributed to the formation of Si-O-C bonds between GO and silane agents.
Meanwhile, the positions of some GO vibrational bands, such as -OH, C=C, and C-O,
showed slight shifts in the spectra of the G/S samples. In the G/S samples, the intensity
of these peaks is weakened due to their overlap with the N-H, NH2, and C-N vibrational
bands of the silane groups. These changes suggest the pyrolysis of GO’s unstable oxygen-
containing groups and the chemical reaction between GO functional groups and the amine
groups of KH-550 [45,46].

Figure 18 shows the SEM and EDS test results of concrete specimens treated with
different waterproofing coatings at 1000x magnification. The appearance of the specimens
treated with GO dispersion coatings showed no substantial differences compared to those
without coatings. In contrast, the silane emulsion-coated specimens exhibited flocculated
structures on the inner surface, while the composite emulsion-coated specimens displayed
clusters on the inner surface in addition to flocculated structures. Figure 18 also presents
the EDS results for concrete samples treated with different waterproofing coatings. The
Ca/Si ratios for the uncoated, GO-coated, silane emulsion-coated, and composite emulsion-
coated specimens were 9.5, 9.6, 8.3, and 33.2, respectively. These findings suggest that
the flocculated structures observed in the SEM images are attributed to the silane-based
waterproofing materials. Additionally, the GO coating did not form a strong bond with
the concrete, as evidenced by its Ca/Si ratio of 9.6, which is similar to that of the uncoated
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specimens. In contrast, both the silane emulsion and composite emulsion demonstrated
good adhesion to the concrete.

(a)

(b)

(c)

(d)

Figure 18. SEM vs. EDS plots of PDF: (a) uncoated; (b) GO coatings; (c) KH-550 coatings; (d) G/S
composite emulsion coatings.

Figure 19 illustrates that the carbon content in the composite emulsion-coated spec-
imens is greater than that in the uncoated specimens, with values of 12.9 in the silane
emulsion-coated specimens and 21.7 in the composite emulsion-coated specimens. This
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reveals the covalent bonding of GO and silanes in the composite emulsions. The homoge-
neous precipitation of KH-550 on GO, along with the removal of the oxidized functional
groups of GO, offers binding sites for small silane molecules, thereby altering its lamellar
morphology [47]. This interaction enables silane molecules to form a cluster-like structure
within the concrete, leading to a robust bond with the substrate and enhancing the thick-
ness of the hydrophobic layer. Consequently, this improves the impermeability of the PFC
specimens. GO, the silane coupling agent KH-550, and G/S composite emulsion were used
as coating agents to spray the surface of the specimens.

Figure 19. Radar plots of major element contents for uncoated, GO, KH-550, and G/S.

3.4.2. Contact Angle and Water Absorption Curve for GO Groups

As shown in Figure 20a, when coated with GO, the water contact angle on the PFC
surface measured 79.7◦. The curve of water contact angle versus titration time is depicted
in Figure 20b. As the titration duration extended, the water contact angle swiftly dropped
within the first 10 ms, and thereafter, the contact angle changed slowly after 10 ms. Com-
pared to the PFC control group, which had a contact angle of 44◦, the carbonization group
exhibited a contact angle of 66.2◦. However, the water repellency of the GO group was not
satisfactory, as the contact angle increased by only 35.7◦ compared to the control group,
but the contact angle was still less than 90◦, and it decreased too quickly. This indicates
that GO does not have a significant waterproofing effect on the concrete surface. This is
attributed to the hydroxyl and carboxyl groups contained in graphene oxide, which make
it hydrophilic. The complexation of GO by BSP [29] does not occur due to the absence of
functional groups on the GO surface.

(a) (b) (c)
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Figure 20. Contact angle and water absorption curve for GO groups: (a) water contact angle;
(b) water contact angle change curve; (c) water absorption.
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As depicted in Figure 20c, water absorption peaked at 0.3% for GO-1200, 0.23% for
GO-1350, and 0.17% for GO-1500 at 48 h. The water absorption of concrete coated with
GO dispersion was comparable to that of uncoated concrete, particularly when compared
to the significantly lower water absorption rate of PU-1200, which was 0.27%. The water
absorption rates of PU-1350 and PU-1500 were 0.13% and 0.07%, respectively, both of which
were lower than those of the GO group. This indicates that the waterproofing effect of GO
on the PFC was not significantly improved.

3.4.3. Contact Angle and Water Absorption Curves for KH-550 Groups

As shown in Figure 21a,b, treating the concrete surface with silane emulsion KH-550
increased the water contact angle on the PFC surface to 94.9◦. This change indicates that
the PFC surface transitioned from hydrophilic to hydrophobic due to the silane treatment.
The KH-550 displaced the water on the PFC surface and encapsulated the surface particles,
with the R groups oriented outward, thereby enhancing hydrophobicity.

(a) (b) (c)
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Figure 21. Contact angle and water absorption curves for KH-550 groups: (a) water contact angle;
(b) water contact angle change curve; (c) water absorption.

As shown in Figure 21c, the water absorption of SCA-1200 reached a maximum of
0.21%, SCA-1350 reached 0.1%, and SCA-1500 reached 0.05% at 48 h. Compared to the
control group, the water absorption of the KH-550-treated groups with varying densities
was reduced by 22%, 23%, and 29%, respectively.

3.4.4. Contact Angle and Water Absorption Curves for G/S Groups

As depicted in Figure 22a,b, the water contact angle of the PFC surface treated with
the G/S group was 120.2◦, significantly higher than that of the concrete surface treated
only with KH-550. As shown in Figure 22c, the PFC coated with the G/S group exhib-
ited the lowest water absorption in the same time period, indicating the most effective
waterproofing among the tested treatments. Water absorption in PFC specimens coated
with G/S at various densities was reduced by 41%, 46%, and 29% compared to untreated
PFC. When compared to PFC specimens coated with the GO group, the reduction in water
absorption for the G/S-coated specimens was 47%, 70%, and 71%. Additionally, compared
to PFC specimens coated with the KH-550 group, the water absorption of the G/S-coated
specimens was reduced by 24%, 30%, and 40%. The emulsion penetrated the concrete
and formed covalent bonds, creating a hydrophobic silane layer inside the concrete. This
layer effectively prevented water from penetrating the interior. By incorporating GO, the
silane increased the thickness of the hydrophobic layer, using GO as a template. This
addition also decreased the microscopic pores in the hydrophobic layer, thus improving its
waterproofing capabilities.
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(a) Water contact angle. (b) Water contact angle change curve. (c) Water absorption.
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Figure 22. Contact angle and water absorption curves for G/S group: (a) water contact angle;
(b) water contact angle change curve; (c) water absorption.

4. Conclusions
The impermeability properties of monolithic and surface hydrophobic modified foam

concrete were tested using water contact angle measurements and water absorption tests.
The functionalization of the G/S composite emulsion coating was verified by EDS and
FTIR analyses. The following conclusions were obtained:

1. PU has a strong hydrophobic effect on concrete. The water contact angle of ordinary
concrete is 23.8◦, while that of PFC is 44◦, an increase of 9.4◦ compared to ordinary
concrete. The water absorption of PFC specimens at 48 h is 0.28% for PU-1200, 0.13%
for PU-1350, and 0.07% for PU-1500. This indicates that adding PU foam to concrete
can effectively enhance its water resistance.

2. Carbonization enhances hydrophobicity. The water contact angle of the PFC specimen
with a carbonized layer was 66.2◦ initially, and it decreased to 14.4◦ at 27 ms. After
carbonization, the PFC surface became covered with CaCO3 particles, leading to a
gradual increase in the contact angle. The water absorption test, conducted 48 h after
carbonization for the control group, showed that the water absorption rate was 0.2%
for CG-1200, 0.13% for CG-1350, and 0.1% for CG-1500.

3. Freeze–thaw cycles degrade hydrophobic properties. As these cycles repeat, the
internal structure of PFC deteriorates, causing micro-cracks to merge into larger cracks.
This expansion of internal water storage space results in a reduced water contact angle.
After freeze–thaw treatment, the water contact angle of the PFC specimen was 10.8◦.
The water absorption rates were 0.31% for FT-1200, 0.24% for FT-1350, and 0.1%
for FT-1500.

4. GO, KH-550, and G/S all enhanced the impermeability of PFC, with G/S having the
most significant effect on improving impermeability performance. Functionalization
between GO and KH-550 was achieved, resulting in the appearance of new bands
at 954 and 854 cm−1 in the FTIR spectra of G/S after the interaction between GO
and KH-550. For the GO-coated PFC, the water contact angle of the specimen was
79.7◦, which is an increase of 35.7◦ compared to the uncoated PFC. This suggests
that GO alone did not significantly enhance the water repellency of the concrete
surface. However, after treating the concrete surface with the silane emulsion KH-550,
the water contact angle increased to 94.9◦, changing the surface from hydrophilic to
hydrophobic. After G/S treatment, the water contact angle further escalated to 120.2◦,
markedly surpassing the angle obtained with only the silane emulsion. The water
absorption of concrete coated with GO dispersion was similar to that of uncoated PFC.
However, when PFC was treated with KH-550, the water absorption of specimens
coated at different densities was reduced to 22%, 23%, and 29%, respectively. After
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treatment with the G/S group, the water absorption of PFC specimens at different
densities was further reduced to 41%, 46%, and 29%.

The findings of this study demonstrate that hydrophobized PFC significantly enhances
the durability of concrete by reducing water absorption and improving frost resistance. In
practical engineering applications, the use of hydrophobized PFC can effectively prolong
the service life of concrete structures, especially in cold climates where freeze–thaw damage
is prevalent. This material not only mitigates moisture ingress and associated deteriora-
tion but also contributes to lowering maintenance costs by minimizing crack formation
and surface scaling. Furthermore, hydrophobized PFC offers environmental benefits by
potentially reducing cement consumption and associated carbon emissions, aligning with
sustainable construction practices. Its versatility makes it suitable for a wide range of
infrastructure projects, including roads, bridges, tunnels, and underground facilities, where
enhanced durability and water repellency are critical. Therefore, the incorporation of
hydrophobized PFC presents a promising strategy for improving concrete performance
and ensuring long-term structural integrity in demanding environments.

The water absorption rate of concrete is closely related to its frost resistance: The higher
the water absorption rate, the poorer the frost resistance, and this relationship has been
widely confirmed. With the application of modified materials and admixtures, the pore
structure and water absorption behavior of concrete have changed, and its frost resistance
mechanism may also differ. Therefore, studying the relationship between water absorption
rate and frost resistance in modified concrete is of great significance for durability evaluation
and engineering applications. In addition, hydrophilization treatment can effectively
reduce the moisture content of concrete, inhibit the growth of fungi and mold, and improve
durability and hygienic safety. Analyzing the impact of foam concrete modification on the
depth of moisture penetration helps to comprehensively understand its water resistance
and long-term service performance. In the future, it is necessary to systematically evaluate
the hydrophilization effect and microbial protection performance, as well as the moisture
penetration behavior, so as to provide theoretical support for the design and application of
new concrete materials.
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PU Polyurethane
PFC Polyurethane foam concrete
FTIR Fourier transform infrared spectrum
EDS Energy dispersive X-ray spectrometer
GO Graphene oxide
G/S Graphene oxide and silane coupling agent complex emulsion
MDI Diphenylmethane diisocyanate
PP Polyether polyols
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BSP Basalt stone powder
XRD X-ray diffractometer
KH-550 Silane coupling agent
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