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Integral hydrophobic treatment is the most effective method to prolong the service life of
the concrete by resisting the transport of water containing aggressive ions. The
hydrophobicity phenomenon of cementitious materials with carboxylic acid type
admixture has been presented, and experimental studies, including water adsorption,
amount of hydration products, and pore system, are conducted to reveal the
hydrophobicity mechanism. It is reported that cementitious materials containing
hydrophobic admixture present excellent water resistance ability, and the experimental
results of nitrogen adsorption isotherm show that carboxylic acid type admixture addition
increases pore volume and surface area of cement pastes. In addition, the fractal geometry
theory is applied to reveal the relation between the pore structure and the permeability
coefficient of cement pastes with a hydrophobic agent. In conclusion, the high tortuosity
fractal dimension and the hydrophobicity of the pore surface result in water resistance
when the cementitious system is mixed with a new type of hydrophobic admixture.
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1 INTRODUCTION

Reinforced concrete composites have been proved to be the most suitable basic material for
infrastructures in corrosive environments, including ocean, saline soil, and chemical plant, all
containing erosion ions (Jakobsen et al., 2016). Generally, concrete presents porous material
characteristics without hydrophobicity such that fluid could easily transport into the interior of
concrete. When erosion fluid penetrates concrete, cementitious materials and steel reinforcement are
attacked by chloride and sulfate ions in fluid, reducing the service life of structures. In view of this,
resisting water with aggressive ions by modifying the permeability of concrete materials can be one of
the most effective methods to improve the durability of the concrete structure (Tittarelli and
Moriconi, 2011; Chen et al., 2019; Song et al., 2017; Liu et al., 2018; Song et al., 2019; Tittarelli and
Moriconi, 2010; Wang et al., 1450; Dehghanpoor Abyaneh et al., 2013; Jin et al., 2020). The concrete
modified by a hydrophobic agent to reduce the permeability attracts extensive attention, including
the integral and surface modification method (Liu et al., 2017; Song et al., 2017; Li et al., 2019; Tonelli
et al., 2019). Based on the observed phenomenon that the concrete matrix modified by surface
treatment cannot resist erosion ion transportation after surface peels and cracks occur, the concrete
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matrix itself modified by a hydrophobic agent shows longer water
resistance ability and better durability. It has been reported in
different studies (Wang et al., 1450) that stearic salt, natural oils,
and saline can be utilized as hydrophobic agents. In a recent study
(Liu et al., 2019), the carboxylic acid polymer was synthesized to
improve the water-resistance ability of concrete by integral to
improve the durability of concrete but without revealing a clear
mechanism.

There are some supposed theoretical models to analyze the
hydrophobicity of concrete with wax emulsions or lattices (Rixom
and Mailvaganam, 2001). It is generally considered that the pores
generated after the hydration process were coated with a layer of
hydrophobic molecular or coalesced emulsion particles.
However, this proposed theory has not been proven further by
experimental methods. When the hydrophobic admixture is
added to the concrete matrix, the hydrophobic molecular will
be inserted in hydration products (Li and Liu, 2018), which
modifies water transportation channels. The characterization
of a pore includes the pore volume, pore diameter, tortuosity,
and the pore surface state.

The influences of a new hydrophobic admixture type on the
hydration process and surface relaxation of pores (Zhang et al.,
2021a) have been studied by experimental methods, showing that
flaky carboxylic calcium crystals, which changed the water
transportation channel and increased the water resistance,
were generated in the middle of hydration products when
various dosages of the hydrophobic admixture were added to
cement pastes. The relaxation of the pore surface investigated by
the NMR method further presents that the pore surface was not
coated by a layer of hydrophobic molecular. Therefore, the
increased water resistance ability of cementitious materials
containing a new hydrophobic admixture type can be caused
by changes in the pore type and tortuosity (Cheng et al., 2019;
Cheng et al.,2020; Liu and Zhang, 2021). It is necessary to study
pore characteristics and tortuosity of cementitious materials with
a carboxylic acid hydrophobic agent to reveal the hydrophobicity
mechanism.

This study used the carboxylic acid hydrophobic admixture to
explore the pore characteristics of cementitious material. The
experimental research containing water adsorption, hydration
degree, and pore system is conducted, whereas the fractal
geometry method is utilized to analyze the hydrophobicity
mechanism of cementitious material.

2 RAW MATERIALS AND EXPERIMENTAL
PROGRAM

2.1 Raw Materials
The cement pastes consist of the ordinary Portland cement
provided by China United Cement Co., LTD. and deionized
water. The oxide compositions and the mineral phases of cement
measured by X-ray photoelectron spectroscopy and X-ray
diffraction are presented in Table 1. The new hydrophobic
agent type used in research is carboxylic acid salt, provided by
Jiangsu Sobute New Materials Co., Ltd. The characteristics of
hydrophobic admixture are shown by Liu et al. (2019).

2.2 Experimental Methods
2.2.1 Steady Water Transportation Property
According to the Chinese standard JC 474-2008, the mortar
specimens mixed with different amounts of the hydrophobic
agent were prepared. Cement pastes are prepared with a water-to-
cement ratio of 0.35, which minimizes the bleeding effect. The
steady water transportation properties were measured to preset
the hydrophobicity of mortars.

2.2.2 XRD Analysis and Hydration Degree
In order to analyze and quantify the amounts of hydration
products, cement pastes were prepared in a glass bottle, which
holds the same ratio of water to cement with mortar because the
water transportation channels exist in cement pastes. In addition,
all hydration processes of paste specimens were ceased by soaking
in isopropanol for 48 h. Samples were crushed in a ball mill and
manually through an 80 μm square-mesh sieve after being placed
in a vacuum drying oven for 48 h at 20°C. X-ray diffraction
analysis (Bruker D8, Bruker) is utilized to quantify the hydration
products combined with TOPAS 4.0 Rietveld analysis, scanning
from 5 to 70° with a 0.02 o/s rate. The hydration degree was
measured by the chemical-bound water method: the temperature
was directly heated up to 105°C to exclude nonchemical bound
water and then burn to1,050°C at a constant weight and the mass
loss between 105°C and 1,050°C was the chemically bound water
content.

2.2.3 Brunauer–Emmett–Teller Analysis
The cement paste specimens for nitrogen adsorption and
desorption tests (Quadrasorb 2 MP, Anton Paar) were
prepared by being grounded manually using a 150 and 80 μm
square-mesh sieve after ball mill crush analyzer and tested at
77 K. The surface area was obtained from the adsorption
isotherm ranging from 0.05 to 1.0 relative pressure using the
BJH method.

3 RESULTS AND DISCUSSIONS

3.1 Effect of Hydrophobic Admixture on
Steady Water Transportation
The steady water transportation process mainly decides the
durability of concrete in most service environments. The
addition of the hydrophobic agent will affect the water

TABLE 1 |Chemical and phase compositions of the investigated ordinary Portland
cement.

Chemical composition (wt%) Phase composition (wt%)

Oxides XRF Oxides XRF C3S 56.7
CaO 62.714 TiO2 0.329 C2S 14.3
SiO2 19.191 Na2O 0.183 C3A 3.2
Al2O3 4.446 C4AF 12
SO2 2.362 CaSO4·2H2O 2.4
Fe2O3 3.16 CaSO4·0.5H2O 0.7
MgO 1.941 Ca(OH)2 3.5
K2O 0.453 Amorphous 6.3
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transportation process, which can be used to evaluate their
hydrophobicity ability. Figure 1 shows the influence of
hydrophobic agent addition amount on the steady water
transportation of mortars. It has been observed that mortars
mixed with a hydrophobic agent show a significantly higher
water-resistance ability than the reference sample without
admixture. When the addition amount of hydrophobic

admixture increases from 0% to 0.6%, the water adsorption
rate decreases from 0.029%/min to 0.0092%/min. In addition,
the water adsorption rate of mortars slightly reduces from
0.0082%/min to 0.0062%/min when the amount increases to
0.9% and 1.2%. It can be concluded that if more than 0.6% of
the hydrophobic agent is added to the mortar, the water-
resistance ability can improve by more than 70%, indicating
that a small amount of the hydrophobic admixture can
significantly enhance the water-resistance ability of
cementitious materials. From this point of view, the addition
of a new hydrophobic agent type can reduce the corrosion rate
caused by erosion ions.

3.2 Pore Structure of Cementitious
Materials Containing a Hydrophobic Agent
Nitrogen sorption–desorption isotherms for cement pastes mixed
with hydrophobic admixture at various relative pressure are
shown in Figure 2. On the basis of previous results
(Rouquerol et al., 2014), all of the nitrogen
sorption–desorption isotherms for cement pastes show IV type
curve with a hysteresis loop, which shows monolayer and
multilayer adsorption in mesopores (2 nm < φ < 50 nm) and
macropores (50 nm < φ < 200 nm), respectively. It should be
noted that there is no limiting adsorption at high relative pressure
(P/P0), suggesting that the samples are made of plate particles
giving rise to slit pores (Sing, 1985; Shafaei et al., 2019). In
Figure 2, samples added with hydrophobic admixture obviously
present more nitrogen adsorbents adsorption ability than the
reference sample. Similarly, the results also can be observed in the
process of nitrogen desorption. Furthermore, the adsorbed
quantity of nitrogen increases with the increase in the
hydrophobic addition when P/P0 ranges from 0.05 to 1.0. It

FIGURE 1 | Steady water transportation process of mortars mixed with
different amounts of hydrophobic agents.

FIGURE 2 | BET measurement results for cementitious materials mixed
with hydrophobic admixtures.

FIGURE 3 | Cumulative pore volume for cementitious materials mixed
with hydrophobic admixture.
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should be noted that the hysteresis loop shape shows little
changes when various amounts of hydrophobic admixture
are added.

Figure 3 reports cumulative pore volumes for cement pastes
containing various dosages of hydrophobic admixture at 28 days.
Generally, the cumulative pore volume of reference cement paste
is lower than those containing various dosages of hydrophobic
admixture. It can be inferred that the capillary pores will show a
similar phenomenon corresponding to a higher porosity. More
specifically, the reference cement paste exhibited 0.0225 cm3/g
pore volume, whereas the samples incorporating 0.6%, 0.9%, and
1.2% of the hydrophobic agent showed 0.028, 0.029, and
0.031 cm3/g, exhibiting that carboxylic acid salt addition causes
an increase in the porosity of cement pastes. The effect can be
explained by the generation of the calcium carboxylate in the
interior of the C-S-H gel, as proven by Zhang et al. (2021b).
Calcium carboxylate crystals are generated in the pore solution at
the moment of interaction between calcium ion and hydrophobic
admixture, whereas the C-S-H gel is generated on the calcium
carboxylate crystal surface. It should be noted that the amount of
C-S-H is obviously larger than calcium carboxylate crystals, the
calcium carboxylate crystals present the charging properties, and
the hydration products are accumulated loosely. It can be seen in
the results that inserting calcium carboxylate into C-S-H gel
causes an increase in the pore volume.

Figure 4 shows the pore size distribution of samples
containing various dosages of hydrophobic admixture.
According to pore structure analysis (Jennings, 2000a; Juenger
and Jennings, 2001; Shafaei et al., 2019), it can be observed that
the size between 0.5 and 10 nm is the typical C-S-H gel pore. It is
evident that hydrophobic admixture addition will increase the gel
pore volume. Figure 4 shows that the highest pore volume
distribution changed from 30 nm for reference neat cement
paste to around 20 nm for cementitious materials containing

various dosages of hydrophobic admixture. As shown in Figure 5,
on the basis of the BJH pore calculation model, pore surface areas
of samples with different amounts of carboxylic acid salt were
15.38, 19.54, 20.60, and 21.85 m2/g. It is similar that the pore
volume of samples containing various dosages of the hydrophobic
admixture shows the same trend with surface area. The total
volume increases with the larger amount of the hydrophobic
agent. It can be inferred that the hydrophobic admixture addition
can lose the microstructure density of hydrated cementitious
materials. However, the average pore diameter for the cement
composite sample at 28 days exhibits a slightly different trend.
The average pore diameter of samples decreases with
hydrophobic admixture amount. It can be concluded that
hydrophobic admixture addition could increase the porosity
and reduce the pore diameter.

3.3 Hydration Degree and Products of
Cement Pastes Containing Hydrophobic
Admixture
In order to analyze the hydrophobicity mechanism of
cementitious materials with carboxylic acid hydrophobic
admixture, the impacts of the hydrophobic agent on hydration
products are studied. XRD patterns of cementitious materials
mixed with different amounts of the hydrophobic agent are
exhibited in Figure 6A, showing that the diffraction intensity
of the reference sample is obviously similar to that of
cementitious materials mixed with different amounts of the
hydrophobic agent. It should be noted that the peak intensity
of Ca(OH)2 and calcium carboxylate slightly increases at 19°.
After the quantitative analysis of TOPAS, it can be founded in
Figure 6B that crystal product amounts such as CH and Aft +
AFm show similar results in reference samples and cement pastes
containing hydrophobic. The C-S-H amounts in samples
containing a hydrophobic agent increases slightly compared to

FIGURE 4 | Pore size distribution for cement pastes mixed with
hydrophobic admixture.

FIGURE 5 | Effects of carboxylic acid salt addition amounts on the
surface area of pores, volume of pores, and average pore diameter for cement
composite samples.
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reference samples. It can be concluded that the addition of a
hydrophobic agent has little influence on the hydration products
of cementitious materials.

3.4 Effect of Hydrophobic Agent on C-S-H
Surface Area
According to experimental results of cement composite surface
area obtained by nitrogen sorption isotherm, the main hydration
products include high-density C-S-H and low-density C-S-H
(abbreviated as HD C-S-H and LD C-S-H). When the
spherical structure unit of C-S-H is considered, the high-
density C-S-H is unseen by nitrogen, whereas the LD C-S-H
can be seen. The C-S-H structure model proposed by Jennings
(Jennings, 2000a; Jennings, 2000b) exhibits that very little
amounts of gel pores in HD C-S-H are accessible to nitrogen
adsorption. On the contrary, the pores in low-density C-S-H are
available by the nitrogen sorption measurement. Based on this
fact, The LD C-S-H mass ratio can be defined as follows:

Mr � SN2MD

SLDMt
, (1)

whereMr is the weight ratio of low-density C-S-H to total C-S-H,
SN2 is the specific surface area of cement paste tested by the BET
method, MD is cement paste weight, SLD is the unite surface of
low-density C-S-H, and Mt is the total weight of C-S-H.

However, the mass ratio of low-density calcium silicate
hydrates to total gel weight can also be calculated by the other
empirical formula as follows:

Mr � 3.017(W: C)α − 1.347α + 0.538, (2)
where W: C is the water-to-cement ratio and α is the hydration
degree.

The hydration degree is obtained by the non-evaporable water
experimental tests, whose results are shown in table 2. The
hydration degree is calculated by dividing the non-evaporable
water percent by the fully hydrated percent obtained from the
reference study.

Table 3 shows that the hydration degree is obtained by the
ordinary heating method, and the real water-to-cement ratio is
used in Eq. 2 to calculate the ratio of the low-density calcium
silicate hydrate. In Eq. 1, (MD/Mt) can be measured by the
quantitative XRD and SN2 is obtained by nitrogen sorption
isotherm. Therefore, the unit surface area of low-density C-S-
H is calculated as shown in Table 3. It can be observed that the
ratio of the low density of C-S-H has a slight difference at around
0.34 in cement pastes mixed with a hydrophobic agent. It is
presented in that the surface area of low-density C-S-H increases
with the increase in the hydrophobic agent amount. Furthermore,
the surface area of low-density C-S-H increases from 93.4542 to
116.07, 122.0213, and 132.9974 m2/g.

3.5 Pore Structure Fractal Characteristics of
Cementitious Pastes Containing
Hydrophobic Agent
The pore system is the channel of water transportation in the
material. In order to clarify the influence of hydrophobic

FIGURE 6 | (A) XRD patterns and (B) comparison of three main hydration product amounts of cement composites containing various dosages of hydrophobic
admixture.

TABLE 2 | Chemically bound water of hydrated cement pastes containing hydrophobic agent after 28 days.

Hydrophobic Agent
amount (%)

0 0.6 0.9 1.2 Fully hydrateda(%)

Non-evaporable water percent/% 21.21 21.38 21.27 21.34 32

aFrom Taylor (Taylor, 1998).
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admixture on the permeability of the cementitious material, the
pore system should be performed by theoretical analysis. Fractal
geometry has been utilized to quantitatively characterize the
geometric and structural properties of pore surfaces in
cementitious materials (Pfeifer and Avnir, 1984). In the
nitrogen adsorption isotherm, the nitrogen was adsorbed on
the pore surface in a multilayer adsorption way. The single-
probe method always obtains surface fractal dimension by the
FHH theory (Frenkel, 1946; Hill, 1952; Jovanović, 1969). In the
adsorption process of nitrogen in the cementitious material,
nitrogen adsorption is determined by the external relative
pressure. According to the theory proposed by Pfeifer et al.

(Pfeifer and Cole, 1990; Pfeifer et al., 1991; Ismail and Pfeifer,
1994), the fractal dimension of cementitious can be calculated
from the nitrogen sorption as follows:

ln( V

Vmono
) � const. + Csp[lnln(p0

p
)], (3)

where Csp is the exponential constant that depends on the fractal
dimension, in nitrogen adsorption isotherm, and the relation
between Csp and fractal dimension can be derived as follows:

Csp � Ds − 3
3

. (4)

TABLE 3 | Calculation results of calcium silicate hydrate properties of hydrated cement pastes containing hydrophobic agent after 28 days.

Hydrophobic
agent amount (%)

0 0.6 0.9 1.2

Hydration degree (%) 66.28% 66.81% 66.47% 66.69%
Amount of C-S-H generation (%) 47.6776% 49.0001% 48.9944% 47.7649%
Ratio of LD C-S-H (%) 0.3451 0.3435 0.3445 0.3439
Surface area of LD C-S-H/m2 (g) 93.4542 116.0714 122.0213 132.9974

FIGURE 7 | Reconstruction curves of ln(V/Vmono) versus lnln(po/p) from the nitrogen sorption isotherms from the cementitious materials containing different
amounts of the hydrophobic agent.
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The fractal characteristics of cementitious materials
containing different dosages of hydrophobic admixture are
investigated by the single-probe method. The plots of
ln(V/Vmono) versus lnln(p0/p) re-correlated from the nitrogen
sorption isotherm are presented in Figure 7. After the fitting
process, the slope can be obtained, and the fractal dimension Ds
shown in Table 4 is calculated according to Eq. 4. It is noticeable
that hydrophobic admixture addition reduces the fractal
dimension factor. Furthermore, the fractal dimension
decreases from 8.560 to 8.447 when the hydrophobic agent
increases from 0% to 1.2%. Irregularity and roughness of the
interface between pore and the gas can be represented by fractal
dimension, showing that larger fractal dimension characteristics
are related to obvious irregular and rougher characteristics of the
interface between pore and the gas. The reconstruction of
nitrogen sorption isotherm in BET measurements shows that
the hydrophobic admixture addition reduces irregularity and the
roughness of the pore surface of cementitious materials (Pfeifer
and Avnir, 1984; Jaroniec, 1990; Ismail and Pfeifer, 1994).

3.6 The Relation Between Permeability and
Water Adsorption
Assuming that a bundle of tortuous pores in cementitious
material follows the fractal scaling law, the Hagen–Poiseuille
equation and Darcy’s law are combined to derive the
analytical formula for effective permeability k (Yu and Cheng,
2002) as follows:

k � G
L1−DT
0

A

Ds

3 +DT −Ds
λ3+Ds
max , (5)

where DT is the tortuosity fractal dimension, A is the total cross-
section area, L0 is the representative length, and λmax is the
maximum pore size.

In the cross-section, the pores are regarded as spheres with
different diameters λ and the total area AP can be expressed as
follows:

Ap � ∫λmax

λmin

π

4
λ2(−dN) � πDsλ

2
max

4(2 −Ds) (1 − ϕ). (6)

ϕ represents the porosity, and the cross-section area A can be
calculated as

A � Ap

ϕ
� 1 − ϕ

ϕ

πDsλ
2
max

4(2 −Ds). (7)

Combining Eqs 7, 5, L0 is approximated as
		
A

√
, and the

effective permeability k is derived as

k � (πDs)((1−DT)/2)[4(2 −Ds)]((1+DT)/2)

128(3 +DT −Ds) ( ϕ

1 − ϕ
)

((1+DT)/2)
λ2max.

(8)
It is difficult to measure the tortuosity fractal dimension in

cementitious materials. The tortuosity fractal dimension is
correlated to the surface area of low-density calcium silicate
hydrates, and the tortuosity fractal dimension of the reference
sample is estimated as 1.0 in this research, as shown in Table 4.
The porosity is estimated by dividing the pore volume by the
sample volume in the nitrogen adsorption measurement. The
calculation results of effective permeability are shown in Table 4.
Generally, it can be observed that hydrophobic agent addition
reduces effective permeability. When the calculation results of
effective permeability are compared with the water adsorption, it
is shown in Figure 8 that the effective permeability is relatively
consistent with water adsorption, but the difference in effective
permeability between the sample with 0.6% hydrophobic agent
and the reference sample is not obvious. Water adsorption ability
of cementitious materials mixed with various dosages of

TABLE 4 | The fractal characteristics of hydrated cement pastes containing hydrophobic agent after 28 days.

Hydrophobic agent
amount (%)

Slope Ds SLD DT Porosity (%) Permeability/10−12

Darcy

0 −0.43213 8.560 93.4542 1 0.02276 6.1995
0.6 −0.44946 8.502 116.07142 1.24 0.028643 5.2518
0.9 −0.44138 8.529 122.0213 1.30 0.02905 4.5433
1.2 −0.46607 8.447 132.9974 1.42 0.031477 4.0947

FIGURE 8 | The tested water adsorption of mortars and the calculated
permeability of cementitious materials with the same dosages of hydrophobic
admixture.
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carboxylic acid salts reduces to a 30% level of plain cement pastes.
On the contrary, the effective permeability of cementitious
materials containing different dosages of hydrophobic
admixture just reduces to 80% of the reference sample.

According to the above discussion, the high tortuosity fractal
dimension caused by surface area change of low-density C-S-H
plays an important role in effective permeability. However,
because inconsistency exists between effective permeability and
water adsorption, the hydrophobic admixture addition reduces
the irregularity and the roughness of the pore surface of
cementitious materials. There must be another water resistance
force in the pore. Zhang et al. (2021b) found that calcium
carboxylate crystals are prior to generating in the cement
pastes and adsorb on the surface of C-S-H. These products
increase the contact angle reported by Zhang et al. (2021a),
resulting in force at the entrance of the pores acting to keep
water out.

4 CONCLUSION

The influence of carboxylic acid type hydrophobic agent on
steady water transportation is studied by experiments. The
hydrophobic admixture performs the excellent water
repellence of mortars obviously increasing with hydrophobic
agent addition amounts. In addition, the pore structure is
investigated by nitrogen adsorption isotherm, and results show
that the addition of hydrophobic admixture increases pore
volume and surface area. Based on the C-S-H model and
fractal geometry theory, the relation between pore structure
and permeability of cement composite is analyzed. It is
concluded that the high tortuosity fractal dimension caused by

surface area change of low-density C-S-H plays a vital role in
effective permeability and irregularity, and the roughness
reduction of pore surface achieves hydrophobicity of
cementitious materials (Hao et al., 2021).
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