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� Capillary permeation was the main force in the early stage of water absorption of cement-based materials.
� Absorption mass fraction was increased with the water absorption time and finally reached to a certain content.
� Hydrolysis was not merely occurred in the process of water absorption.
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With the development of urban infrastructure, subway and other underground projects are gradually
being constructed in various cities. The influence of water absorption on surface of cement-based mate-
rials has therefore become more and more important. A mathematical model and the relative experiment
of water absorption in cement mortar were investigated. The results showed that the change of radius of
pore was decreased and absorption mass fraction was increased with the increased of absorption time.
The possibility and direction of reaction during this process were studied, and the result showed that
hydrolysis was not merely occurred in this process.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Cement-based material is one of the most useful materials in
civil engineering. Based on the characteristic of porous of
cement-based material, its service performance change accord-
ingly. When they are built in the underground environment, water
tends to penetrate cement-based materials as capillary force.
Because of existence of other ions in groundwater, it penetrated
into the materials and lead to be affected of durability of materials.
Therefore, the research of absorption of underground water on sur-
face of cement-based materials is important.

The recent research of absorption behavior was mainly focused
on the fitting equation. the fitting method was adopted in the
research of Martys et al. [1] to study the transport law of moisture
in cement-based materials, and the fitted equation was as follows:
W
A

¼ St
1
2 þ S0 ð1Þ

In this equation, W represented the total amount of water; A
was the contact surface area of the sample; t was the test time; S
was the water absorption coefficient and represented the sorptiv-
ity of a material, and S0 was the correction coefficient. This equa-
tion was widely used to evaluate the permeation performance in
service life of concrete structures, water absorption coefficient S
was therefore an important parameter [2–5]. Sorptivity was
obtained empirically from the slope of the cumulative volume of
absorbed water per unit of area of inflow surface versus the square
root of time [6].

Based on the basic Eq. (1), many other equations were used to
study the process of water absorption. Tegguer [7] summarized
and corrected the equation and proposed a new Eq. (2).

W ¼ C1 þ S1t
1
2 � C2t ð2Þ

Among them, C1, S1, C2 was the constant respectively.
Chunhua Shen and others [8] considered the effect of diffusion

on this basis and the result was:
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W
A

¼ B 1� exp �S2t
1
2=B

� �h i
þ d ð3Þ

Among them, S2 was 17.2 kg/m3 and B was 0.38 mm when the
sample was mortar; d was the water content by diffusion and it
can be calculated by:

@d
@t

¼ D
@2d
@x2

ð4Þ

Among them, x was the depth of diffusion.
But in some situation, the sorptivity and square root of time

were not quit fitted to a line, therefore it was fitted by the power
function [9].

However, these equations were all based on the method of fit-
ting, and the parameters obtained had no physical meaning.

In order to study the change of porosity of cement-based mate-
rials, Mercury intrusion porosimetry (MIP) and small angle X-ray
scattering methods were used. However, the preprocessing of
these methods were all characterized by drying the sample firstly
and then measuring the pore size indirectly. Both methods had
their own disadvantages. Firstly, these methods cannot directly
determine the changes in the pore size of cement-based materials
in a humid environment. Secondly, both of them were all the dam-
age analysis and the measured samples were handled to small
block or powder, so the experiments cannot be carried out contin-
uously. The measurement principle of low field nuclear magnetic
resonance technique was based on the relaxation time of hydrogen
atom, it can transform to determination of the pore size of cement
based materials [10]. Because the absorption behavior of cement
based materials resulted in the change of water in the pores, the
low field nuclear magnetic resonance technique was an effective
method to measure the process of water absorption of cement
based materials.

Water was an important carrier of chemical ions for the durabil-
ity of the material in the groundwater. Various ions in the ground-
water were transported into the cement based materials with the
transport of water which were chemically reacted with the
hydrated products in the material and eventually formed a variety
of corrosion products [11,12]. These corrosion products included
ettringite and gypsum and other products which lead to change
the original pore structure of the materials, thus change the dura-
bility of materials [13]. Chen, et al. [14] found that the structure of
C-S-H was changed with NH4

+ solution participated and Q3 of
SiO4

4-was formed in this structure; We had following study the
detail change process of structure of C-S-H and found that it was
changed from chain structure to net structure [12]. Therefore, it
was important to study the change of pore structure caused by
the presence of water in the pores of cement-based materials.
Fig. 1. Schematic diagram of pore in cement-based materials.
2. Theoretical process of absorption model

2.1. Theoretical calculation of absorption

The transmission of chemical ions in water was mainly based
on the Fick’s second law, it was generally believed that the driving
force of diffusion was due to the concentration difference between
two sides of the material [15,16]. However, cement-based materi-
als at service environment was often faced the condition of both
pressure water and capillary force for the water existed environ-
ment. For example, the depth of underground traffic system was
usually above 10 m, sometimes even more than 30 m, pressure
head was therefore increased; meanwhile, cement-based material
was a kind of porous material, capillary force was existed in water
of pores. According to these analysis, two kinds of forces were both
existed in cement-based material. Therefore, the transmission of
the cement-based materials was different with the general
transmission. When water was initially absorbed into cement-
based materials, total content of water (Q) entering the cement-
based materials through pores was mainly included:

Q ¼ Qc þ Qd ð5Þ
Among them, Qc represented the water content caused by cap-

illary absorption, Qd was the water content caused by diffusion.
The diffusion caused by concentration difference was relatively
small. According to Fick’s second law, the diffusion coefficient of
water in cement-based materials was about D = 10�12 m/s[17], so
the diffusion rate was very slow. In this paper, the mechanism of
early moisture transfer was discussed. Driving force of capillary
and pressure head were far greater than that of concentration dif-
ference, so the diffusion factor was neglected. On the flow of cap-
illary absorption, water can be regarded as an incompressible
Newton fluid which was followed Hagen-Poiseuille law (Eq. (6))
[18], it was applicable to the calculation of steady seepage process
of water and good results had been obtained. Bo Yang et al. [19]
considered it suitable to investigate the through-thickness perme-
ability of woven fabrics. Pouya et al. [20] analyzed the permeability
of an infinite matrix containing disc-shaped cracks based on this
formula.

dV
dt

¼ p
P

P
8gl

r4 ð6Þ

Among them: V represented volume; P was driving pressure; r
was the average radius of pores in cement-based material; l was
the average depth of pores; g was the viscosity of water, and it
value was about 1.0050 � 10�3N�s�m�2 [21] when the temperature
was 20 �C.

When water was permeated in cement-based materials, this
process can be regarded as the effect of multiple force. Both of
forces were mainly consisted of the capillary force and the gravity
of external water. The direction of this force was based on the sum
direction of capillary force and pressure difference of water
between the inside and outside of materials. According to the cal-
culation method of different forces, the capillary force, the pressure
of underground water and the gravity of the inner water are calcu-
lated by Eq. (7) [22,23]:

G ¼ qgh; pc ¼
2c
r0

cosh; pl ¼ qgl ð7Þ

Among them: G represented the pressure of underground
water; q was the density of water, and its value was 1000 kg/m3;
g was the gravity acceleration; h was the depth of materials under
the earth. pc was the pressure intensity caused by surface tension;
the surface tension of water was expressed by c and its value was
about 0.0728 N�m�1 at the temperature of 20 �C [21]. pl was the
gravity caused by the water that had permeated into the material.
l was the height of the external water, r’ was the radius of the cap-
illary pore, and h was the contact angle.

The pores in cement-based material can be considered the
same, therefore they can be simplified as a capillary pore which
was showed in Fig. 1.
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The relation between radius of pores in cement-based material
and radius of curvature of liquid surface of solution in pores was
therefore calculated by Eq. (8) [24].

r ¼ r0cosh ð8Þ
When the contact angel was equal to 0, r = r0.
In actual civil engineering structures, the depth of ground water

was generally being much larger than its thickness. For example,
the thickness of prefabricated reinforced concrete segment was
generally 300–600 mm (China National Standard: GB/T 22082-
2008 ‘‘reinforced concrete segment”), but the depth of general
underground rail traffic engineering was more than 10 m. There-
fore, the influence of gravity in Eq. (7) was ignores.

The radius of cement-based materials was not unchanged in
every process during the permeation of water. According to chem-
ical reactions of this process, water can participate to react with
the hydration product of cement which mainly included CASAH,
CAA(F)AH [25], free water can finally transform to bound water
in this process. Take the 9.3 Å tobermorite (C5S6H) for instance,
based on the chemical reaction, this processes can be expressed
as Eqs. (9) and (10).

C5S6H þ 4H�C5S6H5 ð9Þ

C5S6H5 þ 4H�C5S6H9 ð10Þ
These three chemical reaction products were all called as tober-

morite and their physical performances were showed in Table 1
[26,27].

According to Table 1, the molar volume of three types of tober-
morite were increased with content of bound water. In the process
of absorption of water into the cement-based materials, water
firstly penetrated the pores of cement-based material and then
reacted with CASAH, the volume was increased and induced the
radius of pores decreased [28]. In the process of making materials,
the cement as one of raw materials was evenly distributed in the
material. With the hydration of the cement in the material, the
hydrated product C-S-H was therefore formed in the material
evenly.

Based on the solid phase reaction kinetics, according to the
mechanism of first order reaction, kinetic equation of this process
can be expressed as Eq. (11) [29].

dG0

dt
¼ KF 1� G0� �

G0 � KFt ð11Þ

where: K was the reaction rate constant; F was the reaction surface
area, it can be assumed that it was not changed in every process; G’
was the reaction percent, because the hydration products that
reacted with water in materials can be considered to be evenly dis-
tributed in the material, so the reaction percent of the material can
be expressed as Eq. (12).

G0 ¼ x0

l0
ð12Þ

Among them: x0 was the reaction depth; l0 was the theoretical
thickness.

The hydration products caused the volume expansion of
cement-based materials and resulted in the change of radius of
cement-based materials. In a relatively dry environment, the
Table 1
Physical performance of three types of tobermorite [21,26].

formula C5S6H C5S6H5 C5S6H9

Density (g/cm3) 2.7 2.44 2.2
Molar volume (cm3/mol) 243.7 299.2 364.5
d (Å) 9.3 11.3 14
bound water content of CASAH can be gradually lost. According
to the data in Table 1, when the bound water of CASAH gradually
lost, the volume of the CASAH was gradually shrinking [28,30].
Conversely, when water penetrated gradually to the material, the
related chemical reaction was carried on. During this process,
water content of CASAH was therefore increased, and its molar
volume was increased gradually. In this process, water was pene-
trated from the pores gradually to the interior of material. When
water entered the cement-based material, the expansion part of
CASAH after absorbing water caused the radius of the pore
decreased gradually. Therefore, the radius of pores can be changed
by the Eq. (13).

r ¼ R� x0 s� 1ð Þ ð13Þ

where: R was the initial radius of pores; s was the expansion ration
per unit reaction depth.

Because the pores in cement-based materials could be approx-
imated as cylinders [28,30], the volume of them was:

V ¼ pr2l ð14Þ
Based on the above analysis and calculation, the Eq. (6) can be

converted into a first order linear differential equation [26] and it
can be solved to calculate the relation of absorption trend of under-
ground water.

Because absorption mass of cement-based material can be mon-
itored in real time, it can be converted as:

Qc ¼
Dm
md

¼ npr2ql
md

ð15Þ

Among them, Dm and md were the mass of absorbed water and
dried test sample; n was the number of pores of the test sample.
3. Materials and methods

3.1. Raw material

The cement used in the experiment was the commercial P.O
42.5N Portland cement. Physical properties and oxide composi-
tions of cement was showed in Tables 2 and 3 respectively.

After hydration of cement, hydration products mainly con-
tained C-S-H, C-A(Fe)-F, ettringite, CH and calcium, these hydration
products were evenly distributed in cementitious materials.

Standard sand was used in this experiment, which was accord-
ing to China national standards GB178-1997. It was natural round
silica sand with content of SiO2 not less than 98%.
3.2. Preparation of cement mortar

Test mortars were prepared according to the China national
standard GB/T 17671-1999 ‘‘method of testing cements-
determination of strength”, water cement ratio was 0.5 and 0.45
respectively, and cement sand ratio was 1:3. Each mortar was
mechanically stirred by a mixer and then loaded into the mould
which the size was 40 mm � 40 mm � 160 mm. The samples were
and compacted and then cured for 28 days under the condition of
temperature 20 �C and RH > 90%. Then the specimens were dried in
an oven at 105 �C, measured its mass at intervals until it reached a
constant mass. The test samples were following cooled in the
dryer. One surface of mortar which size was 40 mm � 160 mm
was then left behind for follow-up experiments and other five sur-
faces were sealed with paraffin wax mixed with a little amount of
rosin. Samples were finally supported by two glass rods and placed
in a container, and then added water slowly to the container until
the absorbed surface of sample was soaked in over 1�2 mm depth.



Table 2
Physical properties of cement.

Specific surface area/m2kg�1 Standard consistency water consumption/% Setting time/min Flexural
strength/MPa

Compressive
strength/MPa

Initial Final 3d 28d 3d 28d

379 27.5 190 245 5.8 9.2 28.4 50.0

Table 3
Oxide compositions of cement/wt%.

CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O TiO2 Total Total

65.03 18.50 4.22 2.90 0.67 3.71 0.76 0.29 98.33 3.42

(a) w/c ratio=0.5 

(b) w/c ratio=0.45 

Fig. 2. Pore structure change of hardened cement with different water cement
ratio.
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After the experiment started, the mortars were taking out regularly
to determinate the relative data.

3.3. Measurement method

During the test, the changes of sample were monitored mainly
by the pore size distribution and the absorption mass fraction
changes of the material. Before monitoring, liquid water of surface
of cement mortar was absorbed through a towel to ensure that the
liquid water on the surface was absorbed completely. a towel was
used to wipe the test mortar to dry the surface moisture. Then the
related test was carried out. The pore size distribution of the mate-
rial was detected by the low field nuclear magnetic resonance
technique (MesoMR23-060H-I (Suzhou), pore size above
0.001 lm); Determination of mass changes were used by the elec-
tronic balance(operation range being 0–1000 g, precision being
0.01 g) and the absorption mass fraction was therefore calculated
by Eq. (15).

4. Results and discussion

4.1. Changes of pore structure of sample at different soaking time

The pore structure of sample at different absorption time were
determined by low field nuclear magnetic resonance technique,
and the result was showed in Fig. 2.

Because of the change of water in C-S-H and pore structure, the
radius of pores in the cement mortar were also changed. According
to Fig. 2, the radius of pores was decreased with the increased of
absorption time. When the pore size of cement mortar was reduc-
ing, the capillary tension was gradually increased according to
Eq. (7). Due to existence of C-S-H in the cement mortar, its volume
in these specimens was increased with the humidity [28,30], which
lead to decrease of the radius of the cement mortar according to
Tab.1. As the decreasing of the radius of cement mortar, the capil-
lary tension was therefore increased. To analyze the change of pore
size of cement mortar, the most probable radius of cement mortar
at different absorption time was compared. The result was showed
in Fig. 3.

It can be found that the pore size of mortar was gradually
decreased with the change of the absorption time. From the above
study, the change of pore size of cement mortar with different
water cement ratio was also different. With the decrease of water
cement ratio, the initial pore size of cement mortar was decreased.
When the water absorption reached a certain time, the pore size of
cement mortar decreased to a fixed value. In cement based mate-
rials, the relation between porosity and water cement ratio was
[27]:

e0 ¼ 1�
1þ W0

n
C0

� �
Vhc

V 0
c þ Vw

W 0
C0

� � ð16Þ
where: e0 was the porosity of material; Wn
0, Vhc, Vc

0 and Vw were
constants when raw cement material was unchanged, so porosities
of cement-based materials were increased with water cement ratio
(W0/C0). As the water cement ratio of cement mortar decreased, the
porosity of cement mortar was therefore decreased due to the
decreased of mixing water during the hydration process. With the



Fig. 3. Variation of pore size of mortar with different water cement ratio.
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water entering into cement mortar, the hydration products of
cement mortar caused the volume expansion after water absorption
[31]. However, even if the expansion of hydration products can
make the pores of cement mortar decreased, the porosity of cement
mortar cannot disappear completely, but only to a certain extent.
4.2. The relationship between absorption mass fraction and time

Absorption mass fraction of the sample was measured at differ-
ent absorption time. Generally, the initial flow rate changes
quickly, and with prolonging of absorption time, the flow rate
change was gradually slowed down. Thus, when the absorption
mass fraction was measured, the initial interval time was smaller,
and the time interval was gradually relaxed. Fig. 4 was the relation
between absorption mass fraction change of mortar and time. The
surface tension of water was about 73 mN/m; the viscosity of
water was about 1.0050 � 10�3 N�s�m�2 when the temperature
was 20 �C. Thus, the mathematic model was calculated and the
curves were showed in Fig. 4.

As was showed in Fig. 4, when the mortars were soaked upon
the water, the mass of mortar was increased with time. At the ini-
tial stage of absorption, the change of water absorption mass frac-
tion of mortar was very fast. However, with the increased of time,
absorption mass fraction was gradually decreased. After reaching a
certain time, the absorption mass fraction of mortar was gradually
attained stability. With the increase of time, the radius of pore in
Fig. 4. The relationship between absorption mass fraction and time.
cement-based materials gradually became small, so that the water
absorption quality of cement-based materials gradually decreased.
With the decreased of water cement ratio, the absorption mass
fraction of cement mortar with high w/c was lower than that of
mortar with low w/c at the same water absorption time. The
absorption mass fraction of cement mortar was decreased with
water cement ratio when balance of water absorption was reached.
However, pores in the cement mortar and other cement based
materials were not cylindrical and they were random existed, so
it increased the path of water flow and slowed down the speed
of water transformation. Based on this reason, the experimental
data was slightly smaller than the model in Fig. 4.

In order to predict the penetration depth of water, the theoret-
ical penetration depth of water was calculated by the known
parameters. The result was showed in Fig. 5.

The penetration depth of water was increased with time
according to Fig. 5, it was firstly increased slowly and then changed
fast. the change trend of mortar in this experiment was opposite to
the trend of relationship of mass change. As can be seen in Fig. 3,
lower the w/c, lower size of the pores that had higher presence
and higher was the depth and capillary force. However, even if
the capillary force was increased, according to Eq. (15), as the
radius of cement mortar was decreased gradually, the trend of pen-
etration depth of cement and absorption mass fraction was not the
same Fig. 6.

4.3. Chemical model of absorption process

Drying and absorption process of cement-based materials were
the relatively opposite processes. Based on the former researches,
these two processes of cement-based materials were proposed by
some mathematics models which mainly based on the fitting
method. In recent year, depend on the chemical reaction of drying
and water absorption processes, some microstructure models were
proposed. Among them, during the drying process, water in inter-
layer of C-S-H chains was lost and was evaporated through the
pores of cement-based material. In this process, the volume of
cement-based material was also decreased. When water was
absorbed in this system, the volume of material was gradually
expanding. In Jennings’ model [13], the process of drying and wet-
ting circle of material was a physical process and just involved in
the content of evaporation and absorption of water in the pores
of cement-based materials, and the chemical reaction between
chains of C-S-H was not happened in this process Fig. 7.

However, Ippei Maruyama et al. [33] found that the chemical
reaction was happened in layer of C-S-H chains of cement-based
Fig. 5. The relationship between penetration depth and time.



Fig. 6. The model of drying process of CASAH proposed by H.M. Jennings [32]
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materials (Fig. 8) and Q3 of silicon oxygen tetrahedron structure
was formed in two chains of C-S-H.

The former our research was also found that this phenomenon
was happened in the stability of C-S-H in the NH4

+ solution which
participated in the reaction[12]. But in the absorption process
water was absorbed in the materials and weather Q3 of silicon oxy-
gen tetrahedron structure which polymerized in the drying process
was hydrolyzed again? To calculate the stability of Q3 of silicon
oxygen tetrahedron structure in this process, the quantum
mechanics calculation method was used. Firstly, the reaction of
polymerization and hydrolyzation during the process of drying
and wetting respectively can be described by Eq. (17) [14].
ð17Þ
Based on the quantum mechanics method, the software Guas-

sion 09 was used to calculated the bond length and Gibbs free
energy of Eq. (17) [11]. To calculate this process simplicity, the
end of the chain in Eq. (17) was connected by OH� anions. The cal-
culation type of this process was FREQ and calculation method was
RB3LYP. The bond length of reactant and formation products were
finally calculated and the results were showed in Fig. 8, the num-
ber in this figure represents the length of bond. To show the figure
clearly, H atoms were not displayed.

As can be seen from the Fig. 8, since the whole molecule of reac-
tant was completely symmetric with middle O atom, the bond
lengths of each SiAO and OAH bonds were nearly equal respec-
tively. After the chemical reaction, as the molecules becoming lar-
ger, the interactions between the atoms in the molecules were
Fig. 7. The model of drying process of CASAH
resulting in uneven SiAO bond length distribution in structure of
product (Fig. 8(b)) caused by factors such as steric hindrance.

Eq. (18) was used to calculated the standard Gibbs free energy
of formation for the reaction (17). According to the result of quan-
tum mechanics method, the value of free energy of reactant of this
reaction and production and water was �1109.9097 hartree and
�2142.6189 hartree and �76.4160 hartree respectively, and the
value of the standard state Gibbs free energy of reaction was there-
fore �40.9 kJ/mol.

DrG
H
m ¼ DpG

H � DrG
H ¼ � 40:9KJ=mol ð18Þ

where: DrGm
b was the standard state Gibbs free energy of reaction;

DrG
b and DpG

b was the standard Gibbs free energy of formation
for each reactant and products respectively.

To estimate the reaction direction of Eq. (17), the concentration
of reactant and formation products must be considered. Therefore,
the Gibbs free energy of reaction (DrGm) in real reaction was calcu-
lated by Eqs. (19) and (20) [22].

DrGm ¼ DrG
H
m þ RTlnQf ð19Þ

Qf ¼
aP
aH

� �
aw
aH

� �
aR
aH

� �2 ð20Þ

where: Qf was equilibrium constant of Eq. (17); R was standard
state mole gas constant; T was Kelvin temperature. aR, ap and aw,
ab were the activity of reactant, product, water and standard con-
centration respectively.

According to fundamental of thermodynamics, a reaction can
happen spontaneous only if DrGm < 0. According to Eq. (18) [22],
the value of standard Gibbs free energy of Eq. (17) was negative,
so this reaction can happen spontaneous through the direction of
positive reaction. Cement-based materials were always cured in
the standard or real environment, therefore water was presented
in the pores of materials, according to Eq. (17), water was partici-
pated in the reaction and it was the role of formation products. Due
to the large content of water, according to Eqs. (19)–(20), it can
induce the increased of Qf and DrGm. When the value of DrGm

was greater than 0 and this reaction cannot react spontaneous.
When drying process of cement based material was continuously
proceeding and the content of water was gradually decreased.
When the content of water was below a critical value which DrGm

was equal to 0, the reaction (17) can gradually happen. The result
of Ippei Maruyama et al.’s research showed that the it was hap-
pened during the drying process when RH was less than 11% [34].

When the wetting process was happened, was there a corre-
sponding chemical reaction going on according to inverse reaction
of Eq. (17)? Firstly, as can be seen from the quantum mechanical
calculations, the reaction cannot possibly happen during the initial
process because DrGb > 0. Since the content of Q3 state of silicon
tetrahedron formed in the drying process was far less than that
of Q2, it was not easy to carry out the reaction even if a large con-
tent of water was involved in the reaction process. For example,
proposed by Ippei Maruyama et al. [34].



(a) Bond lengths of reactant 

(b) Bond lengths of formation product 

Fig. 8. Bond length of reactant and formation product.
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the reaction mechanism such as slag and fly ash was hydrolyzed of
Q3 and Q4 of silicon tetrahedron structure, but the reaction rate
was very slow, so the means such as acid excitation and alkali exci-
tation were used to accelerate the chemical reaction. Therefore,
hydrolysis was not merely occurred in the process of water
absorption.
5. Conclusions

Based on the Hagen-Poiseuille law and quantum mechanics
method, a mathematical model of water absorption of cement-
based material was established by analyzing the chemical reaction
during the process of water absorption.
(1) In the early stage of water absorption, capillary permeation
was the main force in water absorption of cement-based
materials. The pore size of cement mortar was decreased
with the decrease of w/c and finally reduced to a fixed value.

(2) Absorption mass fraction was increased with time, it was
increased rapidly and finally reached to a certain content.
The depth of penetration was also increased with the water
absorption time, but the trend was not same with change of
flow quality, it was increased slowly and finally change to
rapidly.

(3) According to quantum mechanics method, the wetting pro-
cess of cement based material was happened spontaneous,
but hydrolysis was not merely occurred in the process of
water absorption.
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