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Chloride Transport in Undersea Concrete Tunnel
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Based on water penetration in unsaturated concrete of underwater tunnel, a diffusion-advection theoretical model of chloride
in undersea concrete tunnel was proposed. The basic parameters including porosity, saturated hydraulic conductivity, chloride
diffusion coefficient, initial water saturation, and moisture retention function of concrete specimens with two water-binder ratios
were determined through lab-scale experiments. The variation of chloride concentration with pressuring time, location, solution
concentration, initial saturation, hydraulic pressure, and water-binder ratio was investigated through chloride transport tests under
external water pressure. In addition, the change and distribution of chloride concentration of isothermal horizontal flow were
numerically analyzed using TOUGH2 software. The results show that chloride transport in unsaturated concrete under external
water pressure is a combined effect of diffusion and advection instead of diffusion. Chloride concentration increasedwith increasing
solution concentration for diffusion and increased with an increase in water pressure and a decrease in initial saturation for
advection. The dominant driving force converted with time and saturation. When predicting the service life of undersea concrete
tunnel, it is suggested that advection is taken into consideration; otherwise the durability tends to be unsafe.

1. Introduction

With the urgent need for water transportation, subsea con-
crete tunnels gradually became the priority mode of crossing
sea during the past few years in China. Xiamen Xiang’an
tunnel is the first undersea tunnel in Chinese mainland in
2011; after thatQingdao Jiaozhou bay subsea tunnel andHong
Kong-Zhuhai-Macao subsea tunnel are successively con-
structed. However, booming developments of subsea tunnels
have to face the challenge to meet the requirement of service
life over 100 years because of the erosion of pressure seawater
on tunnels.

For a long time, underwater concrete structures with-
standing high hydrostatic pressure are usually viewed as
fully saturated concrete [1]. Based on the hypothesis, most
researchers only considered diffusion of chloride ions and
used Fick’s diffusion laws to predict the service life of under-
sea tunnels [2–4]. However cement-based materials diffi-
cultly reach full saturation in fact. Powers and Brownyand [5]
first proposed that cementitious materials were unsaturated
through 220 d immersion tests of plain cement prisms.

Afterwards, further studies on the relative humidity in
concrete successively verified the unsaturated characteristics
of concrete through laboratory experiments [6–8]. Recently,
concrete coring tests of underwater projects in Denmark and
Sweden also showed that most regions of concrete core sam-
ples were still unsaturated except near-surface zone; even the
structures have served for decades [9]. Thus, chloride trans-
port in undersea concrete structures especially for the low
permeability structures made of high performance concrete
should be treated as flow in unsaturated porous materials;
that is, advection of chloride due to the motion of pore
solution in unsaturated concrete should also be taken into
account besides diffusion.

Most of existing studies about chloride diffusion-advec-
tion in concrete were focused on superstructures, in which
governing equations of diffusion-advection models under
drying, wetting, or repeated drying-wetting environments
were established by taking relative humidity𝐻 or saturation
𝑠 as basic variable and the influences of different factors such
as time and solution concentration were discussed without
considering hydraulic pressure [10–13]. However, underwater
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tunnels withstand a large pressure difference between inside
wall and outside wall. Jin et al. [14] found that external water
pressure had a significant influence on chloride transport
through laboratory experiments and Chen’s experiments also
proved the effect of water pressure on chloride motion in
concrete [15], while they still took the fully saturated concrete
assumptions to analyze the transport process. Zhang et al.
confirmed the combined affection of capillary suction and
water pressure on the motion of pore solution of unsaturated
concrete based on laboratory experiments and numerical
simulations [16]. As a result, we think that the advection of
chloride ionswith themovement of pore solution in undersea
tunnel is correspondingly driven by both the effects.

Based onwater penetration research in concrete of under-
water tunnel [16], a diffusion-advection theoretical model
of chloride in undersea concrete tunnel was proposed, and
the variation of chloride concentration with pressuring time,
location, solution concentration, initial saturation, hydraulic
pressure, and water-binder ratio was investigated through
laboratory tests under external water pressure. In addition,
the distribution and change of chloride concentration of
isothermal horizontal flow were numerically analyzed using
TOUGH2 (Transport ofUnsaturatedGroundwater andHeat)
software and different transport models were compared.
The research is helpful to improvement of the service life
prediction model of undersea concrete tunnel.

2. Theoretical Basis

2.1. Chloride Transport by Diffusion in Concrete. Diffusion
results in chloride ions transport from the regions of high ions
concentration to the regions of lower ions concentration.

Under steady-state condition, diffusion flux of free chlo-
ride ions is usually described by Fick’s 1st diffusion law as
follows:

𝐽𝑑 = −𝐷∇𝐶𝑓, (1)

where 𝐽𝑑 is the diffusion flux of free chloride ions, kg/(m
2s);𝐷

is the chloride diffusion coefficient of concrete, m2/s; ∇ is the
nabla operator; 𝐶𝑓 is the volume concentration of free chlo-
ride dissolved in pore solution, kg/m3; the negative sign in
(1) indicates that diffusion occurs with the concentration
reduction.

If chloride concentration changes with time (i.e., non-
steady diffusion condition), chloride movement can be
described by Fick’s 2nd diffusion law as

𝜕𝐶𝑓

𝜕𝑡
= −∇𝐽𝑑,

(2)

where 𝑡 is the diffusion time, s.
However concrete is not a homogeneous isotropic mate-

rial to satisfy the hypothesis of Fick’s diffusion laws; hence the
effective diffusion coefficient 𝐷eff is used to replace 𝐷 in (1).
Many researchers have devoted their efforts to studying 𝐷eff
of concrete.The studies generally believed that𝐷eff depended
not only on the test method, but also on the factors such as

service time, saturated degree, and temperature of concrete.
Atkinson and Nickerson [17] proposed a model as follows:

𝐷eff = 𝐷𝑠0𝜙𝛽, (3)

where 𝐷𝑠0 is the chloride diffusion coefficient in saturated
concrete, m2/s; 𝜙 is the porosity;𝛽 is a pore structure parame-
ter which can be obtained fromMillington-Quirkmodel [18]:

𝛽 = 𝜙
1/3
𝑠
10/3
, (4)

where 𝑠 is the saturated degree.

2.2. Chloride Transport by Advection in Concrete. Advection
means ions transport due to the carrier fluid’s bulk motion.
The advection flux can be expressed as

𝐽𝑎 = −𝐶𝑓u, (5)

where 𝐽𝑎 is the advection flux of free chloride ions, kg/(m2s);
u is the fluid velocity, m/s.

The fluid movement in capillary pores of saturated
concrete is driven by hydraulic head difference (i.e., water
pressure difference), which can be described by Darcy’s law
as follows:

u = −𝐾𝑠∇𝐻 = −
𝐾𝑠

𝜌𝑤𝑔
∇𝑃, (6)

where 𝐾𝑠 is the saturated hydraulic conductivity, m/s; 𝐻 is
the hydraulic head, m; 𝜌𝑤 is the water density, kg/m

3; 𝑔 is the
acceleration of gravity, m/s2;𝑃 is the hydraulic pressure of the
flow path, Pa.

Based on Darcy’s law, Richards proposed motion equa-
tion of water in unsaturated soils in 1931, namely, Richards’
equation:

u = −𝐾 (𝜃) ∇𝜓 = −
𝐾𝑠

𝜌𝑤𝑔
𝑘𝑟 (𝜃) ∇𝜓, (7)

where 𝜃 is the water content;𝐾(𝜃) is the unsaturated hydrau-
lic conductivity, m/s; 𝜓 is the total driving potential, Pa; 𝑘𝑟
is the relative hydraulic conductivity, and it ranges between
0 (dry state) and 1 (saturated state), which is commonly
represented by Van Genuchten-Mualem model [19–21]:

𝑘𝑟 (𝑠) = 𝑠
0.5
[1 − (1 −

1

𝑠𝑚
)

𝑚

]

2

, (8)

𝑠 =
𝜃 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟

, (9)

where 𝜃𝑟 is the residual water content; 𝜃𝑠 is the saturatedwater
content; and𝑚 is an empirical material parameter which can
be fitted by experimental data.

Because the temperature of underwater is generally con-
stant, isothermal transport is considered for the advection
model; thus the total driving potential includes matric poten-
tial 𝜓𝑚, pressure potential 𝜓𝑝, and gravity potential 𝜓𝑔.
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Matric potential 𝜓𝑚 can be viewed as capillary suction
of porous materials. It is negative and generally described by
Van Genuchten-Mualem model [19–21] as follows:

𝜓𝑚 = −𝛼 (𝑠
−1/𝑚

− 1)
1−𝑚

, (10)

where 𝛼 is an empirical factor fitted by experimental data.
Pressure potential 𝜓𝑝 is caused by the difference of pres-

sure in pressure field. For undersea concrete tunnel, the outer
surface contacts hydraulic water while the inner surface con-
tacts atmosphere. Considering the connectivity of capillary
pores, it is assumed that the air in unsaturated pores directly
connects with external atmosphere; thus the pore solution
in unsaturated zone is subjected to atmospheric pressure
without additional hydrostatic pressure. However, the pore
solution in saturated zone directly connects with external
hydraulic water, so it is subjected to the additional hydrostatic
pressure which depends on the surface pressure and location
[22]. Therefore, pressure potential can be calculated by

𝜓𝑝 = 0 (0 ⩽ 𝑠 < 1)

𝜓𝑝 (𝑥, 𝑡) = 𝑃0erfc(
𝑥

2
√
𝜌𝑤𝑔

𝐾𝑠𝐸𝑡
) (𝑠 = 1) ,

(11)

where 𝑃0 is the external water pressure on the surface, Pa;
erfc is the complementary error function; 𝑥 is the distance
from the exposed surface, m; 𝐸 is the bulk modulus, Pa.

Gravity potential 𝜓𝑔 is equal to the work that per unit
volume ofwater ismoved from its location to a fixed reference
location, which can be described as

𝜓𝑔 = ±𝜌𝑤𝑔𝑧, (12)

where 𝑧 is the distance from the fixed reference location, m.

2.3. Chloride Transport by Diffusion-Advection in Concrete
of Undersea Tunnel. With continuous seawater ingress into
undersea tunnel, initial unsaturated zone near the inlet
surface gradually reaches full saturation. In saturated zone,
𝜓𝑚 = 0, 𝜓𝑝 > 0, water motion is mostly controlled by
pressure potential, while in unsaturated zone, 𝜓𝑝 = 0, 𝜓𝑚 <
0, water motion is mostly controlled by matric potential. So
chloride transport in undersea tunnel is combined driven by
diffusion and advection, which are driven by the difference of
concentration and driving potentials converted with satura-
tion, respectively. As a matter of fact, a part of chloride ions
will combine to binding chloride𝐶𝑏 by chemical reaction and
physical bond. After the ion-combination reaction, residual
free chloride ions transport in concrete by diffusion and
advection which can be expressed as follows:

𝐽cl = 𝐽𝑑 + 𝐽𝑎, (13)

where 𝐽cl is the total flux of free chloride ions, kg/(m
2s).

Ogata and Banks [23] have proposed an analytic solution
for the diffusion-advection function under saturated state,
but under unsaturated state the complicated partial differen-
tial equation (13) has to be solved by finite difference method
or finite element method.

Table 1: Mix proportion of concrete.

Specimens number 𝑤/𝑏 Mix proportion/(kg/m3)
Cement Fly ash Water Sand Gravel

BI 0.36 419 46 168 532 1 241
BII 0.40 379 42 168 542 1 266

Table 2: Strength, porosity, saturated hydraulic conductivity, and
chloride diffusion coefficient of the specimens.

Number 𝑓cu,𝑘/MPa 𝜙/% 𝐾𝑠/(m/s) 𝐷RCM (m2/s)
BI 45.3 8.6 1.8 × 10−11 4.0 × 10−12

BII 44.7 9 2.2 × 10−11 4.4 × 10−12

3. Experiment Research

Concrete specimens with two different water-binder ratios
(𝑤/𝑏) of 0.36 and 0.4 were prepared in our experiments
(Table 1).

3.1. Strength, Porosity, Saturated Hydraulic Conductivity, and
ChlorideDiffusionCoefficient. Thecubecompressive strength
(𝑓cu,𝑘), porosity (𝜙), and saturated hydraulic conductivity
(𝐾𝑠) of the concrete specimenswere carried out in accordance
with standards GB/T50081-2002 [24], ASTMC642-97(2002)
[25], and SL352-2006 [26], respectively. Some methods are
recommended for measuring chloride diffusion coefficient,
from which we choose RCM method in accordance with
standard GB/T 50082-2009 [27]. The results are shown in
Table 2.

3.2. Initial Saturation of the Specimens. In order to analyze the
effect of water saturation on chloride transport in concrete,
three initial states were designed: natural state and being
oven dried at 105∘C for 1 h and 8 h. First, the mass of
the concrete specimen (the specimen information will be
introduced in Section 3.4) at initial state was measured as𝑚0
by an electronic balance with an accuracy of 0.001 g. Then,
the specimen was oven dried at 105∘C for 48 h to weigh the
residualmass𝑚𝑟. After that, the specimenwas taken out from
oven and fully immersed intowater.Themass of the specimen
was measured daily until it became constant, and the mass
was taken as fully saturatedmass𝑚𝑠. Finally, initial saturation
(𝑠0) of the specimen can be determined by (14) and the results
are shown in Table 3:

𝑠 =
𝑚0 − 𝑚𝑟

𝑚𝑠 − 𝑚𝑟

. (14)

From Table 3 we can find that the initial saturation of
BI and saturation of BII are all about 0.71, which indicates
that these concrete specimens are under unsaturated state.
Meanwhile, BI with lower 𝑤/𝑏 has lower saturation than BII.
It is becausemorewater was consumed for hydration reaction
with higher dosages of cement, correspondingly less water
left in capillary pores after hydration. In addition, the results
show that concrete saturation dramatically declined after
oven drying. The lower the saturation of specimens before
drying, the longer the time it takes to decline the saturation.
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Table 3: Initial saturation of the specimens.

Number 𝑤/𝑏 Condition 𝑠
0

BI 0.36 Natural state 0.715
BII-1 0.40 Natural state 0.718
BII-2 0.40 Oven dried for 1 h 0.441
BII-3 0.40 Oven dried for 8 h 0.312

Table 4: Humidity control for isotherm adsorption test/%.

Condition Saturated salt solutions Water
LiCl MgCl2 NaBr NaCl KCl

Theoretic 11.3 33.1 59.1 75.5 85.1 100
Measured 14.7 39.3 55.7 70.5 78.4 98

3.3. IsothermalAdsorption of the Specimens. Cubic specimens
with length of 100mm were cast from the concrete mixes of
Table 1. After being cured for 7 days in water, the specimens
were taken out and cut into 50mm × 30mm × 30mm cores
by removing the surface layer. Each core then was cut into
three slices with 10mm thickness and kept on curing in water
until 60 days. Then the mass of each slice was measured as
𝑚𝑠 and 𝑚𝑟 was measured after being oven dried according
to Section 3.2. The adsorption environments were created
by means of saturated salt solutions and water as shown in
Table 4. Then the three dried slices which were divided from
the same core were hung together in sealed plastic bottles
with different relative moisture solutions. A relative humidity
probe with an accuracy of ±1% was placed in the bottle top
to measure the actual relative humidity inside the humidity
bottle. The slice mass was measured daily until it became
stable and then took it as 𝑚0. The whole adsorption process
took about 120 d to reach equilibrium statewhich is consistent
with the existing literature [28]. Finally saturation can be cal-
culated according to (14) and average saturation of three slices
in the same bottle was taken as typical saturation for the envi-
ronmental humidity. Thus, we plotted isothermal adsorption
curves as Figure 1. Characteristic curves of moisture could
correspondingly be plotted (Figure 2) according to gas-liquid
equilibrium equation (see (15)), and relevant parameters were
fitted with the characteristic curves (Table 5):

𝜓𝑚 = −
𝜌𝑤𝑅𝑇

𝑀𝑤

ln𝐻, (15)

where 𝑅 is the ideal gas constant; 𝑇 is the temperature of
the liquid phase in Kelvin, K;𝑀𝑤 is the molecular weight of
water, kg/mol; and𝐻 is the relative humidity, %.

3.4. Chloride Transport Test under Hydraulic Pressure. The
device shown in Figure 3 was used for chloride transport test
under hydraulic pressure. The cylindrical concrete specimen
is 200mm in diameter and 150mm in height, and there is
a 6mm diameter hole at the centre which was realized by
inserting a stainless steel rod when we casted the specimen
and carefully extracting the rod when the specimen gradually
hardened. The tank is full of NaCl solution which was con-
figured with deionized water. Nitrogen was used to control
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Figure 1: Isothermal adsorption curves for the concrete mixtures.
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Figure 2: Moisture characteristic curves for the concrete mixtures.

Table 5: Regression parameters (𝛼,𝑚) and correlation coefficients
(𝑅∗) of moisture characteristic curves for concrete mixtures.

Number 𝑤/𝑏 𝛼/MPa 𝑚 𝑅
∗2

BI 0.36 9.662 0.519 0.991
BII 0.40 12.576 0.554 0.988

the water pressure and push the NaCl solution in the tank
applying on the internal hole wall of specimens. So the inner
side of the specimen is equivalent to the outer wall of subsea
tunnel bearing hydraulic pressure; oppositely, the outer side
of the specimen is equivalent to the inner wall of subsea
tunnel bearing atmospheric pressure.
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Tank
Pressure chamber

Nitrogen

Figure 3: Chloride penetration tester.

Table 6: Working conditions of chloride transport tests.

Working
conditions

Specimens
number

Pressure
(MPa) 𝑋NaCl

Pressuring
time (h)

1 BII-1 1.5 3% 72
2 BII-1 1.5 15% 168
3 BII-1 1.5 15% 72
4 BII-2 1.5 15% 72
5 BII-3 1.5 15% 72
6 BI 1 15% 72
7 BI 1.5 15% 72
8 BI 2 15% 72
𝑋NaCl: concentration of NaCl solution.

Theworking conditions are shown inTable 6. Experimen-
tal procedure is as follows:

(1) Place a 1 cm thickness silicone gasket with 𝜙6mm
central hole on the bottom of pressure chamber.Then
place a concrete specimen on the silicone gasket with
the central hole aligned. After that, place an intact
silicone gasket on the top of the specimen and cover a
2 cm thickness stainless steel plate. Hereafter, tighten
the plate with six steel rods to fix the specimen.

(2) Open the valve of nitrogen bottle and adjust pressure
to the designated value.

(3) When the pressure reading is stable, then open the
valve of the tank to supply pressure water which pen-
etrates into concrete through the preformed hole of
specimens. Until the scheduled pressuring time is
reached, turn off the valve of the tank.

(4) Take the specimen out from the chamber and split it
along the diameter using a Universal TestingMachine
(Figure 4). Use hammer and drill to drill samplings
every 15mm along the radial direction of the splitting
specimen. After crushing the samplings into fine
powders and mixing with deionized water, we mea-
sure the chloride concentration of the mixtures by
means of RCT (Rapid Chloride Test). Since the drill
has a certain size, the chloride concentration is an
average value around the sampling location.

Figure 4: Solution transport diagram.

From Figure 4, it is easy to find that obvious saturated
zone and unsaturated zone formed after solution penetrating
into concrete from fabricated holes. Solution penetration
depth is uniform on the whole along the height direction
except top and bottom of specimens because it is difficult
to be absolutely sealed. The result indicates solution velocity
is basically the same in height, so the influence of gravity
potential can be ignored to such low specimens. Though the
solution penetration depth in Figure 4 is shallow (it depends
on pressuring time, external pressure, and initial saturation
[16]), Figures 5–7 show that chloride penetration depth is
larger, which means chloride can migrate in concrete under
unsaturated state.

3.5. Results and Discussion. From the chloride concentration
profiles (Figures 5–7), we found that chloride concentration
declined with depth and increased with pressuring time.
Figure 5 showed the influence of solution concentration
and pressuring time on chloride transport under the same
hydraulic pressure of 1.5MPa and initial saturation of 0.718
(working conditions 1–3). It is easy to see that solution con-
centration greatly affects chloride concentration anddistribu-
tion (Figure 5). The concrete with higher solution concentra-
tion showed higher chloride concentration at a given depth
and steeper curve compared to the concrete with lower con-
centration at the same time. Meanwhile, besides the growth
of chloride concentration with time inside the concrete, the
surface chloride concentration also accumulated with time.
It demonstrated that diffusion was a key factor for chloride
transport, and the larger the difference of chloride concentra-
tion was, the faster the chloride transported from the higher
concentration to the lower concentration. Under working
conditions 3, 4, and 5 with the same solution concentration
of 15% and water pressure of 1.5MPa, Figure 6 showed that
the lower the initial saturation was, the higher the chloride
concentration was at a given depth. It means that capillary
suction associated with saturation is another factor for chlo-
ride transport. Figure 7 showed that hydraulic pressure also
affected chloride transportation under the same solution con-
centration of 15% and initial saturation of 0.715 (working con-
ditions 6–8).Thehigher thewater pressurewas, the higher the
chloride concentration was at a given depth. Initial saturation
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Figure 5: Chloride concentration profile under different pressuring
time and solution concentration.
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Figure 6: Chloride concentration profile under different initial
saturation.

and water pressure showed the same influence on water pen-
etration with the above results based on lab experiments and
numerical simulations [16], so we believe the experimental
results of chloride transport affected by initial saturation
and water pressure were a result of chloride advection
which depended on pore solution’s motion. Hence, diffusion
and advection are coresponsible for chloride transportation
instead of only diffusion in aforementioned references.

Comparing curve ◼ in Figure 6 and curve e in Figure 7,
we can find that chloride concentration at the same time in
BI is smaller than that in BII-1 under the same pressuring
time (𝑡 = 72 h), water pressure (𝑃0 = 1.5MPa), solution
concentration (𝑋NaCl = 15%), and similar initial saturation

BI, P0 = 2MPa, 72h
BI, P0 = 1.5MPa, 72h
BI, P0 = 1MPa, 72h
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Figure 7: Chloride concentration profile under different hydraulic
pressure.

(𝑠0◼ = 0.718 and 𝑠0e = 0.715). It showed that water-binder
ratio also affected chloride transport because the lower the
water-binder ratio was, the denser the concrete was, and as a
result chloride ions more difficultly migrated.

We take working conditions 6–8, for example, to discuss
the process of chloride transport, which can be divided into
three stages.

(1) Initial Pressuring Stage. Considering NaCl solution pene-
trating into concrete through the wall of preformed hole, we
can deem that a very thin fully saturated layer exists on the
hole wall with driving potential of𝜓 (𝑥 = 0.003m) =𝜓𝑝 = 𝑃0,
while the inside zone is still unsaturated at the initial stage,
so 𝜓 (0.003m < 𝑥 ≤ 0.1m) = 𝜓𝑚 = −9.23MPa. Obviously
∇𝜓 increases with the increase of hydraulic pressure 𝑃0 on
hole wall. The higher ∇𝜓 induces faster solution velocity
(see (7)) and larger advection flux (see (5)). In addition,
diffusion flux is the same at this time due to the same solution
concentration. So the higher the hydraulic pressure on hole
wall is, the higher the surface chloride concentration is.

(2) Specimens under Unsaturated State after Pressuring. When
NaCl solution penetrates into unsaturated zone through the
hole wall, faster initial solution velocity accelerates saturation
degree of concrete near inlet surface rapidly increasing,which
results in matric potential 𝜓𝑚 decline faster (see (10)). As
a result, ∇𝜓 becomes larger for the dramatic decline of
𝜓𝑚, which makes solution transport further faster (see (7)).
Meanwhile, relative hydraulic conductivity 𝑘𝑟 increases with
saturation degree according to (8). That is, larger pressure
induces larger saturation degree, solution velocity, and advec-
tion flux. In addition, because surface chloride concentration
is larger with higher water pressure 𝑃0, larger chloride con-
centration difference will result in larger diffusion flux. Hence
the higher the water pressure is, the larger the chloride con-
centration is at this stage.
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(3) Specimens with Saturated Zone after Pressuring. Fully
saturated zone was first formed in specimen under higher
𝑃0 condition with pressuring time. Then matric potential 𝜓𝑚
becomes zero and chloride transport is controlled by pressure
potential 𝜓𝑝. We notice that 𝜓𝑝 increases with 𝑃0 (see (11)),
so it is believed that larger pressure will lead to faster solution
velocity in saturated zone (see (6)), which drives chloride ions
faster transport towards the unsaturated zone. Meanwhile,
concentration difference between saturated zone and inside
unsaturated zone gradually increases, which results in larger
chloride diffusion flux. Hence the higher the water pressure
is, the larger the chloride concentration is at this stage.

Thus, diffusion-advection theoretical model of chloride
can explain the experimental results of chloride concentra-
tion increases with water pressure in Figure 7.

As for specimens with different initial saturation 𝑠0 and
the same 𝑃0 and 𝑋NaCl (working conditions 3–5), the total
driving potential 𝜓 = 𝜓𝑝 = 1.5MPa on the saturated hole
wall at the initial pressuring stage, while in the unsaturated
zone near saturated surface 𝜓 is equal to matric potential 𝜓𝑚.
Because saturation degree has inverse relationship with 𝜓𝑚
(see (10)), the lower the initial saturation is, the larger ∇𝜓 is
and, correspondingly, the higher the solution velocity, advec-
tion flux, and chloride concentration are. Meanwhile, with
the increase of chloride concentration difference, diffusion
flux increases too.Thus, these can explain why specimenwith
lower initial saturation has higher chloride concentration in
Figure 6.

As for specimens with different solution concentration
𝑋NaCl and the same 𝑃0 and 𝑠0 (working condition 1–3), the
pressure potential and matric potential are the same at the
initial stage, while chloride concentration difference between
saturated surface and inside unsaturated zone is different.
Obviously, the higher the solution concentration is, the larger
the chloride concentration difference and diffusion flux are,
which correspondingly results in the increase of chloride
concentration inside.These can be used to explain the experi-
mental results of chloride concentration increases with solu-
tion concentration in Figure 5.

4. Numerical Analysis

TheEOS9module andEWASGmodule of TOUGH2 software
were used to run the numerical simulation, which could
simulate water and chloride ions transport, respectively [29].
Considering that the height of the specimens is low in our
tests, sowe only simulated isothermal horizontal flowwithout
considering gravity potential.

The numerical simulation was carried out on 200mm
diameter, 150mm height cylinder model with 𝜙6mm central
hole (Figure 8). The model was discretized into ring-shaped
elements with 0.001m thickness from 0.003m to 0.05m and
with 0.005mm thickness from 0.05m to 0.1m. The initial
chloride concentration was supposed as zero. The inside
boundary was set as time-varying concentration boundary
for the surface chloride concentration accumulated with time
in experiments. It could be realized by setting a source-
sink term on the boundary and the source flow velocity was
obtained by EOS9 module simulation [16]. Meanwhile, the

3mm

NaCl solution

100mm

1
5
0

m
m

Figure 8: Schematic diagram for half of the model.

outside boundary was modeled as atmospheric condition
subjected to a barometric pressure of𝑃0 = 1.013𝑒5Pa.The top
and bottom boundaries were modeled as no flow boundaries
to simulate the sealing effect of silicone gaskets. Atkinson
and Milling-Quirk models were adopted to calculate the
chloride diffusion coefficient with saturation, in which𝐷RCM
from laboratory experiment was taken as saturated diffusion
coefficient 𝐷𝑠0 in (3). Other input parameters in the model
were taken from the above experimental results.

It is noteworthy that the unit of chloride concentration is
volume concentration of pore liquid (kg/m3) in theoretical
analysis and numerical simulation, while it is expressed as
mass percent of concrete powder (%) in RCT test. Thus,
we should change the unit of chloride concentration from
volume concentration into mass percent concentration if
quantitatively comparing the results of simulationswith those
of experiments.Theunit conversion formula can bewritten as

𝐶𝑓% =
1 × 𝜙 × 𝑠 × 𝜌𝑤 × 𝐶𝑓

1 × 𝜌𝑐

× 100%, (16)

where 𝐶𝑓% is the mass percent concentration of chloride, %;
𝜌𝑐 is the concrete density, kg/m

3; the volume concentration
of chloride 𝐶𝑓 and water saturation 𝑠 can be calculated by
EWASG module.

From (16) we realize that it is difficult to accurately
establish the conversion relationship between simulations
and experiments. Firstly, porosity used in EWASG is obtained
by boiling test [25] which is an average value of the concrete
specimens, but the real distribution of capillary pores in
specimens is uneven, furthermore, only part of which is
completely interconnected for chloride transportation. Sec-
ondly, the ion-combination of chloride with concrete under
high external pressure is not clear at present, so the actual
free chloride concentration on concrete boundary in tests is
unknown, which led to an error in boundary concentration
when simulating; meanwhile, the influence of ion-combina-
tion on the concentration inside is also undeterminable.
Finally, the chloride concentration measured by RCT is
an average value around the sampling location while the



8 Advances in Materials Science and Engineering

24
48

72
96

120
144

168

0.05
0.06

0.07
0.08

0.09
0.10

0.00
0.02
0.04
0.06
0.08

0.10

0.12

0.14

0.16

Pressu
rin

g tim
e (h)

Depth (m)

Ch
lo

rid
e c

on
ce

nt
ra

tio
n 

(k
g/

m
3
)

s0 = 0.718, P0 = 1.5MPa,
XNaCl = 15%

s0 = 0.718, P0 = 1.5MPa,
XNaCl = 3%

Figure 9: Chloride concentration simulation under different solu-
tion concentration.

simulation result is at a specific depth. For the above rea-
sons the simulation results based on the assumptions that
all the capillary pores are uniform distributions and fully
connected and there are no ion-combination reactions with
chloride ions led to a large difference with that of laboratory
experiments. So we only qualitatively compare the chloride
concentration trend between simulations and experiments.

4.1. Influence of Solution Concentration. From Figure 9 simu-
lated with different solution concentrations under 𝑠0 = 0.718
and 𝑃0 = 1.5MPa, we found that the trend of concen-
tration in simulation was consistent with the experimental
results (Figure 5). That is, chloride concentration is not only
decreased with depth and increased with time, but also
accumulated with time on the boundary.The higher solution
concentration caused the higher chloride concentration, the
steeper variation gradient, and the farther transport distance.
The results reflected that chloride was nonsteady diffusion in
model and the larger the difference of chloride concentration
was, the faster the chloride moved. We also noticed that
the increase of chloride concentration slowed down with
time in simulation which was fit with the experiment results
in Figure 5. The main reason is the difference of chloride
concentration gradually reduced with the increase of interior
concentration.

4.2. Influence of Initial Saturation. The effect of initial satura-
tion on chloride transport was studied by running examples
where the initial saturation varied with 0.312, 0.718, and 1
under𝑃0 = 1.5MPa and𝑋NaCl = 15%. It is observed that both
of chloride concentration and penetration depth raised with
the decrease of saturation and the increase of time (Figure 10),
which was consistent with the experimental results (Figure 6)
and the simulation results from Kumar [30]. We also noted
that the change of chloride concentration is flatter near the
inner boundary for the lower saturation degree than the
higher saturation. Indeed, the experimental results (Figure 6)
also showed the same trend.This is mainly because the lower
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Figure 10: Chloride concentration simulation under different initial
saturation.

the saturation is, the higher the matric potential is, which can
result in faster solution velocity and higher saturation and
chloride concentration.

If the capillary suction is neglected (set 𝑠0 = 1, i.e.,
fully saturated concrete), the simulation concentration is far
lower than that in unsaturated concrete because the pressure
potential (𝜓𝑝0 = 1.5MPa) is much less than the matric
potential (𝑠0 = 0.312,𝜓𝑚0 = −30.3MPa and 𝑠0 = 0.718,𝜓𝑚0 =
−11.5MPa). The simulations emphasize the importance of
water flow and chloride transportation in unsaturated condi-
tions when predicting service life of subsea concrete struc-
tures.

4.3. Influence of Water Pressure. To study the influence of
water pressure on chloride penetration, only water pressure
was varied while maintaining the initial saturation as 0.715
and initial surface chloride concentration as 15% with sample
block BI. The results of numerical analysis are shown in
Figure 11, which can denote that the simulation results were fit
with the former experiments (Figure 7) and the experimental
results from Jin et al. [14] and Chen [15]; that is, chloride
concentration and penetration depth increased with the
increase of water pressure. The results can be explained by
the discussion in Section 3.5.We also noted that the influence
of water pressure on chloride concentration became more
significant with time comparing the concentration curve
interval between 12 h and 72 h (Figure 11). This is mainly
because water pressure controlled a small region attached to
saturated surface layer at first; however water pressure played
more important role instead of capillary suction with the
expansion of saturated zone.
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Figure 11: Chloride concentration simulation under different
hydraulic pressure.

If water pressure is neglected (set 𝑃0 = 0MPa), the
chloride concentration is lower than the results subjected to
hydraulic pressure (1MPa and 1.5MPa). Obviously, the rate of
concentration decline is very significant in Section 4.2 ignor-
ing the effect of capillary pressure, because the difference of
driving potential is larger. Thus, the durability design of sub-
sea tunnel should consider the hydraulic pressure; otherwise
the durability tends to be unsafe.

5. Conclusion

Theoretical models of chloride diffusion-advection in unsat-
urated concrete of undersea tunnel were established. The
variations of chloride concentration with pressuring time,
location, solution concentration, initial saturation, hydraulic
pressure, and water-binder ratio were investigated through
penetration tests under external water pressure. In addition,
the change and distribution of chloride concentration were
numerically analyzed using TOUGH2 software. The results
show the following.

(1) Chloride transport under external water pressure in
unsaturated concrete is a combined effect of diffusion
and advection, where diffusion is driven by the differ-
ence of concentration and advection is driven by cap-
illary suction and hydraulic pressure. Hence, for the
subsea concrete tunnels which withstand hydraulic
pressure on outside wall and atmospheric pressure on
inside wall, chloride transport is affected by diffusion,
capillary suction, and external pressure instead of
diffusion.

(2) Chloride concentration in concrete declined with
depth and increased with time. The higher the dif-
ference of chloride concentration is, the higher the

chloride concentration is.Meanwhile it shows that the
higher the hydraulic pressure and the lower the ini-
tial saturation of concrete, the higher the chloride
concentration. The change of chloride concentration
slowed down with time because the concentration
difference declined for the concentration growth and
the smaller driving potential of pressure replaced the
larger driving potential of capillary suction with the
saturation growth.

(3) Service life of undersea concrete tunnel will be over-
predicted if only chloride diffusion in tunnel based on
the full saturated concrete hypothesis is considered.
Because advection plays an important role in chloride
transport of undersea tunnel, the effect of capillary
suction and water pressure on the durability design
of subsea tunnel should be taken into consideration;
otherwise it tends to be unsafe.
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