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In order to analyze the process of hydraulic water inﬁltrating cracked concrete of underwater tunnels, the equation of water
transport in unsaturated cracked concrete under pressure was proposed according to the double-porosity medium model.
Penetration tests on prefabricated cracked concrete blocks were conducted, and then the inﬂuence of hydraulic pressure, initial
saturation, and crack width on water transport was studied. The results show that the larger the water pressure, the lower the initial
saturation, and the wider the crack width, then the greater the penetration depth, which can be reasonably explained according to
water motion theoretical models in this study. Moreover, the TOUGH2 software was used to simulate the change and distribution
of saturation, driving potential, and water velocity of unsaturated cracked concrete, which further proved the experimental results
and theoretical analysis. It reﬂects that both pressure potential and matric potential are the driving force of water transport in
underwater cracked concrete, and the driving force will be converted with the change of concrete saturation. In addition, crack
width is positively correlated with concrete permeability.

1. Introduction
For submerged constructions such as underwater tunnels
which keep bearing high hydraulic pressure, it is a big
challenge to prevent seepage in its service period. In fact,
water seepage is a common risk for underwater tunnels. In
China, the saying “nine out of ten tunnels will leak” reﬂects
the severity of tunnel seepage. Long-term seepage of corrosive water not only threatens traﬃc safety but also results
in a series of durability problems, such as concrete dissolution, concrete neutralization, reinforcement corrosion,
and further expansion of cracks. For example, the rails in the
Kanmon Tunnel in Japan are replaced every 5.8 years because of the corrosion by seepage salt water, which is much
faster than the cycle of replacing (28 years) for mountain
tunnels [1]. Thus, the owner has to spend huge amounts of
money on maintenance to meet the requirement of service
life [2]. It is reported that the annual cost of maintenance
and the replacement cost for a tunnel could be as high as
$150 K/km and $250 million/km in 1997 [3].

Thus, it is necessary to study the process of water
transport in underwater concrete tunnels; moreover, two
aspects should be taken into further considerations.
First, cracks are inevitable for underwater concrete
tunnels due to temperature stress, shrinkage, load, uneven
settlement, and so on. Because cracks provide fast pathways for water transport, since the 1990s, researchers
began to carry out experiments to investigate the permeability of cracked concrete. Kermani [4] ﬁrst pointed
out that even microcracks can signiﬁcantly aﬀect the
permeability of concrete in 1991. Subsequently, a large
number of experiments found that crack opening (width)
was a main factor on permeability of cracked concrete. For
example, Gérard et al. [5] and Wang et al. [6] found that
concrete permeability was basically the same as sound
concrete when the crack opening is below 50 μm∼100 μm;
however, the permeability coeﬃcient increased with the
crack opening over than 100 μm. Moreover, further experimental researches proved the permeability coeﬃcient
of cracked concrete is related to the square of crack
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opening [7, 8], that is, the cubic law was applicable to
cracked concrete.
On the other hand, permeability and capillary absorption are primary mechanisms for water transport in
concrete. Permeability takes place in saturated pores ﬁlled
with ﬂuid whilst under external pressure, and driving force
for permeability is the pressure gradient, which can be
analyzed by Darcy’s law. However, capillary absorption
drives water transport in unsaturated concrete, which can
be analyzed by Richards’ equation. Some researchers also
studied the eﬀect of water pressure and capillary suction
on water transport in cracked concrete. Yi proposed that
the permeability of concrete increased dramatically with
the crack width and hydraulic pressure when the water
pressure is greater than 0.025 MPa [9]. Shin’s experimental
research suggests that the permeability coeﬃcients are
most inﬂuenced by water head and crack width [10]. Wang
et al. [11] put forward a mesoscale model for cracked
concrete based on the theory of unsaturated ﬂow and cubic
law, and then numerically analyzed the water content at the
crack location. However, there are rare studies on combined
transport of water in unsaturated cracked concrete under
pressure and capillary suction up to now. In fact, water
transport in concrete of the underwater tunnel is not only
permeability but also capillary absorption. For the underwater concrete tunnel, the outer wall contacts with
hydraulic water while the inner wall contacts with atmosphere. Hence, the pressure diﬀerence will drive the external
water ingress into the tunnel from the outer wall to the inner
wall. Meanwhile, cement-based materials are diﬃcult to
reach full saturation by analyzing the initial water content of
concrete [12]. Recently, concrete coring tests of underwater
constructions in Denmark showed that underwater concrete in service was still unsaturated except near-surface
zone even for decades [13]. Hence, water transport in tunnel
concrete should consider the unsaturated characters of
concrete.
In this study, the equation of water transport in unsaturated cracked concrete under pressure was proposed
based on the double-porosity medium model. Then, the
inﬂuence of hydraulic pressure, initial saturation, and crack
width on water transport was studied through permeability
tests. The TOUGH2 software was used to simulate the
saturation, driving potential, and water ﬂow velocity of
unsaturated cracked concrete. The research is helpful to
improve the durability design of the underwater concrete
tunnel.

2. Theoretical Basis
According to the double-porosity medium model [14],
cracked concrete can be equivalent to two kinds of
continuous porous media (concrete and fracture) with
diﬀerent hydraulic parameters; the porosity and permeability of fracture are much greater than those of concrete.
Therefore, water transport in cracked concrete can be
viewed as ﬂow in sound concrete and ﬂow through cracks.
Water movement in the unsaturated porous media could
be described by Richards’ equation as follows [15]:
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ks kr (θ)
∇ψ,
μ

(1)

where u is the ﬂuid velocity, m/s; ks is the intrinsic permeability of porous media in saturated state, m2; kr is the
relative hydraulic conductivity, and it ranges between 0 (dry
state) and 1 (saturated state); θ is the water content; μ is the
viscous dynamic coeﬃcient of water, Pa·s; ∇ is nabla operator; and ψ is the total driving potential of unit volume
water, Pa.
kr is a function of water content, which is commonly
represented by the van Genuchten–Mualem model [16]:
m 2

kr (s) � s0.5 1 − 1 − s1/m   ,

(2)

where s is the water saturation, s � (θ − θr )/(θs − θr ); θr is the
residual water content; θs is the saturated water content; and
m is an empirical parameter which can be ﬁtted by experimental data.
The total driving potential ψ of water motion includes
pressure potential ψ p and matrix potential ψ m. So here is
ψ � ψp + ψm .

(3)

Pressure potential ψ p is caused by the diﬀerence of
pressure in pressure ﬁeld. Considering the connectivity of
capillary pores, it is assumed that 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 the saturated zone directly connects with
external hydraulic water, so it is subjected to the additional
hydrostatic pressure which depends on surface pressure and
location. Therefore, pressure potential can be calculated by
the following equation [17]:
ψ p � 0,
ψ p (x, t) � P0 erfc

0 ≤ s < 1,
�����
x ρw g
,
2 Ks Et

(4)
s � 1,

where P0 is the hydraulic pressure on tunnel outer surface,
Pa; erfc is the complementary error function; x is the distance from the exposed surface, m; E is the bulk modulus, Pa;
and t is the pressuring time, s.
Matric potential ψ m can be viewed as capillary suction of
porous materials. It is negative and generally described by
the van Genuchten–Mualem model as follows [16]:
1−m

ψ m � −αs−1/m − 1

,

(5)

where α is an empirical parameter ﬁtted by experimental
data.
For the underwater concrete tunnel, it is unsaturated in
early service stage, and then with water transport, the saturation of concrete increases gradually to form saturated
zone (s � 1) and unsaturated zone (s < 1). In the saturated
zone, ψ m � 0 and ψ p > 0, while in unsaturated zone, ψ m < 0
and ψ p � 0. The main driving force for water transport is
converted with the change of concrete saturation.
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Hydraulic conductive of concrete with a parallel crack is
usually determined according to the cubic law, which can
lead to the following intrinsic coeﬃcient [18]:
kcs �

w2
,
12

(6)

Table 1: Concrete mixture.

BI
BII

where kcs is the intrinsic permeability coeﬃcient of crack in
saturated state, m2, and w is the crack width, m.
Combine formulas (1) and (6), so water motion equation
of unsaturated crack can be described as
(7)

(8)

where ϕ is the porosity and div is the divergence.

3. Experimental Research
3.1. Test Block Preparation. Two kinds of test blocks were
prepared according to the concrete mixture shown in Table 1,
among which the concrete mixture of BI blocks was referred
to that of Zhoushan Shenjiamen undersea tunnel in China.
Ordinary Portland cement Grade 42.5 and ﬂy ash Grade II
were used as binder materials. Gravel with maximum particle
size of 25 mm and river sand were used as coarse aggregate
and ﬁne aggregate, respectively. Polycarboxylic acid is used as
the water-reducing agent.
The schematic diagram of the test block is shown in
Figure 1. Considering the size limitations of the pressure
chamber in our experiments, we set 150 mm height of the
test block which can touch the cover plate tightly and a ϕ6
diameter hole at the bottom of the block to align with the
water outlet of the pressure chamber. Meanwhile, the prefabricated crack is arranged along the block axis which is not
connected up and down, so as to avoid water seepage directly
from the top of the test block. In addition, in order to
improve the production eﬃciency, the test block was made
by a 150 mm cube mould; an 8 mm thick smooth slab was
inserted on the axis of the mould, so as to make two blocks at
the same time. When prefabricating the hole and cracks, we
ﬁrst located the hole and crack position and then inserted a
ϕ6 steel bar and stainless steel sheets into the predetermined
location (Figure 2). The width of the stainless steel sheet
determines the crack length of prefabricated specimens
(l � 30 mm for each side), and the thickness of the stainless
steel sheet determines the crack width of the prefabricated
specimens. After layered pouring of concrete into the mould,
we pulled the stainless mould out smoothly before concrete

Prefabricated crack

.5

where uc is the ﬂuid velocity at crack, m/s.
At last, we combine motion equation of sound concrete
(formula (1)) and crack (formula (7)) with mass conservation (equation (8)) to obtain governing equations of
water transport in unsaturated cracked concrete under
pressure, which can be solved by the ﬁnite diﬀerence
method.
z(ϕs)
� −div(u),
zt

6

35

kcs kr (θ)
∇ψ,
μ

z

150

uc � −

Mix proportion (kg·m−3)
Cement Fly ash Sand Gravel Water Reducer
0.33
456
44
640 1253
163
4.6
0.43
349
39.8 548.8 1266.5 167.6
3.49

Number w/b

y
x
150

71

Figure 1: Concrete block schematic (unit: mm).

initial coagulation. Two days later, the mould was removed
and the test blocks were sent to cure in a standard curing box
(temperature 20°C ± 2°C and relative humidity above 95%)
for 28 d.
Before penetration tests, the fractures on the bottom
surface were sealed with epoxy glue, in order to keep the
prefabricated hole as the only inlet (Figure 3). Hence, the
inner side of the block is equivalent to the outer wall of
the underwater tunnel bearing hydraulic pressure.
However, the outer side of the block directly contacts with
atmosphere without seal, which is equivalent to the inner
wall of the underwater tunnel bearing atmospheric
pressure.
After the tests are completed, the test blocks were split
on the universal testing machine (UTM) to measure the
actual crack widths by FTLF-2 crack width measuring
instrument (range: 8 mm; accuracy: 0.01 mm). It is found
that the actual crack widths of all working conditions
ﬂuctuate near the prefabricated widths, and this is because
the concrete is disturbed and then closed when the steel
sheets are pulled out. Hence, we carefully chose the experimental results of well-made blocks to analyze, which
means that the error values of prefabricated crack widths
are not more than 0.1 mm. In general, the prefabrication
error of crack width w � 0.3 mm is less than that of
w � 0.1 mm and w � 1 mm.
3.2. Laboratory Tests
3.2.1. Strength, Porosity, and Saturated Hydraulic Conductivity.
The cube compressive strength (fcu,k), porosity (ϕ), and
saturated hydraulic conductivity (Ks) of the concrete blocks
were determined according to Standard for test method of
mechanical properties on ordinary concrete (GB/T 500812002) [19], Standard test method for density, absorption, and
voids in hardened concrete (ASTM C642-13) [20], and Test
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Figure 2: Cracked block preparation: (a) cube mould; (b) stainless steel mould.

Table 2: Strength, porosity, and saturated hydraulic conductivity of
the blocks.
No.
BI
BII

3.2.2. Initial Saturation of the Specimens. In order to analyze
the eﬀect of matric potential on water transport in unsaturated concrete, three initial states were designed: natural
state and oven-dried at 105°C for 0.5 h and 8 h.
First, the mass of the concrete test block was measured
by using an electronic balance as the initial mass m0 in the
natural state. Then, the test block was oven-dried at 105°C
for 48 h to weigh the residual mass mr. After that, the block
was taken out from the oven and fully immersed into water.
The mass of the block was measured daily until it became
constant, and the constant mass was taken as fully saturated
mass ms. Then, the fully saturated blocks were, respectively,
oven-dried for 0.5 h and 8 h, the mass of which were
recorded as the initial mass m0 in the other two states.
Finally, initial saturation s0 of the concrete blocks can be
determined by formula (10), and the results are shown in
Table 3. The initial saturation of both BI and BII test blocks
in the natural state is about 0.7, which indicates that
concrete blocks are unsaturated at the initial stage.
Meanwhile, BI with lower w/b has a lower saturation than
BII, because more water was consumed for hydration reaction with higher dosages of cement, correspondingly less
water left in capillary pores after hydration.

ϕ (%)
8.8
10.4

Ks (m·s−1)
1.3 × 10−11
2.9 × 10−11

Table 3: Initial saturation of the test blocks.

Figure 3: Sealing of the cracks on the specimen bottom.

code for hydraulic concrete (SL352-2006) [21], respectively.
The test results are shown in Table 2. In addition, the relationship between saturated hydraulic conductivity and
intrinsic permeability coeﬃcient in Section 2 satisﬁes the
following formula:
Kμ
ks � s .
(9)
ρw g

fcu,k (MPa)
50.8
43.8

No.
BI-1
BI-2
BI-3
BII-1
BII-2
BII-3

Condition
Natural state
Oven-dried for 0.5 h
Oven-dried for 8 h
Natural state
Oven-dried for 0.5 h
Oven-dried for 8 h

s�

m0 − mr
.
ms − mr

s0
0.70
0.90
0.30
0.72
0.95
0.32

(10)

3.3. Test Conditions and Test Procedure. The penetration tests
were carried out by means of a pressure inﬁltration device
shown in Figure 4, which is composed of a digital pressure
control gauge, a pressure sensor, a booster pump, a stainless
steel tank, pressure chambers, and pipelines. According to
the survey of crack depths and the range of buried depth of
underwater tunnels and service conditions of wetting and
drying of concrete tunnels, the test conditions are set, as
shown in Table 4.
Because the water content of concrete at each location is
diﬃcult to be directly detected by the current test instrument, only nuclear magnetic resonance (NMR) can
determine the average water content of samples by measuring the content of H+ in porous media at present [12].
Other experimental studies usually take water absorptions
[22], neutron imaging [23, 24], and penetration depth [25] to
deduce the inﬁltration process. Considering penetration
depth is easy to observe and detect, we take it to analyze
water transport in this paper.
When taking the penetration tests, the test procedure is
as follows:
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Pressure infiltration device

3.4. Results and Discussion

Pressure chamber

Figure 4: Experimental devices.
Table 4: Working conditions of the tests.
Conditions
1–4
5–8
9–12
13–16
17–20
21–24
25–28
29–32
33–36
37–40
41–44
45–48
49–52
53–56

w (mm)
0.5
0.5
0.5
0.5
0.5
0.1
0.3
0.3
0.3
0.3
0.3
0.3
0.5
1.0

P0 (MPa)
0.1
0.3
0.4
0.3
0.3
0.3
0.3
0.1
0.3
0.6
0.3
0.3
0.3
0.3

In addition, when the cracks at the bottom of the test
block are sealed, the sealing may be uneven due to the
coating quality of epoxy glue. Therefore, we split the samples
at z � 50 mm to avoid the adverse eﬀects of uneven bottom
sealing quality.

s0
0.70
0.70
0.70
0.30
0.90
0.70
0.70
0.72
0.72
0.72
0.32
0.95
0.72
0.72

Pressuring time (h)
12, 24, 48, 72
12, 24, 48, 72
12, 24, 48, 72
12, 24, 48, 72
12, 24, 48, 72
12, 24, 48, 72
12, 24, 48, 72
12, 24, 48, 72
12, 24, 48, 72
12, 24, 48, 72
12, 24, 48, 72
12, 24, 48, 72
12, 24, 48, 72
12, 24, 48, 72

(1) First, align the prefabricated hole at the bottom of the
test block with the outlet of the pressure chamber
and then cover 2 cm thick stainless steel plate on the
test block. Hereafter, press the cover plate with six
steel rods to ﬁx the specimen.
(2) After that, set the pressure and pressuring time on
the instrument control panel according to the
working conditions and then open water valve and
turn on the pressure inﬁltration device. The pressure
pump will push the water in the tank into the
concrete test block through the water outlet.
(3) When the predetermined pressuring time is reached,
turn oﬀ the valve of the tank and take out the test
block from the pressure chamber. Then, use a universal testing machine to split the test block at
z � 50 mm; ﬁnally, water penetration depth along
and vertical to the crack was measured by a vernier
caliper.
Since concrete itself is an inhomogeneous composite
material, although we carefully make test blocks with a
vibration table, the uniformity of coarse aggregate distribution and connected capillary pores distribution is hard to
control. Because water transports only through connected
capillary pores in concrete, the inhomogeneity of blocks
will objectively aﬀect the characteristics of water transport,
but from the macroscale analysis, it is acceptable. This can
be conﬁrmed by the symmetrical distribution of our
penetration depth maps.

3.4.1. Penetration Depth of Cracked Concrete Specimens.
From the penetration depth map of the split block in Figure 5,
it can be seen that the seepage scope is spindle shaped around
the cracks; meanwhile, the penetration depth along the crack
direction is much larger than that in the vertical to crack
direction, which reﬂects the permeability of cracked concrete
is greater than that of sound concrete.
Taking the working conditions 1–4 as an example, we
line water penetration depth along and vertical to crack
directions in half of the test block at 12 h, 24 h, 48 h, and 72 h
(Figure 6). It is found that the penetration depth increases
with time in both directions and the penetration depth along
the crack is essentially equal to the sum of crack length
(30 mm) and the penetration depth in the vertical direction.
It reﬂects that water rapidly reaches the end of the crack,
which maybe because the crack length is small and the ﬂow
velocity is fast. In the subsequent analysis, the penetration
depth along the crack direction is taken as the water penetration depth.
3.4.2. Inﬂuence of Water Pressure. From Figure 7 (1–12
conditions and 29–40 conditions), it is noted that penetration depth increases with external water pressure, while
the increase of penetration depth under diﬀerent water
pressures is nonlinear, which reﬂects that external water
pressure is not the only factor to drive water transport in
cracked concrete. We take the experimental results of 1–12
conditions of BI blocks, for example, to explain the water
inﬁltration process in cracked concrete based on our theoretical models:
(1) When pressuring water inﬁltrates concrete through the
hole and cracks, it is considered that there is a very thin
fully saturated layer on the surface of the hole and
cracks, so that the driving potential of this saturated
surface layer is ψ(x � 72 mm, x � 78 mm) � ψ P � P0,
while in the interior unsaturated concrete, it is
ψ(x < 72 mm or x > 78 mm) � ψ m � −12.9 MPa. As a
consequence, the greater the P0 is, the greater the ∇ψ
will be (formula (3)). Hence, greater P0 causes faster
initial velocity u0 on the saturated surface (formula (1)).
(2) The faster the initial velocity u0, the faster the
increase in saturation near the fully saturated
surface and then the faster the change in the matric
potential (formula (5)). Therefore, in the unsaturated zone, the greater the P0 is, the greater the
∇ψ is. At the same time, the relative permeability
coeﬃcient kr (formula (2)) increases with the
saturation s. As a result, still in this stage, the
greater the P0, the faster the ﬂow velocity u and
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Figure 5: Penetration figure after concrete block splitting.
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t = 24h

t = 48h
t = 72h

Figure 6: Penetration depth map of working conditions 1–4.

then the faster the increase in corresponding saturation s according to formula (1).
(3) With increase in time, the specimen with greater P0
gradually formed the fully saturated region (s  1). At
this time, the matric potential ψ m increases to zero
and driving potential of water motion is converted to
pressure potential ψ p. By applying formula (4), we
can see that the greater the P0 and t are, the greater
the ψ p is, so the velocity u in the saturated zone is also
greater (Darcy’s law), which results in faster saturation growth and more obvious difference with the
initial saturation of the test block; hence, greater
water penetration depth was shown on the test block.
Meanwhile, it is easy to notice that the penetration
depths of B1 blocks are greater than those of BII blocks
under the same pressure due to the wider cracks.
3.4.3. Influence of Initial Saturation. Figure 8 shows the
penetration depth of cracked concrete blocks under different
initial saturation conditions (conditions 5–8, 13–20, 33–36,
and 41–48). It is noted that the lower initial saturation of
concrete is, the greater penetration depth is, which reflects

that the matric potential (relative to initial saturation) is a
driving force of water movement. Similarly, the penetration
depth of the BI test block is larger than that of the BII test
block because of wider crack width.
Taking an example of the BI blocks (Figure 8(a)), the
experimental results are because that on the saturated layer
of inlet (x  72 mm, x  78 mm), the total driving potential
ψ  ψ P  0.3 MPa, while the total driving force of interior
unsaturated is ψ(x < 72 mm or x > 78 mm)  ψ m. According
to formula (5), the lower the initial saturation s0 is, the
lower the matric potential ψ m will be (the absolute value is
greater). Thus, ∇ψ  ψ(x  72 mm) − ψ(x < 72 mm) or
∇ψ  ψ (x  78 mm) − ψ(x > 78 mm) is greater. Therefore,
the lower the initial saturation, the faster the water velocity
according to formula (1), which then causes faster saturation growth and more obvious difference from the initial
saturation of the test block; hence, water penetration depth
is greater on the test block.
3.4.4. Influence of Crack Width. Figure 9 shows the penetration depth of cracked concrete blocks under different
crack widths (conditions 5–8, 21–28, 33–36, and 49–56). It
can be seen that the greater the crack width, the greater
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Figure 7: Penetration depth under different hydraulic pressures. (a) BI test blocks. (b) BII test blocks.
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48
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s0 = 0.95, w = 0.3mm, P0 = 0.3 MPa
(b)

Figure 8: Penetration depth under different initial saturations. (a) BI test blocks. (b) BII test blocks.

penetration depth under the same conditions. This is because that ksc increases with crack width (formula (6));
hence, the water velocity uc increases with crack width w
(formula (7)), which results in the fast growth of concrete
saturation s. Then, the saturation difference with initial
saturation became greater, and as a result, penetration
depth is more obvious on the surface of the test block. In
addition, the penetration depths of BI and BII blocks with
the same crack width and similar initial saturation are
close, the difference of which is less than those in Figures 7
and 8.

4. Numerical Analysis
EOS9 module of TOUGH2 (transport of unsaturated
groundwater and heat) software was used to run water
transport in the cracked BI block, which can simulate
saturated and unsaturated flows in porous media [26].
Considering the symmetry of the test block (Figure 1), only
half of the test block was modeled. Fracture was set at
y  35.5 mm and z  (0–100) mm of the model, and the grid
within 20 mm around the crack was densely meshed
(Figure 10). The porosity and initial saturation of the crack
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Figure 9: Penetration depth under different crack widths. (a) BI test blocks. (b) BII test blocks.

z

were taken as 0.99 and 0.7, and the intrinsic permeability
coefficient of the crack was calculated by using formula (6).
The prefabricated hole at the bottom of the crack was set as
injecting boundary of the model, which was subjected to
external water pressure P0 with different water velocities
(Darcy’s law). The rest meshed elements were set as concrete, porosity, initial saturation, and saturated hydraulic
conductivity of which were taken from the foregoing experiments. Empirical parameters α and m were taken as
9.662 MPa and 0.519 according to the literature [25].

O

y

Figure 10: Mesh diagram of the model.

4.1. Change of Model Saturation. Taking the working conditions 1–4 as an example, simulated saturation of the model
is shown in Figure 11. It can be seen that the crack reaches
full saturation first due to its large permeability coefficient,
while the saturation far from the crack is basically equal to
the initial saturation s0 at t  12 h. Then, the saturation
gradually increases and expands around the crack and inlet
hole, which reflects the water movement in concrete. The
shape of saturation distribution is similar to that of the
experimental penetration depth map.

4.2. Change of Driving Potential. Figure 12 shows the simulated pressure potential and matric potential of the working
conditions 1 and 4. It is easily found that the scope of
pressure potential is small and expands with time, while the
scope of matric potential covers most of the model and the
absolute value of matric potential decreases with time. The
change of the two potentials indicates that the driving force
of water transport is converted with the increase of water
saturation. It is worthy to note that the absolute value of
matric potential is much greater than that of pressure potential; hence, the matric potential plays an important role in
water transport of underwater unsaturated concrete
structures.

4.3. Change of Water Flow Velocity. Based on the parameters
of working conditions 1, 5, 9, 13, and 21, the water flow
velocity of the model under different working conditions
was numerically analyzed, and the simulated velocity diagram at z  50 mm is shown in Figure 13. It is found that flow
velocity displays an antisymmetric distribution around the
crack, because the directions of water flow on both sides of
the crack are just opposite. Since water infiltrates concrete
from the more permeable crack, the absolute velocity at the
crack is the fastest, while the velocity far from the crack is
low and almost zero at the first 12 h. In general, the greater
the external pressure, the lower the initial saturation, and the
larger the crack width, the greater the water velocity. Hence,
it results in more water infiltration and saturation increase,
which is in agreement with the experimental analysis in
Section 3.4. With the time going, the maximum velocity near
the crack decreases gradually, while the velocity far from the
crack gradually increases due to water transport and then the
velocity difference between the inner and outer boundaries
slows down.

5. Conclusion
Considering the high pressure of underwater tunnels and
unsaturated characteristics of concrete, theoretical models of
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Figure 11: Simulated saturation profiles of working conditions 1–4.
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Figure 12: Simulated driving potential of working conditions 1 and 4. (a) Pressure potential. (b) Matric potential.
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Figure 13: Continued.
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Figure 13: Simulated flow velocity under different working conditions and under (a) different water pressures, (b) different initial
saturations, and (c) different crack widths.

water transport in unsaturated cracked concrete under
pressure were established based on Richards’ equation and
the cubic law. The variation of penetration depth with
pressuring time, hydraulic pressure, initial saturation, and
crack width was investigated through penetration tests
under hydraulic pressure. Moreover, the change and distribution of water saturation, driving potential, and flow
velocity were numerically analyzed using TOUGH2 software. The results show that the larger the water pressure, the
lower the initial saturation, and the greater the crack width,
then the deeper the penetration depth of concrete. The water
motion theoretical models proposed in this study can reasonably explain the process of water transport in unsaturated cracked concrete under pressure, which is in
agreement with the experimental and numerical results. It
indicates that the driving force of water motion is converted
from matric potential in the unsaturated zone to pressure
potential in full saturated zone, and the greater difference of
driving potential results in faster growth of water content
and deeper penetration depth of concrete. The research is
helpful to improve the durability design of the underwater
concrete tunnel.
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