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HIGHLIGHTS

» The starting pressure gradient (1) was proved exist in non-cracked concrete.

» Water would penetrate in the concrete, only when the external water pressure difference higher than the value of 4.
» External tensile stress will decrease the value of 4 of the concrete.

» The modified Navier-Stokes Equation could describe the seepage law in real concrete cracks well.
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The waterproofing durability of concrete is an attentive focus in underground engineering and hydraulic
structures. Water seepage law in non-cracked concrete, concrete under tension, straight smooth surface
cracks and real cracks in concrete were mainly studied in this paper. And the waterproofing capacity of
concrete was analyzed based on the research results. The experimental results indicated that Non-Darcy
model was followed in non-cracked concrete weather it bears tensile stress or not. There existed a bal-
ance depth in the process of the water permeation. Tensile stress could change the starting pressure gra-

Keywords: dient (1) of concrete. With the increase of tension, the /4 decreased. When the concrete was cracked, water
Concrete . . N . .

Water seepage law infiltrated into the concrete through cracks, the linear Darcy Law was followed in this case. To character-
Permeability ize the water seepage law in the real concrete cracks, two parameters 7 (tortuosity of cracks) and m
Tension (toughness of cracks) were introduced into the Navier-Stokes Equation. And the result indicated the
Cracks modified Navier-Stokes Equation could describe the seepage law in real concrete cracks well and the

Waterproofing durability

value of m in the real concrete cracks was less than 1.15 according to the experimental results.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

At present, a huge number of hydraulic and underground struc-
tures are being constructed in China. The durability of waterproof-
ing of concrete in these structures has been paid much more
attention. In order to predict the durability of waterproofing and
design the thickness of concrete element, it is necessary to know
the mathematical relationship between the depth of water seeping
through concrete and the seepage time. Up till now, Darcy Model is
still the main model to analyze this relationship for cement based
materials which is as the typical porous media [1]. But in these
years, more and more researches [2-4] have showed that
Non-Darcy flow is obvious phenomenon in low permeable porous
media, whose permeability coefficient is lower than 10~ pm?.
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Comparatively, the permeability coefficient of hardened cement
paste is generally lower than 10 um?, and the coefficient of
concrete with the compressive strength at about 30 MPa was about
107 um? [5,6]. Moreover, the permeability coefficient decreases
with the increase of compressive strength of concrete [7]. So the
permeability coefficient of high performance concrete is much less
than 103 um? for low permeable porous media. Based on above
analysis, it can be assumed that Non-Darcy seepage first found in
other low permeable porous media may be significant in the pro-
cess of water seepage in concrete. So, the first purpose of this paper
is to verify Non-Darcy phenomena in concrete by experiments, and
then to analyze water proofing capacity of non-cracked concrete
and the influence of tensile stress.

But in real structures, concrete may be cracked. Many
researches [8-15] showed that the permeability coefficient in-
creased dramatically after concrete cracked. In order to explore
the influence of crack on waterproofing durability, the seepage
model in cracked concrete is extra hoped in addition to the perme-
ability coefficient.
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2. Seepage models in non-cracked concrete
2.1. Seepage model of water in porous

We are unable to find many literatures about seepage model of
water special for concrete. But for other porous media such as soil
and rock, there are two models. The first is linear, that is Darcy
Flow. Another is nonlinear of Non-Darcy Flow. They can be written
as the following equations [4]:

QK
v=g=—, VP 1)
v=%=-kvpP1 - (VP> 2)
v=0 (IVP| < 2)

where Q is flow rate (cm?[s), A is interface area of seepage region, v
is seepage velocity (m/s), k is permeability coefficient of flow in the
pore (m?), u is viscosity of water (Pas), VP is pressure gradient
(Pa/m) and / is pressure gradient for starting flow (Pa/m).

From Egs. (1) and (2), we can see that Linear Darcy law is the
special case of the Nonlinear Darcy law when is equal to 0. The
seepage model can be determined based on whether the seepage
curve passes through origin of coordinates. As shown in Fig. 1a,
the seepage curve passes through the origin in Darcy flow. But
Fig. 1b shows a Non-Darcy flow, in which there is a starting pres-
sure gradient of /, only if VP is larger than 2, water can start flow-
ing in porous. So, we can determine the seepage model of concrete
according to the value of / in the graph obtained from experiments.

2.2. Water seepage experiment for non-cracked concrete

Concrete is a type of porous material, water can permeate freely
into the concrete and that decrease the durability of concrete.
Therefore, it is possible to permeate some corrosion inhibitions
from the surface of the concrete to inside the concrete due to its
porosity. When the depth of the outer corrosion inhibitions pene-
trate into the concrete is calculated, the linear Darcy Flow is used
commonly. But as the low permeable porous material, weather
the concrete fit this flow rule should be verified by the experimen-
tal results. Otherwise, it will lead to the large errors in calculation.

The test device is shown in Fig. 2. The specimens are brushed by
the epoxy around and then fixed on the normal concrete anti-per-
meability instrument. The water pressure is controlled by the
instrument. When the value of water pressure is stable, the value
of Q is measured at different time intervals. The permeability coef-
ficient of concrete in different water pressure gradient can be mea-
sured by changing water pressure, and then the seepage curves can
be obtained. In this experiment, a cement of 42.5 PO, a fly ash of
Grade II and a S95 ground granulated blast furnace slag were used
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Fig. 1. Comparison of linear and nonlinear seepage.
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Fig. 2. Schematic diagram of test device.

according to Chinese standard. The mix proportions for concrete
samples are listed in Table 1.

The experimental results on the relationships between seepage
velocity and water pressure gradient are showed in Fig. 3. It can be
seen from Fig. 3 that the seepage flow curves do not pass through
the origin of coordinate, there are critical pressure gradients for
starting flow. This phenomenon fit to the study results of rocks
[2-4]. So, in non-cracked concrete, water seepage follows Non-
Darcy law as expressed in Eq. (2) and Fig. 1b. Linear fitting for
the data points of Fig. 3, the starting pressure gradient 1 of samples
can be obtained by Eq. (2) and the results were shown in Table 2.
The / is the inherent parameter of the concrete. When the exterior
water pressure gradient is lower than the value of 4, the penetra-
tion will not happened. In this case, diffusion plays an important
part in penetration.

3. Seepage models in cracked concrete

During the service life, concrete structure is subject to different
types of damage (mechanical, thermal, chemical, etc.). Generally
service damage is not significant enough to cause an important
degradation of structural concrete. However, with time, the degra-
dation accumulates and may lead to micro-cracking resulting in
permeability variations. The study purpose of this part is to re-
search weather the Nonlinear Darcy Flow still fit to the condition
of concrete with crack.

In order to make cracks with more accurate crack width, a
method as shown in Fig. 4 is adopted. The concrete samples sized
100 mm x 100 mm x 50 mm were prepared, then split into two
parts (50 mm x 100 mm x 50 mm) and ground on surface. After-
wards, crack is created by putting these two parts together, and
crack width is controlled by a sheet of metal which thickness
was known. Crack was fixed and sealed by epoxy resin in two sides.
After cure of epoxy resin, the crack width was measured by crack
test device (measuring accuracy: 0.02 mm). The experiment of
water flowing through cracked concrete was conducted as Fig. 2.
The water pressure gradient is determined by the height of the
water. So this experiment limited by the height of the test location.
Furthermore, the width of the crack would be under 0.5 mm, for
having enough time to measure the water flowing. The experimen-
tal results are shown in Fig. 5. The cracks with six widths were
investigated. And the tested results are the same order of magni-
tude compared with the other study results [9,10], which demon-
strated the availability of this testing device. The relationships
between the velocity and the water pressure gradient can be fitted
as in Fig. 5 according to experimental data.

Fig. 5 demonstrated that the seepage flow curves do not pass
through the origin of coordinate completely. But comparing with
the curve of non-crack concrete, the pressure gradients for starting
flow in crack is almost equal to zero, which means the seepage rule
in crack of concrete approaches to linear Darcy Flow.
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Table 1
Mix proportions of concrete (kg/m?).

493

Specimen no. Water Cement Fly ash Slag Fine aggregate Coarse aggregate
1 177 250 70 35 779 1076
2 180 270 80 0 777 1073
3 185 250 70 35 772 1067
4 165 280 70 0 783 1082
0.025
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Fig. 3. The relationship between flow velocity and water pressure gradient for
Samples 1-4.

Table 2
4 Values of samples.
Sample no.
1 2 3 4
A/(x10% Pam™1) 9.94 8.76 16.01 6.63
concrete
cut
7
S1 52
v
grinding
SVl §2 | smooth crack
H control width
epoxy resin casket

Fig. 4. Method to make a width controllable crack.

4. Water seepage in real concrete crack
4.1. Making real crack in concrete

By the above study, it is shown that water seepage in cracks
plays a leading part in permeability, compared with that in non-
crack concrete. There is no ideal (smooth and straight, just like
making in Section 3) crack in concrete, so it is need to know how

T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
VP /(MPa/cm)

Fig. 5. Relationships between velocity of water flow and water pressure gradient
for cracked concrete (b: crack width of concrete).

to describe this process in real concrete cracks, to calculate the
water-proof durability of structure.

In order to obtain more real crack, method was carried out as
follows: (1) concrete samples sized of 100 mm x 100 mm x 50
mm was prepared by cutting, (2) samples was then split into two
parts by splitting test, (3) crack was created by splicing the two
parts together and the surface of the samples were fixed and sealed
by epoxy resin, (4) crack width was controlled by shims whose
thickness was known and after cure of epoxy resin, the crack width
was measured by crack test device (measuring accuracy:
0.02 mm). Schematic of specimen with crack was shown in
Fig. 6(1).

4.2. Seepage model in real concrete crack

Water seepage model in ideal cracks (straight and smooth) as
the Fig. 7 shown, can be expressed by the “cubic law” as shown
in the follows:

b* b’pg AH b’pg
9= u® =12 T~ 12! 3)

where q is seepage velocity (Lm~!s™!), Ap is the pressure differ-
ence (Pa), b is the width of crack, AH is the height difference of
equivalent water column (m), L is the straight length of crack (m),
J is the hydraulic gradient (m/m), u is the viscosity of water (Pa s).

The main difference property between the real cracks and
straight smooth cracks is more tortuous and rough for the real
cracks. So two parameters 7 (tortuosity of crack) and m (toughness
of crack) were input into Eq. (3) to modified the cubic law as shown
in the following equation:

b’pg
4= o] ()

where 1 = L/, Ly is the length of the profile of the cracks and L is the
straight length of the cracks as shown in Fig. 6(2). Obviously, the
profile length of crack surface (Ly) cannot be simply considered to



494 C. Qian et al./Construction and Building Materials 35 (2012) 491-496

Profile

This surface and its opposite

were sealed by epoxy resin

Shim f

Crack

(1) Samples with crack

v

(2) Profile of crack

Fig. 6. Schematic of samples with crack and its profile. (1) Samples with crack. (2) Profile of crack.
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Fig. 7. Schematic of ideal crack.

Table 3
Parameters and Ly and the real cracks.

Crack no.
Cr-1 Cr-2 Cr-3 Cr-4 Cr-5

b/mm 0.24 0.30 0.21 0.36 0.30
L/mm 100.5 98.0 100.0 100.0 104.0
Average Lf/mm 105.4 106.0 103.6 104.0 106.0
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Fig. 8. Relation between seepage velocity and hydraulic gradient with different
cracks.

be equal to specimen size. It was measured as soon as concrete
specimen was split into two parts by press, in our research. And
measuring method may be easy and feasible: attached thin cotton
thread to the crack surface at different profile (it is very easy when
thread and crack were wet), then, the profile length of crack surface
can be obtained according to measure the length of thread. The real
cracks with different widths were made and the crack profile
lengths were measured to be the average of 20 test results at differ-
ent depths of profiles, the parameters and the Ly of the cracks were
shown in Table 3.

Table 4
Calculation results of T and m.
Crack no.
Cr-1 Cr-2 Cr-3 Cr-4 Cr-5
T 1.05 1.08 1.03 1.04 1.06
m 1.11 1.10 113 113 1.12

Then the seepage curves of the cracks were measured and the
results were as shown in Fig. 8. In Eq. (4), T was known and then
the value of m could be calculated according to Eq. (4), the calcula-
tion results were shown in Table 4.

From Table 4, we could see that the values of m were very
approximately, which was also obvious with the values of 7. It
may be deduced that the crack forming from the same condition
has approximately crack surface roughness and roughness degree
coefficient.

As a result, Cubic Law corrected by introducing the parameters
of the tortuous degree and surface roughness could describe the
seepage in real concrete crack. Moreover, in the paper, only crack
with constant width was analyzed, the crack with variation width
still need to be further studied.

5. Influence of tensile stress on seepage model in concrete

The concrete structure is always subjected to different loadings,
during its service life. More researchers studied the permeability of
concrete under compression stress [12-14]. Concrete is the brittle
material, its tensile strength is one tenth of compression strength.
Furthermore, in some structures, just as tunnel, the concrete struc-
ture subject to the tensile stress.

In order to study the influence of tensile stress on water seepage
flow in concrete, a device was designed as shown in Fig. 9. The mix
proportion was shown in Table 5. The tensile stress was applied on
the concrete samples by four compressing springs around the sam-
ple. The samples are hollow cylinders with external dimensions
@150 mm x 300 mm and a hole in center of @15 mm x 200 mm.
The water would permeate through concrete with the thickness
of 67.5 mm and the water infiltrated from concrete was collected.

The seepage curves of samples with different tensile stress
(0 MPa, 0.5 MPa, 1.0 MPa and 1.5 MPa) were measured under
1.0 MPa, 1.2 MPa, 1.4 MPa, 1.6 MPa, 1.8 MPa and 2.0 MPa of water
pressure respectively, which corresponds to the water pressure
gradient of 0.148 MPa/cm, 0.178 MPa/cm, 0.207 MPa/cm, 0.237
MPa/cm, 0.267 MPa/cm and 0.296 MPa/cm respectively. And the
experimental results on the relationships between seepage veloc-
ity and water pressure gradient are showed in Figs. 10-12. From
the experimental results, the seepage flow curves did not pass
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Fig. 9. Test equipment (1-copper ripe, 2-sprint, 3-sample, 4-bolts, 5-collect
reservoir, 6-inner core, 7-steel tube, 8-steel plate, 9-strain gauge, 10-seal ring).

Table 5
Mix proportion of concrete for tension (kg/m?).

No. Water Cement Flyash Slag Fine aggregate Coarse aggregate
1 177 250 70 35 779 1076
2 185 250 70 35 772 1067
3 165 280 70 0 783 1082
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Fig. 10. Relationship between seepage velocity and water pressure gradient of No.
1 samples.
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Fig. 11. Relationship between seepage velocity and water pressure gradient of No.
2 samples.
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Fig. 12. Relationship between seepage velocity and water pressure gradient of No.
3 samples.

through the origin of coordinate and the / also existed in the con-
crete when it under the external tensile stress. Furthermore, with
the increase of the tension, the A decreased, which mean external
stress can change the / of concrete and the seepage in non-cracked
concretes whether it bears the stress or not followed nonlinear
Darcy Law. But all the experimental dates were got under the
1.5 MPa tensile stress for above this stress the samples would
break. When the samples broke, the v increased extremely. Com-
pared to the non-crack samples, the A of samples decreased by
65.8%, 62.5% and 67.7% under the 1.5 MPa tensile stress. So exter-
nal stress was an important element should be considered into the
design of engineering structures.

6. Analysis on waterproofing capacity of non-cracked concrete
based on nonlinear flow

According to above research results, through crack is not al-
lowed for water-proofing concrete even if the crack width is as
small as 0.1 mm. The influence of tensile stress before the ultimate
stress could be ignored. As for non-cracked concrete, its water-
proofing capacity may attributed to the existence of starting pres-
sure gradient of 2. When steady seepage of water is occurring in
test device (see Fig. 2), Eq. (2) can be changed to:

p-Q k() e (d ) ®
A u\L W\ L
where Q is flow rate (m?/s), Ap is pressure different, A is sectional
area of sample (m?), ¢ is porosity, L. is sample thickness (m), k. is
permeability of concrete. These parameters could be obtained from
the test data in Fig. 3 and the results were listed in Table 6.

Obviously, k = k.[¢. The porosity was determined by the weight
loss of saturated concrete after heated at 105 °C for 48 h. The test
results are listed in Table 6. So, A can be calculated according to
Eq. (5).

Combined with continuity equation of incompressible fluid
(considering that water pressure is not extra high in experiment,
media can be seen as incompressible media), the control equation

Table 6

Calculated starting pressure gradient for Samples 1-4.
Sample no. /(%) kc/(m?) k/(m?) 2/(Pam™)
1 14.12 530 x 1071° 3.74 x 10718 9.94 x 108
2 14.30 228 x 10718 1.59 x 10717 8.76 x 10°
3 14.04 428 x 1071° 3.05x 10718 1.60 x 107
4 14.31 1.72 x 10718 122 x 107" 6.63 x 10°
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Fig. 14. Effect of water pressure on infiltration for Sample 2.

for one-dimensional permeation of water in concrete can be writ-
ten as Eq. (6).

&p _

dxz_o

_ _k{dp dp

v=—k(B+2), |[&]>2 (6)
d s

v=0, dg\/h

From Eq. (6), the relation between time and infiltration depth
can be expressed as:

P k k P k
f% [sm +7° In (EPO 7#5(0)} = tJ‘TO In (ﬁp()) (7)

where Py is water pressure; t is time and S is infiltration depth,
(dp/dx) is water pressure gradient.

The relation between filtration depth and times of Samples 1-4
under 1 MPa water pressure can be calculated by Eq. (7) and
shown in Fig. 13.

As shown in Fig. 13, there was a balance depth in the process of
water infiltration (i.e. infiltration will stop when water’s pressure
gradient equals starting pressure gradient of concrete). Further-
more, the infiltration balance depth was determined by starting
pressure gradient, it increased with decreasing of starting pressure
gradient. So, the lower the starting pressure gradient of concrete,
the thicker the balance depth is. But these depths are from
60 mm to 160 mm as shown in Fig. 13, which are much smaller
than the thickness of concrete element for waterproof.

The effect of water pressure on infiltration was analyzed in
Fig. 14 (take Sample 2 as an example). Even for concrete with a
high water-binder ratio as Sample 2, the balance depths are from
50 mm to 300 mm when water pressure extends from 0.5 MPa to
2.5 Mpa as shown in Fig. 14. So, non-cracked concrete possesses
very nice waterproofing capacity.

7. Conclusions

In the process of water seepage in non-cracked concrete, the
Non-Darcy model was followed and the starting pressure gradient
provided a balance depth in the process of the water permeation.
Because of the existence of this starting pressure, common con-
crete without penetration crack demonstrated a satisfied water-
proofing capacity.

The water seepage in concrete before ultimate tensile stress
was also following the nonlinear Darcy Law. Tensile stress could
change the starting pressure gradient (1) of concrete. With the in-
crease of tension, the /4 decreased. So tensile stress was an impor-
tant element would be considered in the design of water-proofing
concrete.

Comparatively, the water flow in concrete cracks follows linear
Darcy Law even though the crack width is as small as 0.1 mm. So,
through crack is not allowed for waterproofing concrete.

For the real cracks in the concrete, two parameters 7 (tortuosity
of cracks) and m (toughness of cracks) were considered. And the
modified Navier-Stokes Equation could describe the seepage law
in real concrete cracks well. The value of m in the real concrete
cracks was less than 1.15 according to the experimental results.
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