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a b s t r a c t

This paper reports an experimental investigation on water flow behaviour in narrow fractures of cemen-
titious materials. A permeation device was developed especially for water flow in fractures. Five cemen-
titious materials were retained, specimens were prepared in disk form and fractures were obtained by
splitting specimens in three-point bending mode. The topography of fractured surfaces of specimens
was scanned by laser profilometer and the surface roughness was quantified by 3D fractal dimension
analysis. The fractured specimens were then closed and mounted into the permeation device for flow test
by deionized water during 48 h. Furthermore, repetitive flow tests were performed on one fractured spec-
imen to study the sealing effect of fractures. It is observed that the geometrical opening aperture in frac-
tures is very different from the hydraulic equivalent value and the sealing effect of narrow fractures can
be mainly attributed to the non-Darcian characteristic of liquid flow between rough surfaces under low
pressure gradient.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Cementitious materials are quasi-brittle in hardened state, liable
to cracking under mechanical loadings. During hardening cementi-
tious materials undergo also intrinsic, drying and thermal shrink-
ages, capable to induce early-age cracking [1,2]. Hence, structural
cementitious materials usually contain cracking of different natures
during their service lives [3]. For some specific engineering applica-
tions such as radioactive waste disposals, cementitious materials
serve as engineered barrier against migration of hazardous matters,
thus water permeability is identified as the key parameter for
structural design [4,5]. In these cases, the role of cracking on perme-
ation-related transport processes has to be quantified. Accordingly,
the research on transport process in fractured cementitious materi-
als has been highlighted and recent results can be found in Refs.
[6,7]. The experimental aspect of the research on transport proper-
ties of cracked concrete is extensively reviewed in Ref. [8]. The exis-
tence of cracking turns materials from continuous media to discrete
ones thus the involved transport processes can be radically different
[9,10]. For cementitious materials, the fractured surface can be
moreover chemically active. From the state-of-art of knowledge,
key aspects on water transport involve at least water flow behaviour
in rough fractures and mass exchange processes between the flow-
ing water and the reactive fracture surfaces [11,12]. Although the
control factors for water flow in fractures are well identified as frac-
ll rights reserved.
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ture opening, surface roughness as well as surface hydro-reactivity,
some fundamental aspects still remain to be explored: how water
flow behaviour is correlated to fracture surface properties and
how/why water flow rate evolves with time.

This paper attempts to gain some insight on these questions
through experimental investigation. Several cementitious materi-
als are retained in this study and fractured specimens were pre-
pared. Then the topography of fracture surfaces of specimens
was scanned and the surface roughness is quantified by the fractal
dimension. Afterwards, the fractured specimens were subjected to
flow test by water and alcohol. The flow behaviour of liquids, water
and alcohol, in narrow fractures is analyzed in depth on the basis of
the obtained results.
2. Experimental procedure

2.1. Materials and specimens

Five cementitious materials were prepared: one cement paste,
three mortars and one concrete, detailed proportioning given in
Table 1. The used cement was of type PO42.5 (Portland ordinary
cement with nominal strength of 42.5 MPa) according to Chinese
cement standard [13], equivalent to CEM II/A type in European Stan-
dard [14]. Two sands were used for mortars: fine sand (modulus 1.8)
and standard sand (modulus 2.5). The materials were mixed and
poured into PVC tubes with inner diameter of 10 cm. After 7 days
of standard curing (temperature 20 �C and humidity above 95%),
disks with thickness of 3 cm were sawed out and an indent of
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Table 1
Mix proportioning of cementitious materials.

Composition C1 C2 C3 C4 C5

Cement PO42.5 (kg/m3) 1385 503 537 503 503
Water (kg/m3) 553 302 268 302 302
Water to cement ratio (–) 0.40 0.60 0.50 0.60 0.60
Fine sand (kg/m3)
(<5 mm, modulus 1.8) – 1395 – – –
Standard sand (kg/m3)
(<5 mm, modulus 2.5) – – 1395 1395 837
Crushed rock (5–15 mm) (kg/m3) – – – – 558
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5 mm was sawed diametrically on one surface of disk. Then the disks
were put again into standard curing conditions till age of 28 days.
Then the indented disks were split by three-point bending. To screen
the possible surface secondary reaction, all fractured disks were put
into water for 2 weeks after splitting. Afterwards, all fractured sur-
faces were subjected to topography scan and flow tests.

2.2. Permeation device and tests

The experimental device was designed by the authors especially
for flow in fractures, the device scheme illustrated in Fig. 1a. The
permeation cell of this device is consisted of: the fractured speci-
men (two parts), a rubber coat for specimen and a mechanical ring
outside the rubber coat, cf. Fig. 1b. In the first phase of flow tests,
fractured specimens (C1–C5) were mounted into the permeation
cell and the mechanical ring was fastened mechanically with the
lateral screws. Flow tests were performed under a constant water
head of 1.8 m with deionized water as infiltrating liquid. For each
fractured specimen, the flow test last for 48 h and the water flow
volume and flow rate were recorded. In the second phase, speci-
men C4 was re-mounted into permeation cell and repetitive flow
tests were performed for four cycles: in each cycle water flow test
took 36 h and the fractured specimen was dried in permeation cell
for 12 h in room condition. Afterwards, a final flow test was con-
ducted on C4 with alcohol as infiltrating liquid. Again, the flow vol-
ume and flow rate of liquids (water, alcohol) were recorded.
3. Surface roughness and fracture opening

3.1. Surface roughness quantification

The topography of fractured surfaces was scanned by a large-
scale laser profilometer originally designed for surface analysis of
rock fractures [15]. The vertical topography scanning precision
was ±7 lm with a measuring range of 30 mm. For the fracture sur-
faces in this study, the effective area for scan was about
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Fig. 1. Experimental device for flow tests (a) and
2.5 cm � 10 cm, and the topography scanning mesh was 144 lines
along long side and 1032 lines along short side. For illustration, the
reconstructed fracture surfaces of C1 and C5 are presented in Fig. 2.
On the basis of topography data, fractal dimension was selected to
characterize the surface roughness. The pertinence of fractal
dimension to surface roughness characterization of cementitious
materials has been explored [16]. Several methods are available
for fractal dimension evaluation while the cubic covering method
was retained for this study, detailed algorithm see [15]. With this
method the surface roughness is calculated and presented in Table
2. As expected, Specimens C1–C5 give an increasing order for sur-
face roughness due to their aggregate size and water to cement ra-
tio, which agrees with the available surface roughness analysis on
cementitious surfaces [17].
3.2. Fracture opening analysis

In this study, the two opposite parts of fractured specimen were
re-closed and fastened tightly in permeation cell. If the two oppo-
site surfaces were perfectly complementary one to the other, the
fracture opening would be zero and no liquid could pass the frac-
ture. As it can be seen later, all specimens have water flow, i.e.
the two opposite surfaces of one fractured specimen cannot be
closed completely. The fracture opening analysis is performed in
this context for the specimens in permeation cell. Instead of direct
observation, a geometrical method is used in this study: for two
matched surfaces, one representative profile is extracted from
one surface and the corresponding profile at the opposite surface
is also extracted; afterwards the two profiles are approached until
a geometrical closest state is achieved, i.e. at least two common
points come into contact; then the fracture opening aperture is
evaluated by the relative position of two profiles at this state. Fol-
lowing this approach, the middle profiles along short side for each
specimen are retained for fracture opening analysis and statistic
analysis is performed on the available fracture opening values. In
Table 2 are presented the average opening, opening deviation
and total opening area for each specimen. The profiles’ closest state
and opening distribution are given in Fig. 3 for Specimen C1. The
correlation between surface roughness and fracture opening is pre-
sented in Fig. 4.
4. Flow in fractures

4.1. Flow rate in different fractures

The water flow rates of C1–C5 are presented in Fig. 5 with the
initial values given in Table 2. The flow rate is calculated from the
fracture
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permeation cell for fractured specimens (b).



Fig. 2. Scanned rough surfaces of C1 and C5.

Table 2
Surface and flow properties of fractured specimens.

Properties C1 C2 C3 C4 C5

Surface fractal
dimension, D (–)

2.0273 2.0703 2.0969 2.1110 2.1270

Average fracture
opening, w (mm)

0.1394 0.1554 0.2058 0.2182 0.2619

Opening deviation,
rw (mm)

0.05516 0.06951 0.09624 0.09889 0.1710

Fracture opening area,
Aw (mm2)

3.4886 3.9021 5.16534 5.4793 6.3816

Initial flow rate,
q0 (ml/h)

19.9 46.0 56.5 84.0 153.6

Equivalent hydraulic
opening, we (mm)

0.01231 0.01627 0.01743 0.01989 0.02432
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recorded flow volume and the average flow rate during the first
hour was taken as initial flow rate. From the figure, it can be seen
that (1) fractures of rougher surfaces give larger initial flow rates;
(2) all flow rates decrease rapidly with time with final rates at
48 h representing 5–10% of their initial values. The equivalent
hydraulic opening of fractures can be deduced from the measured
initial flow rates through Poiseuille’s law for laminar flow [18]:

we ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12

q0gDd
bDp

3

s
ð1Þ

with q0 for initial flow rate (m3/s), b for fracture length perpendic-
ular to flow direction (m), we for equivalent hydraulic opening of
fracture (m), g for water absolute viscosity (Pa s), Dp for water pres-
sure gradient (Pa) and Dd for flow path length in fracture (m). In
this study, Dp = 18 kPa, b = 10 cm, Dd = 2.5 cm and g = 0.001 Pa s,
the equivalent hydraulic opening is calculated for C1–C5 and given
in Table 2.

For the results in Table 2, a first observation is that the equiva-
lent opening is one order less than the geometrical opening and
rougher surfaces generate larger geometrical openings as well as
equivalent openings. Then the influence of surface roughness on
initial flow rates is somehow against common sense: rougher
surface provides more friction to water flow thus smaller flow rate
should have been observed; however larger flow rates were ob-
served for rougher surfaces in Table 2. In fact, two factors interplay



Fig. 3. 2D analysis of fracture opening for Specimen C1.

Fig. 4. Analysis on surface roughness and fracture opening apertures.

Fig. 5. Flow rates for fractured specimens C1–C5.
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for water flow across rough surface: surface friction and surface
channeling. As observed above, the opposite surfaces of one frac-
ture is not strictly complementary one to the other, and it is due
to the irreversible surface deformation associated with the quasi-
brittle fracture processes. This leaves surface channels for fracture
in its closed state. From the geometrical analysis for opening, one
can see that rougher surface has larger residual opening. Through
this residual opening water can flow freely, the phenomenon is
named as ‘‘surface channeling’’ in relevant fracture flow literature
[19]. From the fact that rougher surfaces give larger flow rates in
this study, it can be judged that the contribution of surface chan-
neling to fracture flow dominates over the hindering effect of sur-
face friction on fracture flow. Accordingly, rougher fractures have
more important water flow. Certainly, as the opening of fracture
surfaces increases from this closed state both surface friction and
surface channeling effects are to decrease for liquid flow.

4.2. Repetitive flow rate

The flow rates in repetitive flow tests on C4 are presented in
Fig. 6. One can observe: (1) all water flow rates decrease with time
as in Fig. 5; (2) the initial flow rates of water decrease with the
repetitive cycles; (3) the flow rate by alcohol follows nearly the
same decreasing curve as the last water flow rate.

These observations can help to understand some fundamental
aspects of the so-called ‘‘sealing effect’’ of fractures. In this study,
two sealing effects are evident: the first related to one single flow
process and the second associated with the initial flow rates with
repetitive cycles. Let us look at the first one. The alcohol, a priori,
does not react with or dissolve the matter on fractured surfaces,
thus the geometry of fracture opening can be regarded as
unchanged during the last flow cycle. Accordingly, for alcohol flow
the sealing effect of fracture can be purely mechanical. The
decreasing flow rate with time is only due to the surface friction
and the relatively low flowing pressure while a steady/Darcian
flow is expected at a higher pressure. In other words, the flowing
pressure, 14.4 kPa for alcohol, is not enough to generate a Darcian
flow of alcohol in the narrow fracture of C4, and the transient flow
rate is a characteristic of non-Darcian flow. For a single water flow
process, the dissolution and possible re-precipitation of Ca(OH)2 in
water cannot be excluded [12]. However, considering the very low
concentration of CO2 in deionized water used in this study the
dissolution–precipitation process cannot be that important to
reduce the initial flow rate to its 5–10% in 36 h. Thus, it can be de-
duced that the transient rate of water is also an evidence of non-
Darcian flow due to the rough surface friction and low flowing
pressure (18 kPa for water).

Here comes the second sealing effect with water flow cycles.
Taking into account the experimental procedure described above,
the fractured surfaces of specimen were subjected alternatively
to water flow (36 h) and surface drying (12 h). During flow test
water can dissolve Ca(OH)2 on fracture surface while precipitation
of CaCO3 can happen with CO2 in atmosphere during drying. This
precipitation happened in every drying period thus reduced the
fracture opening for the subsequent water flow.



Fig. 6. Absolute and unified flow rates for repetitive flow tests on specimen C4.
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5. Concluding remarks

1. Surface roughness of cementitious materials can be repre-
sented by fractal dimension. Aggregate size and water to
cement ratio are determinant factors for surface rough-
ness. Fracture surfaces of cementitious materials, once
formed, cannot be closed completely. The residual open-
ing of fractured surfaces is intimately related to the sur-
face roughness. Rougher surfaces have larger residual
opening.

2. Water flow in fractures in this study takes place in the
residual fracture opening after the reclosure of fracture
surfaces. Surface channeling effect dominates over the
surface friction effect so that rougher surfaces have larger
(initial) water flow rates. However, the geometrical width
of residual fracture opening is one order greater than the
equivalent hydraulic opening deduced from Poiseuille’s
law.
3. Sealing effect of fractures can have two different causes.
The mechanical cause is that liquid flow in narrow and
rough fractures, under low flow pressure, can assume
non-Darcian behaviour with transient flow rate decreas-
ing substantially with time. The chemical cause can be
surface dissolution during flow and surface precipitation
during drying, which changes the rough surface topogra-
phy as well as the fracture surface channeling.
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