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The permeability of natural aggregate is close to cement mortar with relative lower w/c ratios, therefore
when calculating the overall concrete water permeability, the effect of aggregate permeability cannot be
neglected. This paper presents a sophisticated 3D three phase meso-scale model based on an efficient
method of generating random ellipsoidal particles within confined cylindrical space. The meso-scale
model considers concrete as the combination of mortar, aggregate and interfacial transition zone, and
is used to characterize the permeability of concrete. Furthermore, a series of permeation experiments
of concrete with different w/c ratios and aggregate volume fractions are conducted to exemplify the
effects of aggregates on concrete water permeability and provide parameters and verification for numer-
ical models. The effects of aggregate permeability on concrete water permeability is evaluated based on
both experimental and numerical results. And the permeability coefficient of aggregate adopted in the
experiment is estimated reasonably and incorporated into further numerical predictions of concrete
water permeability. By comparing the experimental and numerical results, the applicability of meso-
scale model proposed here is validated and the effects of aggregate on water permeability of concrete
with different w/c ratios vary from each other, depending on the ratio of water permeability of aggregate
and mortar.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete is a typical permeable porous material, whose perme-
ability highly depends on its porosity and pore structure. For con-
crete structures under high water pressure (i.e. bridges, subsea
tunnels, dams), water permeates into concrete under the action
of pressure gradient, during which water not only act as the main
agent causing the deterioration of concrete, but also the transport
medium for aggressive substance like sulfate or chloride ions
[1–4]. Therefore, concrete water permeability is closely related to
the durability of marine structures and should be deeply
investigated.

As a straightforward and reliable methodology, physical exper-
iments have been conducted for studying how different con-
stituents of concrete proportion mix affect concrete water
permeability [5–13]. Through these experiments, some variables
are proved to have significant influence on concrete water perme-
ability, such as water-cement ratio [5–9], aggregate content, size
and gradation [6–12], cementitious material types [13], etc.
Although physical experiments can get the concrete water perme-
ability directly and precisely, there are still several inherent draw-
backs such as difficulties of separating different variables,
inefficiency resulting from low permeability of concrete and com-
plexity of experimental procedures [9].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2020.120547&domain=pdf
https://doi.org/10.1016/j.conbuildmat.2020.120547
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Due to the random distribution of aggregates, concrete pos-
sesses a highly heterogenous meso-structure which is composed
of aggregate, mortar and interfacial transition zone (ITZ). Because
the influences of meso-structure are impractical to quantify from
physical experiments alone, various numerical meso-scale models
have been widely adopted to investigate and predict the transport
properties of concrete. Recently, many researchers have concen-
trated on the study of concrete chloride diffusivity. Du et al. [14]
developed a 2D three-phase meso-scale model to study the chlo-
ride diffusivity of concrete, concluding that aggregate content,
ITZ and water-cement ratio have significant influence while aggre-
gate shape and distribution make no difference in diffusivity of
concrete. Similarly, Liu et al. [15] concluded that aggregate shape
has little impact when it has lower tortuosity based on a series
of 2D meso-scale models with different shapes of aggregates. How-
ever, based on 3D meso-scale models and experiments, other
researches [16–19] have indicated that different aggregate shapes
produce different chloride diffusivity: Using ellipsoidal aggregate
of different aspect ratios, Zheng et al. [16] and S.D. Abyaneh et al.
[17] concluded that the larger the aggregate aspect ratio, the smal-
ler the chloride diffusivity of concrete. Wang et al. [18] conducted
in-door experiments and numerical modeling, indicating that dif-
ferent aggregate size lead to different concrete chloride diffusivity.
Wu et al. [19] attached high significance to the influence of aggre-
gate shape on concrete chloride diffusivity through meso-scale
modeling and experiments. Apart from aggregate, components
ranging from ITZ properties [14,15,17,18], water-cement ratio
[14,17] to degree of hydration [17] were also investigated and
evaluated.

Meanwhile, meso-scale modeling were also employed to
quantify the influence of meso-structure parameters on water
permeability, which is another important indication of concrete
durability. Zhou et al. [20] employed a 2D three-phase mesoscale
model and statistical analysis to investigate concrete water per-
meability. Wimalasiri et al. [21] developed a 2D meso-scale
model to simulate permeability degradation of concrete, con-
cluding that the permeability of concrete starts to increase when
the applied stress in concrete reaches a certain threshold value
for the given aggregate fraction. However, 2D modeling has
inherent limit such as insufficient consideration of aggregate
spatial effect, which could cause the stimulation results less
accurate. Accordingly, Xinxin Li et al. [22,23] proposed a 3D
mesoscale model, in which concrete was considered as a hetero-
geneous three-phase composites, consisting of homogeneous
mortar, impermeable aggregate and ITZs. Based on the model,
the influence of aggregate (i.e. content, gradation, shape), ITZs
(i.e. thickness and permeability) and representative volume ele-
ment was investigated. Subsequently, Chun-QING Li [24]
extended the meso-scale model to a probabilistic investigation,
indicating that hydraulic conductivity and thickness of the ITZ
are the most influential factors affecting the bulk hydraulic con-
ductivity of concrete. However, based on the assumption that
aggregates possess denser microstructure than mortar, the afore-
mentioned researches [14–24] simplified the aggregate as imper-
meable. While in fact, as the widely employment of High
Strength Concrete with relatively low water/cement ratio, the
assumptions have become more and more impractical to predict
the transport properties of modern concrete. Moreover, the
effects of aggregate shape on concrete water permeability were
mostly based on a 2D modeling or assuming the shape of aggre-
gates as spheres [20–24], which is inadequate for a deeper
understanding.

In this paper, a sophisticated 3D three phase meso-scale con-
crete model composed of ellipsoidal particles, thin shells and
homogeneous matrix is generated. Using FEM, water permeability
of concrete is calculated by exerting a steady flow through its
meso-structure. Accordingly, physical experiments with 4 sets of
water-cement ratios and 6 sets of aggregate volume fractions are
conducted to exemplify the effects of aggregates on concrete water
permeability. Then, based on the numerical modeling and experi-
mental results, the permeability of aggregate is estimated reason-
ably and incorporated into further numerical investigation of
concrete water permeability. Finally, the numerical results are val-
idated by experimental results, which proves that the proposed
meso-scale model is an efficient and reliable way to predict the
water transport behavior in concrete.
2. The exemplification of natural permeable aggregate

In previous studies, aggregate is roughly simplified as imperme-
able because of presuming denser micro-structure, so many stud-
ies concluded that higher aggregate content can result in lower
concrete water permeability. However, as is shown in Fig. 1, refer-
ring to studies concerning water permeability of different intact
rocks and concrete of different w/c ratio, permeability coefficient
of different natural intact rock is 1 � 10�15 ~ 1 � 10�10m/s
[25–30], while for cement mortar with different w/c ratio, it varies
from 1 � 10�15 m/s to 1 � 10�9 m/s [4,9,31,32], which has no obvi-
ous difference with the former one. Generally, the rocks used in
concrete as coarse aggregates, which often derived from rivers or
mountains, are mainly composed of granite and limestone. As is
shown in Fig. 1, the permeability coefficient of granite and lime-
stone are approximately in the range of 1 � 10�10 ~ 1 � 10�15m/s,
which is almost coincident with that of cement mortar whose w/c
ratio lower than 0.5. Therefore, the assumption that aggregate is
far more impermeable than cement mortar seems more untenable
when the w/c ratio is lower than 0.5. Besides, for recycled
aggregates, the permeability coefficient is much greater than that
of natural aggregate and can lead to a totally opposed conclusion
against previous studies. Therefore, the assumption that aggregate
is impermeable is likely to result in unwanted errors when it comes
to practice.

In order to derivate more precise predictive value of concrete
water permeability, it’s important to figure out the relationship
between the permeability of cement mortar and aggregate. In
other words, the key is to find out the permeability ratio of aggre-
gate to cement. However, the aggregate permeability can hardly be
tested precisely because of irregular shape. Moreover, for aggre-
gate derived from the same region, the range of aggregate perme-
ability may be precise to some extent, but a very precise value is
hard to get because of inherent variance in constituent minerals.
Therefore, it’s impractical to incorporate aggregate of certain water
permeability in permeation test. In order to consider the influence
of different permeability ratio of aggregate to cement mortar, by
adopting one kind of natural aggregate and different w/c ratios, a
series of experiments containing different permeability ratio of
aggregate to cement mortar are conducted to provide parameters
and verification for numerical models. With the experimental
results, the meso-scale numerical model is established to estimate
the aggregate permeability, which is used in further numerical
model of concrete water permeability and verified by experimental
results.
3. Meso-scale modeling

In order to quantitatively study the permeable characteristics of
concrete which is affected greatly by content, permeability and
shape of aggregate, a three phase meso-scale model composed of
aggregate, mortar and ITZ is established. Assuming the permeation
of concrete obeys Darcy’s law, the transport equations in the per-
meation field are formulated and solved using FEM, in which the



Fig. 1. Range of Water permeability coefficient of Different Types of Rocks and Concrete.
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three components are meshed separately and the continuity of
fluxes at ITZ is applied. In the model, each phase (i.e. mortar, aggre-
gate and ITZ) is considered as homogeneous constituent and will
be assigned with different parameters. As important parameters
of this model, the permeability coefficient of mortar, aggregate,
ITZ and concrete will be represented by km, ka, ki, keff, respectively.
The km is obtained directly from the experimental results and the
value of ki will be derived through previous studies and parametric
calculation. Finally, the value of ka will be estimated reasonably
and further incorporated in numerical model to be verified by
experimental results.

3.1. Random ellipsoidal aggregate model

A 3D random ellipsoidal aggregate structure is developed to
stimulate the concrete specimen, which use rounded gravel of cer-
tain sizes and exact volume fractions as aggregates.

3.1.1. Size distribution of aggregates
The aggregate volume fractions are set to be 0–50%, and the size

are confined to 5–10 mm and 10–25 mm. The distribution of
aggregates obeys the Fuller curve [33], which can be written as:

PðDÞ ¼ D
Dmax

� �0:5

ð1Þ

In Eq. (1), D is the grain diameter of aggregate; Dmax is the max-
imum grain diameter; P(D) is the mass ratio of aggregates whose
grain diameter is smaller than D to overall aggregates. The distri-
bution pattern of sizes and positions of aggregates is set to obey
the continuous uniform distribution function, which is a common
distribution function in Theory of Probability.

In order to quantify the effects of ellipsoidal aggregates, widely
used parameters termed as ‘aspect ratio’ and ‘flatness ratio’ are
adopted here [16,17,34]. According to statistical results of natural
gravel aggregates [34], the aspect ratio and flatness ratio is set to
be 1 ~ 2 and 1 ~ 1.6, respectively, as is shown in Eqs. (2a) and (2b).

1 6 b1 ¼ ra
rb

6 2 ð2aÞ

1 6 b2 ¼ rb
rc

6 1:6 ð2bÞ
In Eq. (2), b1, b2 is the aspect ratio and flatness ratio; ra, rb, rc is
length of the longest, intermediate and shortest axis of ellipsoidal
aggregate.

3.1.2. Mathematical expression for spatial ellipsoidal aggregates
In order to stimulate random rounded gravel aggregate, the spa-

tial characteristics of ellipsoidal particle (i.e. lengths, orientations
of axes and center coordinates) are expressed by a quadratic
matrix. The generation of random aggregate structure is performed
in two steps: Firstly, a standard ellipse with its center fixed at
(0,0,0) and axes paralleled to the Cartesian axes is generated. Then,
a translation and rotation matrix is generated randomly to trans-
form the ellipse’s position and orientation.

According to Fuller curve mentioned above, lengths of ellip-
soidal axes (ra, rb, rc) are randomly generated. Then the quadratic
matrix of a standard ellipse can be written as:

A0 ¼

1=r2a
1=r2b

1=r2c
�1

0
BBB@

1
CCCA ð3Þ

With the axis length of aggregates settled, the axis orientations
and center coordinates are randomly generated and then form a
translation and rotation matrix written as:

T ¼

cosax cosbx coscx xc
cosay cosby coscy yc
cosaz cosbz coscz zc
0 0 0 �1

0
BBB@

1
CCCA ð4Þ

where xc, yc, zc represent the center coordinates; ax, ay, az ; bx, by, bz
; cx, cy, cz represent for the angles between the ellipsoidal axes and
Cartesian axes. Subsequently, the quadratic matrix of random ellip-
soidal particle can be expressed as:

A ¼ T�1
� �T

A0T ð5Þ
3.1.3. Overlap detection between ellipsoidal aggregates
In order to prevent randomly generated aggregates from over-

lapping, the algebraic method proposed by Wang et al. [35] is



Fig. 3. Node Local Density-Oriented Method.
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adopted here: For two ellipsoids whose quadratic matrix are A1

and A2, respectively, they are separated only if the characteristic
equation detðk� A1 þ A2Þ ¼ 0 has two distinct roots.

Generally, coarse aggregates take up 40–50% of concrete vol-
ume [36], so the overlap of random aggregates is very likely to hap-
pened, which means masses of computation if the algebraic
method above is performed endlessly. In that case, a simpler alge-
braic method is adopted firstly: only if the distance between two
ellipsoidal centers (assigned to d) satisfy the algebraic condition
of rc1 + rc2 < d < ra1 + ra2, is Wang’s method [35] necessary to be per-
formed, or the relationship between the two ellipsoidal can be
determined as separated or overlap.

3.1.4. Aggregate packing procedure
Although the mathematical expression of aggregate and overlap

detection are settled, it’s still very time-consuming to pack hun-
dreds of particles with random size, position and orientation in a
confined cylindrical space. Hereby, based on an efficient method
termed as ‘Removal and Occupation method’ [37], an improved
node local density-oriented packing method is adopted here.

As is shown in Fig. 2, the cylindrical packing space is discretized
into finite number of nodes, which are stored into a matrix termed
as S and used as the center points of random aggregates. Every time
an aggregate is generated successfully, the nodes it occupied will
be removed from S. Specifically, the identification of occupied
nodes can be based on the ellipsoidal quadratic matrix A (shown
in Eq. (5)): for a node located at (xc, yc, zc), if XTAX > 0 (where X=
{xc,yc,zc,1}), the node is outside the aggregate, else the node is
inside the aggregate and should be removed from S. By this way,
the size of S keeps shrinking as the packing procedure going on.

After hundreds of times of random packing (e.g. 20% of aggre-
gate are finished), however, most nodes remained are extremely
scattered by random ellipsoidal aggregates and are hard to pack
any other aggregates. Accordingly, a node local density-oriented
method is proposed here, which helps to find a series of evenly dis-
tributed nodes to place the aggregate properly. As is shown in
Fig. 3, the process of node local density-oriented method goes as
follows:

(1) Firstly, an initial node n0 is randomly picked from node
matrix S.
-50

0

50

-50

0

50

0

50

100

150

Fig. 2. The discretization of packing space.
(2) Then, use the node n0 as the center of a cube C whose side
length is determined as double the length of the aggregate’s
first axis ra.

(3) Finally, the number of nodes that located inside the cube C
(set as N1) is calculated. If the value of N1 is bigger than
the required minimum number of nodes Nmin, then we can
presume that the nodes in cube C are highly probable to
place the aggregate properly and are stored into matrix S1.

The value of Nmin is significant for this process. Based on the fact
that the nodes are distributed densely and deleted continuously in
every packing iteration, it can assume that the nodes inside cube C
distributed continuously. Thereafter, the enveloping volume of
nodes is proportional to the number of nodes and can be easily cal-
culated according to the original density of nodes. When the
enveloping volume of nodes inside cube C is equal to the volume
of aggregate, then the nodes in cube C can be highly probable to
place the aggregate properly. Therefore, the value of Nmin can be
determined and expressed as:

Nmin ¼ 4p2R2hrarbrc
3N0

ð6Þ

where R (L), h (L) represents the radius and height of concrete spec-
imen. N0 is the initial number of nodes in first iteration of aggregate
packing procedure.

The generation process of random aggregate structure (shown
in Fig. 4) goes as following steps:

i. Discretize the packing space with a size smaller than that of
minimum aggregate, storing the coordinates of mesh nodes
in a matrix S.

ii. The size and orientation of aggregates are generated ran-
domly according to a uniform probability distribution and
stored in a matrix A in the order of largest to smallest in size.

iii. For the aggregate ranked top 20% in A, a node in S is ran-
domly picked as its center point. For the others, the node
local density-oriented method mentioned above is con-
ducted and matrix S1 is derived, in which a node is randomly
picked as the center point of the aggregate.
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Fig. 4. Generating process of random aggregate structure.
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iv. The new-generated aggregate is detected if it’s overlapped
or separated with others.

v. If the new aggregate is separated with others, its geometry
will be stored in matrix E and the nodes it has occupied will
be removed from S, or step iii ~ v has to be repeated.

vi. For the next aggregate in A, step iii ~ vi is repeated until the
volume fraction of aggregate in E reaches the desired value.

After the steps above, the generation of random aggregate
structure is shown in Fig. 5.
3.2. FE stimulation of concrete water permeability

3.2.1. Physical field equation
Suppose the concrete skeleton is absolutely rigid and the water

flow is incompressible, the continuity equation is obtained. The
flow of water in saturated concrete, which is a typical porous med-
ium, obeys Darcy’s law and can be written as Eq. (7) [1].
v ¼ �Krh ð7Þ
In which v (LT�1) is flow velocity, K (LT�1) is the permeability

coefficient, h (L) is the water head and r (L�1) is the spatial gradi-
ent operator.

As an extreme thin layer between the aggregates and mortars,
ITZ (interfacial transition zone) contains higher porosity and more
micro-cracks, so it’s generally considered as a weak zone inside
concrete. Here it’s simulated with homogeneous zero-thickness
shell element, which is a six-nodes element, of which three nodes
are attached to aggregate and mortars, respectively. Compared
with solid element, the advantage of zero-thickness shell element
is that number of elements are largely reduced so that FEM calcu-
lation goes more efficiently. Similar to water flow in fracture of
rock mass, water flow in ITZ obeys the tangential form of Darcy’s
equation [23,38], as is shown in Eq. (8). Note that di here is only
a parameter, which is based on the assumption that the thickness
of ITZ is uniform. The parameter di is only used in Eq. (8) and will
not be modeled in geometry of FEM model.



Fig. 5. The geometry of random ellipsoidal aggregate structure.

Fig. 6. The meshing of numerical model.
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Qi ¼ �KidirTh ð8Þ
where Qi (L2T�1) is the water flow rate per unit length of ITZ, Ki

(LT�1) is the permeability coefficient of ITZ, di (L) is the thickness
of ITZ,rT(L�1) is the gradient operator fixed on the tangential plane
of ITZ shell.

3.2.2. Meshing and boundary conditions
As is shown in Fig. 6, based on the FE software Comsol Multi-

physics, the ITZ shell, mortar body and ellipsoidal aggregate are
automatically discretized using triangular and tetrahedral ele-
ments, with the maximum size smaller than 2 mm. Meanwhile,
according to the configuration of permeation test, the top and bot-
tom of the numerical specimen is subjected to atmospheric pres-
sure and water pressure of 1.2 MPa, and the lateral surface is
fixed as non-flux boundary.

3.2.3. Derivation of concrete water permeability
Using the FE mesoscale model established here, the distribution

of water flow velocity is obtained and used to derivate the water
permeability of numerical specimen. For instance, when the aggre-
gate volume fraction reaches 40% and w/c is 0.5, the profile of
water flow velocity is shown in Fig. 7, in which the effects of tortu-
osity, dilution and ITZ on water flow velocity inside concrete are
well illustrated: Due to the ingress of less permeable aggregate,
the effective permeation area is greatly reduced and the tortuous
flowline is further lengthened compared to that of non-aggregate
mortar. Besides, the ITZs attached on the surface of aggregate bring
more weak zones inside concrete, where the flowline tends to be
more intensive indicating much greater flow velocity.

Based on the horizontal profile of flow velocity (see Fig. 7(b)),
the effective permeability coefficient of concrete water permeabil-
ity is calculated using Darcy’s law:

Kef 0f ¼
RR
vdA
Ai

ð9Þ

where v (LT�1) is the flow velocity, A (L2) is the horizontal section
area of specimen, i is the hydraulic gradient at the selected horizon-
tal section. In order to reduce the variation of Keff caused by random
aggregate structure, statistical analysis are conducted and it shows
that 8 numerical samples are sufficient to confine the variation
within 5%.

In the following calculations, the effectiveness factor of concrete
water permeability will be adopted as the main measurement. The
definition of effectiveness factor of concrete water permeability
can be seen in many relative studies [22,23]. Through dividing
the concrete water permeability by cement mortar permeability,
the effectiveness factor of concrete preclude the influence of
cement mortar and is mainly used to illustrate the effects of ITZ
or aggregate on concrete water permeability. The effectiveness fac-
tor of concrete water permeability can be written as:

g ¼ Keff

km
ð10Þ

where Keff (LT�1) is the concrete water permeability, km is the water
permeability of cement mortar.
3.2.4. Derivation of ITZ parameters
As a complex weak zone in concrete, ITZ has drawn many atten-

tions of researchers. Based on various scanning electron micro-
scopic technologies, many studies have observed the shapes and
sizes of various ITZs and indicated that the thickness of ITZ (repre-
sented by di) is mostly between 10 ~ 50um [39–42]. With a highly
heterogeneous structure, the thickness of largest ITZ can reach 300
um [41].What’s more, the sizes of aggregates have little influence
on the thickness of ITZ [43]. According to the studies on permeabil-
ity of ITZs (represented by ki) considering different w/c ratios and
degree of hydration, the permeability coefficient of ITZ (repre-
sented by ki) is proved to be 20 ~ 50 times of that of mortar
[43,44]. In order for a more precise results of concrete water per-
meability, a parametric study is conducted here to better under-
stand the effect of ITZ properties. When the value of ki is 0 ~ 50
times of km and di is among 0 ~ 300um, the effectiveness factor
of concrete water permeability is shown in Fig. 8. Note that the
aim of parametric study here is to investigate the effect of ITZ
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Fig. 7. Contour of flow velocity (Unit: m/s).
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and does not require high precision of concrete water permeability,
so the aggregate adopted here is regarded as impermeable tenta-
tively and a valued of 10�5 � km will be assigned to ka.

As is shown in Fig. 8, when the value of ki/km ratio is small
(ki/km = 2 ~ 10), as the increase of ITZ thickness (represented by
di), the effectiveness factor g increases linearly. While when the
value of ki/km ratio is larger (ki/km = 20 ~ 50), although the effec-
tiveness factor g still increases as the ITZ thickness di grows, the
growing pattern start to deviate from linear and the slope of g-di

curve decreases as di increases. When the ITZ thickness di is smal-
ler than 50um or when ki/km ratio is smaller than 10, the effective-
ness factor g is smaller than 1.0, which means that the effects of
tortuosity and dilution resulted from impermeable aggregate is
the main reason accounting for the concrete water permeability
that is lower than cement mortar permeability. While as the
increase of di and ki/km ratio, the effectiveness factor g exceeds
1.0, indicating that the high permeability of ITZ not only offsets
the effects of tortuosity and dilution resulted from impermeable
aggregate, but as a result increases the overall concrete water per-
meability. The properties of ITZ are highly depends on not only
aggregate, but also w/c ratios and hydration degrees. For the lower
w/c ratios, the hydration process stops much earlier since less
water is available for further hydration, which result in a higher
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Fig. 8. The curve of the permeability coefficient of mortar and the effectiveness
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value of ki/km ratio. In order to secure a precise numerical results,
based on the reference values that previous studies have recom-
mended [39–44], the existing numerical parametric studies and
experimental results (shown in section 3.4), the ITZ thickness di

is set to be 20 um, and the ki/km ratio for w/c = 0.3, 0.4, 0.5, 0.6
is set to be 50, 40, 30, 20, respectively.

3.2.5. Effectiveness factor of concrete water permeability
Before effectiveness factor g is used as main measurement for

concrete water permeability in the following calculations, a para-
metric study regarding the effect of km on Keff is performed to pro-
vide better understandings of effectiveness factorg. Based on the
most adopted w/c ratios ranging from 0.3 to 0.6, a range of cement
mortar water permeability between 1 � 10�13 ~ 1 � 10�10m/s is
adopted in models which possess aggregate fractions of 10%~50%
to calculate corresponding concrete water permeability. Note that
the calculation here mainly aims at the effect of permeability of
mortar matrix. Therefore, the aggregate adopted here is regarded
as impermeable tentatively and a valued of 10�5 � km will be
assigned to ka. The results is shown in Fig. 9.
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Fig. 9. The curve of the permeability coefficient of mortar and concrete water
permeability (Note that ‘‘AF” represent the aggregate volume fraction).
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As is shown in Fig. 9, as the increase of km, the value of Keff

increases linearly. By performing linear fitting on the results of
models whose aggregate volume fraction is 10–50%, each correla-
tion coefficient for every model is 1.0. Therefore, for a concrete
specimen of certain aggregate volume fraction, a precise linear
relationship between Keff and km can be determined. Moreover,
when km approaches 0, the magnitude of Keff is close to
10�16 m/s, which can be almost seen as impermeable. Thereby,
the concrete water permeability (Keff) is approximately directly
proportional to cement mortar permeability (km), and the slope
of Keff - km curve represent the effectiveness factor of concrete
water permeability (g). For a given aggregate volume fraction
and certain ITZ parameters, the effectiveness factor of concrete
water permeability (g) is a fixed constant and is independent from
the value of cement mortar permeability (km).
Table 1
Experimental mix proportions (kg/m3).

No. w/c Cement

1 0.3 586.7
2 528.1
3 469.4
4 410.7
5 352.0
6 293.4
7 0.4 554.2
8 498.8
9 443.4
10 388.0
11 332.5
12 277.1
13 0.5 525.1
14 472.6
15 420.1
16 367.6
17 315.1
18 262.6
19 0.6 498.9
20 399.4
21 299.8
22 498.9
23 399.4
24 299.8

(a) 5-10mm 

Fig. 10. Round
4. Experimental program

4.1. Materials and mix proportions

As is shown in Table 1, in order to provide parameters and ver-
ification for numerical models which contains concrete of different
w/c ratios and aggregate volume fractions, 24 types of mix propor-
tions are designed, with the w/c ranging from 0.3 to 0.6 and aggre-
gate volume fraction ranging from 0 to 50%. The design of mix
proportions is based on Absolute Volume Method. The P.C 42.5
cement, medium sand and tap water are incorporated as mortar
matrix, in which the cement to sand ratios are fixed as 0.3556.
Two sizes of approximately ellipsoidal rounded gravels
(i.e.,5–10 mm and 10–25 mm, respectively) are used as coarse
aggregates (As is shown in Fig. 10). For each mix proportion, 6
Sand Gravel

Volume fraction Amount

1650.2 0 0
1485.2 10% 266.0
1320.2 20% 532.0
1155.2 30% 798.0
990.1 40% 1064.0
825.1 50% 1330.0
1558.8 0 0
1402.9 10% 266.0
1247.0 20% 532.0
1091.1 30% 798.0
935.3 40% 1064.0
779.4 50% 1330.0
1476.9 0 0
1329.2 10% 266.0
1181.5 20% 532.0
1033.8 30% 798.0
886.1 40% 1064.0
738.5 50% 1330.0
1403.2 0 0
1123.4 10% 266.0
843.1 20% 532.0
1403.2 30% 798.0
1123.4 40% 1064.0
843.1 50% 1330.0

(a) 10-25mm 

ed gravel.
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frustum-shaped specimens with the bottom diameter, top diame-
ter and height are 175 mm, 185 mm and 150 mm are casted. After
demolding, these specimens are cured at 20℃with relative humid-
ity higher than 95% for 28 days.
4.2. Test of concrete water permeability

The test of concrete permeability are conducted according to
the Chinese Standard GB/T 50082-2009 [25]. To begin with, the lat-
eral surface of specimens ought to be wrapped by impervious
materials and put into a steel mold. Then, the specimen and steel
mold are mounted on the permeation test apparatus (see
Fig. 11), which is able to provide a steady water pressure of 0–
4.0 MPa. Test configuration is shown in Fig. 12, using permeation
test apparatus, the specimen is subjected to a water pressure of
1.2 MPa on its bottom, while the lateral side and top are set as
impervious boundary and free boundary exposed to atmospheric
pressure, respectively. The action of water pressure lasts 6 h, after
which the specimens are demolded and split into two halves so
Fig. 11. Permeation test apparatus.

Fig. 12. Test con
that the depth of water permeation can be measured. Finally, based
on Darcy’s Law (vide Eq. (8)) [2,45], the equation deriving the coef-
ficient of concrete permeability can be written as follows:

K ¼ mD2
m

2tH
ð11Þ

In which K(LT�1) is the coefficient of permeability; m is the
porosity of concrete, generally estimated as 0.03; Dm(L) is the
depth of water permeation; t(T) is the duration of water pressure,
which is 24 h in this experiment; H(L) is the length of flow path,
which is the height of specimen, i.e. 0.15 m.

As aforementioned experimental research has summed up [9],
the permeation test is often failed due to improper surface sealing
on the lateral side of specimen and high water pressure. In order to
solve this problem, after several pre-tests, a two-layer surface seal-
ing consisting of an elastic sheet and a mix of hot paraffin and rosin
is adopted (see Fig. 13). By this way, the lateral surface of specimen
is much more impervious and able to ensure a more even perme-
ation front. The permeation front of effective and ineffective sur-
face sealing are shown in Fig. 14.
4.3. Experimental phenomenon

Taking 6 specimens whose w/c ratio equal to 0.3 and 0.5 as
example, different permeation fronts of concrete with different
w/c ratios and aggregate volume fractions are shown in Fig. 15.
For the specimen whose w/c ratio = 0.5, as the aggregate volume
fraction increase, the permeation depth keeps shrinking and the
permeation front become more and more uneven, which is mainly
because the inclusion of low-permeability aggregate. While for the
specimen set whose w/c ration = 0.3, only a little change in perme-
ation front can be seen. Therefore, the effects of aggregate on water
permeability of concrete with different w/c ratios varies from each
other.
4.4. Experimental results

Using the experimental data of permeation depth, based on Eq.
(1), the water permeability coefficient of each concrete specimen
can be calculated. By averaging the water permeability coefficient
of each concrete mix proportion, the water permeability coefficient
corresponding to each mix proportion is derived, as is shown in
Fig. 16. From the experimental results, we can see that as the
increase of w/c ratio, the permeability of concrete increase rapidly.
figuration.



Fig. 13. Two-layer surface sealing.
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Furthermore, the larger the w/c ratio is, the increasing rate of con-
crete water permeability get faster, which is consistent with the
previous studies [5–9]. For concrete specimen of different w/c
ratio, aggregate play a different role in affecting the overall con-
crete water permeability. When the w/c ratio is between 0.4 and
0.6, the concrete water permeability decreases differently as the
aggregate volume fraction increase. The bigger w/c ratio is, the fas-
ter the concrete water permeability decreases as the increase of
aggregate volume fraction. While when the w/c ratio is 0.3, little
fluctuation of concrete water permeability can be seen with the
change of aggregate volume fraction. Overall, the volume fraction
of aggregate influence water permeability of concrete in different
extent, depending on the w/c ratio of the concrete, which, in other
words, is the strong indication of the water permeability of mortar.

In order to investigate how aggregate can influence the concrete
water permeability, we take the effectiveness factor of concrete
water permeability g as the main target to analyze further. As is
shown in Fig. 17, for concrete specimen whose w/c ratio is
0.4 ~ 0.6, the value of g decreases as the increase of the aggregate
(a) effective sealing 

Fig. 14. Effects of surface sealing o
volume fraction, and the bigger the w/c ratio is, the faster g
decreases, which shows the same pattern revealed in Fig. 16, indi-
cating that aggregate have a more significant impact on reducing
the concrete water permeability when concrete is of bigger w/c
ratio. While for concrete specimen whose w/c ratio equals 0.3, a
clearer upward trend of g can be seen compared to that in
Fig. 17, where the water permeability of concrete seems to remain
unchanged as the increase of aggregate volume fraction.

From the experimental results, we can infer that when the con-
crete is of relatively higher w/c ratio (0.4 ~ 0.6), the cement mortar
possesses higher water permeability than that of aggregate. There-
fore, it’s understandable that the ingress of less permeable aggre-
gate can reduce the overall water permeability of concrete,
which is consistent with most of the previous studies [14–24].
While when the w/c ratio is relatively lower (0.3), the mortar
may become even less permeable than aggregate so that the more
aggregates are mixed in concrete, the more permeable the concrete
is. Based on the experimental results, we can see that the value of
aggregate water permeability is between that of mortar whose w/c
ratio are 0.3 and 0.4, respectively.
5. Results and discussion

5.1. The effect of aggregate permeability on concrete water
permeability

In order to determine the relatively exact value of aggregate
water permeability coefficient (represented by ka), based on the
meso-structure of concrete specimen with aggregate volume frac-
tion ranging from 10% to 50% and the ka/km ratio varying from
0.001 to 100000, 35 sets of corresponding effectiveness factors of
concrete water permeability (represented by g) are calculated.
On the precondition that the property of ITZ is fixed, the specific
value of km has little influence on the value of g, since it represents
the slope ratio of keff-km curve, as is shown in Fig. 9. Note that for
different mortar permeability (km), the permeability of ITZ (ki) can
be different because both cement mortar permeability (km) and the
formation of ITZ are strongly affected by w/c ratios and curing con-
ditions. Therefore during the process of estimating ka, the w/c ratio
is fixed to be 0.5. Accordingly, the value of km here is
6.612 � 10�12m/s.

The influences of aggregate permeability on the concrete water
permeability can be seen in Fig. 18. The red dash line represents for
the upper or lower limits of ka/km ratio, beyond which the value of
g will converge to a constant value with fluctuation range smaller
than 1.0%. And the green dash line denotes the ultimate value of g
when ka/km ratio exceeds the upper or lower limits represented by
(b) ineffective sealing 

n concrete permeation front.



(a) w/c=0.3, AF=10% (b) w/c=0.3, AF=30% (c) w/c=0.3, AF=50% 

(d) w/c=0.5, AF=10% (e) w/c=0.5, AF=30% (f) w/c=0.5, AF=50%

Fig. 15. The permeation front of some specimens. (Note that ‘‘AF” represents for ‘‘aggregate volume fraction).
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red dash line. When the value of ka/km ratio is between the lower
and upper limit represented by red dash line, a little fluctuation of
ka/km ratio can result in large change on the value of g, so a more
precise value of g requires a more exact value of ka. While when
the value of ka/km ratio is beyond the lower or upper limit, the fluc-
tuating range of g is restricted within 1%, which means that the
exact value of aggregate permeability makes little difference on
g. Hereby, the region between the lower and upper limit can be
defined as a Sensitive Zone, in which the value of g is highly sensi-
tive to ka.
As is shown in Fig. 18, as the ka/km ratio increases, keff/km ratio
keeps rising. However, the increasing rate shows significant differ-
ence at different stage. When ka/km > 1 (i.e. log(ka/km) > 0), the keff/
km ratio grows more rapidly, which indicates that if the aggregate
is more permeable than the mortar (e.g. concrete using recycled
aggregate or High Strength Concrete with very low w/c ratio),
the inclusion of aggregate can exert much greater influence on
the permeability of concrete. More importantly, theg-log (ka/km)
curve illustrates that if the value of ka/km is within the Sensitive
Zone, then the assumption that aggregate is permeable or imper-
meable is unpractical, and an exact value of ka is required to ensure
necessary precision of numerical results. Furthermore, as the
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Fig. 18. Numerical results of different keff/km ratios for different ka/km (Note that ‘‘AF” represents for ‘‘aggregate volume fraction).
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increase of aggregate volume fraction, the width of sensitive zone
gets larger, meaning that the calculating precision of concrete
water permeability with higher aggregate fraction are more likely
to depend on the exact value of ka.

5.2. The estimation of aggregate water permeability

Based on theg-log (ka/km) curve and experimental results, lin-
ear interpolation is performed to estimate the aggregate water
permeability (ka). Table 2 shows the process of how the estimated
value of ka is derived. According to the experimental results
(shown in Fig. 16), when the w/c ratio is 0.5, the keff/km ratio of
concrete specimen whose aggregate volume fraction is 10%,
20%, 30%, 40%, 50% is 0.93, 0.86, 0.78, 0.70, 0.63, respectively. Fur-
thermore, by performing linear interpolation on the keff/km—log
(ka/km) curve in Fig. 18, the ka/km ratio that corresponds to
keff/kmmentioned above is 0.402, 0.371, 0.331, 0.282, 0.233, respec-
tively. Based on experimental results of mortar permeability



Table 2
The calculation table of estimated ka.

Aggregate Volume Fraction 10% 20% 30% 40% 50%

keff/km ratio (experiment) 0.93 0.86 0.78 0.70 0.63
ka/km ratio (interpolation) 0.402 0.371 0.331 0.282 0.233
ka (estimation) (Unit: m/s) 2.658 � 10�12 2.453 � 10�12 2.189 � 10�12 1.865 � 10�12 1.541 � 10�12

Relative deviation 24.15% 14.58% 2.22% �12.91% �28.04%
Averaged ka (Unit: m/s) 2.141 � 10�12
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(also shown in Fig. 16), the estimated value of ka of each w/c ratio is
derived. As we can see in Table 2, by this way, the value of ka we cal-
culated contains certain errors, which are probably resulted from
the experiments and assumed parameters of ITZ. Finally, by averag-
ing the values of ka of different w/c ratios, the final estimated ka is
2.141 � 10�12m/s.

5.3. The verification of numerical modeling

Fig. 19 shows the numerical and experimental results of how
water permeability of concrete with different w/c ratios change
with the increase of aggregate volume fraction. The numerical
(a) w/c=0.3

(c) w/c=0.5 
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Fig. 19. The comparison between the n
results illustrated here are based on both models with the esti-
mated ka and the assumption that aggregate is impermeable (i.e.
ka = km � 10�5). Because of the inherent heterogeneity of concrete
and inevitable visual error which is likely to happen in the mea-
surement of permeation depth of concrete specimen, the experi-
mental data shows obvious discreteness. Especially when the
value of w/c ratio is smaller, the fluctuation range of experimental
data gets relatively bigger, which is mainly because when w/c ratio
is small, the value of water permeability is also relatively small,
and from Eq. (1) we can see that even a small change happened
to the permeation depth can result in big fluctuation in the value
permeability coefficient.
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By comparing the experimental and numerical results with esti-
mated ka, we can see that under different w/c ratios, concrete
water permeability changes with aggregate volume fraction simi-
larly in both experiments and numerical models with estimated
ka. However, because ka is estimated by the numerical modeling
and experimental results, and the thickness and permeability coef-
ficient of ITZ are obtained directly from relative previous studies,
there are still some differences between the magnitude of numer-
ical and experimental results. When w/c ratio is 0.3, as the increase
of aggregate volume fraction, the numerical values are gradually
becoming bigger than that of experimental values. While when
w/c ratio is 0.4 ~ 0.6, as the increase of aggregate volume fraction,
the numerical values are gradually becoming smaller than that of
experimental values. The difference of experimental results and
numerical results with estimated ka may mainly resulted from
the assuming ITZ parameters and non-thickness geometry.

When the aggregate permeability is overlooked and the value of
ka is set to be 10�5 times of km, different trends of how water per-
meability changes with aggregate volume fraction can be seen in
concrete of different w/c ratios. As is shown in Fig. 19, as the
increase of w/c ratio from 0.3 to 0.6, the gap between experimental
results and numerical results with ka = km � 10�5 keeps shrinking.
When w/c ratio is low (i.e. w/c = 0.3), the numerical results with
ka = km*10�5 show a totally opposite trend with the experiment,
while when w/c ratio reaches 0.5, a much reliable and precise
results can be seen. Such differences indicate that when w/c ratio
is lower than 0.4, the value of ka/km is located within Sensitive
Zone (shown in Fig. 18), in which the exact value of ka exerts sig-
nificant influence on the precision of numerical results.

In order to further compare the results of two numerical mod-
els, the Mean Relative Error (MRE) of both numerical models and
Mean Relative Standard Deviation (MRSD) of experimental results
are calculated according to Eq. (11):

MRE ¼ 1
5

X5
n¼1

Knum;n � Kexp;n

Kexp;n
ð11aÞ

MRSD ¼ 1
5

X5
n¼1

sexp;n
Kexp;n

ð11bÞ

where n = 1 ~ 5 denotes the results of concrete with aggregate vol-
ume fraction ranging from 10% to 50%; Knum,n represents for the
numerical results of concrete water permeability; Kexp,n, sexp,n is
the average and standard deviation of six experimental results of
concrete with certain w/c ratio and aggregate volume fraction. For
example, Knum,3 represents the concrete water permeability coeffi-
cient calculated by numerical model with aggregate volume frac-
tion equals 30%. The results of MRE can be seen in Table 3.

As is shown in Table 3, with the incorporation of estimated ka,
the precision of numerical results sees significant improvement
when compared with results of models which assume the aggre-
gate as impermeable and directly set ka = km � 10�5 . The MRSD
of experiment (around 12%) can be seen as an ideal error that is
totally acceptable in numerical results. As all the MRE of numerical
results with estimated ka can be restricted within 12%, the estima-
tion of ka and further numerical results is verified. While on the
Table 3
MRSD of experiments and MRE of numerical models.

W/C ratio 0.3

MRSD of experiment 12.36%
MRE of model with estimated ka 11.47%
MRE of model with ka = km*10�5 �36.78%
other hand, when w/c ratio reaches 0.5, MRE of numerical results
with ka = km � 10�5 can also be within 12%. This fact indicates that
when w/c ratios possess a higher value (i.e. cement mortar is much
permeable.), it’s safe to presume aggregate as impermeable in
numerical models, but the precision of such models is still
expected to be lower than models with more suitable value of ka.
6. Conclusions

This paper presents an efficient method to establish sophisti-
cated 3D three-phase meso-scale model of concrete, which is used
to investigate concrete water permeability. Meanwhile, a series of
permeation tests of concrete containing one kind of aggregate and
different w/c ratios are carried out to provide parameters and ver-
ification for numerical models. Through numerical modeling and
the analysis of experiments, some important conclusions can be
drawn as follows:

1) The meso-scale model of concrete composed of ellipsoidal
aggregate, non-thickness ITZ and homogeneous matrix is
able to reflect the effects of tortuosity, dilution and ITZ,
which are resulted from the random ingress of coarse aggre-
gates reasonably.

2) The Node Local Density-Oriented Method proposed in this
paper can promote the efficiency of generating random ellip-
soidal aggregate structure, which can be further used to
investigate various properties of concrete on meso-scale.

3) For a given aggregate volume fraction and certain ITZ
parameters, the concrete water permeability (Keff) is approx-
imately directly proportional to cement mortar permeability
(km), and the slope of Keff - km curve represent the effective-
ness factor of concrete water permeability (g).

4) The assumption that aggregate is impermeable can cause
apparent errors of numerical results when the value of ka/km
is located within Sensitive Zone (ka/km = 0.07 ~ 300). While
when ka/km is outside of Sensitive Zone, concrete water
permeability will converge to a constant value not matter
what value is assigned to ka.

5) The estimation of aggregate permeability can significantly
improve the precision of numerical models for concrete
water permeability. When w/c ratio of concrete is low
(w/c < 0.4), it’s necessary to provide a more suitable value
of aggregate permeability to ensure necessary precision.
While when w/c ratio of concrete is high (w/c > 0.5), the
model based on assumption of impermeable aggregate can
also derivate numerical results of acceptable precision.
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