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h i g h l i g h t s

� 3D microstructure of C-S-H with
micro and macro scales is generated.

� ITZ of single flat plate aggregate is
established.

� A multi-scale transport model
ranging from nano-scale, micro-scale,
to macro-scale of concrete is
proposed.
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a b s t r a c t

The formation process of microstructures in cement pastes was first simulated with a numerical model.
The simulated masses of the Ca(OH)2 and C-S-H phases were verified by measuring values with
thermogravimetry-differential scanning calorimetry (TG-DSC) and XRD-Rietveld analysis. Then, the main
transport paths for corrosive media, including nano-scale C-S-H gel pores, micro-scale capillary pores and
the interface transition zone, were extracted, and the corresponding effective transport coefficients were
determined. Finally, a multi-scale transport model ranging from the nano-scale through the micro-scale
and to the macro-scale of concrete was established based on the porous media mechanics and multi-scale
method, combined with numerical calculation and 3D visualization. This model will help to design and
predict the service life of concrete structures.

Crown Copyright � 2016 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Chloride ingress into concrete causes reinforcement corrosion,
and the diffusion coefficient of chloride ions primarily affects the
service life and durability of concrete [1,2]. A series of experimen-

tal tests have been developed during the past several decades to
investigate the diffusion behaviors of chloride ions in cement-
based materials [3–5]. For example, the diffusion coefficients of
chloride have been measured by rapid chloride penetration tests
[1,6], non-steady-state migration [7], steady-state conductivity
methods [8], hydro-abrasion test [9]. However, these tests are very
time consuming, and the experimental data have significant vari-
ability due to differences in measurement and sample preparation.
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To overcome the shortcomings of the experiments, the transport
properties can also be predicted and analyzed using empirical equa-
tions, analytical models and numerical simulations. Papadakis VG
et al. considered the effect on ambient relative humidity (RH), the
diffusivity is given by an empirical equation [10]. Oh BH et al. pro-
posed a simple analytic model that can predict realistically the dif-
fusivities of concrete and mortar [11]. Huang Q et al. presented a
numerical approach for predicting moisture transport in concrete
based on pore size distribution represented by a multi-Rayleigh–
Ritz model that includes gel pores, small and large capillaries, and
microcracks [12]. However, predicting ion diffusion is a great chal-
lenge because concrete has a complex microstructure and exhibits
composite behaviors over many length scales [13]. A large range of
length scales from nanometer-sized pores to millimeter-sized
aggregates for modeling concrete require a multi-scale approach
[14,15] to predict the chloride ion diffusion. The ion diffusion prop-
erties computed at a micrometer scale are fed into the model con-
structed at the next higher scale, such as the millimeter scale.

In this study, the micro and macro of C-S-H gel model are con-
structed and the information of pore structure is acquired in
nanometer scale. Two separate models are developed for the
cement paste surrounding a single aggregate (micrometer scale)
and a representative volume of concrete (millimeter scale). The
C-S-H gel diffusivity coefficient at a nanometer scale is incorpo-
rated at the micrometer scale and the millimeter scale. Therefore,
seven orders of magnitude of the length scale (10�9–10�2 m) are
contained in this multi-scale modeling method. The effective diffu-
sivity of concrete is finally computed and compared to experimen-
tal results for validation.

2. Multi-scale modeling method

2.1. Nanometer-scale model

Based on the experimental results of transmission electron
microscopy (TEM), Bentz [16] divided C-S-H into two scales (micro
and macro). The micro scale is a small part of the macro-scale
units, and their relationship is shown in Fig. 1. Powers [17] has
reported that the total porosity of C-S-H is 28%. According to the
isotherm absorption experiment, the porosity of the micro-scale
and macro-scale are 22.3% and 7.6%, respectively. The parameters
of the micro and macro models are listed in Table 1.

According to the parameters in Table 1, the three-dimensional
structure of C-S-H is established. In this model, C-S-H particles as
a hard core are assumed to spherical. The outside of the hard core

is surrounded by a layer to allow overlapping concentric soft shells.
For simplicity, all of the C-S-H particles and the soft shells are
assumed to be the same size. Using a periodic boundary, the parti-
cles are randomly placed into a cube cell. The corresponding poros-
ity of the C-S-H microstructure can then be acquired. The 2D and
3D images of C-S-H gel for micro- and macro-scale are shown in
Fig. 2. The porosity of the micro-scale is significantly larger than
that of the macro-scale. The average pore size of micro and macro
are 3.69 nm and 14.17 nm, respectively.

For cement-based composite materials, the relative diffusion
coefficient is an important parameter to study its transport behav-
ior. According to the Nernst-Einstein equation, the relative diffu-
sion coefficient (D/D0) is equal to the relative electrical
conductivity (r/r0). Based on the C-S-H gel of the micro and macro
models, the electrical analog method can be used to calculate the
relative diffusion coefficient of the two dimensions.

First, the continuous matrix micro and macro models are
divided into a three-dimensional lattice network; then, the dis-
cretization of the model is converted into an electrical network;
and finally, the conjugate gradient method is adopted to calculate
the relative conductivity (diffusion coefficient) of porous materials.
The discrete model has three phases, as shown in Fig. 3. After
obtaining the digital image, a pixel size of the electrode is pasted
on the back of the digital unit and a node is set in the middle of
each pixel, thus forming a network of nodes. The conductance
(Rij) of two adjacent pixels (i, j) can be used in a series model:

Rij ¼ 1=ð1=Ri þ RjÞ ð1Þ

Ri ¼ ri � d2
=ð0:5dÞ ¼ 2rid ð2Þ

where Ri represents the conductance of a half pixel unit i and d is
the length of a pixel unit. If pixels i and j are pore phase, ri = rj = 1
and Rij = 1. If at least one of the pixels i and j is a solid phase, the
conductivity of the solid phase is zero, so Rij = 0.

According to the Eqs. (1) and (2), the conductance of each node
is calculated in Fig. 3. Because the hard core and soft shell of the C-
S-H model cannot belong to conductive solid phases, the conduc-
tance of the node for the no connecting lines, the dotted lines
and the thin lines are zero in the figure. The conductance of the
thick solid lines is d. The arrows indicate the connection between
electrodes and conductors. If connecting pores to each other, the
conductivity is 2d; if connecting solid phases to each other, the
conductivity is 0.

After the conductance of the C-S-H gel network structure is gen-
erated, the conjugate gradient relaxation algorithm is employed to
calculate the conductivity of the lattice network. Applying a poten-
tial difference, the model can test the voltage of each node, and
then determine the current and conductance. Voltages of 1 and 0
are applied in the lattice model on both ends, respectively, in line
with the linear interpolation between nodes. The node voltage is
constantly updated until the sum of current flowing into a node
is equal to that flowing out from the node.

To save computation time and stabilize the calculation results,
the effects of the different calculation steps in the conjugate gradi-
ent algorithm on the macro-scale relative diffusion coefficients are
analyzed. From Fig. 4, the X, Y, and Z direction results are not the
same, showing that the calculated relative diffusion coefficients
of the electrical simulation exhibit 3D structure anisotropy. The

Table 1
Parameters of micro and macro levels.

Scale Length size Pixel resolution Particle diameter Size of hard core Size of soft shell Number of particles Porosity

Micro 25 nm 0.125 nm 5 nm 3.7 nm 1.3 nm 212 22.3%
Macro 250 nm 1.25 nm 40 nm 22 nm 18 nm 675 7.63%

Fig. 1. Relationship between micro and macro levels.
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