'." frontiers
1IN Materials

ORIGINAL RESEARCH
published: 03 February 2022
doi: 10.3389/fmats.2022.829743

OPEN ACCESS

Edited by:
Zhigang Zhang,
Chongqing University, China

Reviewed by:

Zhidong Zhang,

ETH Zdrich, Switzerland

Peng Zhang,

National Natural Science Foundation
of China, China

*Correspondence:
Mingzhang Lan
lanmingzhang@bjut.edu.cn
Hui Li
hla_zyj@hebut.edu.cn

Specialty section:

This article was submitted to
Structural Materials,

a section of the journal
Frontiers in Materials

Received: 06 December 2021
Accepted: 14 January 2022
Published: 03 February 2022

Citation:

Lan M, Zhou J, LiH and Wang Y (2022)
Numerical Simulation on Cement
Hydration and Microstructure
Development in Repair-

Substrate Interface.

Front. Mater. 9:829743.

doi: 10.3389/fmats.2022.829743

Check for
updates

Numerical Simulation on Cement
Hydration and Microstructure
Development in Repair-Substrate
Interface

Mingzhang Lan*, Jian Zhou?, Hui Li?* and Ying Wang?®

"College of Materials Science and Engineering, Bejing University of Technology, Bejing, China, 2School of Civil and
Transportation Engineering, Hebei University of Technology, Tianjin, China, *School of Civil Engineering, Tianjin Chengjian
University, Tianjin, China

One of the key parameters for the performance of concrete repairs is the quality of the
interface between the repair material and concrete substrate, which is determined by
cement hydration and microstructure development. The moisture exchange between the
repair material and concrete substrate plays an important role in the cement hydration and
porosity of cementitious repair materials. To better understand the influence of moisture
exchange on the hydration of cementitious repair materials, this paper presents a
numerical simulation of cement hydration and microstructure development of repair
materials, considering moisture exchange. The simulation results reveal that the
moisture exchange between the repair material and concrete substrate results in a
water content change in two parts. Before the repair material setting, the water
absorption of an unsaturated concrete substrate causes a reduction in the w/c ratio in
the repair material, decreasing the hydration rate of the repair material. After the repair
material setting, the water migrates from the concrete substrate to the repair material to
provide additional water to accelerate the hydration of unhydrated cement in the repair
material.

Keywords: numerical simulation, concrete repair, cement hydration, microstructure, moisture transport

1 INTRODUCTION

Concrete is the most popular structural material in the world today due to its excellent resistance to
water, low cost and so on (Mehta and Monteiro, 2014; Xie et al., 2018). However, concrete structures
are vulnerable to deterioration resulting from mechanical and environmental effects (Hobbs, 2001;
Yin et al., 2020). Most of these concrete structures need repair after their deterioration. The bond
between the concrete substrate and repair material usually shows a weak link in the repaired concrete
structure (Momayez et al.,, 2005; Wang et al., 2021). Therefore, for good concrete repair work,
sufficient bond strength between the concrete substrate and repair material is required to withstand
the stresses in the interface (Emmons and Vaysburd, 1994; Gadri and Guettala, 2017; Garbacz et al.,
2017; Abo Sabah et al, 2019; Gomaa et al, 2020). For cementitious repair materials, cement
hydration and microstructure evolution play an important role in the bonding properties of the
interface between the repair materials and concrete substrate (Courard, 2000; Shi et al., 2021).
Courard and Degeimbre (2003), Courard (2005) and Lukovic and Ye (2016) suggested that cement
hydration and microstructure development in concrete repairs is influenced by the moisture
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exchange between the repair material and concrete substrate. Xue
et al. (2021) suggested that water exchange typically occurs in the
first 8 h after casting repair mortar. In the first 4 h of hydration,
the free water transfers from the repair mortar to the old mortar.
With the development of hydration (in 4-8 h), capillary pores are
produced in the repair mortar, and the capillary pores absorb
water from the old mortar. In addition, Zhou et al. (2016) studied
the hydration process and microstructure development in
concrete repairs. They proposed that after placing repair
materials on the concrete substrate, moisture exchange
between these two materials takes place. Moisture exchange
changes the water content in the repair material and affects
cement hydration and the microstructure at the interface.
Therefore, it must affect the hydration process of the repair
material.

This paper aims to develop a numerical model to understand
better the influence of moisture exchange on the cement
hydration process and microstructure development of
cementitious repair materials. The HYMOSTRUC model is
used to simulate the hydration process and to evaluate the
pore structure characteristics in the repair materials. A model
based on Darcy’s law simulates the water exchange between the
repair material and concrete structure in the developed numerical
model. The proposed model is then used to simulate the
hydration process and porosity development of repair mortar.
The simulation results are compared with experimental results to
verify the model and study the influence of water exchange on the
microstructure development of repair materials during
hydration.

2 THEORETICAL BACKGROUND OF THE
SIMULATION MODEL

Cement hydration in cementitious repair material consumes
water, while moisture exchange causes water redistribution in
the repair material. These two processes may lead to a change in
water content. The change in water content can, therefore, be
calculated by summing those caused by cement hydration and
moisture exchange:

00 00h, 00nx

o~ o o
where 00/0t is the change rate of the water content and 064,/0%;
and 00,,,/0t are the water change rates due to cement hydration
and moisture exchange, respectively.

The hydration process of cement mainly depends on the water
content (water-cement ratio) in the fresh mixture. When some
water moves out from the fresh cement paste, the water left in the
paste and the water-cement ratio decrease, decreasing the
hydration rate (i.e., leading to a lower hydration degree).
Conversely, if some water moves into the hydrating cement
paste, the inflow water increases the water content (water-
cement ratio), increasing the hydration rate. Therefore, the
moisture exchange between the repair mortar and concrete
substrate needs to be considered for hydration simulation.

0
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Embedded
particles

Expansinon caused by
embedded particles

FIGURE 1 | Schematic illustration of the growth mechanism of the
HYMOSTRUC model (Courard, 2005). The left part shows the growth of a
single cement particle and the formation of inner and outer products; the right
part shows the embedding of small cement particles in the outer shell of

a large cement particle.

Cement hydration influenced by moisture
described in Section 2.1.

As cement hydration proceeds, water is gradually consumed,
and hydration products grow into the pore structures. Cement
hydration, therefore, has two effects on moisture transport.
Firstly, the water consumption due to continuous hydration
leads to a decrease in the water content in repair material.
Secondly, since the hydration products occupy more space
than the cement particles that have hydrated, the formation of
hydration products decreases the porosity in the matrix and
changes the size of the pores. The water content decrease and
pore structure evolution affect capillary pressure, and unsaturated
permeability is discussed in Sections 2.2, 2.3.

exchange is

2.1 Cement Hydration

2.1.1 Cement Hydration and HYMOSTRUC Model
The HYMOSTRUC model was established by van Breugel (1991)
to simulate the hydration process of cement and evaluate the
microstructure in hardened cement-based materials. This model
was further developed by Koenders (1997) and Ye (2003).
Subsequent studies have confirmed that HYMOSTRUC has
advantages in simulating cement hydration (Ye et al., 2003;
Zhao et al., 2019).

In the HYMOSTRUC model, the cement particles are treated
as a series of spheres with different diameters. For a given water-
cement ratio, the number of cement particles with determined
diameters is constant, and the particles are randomly distributed
in the model space. As shown in Figure 1, the hydration of
cement is simulated as the growth of the cement particles,
consisting of a growing shell of hydration products and a
shrinking unhydrated cement core. As the shell of hydration
products grows outwardly, the smaller cement particles, located
in the vicinity of the larger cement particles, become embedded in
the outer shell of the larger cement particles. The stable structure
has formed as the hydration shells are linked with each other.
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The basic formula for determining the rate of hydration of an
individual cement particle in the HYMOSTRUC model is
described as (Van Breugel, 1991):

A
O 8\
“= Ko Xx QX Qy x Q3 x Fy x| Fy x| — 2)

ot Oy

where 8, is the thickness of the inner hydration products in
cement particle x; Kj is the basic rate factor constant depending
on the cement composition and the degree of hydration; and Le
et al. (2013) proposed a series of formulas to calculate the values
of K, of C3S, C,S, C3A and C,AF. Since the volume fraction of the
cement components of the cement used in this study is C;S:C,S:
C;A:C4AF = 0.65:0.18:0.11:0.06, the average basic rate factor
constant Kj is taken to be 0.428 um/h; Q; (i = 1, 2, 3) are
the reduction factors accounting for the different effects of
water; F; (i = 1, 2) are the temperature-related factors
accounting for the effect of curing temperature; &, is the
total thickness of the hydration products (i.e., the thickness of
the hydration shell shown in Figure 1); §,, is the transition
thickness equal §, time that the controlling mechanism
changes from the “phase-boundary” stage (; = 0 and &,/
0, < 1) to the “diffusion” stage (8, =1 and §,,/5, > 1); B, is a
constant; A is the factor depending on the rate-controlling
mechanism. The three water-related factors Q;, Q, and Q3
are water content-dependent parameters, which are affected
by moisture exchange during cement hydration. The details
about the relationship between these three factors and
moisture exchanged during hydration are described in
Supplementary Appendix Al.

The hydration degree of cement particle x can be calculated by
dividing the incrementally decreased volume by the initial
volume of the cement particle:

5in X ?
=1-(1--m 3
% < 0.5do,x> )

where ay is the hydration degree of the cement particle x and d;
is the initial diameter of the cement particle x.

Then, the overall degree of hydration « can be expressed by the
average hydration degree of all cement particles, as expressed by

1 x-1
Q= m Z;mn a; X W(Z) (4)

where W(z) is the initial mass of cement particle z.

2.1.2 Water Consumed by Cement Hydration

For a given w/c ratio wy, the volume ratio of water and cement can
be expressed by wopce/pew> and the initial volume of cement
particles in a unit volume of cement paste V. can then be
calculated as:

L
Pee -
wop_w+1 Py T PecWo

VO,ce = (5)

where p,. is the density of cement, which is 3.15 g/cm’; p,, is the
density of water, which is 1 g/cm’.
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FIGURE 2| Pore size distributions simulated by the Rayleigh-Ritz model
and measured by PDC-MIP [after Zhou et al. (2010)] and WMIP (after Willis
et al. (1998)].

According to Powers’ model (Taylor, 1997), the amount of
water consumed by cement hydration can be approximately
calculated as:

Jda
at - _ﬂVO,ceE (6)

where f3 is the volume of the water consumed by the hydration of
per unit volume cement; « is the degree of hydration.

The fully hydrated cement contained two types of water,
named non-evaporable water and gel water (Taylor, 1997).
Non-evaporable includes chemically bound and
interlayer water in hydration products such as C-S-H and
AFm (Taylor, 1997). The gel water is the water lost from the
C-S-H upon passing from the saturated to the D-dry condition. It
comprises part of the gel pore water plus an arbitrarily defined
fraction of the interlayer water (Taylor, 1997). The hydration
product contains, per g of cement, approximately 0.22 g of non-
evaporable water and 0.21 g of gel water (Neville, 1995). Power
and Brownyard (1946) proposed that the complete hydration of
1g cement consumes approximately 0.4 g water. Therefore,
considering the gel water in gel pores, 8 can be calculated as:

water

=04 xPe )

w

2.2 Pore Structure

According to Mindess and Young (1981), the porosity in
hardened cement paste can be divided into capillary and gel
porosity. Capillary porosity influences the strength and moisture
transport of hardened cement paste, while gel porosity influences
the shrinkage and creep properties. This study focuses on the
influence of moisture transport from repair materials to concrete
substrates on the hydration of repair materials. Therefore, this
study considers only the capillary porosity, and the gel porosity is
neglected for simplicity. The capillary porosity can be calculated
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by subtracting the volumes of the unhydrated cement and the
hydration products from the total volume of the hardened cement
paste. Powers (Powers and Brownyard, 1946) proposed a model
to calculate the porosity in hardened cement paste, given as:

P 1411w (8)

Pyt PeeWo

The Rayleigh-Ritz distribution (Chaube et al., 1999) is used to
predict the size distribution of pores in cement-based materials. It
reveals the relationship between the fraction of pores V and the pore
radius r. Figure 2 compares the pore size distribution simulated by the
Rayleigh-Ritz model and measured by
pressurization-depressurization ~ cycling ~ Mercury  intrusion
porosimetry (PDC-MIP) and Wood’s metal intrusion porosimetry
(WMIP). The calculation of the pore size distribution based on the
Rayleigh-Ritz model can be expressed as:

p@)=1-

V =1-exp(-Br) 9)
dV = Brexp(— Br)dInr (10)

where B is the Rayleigh-Ritz pore size distribution constant,
representing the peak pore size distribution on a
logarithmic scale.

2.3 Moisture Transport
Moisture transport occurs in porous media in the forms of liquid
and vapor. At low relative humidity, water exists mainly in the
form of vapor. At high relative humidity, capillary action
dominates moisture transport. Capillary action is much faster
and in a larger quantity than vapor diffusion. Crausse et al. (1981)
suggested that when the relative humidity in the pore system
exceeds 4%, the contribution of the vapor phase to overall
moisture transport is negligible. In cement paste and concrete,
the relative humidity is normally higher than 75% (Neville, 1995).
This research, therefore, focuses on capillary action rather than
vapor diffusion.

Darcy’s law is used to describe the water transport in cement-
based materials, expressed as (Dullien, 1992):

q= —Keth (11)

where g is the volumetric flux of water; Ky is the water
permeability, depending on the water content 6 and saturation
of the pores in the matrix; p, is the pressure that causes the water
transport, which is the sum of the capillary pressure p and the
hydraulic pressure py,.

The rate of the water content changes due to moisture
transport 00,,,,/0t can be calculated as:

00
ot

=V.q (12)

The definitions of the water permeability Ky and the capillary
pressure p are described in detail in Supplementary
Appendix A3.

2.4 General Equation
Substituting Eqs 6-12 into Eq. 1, the equation for describing the
water content change in repair materials can be expressed as:
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FIGURE 3 | Repair system used in the numerical simulation.

00 Ja

E = _/—’)VO,ceg -Vv. (Kevpt) (13)

3 NUMERICAL SIMULATION PROCESS

The model for simulating cement hydration and moisture
transport in repair materials is programmed using MATLAB.
The numerical simulation is described in detail in this section.

3.1 Repair System
Previous work has been done to experimentally study the
hydration process and microstructure evaluation in concrete
repairs with cementitious repair materials (Courard and
Degeimbre, 2003). For comparison, this numerical study
investigates the same repair cement paste (as shown in
Figure 3) with the same material composition. The
thicknesses of the repair material and the concrete substrate
are both 60 mm. The repair material is ordinary Portland
cement paste with a cement-to-water ratio of 0.4. The
chemical composition of Portland cement is listed in Table 1.
Assume that the concrete substrate consists of two phases, coarse
aggregates and mortar. The coarse aggregates are modeled as
spheres with given size distribution and randomly distributed in
the cube specimen shown in Figure 4. The detailed proportions
and coarse aggregates in the concrete substrate are listed in
Tables 2, 3.

The coarse aggregates occupy 44.4% of the volume of concrete,
while the mortar occupies 55.6% of the volume of concrete. The
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TABLE 1 | Chemical composition of Portland cement.

Simulation the Hydration of Repair-Substrate

Composition Cao SiO, Al,O3 Fe,03 MgO K20 NaO SO;
Weight (%) 64.1 20.1 4.8 3.2 1.2 0.5 0.3 2.7
Rigid
boundary

FIGURE 4 | Simulated concrete substrate, where the spheres represent
coarse aggregates and the rest space represents mortar.

FIGURE 5 | Cement particle packing at rigid boundaries (100% um?).

TABLE 2 | Mix composition of the substrate concrete.

Coarse aggregate (kg/m°) Fine aggregate (kg/m°) Cement (kg/m°) Water (kg/m?) W/c ratio (-)
1,177.2 633.9 375.0 187.5 0.5
TABLE 3 | Proportion of the coarse aggregates in the concrete substrate. 1.2

Aggregate size (mm) Weight content (kg/m®)

24 271.6
4-8 362.1
8-16 543.2

coarse aggregates have very low porosity, and their porosity is
neglected. The porosity of the mortar is 14.7%. The degree of
saturation of the concrete substrate is 14.4%.

3.2 Repair-Substrate Interface
Due to the “wall effect”, the cement particles have a loose packing
at the surface of the concrete substrate. The w/c ratio is, therefore,
locally increased. In the simulation, the cement particles are
considered a group of spheres. The distribution of these
spheres on a rigid boundary is used to simulate the packing of
cement particles at the surface of the concrete substrate, as shown
in Figure 5. The w/c volume ratio from the rigid boundary can be
calculated by dividing the number of voxels of cement by that of
water. The w/c volume ratio is then converted to the w/c ratio by
dividing the w/c density ratio.

Figure 6 shows the local w/c ratio over the distance from a
rigid boundary obtained by the numerical model. Close to the

w/c ratio_0.4
w/c ratio_0.37

w/c ratio
=)
N
.

0.4 -
0.2
w/c ratio_0.26
0 ‘ ‘ ‘
0 10 20 30 40 50

Distance from the concrete substrate (um)

FIGURE 6 | Local w/c ratio versus the distance from the concrete
substrate in the cement pastes with overall w/c ratios of 0.26, 0.37 and 0.4.

rigid boundary, the local w/c ratio is very high. As the distance
from the concrete substrate increases, the local w/c ratio
decreases. The results indicate that the thickness of the
interfacial zone is approximately 20 um when the w/c ratio of
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FIGURE 7 | Setting time versus the w/c ratio of the cement paste (after
Amziane (Mindess and Young, 1981)).

repair cement paste ranges from 0.26 to 0.4. This value agrees well
with the experimental results of BSE image analysis (Zhou et al.,
2016). In the following discussion, the 20 um-thick interfacial
zone is called the “interface”, distinguished from the “bulk repair
material”.

3.3 Water Absorption by the Concrete

Substrate and Resultant w/c Ratio

After the repair material is placed on the concrete substrate, the
repair material needs several hours to harden. A previous study
(Zhou et al., 2016) revealed that an unsaturated concrete substrate
absorbs water from a fresh repair material. As mentioned above,
the water absorption is driven by the capillary pressure and the
hydraulic pressure generated by the gravity force of the fresh
repair material. Before the repair material setting, the solid
phases, ie., the cement particles and a small amount of the
hydration products, are suspended in water and isolated from
each other. Due to the gravitation of cement paste, the free water
is pushed out from the repair cement paste to migrate into the
concrete substrate. Consequently, the hydraulic pressure can be
calculated as follows:

(wy + 1)p2,

h (14)
Py T @Wop, g

Pn=pgh: =
where h, is the thickness of the repair material; and g is the
acceleration of gravity.

The loss of water in the repair material reduces the w/c ratio,
called the resultant w/c ratio. The resultant w/c ratio e (x,,2)
can be calculated as follows:

Vb (%, y,z)) (15)

res \ > V> = 1-
Wres (%, 1, 2) w0< .

where V,, (x,5,2) is the volumetric water loss in the repair
material due to the water absorption of the concrete substrate.

The setting time of the repair material depends on the w/c
ratio. As shown in Figure 7, when the w/c ratio is between 0.3 and

Simulation the Hydration of Repair-Substrate

0.5, the setting time is approximately proportional to the w/c ratio
of the repair material (Amziane, 2006). The setting time ., can,
therefore, be determined as:

toet = 27.8 X wyes — 4.1 (16)

3.4 Cement Hydration and Moisture
Transport After the Setting of the Repair

Material

After the repair material setting, a solid framework has formed in
the repair material. The loss of water cannot reduce the w/c ratio
of the repair material in this stage. The driving force for moisture
exchange becomes the capillary gradient in these two materials,
and the moisture exchange process can be calculated using Eq. 11.
In the simulation, further cement hydration and the change in the
porosity in the concrete substrate are not considered. The degree
of hydration and the porosity of the repair cement paste cured at
20°C for 28 days are calculated using (Eqs 4-8), respectively.

4 SIMULATION RESULTS

4.1 Water Absorption by the Concrete
Substrate

First, the unsaturated concrete substrate’s water absorption
behavior is studied wusing numerical simulations and
experiments. The experimental method follows the European
standard EN 480-5 (2005). The concrete specimen prepared
based on the mix proportion listed in Table 2 is a cylinder
with a diameter of 60 mm and a thickness of 60 mm. The porosity
of the specimen is tested by MIP and is 0.144. The specimens are
coated with a thin layer of epoxy to prevent water penetration
from the side surfaces of the cylinder specimen. After the epoxy
hardened, the specimens were suspended on balance and then
immersed in water, as shown in Figure 8A. The immersed level is
5 mm. After the specimen comes in contact with water, water is
absorbed into the specimen, and the weight of the specimens
increases continuously. The weight change of the specimen was
measured for 10 h. Three parallel measurements are done.

The numerical model is used to simulate the absorbed water
behavior of the concrete substrate based on the same conditions
as the test. The comparison of simulation and test results is drawn
in Figure 8B. The good agreement between the two curves
indicates that the simulation gives a good prediction of the
water absorption process of the concrete substrate.

Figure 9 shows the simulated change in the water content profile
in the concrete substrate due to water absorption. The water
absorption results in an increase in the water content of the
concrete substrate. Water in the concrete substrate gradually moves
from the surface exposed to the repair material to the bottom.

4.2 Resultant w/c Ratio in the Bulk Repair

Material and at the Interface
The water absorption of the concrete substrate causes a reduction
in the w/c ratio in the bulk repair material and at the interface.
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FIGURE 8 | Comparison of the amount of water absorbed by the concrete substrate obtained from the numerical simulation and the water absorption test, (A) test
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FIGURE 9 | Simulated water content in the concrete substrate at 2, 4
and 6 h after placing the repair material.

The concrete substrate absorbs 0.28 g/cm?, and the resultant w/c
ratio in the bulk repair is 0.37. The simulated resultant w/c ratio
agrees well with the value obtained from BSE image analysis,
which is 0.36 (Courard and Degeimbre, 2003). Due to the “wall
effect”, the interface has a relatively loose particle packing and a
higher resultant w/c ratio of 0.53.

4.3 Moisture Exchange Between the Repair
Material and the Concrete Substrate

Figure 10 shows the water content profile in the repair material
and the concrete substrate at curing ages of 1, 7, 21 and 28 days
obtained from the simulation. As time elapses, the total water
content in the repair material and the concrete substrate
decreases. The reason is that cement hydration consumes a
part of the water in the repair material.

At 1 and 7 days, in the concrete substrate, the closer to the
interface, the higher the water content is. In the repair material,
the closer to the interface, the lower the water content is. These

60 < T
: |
: |
40 E |
Repair |
20 - : :
: : '
% 0 Interface ——— % ———L FAR—
= K
< .
N :
20 1 ; --1d
Substrate 7 7d
-40 eeees28d
-
r'd
-60 ’ - - r
0 0.1 0.2 0.3 0.4
Water content (mm?3/mm?)
FIGURE 10 | Change in the water content of the repair material and the
concrete substrate at 1, 7, and 28 days obtained from the numerical
simulation.

results imply that some water moves from the repair material to
the concrete substrate driven by the capillary gradient.

At 21 days, the concrete substrate became fully saturated,
while the water content of the repair material decreased. The
water content distribution in the repair material becomes more
uniform, and the water content close to the interface is slightly
lower than that at the top. These results imply that the moisture
transport process becomes slower, and the repair-substrate
system approaches the balanced condition in capillary
potential. At 28 days, the water content in the concrete
substrate decreases when approaching the repair-substrate
interface. In the repair material, the water content close to the
interface becomes higher than that at the top. The reason is that as
cement hydration proceeds, the water content decreases and the
pore sizes decrease. The capillary pressure, therefore, increases.
When the capillary pressure in the repair material exceeds that in
the concrete substrate, water is forced to flow from the concrete
substrate to the repair material.
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FIGURE 11 | Degree of hydration in the bulk repair material and at the interface. (A) In the first 28 days obtained from the simulation, (B) the degree of hydration at 1,

7 and 28 days, (C) porosity at 1, 7 and 28 days.
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4.4 Simulated Degree of Hydration and
Porosity of the Bulk Repair Material and the
Interface

The hydration degree and porosity of the bulk repair material and
the interface are evaluated by simulation and experiment. For
experimental research, the initial w/c of repair cement paste is 0.4
(the components are listed in Table 1), and the concrete substrate
is prepared using the mix proportion listed in Table 2. The test
specimen dimensions are shown in Figure 11A. After curing,
small pieces were taken from the specimen to test the hydration
degree and porosity. The hydration degree of bulk repair
materials with different curing ages is determined by
measuring their non-evaporable water content. The porosities
of the repair material and the concrete substrates are measured
using MIP. The detailed test procedures follow those proposed in
Zhou (2011).

The numerical model is used to simulate the hydration process
of the repair cement mortar based on the same conditions as the
test. The comparison of the simulation and experimental results
are listed in Table 4. In general, the simulation results agree well
with the experimental results. The good agreement between the

simulation results and experimental results indicates that the
numerical model can accurately simulate the cement hydration
process and microstructure development in the repair system.

Now, the numerical model is used to simulate the hydration
process of the repair cement paste. The condition and dimension
of the repair system used in the simulation are shown in
Figure 11A. Figure 11B shows the evolution of the degree of
hydration in the bulk repair material (at half height) and at the
interface in the first 28 days obtained from the simulation. Due to
the “wall effect”, the interface has a higher w/c ratio than the bulk
repair material. Therefore, the cement paste shows a higher
degree of hydration at the interface.

Figure 11C shows the degree of hydration of the bulk repair
material and the interface at 1, 7 and 28 days obtained from the
simulation. Since the interface has a higher resultant w/c ratio
than the bulk repair material, its hydration rate is higher than that
of the bulk repair material. Therefore, the hydration degree of the
interface is higher than that of bulk repair material with the same
curing age. The results indicate that cement hydration proceeds
slower in the bulk repair material closer to the interface, where the
bulk repair material loses more water at the early stage. Later, the
hydration process in the bulk repair material close to the interface
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TABLE 4 | Comparison between the simulation results and experimental results (Zhou et al., 2016) of the degree of hydration and porosity in the bulk repair material and at the

interface.

Location Degree of hydration Porosity
Simulation Non-evaporable water test BSE image analysis Simulation MIP

Repair 0.659 0.671 0.654 0.200 0.206

Interface 0.747 - 0.764 0.318 —

becomes relatively fast since some water flows back to the bulk
repair material from the substrate concrete to provide additional
water for cement hydration.

Figure 11D shows the simulated porosity of the bulk repair
material and the interface at 1, 7 and 28 curing days. Since the
interface has a higher resultant w/c ratio than the bulk repair
material, the porosity is higher than that in the bulk repair
material. In the first 28 days, the porosity of the interface is
approximately 1.5 times higher than that of the bulk repair
material, which may reduce the bonding strength between the
repair material and concrete substrate.

5 CONCLUSION

This paper presents a numerical study on the cement hydration
and microstructure development of repair materials influenced
by moisture exchange. Based on the simulation results, the
following conclusions can be drawn:

e The moisture exchange between the repair material and
concrete substrate results in a change in the water content in
two parts, which affects the cement hydration process and
microstructure development in the repair system.

o Before the repair material setting, the water absorption of an
unsaturated concrete substrate causes a reduction in the w/c
ratio in the repair material, called the resultant w/c ratio.
The resultant w/c ratio in the repair material greatly
influences the cement hydration and porosity of the
repair material.

e After the repair material setting, the cement hydration
works as a “motor”. It generates the driving force for
moisture transport in the two materials, while water acts
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