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• Drying-induced damage patterns in
concrete can be identified using the
principal strains determined by the dig-
ital image correlation.

• Damage index calculated from the prin-
cipal strains is proportional to the total
area of drying-induced microcracks in
concrete.

• Relative humidity equal or lower than
55% could lead to relatively large dam-
age index and high cracking risk in
concrete
⁎ Corresponding author at: School of Materials Science
University of Technology, 510640 Guangzhou, People's Re

E-mail address: jxwei@scut.edu.cn (J. Wei).

https://doi.org/10.1016/j.matdes.2020.109128
0264-1275/© 2020 The Author(s). Published by Elsevier L
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 18 May 2020
Received in revised form 13 August 2020
Accepted 5 September 2020
Available online 09 September 2020

Keywords:
Drying shrinkage
Relative humidity
Microcracks
Damage index
DIC
Lattice modelling
To assess the effect of relative humidity (RH) on drying-induceddamage in concrete, the non-uniform strains and
microcracks in concrete under different RH conditions were obtained using the digital image correlation (DIC)
technique and lattice fracturemodel. The simulated non-uniform displacements were consistent with those cap-
tured using DIC. A new damage index was proposed by considering all the subsets with equivalent strain larger
than the threshold tensile strength. The calculated damage index showed good correlation with themicrocracks'
total area and indicated that RH equal or lower than 55% could cause relatively high cracking risk. This work pro-
vides an attractive method for quantifying drying-induced damage in concrete using the DIC technique.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Drying shrinkage of concrete is an important issue because it can
produce cracks in concrete structures [1]. On a meso-scale, concrete
and Engineering, South China
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mainly consists of mortar and coarse aggregates. The main phases of
the mortar are fine aggregates and cement paste. Because the cement
paste is a multi-scale porous phase comprising capillary pores and gel
pores [2], themoisture in the cement pastewill evaporatewhen the rel-
ative humidity (RH) in the environment decreases. Consequently,
stresses in the cement phase such as capillary pressure, disjoining pres-
sure and surface tension will change [3,4], leading to the drying shrink-
age of mortar phase. On a meso-scale, the mortar phase shrinkage is
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Table 1
Mix proportions of mortar and concrete (kg/m3).

Mix Water Type I 42.5
cement

Water to
cement ratio

Fine
aggregate

Coarse aggregate

5–10 mm 16–20 mm

Mortar 364 910 0.4 901 – –
Concrete 222 554 0.4 541 433 649
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responsible for the bulk drying shrinkage of concrete, with the coarse
aggregates having a restraining effect on the mortar phase shrinkage
[5,6]. The restraining effect of the coarse aggregates results in both com-
pressive and tensile stresses in the mortar phase during the shrinkage
[7,8]. Once these drying-induced stresses overcome the strength of con-
crete, microcracks will form, which could cause serious deterioration in
concrete structures [1].

The drying-induced strains, stresses andmicrocracks in concrete are
non-uniform because both the spatial distribution and shape of the
coarse aggregates are generally heterogeneous [9]. With developments
in the testing and modelling of cement-based materials in recent years,
new research has emerged focused on the non-uniform behaviour of
concrete. For example, digital image correlation (DIC) is an optical
method that estimates the full-field deformation of materials by math-
ematically analysing the digital images of specimens captured before
and after the deformation [10–12]. This technique has the advantages
of simple experimental set-up and preparation, low environmental sen-
sitivity, and easy and automatic processing [13–16]. In recent years,
many studies used DIC to determine the non-uniform deformations of
cement-based materials [16–28]. Studying drying shrinkage in
cement-based materials, Lagier et al. [17], Mauroux et al. [18], and
Maruyama et al. [19–21] used DIC to determine the non-uniform strains
and attempted to identify the patterns of drying-induced damage in
concrete. In a previous study by our group [16], the DIC technique was
used to evaluate the influence of the size and volume fraction of coarse
aggregates on the heterogenous characteristics of the drying-induced
strains in concrete. These studies illustrated that the DIC technique is
promising for investigating the non-uniform deformations in cement-
based materials.

In addition to the DIC technique, structure-based models also
attracted much attention in studying the drying-induced non-
uniform behaviour of cement-based materials. Grassl et al. [29],
Idiart et al. [30], Maruyama et al. [21] and Havlásek et al. [31] used
two-dimensional (2D) structure-based models to simulate drying-
induced microcracks in concrete. Using a structure-based model,
viz. the lattice fracture model, Schlangen et al. [32] obtained the
non-uniform strains, stresses and cracks in concrete by considering
the autogenous shrinkage of the cement paste. Further, Luković
et al. [33] and Liu et al. [34,35] applied the lattice fracture modelling
in predicting the drying-induced shrinkage and cracks of cement-
based materials.

The external RH is an important parameter that influences the trans-
port of moisture from concrete to environment [1]. Under different RH
conditions, different drying-induced stresses form in concrete, leading
to different levels of shrinkage and damage [36]. Hence, many studies
focused on the effect of RH on the drying-induced shrinkage and dam-
age in concrete. Bissonnette et al. [1], Baroghel-Bouny et al. [37] and
Theiner et al. [38] investigated the influence of RH on the bulk drying
shrinkage of concrete. Samouh et al. [36] evaluated the effect of RH on
the cracking risk of concrete by using the ring test. However, very few
studies quantified the effect of RH on the drying-induced damage in
concrete by considering the non-uniform drying shrinkage behaviour
in concrete.

The aim of this study was to quantify the effect of RH on the drying-
induced damage in concrete in terms of the non-uniform drying shrink-
age behaviour of concrete. First, the DIC technique was used to capture
thedisplacements in concrete,whichwere applied to validate the lattice
fracture model. Then, the validated lattice fracture model was used to
obtain the patterns and areas of microcracks. A new damage index,
which was calculated from the non-uniform strains determined using
DIC, was proposed to evaluate the effect of RH on the drying-induced
damage in concrete. The microcracks' patterns and areas obtained
with the lattice fracturemodel were used to confirm the correlation be-
tween the new damage index and the dying-induced damage in
concrete.
2

2. Experiments

2.1. Constituent materials and mix proportions of concrete

The component proportions, as listed in Table 1, were designed to
produce C50 concrete (C50 represents the compressive strength of con-
crete can reach 50MPa at 28 days since curing). Themain rawmaterials
were Type I 42.5 cement (also called ordinary Portland cement, and the
compressive strength can reach 42.5 MPa at 28 days since curing), fine
aggregates (fineness modulus = 2.8), coarse aggregates (5–10 mm
and 16–20mm) and water. The properties of the cement (e.g. chemical
composition), fine aggregates (e.g. grading) and coarse aggregates (e.g.
slit content) can be found in our previous work [16]. Mortar with the
same water to cement ratio (W/C) as the concrete was also prepared
(Table 1). The mortar's drying shrinkage was measured and used as
input for the lattice fracture model. Mortar and concrete specimens
with dimensions 100 × 100 × 100mm3were cast. Following the proce-
dure in Bissonnette et al. [1], the specimens were demoulded after
1 day, and cured in a saturated calcium hydroxide solution at 23 °C for
28 days until testing.

2.2. DIC measurement

After curing in a saturated calcium hydroxide solution for 28 days,
the mortar and concrete specimens were cut into 10-mm-thick slices
by using a concrete cutting machine. The cutting speed was 200 r/min,
and no significant cracks formed in the slices. The slices in the middle
of specimens were used for the DIC measurement because the gravity
might affect the spatial distribution of coarse aggregates on the top
and bottom of concrete specimens. Then, stochastic speckle patterns
were sprayed on the surface of the mortar and concrete slices, and the
slices were placed in an isothermal chamber. The isothermal chamber's
temperature was fixed at 20 °C and the RH was controlled at relatively
high, medium, and low levels: 73%, 55% and 40%. At 0, 1, 3, 7, 11, 14,
28 and 60 days since drying (viz., 29, 30, 32, 36, 40, 43, 57, 89 days
after casting), the mortar and concrete slices were removed from the
isothermal chamber and observed using the DIC set-up (Fig. 1). Imme-
diately after each observation, the slices were stored in the isothermal
chamber again. In theDICmeasurement, a serial of subsetswas assigned
on the surface of specimen. The displacement of each subset in the di-
rections of the X axis (U) and Y axis (V) was determined by usingmath-
ematical correlation to analyse the digital images captured before and
after the deformation. By differentiating U and V, the strains (εxx, εyy
and εxy) of each subset in the X-Y plane were obtained (εxx = ∂U/∂x,
εyy = ∂V/∂y and εxy = ∂U/∂y + ∂V/∂x). Then, the maximum (εmax)
and minimum (εmin) principal strains were calculated from these
strains. The size of each subset was 0.05 × 0.05 mm2 and the strain
accuracy of the DIC set-up was 10 μm/m. More details of this DIC
set-up and the concept of principal strains can be found in our previous
study [16].

As schematically shown in Fig. 2, the bulk drying shrinkage of the
specimen along X- and Y-axis was calculated by using Eqs. (1) and
(2), respectively.

εX,Bulk ¼
∑ UY1,i=nY1

� �
−∑ UY2,i=nY2

� �
L

ð1Þ



Fig. 1. Schematic diagram of the DIC set-up for determining the local deformations of
specimen.
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εY ,Bulk ¼
∑ VX1,i=nX1

� �
−∑ VX2,i=nX2

� �
L

ð2Þ

where εX, Bulk and εY, Bulk are the bulk drying shrinkage of the specimen
along the X- and Y-axis, respectively. nY1 and nY2, nX1 and nX2 represent
the number of the subsets on the edges along the Y- and X-axis, respec-
tively. UY1, i and UY2, i represent the displacement of the subsets on the
edges along the Y-axis. VX1, i and VX2, i represent the displacement of
the nodes on the edges along the X-axis. L is the size of the specimen
(100 mm).

The average bulk drying shrinkage of the specimen was calculated
as:

εAverage,Bulk ¼ εX,Bulk þ εY ,Bulk
� �

=2 ð3Þ

2.3. Mechanical properties of the aggregate and mortar

The static elastic modulus and compressive strength of the coarse
aggregates were determined using a nanoindenter. The loading and
unloading were fixed at 3 mN/min, and the maximum load was 10
Fig. 2. Schematic diagram for calculating the bulk drying shrinkage of specimen.
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mN and held for 5 s. Based on the GB T50081–2002 standard [39], the
static elasticmodulus and compressive strength of themortar specimen
(100×100×100mm3)were determined after curing in a saturated cal-
cium hydroxide solution for 28 days.

3. Modelling approaches

A lattice fracture model called the generalized lattice analysis kernel
(GLAK) was used to simulate the drying-induced deformations and
microcracks in the concrete specimens. GLAK was developed by Delft
University of Technology [40] and has been confirmed as a promising
tool to predict the mechanical properties and fracture behaviour of
cement-based materials [32–35,41,42]. In current study, the main in-
puts of GLAK were lattice mesh, imposing of drying-induced force, and
boundary conditions. The main outputs of GLAK were non-uniform de-
formations and microcracks patterns.

3.1. Lattice mesh for GLAK

To compare the simulation results with the DIC observations, 2D lat-
tice fracture modelling was used. At first, the digitalized 2D meso-
structure of the concrete slice was obtained from the DIC photo (see
Appendix A). Then, the lattice mesh for GLAK was obtained similar to
the method of Luković, et al. [33] and Zhang et al. [41,42]. Mesh charac-
teristics are important for lattice fracturemodel. Themainmesh charac-
teristics include the randomness, the shape, and the mechanical
properties of mesh.

(1) Randomness

The digitized 2D meso-structure of the concrete slice was divided
into square grids (250 × 250) of equal size (0.4 × 0.4 mm2). Then, a
sub-cell was assigned in the centre of each grid. A lattice node was ran-
domly generated in each sub-cell, and designated as a coarse aggregate
node or mortar node according to the main phase in the grid. The size
ratio of sub-cells to grids can be used control the randomness of the
mesh. In current study, this ratio was set as 0.5.

(2) Shape

Triangulationmesh is generally suitable for modelling the shrinkage
of cement-based materials. In current study, the nodes were connected
as lattice beam elements (the elements can resist axial and flexural
loadingswith six degrees of freedom) following theDelaunay triangula-
tion algorithm. Depending on the type of connected nodes, these lattice
beam elements were considered as coarse aggregate element, mortar
element or interface element. TheDelaunay triangulation latticemeshes
constructed for various humidity levels are shown in Fig. 3. According to
the data in Table 1 and [16], the volume fraction of coarse aggregates in
the concrete was 0.4. The area fractions of the coarse aggregates in the
lattice meshes shown in Fig. 3 were 0.40, 0.40, and 0.36 for 73%, 55%,
and 40% RH, respectively. The area fraction of the coarse aggregates
for 40% RH was not equal to 0.4 probably due to the variation of the
coarse aggregates' spatial distribution in the concrete.

(3) Mechanical properties

Table 2 lists the mechanical properties of different element types,
which were used as inputs for the lattice fracture model. The elastic
modulus and compressive strength of the aggregate and mortar ele-
ments were obtained through the experiments as described in
Section 2.3. Following Luković et al. [33] and Zhang et al. [42], the tensile
strengths for the aggregate and mortar phases were set as 1/10 times
the compressive strengths of the aggregate and mortar phases, respec-
tively. In concrete, the interface between coarse aggregates and mortar
phase generally shows smaller mechanical properties than the mortar
phase due to the loose structure around the surface of coarse aggregates.



Fig. 3. Delaunay triangulation lattice meshes for 73% RH (a), 55% RH (b) and 40% RH (c): The area fractions of coarse aggregates are 0.40, 0.40, and 0.36 in (a), (b) and (c), respectively.
(d) shows the zoom of an aggregate.
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However, the mechanical properties of the interface are relatively diffi-
cult to be determined by experiments. In current study, the mechanical
properties of the interface elements were empirically set according to
the values reported in Luković et al. [33].

3.2. Local force imposed on lattice mesh

On a meso-scale, the local drying shrinkage of mortar phase ex-
erts a local force to the concrete, which will cause the drying shrink-
age of concrete. This local force (Nm) can be calculated from the
drying shrinkage (εm) and elastic modulus (Em) of the mortar phase
according to Eq. (4) [33].

Nm ¼ εmEmA ð4Þ

where εm is the local drying shrinkage of the mortar phase in the
concrete slice, Em is the elastic modulus of the mortar phase. The
Table 2
Mechanical properties of lattice elements.

Elastic
modulus (GPa)

Compressive
strength (MPa)

Calculated tensile
strength (MPa)

Aggregate elements 80.0 90.0 9.0
Mortar elements 20.5 42.0 4.2
Interface elements 15.0 25.0 2.5

4

elements were assumed to be circular, and the area of
element's cross-section was defined as A. εmEm represents the lo-
cal stress.
Fig. 4. Schematic diagram for imposing local force on mortar elements.



Fig. 5. Measured displacement fields of mortar specimens along X-axis dried at 73%, 55% and 40% RH for 60 days.
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For the mortar phase in the concrete slice, we assumed that the rate
of moisture transport to the environment was close to that for the mor-
tar slice under the same drying conditions. Hence, εmwas considered as
Fig. 6. Average bulk drying shrinkage of mortar specimens dried at 73%, 55% and 40% RH
up to 60 days (obtained using DIC).

5

the total drying shrinkage of the mortar slice (εm, T), which was mea-
sured using the DIC technique.

To simulate the drying-induced non-uniform behaviour of con-
crete on a meso-scale, the local force from the local drying shrinkage
of mortar phase was imposed on the mortar elements using an iter-
ation algorithm as follows: At step j, a force (Nj) was imposed on
each mortar element (Fig. 4) causing the mortar elements to shrink.
The shrinkagewas restrained by other elements in the system, which
resulted in tensile stresses in some elements of the lattice mesh.
Then, the ratio (σt, element/ft, element) of the formed tensile stress
Table 3
Local stress and force imposed on the mortar elements for the lattice fracture model.

Days Imposed shrinkage stress
(MPa, εmEm)

Imposed shrinkage force
(N, Nm)

73% RH 55% RH 40% RH 73% RH 55% RH 40% RH

1 1.79 11.11 11.78 0.24 1.47 1.55
3 7.27 17.20 18.30 0.96 2.27 2.42
7 9.99 20.22 22.31 1.32 2.67 2.94
11 10.86 21.81 24.55 1.43 2.88 3.24
14 11.31 21.97 24.97 1.49 2.90 3.30
21 14.02 25.37 28.96 1.85 3.35 3.82
28 13.88 26.05 29.62 1.83 3.44 3.91
60 18.32 31.11 33.37 2.42 4.11 4.40t



Fig. 7. Displacement fields of concrete specimens along X-axis dried at 73%, 55% and 40% RH for 60 days: (a), (c) and (e) are from DIC; (b), (d) and (f) are from lattice fracture model.
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Fig. 8. Average bulk drying shrinkage of concrete specimens dried at 73%, 55% and 40% RH for 60 days.
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(σt, element) in the element to the tensile strength (ft, element) of the el-
ement was calculated. GLAK searched for the element with the larg-
est value of σt, element/ft, element, andNjwas increased until this element
was broken. This iteration algorithm continued until Nj reached the
local force Nm.

3.3. Boundary conditions

Four nodes in the centre of the lattice mesh were fixed. It was as-
sumed that the coarse aggregate elements would not be broken.

3.4. Width and area of microcracks

In the lattice fracture modelling, a broken lattice element was de-
fined as a microcrack. For a broken lattice element i, the width of the
microcrack (wi, j, μm) was calculated as the difference between the ini-
tial distance between the two nodes (li0) and the distance between the
two nodes at step j (li, j′). Notably, for a lattice element i broken at
step j, the value of this microcrack's width was positive. However, if
the distance between the two nodes became shorter at a further step
k, the distance difference (li, j′ − li

0) could become negative. However,
the microcrack width is generally defined as positive in literature. To
compare the microcrack width between this study and literature, wi, j

was calculated as the absolute value of li, j′ − li
0 (see Eq. (5)).
7

wi,j ¼ l0i,j−l0i
��� ��� ð5Þ

Using Eq. (6), the total area of the microcracks was calculated.

ACrack,j ¼
∑i wi,j � lc

� �
AConcrete

� 103 ð6Þ

where ACrack, j is the total area of the microcracks per unit area of con-
crete (mm2/m2), lc is the cross length of the lattice element (0.4 mm)
and AConcrete is the total area of concrete (100 × 100 mm2).

3.5. Influence of creep

Because cement-based materials generally exhibit viscoelastic char-
acteristics, the drying-induced stress could cause the creep of cement-
based materials [30,43]. This creep is called drying creep, and should
be considered to predict the drying shrinkage of cement-based mate-
rials. As indicated by Bažant and Jirásek [44], the rate of nanoscale
bond fractures in C-S-H gel will increase owing to the effect of drying-
induced local stress, which is the main cause for the drying creep. In
this study, the local force (Nm) imposed on themortar elementswas cal-
culated from the total drying shrinkage of themortar slice (εm, T), deter-
mined by using DIC. According to Grasley et al. [45], εm, T equals to the



Fig. 9. Simulated drying-induced non-uniform deformations and micro-cracks of concrete specimens dried at 73% RH (a), 55% RH (b) and 40% RH (c and d); (d) shows the deformations
magnified 100 times.

Fig. 10. Distributions of microcracks for concrete specimens dried at 73% RH, 55% RH and
40% RH for 60 days.
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sum of true free shrinkage (εsh), drying creep (εcr) and remaining strain
required for strain compatibility (εel). In other words, the influence of
drying creep (εcr) on the non-uniform behaviour of concrete was con-
sidered by using εm, T to calculate the local force (Nm) imposed on the
mortar elements. However, due to the restraining effect of the coarse
aggregates, the distribution of the stresses in the concrete slice would
be different from that in the mortar slice. This part of drying creep
was not involved in current study, which should be considered in fur-
ther work.

4. Results and discussion

4.1. Displacement fields of mortar specimens

Fig. 5 shows the displacement fields of the mortar slices dried for
60 days along the X-axis (measured using the DIC set-up). The data
along the Y-axis is shown in Appendix B. The blue and red represent
the displacements towards the positive and negative directions of the
axis, respectively. Notably, themoisture gradient could cause the differ-
ential shrinkage in cement-based materials, which might result in
microcracks [46]. However, because the current study concerns the
surface microcracking of concrete, slice specimens were used to reduce



Fig. 11. Total area of microcracks for concrete specimens dried at 73% RH, 55% RH and 40% RH up to 60 days: (a) Drying time versus microcracks' total area, (b) Imposed local pressure
versus microcracks' total area.
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the influence of moisture gradient on the drying shrinkage of speci-
mens. As shown in Fig. 5a, b and c, the widths of colour strips are rela-
tively uniform in each sub-figure, illustrating that the differential
shrinkage along X-axis is not significant in the slice specimens. Similar
observations can be found along Y-axis (see Appendix B).

Fig. 6 shows the average bulk drying shrinkage of the mortar speci-
mens (obtained using the DIC). With decreasing the RH from 73% to
40%, the average bulk drying shrinkage of the mortar specimens
(60 days since drying) increased from approximately 893 μm/m to
1627 μm/m, respectively.

Based on Eq. (4), the local force (Nm) imposed on the mortar lattice
elements in the concrete specimenswas calculated,wherein the param-
eters in Eq. (1): A (the area of elements' cross-section) and Em (the elas-
tic modulus of themortar phase)were set as 0.132mm2 (this value was
obtained by the calibration based on the elastic modulus of local phase
and mesh) and 20.5 GPa, respectively. The results are presented in
Table 3. With decreasing the RH from 73% to 40%, the total drying
shrinkage of the mortar specimens decreased. Consequently, the local
stress and force imposed on the mortar elements decreased.

4.2. Displacement fields of concrete specimens

Fig. 7a, c and d show the measured displacement fields of the con-
crete slices along the X-axis (the data along the Y-axis is shown in
Appendix C). The displacement fields are notably non-uniform com-
paredwith Fig. 5. This ismainly causedby the restraining effect of coarse
aggregates. In addition, some areas show similar displacement (e.g. the
dashed areas in Fig. 7) because the coarse aggregates located in these
areas. As shown in Fig. 7b, d and f, the simulated displacement fields
are consistent with the DIC data.

Fig. 8 shows the average bulk drying shrinkage of the concrete spec-
imens. As can be seen, both the data of DIC and lattice fracture model-
ling exhibit relatively large standard deviations (over 10% of the
average bulk drying shrinkage of the concrete specimens). This is
mainly because that the nodes on the edges of the concrete specimens
deformed more heterogeneously than those on the edges of the mortar
specimens. With ongoing drying and decreasing RH, the bulk drying
shrinkage of the concrete specimens (determined with DIC) increased.
To be more specific, for the concrete specimens dried at 73%, 55% and
40% RH from 1 day to 60 days since drying, the average bulk drying
shrinkage of the concrete specimens increased from 91 μm/m to
273 μm/m, 206 μm/m to 406 μm/m, and 166 μm/m to426 μm/m, respec-
tively. The results of the lattice fracture modelling are consistent with
9

the DIC data. With ongoing drying and decreasing RH, more moisture
will be evaporated to external, whichwill increase the drying shrinkage
of cement paste and mortar. On the scale of concrete, the bulk drying
shrinkage of concrete will also increase.

4.3. Microcracks in concrete specimens

Fig. 9 shows the microcracks of the concrete specimens at 60 days
since drying (simulated using the lattice fracture model), including a
magnified view of simulated non-uniform deformations. With decreas-
ing RH, the local force imposed on the mortar elements increased. Con-
sequently, the deformations were larger and the microcracks became
wider. Two types of microcracks can be identified in Fig. 9d: one is par-
allel to the aggregates and the other is normal to the aggregates. This is
consistent with the experimental observations by Bisschop and van
Mier [5,6], and Maruyama and Sasano [19].

The formation of these two types of microcracks depends on the dis-
tribution of stresses in the concrete. In the mortar phase around an ag-
gregate, tangential tensile stresses will form owing to the shrinkage of
the mortar phase. According to Goltermann [7,8], if the tangential ten-
sile stresses exceed the tensile strength of the mortar, initial
microcracks will form in the boundary phase. Then, the tangential ten-
sile stresses will generate tensile microcracks perpendicular to the
aggregate's surface. In addition, shear stresswill develop in the interface
and lead to shear microcracks parallel to the aggregate surface.
Maruyama and Sasano [19] indicated that the shrinkage of the mortar
phase between several aggregates will also result in the formation of
microcracks parallel to the aggregate's surface.

The percentages of the microcracks with different widths are
displayed in Fig. 10 (the microcrack-width interval is 0.5 μm, drying
time is 60 days). Themicrocrack-width range arewider with decreasing
RH, also because the lower RH is, the larger local force will be imposed
on the mortar elements. For the concrete specimens dried at 73%, 55%
and 40% RH, the microcrack-width ranges are 0–10.0 μm, 0–15.0 μm
and 0–24.5, respectively. These ranges are consistent with those found
in the literature. Wu et al. [47] quantified the drying-induced
microcracks in concrete by using a fluorescent resin method and
found that the concrete can reach equilibrium after drying at 21 °C
and 55% RH for 10 months. The observed drying-induced microcracks
were in the range of 1–60 μm, and 80% of the microcracks were smaller
than 10 μm. Idiart et al. [30] determined the width of drying-induced
microcracks in concrete using SEM, recording microcracks widths of
3–35 μm.



Fig. 12. Principal strains of concrete specimens dried at 73% RH, 55% RH, and 40% RH for 60 days: (a), (c) and (e) are the maximum principal strains; (b), (d) and (f) are the minimum
principal strains.
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Fig. 13. Distribution of eε > K0 in the concrete specimens dried at 73% RH, 55% RH and 40% RH from day 1 to day 60.
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The total area of microcracks was also calculated (Fig. 11). As exhib-
ited in Fig. 11a, the RH significantly influence themicrocracks' total area.
It was also found that the microcracks' total area increased linearly as
the local pressure imposed on the mortar elements increased
(Fig. 11b). For example, with decreasing the RH from 73% to 40%, the
local pressure imposed on the mortar elements increased from
18.32 MPa to 33.37 MPa, and the microcracks' total area increased
from 637 mm2/m2 to 1548 mm2/m2.
4.4. Relationship between principal strains and microcracks

Fig. 12 shows the maximum (εmax) and minimum (εmin) principal
strains of the concrete specimens obtained using the DIC. As shown in
Fig. 12a, c and e, εmax of the concrete specimens consist of tensile (pos-
itive value) and compressive (negative value) strains, while εmin of the
concrete specimens comprises mainly compressive strains (Fig. 12b, d
and f). As will be discussed in the following paragraphs, the principal
11
strains can be used to identify the drying-induced cracking patterns in
concrete.

Mazars [48] described the damage of concrete structures. Owing to
the importance of tensile strains in the damage of concrete, Mazars
[48] introduced the concept of equivalent tensile strain (eε) for evaluat-
ing the local intensity of tensile strains. eε was calculated from the posi-
tive part of εmax and εmin (Eq. (7)). It was suggested that ifeε is larger than
a certain tensile threshold, cracks will occur locally.

eε ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〈εmax〉2þ þ 〈εmin〉2þ

q
ð7Þ

whereeε is the equivalent strain and 〈ε〉+ is the positive part operator for
εmax and εmin.

Lagier et al. [17] captured the drying-induced strains of concrete
using the DIC technique, and predicted the drying-induced cracking
patterns based on the concept of equivalent strain, wherein the tensile
threshold (K0) was calculated from the tensile strength and elastic



Fig. 14. Comparison between the distribution of eε > K0 andmicro-cracks in the concrete specimens dried at 73% RH, 55% RH and 40% RH from 1 day to 60 days since drying; amplification
is ×100.
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modulus of the cement paste. The predicted cracking patterns were
found to be consistent with the macro-observation. Similarly, Mauroux
et al. [18] captured the drying-induced strains of coating mortars by
using DIC. The concept of equivalent strain was also applied to predict
Fig. 15. Drying time versus damage index (Deε).
12
themicro-cracking patterns in coatingmortars. Most recently, Bertelsen
et al. [28] used the DIC technique to monitor the plastic shrinkage be-
haviour of mortar specimens. Based on the concept of average strain,
they evaluated the cracking patterns in mortar by considering the dis-
placements and strains along the main axis.

In present study, the concept of equivalent strain proposed by
Mazars [48] was applied to assess the microcrack patterns from the
DIC data as follows. First, Eq. (7) was used to calculate the eε of a subset.
Following Lagier et al. [17], the tensile threshold (K0) was calculated
from the tensile strength (ft, mortar) and elastic modulus (Emortar) of mor-
tar: K0= ft, mortar/Emortar=204 μm/m, based on the data listed in Table 2.
Then, the distribution of eε > K0 in the concrete slices was plotted in
Fig. 13. The area of eε > K0 increases not only with ongoing drying
time from day 1 to day 60, but also with decreasing RH from 73% to
40%. Lagier et al. [17] and Mauroux et al. [18] considered the area of
eε > K0 as the cracking indicator field. To directly compare the distribu-
tions ofmicrocracks from the DIC data and the latticemodelling, we en-
larged the local domains of the squares in Fig. 13. As shown in Fig. 14,
some of the microcracks (obtained using the lattice fracture model)
show good correlation with the distribution of eε > K0. Moreover, the
two types of microcracks can also be identified in the distribution of
eε > K0 (Fig. 14c and f). However, some of the simulated microcracks
are not reflected in the distribution of eε > K0, probably due to the per-
formance of the cameras used in the DIC set-up. Determined by the
camera performance, the size of each subset was 0.05 × 0.05 mm2 and
the strain accuracy was 10 μm/m in current study. Hence, the strain
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fields corresponding to the very narrow microcracks may not be de-
tected using this DIC set-up.

Maruyama and Sasano [19] proposed a damage index (Dε) based on
the positive part of the maximum principal strains (Eq. (8)). They
showed that Dε was related to the bulk drying shrinkage of concrete.
However, because the threshold tensile strain was 0 μm/m in this dam-
age index, Dε overestimated the drying-induced damage.

Dε ¼

X
i

ε max;i∙Aijε max;i > 0
� �

X
i

Ai
ð8Þ

where Ai represents the area of subset i in the DIC measurement and
εmax, i represents the maximum principal strain of the centre of subset i.

For a more accurate evaluation of the drying-induced damage in
concrete, this study proposes a new damage index (Deε) that combines
the concept of the equivalent strain of Mazars [48] and the damage
index of Maruyama and Sasano [19]. Deε can be expressed as:

Deε ¼
∑
i

eεi∙Aijeεi > K0
� �

∑
i
Ai

ð9Þ

where eεi represents the equivalent strain of subset i in theDICmeasure-
ment and K0 represents the threshold strain, calculated from the tensile
strength and elastic modulus of the mortar.

To determine the new damage index all the subsets with eε > K0

were considered (Eq. (9)). TheDeε calculated for the concrete specimens
dried at 73% RH, 55% RH and 40% RH from 1 day to 60 days since drying
are plotted in Fig. 15. As can be seen, the Deε increases with decreasing
RH. At 60 days since drying, the Deε for 73% RH levelled off around
78 μm/m, while the Deε for 55% RH and 40% RH increased to 235 μm/m
and 288 μm/m, respectively, illustrating that the RH equal or lower
than 55% might cause relatively high cracking risk to the concrete.
This is mainly because the RH equal or lower than 55% result in rela-
tively large drying shrinkage of mortar phase. This trend is consistent
with that found in the literature. For example, Theiner et al. [38] re-
ported that thin slices of concrete under 59% and 43% RH show signifi-
cantly larger mass loss than those under 97%, 85% and 75% RH.
Samouh et al. [36] determined the cracking time for concrete samples
exposed to different RH levels by using the ring test, and reported that
the 50% and 30% RH samples showed much shorter cracking time than
the 70% RH one.
Fig. 16. Damage index (Deε) versus total area of microcracks.

13
To explore whether the Deε (from the DIC) can directly reflect the
dying-induced damage in concrete or not, the Deε was plotted together
with the total area of the simulated drying-induced microcracks in
Fig. 16. As can be seen, the Deε is proportional to the total area of the
drying-induced microcracks, illustrating that the Deε shows good corre-
lation with the drying-induced damage of concrete. Based on this rela-
tionship, we can use the drying-induced deformations captured by the
DIC technique to calculate the damage index, and quantify the drying-
induced damage in the concrete.

As aforementioned, the strains induced by very narrowmicrocracks
may not be detected owing to the resolution of the cameras used in the
DIC set-up. As a result, the Deε might be underestimated. In future work,
the accuracy of theDeε can be improved by improving the accuracy of the
DIC cameras. In addition, the Mazars' definition of equivalent strain is
suitable for applying the stress-related strains to identify the damage.
However, the total strains determined using DIC probably comprises
the stress-independent strains. These stress-independent strains
might not be directly used to identify the damage based on the Mazars'
definition of equivalent strain. How to consider these stress-
independent strains in Deε is another focus of further work.

5. Conclusions

The non-uniform shrinkage behaviour of concrete dried at 73 RH,
55% RH and 40% RH up to 60 days were systematically investigated by
combining DIC and lattice modelling. The non-uniform deformations
captured using DIC were used to validate the lattice fracture model.
The influence of RH on the drying-induced damage was evaluated and
quantified by combining the principal strains from DIC and the
microcracks from the lattice fracture model. The following conclusions
were drawn.

(1). For the concrete specimens dried at 73%, 55% and 40% RH from
1 day to 60 days since drying (30 days to 89 days since casting),
the average bulk drying shrinkage obtained using the lattice frac-
ture model increased from 42 μm/m to 263 μm/m, 190 μm/m to
410 μm/m, and 215 μm/m to 458 μm/m, respectively. These re-
sults are in good agreement with the DIC results (from 91 μm/
m to 273 μm/m, 206 μm/m to 406 μm/m, and 166 μm/m to
426 μm/m for 73% RH, 55% RH and 40% RH, respectively).

(2). With decreasing the RH from 73% to 40%, the local pressure im-
posed on the mortar elements increased, which increased the
simulated width of microcracks. The microcracks' total area in-
creased linearly as the local pressure imposed on themortar ele-
ments increased. At 60 days since drying (89 days since casting),
the local pressure imposed on the mortar elements increased
from 18.32 MPa to 33.37 MPa with decreasing the RH from 73%
to 40%. Accordingly, the microcracks' maximum width and total
area increased from 10 μm to 24.5 μm, and 637 mm2/m2 to
1548 mm2/m2, respectively.

(3). The distribution of the equivalent strain larger than the threshold
tensile strength (eε > K0) showed good correlation with the sim-
ulated cracking patterns. A new damage index (Deε) was intro-

duced by considering all the subsets with eε > K0. Under drying
up to 60 days (89 days since casting), Deε and the total area of
the microcracks increased to 78 μm/m and 638 mm2/m2,
236 μm/m and 1222 mm2/m2, and 288 μm/m and 1548 mm2/
m2 for 73%, 55% and 40% RH, respectively, illustrating that the
RH equal or lower than 55% could result in a high cracking risk.
Moreover, the Deε was found to be proportional to the total area
of the drying-induced microcracks. Based on this relationship,
the drying-induced deformations captured using the DIC tech-
nique is attractive for the quantification of the drying-induced
damage in concrete.
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Appendix A. Method for obtaining digitized 2Dmeso-structure of concrete slice

In our previous study [16]we found that the coarse aggregates can be distinguished from themortar phase in the εmin image determined by using
the DIC. In current study, the digitized 2D meso-structure of concrete slices were obtained as follows: As shown in Fig. A.1, the colour of the coarse
aggregates in the εmin image was changed to black (RGB value: 0, 0, 0) and the colour of the mortar in the εmin image was changed to white (RGB
value: 255, 255, 255). The threshold value for changing the colour image to grey image is 0.5.

Fig. A.1. Digitized 2D meso-structure of concrete slice (100 × 100 mm2) from εmin measured with DIC.
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Appendix B. Displacement fields of mortar specimens along Y-axis
Fig. B.1.Measured displacement fields of mortar specimens along Y-axis dried at 73% RH, 55% RH and 40% RH for 60 days since drying.
15
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Appendix C. Displacement fields of concrete specimens along Y-axis
Fig. C.1. Displacement fields of the concrete specimens along Y-axis dried at 73%, 55% and 40% RH for 60 days since drying: (a), (c) and (e) are from DIC; (b), (d) and (f) are from lattice
fracture model.
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