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A B S T R A C T   

Non-uniform stresses, strains and microcracking of the concretes with three coarse aggregate sizes (5–10 mm, 
10–16 mm, 16–20 mm) dried under 40% relative humidity (RH) for 60 days were quantified using digital image 
correlation and lattice fracture modelling. The influencing mechanism of coarse aggregate size on the drying- 
induced microcracking of concrete was clarified: (1) As the coarse aggregate size decreases, propagation paths 
of microcracking are increased, which increase the number of small microcracks and release the drying shrinkage 
force from mortar phase. (2) Tensile stress shells surrounding the coarse aggregates become thinner, thereby 
decreasing the area of large microcracks. As the coarse aggregate size decreased from 16-20 mm to 5–10 mm, the 
average thickness of tensile stress shells decreased from 2.13 mm to 1.09 mm at the beginning of drying, and the 
area of the microcracks >5 μm in width decreased from 796.6 mm2/m2 to 340.2 mm2/m2 at 60 days since 
drying.   

1. Introduction 

Drying shrinkage is a common issue of concrete structure [1–4]. 
Mortar phase and coarse aggregates are two main phases in concrete. 
The main components of the mortar phase consist of cement paste and 
fine aggregates. Being exposed to drying condition, the cement paste 
shrinks due to the moisture evaporation to environment, causing the 
shrinkage of the mortar phase. On the concrete scale, this shrinkage of 
the mortar phase is restrained by the coarse aggregates, which rises 
internal stresses in concrete. Once these internal stresses exceed the 
local strength in concrete, microcracking occurs and might lead to 
serious damage of concrete [5,6]. 

The drying-induced microcracking in concrete is influenced by many 
factors, such as the ambient relative humidity (RH) and temperature, the 
properties of binders, and the properties of aggregates. Because the 
aggregate size is an important parameter for concrete mix design, many 
studies concerned the drying-induced microcracking of the concretes 
with different aggregate sizes [5–9]. Bisschop and Van Mier [5] used the 
fluorescent epoxy impregnation method to observe the drying-induced 

microcracking of concrete. They found that the total length of micro-
cracks increased with increasing the aggregate size. Also applying the 
fluorescent epoxy impregnation method, Wu et al. [6] observed that 
both the average width and total area of microcracks increased as the 
aggregate size increased. Numerical models are also attracting 
increasing interest in studying the drying-induced microcracking in 
concrete. By using a lattice approach, Grassl et al. [7] simulated the 
drying-induced microcracks in concrete and found that the concrete 
with larger aggregate size showed larger width of microcracks, while the 
microcracks’ density was smaller. By using a hygro-mechanical model, 
Idiart et al. [8,9] simulated the drying-induced microcracking of con-
crete, and found that the concretes prepared with larger aggregates 
exhibited larger degrees of microcracking. 

These studies suggested that the drying-induced microcracking in 
concrete could be reduced by optimizing the aggregate size. However, 
there remains a need for clarifying the mechanism behind the effect of 
aggregate size on the microcracking of concrete under drying condition. 
Goltermann [10,11] calculated the stress distribution in the concrete 
based on classical elasticity theories. The calculation illustrated that 
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tensile stress shells would form tangentially to the aggregate’s boundary 
due to the restraining effect of aggregate on the matrix’s shrinkage, and 
the tensile stress shells could cause the formation and propagation of 
microcracks. However, the value of the tensile stress was independent of 
the aggregate size. Similar result was found in the numerical study of 
Moon [12]. Hence, it could be inferred that other factors rather than the 
value of the tensile stress are more important to affect the 
drying-induced microcracking in the concretes with different aggregate 
sizes. 

Because the shape and spatial distribution of aggregates are gener-
ally heterogeneous, the restraint of aggregates on the matrix’s shrinkage 
will cause non-uniform deformations in concrete [13]. The mechanism 
of drying-induced microcracking could be better understood if the 
non-uniform stresses/strains in concrete can be captured [13]. 

As the developments in material measurement, the non-uniform 
strains in concrete were increasingly concerned. For example, Digital 
image correlation (DIC) was proposed to determine the non-uniform 

strains of materials by applying correlation algorithm to compare the 
photos of specimen before and after deformation [14–16]. Recently, DIC 
was increasingly applied to study the non-uniform properties of con-
cretes [17–31]. Moelich et al. [25] used DIC in monitoring the plastic 
shrinkage of 3D-printed concrete. Lagier et al. [26] and Mauroux et al. 
[27] applied DIC to measure the drying-induced strains in the cement 
paste embedded with cylindrical aggregates, and those in coating 
mortar, respectively. By using DIC, Maruyama et al. [28–30] captured 
the drying-induced strains in concretes. Our recent study also utilized 
DIC to quantify the non-uniform strains in the concretes with different 
aggregate sizes and volume fractions [31]. These studies illustrate that 
DIC is attractive for investigating the non-uniform properties of 
concrete. 

The measurement of non-uniform stresses in concrete seems to be 
more difficult compared with that of non-uniform strains probably due 
to the limitation on the stress sensor size. Alternatively, numerical 
models were preferred in obtaining the non-uniform stresses in concrete. 
Moon [12] applied a finite element method to obtain the drying-induced 
stresses in concrete. Schlangen et al. [32] simulated the stresses in 
concrete by using the lattice fracture model. Recently, we also used the 
lattice fracture model to analyse the interaction between stresses and 
microcracking in concrete as drying continues [33,34]. 

As mentioned previously, extensive studies have been carried out to 
directly illustrate the influence of aggregate size on the properties of 
drying-induced microcracks, such as density and width. However, the 
influence of aggregate size on the drying-induced non-uniform stresses/ 
strains of concrete remains unclear. 

In this study, the aggregate size’s effect on the drying-induced non- 
uniform stresses of concrete was quantified, which was used to clarify 
the influencing mechanism of aggregate size on the drying-induced 
microcracking. The local strains and stresses of concrete were ob-
tained by combining the DIC technique and the lattice fracture model-
ling. To analyse the reliability of the stresses obtained from the lattice 
fracture model, the comparison was carried out between the simulated 
drying-induced shrinkage and microcracks with those determined using 
DIC. Then, the relationships among aggregate size, stresses and dying- 
induced microcracks were established to analyse the drying-induced 
microcracking in the concretes with different aggregate sizes. 

2. Experimental methods 

2.1. Mix proportions 

The C40 concretes were designed. Table 1 exhibits the component 
proportions of the concretes. Type I 42.5 cement was used as binder. The 
fine aggregates were produced by crushing large aggregates into sand- 
sized aggregate particles (fineness modulus = 2.8). Fig. 1 shows the 
particle size distribution of the fine aggregates determined by using 
square-mesh sieve. The crushed granite was classified as three sizes: 
5–10 mm (Concrete-S), 10–16 mm (Concrete-M) and 16–20 mm (Con-
crete-L) also by using the square-mesh sieve. The weight ratio of water: 
cement: fine aggregates (W/C/F) was set approximate 0.4: 1: 1 in the 
concretes. Table 2 shows the volume fractions of components for mortar 
and concrete. The volume ratio of the coarse aggregates was close to 
0.41 in the concretes. The properties of these components such as the 
chemical composition of the cement, and the silt content of the coarse 
aggregates can be found in Ref. [31]. The mortar was prepared using the 
same ratio of W/C/F as the concretes, because its bulk drying shrinkage 
was applied in the lattice fracture model as input. According to the 
method mentioned in our recent studies [33,34], the concretes and 
mortar were cast into the 100 × 100 × 100 mm3 specimens. After 
demoulding, the specimens were cured in the saturated calcium hy-
droxide solution up to 28 days (temperature = 23 ◦C). 

Table 1 
Mix proportions for mortar and concrete (kg/m3).  

Specimen Cement Water Fine 
aggregates 

Coarse aggregates 

5–10 
mm 

10–16 
mm 

16–20 
mm 

Mortar 910 364 901 – – – 
Concrete- 

S 
554 222 541 1083   

Concrete- 
M 

554 222 541  1083  

Concrete- 
L 

554 222 541   1083  

Fig. 1. Grading of fine aggregates (data is from Ref. [31]).  

Table 2 
Volume fractions of components for mortar and concrete.  

Specimen Cement Water Fine 
aggregates 

Coarse aggregates 

5–10 
mm 

10–16 
mm 

16–20 
mm 

Mortar 0.29 0.37 0.34 – – – 
Concrete- 

S 
0.17 0.22 0.20 0.41   

Concrete- 
M 

0.17 0.22 0.20  0.41  

Concrete- 
L 

0.17 0.22 0.20   0.41  
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2.2. DIC measurement 

Due to moisture gradient, differential drying shrinkage might occur 
in concrete, which could also cause microcracking in concrete [35]. For 
the purpose of reducing the moisture gradient through the thickness, the 
concrete and mortar specimens were cut as slices (thickness = 10 mm) 
with a cutting machine. The cutting speed was set as 200 r/min to ensure 
the surface of concrete slice was smooth and no significant cracks were 
formed [34] (see an example in Appendix A). The central slices of 
concrete were used in the DIC test, as the gravity probably cause the 
loose and concentrated spatial distributions of coarse aggregates on the 
top and bottom of concrete, respectively [34]. The slices’ surfaces for the 
DIC measurement were sprayed with stochastic speckle patterns. After 
that, the slices were dried in an isothermal chamber with temperature =
20 ◦C. Due to global warming, the extreme low RH conditions occur in 
many cities. For example, the cities such as Marrakech, Madird and 
Phonexis showed RH much smaller than 50% in the summer 2016 [35]. 
The extreme low RH conditions also occur in the northwest Chinese 
cities such as Ningxia and Yulin. In the current study, the RH of the 
isothermal chamber was set as 40% to concern the microcracking of 
concrete under the extreme low RH conditions. At 0, 1, 3, 7, 11, 28, 60 
days since drying, the specimens were taken from the isothermal 
chamber for the DIC measurement (displacement accuracy = 5 μm 
[31]). After the DIC measurement, the specimens were continually dried 
in the isothermal chamber. Then, several subsets were assigned on the 
slice’s surface by using the DIC software. The subsets’ displacements, 

determined from the correlation of DIC images, were used to calculate 
the subsets’ strains [31]. After that, the bulk drying shrinkage of slice 
(εave,bulk) was calculated by considering the displacements of the subsets 
on the edges [34]. As reported in reported in Ref. [35], the surface and 
10 mm depth in concrete could show 5% RH gradient. In the present 
study, both the top and bottom surfaces of concrete slices were dried in 
the isothermal chamber. Hence the moisture gradient through the con-
crete slice was probably smaller than 5% RH. However, this moisture 
gradient should be considered if the internal microcracking and damage 
of concrete are concerned. 

2.3. Mechanical properties 

The compressive strength of the specimens (mortar and concrete, 
100 × 100 × 100 mm3) at 28 days since curing was measured by using 
the compression test following GB T50081-2002 [36]. 

3. Modelling methods 

Generally, discretised lattice elements are used to represent the 
materials’ structure in the lattice fracture modelling [37,38]. The lattice 
analysis consists of a sequence of linear analysis steps. At each analysis 
step, the lattice analysis is similar to the standard finite element method. 
The element that with highest stress/strength ratio, called critical 
element, is removed from the system in the lattice analysis [39]. Hence, 
the lattice analysis shows the potential to deal with the non-linear 

Fig. 2. Delaunay triangulation lattice meshes of Concrete-S (a), Concrete-M (b) and Concrete-L (c): the fractions of coarse aggregate nodes in (a), (b) and (c) were 
0.37, 0.41, and 0.42, respectively. (d) zooms in the mesh. 
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behaviours of materials. In addition, the lattice fracture modelling has 
the advantage in computing time and memory room [38,39]. Further, 
the lattice fracture model has been confirmed as attractive for modelling 
the fracture behaviours of cement-based materials [33,34,37–45]. The 
current study used a lattice fracture modelling program (GLAK) from the 
Delft University of Technology [38–40]. The modelling process was 
detailed as follows. 

3.1. Lattice mesh 

The concrete was simulated to consist of mortar, coarse aggregates, 
and the interface between mortar and coarse aggregates. A binary digital 
image processing was used to distinguish the coarse aggregates and 
mortar phase from the DIC image [33,34]. After that, the lattice mesh 
was established as follows.  

(1) Randomness 

Generally, the mesh size will influence the calculation results of 
lattice fracture model. For example, the morphological properties of 
coarse aggregates such as angularity will gradually lose with increasing 
the mesh size. On the other hand, the computing efficiency of lattice 
fracture model will significantly decrease as the mesh size decreases, 
because more lattice elements will be generated. By considering the 
morphology of coarse aggregates and the computing efficiency, the 
current study set the mesh size as 0.4 × 0.4 mm2/grid. Then, the digital 
image of concrete was discretised into 250 × 250 square grids, followed 
by assigning a sub-cell in the grid’s centre. In each sub-sell, a lattice node 
was randomly placed and defined as mortar or coarse aggregate node 
depending on the major component of the grid [33,34]. After that, the 
size ratio of sub-cell to grid was applied to adjust the randomness of 
lattice mesh [38–41]. This size ratio was set as 0.5 in the current study.  

(2) Shape 

Triangulation mesh can be used to simulate the deformations in 
cement-based materials [41]. This type of mesh was also applied in the 
current study by connecting the nodes as lattice elements based on the 
Delaunay triangulation method [41,46]. Then, three types of lattice el-
ements were defined: mortar element connecting two mortar nodes, 
coarse aggregate element connecting two coarse aggregate nodes, and 
interface element connecting mortar and coarse aggregate nodes. 
Notably, Bisschop and Van Mier [5] found that the aggregates with size 
smaller than 1 mm showed very small restraining effect on the micro-
cracking. Similar results were reported by Idiart et al. [8]. Hence, the 
current study did not involve the restraining effect of fine aggregates, 
and considered the fine aggregates and cement paste as one element 
phase. Fig. 2a, b and c show the established Delaunay triangulation 
lattice meshes for Concrete-S, Concrete-M and Concrete-L, respectively. 
Generally, the aggregate volume is also an important factor to impact 
the drying-induced microcracking of concrete. Grassl et al. [7] indicated 
that the microcracks’ width increased as the aggregate volume 
increased. Since the current study focused on the aggregate size’s effect 
on the drying-induced microcracking, we attempted to control the 
coarse aggregates’ volume fractions of the concrete slice in a constant 
value. However, the coarse aggregates’ volume fractions of concrete 
slices were slightly different. For the Concrete-S, Concrete-M, and 
Concrete-L shown in Fig. 2, the coarse aggregates’ volume fractions 
were 0.37, 0.41, and 0.42, respectively. This difference was probably 
due to the variation of coarse aggregates’ spatial distribution. In addi-
tion, the surface area of coarse aggregates might be digitalized as mortar 
phase in the binary digital image processing because the colour of sur-
face area is close to that of mortar phase [33,34]. Since Concrete-S 
contained more surface area of coarse aggregates, the coarse aggre-
gates’ volume fraction might be underestimated in the binary digital 
image processing. Notably, the absolute volume fraction difference of 
coarse aggregates was smaller than 0.05. This volume fraction difference 
might be considered when analysing the results of the DIC measurement 
and the lattice fracture modelling.  

(3) Mechanical properties 

Based on the compression test described in section 2.3, the mortar, 
Concrete-S, Concrete-M and Concrete-L showed the compressive 
strength of 42.0 ± 0.7 MPa, 51.4 ± 0.7 MPa, 53.6 ± 0.4 MPa and 47.0 ±
0.4 MPa respectively. As shown in Table 3, the mechanical properties of 
lattice elements were mainly from literature [33,34,41]. The Rankine 
failure criterion was used as the fracture law of lattice elements, wherein 
the comparative stresses in lattice elements were required smaller than 
the strengths of lattice elements [39]. Notably, the interface elements’ 
length was around 0.4 mm. This length was much larger than the size of 
the ITZ (normally approximate 30 μm [47]). However, by adjusting the 
mechanical properties of interface elements, the impact of the ITZ on the 
performance of concrete can be considered in the lattice fracture 
modelling [41]. Qian et al. [39,40] calculated the harmonic average of 
the coarse aggregates and mortar elements’ elastic modulus as the 
interface element’s elastic modulus, and set the minimum value of the 
coarse aggregates and mortar elements’ tensile strength as the interface 
element’s tensile strength. However, they did not calibrate the calcu-
lated mechanical properties of interface elements. Luković et al. [41] 
calibrated the mechanical properties of interface elements to make sure 
that the substrate showed similar strength as the repair materials. 
Recently, we [33,34] used the mechanical properties of interface ele-
ments of Luković et al. [41] in the lattice fracture modelling, and found 
that the simulated non-uniform deformations were consistent with the 
DIC observations. Hence, theses mechanical properties of interface ele-
ments were also used in the current study. 

3.2. Drying-induced force imposed on lattice mesh 

Under drying conditions, a local force will rise in concrete due to the 

Table 3 
Mechanical properties of lattice elements in concrete [33,34,41].   

Elastic 
modulus (GPa) 

Compressive 
strength (MPa) 

Calculated tensile 
strength (MPa) 

Coarse aggregate 
elements 

80.0 90.0 9.0 

Mortar elements 20.5 42.0 4.2 
Interface 

elements 
15.0 25.0 2.5  

Fig. 3. Method for imposing drying-induced force on mortar and interface el-
ements in lattice fracture modelling. 
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Fig. 4. Measured displacement fields of mortar and concrete slices under drying for 60 days: (a), (c), (e) and (g) are along X-axis; (b), (d), (f) and (h) are along Y-axis.  
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shrinkage of the mortar phase. This drying-induced force (Nsh) can be 
obtained by considering the drying shrinkage (εm) and elastic modulus 
(Em) of the mortar phase (see Eq. (1) [41]). The εm of the mortar phase in 
the concrete slice was considered as the bulk drying shrinkage of the 

mortar slice (εm,bulk), which was quantified using the DIC technique [33, 
34,41]. 

Nsh = εmEmA (1)  

where A represents the cross-section area of element. εmEm represents 
the imposed local stress. In this study, A and Em were set as 0.132 mm2 

and 20.5 GPa, respectively. 
Nsh was loaded on the mortar elements according to the iteration 

algorithm in our previous studies [33,34]. First, a small force (Nj) was 
loaded on mortar elements at a step j (Fig. 3). Due to the restraining of 
other elements in the lattice mesh on this force, tensile stresses would 
rose in some elements. Then, GLAK would calculate the stress in each 
element, and search the element with the highest ratio of tensile stress to 
tensile strength, followed by increasing Nj until the element was broken. 
This process iterated until Nj increased to Nsh. At each step, GLAK would 
output the coordinates of each node and the residual stress in each 

Table 4 
Drying-induced forces imposed on the mortar and interface elements.  

Time since 
drying (days) 

Bulk shrinkage of mortar 
slice εm,bulk (μm/m)  

Force imposed on mortar and 
interface elements Nsh (kN)  

1 574 1.55 × 10− 3 

3 892 2.41 × 10− 3 

7 1088 2.94 × 10− 3 

11 1197 3.24 × 10− 3 

21 1412 3.82 × 10− 3 

28 1444 3.90 × 10− 3 

60 1627 4.40 × 10− 3  

Fig. 5. Simulated displacement fields of concrete specimens under drying for 60 days: (a), (c) and (e) are along X-axis; (b), (d) and (f) are along Y-axis.  
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element. 
Notably, the ITZ also affects the drying shrinkage of the concretes 

with different aggregate sizes [29], which should be considered in 
modelling the drying shrinkage of concrete. Maruyama and Sugie [29] 
proposed a constitutive law of element containing ITZ to simulate the 
drying shrinkage of concretes with different aggregate size. In the cur-
rent study, Nsh was imposed on the interface elements to deal with the 
effect of ITZ on the drying shrinkage of concrete. 

3.3. Boundary conditions 

Generally, some nodes of the lattice mesh should be set as unmovable 
to avoid the floating of the lattice mesh in the lattice fracture modelling 
process. As observed by using the DIC (see section 4), the deformations 
of concrete slice were towards the centre. To compare with the DIC 
observation, the node in the lattice mesh centre were set as unmovable. 
Further, the coarse aggregate elements were assumed as unbreakable 
because the granite coarse aggregates used in this study have much 
larger strength than the ITZ and mortar. 

3.4. Microcrack area and width 

A broken lattice element was considered as a microcrack [33,34]. 
The width of microcracks was calculated using Eq. (2). 

wi,j = l′i,j − l0
i + (2)  

where l0i represents the distance of nodes before deformation, l′i,j repre-
sents the distance of nodes at modelling step j. l′i,j − l0i + is the positive 
part operator for l′i,j − l0i , if l′i,j − l0i is negative, l′i,j − l0i + is calculated as 
zero. 

The microcracks’ total area of concrete was calculated following Eq. 
(3) [34]. 

ACrack,j =

∑
i

(
wi,j × lc

)

AConrete
× 103 (3)  

where ACrack,j represents the microcracks’ area per unit concrete’s area 
(mm2/m2), lc represents the cross length of lattice element (this value 
was set as 0.4 mm) and AConrete represents the area of concrete slice (100 
× 100 mm2). 

Fig. 6. Comparison between measured (DIC) and simulated (Lattice) bulk 
drying shrinkage of concretes with different coarse aggregate sizes under drying 
up to 60 days. 

Fig. 7. Maximum principal strains (εmax) in the concrete slices with different coarse aggregate sizes captured using DIC (60 days since drying).  
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3.5. Creep influence 

Cement-based materials normally show viscoelastic characteristics 
[48]. Bažant and Jirásek [49] summarized that the rate of nanoscale 
bond fractures in C–S–H gel will occur as the formation of 
drying-induced stresses, thereby causing the drying creep in 
cement-based materials. In the present study, the DIC was applied to 
determine the total drying shrinkage of mortar slice (εm,bulk). By using 
Eq. (1), the drying-induced local force (Nsh) imposed on the mortar el-
ements was calculated from the bulk drying shrinkage of mortar slice 
(εm,bulk). As indicated by Grasley et al. [50], εm,bulk consists of true free 
shrinkage (εsh), drying creep (εcr) and remaining strain required for 
strain compatibility (εel). According to the data reported in Ref. [49], the 
drying creep can account for 30% of the total drying shrinkage of con-
crete at 100 days since drying. In the current study, the impact of drying 
creep (εcr) on the deformations of concrete was taken into account by 
applying Eq. (1) to calculate Nsh. However, the restraining of coarse 
aggregates and the formation of microcracks might redistribute the local 
stresses in concrete, which could change the drying creep in concrete. 
Further work should deal with this effect on the drying shrinkage of 
concrete. 

4. Results and discussions 

4.1. Deformations of mortar and concrete 

Fig. 4 displays the displacement fields of the mortar and concrete 
specimens along the X- and Y-axis (determined by using the DIC). The 
red and blue show the displacements towards the positive and negative 
of axis, respectively. According to in Fig. 4c–h, the displacement fields in 
the concrete slices became non-uniform as the coarse aggregate size 
increased. This is mainly caused by the restraining of coarse aggregates 

on the drying shrinkage of mortar phase. 
According to section 3.2, the bulk drying shrinkage of the mortar 

slice (εm,bulk) (determined using DIC) was used to calculate the drying- 
induced force imposed on the mortar and interface elements (Nsh). 
Table 4 shows the obtained Nsh at different drying times. 

Fig. 5 displays the displacement fields of the concrete slices obtained 
using the lattice fracture model. The simulated displacement fields in the 
concrete slices became more heterogenous as the coarse aggregate size 
increased, which is consistent with the DIC observations. 

Fig. 6 exhibits the simulated bulk drying shrinkage of concrete slices 
compared with experiment. At 60 days since drying, the bulk drying 
shrinkage of Concrete-S, Concrete-M and Concrete-L increased to 622 
μm/m, 463 μm/m, and 403 μm/m, respectively, which are slightly 
smaller than the DIC data. This is probably because that the drying creep 
was not yet fully dealt with in the simulation. In addition, the bulk 
drying shrinkage of concrete slices decreased with increasing the size of 
coarse aggregate. This trend is in good agreement with the observations 
from literature, such as Maruyama and Sugie [29]. The main reason is 
that the shrinkage of interface elements is relatively large due to the low 
elastic modulus of interface elements, and more interface elements will 
exist in the concrete with constant coarse aggregate volume as the coarse 
aggregate size decreases. 

4.2. Damage and microcracks in concrete 

Fig. 7 shows the maximum principal strains (εmax) in the concrete 
slices determined using DIC. The εmax of the concrete slices were non- 
uniform, including tensile strains (positive) and compressive strains 
(negative). Concrete-M and Concrete-L show more areas with large 
tensile strains (orange and red). 

As can be seen from Fig. 8, the εmin of the concrete slices also include 
tensile strains (positive) and compressive strains (negative). Further, the 

Fig. 8. Minimum principal strains (εmin) of the concrete slices with different coarse aggregate sizes captured using DIC (60 days since drying).  

P. Gao et al.                                                                                                                                                                                                                                     



Composites Part B 216 (2021) 108880

9

patterns of εmin could be used to identify the distribution of coarse ag-
gregates, because the tensile strains in coarse aggregates were relatively 
small (white and light blue). Notably, some tensile strains can be found 
in coarse aggregates (red and orange, e.g. the area indicated by the 
arrow in Fig. 8c). The formation mechanism of these tensile strains in the 
coarse aggregates has been clarified in a recent study by our group [33]: 
With ongoing drying, the mortar shell that surrounds the coarse aggre-
gates will be broken due to the formation of microcracks. Hence, the 
compressive stress imposed on the coarse aggregates will be released. In 

addition, due to the shrinkage of the mortar near the microcracks, a 
shear stress along the interface will be exerted. As a result, tensile strains 
could occur in the coarse aggregates. 

Recently, identification of the damage patterns in concrete from non- 
uniform strains is increasingly concerned [26,27,34], because the 
non-uniform strains can be efficiently measured by the technique such as 
DIC. Several decades ago, Mazars [51] proposed the equivalent tensile 
strain (ε̃) concept by combining εmax and εmin (see Eq. (4)), and indicated 
that the damage in concrete will occur if the value of ̃ε is larger than the 
local threshold tensile strength (K0) in concrete. Later, this concept was 
used by Lagier et al. [26], Mauroux et al. [27], and our recent study [34] 
to determine the patterns of drying-induced damage of concrete. 

ε̃=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

εmax
2
+ + εmin

2
+

√

(4)  

where ̃ε represents the equivalent strain, and ε+ represents the positive 
part operator for εmax and εmin. 

In the current study, the concept of ̃ε was also considered to capture 
the drying-induced damage’s patterns of the concretes with different 
coarse aggregate sizes. Because the interface and mortar phases showed 
much smaller strength than the coarse aggregates, the drying-induced 
damage was easy to form in the interface and mortar phases. Hence, 
this study focused on the drying-induced damage in the interface and 
mortar phases. The damage patterns were identified as follows: At first, 
the distributions of the mortar and interface phases were obtained by 
removing the coarse aggregates. Then, ε̃ in the mortar and interface 
phases was calculated according to Eq. (4) and used to identify the 
patterns of ̃ε > K0. According to the method of Lagier et al. [26], the K0 
was calculated from the tensile strength (ft,mortar) and elastic modulus 
(Emortar) of mortar, viz., K0 = ft,mortar/Emortar. By using the mechanical 
properties of mortar shown in Table 3, the K0 was calculated as 204 

Fig. 9. Damage patterns in concrete slices under drying for 60 days determined using DIC. Grey represents coarse aggregates. Colour represents damage patterns. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. Damage index (D̃ε,m&i) of concrete slices with different coarse aggre-
gate sizes under drying up to 60 days. 
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μm/m. 
Fig. 9a, b and c show the identified damage patterns in Concrete-S, 

Concrete-M, and Concrete-L, respectively. In Concrete-M and 
Concrete-L, the damage patterns were significant and radially connected 
coarse aggregates. Notably, the damage caused by the microcracks <5 
μm in width might not be identified because the DIC set-up used in 
current study shows the displacement accuracy of 5 μm. 

In the studies of Maruyama et al. [28,29], a damage index (Dε) was 
used to evaluate the degree of microcracking in concrete (see Eq. (5)). 
This Dε showed good correlation with the bulk drying shrinkage of 
concrete [28]. However, the Dε might overestimate the damage in 
concrete because the threshold tensile strain (K0) was set as 0 μm/m. 
Our recent study [34] proposed a new damage index (D̃ε) by combining 
the equivalent tensile strain concept and the research of Maruyama et al. 
[28,29]. We found that the D̃ε increases linearly with the microcracks’ 
area obtained using the lattice fracture model. Since the current study 
concerned the microcracks in mortar and interface, we modified the D̃ε 
as D̃ε,m&i by considering the area of ε̃i > K0 in the subset of mortar or 
interface (see Eq. (6)). 

Dε =

∑
i

(
εmax,i⋅Ai

⃒
⃒εmax,i > 0

)

∑
iAi

(5)  

where Ai represents the area of subset i in the DIC measurement, εmax,i 

represents the maximum principal strain of the subset i. 

D̃ε,m&i =

∑
i

(

ε̃i,m&i⋅Ai

⃒
⃒
⃒
⃒ε̃i,m&i > K0

)

∑
iAi

(6)  

where ε̃i,m&i represents the equivalent strain of the mortar or interface 
subset i. 

Fig. 10 shows the obtained D̃ε,m&i of the concrete slices with different 
coarse aggregate sizes under drying up to 60 days. The D̃ε,m&i of 
Concrete-S remained approximate 15 μm/m even dried for 60 days. In 
contrast, the D̃ε,m&i of Concrete-M and Concrete-L grew to 82 μm/m and 
91 μm/m, respectively, indicating the relatively high microcracking risk 
in Concrete-M and Concrete-L. 

Fig. 11 shows the drying-induced microcracks in the concrete slices 
with different coarse aggregate sizes (obtained using the lattice fracture 
model). In order to compare with the damage patterns identified using 
the DIC, only the microcracks with the width larger than 5 μm were 
displayed. As can be seen, two types of microcracks were obtained: (1) 
The microcracks (red) in the mortar phase showed radial patterns con-
necting coarse aggregates. (2) The microcracks (yellow) on the interface 
formed parallel to the surface of coarse aggregates. As shown in Fig. 12, 
the simulated microcrack patterns were in good correlation with the 
damage patterns identified from DIC. To quantify the relationship be-
tween the simulated microcrack patterns and the measured damage 
patterns, the damage index was plotted versus the area of >5 μm 
microcracks as shown in Fig. 13. As can be seen, the area of >5 μm 

Fig. 11. Patterns of >5 μm microcracks in concrete slices under drying for 60 days (obtained using lattice fracture model): grey is mortar, blue is interface, black is 
concrete, red is microcrack in mortar, yellow is microcrack in interface. Deformations and microcracks are magnified 50 times. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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microcracks increases linearly with the increase of the damage index, 
illustrating that the damage index can be used to reflect the level of 
microcracking. For example, if the damage index is smaller than 20 μm/ 
m, the microcracking risk of concrete will be low. 

4.3. Effect of aggregate size on microcracking in concrete 

As illustrated in sections 4.1 and 4.2, the drying-induced displace-
ments and microcracking in concrete obtained using the lattice fracture 
model compared well with the DIC observations. This illustrates that the 
lattice fracture modelling was reliable for evaluating the effect of 
aggregate size on the drying-induced microcracking in concrete. In this 
section, the characteristics of the drying-induced microcracks, which 
were from the lattice fracture modelling, were discussed as follows. 

As shown in Table 5, the coarse aggregate size significantly influ-
enced the area of the microcracks >5 μm in width. For example, at 60 
days since drying, the area of >5 μm microcracks in Concrete-S was 
340.2 mm2/m2, while that of >5 μm microcracks in Concrete-M and 
Concrete-L increased to 582.7 mm2/m2 and 796.6 mm2/m2, respec-
tively. This trend was in line with both the DIC observations (see Fig. 9) 
and the experimental observations (fluorescent epoxy impregnation) 
from literature [5,6]. However, the coarse aggregate size did not have 
strong impact on the microcracks’ total area. For example, the 

Fig. 12. Comparison between damage and microcrack patterns (>5 μm) in concrete slices with different coarse aggregate sizes under drying for 60 days.  

Fig. 13. Damage index versus area of >5 μm microcracks in concrete slices with 
different coarse aggregate sizes. 

Table 5 
Area of microcracks in concrete slices with different coarse aggregate sizes (mm2/m2).  

Time since drying (days) Area of microcracks (mm2/m2) 

Concrete-S Concrete-M Concrete-L 

>5 μm microcracks Total microcracks >5 μm microcracks Total microcracks >5 μm microcracks Total microcracks 

1 6.4 190.3 30.0 281.9 71.3 342.4 
3 48.9 459.1 118.9 563.9 230.6 616.7 
7 110.4 654.8 225.5 746.7 375.6 806.2 
11 141.7 743.9 291.8 835.9 443.1 891.4 
21 233.3 931.9 433.9 1009.6 622.2 1098.7 
28 245.2 949.9 455.6 1035.5 643.8 1123.5 
60 340.2 1106.3 582.7 1183.6 796.6 1281.2  
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microcracks’ total areas were around 1200 mm2/m2 at 60 days since 
drying. Idiart et al. [8,9] also found that the simulated drying-induced 
microcrack patterns were not consistent with the experimental obser-
vations if the thin microcracks were considered in the comparison, 
because the microcracks smaller than 1 μm were difficult to be deter-
mined in experiments such as the fluorescent epoxy impregnation. In the 
numerical study of Grassl et al. [7], the microcracks’ total area was even 
found to decrease as increasing the aggregate size. The current study 
also found that the number of small microcracks decreased with 
increasing the aggregate size (see Fig. 14). Hence, the statement that 
“the aggregate size increases the area of drying-induced microcracks” 
should be considered carefully. 

4.4. Effect of aggregate size on tensile stress in concrete 

According to the studies of Goltermann [10,11] and Moon [12], 
tensile stress shell will form tangentially to the aggregate due to the 
restraint of aggregate on the drying shrinkage of matrix, which could 
cause the formation and propagation of microcracks. However, there 
remains a gap in establishing the relationship among aggregate size, 
tensile stress shell, and drying-induced microcracks, because the value 
of the tensile stress was found to be independent of the aggregate size 
[10–12]. In this section, the patterns and thickness of tensile stress shell 
were obtained using the lattice fracture model, and used for analysing 
the effect of aggregate size on the microcracking in concrete. 

Fig. 15 displays the distribution of coarse aggregates (black), the 
patterns of tensile stresses (larger than 1 MPa, blue), and the patterns of 
all microcracks (orange). As can be seen in Fig. 15a, c and e, tensile stress 
shells could form surrounding the coarse aggregates at the beginning of 
drying. With increasing the coarse aggregate size, the areas of tensile 
stress shells increased. At 60 days since drying (see Fig. 15b, d and f), the 
patterns of tensile stress shells were dispersed owing to the formation of 
microcracks. 

Fig. 16 displays the patterns of the residual tensile stresses (>1 MPa) 
at the beginning of drying and the patterns of the microcracks (>5 μm) 
at 60 days since drying (Concrete-L). Two tensile stress shells were 
zoomed in Fig. 16b and c. Obviously, the large aggregate showed a 
larger tensile stress shell, which could increase the area of large 
microcracks (Fig. 16c). In addition, large microcracks seems to occur in 
the overlap area of two particles’ tensile stress shells. 

To directly clarify the influence of aggregate size on the tensile stress 
shell, the thickness of tensile stress shell in concrete was quantified as 
follows. At first, the total area (Atot,agg) and total number (Nagg) of coarse 
aggregates in the DIC images were obtained using the digital image 

process (see Appendix B). By assuming coarse aggregates as spherical, 
the average diameter of coarse aggregates (Dave,agg) was calculated as 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4Atot,agg/(πNagg)

√
. The total area of tensile stress shell (Atot,shell) was 

obtained from the lattice fracture modelling. Lastly, the average thick-
ness of tensile stress shell (δave,shell) was calculated according to Eq. (7). 
Notably, the minimum stress (σmin) in tensile stress shell exhibited in 
Figs. 15 and 16 was 1 MPa. However, the thickness of tensile stress shell 
would be different if the σmin in tensile stress shell was different. 

δave,shell =

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4
(
Atot,agg + Atot,shell

)

πNagg

√

− Dave,agg

)/

2 (7) 

By using the data in Appendix B, the δave,shell was calculated and 
exhibited in Fig. 17. The δave,shell seems to increase linearly with the 
average diameter of coarse aggregates (Dave,agg). For the tensile stress 
shell with a σmin of 0.0 MPa, the δave,shell increased from 1.09 mm to 2.13 
mm as increasing the Dave,agg from 4.46 mm to 10.90 mm. Further, the 
δave,shell decreased as the σmin in tensile stress shell increased. For 
example, the δave,shell decreased from 2.13 mm to 0.22 mm as the σmin in 
the tensile stress shell increased from 0.0 MPa to 1.6 MPa in Concrete-L. 

Based on the above analysis, the tensile stress shell thickness of 
coarse aggregates decreases with decreasing the coarse aggregate size, 
which will decrease the area of large microcracks. However, this raises a 
question: how the concrete with small coarse aggregates releases the 
drying shrinkage force in the mortar phase. By comparing Fig. 15b and f, 
the microcracks in Concrete-S seem to be dispersed by the coarse ag-
gregates. Table 6 shows the numbers of ≤5 μm and >5 μm microcracks 
(broken elements) in the concrete slices with different coarse aggregate 
sizes (obtained using the lattice fracture model). As can be seen, the 
number of ≤5 μm microcracks in Concrete-S was much larger than that 
in Concrete-M and Concrete-L, while the number of >5 microcrack in 
Concrete-S was relatively small. For example, the number of ≤5 μm 
microcracks at 60 days since drying in Concrete-S was 27.53 × 103, 
which was much bigger than that in Concrete-M (18.08 × 103) and 
Concrete-L (14.15 × 103). For the concrete with constant coarse 
aggregate volume, the number of coarse aggregates will increase as 
decreasing the coarse aggregate size. Hence, more ITZ and connections 
between coarse aggregates will be introduced in the concrete, thereby 
increasing the propagation paths of small microcracks. Accordingly, the 
drying shrinkage force from the mortar phase can be released due to the 
formation of small microcracks. 

To sum up, the coarse aggregate size shows two effects on the drying- 
induced microcracking in concrete: (1) The propagation paths of 
microcracks are increased as the coarse aggregate size decreases, which 
increases the number of small microcracks and releases the drying 
shrinkage force from mortar phase. (2) The thickness of tensile stress 
shell is decreased with decreasing the coarse aggregate size, which re-
duces the number of large microcracks. Hence, the area of large 
microcracks, which are more harmful for the mechanical and transport 
properties of concrete, can be reduced by decreasing the coarse aggre-
gate size. 

4.5. Practical importance and further work  

(1) Practical importance 

By combining the DIC and the lattice fracture modelling, the present 
study quantified the drying-induced non-uniform stresses/strains of the 
concrete slices with different coarse aggregate sizes. This provides a 
better understanding of the effect of coarse aggregate size on the drying- 
induced microcracking in concrete. Further, as illustrated in Fig. 16, the 
two aggregates’ tensile stress shells could have overlap. This overlap 
seems to cause large microcracks in concrete. A hypothesis was proposed 
that the large drying-induced microcracks in concrete can be reduced by 
controlling the area of tensile stress shells’ overlap, which might be 

Fig. 14. Cumulative distribution of microcracks in concretes with different 
aggregate sizes under drying for 60 days. 
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helpful for concrete mix design. For example, as shown in Fig. 17, the 
tensile stress shells’ thickness was proportional to the coarse aggregate 
size. For σmin = 0 MPa, δave,shell = 0.203Dave,agg. By using the data shown 
in Fig. 17, the concrete with the Dave,agg of 10.9 mm (volume fraction =
0.4) showed the tensile stress shells’ overlap (see Fig. 18a). Based on the 
linear relationship between δave,shell and Dave,agg, the tensile stress shells’ 
thickness for the Dave,agg of 4.45 mm was calculated as 0.90 mm. As 
shown in Fig. 18b, below this size the concrete will not show the tensile 

stress shells’ overlap if the coarse aggregates are homogenously 
distributed (coarse aggregates’ volume fraction = 0.4). It is noted that 
this calculation was in two-dimension. Because Dave,agg was calculated 
from the cross-section image of coarse aggregates, Dave,agg was smaller 
than the coarse aggregates’ size, In the three-dimensional calculation, 
the relationship between the real coarse aggregate size and the tensile 
stress shells’ thickness should be considered. 

Fig. 15. Patterns of tensile stresses (>1 
MPa) in concrete slices with different 
aggregate sizes at the beginning of drying 
(left) and 60 days since drying (right). Note: 
black, blue and orange represent coarse ag-
gregates, tensile stresses >1 MPa, and total 
microcracks, respectively. Drying-induced 
force imposed on mortar elements were 
0.30 × 10− 3 kN in left figures and 4.4 ×
10− 3 kN in right figures. (For interpretation 
of the references to colour in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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(2) Further work 

Since the ITZ normally shows poor mechanical properties, the in-
fluence of the ITZ on the drying-induced microcracking in concrete 
should also be discussed. One the one hand, more ITZ will be introduced 
in concrete if small aggregates are used. As indicated by Goltermann 
[10,11], shear stresses could rise along the ITZ and cause shear cracks. 
However, owing to the compressive stresses around the ITZ, the width of 
the microcracks along the ITZ is much smaller than that of the radial 
microcracks in the matrix. Moreover, the ITZ’s porosity will be reduced 
as the aggregate size decreases [52]. The above two mechanisms can be 
used to explain the better transport properties of the concrete (after 
drying) that contains small aggregates [53]. According to the micro-
crack patterns (obtained using the lattice fracture modelling) as shown 
in Fig. 11, the microcracks on the interface elements were also less 
significant than that in the mortar elements. Hence, more attention 
should be paid on the drying-induced microcracking in matrix. Never-
theless, the quantification of the aggregate size’s impact on the porosity 
and mechanical properties of ITZ is an important research topic to 
investigate the drying-induced microcracking of concrete with different 
aggregate sizes in further work. In addition to causing the deterioration 
of mechanical properties, the microcracking might accelerate the mass 
transport and reduce the durability of concrete [46]. This is another 
research direction in further work. 

Fig. 16. Patterns of tensile stresses (>1 MPa) at the beginning of drying and microcracks (>5 μm) at day 60 since drying in Concrete-L.  

Fig. 17. Average thickness of tensile stress shell versus average diameter of 
coarse aggregates (at the beginning of drying). 

Table 6 
Number of microcracks in concrete slices with different coarse aggregate sizes.  

Time since drying (days) Number of microcracks 

Concrete-S Concrete-M Concrete-L 

≤5 μm microcracks >5 μm microcracks ≤5 μm microcracks >5 μm microcracks ≤5 μm microcracks >5 μm microcracks 

1 15720 20 11743 97 10147 233 
3 21766 164 15393 387 12300 690 
7 24189 331 16676 724 13092 1058 
11 25115 415 17004 926 13415 1225 
21 26553 697 17706 1344 13947 1643 
28 26634 736 17795 1405 14002 1688 
60 27534 1016 18076 1734 14151 1999  
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Notably, the real concrete structures could suffer from other factors 
such as non-uniform drying, moisture gradients and differential 
shrinkage [35]. These factors could interact with the components of 
concrete. For example, the moisture diffusion in concrete is significantly 
influenced by the spatial distribution of aggregates [54]. Hence, the 
volume, size, shape of aggregates should be considered to analyse the 
influence of moisture gradients on the microcracking in concrete. 
Further work should therefore incorporate the interaction mechanisms 
of these factors to reveal the drying-induced microcracking behaviour of 
real concrete structures. 

5. Conclusions 

This study deals with the effect of coarse aggregate size on the non- 
uniform strains, residual stresses and microcracking of the concrete 
slices (thickness = 10 mm) with different coarse aggregate sizes (5–10 
mm, 10–16 mm, 16–20 mm) dried at 20 ◦C, 40% RH up to 60 days by 
combining the DIC and the lattice fracture modelling. The coarse ag-
gregates’ volume fractions were 0.37, 0.41, and 0.42 in the concrete 
slices with 5–10 mm, 10–16 mm and 16–20 mm coarse aggregates, 
respectively. The following conclusions can be drawn:  

(1) According to the DIC observations, the bulk drying shrinkage of 
concrete decreased with increasing the coarse aggregate size, 
while the local displacements became more non-uniform. The 
maximum (εmax) and minimum (εmin) principal strains deter-
mined using the DIC were used to identify damage patterns and 
damage index (D̃ε) in concrete slices. With increasing the drying 
time to 60 days, the D̃ε of the concrete slice with 5–10 mm coarse 
aggregates remained approximate 15 μm/m, while the D̃ε of the 
concrete slices with 10–16 mm, and 16–20 mm coarse aggregates 
increased to 82 μm/m and 91 μm/m, respectively, illustrating the 
high cracking risk in the concrete with large coarse aggregate 
size. 

(2) The drying-induced microcracking of concrete slices was simu-
lated by imposing the drying-induced forces onto the mortar and 
interface elements. The simulated bulk drying shrinkage of con-
crete slice decreased as increasing the coarse aggregate size, 
which were in line with the DIC observations. The simulated 

patterns of the microcracks larger than 5 μm in width were 
consistent with the damage patterns captured using the DIC.  

(3) The coarse aggregate size shows two effects on the drying- 
induced microcracking in concrete: 1) With decreasing the 
coarse aggregate size in the concretes, the propagation paths of 
microcracking are increased, which increases the number of 
microcracks and releases the drying shrinkage force from mortar 
phase. 2) The thickness of tensile stress shell is decreased with 
decreasing the coarse aggregate size, thereby decreasing the area 
of large microcracks. At the beginning of drying, the thickness of 
tensile stress shell decreased from 2.13 mm to 1.09 mm (mini-
mum stress in tensile stress shell was 0.0 MPa) with decreasing 
the coarse aggregate size from 16-20 mm to 5–10 mm. At 60 days 
since drying, the area of the microcracks larger than 5 μm in 
width decreased from 796.6 mm2/m2 to 340.2 mm2/m2.  

(4) The large microcracks are relevant to the overlap of the tensile 
stress shells between coarse aggregates. The quantification of the 
tensile stress shells’ thickness is beneficial to reduce the tensile 
stress shells’ overlap by controlling the coarse aggregate size, 
which might be helpful for concrete mix design from the view 
point of reducing large microcracks. 
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Appendix A. Surface of concrete slice after cutting process 

The speed of cutting machine should be adjusted according to the properties of concrete. In the present study, the cutting speed was set as 200 r/ 
min to ensure that the surface was smooth and no significant cracks were observed. Fig. A1 shows a photo of concrete slice after the cutting process.

Fig. A.1. Photo of concrete slice after cutting process  

Appendix B. Parameters for calculating average thickness of coarse aggregates’ tensile stress shells 

Table B.1 shows the obtained number (Nagg), average diameter (Dave,agg), and total area (Atot,agg) of coarse aggregates in the DIC images of Concrete- 
S, Concrete-M and Concrete-L, respectively. The obtained Dave,agg was smaller than the coarse aggregates’ size, because Dave,agg was calculated from the 
cross-section image of coarse aggregates. Fig. B1 shows the total area of tensile stress shells (Atot, stress) with different minimum stresses. As can be seen, 
as the σmin in tensile stress shell was relatively higher (e.g. >1 MPa), the Atot, stress in Concrete-S was smaller than that in Concrete-M and Concrete-L. 
However, as the σmin in tensile stress shell decreased to 0.0 MPa, the Atot, stress in Concrete-S became much larger than that in Concrete-M and Concrete- 
L. This illustrates that small aggregates play a role in dispersing tensile stress by increasing the total area of tensile stress shells.  

Table B.1 
Parameters of coarse aggregates in DIC images   

Number of coarse aggregates Total area of coarse aggregates (mm2) Average diameter of coarse aggregates (mm) Coarse aggregate size (mm) 

Concrete-S 237 3700 4.46 5–10 
Concrete-M 75 4100 8.34 10–16 
Concrete-L 45 4200 10.90 16–20   
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Fig. B.1. Total area of tensile stress shells with different minimum stresses (at beginning of drying).  
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[44] Zhang H, Šavija B, Figueiredo SC, Schlangen E. Experimentally validated multi- 
scale modelling scheme of deformation and fracture of cement paste. Cement Concr 
Res 2017;102:175–86. 

[45] Zhang H, Xu Y, Gan Y, Chang Z, Schlangen E, Šavija B. Combined experimental and 
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