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A B S T R A C T

This study contains an investigation of the thermomechanical response and the cracking behavior of a concrete 
plate, subjected to diurnal temperature changes, with a particular focus on the influence of the relative humidity 
(RH). The latter contributes to the heterogeneity of the thermal expansion of the concrete constituents and, 
thereby, has an influence on the mesoscopic cracking behavior. In the present work, a mesoscale thermo
mechanical phase-field fracture model is established, considering the mesostructure of concrete, consisting of 
mortar, aggregates, and interfacial transition zones (ITZs). The ITZs are regularized with an auxiliary interfacial 
phase-field. The mesoscale results are compared with the ones from macroscopic phase-field analyses. It is found 
that, while the relative humidity exhibits an insignificant impact on the macrostresses, it has a significant in
fluence on the mesostress fluctuations and the fracture damage. Astonishingly, mesocracking even occurs in 
macroscopically-compressed regions of the plate. This is primarily due to the large RH-dependent expansive 
thermal eigenstrains in the mortar, which result in tensile stresses in the aggregates and the ITZs, and in an 
increase of risk of mesocracking. These cracks start in the ITZs. Their propagation and orientation are governed 
by the local principal stresses. This agrees with the results of microelastic analyses. Therefore, both the mesoscale 
phase-field simulations and the microelastic models can be employed to predict the initiation of cracking, 
providing insight into the design and the durability assessment of thermally-loaded concrete structures.

1. Introduction

Concrete structures are generally subjected to cyclic changes in 
ambient temperature and humidity [1–3]. Restrained thermal eigen
strains, as products of the temperature change and the thermal expan
sion coefficient [4], result in thermal stresses and cracking [5–7]. This 
can entail degradation of the elastic stiffness and strength of concrete 
materials [8–10] and, furthermore, loss of durability of concrete struc
tures [11,12].

The thermal expansion coefficient of concrete is critical for the 
quantification of thermal stresses. It depends on the initial composition, 
the maturity, and the internal relative humidity [4,13–15]. The type of 
aggregates, occupying a substantial volume fraction of around 70 % for 
typical concretes [16,17], apparently determines the magnitude of its 
thermal expansion coefficient. For example, concrete containing 

siliceous aggregates generally exhibits a larger thermal expansion co
efficient, compared to concrete containing carbonate aggregates [18, 
19]. The thermal expansion coefficient of concrete decreases, in most 
cases, almost linearly with increasing volume fraction of the coarse 
aggregates [15,20]. This is primarily attributed to the smaller thermal 
expansion coefficient of commonly used aggregates, compared to that of 
the cement paste [15]. The latter, in turn, is a bell-shaped function of the 
internal relative humidity [14,21]. Notably, RH can be translated into 
the water saturation degree of concrete provided that sorption isotherms 
are known [22]. The thermal expansion coefficient of cement paste 
peaks at around RH = 65%. At this level of partial saturation, it is almost 
twice as large as the minimum value which refers to RH = 100%, i.e. to 
full water saturation, as shown in Fig. 6 in Subsection 3.1. The nontrivial 
thermal expansion behavior of cement paste is a consequence of the 
reversible and quasi-instantaneous uptake/release of water by 
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nanoscopic cement hydrates, which is induced by decreasing/increasing 
the temperature of the material [21,23]. The 
temperature-change-induced nanoscopic water migration effect results 
in changes of the curvature of the menisci between water-filled and 
gas-filled parts of the nanoscopic porosity, and this leads to both (i) 
measurable changes of the internal relative humidity (referred to as 
hygrothermic coefficients) and (ii) of the underpressure experienced by 
the water-filled porosity. The changed pore underpressure, in turn, re
sults in a poromechanical contribution to macroscopic volume changes, 
and this manifests itself macroscopically as a non-orthodox thermal 
expansion behavior [21,23]. Because the thermal expansion coefficient 
of cement paste is a nonlinear function of the internal relative humidity, 
also the thermal expansion behavior of concrete and the corresponding 
thermal stresses depend on the saturation state of the material [15]. This 
provides the motivation for the present work to study the thermal 
response of a concrete plate by explicitly considering different levels of 
internal relative humidity, covering partial saturation (RH = 50% and 
RH = 65%) and full saturation (RH = 100%).

The influence of the internal relative humidity on the thermal 
response affects the thermal conductivity [24,25], the thermal defor
mation [4,26], and the potential degradation related to microcracking. 
As the moisture content increases, the thermal conductivity of concrete 
generally increases, consideration of which is essential for accurate 
determination of the temperature field. The latter, together with the 
relative humidity-dependent thermal expansion coefficient, provides 
access to the evolution of the thermal eigenstresses. The corresponding 
macroscopic thermal stresses vary only slightly with the change of the 
relative humidity, but the microscopic thermal stress fluctuations be
tween the cement paste and the aggregates depend strongly on the 
relative humidity [27]. These fluctuations underline the risk of micro
cracking, particularly in the interfacial transition zones (ITZs) between 
the aggregates and the surrounding cement paste. To account for this 
situation, mesoscopic thermoelastic damage modeling and Scanning 
Electron Microscopy (SEM) were utilized to study the microscopic 
cracking of concrete, subjected to high temperatures [28,29]. Thermo
mechanical modeling of concrete has mainly evolved in the continuum 
and discrete mechanics. Continuum-based approaches include, e.g., 
cohesive zone models [30,31], peridynamic models [32,33], and the 
crack band method [34]. They have demonstrated the capability of 
capturing thermomechanical damage of concrete at the mesoscale. 
These methods often face the challenge of mesh sensitivity [35,36]. In 
addition, failure of the ITZs is frequently modeled in an oversimplified 
manner. Recently, phase-field damage modeling [37,38] has emerged as 
a promising alternative for thermal fracture analysis. Discrete mechanics 
approaches include, e.g., the discrete element method [39,40] and lat
tice models [41]. They explicitly account for the microstructural gran
ular interactions of concrete. However, this comes at high 
computational costs when simulating multiscale cracking under ther
momechanical loading at structural scales. In the present work, the risk 
of cracking of concrete structures, subjected to moderate ambient 
thermal loading, is quantified in the framework of a phase-field damage 
model.

The phase-field model of fracture, established on the basis of the 
Griffith’s theory and the Frankfort-Marigo variational principle, is 
capable of capturing the initiation, propagation, and intricate 
networking of cracks [42–44]. The discrete crack surface is regularized 
to a smeared cracking zone, characterized by an auxiliary scalar vari
able. This regularization facilitates the smooth transition between 
cracked and intact regions. Progressive macrocracking can be simulated 
by solving partial differential equations for multifield problems without 
pre-defining of the cracking path. The phase-field model was success
fully applied e.g. to brittle fracture [44,45], dynamic fracture [42,46], 
fatigue fracture [47,48], and blasting failure [49]. Because of the het
erogeneous microstructure of concrete, consisting of the cement paste 
matrix, aggregate inclusions, and ITZs, simulation of microcracking is 
nontrivial, especially when considering the ultrathin nature of the ITZs. 

Seen from this point of view, an auxiliary phase-field was introduced to 
regularize the ITZs to smeared zones [50], which can capture both 
matrix cracking and interfacial debonding in case of, for example, 
corrosion-induced cracking [51] and FRP-to-concrete bonding failure 
[52]. In the present work, the mesoscale phase-field model is further 
extended to address thermomechanical problems for concrete, providing 
insight into thermally-induced cracking of concrete.

Herein, the dependence of the thermal response of concrete struc
tures on the relative humidity is investigated by means of a mesoscale 
thermomechanical phase-field model. While the preceding discussion of 
existing literature highlights the capability of various thermomechanical 
models, either continuum-based [30–34] or discrete [39–41], a critical 
research gap remains in the explicit, multiscale connection between 
internal relative humidity and thermal cracking. In particular, a 
comprehensive integration of the nonlinear, RH-dependent thermal 
properties of the cementitious matrix [14,21] into a fracture mechanics 
framework, capable of resolving the complex failure modes of ITZs, 
represents a critical and largely unmet challenge. The present study 
addresses this gap by resolving the mesostructure of concrete into a 
mortar matrix, aggregate inclusions, and ITZs. The discrete crack sur
faces are introduced as smeared crack phases. The ultrathin ITZs are 
regularized with an auxiliary interphasial phase-field. This allows for 
capturing bulk matrix cracking, interfacial debonding, and their inter
action and, thereby, quantifying RH-driven mesoscopic stress fluctua
tions and crack patterns, which is typically overlooked in existing 
macroscopic analyses [27]. As far as possible, simulation results are 
validated by an analytical microelastic model, demonstrating the pre
dictive capacity of the proposed model. Overall, the present study pro
vides multiscale insight into thermally-induced cracking of concrete that 
explicitly couples RH-dependent material properties with mesocracking 
mechanisms.

The remainder of this paper is structured as follows: The elements of 
the mesoscale thermomechanical phase-field model for concrete are 
described in Section 2. The established model is then in Section 3
exemplarily applied to a concrete pavement slab, subjected to a diurnal 
temperature change. Discussions on the mesoscopic stresses and the 
cracking behavior, as well as sensitivity analyses, are continued in 
Section 4, followed by concluding remarks drawn in Section 5.

2. Mesoscale thermomechanical phase-field model for concrete

2.1. Thermomechanical phase-field model for brittle fracture

An arbitrary solid material body Ω contains a matrix Ωm and an in
clusion Ωi, surrounded by the ultrathin interface ΓITZ in-between. In the 
framework of a phase-field model for fracture, the discrete crack surface 
Γc in Fig. 1(a) is approximated by a continuous smeared crack, char
acterized by an auxiliary scalar variable ϕ. The latter varies from 0 to 1, 
representing the transition from the intact (uncracked) state to a fully- 
damaged state, see Fig. 1(b). The solid body is subjected to boundary 
conditions, including the traction t→, the displacement u→Γ , the heat flux 
q→Γ , and the temperature TΓ , with ∂Ω = ∂Ωu ∪ ∂Ωt (∂Ωu ∩ ∂Ωt = ∅) and 

Fig. 1. Schematic representation of a solid material body with (a) a discrete 
crack Γc and ultrathin interface ΓITZ and (b) a smeared crack Γc(ϕ) and a 
smeared interphase ΓITZ(η).
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∂Ω = ∂Ωq ∪ ∂ΩT (∂Ωq ∩ ∂ΩT = ∅).
The Lagrangian energy functional, L , of the material body is ob

tained as the sum of the kinetic energy, elastic energy, fracture energy, 
thermal energy, and of the external energy, i.e. 

L =

∫

Ω

{
1
2

ρ ˙u→⋅ ˙u→− ψe(εe,ϕ) − Gcγd(ϕ,∇ϕ) +
(
ρcpṪ +∇ q→− Φ

)

+ b
→

⋅ u→
}

dV 

+

∫

∂Ωt

t→⋅ u→dS +

∫

∂Ωq

q→⋅ n→dS, (1) 

with u→ as the displacement vector and ˙u→˙
= ∂ u→

∂t as the velocity vector. 
The material is characterized by a mass density ρ, a specific heat ca

pacity cp, a body force vector b
→

, and an internal heat source Φ. The term 
ψe(εe,ϕ) stands for the elastic energy density; Gc denotes the critical 
energy release rate. The crack surface density γd(ϕ,∇ϕ) is defined as 
[42]

γd(ϕ,∇ϕ) =
ϕ2

2l0
+

l0
2
∇ϕ⋅∇ϕ, (2) 

with l0 denoting the length-scale parameter (internal length), which 
characterizes the width of the regularized crack phase. As shown in the 
following study, l0 = 3.8 mm, satisfies the condition that l0 has to be at 
least twice as large as the mesh size, l0 ≥ 2hmesh, with hmesh = 0.7 mm, 
and it ensures a sufficiently refined resolution of the phase-field tran
sition zone.

The elastic energy density ψe(εe,ϕ) depends on the phase-field ϕ and 
the elastic strain εe. The latter is defined as 

εe = ε − εe
T , (3) 

where the total strain ε and the thermal eigenstrain εe
T read as 

ε =
1
2

(
∇ u→+∇ u→T

)
(4) 

and 

εe
T = αΔT 1, (5) 

respectively, with α and ΔT standing for the thermal expansion coeffi
cient and the temperature change, respectively. The components of the 
second-order identity tensor 1 are equal to the Kronecker delta. The 
elastic energy density is decomposed into a positive part ψ+

e (εe) due to 
tension and a negative part ψ −

e (εe) due to compression. The positive part 
decreases with increasing cracking, i.e. [42–44]

ψ e(εe,ϕ) = g(ϕ) ψ+
e (εe) + ψ −

e (εe), (6) 

where g(ϕ) is the degradation function, reading as [42]

g(ϕ) = (1 − s)(1 − ϕ)2
+ s. (7) 

The parameter s≪1 is introduced to prevent the vanishing of the 
contribution of ψ+

e (εe) at ϕ = 1, for the sake of computational robust
ness. The positive and negative parts of the elastic energy density read as 
[44]

ψ±
e (εe) =

1
2

λ
〈
εe,1 + εe,2 + εe,3

〉2
±
+ μ

(〈
εe,1

〉2
±
+
〈
εe,2

〉2
±
+
〈
εe,3

〉2
±

)
, (8) 

with λ and μ standing for the bulk and shear modulus, respectively. εe,i 

(i = 1, 2, 3) represents the counterpart of the principal elastic strain in 
the direction n→i, i.e. 

εe =
∑

i=1,2,3
εe,i n→i ⊗ n→i. (9) 

The operators 〈x〉+ and 〈x〉− are defined as 

〈x〉+ =
1
2
(|x| + x ), 〈x〉− =

1
2
(|x| − x ). (10) 

The heat flux q→ is equal to the product of the thermal conductivity keff 

and the negative temperature gradient − ∇T, i.e. 

q→= − keff∇T. (11) 

Notably, the thermal conductivity decreases with increasing cracking. 
Following the phase-field regularization of discrete cracks into smeared 
damage, the effective conductivity is formulated with the phase-field 
damage variable ϕ, as [53]

keff = (1 − ϕ)2 k0 + ϕ2 kc, (12) 

where k0 is the thermal conductivity of the undamaged material body 
and kc represents that of the crack phase, dominated by the filling me
dium. Considering the low thermal conductivity of air (kc ≈ 0), the 
effective conductivity reads as [54]

keff = (1 − ϕ)2 k0. (13) 

The governing equations are established by substituting Eq. (7) into Eq. 
(6) and inserting the result, together with Eq. (2), into Eq. (1). This is 
followed by computing the variation of L due to variations of the 
displacement, the temperature, and the phase-field variable, i.e. of u→, T, 
and ϕ, respectively. The stationarity of L requires that its variation 
vanishes. This results in 

∇σ + b
→

= ρ ¨u→, in Ω, (14) 

ρcpṪ +∇ q→= Φ, in Ω, (15) 

[
2l0(1 − s)ψ+

e
Gc

+ 1
]

(1 − ϕ) − l20Δϕ = 1, in Ω, (16) 

with Δ = ∇⋅∇ standing for the Laplace operator. The stress tensor σ is 
obtained as 

σ =
[
(1 − s)(1 − ϕ)2

+ s
] ∂ψ+

e (εe)

∂εe
+

∂ψ −
e (εe)

∂εe
. (17) 

In order to ensure the irreversibility of the crack propagation, a memory 
field of the strain energy density H is introduced as 

H =

{
ψ+

e , ψ+
e > H i

H i, ψ+
e ≤ H i

, (18) 

with H i denoting the maximum historical strain energy density in the 
previous load increments. Replacing ψ+

e in Eq. (16) by H according to 
Eq. (18) leads to the governing equation of the phase-field variable ϕ as 
[
2l0(1 − s)H

Gc
+ 1

]

(1 − ϕ) − l20Δϕ = 1, in Ω. (19) 

The boundary conditions, see Fig. 1, read as 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

σ⋅ n→= t→, on ∂Ωt

q→⋅ n→= qΓ , on ∂Ωq

u→= u→Γ , on ∂Ωu

T = TΓ , on ∂ΩT

∂ϕ
∂ n→

= 0, on ∂Ω

, (20) 

with n→ standing for the outward unit normal vector on the boundary ∂Ω.
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2.2. Mesoscale representation of concrete

The ITZs in the concrete, which are thin layers typically of a thick
ness ranging from 15 to 30 μm surrounding the aggregates, are consid
ered as the weakest links inside the concrete microstructure due to their 
high porosity [55]. Consideration of the ITZs is crucial for the investi
gation of the initiation and propagation of microcracking in concrete. 
However, the small thickness of these layers presents numerical simu
lations with a great challenge. Following [50], an auxiliary phase-field 
η( x→) is introduced to regularize ultrathin ITZs to smeared interphases 
surrounding the aggregates, see Fig. 1(b). For simplicity, only coarse 
aggregates with diameters larger than 2 mm are considered in the 
following numerical simulations, while fine aggregates, along with the 
surrounding cement paste, are regarded as the mortar matrix.

The governing equation and the boundary conditions for the inter
facial phase-field η( x→) are defined as follows [50]: 
⎧
⎪⎪⎨

⎪⎪⎩

η − l2i Δη = 0, in Ω
η( x→) = 1, on ΓITZ

∇η⋅ n→= 0, on ∂Ω
, (21) 

with ΓITZ representing the aggregate boundaries and li denoting the 
length-scale parameter of the interfacial phase-field; li can be taken as 
equal to the length-scale parameter of the crack phase-field, i.e. li = l0 
[52]. The latter governs the regularization width of the smeared in
terphases. This regularization avoids direct resolution of the 
sub-millimetric width of the ITZs, amounting typically to some 40 mi
crons [55], into the finite mesh. Instead, the mechanical behavior of the 
weak ITZs is preserved by energy-based homogenization. This allows for 
modeling the crack initiation and propagation at ITZs without ultrafine 
meshes. The equivalent critical energy release rate inside the smeared 
interphasial zone, Gc,s(η), smoothly changes from that of mortar, Gc,mort , 
at η = 0, to that of ITZ, Gc,ITZ, at η = 1. It can be expressed as 

Gc,s(η) = Gc,ITZ[1 − h(η) ]+Gc,morth(η), (22) 

with h(η) = (1 − η)2 following from [50]. Given that the critical energy 
release rate of the ITZ is smaller than that of mortar, i.e. Gc,ITZ < Gc,mort , 
Eq. (22) results in an overestimation of the energy dissipated due to 
interfacial cracking. To mitigate this, a generalized critical energy 
release rate, Gc,ITZ, is introduced, which guarantees conservation of the 
fracture energy in the smeared crack zone [50]: 

Gc,ITZ =

∫ Ds

− Ds

{
Gc,ITZ[1 − h(η) ]+Gc,morth(η)

}
γd(η,∇η)dΩ. (23) 

The equivalent critical energy release rate inside the smeared inter
phasial zone Gc,s is determined by inserting Gc,ITZ, obtained from Eq. 
(23), into Eq. (22).

The size distribution of the aggregates in the concrete mixture is 
assumed to follow the Fuller grading curve, which is often used in en
gineering practice. The cumulative probability of the aggregates with 
diameters smaller than D0 reads as 

P(D < D0) =

(
D0

Dmax

)0.5

, (24) 

where Dmax represents the largest diameter of the aggregates. In order to 
reduce the computational efforts, the mesoscopic composition of con
crete is simulated by representative two-dimensional elements. They can 
be established by cutting the three-dimensional medium of concrete 
with a plane. This results in a cross-section with intersection circles, 
representing coarse aggregates. The cumulative size distribution of these 
circles follows from the Walraven function [56,57] as 

P(D < D0) = 1.455
(

D0

Dmax

)0.5

− 0.500
(

D0

Dmax

)2

+0.036
(

D0

Dmax

)4 

+0.006
(

D0

Dmax

)6

+0.002
(

D0

Dmax

)8

+0.001
(

D0

Dmax

)10

. (25) 

2.3. Model simplifications and limitations

While the proposed thermomechanical phase-field framework cap
tures the essential elements of the fracture behavior of concrete, the 
following simplifications are made as to achieve a reasonable balance 
between computational costs and research focus: 

● Concrete and its mesoscopic constituents (mortar, aggregates, and 
ITZs) are considered to be isotropic.

● The dynamic simulation of moisture transport during the diurnal 
temperature changes is beyond the scope of the present work. 
Instead, a stationary and uniform humidity field is envisioned. Still, 
different moisture levels are analyzed in order to account for sea
sonal variations [58]. The RH-dependent thermal expansion 
behavior is accounted for by means of Eq. (5).

● The ultrathin ITZs are represented by smeared interphasial phase- 
fields. Their actually graded thermomechanical properties remain 
unresolved in the interest of reasonable computation efforts.

While these simplifications indicate interesting directions for future 
extensions of the model, they are reasonable in relation to the focus of 
the present contribution, which rests on studying the influence of rela
tive humidity on the thermal response of concrete structures.

3. Exemplary study of a thermally-loaded concrete plate

3.1. Numerical model

A concrete pavement slab is exemplarily analyzed, see Fig. 2. The 
slab is modeled as a two-dimensional plate with the thickness of h =

0.25 m and the length of l = 5.00 m, considering plane strain hypoth
esis. The plate is considered to rest on an elastic Winkler foundation, 
with the modulus of subgrade reaction amounting to 100 MPa/m. This 
value is representative for well-compacted sand and gravel [59,60].

The plate is subjected to daily temperature cycles. For simplicity, it is 
considered to be in an isothermal initial condition, characterized by a 
reference temperature of Tref . The temperature at its bottom surface is 
assumed to be equal to the reference temperature, whereas the tem
perature at its top surface varies diurnally due to solar heating. The 
following function is introduced to describe this temperature variation 
after sunrise [4]: 

Ttop = Tref + ΔTtop
fin ⋅

1
2

[
1 − cos

( tπ
12 h

) ]
, (26) 

with Tref = 17 oC and ΔTtop
fin = 45 oC, representing a typical scenario in 

Fig. 2. Concrete plate, resting on a Winkler foundation, subjected to one- 
dimensional heat conduction in the thickness direction.
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summer. The lateral surfaces are considered to be thermally-insulated, 
resulting in one-dimensional heat conduction along the thickness di
rection of the plate. The representative differential equation is given as 

∂T
∂t

− a
∂2T
∂z2 = 0, (27) 

with the thermal diffusivity a = k0/
(
cp ρ

)
= 0.85 × 10− 6 m2/s for con

crete [61]. For quantification of the temperature field, the concrete is 
considered to be heterogenous. The temperature is nonlinearly distrib
uted in the thickness direction of the plate at the two investigated time 
instants, at 3 and 12 h after sunrise, see Fig. 3. Whereas, the internal 
relative humidity of concrete pavement is reported to be only slightly 
affected by diurnal ambient RH fluctuations, being predominantly 
governed by seasonal RH variations [58]. Therefore, the internal RH is 
considered as constant and uniform inside the plate herein, with RH =
50%, 65%, and 100%, respectively, chosen for the exemplary study to 
encompass typical service environments [1,58].

The thermomechanical response of the plate, considering the het
erogeneity of concrete, is addressed by conducting a macroscopic and a 
mesoscopic phase-field analysis. Because of symmetry, only half of the 
structure is modeled in the numerical analyses. As for the macroscopic 
phase-field analysis, the plate is discretized into 5095 triangular ele
ments, see Fig. 4. As for the mesoscopic phase-field analysis, the central 
2 m-part of the plate, which is susceptible to thermal cracking, is 
modeled as a heterogeneous composite. It consists of mortar, coarse 
aggregates, and interfacial transition zones (ITZs), while, for computa
tional efficiency, the concrete of the remaining part of the plate is 
treated as a homogeneous material. The largest and smallest diameter of 
the coarse aggregates is set as 16 mm and 2 mm, respectively, based on 
typical mixture designs of concrete. By referring to the Walraven func
tion, see Eq. (25), the size distribution of the aggregates is quantified. 
The coarse circular aggregates are randomly distributed inside the 
mesoscopic part of the plate, as illustrated in Fig. 5. For the mesoscopic 
analysis, the plate is discretized into 199,856 triangular elements.

The investigated plate consists of mature concrete, made with ordi
nary Portland cement with an initial water-to-cement mass ratio of 0.40, 
coarse aggregates of basalt, and fine aggregates of sandstone. The 
mesoscale heterogeneity of concrete, modeled as spherical coarse ag
gregates embedded in a continuous mortar matrix with interfacial 
transition zones (ITZs) in-between, is investigated in the framework of 
the established mesoscale thermomechanical phase-field model. For 
simplicity, the mortar, consisting of cement paste, fine aggregates, and 
ITZs, is considered as homogeneous. Because of the small volume frac
tion of the ITZs, they can be idealized as two-dimensional interfaces in 
the homogenization [4,62,63]. The thermoelastic properties of the 
mortar and the concrete can be determined by means of the Mori-Tanaka 
scheme. The homogenized bulk modulus, khom, shear modulus, μhom, and 

thermal expansion coefficient, αhom, of the matrix-inclusion composite 
are calculated as follows [15]: 

khom =

fiki

[

1 +
3(ki − km)

3km+4μm

]− 1

+ fmkm

fi

[

1 +
3(ki − km)

3km+4μm

]− 1

+ fm

, (28) 

μhom =

fiμi

[

1 +
6(km+2μm)(μi − μm)

5μm(3km+4μm)

]− 1

+ fmμm

fi

[

1 +
6(km+2μm)(μi − μm)

5μm(3km+4μm)

]− 1

+ fm

, (29) 

and 

αhom =
3kikm(αmfm + αifi) + 4μm(αmfmkm + αifiki)

3kikm + 4μm(fmkm + fiki)
, (30) 

where kp, μp, αp, and fp (p = i,m) stand for the bulk modulus, the shear 
modulus, the thermal expansion coefficient, and the volume fraction of 
the inclusion and matrix phase, respectively. The corresponding Young’s 
modulus and Poisson’s ratio of the homogenized composite as well as its 
constituents are obtained as 

E =
9kμ

3k + μ, υ =
3k − 2μ
6k + 2μ, (31) 

holding for isotropic materials. The volume fraction of the aggregates is 
chosen as f con

agg = 0.70. Aggregates with diameters smaller than 2 mm are 
considered as fine aggregates. The rest are coarse aggregates, the largest 
diameter of which is set equal to 16 mm. The volume fraction of the fine 
aggregates is determined from the Fuller grading curve, see Eq. (24), as 
fagg

fagg = (2/16)0.5
= 0.3535. Thus, the volume fraction of the coarse ag

gregates follows as fagg
cagg = 1 − fagg

fagg = 0.6465. At first, the matrix- 
inclusion composite of mortar, containing fine aggregates and cement 
paste, is homogenized. The volume fractions of the fine aggregates and 
the cement paste, with respect to the volume of mortar, follow as 

Fig. 3. Temperature distribution in the thickness direction of the plate at time 
instants of 3 h and 12 h after sunrise.

Fig. 4. Two-dimensional finite element mesh for the macroscopic phase-field 
analysis of the concrete plate.

Fig. 5. Two-dimensional representation and finite element mesh for the 
mesoscopic phase-field analysis of the concrete plate.
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fmort
fagg =

f con
fagg

f con
cp + f con

fagg
=

f con
agg f

agg
fagg

(
1 − f con

agg

)
+ fcon

agg f
agg
fagg

= 0.452 (32) 

and 

fmort
cp = 1 − fmort

fagg = 0.548. (33) 

The thermal expansion coefficient of cement paste and, thus, the ones of 
both mortar and concrete, depends nonlinearly on the internal relative 
humidity, see Fig. 6. The elastic properties of the mature cement paste 
and the thermoelastic properties of the fine sandstone aggregates are 
listed in Table 1(a) concerning the input and the homogenization results 
for mortar. Specifically, Young’s modulus of the cement paste follows 
from the experimental results in [64], for samples with an initial 
water-to-cement mass ratio of 0.40, at the age of 56 days after mixing. Its 
Poisson’s ratio is considered to be constant and equal to 0.20 [15]. The 
thermoelastic properties of the aggregates mainly depend on the mineral 
composition which may vary with the porosity, crystal orientation, and 
texture. Therefore, averages of the listed ranges for the thermal expan
sion coefficients [14] and the elastic parameters [65] for typical rock 
aggregates are considered, see [15] for details. Thereafter, the 
matrix-inclusion composite of concrete, containing coarse aggregates 
and homogenized mortar, is homogenized. The volume fractions of the 
coarse aggregates and the homogenized mortar, with respect to the 
volume of concrete, follow as 

f con
cagg = fcon

agg f
agg
cagg =

(
1 − f con

fagg

)
f con

agg = 0.453 (34) 

and 

f con
mort = 1 − fmort

fagg = 0.547. (35) 

The thermoelastic properties of the coarse basalt aggregates follow 
from [15], depending on the mineral composition, see Table 1(b) for the 
input and the homogenization results. The critical energy release rate of 
concrete is taken as Gc,con = 100 J/m2 [66]. Following [67], the corre
sponding values for the mortar and the ITZs are chosen as Gc,mort =

72 J/m2 and Gc,ITZ = 21 J/m2, respectively. Given that the aggregates of 
normal-strength concrete are stronger than the mortar and the ITZs, the 
former are considered to remain elastic [67]. Young’s modulus of the 
ITZs is considered to amount to 85 % of that of the surrounding bulk 
matrix, i.e. EITZ = 0.85Emort = 23.94 GPa, whereas their Poisson’s ratios 
and thermal expansion coefficients are considered to be equal, i.e. υITZ =

υmort and αITZ = αmort [4], see Table 1 for the corresponding values.

3.2. Results of macroscopic phase-field analysis

The distribution of the macroscopic normal stresses, experienced by 
concrete at the two investigated time instants, is nonlinear in the 
thickness direction of the plate, see Fig. 7 for the results at the midsec
tion of the plate. The midsection is considered to be representative of the 
bulk slab response, avoiding the influence of edge effects. Compressive 
stresses are observed near both the top and the bottom surface of the 
plate, while tensile stresses dominate the central region. As the time 
progresses from 3 h to 12 h after sunrise, the stresses increase signifi
cantly. However, the influence of the internal relative humidity on the 
macroscopic stresses is relatively small. This is primarily due to the 
rather moderate effect of the relative humidity on the thermal expansion 
coefficient of concrete, see Table 1. The thermal expansion behavior of 
cement paste is highly sensitive to changes in RH, see Fig. 6, but cement 
paste occupies only some 30 % of the concrete volume, while the rest of 
the volume is occupied by sand and aggregates which have an RH-in
dependent thermal expansion behavior. Specifically, 3 h after sunrise, 
the largest compressive stress at the top surface amounts to 2.14 MPa, 
2.25 MPa, and 1.79 MPa for RH = 50%, 65%, and 100%, respectively, 
and the corresponding largest tensile stress in the central region 
amounts to 0.45 MPa, 0.47 MPa, and 0.37 MPa, respectively. 12 h after 
sunrise, the largest compressive stress at the top surface increases to 
4.12 MPa, 4.26 MPa, and 3.67 MPa for RH = 50%, 65%, and 100%, 
respectively, and the corresponding largest tensile stress in the central 
part of the plate increases to 1.39 MPa, 1.47 MPa, and 1.21 MPa, 
respectively. The macroscopic phase-field results referring to 12 h after 
sunrise agree well with the reported analytical solutions computed 
based on the Kirchhoff hypothesis and a Vlasov-type of structural 
analysis [4], subjected to the same thermal loading, see Fig. 7(b). The 
quantified tensile stresses are smaller than the tensile strength of con
crete, indicating that the analyzed diurnal temperature increase is un
likely to induce macroscopic cracking.

The distributions of the phase-field damage, ϕ, inside the concrete 
plate at the two investigated time instants are illustrated in Fig. 8. 
Overall, the damage remains almost negligible, with the maximum 
values reading as ϕ = 12.35 × 10− 6 and 18.02 × 10− 5 at the time in
stants 3 h and 12 h after sunrise, respectively. The phase-field damage is 
similarly distributed as the macroscopic tensile stresses. At both time 
instants, the phase-field damage of the plate at RH = 65% is slightly 
larger than that of the plate at RH = 50% and RH = 100%. This follows 
from the slightly larger thermal expansion coefficient and, thus, from the 
larger macroscopic tensile stresses. It is concluded that the influence of 
relative humidity on the macroscopic stresses and damage of the con
crete plate, subjected to a characteristic diurnal temperature change, is 
rather small.

3.3. Results of mesoscopic phase-field analysis

Distributions of the normal stresses, considering the mesostructural 
heterogeneity of concrete, generally follow a similar pattern as the one 
resulting from macroscopic analyses, see Fig. 9. The plate is generally 
subjected to compressive stresses near the top and bottom surfaces, 
whereas tensile stresses dominate in the central region. Both the tensile 
and compressive stresses increase as the time proceeds from 3 h to 12 h 
after sunrise. However, mesoscopic stress distributions exhibit signifi
cant mesoscopic variations, primarily due to the heterogeneity of con
crete. At this scale, the RH-dependent mismatch of the thermal 
expansion coefficients between mortar and coarse aggregates is pro
nounced, see Table 1, leading to substantial local stress fluctuations. In 
the vicinity of the top surface, where the macroscopic concrete stresses 
are compressive, the coarse aggregates experience larger compressive 
stresses than the surrounding mortar. At RH = 65% and 50%, these 
stresses of the aggregates may even change from compressive to tensile. 
Conversely, in the central region of the plate, where the macroscopic 

Fig. 6. Dependence of the thermal expansion coefficient of the cement paste on 
the internal relative humidity, with test data from Meyers [68], Mitchell [69], 
Dettling [70], and a fitting curve from Emanuel and Hulsey [14], after [21].
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concrete stresses are tensile, the aggregates experience larger tensile 
stresses than the surrounding mortar. Notably, these stress differences 
are most pronounced at RH = 65%, which is attributed to the largest 
thermal expansion coefficient across all values of relative humidity. The 
stresses experienced by the aggregates are transferred to the mortar 
through the interfacial transition zones (ITZs).

Because of the significant fluctuations of the material properties and 
the mesoscopic stresses, mesoscopic cracks are observed in the concrete 
plate subjected to the analyzed diurnal temperature change, see Fig. 10. 
The local phase-field damage, ϕ, is much larger than that obtained from 
macroscopic phase-field analyses. 3 h after sunrise, the maximum phase- 

field damage reaches ϕ = 12.45 × 10− 3 for RH = 65%. 12 h after sun
rise, the maximum phase-field damage reaches the magnitude of 1.0 for 
all three values of relative humidity, indicating mesoscopic cracking. 
Both the distribution and the density of the cracks are significantly 
influenced by the relative humidity. In the central region of the plate, 
where the macroscopic concrete stresses are tensile, mesoscopic cracks 
occur for all three relative humidity scenarios. They start at the ITZs and 
primarily propagate in the vertical direction around the aggregates, with 
some cracks penetrating into the surrounding mortar matrix which is 
also subjected to tensile stresses. For RH = 100%, fewer cracks are 
observed, while for RH = 65% and 50%, the crack density is 

Table 1 
Input and homogenization results of the thermoelastic properties for (a) mortar, and (b) concrete.

(a) mortar

materials volume fraction [-] Young’s modulus [GPa] Poisson’s ratio [-] thermal expansion coefficient [10− 6/◦C]

RH = 50% RH = 65% RH = 100%

fine aggregates 0.452 35.00 0.25 11.25 ​ ​
cement paste 0.548 23.60 0.20 18.00 20.20 10.50
mortar - 28.17 0.22 14.53 15.60 10.89
(b) concrete
materials volume fraction [-] Young’s modulus [GPa] Poisson’s ratio [-] thermal expansion coefficient [10− 6/◦C]
​ ​ ​ ​ RH = 50% RH = 65% RH = 100%
coarse aggregates 0.453 70.00 0.22 6.75 ​ ​
mortar 0.547 28.17 0.22 14.53 15.60 10.89
concrete - 41.63 0.22 10.37 10.86 8.67

Fig. 7. Distribution of the macroscopic normal stresses across the thickness at the midsection of the plate, at the time instants of (a) 3 h and (b) 12 h after sunrise, 
with the latter being compared with the analytical solutions for these stresses in [4].

Fig. 8. Distribution of the phase-field damage, ϕ, of the plate at the time instants of (a) 3 h and (b) 12 h after sunrise.
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Fig. 9. Distribution of the normal stresses of the plate at the time instants of (a) 3 h and (b) 12 h after sunrise, considering the mesoscopic heterogeneity of concrete.

Fig. 10. Distribution of the phase-field damage, ϕ, of the plate at the time instants of (a) 3 h and (b) 12 h after sunrise, considering the mesoscopic heterogeneity of 
concrete; the color bar in (a) represents ϕ × 10− 3 to visualize small damage values while the color bar in (b) represents ϕ.
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considerably larger. Surprisingly, even in the region near the top surface 
of the plate, where the macroscopic concrete stresses are compressive, 
mesoscopic cracking is observed for RH = 65% and 50%. In this region, 
cracks start at the ITZs in the horizontal direction and propagate cir
cumferentially between the aggregates and the surrounding mortar, 
similarly as reported in [71]. These cracks remain inside the ITZs, since 
the surrounding mortar experiences compressive stresses.

4. Discussions

4.1. Fluctuation of mesoscopic stresses

The analyzed stress distribution of the mesoscopic phase-field 
simulation generally follows a pattern similar to that of the macro
scopic phase-field simulation, while capturing significant local stress 
fluctuations. For an explicit comparison, these stress distributions are 
presented at a selected cross-section close to the midsection (x =

0.067 m), which is a boundary of the simulated half-plate, see Fig. 11. 
This cross-section is considered to be representative of the response of 

Fig. 11. Comparison of the macroscopic stresses and the mesoscopic stresses at the time instants of 3 h and 12 h after sunrise for (a) RH = 50%, (b) RH = 65%, and 
(c) RH = 100% at a cross-section close to the midsection (x = 0.067 m), with the 12-hour results being validated against analytical microelastic solutions.
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the slab, capturing the heterogeneous stress distributions. The meso
scopic stresses, accounting for the heterogeneity of concrete, tend to 
fluctuate around the macroscopic stresses, strongly depending on the 
spatial distribution of the concrete constituents. At the interphases be
tween the coarse aggregates and the surrounding mortar, abrupt stress 
variations are observed. They are attributed to the mismatch of the 
thermoelastic properties between the two phases. Specifically, the 
heated mortar, with its larger thermal expansion coefficient, experiences 
larger expansive thermal eigenstrains, compared to the embedded 
coarse aggregates. This disparity results in tension of the mortar and 
compression of the coarse aggregates. Furthermore, the stiffer coarse 
aggregates take a larger portion of the macrostresses, which can either 
accentuate or counteract the stress differences between the two phases.

The relative humidity is found to significantly influence the meso
scopic stresses as a result of its impact on the thermal expansion coef
ficient of mortar. For example, the uppermost coarse aggregate in the 
illustrated cross-section exhibits compressive stresses for RH = 100%, 
see Fig. 11(c). However, for RH = 50% and 65%, the same aggregate 
experiences tensile stresses, see Fig. 11(a) and (b). This is attributed to 
the enhanced thermal expansion coefficient of partially-saturated 
mortar, leading to increased compression in the mortar and corre
sponding tension in the embedded coarse aggregates. As for the 
macroscopic stresses, the influence of the relative humidity is less pro
nounced, since the thermal expansion coefficient of concrete does not 
change much. This is attributed to the large volume fraction of the 
coarse aggregates, see Table 1. These findings highlight the importance 
of considering the heterogeneity of concrete in the computation of the 
stress distribution and its dependence on the relative humidity, espe
cially in regions with a high potential of cracking.

Direct experimental validation of the mesoscopic stresses remains 
unfortunately impossible, as existing techniques, e.g. DIC [72], measure 
surface strains rather than internal mesostresses. As a remedy, the pre
sented concept is validated by comparing the mesoscopic phase-field 
results with analytical results calculated in the context of a micro
elasticity approach, see the Appendix for details. Based on the macro
scopic stresses and the temperature of concrete, the mesostresses of 
mortar and of the coarse aggregates are exemplarily quantified at 12 h 
after sunrise. It turns out that the mesostresses obtained with the nu
merical phase-field approach mostly fluctuate between the analytically 
computed mesostresses of mortar and aggregates, see Fig. 11. Particu
larly good agreement is observed for RH = 100%, see Fig. 11(c), 
because the phase-field approach indicates minimal mesocracking and 
this implies that an elastic analysis is also realistic. At RH = 65% and 
50%, however, the analytical microelastic stresses are larger than those 
obtained with the mesoscopic phase-field approach. This is attributed to 
the stress redistribution induced by mesocracking, which is accounted 
for in the phase-field model.

4.2. Pattern of mesoscale cracking

In the central region of the plate, where the macroscopic concrete 
stresses are tensile, the mesoscale cracking pattern is characterized by 
cracks initiating from the ITZs, some of which may propagate into the 
adjacent mortar. These cracks predominantly propagate in the vertical 
direction, see Fig. 10. The cracking mechanism is surprisingly complex 
in the upper region of the plate, where the macroscopic concrete stresses 
are compressive. There, horizontal cracks are observed inside the ITZs, 
see Fig. 10. This can be attributed to the mesoscopic stress states of 
concrete, as illustrated in Subsection 4.1. Specifically, the mortar in the 
central part of the plate experiences mesoscopic tensile stresses, which 
underlines the risk of cracking. Conversely, the mortar is in compression 
near the top surface of the plate, while the coarse aggregates can 
experience tensile stresses. These aggregates are considered to remain 
elastic in the present simulations. The stress difference between the 
mortar and the aggregates is transferred through the ITZs. The stress 
state of the ITZs varies with the position relative to the coarse 

aggregates, which determines the predominant orientation of the cracks.
The stress states inside the ITZs of concrete can be determined 

analytically in the framework of micromechanics [4], based on the ob
tained macroscopic stress states and the temperature change of the 
concrete. A local spherical coordinate system with zenith angle θ and 
azimuth angle ζ is introduced to describe positions in the ITZs covering 
the spherical aggregates, see Fig. 12.

The stress states of the ITZs covering the coarse aggregates, located at 
the top surface and at the center of the midsection of the plate, defined 
by the coordinates (x, z) = (0, 0.125) and (x, z) = (0, 0), respectively, 
are exemplarily analyzed at 12 h after sunrise. The corresponding 
maximum principal normal stresses are computed, following the Ap
pendix. They govern cracking of the ITZs. The largest value for ζ ∈

[0, 2π] along the meridian, i.e. as functions of the zenith angle θ, are 
illustrated as Fig. 12. At the center of the plate, the maximum principal 
normal stress exhibits an extreme value at θ = π/2, see Fig. 13(b), 
underscoring the high risk of vertical tensile cracks in the ITZ in the 
equatorial regions of the aggregates. These cracks may also propagate 
into the surrounding mortar, which concurrently experiences tensile 
stresses. However, at the top surface of the plate, the maximum value of 
the largest principal normal stress occurs at θ = 0, indicating that tensile 
cracking of the ITZs is likely to start in the polar regions of the aggregate 
in the horizontal direction, see Fig. 13(a). Due to the compressive 
stresses in the surrounding mortar and the high strength of the coarse 
aggregates, these cracks stay within the ITZs.

4.3. Sensitivity analyses

The aforementioned results indicate limited influence of the RH- 
dependent mesoscopic heterogeneity on the macroscopic thermo
mechanical response of the concrete plate. A parametric study is carried 
out in the following in order to demonstrate the influences of the height 
of the plate, of the interaction of the plate with its subgrade, and of the 
type of aggregates.

4.3.1. Sensitivity analysis regarding the height of the plate
In order to study the macroscopic thermomechanical response of 

plates with different geometric dimensions, the height of the plate is 
increased from 0.20 m to 0.25 m and further to 0.30 m. The internal 
relative humidity is kept constant at 65 %. The other input quantities are 
the same as in Section 3.

The distributions of the macroscopic normal stresses across the 
thickness of the plates with different heights are qualitatively similar, 
when the vertical coordinate is normalized by the height of the plate, see 
Fig. 14. There are compressive stresses near the top and the bottom 
surface of the plate. In the central region, there are tensile stresses. Still, 
there are quantitative differences. The larger the height of the plate, the 
larger the macroscopic normal stresses in most parts of the cross-section. 
Specifically, 12 h after sunrise, the largest compressive stress at the top 
surface amounts to 3.44 MPa for h = 0.20 m and to 5.34 MPa for h =

Fig. 12. Local spherical coordinate system referring to the coarse aggregates.

H. Wang et al.                                                                                                                                                                                                                                   Engineering Structures 344 (2025) 121316 

10 



0.30 m, while the largest tensile stress in the central part of the plate is 
equal to 1.11 MPa in the former case and equal to 2.04 MPa in the latter 
case. This is mainly attributed to the prevented eigendistortion of the 
plate generators, which increases with increasing height of the plate 
[61].

4.3.2. Sensitivity analysis regarding the interaction of the plate with the 
subgrade

In order to study the influence of the stiffness of the subgrade on the 
macroscopic thermomechanical response of the plate, including 
consideration of the vertical support and the horizontal friction, a 
sensitivity analysis is conducted. Following the framework of [4], the 
thermal eigenstrain distribution across the height of the plate, induced 
by the temperature change, can be decomposed into a linear and a 
nonlinear part. They are related (i) to the eigenstretch and the eigen
curvature of the plate as well as (ii) to the eigendistortion of the plate 
generators. The total thermal stress, σtot, is the sum of stress contribu
tions resulting from the two eigenstrain portions, i.e. 

σtot = σlin + σnon, (36) 

where σlin represents the stress resulting from the constrained eigen
stretch εe

0 and eigencurvature κe
0 of the plate, and σnon represents the 

stress resulting from eigendistortion of the plate generators, which is 
prevented according to the Kirchhoff hypothesis, stating that the plate 

generators remain straight even under thermomechanical loading. Thus, 

σnon = −
Econ

1 − νcon

(
αconΔT − εe

0 − κe
0z
)
, (37) 

with Econ, νcon, and αcon denoting Young’s modulus, Poisson’s ratio, and 
the thermal expansion coefficient of concrete. The stress contribution 
σlin depends on the slab-subgrade interaction. For the adopted Winkler 
foundation in this study, σlin is quantified by subtracting σnon, computed 
by Eq. (37), from σtot , taken from Fig. 7. To capture uncertainties of the 
slab-subgrade interaction, σlin is varied by ±25% in the present sensi
tivity analysis. This is motivated by [73,74], where replacing the fric
tionless Winkler foundation with a Pasternak foundation, including 
horizontal friction, led to changes of the thermal stress from 1 % to 25%. 
The ±25% range is, therefore, taken as a conservative estimate to 
explore the potential influence of subgrade interaction, without directly 
implementing the Pasternak foundation and friction between the plate 
and the subgrade. The internal relative humidity is kept constant at 
65 %. The other input quantities are the same as in Section 3.

The variation of σlin by ±25%, as illustrated by the blue-shaded area 
in Fig. 15, results in minor changes of the total thermal stress, as illus
trated by the gray-shaded area in Fig. 15. The maximum compressive 
stress at the top surface changes by less than 10 %, i.e. from 4.26 MPa to 
3.85 MPa and to 4.66 MPa, respectively. The maximum tensile stress in 
the central region changes by less than 4 %, i.e. from 1.47 MPa to 
1.43 MPa and to 1.52 MPa, respectively. These small variations are 

Fig. 13. Distribution of the largest first principal normal stresses of the ITZs covering the coarse aggregates at (a) the top surface, and (b) the center of the midsection 
of the plate at 12 h after sunrise.

Fig. 14. Sensitivity analysis regarding the height of the plate: macroscopic 
normal stresses across the thickness at the midsection of the plate, at the time 
instant of 12 h after sunrise.

Fig. 15. Sensitivity analysis regarding the slab-subgrade interaction with ±
25% variation of σlin: macroscopic normal stresses across the thickness at the 
midsection of the plate, at the time instant of 12 h after sunrise.
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attributed to the dominant contribution of the prevented eigendis
tortion, i.e. the nonlinear part of the temperature change across the 
height of the plate [4,75], which accounts for 79.3–95.2 % of the 
maximum tensile stress across the ±25% variation in σlin, see the 
dash-dotted line in Fig. 15. The influence of the subgrade-slab interac
tion on the thermal stress is insignificant when compared to the one of 
the plate height and the temperature nonlinearity [76–78]. Regardless 
of the subgrade-slab interaction, the risk of macroscopic tensile cracking 
of a plate subjected to the assumed thermal loading remains low. 
However, the mesoscopic heterogeneity of concrete significantly in
creases the risk of localized mesocracking.

4.3.3. Sensitivity analysis regarding the aggregate type
In order to study the role of the aggregate type, the coarse basalt 

aggregates are replaced by coarse quartzite aggregates, which is also 
frequently used. The internal relative humidity is kept constant at 65%. 
The thermoelastic properties of the coarse aggregates and of the corre
sponding concretes are summarized in Table 2. The other input quan
tities are the same as in Section 3.

The macroscopic normal stresses across the thickness of the plates 
are virtually the same for concrete made of coarse basalt and quartzite 
aggregates, see Fig. 16. This follows from the dominant contribution of 
the stress resulting from the prevented eigendistortion of the plate 
generators, σnon, which is proportional to Econαcon/(1 − νcon). For basalt 
and quartzite concretes, this value reads as 579.6 × 10− 6 GPa/oC and 
623.1× 10− 6 GPa/oC, respectively, leading to a similar distribution of 
the macroscopic stresses, see Fig. 16. This demonstrates the moderate 
dependence of the macroscopic global response on the properties of the 
aggregates. However, the mesoscopic response is highly sensitive to the 
aggregate type. The thermal expansion coefficient of quartzite aggre
gates is much closer to that of the mortar than that of basalt aggregates. 
This reduces the mismatch of the mesoscopic thermal eigenstrains and, 
thus, of mesostress fluctuations. It results in a much lower crack density 
in quartzite concrete, compared to basalt concrete, see the mesoscopic 
cracking patterns in Fig. 16. This underlines the importance of meso
scale modeling to capture localized damage, even when the global re
sponses are quite similar. For practical design, aggregates with thermal 
expansion coefficients close to that of mortar are recommended, in order 
to mitigate the risk of mesoscopic cracking.

5. Conclusions

In this study, the thermomechanical response and the cracking 
behavior of a concrete plate were investigated, with the focus on the 
influence of the internal relative humidity. The results of macroscopic 
and mesoscopic phase-field analyses were compared. Based on these 
results, the following conclusions are drawn: 

● The relative humidity has a relatively small influence on the distri
bution of the macroscopic stresses experienced by the concrete, with 
the maximum tensile stress at the midsection of the plate reading as 
1.39 MPa at RH = 50%, 1.47 MPa at RH = 65%, and 1.21 MPa at 
RH = 100%. However, it significantly influences the mesoscopic 
stresses, experienced by the aggregates, the ITZs, and the mortar 
matrix. The local mesoscopic stresses fluctuate considerably because 
of the heterogeneous nature of concrete. It strongly depends on the 

relative humidity, because the thermal expansion coefficient of 
mortar is a nonlinear function of RH. For RH = 65%, the thermal 
expansion coefficients of the mortar and the coarse aggregates differ 
most, leading to pronounced mesoscopic stress fluctuations that 
contribute to mesoscopic cracking.

● An interesting and somewhat surprising finding is that tension- 
induced mesoscopic cracking can even occur in regions which 
experience macroscopically compressive stresses. This effect is gov
erned by local mesoscopic stress states of the concrete constituents. 
When heated, the expansive thermal eigenstrains in the mortar 
exceed those of the coarse aggregates. This results in tensile meso
scopic stresses of the aggregates and the surrounding ITZs, which 
might even be larger than the macroscopic compressive stress 
experienced by concrete. This highlights the complex and partially 
counterintuitive nature of the mesoscopic cracking behavior of 
thermally-loaded concrete.

● Mesoscopic cracking of concrete typically starts inside the ITZs, with 
the location, orientation, and propagation governed by the principal 
stress states. In this study, mesoscopic cracks were found to primarily 
develop (i) horizontally around the aggregates in the region of the 
top surface of the plate, where macroscopic compressive concrete 
stresses prevail, and (ii) vertically in the central part of the plate, 
where macroscopic tensile concrete stresses prevail. It was found 
that mesoscopic crack initiation can be predicted by using both 
mesoscale phase-field numerical simulations and microelastic 
models, providing insight into high-risk regions for cracking.

● Sensitivity analyses reveal that the height of the plate has a much 
greater influence on macroscopic thermal stresses than the slab- 
subgrade interaction. Increasing the height from 0.20 m to 0.30 m 
results in an increase of the maximum tensile stress at the midsection 
from 1.11 MPa to 2.04 MPa. The type of the coarse aggregate, 
affecting the mesoscopic heterogeneity, has a minor influence on the 
macrostresses. However, it significantly influences mesocracking as 
the result of a mismatch of mesoscopic thermal eigenstrains.

● The mentioned findings underscore the necessity to account for the 
material heterogeneity and relative humidity in the analysis and the 
design of concrete structures subjected to thermal loading. Even re
gions where concrete experiences compressive stresses are suscep
tible to mesoscopic tension-induced cracking. This highlights the 
importance of quantifying mesoscopic stress and strain distributions 
across the concrete constituents in design and durability assessment 
of concrete structures.

Finally, it is noted that, while the macroscopic and mesoscale phase- 
field results have been compared with existing analytical solutions in 
this study, comprehensive experimental validation remains an open 

Table 2 
Thermoelastic properties of the basalt and quartzite coarse aggregates [15] and 
of the corresponding concretes, with E, ν, and α denoting Young’s modulus, 
Poisson’s ratio, and the thermal expansion coefficient, respectively.

aggregate Eagg 

[GPa]
νagg 

[-]
αagg [10− 6/ 
◦C]

Econ 

[GPa]
νcon 

[-]
αcon [10− 6/ 
◦C]

basalt 70.00 0.22 6.75 41.63 0.22 10.86
quartzite 50.00 0.16 11.75 36.36 0.20 13.71

Fig. 16. Sensitivity analysis regarding the aggregate type: macroscopic normal 
stresses across the thickness at the midsection of the plate and mesoscopic 
cracking patterns, at the time instant of 12 h after sunrise.
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topic. The present framework can serve as a guideline for designing 
innovative and at least partly destructive field testing protocols, indi
cating the need for precise measurements of temperature and RH fluc
tuations as well as of macroscopic and mesoscopic stresses and strains, 
crack initiation, and crack propagation.
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Appendix. Micromechanical quantification of the stresses in ITZs

The numerically quantified macroscopic stress Σcon and the temperature field Tcon are used for quantification of the macroscopic eigenstrains and 
strains, Ee

con and Econ, respectively, given as 

Ee
con = αcon ΔT 1, (38) 

and 

Econ = C− 1
con : Σcon +Ee

con, (39) 

where C− 1
con represents the inverse of the elasticity tensor of the homogenized concrete, quantified as 

Ccon = 3kconIvol +2μconIdev, (40) 

with the bulk and shear modulus of concrete, kcon and μcon, respectively, previously quantified from Eqs. (28) and (29). Ivol and Idev represent the 
volumetric and deviatoric part of the symmetric fourth-order unit tensor. The volume-average of the microscopic strains of mortar and coarse ag
gregates are obtained as 

εp = Ap : Econ +
∑

q=mort,cagg
Dpq : εe

q , p = mort, cagg, (41) 

where Ap and Dpq stand for the strain concentration tensor and the eigenstrain influence tensor, see [4,79] for details. Following the linear law of 
elasticity, the volume-average of the microscopic stresses can be determined as 

σp = Cp :
(

εp − εe
p

)
, p = mort, cagg (42) 

The microscopic stress and strain tensors of the coarse aggregates are transformed from the Cartesian coordinate system into the local spherical 
coordinate system, as shown in Fig. 12, by means of the transformation matrix 

Q =

⎡

⎣
cosζsinθ sinζsinθ cosθ
cosζcosθ sinζcosθ − sinθ
− sinζ cosζ 0

⎤

⎦. (43) 

The transformations from Cartesian coordinates to spherical coordinates follow as 

σcagg(r, θ, ζ) = Q⋅σcagg(x, y, z)⋅QT , (44) 

εcagg(r, θ, ζ) = Q⋅εcagg(x, y, z)⋅QT , (45) 

with QT as the transpose of Q.
Considering the continuity of the traction vectors and displacement vectors across the two-dimensional interface (r = rcagg) between the coarse 

aggregates and the ITZ, gives access to the three stress and strain components of the ITZ as 
⎧
⎨

⎩

σITZ,rr(θ, ζ) = σcagg,rr(θ, ζ)
σITZ,rθ(θ, ζ) = σcagg,rθ(θ, ζ)
σITZ,rζ(θ, ζ) = σcagg,rζ(θ, ζ)

(46) 

and 
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⎧
⎨

⎩

εITZ,θθ(θ, ζ) = εcagg,θθ(θ, ζ)
εITZ,ζζ(θ, ζ) = εcagg,ζζ(θ, ζ)
εITZ,θζ(θ, ζ) = εcagg,θζ(θ, ζ)

. (47) 

The other three stress and strain components can be determined by making use of the thermoelasticity law of the ITZ: 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

σITZ,θθ(θ, ζ) =
[
4μITZ(3kITZ + μITZ)εITZ,θθ + (3kITZ − 2μITZ)

(
2μITZεITZ,ζζ + σITZ,rr

)

− 18kITZμITZαITZΔT]/(3kITZ + 4μITZ)

σITZ,ζζ(θ, ζ) =
[
4μITZ(3kITZ + μITZ)εITZ,ζζ + (3kITZ − 2μITZ)

(
2μITZεITZ,θθ + σITZ,rr

)

− 18kITZμITZαITZΔT]/(3kITZ + 4μITZ)

σITZ,ζζ(θ, ζ) = 2μITZεITZ,θζ

(48) 

and 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

εITZ,rr(θ, ζ) =
3σITZ,rr − (3kITZ − 2μITZ)

(
εITZ,θθ + εITZ,ζζ

)
+ 9kITZμITZαITZΔT

(3kITZ + 4μITZ)

εITZ,rθ(θ, ζ) =
σITZ,rθ

2μITZ
,

εITZ,rζ(θ, ζ) =
σITZ,rζ

2μITZ

(49) 

see [4] for details.

Data availability

Data will be made available on request.
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