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A damage model predicting moderate temperature
and size effects on concrete in compression
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Abstract. Experimental isotherm compressive tests show that concrete behaviour is dependent on temperature. The aim of
such tests is to reproduce how concrete will behave under environmental changes within a moderate range of temperature. In
this paper, a novel constitutive elastic damage behaviour law is proposed based on a free energy with an apparent damage
depending on temperature. The proposed constitutive behaviour leads to classical theory of thermo-elasticity at small strains.
Fixed elastic mechanical characteristics and fixed evolution law of damage independent of temperature and the material volume
element size are considered. This approach is applied to compressive tests. The model predicts compressive strength and secant
modulus of elasticity decrease as temperature increases. A power scaling law is assumed for specific entropy as function of the
specimen size which leads to a volume size effect on the stress-strain compressive behaviour. The proposed model reproduces
theoretical and experimental results from literature for tempertaures ranging between 20°C and 70°C. The effect of the
difference in the coefficient of thermal expansion between the mortar and coarse aggregates is also considered which gives a
better agreement with FIB recommendations. It is shown that this effect is of a second order in the considered moderate range of
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temperature.
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1. Introduction

It was experimentally confirmed that mechanical
properties of concrete like the compressive and tensile
strengths and the apparent modulus of elasticity, exhibit a
temperature effect at low and moderate high temperatures
between 20°C and 70°C (Yu et al. 1989, Miura 1989,
Shoukry et al. 2011, Nandan and Singh. 2014, Kallel et al.
2018, Wang et al. 2018). The aim of such tests done
generally in compression at low and moderate high
temperatures is to reproduce after curing how concrete and
reinforced concrete will behave in service under
environmental changes with new moderate temperature
conditions. Effect of temperature on behaviour of concrete
in compression remains the most important input when
modelling reinforced concrete columns, beams and slabs
according to design codes which neglect contribution of
concrete in tension for example in steel reinforced concrete
sections.

In literature several studies are related to residual
mechanical properties after exposure to high temperatures,
for example under fire, where concrete hydration takes
place at temperatures of up to 100°C.

After exposure to high temperatures, tests are done at
room temperatures and show that mechanical properties
may be affected in a non reversible way (see for example
Abdulhaleem et al. 2018, Ashteyat et al. 2018, Eren Gulsan
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et al. 2018, Liang et al. 2017). Due to a higher thermal
expansion difference and water evaporation, the
compressive strength dropped abruptly after exposure to
temperatures higher than 500°C (Eren Gulsan et al. 2018).

However, fewer studies are related to moderate
temperature effect on concrete which is a phenomenon
independent of concrete damage under fire and very
elevated temperature. Mechanical properties of unloaded
concrete structures may be change in a reversible manner
with temperature changing in a moderate range between
20°C and 70°C. Furthermore new temperature conditions
have an effect on structural health monitoring methods
based on dynamic analysis and which often use changes in
the modal parameters to identify damage. In fact, the
vibration parameters are not only influenced by damage but
also by temperature. For example, Nandan and Singh
(2014), Wang et al. (2018) introduce in a dynamic analysis
of concrete beams and slabs, the thermal effect on the
secant Young modulus with a reversible linear decreasing as
temperature increases and increasing as temperature
decreases. Such phenomenon should be predictable by a
damage constitutive behavior which exhibits a temperature
effect coupled with mechanical damage.

Damage mechanics was firstly developed by (Kachanov
1958) and has been applied to model creep damage. In the
context of Portland cement concrete, the term damage is
related to irreversible changes of microstructures and the
damage variable describes micro-cracks and voids created
in the material and traduced by a loss of the apparent or
sequent stiffness. For wvery small strains, changes are
reversible and classical theory of thermo-elasticity is
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generally assumed. Application of thermo-elasticity to
concrete structures is valid within a moderate range of
temperature variation considering constant values of the
elastic stiffness. In classical theory of thermo-elasticity the

stress tensor o is expressed by the Hooke’s law in three

dimensions by o=A:s, where A is the elastic stiffness

tensor, independent of temperature and strain, and & is the
elastic strain tensor equal to the difference between total
strain and thermal dilatation. In the case of isotropic
behavior, elastic stiffness is defined as function of the
Young modulus E and the Poisson’s ratio v , assumed
intrinsic characteristics of the material. Intrinsic should be
understood as a property of material which remains constant
within a moderate range of temperature and independent of
the structure size. Continuum damage behavior can be
exemplified by simple isotherm isotropic damage model
with one scalar mechanical damage variable D to represent
distributed micro-cracks considering the effective stress
concept and hypothesis of strain and energy equivalence
(LemaTre and Chaboche 1978, Mazars 1986 and 1991, Ju
1989). It’s given by Egs. (1)-(4).

The apparent or sequent stiffness Ao = @a- D)X should
be understood as the reduced stiffness of a representative
volume element (RVE) due to damage and where the
stiffness of the non-damaged material at the microscopic

level in the RVE remains equal to A .

In order to build a damage constitutive behavior in the
framework of thermodynamics of generalized standard
materials, the most common choice of state variables is the

elastic strain second order tensor & , the absolute
temperature T and the damage variable D.

o—ho:z—(-D)A:z (1)
D= (Y ) @)

Vi () = MBXY (2) 3)
vO=1GR:D @

In the context of generalized standard behaviours,
verifying Clausius Duhem inequality, stress tensor, entropy
S and the associated variable to damage Y are respectively
given by 5=2% s-_%  vy(t)= _9Y o function of

o€ or oD
the specific free energy of material defined per unit volume
and given by Eq. (5).

w:%(l—D)z:A:zﬂo(l') (5)

Where ¢ is a function of T. The scalar mechanical
damage variable D varies from 0 for reversible states to 1
for a fully damaged state depending on Y., which is the
maximum of Y reached in the previous history of the
material.
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Fig. 1 Experimental strain-stress uniaxial compressive
behavior of concrete under different temperatures tested by
Yu et al. (1989) (stress in10°Pa)

Fig. 1 presents an example of experimental isotherm
compressive behaviour of ordinary concrete from tests done
at different temperatures ranging from 0° to 40° and
conducted by Yu et al. (1989). Yu et al. (1989) proposed
continuum temperature-dependent elastic damage behaviour
asymptotic to isotropic thermo-elasticity at small strains
when material is undamaged and with an orthotropic
damage tensor.

In the case of compression tests presented in Fig. 1,
Young modulus E is independent of temperature and
corresponds to the same initial slope of the experimental
curves at different temperatures.

Furthermore, it was observed through experimental tests
that there is a volume size effect of concrete specimens on
their compressive strength and behavior (see for example
Del Viso et al. 2008, Vu et al. 2018, Miled et al. 2012, Eren
Gulsan et al. 2018).

Continuum damage theory was unable to describe such
phenomena. It was extended later to non-local damage
approach which gives a connection between a considered
volume element size L and the damage parameter D in the
constitutive  behavior through the damage process
(Pijaudier-Cabot and Bazant 1987).

In non-local damage approaches, the macroscopic
stress-strain response of a damaged volume element subject

to homogenous strain ¢ applied at its boundary can be
expressed by Eg. (6). A scaling law can be introduced
through a D dependency on L. This can be explained, for
example, by a random character of the heterogeneous
material micro structure, or by a fractal dimension of the
damaged surface (Ostoja-Starzewski 1998, Bazant and
Jirasek 2002, Kale and Ostoja-Starzewski 2017, Rinaldi and
Mastilovic 2014, Mazars et al. 1991).

o(L)=0- D(L))f > (6)

In Eq. (6), D is not an intrinsic property of material but a
property also of the considered volume element size L.
2. A temperature dependent scalar damage model

In the case of uncoupled damage and temperature
effects, free energy defined by Eq. (5) leads to an entropy
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S= —ag—_l(_T) depending only on temperature.

In order to describe disorder observed through a damage
process under isotherm quasi-static loading, entropy should

be expressed as function of D, ¢ and T. For example in
previous studies, damage evolution functions linked to
entropy and statistical mechanics was introduced (Ostoja-
Starzewski 1998, Basaran and Nie 2004, Limam et al.
2014). Basaran and Nie (2004) proposed a continuous
damage theory based on statistical mechanics and define
damage variable D directly as function of entropy. Ostoja-
Starzewski (1998) shows that the specific free energy
should be written as given by Eq. (7) where in a non-local
damage approach a scaling law should be associated to
specific entropy depending on L. In fact, internal energy is
extensive and specific internal energy should not exhibit a
scaling effect. Furthermore, based on an extensive internal
energy and non-additive entropy, Limam et al. (2014)
proposed a specific free energy given by Eg. (8) in
agreement with Eq. (7).

The proposed free energy is a quadratic function of D.
The associated variable to damage is

YD:—% E[1+T 1-D)x(L)]&:A:e>0-

The specific internal energy U is independent of L and
given by Eqg. (9). The specific entropy is a function of
damage and given by Eq. (10).

w(L)=U T S(L) (7)

v 2%[(1_ D)-T D(1—%)K(L) ] Zf ‘e +o(T) (8)

u :%(1_0) ZiA: §+¢U)_Ta§—g) ©)
_1.,4_D === o0p(T)
S(L) = 2D(l 2)K(L) g:N:g o (10)

For a thermodynamic process in equilibrium, it is shown
that specific entropy S(L) increases as function of L and
tends to a constant to infinity (Tsallis 2009). For volume
elements larger than a RVE of a size Ly, «(L) tends to a
constant x and entropy become extensive and specific
entropy S tends to a constant. For L<L, we assume a power
scaling law for specific entropy given by Eq. (11) with a>0
a parameter considered as function of loading configuration.
This assumption was inspired from works related to the
fractal concepts and strength of concrete (Carpinteri et al.
1991). For L>L, we assume that entropy is extensive which
means that x(L)=x=«(L,) and a=0.

k(L) = K(L)()” 1)
0

The next assumptions are also made.

1) In the particular case of reversible changes, the
classical theory of thermo-elasticity is recovered. It
means that, the Young modulus E and the Poisson’s ratio
of concrete v are independent of temperature and size L.
2) The evolution law of damage is considered as a fixed

material characteristic independent of temperature and
size L.
3) The effect of moisture content is not considered.

3. The proposed damage model applied to the
compression test

In order to model the compression test, consider an
isotropic damageable elastic material subject to a
monotonic strain control denoted ¢, applied in a uniform
temperature T. Consider the free energy given by Eq. (8).
The uniaxial compressive behaviour is given by Eq. (12).

o, = S—W—(l D, -Tx(L)D, (1 - C))EgC (12)
gC

In Eq. (12), stress is the sum of two components the first
one is derived from the internal energy and given by Eqg.
(13).

U

e, =(1-D;)E¢, (13)

The second component is an entropic stress given by Eq.
(14).

T oS
oe

- (TRLD (-2 Ez (14)
Cc

This entropic stress is opposite to the first one Eq. (13)
and points to the direction of higher entropy and disorder
induced by damage. It becomes important when
temperature (and/or) L increase which explains firstly the
volume size effect phenomenon on the compressive
behavior and secondly the observed phenomenon related to
strength and apparent Young modulus decreasing when
temperature increases. The entropy per unit volume of the
material is a sum of damage entropy denoted Sp and
thermal entropy denoted Sras follows

61// D.,1 2 Op
S= =Sp +S; =x(L)D.1-—)=Ee.” ——= (15
aT D T =x(L)D¢( )2 & aT (15)

The damage entropy is null before damage initiation in
reversible states (D =0).

In Eq. (12), the parameter D, +TK‘(L)DC(1—%) can

be interpreted as the apparent damage in order to recall the
classical definition of the non local scalar damage defined
by Eg. (6). It is noticed also from Eg. (12) that a linear
decreasing of the apparent or secant Young modulus

- DC—TKDC(].—%))E emerges without a need to

introduce any dependence of temperature neither on E nor
on the evolution law of D.. We consider the evolution law
of damage given by Eq. (16) (Mazars et al. 1991, Torrenti et
al. 2013), in which, the gradual degradation of the material
under a uni-axial compression test is governed by the lateral
extension due to the Poisson’s effect and in agreement with
the splitting failure mode (Nemat-Nasser and Horii 1982).
The damage variable D is defined by the linear combination
of two scalar variables noted D; and D corresponding
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respectively to the damage in tension and compression. In
the multiaxial loading case we have D=o;Di+a.D., where o,
and o are defined as a function of the signs of the principal
stresses and where, in uniaxial tension, a;=1 and a.=0, and
in uniaxial compression, &,=0 and a,=1. Coupling between
elastic strain and damage is introduced through the
evolution law of damage and the history of loading.

The damage evolution law given by Eq. (16) is
governed by an equivalent strain £ related to the local
measure of extensions and defined by Eq. (17) as the
maximum of all the equivalent extension elastic stains
reached in the history of loading.

DC,I =0 |f (E<6D0)

epo(1—Act) B Act

Doy =1- — = it (16)
’ £ exp(Bc (¢ —&po))
(> £po)
Where
£ =sup Z(e,)z)
) 17)

Where ¢; are the principal strains, epg is the elastic
equivalent extension elastic strain threshold and A, A, B
and B; are fixed characteristics of the material identified
from tensile and compression experimental tests.

For the compressive test, the equivalent strain extension

defined by Eq. (17) is given by &=—2ve,, where the
principal strains are the axial contraction e;=¢.<0 and the
two lateral extensions due to the Poisson effect are
&,=e3=—Ve>0. The compression damage evolution under the

monotonic increasing of ¢ is therefore expressed by Eg.
(18).

D, =0 if (| <22
2v

N

Dc =1— gDO(l_AC) _ Ac if (18)

—V2ve,  exp(By(—2ve, —zpo))
(| > %)

4. The T-dependant damage model applied to C30/37
concrete compression test at standard conditions

In this section the compressive behaviour of a regular
concrete C30/37 at standard conditions is presented in
agreement with FIB recommendations. Fig. 2(a) presents,
an example of the compressive stress-strain curve given by
Egs. (12) and (18), for a C30/37 concrete at a temperature
T=293K using the Young modulus E and Poisson’s ratio v
and parameters of the evolution law of damage identified
and defined in Table 1. As shown in Fig. 2(a), using these
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Fig. 2 Uniaxial compressive behavior of a C30/37 concrete
at standard conditions

Table 1 The fixed material characteristics and parameters
Vv E (MPa) €po K At Bt
0.2 32000 10* 0.0089 0.936 249

identified parameters, the compressive behavior of a
standard specimen (L=L,) obtained by the model reproduces
FIB recommendations. Table 2 recapitulates some
characteristics. According to the FIB recommendations
(Mdiller et al. 2013), for a C30/37, the tangent modulus of
elasticity at the origin of the stress-strain diagram is

f
estimated by EcizEwozE(lc—(;“)“3 where fo, is the

compressive strength, o is a coefficient depending on
aggregates and E,=21.5 GPA. The tangent modulus of
elasticity at the origin is E;;=33.6 GPA while the secant
modulus from the origin to 0.4 fy, is E;=29.7 GPA. The
strain corresponding to the peak compressive strain is
£:1=2.3°%. Furthermore, as showing in Fig. 2(a), when
considering L=Lo/2 and L=Ly/4 and using the same fixed
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Table 2 Comparison of the T-dependant model and the FIB
model at ambient temperature T=293K

e =23% & ™ =23

Peak compressive strain

Tangent modulus of EFE _336GPa E'™™% —32 0GPa
elasticity at the origin o ) ci :
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Fig. 3 Comparison of the model size effect prediction and
size effect laws from literature

parameters of Table 1, a size effect on compressive strength
is highlighted. The power scaling law on specific entropy
given by Eq. (11) and presented in Fig. 2(c) was applied
with «=0.105. The evolution law of damage is fixed and
presented in Fig. 2(b).

Fig. 3 presents a comparison between the compressive
strength f.(L) predicted by the damage model for specimens
with different sizes L and a power size effect law (Miled et
al. 2012) given by f.(L)=f:(Lo)(L/Lo)™ considering a=0.105.
In Fig. 3 is presented also a size effect law proposed by
(Eren Gulsan et al. 2018) for cubic specimens in
compression. This size effect law given by Eq. (19) was
derived taking in to account fracture mechanics theory
(Bazant and Xiang 1997).

It was applied, here, considering a standard size Ly=32
cm and a characteristic materiel length 1,=2 cm. A good
agreement is observed between the different approaches.

fC(L):%C(LLO)+O.81fC(LO)

1+—
lo

(19)

5. The compressive behavior of concrete at different
temperatures

The objective of this section is to apply the T-dependant
damage model to the uniaxial compression test at various
temperatures using the fixed characteristics identified at
T=293K in section 4 (Table 1).

In order to illustrate results of the T-dependent damage
model, the same typical C30/37 concrete of section 4 is
considered with the same characteristics indicated in Table
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Fig. 4 Compressive behavior at different temperatures
obtained by the T-dependant model

Table 3 Comparison of the compressive strength of a
C30/37 concrete for different temperatures (the T-dependant
model and FIB results)

T(°C) 20 30 40 60 70
f™ (MPa) 30 291 282 264 255

fm® (MPa) 30 29.4 28.6 27 26.2

1. Fig. 4 presents the compressive stress-strain curves given
by the model expressed by Egs. (12) and (18) with L=L, at
different temperatures from 293K to 343K using the fixed
parameters for the evolution law of damage (Table 1).

f_(T)=f_(1.06—0.003T)(T in °C) (20)

The compressive behavior obtained by the model at
different temperatures is in agreement with the trend
emphasized by experimental results, obviously, the
decreasing of the secant elastic modulus and the
compressive strength when temperature increases is
highlighted.

This decreasing of the secant elastic modulus and the
compressive strength when temperature increases is
predicted by the FIB model code. Effect of temperature in
the range of 0°C<T<80°C on the compressive strength of a
regular concrete with moisture content m=2% (f.,=30 MPa)
is given by Eq. (20). Table 3 summarizes results of the
model and the FIB recommendations Eg. (20).

6. Effect of the difference in the coefficient of

thermal expansion

The effect of the difference in the coefficient of thermal
expansion (CET) between the mortar and coarse aggregates
on the compressive behavior was also reported in literature
(Masad et al. 2013). We consider in this section, at the
microscopic level, concrete as a 2-phase composite
material, composed of the mortar and aggregates. In order
to illustrate this effect, a phenomenological simplified
model is considered. The same axial strain is considered in
aggregates and mortar. The elastic strain induced in the
mortar phase by a thermal variation (T-Tc) is given by Eq.
(22).
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Table 4 Comparison of the compressive strength of a
C30/37 concrete for different temperatures (the T-dependant
model and the FIB results)

T (°C) 20 30 40 60 70
f ¢ (MPa) 30 291 282 264 255
f % (MPa) 30 294 286 27 262
o, (MPa) 0 017 035 067 086
frme—g, 30 292 284 263 253

This hypothesis gives an upper bound of stresses
induced in aggregates and mortar given by Egs. (22) and
(23) with a total stress induced by temperature equal to 0,
given by Eg. (24) and in agreement with a free boundary
condition. Table 4 presents an actualization of Table 3
considering concrete as prestressed by compression induced
in mortar by the difference in CTE. Typical values of CTE
(Masad et al. 2013) are considered and presented in Table 5.
A better agreement with FIB recommendations is
highlighted as shown in Table 4. The proposed model
remains valuable for a moderate range of temperatures.

However, after exposure to high temperatures, residual
mechanical properties may be affected in a nonreversible
way due to a higher effect of the difference in the CET and
water evaporation.

e _ ¢Eag _ _
&p = fEng + - )E, (ﬂ“ag lp)(r Tc) (21)
__ %EaEy _ _
T o, (0PN T @)
o (1_¢) EagEP (ﬂ'p _ﬂ'ag —TC) (23)

" ¢Eag +(l_¢)Ep

o' = ooy +(1-¢)o, =0 (24)

Where,
—Ea Ep are respectively the aggregate, and mortar
Young’s Modulus.
—Jag: Ap are respectively the aggregate, and paste thermal
expansion coefficients.
—¢ is the aggregate volume fraction.
—T is the actual temperature.
—Tc is the temperature at which concrete is cured,
assumed in this example equal to 20°C.

7. Conclusions

» The proposed constitutive elastic damage behavior is
expressed as a sum of a stress derived from internal
energy and an opposite entropic stress pointing to the
direction of damage, disorder and higher entropy.

« A fixed evolution law of damage is considered and the
model leads asymptotically to Hooke’s law at reversible
states.

e The proposed model was applied to predict

Table 5 Characteristics of aggregates and mortar

Young’s Modulus  CTE \Volume
E (GPa) (ch fraction
Aggregates 36 8.10° 0.25
properties
Mortar properties 31 10.10°® 0.75

compressive behavior of concrete tested at different
temperatures and predicts a secant Young modulus, a
compressive  strength  decreasing as temperature
increases and a size effect on the compressive strength
induced by entropy scaling as function of specimens
sizes.

 The comparison of model predictions with a size effect
law derived by fracture mechanics and a volume power
size effect law shows a good agreement.

» The comparison of model predictions of temperature
effect with the FIB-recommendations shows a good
agreement. Taking in to account the difference between
CTE gives a better agreement.

References

Abdulhaleem, K.N., Gilsan, M.E. and Cevik, A. (2018),
“Mechanical behavior of steel fiber-reinforced self- compacting
concrete corbels at elevated temperatures”, Struct. Concrete,
19(2), 1-14. https://doi.org/10.1002/suco0.201700034.

Ashteyat, A.M. and Ismeik, M. (2018), “Predicting residual
compressive strength of self-compacted concrete under various
temperatures and relative humidity conditions by artificial
neural networks”, Comput. Concrete, 21(1), 47-54. DOI:
10.12989/cac.2018.21.1.047.

Basaran, C. and Nie, S. (2004), “An irreversible thermodynamics
theory for damage mechanics of solids”, Int. J. Damage Mech.,
13(3), 205-223. https://doi.org/10.1177/1056789504041058.

Bazant, P.Z. and Jirasek, M. (2002), “Non local integral
formulations of plasticity and damage: Survey and progress”, J.
Eng. Mech., 128(11), 1119-1149.
https://doi.org/10.1061/(ASCE)0733-9399(2002)128:11(1119).

Bazant, Z.P. and Xiang, Y. (1997), “Size effect in compression
fracture: splitting crack band propagation”, J. Eng. Mech.,
123(2), 162-172. https://doi.org/10.1061/(ASCE)0733-
9399(1997)123:2(162).

Carpinteri, A., Chiaia, B. and Ferro, G. (1995), “Size effects on
nominal tensile strength of concrete structures: multifractality of
material ligaments and dimensional transition from order to
disorder”, Mater. Struct., 28, 311-317.
https://doi.org/10.1007/BF02473145

Del Viso, J.R., Carmoa, J.R. and Ruiz, G. (2008), “Shape and size
effects on the compressive strength of high strength concrete”,
Cement Concrete Res., 38, 386-395.
https://doi.org/10.1016/j.cemconres.2007.09.020.

Eren Gulsan, M., Abdulhaleem, K.N., Kurtoglu, A.E. and Cevik,
A. (2018), “Size effect on strength of Fiber-Reinforced Self-
Compacting concrete (SCC) after exposure to high
temperatures”,  Comput. ~ Concrete, 21(6), 681-695.
https://doi.org/10.12989/cac.2018.21.6.681.

Ju, JW. (1989), “On energy based coupled elastoplastic damage
theories: Constitutive modeling and computational aspects”, Int.
J. Solid. Struct., 25(7), 803-833. https://doi.org/10.1016/0020-
7683(89)90015-2.

Kachanov, L. (1958), “Time of the rupture process under creep


http://www.techno-press.org/index3.php?page=search2&mode=result#1

A damage model predicting moderate temperature and size effects on concrete in compression. 327

conditions”, lzvestila Akademii Otdelenie
Teckhnich-eskikh Nauk, 8, 26-31.

Kale, S. and Ostoja- Starzewski, M. (2017), “Representing
stochastic damage evolution in disordered media as a jump
Markov process using the fiber bundle model”, Int. J. Damage
Mech., 26(1), 147-161.
https://doi.org/10.1177/1056789516650249.

Kallel, H., Carré, H., Laborderie, C., Masson, B. and Tran, N.C.
(2018), “Evolution of mechanical properties of concrete with
temperature and humidity at high temperatures”, Cement

Nauk SSSR,

Concrete Compos., 91, 59-66.
https://doi.org/10.1016/j.cemconcomp.2018.04.014.
Lemaitre, J. and Chaboche, J. (1978), “Aspects

phénoménologiques de la rupture par endommagement”, J.
Mécanique Appliquée, 2(3), 317-365.

Liang, J.F., Yang, Z., Yi, P.H. and Wang, J.B. (2017), “Stress-strain
relationship for recycled aggregate concrete after exposure to
elevated temperatures”, Comput. Concrete, 19(6), 609-615.
https://doi.org/10.12989/cac.2017.19.6.609.

Limam, O., Aidi, M. and Zenzri, H. (2014), “Structural nominal
concrete strength derived by statistical mechanics”, Physica A,
Statist. Mech. Appl., 395, 48-57.
https://doi.org/10.1016/j.physa.2013.10.046.

Masad, N. (2013), “Meso scale model for simulations of concrete
subjected to cryogenic temperatures”, PhD Thesis, Texas
University.

Mazars, J. (1986), “A description of micro and macroscale damage
of concrete structures”, Eng. Fract. Mech., 25(5-6), 729-737.
https://doi.org/10.1016/0013-7944(86)90036-6.

Mazars, J., Pijaudier-Cabot, G. and Saouridis, C. (1991), “Size
effect and continuous damage in cementitious materials”, Int. J.
Fract., 51,159-173. https://doi.org/10.1007/BF00033976.

Miled, K., Limam, O. and Sab, K. (2012), “A probabilistic
mechanical model for prediction of aggregates’ size distribution
effect on concrete compressive strength”, Physica A, Statist.
Mech. Appl., 391, 3366-3378.
https://doi.org/10.1016/j.physa.2012.01.051.

Miura, T. (1989), “The properties of concrete at very low
temperatures”, Mater. Struct., 22, 243-254.
https://doi.org/10.1007/BF02472556.

Miiller, H., Anders, |., Breiner, R. and \Vogel, M. (2013),
“Concrete: treatment of types and properties in fib model code
20107, Struct. Concrete, 14(4), 320-334.
https://doi.org/10.1002/suc0.201200048.

Nandan, H. and Singh, M.P. (2014), “Effects of thermal
environment on structural frequencies, Part I A simulation
study”, Eng. Struct., 81, 480-490.
https://doi.org/10.1016/j.engstruct.2014.06.046.

Nemat Nasser, S. and Horii, H. (1982), “Compression induced non
planar crack extension with application to splitting”, J.
Geophys. Res., 87, 6805-6821.
https://doi.org/10.1029/JB087iB08p06805.

Ostoja-Starzewski, M. (1998), “Damage in a random micro-
structure: Size effects, fractals, and entropy maximization”,
Appl. Mech. Rev., 42(11), 202-212. doi:10.1115/1.3152391.

Pijaudier-Cabot, G. and Bazant, Z.P. (1987), “Non local damage
theory”, J. Eng. Mech., 113, 1512-1533.
https://doi.org/10.1061/(ASCE)0733-9399(1987)113:10(1512).

Rinaldi, A. and Mastilovic, S. (2014), “The Krajcinovic approach
to model size dependent fracture in quasi brittle solids”, Mech.
Mater., 71, 21-33.
https://doi.org/10.1016/j.mechmat.2014.01.005.

Shoukry, S.N., William, G.W., Downie, B. and Riad, M.Y. (2011),
“Effect of moisture and temperature on the mechanical
properties of concrete”, Constr. Build. Mater., 25, 688-696.
https://doi.org/10.1016/j.conbuildmat.2010.07.020.

Pijaudier-Cabot, G., Reynouard, J.M. and Torrenti, J.M. (2013),

Mechanical Behavior of Concrete, ISTE and Wiley.

Tsallis, C. (2009), “Computational applications of non-extensive
statistical mechanics”, J. Comput. Appl. Math., 227, 51-58.
https://doi.org/10.1016/j.cam.2008.07.030.

Wu, C.C., Weiss, J., PIé, O., Amitranoand, D. and Vandembroucq,
D. (2018), “Revisiting statistical size effects on compressive
failure of heterogeneous materials, with a special focus on
concrete”, J. Mech. Phys.  Solid., 121, 47-70.
https://doi.org/10.1016/j.jmps.2018.07.022.

Wang, H., Tan, G., Wang, W. and Liu, Z. (2018), “Effect of
temperature and spring-mass systems on modal properties of
Timoshenko concrete beam”, Struct. Eng. Mech., 65(4), 389-
400. https://doi.org/10.12989/sem.2018.65.4.389.

Yu, T.Q., Miao, X.S., Xiong, J.M,, Jiang, H. and Lee, H. (1989),
“An orthotropic damage model for concrete at different
temperatures”, Eng. Fract. Mech., 32(5), 715-786.
https://doi.org/10.1016/0013-7944(89)90174-4.

cC


http://www.sciencedirect.com/science/journal/00137944
http://www.sciencedirect.com/science/journal/00137944/25/5
https://www.sciencedirect.com/science/journal/00225096



