N
N

N

HAL

open science

Multi-level modeling of viscoelastic microcracked

masonry
Amna Rekik, Thi Thu Nga Nguyen, Alain Gasser

» To cite this version:

Amna Rekik, Thi Thu Nga Nguyen, Alain Gasser.
crocracked masonry. International Journal of Solids and Structures, 2016, 81, pp.63-83.
10.1016/j.ijsolstr.2015.11.002 . hal-01265232

HAL Id: hal-01265232
https://hal.science/hal-01265232
Submitted on 8 Apr 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Multi-level modeling of viscoelastic mi-


https://hal.science/hal-01265232
https://hal.archives-ouvertes.fr

Accepted Manuscript

Multi-level modeling of viscoelastic microcracked masonry ST R U CTU R ES

Amna Rekik, Thi Thu Nga Nguyen, Alain Gasser m

PIl:
DOI:
Reference:

To appear in:

Received date:

Revised date:

Accepted date:

| ﬁ
FLSEVIER
INTERNATIONAL JOURNAL OF

SOLIDS AND

S0020-7683(15)00464-3 Momss w5 5
10.1016/j.ijsolstr.2015.11.002

SAS 8953

International Journal of Solids and Structures

8 April 2015
12 September 2015
2 November 2015

Please cite this article as: Amna Rekik, Thi Thu Nga Nguyen, Alain Gasser, Multi-level modeling
of viscoelastic microcracked masonry, International Journal of Solids and Structures (2015), doi:
10.1016/j.ijsolstr.2015.11.002

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service
to our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and
all legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.ijsolstr.2015.11.002
http://dx.doi.org/10.1016/j.ijsolstr.2015.11.002

ACCEPTED MANUSCRIPT

Highlights

e We propose a multi-level model to predict the orthotropic behaviour of cracked masonry

e This model relies on the coupling between Griffith’s theory and homogenization methods

Overall estimates of Cecchi & Taliercio model are softer than the Cecchi & 1li’s ones
lo

The Modified Maxwell model is relevant for the mortar’s creep at sho terms

Both short and long terms, constant and time-dependent crack d N{ investigated
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Abstract

This paper provides multi-level modeling of microcracked viscoelastic masonries generally present in
historical masonries or refractory linings. It is an extension of the Cecchi and Tralli [15] or Cecchi
& Barbieri [13] and Cecchi & Taliercio [12] works for the typical ‘Burgers and Modified Maxwell
models followed by both undamaged and microcracked masonries./For the sake of simplicity and in
order to provide rigorous analytical global estimates, enlysthe mortar is assumed to be viscoelastic
and microcracked. Bricks are assumed to be undamaged, elastic or quasi-rigid. The distribution
of microcracks is assumed to be isotropic. Theseffective behaviour of the viscoelastic microcracked
masonry is provided by two steps. The firstone rélies on the coupling between the Griffith’s brittle
fracture theory and linear mean-field homogenization scheme in order to account for the effect of
microcracks on the macroscopic deformation of the mortar and establishes a linear relation between
apparent macroscopic stress and gtrain., This step allows to easily and fast determine the effective
creep function of the microcracked mortar without recourse to ’complex’ or heavy numerical inversion
of the Laplace-Carson tramSform. /The second step is based on the coupling between asymptotic
analysis and homogenizationstheory applied for a periodic masonry. The proposed models provide
analytical solutions <“explicit functions of the crack density parameter - for the effective orthotropic
behaviour of a microeracked viscoelastic periodic masonry cell. This study proves that the Cecchi
& Tralli’s and” Cecchiv& Taliercio’s extension estimates are close and that the later are softer. Such
overall preperties are used to perform finite element computations on a compressed masonry panel
as a first application. These models allow then the prediction of mostly stressed and deformed
areas, ipmicrocracked masonry structures. This study demonstrates that modeling a mortar (at its
undamaged or microcracked state) with this Burgers formulation is only suitable for a masonry with
too high values of the Maxwell’s relaxation time otherwise it yields to vanishing effective properties
with the increase of time and crack density leading thus to a premature collapse of the masonry. On
the other hand, the Modified Maxwell model permits the masonry to preserve a certain resistance

for every range value of Maxwell’s relaxation time. These conclusions are valid for masonry either
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with elastic or quasi-rigid undamaged bricks.
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Laplace-Carson transform; Masonry

Mean-field homogenization; Brittle fracture; Periodic homogenization; Viscoelasticity;

Nomenclature

C effective or homogeneous stiffness tensor

AP average of the strain localization tensor

2, pore space

E macroscopic strain

S¥ Eshelby tensor of the cavity function

w aspect ratio of an ellipsoidal cavity

¢ local strain rate

a ratio between mortar’s and brick’s dimensions
o local stress field

oo local stress field in pattern Y,

[up] displacement jump at interface X,

[u] displacement jump between crack’s two lips
Y™ periodic cell of a running bond masonry

Y periodic masonry Y* with cohesive joints
[u*] symbolic crack displacemenit_jump

d. crack density parameter

1t shear’s modulus of the undamaged matrix
k; bulk’s modulus of‘the spring

1® spherical bulk’s viscosity of the dashpot
7% spherical rélaxation time

< . >" ayerage over phase r of the quantity ”.”
I fourth-order/identity tensor

K fourth-order stiffness tensor of mortar joint
a length of the brick

ey, thickness of the bed joint

Am Lame’s coefficient (plane stress)

¢ porosity volume fraction

A strain localization tensor

u local displacement field

eP average of the strainsever the pore

Al dilute strain localization tensor AP

C* effective stiffness in the symbolic space

E macroscopic _strain rate

B ratio,between brick’s and mortar’s stiffnesses
>magcroscopic stress field

£o macroscopic stress field in pattern Y,

Y7 mortar joint interface in pattern Y,

J mortar’s creep function

Y topological transferred pattern of the cell Y*
K fourth-order stiffness tensor of cohesive joints
[ radius of penny-shaped crack

ks bulk’s modulus of the undamaged matrix

v, undamaged matrix Poisson’s ratio

p; shear’s modulus of the spring (I = M or K)
n? deviatoric shear’s viscosity of the dashpot
74 deviatoric relaxation time

1 second-order identity tensor

J spherical fourth-order projector

[, shear moduli of mortar

b height of the brick

e, thickness of the head joint

Af Lame’s coefficient (plane strain)



1. Introduction

Creep phenomenon and its effects are not only restricted to new structures but they involve also
historical monuments as postulated in [44] and confirmed later in [6, 35]. Indeed heavy persistent
compressive stresses added to the presence of aggressive environment (temperature/humidity con-
ditions) and the self-weight of historical monuments induce stress redistribution and creep strains
which can lead to damage accumulation and partial or total collapse of these menuments as it is the
case of several famous examples: the Civic Tower of Pavia (Italy), the St. Magdalena bell-tower in
Goch (Germany), the Noto and Monza Cathedrals (Italy) [35]. On the other hamd, in the iron and
steel industry, the refractory lining of furnaces made up of masonry with bricks and either mortared
or dry (i.e. without mortar [1]) joints is often exposed to compressive (monotonic or cyclic) loads.
These compressive loads result from constrained thermal expansien_ since the temperature inside
these structures can reach 1650 degrees. This could induce €reep behaviour and diffused damage due
to initiation and propagation of micro-cracks mainly in the joints [3]. Generally, viscous behaviour of
vitreous materials in gaz turbine engines has been modeled by temperature independently rheological
models like Maxwell and the generalized Maxwell models [24]. Models with a temperature parameter
have also been defined since the steady-state creep/deformation of ceramics under sustained loading
conditions normally exhibits a power-law stress-dependent behaviour [26, 2, 25, 30]. Traditionally,
both tensile and compressive creep in ceramic materials have been characterized by an empirical
creep equation that takes on the fermuof the Norton-Bailey-Arrhenius equation. Note that a thick
mortar tends to decrease the stiffness of structure and increases the likelihood of the possible pene-
tration of process materials intethe jjoints, resulting in the deterioration of the lining. So, the use of
thin mortar joint is appropriate and necessary in designing the refractory brick lining system.
Concerning the creepdbehaviour of traditional mortar, various rheological models namely the USBR,
Feng, Ross, typical and modified versions of the Burgers and Modified-Maxwell models may be in-
vestigated [17¢728].0n the other hand, there exist several approaches accounting for damage in
viscoelastic.materials [28, 32]. Indeed, the approach presented in [32] is based on a coupling be-
tween continuum damage mechanics and viscoelasticity through the generalized Kelvin-Voigt model.
Accordingly; a three-dimensional phenomenological model was developed to describe the long-term
creep of gypsum rock. The main disadvantage of this model is that it requires experimental inves-
tigation [28] or computational efforts to resolve nonlinear equation [32] function of internal damage
variables. In the works of Nguyen et al. [36, 38|, the effective behaviour of microcracked linear
viscoelastic concrete was derived from a combination of the Griffith’s theory [27] and the Eshelby-

based homogenization scheme [4]. The undamaged concrete was assumed to obey to the typical



Burgers model. In [17], an experimental study was carried in order to investigate the creep of ma-
sonry. A number of rheological models (USBR, Feng, Ross, typical Burgers, Modified Maxwell) are
examined to assess their ability to predict the creep of masonry. It was proved that the Modified
Maxwell model is the most accurate. According to this result, the Burgers model, namely a Maxwell
system connected in series with a Kelvin-Voigt one, and the Modified Maxwell scheme (a parallel
combination of the Maxwell model and a spring) models are adopted in this papér to describe the
mortar joint’s creep. Moreover, in the literature, little attention is devoted to.the prediction of the
macroscopic creep behaviour of masonry. In this context, Brooks, Cecchi & /Tralli, Cecchi & Taliercio
and Taliercio [8, 15, 12, 45] proposed models to predict creep coefficientssaccording to the properties
of each masonry constituent. These models are based on analytical or/mumerical homogenization
using the finite elements method (FEM) in order to deduce thelmacrgscopic creep of undamaged
(without cracks) masonry. In the present study, the couplingbetween the Griffith’s theory and the
dilute scheme [4] will be applied to provide the effective behaviour of a micro-cracked mortar [36].
In a second step, the expressions proposed in [15, 12] are,extended to determine the effective be-
haviour of a periodic microcracked viscoelastic masonry=cell. It is worth noting that even the dilute
scheme is useful for dilute concentrations of cracks, ityhas been demonstrated in [23, 22] that its
estimates coincide with the Mori-Tanaka predictions and are close to the Ponte-Castaneda-Willis
(PCW) estimates for d. < 0.15). This result\is'walid for open and closed frictionless cracks. These
global properties are used to compute the behaviour of a compressed wall as done in [15]. The main
hypothesis adopted in this work ate explicited in section 2 for both first and second steps based re-
spectively on the approximation of the.¢reep function of a microcracked non-aging linear viscoelastic
mortar and the determination of the effective stiffness of a regular masonry with undamaged bricks
and microcracked mortar joints with finite dimensions. The modified Maxwell and Burgers models
followed by the rheology/of undamaged mortar are recalled in section 3. The steps allowing the de-
termination of the effective creep function of a microcracked linear viscoelastic mortar are explained
in section 4. /Section’d provides a first application of the proposed Cecchi & Tralli and Cecchi &
Taliercio ,extension’ models to a 2D masonry with microcracked viscoelastic hybrid mortar. This
section studies/the effects of crack density parameter, time and ratio between the bricks and mortar
Young’ssmoduli on the evolutions of mortar’s creep function and masonry periodic cell’s stiffness.
At last, section 6 presents local and global mechanical fields predictions for a compressed masonry
panel studied in [15]. In addition to the crack density parameter and time, this section studies the

effects of the mortar’s rheology model and panel’s boundary conditions.



2. Main objective and hypothesis

The objective of this study is to evaluate the effective and local behaviour of masonries exhibiting
nonlinear behaviours mainly viscoelastic at short and/or long times especially when they are sub-
jected to severe or long term loading such as historical monuments or refractory masonry linings
working under high temperatures. For undamaged state, this work enlarges the applications - USBR
and Feng models - treated in the Cecchi & Tralli paper and the Generalized Maxwell model in the
Cecchi & Taliercio work to the Modified Maxwell and typical Burgers rheolegical models. Moreover
it is an extension of these models to microcracked viscoelastic masonries which eonsiders apart the
spherical and deviatoric parts of the creep behaviour unlike applications in_[15]. Since this model
provides stress distribution throughout studied masonry wall or structure with low computational
efforts, it allows to predict cracked areas or failure zones mainly if compressive, tensile and shear
masonry’s strengths are beforehand known. For first applications and for the sake of simplicity, it
can be assumed that only the mortar is a micro-cracked wiscoelastic material [41, 31]. Its behaviour
(at the undamaged state) obeys to the Modified Maxwell or typical Burgers models. The blocks or
bricks are assumed to be undamaged and to have either a rigid or elastic isotropic behaviour. In
the mortar, the cracks are assumed to be penny<shaped and to have an isotropic distribution. The
proposed approach is based on two main stepsy Firstly, the homogenization technique is applied in
order to assess the effective behaviour of*the micro-cracked mortar. The results of brittle fracture
mechanics - the Griffith’s theory --could be useful if we move from the real temporal space to the
symbolic one due the Laplace-Carson (LC) transform. In the later space, the apparent behaviour of
the mortar is linear elastic..This procedure allows the use of expressions available in the literature
for the displacement’s jumpiinduced by the crack [36]. Assuming again that the displacement jump
field depends linearly<on the macroscopic stress, it is possible to define an effective linear behaviour
for the micro-cragked.mortar in the symbolic space. To determine the global behaviour in the real
space time, it48 possible to apply the inverse of the LC transform in some simple cases. It is then
interesting.to approach in the symbolic space, at least in short and long terms, the symbolic effective
stiffness ((or compliance) by an existing rheological model. For example, if the undamaged mortar
behaves as the Modified Maxwell model, we try to approach the symbolic effective behaviour of
the corresponding microcracked mortar by the same model. After validation of this approximation
at short and long terms, the inversion of the apparent effective stiffness will be straightforward.
Therefore, the effective behaviour of the micro-cracked viscoelastic mortar could be expressed in the
real space time. In a second step, the global behaviour proposed for undamaged linear viscoelastic

periodic masonries [15, 13, 12] is extended in this study for similar masonry cell with microcracks.



Basic steps followed by the proposed models - extension of the Cecchi & Tralli [15] and Cecchi &
Taliercio [12] models to microcracked viscoelastic masonries - are summarized in Figure (1). Here-
after, it is proposed to explicit the main hypothesis adopted to carry out and perform the principle

steps ((s1) and (sg)) of the proposed model.
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Figure 1: Main steps of the proposed anodel: (s7) - approximation of the effective creep function knowing the effective

properties of the homogeneous material. MHE-1 (c¢) equivalent to the non-aging linear viscoelastic mortar (b) joints
with isotropic distribution of eracks present in the periodic masonry cell (a) - and (s2) based on two techniques:
periodic homogenization (if dimensions of joints are finite [15, 13]) and asymptotic analysis (if these dimensions tend
to 0 [14, 12]) in order té)provide the effective stiffness of the homogeneous material MHE-2 (e) equivalent to the
masonry’s cell (d). The theology of the mortar with penny-shaped micro-cracks follows either the Modified Maxwell
(j) or typical Burgers (f) model.

2.1. Homogenization of a microcracked viscoelastic mortar: coupling between Griffith’s theory and

mean-field homogenization in the Laplace-Carson space

Let us/firstly recall that the effective stiffness of an elastic porous medium with a homogeneous solid

phase tensor C* is:
C=0C%: (I —pAP) (1)
where AP is the average of the strain localisation tensor A(z) over the pore space QP and ¢ is the

porosity volume fraction. Classical estimates of AP are based on the solution of the Eshelby single
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ellipsoidal inhomogeneity problem. Indeed this inhomogeneity €2, is assumed to be embedded in
an infinite homogeneous medium made up of an elastic material subjected to linear displacement

boundary conditions of the form:
u(z) = E.z where z— 00 (2)

In that case, the strain £ in the inhomogeneity proves to be uniform. In the particular case of a

cavity embedded in an infinite solid medium, € is given by:
=-S5 F (3)

where S¥ is the Eshelby tensor of the cavity function of the cavity’s.geonictry and the bulk elasticity
tensor C*. According to equation (3), the dilute scheme’s estimate of the localization tensor AP
reads:

Apy = (I —8°)" (4)

For a flat spheroid - usual 3D crack model - of aspéct.ratiows << 1, the Eshelby tensor S¥ is a
function of w. Accordingly the components A%, and\ A% . ~of the tensor (4) are of the order of 1/w
and therefore is the ratio of the normal strain ¢, to'the macroscopic strain E. Possible nonenegligible
variations of 1/w is in contradiction with the assumption of linearity of the localization relationship
(3). To overcome this difficulty, Deudé et alm{21] have proposed to consider the rate-type formulation
of the problem i.e. the strain localisation tensor (3) should be replaced by a strain rate localization

as in the following:

é(2)=A(2): E
Similarly, the rate-type formulation of the Eshelby problem (3) for a spheroidal cavity reads:
& =(1-5w) ™" E (5)

Recall that where reférs to the aspect ratio in the current configuration of the spheroidal cavity.
Such hypothesis implies that the use of AP in the homogenized stiffness (1) leads to an estimate of
the tangent effective stiffness. Moreover, since the crack porosity ¢ is proportional to w [21], the
tangent, effective stiffness is mathematically independent of w. This renders the effective behaviour
linear elastic. Note that the rate-type hypothesis is indispensable [21] to also avoid troubles related
to possible large strain in the direction normal to the crack.

On the other hand, the extension of the linear homogenization schemes to non-aging viscoelasticity is

based on the Laplace-Carson (LC) transform [42, 40]. The effective stiffness C' =< C': A > becomes

C"=<C": A> (6)



in the LC space where C* is the apparent elastic stiffness. The presence of microcracks implies
the existence of nonlinearity at the local scale in the relationship between the crack strain and the
macroscopic strain. Accordingly the homogenization of a viscoelastic cracked medium is not as
straightforward as (6). The basic idea consists in anticipating that both the microscopic strain field
and the displacement discontinuity vectors [ul]; linearly depend on the macroscopic stress. Such an
hypothesis, confirmed by [36], justifies the use of the LC transform which can be applied to the
macroscopic strain related to the microscopic strain and the displacement discentinuity vectors [ul;

between two lips of crack.

2.2. Homogenization of reqular masonry with viscoelastic mortar jointss coupling between asymptotic

analysis and periodic homogenization in the real temporal space

Since the procedure explained in the previous paragraph (see.seetion (2.1)) provides the apparent
creep function J* of the microcracked viscoelastic mortar; it 1s.possible to derive the real creep func-
tion using an appropriate (analytical due to the Bromwichtintégral defined in the complex plane by

L f ()

f(t) = o | =—=¢P!dp [5] or numerical as the collocation [40] or multi-data [18] methods) inversion
s

procedure of the LC transform.

2.2.1. Linear elastic case

Classically, to determine the globalbehaviour of regular masonry with linear elastic constituents, it is
useful to apply periodic homogenization technique. For that purpose, Cecchi and Rizzi [11], De Felice
[19, 20] and Cecchi and Sab,{14]/have proposed to apply asymptotic homogenization technique with
a perturbative analysis ag afunction of several parameters: ¢y that defines the relationship between
the overall dimensions of the element and those of the characteristic pattern, o which defines the
relationship between,theidimension of the mortar joint and that of the characteristic pattern and
[ defining the-ratio,of/the mortar stiffness to the brick stiffness in order to provide constitutive
functions depending on the said parameters. Besides these authors have investigated the obtained
solutions as these parameters tend towards zero which is frequently the case for the bed joints. These
studies are'motivated by the fact that a mortar in historical masonry is much more deformable than
the bleck and that its thickness is often negligible compared to the dimensions of the blocks. The
homogenized stiffness tensor A%/ is computed on Y* by solving the following auxiliary problem on

the periodic linear elastic masonry pattern Y* (see Figure (2)-a).
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{b)

Figure 2: Running bond masonry: finite element discretiz d topological transformations (patterns Y (b),
Y B with mortar joints assimilated to interfaces or surfa isco

Y* (a) followed by Cecchi and Sab in [14].

inuities (c)) of the characteristic elementary pattern

div(c*) =0
e (y*) = B+ sym(gr ¢
&) . ymlg ) o a’® for y* € block
§ of=a"7:e(y") where a"7(y*) = (7)
] ) a™ for y* € mortar
o*.n anti-per \&
\ u*P" peri *
Here a” and a™ are tively the elastic constitutive functions pertaining to the blocks and mortar.
o* and € are r the local stress and strain in the cell Y*. n is a unit vector normal to the

For a macroscopie’strain F, it follows that: ¥ = (0*),. = A* : E.
After to ical transformation of periodic pattern Y* (see pattern Y in Figure (2)-b)) and assuming
thatww_l = wy # 0, that means for periodic masonry with cohesive joints, the authors have

shown that the auxiliary problem (7) can be rewritten as follows with reference to the pattern Y

10



(see Figure (2)-c)

([ o0n anti-periodic on QY
div(c?) =0 ug periodic on 9Y?
e'(y) = E+ V*u® with boundary conditions [up] # 0 discontinuous on Xy
o0 = A : 9(y) [0%.n] = 0 continuous on ¥

0%.n = K [ug] constitutiweirelation on X7

(8)

where oy and € are local stress and strain fields in the pattern Y. n is thetunit.vector in the y; and

yo middle planes of the Y—REV, ¥; is the interface and [up] is the jumpin displacement field at X;

and the fourth-order tensor K is given by

1 1
K (par] + (uar + A)n@n), - Ko = —(arl s + Aar)n @ n) (9)

€n v

assuming isotropic behaviour of mortar [29]. The resoldtion of the auxiliary problem (8) in terms
of the variables (0g, ug) allows to determine the homogenized stiffness A in the following form by

reference to the patternY; [14]

’ b 1 Cy
(K'Chuy+ B2 (4K 4 2K K+ BY
~ a a a a - / 2222 b
Aun = en\? €, »  Ch ; y  Amm=K €y €p ' b €h | Cu 0
’ b m €y
(4K LK e—) (K’@ + 49K”€—h)
~ ' b ar @ @ ~ b " b b b
Ao = K 01122 en\2 e € , Aigp = 01212K s Ch .
4 (—) —B+Chy,—C+ K'D Clae—F+ K'G
a b a a
(10)
/ nb 1€ 1 Ep (& nb
here B = (C?yy,)° A(CP,,)7, C = 4K’ 4+ "2 L 4k'S D =ag'™ 4 g2
where (Chin)” A(Chize) ,2 u + p a+ b 4 + A
F= K,G—Z +4K" (6—;% o (%) %v) , G = K/%v + 4%[(”3, K' = 24, + A, (plane strain)
or K' = 2, 4 X, (plane stress) and K" = p,, or equivalently
, E™ , E™
K, = ———, K,=+——— (plane stress)
e o)
K, = ( ;Lyh ) — K, = (=) —  (plane strain) (11)
(1—!—17/#)(1—21/,1) (1—1—%,”"‘)(1—2%)
K// S K;}/ _ =
2(14+ ;) 2(1+vm)
E E E
since p = 2(1—+y)’ A= i+ lj(l “ o) and \* = (1V_—Vz) a and b are respectively the height and

length of the brick in Y. ej, and e, are thicknesses of the mortar joints in the horizontal and vertical

11



directions, respectively. These results are, in the limit, perfectly consistent with those obtained by
De Felice [20] in the case of rigid blocks and joints modeled as an elastic interface. The analytical
solution (10) is accurate when ratios between bricks and joints mortar dimensions tend toward 0
which is generally the case for bed joints. It is less accurate in the vertical direction since e,/h; is
generally not negligible compared to ey /l,. Motivated by this reason, Cecchi & Barbieri and Cecchi
& Tralli have proposed an alternative analytical solution valid for finite joint thickness. Indeed,

following the procedure of Cecchi and Tralli [15], it is noted that the homogenized,moduli for an
elastic brick and joint are obtained in the pattern Y, and not in Y} as done in,Cecchi and Sab [14].

The joint thickness is taken into account in the following mathematical.procedure
E.(a" E) < E.(AE) < min {E.(AH E), E{AR E)} (12)

where a” is the homogenized 2D elasticity tensor obtained with plane stress in the bricks and 2D
restriction of K at the plane strain interface in the mortar, A is the homogenized plane strain
elasticity tensor i.e. with plane strain hypothesis in both blocks and mortar. AR is the homogenized
in-plane tensor defined by:

(AR) = (47) N (A) (13)
where A% is the plane stress elasticity tensorlof blocks and A is the homogenized membrane tensor
for rigid blocks connected by elastic intexfaces. The homogenized tensor A% reads [15]

b v oA v
(K,gcfnﬁB Ch )(4}« Ch_ OF e € )

a+ ey, Ya4e, a+e, "a+e,

A:ﬁll = S 2 . . )
h v h ’
4 B+Ct,,——C+K,D
(a—i—eh) b+ e, + Mo +ep o
’ e b+ev " €y e €y
(4Kv —+ h ) Cly + B—
R / ate, atep a-+ep a—+epa+e,
A2222 ) Kh

2
ehn €y €h '
4 B+ CYy,——C+ K, D
(a—l—eh) b+e, o ey h (14)
’ €h b‘i‘@y K// (2 )

4K, + L
a+te, a-+e, a-+ep

AR/  _ 1 b
Aty = K;,Chi

2 )
€h €y €h /

4 B+Cb,,——C+K,D
( ) + 1111a+ en + h

ate,) bte,
;e a+en . €
K- 4y + €en ’ h
~p b p + e, b+ e, b+ e,
Ath1y = Ol K, o €n F 4 AK'G
1212 h
’ (&% €y " b + €y ’ a €y . .
where, here C' = 4K, + K, —— . The differences between equations
at+e, a+e, "a+tep a-+e,b+e,

(14) and those obtained by Cecchi and Sab [14] (see equations (10)) lie in the ratio %v and %h, which

12



. 1R 1R .
, in the components AZ,,, AjY, and the coefficients

e
are substituted respectively by 2 +U and n
€y a—+ep

C' (mentionned above) and D. In the Cecchi & Barbieri’s paper: D = —2% <4K' R ),

atep, atep, (a+ep) atep
K'Cbyy + B2
i w 2222 b+ e,
2222 = o en en o )
: B+ K'Cjyy + o | + K"
b+e,a+ep ate, b+e, (15)
K, €y 4 4(1 + (& K// €n
~p b " b+ e, b+e, b+te,
Alpy = Clgp K b €n .
a €n

2.2.2. Extension to viscoelatic case

For the viscoelastic periodic problem, the auxiliary problem(7)related to the elastic constituents
can be rewritten as follows by reference to the periodi¢.pattern Y*

(

E + e(iPer) = e(1)

div(o(t)) =0

o(t).n anti-periodic on Y (16)
uP" “periodic on Y

o) = %(t)

Here, o(t) is the microscopic stress tensor state; e(u(y)) is the microscopic strain tensor state; u?"

is the periodic displacement fieldyand E is the macroscopic in-plane strain tensor rate.

Since in the Cecchi & Tralli work, the hypothesis of cohesive joints was also adopted, an asymptotic
auxiliary problem (similar to equations (8)) can be written with reference to the pattern Y. The
mortar appears,necély as a boundary condition. In that case, assuming also that the viscoelastic

mortar is isofropic,, then the K tensor can be rewritten as function of the viscous function of the

mortar, i/€.:
et (B ¢ (1) Ep(L+op(1) - vmER(1+ ¢35 (1))
Rt o\ o050 TP\ Taasn) T Ot 2ym)) (n® ”)) K (1) )
G (Est@) (0ol S Oy
€y 2(1 4 vp) 2(1 + vp) (14 v) (1 — 20y,)

where the K tensor has a diagonal form in this case. K = K, for the horizontal interface and K = K,
for the vertical interface.

If only the mortar is assumed to be viscoelastic such that its stiffness tensor reads A™(t) = A™(1 +
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®m(t)), the periodic constitutive function A% is similar to that shown in (14) but by substituting
the Young’s modulus E™ by the inverse creep function J.'(t) = E™(1+ ¢, (¢)). It is noted that here
only the Young’s modulus is assumed to be a function of viscosity; the only characteristic parameters
for mortar are the bulk modulus and shear modulus, rather than the Poisson’s ratio.

For a microcracked mortar, it is proposed in step (sg) (see Figure (1)) to estimate the effective
moduli of the homogeneous equivalent material MHE—2 (see Figure (1)-e). Thesé properties could

be deduced from the macroscopic plane stress law > = C:&or equivalently £ = S % which reads

Loy
Enn En En E”"
, _5 tt Et Et 1 . tt
Ent O O - nt
,unt

where S and C are respectively the effective complianceland stiffness of the masonry periodic cell.

Accordingly
1 Chun Con it
= = =5 A = = ) ﬁnt(ty dc) = “ s VU (t7 dc) = ~tt
Et (t7 dc) Onn Ctt _~Ott7m nntt Ctt Cnn (19)
1 Cy =

= = = = = = y /j/nt(t7 dc) = Cntnt
En(tv dc) CnnCtt - Cttrmcnntt

where, in the case of undamaged €lastie bricks, the stiffness components C’ijkl are provided by the
extension of the Cecchi and Tralli expressions (10) to the cracked state of the mortar joints. Accord-
ingly viscous Young’s modulusVFE, (1 + ¢,,(t))" or equivalently the inverse creep function J,,'(t) is
simply substituted by J='(f;d.) which accounts for the crack density parameter.

Similarly to the undamaged elastic case, the proposed solution is expected to be an upper bound
for the masonry stiffniess. ' Recently, based on the works of Cecchi & Sab, Cecchi & Barbieri [13] and
Cecchi & Tralli, Cecehi & Taliercio [12] have proposed a homogenized compliance for viscoelastic
undamaged masonry with mortar joints assimilated to interfaces. In this paper we propose to extend

also thisimodel to microcracked masonry with finite dimensions of microcracked mortar joints. The
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effective compliance of the damaged viscoelastic masonry reads then:

€y , €n ’ €yCh / I
. Sfm—a i, J'(t, dc) + 48{’111—6 o J,,(t, dc) + 4—(b ) J,(t,dc)J, (t,dc)
Siin(t, de) = T en
4——J, (t,dc) + Jo(t,dc)
) e b+ e, a-+ep
55%22(75’ dc) = 53222 +— Jh(t> dc)
a+ €h 62 (20)
e e (b+ )(U + )J;/2(t7 dc)
O h " ) " Ey)la e
STt de) = Siyy + ——J, (t,dc) + bte. Jy (t,de) — €h 5 v
a+en + ey 4 Jy (t, de) + J!'(t, dc)
b+ e, a +-€ep

Sﬁm(ta dC) = 5%122

. 1 .
The damaged masonry’s effective moduli are then the following: Fy (¢, d)) = = , Eoo(t,d.) =

Sﬁll(ta dc)
1 1

= fo(t,d.) = =————, U(t,d.) = —Eii(t,dc)ggl-(t,dc), where (7,7) € {1,2}. These
SE ot d) Shis(t,de)’ »

properties are explicit function of the crack density -“damage/parameter -, time and ratios +h ,
a €p

€y

b+e
interfgces, Cecchi & Taliercio have proven that thissselution is more consistent with a numerically

e e
instead of respectively " and ?v It is worth*noting, that for the case of undamaged mortar
a

homogenized solution based on the finite elements.method for ratios Ej/FE,, > 20 when the mortar
follows a Generalized Maxwell model. In the following, we assume that this condition ensuring the
accuracy of the Cecchi & Taliercio’s-amalytical model with the additional assumption of finite joints
dimensions is also available for damaged mortars.

Hereafter mortar will follow typical\Burgers and Modified Maxwell models. Moreover, the effective
moduli of masonry propesed by Cecchi & Tralli and Cecchi & Taliercio will be extended to the
damaged case of masonry with finite dimensions of joints without any recourse to numerical inversion
of the Laplace Carson method. The yet proven accuracy of the Cecchi & Taliercio’s analytical model
for ratios E}/Ep.>120 will be useful to assess the accuracy of the Cecchi & Tralli’s extension model

to damaged mortars.

3. Rheological models for undamaged mortar

The rate-dependent mechanical behaviour of mortar is often approximated by a linear viscoelastic
model [17, 28]. For the sake of simplicity, only non-aging formulation will be considered in this work.
The practical interest of this simple formulation is that it allows to transform a time-dependent
boundary value problem into a linear elastic one using the well-known correspondence theorem based

on the Laplace-Carson transform. Among the simplest formulations used to model the non-aging
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linear viscoelastic mortar’s behaviour, it is possible to quote the USBR, Ross, Feng, Burgers and
Modified Maxwell models [17, 15] mainly based on connections in parallel and /or in series of Maxwell
and Kelvin-Voigt parts. Each element (spring and dashpot) of the Maxwell (M) or Kelvin-Voigt (KV)

model is characterized by an isotropic fourth-order tensor related to its elasticity or viscosity

Ch = 3k +2u5 K, Ck =njJ +ni K,

(21)
CS = 3kS,J +2u5, K,  C¥% =mn3J +ni K

where k, and i, (o = K or M) denote the bulk and shear moduli. ¢ andn?wepresent respectively

the bulk and shear viscosity. In the following, only rheological MM’s medel 18, presented.

Modified Mazwell model (MM). The constitutive law of the MM’s model(see Figure (1)-j) is given
by
Syio + Sy0 = 53Che + (I 4.5, CR)e (22)

where, for isotropic mortar material, the elastic and4iscous compliances of the Maxwell part are

1 1 1
= —J + 57— K and §§;="=-J + — K. The elastic stiffness of the
3kS, 209, UNYs UNYs
spring reads Cy = 3k%J + 2u4K.

given respectively by S,

The Laplace-Carson transform applied to the,behaviour law (22) leads to
(Sir +pSir)o™< (S Cr + p(I + 53 CR))e” (23)
and allows the definition of the follewing symbolic Modified Maxwell elastic compliance
S =ASyCh +p(I + 83,CR)) (i +pSiy) (24)

Assuming the isotropy,of the mortar behaviour, the symbolic compliance (24) reads

1 1
Siyyuy==—"J 25
i = gl g (25)
The associated apparent creep function is then given by
1 1 1 1 1
S = = — 4= = ; + (26)
S VIV T (kR L _Phami /3 ) ; (/m e )
kar + P /3 fiar + Py /2
since . . ) .
—* = B 5 —* — d . (27)
k: (kR L _Pkamiy /3 ) T (uR L _Pparti/2 )
kar + Py /3 pins + Py /2
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The analytical direct inversion of (26) leads to the MM’s real creep function

1 1 kM _ s ,LLM _ d
J t) = + — e trum — e tThm 28
waa (1) 9%r  3ur  9Ykr(kr + kun) 3pr(pr + tar) (28)
s (k k d
with the characteristic times 75,,, = w and 74, = w for respectively the
3krky 2R

spherical and deviatoric parts of the MM’s viscous behaviour.

4. Creep function of microcracked non-aging linear viscoelastic mortar

We consider a RVE 2 made up of non-aging linear viscoelastic materialvand a network of plane
penny-shaped cracks. In contrast to 3D ellipsoidal crack modél considered in the Eshelby-type
approach, the mathematical penny-shaped crack is a 2D problemin“nature which does not refer
to an aspect ratio w. During the time period of loading; ‘assuming that the displacement wu(z,1)
prescribed on the boundary 0f) is given by wu(z,t) = &(t).% where the macroscopic strain £(t) is the

sum of the contribution of the elastic solid and of thefractures as follows

£= % (/Q 5dV+Z/Ci[u]i ®° nidS> (29)

t b b t
where (2, is the domain of the undamaged matrix and a ®° b = M for the vectors a and

b. C; and n; denote respectively the boundary of the crack ¢ and the vector normal to its plane. For
empty cracks, the overall stress reads)X =< 0 >q= v fQ odV = C : & since the local stress in the

voids is null.

4.1. Symbolic space:” coupling between homogenization and Griffith’s theory

The Laplace-Carson transform of the macroscopic strain (29) reads:

Zx 1 / * / * —k *—1 * 1 / *
e =2 e dV + ulf @ ndS | e =C"" X+ — ulf ®° n;dS 30
V(Qs > [ > A (30

In the framework of the stress-based dilute scheme [22], the displacement jump [u]; is linearly related
to 3. Indeed, the normal displacement jump (mode I) at the lips of a crack in an infinite matrix

submitted to an isotropic asymptotic macroscopic stress X* = »* i can be written:

[un]* — Mz‘ /12 — 102. (31)

*
m Mg
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where [ is the crack’s radius and p is the position of a point M pertaining to the crack’s plane.
The tangential displacement jump (mode I7) under an asymptotic shear stress X* = £*n®°t where

t is parallel to the crack’s plane reads:

A1 — ) T*
* s 12 — p2. 2
R PR I AR )

Effective dilute symbolic bulk moduli. Under an isotropic loading (X* = ¥ #%), the elementary
contribution of a crack to the macroscopic strain is purely normal ([u]* = [u;]*r) as’Shown in (31)

and reads:

SBY*(1—wvr

Assuming that all cracks have the same radius [, an integration’ over all orientations on the unit
sphere yields the total crack contribution:

1 813 ¥*(1 — v) dS’ SNPBY*(1— )
— W @S ndS = -2 s == 52 34
V;/Q[u] ®°n 2 " A|_1n®n4ﬂ 5 o (34)

where N denotes the number of cracks per unit volume. Combining (30) and (34) defines the effective

state equation under isotropic loading:

8. £*(1—v)

== O (O N 35
: N+ o= (3)
for the damage parameter d. = N 2410, 23] At last, since
. > 1 8. (1 =05\
thace(e) = — = | —+ —— | & (36)
k5, ki 3
1 1 8d. (1= vk
then ===+ #, or equivalently
Y SN ¢
1 14d.Q* 16 (1 —v2?)
— = h B 37
. o vhere Q1= o (37)
. . . . . : ki —2u;
in which/the symbolic Poisson’s ratio of the undamaged matrix reads: v} = AR
s T Al

Effective dilute symbolic shear moduli. Under a deviatoric loading in which the macroscopic
stress reads X" = ¥*(e; ® e; — e3 ® e3), the elementary contribution of a crack to the macroscopic
strain is derived from (31) and (32) according to its orientation. In the polar coordinates system (r,
0, ®), the displacement jump is given by

(1 —v)

2
[u]" = T (Xr’er + m(Xeee + X@%)) a* — p? (38)
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if the normal vector n coincides with the radial unit vector e,. Integration over all crack orientations

on the unit sphere yields

1 d.M* 32(1—vH)(5—-v))
1 * 2% nadS = S where M* = o2 s s 39
v ;/CZ[UL ®°n o where T =0 (39)

Accordingly and due to (30), the apparent effective shear modulus reads

I 1+d.M*
D, 205

(40)

4.2. Creep function: identification of existent rheological models at short and long times

Since the expressions (37) and (40) can not be satisfied rigorouslyf it was proposed in [36] to identify
the best approximation of the effective behaviour in the class of Burgers” (Modified Maxwell’s) model
if the mortar in its undamaged state follows the Burgers’ (Modified Maxwell’s) model. The idea is
to satisfy the series expansion of the dilute estimates of the bulk’s (37) and shear (40) moduli to the
first order at p = 0 and p — oo such that

lim £(t) = lim f*(p) bl £(1) = lim £ (p) (41)

p—0 p—0o0

Hereafter, only the identification of the MM’s'creep parameters function will be detailed. Parameters

related to the Burgers creep function at damaged state [37, 33] are reported in Appendix (A).

4.2.1. Expansions of the mortar’s effective dilute apparent moduli

1 1
At the vicinity of p = 04 the expansions in series of iy + O(p) (see equation (27)-a) and
s R
1 1
— = — + O(p) (equation (27)-b) provide the following approximations
Hs MR
1 1+ d.Q) 1 1+ d.M
L QR o), LU o) (42)
kb1 R Hpr, HR

where the coefficients QY, Qp, M{ and M} are given by

0\ 4]@5%(3]{3 + 4,uR)

0 2 (2n3,1r — 3krniy) (9K% + 4u%, + Gkrpr)
0

) Qé:_

Y 3ur(3kg + pr) 9 1% (3kR + 1ig)? (43
0 _ E (3kR + 4,&3)(9]{33 + 4,uR) 1_ é (3]{737]?\4 — 277}9\/[,111]{)(63]{3]2% + GOkR/iR + 16,&%{)
0 45 (3kR—|—,U,R><3kR—|—2MR) ’ 0 45 (3kR+MR)2(3kR+2NR)2 .
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1 1 3k2,

— = + + O(p~?) and
R T R (T vy e

On the other hand, at the vicinity of p = oo,

r 1 n 213,

fr MG pse o (S eR)n p
1 14d.QF n 13k, (1 + deQ3°) + de(k§y + k) Q57 n3)

+ O(p~?), accordingly

2
For R thkn o + K o) "
L _1+deMg 1 (20, (U4 deMG?) + depsy + i) M) AL/p?)
fpr My +Hr P i (s + 1)
where the coefficients Q°_, Q! and M2 are given by
4 3

Uso = g(kM+kR)(Mz\4+MR " S(kM+kR)+(MM+HR))7 (45)
a0 16 ( - 9(kar + kr) B 6(kar +kr) )

<45 3(kar + kr) + (e + pr)  3(kan+kr) +2(1m + pr)

4.2.2. Identification of an existent rheological model for the: cracked mortar’s creep function

The dilute symbolic bulk’s (37) and shear’s (40) modulitef a non-aging linear viscoelastic (n.a.l.v.)
microcracked mortar following the MM’s model can be approached by expressions similar respectively
to (27)-a and (27)-b available for a mortar with_a matrix following the MM’s rheological model

pkM (dc)ni/[(dc)/:3 PHM (dc)n?\/[(dc)/2
ks (de) 4 pmy (de) f3 par (de) + pnfy(de) /2

ko = kr(de) + paenr = pr(de) + (46)

1
The series expansion of the dilute symboli¢iestimate of the bulk’s modulus = (respectively shear
DL

1 1
modulus ——) and its approximation oA (respectively ) at the vicinity of 0

ok

Hpr, MM Y
1 1 mar(de) 2 1 1 7710%/[(d0) 2
— = =P +0@{p), ——= —p +O(p 47
ki Frlde) 3k (d.) ") [y 1r(de) 20 (de) %) 47
and oo 1 1 1 3k3,(d 1
) g ) ol
k3 kR(dc> + kM (dc) p nM(dc) (kM<dc) + kR<dc)) p
xd 2 (48)
T 1 1 22, (d.,.) Lol
Wanr pr(de) + par(de) — pngy(de)(par(de) + pr(de))? p?
1 1 1
added to the-equalities — ~ -——— and —— ~ —— allow the identification of the following six
kb K Hpr  Havm

MM’s\parameters

kr MR
kr(d.) = —, d,) =
W) = i ld) =
Far + b Fr (13 + de(n3, Q) — 3k5Q0))
k¢ dc — _ , S dc —
pag(dy) = Fm e pn . (d):ngz+dc(n§4Mg—2uRMg)
M T v d Mg 1+ d MY MATe (1 + d.MP)?
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The characteristic times of the spherical and deviatoric parts of the Modified Maxwell model followed

by the microcracked viscoelastic mortar are respectively

T3 (d ) — 7715\4(616)(/?13<dc) + kM<dc)) 7_cl — nﬁ/l(dc) (:uR(dc) + MM(dc))
MR 3kR<dC)kM (d6> ’ MM 2MR(dC),uM(dC)

(50)

At last, the approximate creep function of a microcracked mortar which matrix follows the MM'’s

model reads

app ) = 1 . ki (de) o=t/ Thia (de) 1 . pone (d.) o=t/ (de)
Tl de) = gas (1 (ka(de) + Far(d) >+3u3<dc> (1 (o) + 11 (42)) o )

5. Application for a 2D masonry with microcracked viscoelastic hybrid mortar

To assess the reliability of the Cecchi & Tralli extension model presénted in this paper, it is proposed,
in a first step (s1) (see Figure (1)), to implement the creepifunctions (53) and (51) and to study the
effects of the crack density d., time t and geometricalparameter 5 = Ej,/F,, on the trends of the creep
of the mortar. As mentioned previously (see section (2:2:2)), the estimates of the Cecchi & Taliercio
extension model are useful as reference solition¢since the accuracy of this model at undamaged
case has been yet proven in [12] by comparisonywith more accurate finite element solution. Based
on this result, only elastic bricks with Young’s moduli E, > 20E,,(to) (here the initial time ¢, is
set equal to 0) will be considered in the following. For these evaluations, the adopted mortar’s
data are given in table-1. The properties of the undamaged bricks are the following: v, = v, and
E, = 100E,,(t;) where for'this,hybrid mortar E,,(to) = J;,5,(te, 0) = 6150 MPa for the MM’s
model and Jg, (tp, 0) =-4038 MPa for the Burgers’ one. Recall here that J,},(0, 0) = Er + Ey
and J51(0, 0) = Ej N Bricks are of dimensions 250x55 mm? and mortar’s joints thicknesses are
en = €, = 10 mmy,_Effective masonry’s moduli for cases Fj, = 40E,,(ty) and 20E,,(ty) allowing to

study the effect of the’parameter 3 are reported in Appendix (B). Note that the characteristic times

EM (MPa) T™ (S) ER (MP&) TR (S) Vm
4038 46490 2112 90866 | 0.22

Table 1: Elastic and viscous moduli of hybrid mortar [28]

d— 1 for

for the spherical and deviatoric hybrid mortar’s behaviour are assumed to be equal 7° = 7
the MM’s and Burgers’ models. The Young’s modulus Er and Poisson’s ratio vg coincide respectively

with Ex and vy, properties of the Kelvin-Voigt’s spring.

21



For damaged state, to validate the step (s1), comparisons with results provided by Nguyen et al. [36]
for concrete material following the typical Burgers model were carried out. Moreover the evolutions
of the MM’s model parameters identified in section (4.2.2) versus the crack density d. depicted in
Figure (13) in Appendix (7) validate this identification step since these parameters decrease with
the increase of the damage parameter. Similar validation procedure was carried out for the Burgers
parameters but is not reported in this paper for the sake of brevity.

In this work, the validity of the step (s2) was ensured by comparisons with: Ceeehi & Sab [14]
effective stiffnesses available for elastic undamaged masonry either with planeystrain or plane stress
hypothesis (see table-2 in [14]). When accounting for the creep effects, this model was validated by
making comparisons with Cecchi & Tralli results available for periodi¢/masonry with undamaged
(d. = 0) mortar following the USBR rheology model (see Figure (7) in [15]). Note that in this
paper, the implemented effective stiffness components flgggg and 1211212 are similar to those proposed

by Cecchi & Sab [14] (see equation (10)) but accounting for.creep and finite dimensions of mortar

joints.
5.1. Evolutions of the normalized inverse dilute creep, functions Jf:\,/[,-f‘r1 and Jgfl of the mortar
joints

Figure (3) and (4) illustrate the evolutionisief normalized inverse dilute creep functions of respectively

the MM’s and Burgers” models with respectito the damage parameter d. and the time t. When the
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Figure 3: Mortar following the MM’s model: Variation of Jy\,(t,d.)/ T34, (0,0) versus time (b) for undamaged mortar

(d. = 0) and microcracked mortars (d, = 0.1, d. = 0.2) and (a) versus the damage parameter d, at different times
t=0, 1 day and t > 5 days.
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Figure 4: Mortar following the Burgers’s model: Variation of Jgi(t,dc)/Jgi(0,0) versus time (b) for undamaged
mortar (d. = 0) and microcracked mortars (d. = 0.1, d. = 0.2) andA{a) versus the damage parameter d. at different
timest =0, 1, 5 days and t > 10 days.

damage parameter d. increases, Figure(3)-a (respectively (4)-a) shows that the normalized inverse
creep function J~1(¢,d.)/J1(0,0) does not evolvébeyond ¢ > 5 days for the MM’s (respectively, 10
days for the Burgers’) model. Moreover, unlike the Burgers’ model, the MM’s one predicts a slower
decrease of the normalized creep function versus the damage parameter d.. Indeed, for the considered
mortar with properties gathered by ameans of short term compressive tests on masonry wallets [28],
this function vanishes for times €xceeding 10 days according to this version of the Burgers model
whereas the MM’s estimates tend*towards non-zero asymptotic limits for ¢ > 5 days.

For a given crack density/parameter d. = 0, 0.1 or 0.2, Figure (3)-b demonstrates that the MM’s
model yields to a constant funetion J~1(¢,d.)/J~*(0,0) with variation of the time beyond ¢ = 105(s)
(i.e. almost 11 days). As expected, the increase of d. decreases the level of the asymptotic limits
reached by thissfunction. The difference between the MM’s curves for different d. is not negligible
(around 15%) unlike’that observed for the Burgers curves which are very close especially at short
and longterms. Figure (4)-b shows again that the Burgers model leads to vanishing inverse creep
functions for.#> 3 10% (s) i.e. 1157 days for every crack density value d. > 0.

Recall here that this version of the Burgers model is different from the modified or adapted ones
proposed in [34, 46, 47]. Parameters of these modified Burgers models - generally up to 15 - need
experimental investigations to be identified so as experimental creep curves coincide with modified

Burgers predictions.
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5.2. Effective behaviour of periodic microcracked viscoelastic masonry cell

5.2.1. Constant crack density d.

In this part, it is assumed that crack does not propagate following the Nguyen et al. [37, 39] re-
searches. Tables (2) and (3) provide the effective properties of a periodic masonry cell with hybrid
viscoelastic mortar at its undamaged and microcracked states with quasi-rigid (E, = 100E,,(to))
bricks. Tables (4) to (7) reported in Appendix (7) give the effective propertiés of a periodic vis-
coelastic masonry cell with respectively E, = 20FE,, and E, = 40F,,. Forithe considered hybrid
mortar, these tables demonstrate that the effective properties of a masonry eell with a microcracked
mortar following the Burgers model vanish of about 99% by reference to_the undamaged state for

E
any range of the stiffnesses ratio 8 = E—b € [20, 100]. The evaluationrof the absolute error E,

between masonry cell’s effective propertieTSn at undamaged and“damaged (¢ = 1000 days, d. = 0.1)
states for the MM’s model shows that this error increases-with the increase of the ratio 8 to reach
a maximum of about 71% which is an asymptotic limitwfor B, attained in the case of quasi-rigid
bricks (E, = 100E,,). This result demonstrates that the MM’s model allows the masonry to pre-
serve a certain resistance for > 20 unlike this version of the Burgers model for which the masonry

seems to fail. Figures (5) and (6) depict the evolutions of the effective properties of the periodic

Mortar: rheological model | t (days) |“d; E, (MPa) E,.. (MPa) Upn Upt fn, (MPa)

Burgers 0 0 111223. 11792.8 0.037 | 0.004 8087.07

25 0 3082.32 142.66 0.002 0 202.6

25 0.1 2620.62 120.77 0.0016 0 172.17

100 0 810.81 36.74 0 0 53.18

100 0.1 688.77 31.17 0 0 45.17

1000 0 82.37 3.70 0 0 5.4

1000 0.1 69.95 3.15 0 0 4.58
Modified Maxwell 0 0 169277 39314.9 0.060 | 0.0140 14432.7
> 100 0 70955.6 14095.1 0.025 | 0.005 5150.

> 100 | 0.1 61324.4 12011.6 0.022 | 0.004 4387.1

Absolute error E,. (%) 63.7 69.4 63.5 71.4 69.6

Table 2: Cecchi & Tralli’s extension model: effective properties of a periodic masonry cell with quasi-rigid bricks
(Ep = 100E,,,) and hybrid viscoelastic mortar [28]

masonry cell as functions of the crack density parameter d. and time t. As expected, the normal-
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Mortar: rheological model | t (days) | dc Ey (MPa) E,.. (MPa) Utn Upt fn (MPa)
Modified Maxwell 0 164964. 37535.2 0.060 | 0.0134 14400.6
> 100 68761.2 13428.3 0.0245 | 0.0050 0138.13
>100 | 0.1 | 59395.3 11441.3 0.0212 | 0.004 4376.9
Maxi. absolute error E,. (%) 3.24 4.98 3.3 5 0.023

Table 3: Cecchi & Taliercio’s extension model: effective properties of a periodic masonry celb with guasi-rigid bricks
(Ep = 100E,,,) and hybrid viscoelastic mortar [28]
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Figure 5: MM’s model: Evolutions of the effective properties of the periodic masonry cell as function of time for
different crack density parameters d. =0, 0.1 and 0.2
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Figure 6: Burgers’ model: Evolutions of the effective properties of the periodic masonry cell as function of the time

for different crack densitysparameters d. = 0, 0.1 and 0.2

ized effective moduliuEs, (t, d.)/ Ers(0,0), Eyy(t, d.)/Eyy(0,0), finy(t, de)/fizy(0,0) and Poisson’s ratio
Uyy(t,dc) /Uy (0,0) decrease with the two parameters: ¢ and d. for both models MM and Burgers.
For the ¢onsidered mortar, similarly to the evolutions of the normalized inverse creep functions (see
figures_(3));"the evolutions of the periodic unit cell’s effective properties with a mortar following
the MM ’s'theological model decrease at the short time to reach a non-zero asymptotic limit at the
medium and long terms unlike the predictions of the Burgers’ model which vanish at short and long
term for any value of d. > 0. It is worth noting that time or duration highly softens the MM’s
effective properties of masonry (even without damage). For E, = 100E,,, this can reach 65% for Eyy

and 55% for the E,, moduli (see Figure (5)) from the undamaged state after at least 100 days (see
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Table-3). The crack density d. accelerates this softening with an additional reduction of moduli of
about 10% (E, = 20E,,) and 13% (E, = 100E,,) for E,;. These results are consistent with those
provided by Choi et al. [17]. Indeed, unlike the typical Maxwell model, the additional spring in this
model’s chain provides resistance after full relaxation which makes the long-term creep rate decrease
continuously to better represent the realistic long-term behaviour of masonry. Moreover, it has been
proven in [17] and confirmed by Shrive et al. [43] that the basic Burgers model only gives good
results for the first few days (up to 100 days) and then exaggerates the creep,strain, Similarly to
the USBR model, the Burgers model represents continuously increasing creep deformation unlike the

Ross, Feng and Modified Maxwell models which predict finite creep defermation at t = oco. Indeed,

for the MM model, the asymptotic infinite limit is Jyp(t — 00,d.) = ERE ) for every crack density
d. (see equation (51)). Moreover, it has been shown that the Burgers model [17] exhibits a seri-
ous convergence problem when identifying the creep parameters.of a number of testd experimental
specimens. Accordingly, it has been concluded [17] that in most-cases the MM’s model can more
accurately predict masonry creep compared with the!Feng, Ross, USBR and even basic Burgers
rheological models since when the MM’s model, USBR"and Ross models were applied to test data
reported by Brooks and Bingel [9] and Shrive etyal. [43}; it provided the lowest prediction errors.
Note that disadvantages presented by creepypredictions provided by the basic Burgers model for
masonry - but not for concrete materialss _have motivated some researchers to insert in this model
a 'frictional’ (or Bingham) element between the spring and the dashpot of the Maxwell element
in order to prevent the activation of secondary creep at low stresses. Moreover they have added
(static and viscous) damage parameters respectively in first and second Maxwell’s components as
proposed by Papa & Taliercio [34]./Other authors simply added viscous damage parameter as done
by Verstrynge et al. Fer this,damage variable (D,), often evolution laws for brittle materials are
used, such as for rogk salt [16]. The main disadvantage of the modified Burgers models is their prac-
tical applicability since they involve significant number of parameters - up to 15 parameters for the
global version - which'need to be estimated according to experimental data. Moreover, they require
a postulation omexperimental investigation of the damage variables evolution laws. Although these
disadvantages, modified Burgers models are more accurate and able to reproduce creep behaviour of
masonry'structures compared to the basic version of this model. Note that by analogy to the simple
modified Burgers version (without the Bingham element) proposed by Verstrynge et al., it will be
interesting to postulate a damage evolution law (similar to equation (5) in [46, 47]) - function of
stress and time - and a damage rate formulation (as equation (6) [46, 47]) - function of stress - so as
there is correlation between this version of the Burgers model and experimental creep tests provided
in [34, 46, 47].
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At last, as shown in tables (3), (6) and (8), for undamaged and damaged states, Cecchi & Talier-
cio’s extension effective estimates are close to the Cecchi & Tralli’s extension ones when the mortar
behaves following the MM’s model. The absolute error E.. between the two models estimates in-
creases with time and damage to reach a maximum of 5%. Recall that the MM’s model leads to
finite asymptotic limits for global moduli of damaged masonry (see Figures (5)). It is worth noting
that the Cecchi & Taliercio estimates are softer than the Cecchi & Tralli ones fof undamaged and
damaged masonry’s states. Accordingly, the Cecchi & Taliercio extension model seems to be more
accurate than the Cecchi & Tralli’s extension one. In this context, recall thatithe Cecchi & Tralli’s

estimate is expected to be upper bound for the exact overall solution [15].

5.2.2. Time-dependent crack density d.

In this part, for the sake of simplicity, it is assumed that thelcraek density d. is set equal to zero at

the initial time ¢y = 0 and evolves linearly with time ¢ as follows
do = dgt (52)

where, here, the rate of the crack density d, is assuined to be a positive constant lower than 0.002/day
(i.e. if £ = 100 days, then d. reaches a maximum of'0.2). Indeed, beyond this limit, the dilute estimate
will not be appropriate. Of course, as well knewn, the increase of the damage rate reduces the stiffness

of the masonry cell. Table—4 provides.time evolution of the effective moduli of a damaged masonry

Rheological model | t (days) de Ey (MPa) | E,, (MPa) | o, Ut fn (MPa)
Modified Maxwell 0 0 164964. 37535.2 0.060 | 0.013 14400.6
1 1.5107* | 99349.4 20317.3 0.035 | 0.007 7780.04
5! 71074 70366.6 13774.4 0.025 | 0.0049 5270.76
40 61073 68119 13290.3 0.024 | 0.0047 5085.25
100 1.51072 67177.8 13088.5 0.024 | 0.0047 5007.94
500 741072 61512. 11885.7 0.022 | 0.00425 4547.1
1000 0.15 55645.6 10661. 0.02 0.004 4078.01
1200 0.2 52163.2 9943.73 0.018 | 0.003 3803.36

Table 4: Exension of the Cecchi & Taliercio’s model: effective properties of a periodic masonry cell with elastic
bricks (B, = 100E,,) and hybrid viscoelastic mortar accounting for time-dependent d,. with a constant rate d, =
1.5x10~*/day.

cell when considering a linear time-dependent crack density (52) with d, = 1.5x107*/day. It can
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be remarked that the effective moduli decrease quickly for ¢ > 5 days. Beyond this limit, these
moduli decrease slightly with time even if d. increases. As proven previously, this table shows that
effective properties of damaged masonry following the MM’s model do not vanish for d. < 0.2.
For the considered mortar (see Table-1), similar evaluation of the effective properties of damaged
masonry with a linear time-dependent crack density were carried out for the proposed extension
to the Burgers model. This result showing vanishing effective moduli within abeut 20 days is not
reported here for brevity. Owing to results depicted on Table—13, similar trends are obtained for
mortar with long-term characteristic times (see Table-11 depicting elastic andyviscous properties of
tested specimens from the Pavia Tower [35]) but with effective properties tending towards 0 within
higher duration (beyond 500 days). These trends change (see Table-14)"wlen considering mortar
with too high (73, > 107(s)) values of the Maxwell’s relaxation time 7y, (see Table-12) as it is the case
of hybrid mortar with long-term characteristic times [47]. Indeed, in this case, the masonry’s Burgers
predictions, even though lower than MM’s overall estimates; de_not vanish after 1200 days with a
crack density d. = 0.2 (see Table-14). This demonstrates the relevance of the proposed Burgers
model for the prediction of the long-term creep withswery high values of the Maxwell’s relaxation
time 73y > 10® (s). Tables-15 and -16 related e mortars with long-term characteristic times with
properties of respectively hybrid mortar [47] or similar to tested specimens from the Pavia Tower
[35] confirm trends previously mentioned.for thesMM’s model when dealing with mortar’s properties
gathered by means of short term compressive tests on masonry wallets [28]. The trends of the MM’s
model are then independent from the values of the Maxwell’s relaxation time, short or long-term
gathered properties of the mortar. At last, it is worth noting that similar stress and time dependent
evolution law and damage rate to those proposed in [34, 46, 47] should be considered similarly in a

future work.

6. Computation,of the proposed model to the case of a compressed masonry panel

In this part, enly the Cecchi & Taliercio extension estimates will be considered. In order to evaluate
the relevance of the proposed extension model, we treat the case of a masonry panel of dimensions
L =1560.mm (length) and H = 1040 mm (height) studied in [15] subjected to boundary conditions
BC—1\with three distributed loads at the top and two lateral edges (see Figure (7)-a) or BC—2
with an additional concentrated load F' applied on the top as shown on Figure (7)-b. Bricks are
assumed to be elastic or quasi-rigid. The mortar inside the joints is assumed to be microcracked
with a matrix which obeys to linear viscoelastic behaviour following the Modified Maxwell’s model.

As the arrangement of the bricks is regular, the effective behaviour of the panel is assumed to be
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well estimated by that of a periodic cell (see Figure 1-a). The panel can then be modeled as a
homogeneous material which properties coincide with those of the equivalent material MHE-2 (see
Figure (7)-c). The mortar’s data used to compute this problem are provided in Table-1.

To validate this computation, it was checked that, under boundary condition BC—1, stress field

y F=q,L/2
q, ¥ q, 4 F
HETTHTHITTH IRRRNE PRRRNNY INREE RN
| C_CH ]l I CH ] ]
£\ 9, FICICICIC 0 9, q, FICJCICIC 0 92 % [~ | %
S — — . [ MHE-2(tdc) []
S|ABICIC IO IC I A ABIC C L C A i -
7| BT < I [ 3 ] o
| 1560 mm | " g, = 800 N/m *
q,=02q,
BCI BC?2 BCl orBC2
@) (b) (@

Figure 7: Equivalent problem (c) for the masonry panel submittedyto boundary conditions BC—1 (a) or BC—2 (b).

oyy is ’almost’ constant and each component of the.stress field coincides for different times ¢ = 0
and t = 1000 days. Recall that only local fields results derived from the MM’s model are reported.
Local mechanical estimates related to the Burgers model are commented but not reported here for
concision purpose.

Qualitatively, under BC-1 and BC-2,.distribution of the stress field o, is symmetric (Figures (8)-b
and (9)-b) by reference to the axis of symmetry of the panel x = L/2 unlike that of the stress
04y which is anti-symmetric{(Figutes” (8)-a and (9)-a). Similar qualitative aspects are observed
for snapshots of the strains ¢,, (symmetric, see (Figure (11)-b)) and ¢,, (anti-symmetric owing to
Figure (11)-a). In this“€ontext; note that snapshot of the strain field ¢,, (¢,,) induced in the wall
by boundary conditionstBC-1 is not illustrated here since qualitatively it presents similar trend to
the oy, (04y) stress/map. Strain and stress fields show similar localization areas in both left and
right higher corners)of the wall (at the vicinity of the application’s point of the concentrated load F)
under conditions"BC-1 (BC-2).

Quantitatively; similarly to boundary conditions BC-1, stress components are almost coincident under
BC-2\for #'= 0 and t = 1000 days independently of the damage state: d. = 0 or d. = 0.15. This
quantitative aspect is confirmed by Figures (10) showing the evolutions of stress components along
the x axis located at the middle height of the wall (x = H/2). On the other hand, the absolute values
of the strain fields components increase with the increase of damage (Figures (12)). Moreover, under
BC-1, strain values are lower than those attained under BC-2. Indeed, for a same damaged state

d. = 0.15, ratios between maximum absolute values of ¢,, reached under BC-2 and BC-1 at time
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ACCEPTED MANUSCRIPT

t = 1000 days is about 8. This ratio is around 2 for the strain €,,. Even lower than €, the strain
€4y 1s more sensitive to the boundary condition BC-2. Quantitatively, for the considered mortar with
sort-term gathered data, while stresses do not change throughout the wall between the two states
(t =0, d.=0) and (t = 1000 days, d. = 0.15) for the MM’s model, this field is amplified according
to this version of the Burgers model under the boundary conditions BC—2. At last, under these

boundary conditions, it is observed that the MM’s model predicts small strains u those provided

by this version of the Burgers model. For the later, there are great differences b
of strain fields at undamaged (¢t = 0, d. = 0) and damaged (t = 100 days,

results motivate to avoid modeling traditional mortars with short-term gathe

magnitudes
= 0.1) states. Such
roperties using the
Burgers model since it leads to vanishing masonry’s stiffnesses and ns increasing thus the
risk of failure. These trends for the Burgers model are not valid if the well’s relaxation time of
the mortar is too high (73; > 107(s)) as it is the case f hybri ith long-term characteristic
times (Table-12). In the later case, the Burgers model is expectedto provide local fields predictions
similar to the MM’s estimates. The boundary conditionssBC~1 are preferable to BC—2 since the
later increases the stress and strain levels throug wall. Owing to Figures (8) and (9), at

concentrated load F' under BC-2, there is no'fa

t = 1000 days, while failure occurs in the wall’s,area located around the application’s point of the
ilEQe ig the wall submitted to conditions BC-1.
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Figure 9: BC—2 boundary conditions: MM’s model predictions for the maps of stresses ogy (a) and oyy (b) for
d. =0.15 at t = 1000 days. Here crack density d. = dct where dc = 1.510"%/day.
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7. Conclusions and perspectives

In this paper fextensions of the Cecchi & Tralli [15] and the Cecchi & Taliercio [12] models were
prop?ﬁor microcracked non-aging viscoelastic masonry using the MM’s and basic Burgers models.
These ‘extensions are based in a first step on the coupling between the Griffith’s theory and the
dilute mean-field homogenization scheme in order to derive easily and with low computational effort
- without recourse to numerical inversion of the Laplace transform - the effective creep function
of a microcracked non-aging viscoelastic mortar. In a second step, the proposed model is based

on periodic homogenization accounting for finite thickness of the mortar joints in order to express
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Figure 11: BC—2 boundary conditions: MM’s model predictions for the map of the strain ey, (a) and ey, (b) for:
d. = 0.15 and 1000 days. Here crack density d. = dct where dc =1.5107% .
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Figure 12: Boundary conditio BC-2: trends in €5y (a) and €yy (b) at the panel section A-A for the
Modified Mazwell’s model atti t =0 with d. = 0 and t = 1000 days with d. = 0.15. Here crack density d. = dct
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explicitly the %Ahotropic behaviour of the microcracked viscoelastic masonry cell as function
of the damage pardameter. As a first application, these properties are used to simulate the local
behaviour of a yiscoelastic loaded (compressed) masonry wall with linear elastic or quasi-rigid bricks.
This,mo ows then the prediction and localization of mostly stressed and deformed areas in a
loade onry wall or structure. Moreover, the effects of the damage parameter - crack density d.
- and the ratio between the mortar’s and bricks stiffness at short and long terms can be assessed. At
this stage, this study demonstrates that unlike the proposed MM’s model which estimates well the
creep of masonry at short to long terms, the relevance of this version of the Burgers model is limited

to mortars with too high Maxwell’s relaxation times (75, > 107(s)) otherwise it predicts vanishing

33



stiffness at short and medium terms and exaggerated local strains. At last, this study should be

improved on by accounting for creep of bricks which often occurs under high temperatures. More

complex loadings and/or a masonry structure (an assembly of walls) could also be considered and

simulated using the proposed model. It could be more rigorous to account for interactions between

microcracks using the Mori-Tanaka or Ponte-Castaneda & Willis (PCW) homogenization models, to

include crack density evolution law and damage rate similar to those proposed in {34, 46, 35, 47].

These perspectives will be investigated in future works.
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A. Burgers model (Bu): microcracked state

An approximation of the Burgers’ type for the creep function of asmicrocracked non-aging linear

viscoelastic mortar with a matrix following the Burgers’ rheelogy is

1 1 1 2 (1 — e t/mic(de)) (1 — e~t/Ti(de))
TP (¢, de) = + +< + ) t+ + 53
s (0 4) = @) T B (@) T\ B () T 3 T () cd) O
where
1 1+ Mgd 1 1+ Mgd,
funr(de) g5 N p(de)
I ﬁMd 17 14 My, (54)
77 (dC) 77M ’ n%(dc) 77?(
2 d
with Mg, = Mge, My, = MO, My =g + 200 — B (e, — MP) and My = MO, + 5 M7t —
. i K 20
Ti My, — MD), and
Uis
U 1+ Q5d. 1 1+ Q5d
kv(d) ka0 kx(d) kg
1 1+Qyde 17 1+Q%d, (55)
iy (de) e o nk(de) M
. k k K
with Q5= QF Q4 = QB Q& = @4 +3, FQ) — 17(Q5, — @) and Qf = QF + 501 -
M

771(
0 — (Rip=,00")

where the identified parameters of the Burgers model at the vicinity of 0 and oo are respectively the
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following

Q) — 16n3,(2n8, + i)

977M<77M + 277M)
16(n3, (ndr+miemis + i) (=203, (ke + kS paciss + 308 rkicks, (i + 15,))

205 (i + 203 ) kK i 1y (56)
32(2n, + i) (20, + 3n3y)
45(77M + 77M>(77M + 277M)
M} = 16(n3, i (4ns,* + 1008y + Tnip) 2nis (ki + kS i —3nirkackar Hpar)))
135((77M + 13r)? (TIM + 205,) ) ki ke pon

Q) =

MO =

and
4 ( 1 )
" W 3Ky +MM )
oL — ( u nKnM(nK + )RS — 20k (1 + i) mis s R Okay + kS5, + 415,)
* ( 77K77M77MNM(3k3M + 1503 (57)
o _ 16(3kG, + 4pf,) (95, + 4MM1§
X AB(3kG, + pap) (3KS, + 215,) )
ML - 16%%(3%%(% + 130k — 25 (e FIROMA5,) (63K, + 60k5 415, + 1605,)

h et (3RS iS7)? (35, + 215, )2

If spherical and deviatoric relaxtation times\are egqual (77 = 7% = 7; where i = M or K), then the

effective creep function (53) reads

1 t 1 -

Tpu(t) = . + 1—e Tr(d) 58

2l = B B @r(@) Bl ) %)

1 1 1 1 1 QY My, 1+ Qf,d.

h = = d. and 73,(d;) = T}
where EM(dC) 9]€M(dc) * SIMM(dC) ng + BHM + (gk}M + S,MM) a TM( ) Ml + Q?]\)/[dc
s d s
Recall that relaxation.times at undamaged state are the following: 73, = T T = n—M, T = s
d

and 7¢ = i
24tk
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B. Elastic bricks: effect of the material parameter 3 and the crack density

B.1. Constant crack density

Mortar t (days) | d. E,; (MPa) | E,, (MPa) Upn Upt fen, (MPa)

Burgers model 0 0 53286. 15351.7 0.0545 | 0.0157 | 4538.53
25 0.1 | 2554.32 129.099 0.007 0 169.355

100 0.1 | 684.108 31.76 0.002 0.0 44.978

1000 0 82.304 3.715 0 0 5.396

1000 0.1 69.90 3.15 0 0 4.583

Modified Maxwell 0 80569.6 31283.2 0.144 | 0.056 11743
1000 0 48549.8 129069 0.0868 | 0.0230 | 4760.92

1000 0.1 | 43838.88 11138: 0.0784 | 0.0199 | 4101.52

Absolute error E, (%) 45.6 64.4 45.5 64.4 65

Table 5: Cecchi & Tralli’s extension model: effective properties of a periodic masonry cell with elastic bricks (E, =
20E,,) and hybrid viscoelastic mortar [28]

Mortar t (days) | dz E, (MPa) | E,, (MPa) Utn, Upt | fin (MPa)
Modified Maxwell model 0 0 79579.9 30169.8 0.142 | 0.054 11721.8
> 100 47512.4 12349.7 0.085 | 0.0220 | 4750.74
>100 | 0.1 | 42844.1 10648.9 | 0.0766 | 0.0190 | 4092.63
Maxi. absolute error E, (%) 2.32 4.6 2.35 4.7 0.02

Table 6: Cecchi & Taliercio’s_extension model: effective properties of a periodic masonry cell with elastic bricks

(Ey = 20E,,) and hybrid viscoelastic mortar [28]
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Mortar t (days) | d. | Ey (MPa) | E,, (MPa) Utn, Vnt /| fun (MPa)

Burgers model 0 0 78902.7 14538.9 0.048%, 0009 6253.53
25 0.1 2595.3 123.957 | 0400378 [0.0001 | 171.106

1000 0 82.346 3.709 0 0 5.398

1000 | 0.1 69.936 3.149 0 0 4.584
Modified Maxwell 0 0 119811 35860.3 0.107 | 0.032 13291.1

> 100 0 60487.5 13625. 0.0540 | 0.012 | 4996.888
> 1000 | 0.1 | 53345.43 11668.6 0.0477 | 0.0104 | 4275.45
Absolute error E, (%) 95.5 67.5 55.4 67.5 67.8

Table 7: Cecchi & Tralli’s extension model: effective properties of a periodic masonry cell with elastic bricks (E, =
40E,,) and hybrid viscoelastic mortar [28]

Mortar t (days) | dc | Ey (MPa) | E,, (MPa) | 1, Upt | fien (MPa)

Modified Maxwell model 0 0 117634. 34387.1 0.105 | 0.030 13263.9
> 100 0 o8885.5 13002.4 | 0.052 | 0.0116 | 4985.678

>100 |0.1| 51879.7 11130.7 | 0.046 | 0.010 | 4265.79
Maxi. absolute érrorE, (%) 2.82 4.83 2.17 4 0.02

Table 8: Cecehi & Taliercio’s extension model: effective properties of a periodic masonry cell with elastic bricks
(Ep = 40E,,) and)hybrid viscoelastic mortar [28]
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B.2. Time-dependent crack density

Mortar t (days) d, Ey (MPa) | E,, (MPa) | Dot | fin (MPa)

Modified Maxwell model 0 0 79579.9 30169.8 0.142 | 0.054 11721.8
1 1.5107* | 60351.7 17945.9 0.107 | 0.032 6925.02

) 7107% 48273.4 12641.8 0.086 (0.0226 | 4863.91

40 61073 47204.8 12232.8 0.0844 [0.021 4705.5

100 1.51072 46751. 12061.7 070836 | 0.0215 | 4639.23

500 741072 | 43934.7 11032.8 0:0787| 0.019 4241.05

1000 0.15 40858.1 9969.66 0:073 | 0.0178 | 3830.13

1200 0.2 39744.9 9599.65 0.071 | 0.017 3687.23

Table 9: Cecchi & Taliercio’s extension model: effective propertiesof a periodic masonry cell with elastic bricks

(Ey = 20E,,) and hybrid viscoelastic mortar accounting for time-dépendent d. with a constant rate CZC = 1.5x10~* /day.

Mortar t (days) dc E,; (MPa) | E,, (MPa) Vs Upt fien (MPa)

Modified Maxwell model 0 0 117634. 34387.1 0.105 | 0.030 13263.9
1 1.5 105*%._60058.9 13326.6 0.053 | 0.012 13326.6

5 7107* 58413.9 12873. 0.052 | 0.0116 | 4935.87

40 61073 58413.9 12873. 0.052 | 0.052 4935.87

100 151072 57720.4 12683.6 0.0516 | 0.0113 | 4863.01

500 7.41072 53487.4 11550.8 0.0478 | 0.010 4427.29

1000 0.15 48995.8 10390.8 0.043 0 3981.39

1200 0.2 47403.6 9989.47 0.042 0 3827.2

Table 10: Cecchi & Taliercio’s extension model: effective properties of a periodic masonry cell with elastic bricks

(Ey = 40E,, ) and hybrid viscoelastic mortar accounting for time-dependent d. with a constant rate dc = 1.5X10_4/day.
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C. Long-term characteristic times and corresponding effective properties

Ey (MPa)

i (S)

Er (MPa)

TR (8) | Um

3500

690000

30000

7500 | 0.2

Table 11: Elastic and viscous moduli of tested specimens from Pavia Tower [35]

E;w (MP&)

T™M (S)

Er (MPa)

TR (8) | VUm

4000

2x108

2112

300000 | 0.29

Table 12: Elastic and viscous moduli of hybrid mortar at,long-term[47]

Mortar: rheological model | t (days) d, E,, (MPa).| E,, (MPa) Utn, Unt fin (MPa)
Burgers 0 0 669461 19569.9 0.105 | 0.030 7548.55
1 1.5107* 594342 16195.5 0.093 | 0.025 6236.67
5) 71074 48204.6 11926.1 0.075 | 0.0118 | 4583.06
40 61073 18051.84 3580.9 0.028 | 0.0056 1370.53
100 1.51072 8599.9 1606.15 | 0.0135 | 0.002 614.14
500 7.41072 1754.31 314.32 0.0027 0 120.11
1000 0.15 797.30 142. 0.0012 0 54.27

Table 13: Cecchi & Taliercio’s #xtension,/model: effective properties of a periodic masonry cell with elastic bricks

(Ey = 40F,,) and long-term{characteristic time viscoelastic mortar (similar to those of tested specimens from the

Pavia Tower [35]) accounting for time-dependent d, with a constant rate d, = 1.5x10~%/day.
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Mortar t (days) de Ey (MPa) | E,, (MPa) | 1, Unt | fun (MPa)

Burgers model 0 0 75875.3 22365.6 0.137 | 0.040 8177.6
1 1.5107* | 60718.9 15880.3 0.11 | 0.028 5790.89

5 71074 43045.6 9950.05 0.078 | 0.018 3619.56

40 61073 37547.5 8376.39 0.068 | 0015 3045.14

100 1.51072 36856.9 8186.47 0.0664.0.0148 | 2975.87

500 741072 | 32678.9 7071.83 0.06, | 0:013 2569.51

1000 0.15 28339.1 5973.14 0.05 0.01 2169.34

1200 0.2 26831. 5604.61 0.038 | 0.01 2035.19

Table 14: Cecchi & Taliercio’s extension model: effective properties(of @ periodic masonry cell with elastic bricks

(Ep = 40E,,) and long-term characteristic time viscoelastic hybriddnortar, [47] accounting for time-dependent d. with

a constant rate d. = 1.5x10~*/day.

Mortar t (days) d. Ey (MPa) | E,, (MPa) | Upt | flen (MPa)

Modified Maxwell model 0 0 117202. 34174.6 | 0.096 | 0.028 | 13392.3
1 1.5107* | 117169. 34158.7 | 0.096 | 0.028 |  13386.

) 71074 117036. 34095. 0.095 | 0.027 | 13360.8

40 61073 115886. 33545.1 0.094 | 0.027 | 13143.3

100 1.51072 | 113942. 32632. 0.093 | 0.026 | 12782.2

500 741072 | 101894, 27378.5 0.083 | 0.022 | 10708.5

1000 0.15 88940. 22408.9 0.072 | 0.018 | 8752.45

1200 0.2 84363.4 20798. 0.069 | 0.017 | 8119.59

Table 15: Cecchi & Taliercio’s extension model: effective properties of a periodic masonry cell with elastic bricks

(Ep = 40E,,) and long-term characteristic time viscoelastic hybrid mortar [47] accounting for time-dependent d. with

a constant rate d, = 1.5x10~*/day.
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Mortar t (days) dc E, (MPa) | E,, (MRa) | 1, Upt | fen (MPa)

Modified Maxwell model 0 0 642386. 187312. 0.096 | 0.028 73403.7
1 1.5107* | 638185: 184770. 0.095 | 0.027 | 72398.1

) 71074 625619; 179369.. 0.093 | 0.026 70262.2

40 61073 602474. 168831. 0.09 | 0.025 | 66098.4

100 1.51072 596888. 166359. 0.09 | 0.024 | 65122.3

500 741072 964396. 152494. 0.084 | 0.022 59652.

1000 0.15 528439. 138106. 0.078 | 0.02 53983.9

1200 0.2 515307. 133083. 0.077 | 0.02 52007.2

Table 16: Cecchi & Taliercio’s éxtension,/model: effective properties of a periodic masonry cell with elastic bricks

(Ep = 40E,,) and long-term «hatacteristic time viscoelastic mortar (similar to those of tested specimens from Pavia

Tower [35]) accounting for time-depéndent d,. with a constant rate d, = 1.5x10~*/day.
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ACCEPTED MANUSCRIPT

D. Validation step for a hybrid mortar
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Figure 13: Mortar following the MM’s model: 1ation of MM’s parameters versus the crack density d..
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