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Abstract

Masonry which is subjected to high, sustained stress levels can suffer from

long-term damage accumulations. This type of stress-induced damage in-

teracts with other long-term phenomena, such as deterioration and fatigue.

In this work, the time-dependent damage which is caused by elevated stress

levels is analysed and modelled. A one-dimensional rheological model, which

was calibrated on the results of an extensive experimental test campaign,

is extended to a three-dimensional version. The time-dependent constitu-

tive relations are implemented in a finite element code. The issues of triaxial

stresses and mesh-dependency are addressed. In a first application, the model

is used to simulate the long-term behaviour of a masonry tower. Secondly,

the effects of time-dependent stress redistributions on the long-term stability

of three-leaf masonry are investigated.
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1. Introduction

Assessing the stability of historical masonry structures is a complex task,

which demands a reliable evaluation of the current damage state and possible

damage accumulation. Historical structures have never been built according

to a target lifetime and it could falsely appear that their past performance and

long lifetime are a guarantee for future safety. History has proven that this is

a dangerous assumption. Long-term damage accumulation can cause histori-

cal masonry structures to collapse, without any change in loading conditions,

such as the occurrence of a fire, an earthquake or foundation settlements to

name a few.

Creep damage generally occurs in tall constructions, such as bell towers

or medieval city towers, as rather high stress levels are present at the base of

these constructions due to the self-weight. Another example are structural

components which are subjected to high load levels, such as slender pillars of

large churches. Damage accumulations which occur during creep deformation

are usually within limits, but at high stress levels, they can result into partial

or total failure of the structure. It was found in former research that the stress

limit for creep damage initiation ranges from 40-50 % of the compressive

strength for low-strength masonry to 60-70 % for higher strength masonry

[1].

Examples of documented failures, attributed to long-term damage accu-

mulation under sustained stresses, are the collapse of the tower of Chichester

2



(a) (b) (c) (d)

Figure 1: Examples of recent collapses in Belgium: Bell tower of the St. Willibrordus

Church at Meldert before (a) and after (b) collapse and Maagden tower at Zichem before

(c) and after (d) collapse [4]

Cathedral in the United Kingdom, 1861, the San Marco bell tower at Venice

in Italy, 1902, the Civic Tower at Pavia in Italy, 1989 [2], the St. Martinus

Church at Kerksken in Belgium, 1990, the St. Magdalena Church at Goch

in Germany, 1992 and the Cathedral of Noto in Italy, 1996, although for

this last one, damage was increased by an earthquake [3]. Also in Belgium,

two recent collapses of historical monuments were attributed to long-term

damage accumulation under high stress levels: the collapse of the bell tower

of the St. Willibrordus Church at Meldert (Fig. 1a and b) and the partial

collapse of the Medieval Maagden tower at Zichem (Fig. 1c and d). Both

collapses occurred in 2006 [4].

Stability of historical masonry under creep deformations has been ad-

dressed extensively by Binda [5], Anzani [6], Modena [7] and by Pina-Henriques

[8]. A numerical model to calculate the time-dependent deformations of brit-

tle materials, such as concrete and masonry, under monotonic and sustained

stresses was proposed by Papa and Taliercio [9]. It is based on rheological
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models with the inclusion of damage parameters.

During past research, an adapted version of this model has been cali-

brated and validated with the results of an extensive experimental research

program, involving different types of creep tests on masonry specimens with

lime mortar [10].

In the next section, the background of the creep model will be outlined

briefly. Thereafter, the model is extended to a three-dimensional version

to enable implementation in a finite element code. Hereby, the issues of

crack rotation, triaxial stresses and mesh-dependency of the model will be

addressed. Subsequently, the model is applied on a tower construction and

the effect of increased stress levels at the base of the tower on its long-term

stability is assessed. Finally, the creep model is applied to illustrate the

effects of stress redistributions on the time-dependent behaviour of 3-leaf

masonry.

2. Modelling approach

It was observed from experimental research that the time-dependent de-

formations of masonry under sustained load levels follow the typical three-

phase creep curve [5, 10]. This curve is indicated in Fig. 2, together with a

decomposition in its different components. If the load level is limited, the

tertiary phase will not occur and no failure is expected.

The different phases can be modelled with the rheological components of

a Burgers model, being a Kelvin component for the primary creep phase (εK)

and a Maxwell component for the secondary, steady-state creep (εM,visc) and

the elastic deformation (εM,el). The tertiary phase (εD) is described with
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a damage model, which results in a viscoelastic model with damage. The

rheological Burgers model with damage is presented in Fig. 3. If it is assumed

that a constant stress is applied at t = 0 and all model variables remain

constant in time, the differential constitutive equations can be integrated in

a closed-form one-dimensional formulation [9]:

ε(σ, t) =
σ

EM
+

1

EK

(
1− exp

(
−t
τK

))
σ +

t

EM τM (1−DV )
σ (1)

EM/K and τM/K are the elastic modulus and time constant of the Maxwell

(M) and Kelvin (K) model respectively. If the stress level or internal vari-

ables do not remain constant, the constitutive equations can be integrated

in closed form within small time increments, which results in an incremental

formulation. The numerical description of this incremental formulation was

discussed in [1, 9] and a three-dimensional version will be presented in the

next section.

The viscous damage, DV , evolves in function of time from zero (no dam-

age) to 1 (total material failure), according to:

ḊV = c

(
σ∗

1−DV

)n
(2)

The damage parameter has a positive, non-decreasing value and damage

is initiated when a certain relative stress level is exceeded. The value of the

damage parameter is described in function of the relative stress, according

to a linear relation:

DV = Aσ∗ +B (3)

5



Figure 2: Schematic presentation of the rheological Burgers model including damage [11],

with indication of primary (I), secondary (II) and tertiary (III) creep phase. Strain com-

ponents are explained in the text

With σ∗ being the relative stress level, obtained by dividing the absolute

stress by the average compressive strength of the considered material. ḊV is

the first derivative of the damage with respect to time and c, n, A and B are

experimentally obtained coefficients. At any point, the value of the damage

parameter is the maximum of Eq. (2) and Eq. (3).

The one-dimensional version of the model was presented and calibrated

in previous work [10]. Comparison with the experimental results of an ex-

tensive research program showed good correspondence between model and

experiments.

However, in order to model the effects of lateral stresses, stress concen-

trations and redistributions, a more elaborate three-dimensional model is

necessary. In the next sections, the creep model will be extended towards a

three-dimensional formulation and applied on two examples.
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Figure 3: Schematic representation of the one-dimensional Burgers model with damage

3. Extension towards 3D formulation

At low stress levels, when no damage is present, the material behaviour

is described with an isotropic model. Although masonry is known not to be

isotropic, the lack of data on time-dependent material properties in other

directions and the often irregular layout of the masonry, especially of the

rubble core in historical multi-leaf masonry walls, favour an isotropic model.

However, if data are available, the model could be extended to more complex

behaviour, such as an orthotropic model.

After damage initiation, an orthotropic damage formulation is used to de-

scribe the damage accumulation in three orthogonal directions, in accordance

with the model proposed by Papa and Taliercio [9]. The damage directions

are fixed upon damage initiation, therefore, the cracks cannot rotate. The

overall formulation can therefore be seen as an orthotropic, non-rotating
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smeared crack model, based on continuum damage mechanics.

3.1. Description of the model

If a small time increment ∆ti = ti−ti−1 is considered, the basic incremen-

tal formulation can be written in a three-dimensional, pseudo-elastic form as

follows:

∆σi = C−1
i

(
∆εi −∆εini

)
(4)

With ∆σ and ∆ε the arrays containing the stress and strain components

in a reference axis system (x,y,z):

∆σ =
{

∆σxx ∆σyy ∆σzz ∆σxy ∆σyz ∆σzx

}T
(5)

∆ε =
{

∆εxx ∆εyy ∆εzz ∆γxy ∆γyz ∆γzx

}T
(6)

The inelastic strain increment, ∆εini , is discussed below. The compli-

ance matrix, Ci, can be written as a combination of a Maxwell (elastic and

viscous) and a Kelvin component:

Ci = CM,el
i +CM,visc

i +CK
i (7)

Ci =
1

EM
Y +

∆ti
EMτM

DV
i−1 +

1

EK
Y

(
1− τK

∆ti

(
1− exp

(
−∆ti
τK

)))
(8)

With Y being the three-dimensional compliance matrix for elastic, isotropic

behaviour. DV
i−1 contains the damage parameters at the beginning of the

time increment, at time ti−1, in the three orthogonal directions.
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From the moment a critical stress level is exceeded and damage is initi-

ated, the damage matrix, DV , represents the orthotropic material behaviour.

At the initiation of damage, the orthogonal damage directions are in accor-

dance with the principal directions of strain (1, 2, 3). To calculate the stress

update, a rotation is performed from the global material axis (x, y, z) towards

the orthogonal damage directions (1, 2, 3). The rotation scheme is discussed

in Section 3.2. The damage matrix, DV , is described as follows:

DV
i−1 =



1
ψ1,1

−ν
ψ1,2

−ν
ψ1,3

0 0 0

−ν
ψ2,1

1
ψ2,2

−ν
ψ2,3

0 0 0

−ν
ψ3,1

−ν
ψ3,2

1
ψ3,3

0 0 0

0 0 0 2(1+ν)
ψ1,2

0 0

0 0 0 0 2(1+ν)
ψ2,3

0

0 0 0 0 0 2(1+ν)
ψ1,3


t=ti−1

(9)

with:

ψj,k =
√(

1−DV
j

)
(1−DV

k ) j, k = 1, 2, 3 (10)

The inelastic strain increment in Eq. (4), ∆εini , also consists of a Kelvin

and a Maxwell component:

∆εini = ∆εK,ini + ∆εM,in
i (11)

∆εK,ini =

(
1− exp

(
−∆ti
τK

))
εKi−1 (12)
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with:

εKi−1 =

(
1− exp

(
−∆ti−1

τK

))
τK

EK∆ti−1

Y ∆σi−1 + exp

(
−∆ti−1

τK

)
εKi−2

(13)

The Maxwell component depends on the damage status at the beginning

of the time increment:

∆εM,in
i =

∆ti
EMτM

DV
i−1σi−1 (14)

The above equations are similar to the one-dimensional version, which

was presented in previous work [10].

3.2. Non-rotational damage

The pseudo-elastic stress update formulation, Eq. (4), is evaluated in the

directions which are given by the damage directions. Therefore, a trans-

formation matrix, T , is formulated which depends on the strain vector and

provides a rotation from the global material axis (x, y, z) towards the prin-

cipal strain directions (1, 2, 3). When damage occurs, the damage directions

and thus also the transformation matrix are fixed, as a non-rotating damage

model is used and cracks cannot rotate.

With the transformation matrix, T , the strain increment is rotated to-

wards the local directions of damage (1, 2, 3) according to:

∆εi,123 = T∆εi,xyz (15)

The updated stress vector and stiffness matrix can be rotated to the global
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coordinate system (x, y, z) according to:

σi,xyz = T Tσi,123

C−1
i,xyz = T TC−1

i,123T (16)

3.3. Effect of Triaxial stresses

It is known from triaxial tests and representations of the biaxial failure

envelope that the strength in a certain direction is dependent on the sign

and magnitude of the transversal stresses [12, 13]. The execution of creep

tests on masonry is rather complex and time consuming. It will therefore

not be remarkable that no experimental data are available on triaxial creep

tests in masonry. Therefore, a simple criterion is included to allow for the

effect of triaxial stress state, as proposed by Bažant [14]. The biaxial failure

envelope is defined by linear connections between the uniaxial compression

and tension failures. More elaborate failure envelopes have been described

by Lourenço, based on plasticity models for time-independent behaviour of

masonry [13]. However, the lack of experimental data for time-dependent

behaviour favours the use of a simple description which is fully compatible

with the time-dependent model described in the previous section.

In the formulation proposed, the compressive or tensile strength in a cer-

tain direction increases or decreases if the transversal stresses have a positive

or negative effect on the damage onset and growth in that particular di-

rection. The adapted strength is indicated as f ′c/t, with the subscript c for

compressive and t for tensile strength. The adapted strength in a certain

direction is given by [14]:

f ′c/t = fc/t ±∆f (17)
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with:

∆f = k (σ2 + σ3) (18)

In all descriptions, the compressive stresses are assumed to be negative.

The formulations are considered for direction 1, according to the damage

coordinate system (1, 2, 3) and the transversal stresses are therefore assumed

in directions 2 and 3. This formulation implies no restrictions, as the direction

definitions are interchangeable.

The coefficient k is given by:

k =
ft
fc

(19)

This approximation for k implies that the biaxial failure envelope is con-

sidered as a straight line between the points for uniaxial compression failure

and uniaxial tension failure. The sign to be used in Eq. (17) depends on the

sign of the involved stresses.

In the creep model, the adapted strength values are used in the description

of the damage evolution. In Eq. (2) and Eq. (3), the relative stress level is

calculated according to:

σ∗j =
σj
f ′c/t

j = 1, 2, 3 (20)

In Fig. 4, this criterion is used to simulate the biaxial failure envelope.

The values which are used for the model variables in this and following sim-

ulations are indicated in Table A.2 in Appendix A. For the biaxial failure

envelope, the values for B-type masonry are used, see Appendix A. These
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Figure 4: Simulation of biaxial failure envelope, with criterion for damage initiation and

for failure under loading with high loading rate. The hatched area indicates creep failure

values were deduces from experimental creep tests on masonry specimens

with lime mortar [10]. The simulation of the data points is similar to the ex-

ecution of a triaxial compressive test. The stress is increased with a constant

ratio between axial and lateral stress level and an axial stress rate of 0.01

MPa/sec. The small envelope indicates the stress ratio for which the damage

is initiated, the larger envelope presents the criterion for failure. The extent

of the larger failure envelope depends on the loading rate. Creep failure will

occur in the area between both limits and the time to failure will be shorter

if the simulated stress ratio is closer to the outer failure envelope.

As an illustration, the triaxial failure criterion is used to estimate the

effect of transversal stresses on the failure time of a short-term creep test.

In this manner, restrained damage growth due to lateral confining stresses

can be simulated. The loading path of a short-term creep test is used for

the simulation, which means that the stress is increased in small steps and
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σlateral = 0 σlateral
σaxial

= 0.5 σlateral
σaxial

= −0.05(a) (b) (c)

Figure 5: Axial (negative, full line) and lateral (positive, dotted line) strain evolution

during a simulation of a short-term creep test. The strain values and moment of failure

depend on the size and sign of the lateral stresses

in between, kept constant for three hours. The values which are used for the

model parameters are indicated in the Appendix. A tensile stress of 10 % of

the compressive strength is assumed [1].

In Fig. 5a, only an axial compressive stress is present. In Fig. 5b, a

transversal compressive stress is applied with a lateral on axial stress ratio

of 0.5. The failure of the specimen is postponed until higher axial stresses

are reached. The application of a transversal tensile force in Fig. 5c clearly

decreases the lifetime of the specimen.

3.4. Non-local damage description

Application of the creep model in a finite element analysis causes a mesh-

dependency of the solution, which introduces an unacceptable subjectivity in

the analysis. If damage occurs at some point in the material, damage increase

and crack growth will localise in a narrow band. The width of this crack band

depends on the mesh size. The brittleness of the response increases if a finer

finite element mesh is used.
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The localisation problem has been discussed repeatedly in literature, and

it should therefore not be surprising that a number of different solutions have

been developed and used. Possible techniques to tackle this issue are gradient

type techniques, the introduction of viscosity and non-local techniques which

need the introduction of a characteristic length [15].

Gradient type techniques require the introduction of higher-order gradi-

ents into the differential equilibrium equations, which is difficult to implement

if the FEM source code cannot be adapted. As the creep model, used in this

work, does not include the fracture energy as cracking criterion, it is insen-

sitive to the solution proposed in the crack band theory [14, 16]. Moreover,

the model predictions are not mesh-dependent if no stress concentrations are

present in the material.

Mesh-dependency is introduced in the creep model by the sensitivity of

the model on stress concentrations. These localised, high stresses trigger

damage initiation and growth. The phenomenon is more pronounced for

smaller elements, as larger stress concentrations are present. This depen-

dency can be solved by using non-local state variables for the description

of damage progress. Different quantities can be averaged to adapt them to

a non-local formulation: the damage energy release rate, the local damage

itself [15], the local strains [17], the amount of plastic flow [18]. In this anal-

ysis, a non-local stress concept will be used to calculate the damage progress.

This technique is also referred to as integral type models, as opposed to gra-

dient type techniques, as the averaging procedure is a weighted integration

over a predefined length (1-dimensional), area (2-dimensional) or volume (3-

dimensional).
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The calculation of the non-local quantity can be performed according

to different averaging procedures. The general description of the weighting

integral is given by [15]:

σnonlocal (x) =

∫
V

f (x− s) σ (s) dV (s)∫
V

f (x− s) dV (s)
(21)

In which x and s are the coordinate vectors of the current integration

point and the source points, σnonlocal is the averaged stress vector at the

current point x, f (x− s) is the weighting function and V the volume of

the body which corresponds to the domain of interest. As in finite element

analysis, the stress and strain vectors are evaluated at the Gauss points, the

integral in Eq. (21) over volume V is calculated as a summation over the

integration points which are located inside the representative volume.

The weighting function, f (x− s), is generally taken to decay smoothly

with the distance from the current point x. A suitable form could for example

be the normal distribution function, which is discussed in [15]. In this work,

the simplest form is taken for the weighting function, which sets f = 1 inside

the representative volume and f = 0 outside this boundary.

The representative volume has the shape of a sphere, centered at the

current point x, with a diameter equal to a characteristic length l. The

characteristic length represents a material property, and is assumed to be of

the same order of magnitude as the maximum size of the material inhomo-

geneities. It is indicated in literature that the characteristic length should

be determined experimentally, by comparison between the response of the

specimens and the response of models in which the damage localises. For
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(a) (b)

Figure 6: Simulation of vertical translation, with stress averaging within a representative

volume with radius 0 mm (a) and 100 mm (b)

concrete, the characteristic length is usually set equal to 2.7-3 times the

maximum aggregate size [15]. For masonry, limited information is available.

In his work, Ramalho used an internal length value of 60 mm and 100 mm

for masonry built with natural stone blocks, but indicated that this choice

was made arbitrarily [17]. As the bricks or blocks can be assumed to be

the largest “aggregates” in masonry, values can be expected in this order of

magnitude.

In Fig. 6, the short-term creep simulations from Fig. 5 are repeated on

a finite element model, consisting of a masonry column (20∗20∗60 cm) with

restricted lateral deformations at the top and bottom. In Fig. 6a, no av-

eraging procedure is applied and the result is mesh-dependent. In Fig. 6b,

an averaging is performed within a radius of 100 mm. Convergence is found

between the results of the different models.

For this and following simulations, the three-dimensional formulation of

the creep model has been implemented in the USRMAT subroutine, available
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in the finite element software DIANA (TNO DIANA, release 9.3). This is a

‘user-supplied subroutine’ which enables the user to implement any material

model to be included in a finite element analysis.

4. Application on a tower construction

To illustrate the use of the creep model on a real structure, two tower

constructions with realistic dimensions and material properties are modelled

and analysed. The mesh is rather coarse to limit the calculation time. As

the example is intended as an illustration, rather than a detailed analysis,

the full height of the towers is modelled, however, symmetry is taken into

account. In Fig. 7, the floor plan of both towers is indicated. Tower 1

is a typical massive tower construction with a square floor plan and small

windows and entrance openings. Tower 2 has the same dimensions, but the

entrance openings are widened considerably, which increases the stress level

in the base of the tower. This type of intervention is for example performed

to integrate the tower in the volume of the church. To transfer the load

to the corner pillars, a horizontal concrete beam is introduced above both

entrance openings. Both towers have outer dimensions of 6*6 m2, a height

of 35 m and a wall thickness of 1.2 meters. The effect of three-leaf masonry

is not included. The material properties of A-type masonry are taken from

Table A.2 (see Appendix) as input values for the model variables. A radius

of 500 mm is used for the non-local damage calculation and a value of 2000

kg/m3 is taken for the material bulk density.

Moderate stress levels are encountered in tower 1, with an average com-

pressive stress of 0.7 MPa in the base of the tower and a small zone of
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Figure 7: floor plan of tower 1 with restricted number of small wall openings (left) and

tower 2 with large openings at the base of the tower (right), dimensions in cm.

increased stress levels at both sides of the entrance. This is low compared

to the compressive strength of the masonry, which is 2.54 MPa on average.

No creep damage is initiated in the tower construction under these stress

conditions.

The widening of the existing entrance and the opening of the opposite

part of the tower section introduces higher stresses in the base of tower 2,

see Fig. 8a. This initiates creep damage in the base of the tower, especially

near the largest entrance opening. The vertical component of the viscous

damage parameter, DV , is indicated in Fig. 8b. The initially low value of

the damage parameter increases when creep damage accumulates over time.

For this particular example, the viscous damage parameter increases, which

indicates higher creep damage, and the region in which the damage is present,

expands slightly. Fig. 8b compares the initial value of the damage parameter

with the situation after 90 years. The construction does not fail due to creep

damage, as the stresses are redistributed over the sidewalls. This can only
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Figure 8: Contour plots of axial stress (a) and viscous damage according to the vertical

direction (b) of tower 2
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occur if the sidewalls have enough load bearing capacity and the masonry

shows good quality and coherence.

An example of a church tower which collapsed under comparable circum-

stances is the St. Willibrordus church at Meldert, Belgium. A large opening

had been made in the base of the tower to connect it with the nave of the

church. The base of the tower failed and caused overturning of the tower,

see Fig. 1b.

5. Application on three-leaf masonry

Historical masonry is often composed of different leaves with varying

strength and stiffness characteristics. A typical composition is three-leaf

masonry, which consists of two outer leaves of good quality (ir)regular brick

or stone masonry and an inner core of lesser quality masonry or rubble infill.

To study the effect of different strength and stiffness of the core and external

leaves on the long-term behaviour of the wall, part of a three-leaf wall was

modelled in 3D. The long-term behaviour of the wall was analysed with the

orthotropic creep model.

The dimensions of the wall are indicated in Fig. 9. The total thickness

of the wall is 1 m, with both outer leaves being 20 cm thick and the inner

core 60 cm. Along the length of the wall, only a part with a length of

45 cm is modelled. Using two-dimensional plane stress elements would give

similar results, but disables the positive effect of the lateral confinement along

the length of the wall on the damage reduction. As symmetry conditions

were taken into account, only half of the wall part was modelled. Boundary

conditions are introduced to restrict translations in the symmetry plane.
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Figure 9: Representation of three-leaf masonry, with in gray the volume included in the

model and its dimensions

Besides these restrictions, the model was also fixed in the direction alongside

the length of the wall. Additionally, the nodes at the top of the model were

prohibited to move with respect to each other in vertical direction. This

latter restriction is explained by the friction and interlocking in the interface

between core and external leaf and the presence of horizontal elements such

as floor beams, which, in real structures, restrict the vertical movement of

one leaf with respect to the other. In historical structures, the leaves can

be partly or fully disconnected, there can be a certain degree of friction

between the leaves, or they can even be interlocked [17]. The restrictions

assumed in the model do not allow a detailed description of the effects of

these different situations, but provide a straightforward model which can

illustrate the effects of time-dependent creep damage.

To simulate the debonding between core and outer leaves, friction ele-

ments could be included in the analysis. This type of interface between the
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Table 1: Compressive strength and Young’s modulus of components of three-leaf masonry

Component fc EM

[MPa] [MPa]

core 2.5 1800

external leaf 3.0 2000

leaves is not included in the presented analysis, as the aim is to model the

time-dependent stress redistributions under compression. It can be assumed

that the presented analysis overestimates the strength of the walls, as the

debonding between the different leaves can cause buckling effects, which are

not incorporated here.

The values of B-type masonry are used for the model variables (see Ta-

ble A.2). However, different strength and stiffness characteristics are applied

for the core and external leaves, as indicated in Table 1. The core masonry

is assumed to have a slightly lower compressive strength, fc, and Young’s

modulus, EM , which is often observed in real structures. As there are two

masonry types with different characteristics present in the model, the integral

algorithm which averages the nodal stresses in order to calculate non-local

damage is implemented in such a way that the averaging procedure only

includes the elements with the same masonry type as the current element.

A compressive stress of 1.4 MPa is applied on top of the modelled wall

part, see Fig. 10. Initially, the external leaves are subjected to higher stress

levels than the core masonry, due to their higher stiffness. The stress level in

the core masonry is 1.35 MPa, which is 54 % of its compressive strength and

in the outer leaves, the maximum stress level is 1.48 MPa, which is 49 % of

its compressive strength.
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Figure 10: Evolution of axial stress levels and vertical component of the viscous damage

The evolution of the axial stress levels and the vertical component of

the viscous damage parameter are indicated in Fig. 10. Damage increases

gradually in both, the core and external leaves, but the initial damage is

higher in the core, which causes a stress redistribution. Within a period of

500 years, the stress gradually decreases in the core masonry and increases

in the external leaves. This stress increase explains why the damage in the

outer leaves increases equally fast, although it was initially lower. The stress

level which causes creep failure in the external leaves after a period of 500

years, is indicated in Fig. 10. This level is not reached for the described

conditions.

It can be concluded that stress redistributions and long-term damage

accumulation in three-leaf masonry can be modelled with the creep model.

However, the extent of the stress redistributions and the possibility of failure

of the core and/or outer leaves largely depends on the ratio between their

Young’s moduli and on the compressive strengths involved.
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(a) (b)

Figure 11: Evolution of axial stress levels and vertical component of the viscous damage

for an increased stress level of 1.6 MPa (a) and a decreased Young’s modulus for the core

masonry of 1000 MPa (b)

In Fig. 11, the results of two alternative analyses are presented. In the

first example, a stress level of 1.6 MPa is imposed on the wall part, which is

higher than the 1.4 MPa of the previous analysis. This causes a stress level

of 1.53 MPa in the core masonry, which is 61 % of its compressive strength.

In the outer leaves, the maximum stress level is 1.70 MPa, which is 57 %

of its compressive strength. This causes higher initial damage levels in the

core masonry, which increase over time. After a period of 120 years, the

core masonry fails due to creep damage. This imposes all the weight on the

external leaves, which fail subsequently.

In the second example, Fig. 11b, the Young’s modulus of the core is

assumed to be 1000 MPa, which is much lower than the 1800 MPa, used in

the first analysis above. This introduces initial large stresses in the external

leaves, which are therefore subjected to large creep deformations. Unlike the

previous examples, the stress in the external leaf decreases in time, while the

25



stress level in the core increases. Failure of the masonry is expected after only

70 years. If the wall only consisted of cohesive core masonry, failure would be

expected after 500 years for the same loading conditions. Therefore, in this

example, failure is accelerated due to difference in stiffness between outer

leaves and core masonry.

6. Conclusions

A viscoelastic creep model with damage was extended to a three-dimensional

formulation to simulate the time-dependent deformations of masonry, sub-

jected to relatively high stress levels. The orthotropic damage formulation

enabled to limit the necessary number of experimentally deduced model pa-

rameters. The model was implemented in a finite element code as a non-

rotational damage model. A simple formulation was used to include the

effect of triaxial stress states, as experimental data on this effect are lacking.

The influence of mesh-dependency was tackled by using a non-local damage

description.

In contrast with the one-dimensional description of the model, which

included the scatter on the model variables, the variability on material prop-

erties was not included in the work presented here. Future work will focus

on techniques of spatial variability to deal with this complex problem.

The long-term behaviour of a masonry tower was simulated and the pos-

itive effect of stress redistributions was pointed out. However, in real struc-

tures, this positive effect is often counterbalanced by lack of coherence of the

masonry. Additional effects of weathering, deteriorations and fatigue were

not taken into account in the analysis.
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Historical structures are often composed of three-leaf masonry. It was

illustrated with the creep model that the difference in strength and stiffness

between the leaves can cause important stress redistributions and accelerate

creep damage and failure of the masonry.
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Appendix A.

Table A.2 gives an overview of the values of the model variables which

were used for the simulations in this paper. The values were calculated

from a large number of experimental creep tests on masonry specimens

(20∗20∗60 cm), which were constructed with low-strength clay bricks and

air-hardening lime mortar. The types of tests, which were performed, are:

compressive tests, short-term creep tests (cyclic and non-cylic), long-term

creep tests and 1-step creep tests. The B-type masonry has higher strength

and stiffness than the A-type masonry as it was fully carbonated at the

moment of testing. For details on the experimental program, the reader is

referred to [1, 10]. A more detailed analysis of the parameter values will not

be given here, as they are only chosen to have realistic input values for the

applications.
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Table A.2: Overview of the experimentally obtained parameter values which are used for

the model simulations: average (standard deviation)

model parameter A-type masonry B-type masonry

fc [MPa] 2.54 (0.24) 3.73 (0.20)

ft [MPa] 0.3 (0.1) 0.3 (0.1)

ν [-] 0.15 (0.05) 0.2 (0.05)

τK [s] 15500 (3100) 34500 (6900)

EK [MPa] 1500 (300) 2500 (500)

τM [s] Tm a 1578 (265) 1491 (117)

Tm b 487560 (184176) 474270 (101848)

EM [MPa] 1211 (144) 1868 (224)

DV [-] A 1.82 (0.19) 1.90 (0.16)

B -0.83 (0.14) -0.86 (0.12)

c 8.58·10−11 (1.0·10−11) 8.58·10−11 (1.0·10−11)

n 8 (0.15*n) 8 (0.15*n)

The values of A-type masonry are used for the tower simulation in Sec-

tion 4. The B-type parameters are used for the simulation of the biaxial

failure criterion and short-term creep tests (Section 3.3 and Section 3.4) and

the three-leaf masonry (Section 5).

References

[1] E. Verstrynge, Long-term behaviour of monumental masonry construc-

tions: modelling and probabilistic evaluation, Phd thesis, Civil Engi-

neering Department, K.U.Leuven (2010).

28



[2] L. Binda, G. Gatti, G. Mangano, C. Poggi, G. Landriani, The collapse

of the civic tower of Pavia: a survey of the materials and structure,

Masonry International 6 (1) (1992) 633–642.

[3] L. Binda, A. Saisi, The collapse and reconstruction of the Noto

cathedral: importance of investigations for the design choice, in:

D. Van Gemert (Ed.), Advances in Materials Science and Restoration,

Vol. 1, Aedificatio Publishers, 2003, pp. 117–134.

[4] E. Verstrynge, L. Schueremans, D. Van Gemert, M. Wevers, Monitor-

ing and predicting masonry’s creep failure with the acoustic emission

technique, NdtE International 42 (6) (2009) 518–523.

[5] L. Binda, Learning from Failure - Long-term behaviour of heavy ma-

sonry structures, Vol. 23 of Advances in Architecture, WIT Press,

Southampton, 2008.

[6] A. Anzani, L. Binda, G. Mirabella Roberti, The effect of heavy persistent

actions into the behaviour of ancient masonry, Materials and Structures

33 (228) (2000) 251–261.

[7] C. Modena, M. Valluzzi, R. Folli, L. Binda, Design choices and interven-

tion techniques for repairing and strengthening of the monza cathedral

bell-tower, Construction and Building Materials 16 (7) (2002) 385–395.

[8] J. Pina-Henriques, P. B. Lourenço, Testing and modelling of masonry

creep and damage in uniaxial compression, Structural Studies, Repairs

and Maintenance of Heritage Architecture VIII 16 (2003) 151–160.

29



[9] E. Papa, A. Taliercio, A visco-damage model for brittle materials under

monotonic and sustained stresses, International Journal for Numerical

and Analytical Methods in Geomechanics 29 (3) (2005) 287–310.

[10] E. Verstrynge, L. Schueremans, D. Van Gemert, Time-dependent me-

chanical behavior of lime-mortar masonry, Materials and Structures (ac-

cepted for publication).

[11] G. Boukharov, M. Chanda, N. Boukharov, The three processes of brit-

tle crystalline rock creep, International Journal of Rock Mechanics and

Mining Sciences and Geomechanics Abstracts 32 (4) (1995) 325–335.

[12] R. Hayen, L. Schueremans, K. Van Balen, D. Van Gemert, Triaxial test-

ing of historic masonry, test set-up and first results, Structural Studies,

Repairs, and Maintenance of Historical Buildings VII 13 (2001) 151–160.

[13] P. B. Lourenço, Computational strategies for masonry structures, Phd

thesis, Delft University of Technology (1996).
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