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This paper aims to quantify the evolution of damage in masonry walls under induced seismicity. A damage index
equation, which is a function of the evolution of shear slippage and opening of the mortar joints, as well as of the
drift ratio of masonry walls, was proposed herein. Initially, a dataset of experimental tests from in-plane quasi-
static and cyclic tests on masonry walls was considered. The experimentally obtained crack patterns were
investigated and their correlation with damage propagation was studied. Using a software based on the Distinct
Element Method, a numerical model was developed and validated against full-scale experimental tests obtained
from the literature. Wall panels representing common typologies of house fagades of unreinforced masonry
buildings in Northern Europe i.e. near the Groningen gas field in the Netherlands, were numerically investigated.
The accumulated damage within the seismic response of the masonry walls was investigated by means of
representative harmonic load excitations and an incremental dynamic analysis based on induced seismicity re-
cords from Groningen region. The ability of this index to capture different damage situations is demonstrated.
The proposed methodology could also be applied to quantify damage and accumulation in masonry during strong

earthquakes and aftershocks too.

1. Introduction

Ensuring the security of energy supply and providing competitive
energy costs are vital and of strategic importance for Europe. In the last
decade, with the pressure to increase local energy supply by unlocking
the energy potential of the ground, induced seismicity in the northern
part of Europe has considerably increased [1]. At the same time, the
existing building stock in the region has not been designed to sustain
such seismic demands. Consequently, structural and non-structural
damages in buildings have been observed. For example, in
Switzerland magnitudes of up to 3.5 Richter have been reported, due to
enhanced geothermal systems, resulting in cracks on walls alongside
non-structural damages [2]. The resulted damage claims are in excess of
7-20 million Swiss Francs. Similar situation is also described in Gro-
ningen, the Netherlands. In this case, the seismicity is related to the
hydraulic fracturing process for the extraction of natural gas from deep
geological formations. Back in 1991, the first induced seismicity was
recorded in the gas field. The local magnitude (ML) was 2.4. In the
subsequent years, more than 1,300 small in magnitude earthquakes
were reported in the region, the largest of which was the one in 2012
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with local magnitude equal (ML) to 3.6 [3]. Along the period of seismic
shakings in the Groningen, the damage claims from citizens increased.
For example, for the period 2012 to 2016, an average of € 374 million
per year was spent on compensation for damages as consequence of gas
extraction, which accounts for approximately 3% of the average reve-
nues from gas extraction during the same period [4]. On top of this,
issues related to devaluation of the real estate market and buyout of
properties, expenses for the seismic retrofit of the structures and cost of
lawsuits need to be accounted for [5].

Most of the building stock in the Northern part of Europe consists of
low-rise unreinforced masonry (URM) constructions [6]. Typical archi-
tectural features (e.g., large openings for windows and doors, use of
single leaf walls in domestic houses etc.) in unreinforced masonry
structures and the lack of seismic design provisions during their con-
struction signify that the building stock is seismically vulnerable even
under low in magnitude seismic events. Recently, several experimental
and analytical studies have been carried out to assess the mechanical
behaviour and evaluate the damage of typical unreinforced masonry
constructions subjected to recursive, frequent but low-amplitude seismic
loads. For example, [7-9] demonstrated that masonry structures are
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vulnerable to recursive load and damage can be captured by the drift
ratio as well as the length of cracks extent in the structure during
shaking. The same year, Godio et al. [7], undertook a series of experi-
mental tests on URM wall panels to compare the drift ratios of walls
under cyclic and monotonic loads. From the analysis of the results, it was
shown that the ultimate drift of walls subjected to cyclic loading is
approximately half of that when subjected to monotonic loading. Gra-
ziotti et al. [10] undertook an experimental campaign involving shaking
table tests on a full scale two-storey URM building. The building was
constructed to represent the end-unit of a terraced house with archi-
tectural features like the ones found in Netherlands e.g., large openings
and cavity wall composed of an inner load bearing leaf and an outer leaf
having aesthetic and weather protection functions. The input motions
were representative of the induced seismicity ground motions found in
the Groningen region and two damage limits identified. The first dam-
age limit considered was related to “no damage” and was set to 0.07% of
the maximum interstorey drift at the first floor. The second damage limit
related to “minor structural damage” and was set to 0.12% of the
maximum interstorey drift at first floor level. An important finding from
this work is that although the residual drift of the wall was zero, cracks
in the unreinforced masonry opened and closed until they become
evident when the second damage limit was reached. Therefore, quan-
tifying damage only on the residual drift is considered to be a conser-
vative approach. Therefore, more robust approaches need to defined and
these should account for the initiation and propagation of damage as the
seismic excitations take place in a structure [11,43,44].

In general, induced seismicity is described by high recurrence of
seismic events. So, structural health monitoring (SHM) may be
employed for damage detection at a structural level [12-15,42]. A tool
for non-destructive method for damage identification and quantification
is digital image correlation (DIC). DIC is an optical method that employs
tracking and image registration techniques for accurate full filed mea-
surements of displacements and strains [16-18]. DIC along with
acoustic emission were utilized in the past to detect, monitor and
quantify damage propagation [19,20]. In particular, different studies
utilized DIC techniques for the quantification of the development of
damage caused by small to moderate seismicity. Abbiati et al. [2] un-
dertook an experimental campaign attempting to produce a probabilistic
model for quantifying plaster cracks on URM structures due to induced
seismicity. In order to quantify the initiation and accumulation of
damage, a “damage score” was proposed based on Von Mises strain field
estimations [2]. More recently, Korswagen et al. [9] carried out an
experimental campaign to quantify light damage on URM structures due
to repeated horizontal loads. DIC was utilized to precisely capture the
initiation and propagation of cracks during the experiments. A dimen-
sionless damage parameter was introduced based on the number of
cracks, their width and length [9]. Overall, DIC is a powerful tool in the
unambiguous detection of damage in masonry. However, it could be
disadvantageous in distinguishing between shear and tensile cracks,
both of which develop in masonry under seismic loading. Coupling with
numerical analysis, this ambiguity can be eliminated, and the quantifi-
cation of shear and tensile damage can be properly achieved.

The length, width, pattern and distribution of cracks in the structure,
are important indicators to characterise structural damage in masonry
[15,21-23]. In order to provide a quantitative assessment of shear-
cracked reinforced concrete (RC) structures, a crack-based analysis
procedure has been presented by Zaborac at al. (2020) [24]. The sug-
gested methodology utilized a combination of measured and estimated
concrete cracking data (e.g. crack widths, spacing of cracks, inclination
of cracks etc.) as primary input to predict the residual shear capacity of a
RC beam [24]. Acceptance limits of the structural response of RC walls
were suggested based on inter-story drift ratios, residual crack width and
total damaged area (i.e. the area of cracks) [25]. Regression models,
capable of estimating the maximum lateral drift experienced by a
damaged RC column based solely on quantitative data extracted from
images of any cracks were developed [26]. A computer vision approach
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was followed to generate a quantitative assessment of damage and load
levels based on surface crack patterns for RC structural elements [27].
The results obtained were set as a baseline for the potential of the pro-
posed method and its limitations [27].

Based on the literature review, it is noted that studies on URM are
rather limited even though crack-based assessment has attracted the
interest of the research community. The aim of this study is to investi-
gate the quantification of damage on URM structures which takes into
consideration the initiation and propagation of damage due to earth-
quake excitations. A dataset from experimental test results of cantilever
masonry walls subjected to in-plane quasi-static cyclic was considered.
The experimentally obtained crack patterns were investigated and their
correlation with damage propagation was studied. Using software based
on the Distinct Element Method (DEM), a numerical model was devel-
oped and validated against a series of full-scale experimental tests ob-
tained from the literature. Wall panels representing common typologies
of house facades of URM buildings in Northern Europe, i.e., near the
Groningen gas field, were numerically investigated. The accumulated
damage within the seismic response of the masonry walls was investi-
gated by means of representative harmonic load excitations and an in-
cremental dynamic analysis based on induced seismicity records from
the Groningen region. A damage index based on cracking distribution
and drift ratio is proposed and applied to the numerical findings while
common trends between the numerical and experimental data were
highlighted. The damage indexing differentiates between shear and
tensile cracks, which can be accomplished unambiguously only through
numerical analysis. Therefore, the indexing method is envisaged as
mainly applicable for the quantification of damage at structural level
obtained from numerical analysis as a complement to optical monitoring
and visual inspection.

2. Damage index equation

Existing masonry structures, especially historical ones, are usually
characterized by their low bond strength. Low bond strength masonry
refers to masonry in which the tensile and shear bond at the unit-mortar
interface is so low that it has a dominant effect on the mechanical
behaviour of masonry, including the formation of cracks and the for-
mation of the collapse mechanisms [28]. Therefore, any damage
indexing scheme for masonry should consider the proportion of joints
that have undergone inelastic slip or tensile/shear opening (i.e.,
cracking) of the mortar joints. Also, when a structure is subjected to
lateral loads, it sustains lateral deflections. At structural element level,
drift can be estimated as the difference in lateral deformation between
two stories of a structure due to the application of later loads (such as
seismic loads). In its simple format, for a single-story building, lateral
drift equals the amount of horizontal displacement at the top. Lateral
drift is an important indicator of the level of damage in a building after
an earthquake [29]. Also, based on the inter-story drift (ISD) ratio, the
building can be classified as serviceable, safe, or unsafe. Typically, the
ISD ratio should not pass a certain drift limit to keep it at a certain
performance level (ASCE 2000). The ASCE 7-16 [30] standard common
usage for building design of allowable drift limit is in the order of 1/600
to 1/400 of the building or story height. Also, for buildings, EN 1998-1
[31] establishes the following limits to the inter-storey drift (relative
displacement divided by the inter-storey height) due to the frequent
earthquake (this refers to serviceability seismic action):

- 0.5% for buildings having non-structural elements of brittle mate-
rials attached to the structure.

- 0.75% for buildings having ductile non-structural elements.

- 1.0% for buildings having non-structural elements fixed in a way so
as not to interfere with structural deformations or without non-
structural elements.

Consequently, a damage index (DI) equation is proposed here in
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which can be used to quantify damage evolution on URM structures
subjected to seismic excitations. The DI equation consists of three
damage parameters which include: a) the extent of drift ratio (DIys); b)
the length of joints opened (DI); and c) the length of joints at shear
failure (or slippage) (DIq,):

DI =1— (1= DlIgin) X (1 —Dlopen) x (1= Dlygip) @

Dl i, = (2)

Otimit

_ Length of joints opened

Dlgpey = (3

Total length of joints

Length of joints slipped
Total length of joints

DI, = 4

where, DIy, is the drift ratio (6) by a drift limit value (Sjimi) which refers
to the near collapse state of the structure under investigation. In this
study, the drift limit value was taken as 2% (as per Eurocode 8 [31] or
NTC 2008 [32]). DIypen and DI, relate to the length of joints that opened
due to tension and the length of joints slipped (or at shear limit) due to
shear respectively, divided by the total length of joints. In this way, the
DI, and DI, are normalized metrics of the cracks along the surface of
the wall and are independent of the dimensions of the structural
element. According to Burland [33], cracks greater than 0.1 mm in
width are visible to the naked eye. This value of inelastic relative
displacement at the joint was adopted as the criterion for registering a
joint as ‘opened’. The value of the calculated DIand the individual
components DIy, DIopen, and DI, ranges from 0 (no damage) to 1
(catastrophic collapse or all joint failed or drift limit reached).

3. Overview of discrete element method for modelling masonry
walls

The proposed damage indexing scheme was integrated to a model-
ling approach based on the discrete element method to study the me-
chanical behaviour of masonry structures under seismic loading. The
discrete element method (DEM) belongs to the dicontinuum analysis
approaches. The Universal Distinct Element Code (UDEC) is a two-
dimensional command driven software that was developed by Cundall
[34] in early 1970s for solving problems related to sliding of rock masses
and falls within the DEM. Since then, the code has been used with suc-
cess to simulate the static and dynamic behaviour of blocky systems
including masonry structures e.g. [36,37]. The code’s framework is
different to that of the well-known finite element method (FEM). Within
UDEC, a masonry wall can be considered as a series of distinct blocks
separated by zero thickness interfaces. Such zero-thickness interfaces
can open and close depending on the stresses they sustain [41]. Masonry
units are represented by blocks which could have any geometric shape
and can be assigned different mechanical properties even in the same
model. The DEM can be used to realistically represent geometrical,
physical, and mechanical characteristics of a masonry structure as
opposed to the numerical methods in which continuity theories exists
and masonry is considered as a simplification into an unrealistic con-
tinuum [41]. Another characteristic of the DEM is that large displace-
ments and rotations of the masonry units are allowed and that detection
of contacts between neighbouring masonry units and updating of con-
tacts is occurring simultaneously and as the simulation proceeds [35]. In
addition, the DEM can make use of an explicit dynamic solution algo-
rithm scheme which allows real dynamic analysis to be undertaken.

3.1. Representation of the masonry units in a masonry wall

When defining the model in UDEC, a single block covering the
domain to be analysed is considered. The geometric features of the
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model are then introduced by discretizing the block into smaller ones (e.
g., masonry units) whose boundaries represent discontinuities (e.g.,
mortar joints). It is these discontinuities which allow the interaction
between blocks to take place as the simulation proceeds. Since the
mortar joints are simulated by a zero-thickness interface, the size of the
masonry units has to be to be expanded slighted (e.g. half of the mortar
thickness in each direction) to accommodate this. In general, blocks can
take any geometry and could differ from each other in size and shape.
Individual blocks can be rigid or deformable. Rigid blocks can be used
when the behaviour of the system is dominated by the joints (i.e., in
cases where masonry units are strong, the mortar joints are weak, and
failure is a result of debonding of masonry units to mortar joints or
failure of the mortar joints). Deformable blocks are used when defor-
mation of masonry units plays a role in the mechanical response of the
system or when internal stresses in masonry units needs to be estimated.
The complexity of the deformation of the blocks depends on the number
of zone elements into which they are divided (i.e., finite discretization),
and the constitutive law assigned to them. The constitutive model
assigned to the zones could be either linear elastic or non-linear elastic
and the strain for each separate block can be estimated. The material
parameters for the linear elastic model are the unit weight of the brick,
the compression modulus (K) and the shear modulus (G).

E

K=30—2 ®)
E

C=2i v ©®

where E is the Young modulus and v is the Poisson’s ratio of the brick.
Also, the size of simulation is limited by the number of masonry units
which is a function of the available computational power (see Fig. 1).

3.2. Representation of mortar joints in a masonry wall

Within the discrete element method, mortar joints are represented by
zero-thickness interfaces. At each interface, masonry units are con-
nected cinematically to each other by contacts; the so called contact
hypothesis approach [38]. These contact points are positioned at the
outside perimeter of the masonry units. For deformable blocks, the
contact points are located at the edges or corners of the blocks and the
zones. In this way, geometric interaction between the blocks is allowed.
A significant advantage of the contact hypothesis method is its ability to
mesh the block independently without the need to match nodal points.
So, the more the number of contact points, the higher the accuracy of the
stress distribution in the blocks. The contact points in UDEC are “soft”.
This means that the contact forces are generated as a result of inter-
pretation of adjacent blocks. The amount of interpenetration is
controlled by the user and does influence the computational time. At
each contact point there are two spring connections (Fig. 2). The springs
allow the transfer of a normal force or a shear force from one block to the
other. In the normal direction, the mechanical behaviour of mortar
joints can be represented using the following equation:

Ao, = —k,+Au, @)

where k, is the normal stiffness of the contact (stress deformation
characteristic), Ao, is the change in normal stress and Au, is the change
in normal displacement. Similarly, in the shear direction the mechanical
behaviour of the joints is controlled by constant shear stiffness k; using
the following expression:

Aty = — kg Au (€©))

where Az, is the change in shear stress and Aus is the change in shear
displacement along the joint. Stresses calculated at grid points along
contacts are submitted to the Mohr-Coulomb failure criterion which
limits shear stresses along joints. The following parameters are used to
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Fig. 1. Mechanical representation: (a) contact between blocks; joint behaviour under (b) normal and (c) shear loads.
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Fig. 2. Representation of joints opening and joint at shear limit. Parameters ig;,
(length of joint slipped) and igpen (length of joint opened) recorded during
the simulation.

define the mechanical behaviour of the contacts: the normal stiffness
(kn), the shear stiffness (k;), the friction angle (¢), the cohesion (c), the
tensile strength (f;) and the dilation angle ().

A problem often encountered when modelling masonry is the unre-
alistic response when brick interaction occurs close to or at two opposing
brick contacts. At this point, numerically, blocks may be locked or hung-
up due to the modelling assumptions that brick corners are sharp or have
infinite strength. In a real masonry structure this will only occur because
of stress concentrations. Simulating such a phenomenon is impractical.
A realistic representation can be achieved by rounding the corners of the
blocks so that they can smoothly slide past one another when two
opposing corners interact. A short corner rounding length (e.g. 1% of the
block’s length) gives a good level of accuracy.

3.3. Numerical solution

Estimation of motion in masonry units is made using the force
displacement law at all contacts and the Newton’s Second Law of motion
at each time increment using the central difference method. Contact
forces can be obtained from the force-displacement law. Similarly, the
motion of the masonry units can be obtained from the known forces
acting on the nodes using the Newton second law. For the numerical
solution, a dynamic relaxation procedure is adopted. Adaptive damping
is used for convergence to static solution. A limit step can be defined by
the user which helps to avoid numerical instabilities. The time-step can
be calculated using the equation below:

MM
At, = 2f

€©)

n

where and K, is the overall stiffness of the units and contacts connected
to the node, M, is the nodal mass, and f is a user-defined factor which
controls the time-step [35]. The length of the computational effort can
be minimized by parallel processing, scaling up the number of units and
scaling up the length of simulation.

A characteristic feature of UDEC is the geometric non-linearity of the
intact bricks to be modelled. In other worlds, the displacement of the
bricks due to shear and opening up of the interface can be immediately
included in the calculations. So, it is possible that bricks which were
originally adjacent to each other could either become partially or
entirely loosened from each other, or new contact points could be
formed between bricks that were initially not next to each other. This is
significant feature of UDEC when modelling problems involving dis-
continuities such as low bond strength masonry, where the predominant
failure mechanism is due to the de-bonding of the bricks or blocks from
the mortar, as the location and the magnitude of surface crack widths
within a masonry structure can be determined realistically. Detecting
and updating brick contacts in a numerical model is the most time-
consuming part of the software’s calculation.
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3.4. Implementation of damage indexing equation in DEM

Mortar joints can open, close and slip depending on the stresses
acting on them (Fig. 2). Criteria for joint opening and slip are based on
the magnitude of normal displacement or on the shear stresses levels.
Joint opening occurs when the normal stress o, at a contact exceeds the
tensile strength f;, a condition expressed by the equation:

o, > fi (10)

The value of f; is defined by the user and can be taken experimentally by
undertaking small scale testing e.g. crossed brick couplets. Upon
reaching this condition, the normal stress is reduced to zero and the
tensile strength of the interface vanishes. According to the relative
displacement threshold of 0.1 mm established, joints are marked as
opened when this threshold is exceeded. However, this threshold value
can be assigned by the user.

Slippage between the units will occur when the shear force at a
contact reaches a critical value Ty, defined by the Mohr Coulomb
criterion:

T, > ¢+ o tan(@) = Tyay 11

where 7; is the shear stress at the joint, c is the cohesion and ¢ is the
friction angle. The value of cohesion and friction can be obtained from
small scale tests such as triplet shear tests.

3.5. Validation of DEM for masonry walls

A two-dimensional numerical model based on DEM was developed to
estimate and understand the extent of damage accumulation in masonry
walls with and without openings subjected to induced seismicity events.
All walls had dimensions equal to 4 m width and 2.75 m height (Fig. 3),
typical in Dutch construction practice. One solid (Fig. 3a) and two
perforated walls, either symmetric (Fig. 3b) or asymmetric (Fig. 3c),
were examined. The size of the opening was set to 2 m by 2.5 m. Such
large openings on the facade are quite common in the building inventory
within the Groningen gas field. The vertical sides of the wall were left
free. In addition, the top of the wall was also free to rotate creating a
cantilever condition. A vertical pre-compression equal to 0.3 N/mm?
was applied at the top of the wall during loading. Each brick of the
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102.5 mm x 75 mm.

The mortar joints were represented by zero-thickness interfaces be-
tween the masonry units. In this study, mortar joints were assumed to
behave in an elastic-perfectly plastic Coulomb slip-joint area contact
option. This provides a linear representation of the mortar joint stiffness
and a yield limit based upon elastic normal (k,) and shear (k;) stiffness,
frictional (¢), cohesive (¢) and tensile (f;) strength characteristics of the
mortar joints. In addition, if the bond tensile strength or shear strength is
exceeded in the numerical calculation, then the tensile strength and
cohesion are reduced to zero. Also, the dilation angle was assumed zero,
as per [36].

The developed model was validated against experimental results
obtained from Graziotti et al. [10]. The material properties of the zero-
thickness interfaces and the masonry units are presented in Table 1 and
Table 2 respectively. For further information regarding the development
of the computational model, the reader is referred to [11].

A comparison between the experimentally obtained behaviour and
the numerical model is illustrated in Fig. 4 in terms of initial stiffness and
hysteretic behaviour. Overall, good agreement was obtained, with the
stiffness and peak force being approximated with very good accuracy
and the unloading/reloading stiffness being reasonably well
reproduced.

A comparison of the experimental against the numerically predicted
crack patterns is shown in Fig. 5. Considering the inherent variability of
masonry, the numerical model was able to capture the failure mode
fairly accurately.

4. Application of damage indexing in walls under harmonic
loading

Using the DI equation (eq. (1)), estimates of the evolution of damage
in masonry wall panels subjected to harmonic loading of different am-
plitudes and periods were estimated. The solid wall has a natural period
of 0.06 s, while the period of the perforated wall panels is approximately
0.2 s. The models were subjected to sinusoidal acceleration loading with
varying amplitude (0.01 g, 0.025 g, 0.05 g, 0.075 g and 0.1 g) and

Table 1
Material properties of the zero-thickness interfaces used in the numerical model.

1 1 db def ble block db Joint normal Joint shear Joint Joint tensile Joint cohesive
masom:y wa Pane was represented by a deformable OC' sepa.ra'te y stiffness stiffness friction strength strength
zero thickness interfaces at each mortar bed and perpendicular joint. To angle
allow for the 10 mm thick mortar joints in the real wall panels, each kn(N/m?) ks(N/m?) p(deg) f:(N/m?) c(N/m?)
deformable block was based on the nominal brick size increased by 5 12 x 10" 4 x 10" 32 0.21 x 10° 0.24 x 10°
mm in each face direction resulting in a model block size of 225 mm x
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Fig. 3. The geometry of the models developed: (a) wall panel with no opening/solid wall; (b) wall panel with symmetric opening; (c) wall panel with asym-

metric opening.
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Table 2
Material properties of the masonry units used in the numerical model.
Elastic modulus of brick Bulk Modulus Shear Modulus
E(N/m?) K(N/m?) G(N/m?)
5.20 x 10° 2.90 x 10° 2.16 x 10°
35 - - - v ' - - - v
+ Numerical
i Experimental
30 b
=25 4
4
=
-
S 20
|
8
S 15) 1
N
=
£
10 1
5t

" i 1 " 1 i i

Horizontal Load (kN)

Engineering Structures 243 (2021) 112529

excitation periods (0.06 s, 0.2 s, 0.33 s and 1 s). The acceleration
amplitude was up to 0.1 g. This is an acceptable level of acceleration
considering that the highest peak ground acceleration (PGA) ever
recorded in the Groningen gas field was 0.11 g in the 2018 Zeerijp
earthquake (Fig. 10). The applied harmonic loadings are presented in
Fig. 6. From the results of the analyses, it was concluded that, there was
slight damage in the solid wall when subjected to low amplitude har-
monic loadings and thus, for the shake of brevity, only the results from

i

0.02 0.04 006 0.08 0.1 012 0.14 016 0.18
Displacement (mm)

)
0

0.2

-30

-0.05 0 0.05 0.1 0.15
Displacement (mm)

0.2

Fig. 4. Comparison of experimental against numerical results in terms of the initial stiffness for the squat model (left) and the first loading cycles (right).

(a)

Fig. 5. Comparison of experimental (left) against numerical (right) failure mode.
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®
£ -0.51 1 1
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Fig. 7. The evolution of the damage indices DI i, DIopen, DIgip and DI for the symmetric model for acceleration amplitudes 0.025 and 0.1 g and periods of excitation

(a) 0.33 and (b) 0.2 s.

the perforated wall panels will be presented herein.

Fig. 7 shows the evolution of DI and its components (DIyif, DI, and
DI,,en) over time for the URM wall with a symmetric opening when
subjected to acceleration amplitudes equal to 0.025 and 0.1 g and
excitation periods 0.33 s and 0.2 s. These accelerations correspond to
low and moderate acceleration amplitude, respectively. The period of
0.2 s matches the natural frequency of the perforated walls, while the
period 0.33 s is slightly higher of that of the natural frequency and thus
resonance is not expected to occur in this case. When the wall was
excited to a period of 0.33 s and acceleration amplitude equal to 0.025 g,
the inflicted damage was negligible (Fig. 7a). When dynamic motion
with period 0.33 s and acceleration 0.1 g was applied, the maximum
value of DI was attained during the first cycle of the excitation and in the
upcoming cycles the same value of DI was reached but this was not
exceeded (Fig. 7a). For the wall subjected to a period of 0.2 s, the ach-
ieved maximum DI increased for every cycle of the harmonic signal for
both acceleration amplitudes (see Fig. 7b). Similar response was ob-
tained for the wall with asymmetric opening. Consequently, even slight
difference between the frequency of the signal and the natural frequency
of the modelled wall significantly altered the response of the structure.
When resonance occurred, even for low acceleration, damage

propagated further during the successive cycles, while when there was
no period matching only for higher acceleration some extent of damage
was recorded and did not spread additionally along consecutive load
cycles.

Fig. 8 shows the maximum and residual values of the damage indices
DI i, DlIopen, Dlgip and DI for the wall with symmetric opening for the
excitation periods considered. The asymmetric wall presents similar
behaviour as the symmetric one and thus it was not deemed essential to
be included here. When the wall was excited to a period of 0.06 s only
slightly damage was recorded; even for higher amplitudes of accelera-
tion. For the cases of period 0.33 s and 1 s, the maximum DI reported
increased linearly as stronger motions were applied while residual
damage was negligible. Since period 0.33 s falls closer to the natural
period of the wall, higher damage was observed in terms of DI for the
corresponding excitations. In particular for period 0.33 s and 1 s the
maximum attained DI was 0.13 and 0.1 respectively.

When resonance took place, i.e. excitation period equal to 0.2 s,
substantially higher damage was reached. Interestingly, for the higher
acceleration values, i.e. 0.05, 0.075 and 0.1 g, the same values
maximum DIypen, DIgi, were reached. This behaviour implied that the
failure mechanism was fully activated, and any further damage was
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Fig. 8. (a) Maximum and (b) residual values of the damage indices Dlgritt, DIopen, DIgip and DI presented for the wall with symmetric opening. From top to bottom
the graphs correspond to excitation period 0.06 s, 0.2 s, 0.33 s and 1 s respectively.
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Fig. 9. The drift ratio time-history as obtained from the analyses with the wall with symmetric opening for excitation period 0.2 s is presented for acceleration
amplitudes (a) 0.01 g, (b) 0.025 g, (c) 0.05 g, (d) 0.075 g and (e) 0.1 g. For each subplot, with red dashed lines is denoted the last full cycle as observed in the drift
ratio time-history and its duration T is displayed as well. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

expressed as further opening or sliding of the already formed cracks. On
the other hand, the measured Dl steadily increased for higher accel-
erations. When the excitation period was 0.2 s, it was the only case
where non-negligible residual damage was recorded. For the cases of the
acceleration equal to 0.05 and 0.075 g, the residual damage was mostly
expressed through cracks (opening or sliding). For the highest acceler-
ation considered, that is 0.1 g, residual drift was noticed.

In Fig. 9, the drift ratio as obtained from the analyses with the wall
with symmetric opening for excitation period 0.2 s is presented. One
should mention that this excitation period matches the natural period of
the walls with opening. The last full cycle is shown with red dashed lines
and its duration T is displayed too (Fig. 9). From Fig. 9, it is noticed that
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the duration of the last full cycle increased when higher acceleration
amplitudes were applied. For accelerations 0.01 g and 0.025 g, the
duration T equalled 0.2 s. On the other hand, this duration reached 0.24
s, 0.32 s and 0.39 s for accelerations 0.05 g, 0.075 g and 0.1 g respec-
tively (Fig. 9). This response is related to the period elongation that took
place due to the accumulated damage; as the excitation amplitude
increased extra joints opened or slipped which reduced the effective
stiffness of the modelled walls. Therefore, the computational model
based on DEM considered herein was able to reproduce the propagation
of damage along the mortar joints and its effect on period elongation.
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Fig. 10. Acceleration time-history (left) and the corresponding response spectra (right) generated for the IDA are displayed for the (a) Huizinge and (b) Zeerijp
records. The legend of graphs with the response spectra (right) denotes the scaling factor used for the IDA.
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5. Application of damage indexing to walls under seismic
loading

In order to further evaluate the damage propagation on the modelled
masonry walls, an incremental dynamic analysis (IDA) was performed
[39]. To this end, two records from the Groningen region that produced
the highest PGA values were selected [40]. The North component of the
MID1 record from the August 2012 Huizinge earthquake (ML 3.6)
(Fig. 10a) and the East component of the BGAR record from the January
2018 Zeerijp earthquake (ML 3.4) (Fig. 10b) were used for the analyses.
The Huizinge and Zeerijp earthquakes had PGA values 0.08 and 0.11 g
respectively [11]. Both records produce spectral acceleration close to
0.15 g for period equal with the natural period of the perforated walls,
that is 0.2 s. The records were scaled with factors 0.5, 0.75, 1., 1.2, 1.4,
1.6, 1.8 and 2 and an IDA was performed. During the dynamic analysis,
no viscous damping was assumed; instead the only dissipation being due
to frictional sliding on the joints.

From the literature review, when no monitoring scheme exists or
when testing is unavailable, the inspection process relies on residual
signs of damage, that is cracks and drift. In order to provide a better
insight of the inflicted damage at the end of the IDAs, the residual DI and
its components are presented in Fig. 11 for the wall with symmetric
opening. The results shown in Fig. 11 correspond to the IDA with the
Huizinge record. The residual DI was negligible for the lower PGA values
and reached 0.11 for the maximum PGA. It is highlighted that the
observed residual DI was attributed to the components related to cracks,
that is DIype, and DIy, while DIy remained insignificant. Thus, it can
be inferred that even though no residual drift was recorded damage
could be still observed as cracks. Similar results were also presented by
Graziotti et al. [10] where an incremental dynamic shaking table test
was performed on a full scale URM house, typical example of the Gro-
ningen building stock. In particular, after applying excitations of low
amplitude, the residual drift was negligible, but cracks could still be
observed on the structure [10].

In Fig. 12 the maximum and residual values of the damage index DI
as obtained from the IDA results are presented over the maximum
attained drift ratios during the analyses. A second order polynomial
regression analysis was performed and the produced trendline is shown
with blue line in Fig. 12. The data corresponding to the maximum DI
followed an almost linear increase over the maximum drift ratio as
shown from the corresponding trendline (Fig. 12a). The residual DI
increased linearly before approaching a plateau towards higher drifts.

Engineering Structures 243 (2021) 112529

6. Conclusions

So far, the assessment of damage in masonry structures subjected to
dynamic loading is based on post-earthquake observations. However,
during earthquake loading, cracks can open and close in a masonry
structure. Such opening and closing of cracks is not possible to be
identified by post-earthquake observations. The aim of this study was to
investigate the quantification of damage on URM structures taking into
consideration the initiation and propagation of damage due to recursive
earthquake excitations. A dataset of experimental results from in-plane
quasi-static cyclic tests on masonry walls was considered. The experi-
mentally obtained crack patterns were investigated and their correlation
with damage propagation was studied. Using a software based on the
Distinct Element Method (DEM), a numerical model was developed and
validated against a series of full-scale experimental tests obtained from
the literature. Wall panels representing common typologies of house
facades of URM buildings in the Northern European region i.e. Gro-
ningen gas field, the Netherlands, were numerically investigated. The
accumulated damage within the seismic response of the masonry walls
was investigated by means of representative harmonic load excitations
and an incremental dynamic analysis based on induced seismicity re-
cords from Groningen. A damage index based on cracking formation and
drift ratio was proposed and applied to the numerical findings while
common trends between the numerical and experimental data were
highlighted. Using the results of the developed DEM numerical model,
the suitability of the proposed DI equation to realistically represent the
level of damage and its sensitivity to low amplitude loading was high-
lighted. The adopted numerical approach was able to capture any re-
sidual damage expressed as cracks even when the residual drift was zero
at the end of an excitation. Based on the analyses with harmonic loads,
the effect of the load amplitude and the period of excitation on the
damage propagation was elucidated; when no period resonance took
place, the damage was limited even for moderate load amplitude while
for the cases that the walls were excited with their natural period,
damage was recorded even for lower load amplitudes. Although the
proposed approach has been applied to masonry structures subjected to
induced seismicity, the methodology could be applied when masonry
structures subjected to earthquakes with high aftershock activity.

Additional experimental data with proper documentation of crack
propagation are required to provide a generic quantification of damage
for different configurations of masonry walls in terms of geometry,
boundary conditions, material properties, overload, etc. The proposed
damage index DI needs to be further calibrated based on experimental
findings to correlate the obtained values with damage levels.

Symmetric / Huizinge

0.4
Dl arift
Dlopen
0.3 1 Diip
DI

Residual DI

Fig. 11. Residual values of the damage indices Dl gsit, DIopen, DIgip and DI presented for the wall with symmetric opening over the corresponding PGA. The results

correspond to the IDA with the Huizinge record.
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Fig. 12. (a) Maximum and (b) residual values of the damage index DI as obtained from the IDA results. The results for the IDA based on the Huizinge and Zeerijp
records are shown with ‘+’ and ‘x” markers respectively. The trendline obtained from a second order polynomial regression analysis is denoted with blue line. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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