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Abstract
The majority of houses in the Groningen gas field region, the largest in Europe, consist of 
unreinforced masonry material. Because of their particular characteristics (cavity walls of 
different material, large openings, limited bearing walls in one direction, etc.) these houses 
are exceptionally vulnerable to shallow induced earthquakes, frequently occurring in the 
region during the last decade. Raised by the damage incurred in the Groningen buildings 
due to induced earthquakes, the question whether the small and sometimes invisible plas-
tic deformations prior to a major earthquake affect the overall final response becomes of 
high importance as its answer is associated with legal liability and consequences due to the 
damage-claim procedures employed in the region. This paper presents, for the first time, 
evidence of cumulative damage from available experimental and numerical data reported 
in the literature. Furthermore, the available modelling tools are scrutinized in terms of their 
pros and cons in modelling cumulative damage in masonry. Results of full-scale shake-
table tests, cyclic wall tests, complex 3D nonlinear time-history analyses, single degree of 
freedom (SDOF) analyses and finally wall element analyses under periodic dynamic load-
ing have been used for better explaining the phenomenon. It was concluded that a user 
intervention is needed for most of the SDOF modelling tools if cumulative damage is to 
be modelled. Furthermore, the results of the cumulative damage in SDOF models are sen-
sitive to the degradation parameters, which require calibration against experimental data. 
The overall results of numerical models, such as SDOF residual displacement or floor lat-
eral displacements, may be misleading in understanding the damage accumulation. On the 
other hand, detailed discrete-element modelling is found to be computationally expensive 
but more consistent in terms of providing insights in real damage accumulation.
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1 Introduction

Masonry is a brittle material with low strength threshold before presenting actual plas-
tic deformations. This fact raises the question whether the small and sometimes invisible 
plastic deformations prior to a major earthquake play a significant role in the overall final 
response of masonry structures or not. This question has become an important issue espe-
cially in induced seismicity areas, such as Groningen (Netherlands), where several shal-
low, very small-magnitude earthquakes occur and affect the mostly-masonry-composed 
structural inventory before a relatively larger earthquake hits. In case of a significant earth-
quake, a damage claim mechanism is activated, rendering the question of possible previ-
ous damage prior to the main earthquake critical. It should be noted that the term “plastic 
deformation” here refers to masonry as a composition (as in Vasconcelos and Lourenço 
2009; Zucchini and Lourenço 2009) rather than to the behaviour of the individual materi-
als, such as the mortar or brick units.

This paper aims to find traces of cumulative damage from the available, though lim-
ited, experimental and numerical evidence in the literature. Also, available modelling tools 
are scrutinized in terms of their ability to model cumulative damage in masonry. Results 
of full-scale shake-table tests, cyclic wall tests, complex 3D nonlinear time-history analy-
ses, SDOF analyses and finally discrete element analyses models of masonry wall panels, 
with and without openings, subjected to periodic dynamic loading were employed to better 
explain the phenomenon. The limitations of the available tools are also presented.

Structural materials subjected to repeated cyclic loading present weakening, an issue 
known as fatigue (readers are referred to Schijve 2009, for an introduction to the fatigue 
issue in general). Some of the available research treats the effect of cumulative loading 
on masonry from the fatigue point of view. For example, in Max et al. (2017) a rainflow 
algorithm is applied to experimental and numerical results of masonry specimens, in an 
effort to quantify non-structural damages in unreinforced masonry walls due to induced 
earthquakes in Basel and in St. Gallen, Switzerland. In cases where the load amplitudes 
are relatively high (still below the design values) but the number of cycles is low (typically 
lower than a few hundred thousand), the phenomenon is called low-cycle fatigue. There 
is an immense number of elastic cycles in high-cycle fatigue, while both elastic and small 
plastic deformations can be observed in much lower number of cycles in low-cycle fatigue. 
Past earthquakes with limited plastic deformations, in combination with pre-earthquake 
static loads and support settlements, are structural effects that resemble low-cycle fatigue 
in masonry (Elnashai and Di Sarno 2008; see also Chai 2005 for a discussion on the low-
cycle fatigue and its effects on structures).

In order to study the effect of repeated seismic loads on structures, Hatzigeorgiou and 
Beskos (2009) conducted an extensive number of analyses on SDOF systems that resem-
ble a variety of structural typologies and presented a simple approach for representing the 
inelastic displacement ratio of structures under recursive earthquakes. They found that 
repeated earthquakes have a significant effect on the inelastic displacement ratio and hence 
on the maximum inelastic displacement of the SDOF systems. In a similar but compara-
tively much more limited study, Aschheim and Black (1999) performed nonlinear analyses 
on SDOF systems where Takeda hysteresis model (Takeda et al. 1970) was used, without 
being able to identify a strong effect of previous earthquakes in these analyses, a result 
attributed to the nature of such hysteresis models, as explained further in their paper.

Di Sarno (2013) examines the case of multiple earthquakes occurring in a short period 
of time, and the effect of such phenomena on the seismic response of structures. For the 
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case study analysed, it was shown that the seismic force demands on a structure can be 
thrice as compared to a single event, especially for structural periods above 1.0 s. He fur-
ther observed that multiple earthquakes warrant extensive and urgent studies, giving indi-
cations of the levels of lack of conservatism in the safety of conventionally-designed struc-
tures when subjected to multiple earthquakes.

Mouyiannou et  al. (2014), on the other hand, studied the cumulative damage on 
masonry from repeated shocks, such as seismic sequence or multiple events and after-
shocks affecting an unrepaired structure. They proposed an approach in which derivation of 
state-dependent fragility curves is possible, considering cumulated seismic damage, whilst 
neglecting possible ageing effects. Their approach is based on running cyclic analysis by 
imposing displacements up to the existing state of the structure and running the nonlinear 
time-histories after that state. After running SDOF models with real earthquake sequences 
from Christchurch in 2010 and 2011, they concluded that running fragility models only 
based on the main shock is inappropriate, since it provides missing information regarding 
the actual response of the structure.

Iervolino et  al. (2013) approached the matter from a reliability perspective, introduc-
ing the gamma process, often used for finding the remaining life cycle of reliable systems. 
They illustrate, via a set of compatible equations and case-study applications, that the 
gamma process can be used to find the remaining strength and life time of structures after 
recursive earthquakes take place.

Chai (2005) proposed a low-cycle fatigue model into duration-dependent inelastic 
design spectra in order to allow for the effect of longer or repetitive earthquakes in the 
design process. His approach was based on the premise that, in order to ensure satisfactory 
performance of a structure, the cyclic plastic strain energy capacity of the structure must 
be larger than or equal to the portion of seismic input energy contributing to cumulative 
damage.

In this paper first, the findings of cumulative damage in full-scale shake-table experi-
ments are discussed. Furthermore, results from quasi-static cyclic wall tests were employed 
to better explain the response of masonry walls under small cycles and in particular the 
accumulation of damage. In addition to the use of previously published experimental 
results, complex 3D time-history analysis results of typical Groningen houses were also 
evaluated for determining whether such analyses can shed light on the problem or not. Rep-
resentative SDOF systems, calibrated to fit the seismic response of Groningen houses, have 
been used to parametrically define the accumulation of damage in terms of residual dis-
placements. Finally, a series of discrete-element models, representative of masonry wall 
panels with and without openings were developed and subjected to periodic recursive loads 
with varying amplitudes and frequency in order to understand the internal mechanics of the 
crack formation and accumulation of damage by monitoring the joint openings and sliding.

2  Evidence of accumulated damage in experiments and in 3D 
numerical models

More than two-thirds of the building stock in Groningen consists of masonry structures 
comprising cavity walls (Crowley and Pinho 2017). In particular, the internal walls are 
made of a calcium silicate layer, while there is also an external layer, after an air gap, 
made of clay brick (see Fig. 1). This construction method is particularly vulnerable to seis-
mic loading because of the weak connection between the two layers, the low axial load 
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on the external layer, the unusually large openings, as well as the high out-of-plane slen-
derness of the bearing walls. Quasi-static cyclic tests, component tests in compression, 
shear and combined actions, as well as full-scale shake-table tests have been conducted on 
Groningen-type structures in the laboratories at TU Delft, LNEC, University of Pavia and 
EUCENTRE. Results of some of these tests have been reviewed hereinafter in order to find 
experimental evidence on the accumulation of damage. A discussion has been provided in 
the next section.

2.1  Reference to cumulative damage in masonry experiments

The vast majority of the research on masonry provides only indirect information about the 
accumulation of damage as it does not constitute the main topic of the research in those 
studies. There are only a handful of publications that majorly focus on detecting and quan-
tifying the damage accumulation. Tomor et al. (2013) investigated the deterioration process 
of brick masonry through small-scale laboratory tests under compression and shear. With 
the help of acoustic emission methods, they identified three different stages of accumula-
tion of damage, i.e. compaction, micro-cracking and macro-cracking for compression load-
ing, but were not able to detect a trend of damage accumulation for shear loading. Tests 
conducted at TU Delft (Rots et  al. 2017) on masonry specimens resembling Groningen 
structures showed that the compressive behaviour is highly nonlinear starting from very 

Fig. 1  a Typical masonry Groningen house under construction, b full scale cyclic test setup for Groningen 
houses (Esposito et  al. 2017), c quasi-static in-plane calcium silicate wall specimen from Graziotti et  al. 
(2015, 2016), and d full-scale cavity-wall test specimen on the shake-table from Graziotti et  al. (2017, 
2018)
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low stress levels (i.e. 10% of the strength and above). On the other hand, cyclic tests on 
a full-scale two-storey Groningen house resulted in residual structural cracks up to 1 mm 
width at 0.055% drift levels (Esposito et al. 2017).

Test data of the experiments conducted at  EUCENTRE and LNEC were examined 
here as well in terms of damage accumulation. Three full-scale buildings were tested at 
EUCENTRE and LNEC on shake-tables. Several component and material wall tests were 
also conducted before the main full-scale shake-table tests. Repeated compression tests on 
masonry wallettes (Graziotti et al. 2015) demonstrated that there is a residual plastic defor-
mation on the samples at 10% of the strength, and this deformation is close to the peak 
deformation attained in that loading half-cycle. The ratio of the residual displacement to 
the maximum displacement of the relevant half cycle decreased gradually (note that the 
residual displacement value increased in absolute terms) reaching up to 70% at the maxi-
mum load.

The cyclic tests on calcium silicate wall specimens (Graziotti et  al. 2015) were quite 
useful to better understand the potential of damage accumulation in masonry. Three of 
such wall tests were executed at EUCENTRE by using typical brick and mortar used in 
the Groningen construction practice. A considerably large number of Groningen buildings 
consist of cavity walls in which only the interior leaf is bearing the vertical loads coming 
from the slabs. Therefore, the tests at EUCENTRE (Graziotti et al. 2015) were conducted 
for in-plane loading on the inner leaf that would suffice representing the real response of 
Groningen houses, while both leaves were included in the out-of-plane shake-table tests. 
In the latter, which is not the scope of this paper, the presence of the outer leaf can alter 
the overall response. Note that the single walls tested and used here in this paper, as well 
as the full-scale Groningen houses tested on shake-table, had similar material properties. 
The 3D full-scale Groningen houses were also built in the laboratories at EUCENTRE and 
LNEC  with the same techniques by a specialised Dutch team, so that they resemble as 
much as possible the real structures in Groningen. The results obtained from the individ-
ual wall tests, thus, can be used with enough confidence when investigating the in-plane 
response of Groningen houses with cavity walls.

One of the three specimens was 4 m long and 2.35 m high, resembling a shear-domi-
nated wall. The other two specimens were slender, 1.1 m wide and 2.35 m high, resembling 
flexure-dominated walls. One of the slender specimens experienced a premature failure, 
thus the results of that experiment were not useful. The first cycles of the lateral loading for 
the remaining two specimens are provided in Fig. 2a in a normalized format, where force 
and lateral deformation of the wall specimens in the first loading cycle have been divided 
to the overall wall strength and to the wall yield displacement, respectively. As readily seen 
(Fig. 2a), the first loading cycle is approximately 25–30% of the strength of the wall, result-
ing in 10–15% of the yield displacement. Both specimens exhibited residual displacement 
approximately 2–3% of the yield displacement at zero load crossing, thus at 20% of the 
peak displacement of the first cycle. This is a highly plastic behaviour, at component level, 
even though it is only the first loading cycle with relatively small forces and displacements 
attained.

In agreement with the observations on the quasi-static calcium silicate wall tests, the 
sequential dynamic tests on the full-scale 2-storey terrace house specimen under two dif-
ferent earthquake records (Fig. 2b, c) resulted in accumulation of residual displacements 
too. The 3D full-scale test specimen, similar to the Groningen cavity-wall terrace houses, 
consisted of internal and external walls. These two layers had a slight interaction but they 
majorly respond to the ground shaking as independent systems. In particular, both the 
inner and outer veneer walls were measured to have 0.18 s fundamental period of vibration 
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although they are rather independent from each other. The damage pattern of the test struc-
ture was reported as combination of in-plane and out-of-plane cracks on the walls. In-plane 
cracks were concentrated on spandrels and on internal walls, while the outer layers were 
subjected to out-of-plane cracks mostly. The walls in the loading direction suffered diago-
nal cracks at spandrel levels. The in-plane cracks were mostly diagonal shear cracks. Out-
of-plane cracks were evident on the walls perpendicular to the loading direction. The dam-
age pattern of the roof gable wall was clearly an out-of-plane response. More details and 
relevant figures of damage can be seen in Graziotti et al. (2015, 2017).

In Fig. 2b the results from 18 sequential tests with varying earthquake scaling from 25 
to 200% are presented. The EQ1 in this set of tests refers to an earthquake record with 
0.1 g PGA while the EQ2 is a record with 0.16 g PGA (random vibration test results are 
removed from the original figure in Graziotti et al. 2017). The residual displacement from 
the sequential application of these earthquakes is not cumulative towards one direction, 
meaning that it changes sign during the experiments. For example, application of 150% of 
EQ2 resulted in 4.5 mm residual displacement at roof while the next applied record, 200% 
of EQ2, resulted in 3 mm residual displacement in the opposite direction. Observations on 

Fig. 2  a First cycles from the quasi-static wall tests on calcium silicate specimens (modified from Graziotti 
et al. 2015), b residual displacements from sequential shake-table tests on the full-scale specimen (modified 
from Graziotti et al. 2017, where ‘y’ axis shows the sequentially applied earthquake records starting from 
the bottom, 25% EQ1, and ending with the top, 60% EQ2), and c the acceleration spectra of the EQ1 and 
EQ2 records used in the shake-table tests (taken from Graziotti et al. 2015)
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the crack width at the first and second floor of the same specimen were also presented in 
Graziotti et al. (2015), where a continuously increasing pattern in crack width was revealed, 
suggesting that the cumulative damage may manifest itself in different forms when residual 
system displacements or specific structural cracks are monitored. This is an issue that will 
be addressed in more detail later in this paper.

2.2  Evidence of damage accumulation in 3D numerical analyses

Two houses of different typology (Fig. 3), one real index building and one test structure 
typical of real structures in the Groningen gas field, were extensively studied by several 
researchers for determining the vulnerability of the structural inventory and thus the seis-
mic risk in the region (van Elk and Doornhof 2017; Crowley and Pinho 2017). The two 
dominant types of residential structures in the area are the terrace and detached houses. 
Terrace houses are unreinforced masonry buildings, typically two to three floors, con-
structed with cavity walls as explained before. Detached ones are the older style houses, 
mostly built with solid unreinforced masonry walls, still of two to three floors typically. 
In an attempt to derive information for the fragility and consequence model for Groningen 
gas field, Mozayk (2017) presents 3D analysis results of two typology buildings: Nieuw-
straat 8 and LNEC-BUILD1. Nieuwstraat 8 is an unreinforced masonry detached house 
with timber attic and roof diaphragms, built around ‘40s. LNEC-BUILD1 is a full-scale 
URM cavity-wall house specimen tested at LNEC (Tomassetti et al. 2017). In the study by 
Mozayk, the two buildings were modelled by using the applied element approach (Meguro 
and Tagel-Din 2000) and subjected to nonlinear time-history analyses by using 11 records 
selected to cover a range of intensities in terms of AvgSa (Kohrangi et  al. 2017), Arias 
Intensity (Arias 1970), PGA and spectral acceleration at 0.1 s. The horizontal component 
of the selected records was applied in the weak direction of these structures, while each 
acceleration record was imposed individually and not sequentially. Details of the modelling 
assumptions, as well as the analyses results can be found in Mozayk (2017).

The analyses results, the digital data of which were kindly provided by Mozayk to the 
authors, were presented in terms of in- and out-of-plane displacements at the gable wall 
level. Individual time-history analysis results were then re-processed by the authors pro-
ducing plots of the residual gable wall drift ratio versus maximum drift ratio attained in 
the analyses for both in-plane and out-of-plane structural response (Fig.  4). Unit value 

Fig. 3  Typology buildings analysed by Mozayk (2017): Nieuwstraat 8 index building (left) and LNEC-
BUILD1 (right)
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ratio of residual drift to the maximum drift manifests collapse as the structure reaches a 
certain excessive displacement at the end of the analysis and remains there without being 
able to re-centre at all. The consistently smaller residual displacements in the out-of-plane 
response reflect the re-centring ability of masonry walls under out-of-plane actions thanks 
to the vertical loads and self-weight, behaviour that is even more evident in slender walls, 
as supported by the very low out-of-plane residual drifts of the LNEC-BUILD1 that con-
sists of slender cavity walls. Concluding, every individual earthquake record can induce 
significant residual deformations on the analysed typology buildings, suggesting that rep-
etition of such earthquakes would lead to accumulation of damage and change in stiffness 
and strength characteristics of similar buildings.

3  Cumulative damage on SDOF models

MDOF properties of a real building can be coined into a single SDOF curve after a num-
ber of assumptions and simplifications are made. Generating an SDOF system that would 
respond similarly to its MDOF counterpart in terms of top displacement and base shear 
force constitutes a common procedure acceptable for the sake of simplification of analysis. 
SDOF models representing real buildings are often preferred for faster yet efficient way of 
deriving results from large number of time-histories analyses. Previous efforts of model-
ling cumulative damage on SDOF models (Aschheim and Black 1999; Elnashai and Di 
Sarno 2008; Di Sarno 2013; Mouyiannou et  al. 2014; Hatzigeorgiou and Beskos 2009; 
Dais et al. 2017) show that such simplified models are not able to accurately capture the 
accumulation of damage if sequential time-history analyses are run, unless stiffness and 
strength degradation issues are properly addressed. Even in this case, the start of the next 
earthquake from the point the previous one has left the structure is not a straightforward 
issue since the residual displacements from a previous earthquake are numerically wiped, 
thus “forgotten”, once larger displacements are attained in the next earthquake. A user 

Fig. 4  Comparison of the residual top drift ratio from each individual time history analysis versus the maxi-
mum top drift ratio attained during that analysis, based on the data taken and re-processed from Mozayk 
(2017)
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intervention is needed to accurately model the sequence in the accumulation of residual 
displacements. Mouyiannou et  al. (2014), for example, proposed an approach where the 
SDOF model is subjected to cyclic displacement reversals until the target displacement that 
represents the accumulation of damage is attained, then further earthquake records were 
applied in the model.

Three typology buildings from Groningen gas field were modelled as SDOFs in this 
work to investigate the possibilities of modelling the cumulative damage. OpenSees (McK-
enna et al. 2000) was used for the analyses, and, as suggested by Crowley and Pinho (2017), 
the “Hysteretic Uniaxial Material” was employed for modelling the SDOF response. Crow-
ley and Pinho (2017) calibrated the SDOF backbone curves by using dynamic hysteresis 
loops representing the peak base shear of each analysis and the corresponding attic floor 
displacement (i.e. the highest level of the building). For further details on the calibration 
of the SDOF models as well as other relative assumptions, such as damping and hyster-
esis loop cyclic parameters, the reader is referred to Crowley and Pinho (2017). The index 
buildings used were the Julianalaan 52 (J52) and Badweg 12 (B12), as well as the Nieuw-
straat 8 (NS8) mentioned before. J52 and B12 are URM terrace houses with cavity walls, 
wooden roofs and concrete floors. J52, B12 and NS8 have effective SDOF periods of 0.17, 
0.13 and 0.19 s, respectively.

The parameters for the SDOF models, calibrated by Crowley and Pinho (2017) and 
referred to as CP17 backbone curve, had to be slightly modified for this study. If the origi-
nal CP17 backbone curve was used (Fig. 5a), a fully elastic response would be obtained 
without any plastic deformations, residual displacements or hysteretic energy consump-
tion when Groningen records are applied, as explained further in the paper. The initial 
force–displacement branch of URM response is assumed linear in the CP17 backbone 
curve for the sake of simplicity, however in reality the response is often nonlinear even in 

Fig. 5  a An example SDOF backbone curve from Crowley and Pinho (2017), b modified SDOF backbone 
to obtain plastic deformations and hysteretic energy consumption even in attained forces smaller than the 
yield, c comparison of the original Crowley and Pinho’17 SDOF curve with the modified curve, d index 
building Julianalaan 52 and e index building Badweg 12 (please note that the other index building, NS8, 
was already shown in Fig. 3)
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the small pre-yield load and displacement amplitudes as discussed in this paper earlier (see 
Fig. 2a). In order to represent this aspect of URM structures, the first branch of the CP17 
backbone has been modified (Fig. 5). The yield force of the fully elastic branch in the CP17 
model is reduced down to its 1/10th (see Fig. 5c for comparison). Such an ad-hoc assump-
tion, not relying on experimental evidence due to lack of such evidence at first hand, has 
been made for the sake of convenience given the parametric nature of this exercise.

The SDOF models comprise a weightless rigid stick with the SDOF effective mass on 
top, while the force–displacement response of the mass is lumped in a rotational spring 
at the bottom. A script was used to modify the OpenSees input model at the end of each 
analysis so that the residual displacement from the last analysis was inserted into the next 
model as a coordinate change of the top of the SDOF system. Additionally, strength degra-
dation was taken into account by finding the ductility demand from the latest analysis and 
computing the damage coefficient, which fed into the software for modifying the proper-
ties of the SDOF hysteresis loop. The damage depends on the ductility μ and the damage 
coefficient D through is D(μ − 1). Four different values of D were tested: 0 (i.e. no damage 
accumulation during the cycles), 0.005, 0.010 and 0.015, for each one of which hysteresis 
loops were obtained similar to those in Fig. 7. The North component of the MID1 record of 
Huizinge Earthquake, August 2012, and the East component of the BGAR record from the 
January 2018 Zeerijp Earthquake (Fig. 6) were used for the analyses. Two different records 
were used so that it is clarified whether there is a dependency on the imposed record. It is 

Fig. 6  Acceleration time histories of the two Groningen earthquake records used for analyses (top), and 
comparison of their 5% damped elastic acceleration response spectra together with the change in fundamen-
tal period of NS8 building SDOF model (bottom)
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found that when strength degradation is considered, the relationship between the earth-
quake sequence and the residual damage is not linear, in fact the damage is fast increasing 
as more earthquakes applied on the structure. On the contrary, this relation is perfectly lin-
ear when the strength degradation is ignored. One of the plausible explanations for the high 
record-sensitivity of the accumulation of damage can be the match between the dynamic 
properties of the structural model and of the applied record. Although the BGAR-E record 
from the Zeerijp Earhquake has higher PGA (0.111  g) than that of the MID1-N record 
from the Huizinge Earthquake (0.084 g), their elastic spectral acceleration responses are 
identical at 0.19 s, which is the fundamental period of vibration of the NS8 SDOF model. 
The SDOF fundamental period elongates as nonlinearities develop and as more residuals 
accumulate. An example is shown in Fig. 7 where the effective period of vibration of the 
SDOF model increases 50% after the same earthquake is applied 4 times. The fundamental 
period is doubled, for example, after the Huizinge record is applied 5 times on the NS8 
SDOF. The initial and the elongated periods of the NS8 model can be seen in Fig. 6 (bot-
tom), where the spectral demand of the Huizinge record is twice that of the Zeerijp record. 

It is underlined that the results obtained are only parametric since there is no experi-
mental evidence that would allow to calibrate the strength degradation of the SDOF model 
of those index buildings. The results exhibit accumulation of damage towards a certain 
direction, as well as degradation of strength with increasing number of earthquakes. Even 
if the exact same earthquake record is applied, the residual damage, which is the residual 
displacement of the SDOF system, is nonlinearly increasing. Figure  8 presents analyses 
conducted by applying the same earthquake record 10 times on the SDOF models for the 
three index buildings.

Although the exercise presented here is parametric, the assumption of a maximum dam-
age coefficient (D) equal to 0.015, used in producing Fig.  7, has been cross-checked. A 

Fig. 7  Response of the SDOF model of Nieuwstraat 8 (NS8) to Huizinge earthquake (2012) MID1 record N 
component sequentially 4 times, with a damage coefficient D of 0.015
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recent study by Korswagen et al. (2018) presents results of tests on a Groningen-type unre-
inforced masonry wall with a large opening, very similar to the example walls analysed 
further in this work. They applied repeated loads, only in positive direction (i.e. not cyclic 
between positive and negative displacements), and obtained strength drops 1.3–3.8% when 
the very same load is applied 3 times consecutively. For the maximum damage coefficient 
(D = 0.015) used herein, a strength drop of 4.7% (from 34 kN in the first time to 32.4 kN 
in the 3rd time, shown in Fig.  7) was obtained, a reasonable value considering that the 
response was result of an earthquake motion that includes several cycles, as opposed to the 
tests of Korswagen et al. (2018) with 3 cycles per loading level.

It was shown in the exercise here that, in overall, SDOF models can be useful for detect-
ing tendencies in cases that more complicated analyses are not feasible. The applicability 
of the results in broader sense, on the other hand, is rather limited. The major drawback of 
using SDOF models for detecting damage accumulation in URM is the need for calibra-
tion based on experimental evidence on damage and cyclic degradation. More elaborate 
analyses were conducted as given hereinafter for obtaining insight into the internal damage 
distribution on the wall as motions are applied in sequence.

Fig. 8  Residual top displacement of the SDOF models for 10 times repeated 2012 Huzinge (MID1-N com-
ponent) and 2018 Zeerijp (BGAR-E component) records for the index buildings Badweg 12 (top-left), Juli-
analaan 52 (top-right) and Nieuwstraat 8 (bottom)
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4  Cumulative damage on discrete‑element wall models

4.1  Overview of the discrete‑element model

In order to overcome the issues related to the use of SDOF models explained previously, 
detailed models were created employing discrete-element modelling (DEM) approach in 
UDEC software (Itasca 2011), a tool based on discontinuous modelling that can simu-
late the response of discontinuous media subjected to either static or dynamic loading. 
When used to model brickwork structures, the bricks are represented as an assemblage 
of rigid or deformable distinct blocks which can take any arbitrary geometry. Rigid 
blocks do not change their geometry as a result of any applied loading and are mainly 
used when the behaviour of the system is dominated by the mortar joints. Deformable 
blocks are internally discretised into finite difference triangular zones and each element 
responds according to a prescribed linear or non-linear stress–strain law. These zones 
are continuum elements as they are defined in the finite element method (FEM). Mor-
tar joints are represented as zero thickness interfaces between the blocks. These inter-
faces can be viewed as interactions between the blocks and are governed by appropri-
ate stress-displacement constitutive laws. Interaction between the blocks is represented 
either by sets of point contacts or by sets of edge to edge contacts, with no attempt 
to obtain a continuous stress distribution through the contact surface. The mechanical 
interaction between the blocks is simulated at the contacts by spring like joints with 
normal and shear stiffness.

As in the Finite Element Method, the unknowns are the nodal displacements and 
rotations of the blocks. However, unlike FEM, DEM is a dynamic process and the 
unknowns are solved explicitly by the differential equations of Newton’s Second law 
of motion at all bricks or nodes and the force–displacement law at all contacts. The 
force–displacement law is used to find the contact forces from known displacements, 
while Newton’s second law gives the motion of the blocks resulting from the known 
forces acting on them (Fig. 9). In this way, large displacements along the mortar joints 
and the rotations of the brick elements are allowed with the sequential contact detection 
and update of tasks automatically. Furthermore, DEM approach can model both static 
and dynamic load effects. The static solution is achieved by artificial damping similar 
to the dynamic relaxation method where the equations of motion are damped to reach 
the equilibrium state. Also, the DEM approach can employ time-stepping algorithms 
either in real time scale or as a numerical device to solve quasi- static problems (Itasca 
2011). For a full description of modelling masonry structures using the discrete element 
method, the reader is referred to Sarhosis and Sheng (2014) and Sarhosis et al. (2015). 

Fig. 9  Mechanical representation of contact between blocks (left) and the simplified calculation cycle for 
rigid blocks (right)
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4.2  Experiment used for calibration and the numerical model

One of the walls tested by Graziotti et al. (2015) was used here for parametric analyses. It 
is reminded that the wall had dimensions of 4.0 m width and 2.75 m height, representing 
a shear-dominated wall (Fig. 1c). The specimen was left free-to-rotate on the top creating 
a cantilever condition. A constant vertical stress of 0.3 MPa was applied during the tests, 
kept fairly constant by two vertical actuators. The wall material was calcium silicate and 
cement mortar, representing the terrace houses with cavity walls built in the region in the 
post-war time. The calcium silicate layer is the internal leaf bearing the vertical loads from 
the slabs in the Groningen construction practice.

In the numerical model, the vertical edges of the wall panel were left free. Gravitational 
load due to self-weight was also imposed to the model in addition to vertical pre-com-
pression equal to 0.3 MPa assigned on the top of the wall in line with the experimental set 
up. The mass of the system used in the dynamic analyses consists of the wall self-weight 
as well as of the distributed mass on the top of the wall coming from the load represent-
ing the vertical pressure. Initially, the model was brought into a state of equilibrium under 
its own self-weight and then the seismic loads were assigned. A geometric model to rep-
resent the wall panel tested in the laboratory was constructed in UDEC software. Each 
brick of the masonry wall panel was represented by deformable blocks separated by zero 
thickness interfaces at each mortar bed and perpendicular joint. To allow for the 10 mm 
thick mortar joints in the real wall panels, each deformable block was based on the nomi-
nal brick size increased by 5 mm in each face direction resulting in a model block size of 
225 mm × 102.5 mm × 75 mm. A typical geometry of the wall panel developed in the soft-
ware is shown in Fig. 10.

The analyses were conducted first on the solid wall with identical properties with the 
tested specimen. After the solid wall model was calibrated to fit the response of the tested 
wall (Graziotti et al. 2015), two more wall models were generated by creating a large open-
ing of 2.5 m × 2.0 m symmetrically (Fig. 10, middle) and asymmetrically (Fig. 10, right). 
Such large openings on the house façade are quite common in the building inventory within 
the Groningen gas field. The solid wall model had natural frequency of 16 Hz, while the 
frequency of the perforated models was approximately 5 Hz. The models were subjected to 
sinusoidal acceleration loading with varying amplitude between 0.025–0.1 g and frequen-
cies of 1, 5 and 16 Hz.

Though modelling the bricks as deformable blocks allows any deformation to occur both 
in the blocks and in the joints, it was assumed that the bricks would exhibit linear stress–strain 

Fig. 10  Geometric models developed in UDEC: wall panel with no opening (left), wall panel with symmet-
ric opening (middle), and wall panel with asymmetric opening (right)
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behaviour and that opening and slip along the mortar joints would be the predominant fail-
ure mechanism. Block parameters required by the software to represent the behaviour of the 
bricks are: density (d), elastic modulus (E), shear modulus (G) and Poisson’s ratio (v) of the 
bricks. The mortar joints represented by interfaces were modelled using the elastic-perfectly 
plastic Coulomb slip-joint area contact option in the software. This provides a linear repre-
sentation of the mortar joint stiffness and yield limit based upon elastic normal  (Jkn) and shear 
 (Jks) stiffness, frictional  (Jfric), cohesive  (Jcoh) and tensile  (Jten) strengths, as well as on the dila-
tion  (Jdil) 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. In discrete element modelling, behaviour of masonry is highly influenced 
by the material parameters used (Sarhosis et al. 2014, 2015). The material properties for the 
numerical models used at this study are presented in Table 1. The brick and mortar interface 
properties have been adopted from the experimental tests carried out in Pavia (Graziotti et al. 
2015) and presented in Table 2.

The validation of the model was performed against the results of the experiment under 
cyclic horizontal in-plane load with incremental increase of the imposed displacements. The 
initial stiffness for the model is captured with accuracy (Fig. 11). Apart from the crack patterns 
(Fig. 11a, b), the cyclic response for the first three cycles have also been compared, where 
important parameters such as strength, unloading and reloading stiffnesses are captured fairly 
accurately (Fig. 11d). The hysteretic loop obtained from numerical analyses provides higher 
hysteretic energy dissipation by 12% (Fig. 11e) than the experiment, level that was deemed 
satisfactory. The match of the model to the very first cycles of the load–displacement curve 
is of prime importance for the purposes of this paper as the applied acceleration levels, up to 
0.10 g, do not mobilize the entire hysteretic behaviour of the wall. The levels of accelerations 
in the analyses were up to 0.25 g initially, but this caused collapse in the walls with large open-
ing. This is basically why the analyses results with acceleration amplitude up to 0.10 g are pre-
sented here. This is a reasonable level of acceleration considering that the highest PGA ever 
recorded in Groningen gas field was 0.11 g in 2018 Zeerijp Earthquake (Fig. 6).

4.3  Discrete‑element analysis results

The discrete-element analysis results are presented in Fig. 12. The results were processed with 
respect to the overall wall top displacement in the lateral loading direction, joint slip and joint 
opening. The complete set of plots cannot be presented here due to lack of space. A consistent 

Table 1  Properties of the masonry units used for the development of the computational model

Elastic modulus of brick (N/m2) Bulk modulus (N/m2) Shear modulus (N/m2)

5.20 × 109 2.90 × 109 2.16 × 109

Table 2  Properties of the joint interface for the development of the computational model

Joint normal 
stiffness (N/m3)

Joint shear stiff-
ness (N/m3)

Joint friction 
(degrees)

Joint tensile 
strength (N/m2)

Joint cohesive 
strength (N/m2)

Joint 
dilatation 
(degrees)

12 × 1011 4 × 1011 32 0.21 × 106 0.24 × 106 0
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trend was not evident in the top displacement plots. For example, the residual top displace-
ment is sometimes higher in smaller acceleration amplitudes or periodic loads with higher 
accelerations result in zero residual, while loads with smaller accelerations end up with a large 

Fig. 11  Comparison of experimental against numerical results in terms of a, b crack pattern observed, c the 
initial stiffness for the squat wall test, d the first loading cycles, and e cumulative hysteretic energy for the 
first cycles shown in d 
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residual. This finding is in line with the experimental results presented after the Pavia full-
scale shake-table tests (see Fig. 2).

Due to the reasons explained so far, focus was placed on the crack monitoring in 
the discrete-element analysis results. The cracks can be monitored during the analyses 
either as “joint opening” or by “joint slip”. The former is done by observing the tra-
jectory of the initially coinciding two nodes. A crack is detected when the two nodes 
separate more than 0.1 mm, a limit assumed as the initiation of visible cracks (Giardina 
2013), in a direction perpendicular to the mortar joint. “Joint slip”, on the other hand, is 
the total length of the joints that slipped under shear stresses.

Joint slip and joint opening are two ways proposed here for measuring the damage in 
URM. The damage can be more clearly quantified by using crack geometrical properties 
via these two metrics. Joint slip plots, shown in Fig. 12, provide residual slips up to 10 m 
total length in the entire wall. These are sliding movements, that would be manifested in an 
actual wall as cracks. Joint slip in the numerical model is sliding of a joint above others, 
as happens in the case of shear failure of the bed joints. The largest crack lengths, as well 
as residual cracks, occur in the case of 5 Hz loading because the frequency of the loading 
coincides with the natural in-plane frequency of the wall model with openings. Asymmet-
ric or symmetric openings present little difference in total maximum and residual joint slip. 
It should be noted that the joint slip can take negative or positive values, as sliding motion 
can be in the positive or negative direction in respect to the original position of a given 
node. As observed in Fig. 12 the cracks open and close while the total crack length oscil-
lates during the shaking. The ratio of the maximum total crack length to the residual total 
crack length increases drastically as the acceleration amplitude increases. The ratio of the 
maximum total joint slip to the residual total joint slip is 14.0 (14/1), 3.0 (15/5), and 1.67 
(15/9) for 0.025 g, 0.050 g and 0.100 g acceleration amplitudes at 5 Hz, respectively, in 
the case of wall with asymmetric opening. The max to residual crack length ratio dropped 
from 14 to 1.67 (8.2 times) while the acceleration amplitudes increased only 4 times. It 
should be noted that the joint slip values for the solid wall were not meaningfully large and 
thus not reported here.

Unless a damage function is associated to the cyclic behaviour of the spring-like inter-
face elements, models similar to the discrete element, such as micro-models with equiva-
lent joint springs, or applied element models will not be able to provide any damage accu-
mulation for joint opening and closing. This is because the slender parts of the walls, such 
as the piers on the sides of the openings in the example here, rock under lateral loads caus-
ing joint opening. The same joints, however, close back when the slender wall pier re-
centres and returns to its original or near-original position. In reality, because the crack 
surfaces are not smooth, crushed material remains into the cracks, small pieces dislocate 
and thus a small amount of accumulation does occur. In other words, cracks that open in 
the direction perpendicular to the joint plane are expected not to perfectly close and thus 
start from a non-zero state to the next cycle.

The results for joint opening are presented in Fig. 13. Similar to the joint slip results, 
the total crack lengths are much higher in case 5  Hz load is applied. The joint opening 
values presented are only positive, which represents the opening of a crack (i.e. negative 
values would mean units penetrating to each other). The ratios of the maximum total crack 
opening to the total residual crack opening are 5.2 (1.30/0.25), 3.1 (1.70/0.55) and 2.90 
(1.75/0.60) for the wall with the asymmetric opening for 0.025, 0.050 and 0.100 g accel-
eration amplitudes at 5 Hz, respectively. Joint opening is a metric that is expected to be 
heavily influenced by rocking, a mechanism that dominates in the case of wall with open-
ings. This is because of the slender piers formed on the two sides of the opening. Once the 
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rocking mechanism develops and the joint opening cracks are generated, the total crack 
length does not increase considerable when the acceleration amplitude takes higher values. 
Therefore, the ratio of the maximum total crack length to the total residual crack length 
does not practically increase when the acceleration loading amplitude is increased from 
0.050 g to 0.100 g. This finding suggests that the joint slip and joint opening are two dis-
tinct metrics that need to be monitored individually because of the expected influence of 
the damage mechanism of the wall on the type of crack.

5  Conclusions

Accumulation of damage under small and recursive earthquake motions becomes an 
important issue in case of induced seismicity, mainly because the relatively larger induced 
earthquakes trigger a damage-claim procedure, in which engineers are asked to detect if the 
present cracks and damages are caused by the specific earthquake or not. Already inher-
ently difficult, the evaluation becomes cumbersome due to the ambiguity of the relevance 
to the already accumulated damages. Analytical tools may be a solution to shed light on 
the repeated earthquakes and their damage on the URM structures. This paper discussed 
abilities and limitations of the available analytical tools in respect to the evidence of dam-
age accumulation reported in the experimental literature. The appropriateness of metrics of 
quantifying damage accumulation was also evaluated.

Relevant experimental evidence of damage accumulation on URM, reported in the lit-
erature, were summarized in order to first understand the background of the problem. Com-
pression and shear tests, as well as full-scale shake-table tests on URM, were presented. It 

Fig. 12  Total crack (joint slip) length in the wall model with asymmetric opening (top), and symmetric 
opening (bottom) for sinusoidal acceleration waveform of 0.025 g, 0.05 g and 0.10 g amplitudes (solid wall 
results are not presented here because the model did not provide any meaningful results in terms of crack 
length)
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was shown by using the data of the full-scale shake-table tests that the cumulative damage 
does not monotonically increase in case overall structural parameters, such as top displace-
ment or floor displacements, are monitored. Monitoring of cracks seems to be a better tool 
as cracks provide steady increase in measured damage when more earthquake loads are 
applied on the structure.

3D analyses results of Groningen index buildings have also been used for understanding 
the development of residual deformations in complicated numerical models. Results from 
models created by using applied element method have been re-processed. The available 
analytical results come from analyses with relatively high earthquake intensities, thus a 
direct correlation with the numerical models presented here and the obtained results was 
not possible. It was shown, however, that in relatively large acceleration levels, residual 
deformations become evident especially for the in-plane motion. Much less residual defor-
mations were observed in the case of out-of-plane direction, possibly due to the re-centring 
ability of the slender walls used in the terrace houses in the Groningen gas field.

SDOF models with representative backbone curves were used in previous studies for 
detecting accumulation of damage. A similar effort has also been made here for under-
standing better the abilities of this approach. It was found that the residual displacement 
of the SDOF system in a previous event, a sign of accumulation of damage, is cancelled 
out in the next earthquake if the displacements exceed the residual displacement level. A 
user manipulation is needed to start the next analysis from a non-zero geometrical state. 
A method is proposed here for accounting for this geometrical change during the repeated 
earthquake loads.

Another issue with the use of SDOF models is the strength degradation. The damage 
accumulation is found to be quite sensitive to the amount of degradation and existing dam-
age, but this is a parameter that needs calibration with experimental data. This is a dif-
ficulty for generalizing the results of a simplified SDOF model. The difficulty also stems 

Fig. 13  Total crack (joint opening) length in the wall model with asymmetric opening (top), and symmetric 
opening (bottom) for sinusoidal acceleration waveform of 0.025 g, 0.05 g and 0.10 g amplitudes (solid wall 
results are not presented here because the model did not provide any meaningful results in terms of crack 
length)
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from the fact that the rate of accumulation of damage is extremely sensitive to the fre-
quency content of the seismic records. In the exercise presented in this paper, a charac-
teristic index building from Groningen (Nieuwstraat 8) was modelled as an SDOF system 
where degradation and damage are also represented parametrically. With an assumption of 
a reasonable level of damage potential, that is D = 0.015 associated to the SDOF hyster-
esis model, the effective period of the model is almost doubled when the MID1-N record 
from the Huizinge Earthquake of 2012 (M3.6) is applied 5 times consecutively. Although 
two different Groningen records with identical spectral acceleration demand at the initial 
period of the model were applied, i.e. records from Huizinge and Zeerijp events, the for-
mer caused accumulation of damage much faster than the latter. This was explained with 
the fact that, after applying each record 5 times consecutively, the spectral demand of the 
Huizinge record was twice that of the Zeerijp record.

Discrete element modelling approach is also used here for overcoming the difficulties 
of the SDOF models. A solid shear-dominated wall was modelled and initially calibrated 
against the experimental results. Two more walls, with symmetric and asymmetric open-
ing, were further developed in the computational model. In order to simplify the results 
and overcome the issue of record-to-record variability, simple sinusoidal acceleration 
waveforms were applied to the walls with varying frequency and acceleration amplitudes. 
The results showed that the overall wall displacement is not consistent in providing dam-
age accumulation. If, even after much accumulation of damage and collection of resid-
ual damage, a convenient earthquake motion is applied, the accumulated residuals can go 
back to zero or to the opposite direction with a different amplitude. This naturally does not 
mean that the cracks were diminished. In other words, monitoring only the structural lat-
eral deformations and residuals is not enough to quantify the accumulation of damage. An 
approach that accounts for the position, width and distribution of cracks is needed. Joint 
slip (sliding of a joint over others, as happens in the case of bed joint shear failure), as well 
as joint opening, were monitored in the discrete element wall models. Joint slip and joint 
opening values for the solid wall were not meaningfully large and thus not reported here. 
But the results of the walls with asymmetric and symmetric openings were presented and 
discussed. A measure for quantifying the residual damage after each loading is the ratio of 
the total maximum joint slip (crack) length to the total residual joint slip length.

Joint opening is a metric that is expected to be sensitive to rocking, that is the case of 
walls with openings. This is because the slender piers on the sides of the opening rock 
and develop cracks, that can be detected by measuring the joint opening. Once the rock-
ing-related cracks develop, the total crack length does not increase significantly when the 
acceleration amplitude increases. This finding suggests that the joint slip and joint opening 
are two distinct metrics that need to be monitored individually since they are related to dif-
ferent damage mechanisms.

Detailed modelling approaches for URM, such as discrete-element modelling, micro-
modelling or applied element methods, use block approach for the units and interface 
elements for the mortar joints. The interfaces are formulated with springs or spring-like 
connections. It is concluded in this paper that, if damage accumulation is to be accurately 
captured in such models, the constitutive laws applied to the nodal spring or spring-like 
connections should involve some sort of degradation of strength and/or stiffness. Detailed 
experimental data would obviously be needed to account for the phenomenon in the inter-
action model used for the joints.

Another observation is that the accumulation of damage, both in detailed and in compli-
cated models, is quite sensitive to the frequency content of the applied motion, something 
expected for any structural system in terms of the overall seismic response. However, it was 
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found that even the cracks distribution, i.e. slip and opening of joints, is more responsive to 
the frequency of the motion than the amplitude of it. In other words, an induced earthquake 
motion with lower amplitude, provided that possesses the appropriate frequency content, 
could cause higher number and intensity of cracks to the URM walls, at least to those simi-
lar to the walls examined here.
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