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Abstract
Decades of induced seismicity in Groningen have exposed unreinforced clay masonry 
to frequent, shallow, small-to-moderate earthquakes. Conventional, event-centric vulner-
ability assessments largely ignore the cumulative effects of repeated shaking and therefore 
under-predict visible (light, crack-based) damage. We propose a sequence-aware Damage 
Accumulation Function (DAF) that advances a measured crack-based state Ψ across ar-
bitrary PGV histories by separating similar-intensity repetitions (small increments) from 
events that set a new maximum (disproportionate jumps). The method integrates (i) ear-
lier full-scale wall and spandrel experiments with high-resolution digital image correla-
tion to quantify crack initiation, widening and extension; (ii) earlier calibrated nonlinear 
time-history analyses of Groningen-type motions using the Engineering Masonry Model; 
and (iii) a semi-empirical surrogate linking ∆Ψ to PGV and typological parameters with 
heteroskedastic, PGV-dependent uncertainty whose incremental contribution decays with 
sequence position. Applied to historical records and hypothetical futures, DAF results 
indicate that repeated low-intensity events meaningfully affect accumulation (≈10–20% 
additional ∆Ψ for same-intensity repeats), while a record-high PGV produces a marked 
jump. Regional analyses yield exceedance maps that differ from single-event fragility, es-
pecially at the edges with low but repeated PGV values and enable decision-facing metrics 
such as “damage hastening.” The formulation is intended for DS1/early DS2 crack dam-
age of in-plane URM walls and uses PGV as the intensity measure. The DAF provides an 
interpretable, probabilistic complement to standard fragility where history and repetition 
govern light-damage progression.
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1  Introduction

Induced seismicity associated with decades of gas extraction in the Groningen field has sub-
jected a predominantly unreinforced-masonry (URM) building stock to frequent, shallow, 
small-to-moderate events. Region-specific Ground Motion Prediction Equations (GMPEs) 
for Groningen, together with short-distance formulations for small-to-moderate events, con-
sistently indicate short-period motions that are modest compared with tectonic earthquakes 
but still energetic enough to open and widen cracks in brittle, low-tension masonry, espe-
cially when such motions repeat (Bommer et al. 2017; Atkinson 2015; Suzuki and Iervolino 
2017; Zöller and Holschneider 2016; Sarhosis et al. 2021). In this Dutch context, multi-scale 
studies have documented characteristic crack patterns and damage trajectories for fired-clay 
and calcium-silicate masonry and their consequences for durability, perceived safety, and 
residual stiffness/strength (Jafari and Esposito 2016; Messali et al. 2018; Esposito et al. 
2019; Grottoli et al. 2019; Kvande and Lisø 2009). Socio-economic research shows tan-
gible impacts of even “light” shaking on quality of life and property markets, which in turn 
motivated risk policies up to and including closure of the Groningen field (Boelhouwer and 
van der Heijden 2018; van der Voort and Vanclay (2015; Mulder et al. 2018; Stroebe et al. 
2021; van Elk et al. 2019).

Repetition, rather than a single “largest” event, is the defining feature for light, crack-
based damage in Groningen. Administrative practice has often used ~2 mm/s PGV as a 
claim threshold, and local histories show many exceedances over recent decades, i.e., many 
opportunities for incremental crack advance at low drift (Bommer et al. 2017, wetten.over-
heid.nl, 2023). Figure 1 illustrates this repetition explicitly: a time history of PGV at Lop-
persum with all exceedances of 2 mm/s highlighted, emphasizing that small events recur far 
more often than strong ones and thus dominate cumulative light damage. Laboratory and 
field evidence in Dutch masonry confirm that visible cracks can initiate near these levels, 
especially when boundary conditions are unfavourable or pre-existing defects (pre-damage) 

Fig. 1  Repetition of PGV—events from 1990 to 2024 at Loppersum with PGVs above 2 mm/s. The value 
of 2 mm/s in this graph corresponds to the 75% exceedance probability (a 25% probability of exceedance) 
determined with the ground motion prediction Equations (GMPEs) of Bommer et al. (2019). The figure 
shows that a PGV of 5 mm/s is exceeded at least ten times
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provide a focus for crack propagation (Jafari and Esposito 2016; Van Staalduinen et al. 
2018; Lagomarsino et al. 2013; Korswagen et al. 2019a, 2019b, 2020b, 2020a, 2025).

The Groningen-related literature has tried to fold repeated (or “recursive”) shaking into 
assessment in several ways (Mouyiannou et al. 2014; Sokolkin et al. 1998; Dais et al. 2017; 
Dais 2021). Portfolio-scale studies combine induced-seismicity hazard with typology-based 
fragility and consequence models to quantify risk and explore mitigation (Crowley et al. 
2017, 2019; van Elk et al. 2019). Sequence-specific nonlinear finite-element (NLFE) simu-
lations for representative façades examine how successive events accelerate cracking and 
stiffness loss (Sarhosis et al. 2019a, 2019b; Grant et al. 2019). These methods agree on two 
DS1-relevant points: many small repeats matter as they “nudge” cracks forward and, a new 
event that exceeds all earlier intensities produces a disproportionate jump. Yet most work-
flows remain event-centric (“memoryless”), conditioning damage on either the maximum 
intensity or distributions that ignore order and prior cracking, which under-predicts visible 
damage where dozens of small events accumulate (Grünthal et al. 1998; Lagomarsino et al. 
2013; Lovon et al. 2018; Crowley et al. 2019).

To move beyond event-wise thinking, various approaches explicitly consider repetition, 
fatigue, or aggravation (Melnikov and Semenov 2014; Mkrtychev and Lokhova 2021; San-
doval et al. 2017; Katsimpini et al. 2025; Liu et al. 2024a, 2024b, 2025; Esteva et al. 2016). 
In Groningen-oriented work, proxies include cycle-counting modifiers on drift measures, 
phenomenological degradation indices fitted to NLFE results, envelope rules that treat a 
“record-breaking” event differently from a same-intensity repeat, and time-in-state formula-
tions (Sarhosis et al. 2019a, 2019b; Grant et al. 2019; Iervolino et al. 2016). Related fields 
contribute order- and history-sensitive ideas: nonlocal damage and damage-plasticity for 
masonry elements (Toti et al. 2015), classical and stochastic fatigue accumulation (Schijve 
1972; Lutes et al. 1984; Gusella 1998; Lepov 2013; Zhu et al. 2017; Lv et al. 2015; Wu 
et al. 2019), data-driven deterioration models (Li et al. 2019; Yan et al. 2020; Cristiani et 
al. 2021; Samadian et al. 2025; Gao et al. 2025), and cumulative-sequence modelling for 
RC buildings (Wu et al. 2021; Oyguc et al. 2023). These frameworks share two features 
valuable to URM at DS1: a state variable that carries memory between loadings, and an 
update rule that distinguishes similar-amplitude repetition from steps to a new maximum. 
Analogies from the RC/infilled-frame literature are instructive. Under repeated drifts, RC 
and masonry-infilled frames exhibit pinching, stiffness and strength decay, and pronounced 
sequence effects that cannot be captured by a single-event check, reinforcing the need for 
a state-updating approach (Wu et al. 2021; Oyguc et al. 2023; Filippou et al. 2019). Other 
sources highlight additional inspiration: for example, (Nie et al. 2024), looked at the accu-
mulation of damage on transmission towers.

Masonry’s own micromechanics (fracture and sliding at brick-mortar interfaces, crack 
coalescence, and, depending on unit-mortar relationships like for calcium-silicate masonry, 
unit-splitting) explain why small repeats accumulate visible damage even when peak drift 
does not increase (Jafari and Esposito 2016; Shadlou et al. 2020; Luciano and Sacco 1998). 
Recent Groningen-calibrated campaigns used high-resolution DIC to quantify within-step 
crack growth at constant drift and to define a reproducible, crack-based scalar Ψ that aggre-
gates crack number, length and width, providing a common measure across experiments, 
models, and field observations (Korswagen et al. 2019a, 2019b, 2020b, 2025). These tests 
showed direction-dependent force degradation after one-way cycling and steeper Ψ growth 
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in calcium-silicate than in fired-clay at the same drift, supporting that repeated “small” 
events remain consequential (Korswagen et al. 2020b, 2025).

In the field, several monitoring techniques have been investigated to assess the evolu-
tion of damage (Sangirardi et al. 2022; Lu et al. 2020; Rezaie et al. 2022), but few focus 
on small, barely visible cracks (Shettya et al. 2019; Massart et al. 2007). Moreover, (Van-
niamparambil et al. 2014) looked at quantifying progressive damage on reinforced concrete 
and masonry walls, while (Shi et al. 2024) observed damage during explosion tests. In these 
cases, the increase in damage was measured during load repetitions.

On the computational side, continuum-modelling approaches for in-plane URM have 
matured and been benchmarked, enabling Groningen-specific calibration against crack pat-
terns and hysteresis, albeit with ongoing development toward explicit cyclic-degradation 
laws in constitutive models (Schreppers et al. 2016; Bindiganavile-Ramadas 2018; D’Altri 
et al. 2020). Groningen-calibrated nonlinear time-history analyses (NLTHA) incorporate 
soil–structure interaction (SSI), façade typology, and pre-damage to produce crack-based 
fragility curves as functions of PGV, highlighting the influence of initial condition and site 
effects (Longo et al. 2021; Korswagen et al. 2022; Gazetas 1991). At building and façade 
scales, settlement-induced damage studies independently corroborate progressive cracking 
when long-term ground movements and repeated light earthquakes act together (Burland 
and Wroth 1974; Amorosi et al. 2014; Prosperi et al. 2023, 2025). Diagnostic and pattern-
based schemes emphasize that crack topology governs residual stiffness and perceived dam-
age, implying that any scalar metric should be used with awareness of its limits (de Vent 
2011; Latifi et al. 2023; Dolatshahi and Beyer 2022). Masonry-targeted damage accumula-
tion assessments outside Groningen are emerging as well (García de Quevedo Inarritu et 
al. 2024), and broader multi-hazard syntheses echo the need to track a damage state across 
sequences (Zhang et al. 2024).

In summary, the literature provides four ingredients for accumulation in URM: portfolio 
methods that are efficient but largely memoryless (Lagomarsino et al. 2013; Crowley et al. 
2017; Grünthal et al. 1998; Lovon et al. 2018); sequence-specific NLFE studies that are 
physics-rich yet case-by-case (Sarhosis et al. 2019; Grant et al. 2019); cumulative-damage 
proxies from fatigue and nonlocal damage that carry memory and respect order (Iervolino 
et al. 2016; Toti et al. 2015; Schijve 1972; Lutes et al. 1984; Gusella 1998; Lepov 2013; 
Zhu et al. 2017; Lv et al. 2015; Wu et al. 2019); and data-driven surrogate and uncertainty 
quantification (UQ) tools that scale predictions probabilistically (Yan et al. 2020; Cristiani 
et al. 2021; Samadian et al. 2025; Gao et al. 2025). What has been missing is a mechan-
ics-informed, sequence-aware rule that (a) advances a crack-based state variable between 
events, (b) distinguishes similar-intensity repeats from “record-breaking” events, and (c) 
propagates uncertainty coherently over long, heterogeneous PGV histories.

This paper addresses that gap by proposing a Damage Accumulation Function (DAF) 
tailored to crack-based light damage in masonry. The formulation adopts Ψ as the carried 
damage state, uses a surrogate damage function calibrated on Groningen-relevant NLTHA 
to map intensity and parameters to incremental damage, and introduces a similarity ratio 
to separate repetition at comparable intensity from steps to a new maximum, mirroring 
observed “small-increment” versus “jump” behaviour (Korswagen et al. 2019a, 2019b, 
2020b, 2022; Longo et al. 2021). Uncertainty is included via a PGV-dependent term whose 
contribution diminishes with sequence position, preventing over-dispersion in long his-
tories while recognizing the larger variability of higher-intensity events. The framework 
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admits arbitrary, heterogeneous PGV histories generated from region-specific GMPEs or 
local measurements and naturally incorporates initial condition, SSI, and multi-hazard influ-
ences, providing a way to quantify “damage hastening” where repeated light earthquakes 
accelerate damage that would otherwise have taken longer to occur due to, for instance, 
settlement-type actions.

In this way, this paper marks the culmination of a multi-step programme aimed first at 
observing and quantifying light-damage crack mechanisms and repetition effects in full-
scale walls and spandrels, then at reproducing those mechanisms in calibrated macro- or 
continuum-models, and finally at incorporating sequence effects into a transferable func-
tion that updates Ψ across real PGV histories. The background experimental and compu-
tational studies that anchor Ψ, establish drift windows for light damage, and calibrate the 
modelling strategy, are reviewed in Sect. 2 (Jafari and Esposito 2016; Messali et al. 2018; 
Esposito et al. 2019; Grottoli et al. 2019; Korswagen et al. 2019a, 2019b, 2025; Schreppers 
et al. 2016; D’Altri et al. 2020). Sect. 3 introduces the DAF, detailing its two-branch update 
(similar-intensity repeats vs. new-maximum events) and the uncertainty propagation. Sec-
tion 4 applies the method to historical Groningen sequences and scenario-based futures, 
illustrating regional exceedance patterns and “damage hastening”, while Sect. 4 includes 
an extended discussion. Figure 2 summarises the overall workflow: from experiments to 
calibrated modelling (including SSI per (Gazetas 1991)), the surrogate Ψ(·), the DAF, and 
its applications, so that the reader can follow how each element informs the next.

2  Background studies

Several earlier studies have investigated crack initiation and propagation in masonry struc-
tures using a physical approach (Korswagen et al. 2019a, 2019b, 2020b, 2020a, 2025; 
Korswagen and Rots 2020; Longo et al. 2021; Korswagen et al. 2022). That means, experi-
ments and models have been used to investigate cracking instead of solely analysing dam-
age reports from existing structures (Prosperi et al. 2023). While observational data can 
highlight the presence of damage, it often lacks consistency, objectivity, and insight into 
the underlying mechanisms of crack initiation and propagation (Jafari and Esposito 2016; 
de Vent 2011). In contrast, controlled laboratory testing enables a deeper understanding of 
how cracks form and evolve under repeated loading conditions. The studies have employed 
a dimensionless damage parameter (Ψ) that quantifies cracking in terms of number, length, 
and width of cracks (see Eq. 1), offering a reproducible and scalable measure of damage 
severity (Korswagen and Rots 2020). This parameter, unlike subjective assessments from 
damage reports, allows for direct comparison between specimens and facilitates the cali-
bration of finite element models that can simulate more complex loading scenarios. More-
over, the experimental approach reveals important phenomena such as material degradation 
and damage accumulation, which are difficult to discern from observational data alone. By 
linking observed damage directly to structural drift and mechanical behaviour, the phys-
ics-based methodology not only improves predictive modelling but also provides a more 
reliable foundation for assessing damage progression. 

	 Ψ = 2 · n0.15 · c0.3
w � (1)
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cw =

∑n
i=1 c2

i · Li∑
i=1n ci · Li

� (1.a)

	 ci =
√

c2
o + c2

s� (1.b)

where ci is the maximum crack width of crack i with both its opening (co) and sliding (cs) 
components, Li is its length, and n is the total number of cracks present. The maximum crack 
width of each crack is composed by the opening and sliding components.

This section will briefly present earlier, related studies while focusing on the aspect of 
repeated loading. First, past wall experiments subjected to repeated loading will be intro-
duced. Second, calibrated models to reproduce crack propagation will be detailed. Third, 
numerical models from (Korswagen et al. 2019), employed to conduct non-linear time-his-
tory analyses (NLTHA) and making use of the calibrated modelling strategies, are shown. 

Fig. 2  Flowchart of entire study and sub-focus for this paper. Figure references in order 1–9 (Korswagen 
et al. 2019, 2020a, 2020b, 2025; Korswagen and Rots 2020; Korswagen et al. 2022; Longo et al. 2021; 
Jafari and Esposito 2016; Van Staalduinen et al. 2018)
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Finally, the surrogate model, relating earthquake intensity and building properties with 
damage from (Korswagen et al. 2022) is introduced.

2.1  Wall experiments

An extensive experimental campaign on full-scale masonry walls, about 3 m wide and 2.7 m 
tall, surveyed with high-resolution Digital Image Correlation and tested quasi-statically for 
in-plane drift, is the basis of the crack characterisation study (Korswagen et al. 2025). In 
these campaigns, full-field DIC was configured to resolve sub-0.1 mm crack openings and 
to convert displacement discontinuities into automated measures of crack width and length, 
enabling objective computation of the scalar crack-based damage parameter Ψ (combining 
number–length–width) at each loading increment (Korswagen et al. 2019a, 2019b). Figure 
3 exemplifies the walls and shows how cracks, starting smaller than 0.1 mm in width, were 
automatically detected. The walls, varying in boundary conditions (cantilever or fixed), in 
geometry (with or without opening), and in material (fired-clay brick or calcium-silicate 
brick masonry) were tested under a repetitive, increasing protocol. Protocols deliberately 
included many small-amplitude repetitions within each step to emulate frequent light earth-
quakes and to reveal within-step accumulation; most tests used an initial one-way repeti-
tive phase followed by two-way cyclic increments. In Fig. 3, the protocol shown includes 
three identical cycles (or repetitions) for every incremental step. Walls were tested with up 
to 100 repetitions per step with most walls being first subjected to a one-way cyclic load, 
without load reversal, before restarting with a two-way cyclic test. Companion spandrel 
tests complemented wall tests to isolate vertical cracking mechanisms and provide higher-
resolution observations of unit splitting and CMOD-controlled accumulation (Crack Mouth 
Opening Displacement). Table 1 provides an overview of the tests; for additional details see 
(Korswagen et al. 2025).

Material contrasts and configurations were chosen to reflect Dutch practice. Fired-clay 
walls representative of pre-1950 masonry and calcium-silicate (CaSi) walls typical of 
1970-modern inner leaves were both tested at full scale; tests on CaSi spandrels and walls 
showed stiff, slightly stronger initial response but more brittle light-damage behaviour than 
fired-clay at the same drift, with cracks frequently splitting bricks rather than following 
joints (Korswagen et al. 2020b). This mechanism contrast matters for visible/light dam-
age: unit-splitting in CaSi produced fewer but wider cracks and more persistent residual 
openings, increasing perceived damage and repair intrusiveness relative to joint-following 
cracks in clay masonry.

The magnitude of the repeated drift is shown at the top of Fig. 4; tests were conducted 
below a drift of 0.1% which is associated with the type of cracks that would be expected 
at low earthquake intensities. This focus on sub-0.1% drift aligns with light-damage (DS1) 
regimes established in earlier clay-brick wall tests (≈0.3–1.1 ‰) and with later synthesis of 
upper light-damage thresholds, which places the end of the light-damage range well above 
the present test window (for fired-clay near ~0.5%, with CaSi exceeding light damage at 
~40% lower drift). Figure 4 however, focuses on the degradation of the force required to 
enforce the prescribed drift. Since the experiments were displacement-controlled, the lateral 
force applied at the top of the wall was tuned to maintain certain displacements. This means 
that as the walls became damaged, their stiffness decreased and a subsequent repetition 
of an identical drift required the application of a lower force. Quantitatively, peak force 
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typically reduced stepwise by a few percent per increment and, after an extended one-way 
repetitive phase, by as much as ~30% in the previously cycled direction, with most within-
step degradation stabilising after ~30 repetitions. The degradation of the lateral force can 
be seen as an effect of repetition. In Figure 4 the progress of each wall shows how the force 
had to increase when the drift increased but subsequently decreased exponentially over the 
multiple repetitions. For two-way cycles, the negative direction displays the largest force 
degradation since the positive direction of the cycle had been tested during the one-way 
cyclic portion of the tests.

Since the drift was kept identical within each step, one would expect that cracking would 
not progress until the drift was increased. However, the experiments show that cracks propa-

Fig. 3  Overview of experimental campaign. Top, wall with asymmetric opening painted with a speckle 
pattern for Digital image correlation showing the vertical displacement field overlaid in colour. Middle, 
automatic cracking detection from DIC for two other walls. Bottom, cyclic/repetitive loading protocol 
showing 3 cycles per incremental step, and sketch of different boundary conditions/wall types
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gated within each step; the deformation of the walls thus was increasingly concentrated into 
cracking. Full-field DIC maps confirmed incremental widening and extension of a small 
set of dominant cracks during constant-drift repetitions, even when crack widths remained 
within DS1; corresponding force decay tracked this accumulation. This is displayed in Fig-
ure 5 where the crack-based damage intensity parameter Ψ is measured. Indeed, Ψ increases 
when drift is increased, but also within steps one can observe a change in Ψ. For the mate-
rials and geometries tested, Ψ rose more steeply with drift for CaSi than for fired-clay, 
consistent with unit-splitting and lower apparent fracture energy measured in CaSi span-
drels; nevertheless, both materials exhibited within-step ΔΨ under repetition. If the experi-
ments had not been displacement- or drift-controlled, the reduction in stiffness would have 
resulted in a large increase in damage. Finally, boundary and configuration effects observed 
across the dataset (cantilever vs. double-clamped setups, shear walls vs. walls with open-
ings) affected crack intensity at equal drift and should be accounted for when generalising 
accumulation trends beyond the figures shown here.

In summary for this subsection: the repeated-incremental protocols, high-resolution DIC, 
and the Ψ metric together captured (i) measurable within-step accumulation at constant drift, 
(ii) direction-dependent degradation after one-way cycling, and (iii) material-mechanism 
contrasts (unit-splitting vs. joint-following) that explain why nominally “small” repeated 
events can still advance light, crack-based damage, precisely the behaviour the Damage 
Accumulation Function later aims to reproduce and generalise.

Table 1  Summary of tested # walls and window banks used for calibration. Wall types A–F denote differ-
ent experimental configurations (geometry, openings, boundary conditions); types A and B were used for 
NLTHA extrapolation (Fig. 7). Boundary codes: C = cantilever, F = fixed (double-clamped). For wall types 
see Korswagen et al. (2024)
Wall Name Wall

Type
Boundary Year Built Protocol

Repetitive Cyclic Near Collapse
Comp40 B C 2017 5 × 3 7 × 50 81 mm
Comp41 B C 2017 5 × 10 7 × 30 40 mm
Comp42 B C 2017 6 × 20 7 × 30 40 mm
Comp43 B C 2017 NA 7 × 50 40 mm
Comp44 B C 2017 6 × 20 NA NA
Comp45 C C 2018 5 × 30 7 × 30 NA
Comp46 C C 2018 5 × 30 7 × 30 81 mm
Comp47 A F 2018 A 7 × 10 27 mm
Comp48 A F 2018 A 7 × 10 NA
Comp49 E C 2018 5 × 30 7 × 30 40 mm
Comp50 E C 2018 5 × 30 7 × 30 40 mm
Comp51 E C 2021 5 × 30 7 × 30 81 mm
Comp52 E C 2021 5 × 30 7 × 30 81 mm
Comp53 E F 2021 5 × 30 7 × 30 40 mm
Comp54 B C 2021 5 × 30 5 × 30 NA
Comp55 B F 2021 6 × 30 8 × 30 27 mm
Comp56 B F 2021 5 × 30 7 × 30 27 mm
Comp57 D F 2021 A 7 × 10 40 mm
Comp58 F F 2021 A 7 × 10 67 mm
Comp59 F F 2021 A 7 × 10 54 mm
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2.2  Calibration

The experiments were accompanied by a calibration campaign of numerical models seeking 
to reproduce the stiffness, strength, hysteresis, and cracking behaviour observed. The focus 
was laid first on fired-clay brick specimens since these structures were deemed to be more 
vulnerable. Walls were reproduced using a homogenised continuum within a finite-element-
method (FEM) modelling approach. The model behaviour was verified against the force-
displacement curves and the observed crack fields; Fig. 6 juxtaposes these targets by placing 
DIC-based crack maps from the tests on the left, the corresponding FE crack localisation in 
the middle, and the measured versus simulated loops on the right. Different types of walls 
were investigated for both the one-way as well as the two-way cyclic loading protocols, 
and the calibration set explicitly included specimens with openings and varying boundary 
conditions so that both global and local response features were confronted simultaneously 
(Korswagen et al. 2019).

Walls that had been pre-damaged (by placing a plastic strip on certain masonry joints 
during construction) were also tested and reproduced. These pre-damaged configurations 
advanced crack onset and altered early-cycle stiffness, effects that were captured in the mod-
els by locally reducing tensile bond capacity along the seeded joints and by respecting the 
test loading history. Smaller tests on spandrels, where cracking developed mostly vertically 
due to bending, were also used to aid the calibration; here, micro-modelling with separate 

Fig. 4  Effect of repetition in experiments in terms of force reduction over cycles and steps. One way in-
plane drift (up to +0.55‰) followed by two-way drift (up to ±0.70‰)
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brick and mortar phases was employed selectively to resolve single-crack CMOD evolution 
and to benchmark the macro strategy used for full walls. In all cases, full-field DIC pro-
vided not only the visible crack trajectories but also quantitative crack widths and lengths, 
enabling direct computation of the crack-based scalar damage parameter Ψ that served as a 
common metric between tests and simulations.

The calibration converged on the Engineering Masonry Model (EMM) as the most effec-
tive macro-constitutive law for this scope. The EMM (Schreppers et al. 2016), a smeared, 
continuum-based model tailored for in-plane URM, captures head-/bed-joint orthotropy, 
tensile softening with secant unloading, shear friction with cohesion softening, and com-
pression hardening followed by softening, and it allows the user to prescribe the expected 
diagonal crack orientation: faithful to the staircase cracking typical of these walls (Kor-
swagen et al. 2022). In practice, calibration proceeded iteratively: parameters governing 
tensile strength and softening were tuned to reproduce first-crack drift and early widening 
observed by DIC; shear-related parameters were adjusted to match pinching and sliding 
along toothed cracks; compression parameters were aligned to the peak resistance and the 
shape of unloading/reloading branches. Throughout, two validation metrics were kept in 
lockstep: (i) the force–drift loops and (ii) the spatial crack pattern and its evolution, so that 
matching global response never came at the expense of an unrealistic localisation pattern.

Fig. 5  Damage intensity Ψ progression over cycles and steps during experimental wall tests
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One important outcome of this process is that, while the macro models reproduce the trend 
of damage increase when drift steps up, they under-represent the within-step accumulation 
seen during many identical repetitions at constant drift. This is consistent with the present 
EMM not including an explicit cyclic-degradation memory for small-amplitude cycling: in 
the tests, repeated cycles at fixed drift produced measurable force degradation and incre-
mental widening of a small set of dominant cracks, whereas the calibrated macro models, 
although correct in the aggregate pattern and global loops, did not degrade as quickly under 
repetition (Bindiganavile-Ramadas 2018). This acknowledged limitation is precisely what 
motivates, at methodology level, the surrogate and, ultimately, the Damage Accumulation 
Function introduced later to account for repetition and uncertainty consistently.

Fig. 6  Calibration overview. Experiments (a, d, g, j) are reproduced by finite element models (b, e, h, k) 
in terms of cracking and in force-displacement and hysteresis behaviour (c, f, i, l)
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The calibration also leveraged contrasts between materials and configurations. Calcium-
silicate specimens showed steeper Ψ growth than fired-clay at equal drift and a greater 
tendency for unit-splitting, both in walls and in spandrels; the models reproduced these 
differences by adjusting stiffness, strength, fracture energy and shear-retention parameters 
within bounds supported by the test data and material characterisation. Boundary condi-
tions (cantilever versus double-clamped) were mirrored from the setups so that anchorage 
restraint and vertical stress levels were reflected in the shear-to-flexure mix of cracking. For 
pre-damaged walls, the debonded interfaces triggered earlier localisation and wider cracks 
at the same drift; model updates confined to the intended joints were sufficient to replicate 
these shifts without compromising the response elsewhere.

In summary, Figure 6 encapsulates the calibration philosophy: test-measured crack maps 
and loops on the left/right, FE localisation and loops in the centre/right, and a one-to-one 
visual and quantitative comparison for each typology considered. Within this framework, the 
EMM provided a computationally efficient and sufficiently accurate basis to carry experi-
mental trends into modelling: correct initial stiffness and peak resistance, realistic hysteresis 
in the light-damage regime, and faithful crack localisation across clay and calcium-silicate 
walls, with the explicit limitation that constitutive cyclic degradation remains to be embed-
ded if one seeks to capture long series of identical repeats. This caveat is carried forward 
into the surrogate and the DAF, which together supply the sequence-aware, uncertainty-
aware layer needed for accumulation analyses.

2.3  Extrapolation

Extrapolation is the process of estimating or predicting values or behaviour beyond the 
range of known data, based on trends or patterns observed within that data. In engineering 
or scientific research, it usually involves applying findings from controlled experiments or 
models to different or broader scenarios, such as larger structures, different loading condi-
tions, or untested configurations. In the context of this paper, extrapolation refers to using 
the results of laboratory tests and calibrated models to predict how other masonry structures 
(not physically tested) might behave under similar or more complex seismic loading. In this 
manner, the calibrated models are adapted and used for NLTH analyses where earthquake 
acceleration records are applied at the base of the walls.

To maintain fidelity with the experimental insight while moving to dynamic input, the 
calibrated models from Sect. 2.2 were extended with elements that represent features pres-
ent in buildings but absent in the wall tests. A line mass was added at the top edge to 
represent floor inertia and tributary mass from adjacent components; without this, base 
accelerations would not develop realistic inertial forces in the wall. At the foundation, an 
interface element was introduced to emulate immediate soil-structure interaction; its stiff-
ness characteristics follow established impedance formulations so that rocking and sliding 
compliance are represented in a lumped yet mechanically consistent way (Longo et al. 2021; 
Gazetas 1991). Along the vertical edges, line elements provided out-of-plane bracing and 
vertical cracking restraint representative of perpendicular (transversal) walls; their axial 
and rotational stiffness/impedances were tuned within experimentally supported ranges so 
that the in-plane cracking mechanisms remained realistic for Dutch façades (Prosperi et al. 
2025). With these additions, the same constitutive settings (Engineering Masonry Model) 
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and mesh philosophy as in Sect. 2.2 could be carried into the NLTHA domain without re-
parametrising the core masonry behaviour (Korswagen et al. 2022).

Dynamic inputs were drawn from Groningen-relevant ground-motion records; groups 
of representative local records were selected and then scaled to prescribed PGV levels so 
that amplitude could be varied while preserving the records’ frequency content and phas-
ing. The NLTHA monitored global drift, force–displacement response, and the evolution 
of the crack-based scalar damage parameter Ψ in time; the latter remained the primary link 
between dynamic response and crack-based light damage, consistent with the experimental 
and calibration stages. Numerical stability was ensured with the same solution strategy used 
for the quasi-static calibration, complemented by a time-stepping small enough to resolve 
the dominant pulses of the short-period Groningen motions, so that peak velocity plateaus 
and their repetition effects were captured without spurious numerical damping.

The broader literature compiled for this study aligns with these extrapolation choices 
and informs several implementation details: integrated survey–NDT–FE pipelines for 
complex masonry and the importance of calibrated dynamics (Chacara et al. 2023); limits 
of simplified screening versus detailed FE when progressive degradation matters (Ennali 
2020); reliability of nonlinear static procedures compared with NLTHA and the prefer-
ence for capacity-spectrum–type formulations for stiff URM (Giusto et al. 2024), includ-
ing improved displacement-demand estimators tailored to masonry hysteresis (Guerrini et 
al. 2021); system-level sensitivities to diaphragm stiffness, connection quality, and multi-
storey interaction that condition accumulation paths (Mendes and Lourenço 2015); and 
NLPO–NLTH comparisons on Dutch URM that motivate using dynamic analyses when 
sequence effects are of interest (Messali et al. 2022). These strands collectively justify the 
PGV-driven NLTHA with macro FE and SSI adopted here, as well as the homogeneous/
heterogeneous sequence design carried forward and collected in Table 2.

The extrapolations are also characterised by the variations of most parameters, as sum-
marised in Table 2 and Fig. 7. The parameters include: wall geometry (with associated 
first period T), soil type for the soil-structure interface, a set of properties for the material, 
an initial damage condition such that the walls are already cracked before conducting the 
NLTHA, the earthquake records corresponding to four local records (Zeerijp and Westerwi-
jtwerd, near and far (Korswagen et al. 2022), and the PGV sequences. Geometry was varied 
to reflect common Dutch wall periods; the soil–foundation interface covered stiff and soft 

Table 2  Summary of FE model variations, especially homogeneous and heterogenous histories with the 
extrapolation
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Fig. 7  Extrapolation overview. The wall models are adapted for NLTHA analyses for both types of wall. 
The damage intensity of the results are interpreted automatically using Ψ. Each square is subdivided into 
four triangles corresponding to the various earthquake records: ZN, ZF, WN, WF, clockwise from the top
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classes; material parameters spanned the experimentally calibrated ranges for fired-clay; 
and initial conditions included virgin and pre-damaged states consistent with the tests in 
Sect. 2.2. The PGV permutations are most important and include variations in intensity 
and number. Two sets are included: a homogeneous sequence, where a model is analysed 
by a time series composed of a single record, scaled to the same intensity (these results are 
shown in Fig. 7), and a heterogeneous sequence for which the record is scaled differently. 
For example, the first combination noted in Table 2 is that of a record scaled to 16 mm/s fol-
lowed by a record scaled to 4 mm/s. This allows observations regarding the damage effect 
of events that are smaller or larger than preceding or subsequent events. The results of the 
heterogeneous sequences are later included in Figure 11.

The coloured triangles in Figure 7 show the intensity of the damage aggravation due to 
the applied record for all the parameters varied; this allows a comparison of the influence 
of each parameter. For example, higher PGV intensity leads, predictively, to higher ∆Ψ. 
Similarly, geometry A shows an overall higher aggravation of damage but is less sensitive 
to repetition (Number of Earthquakes). The latter is more easily observed in Fig. 8. Here, the 
relative increase in ∆Ψ between 1 and 2 or 1 and 4 repetitions is shown in a violin plot. First, 
one can observe that the higher number of repetitions leads to an overall larger increase in 
damage. Then, the softer soil B, the stiffer geometry B and the stronger material set, all 
appear to show a higher sensitivity to repetition than their counterparts.

Because Groningen practice requires decisions under uncertainty, the NLTHA stage also 
served to characterise variability sources that subsequently appear in the surrogate and DAF 
layers. Record-to-record variability (for a fixed target PGV), parameter variability (geom-
etry, interface class, material set), and uncertainty in initial condition (pre-damage) each 
contributed to spread in ΔΨ. Rather than collapsing this spread into a single nominal curve, 
the simulation results were retained as distributions at each sequence step; these distribu-
tions underlie the PGV-dependent uncertainty term later used by the DAF, with the practical 
modification that its incremental contribution diminishes with sequence position so that 
long histories do not accumulate unrealistically broad prediction intervals.

Two notions from Sect. 1 guided the dynamic extrapolation: first, repetition at simi-
lar intensity should produce small yet measurable increments in Ψ (crack widening/exten-
sion) even when peak drift remains comparable; second, a new event larger than any before 
should produce a disproportionate “jump” in ΔΨ. The NLTHA confirmed both trends (Kor-

Fig. 8  Comparison of relative damage increase in respect to a single load repletion for three modelparam-
eters against two and four repetitions
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swagen et al. 2022). In homogeneous sequences (e.g., repeated 8 mm/s), the first record in 
the sequence produced the largest increment and subsequent identical records added smaller 
increases, consistent with the stabilisation seen in the quasi-static repetitions. In hetero-
geneous series, ordering mattered: a larger PGV following smaller ones produced a more 
substantial ΔΨ than the same large PGV occurring first, and a small PGV following a much 
larger one produced only marginal additional accumulation, thus reflecting the path depen-
dence expected for crack-localising materials. These observations informed the two-branch 
structure of the Damage Accumulation Function introduced in Sect. 3 and were used to tune 
the similarity band that separates “repeat” from “record-breaking” updates.

2.4  Surrogate damage function (Ψ)

A function to estimate the final damage of a model was fitted to the results; this was the 
focus of Korswagen et al. 2022. Here the damage increase ∆Ψ was modelled with a func-
tion comprising 11 regression coefficients. Moreover, an uncertainty term ε, dependent on 
the value of PGV was also regressed. Together, damage can be estimated using Eq. 2 next. 
Other automatic regression models like neural networks or decision trees were also explored 
but yielded unreliable results. In this manner, the surrogate model is a type of semi-empirical 
model combining theoretical (mechanics-based) understanding with fitted data (regression). 

	 ΨF = Ψ0 + ∆Ψ (∼) + (V )� (2)

The surrogate was trained on the dynamic dataset assembled in Sect. 2.3, i.e., the family 
of NLTH analyses built from the calibrated macro-models, with parameter variations sum-
marised in Table 2. Each simulation delivered, for a single record application, a crack-based 
increment ∆Ψ at the end of the motion together with its contributing configuration: geom-
etry (and, by proxy, first period T), façade type (solid wall/wall with opening), material set 
(fired clay/calcium-silicate), soil–foundation interface class, initial condition (virgin/pre-
damaged), and record family, all evaluated at a target PGV. The tilde “~” in Eq. 2 is thus 
shorthand for this parameter vector. To remain faithful to the experimental scope (light, 
crack-based damage), responses outside the intended DS1 regime were excluded from fit-
ting, and negative numerical artefacts in ∆Ψ (rare, due to small oscillations around zero) 
were clipped at zero to enforce physical non-negativity.

Guided by mechanics and by the calibration insights from Sect. 2.2, the functional form 
for ∆Ψ(~) was chosen to be low-order and interaction-aware, enforcing basic shape expecta-
tions (monotonic non-decreasing with PGV; higher sensitivity for pre-damaged states; soil 
compliance and opening configurations amplifying increments). Eleven regression coef-
ficients were sufficient to capture these effects across the Table 2 design space, balanc-
ing fidelity and interpretability. Fitting targeted the conditional median response to reduce 
leverage of occasional outliers associated with specific record phasing, while categorical 
contrasts (e.g., material set, façade type) entered as indicator-based interactions with PGV 
so that the slope with respect to PGV could differ per typology. Cross-validation was per-
formed by holding out strata in geometry/material/soil combinations and by rotating across 
record families, ensuring that generalisation was not dominated by a single input dimension.

Because dispersion increases with intensity, the uncertainty term ε(PGV) was modelled 
as a PGV-dependent, zero-mean, heteroskedastic component. Its variance (and, where use-
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ful, tail shape) was regressed on PGV using the residuals left by ∆Ψ(~); this preserves 
narrow prediction bands at low PGV (where simulations are tightly clustered) and broader 
bands at higher PGV (where record-to-record variability and parameter interactions natu-
rally widen the spread). The practical safeguard Ψ≥0 was enforced by truncating the left 
tail if needed, and fitted intervals were calibrated so that empirical coverage (e.g., 5–95%) 
matched the distributions observed in the NLTHA ensemble.

Several higher-capacity machine-learning alternatives were tested (e.g., regression trees, 
boosted ensembles, shallow neural networks), but they proved less reliable for our aims: 
without explicit constraints they violated basic monotonicity with PGV, were sensitive to 
extrapolation at the edges of Table 2, and offered limited interpretability for subsequent use 
in a sequence-aware framework. The semi-empirical regression therefore remained the pre-
ferred option: it embeds the mechanics-informed structure (signs and interactions consistent 
with Sect. 2.2), reproduces the central trend of the NLTHA results with modest parameter 
count, and exposes ε(PGV) as an explicit object for uncertainty propagation.

There are two main limitations. First, Eq. 2 is event-wise: it predicts Ψ for a single excita-
tion given the parameter vector and therefore does not by itself advance damage through a 
multi-event history. Second, the fit is anchored to the light-damage regime; outside DS1 (or 
once localisation mechanisms change), the mapping between PGV and ∆Ψ may no longer 
be representative. These limitations motivate the next step of this work: to embed the sur-
rogate inside a sequence-aware update that respects event order and intensity jumps. Indeed, 
historical PGV series at a site are heterogeneous (cf. Fig. 1), and directly iterating Eq. 2 
with N > 1 would assume homogeneity and independence that do not hold. For this reason, 
a Damage Accumulation Function is developed in Sect. 3. It distinguishes similar-intensity 
repetitions from record-breaking events, updates Ψ stepwise through arbitrary PGV histo-
ries, and propagates uncertainty in a controlled manner by modulating ε(PGV) across the 
sequence.

3  Damage accumulation function

From models and experiments, three distinct observations stand out regarding the influence 
of repeated loading. The loading consists of imposed drift in the experiments and of PGV in 
the models: 1) A larger load leads to greater damage; 2) repeated loading of similar ampli-
tude leads to a slight increase in damage; and 3) a repeated load, larger than any previous 
loads, causes a clear increase in damage. In the proposed Damage Accumulation Function, 
this is captured into a formulation with two parts for ∆Ψ: one for repetitions of similar loads 
that have previously occurred, and one for loads larger than any previously experienced. 
The formulation is here next explained stepwise.

In Eq. 2, the final value of Ψ (or ΨF) is composed by the initial value Ψ0, the damage 
increase ∆Ψ and an uncertainty term ε dependent on the intensity of the peak ground Veloc-
ity (V). The sum of ∆Ψ and ε should always be equal or greater than zero. ∆Ψ itself is a func-
tion of several parameters such as the material strength, the façade type, the soil type, etc. In 
Eq. 2 these are denoted with a tilde (~). This can be rewritten simply as Ψ being a function 
of several variables, where the variables are separated by a vertical bar (|) for clarity: 

	 Ψ() = f (Ψ0 |V | ∼)� (3)
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One of the variables that is not evaluated in the surrogate model of (Korswagen et al. 2022) 
is the number of repetitions of the earthquake “N”. While N appears in the formulation, for 
the subsequent analyses it was assumed to be N = 1. For a function that considers damage 
accumulation due to repetition however, N must be any natural number: 

	 Ψ() = f(Ψ0 |V | N | ∼)� (3.b)

Yet, with this formulation, the PGV would adopt a single intensity value, thus forming a 
homogenous sequence of PGV. Real PGV histories are rarely homogeneous, so a new for-
mulation is required. To account for arbitrary values in realistic sequences of PGV, a func-
tion is proposed such that the damage increase for every PGV value in the sequence and the 
final damage value after the entire sequence can be calculated. The procedure is presented 
in Figure 9 and is discussed next.

Equation 2 can be rewritten for the damage increase from event i-1 to event i: the value 
of Ψ following an earlier value of Ψ will be the sum of: the earlier value (Ψi-1), the instant 
damage increase ∆Ψ, and the uncertainty term ε. 

	
Ψi = Ψi−1 + ∆Ψ

→i
(∼) + ϵ(Vi)

i
� (4)

In this sequence, the following sets can be defined for Ψ and the PGVs (V) linked to each 
event: 

	 V = {V1, V2, V3, . . . , Vi, . . . , VN }� (5.a)

	 Ψ = {Ψ1, Ψ2, Ψ3, . . . , Ψi, . . . , ΨN }� (5.b)

	 V→i = max [V (1 . . . i − 1)]� (5.c)

where: Vi is the PGV at instance or event i and V→i is the largest PGV up until event i, 
without including Vi, as per equation 5.c.

Within the sets (Eq. 5.a) it is necessary to identify events of similar PGV. The similarity 
can be assessed by a ratio ρ. The count of all the events with a PGV within the interval 25% 
smaller or larger than Vi (assuming ρ=0.25), is denoted Neq and is mathematically expressed 
as: 

	
Neq =

i−1∑
j=1

IN (Vj)

	
IN (Vj) = {1 if − ρ <

Vj

Vi
− 1 ≤ ρ

0 otherwise
� (6)

Thus, ρ is a factor determining the similitude of the earthquakes’ intensities. If ρ=0.25 then 
a PGV that is larger than 25% the maximum PGV occurred until then (V→i) will be consid-
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Fig. 9  Flowchart DAF procedure. See Eq. 4 to 8
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ered a comparably large event. Hence, for case i, a number of past equivalent events can be 
computed, or, Vi is identified as large event.

The three distinct observations indicated—that larger load led to greater damage, that 
repeated loading of similar amplitude led to a slight increase in damage, and that a repeated 
load, larger than any previous loads, causes a clear increase in damage—are captured into a 
formulation with two parts for ∆Ψ: 

	
∆Ψ
→i

= { Ψ(Ψi−1 |Vi| Neq + 1| ∼) − Ψ(Ψi−1 |Vi| Neq| ∼) if Vi ⩽ (1 − ρ) · V→i(a)
Ψ(Ψi−1|Vi |2| ∼) − Ψ(Ψi−1|V→i |1| ∼) if Vi > (1 + ρ) · V→i(b) � (7)

Phrased differently: the increase in damage at any instance will depend on whether the PGV 
is similar (Eq. 7a) or comparably larger (Eq. 7b) than the PGVs of events in the sequence up 
until that moment. If it is similar, then damage can be computed by evaluating the surrogate 
function for Ψ(~) considering the difference between a homogenous sequence of PGVs with 
the number of similar events and the same sequence with a number of similar events plus 
one (Neq+1). This means that ∆Ψ is indeed the difference in the homogenous sequence for 
an increase in the number of events by exactly one. If the PGV is much larger than earlier 
events, then the increase in damage will be the difference between the cumulative damage 
from a homogeneous sequence that includes this new, larger event and that of a sequence 
ending at the previous largest PGV. The entire process is schematised in Fig. 9.

When Vᵢ exceeds the prior maximum V→ᵢ by more than the similarity margin ρ, the 
structure experiences demand beyond its previous history, causing a disproportionate ‘jump’ 
in damage rather than the incremental accumulation seen for similar-intensity repeats. The 
value of ρ is somewhat arbitrary. What constitutes similar events and when can an event be 
considered large in comparison to earlier events? From an iterative calibration process con-
sidering the results of the next two sections, good agreement was found by setting ρ=0.25.

4  Uncertainty

Equation 4 also contains an uncertainty term. As was determined in (Korswagen et al. 2022), 
the uncertainty is best characterised as a function of the value of PGV. Small values of 
PGV carry a smaller uncertainty than larger values. This relationship, a generalised extreme 
value distribution, is maintained. However, adding this uncertainty at every iteration of ∆Ψ 
would lead to an unreasonably large total uncertainty. For this reason, the uncertainty term is 
weighted by its position in the sequence. The first value would receive the complete uncer-
tainty. For the second value, only half of the new uncertainty is added; for the third, only a 
third; and so on as per Eqs. 8.4. The last value in the series will receive a relatively small 
contribution of additional uncertainty. This is reasonable since a large amount of uncertainty 
has been considered already at that point.

This means also that the influence of a large earthquake will be different if it occurs early 
or later in the series. Towards the beginning, the uncertainty might receive a larger value 
while at the end, the value will be smaller. This is also reasonable since the evaluation of the 
surrogate function also depends on the initial value of Ψ (in this case Ψi-1). Towards the end 
of the series, this value will have been affected more by the accumulated uncertainty which 
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will lead to a larger increase without the need of considering the specific uncertainty term 
corresponding to the large event at the end.

The effect of the uncertainty term can be evaluated with Fig. 10. Here, the results from 
the FEM models, which were analysed for homogeneous sequences of identical events, are 
compared against the results from the DAF using the surrogate function (Eq.4) with and 
without the uncertainty term. For the events of 2, 4, and 8 mm/s, part 7.a of Eq. 7 is used, 
assuming that relatively small events are more likely to repeat and have similars, while for 
the sequences of 16 and 32 mm/s part 7.b is used. The median and interquartile ranges of ∆Ψ 
compare well for the graphs that include the implemented uncertainty term. In general, the 
predictions with the DAF appear conservative, yielding slightly larger values of ∆Ψ. This 
behaviour is preferable to the opposite case. However, the trend and shape of the increase 
in damage for increasing number of repetitions depicted by the FEM models is maintained 
with the DAF results. The figure also highlights that for the smaller PGV values, the uncer-
tainty term is more influential in formulating the fitting shape. This is also observed in the 
relative difference between without and with ε; for the smaller PGVs, this difference is 
higher.

Moreover, Figure 10 shows that the increase in damage due to increasing PGV is pro-
portional. A twice stronger PGV will lead to twice the damage increase. Similarly, repeti-
tions lead to a larger increase in damage; however, in this case, a repetition only increases 
damage slightly. Twice the number of repetitions only lead to about 5–15% more damage 
though this depends on the intensity of the PGV. A larger PGV will have a stronger influence 
in the amount of damage the repetition will cause. At larger PGVs, the repetition of events 
leads to larger increases in damage. Note that both the FEM results and DAF predictions in 
Figure 10 correspond to homogeneous sequences (identical PGV values repeated). The two 
branches of Eq. 7 (7a for similar-intensity repeats; 7b for record-breaking events) refer to 
the DAF’s internal update logic, not to the input sequence type.

Fig. 10  Comparison DAF formulation with(out) epsilon and FEM results (from (Jafari and Esposito 
2016)) for homogeneous PGV sequences. The shaded areas correspond to the interquartile ranges and 
the centre line is the median
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However, Figure 10 also shows various implementations for the uncertainty term. Three 
are compared. Without the position-based weighting, Alternatives 1 and 3 accumulate 
uncertainty too rapidly, heavily over-predicting ΔΨ for long sequences. The implemented 
approach (Eq. 8.3 - 8.4, Alternative 2: PGV-weighted bias) applies diminishing weights 
(1/i) to prevent over-accumulation while preserving appropriate dispersion. The behaviour 
can be improved if the total uncertainty is considered by a term corresponding to the largest 
event (which carries the largest PGV-dependent uncertainty) and a smaller term linked to 
the mean PGV; see Alternative 1, Equations 8.1 -8.2. This leads to a larger predicted initial 
∆Ψ (since it depends on the larger PGV arriving later in the sequence). Alternative 1 is well 
suited to determine the final ∆Ψ but is less capable of accurately showing the intermediate 
Ψi. For this, Alternative 2 is preferred.

Alternative 1: 

	 ϵT otal = ϵ (Vmax) + ϵ (VMean)� (8.1)

	
ϵi = Vi∑N

j=1 Vj

ϵ (Vmax) + 1
N

ϵ (VMean)� (8.2)

Alternative 2: 

	
ϵi = s

|ϵ(Vi)|
i

, s = sgn (ϵ(Vmax))� (8.3)

	
ϵTotal =

N∑
i=1

ϵ (Vi)
i

= ϵ (V1)
1

+ ϵ (V2)
2

+ ϵ (V3)
3

+ . . . + ϵ (VN )
N

� (8.4)

Alternative 3: 

	
ϵTotal =

N∑
i=1

ϵ(Vi)
i0.8 � (8.5)

	
ϵi = ϵ(Vi)

i0.8 � (8.6)

Similarly, the heterogeneous sequences are compared between FEM results and DAF pre-
dictions in Fig. 11. Here, the difference between one event of 8 mm/s followed by another of 
16 mm/s (1×8+1×16) and two events of 16 mm/s (2×16) can be observed, for example. The 
figure has been put together such that the (homogeneous) FEM results for intermediate steps 
for a particular sequence are available. In this manner, the effect of having a large event fol-
lowing smaller events, or multiple smaller events, can be assessed.

The shape of the distributions of ∆Ψ for FEM and DAF is quite similar. Sometimes, the 
mean ∆Ψ of the FEM models is higher than the mean produced by the DAF, but the distribu-
tions for the DAF results extend a bit higher. This is because the FEM results seem skewed, 
with a mean close to the upper 75% quantile, which is probably the result of the limited 
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number of models and the specific parameters chosen for these. Moreover, the DAF has a 
much larger number of simulations which allows the extreme-value-distributed uncertainty 
parameter to generate some few results with a larger ∆Ψ. The graph also shows for example, 
that indeed, 1 × 16 outputs a smaller damage increase than 1 × 16+1×4—the distribution 
shifts slightly up. Figure 11 confirms that the DAF reproduces key trends: repeated events 
increase damage (compare 1 × 16 to 2 × 16), higher PGV yields larger ΔΨ, and sequence 
order affects final damage only marginally (compare 16 + 32 to 32 + 16).

This figure emphasises the key observations from the FE models and which are repro-
duced in the DAF:

	● Rrepeated earthquakes lead to additional damage,
	● The higher the PGV, the larger the damage increase,
	● In a history or sequence with low PGV values, a relatively large value leads to a stark 

increase,
	● In a history with similar PGV values, an additional event leads only to a small increase,
	● The final values of damage between a large and a small, and a small and a large PGV 

values are similar (see 32 + 16 and 16 + 32).

Finally, a comparison can be drawn against the repetition behaviour observed in the experi-
ments, as per Fig. 12. However, validating the DAF through experimental results is chal-
lenging and thus this comparison is done only qualitatively or phenomenologically for 
several reasons:

Firstly, the experiments focused on repeating displacements, whereas the DAF is implic-
itly evaluating repeated force applications. The earthquake-induced vibrations applied to 

Fig. 11  Comparison DAF and FEM models for heterogenous sequences, increase in damage as ΔΨ. These 
‘violin’ plots show the distribution among the model results (FEM) or simulations (DAF)
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structures generate accelerations that translate into inertial forces. Similar events with com-
parable frequency content will induce similar forces, assuming structural damage progres-
sion does not significantly alter the dynamic response—an effect already accounted for in 
FEM models.

Fig. 12  Comparison against experimental results for Ψ and force degradation. Qualitative comparison of 
experimental repetitive force reduction in walls (top) and spandrels (bottom) against DAF’s progressive 
increase in damage (middle). Experimental steps 1–2 (low drift) correspond qualitatively to DAF results 
at PGV ≈1 mm/s; steps 3–5 (intermediate drift) to PGV ≈2 mm/s; steps > 6 (higher drift) to PGV ≈4 mm/s. 
The one-way repetitive, positive cyclic, and negative cyclic phases reflect increasing cumulative demand, 
analogous to increasing PGV in the DAF
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Secondly, experimental procedures included extensive repetitions, typically applying 
thirty repetitions per step to observe stabilisation in force reduction, totalling approximately 
three hundred repetitions. Thirty repetitions alone already represent numerous repeated 
earthquake events, and this large number aimed to replicate the effect of multiple effec-
tive vibration cycles. This substantial repetition volume, however, complicates direct 
comparisons.

A third consideration arises because the DAF is primarily formulated to assess heteroge-
neous sequences; this effect was limited in experiments. Specifically, the repetitive protocol 
involved five one-way cyclic steps, while the cyclic protocol featured seven two-way cyclic 
steps. Minimal force reduction occurred in the first five cyclic steps, analogous to minimal 
damage increases from events with PGVs smaller than previously experienced. Notable 
force reduction appeared in the final two steps, reflecting significant damage increases from 
larger PGV events despite previous events.

Thus, comparing experimental observations of repeated displacement events to force-
based repetitions in the DAF requires assuming that the damage increase from repeated 
force events corresponds to the force reduction observed in displacement repetitions—
which is not a direct comparison. Nonetheless, the force reduction, normalised relative to 
initial force at each step, can be compared to the damage increase observed by the DAF: 
the experimental behaviour and DAF predictions exhibit similar decreasing slopes with 
increasing repetitions.

Experiments on spandrels—where damage was constant due to crack-mouth width con-
trol—provide a more direct comparison. Still, spandrels represent smaller masonry com-
ponents focusing on single cracks, differing from the DAF’s broader scope intended for 
larger masonry elements with multiple cracks. As illustrated in the bottom row of Fig. 12, 
spandrels are categorised by the steps of the loading protocol. This categorisation aligns 
with increasing PGVs used in DAF plots. Consequently, larger steps or PGVs correspond to 
greater force reduction and damage increases in the DAF results.

5  DAF Discussion

The formulation of the DAF rests first on experimental evidence for light, crack-based dam-
age and for repetition effects. Full-scale wall and spandrel campaigns with high-resolution 
DIC established that cracks widen and extend even under constant drift repetitions and that 
force/stiffness degrade direction-dependently after one-way cycling; they also defined the 
crack-based scalar Ψ used here as the carried damage state. Material characterisation and 
multi-scale testing for Dutch URM types (fired clay; calcium-silicate) underpin the param-
eter ranges used in our surrogate and confirm mechanism differences (joint-following vs 
unit-splitting) that explain steeper Ψ growth for calcium-silicate at equal drift (Jafari and 
Esposito 2016; Messali et al. 2018; Esposito et al. 2019; Grottoli et al. 2019). Independent 
work connecting crack patterns to residual stiffness/strength and diagnostic protocols sup-
ports the idea that a crack-centric state is a natural metric for damage progression at DS1 (de 
Vent 2011; Latifi et al. 2023; Dolatshahi and Beyer 2022).

Second, the DAF’s sequence awareness, separating “similar-intensity repeats” from 
“record-breaking events”, reflects Groningen-focused modelling and assessment studies 
where repeated, small motions accumulate visible damage, but a new maximum causes 
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a disproportionate jump. Portfolio workflows combining induced-seismic hazard, fragility 
and consequence analysis frame the regional risk but are largely memoryless, motivating a 
state-updating rule (van Elk et al. 2019; Crowley et al. 2017, 2019). Nonlinear FE explora-
tions explicitly looking at repeated events in Groningen illustrate both “nudge” and “jump” 
behaviours that our two-branch update formalises (Sarhosis et al. 2019; Grant et al. 2019). 
The choice of PGV as the intensity driver and the construction of realistic event sequences 
are aligned with Groningen-specific and short-distance GMPE/GMPM work and with 
regional magnitude bounds used for scenario exploration (Bommer et al. 2017; Atkinson 
2015; Suzuki and Iervolino 2017; Zöller and Holschneider 2016). The practical 2 mm/s con-
text for visibility/claims is consistent with Dutch administrative practice and local histories 
with many exceedances (wetten.overheid.nl, 2023).

Third, the surrogate ΔΨ(·) embedded in the DAF is calibrated against NLTHA built 
from macro-models validated on the same DIC evidence so the mapping from intensity 
and parameters to crack increment is consistent with the experiments. The macro-model-
ling strategy (Engineering Masonry Model with orthotropy, tensile softening with secant 
unloading, shear friction/cohesion softening, and compression hardening/softening) follows 
established validation/benchmark efforts and target behaviours for Dutch URM (Schreppers 
et al. 2016; Bindiganavile-Ramadas 2018; D’Altri et al. 2020). Building context for dynam-
ics (tributary mass, transversal restraint) and near-foundation SSI are included following 
Groningen-tailored SSI developments and classical impedance formulations, which our 
models inherit (Longo et al. 2021; Gazetas 1991). The event-wise surrogate and its role in 
DAF are presented in detail in the crack-based fragility study for light damage (Korswagen 
et al. 2022).

Fourth, the uncertainty scheme in the DAF (PGV-dependent dispersion with diminish-
ing incremental weight along the sequence) comes from how variability appeared in the 
NLTHA ensemble: low spread at small PGV, wider spread at larger PGV, plus contribu-
tions from geometry, material set, SSI class, record family and initial condition (virgin/
pre-damaged). Rather than over-accumulating variance across long histories, the weighting 
preserves realism while still recognising that higher-intensity events are more uncertain. 
This sits alongside established, event-centric uncertainty treatments in masonry fragility/
EMS frameworks, which the DAF complements by carrying state between events (Lago-
marsino et al. 2013; Crowley et al. 2019; Grünthal et al. 1998; Lovon et al. 2018).

Fifth, the multi-hazard context is informed by settlement-induced façade damage research 
and Groningen socio-economic studies. Progressive cracking under angular distortion pro-
vides a clear analogue for accumulation and for the interaction between long-term actions 
and repeated light earthquakes (Burland and Wroth 1974; Prosperi et al. 2023, 2025). The 
societal backdrop underscores why an explicitly cumulative model matters for decision-
making and policy, both in the years leading up to and in the policy choices culminating in 
the gas field’s closure [Boelhouwer et al. 2018; van der Voort et al. 2015; Mulder et al.2018; 
Reuters, 2024].

Finally, the DAF is designed to be compatible with, not a replacement for, existing prac-
tice. It uses the same intensity measures and typologies as regional fragility models (Crowley 
et al. 2017, 2019), the same modelling backbone acknowledged in URM reviews and vali-
dation reports (Schreppers et al. 2016; D’Altri et al. 2020), and it connects to building- and 
component-scale test evidence across Dutch masonry (Jafari and Esposito 2016; Messali et 
al. 2018; Esposito et al. 2019; Grottoli et al. 2019). Analogies from infilled-frame modelling 
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further reinforce the generality of sequence effects in built masonry systems (Filippou et al. 
2019). In short, Sect. 3’s two-branch, sequence-aware update of Ψ encompasses observed 
Groningen behaviours, is calibrated on existing models, respects established uncertainty 
structure and remains interpretable within the standard European masonry damage scales.

6  Applications

The purpose of introducing the DAF is not merely methodological; it is to enable history-
aware assessments wherever sequences of small, induced events may accumulate light, 
crack-based damage in masonry. The examples in this section therefore serve as demon-
strations of capability, they show how the DAF is used, what kinds of outputs it produces, 
and which insights it can unlock rather than as definitive site-specific predictions. These 
examples are paramount to the proposal of the DAF.

The numerical values shown are contingent on the chosen parameters (typology, soil-
interface, geometry, material sets, initial condition), the PGV histories or scenarios adopted, 
and the modelling/calibration envelope established earlier for DS1 and in-plane wall/portal 
behaviour. As such, the figures and maps should be read as illustrations of the workflow and 
its sensitivity, not as conclusive statements about any particular location or building.

We organise the applications with three complementary aims. First (Sect. 4.1), we apply 
the DAF to historical PGV sequences at specific sites to demonstrate sequence-aware updat-
ing of Ψ and to make clear why order and repetition matter: small, repeated events cause 
modest increments, while a new maximum produces a pronounced jump. Second (regional 
mapping in Sect. 4.1), we show how the same machinery extends to gridded analyses, 
yielding spatial contours of exceedance probabilities under history-aware accumulation; 
these maps clarify patterns but remain conditional on the input distributions (e.g., GMPE-
based PGV sampling, independence assumptions between grid cells). Third (Sect. 4.2 and 
4.3), we illustrate decision-facing uses: the concept of damage hastening, which quantifies 
how repeated vibrations advance the timing of light-damage realisation relative to other 
time-dependent processes, and scenario exploration in which alternative seismicity futures 
translate into different trajectories of damage exceedance over time. Throughout, we juxta-
pose DAF-based results with quicker, event-wise baselines to emphasise when and why a 
sequence-aware model changes the history of damage aggravation.

Two framing points guide the interpretation. (i) The applications adopt PGV as the inten-
sity driver, consistent with induced-seismic motions, Dutch practice, and the calibration 
domain; this choice ties also to drift and to the crack-based parameter Ψ. (ii) The analyses 
respect uncertainty: dispersion is carried explicitly via the DAF’s PGV-dependent term and 
via parameter sampling. Consequently, the methodological insight, that history matters, and 
that repetition and new maxima play different roles, should be taken as the main takeaway. 
For operational decisions at a specific site or portfolio, the DAF should be re-run with site- 
and typology-specific inputs and with checks for system-level effects beyond the single wall 
proxy used here.
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6.1  Sequence of vibrations

The earthquake sequence of Fig. 1, corresponding to the earthquake intensities computed 
using Ground Motion Prediction Equations (GMPEs) for the town of Loppersum over the 
last decades, will result in an accumulation of damage for masonry buildings. Assuming 
that no other hazards or interventions have taken place in this timeframe, the DAF can be 
directly employed to calculate the cracking damage progression. The results are presented 
in Figure 13 and discussed next.

Four different initial damage levels are investigated for before the first event: no initial 
damage (Ψ0 = 0), invisible cracking (Ψ0 = 0.5), just-visible cracks (Ψ0 = 1), and clearly-vis-
ible cracking damage (Ψ0 = 1.5). The figure includes the expected value of Ψ and the band 
for the prediction interval within 5–95% generated not only due to the uncertainty term but 
also to variations in soil, material strength, wall geometry, as per Fig. 7 and the framework 
of (Korswagen et al. 2022). One can observe that the second event, which reached a PGV of 
8 mm/s (this is the value that would only be exceeded with a probability of 25% according 
to the GMPEs), is the first to noticeably increase damage. Subsequent events only increase 
damage slightly until the tenth event (Westeremden of 2006) which produced a PGV of 
16 mm/s. At this point, a masonry building that started without damage (Ψ0 = 0), would show 
visible cracks (Ψ≥1) with a probability of at least 5%. The next event to contribute signifi-
cantly to damage accumulation is that of Loppersum in 2008, which due to its epicentre, 
being close to the town, generated relatively large PGVs. In comparison, the event of Huiz-
inge of 2012 with a Mw = 3.6 (Zöller and Holschneider 2016), led to lower PGVs and lower 

Fig. 13  DAF for Loppersum. Sequence of earthquake events and their PGV at the town of Loppersum 
(left axis). On the right axis, the increase in damage, measured with Ψ is given for four distinct starting 
conditions from Ψ₀=0 to Ψ₀=1.5. The confidence margin for Ψ, in the interval 5% to 95%, shows the 
probability of damage. On the right graph, the distribution shape is shown for the state at the end of the 
earthquake sequence, for both the DAF approach (right) and one considering only the maximum PGV 
in the history
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damage accumulation since its associated PGV is smaller than that of the preceding events 
mentioned. Ultimately, at the end of the observed period, also depicted in the right “violin 
plot” of Fig. 13, the probability of Ψ exceeding visible damage is about 30% for a case that 
started with no damage, and more than 70% for a case that had some invisible damage. The 
probability of exceeding light damage (Ψ≥3) is too small (<1%) for this simulation and not 
represented in Fig. 13. The violin plot also presents the distribution of damage probability 
for the situation with only one event, whichever generated the largest PGV for the sampled 
case. This serves to assess the DAF and illustrate the effect of considering the accumulation 
of damage. One can observe that the DAF results produce larger damage increases, with the 
distributions shifting upwards.

The simulation can be extended to a regional grid, so that, for every cell in the grid, the 
history of PGV and its associated damage progression is determined as in the example of 
Fig. 13. Then, at the end of the observed period, the distribution of damage for the various 
initial damage conditions can be summarised by formulating iso-probability lines. These 
form the contours presented in Fig. 14. At the top of the figure, the epicentres and magnitude 
of the events are located in a map coupled to a timeline of the events. Three iso-probability 
set of contours are highlighted and linked to a probability of damage given an initial condi-
tion as indicated at the top right of each map. The probabilities included range from 1 in 2 
(50%) to 1 in 10 000 (0.01%). At the centre of the region, where the seismic events were 
strongest and most epicentres took place, the probabilities of accumulated damage are also 
the largest. Indeed, at the centre of the region, the probability of visible damage (Ψ≥1) is 
larger than 50% while, for most of the 6 km buffer zone of the gas field and including a large 
area outside of it, it is larger than 0.1%. The probability of exceeding Damage State 1 (DS1, 
Ψ≥2.5) is limited to about 1% in the very centre of the region, though this area extends sig-
nificantly if the initial conditions of the masonry structure already displayed visible cracks 
(Ψ0 = 1).

Note that there is an important distinction between the method applied in Figs. 13 and 
14. For the earlier figure, damage has been determined for the specified PGV sequence 
which corresponds to the PGV value associated with the 75% percentile value determined 
with the GMPEs. For the iso-probability lines of Fig. 14, however, the uncertainty in PGV 
prediction is considered as per the formulation of Bommer (Bommer et al. 2017). For each 
grid cell, about 100 × 100 m2, the simulation samples the PGV randomly for each event gen-
erating about two hundred different timelines per grid cell; for simplicity, the timelines are 
not correlated between neighbouring grid cells. Then, for each timeline, the DAF is applied 
to a large sample of walls (buildings). In this manner, the simulation for the entire region 
is about 20 billion unique samples. Note that the number of buildings, soil and material 
parameters are identical for each grid cell. Simulations with the existing building stock have 
not been conducted. The Montecarlo simulation follows the same distributions employed in 
the earlier section and in (Korswagen et al. 2022). For simplicity, uniform distributions were 
assumed for wall typology, soil class, and material properties across all grid cells; the actual 
building stock was not modelled.

The maps and contour lines presented in Figure 14 are specific to fired-clay masonry 
structures. Yet they provide the probability of exceeding particular crack-based damage 
conditions considering the accumulation of damage over the bulk of the seismically-active 
period observed. This is an important contribution that differs from traditional methods that 
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Fig. 14  DAF for Groningen region. Top, epicentre of past earthquake events, magnitude and distribu-
tion in time. Bottom, maps with contours of probability of damage from accumulated damage over the 
indicated time period
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typically assess the probability of damage given a single PGV value or a distribution of the 
maximum PGV in combination with fragility curves.

Consequently, to assess the proposed DAF method, four different calculations were 
conducted:

	● 1) DAF with a probabilistic distribution of PGV as described in the previous paragraphs;
	● 2) DAF with PGV sequences formed from the 99th percentile PGV;
	● 3) Fragility curves convoluted and integrated with the distribution of PGV correspond-

ing to the event with the largest PGV; and,
	● 4) Fragility curves in combination with the maximum of the 99th percentile PGV.

The methods have been listed in order of slowest (most resource intensive) to quickest.
In brief: method (1) applies DAF to probabilistically sampled PGV sequences and is the 

most complete but slowest approach; (2) uses a deterministic 99th-percentile PGV in DAF, 
providing the most conservative single estimate; (3) evaluates fragility curves—derived 
from the NLTHA-calibrated surrogate (Sect. 3) at the single-event level—at PGV values 
sampled from the distribution of the largest event in the sequence, thus ignoring accumula-
tion; (4) evaluates the same single-event fragility curves at the deterministic maximum PGV 
only. Methods (3) and (4) omit sequence effects entirely and serve as benchmarks against 
which the DAF-based methods (1) and (2) can be compared.

All four methods provide final probabilities of damage in the same order of magnitude. 
However (2) is the most conservative, leading to the highest predictions, followed by (4). 
These two yield iso-probability areas about twice as large as (1) and (3), yet (4) is extremely 
quick to run, closely followed by (3). In this sense, evaluating (2) and (4) can be disregarded 
in favour of (3), for a quick assessment, and (1) for the most accurate assessment. The fra-
gility curves (3) produce higher probabilities of damage towards the centre of the region in 
comparison to (1), while leading to lower probabilities towards the edges of the gas field. 
This can be explained because of damage accumulation. For a single event, the undamaged 
structure will become more damaged, while for a sequence of events, the earlier, smaller 
events have contributed to some small damage to the structure, which alters its response to 
the later larger events. At the edges of the region, the effect of multiple small events leads to 
more damage than that of a single event far away.

In this light, we can assume that the results with the DAF (1) are truer to reality than (3) 
since they consider the accumulation from multiple events. However, without empirical 
validation data, which is not available, it is not possible to verify this assumption.

6.2  Damage hastening

The concept of ‘damage hastening’ refers not to the aggravation of existing damage, but to 
the earlier occurrence of damage that would otherwise have appeared later in a structure’s 
life. Figure 15 serves to illustrate this definition. In this graph, two situations are compared. 
Consider a building, which, due to material ageing, lack of maintenance, other autogenous 
causes, or an expected damaging hazard, will develop damage over time; in the figure, 
settlement is described as the expected source of progressive damage. Due to a second 
hazard, however, damage will accumulate more quickly. The DAF is used to assess the 
accumulation of damage because of vibrations. In this example, the damage aggravation in 
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the second period develops in almost half the time: this is hastening of this damage and can 
be quantified by determining how much more quickly expected damage is realised due to 
the influence of a second hazard. In this manner, this metric can be used to better describe 
the impact of induced seismicity in a region where it was not relevant before. Four terms are 
thus defined in the figure with subtle differences:

	● Cumulation: the combination of various hazards or damaging actions.
	● Accumulation: the progressive increase of damage due to repeated actions or the pas-

sage of time.
	● Aggravation: the damage increase (∆Ψ) due to a particular cause at a given moment in 

time.
	● Hastening: the earlier occurrence of a given damage increase due to effects of a second-

ary hazard.

6.3  Simulation of potential future scenarios

In the context of damage hastening, the role of time is critical. While time itself is not inher-
ently a hazard, in specific multi-hazard scenarios, the progression of damage is intrinsically 
linked to the passage of time. Thus, it becomes practical to represent time on the hazard axis 
rather than, for example, PGV or soil angular distortion.

To limit the effect of seismicity on existing (masonry) structures, the Dutch government 
evaluated various scenarios of reduced gas extraction aimed at lessening seismic events. We 
consider three hypothetical gas production scenarios, each influencing the annual occur-
rence and magnitude of seismic events differently. Although the exact physical relationship 
between gas extraction dynamics and seismicity is complex and beyond the scope of this 
paper, we rely on reasonable assumptions to define the mean annual event rates for these 

Fig. 15  Example of damage hastening. The concept of damage hastening is explained with this diagram: 
a damage level that would have occurred later in the life of a structure occurs earlier because of the con-
tribution of a hastening hazard
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scenarios (summarised in Table 3). These assumptions are derived from historical seismic 
data, specifically focusing on events exceeding a magnitude of 1.5. Table 3 presents the 
three scenarios, differentiated by their respective mean annual seismic event rates. For illus-
trative simplicity, the distribution of magnitudes within these scenarios mirrors historical 
patterns, and the spatial distribution of epicentres remains consistent with past data, includ-
ing a magnitude correlation. While the realism of these assumptions warrants further inves-
tigation, this simplified approach effectively facilitates scenario comparison. Each scenario 
projects a distinct evolution of seismicity, affecting the frequency and magnitude of future 
seismic events. Consequently, each scenario translates into a different anticipated progres-
sion of structural damage over time. The DAF provides an ideal framework for addressing 
these scenario-based analyses.

Figure 16 illustrates the Weibull distribution fitted to historical event magnitudes, high-
lighting the frequency of seismic events greater than magnitude 1.5 over the period 1990–
2024. The historical trend indicates an average annual rate of approximately 11.5 events. 
Using these historical data, projections of future annual event rates under the three scenarios 
were derived. The spatial distribution of seismic events is also detailed in Fig. 16. Beta dis-
tributions fitted separately to the latitude and longitude coordinates of historical epicentres 
provide the basis for simulating spatial patterns. Adjustments based on magnitude cluster-
ing, especially prominent for larger events, can be applied as needed. Again, this is a statis-
tical approach to simulating future events and is not based on a physical understanding of 
seismicity; it is used herein to demonstrate the application of the DAF for damage prediction 
and evaluation of scenarios.

The scenario simulations sample event occurrence daily using Poisson arrivals at the 
scenario-specific annual rate, with magnitudes drawn from the fitted Weibull distribution 
and epicentres from the fitted Beta distributions.

Simulations for each scenario generate multiple probabilistic timelines of seismic events. 
The pool of timelines for each scenario has a mean yearly rate linked to the individual 
scenarios. Each simulated timeline involves daily sampling to determine the occurrence 
of events, including their magnitude and epicentre. Hundreds of simulations per scenario 
yield probabilistic characterisations of future seismicity. For each, damage accumulation at 
specific locations is calculated using the DAF methodology. On the available 18-proces-
sor workstation, such a simulation took one week of computational time, with the various 
timelines being evaluated in parallel. Aggregating these simulations, fragility-like curves 
are developed, with the horizontal axis representing time (years). Figure 17 compares these 
curves at the representative location of Loppersum (see Fig. 13).

The resulting curves clearly illustrate differences in damage exceedance probabilities and 
expected damage (Ψ) across scenarios. As anticipated, the two scenarios with reduced seis-
mic activity produce correspondingly lower projected damage levels. Differences between 
scenarios, although modest, underscore the utility of the DAF approach in distinguishing 
potential outcomes based on varying seismic forecasts. However, the assessment of the sce-
narios reveals that a drastic reduction in seismicity would need to occur for damage progres-

Scenario Initial Yearly Rate (year 0) Final Yearly Rate
(year 50)

Decrease

Continued 11.5 11.5 -
Reduced 11.5 ½ · 11.5 linear
Stopped 11.5 0 linear

Table 3  Three hypothetical 
scenarios for potential future 
seismicity distinguished by their 
mean yearly rate of events
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Fig. 16  Spatial distribution of historical seismic event epicentres (top panel) and Weibull distribution 
of event magnitudes, correlated latitude and longitude distributions, and projected annual frequency of 
events (bottom panel). Analyses are based on historical seismic data updated to March 2024. This data is 
used to formulate an empirical model for future scenarios. The adjusted Weibull fit considers only events 
with M ≥ 1.5. The Weibull distribution was fitted with shape parameter α ≈ 1.6 and scale parameter β ≈ 1.9; 
beta distributions for latitude (α ≈ 6.84, β ≈ 4.11) and longitude (α ≈ 6.77, β ≈ 4.41) were fitted to historical 
epicentre coordinates
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sion to be significantly affected. To date, the Dutch government has stopped the extraction 
of gas in the region (Toti et al. 2015).

7  Discussion

This study proposed a sequence-aware, crack-based Damage Accumulation Function (DAF) 
for light damage in URM that advances a measured state, Ψ, through arbitrary histories 
of PGV. Relative to conventional, event-wise workflows based on EMS-98 and typology 
fragilities (Lagomarsino et al. 2013; Grünthal et al. 1998; Lovon et al. 2018) or Gronin-
gen portfolio models that convolve induced-seismic hazard with fragility and consequence 
functions (Crowley et al. 2017, 2019; Lovon et al. 2018), the central advantage is that the 
DAF carries memory: it distinguishes similar-intensity repetitions (small increments) from 
“record-breaking” events (disproportionate jumps) and does so with an uncertainty scheme 
that grows with PGV yet avoids over-accumulating variance across long histories. In doing 
so, it codifies two Groningen observations from both experiments and modelling: many 
small, repeated events nudge visible cracks forward; a new maximum intensity produces a 
marked increase, ∆Ψ.

A key strength is interpretability. Ψ is a physically motivated, measurable scalar that 
aggregates number, length and width of cracks and that has been shown to respond predict-

Fig. 17  Probability of damage over time: “fragility” curves for the various seismicity scenarios over the 
following 50 years. Top, exceedance probability, and bottom, expected damage for two damage thresholds 
corresponding to the beginning of DS1, with Ψ=1, and the end of light damage with Ψ=2.5
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ably under repeated drift at sub-percent levels, including direction-dependent degradation 
after one-way cycling. Using Ψ as the carried state variable allows a single metric to connect 
full-scale tests, NLTHA and field observations. The DAF is also compatible with Groningen 
inputs and practice: it accepts site PGV histories from region-specific GMPEs (Bommer et 
al. 2017; Atkinson 2015; Suzuki and Iervolino 2017), includes soil–foundation interaction 
following standard impedance concepts (Gazetas 1991) and the Groningen SSI framework 
(Longo et al. 2021), and can be run either on prescribed historical sequences (e.g., Fig. 1) 
or on simulated scenarios (e.g., Fig. 17) constrained by induced-seismicity bounds (Zöller 
and Holschneider 2016).

Although the FE models that generated the simulation pool are not re-developed 
within this paper, they are the empirical basis for the surrogate and, hence, for the DAF. A 
homogenised FEM constitutive modelling approach (EMM) was preferred to alternatives 
such as DEM (Malomo et al. 2018; Malomo and DeJong 2021) because it allowed thou-
sands of runs to be performed quickly, robustly and reproducibly, with parameters that could 
be directly calibrated against DIC-based crack maps and force-drift loops. DEM can resolve 
masonry discontinuities in detail, but its parameter identification, contact calibration, and 
computational burden make it challenging to assemble the large, systematically varied pool 
required here and already available. The homogenised FEM strategy therefore provided 
the most practical route to a broad, Groningen-relevant dataset while still reproducing the 
crack-localisation patterns needed to define and carry Ψ. Nevertheless, this database could 
be expanded with additional geometries, soil profiles, and events/records.

Compared with other attempts to incorporate repetition, the DAF provides a general, 
transferable rule rather than case-specific cycle counting or degradation indices (Sarhosis 
et al. 2019; Grant et al. 2019). Against event-wise fragility approaches, DAF predictions 
better reconcile observed visible cracking after years of “small” shaking with calculations 
that would otherwise focus on a single largest event (Lagomarsino et al. 2013; Crowley et 
al. 2019). Against detailed NLFE sequence studies, the DAF offers scalability: once the 
surrogate ΔΨ(·) is fitted, long, heterogeneous histories can be evaluated probabilistically 
without rerunning high-fidelity FE for each site and sequence. The method also aligns with 
insights from adjacent domains such as settlement-induced façade damage (Burland and 
Wroth 1974; Prosperi et al. 2025) and infilled-frame cyclic deterioration (Filippou et al. 
2019), that emphasise state tracking and sequence effects.

This paper also extracts the sequence-aware behaviour into a practical shorthand: a sur-
face fit that maps the intensity of repeated PGV and the number of repetitions’n’to the 
expected fractional increase in damage relative to a single event at that PGV (Fig. 18). This 
quick-look estimator captures the broad DAF trends (modest increments for similar-inten-
sity repeats and steepening at higher PGV) while remaining transparent enough for quick 
estimations without the complex analysis of entire PGV histories. It is intended strictly 
for the DS1 regime and within the calibration envelope. The surface is conservative for 
low PGV, reflects diminishing returns with increasing n, and makes explicit that repetitions 
rarely “double” damage unless both intensity and count are large; conditions under which 
light-damage assumptions may no longer hold. Quantitatively, the three line-cuts shown in 
the figure appear like poor fits and have an R2 of approximately 0.50, 0.65, and 0.87 (from 
low to higher PGV slices); however, the underlying two-parameter surface (from which 
the slices are taken) achieves an R2 of 0.93. The lower R2 for lines reflects projection of a 
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surface onto 1D slices; as intended, the surface is a communication aid, not a substitute for 
the DAF when precise, sequence-specific estimates are required.

The applications in Sect. 3 demonstrate how the DAF ingests real or simulated PGV 
histories to produce sequence-aware damage predictions with uncertainty; the numerical 
outcomes are contingent on the scenario, parameter sampling and initial conditions used. 
Within this framing, “damage hastening” quantifies how repeated vibrations advance the 
timing of crack-damage realisation. These are concept demonstrations; for decisions, the 
DAF should be paired with site- and typology-specific inputs and, where available, vali-
dated against empirical damage data.

Experimental validation of the DAF could be an alternative. Full-scale dynamic tests 
of Groningen-type houses exist in the literature, but they typically target higher damage 
states and global response, with instrumentation and sampling rates not optimised for light-
damage tracking at the spatial/temporal resolution required to evaluate Ψ. By design, the 
present work focuses on DS1 and leverages quasi-static, high-resolution DIC where min-
ute crack increments are measurable and repeatable. Moreover, creating a surrogate for 
sequence analysis required a large, systematically varied pool of simulations. To calibrate 
DAF directly from full 3D building NLTHA that mirror shake-table tests, one would need 
orders of magnitude more computational effort; for example, a single 3D NLTHA of a 
house typology can require ~10 days per ground motion. Future work will confront the DAF 
against available dynamic building tests as more light-damage-focused instrumentation 
(e.g., high-speed, high-resolution DIC) becomes available and as computational resources 
make larger 3D pools feasible.

From the available experimental data, a strict one-to-one validation is neither possible 
nor intended from Figure 12 because different response quantities are shown on the y-axes: 
force reduction from displacement-controlled experiments versus ΔΨ from the DAF. The 
juxtaposition is interpretive: in the tests, stiffness loss at constant drift correlates with per-
sistent crack widening/extension; in the DAF, ΔΨ formalises that accumulation. Groupings 
in the figure organise disparate but related evidence so that trends (small increments for 

Fig. 18  Prediction of Ψ increase due to repetition. Simplified quadratic law that considers the number 
of repetitions n and the intensity of vibrations (PGV, mm/s) to estimate the expected percentile increase 
relative to the original event. Valid for light-damage (DS1) conditions and within the calibration range
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similar-intensity repeats, larger jumps when demand rises, direction-dependence after prior 
cycling) can be read consistently across experiments, models and DAF outputs. The figure’s 
role is thus to illustrate coherence of trends, not to show a strict quantitative match.

Furthermore, the curves in Figure 17 are “fragility-like” in that they show exceedance 
probabilities of damage states; they differ from classical fragility curves in using time 
(under a stochastic hazard process) on the horizontal axis rather than an intensity mea-
sure on a single event. This framing reflects the paper’s central theme, that history matters, 
and communicates how different scenario assumptions change the trajectory of exceedance 
probabilities over time.

The present results are intentionally limited to the single typology investigated: single 
walls are used as proxies for façades. No explicit account is taken of multi-storey effects 
(global mode shapes, diaphragm participation, vertical load path and P–Δ amplification 
across storeys), of larger structural systems with many interacting wall elements (load redis-
tribution, torsion, and damage migration at plan- or building-scale), of three-dimensional 
interactions (corner coupling, spandrel–pier interaction in real bays, diaphragm flexibility), 
or of out-of-plane behaviour (face-shell delamination, wythe interaction, rocking/slender-
ness). Likewise, floor typology (e.g., flexible timber vs stiff RC diaphragms), connection 
details (anchorage, ring beams), and the full breadth of masonry typologies (e.g., cavity 
walls, multi-wythe historic walls, diverse mortars/units beyond the calibrated fired-clay and 
selected CaSi sets) are not modelled explicitly. These omissions can be linked to future 
improvements. Yet the simplified approach is consistent with the aim: light, crack-based in-
plane damage in representative wall-type components. While absolute damage is expected 
to change if these limitations are expanded, the relative increase in damage due to repetition 
is likely to be accurately reflected by the DAF.

Additionally, the parameter sensitivity analysis (Fig. 10) was conducted on homogeneous 
sequences, which allow systematic isolation of individual parameters (soil class, geometry, 
material). Extending this analysis to heterogeneous sequences would require disentangling 
parameter effects from sequence-ordering effects; this is deferred to future work.

Moreover, while the present formulation treats façades as in-plane systems and out-of-
plane mechanisms, torsion at plan irregularities, or interaction with diaphragms are not 
modelled explicitly (D’Altri et al. 2020), other effects could also be relevant. For exam-
ple, environmental and ageing effects (moisture, freeze–thaw, climate design (Kvande and 
Lisø 2009)) enter only indirectly via initial condition or parameter sampling. Likewise, 
settlement is considered via simple scenarios and parameter sets; explicit coupling of time-
dependent ground movement with repeated seismicity would strengthen “damage hasten-
ing” estimates. Finally, empirical field validation at portfolio scale remains limited: while 
Figs. 13–15-type maps are internally consistent and mechanics-informed, systematic com-
parisons with inspection datasets would increase confidence in absolute exceedance prob-
abilities (Messali et al. 2018; Esposito et al. 2019; Van Staalduinen et al. 2018).

Consequently, in practical applications beyond the calibration envelope, the DAF should 
be paired with (i) typology-specific parameter sets and intensity drivers (e.g., spectral veloc-
ity at T for different storey heights), (ii) system-level checks for 3D load paths and OOP 
stability, and (iii) sensitivity studies showing how diaphragm stiffness, wall density, and 
wythe configuration may alter ΔΨ.

Next, the method targets light, crack-based damage (DS1 and the lower edge of DS2). 
While appropriate for Groningen’s frequent low-PGV sequences and for serviceability-level 
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questions, it does not quantify capacity loss at higher states where failure mode and locali-
sation dominate. Studies linking crack topology to residual stiffness/strength (Dolatshahi 
and Beyer 2022) and diagnostic frameworks (de Vent 2011; Latifi et al. 2023) suggest that 
augmenting Ψ with simple pattern descriptors (e.g., through-unit fractures, crack network 
connectivity, location with respect to openings) would improve inferences about post-event 
stiffness and usability. Second, the macro-constitutive model used for calibration (EMM) 
does not explicitly include cyclic degradation under many identical repeats; this is why 
within-step accumulation in the tests is under-represented in NLFE (Korswagen et al. 2019; 
Schreppers et al. 2016; Bindiganavile-Ramadas 2018; D’Altri et al. 2020). The DAF com-
pensates at the methodology level via a calibrated similarity band and uncertainty, but con-
stitutive upgrades would reduce model bias and sharpen the surrogate model.

Third, the DAF currently uses PGV as the intensity driver, consistent with Groningen 
short-period motions and the available GMPEs (Bommer et al. 2017; Atkinson 2015; Suzuki 
and Iervolino 2017). While practical, PGV alone does not encode duration or spectral shape. 
For façades whose first period T varies across the stock, alternative or compound driv-
ers (e.g., spectral velocity at T, velocity-based energy measures, or simple duration modi-
fiers) could improve sequence sensitivity without sacrificing interpretability. In addition, 
the choice of PGV aligns with Dutch practice: velocity-based criteria are used in vibration 
guidelines and in claims/administrative contexts, and velocity correlates more directly with 
energy content and drift demand in short-period, induced-seismic motions which are pre-
cisely the regime relevant to light, crack-based damage in masonry façades.

Fourth, the similarity ratio ρ that separates “repeat” from “record-breaking” updates 
(calibrated here around 0.25) is evidence-based but context-dependent; in practice it should 
be treated as a hyper-parameter and re-estimated per typology or intensity measure, with 
results reported alongside sensitivity bands whenever the DAF is applied beyond its calibra-
tion envelope. A principled route is Bayesian updating of ρ (and, if desired, of the similarity-
band functional form) using staged or transitional Markov chain Monte Carlo (MCMC) so 
that posterior uncertainty and potential multi-modality (i.e., posteriors with multiple peaks) 
are made explicit (Beck and Au 2002; Green and Worden 2015). Several refinements could 
strengthen the uncertainty treatment in future work.

Fifthly, the current uncertainty scheme assumes that event-to-event dispersion is con-
ditionally independent given the present state; long sequences may instead exhibit state-
dependent correlation (e.g., progressive stiffness shifts altering T and SSI). A lightweight 
refinement is to endow the innovation with an autoregressive term whose coefficient 
depends on the evolving state (Ψ, PGV), or, more formally, to cast the evolution as a (par-
tially observed) Markov process in which transitions depend on event intensity and a latent 
cumulative-damage variable (Rosenfield 1976). For richer data streams or when sequential 
inspections are available, sequential Bayesian filters/particle schemes can propagate the dis-
tribution of Ψ through long, heterogeneous histories at the expense of additional computa-
tion and modelling choices (Sun and Kumar 2012) (see also the MCMC roadmaps in Green 
& Worden (2015)). In short, Bayesian updating and Markovian formulations can strengthen 
the representation of uncertainty and temporal dependence in DAF-style analyses, but they 
introduce nontrivial costs (run-time, identifiability, prior specification, i.e., the assumed dis-
tributions before observing data) that should be weighed against the transparency and speed 
of the present formulation.
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When considering damage hastening, the simulation exemplified here does not include 
maintenance or repairs that may have restored the capacity or decreased the damage of 
the structure. In addition, the effect of creep, which limits the appearance of damage when 
loads act slowly over an extended time period, is not considered either. Certain creep-based 
models can also consider accumulated damage (Tomor and Verstrynge 2013; Verstrynge et 
al. 2009), but not for repeated vibrations.

Taken together, the DAF should be viewed as a complement to established tools rather 
than a replacement. For rapid regional screening or consequence analysis, event-wise fragil-
ity remains efficient and transparent (Lagomarsino et al. 2013; Crowley et al. 2017, 2019). 
When the question is intrinsically historical or scenario-sequential: “What is the damage 
state today after decades of small events?”; “How much would different production cur-
tailments change the trajectory?” the DAF fills the methodological gap by advancing a 
crack-based state through the actual or hypothesised sequence, with uncertainty that reflects 
Groningen variability.

8  Conclusions

This work develops a sequence-aware Damage Accumulation Function (DAF) for crack-
based light damage in unreinforced masonry. The formulation advances a measured state 
or damage parameter, Ψ, through arbitrary histories of peak ground velocity (PGV), distin-
guishing between repetitions at comparable intensity and events that set a new maximum. 
Uncertainty is propagated with a PGV-dependent term whose incremental contribution 
diminishes along the sequence, preventing unrealistically broad prediction bands for long 
histories. The approach is grounded in previous full-scale experiments with high-resolution 
crack monitoring, calibrated macro-modelling, and nonlinear time-history analyses tailored 
to Groningen-type motions.

The main insight is that history matters: many small, repeated events produce modest but 
measurable increments in Ψ, whereas a new maximum intensity produces a disproportion-
ate jump. The DAF captures both behaviours in a single, interpretable rule and provides a 
practical way to update damage state across heterogeneous sequences with explicit uncer-
tainty. For screening and communication, a simplified two-parameter surface offers quick-
look estimates of the expected fractional increase in damage as a function of PGV and the 
number of repeats, while the full DAF remains the tool of record for sequence-specific 
assessments. The main observation is that damage increases with every repetition, be it 
comparatively small or large.

Applications illustrate how the method can be used. Using observed PGV histories, the 
DAF tracks accumulation over decades at a location; extended to a grid, it produces regional 
exceedance maps that reflect spatial variability in shaking histories. The “damage hasten-
ing” construct shows how repeated vibrations can advance the timing of crack damage rela-
tive to other slow hazards. Scenario analyses demonstrate how alternative future seismicity 
trajectories translate into different time-evolving probabilities of light-damage exceedance, 
thus facilitating the comparisons of future scenarios.

The scope is intentionally focused. Results pertain to single walls used as proxies for 
façades and buildings in the light-damage regime (DS1 and early DS2). The scalar Ψ col-
lapses pattern information and therefore should not be used to infer higher-state capac-
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ity loss without additional descriptors. The calibration backbone does not embed explicit 
cyclic-degradation laws for many identical repeats. PGV is used as the sole intensity driver 
and does not encode duration or spectral shape; the similarity ratio that separates “repeat” 
from “record-breaking” updates is calibrated for this context and may vary with typol-
ogy. Multi-storey effects, system-level 3D interactions, diaphragm flexibility, out-of-plane 
mechanisms, and detailed floor/connection typologies are not modelled explicitly. Portfolio-
scale empirical validation remains a priority.

These bounds suggest clear next steps. Methodologically, enrich Ψ with simple pattern 
metrics that carry information about crack topology; introduce explicit cyclic-degradation 
memory in the constitutive law; and test alternative or compound intensity measures that 
capture duration and period dependence. At system level, extend the calibration space to 
multi-storey façades, 3D assemblies with realistic diaphragms and connections, and out-
of-plane stability checks. In multi-hazard settings, couple repeated seismic actions with 
time-dependent ground movements to quantify damage hastening more comprehensively. 
Finally, confront sequence-aware predictions with systematic inspection datasets to cali-
brate absolute exceedance levels at portfolio scale.

Within these limits, the DAF offers a transparent, scalable complement to event-wise 
practice. It carries state from one event to the next, respects order and intensity jumps, and 
provides a common language, Ψ, to connect experiments, models, mapping exercises, and 
decision-facing analyses wherever small earthquakes repeat often and light cracking is most 
relevant.
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