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Abstract. Unreinforced masonry (URM) gables, common in low-rise buildings
with pitched roofs, exhibit notable vulnerability under seismic excitation, as ob-
served in regions like Groningen, Netherlands, experiencing induced seismicity.
This study introduces a computationally efficient three-degree-of-freedom (3-
DOF) model to accurately predict the out-of-plane (OOP) dynamic response of
URM gables under seismic loading. The model integrates global rigid-body mo-
tions induced by roof flexibility and local masonry deflections. Parameter cali-
bration for capturing the measured response from novel shake table experiments
on URM gables is conducted by employing a novel two-stage strategy based on
Modified Nelder-Mead (MNM) optimization approach, enabling accurate repre-
sentation of elastic and nonlinear behaviours under varied roof stiffness scenar-
ios. Validation against full-scale incremental dynamic tests demonstrates excel-
lent agreement in predicting the onset and progression of cracking, rocking, fric-
tional sliding, and internal masonry degradation as well as full collapse. This
simplified yet robust modeling approach offers significant potential for rapid
seismic vulnerability assessment of URM structures.

Keywords: Seismic analysis, Numerical modeling, Unreinforced masonry ga-
ble, Out-of-plane deformation, Structural safety.

1 Research Overview

Low-rise unreinforced masonry (URM) buildings, common across seismic-prone re-
gions in Europe and beyond, frequently incorporate pitched roof systems supported by
masonry gables. These gables are widely recognized as among the most seismically
vulnerable components, particularly in their out-of-plane (OOP) direction. Despite ex-
tensive post-earthquake evidence of gable failures, experimental studies specifically
focused on URM gables remain scarce. To address this gap, full-scale shake-table tests
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were conducted on triangular URM gables, each 6 m wide and 3 m high, constructed
from solid clay bricks with friction-based timber-to-masonry connections. Designed as
numerical benchmarks, these tests captured the dynamic seismic response of gables up
to collapse. Fig.1a shows the dynamic test setup of a full-scale URM gable under con-
trolled boundary conditions, with vertical loads applied via spring-loaded timber arms
to simulate realistic roof effects. Seismic inputs were applied simultaneously at the base
and top (via a shake table system) to investigate the influence of roof diaphragm stiff-
ness: rigid, semi-flexible, and flexible configurations. The tests employed incremental
dynamic loading with scaled tectonic and induced seismic records to capture diverse
frequency and intensity responses [1]. Building on these results, this paper presents a
mechanics-based numerical model developed to reproduce the observed OOP response
and failure mechanisms, with the aim of enhancing predictive capability for seismic

assessment of URM gables.
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Fig. 1. Schematic of the dynamic loading setup for URM gables: (a) Experimental configuration;
(b) 3DOF computational scheme; (c) Constitutive relationships.

To capture the seismic performance observed in the experiments, a 3-DOF lumped-
parameter model (see Fig.1b) is proposed, vertically discretizing the URM gable into
three segments with distinct mass and stiffness parameters. The displacement of each
segment is expressed as u(t) = u.(t) + §(t), where u, denotes rigid displacement due
to roof-induced rotations and translations (resulting from the experimental loading ap-
paratus simulating roof flexibility), and & represents local deflections attributable to
masonry deformation.

In the initial elastic phase, the segment stiffness is defined as k¢ and the roof-to-
gable connection stiffness as k.. Upon reaching the cracking threshold, the segment
stiffness transitions into three nonlinear mechanisms (see Fig.1c):

- Rocking (k,;,): segment rotation at cracked interfaces;
- Friction (k¢,): horizontal slip at the timber-gable interface;
- Degradation (kqeg): internal masonry damage progression.
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The total nonlinear restoring force is given by
Fnlerb+Ffr+Fdeg (1)

Dynamic damping is represented by two coefficients: ¢, for global motions and Cg
for local deflections. The system equations of motion, incorporating these parameters,
are solved using an explicit non-iterative Newmark scheme.

Parameter calibration utilizes a novel two-stage Modified Nelder-Mead (MNM) op-
timization model developed previously [5], fitting multiple roof configurations simul-
taneously. Parameters for masonry deformation (e.g., k.;) are enforced across cases,
while timber connection parameters (e.g., k) vary by roof type.

A 3DOF Newmark solver computes the dynamic response, particularly the time his-
tories of deflection and acceleration. The MNM algorithm iteratively adjusts the pa-
rameter set within realistic bounds to minimize difference between simulated and ex-
perimental curves. Elastic parameters are first calibrated using low-intensity responses,
followed by nonlinear parameters capturing rocking, friction, and degradation based on
moderate-to-high-intensity tests. The calibrated parameters are further validated by an-
alytically derived results to ensure their reliability. The computational efficiency of the
framework enables hundreds of iterations within minutes, ensuring rapid and reliable
convergence.

2 Results

The dynamic response and hysteretic behaviour of the gable are illustrated in Fig.2 for
the representative rigid roof configuration. Fig.2(a) compares the time history of the
maximum deflection (§,,,4) between experiment and simulation for the last three input
intensities, showing good agreement in amplitude and phase. Fig.2(b) presents the total
inertial force (F) vs. 8,2 With the simulated response closely matching the exper-
imental results across both pre- and post-cracking phases.

Proceedings of the 14" International Conference on
Structural Analysis of Historical Constructions (SAHC 2025)
Lausanne, Switzerland | September 15-17, 2025 238



Z. Dai et al.
SS-14: Strategies a

nd challenges in quantifying uncertainties for predicting the response of

masonry buildings
6
E 4 30 — SimM
z2 — P
=]
E 0 20
g2 FM2: 250%
“5 5 10 15 20 2
40 — 10
30 E
=20
€ § <
EN ‘ Z o0
510 =
2% =
&40 . FM2:300% - -10
05 5 10 15 20 25
. :g -20
E o
~-20
S-a0 -30
& -60
g
g8 FM2: 350% -80 -60 -40 -20 0 20 40
1004 1 2 3 4 5 P
Time (s) max [MM]
(a) Deflection-time histories (b) Force—deflection hysteretic response

Fig. 2. Comparison of experimental and numerical results.
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Incremental Dynamic Analysis (IDA) curves are constructed by incrementally ap-
plying seismic inputs of increasing intensity, with the peak bottom table acceleration
(PBA) plotted against the corresponding &,,,.4- At low input intensities, the structure
exhibits a predominantly elastic response, as indicated by the nearly linear trend. As
the intensity increases, a significant reduction in stiffness is observed, eventually lead-
ing to collapse. The dashed portion of the curve denotes extrapolated trends beyond
structural collapse. The model successfully captures and closely reproduces the exper-
imental trends across the entire loading process.
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Fig. 3. Incremental Dynamic Analysis (IDA) curves: experimental vs. numerical.

The trilinear force-displacement idealizations proposed by Doherty et al. [6] and
Griffith et al. [7] form the conceptual basis for representing rocking, sliding, and deg-
radation mechanisms in URM walls. By incorporating these mechanisms into the
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present mechanics-based model, the simulated IDA curves naturally reflect a progres-
sive response evolution that qualitatively aligns with the expected structural behaviour
under increasing seismic intensity

3 Conclusions

The presented computational framework demonstrates significant advantages for seis-
mic safety assessment of URM gables:
(1) Accurately predicts the influence of roof stiffness configurations on gable seis-
mic response and failure modes.
(2) Distinguishes effectively between global roof-induced motions and local ma-
sonry deformation mechanisms, enhancing physical interpretability.
(3) Employs the efficient MNM-Newmark calibration method, offering rapid and
precise fitting of both elastic and nonlinear parameters.
Future research will extend this model to accommodate analyses of URM gable
walls with diverse geometries, structural configurations, and boundary conditions, thus
broadening its applicability to a wider range of masonry structures and scenarios.
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