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Abstract

This study presents a homemade numerical tool, named LACT3, for the limit analysis
of masonry structures subjected to in-plane tilting table tests. The method,
implemented in MATLAB with a user-friendly interface, allows users to import
geometries from CAD files (.dxf format) and assign cohesion, friction angle, and
density as mechanical parameters. Based on the principles of rigid block limit
analysis, the approach uses a kinematic formulation to determine the collapse
multiplier and failure mechanism, while the corresponding static problem provides
the internal force distribution. A key feature is the iterative procedure developed to
efficiently identify the collapse tilt angle. The tool is tested on three masonry wall
configurations: regular, semi-regular, and irregular. Each case is analysed by varying
the cohesion parameter to assess its influence on the collapse tilt angle and failure
mechanism. Results confirm that higher cohesion increases collapse resistance and
that the presence of gaps between units significantly reduces the tilt capacity.
Comparisons among the case studies highlight the strong influence of both geometry
and contact quality on structural performance. The proposed methodology provides a
rapid and insightful evaluation of collapse mechanisms in masonry panels, making it
suitable for preliminary assessments under seismic-like loading conditions.

Keywords: limit analysis, LACTS3, tilting table tests, kinematic approach, masonry
panels, stereotomy.



1 Introduction

Masonry structures, such as arches and walls, have been widely used in construction
for centuries [1],[2]. Ensuring their safety and stability, especially under seismic or
other dynamic loads, is a crucial challenge in structural engineering [3]. The behaviour
of masonry structures is complex due to the heterogeneous nature of the material, the
presence of mortar joints, and the interaction between single units [4]. As a result,
accurately assessing the collapse mechanisms and internal force distribution of such
structures is critical for effective design and evaluation.

Over the past few decades, various approaches have been proposed to model the
behaviour of masonry subjected to horizontal loads. Limit analysis, which focuses on
determining the loads a structure can withstand before failure, has been widely used
for this purpose [3], [5]-[10]. Such an approach, where a rigid plastic behaviour is
allowed only at the interfaces between masonry units (assumed infinitely resistant),
has proven to be an effective method for evaluating the collapse mechanisms.
However, many existing methods suffer from limitations, such as the need for
complex computational tools or the inability to accurately handle irregular geometries
and material properties.

Recent advancements in numerical methods, including both kinematic and static
formulations of limit analysis, have led to more refined models specifically conceived
to reproduce better masonry behaviour beyond elasticity [3]. Despite such
developments, challenges remain in making the aforementioned methods accessible
and efficient for practical use. In particular, many existing tools require substantial
computational resources or lack the flexibility to accommodate a wide range of
geometric and material variations typically encountered in historical constructions.

Considering the previous issues, this paper presents a simplified, yet effective, limit
analysis-based approach implemented in MATLAB to analyse assemblages of blocks
subjected to tilting table tests. The method offers a user-friendly tool, by means of a
graphical user interface (GUI), for rapidly assessing failure tilting angle, collapse
mechanisms and related internal forces, even in presence of complex geometries and
patterns. The proposed approach is designed to be accessible to both researchers and
practitioners, providing a reliable tool for preliminary evaluations of the load carrying
capacity under seismic-like loading conditions. The following sections describe the
methodology in detail and present results applying the approach to various brickwork
wall configurations.

2  Methods

A homemade limit analysis-based approach, named LACT?, is developed for
analysing masonry structures, such as arches and walls, subjected to tilting table tests.
This simple analysis enables a rapid assessment of the effects of horizontal loads on
masonry structures (e.g., seismic actions). The proposed approach is implemented in
MATLAB and features a user-friendly graphical interface, allowing the operator to
import the case study geometry from a .dxf file and define material properties (friction



angle, cohesion, and density). The limit analysis yields the tilting table collapse angle,
the failure mechanism, and the distribution of internal forces.

The proposed approach is based on the principles of rigid block limit analysis,
where plasticity is lumped solely at the interfaces between elements, governed by a
Mohr-Coulomb failure criterion. Since plastic deformations are lumped at a finite
number of interfaces, the lower and upper-bound solutions coincide. By solving the
limit analysis problem using the kinematic approach, following the upper-bound
theorem, both the load multiplier and the failure mechanism can be determined. The
corresponding dual static problem, formulated according to the lower-bound theorem,
provides the load multiplier and the distribution of internal forces.

An open-source MATLAB code is employed to extract the geometry of the case
study from a .dxf file provided by the user [11], in which wall units must be modelled
using polylines. An interface detection algorithm is used to identify them between
units. Despite this, it is not compatible with non-conforming nodes. Consequently, if
an edge of a block is shared by multiple adjacent units, it must be split by inserting
additional nodes, as illustrated in Figure 1. Furthermore, a local reference frame is
assigned to each interface, defined by the tangential unit vector t;, oriented in the
positive direction toward node N, and the normal unit vector n;, obtained by rotating
t; 90° counterclockwise (see Figure 1).
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Figure 1: Masonry units modelling and interface local reference frame.

The formulation of the limit analysis problem, based on the upper-bound theorem,
is presented in Eq. (1).

min(—fu + ¢h )
{ ffu=1
ATu=N"2, 220 1)
The variables describing the rigid body motion of the elements are assembled into
the vector u. For each block, the three unknowns are the horizontal and vertical
velocities of the centroid, U, ¢ and U,, g, and the rotation rate around the centroid,

s.t



¢ce - According to the kinematic approach, the collapse load is determined by
minimizing the objective function, which represents the balance of power between
external and internal forces. Internal power, resulting from plastic dissipation at the
interfaces, is computed using the cohesion vector ¢, and plastic multiplier A. External
power is associated with dead and live loads, represented by the vectors f, and f;,
respectively. To simulate the effect of a tilt load, the gravity force acting on each
element is resolved into components parallel and perpendicular to the tilt direction
(see EQ. (2)). This decomposition allows the load to be interpreted as a combination
of diminished vertical weight and an induced horizontal force.

fL = fi = [W;sinf —W;cos§ 0]7 2
The first constraint in Eqg. (1) represents the normalization condition, which is
necessary to identify one failure mechanism among the infinite set of homothetic
deformed shapes. The second constraint enforces both system compatibility and the
interfacial flow rule. System compatibility is ensured by constraining the jump of
velocity at the interfaces. For each overlapping node defining an interface, two
discontinuous variables are introduced, namely the normal displacement (Aw,, ;) and
the tangential displacement (Au, ), with k = 1,2. These jumps of velocity are linked
to the plastic multipliers 4 through the associated flow rule. For a detailed description
of the Mohr-Coulomb frictional slide criterion with an associated plastic flow rule,
the reader is referred to [12].

The problem defined by Eq. (1) is solved using linear programming for a given tilt
angle 6. The collapse angle is determined through an iterative procedure. Specifically,
the tilt angle will be incrementally increased until the solved collapse multiplier is
close enough to zero. The implementation of the iterative kernel is a key innovation
of the proposed approach, enhancing both computational speed and reliability. For
more details on the iterative algorithm, the reader is referred to [13].

Internal actions are obtained from the dual static problem formulation (Eq. (3)),
which follows the lower bound theorem. In the static approach, the external load
multiplier is maximized while satisfying the constraints imposed by element
equilibrium and the interfacial constitutive relationships. For further details on the
limit analysis problem formulation from both static and kinematic perspectives, the
reader is referred to [14],[15].

max(a)
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3 Results

The methodology proposed in Section 2 is applied to three case studies, each
consisting of a wall with a regular, semi-regular, or irregular masonry pattern. The
collapse tilt angle is computed assuming a friction angle of 30° and a density of 2500



kg/m?® for all the walls. Additionally, a sensitivity analysis is carried out by varying
the cohesion value, considering three scenarios: 0.01, 0.005, and 0.001 MPa.

The first case study (Wall A) features a wall with a regular arrangement of masonry
units, including a door with a lintel. The wall dimensions are 3.5 m in height and 4 m
in width. The results in terms of collapse tilt angle, failure mechanism, and distribution
of internal forces are shown in Figure 2 and Table 1 for cohesion values of 0.01, 0.005,
and 0.001 MPa. As expected, higher cohesion values result in a higher collapse tilt
angle, with the collapse mechanism being less influenced by stair-stepped cracking at
the element interfaces.

The second case study (Wall B) has the same dimensions as Wall A but features a
semi-regular arrangement of stones. The masonry pattern is not characterized by fully
contiguous interfaces, with some gaps between the masonry units, as shown in Figure
1. The results, presented in terms of collapse tilt angle, failure mechanism, and
distribution of internal forces, are shown in Figure 3 and Table 1 for cohesion values
of 0.01, 0.005, and 0.001 MPa. For Wall B, lower collapse tilt angles are obtained
with lower cohesion values, similar to Wall A. Furthermore, the collapse tilt angles
for Wall B are consistently lower than those for Wall A due to the irregular pattern.
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Figure 2: Failure mechanism and distribution of internal forces for Wall A assuming
different cohesion values.

The last case study (Wall C), which has the same spatial dimensions as the other
two walls, features an irregular masonry pattern. In this case, the interfaces are fully
in contact with one another, without any gaps. As observed in the previous examples,
lower collapse tilt angles are obtained for lower cohesion values, as shown in Table
1. Failure mechanisms and distribution of internal actions are represented in Figure 4.
Higher collapse tilt angles are observed for Wall C compared to Wall B, indicating
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that the presence of gaps significantly influences the in-plane behaviour of masonry
panels. Despite this, the irregular pattern still plays a significant role, as the collapse

angles of Wall C are lower than those of Wall A (Table 1).
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Figure 3: Failure mechanism and distribution of internal forces for Wall B assuming

different cohesion values.
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Figure 4: Failure mechanism and distribution of internal forces for Wall C assuming

different cohesion values.
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Case study ¢ =0.01 MPa c=0.005 MPa |c=0.001 MPa
wall A 30.98° 26.69° 22.11°

Wall B 19.43° 14.94° 8.31°

Wall C 30.65° 23.05° 8.14°

Table 1: Collapse tilt angles for Wall A, B, and C for different cohesion values.

4  Conclusions

This paper presented a homemade limit analysis-based approach for assessing the in-
plane behaviour of masonry walls subjected to tilting table tests. The method,
grounded in rigid block kinematics and governed by a Mohr-Coulomb failure criterion
at the interfaces, enables the identification of failure mechanisms, internal force
distributions, and collapse angles through a computationally efficient and user-
friendly framework implemented in MATLAB.

The results obtained from the application to three case studies—with regular, semi-
regular, and irregular masonry patterns—highlight the method ability to capture the
influence of geometric arrangement and material cohesion on structural performance.
In particular, the presence of gaps between masonry units significantly reduces the
collapse capacity, as seen in the comparison between semi-regular and irregular
configurations. The sensitivity analysis on cohesion values further confirms the strong
dependency of collapse angles and failure modes on interfacial strength parameters.

The proposed methodology offers a valuable tool for the rapid assessment of
masonry structures under seismic-like loading conditions, especially in preliminary
design or vulnerability evaluation phases. Future developments will aim at extending
the method applicability to three-dimensional and out-of-plane problems, further
enhancing its potential as a practical and flexible solution for the structural assessment
of masonry heritage and contemporary brick-made constructions.
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