The structural role of in-plane interlocking in jack arches
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ABSTRACT: This paper explores how geometric variations in interlocking jack arches affect
their failure modes and sensitivity to material parameters like strength and friction. The study
employs and compares computational methods including Finite Element Analysis, graphical stat-
ics methods, and Discrete Element Modelling. The results show that interlocking features can
reduce or eliminate the occurring of sliding collapse modes under self-weight. Collapse behaviour
is independent of the material’s compressive strength. Increased interlocking postpones failure
also under support displacement, enhancing stress redistribution. These findings provide guidance
for leveraging interlocking designs to improve structural efficiency and inspire innovative archi-
tecture. The study highlights the effectiveness of advanced computational methods in capturing
both global and localized structural behaviour, offering robust and computationally efficient tools
for analysis.

1 INTRODUCTION
Interlocking structures have a rich history, with varied forms implemented in jack arches dating
back to ancient Egypt and throughout the Middle Ages in the Mediterranean region (Figure 1).
These structures, once prevalent, have been largely abandoned and are now often considered ar-
chitectural curiosities (Fournet, 2011) (Naby, 2014). As addressed in regards to topologically in-
terlocking barrel vaults (Beatini and Tasora, 2022), it remains unclear whether these historical
variations reflect a progressive understanding of structural behaviour or were influenced by fac-
tors such as a lack of shared knowledge, available skills, or suitable materials. Understanding
these historical practices can inform modern design by revealing effective interlocking strategies
that have withstood the test of time.

Interlocking blocks are those whose contact interface impedes their reciprocal motion under
assumed motion directions and rigid boundaries (Estrin et al., 2011; Molotnikov et al., 2007).
From a structural viewpoint, interlocking allows a masonry assembly to act more like a continuum
under stress, preventing early disaggregation into constituent blocks. This advantage can enhance
material efficiency (Tellia, 2018; Mousavian, Bagi, and Casapulla, 2022) and enable new design
possibilities, such as arches with minimal horizontal thrust (Pizzigoni et al., 2024). Additionally,
the crafting qualities of the elements, expressed through ancient and novel stereotomy, imbue the
material artifact with intangible values (Aita et al. 2024; Pizzigoni, Beatini, and Paris, 2022), and
enhanced sound absorption properties (Carlesso et al., 2012).

Despite these potential advantages, analysing interlocking blocks presents significant chal-
lenges. Physical testing, while effective, is resource-intensive (Molotnikov et al., 2015). Conven-
tional digital analysis methods, such as those outlined in the Eurocode or standard Finite Element
Method (FEM) based on homogenization techniques (macro modelling), are inadequate due to
the complex geometry of interlocking interfaces. When the geometry of the blocks exceeds tradi-
tional design and construction practices, the assembly may become highly sensitive to subtle var-
iations in design parameters like the friction coefficient, making accurate digital analyses essential
(Aita et al., 2025).
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This gap in efficient and accurate analysis methods limits the exploration and optimization of
interlocking designs. There is a pressing need for advanced digital analysis tools that can accom-
modate complex geometries and help understand the role of each design variable in the structural
performance of interlocking jack arches.

This study aims to establish relationships between specific features within the interlocking de-
sign and various loading scenarios, thereby providing insights into optimal design configurations.
The objectives are to develop a digital analysis framework tailored for interlocking voussoirs in
jack arches and identify significant design parameters for this typology under various possible
boundary conditions.

To achieve the objectives, a set of computational modelling techniques that accurately capture
the complex geometry of interlocking interfaces have been employed throughout the analyses and
their results compared when feasible. The adoption of different approaches allows a mutual vali-
dation of the results by identifying critical modelling parameters, while the results touch different
aspects related to the design criteria and the potential of such structures, contributing to broaden-
ing the knowledge of the same. For brevity, this paper presents the results of methods most per-
tinent to each parameter variation study. The latter include geometrical variations of the profiles
of the blocks, material parameters like the friction coefficient and boundary conditions like sup-
port displacements.

)

Figure 1 Ancient and historical interlocking jack arches. a) Mausoleum of Teodorico in Ravenna, VI
CE b) The massive Bab al-Futuh (Conquest Gate) in the city walls of Cairo, XI CE (Allen, 2009) c)
Mosque of al-Salih Tala'i', Cairo, XII (Allen, 2009), d) Palace of Bargello in Florence, XIII ¢) Mad-
rasah and Khanaqah of al-Zahir Barqiq, Cairo XIV CE (Allen, 2009) f) The equilibrium of the flat
arch according to Coulomb (1776).

2 MATERIALS AND METHODS
2.1 Selection of design parameters

Jack arches are typically structures used in masonry walls to allow the insertion of a door under-
neath. Because of this function, they usually have a limited span and, consequently, a limited
number of blocks. The lack of structural sag limits the resisting moment arm that can be activated
within the cross-section, which is compensated by the large depth of the blocks. Like traditional
arches, their contact interfaces are typically inclined downward toward the centreline of the span
to limit reciprocal sliding of the blocks and to work in compression, exploiting the high compres-
sive strength of masonry. With reference to Figure 2, the geometry here investigated is a jack arch
of span B = 205.7 cm composed of 7 blocks of typical width b = 30 cm, (b' = 25.7 cm), and
height H = 84 cm. The blocks have therefore proportion A/b = 2.8. The out-of plane thickness

Information Classification: General



is assumed to be equal to 30 cm for all the jack arches. The lying angle to the horizontal is a =
98°. In the third jack arch (Figure 2¢), the horizontal segment of the step joint measures 7.5 cm.

From the examples in Figure 1, additional features in interlocking designs can include stepped
or multi-step profiles, curved profiles, and profiles that are re-entrant or tapered toward the bot-
tom. Due to their geometry, the collapse of jack arches always requires sliding to occur (Casapulla
& D’Ayala, 2001). Historical treatises suggest that convergent profiles may instead exclude the
possibility of a sliding failure to occur due to the equilibrium conditions compatible with a nil
friction coefficient when the jack arch is subjected to its self-weight (Coulomb, 1776). Designs
with re-entrant profiles, where the contact interfaces act as hinge-like constraints, can exhibit
variations in failure modes, transitioning from sliding to bending with an increasing number of
block (Dalaq & Barthelat, 2019). It is chosen thereof to consider substantial differences in the
stereotomy of the blocks, to depict possible variation in failure mode. The study comprises three
cases:
- Parallel-sided blocks (Figure 2a): the simplest case, serving as a baseline for comparison.
- Blocks with convergent sides (Figure 2b): where the sides of all the blocks taper towards the
same point at the bottom.
- Blocks with a stepped profile (Figure 2¢): incorporating a two-step interface between blocks.
The blocks are assumed to be made of a stone - like, compressive-only material with frictional
interfaces. The material properties are density y = 2600 kg/m?, nil tensile strength and variable
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Figure 2 The jack arches models employed in the analyses distinguish by block designs with parallel (a),
convergent (b) and stepped (c) joints. Equilibrium and force polygon of a portion of jack arch (d); anti-
funicular polygon (a). Critical joints for the jack arch with parallel joints (e).

2.2 Significant loading scenarios

In addition to self-weight, useful to understand the general behaviour of the structure, significant
analyses are derived from observing the organization of the remaining interlocking jack arches
within the masonry wall. Often, these arches are further surmounted by a secondary arch that
diverts away the load of the wall above, resulting subjected to their own self weight and possibly
just a small imposed distributed load. This observation supports suggestions that interlocking was
employed in ancient jack arches to increase the ability of masonry structures to resist displacement
or subsidence (Camiz, 2015). Therefore, the behaviour under self-weight, increasing uniform
gravity load, and support displacement is investigated and compared.

2.3 Calibration of Analyses

With reference to Table 1, the analyses performed are as follows. Finite Element Micro-Model-
ling captures the stress distribution within the individual blocks. The micro-modelling parameters
include the material properties specified earlier, with the addition of an elasticity modulus of
54,000 MPa, and a Poisson’s ratio of 0.2, under the assumption of linear elastic behaviour. Results
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from this method are reported to validate the designs by evaluating whether excessive stress con-
centrations arise, and which material parameters need to be addressed by the successive analyses.

Graphical methods are typically used to identify critical thresholds and potential failure modes
in a computationally efficient manner. Results from a variation of the Durand-Claye graphical
method (Durand-Claye, 1867; Aita et al., 2019; Aita et al., 2025) are reported to investigate the
role of the friction coefficient in the stability of the arch configurations. This method allows one
to draw the so-called stability area, which provides the set of all the statically admissible solutions.
This approach considers both friction and a limited compressive strength of the material. In the
analyses here conducted, o, = 45 MPa is set.

Discrete Element Modelling, specifically using Non-Smooth Contact Dynamics (NSCD), is
particularly suitable for simulating the response of the structures under dynamic actions and the
propagation of failure mechanisms (Beatini et al., 2018). The method assumes infinite compres-
sive strength. In addition to the material parameters common to all cases, this method requires
setting a cohesion value, here ¢ = 1e — 10, which helps modelling the in-between behavior of
masonry, sitting between associative and non-associative friction models (Aita et al., 2025). Anal-
yses were performed in a custom ChronoEngine C++ formulation (Tasora et al., 2016) (Beatini
et al., 2017). Here, results from simplified analyses of dynamic behaviour during support move-
ment are reported, highlighting how interlocking features influence the overall stability under
such conditions.

Table 1. Overview of proposed methods and main objectives

Method Core results Insights
Finite Element Analysis Conditions for equilibrium Significant material parameters
Deformed configuration Deformability properties
Durand-Claye’s graphical method | Conditions for equilibrium Sensitivity to friction coefficient
Variation of failure mode and to compressive strength
Non-Smooth Contact Dynamics Dynamic behaviour and Internal force distribution in relationship to
failure progression geometry
Associative/non-associative friction models

3 ANALYSES

3.1 A finite element modelling for the jack arches

The finite element modelling of the three jack arches was carried out using the ABAQUS soft-
ware. The geometry of these structures was created in three dimensions using 10-node tetrahedral
finite elements (C3D10) that employ quadratic interpolation functions. For the material, a linear
elastic behaviour was considered (see the parameters specified in Section 2.3). The blocks were
modelled separately, and their connection was simulated through a contact interaction. This in-
teraction was implemented by considering a ‘hard’ contact in the normal direction to the contact
surfaces, allowing the surfaces to separate during the load history. In the tangential direction,
sliding was allowed by applying a frictional contact, controlled by a friction coefficient .

For the three jack arches, static analyses were performed by progressively diminishing the fric-
tion coefficient to find the minimum values of u needed to ensure equilibrium under gravitational
load (self-weight). For the first flat arch (parallel joints), this coefficient was determined to be
0.0982; for the second one (convergent joints), 0.0003; while the third one achieved equilibrium
even when the coefficient u was zero. Figure 3 shows the equilibrium positions of the segments

Figure 3 Displacements and deformations for the three flat arches in the equilibrium configuration with the
minimum friction coefficient.

in the deformed state at the end of their respective analyses to find the minimum friction
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coefficient. Given the varying degrees of deformability due to differing joint geometries, each
image was reproduced with a different scale factor to enhance the visibility of segment displace-
ments. The displacements and deformations of the first flat arch (Figure 3a) are amplified by 500
times, those of the second by 5000 times (Figure 3b), and those of the third by 100,000 times
(Figure 3c).

It is interesting to observe that, for the first jack arch (Figure 3a), a downward sliding mecha-
nism develops between the two lateral portions, each composed of three blocks. Additionally,
mutual sliding occurs between the central segment and the lateral portions. For the second jack
arch, a downward sliding is observed between the blocks, attributed to the deformability of the
material; if the material were rigid, this mechanism would not be kinematically admissible. For
the third jack arch, the deformed shape involves mutual rotation between the voussoirs.

3.2 Analyses under gravitational loads: the ‘stability area’ method

A modern version of Durand-Claye’s method was applied to the three jack arches under self-
weight to derive the minimum friction coefficient compatible with equilibrium and compare the
results with those presented in Section 3.1.

Statically admissible solutions were calculated by considering the equilibrium conditions for the
part of the structure between the ideal vertical midspan section and a generic joint i, whose incli-
nation with respect to the vertical axis is defined by angle 6; (see Figure 2a). These solutions also
accounted for the strength and friction requirements of any cross-section i. Due to symmetry, an
eccentric horizontal thrust f, ideally acts on the vertical crown section (see Figure 2d). The ec-
centricity of f with respect to the centroid, C,, of the vertical section is denoted by e . The sta-
bility area represents the locus of points in the (f, ep) plane corresponding to statically admissible
solutions (Figure 4). After deriving the bending moment, M;, and the normal force, N; (Figure
2d), also the formal expressions for the limit bending moment, M}*™, dependent on the limited
compressive strength of the material, and the minimum and maximum values of the thrust com-
patible with the friction coefficient (f;°'* and f°'~, respectively) can be written. The intersection
between the rotational domain A”°¢ (the yellow region in Figure 4a) and the sliding domain A5
(the dashed region) yields the stability area 4, see the yellow, dashed region of the (f, ey ) plane.
By starting from the (infinite) statically admissible solutions (f, e, ) belonging to 4, the corre-
sponding force polygon and anti-funicular polygon can be easily traced for each of them (see as
an example, Fig. 2d, right, and Fig. 2a). For further details, the interested reader is referred to
(Aitaetal.,2019; 2025). The incipient collapse condition, if present, is identified by progressively
decreasing the friction coefficient as that corresponding to the vanishing of the stability area, i.¢.,
when the sliding domain A" is reduced to a segment identified by the condition max; f;5'~ =

min; £5¢ .
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Figure 4 Examples of stability area related to the jack arch with parallel joints. Stability area for
w=0.12 (a). Stability area at the incipient collapse condition, p = 0.098218.

The stability area at incipient collapse related to the flat arch with parallel joints, see Figure 2a, is
plotted in Figure 4b: in this case max; £;*'~ = f' = min; f' = £ foru=0.098218, which
matches sliding at the blue and red joints in Figure 2e, confirming the collapse behaviour as well
as the limit value of the friction coefficient identified by the FEM, see Figure 3a. For the second
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flat arch (Figure 2b) the limit equilibrium condition is attained when x = 0. In this case,
max; fl-Sl_ = min; fl-Sl+ at each joint, see also Coulomb (1776). For the third flat arch, equilibrium
is possible even for u = 0, since sliding downwards is not admitted by the shape of the joints.

3.3 Supports displacement

a) b)
Figure 5 Snapshots from a simplified simulation of a downward displacing support, plotted at null dis-
placement (1.5 s),d=7.4 cm (51 s),d=11.1 cm (75 s) and d= 14.8 cm (100 s), for the parallel (a), conver-
gent (b) and stepped (c) models. The first displacement states are plotted alongside the thrust line derived
from postprocessing the resultant contact forces in a parametric environment.

To capture the block-by-block interaction under large displacements, the NSCD approach men-
tioned in Section 2 was employed. Simulations were performed imposing a vertical downward
displacement of 0.015 mm /s~2 to the centroid of the right end block. Because this imposed
displacement (a non-modifiable boundary condition) could otherwise interfere with the solver’s
initial setup, it was delayed until 1.5 s of simulation time. The solver automatically computes the
contact envelope by applying a small initial perturbation, so postponing the displacement ensures
that the structure reaches equilibrium before the boundary condition is applied. Figure 5 illus-
trates snapshots from the simulation at various stages: at null displacement (1.5 s), d = 7.4 cm
(51s),d =11.1cm (75s)and d = 14.8 cm (100 s). For lower displacement levels, the figure also
includes the thrust line (funicular polygon) derived from postprocessing the resulting contact
forces over the original position of the blocks (outlined in the background).

The results indicate notable differences in the structural response of the three jack arches. That
with parallel joints (Figure 5a) splits into two subparts, demonstrating a poor capacity to activate
a resistance mechanism, and fails due to sliding even at low displacement levels. As confirmed
by the plot of the thrust line, any arch-like action is lost at d = 7.5 cm also for the jack arch with
convergent joints (Figure 5b), However, this structure shows a more stepped failure mode, and
visible failure effects are delayed, indicating a higher capacity to resist smaller displacements
compared to the to the first jack arch. The flat arch with stepped joints (Figure 5¢) demonstrates
a significant capacity to adapt to the sliding support condition. At d = 7.5 cm it remains fully
capable of activating an arch action. With further displacement, the blocks rotate noticeably away
from the left support, eventually leading to failure. To contextualize these results, it is important
to note that standard multi-ring masonry arches composed of a similar number of blocks do not
exhibit such stress redistribution unless shear transfer mechanisms are implemented; typically,
only the lower arch is involved in the resistance mechanism (Beatini et al., 2019; Nela et al.,
2023).
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4 CONCLUSIONS

This paper explored how key geometrical differences in interlocking jack arch designs influence
their failure modes and sensitivity to material parameters like friction. The jack arches’ behaviour
under self-weight and support displacement was examined using multiple computational meth-
ods.

The results indicate that interlocking features can significantly reduce or even eliminate the
dependence of collapse on a low friction coefficient under self-weight. As revealed by the graphic
statics analysis, the collapse response is independent of the material’s compressive strength, mak-
ing the solution robust against variations in material properties. The FEA analyses show that em-
ploying a stepped profile limits free sliding of the blocks once sliding begins. The NSCD results
for the case of support displacement confirm that higher levels of interlocking enable a transition
from localized block responses to unified static and dynamic behaviour, which is an indication of
enhanced structural performance (Foraboschi, 2019).

The illustrated methods effectively visualize both the global static and dynamic behaviour and
the contribution of localized structural responses. It should be noted that, while some methods
can be used effectively in more than one of the analyses performed, employing different ap-
proaches allows us to address the model’s sensitivity to various parameters (e.g., friction coeffi-
cient or geometry) in a computationally efficient and readily interpretable manner—ultimately
making the results more accessible to a broader audience. This approach not only provides a com-
prehensive understanding of structural behaviour highlighting the potential of such structures, but
also it contributes to broadening the knowledge of the same. The findings can guide architects
and engineers in leveraging interlocking features to enhance structural performance and inspire
innovative architectural designs. Future studies should explore additional design details, such as
curved block profiles, and investigate the interaction between jack arches and the masonry wall
structure.
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