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a b s t r a c t

Although arches, vaults and domeswere essential structural elements in ancient engineeringworks, their
structural analysis presents a challenge to modern designers. It was well known by the medieval builders
that infill is essential for the stability of arched structures. Nevertheless, some disasters occur nowadays
due to incorrect infill removal, usually donewith the purpose of decreasing the applied load. In the present
work a comprehensive analysis of the infill influence on the structural behaviour of arched structures is
performed. For this purpose analytical models based on equilibrium considerations and finite elements
models are used. Experimental results obtained from the Bargower bridge destructive test, are used to
calibrate the numerical results. Some conclusions regarding the structural behaviour of arched structures
and modelling strategies are presented.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Although spanning space has always been a big challenge in
bridge and building design, few structural solutions are available
to architects and engineers for large spans. Among them the sus-
pension cable, the beam or truss, the arch and their 3D deriva-
tives, vaults and domes are the most widely used [1]. The arched
structural shape, invented 6000 years ago in Mesopotamia [2] and
perfected by the Romans in the first millennium BC, was, until
the Industrial Revolution, the system almost exclusively used for
large spans.

The arch transmits the self-weight and the applied loads to the
supports through compressive stresses, enabling the use of non-
tensile strengthmaterials, such as stone or brickmasonry. Thus, by
using such structural shapes, the master masons could disregard
the lack of tensile strength of masonry, and take advantage of its
high level of durability, compressive strength and incombustibility
to build grand and lasting structures. Until then, the use of linear
structural elements forced the adoption of either high tensile
strength materials, such as wood (usually not very durable), or
reduced spans.

Although arches, vaults and domes, were essential structural
elements in ancient engineering works, their structural analysis
presents a challenge to modern designers, trained in the scope of
steel and reinforced concrete structures. This is due to two main
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reasons: (i) the traditional structural theory, developed under the
assumptions of a linear elastic behaviour applied to a continuum,
is not suitable to model discontinuous, non-tensile resistant ma-
sonry structures; and (ii) themodern concepts of structural design,
based on strength, strain and stability analysis, are not applicable
to arched masonry structures. For example, an arch submitted to
concentrated increasing loads may fail while exhibiting insignifi-
cant stresses or strains [3], demonstrating that stress based anal-
yses, defined in most building codes, are inadequate for masonry
arches.

Safety of arched masonry structures, when suitably supported,
depends upon the relation between shape, ring thickness and
loading characteristics — namely the distribution and magnitude
of the load [4]. Therefore, the design of arched masonry structures
is a quest for the most suitable shape with respect to loading and
boundary conditions. This geometrically based design approach,
common in the past, remains relatively unknown to the present
day designer. As a consequence, accidents may occur due to
removal of the fill in the extrados of arches and domes, which are
performed under the assumption of alleviating the loading when
deformations occur (Fig. 1). In fact, although it was well known
by the master masons that the infill is essential for the stability
of the arched structures, the modern designers tend to ignore this
knowledge.

It was at the end of the last century that the interest onmasonry
structures was revived. The most important contributions to the
understanding of the structural behaviour of arches were made
by Jacques Heyman [5–7], who also identified the importance
of the fill in supporting vaults. After his pioneering work, other
publications can be found in the literature [8–11], in which the
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Fig. 1. Damage in vaults due to the removal of the infill. Left: Bucelas Church (Lisbon, Portugal); right: Machico Church (Madeira, Portugal).
Fig. 2. Vertical loading corresponding to a circumferential line of thrust.
importance of the infill was detected, although this issue is not
capital in those works.

Several computationalmodelling strategies have also been ado-
pted to analyse masonry structures: some authors used physi-
cally non-linear finite elements with a discrete crack approach
for the arch joints [12]; others used less detailed methods, for in-
stance adopting a smeared crack approach [13,14], or making use
of curved beam elements [15]. Finally, some authors also used dif-
ferent methods, such as the discrete element method [16,17].

The first aim of the present paper is to explain the favourable ef-
fect of the extrados infill in the stability of arched structures using
modern structural analysis. A rational and not empirical interpre-
tation of that effect may also contribute to the understanding of
the behaviour of arches. Moreover, the paper describes the struc-
turalmodels developed for the study of arched structures and their
calibration against experimental tests of the Bargower bridge con-
ducted up to collapse.

The contributions in this paper consist of: (i) understanding the
favourable influence of the infill on the structural behaviour of
arches; and (ii) new modelling approaches, in which the effect of
the infill is simulated with finite elements, both as an initial stress
state, using a sequentially linear approach, and taking into account
physically and geometrically non-linear effects. These approaches,
were used to prove that the effects of the infill in the strength and
stability of arches can be very important and must be considered
in the repair of existing ones or in new situations.

2. The effect of the infill self-weight

The equilibrium of the arch cross-section implies that the stress
resultant (thrust) is applied at an inner point [18–21]. The ‘‘line of
thrust’’ is the locus of the application points of the stress resultant
at each cross-section, i.e., it is the theoretical line that represents
the path of the resultants of the compressive forces through the
stone structure [22]. The stability of the arch can be estimated in
relation to the line of thrust [23]: the arch is stable if it is possible to
find at least one line of thrust lying inside the arch ring. Moreover,
the closer this line is to the arch’s axis, the higher the safety level.

Although empirically established since Leonardo da Vinci, this
criterion for evaluating the stability of the arch based on the
location of the line of thrust was only theoretically demonstrated
in the second half of the twentieth century. Heyman’s study of
masonry structures using the Theory of Plasticity, in particular
the Static and Kinematic Theorems, was a decisive contribution
to the demonstration [5,24]. The application of the Theory of
Limit Analysis to masonry elements is based on the hypotheses of
(i) non-tensile strength, (ii) infinite compressive strength and
(iii) sliding failure cannot occur. These hypotheses are valid for old
stonemasonry structures, even if the infinite compressive strength
assumption is sometimes debatable.

Even though the arch is a statically indeterminate structure; a
one-to-one correspondence between the (geometric) shape of the
line of thrust and the loading can be obtained through equilibrium
considerations. From the equilibrium of an infinitesimal portion of
a circular arch of radius R forwhich the line of thrust coincideswith
the axis of the arch (Fig. 2), the corresponding vertical loading is
given by the expression:

q(x) =
q0.R3

(R2 − x2)
3
2

(2.1)

in which q0 is a parameter defining the family of possible loadings.
Fig. 2 presents the loading profiles derived from Eq. (2.1).

They correspond to smaller amplitude of loading at the crown
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Fig. 3. Minimum admissible thickness of an arch loaded by its self-weight and by
the self-weight of the infill. Limit situations of the line of thrust: (a) hinge at crown
extrados; (b) hinge at crown intrados.

of the arch and larger amplitude near the abutments. Although
the exact solutions provided by Eq. (2.1) are not admissible for
semi-circular arches at x = R, it can be concluded that loads
with similar profiles produce quasi circumferential lines of thrust
and thus maximum safety levels in circular arches. The profile
of the self-weight of an infill is a good approximation of these
load patterns, thus explaining that the infill is beneficial for the
structural stability of circular arches, which are most commonly
adopted in old constructions.

As stated by Heyman [3,25], theminimum admissible thickness
of a loaded arch is ameasure of its structural stability, and the ratio
between the arch’s thickness and its minimum admissible value
can be used to define a geometric safety coefficient. In this way,
the favourable effect of the infill may be confirmed by evaluating
the minimum admissible thickness of arches loaded under both
their self-weight and the self-weight of the infill. If a decrease in
the minimum admissible thickness is found when the infill’s self-
weight is considered, then the beneficial effect of the infill’s self-
weight is confirmed.

To evaluate the minimum thickness of the circular arch loaded
by its self-weight and the self-weight of the infill, two limit situ-
ations must be considered, each corresponding to a different ge-
ometry of the line of thrust (Fig. 3): one where the self-weight of
the arch (γ ) is predominant (Situation 1 — external hinge at the
crown); and the other where the self-weight of the infill (µ) has a
major influence (Situation 2— internal hinge at the crown). Follow-
ing Ochsendorf’s approach [21], the equilibrium analysis obtained
from thework balance in each limit situation leads to two different
relationships between the arch’s minimum thickness and the ratio
‘‘arch self-weight – infill self-weight’’. In Fig. 4 the corresponding
curves and envelope are shown, in which the ratio between the
arch’s self-weight (γ ) and the infill’s self-weight (µ) is represented
in the x axis by µ[1 + (r/t)]/γ (r and R are the internal and mean
radius of the arch, respectively). In this figure it can be seen that the
infill contributes to the decrease of theminimum admissible thick-
ness of the circular arch, with the corresponding increase in safety.

Beyond the favourable effect of the infill in bringing the line
of thrust closer to the axis of the circular arch, it produces two
additional important benefits: (i) the decrease of the ratio between
the horizontal and vertical components of the thrust transmitted
Fig. 4. Minimumadmissible thickness (t) of a circular arch loaded by its self weight
and by the self weight of the infill. Curves (a) and (b) correspond to (a) and (b)
situations in Fig. 3.

Fig. 5. Decrease of the ratio between the horizontal and vertical components of the
thrust transmitted by the arch to the abutments.

Fig. 6. Decrease of the effective span of the arch due to the restriction of the lateral
movement of the loaded voussoirs.

by the arch to the abutments (Fig. 5) and (ii) the increase of the
compressive stresses between the arch voussoirs. The former is a
consequence of the resultant of vertical loads being closer to the
abutment and may be taken as a measure of its stability. The latter
gives rise to an increase of friction and decreasing risk of slippage
between the arch voussoirs.

3. Other favourable effects of the infill

Apart from these favourable effects of the self weight of the
infill, the presence of the infill material on the extrados of the
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Fig. 7. (a) Schematic representation of the dispersion of loads along the infill, (b) 4 hingedmechanism and corresponding infinitesimal virtual displacements used to evaluate
the collapse load.
Fig. 8. Minimum admissible thickness of arches as a function of the cut off angle
(α) (obtained following Ochsendorf’s approach [21]).

arch induces other beneficial effects, such as: (i) a restriction of
the lateral movement of the loaded voussoirs, giving rise to a
smaller effective span of the arched structure (Fig. 6), and (ii) a
distribution over a wider length of the arch of any load applied to
the top of the infill (in-depth dispersion of the load, schematically
represented in Fig. 7(a)), smoothing out, in particular, the effects of
concentrated loads. In fact, if the infill presents sufficient stiffness
to prevent horizontal movement of the arched structure, no hinges
can form under the infill (Fig. 6). This allows for the line of
thrust in the infilled region to be located outside the arch. In
this case, a decrease of the effective span of the arched structure
is obtained with a corresponding increase in stability, since a
decrease of the opening angle gives rise to a significant decrease of
the minimum admissible thickness (see Fig. 8). This fact was well
known by themedieval builders, who often only filled the extrados
of vaults at locations where it was needed to stabilize the structure
(Fig. 9 [26]).

The advantageous effect of the in-depth dispersion of the load-
ing can be evaluated using the mechanism method in the scope of
the Limit Analysis Theory. As shown in Fig. 7(b), for the same ad-
missible collapse mechanism, the spread load p(x) gives rise to a
smaller amount of work than the corresponding concentrated load
P . Due to the energy balance in the mechanism method, a smaller
work corresponds to a higher collapse load, and thus to a higher
level of structure stability (further information on this mechanism
method applied to masonry structures can be found in [27–29]).

4. Modelling the influence of the infill on the behaviour of
arched structures

In the previous sections a simple analysis was performed on the
effects of the self weight of the infill on the arch’s behaviour. The
Fig. 9. Partially filled extrados of the vault of the central aisle of the XIVth century
church of the Monastery of Alcobaça (Portugal) [26].

simplest way to model the influence of the infill in the extrados of
arched structures is through the consideration of: (i) the vertical
loading, due to its self weight and (ii) the horizontal loading, cor-
responding to the horizontal resistance forces from the infill ma-
terial. However, to simulate the advantageous effects of the lateral
stiffening due the infill on the arch extrados, more sophisticated
models must be adopted namely finite element models and non-
linear incremental analyses [30,31].

The authors have studied the Bargower bridge (destructive) ex-
perimental tests which provided data to verify the accuracy of
these models [32,33], and to draw conclusions about the advanta-
geous effects of the infill on the stability of arched structures. In the
modelling of the arch of the Bargower bridge two different finite
element models were used to simulate the infill: (1) the infill was
simulated by an initial state of stress and by lateral springs; and (2),
in a more sophisticated approach, the infill is explicitly modelled
in the finite element mesh.

4.1. Description of the bridge and load test arrangement

The Bargower bridge arch ring had a semi-circular profile, built
up of regular, cut to shape, sandstone voussoirs. The presence
of one metre thick inner side walls made up of rubble masonry
was detected behind spandrel dressed stone facing walls. Also, as
discovered upon bridge demolition, arch haunching consisted of
crushed sandstone with clay traces, above which spandrel filling
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Fig. 10. Simplified finite element models: vertical displacement of arch soffit beneath load line.
Table 1
Bargower bridge principal dimensions.

Span 10.00 m
Rise at midspan 5.18 m
Arch thickness 0.588 m
Total width 8.68 m
Fill depth at crown 1.20 m

was constructed with a silty gravelly sand. The main dimensions
are listed in Table 1.

Before the tests, the bridge was in a moderate conservation
state, only demonstrating small defects that were found to have no
significant influence on the overall structural capacity. Experimen-
tal tests on sandstone specimens revealed a compressive strength
of 33.3 MPa and a Young’s modulus of 14.1 GPa. The evaluated
stone dead weight was 26.8 kN/m3 and, from available data, the
self weight of the infill was considered to be 20.0 kN/m3. The
test procedure consisted of the incremental application of load, by
means of hydraulic jacks, to a concrete beam cast in the road sur-
face across the full width of the bridge and located at one third of
the span, where the minimum failure load was expected. The re-
actions of the jack against steel beams were supplied by ground
anchors. For the purpose of this paper, attention should be focused
on the vertical displacements measured at the load location and at
the crown of the arch.

4.2. Numerical simulation — a simplified finite element model

In the less sophisticated approach, the masonry arch was mod-
elled by continuum finite elements and the infill by an initial state
of stress and by lateral spring supports (Fig. 10).

The joints were idealized as zero-thickness interface elements
and the regularly shaped stone voussoirswere represented by con-
tinuum linear-elastic elements. Fracture, modelled by means of a
discrete crack approach, was allowed only at themasonry joints by
means of a tension free model. Penalty functions were introduced
in the constitutive relations in order to prevent overlapping under
crack closure. The material parameters used for the interfaces are
given in Table 2. For the linear elastic continuum elements the ex-
perimental Young’s modulus was used.
Table 2
Interface element properties.

Joint normal stiffness 1012 kN/m3

Joint tangential stiffness 1012 kN/m3

Tensile strength of joint 0

The infill contribution is modelled as a boundary condition,
introducing horizontal spring supports at the extrados of the arch.
These springs behave under compression only, according to either
linear or bilinear elastic constitutive laws. The horizontal sub grade
coefficient was assumed to vary linearly along the depth of the
arch, between 0 and 3 MN/m3, which is a good estimate for the
material used in the bridge [34]. The initial state of stress was
modelled by applying nodal loads equivalent to the self weight of
both stone voussoirs and the infill and to the lateral earth pressure,
which was assumed to be due to the initial steady-state (k0 =

0.45). Test loading was simulated by means of nodal forces at
the extrados of the arch ring, reproducing an approximate elastic
dispersion of a transverse line load applied at the surface of the
bridge deck. The contribution of the spandrel walls was ignored
and absolute rigidity of the abutments assumed. Geometric non-
linear effects were not included in the analysis.

It should be noted that according to the test description, the
external spandrel walls (internal ones were not identified in the
bridge), stiffer than the remaining arch, detached from it at an ini-
tial loading phase. As a consequence, the influence of the spandrel
walls on the response of arch bridges [35] was disregarded in this
section, namely in the numerical evaluation of the ultimate load.
In the next section, the influence of the spandrel walls is analysed
more in detail.

In this simplified model a non-iterative technique was intro-
duced, based on a sequentially linear approach [36], in which
changes in the stiffness are allowed only at the mortar joints and
infill springs and the evaluation of the structural responsewas thus
not incrementally obtained. Instead, the stiffness of the structure
was reduced according to amaterial law, and equilibriumpoints on
the structural response obtained by sequentially linear analyses.

Furthermore, no special algorithm for stiffness degradation
(such as those defined in [36]) was necessary, since the tensile
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free material adopted in the joints produces an abrupt extinction
of the normal elastic stiffness. Non-proportional loading was
considered with the sequentially linear approach, similar to the
works presented in [37,38].

Four simulations were carried out using this finite element
model. In Model I, the isolated arch was analysed considering the
infill contribution limited to the vertical (self weight) loads. The
obtained ultimate load value (about 300 kN) was far below the
experimental one (circa 5600 kN), indicating that the effect of the
horizontal restraint of the infill is relevant. Note, however, that
the analysed arch has a thickness to radius ratio of t/R = 0.102,
smaller than the minimum value required for the equilibrium of
an isolated arch ((t/R)min = 0.1075 — Fig. 8). The increase of
strength obtained in Model I (from zero to 300 kN) is due to the
effect of the infill self weight.

In Model II, the infill contribution was taken into account
through the initial state of stress (both vertical and horizontal). The
relationship between the line load and the deflection calculated
beneath, in the vertical direction, is presented in Fig. 10. That
relationship clearly presents a less stiff overall behaviour than the
experimental curve and an ultimate load (circa 1700 kN) far below
the maximum experimental value. It must be pointed out that
with Model II the ultimate load increased by a factor of 6 when
compared to the ultimate load obtained with Model I.

The big difference found between experimental results and nu-
merical results from Model II indicates that the stiffness of the in-
fill cannot be ignored, i.e., the effect of initial stress state, although
important, must be complemented with the explicit modelling of
the lateral stiffness introduced by the infill. Therefore, in the third
simulation, designated by Model III, the interaction between the
infill and the arch ring was attempted through both: (i) the ini-
tial state of stress and (ii) the restraint provided by linear elastic
springs. As a consequence, the difference between numerical and
experimental results improves considerably, showing the decisive
contribution of arch haunching on bridge behaviour. However, the
global structural stiffness does not decrease significantly at a later
stage of the deformation process, giving rise to load values higher
than the ultimate experimental load (see Fig. 10). In the fourth sim-
ulation (Model IV), a bilinear law was adopted for the springs, en-
abling, under increasing stress, a degradation of the stiffness to half
the initial value and consequently a better approximation of the
experimental data. In the curves obtained with Models II and IV a
sudden recovery of the secant stiffness is found (with correspond-
ing meaningless recovery of displacements), which is due to the
non-incremental approach adopted.

From these numerical results it can be concluded thatmodelling
of the infill effects is essential to predict the correct collapse load
of arches, namely by taking into account: (i) the initial stress state,
(ii) the lateral stiffening effect, and (iii) the infill stiffness degra-
dation with increasing stress.

However, in both models III and IV, the ultimate experimental
load was significantly overestimated and the stiffness degradation
was not sufficiently decreased. This was due to the fact that the
lateral stiffening effect was simulated by the simplified behaviour
of springs with unbounded strength. This effect is better approxi-
mated in the next section, in which a more sophisticated descrip-
tion of the lateral confinement of the soil is adopted.

4.3. Numerical simulation — a more sophisticated finite element
model

Due to the limitations of the simplified approaches described in
4.2 amore sophisticatedmodel, with better characterization of the
behaviour of the infill material, was developed.

As previously assumed, fracture was modelled by a discrete
approach. It was allowed at the arch masonry joints and at the
Fig. 11. A more refined finite element model: vertical displacement of the arch
soffit beneath the load line.

stone blocks-soil boundary by means of tension free and near-
cohesionless frictional interfaces, respectively. The blocks were
assumed to behave as linear-elastic and for the filling soil both
linear elastic and Mohr Coulomb plasticity models were used.
The joints between voussoirs were discretized using interface
elements under mode-I fracture, using a zero tensile strength
Rankine criterion. Upon crack opening, both zero shear traction
and zero shear stiffness are assumed.

The joints between the arch and the filling soil behave accord-
ing to an associated plasticity frictionmodel using aMohr Coulomb
yield criterion and a near zero cohesion value. The infill and the
stone blockswere treated as two-dimensional elements. Although,
at an initial stage of the experimental test, the external spandrel
walls detached from the structure, they remained in a self equi-
librium state. Thus, it is admissible to assume that enough lateral
bearing capacity was left to sustain the infill. As a consequence, a
plane strain state of the infill is assumed, induced by the lateral re-
straint of the spandrel walls. This hypothesis was also adopted in
the works presented in [13,15]. The stone blocks were modelled
using linear-elastic elements with a Young’s modulus of 14.1 GPa.
The filling was modelled as a near-cohesionless frictional mate-
rial obeying the Mohr–Coulomb yield criterion with an associated
flow rule. Regarding the boundary conditions of the infill, only the
horizontal displacements are prevented at the vertical boundaries
and both horizontal and vertical displacements are prevented at
the bottom horizontal boundary (Fig. 15). A Young’s modulus of 40
MPa and a friction angle of 30° were adopted for the infill as good
estimations of the soil properties. The road surface was also mod-
elled using a Mohr Coulomb plasticity model, in which free hor-
izontal displacements at the lateral boundaries are adopted. The
material parameters used for the interfaces and for the continuum
elements given in Table 3 were either obtained experimentally or
from parametric tests performed with the purpose of fitting the
experimental results. As previously, overlapping at crack closure
was prevented using a penalty formulation. In the voussoir joints
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Fig. 12. Mechanism model: contribution of passive pressure.
Table 3
Finite element properties.

Joints Between voussoirs Between arch and soil

Normal stiffness (kN/m3) 0.233 × 1011 0.233 × 1011

Tangential stiffness (kN/m3) 0.104 × 1011 0.104 × 104

Tensile strength (MPa) 0 –
Cohesion (MPa) – 1 × 10−3

Friction angle – 20°
Dilatancy angle – 20°

Continuum elements Fill Surfacing
E (MPa) 40 5 × 103

Cohesion (MPa) 1 × 10−3 1.443
Friction angle 30° 30°
Dilatancy angle 30° 30°

a large value of the tangential stiffness was also used, since it is
known that slipping does not play an important role in the collapse
of arches [3].

The explicit contribution of the spandrel walls on both the stiff-
ness and arch resistance was also ignored. The use of non-linear
stress–strain relationships requires an incremental iterative pro-
cedure, i.e., the loads were applied step-by-step and equilibrium
iterations were carried out at each increment until equilibrium is
reachedwithin acceptable limits. The arc-lengthmethod proved to
be very useful for situations where the standard Newton–Raphson
method fails, such as in the case of snap-back behaviour that is
known to occur frequently in masonry structures [39]. In the tests
presented, a monotonic increase of the main crack mouth opening
displacement (CMOD) is enforced.

Several simulations were undertaken with this finite element
model. In Fig. 11, the most relevant relations of the load-vertical
deflection under the load line are presented.

A linear-elastic behaviour of the infill (Model A) was first as-
sumed. Although in the first part of the test a good approxima-
tion between the numerical and the experimental stiffness of the
structure was obtained, the decrease of the experimental stiffness
observed at a later stage, could not be reproducedwith the numer-
ical model. It was evident that, in order to better approximate the
collapse load, a non-linear behaviour should be adopted for the fill
soil elements. A secondmodel inwhich the infill elements obey the
Mohr–Coulomb yield criterion was then adopted.With this model,
both geometrically linear (Model B) and non-linear (Model C) anal-
yses were performed. A very good approximation was obtained,
especially in the case of the geometric non-linear analysis (Model
C). In the latter case, the calculated ultimate load was very close to
the experimental one, whereas in the former case, a higher value
of the ultimate loadwas found. This shows that neglecting the geo-
metric non-linear effects leads to a non-conservative estimation of
the ultimate load. This difference is more pronounced as the arch
span increases. For the dimensions of the Bargower bridge and for
the stiffness assumed for the stone blocks and fill soil, the geomet-
ric linear model leads to an overestimation of 17% in the ultimate
load. Taking into account the deformation level registered under
Fig. 13. Model C: principal stresses in the arch σI (kN/m2).

Fig. 14. Model C: principal stresses in the arch σII (kN/m2).

the load, circa 25mm, a considerable dependence on the geometri-
cally non-linear effects is found. Suchdependence, also obtained by
Lourenço in [40] for displacements about 8 mm in circular arches
with a diameter equal to 5 m, is a consequence of the relation be-
tween the arch geometry and the equilibrium conditions (such that
the line of thrust remains within the thickness of the arch).

In Fig. 11, the value of the collapse load obtainedwith themech-
anism method [27] is also marked. With this method, in which
small displacements were adopted, the contribution of the infill
was taken into account considering the passive pressures of the
soil acting only between the two hinges C and D at the right side of
the arch (Fig. 12). Three different friction angleswere used, 20°, 25°
and 30°, corresponding to collapse loads of 5356 kN, 6299 kN and
7445 kN, respectively. Only the first case is shown in Fig. 11, but the
use of the 20° value is questionable. In fact, adopting a friction angle
of 30°, which leads to the best approximation using Model C, the
mechanism method would predict an ultimate load much higher
than the experimental ultimate load. This is due to the simplifi-
cations adopted in the mechanism method, in which the geomet-
rically non-linear effects are also neglected. In fact, although the
mechanism method provides useful benchmarks for the numeri-
cal analysis, the results of this method must be considered with
caution.

In Figs. 13–18 the numerical results – namely principal stresses,
plastic strains and deformed mesh – obtained for the ultimate
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Fig. 15. Model C: deformed mesh for the ultimate load.

Fig. 16. Model C: plastic deformations εxx of the infill.

Fig. 17. Model C: plastic deformations εyy of the infill.

Fig. 18. Model C: plastic deformations εxy of the infill.

load in the Model C (with geometrically non-linear effects), are
presented. Under the ultimate load, the maximum compressive
stresses in the arch elements remain below the compressive limit
of 33.3 MPa (Figs. 13 and 14). This validates the initial assumption
of linear elastic behaviour of the blocks. In Figs. 16–18 the plas-
tic strains of the infill are also presented, corresponding to the ex-
pected yielding pattern of the soil.

5. Conclusions

The present study demonstrates the importance of the extrados
infill on the structural behaviour of arched structures. This is often
neglected or misjudged by modern engineers who, in general, do
not have a sufficient background in the design of these types of
structures.

It was first shown that distributed loads similar in shape to
the self-weight of the infill correspond to a circumferential line
of thrust and, thus have a beneficial effect on circular arches
since the safety level and stability of the structure increases
and, accordingly, the minimum admissible thickness of the arch
decreases.

It was subsequently shown that the self-weight of the infill also
induces: (i) the increase of the relation between the vertical and
the horizontal components of the thrust transmitted by the arch to
the abutments, with corresponding increase of stability and (ii) the
increase of the compressive stresses between voussoirs of arched
structures. As a result, the overthrowof the abutments and the slip-
ping of the voussoirs are less likely to occur, with a decrease of the
corresponding risk of collapse.

Experimental results obtained from a destructive test on the
Bargower bridge were used to calibrate the numerical models.
They explain that the influence of the infill is not limited to its self-
weight. In fact, the lateral pressure and stiffening due to the infill
has a crucial influence on both the arch strength and stability.

This is why the infill must be explicitly taken into account in
structural modelling and safety assessment. To evaluate the influ-
ence of the infill in arched structures, the corresponding lateral
stiffening must be simulated by means of non-linear models such
as those presented in the paper. The use of less accurate modelling
methods is not recommended.
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