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Abstract. The paper describes an experimental research consisting of the construction and
the test to failure of two short-span, true-scale brick masonry arches. The research was aimed
at providing additional experimental evidence useful for the validation of numerical tools for
the structural analysis of masonry arch bridges. Significant aspects related to the
characterization of the properties of materials, the test procedures and the obtained
experimental results are described. The general response and the failure mechanisms
experienced by the structures and associated damage are reported. A simplified calculation
tool, based on plastic limit analysis, is presented with a discussion on its capacity to predict
the ultimate response of he arches.



P. Roca and C. Molins

1 INTRODUCTION

A significant amount of experimental evidence on the structural response of masonry arch
bridges is already available thanks to the research effort undertaken during the last decades.
Experiments on single arches carried out by Hendry et al.' (1985), Page® (1988), Hughes et
al’ (1996)., Harvey et al.* (1989), Melbourne et al.’ (1995) and others have provided
significant understanding on the response of this type of structures. In turn, these experiments
have been used by different researchers to validate their proposed numerical techniques of
analyses. In spite of the availability of these previous results, the authors believe that there is
still need for additional experimental research. The response of masonry arches involves
complex mechanical phenomena yet not fully understood. Additional evidence is still needed
to better characterize the contribution of their different members (spandrel walls, infill,
buttresses...) to the overall strength capacity. The predictions of the proposed tools of
analysis, even if specifically conceived for masonry bridges, are not always in satisfactory
agreement with some of the experimental results so far available (see in Roca et al’, 1998).
Aiming at providing more experimental results useful for the validation of analytical tools, a
experimental research has been devised involving two different short-span, full-scale masonry
arches. The arches have been already constructed and tested in the Laboratory of Technology
of Structures of the Technical University of Catalonia. The research is still ongoing with the
study of the ability of different analytical approaches to predict the response of the
experimental arches. Preliminary results, obtained by means of plastic analysis, have provided
significant insight on the response of the arches and the role of their different structural
components (in particular, the spandrel walls) in the resulting ultimate capacity.

2 DESCRIPTION OF THE EXPERIMENTAL ARCHES

The two experimental models (Fig. 1), spanning 3.2 m, are characterized by a different rise
amounting to 0.65 m in the case of the first segmental one (arch BA1) and to 1.6 m in the
case of the semicircular one (arch BA2). The total width is of 1 m in both cases. The bridges
are built over reinforced concrete footings 1.0 m long and 25 cm thick.

Both the arch vault and the spandrel walls are of brick masonry and have thickness of 14
cm. The abutments of the semicircular arch (BA2) are backed with cohesive rubble masonry,
1 m high haunches made or irregular stone with average diameter of 39 cm and Portland
cement. Un-cohesive infill (sand) is used to fill the rest of the space between the spandrel
walls in both bridges. Table 1 summarizes their corresponding geometrical parameter.

Steel plates stiffened with steel profiles were installed at the back sides of the abutments to
retain the infill (Fig. 2 and 3). A set of ties, consisting of steel bars with diameter of 25 mm,
where anchored to the horizontal profiles stiffening the plates. These ties are used to simulate
a possible external lateral confinement at the ends of the bridge caused by possible masonry
walls extending beyond the abutments or the natural soil.
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Figure 1: Geometry and dimensions (in meters) of arches BA1 (above) and BA2 (below)

Arch BA1 BA2
type segmental semicircular
free span (m) 3.20 3.20
rise (m) 0.65 1.60
total length (with abutments) (m) 5.20 5.20
total height (m) 0.95 2.15
width (m) 1.00 1.00
ring depth (m) 0.14 0.14
depth of infill on crown (m) 0.10 0.10
depth of backings on abutments (m) - 0.81
maximum depth of un-cohesive infill (m) 0.78 1.17
thickness of spandrel walls (m) 0.14 0.14
number of steel ties (¢=25 mm) 6 8
loaded point Y4 of span Y4 of span

Table 1: Summary of geometrical and construction features of experimental arches
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In the arch BA2, an additional couple of ties, consisting of a laminated profiles type
UPN220, were stiffly connected to the footings of the abutments by means of prestressed
transverse bars to constrain their displacements and rotations; the aim was at simulating a stiff
foundation on rock or piles in a real bridge.

The brick masonry utilized has been characterized by means of different tests carried out
on both small specimens and large wall panels. Table 2 summarizes the information available
on different mechanical properties. Note that the characterization of the biaxial response of
the masonry is of particular interest to describe the spandrel walls, whose contribution to the
global stiffness and strength of the experimental bridges, given their relatively important
thickness (with respect to the total width of the bridge), may be significant.

Figure 3: Arch BA2
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The brick masonry utilized was built with units measuring 13.5x28.5x4.5 cm and bed
joints 1-1.5 cm thick. The same type of M8 Portland cement mortar was used for the ring of
the arch, the walls of spandrels and buttresses and their rubble backing. The infill consisted
of compacted sand with 6% moisture contents and specific weight of 18 kN/m® (dry specific
weight of 15.55 kN/m’) A normal proctor test was carried out to assess the compacting
procedure.

Table 2 shows values measured on different material properties obtained by tests carried
out on elementary mortar, brick and masonry specimens. In particular, the properties of the
mortar-unit interface have been more recently determined by testing couplets with a biaxial
testing equipment.

The arch BA1 was built during May 28-31, 2001, and tested on September 12, 2002. Using
the same type of materials the arch BA2 was built during April, 1-5, 2002, being tested on
July 10, 2003. Compression specimens were also prepared on the occasion of the construction
of the arches and tested immediately after the experiments. Triplets were also prepared and
tested with arch BA2. The couplets prepared for the biaxial equipment were prepared during
November 15-30, 2003 and tested during June, 1-23, 2004.

Component | Property Average | Type of specimen
(N/mm?)
Brick Compression strength 56.8 40x40x120 mm prisms
(lengthwise) | Young modulus 12,750
Brick Compression strength 51.0 3 stacked 40 mm cubes
(flatwise) Young modulus 10,450
(Oliveira’ )
Mortar Compression strength 8.34 Prismatic 40x40x80 mm
Flexural strength 2.68 Prismatic 40x40x160 mm
Young modulus 810
Joint Cohesion 0.36 triplet (BA2)
interface Cohesion 0.33 couplet (biaxial equipment)
Initial friction angle 45° «“
Residual friction angle | 37.2° “
Masonry Compression strength 21.0 4 flat brick prism (BA1)
14.0 4 flat brick prism (BA2)
Infill (sand) | Specific weight 18 kN/m’

Table 2: Information on material properties and testing procedures
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3 EXPERIMENTAL PROCEDURE AND RESULTS

A loading frame provided with a vertical actuator with a maximum capacity of 600 kN was
utilized to test the arches to failure. The axis of the actuator was placed at %4 of the span (80
cm with respect to the springing). The load was applied on the structure by means of a loading
beam spreading over the infill, consisting of a HEB200, 60 cm long steel profile; no load was
directly applied on the spandrel walls. A load cell and a spherical hinge were placed between
the actuator and the loading beam to, respectively, monitor the load and ensure centered
loading.

The deflection of the arch was measured by means of three displacement sensors located
below the loaded section, at mid-span and below the section symmetrical to the loaded one.
The three sensors were placed along the longitudinal axis of the arch. Arch BA1 included also
a set of pressure transducers embedded in the spandrel infill, at different depths, to measure
the horizontal stresses experienced by the infill material.

The structures were tested to failure by providing a constant increment of load until
reaching maximum loading; after reaching the loading peak unloading took place. Arch BA1
was also subjected to a reloading process at an advanced stage of the post-peak response. Fig.
5 shows the resulting load-displacement diagrams. Unfortunately, the actuators used did not
permit displacement control; because of that, the post-failure branches reproduced in these
diagrams may not be fully meaningful.

The arches failed because of the generation of the expectable 4-hinge mechanism; as the
load increased, the separation of the spandrel walls and the arch ring was first observed for a
load amounting to 60%-75% of the ultimate load; the hinges located at the loaded section and
near the springing closest to the load appeared almost immediately. At about 80%-90% of the
maximum load, the hinge at mid-span appeared and the central part of the arches began to rise
visibly while, at the same time, cracking developed over the spandrel walls. These events can
be recognized in the load-deflection diagrams as visible reductions of the stiffness of the
structure. As was expected, the appearance of a fourth hinge at the other springing caused the
failure of the arch. The damage observable after the experiment is indicated in Fig. 6. Pictures
of the bridges after the tests are also shown in Figs. 7-8.
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Figure 5: Load — deflection curves obtained for arches BA1 (above) and BA2 (below)
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Figure 6: Distribution of cracking in arches BA1 (above) and BA2 (below) after the experiment
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Figure 7: Arch BA2 after the experiment Figure 8: Hinge and separation of ring in arch BA2

4 ANALYTICAL PREDICTIONS

As a second step of the research, the experimental results will be used to assess the ability
of different calculation methods to predict the general behaviour and the ultimate capacity of
masonry arches. For that purpose, the GMF approach (Molins and Roca®), and the continuous
damage model by Cervera’ are considered, among other possible methods. Some
considerations on the performance of the GMF method have been already presented by Roca
et al.® (1998) and Molins and Roca'® (2001). The applicability of simpler tools, such as those
based on plastic limit analysis, is also to be appraised.

Preliminary results obtained by means of a simplified method based on the static
approach are presented. The method considers the contribution to the strength of the cohesive
backings and the spandrel walls; the lateral confinement of the un-cohesive infill has been
neglected because, given its relative small volume, it is supposed to have very little effect on
the response of the bridges tested; thus, only the stabilizing effect of the infill weight has been
considered. The compression strength of the masonry is accounted for as a reduction of the
available depth of the structural components (in particular, of the thickness of the arch ring).
In turn, the maximum shear forces are limited by the Mohr-Coulomb criterion using the
values of the cohesion and the angle of friction provided in table 2. The load is applied on the
ring on a surface determined by a 30° distribution across the infill; given the asymmetry of the
infill depth, a different distribution is considered at each side of the load axis.

Using this method, a set of predictions has been obtained corresponding to several
hypotheses on the contribution of the different structural components of the arches (table 3
and figure 9). In particular, the possible action of forces developed by the ties, as the bridge
deforms, has been also analyzed. For that purpose, the ties have been modeled as a single
equivalent one located at an equivalent height. The force that the ties can develop is small
because the spandrels are no able to work as a flat arch; their maximum value is in fact
determined by the stability of the abutment closest to the loaded section. The thrust lines have
not been allowed to exceed the ring of the arch and invade the spandrel walls except in the
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lower regions which, according to the experiments, did not develop separating cracks between

both elements.

Ultimate load / Horizontal thrust (kN)

Case BAI1 arch BA2 arch
Experiment 60 95
Limit analysis
(1)Arch ring (+ backings in BA2) 15/24 16.1/14
(2)Arch ring + spandrel walls 46 /58 48/ 30
(3)Arch ring + spandrel walls + ties 60/74 (17) 91/52.3 (30)

(maximum force)

Table 3: Comparison of experimental and analytical predictions

ring+w alls +ties 3.
— — — -ring+w alls

ring+w allstties
— — — -ring+w alls

Figure 9: Application of plastic analysis (static approach) and resulting thrust lines corresponding to three
different assumptions: (1) with the contribution of all components (ring, spandrel walls and ties), (2) without any
action from ties and (3) with the arch ring as only resisting element
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5 CONCLUSIONS

The laboratory experiments carried out on two different, true-scale masonry arches
allowed the characterization of their structural response throughout the loading process and,
particularly, of their failure mechanism and ultimate capacity. The experiments were intended
at providing useful information to validate available numerical tools of analysis aimed at the
assessment of this type of structures.

Preliminary analyses based on limit analysis have provided insight on the contribution of
the different structural members (backings, spandrel walls, ties) to the overall strength. Given
the very limited width of the arches, the contribution of the spandrel walls is particularly
important; any numerical approach aiming at prediction of the ultimate capacity of similar
arches should afford an adequate modeling of their strength response.
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