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Abstract

This study aimed to experimentally analyse the robustness of riveted steel bridges based on
truss-type structures and to define practical recommendations for early detection of local failures
before they cause progressive structural collapse. Although there are many experimental studies
on robustness and progressive collapse on buildings, those on bridges are either theoretical or deal
with actual collapses. This paper describes a unique case of a 21m full-scale bridge span tested
under laboratory conditions with an extensive monitoring system, together with an experimental
study to evaluate structural behaviour and robustness as damage or failure progressed in its
elements. A linear-static finite-element analysis was also included to examine other possible
causes not included in the experiment. The results proved the structural redundancy of this type
of truss structure based on the joints’ resistance to bending moments and gave rise to a series of
practical structural health recommendations to identify early failures and avoid progressive or
sudden bridge collapse. The study carried out and the recommendations it produced are now being

applied in three similar bridge case studies.

Keywords: robustness; experimental test; structural health monitoring; progressive collapse;

steel truss bridges; riveted joints.
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1. Introduction

Bridge structures are expected to withstand loads defined in codes (e.g. gravity, wind, snow,
etc.); however, these structures may be subjected to extreme events (also called low-
probability/high-consequence events) such as hurricanes, tsunamis, explosions, vehicle impacts,
fires, human errors, terrorist attacks [1,2]; or to be exposed to several degradation actions such as
corrosion [3] or fatigue [4]. These events can cause the sudden loss of local elements and trigger
a cascading failure of the bridge, known as progressive bridge collapse [5].

Some progressive collapse events gained significant public attention due to the extent of
damage and number of victims, as for example: the classic Ronan Point in 1968 [6] or the Twin
Towers of the World Trade Center in 2001 [7] in buildings, and the I-35 W bridge in Minnesota
[8], the Hongqi Viaduct [9] or Ponte Morandi [10] in bridges. The concept of robustness is
introduced in present-day design standards to minimise the risk of progressive collapse.
According to this concept, although the risk of local failure cannot be neglected, the aim is rather
to control its consequences. Robustness can be generally defined as a measure of the ability of a
system to remain functional in the event of a local failure in a single component or a series of
connected components [11].

Progressive structural collapse is now a hot topic subjected to widespread theoretical and
experimental studies on buildings [12—18]. In bridges, the studies focused basically on the
numerical or analytical assessment of robustness (e.g. Ghali and Tadros [1], Wang and Zhou [19],
Jiang et al. [20]) or the analysis of real cases (e.g. Starossek [5], Bontempi [7], Deng et al. [8]),
including truss bridges [21-29] with an unique experimental test [29]. In truss bridges, from a
theoretical viewpoint [21,23,27], it has been shown that a failure in any element can trigger partial
or total bridge collapse, so that there is a need for further experimental studies to analyse the real
behaviour of these bridges to serve as the basis of future theoretical and numerical developments.

This paper describes the research team’s unique opportunity to study a full-scale steel-riveted
truss bridge with the double aim of: 1) an experimental analysis of its robustness, and 2) establish

practical recommendations for early detection of local failures, which can also set off a
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progressive collapse. The study was both ambitious and novel and permitted an advance in two
areas, including 1) the analysis of robustness in the local failure of some elements and ii) structural
health monitoring to prevent progressive collapse.

To comply with these aims, after this section a brief description of the bridge is given in
Section 2, the test is described in Section, 3 including the transport of the span to the laboratory,
the test set-up, procedures and instrumentation used. The experimental results are discussed in
Section 4 and are amplified in Section 5 with the aid of computational models. The knowledge
obtained from the experimental and theoretical studies was used as the basis for a series of
recommendations for early detection of local failures in elements (Section 6) and conclusions are

given in Section 7.

2. Description of the bridge

The railway bridge studied was built between 1913 and 1915 and so was more than 100 years
old. Its structure was formed by a series of Pratt type trusses connected by riveted joints. It also
had a series of horizontal and vertical braces in the form of St. Andrew’s crosses, and longitudinal
and transverse beams to locally distribute train loads to the Pratt trusses. The heights of the metal
piers varied up to 23.6m, and it had two isostatic spans at each end (span length ranged from
21.1m to 21.5m) with a continuous beam in the two central spans (42.0m each). All the supports
were hinged with free rotations. One support in each span also had free longitudinal displacement
as a roller (A1 for span 1, P1 for span 2, P2 for span 3, P4 for span 4, P5 for span 5 and A2 for

span 6). Fig. 1 gives the principal bridge dimensions and a view of a train passing over it.
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(a) Bridge on the railway company’s depot (b) Positioning of the bridge into the ICITECH
laboratories

Figure 2. Transport and reception into the ICITECH laboratories.

3. Experimental test
3.1. General

The study was carried out on one of the isostatic spans of a twin of the bridge shown in Fig.
1 with the same geometry and year of construction as the one analysed here and had been in
service for the same length of time. The span under consideration had the same characteristics as

spans 2 or 5 shown in Fig. 1. It had previously been replaced by a new bridge and was stored at
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the railway company’s depot. This gave to this study a unique opportunity to test a full-scale
bridge at the ICITECH laboratories at the Universitat Politécnica de Valeéncia and transfer the

results obtained directly to the bridge under study and to others with the same characteristics. Fig.

2(a)-(b) contains a series of photos that illustrate the complex process of transporting the bridge

. I / ! Reaction frame
: N

to the ICITECH laboratories.

Hydraulic jack

Anchorages

(c) Reaction frame

Free longitudinal
displacements

(d) General view

Figure 3. Test set-up.
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3.2. Test set-up

The 21.1m span had the same support conditions as the originals, with free rotations at both
sides and longitudinal displacements on one side only. The supports were reproduced in the
laboratory with the help of hinges that allowed free longitudinal rotation and a guided box of steel
ball-bearings that allowed longitudinal displacement only in the corresponding supports (See Fig.
3(a)-(b), respectively).

The hydraulic jack with a maximum load capacity of 1300kN used to test the bridge was
installed with the help of a reaction frame at the centre of the span which was anchored to the
laboratory’s reaction slab. The load applied by the jack was shared between 4 points by a system
of metal girders to avoid high load concentrations. The test setup and details of the load
distribution system can be seen in Fig. 3(c)-(d).

3.3. Sequence of damage and load

Two types of very different approaches can be used to study structural robustness in sudden
failures: the scenario-dependent [30] and scenario-independent [13]. The first is used to study and
consider the cause of the failure while the second only aims to minimize the consequences,
whatever the cause. Both have the common aim of improving robustness by studying the
behaviour in sudden local failures in a component. In the present experimental study the scenario-
independent approach was selected to: a) analyse structural robustness after a series of damage to
some elements, b) study the structural behaviour after activating Alternative Load Paths (ALPs),
and c) establish a number of directives in order to anticipate structural failures that could end in
total collapse.

To achieve these objectives a structural damage sequence was designed to analyse behaviour
with the evolution of deliberately caused damage. In the test the damage was only caused in the
diagonals that had previously been expected to provide effectively activated ALPs. Other more
complicated cases such as main chord failure were analysed numerically (see Section 5).

The diagonals selected to reproduce progressive damage with possible sudden collapse were

those labelled D1 and D2 in Fig. 3(d) and were chosen as being the most critical both in the test
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carried out and in actual service. The load on these diagonals was lower than that on the external
diagonal, although strains and stresses were higher due to being smaller sections. Fig. 4 shows
the sequence of the damage in the test, in which the shaded section represents the break made to
simulate damage evolution. After each damage sequence a load increment of up to 1250kN was
gradually applied with a force-controlled mode and the structural response was determined by the

ambitious monitoring system described below.
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Figure 4. Sequence of damage.
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3.4. Instrumentation
The monitoring equipment consisted of 40 strain gauges (SG in Fig. 5), 8 LVDTs (D, L and

T in Fig. 5) and 2 fibre optic accelerometers (A in Fig. 5).

[Bc1B] [BC1G |

Figure S. Instrumentation.

The 40 strain gauges were located in different positions on the bridge to analyse the structural
response at each damage level (see red elements in Fig. 5). The most important for the study are
depicted in Fig. 5. In general, each element only had one strain gauge at the centre of gravity and
in the middle of the length. However, diagonal D1 with 4 strain gauges, and vertical column V1
and top (TC) and bottom (BC1) chords with 2 strain gauges each were more intensively
monitored, as can be seen in Figs. 4-5. The sensors for D1 were installed on the L-profiles of the
diagonal, at mid-length (see Fig. 4). In the case of V1 (see Fig. 5), the sensors were installed on
the upper left (V1-L) and right (V1-R) where modifications of the deformations were expected as
damage intensified (see Section 4 and 5 for further details). The two sensors at V1 were installed
just before the test for level 3L damage. For the top and bottom chords (see Fig. 5) they were
placed on the external surface (TC T and BC1_B) and at the centre of gravity of the elements
(TC-G and BC1_G).

LVDTs measured bridge deflection (D) and longitudinal displacement (L) in the mobile
support during the test. For safety reasons possible sideways displacements were also controlled

(T) (see Fig. 5).
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The accelerometers were placed at the mid-span (see Fig. 5) to measure the eigenfrequency
of the first vertical vibration mode. The value was determined by measuring acceleration after an

impact at mid-span after the test at each damage level.

4. Test results. Analysis and discussion
4.1. Strain gauges

Fig. 6 shows the stresses obtained in diagonals from the readings of strain gauges after each
damage level. The stresses are seen to decline as the breaks were made in diagonal D1, except in
sensor D1_4 belonging to the last damaged L-profile. The reduction of the diagonal D1 cross-

section by the previous breaks increased the stresses by up to 53% the L-profile monitored by

sensor D1 4.
— Damage
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Figure 6. Stresses in diagonals D1, D2 and D3.

Up to the complete break of the first diagonal (level of damage D; see Fig. 6), the sensors on
D2 and D3 did not show any significant changes. The stresses only increased in diagonal D2 after
damage 3L but this was not really significant until D1 was completely broken (damage level D)
and breaks began to be made in D2, which subsequently suffered much higher stresses of up to
240%. D3 did not register a significant stress increase (up to 136%) until three L-profiles in
diagonal D2 were broken (damage level D+3L). This shows that the diagonals beside the damaged
one do not experience significantly higher loads until the area of the damaged one has been

reduced by 75%, which indicates: a) the shear distribution in the Pratt truss remains similar until
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a diagonal has been completely broken, and b) ALPs must be activated on complete breakage of
a diagonal (damage level D and 2D) (analysed in detail below), which significantly raises the
loads on the neighbouring diagonals. This load increase on these diagonals cannot be explained
simply by the different load distribution theoretically expected for a Pratt truss since the shear of
the span did not change (it is important to note that truss elements usually work only under axial
loads to transmit the shear and bending moments of the span to the supports).

Fig. 7 shows the stresses obtained for each damage level in the tests in vertical column V1
and crosses C1 and C2. The results for V1 confirm the activation of ALPs after complete failure
of a diagonal, with significant higher stresses at damage levels D and 2D. The vertical column
starts mainly from compression plus small bending and finishes with serious bending plus
compression, sensor V1_L being in compression and V1_R in tension. However, sensor V2 (and
V3, not shown in Fig. 7), which was installed at mid-height of the vertical column, was not able
to measure any significant change due to the insignificant bending in the middle of the vertical
columns. The analysis thus shows that: a) damage to the diagonals can only be registered by
sensors at the ends of vertical columns, and b) the highest absolute stress values were recorded in

the compressed part of these elements, which improved the sensors’ accuracy.
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Figure 7. Stresses in vertical columns V1 and V2 and horizontal crosses C1 and C2.
Crosses C1 and C2 were also affected by the damage (see Fig. 7). Although stress increments

were not as significant as those in the vertical columns, cross C1, which was closer to the damage,
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also registered a stress increment up to 85%. This increment means that the structure was trying
to reduce the distortion caused by a more flexible Pratt truss (in the damaged plane) to the overall
structure than the more rigid Pratt truss on the undamaged plane.

Fig. 8 shows the stresses obtained in the tests after each damage level in bottom (BC1_B and
BC1_G) and top (TC_G and TC_T) chords. The sensors detected a marked rise of the bending
moment in both chords, with lower measured values at the centre of gravity (G) than those
measured at the external part of the element (B and T for bottom and top chord, respectively).
This shows that: a) bending was induced in the chords by the damage, b) the biggest stress change
were at the ends of the chords due to the stronger bending effect. It is important to remember here
that the sensors, as shown in Fig. 5, were placed close to a joint and not at the element’s mid-
length (a more detailed discussion can be found in Section 5). The sensor on bottom chord BC2
(not shown in Fig. 8), which was installed at its centre of gravity and mid-length did not register

any significant change during the test.
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Figure 8. Stresses in top (TC_T and TC_G) and bottom (BC1_B, BC1_G and BC2) chords.

4.2. Deflections

Fig. 9 shows the deformed shape of the damaged and the undamaged Pratt truss (damaged
and undamaged plane, respectively) during the damage and test sequence. The behaviour of both
trusses is markedly different. Deflections measured on the undamaged truss were not affected by

the damage sequence with a maximum vertical deflection at mid-span slightly over 25mm.

11



207  However, deflections on the damaged plane were strongly affected by the damage sequence,
208  starting with the same deflection (25mm) and ending with 40mm deflection at mid-span.
209  Measuring deflections on the damaged plane can thus be considered an effective way of
210  interpreting damage by registering significant changes in both the maximum value and deformed

211  shape, which was greater on the right (position X between 10.6m and 21.1m).

X position [m] —B— Initial
00 3.5 7.0 10.6 14.1 17.6 21.1 F/2
0 F
-5 DAMAGED PLANE | 1L
— -10
—0—2L
£ 1s
— —3L
= -20 X
<) —-—
= 25
§ -30 —o—D+1L
‘g) -35 —h&— D+2L
-40 ——D+3L
-45 —e—2D
(a) Damaged plane
X position [m] —m—Initial
00 3.5 7.0 10.6 14.1 17.6 21.1 F/2
0 F
-5
— -10 1L
g -15 —0—2L
= -20 , —3L
.g -25 —&—-D
g -30 ——D+1L
=
o -35
9 40 UNDAMAGED PLANE —A—Dw2l
-45 —=—D+3L
—e—2D
(b) Undamaged plane
212 Figure 9. Evolution of deflections.
213
214 4.3. Horizontal displacements
215 As horizontal displacements remained small during the different test damage levels, with a

216  maximum of Smm for the longitudinal one, they could not be regarded as a reliable indicator of
217  structural damage. Transversal displacement stayed close to 0 and confirmed that the supports

218 installed for the tests worked well.

12
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4.4. Vibrational modes

The accelerometers Al (in the damaged Pratt truss) and A2 (in the undamaged Pratt truss)
installed at mid-span gave the eigenfrequencies of the structure’s first vertical vibration mode.
Fig. 10 gives the results obtained together with the accelerometer Al trend line. It can be seen
that the first vertical vibration mode falls as damage is increased and the reduced frequency levels

are similar for both A1 and A2.
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Figure 10. Evolution of the first vibration mode.

4.5. Discussion

The span under study consisted of Pratt trusses considered as externally and internally
isostatic working under axial forces only. Consulting companies usually consider these types as
structures of truss elements with hinges at the ends. If this had been true the present study would
not have been possible since it would have lacked structural redundancy. However, the structure
was shown to have the ability to adapt to the total failure of key elements such as diagonals.

This adaptability was possible thanks to the effective activation of ALPs. In this case the
structure, which worked basically under axial forces, made use of the structural redundancy of
the joints to adapt to the failure of diagonals, as the joints were able to resist high bending
moments. Thanks to this ability, when the diagonals failed, the structural behaviour of the affected
zone changed from Pratt truss to Vierendeel behaviour (same structure but without diagonals; see

Fig. 11), in which the capacity of the joints to resist bending moments is crucial. When a structure

13
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like the span under study has no diagonals, the structure is known as a Vierendeel beam, and the
load transmission to the foundations is only possible with the help of the moment-resisting
capacity of joints. The moments registered in the vertical columns and top and bottom chords (see

Section 4.1) confirm this hypothesis (see also Section 5).

Vertical
column
. V1 L;V1R

Diagonal

Figure 11. Deformed shape during the test after level of damage 2D.

5. Finite Element Modelling

A Finite Element Analysis (FEA) [31] could be used to analyse other failures not considered
in the experiment. The FE model reproduced the bridge geometry through BEAM elements fully
connected and with a combination of BEAM and SHELL elements for the top and bottom chords
to fit the numerical results better to the actual structural behaviour (steel elastic modulus of
210GPa and density equal to 78.5kN/m?). The boundary conditions applied were identical to those
in the test with fixed displacements and free rotations in the four supports. The supports at X =

21.1m also had free longitudinal displacements. Fig. 12 shows the FE model of the bridge span.

Figure 12. FE model.

14
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5.1. Reproduction of the test failure schemes

Firstly, a modal analysis was carried out to compare the frequency of the first vertical
vibrational mode of the original structure and the structure without diagonals D1 and D2 with the
experimental results. Table 1 gives the numerical and experimental results obtained and the
frequency reduction in both cases for damage levels D and 2D. The numerical results can be seen
to reproduce the experimental results, with similar frequency reduction percentages to those
obtained in the test.

Table 1. Comparison of frequencies between numerical and tests results.

Level of damage

Initial D 2D
Frequency [Hz] 8.12 7.88 7.37
Experimental
Reduction [%] - 2.96 9.24
Frequency [Hz] 8.72 8.53 7.95
Numerical
Reduction [%] --- 2.18 8.83

Secondly, Linear-Static Finite-Element Analyses (LSFEAs) were performed for different
damage levels (Initial, D and 2D) considering geometrical nonlinearities. A steel elasticity
modulus of 210GPa was considered with the application of a load of 1250kN, as in the test. Fig.
13 shows the deformed shape and stresses of the structure (in the damaged plane) for the different
levels. Both deformed shape and stresses are similar to those obtained experimentally. The
numerical analysis again shows the activation of ALPs mentioned in Section 4.5, since as damage
rose the bending moments also increased considerably causing the different elements (vertical
columns and top and bottom chords) to be subjected to high stress gradients in specific sections
close to joints (see Fig. 13). This shows that the LSFEA numerical simulation reproduced the
experimental behaviour and that the models were properly built. This analysis can thus be
extended to failures of other more affected elements not considered in the experiments such as
the most heavily loaded bottom chord, which would be extremely difficult to analyse

experimentally and safely in a laboratory.

15
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Figure 13. Total stresses for Initial, D and 2D damaged levels. Units: MPa.

5.2. Failure of the most heavily loaded bottom chord

This case was analysed by LSFEAs for two damage levels: 1) a section flange failure and 2)
complete section failure (see Fig. 14(b)-(c)). All three cases (initial plus two damage levels) were
assessed under the same loading scheme described in the previous sections, with a maximum load
of 1250kN.

In the most heavily loaded bottom chord flange failure, small increases were found in the
stresses on neighbouring elements, especially those due to higher bending moments, although,
like the deformed shape, these increases were not significant. In fact, Figs. 14(a)-(b) do not show
any significant differences of structural behaviour, indicating that significant ALP activation was
not necessary. The Pratt trusses were able to carry on efficiently working the elements mainly
under axial loads. In the natural frequencies, the first vertical vibrational mode frequency changed
slightly from 8.72Hz to 8.71Hz.

In the complete section failure of the most heavily loaded bottom chord significant structural
behavioural differences were found (see Figs. 14(a)-(c)). The numerically reproduced damage
(Fig. 14(c)) was quite severe, eliminated Pratt truss-type behaviour close to the failure, and the
top chord was the main element in resisting bending moments and axial and shear forces. There
were also stress changes in the elements close to the failure, the deformed shape was also
significantly different and the first vertical vibrational mode frequency changed from 8.72Hz to

6.70Hz. In this case the structure did have to find an effective ALP and passed from Pratt truss to

16



303  a basically Beam-type top chord behaviour in the failure zone. All of the parameters used
304  (stresses, deformed shape, natural frequencies) were good indicators of the computer-simulated

305  failure.

300
225

(c) Failure of a complete section (red colour)

306 Figure 14. Total stresses for the different damage levels in the failure of the most heavily loaded
307 bottom chord. Units: MPa.
308
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6. Practical recommendations for Structural Health Monitoring

Based on the results obtained, this section aims to lay down a series of recommendations for
real-time monitoring of structures similar to the type studied here for early failure detection,
including aspects such as: a) parameters to be controlled, b) appropriate sensors for different
parameters and c) a specific location for each type of sensor.

Firstly, it is recommended to monitor element deformation by strain gauges. As found
previously, the breakage or damage progress of an element and its neighbours is reflected by its
deformation. It is thus recommended to arrange sensors around the structure on its most critical
elements, for example strain gauges in the external diagonals and vertical columns (maximum
shear) and chords near the mid-span (maximum bending) both for conventional monitoring (e.g.
load tests) and early failure detection. Strain gauges should be installed at the centre of gravity
and the centre of the elements to measure axial loads in truss structures (theoretically, elements
are only subjected to axial loads in truss structures). However, other sensor locations are
recommended to detect early failures, such as away from the section’s centre of gravity and closer
to the joints instead of at the centre. Besides considering the effect of failure on the axial load on
the element at these points, the considerable effects of the bending moments with effective ALPs
in action to cover structural failure will also be included. Sensors can also be placed on elements
expected to be subjected to higher instead of reduced deformation in order to reduce measurement
errors. Table 2 gives a summary of all this information with recommendations for monitoring and

early failure detection of the different elements.

18
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Table 2. Location of strain sensors.

Early failure detection

Element General purpose . Additional details. To be
General position . .
measured in case of failure

Compression and tension

Chords Section: far from th tre of increments in the top and bottom
Section: Centre of gravity cction: far trom the centre o chords, respectively
gravity
Diagonals Tension increments

Position: Centre of the length Position: close to  joint Compress}on increments. In
of the element general, in the point of the
element closer to the centre of
the bay

Vertical columns

Secondly, it is recommended to monitor deflections by any of the different methods, for
example topography or LVDTs. As in conventional monitoring, it is generally enough to measure
deflection at one point at mid-span, although early failure detection may require monitoring
deflection at other points (see Fig. 9). Full monitoring can be carried out by measuring deflection
at two points at mid-span and at a quarter and three quarters the length of the span (4 extra points)
as was done in the test in the present study (see Fig. 5). This is important to identify the site of
the failure.

Finally, as can be extracted from the experimental and numerical results, accelerations can
also be measured in a bridge to obtain the principal structural vibration modes in real time. All
types of structural anomalies can be reflected by small changes in the frequencies of the
structure’s main vibrational modes. It is recommended to install at least two accelerometers for
the control of the first vertical vibrational mode (1 accelerometer at mid-span is sufficient). A
more complete system would also include two additional accelerometers in each span, one also
in the middle of the span but on the opposite frame to follow the structure’s possible torsional
mode, with the other at a quarter or three quarters the length of the span to follow the second
vertical vibration mode.

All the information obtained from the present study, and its recommendations, are now being
applied to three real bridge case studies in an ambitious real-time monitoring system with a system

of 350 strain gauges and 46 accelerometers. Deflections are also registered periodically by static
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load tests. The practical recommendations will be validated further in future studies with the data

analysis of the above three case studies.

7. Conclusions

This paper described an experimental study of the robustness of a steel riveted truss bridge

on getting the opportunity to lab-test a full-scale bridge span. From this test and the subsequent

numerical analysis the following conclusions could be obtained:

The structure, theoretically with truss-type behaviour had structural redundancy based
on the joints’ capacity to absorb bending moments that increase with the level of
damage.
During the failure and the evolution of the damage to some of the structural elements
it was found that:
o The stresses on nearby elements were highest at points close to the joints most
susceptible to bending moments with increases of up to 240%.
o There were significant changes in the deformed shape of the structure.
Deflections reached 60% increments.
o The first vertical natural frequency was reduced by up to 9.2%.
The structure was able to find effective alternative load paths (ALPs) and changed its
function from Pratt truss to Vierendeel or single-beam behaviour. These ALPs were
limited by the structural load levels until some of the elements initiated plastic
behaviour.
A set of practical recommendations were made for structural health monitoring with
the aim of identifying early failures. These recommendations were provided for
different parameters (strains, deflections, accelerations), and the type, location and
number of sensors for a structure with both a basic and an ambitious monitoring

system.
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In future work, a further validation of these practical recommendations will be made with the
data analysis of three real case studies on different railway bridges in which an ambitious

monitoring system with more than 400 sensors was installed.
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