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Abstract 

This dissertation presents the study of the structural behaviour of the Mabey military bridge, 

operated by the Portuguese Army, exposed to some accidental situations such as the occurrence of a 

flood, a vehicle collision and a rupture of a link between bays. 

The analysis was carried out through the development of a numerical model of finite elements in 

which the accidental actions from each scenario were applied. The structural safety evaluation in 

ultimate limit state was performed according to existing regulation. Since that accident scenarios and 

their actions are not directly contemplated in the current regulation of bridges, some adaptations and 

deductions have been made based on European regulations and scientific articles. 

The analysis of the Mabey Bridge evidences some bridge weaknesses when submerged during a 

flood. Its structural safety is more affected when debris are deposited in truss, increasing the water 

acting forces. The collision of light and heavy vehicles compromises highly the bridge's resistant 

capacity causing its own collapse due to its self- weight. The rupture of a link between modules reduces 

the Mabey Bridge’s resistant capacity due to the dynamic amplification. Its resistance capacity reduces 

to about 20% of its initial capacity.  

In order to reduce these effects, there are presented some reinforcement measures whose 

introduction into the bridge allows to control the consequences of accidents and ensures the ultimate 

structural safety of the bridge. The proposed measures consist of a cable fixing system, Fitch barriers 

and also adapted BN4 barriers. 
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1. Introduction 

The logistic bridges are classified as transpose continuous means and appeared in the twentieth 

century with the need to transport cargo through the water courses. In scenarios of natural catastrophes 

- like earthquakes, floods and fires - the logistic bridges are used to help the civilian population, trying 

to reduce the effects on infrastructures.  

According to Pereira (2015) the logistic bridges allow a quick and efficient reestablishment of the 

car traffic during the partial or total destruction of a viaduct or bridge. Its modular features, ease of 

transportation, low weight and low maintenance allow a simple and quick assembly process. When it is 

necessary to suspend the car traffic to make repairs on bridges, logistic bridges can be used as 

temporary structures. The first steel-made logistic bridges came in 1935 when Archibald Milne Hamilton 

patented a prefabricated steel panel bridge.  
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These bridges were designed to allow rapid access to isolated areas and support populations. 

Hamilton designed this bridge from a set of triangular truss modules that couple, forming the bays. The 

truss bays were formed by longitudinal tubular profiles and steel plates (Thinkdefence, 2012). 

During the World War II there was a major advance in this type of bridges with the Bailey Bridge, 

developed by Donald Bailey. He standardized all the components of the bridge and designed them so 

that they could be easily carried by British soldiers and transported in military vehicles. However, it would 

be the use of pinned connections between the bays that made the Bailey Bridge so pioneering. The use 

of pins allowed a quick assembly of the bridge and ensured different spans. In 1971 appeared the 

Medium Girder Bridge (MGB) where was highlighted the use of high resistance steels and metal alloys 

decks. 

In 1987 the Mabey Logistic Support Bridge was built, which would be known only as Mabey Bridge. 

This bridge was inspired by the Bailey bridge from which it maintained the truss panels. In its first version 

the Mabey Bridge had panels with different heights in order to adapt its longitudinal configuration to the 

progression of the bending moments 

diagram (Russell, 2013). Over the past 

30 years the Mabey Bridge has 

undergone successive modifications, 

featuring five versions. The latest 

version is the Compact 200 (Figure 1), 

purchased by the Portuguese Army 

which operates it together with Bailey 

bridges still in service. 

Since the Portuguese Army got this version, its use has been based on the producer’s technical 

manual. This manual defines various configurations depending on the span and the maximum load to 

be supported. Although there has been carried out some studies to assess the in-service capacity of 

the structure, the bridge’s structural behaviour for accident scenarios are not included in the technical 

manual.  

The scenarios of accident considered are: flood scenario that totally submerges the bridge, collision 

of a vehicle with the plane of trusses and rupture by fatigue of the pinned connections between bays. In 

these cases, it would be interesting to perform a study of the structural behaviour to identify the bridge 

capacity and analyze its ultimate limit state safety. 

A numerical model was developed and calibrated with previous models and “in-situ” test results, in 

order to simulate the bridge’s structural behaviour. The numerical model is based on a Mabey bridge 

with the TSHR3H++ configuration constituted by 19 modular sections. This configuration corresponds 

to the highest reinforcement of a 57.91 m span and can be loaded by a 60 ton military vehicle. Although 

this is not the largest possible configuration of the bridge, it is the largest configuration ever built by the 

Portuguese Army, allowing calibrating the numerical model with the vertical displacements measured in 

this configuration built in Odemira village in 2011. This configuration was also used by Pereira (2015) in 

his master's thesis. 

 

Figure 1: Mabey Bridge in Carvoeira, 2017 
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2.  Model Definition and Actions 

2.1. Model Definition 
The numerical model, shown in Figure 2, was developed using the software SAP2000 considering 

beam finite elements. The geometry defined in the finite elements model (FEM) is based in the 

TSHR3H++ configuration. In order to obtain a precise model, a load test with a vehicle of 40 tons was 

simulated in the finite element model. This same test had been carried out on the bridge used in Odemira 

in 2011 and also modelled by Pereira’s 

research work. The Table 2 presents the 

vertical displacement (δ) due to bridge’s 

self-weight and the 40 ton load test. The 

right column represents the values 

obtained with the developed model. 

 
Table 1: Vertical displacements due to self-weight and load test 

 δ load test in 
Odemira 

2011 (mm) 

δ technical 
manual (mm) 

δ  Pereira’s 
model (mm) 

δ model 
(mm)  

Self-Weight 70 68 70 66 
40 ton Vehicle  40 42 45 42 
Total  110 110 115 108 

 

It was obtained a 66 mm vertical displacement due to self-weight, which corresponds to a difference 

of 5.7% in comparison with the biggest measured vertical displacement. For the introduction of a 40 ton 

vehicle the total displacement changes to 108 mm, being about 2% below the measured on the bridge 

built in Odemira. In comparison to the model of Pereira the vertical displacement presents a difference 

of 6%. 

2.2. Actions 
The Mabey Bridge can be launched on any watercourse and thus exposed to rising water levels 

due to a flood. As the water level increases the bridge becomes submerged and simultaneously 

becomes subject to the lateral pressure of moving 

water. During a flood it is common that the water 

carries with it much debris. In this scenario it will be 

expected that a kind of "stopper" will form due to the 

debris accumulated in the truss. This situation 

increases the area in which water exerts pressure on 

the truss (Figure 3) and worsens the flow conditions, 

which will increase the horizontal forces introduced 

into the structure. 

Through EN 1991-1-6: 1995 (CEN, 2005) and 

EN 1991-1-4: 2010 (CEN, 2010) it is possible to 

establish two flood scenarios: (1) Flood without debris and (2) Flood with debris; being the expressions 

Figure 2: Finite element model for the Mabey TSHR3H ++ 

Figure 3: Diagram of pressures on the Mabey 

bridge 
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for the lateral water pressure given by: 

Flood 𝑝"#$%& =
1
2
∙ 𝑐𝑓 ∙ 𝜌"#$%& ∙ 𝑣"#$%&/ =

1
2
∙ 2,16 ∙

1000
1000

∙ 𝑣"#$%&/ = 1.08 ∙ 𝑣"#$%&/ 	(𝑘𝑁 𝑚/) (1) 

Flood with 
debris 

𝑝;%<&=> = 2	. 𝜌;%<&=> ∙ 𝑣"#$%&/ = 2	 ∙
666
1000

∙ 𝑣á@A#/ = 1.332 ∙ 𝑣á@A#/ (𝑘𝑁 𝑚/) (2) 

 

These expressions were evaluated for a truss adjusted shape coefficient of 2.16 and a debris 

density of 666 kg/m3. 

By the Principle of Archimedes in a submerged body act two forces in opposite directions: the self-

weight and the hydrostatic impulsion. The hydrostatic impulsion is equal to the weight of the fluid 

displaced by the submerged body. In that case all the profiles are open section profiles whereby the 

volume of water displaced corresponds to the steel volume of the profiles. However the deck is formed 

by thin steel plates under which there are several closed tubular sections. In this way the submergence 

of the deck will lead to the displacement of a considerable volume of water. In the TSHR3H++ 

configuration the bridge has 76 deck modules, corresponding to a total apparent volume of 16.44 m3. 

The steel profiles of the bridge have a volume of 10.30 m3. In total, the volume of water displaced will 

be 26.74 m3, which corresponds to a vertical impulse of 262.3 kN. 

For the collision of vehicles with the truss two 

scenarios were considered: scenario A - collision at 

the entrance of the bridge and Scenario B - collision 

at the mid-span section of the bridge deck (Figure 

4). To analyze this accident scenarios the 

Portuguese Standard NP EN 1317-1 (Instituto 

Português da Qualidade, 2001a) and NP EN 1317-

2 (Instituto Português da Qualidade, 2001b) for 

road safety systems, were used. In these 

standards, methodologies are presented for testing 

safety barriers on motorways, on which two test 

vehicles were selected for analysis of the Mabey 

Bridge: a car with 1575 kg and a heavy truck with 

30900 kg. The test specifications for these vehicles are given in Table 2. 

 

 
Figure 4: Position of the collision scenarios in the FEM 

 

     Table 2: Specifications of test vehicles 

Test TB32 TB71 

Type of vehicle Car Heavy 
Truck 

Speed (km/h) 110 65 
Collision angle 
(degrees) 20 20 

Vehicle mass (kg) 1500 30000 
Total Test Mass 1575 30900 
Weight (kN) 15,45 303.13 
Height between 
ground and GC  (m) 0.53 0.923 

Collision Height on 
Super Panels (m) 0.946 1.339 
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In the collision of a vehicle the kinematic force introduced into the structure is obtained by: 

 𝐹 = 𝑀𝑎 =
𝑀 ∙ 𝑉G/

2𝑆G
 (3) 

where 𝑀 is the vehicle mass in kg, 𝑉G is the collision speed in m/s and 𝑆G is the horizontal displacement 

of the truss. 

The sudden rupture of a pinned connection will cause a redistribution of forces with an associated 

dynamic effect. This will increase the stress in the remaining elements and may affect the structural 

safety of the bridge. The collapse of a connection between bays when a heavy vehicle crosses the 

bridge is considered with the following assumptions: (1) the rupture occurs in the lower flange of the 

truss’s bay near the mid-span section; (2) the test vehicle moves next to the deck’s border and is not 

centered; (3) the rupture occurs in the plane of the truss closest to the deck. Three military vehicles of 

different characteristics and weights will be tested: a 60 ton tank Leopard 2A6, a 22 ton armored vehicle 

Pandur II and a 12.5 ton cargo Mercedes-Benz 1217. 

The sudden rupture of tensioned members in truss bridges may result from fatigue or brittle breaks 

due to high stress concentrations and low temperatures. This type of rupture results in a dynamic 

amplification of the static stresses, resulting from the dynamic transition of the equilibrium from the pre-

rupture state to the post-rupture state (Goto et al., 2011). 

For the type of truss bridges the performance of a dynamic analysis in a scenario of sudden rupture 

of a connection results in dynamic amplification coefficients (DAC) between 1.4 and 1.8 for each 

individual element. In order to simplify the long and exhaustive dynamic analysis Goto et al. (2011) 

propose an approximate method based on the modal analysis of the truss bridge. The following equation 

illustrates how the DAC’s values for the elements are obtained. 

 𝐶𝐴𝐷 = 𝑒𝑥𝑝
−𝜋 ∙ 𝜁Q
1 −	𝜁Q/

∙ 𝜎=,Q ∙ 𝑞=.Q,T
Q

𝜎=>U𝜎=>
(T) + 1 ∙ 1,1 (4) 

This equation needs at least the first ten vibration modes in order to obtain a convergence solution. 

For each vibration mode k are used the element displacements 𝑞Q,T and some stress values: the after-

rupture static stress in each considered vibration mode 𝜎=,Q; the after-rupture static stress 𝜎=> and the 

before-rupture static stress 𝜎=>
(T). ∙ 𝜁Q is the damping coefficient from each vibration mode. 

3. Capacity Assessment for Accident Scenarios 

The safety verifications were performed considering Ultimate Limits States (ULS) actions 

combinations as in accordance with the NP 1990 (CEN, 2009) and the NP 1991-2 (CEN, 2010). For the 

flood scenario it has led to the following combinations, considering the bridge self-weight (𝑠𝑤) with a 

value of 17.97 kN/m and a hydrostatic impulse (𝐼) with a value of 262.28 kN 

Flood ®  1,0	𝑠𝑤 + 1,35	𝐼 + 1,35(	𝑝"#$%& ∙ 𝐴) (5) 

Flood with debris ®  1,0	𝑠𝑤 + 1,35	𝐼 + 1,35(	𝑝;%<&=> ∙ 𝐴) (6) 

From the interpretation of the graph (Figure 5) it is concluded that the presence of debris increases 
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considerably the total force acting on the structure, although the water force only acts on the upstream 

truss. This increase is due to the enlargement of the contact area and to the consideration of the 

adjusted shape coefficient with value 2 for the debris. 

In the simulation of the flood 

scenario in the FEM it was 

considered that the water level was 

rising from the base to the top of the 

trusses, with increments of 10% of 

the total height of the bridge and 

constant water velocity of 2.0 m/s in 

the Y direction.  

From  Table 3 it is shown that 

the increase of the lateral force has 

effects on the reactions in the 

bearings. In the situation with debris when the water reaches the top of the trusses the upstream 

bearings (number 1 and 7) will no longer have compression forces. This situation leads to lifting the 

bearings 1 and 7 of the base plates. The most downstream bearings, number 6 and 12, are the most 

requested due to the introduced moment, presenting reactions near to 100 kN. 

Also in the situation with debris it is verified that the vertical displacements in mid-span presents 

values of 18 mm upstream and 67 mm downstream when the bridge is completely submerse. The 

horizontal displacements in the mid-span have a value of 220 mm in the upstream truss and 212 mm in 

the downstream truss. These situations correspond to an increase in values compared to the situation 

without debris (146 mm). 

The presence of high vertical and horizontal displacements demonstrates the torsion moment due 

to the hydrostatic impulse and to the water lateral pressure. 

When verifying Ultimate Limits States it is observed that some vertical braces and sway-braces do not 

verify the safety presenting values of 6.29 and 2.35 for the acting/resistant factor. In the chords case, it 

is seen some problems occurring in the lower chords of the upstream truss, with an acting/resistant 

factor of 1.41 near the bearing zone. In the mid-span chords, where the axial stresses are higher, the 

most stressed element had traction of 500.8 kN with an acting/resistant factor of 0.483. 

In order to increase the resistant capacity of the Mabey Bridge a cable system was designed to 

reduce horizontal displacement and torsion moments in the case of a flood with debris event. The cable 

system, shown in Figure 6, consists of two upstream anchorages on each side. To each anchorage are 

strung 3 cables, whose other end is fixed to the trusses of the bridge. The complete cable system 

includes 12 cables: 8 fixed to the base of the trusses and the remaining 4 to the top of these. The cables 

used have a diameter of 32.1 mm and an area of 602 mm2.The safety was ensured by the reduction of 

the displacement at the mid-span which went to 47 mm. The new displacement corresponds to about 

20% of the initial displacement which means a smaller rotation and also a reduction of the horizontal 

bending moments. A new ULS safety verification leads to the following acting/resistant factors: 0.60 for 

the chords, 0.96 for the vertical bracing and 0.97 for the sway-braces, which means that now all of the 

 
Figure 5: Force vs water velocity 
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Mabey bridge components verify the ULS safety. The most requested bearings now have reactions of 

76,5 kN instead of 100 kN. The bearings 1 and 7 present reactions of 25.1 and 31.4, respectively. 
 Table 3: Bearing reactions 

 

Bearing Reactions (kN) with 2,0 m/s water velocity 

Bearing self-
weight 

self-weight + 
Hydrostatic 

Impulse 

Completely 
Submerged 

Bridge 

Flood 
Flood 
with 

debris 
1 80,1 53,8 19,7 0 
2 85,7 56,3 45,7 38,6 
3 94 61,1 42,6 39,4 
4 93,9 61 66,7 76,8 
5 85,7 56,4 77,5 87,1 
6 80,3 54 90,4 100,6 
7 80,3 53,9 23 0 
8 85,4 56,2 45,5 40,3 
9 94 61,1 41,7 36 

10 93,9 61 69,3 76,8 
11 85,5 56,2 76,2 85,5 
12 80,3 53,9 86,6 98,5 

Sum (KN) 1039,1 684,8 684,8 684,8 

 

 

Figure 6: Cable System in the FEM  

In the collision of vehicles with the truss act the self-weight of the bridge (𝑠𝑤), the weight of the test 

vehicle (𝑠𝑤[\]/	𝑜𝑟	𝑠𝑤[\`a) and the kinematic force (𝐹) caused by the collision of the test vehicle. The 

equations for the combination forces are the following: 

 Structure Equilibrium®  1,35	𝑠𝑤 (7) 

 Scenario A®  1,35	𝑠𝑤 + 1,35𝑠𝑤[\]/ + 1,35	𝐹 (8) 

 Scenario B®  1,35	𝑠𝑤 + 1,35𝑠𝑤[\`a + 1,35	𝐹 (9) 

 

In scenario A we obtained forces of 613.7 kN for TB32 test and 1814.7 kN for TB71 test. After the 

simulation of the collision in the FEM all the damaged elements with an acting/resistant factor greater 

than 1 were removed and a new safety evaluation was performed. This new evaluation considered the 

bridge subject only to its self-weight and according 

to eq. (7). 

For the TB32 test the redistribution of forces 

on the remaining elements led to a 265% increase 

of the acting/resistant factor in the most stressed 

diagonal brace. There is an acting/resistant factor 

of 1.325 in the vertical brace of the panel adjacent 

to the affected panel, not verifying the ULS safety. 

This high value is due to the complete removal of 

an affected end panel. The two adjacent panels do 

not have resistant capacity to withstand the high transverse shear near the bearings. 

For the TB71 test the situation is even more serious since the collision damages most of the braces 

Figure 7: After-collision bridge deformation for TB71 

test – Scenario A  
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and all the elements near the collision point. The after-accident ULS verification gives acting/resistant 

factors with values close to 10 on the most requested elements, not verifying the ULS safety. As for the 

vertical displacements the hit truss presents values of 1150 mm in the middle span and 2200 mm next 

to the hit bearing. In the Figure 7 is possible to see the deformation of the bridge span after the TB71 

test. 

For the scenario B we obtained forces of 617.5 kN for TB32 test and 1853.7 kN for TB71 test. The 

mid-span collision causes plastification of the entire hit panel and of several chords and chords 

reinforcements near the collision zone due to the torsional effect caused by the vehicle collision. Also 

visible is the plastification of several sway braces. 

In scenario B after the collision of the vehicle TB32, it is verified that all the remaining elements 

verify the ULS safety. The bridge does not present any security problems because the remaining panels 

have the resistant capacity to redistribute forces. The biggest increases in stress occur on the upper 

chords and in the vertical braces with increases of the acting/resistant factor between 150% and 200%. 

The collision of the heavy vehicle will cause plastification of the hit panel and all the chords and 

chord reinforcements of the six neighboring bays. It also causes the plastification of several sway 

braces. The elements remaining show very high stress and do not verify the ULS safety by large margin. 

The plane of the hit truss (Figure 8) is completely separated in the mid-span being only supported in the 

adjacent planes of the truss and in the transoms. Its vertical displacement is on the order of 6.90 m 

which corresponds to the collapse of the bridge. 

 
Figure 8: Collapse of the Mabey bridge after TB71 test -  Scenario A 

 

For the rupture of a connection between bays it has led to the following combination: 

 ELU ®  1,35	𝑠𝑤 + 1,35	𝑠𝑤$%>$	b%c=de% (10) 

Table 4: DAC for the most stressed 

elements 
 

DAC values for the most 
stressed elements 

 Vertical Bracing 3,377 
Diagonal Bracing 1,188 
Swaybrace 2,05 
Vertical Brace 1,502 
Tensioned Chord 1,100 
Compressed Chord 1,105 
Transom 1,151 

Table 5: DAC values for the 10th bay 

DAC values for the elements of the 10th bay 
Panel Y=0 Y=0,216 Y=0,457 
Top chord Reinforcement 1,167 1,311 1,204 
Bottom chord Reinforcement 1,146 1,141 1,155 
Vertical Bracing 1 1,385 1,579 1,1 
Diagonal Bracing 1 1,224 1,21 1,262 
Diagonal Bracing 2 1,206 1,317 1,2 
Diagonal Bracing 3 1,345 1,206 1,224 
Diagonal Bracing 4 1,355 1,318 1,224 
Vertical Bracing 2 1,331 1,264 1,11 
Top Chord 1,129 1,729 1,105 
Bottom Chord 1,148 1,44 1,103 

 

 

From the application of eq. (5) results the CAD values presented in Table 4 and Table 5. It is seen 

that the dynamic amplification coefficient will only increase in 10 to 15% the static stress for the most 
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stressed chords (tensioned and compressed).  

The vertical braces located near the bearings have its static stress increased by almost 240% due 

to the DAC. For the elements of the 10th bay it is seen that the panel Y=0,216 had the highest DAC, 

which makes sense because it’s the nearest bay to the damaged bay. 

From this analysis, it is possible to conclude that the rupture of a pinned connection, when a 

Leopard 2A6 tank passes, will compromise the safety of the structure. The dynamic amplification has a 

more severe effect on the chords and the transom near the damaged zone. As this zone is at mid-span 

the bending moment is maximum, so the chords are subjected to high axial stresses and close to their 

maximum stress value. For vertical braces, although these are only subject to 50% of their resistant 

capacity, their plastification results of the high increase of stress due to the DAC. 

For the Pandur II case, before the rupture of the pinned connection the vertical brace near the 

bearing and the tensioned chord at mid-span have an acting/resistant factor of 0.362 and 0.564, 

respectively. Although those values correspond to about half of the elements capacity, the dynamic 

amplification conditions the ULS safety, exceeding the value 1. In the panels next to the damaged zone 

the ULS safety continues to fail on the lower chords of panel Y = 0.216. 

The Mercedes-Benz 1217, which has its self-weight around one-fifth of the Leopard 2A6, continues 

to present some ULS safety problems. In the most stressed vertical brace and in the lower chord of the 

10th bay, panel Y = 0.216, there are factors of 1.131 and 1.020.  

For the bridge subjected only to its weight, it is verified that the bridge is totally safe, however, in the 

case of the vertical braces near the bearings, the stress increases from 0.295 to 0.997 due to DAC, thus 

being at the limit of ULS safety. 

4. Conclusions 

From the study the following conclusions were obtained to respond to the initial objectives: 

• The lateral force on the trusses of the submerged bridge causes a bending moment in plant and 

provokes the bridge torsion along its longitudinal axis. The situation gets worse with the 

accumulation of debris in the truss The hydrostatic impulse due to submersion of the bridge has a 

positive effect on the ULS safety since it reduces the weight of the steel elements; 

• The submersion of the Mabey Bridge, subjected to a 2.0 m/s flood, does not verify the ELS safety 

of the configuration TSHR3H++ with a span of 57.91 meters. For the situation with debris there are 

safety problems in the vertical braces, swaybraces and compressed chords. The plastification 

occurs due to the high horizontal bending moment, with a 220 mm horizontal displacement; 

• For the scenario with accumulation of debris occurs lifting of the two upstream bearings, however 

the redistribution of forces is not very significant. 

• The use of a cable system to secure the bridge during a flood allows the bridge normal functioning 

as long as the cables are not tensioned. The tensioning of these cables allows a high reduction of 

stresses and displacements. 

• In both tests, for the collision at the entrance of the bridge, the damage of some structural elements 

does not guarantee a resistant capacity by the undamaged elements that assures the ULS safety. 
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• In the mid-span collision scenario the heavy truck causes the Mabey Bridge rupture. However the 

collision of the TB32 car, although damaging some elements continues to ensure that after the 

accident the remaining elements have the resistant capacity needed to support the bridge self-

weight. It concludes that the collision at the entrance of the bridge is more constraining than the 

collision at mid-span.  

• The dynamic amplification coefficient influences the level of stresses present in the Mabey bridge 

elements. The ULS safety is not verified for vehicles whose weight corresponds to about 20% of 

the maximum static capacity of the bridge. 

• The highest values of dynamic amplification are located near the bearings with values greater than 

3.0. This high value is due to the particularity of the bridge where the end vertical braces play a key 

role transmitting forces from the structure to the bearings and to the ground. This situation leads to 

the conclusion that the dynamic amplification is more constraining for shear forces in truss bridges. 

• In the panels where the rupture occurs and in the adjacent panels it is seen amplification values 

between 1.110 and 1.729. These values are in part according to the range of values from 1.4 to 

1.8 indicated by Goto et.al (2011). As expected the panel immediately adjacent to the affected one 

presents the highest dynamic coefficients. 
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