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ABSTRACT 
 

  The loss of critical members of steel truss bridges by sudden impact loading affects 
the performance of the structural system. It is crucial for steel truss bridges to possess 
alternative load paths in order to prevent catastrophic failures. This paper presents 
results from finite element analysis of the redundancy of a through-type steel truss 
bridge. The objectives of this study are to identify critical members and to develop a 
structural system to improve load path redundancy of the studied bridge type. In this 
study, members that might be fracture critical to the bridge are identified. Through the 
nonlinear finite element analysis, redundancy factors are calculated to indicate the level 
of system safety. The procedures outlined in NCHRP 776 and NCHRP 406 were 
applied to define and quantify structural redundancy of the steel truss bridge. Results 
from the analysis reveal that strategically adding several ancillary members to the truss 
can significantly improve redundancy of the bridge and increase the level of system 
safety. 
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1. Introduction 
 

Steel bridges have a broader prospect in the future with their outstanding features 
such as light self-weight, high performance, high recycling value, and low pollution. 
However, steel bridges reaching their service life may have low resistance of sudden 
impact load due to the cross section loss of steel members, such as accidents, 
terrorism or natural disasters. The deterioration of these members could affects the 
performance of the whole system, even cause progressive collapse. At the same time, 
as the important vehicle for crossing natural barriers or cultural obstacles, bridges could 
connect important road network meeting points and load time-flowed traffic. This kind of 
facilities should be paid more attention for terrorism risk. Therefore, in recent years, 
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many research in bridge engineering field focus on bridge evaluation and performance 
improvement to prevent total or immediate collapse during attack. 

Many bridge collapses have been reported in the past, such as the collapse of the I-
35 W Mississippi River Bridge in Minnesota in 2007[1][2], the collapse of the Hongqi 
Viaduct Bridge in Zhuzhou City of China in 2009[3][4], and the collapse of the I-5 Mount 
Vernon WA Bridge in 2013. As mentioned in a study by Song et al.[5], progressive 
collapse is known as a chain reaction of failures. The initial failure spreads from 
element to element and eventually results in the collapse of entire structure or a 
disproportionately large part of it[3]. The progressive collapse occurs when the loading 
pattern or boundary conditions of structure was changed such as structure element 
losing its capacity. once that one of main load carrying-element fails, it may be 
desirable for the structure to provide an alternative load-carrying path, and transfer the 
load to other elements to achieve load redistribution. Summarized by Miao and 
Ghosn[6], there are two types of loads considered in structural progressive collapse. 
The loads directly leading to an initial local damage are defined as the primary loads, 
which can be caused by a particular hazard or extreme event such as gas explosion, 
blast, foundation failure, vehicle or ship impact,fire,earthquake and wind loads. As the 
sudden failure of the initial damaged element occurs, the structure motions will cause 
the secondary loads. The secondary loads are the static and dynamic internal forces 
caused by sudden changes in load path. The remaining elements would suffer these 
static and dynamic internal forces due to release of internal energy of the member loss, 
so at the same time the remaining members have a great potential of failure as well. 
Through the load redistribution, if any member’s internal force is beyond its ultimate 
capacity, another local failure will take place. As a result, such chain reaction failure will 
cause a widespread collapse of structure. Therefore, reliable evaluation of bridge 
redundancy and strengthening method is necessary to develop.  

The objective of this project is to evaluate a steel truss bridge redundancy, and to 
provide a reliable corrective method to improve the level of system safety factor. The 
actual goals were to: (1) evaluate the system redundancy of the steel truss bridge; (2) 
assess resistance of the bridge system with critical members removal; (3) create a new 
method or revise the existing methods for preventing total or immediate collapse; (4) 
provide full package of evaluation process and improvement suggestions. 
 
 
2. Methodology 
 

This study concentrated on the performance evaluation and improvement for steel 
truss bridges. The procedure outlined in NCHRP 776 and NCHRP 406 reports was 
applied to define and quantify structural redundancy of the bridge. The finite element 
Analysis method was introduced to conduct the redundancy analysis with both linear 
analysis and nonlinear analysis. 

 
2.1 Evaluation Method 

 
In this study, the whole procedure followed the outlines in report NCHRP 776[7] and 

report NCHRP 406[8], which provided a convenient method to evaluate the bridge both 



considering the individual member design and the complete structural system effect. To 
analyze the system safety and redundancy, a direct calculation method and a simplified 
method are used. The tabulated system factors are introduced to measure the critical 
limit states. As Michel and Fred mentioned in the report, a bridge provides a enough 
safety level, if: (a) It provides a reasonable safety level against first member failure. (b) 
It does not reach its ultimate system capacity under extreme loading conditions. (c) It 
does not produce large deformations under excepted loading conditions. (d) It is able to 
carry some traffic loads after damage to a component. However, due to the neglect of 
the issue of member serviceability, the cracking or fatigue should be checked 
independently. 

Based on the concept of bridge safety discussed before, four critical limit states are 
set. The capacity of a bridge system to carry live loads, before the structure reaches its 
critical limit states, is related to the live load margin (R-D), where R represents the 
bridge capacity and represents the dead load effect. To estimate the live load margin, 
the incremental structure analysis with two side-by-side AASHTO HS-20 trucks should 
be generated. The truck loads are incremented until the critical limit states are reached. 
Thus, the bridge capacity represented by (R-D) is proportional to the load factor LF, 
which multiplies the weight of the two HS-20 trucks. This load factor LF is provided for 
convenience of measurement of the bridge capacity. The two HS-20 trucks are applied 
in the position where the truck loads provide the most loading effects in the main truss 
members. In this stage, the load combination factors are not considered because the 
capacity of the system was focused, and the effect of dynamic impact load will be 
discussed further when the expected loads are applied on the structure. 

To effectively check the capacity of the bridge structure, the four critical limit states 
are defined as: member failure limit state, the ultimate limit state, the serviceability limit 
state and the damaged condition limit state. The member failure check is a traditional 
check of individual member safety by using linear elastic analysis. The capacity of a 
bridge structure to resist first member failure is expressed as the number of AASHTO 
HS-20 trucks that it can carry before this first member failure limit state is violated. The 
HS-20 load multiplier will be referred as LF1. The ultimate limit state is defined in terms 
of the maximum possible live loads that could be applied on the bridge structure. The 
ultimate capacity of a bridge structure under the effect of dead load and AASHTO HS-
20 vehicles on a nonlinear structure model will be referred as LFu. In this stage, 
damage of the bridge is defined as the main truss members losing their load- carrying 
capacity. The collapse refers as the formation of a collapse mechanism or the point at 
which the structure is subjected to high levels of damage. The mechanism is the point 
at which the structure loss its usability with infinitely large levels of displacements. For 
the steel truss bridges, when the maximum strain in the main truss reaches 0.02, the 
ultimate limit state of the bridge structure is defined. At the same time, when the 
structure is under the high level of live loads, the system may be on an unsafe 
condition for regular traffic but not lead to collapse, which is due to the the prohibition of 
the high level of permanent deformation for the bridge. 

When the maximum displacement equal to the span/100 is observed, the 
incremental truck loads multiplier LFf could be referred as the functionality limit state of 
bridge structure under dead load and AASHTO HS-20 vehicles effect. The damaged 
condition limit state is defined as the ultimate capacity of the bridge system after one 



main load-carry member collapse, which may be due to the member fracture or 
accidental loss of capacity. Load factor LFd could be calculated by analyzing the 
damaged structure with dead load and truck loads, and then increasing the truck loads 
until the system collapse. 

As is defined that redundancy is the capacity of the structure to continue carrying 
load after one main member failure, the measurement of the redundancy could be get 
by comparing the values of load factors LFu, LFf and LFd with LF1. Therefore, the 
system reserve ratios for the ultimate limit state Ru, for the serviceability limit Rf, and for 
the damaged condition Rd are defined as the nominal measures of bridge redundancy. 
The ratios are expressed as: 
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When the Ru is equal to 1.0, which means LFu=LF1, the ultimate capacity of the 
bridge is equal to the capacity of the bridge to resist the first member failure. Under this 
circumstance, the bridge is not redundant. However, with increasing of the Ru, the 
bridge could continuous carrying load after reaching first member failure point, which 
indicate that the redundancy of the bridge increases. It is similar for reserve ratio Rf and 
Rd. When Rf is less than 1.0, the load level of the bridge which exhibits the maximum 
deformation equal to span length/100 is lower than the load level that could causes the 
first member failure. If ratio Rd is less than 1.0, the damaged bridge could carry less live 
load than the load causing the first member failure. However, for ensuring the bridge 
could have an adequate level of redundancy, the minimum acceptance values of Ru, Rf 
and Rd account for the uncertainties associated with determining the loads and the 
resistance of bridge superstructures. The check of Ru, Rf and Rd is the check on 
redundancy of the system, and the require reserve ratio value is defined as: 
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However, the bridge that is not redundant may still provide high level of safety due to 
the over-designed members. The redundancy check should always be generated in 
conjunction with a member safety check, which could be done with comparison 
between the actual capacity of the members and the capacity required by the 
specifications. The require member capacity Rreq could be calculated fir the most critical 
member by using AASHTO’s design and evaluation equation:  
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Dn represents the dead load effect, and Ln represents the live loads effect. In LRFD, 
the factor φ depends on the type of material and γd depends on the type of dead load. 
γ1 depends on load combination used, and factor I is only for the impact load effect. 
Hence, the required member load factor LF1,req is defined as:  
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In this equation, D is the dead load effect on the most critical member, and LHS-20 
could be calculated by linear analysis on the bridge with the HS-20 truck loads without 
any impact factors. Thus, different from system reserve ratios, the member reserve 
ratio is defined as:  
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Same like the member reserve ratio, we could also get the system redundancy ratios 
as: 
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If all the system reserve ratio ru, rf and rd are larger than 1.0, it revealed that the 
bridge provides a sufficient level of redundancy. If not, then the bridge does not has a 
sufficient level of redundancy, and the corrective measures should be undertaken to 
improve the bridge safety. Generally, corrective measures may include changing the 
bridge topology, strengthening the bridge member, or decreasing the rating of the 
bridge.  

The redundancy factor φred is defined as: 
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If the redundancy factor φred is larger than 1.0, it indicates that the level of system 

safety is adequate. If the redundancy factor φred is less than 1.0, the bridge provides an 
inadequate level of system redundancy. 
 

2.2 Nonlinear Structural Analysis 
 
Based on the ANSYS documentation[9], structural nonlinearities occur on a routine 

basis. The fundamental difference between linear and nonlinear analysis is stiffness. 
Stiffness is the fundamental characteristic of a part or assembly exhibiting the response 
to the applied load. A changing structural stiffness causes the nonlinear structure 
behavior. At the same time, nonlinear structural behavior is affected by any factors, 
which could be categorized with changing status, geometric nonlinearities and material 
nonlinearities. 

Many common structural features exhibit nonlinear behavior that is status-dependent. 
For example, a tension only cable has the status of either slack or taut; a roller support 
has the status of either in contact or not in contact. It indicated that status changes 
might be directly related to load, or the external cause. Geometric nonlinearties are 
responded as changing geometric configuration when a structure experiences large 



deformations. This nonlinearities are involved in kinematic quantities such as the strain-
displacement relations in solids, which means that the stiffness changes only come 
from the changes in shape. Situations, in which such shape-caused changes in 
stiffness occur, related to large displacements, large strains large rotation, and so on. 
For material nonlinearities, the stress-stain or force-displacement law is not linear, or 
the material properties change with the applied load. Many factors could influence a 
material’s stress-strain properties including load history, environmental conditions and 
total loading time. 

In ANSYS Workbench program, the Newton-Raphson approach is used to solve 
nonlinear problems. The load is subdivided into a series of load increments which could 
be applied over serveral load steps. The use of Newton-Raphson equilibrium of a 
single-degree-of -freedom nonlinear analysis is illustrated in the left side of Figure 2.3. 
Before each solution of steps, the Newton-Raphson method checks the out-of-balance 
load vector, which is the different between the loads corresponding to the element 
stresses and the applied load. Then the program use the out-of-balance loads to 
generate a linear solution for checking convergence. If the convergence is not satisfied 
with the requirement, the out-of-balance load vector is redefined. With the stiffness 
matrix updating, the new updated solution is obtained. This iterative procedure repeats 
until the convergence checking is satisfied. Numbers of convergence-enhancement 
and recovery features could be used to make the problem converge, such as line 
search, automatic load stepping and bisection. If problem cannot achieve convergence, 
the program would use smaller load increment to solve it. 

 

 
Figure 2.3 Traditional Newton-Raphson Method vs. Arc-Length Method[9] 

 
Sometimes, if the Newton-Raphson method is generated alone, it may cause 

severe convergence difficulties due to the singularity of the tangent stiffness matrix. 
This kind of occurrences include nonlinear buckling analyses in which the structure 
either collapses completely or "snaps through" to another stable configuration. In this 
situation, an alternative iteration scheme, the arc-length method, could be activated to 
help avoid bifurcation points and track unloading. This method makes the Newton-
Raphson equilibrium iterations to converge along an arc. Therefore, it could preventing 
divergence even when the slope of the load-deflection curve is equal to zero or 
becomes negative. The comparison of traditional Newton-Raphson method and with 
the arc-length method could be revealed in Figure 2.3. Summarized the nonlinear 
analysis, there are three levels of operations in the analysis procedure as shown in 



Figure 2.4. The top level consists of the load steps defined explicitly over time span. In 
this level, for static analysis, loads are assumed to very linearly within load step. In 
middle level, within the load step, the program could be directed to perform several 
solutions with substeps or timesteps to apply the load gradually. In bottom level, the 
program conducts numbers of equilibrium iterations to converge the solutions at each 
substep. When generating the nonlinear analysis, a force-based convergence tolerance 
should always employed, and could add other items convergence checking, such as 
moment, displacements, rotations, or any combination of them. 

 

 
Figure 2.4 Load Steps, Substeps, and Time[9] 

 
 
3. Numerical Model Establishment 
 

In this study, a through-type steel truss bridge designed in Japan was selected as 
the example model. The bridge model was fully developed in ANSYS 17.2 Workbench 
software. The procedure of modeling the geometry and material properties was 
described in this section. The settings of boundary conditions and loads were also 
explained. 
 

3.1 Bridge Description 
 
As authors mentioned in Design of Highway Bridges[10], a truss bridge consists of 

two main planer trusses tied together with cross girders and lateral bracing to build a 
three dimensional truss, which could resist a general system of loads. A bridge truss 
has two major advantages: (a) the primary truss member forces are axial forces; (b) the 
open-web system permits the use of greater overall depth than for an equilibrium solid-
web girder, which could reduce the deflections to make the structure more rigid. These 
two factors lead to economy in materials and a reduce in self-weight. The truss has 
become almost standard stiffening structure for the conventional suspension bridge, 
largely because of its acceptable aerodynamic behaviors. Trough-truss bridges are the 
bridges whose longitudinal stringers that support the deck slab are at the level of the 
bottom chord.  

In this study, a steel deck-through truss type bridge was treated as the example 
bridge, which was originally designed in Japan. The bridge design specified by Khuyen 
and Iwaski[11]. This bridge only has one single span, which is 90.0m in length and 



8.5m in width. The height of the bridge is 11m. The details of the bridge design was 
shown in Figure 3.1 below. There were 23 types members with 6 different types of 
member shapes applied in the bridge, which were presented in Figure 3.2. The detail 
information for each type of members could be checked in Table 3.1 below. At the 
same time, a 200mm thickness concrete deck also lied on the bridge. 

 

 
Figure 3.1 Original Design of Bridge[11] 

 

 
Figure 3.2 Member Shape Configuration[11] 

 
  



Table 3.1 Detail of Bridge Member Configuration[11] 

Member Shape Web (mm) Upper Flg.(mm) Lower Flg.(mm) 

U1 Box-1 575×14 570×10 500×10 

U2 Box-1 575×14 570×18 500×18 

U3 Box-1 575×22 570×18 500×18 

U4 Box-1 575×22 570×22 500×22 

L1 Box-2 540×14 500×10 570×10 

L2 Box-2 540×14 500×14 570×14 

L3 Box-2 540×15 500×18 570×18 

L4 Box-2 540×15 500×19 570×19 

D1 Box-1 575×14 570×10 500×10 

D2 H 472×14 445×14 445×14 

D3 Box-3 478×10 445×11 445×11 

D4 H 472×9 445×14 445×14 

D5 Box-3 480×9 445×10 445×10 

EP I 1200×9 300×14 300×14 

CB I 1300×9 350×15 350×12 

UL I 176×9 200×12 200×12 

LL1 T 226×11 - 300×15 

LL2 T 179×10 - 300×16 

LL3 I 163×10 300×16 300×16 

S1 I 800×9 240×15 240×15 

S2 I 800×9 240×13 240×13 

F1 C 174×8 90×13 90×13 

F2 C 274×8 90×13 90×13 

 
3.2 Geometry 
 
In this section, the development of finite element model was presented. The example 

bridge was modeled on ANSYS 17.2 Workbench, a finite element analysis software. 
Because the study concentrated on the system behaviors, the line body was introduced 
to model the bridge instead of general solid body for convenience. Thus, the member 
cross section deformation and local buckling could be neglected. This kind of model 
could simplify the simulation progress and decrease the computation time. Cross 
sections for each member were also modeled by defining member shape configuration. 
The member physical properties were used to calculate the member stress in the 
following simulations, which could be checked in Table 3.2. The finished truss bridge 
geometry was shown in Figure 3.3. Based on the actual boundary condition of the 
bridge, the bridge support condition was set as simply support at four bridge corners. 
 
  



Table 3.2 Member Physical Properties 

Membe
r 

A (m2) Ixx (m4) Iyy (m4) Iw (m6) J (m4) 

U1 0.02680 1.2307×10-3 1.3221×10-3 1.0641×10-6 1.7412×10-3 

U2 0.03536 1.8982×10-3 1.5289×10-3 1.6174×10-6 2.3887×10-3 

U3 0.04456 2.1170×10-3 2.1898×10-3 7.5261×10-7 3.0344×10-3 

U4 0.04884 2.4327×10-3 2.2932×10-3 1.7036×10-7 3.3752×10-3 

L1 0.02582 1.1668×10-3 1.2574×10-3 7.8469×10-7 1.7645×10-3 

L2 0.03010 1.5026×10-3 1.3608×10-3 9.9894×10-8 2.1232×10-3 

L3 0.03546 1.8744×10-3 1.5398×10-3 1.0789×10-6 2.5052×10-3 

L4 0.03653 1.9622×10-3 1.5656×10-3 1.6140×10-6 2.5701×10-3 

D1 0.02680 1.2307×10-3 1.3221×10-3 1.0649×10-6 1.7406×10-3 

D2 0.01935 0.8752×10-3 0.2199×10-3 1.2960×10-5 1.2936×10-6 

D3 0.01935 0.7674×10-3 0.5159×10-3 5.4470×10-7 0.8591×10-3 

D4 0.01671 0.8148×10-3 0.2056×10-3 1.2135×10-5 9.3767×10-7 

D5 0.01754 0.7002×10-3 0.4654×10-3 5.3640×10-7 0.7747×10-3 

EP 0.01920 4.3911×10-3 6.3073×10-5 2.3207×10-5 8.6000×10-7 

CB 0.02115 5.7020×10-3 9.6548×10-5 4.1086×10-5 9.3304×10-7 

UL 6.3840×10-3 4.6559×10-5 1.6011×10-5 1.4104×10-7 2.7528×10-7 

LL1 6.9860×10-3 3.3918×10-5 3.3775×10-5 1.0950×10-9 4.3900×10-7 

LL2 6.5900×10-3 1.7276×10-5 3.6015×10-5 
9.4022×10-

10 
4.6724×10-7 

LL3 0.01123 8.0712×10-5 7.2014×10-5 5.7633×10-7 8.7108×10-7 

S1 0.01440 1.5797×10-3 3.4609×10-5 5.7361×10-6 7.4803×10-7 

S2 0.01344 1.4152×10-3 3.0001×10-5 4.9470×10-6 5.5950×10-7 

F1 3.7320×10-3 2.4002×10-5 3.0541×10-6 1.8991×10-8 1.5359×10-7 

F2 4.5320×10-3 6.1933×10-5 3.4937×10-6 5.0538×10-8 1.7163×10-7 

 

 
Figure 3.3 3D Steel Truss Bridge Geometry  

 
The structural steel of the bridge is Japanese steel SM490A. Both linear elastic 

properties and nonlinear plastic properties were used in simulations, and the stress-



strain curve was shown in Figure 3.4. Different from linear material, nonlinear material 
has nonlinear relationship between stress and strain. Therefore, bi-linear hardening 
material model was introduced to generate in simulations. In this model, two stages 
were applied to simulate the elastic deformation and plastic deformation. The yield 
stress was also set as 315MPa, which was same to the linear material model. Referred 
to the NCHRP 776 report, members would reach the ultimate limit state when the 
maximum strain in the member reached 0.02. Thus, The value of strain hardening 
modulus was set as 1450MPa, which could make the observed ultimate tensile or 
compressive stress of 341.7MPa. The other linear or nonlinear material properties 
could be checked in Table 3.3 and 3.4. 

 

 
Figure 3.4 SM490A Stress-Strain Curvature  

Table 3.3 SM490A Linear Material Properties 

Density Young’s Modulus Poisson’s Ratio Bulk Modulus 

7850 kg/m3 200 GPa 0.3 1.6667×105 MPa 

Shear Modulus 
Tensile Yield 

Stress 
Compressive Yied 

Stress 
Tesile Ultimate 

Stress 

7.6923×104 MPa 315 MPa 315 MPa 341.7 MPa 

 
Table 3.4 SM490A Nonlinear Material Properties 

Density Young’s Modulus Poisson’s Ratio Bulk Modulus 

7850 kg/m3 200 GPa 0.3 1.6667×105 MPa 

Shear Modulus Yield Stress Tangent Modulus - 

7.6923×104 MPa 315 MPa 1450 MPa - 

 
3.3 Loads Description 
 

Depending on the evaluation recommendations, two types of loads were 
considered to apply on the bridge on simulation purpose: permanent loads and 
transient loads. 

The permanent loads extend for the whole bridge service life, therefore, dead load 
of structural components and nonstructural attachments, dead load of wearing surface 



and utilities, dead load of earth fill, earth pressure load, earth surcharge load, locked-in 
erection stresses and down drag could be considered. In this study, the dead load of 
structural components was considered as the only permanent load on the bridge, which 
includes the self-weight of truss members and concrete deck. Based on the 
recommendations of evaluation, The transient loads were assumed to consist of two 
standard AASHTO HS-20 vehicles with typical axle forces of 8kips, 32kips and 32kips 
and the lane loads of 0.64kips/ft. The details of AASHTO design truck loads could be 
checked in Section 2.2. These two vehicles were set side by side, and the distance 
between these two vehicles was 4ft. Considering that these loads should product the 
most critical effect on the bridge, The most eccentric wheel line was set at 1ft from the 
edge of the bridge as the lateral loading position, which was shown in Figure 3.5. The 
considered loads, both permanent loads and transient loads, are caused by the weight 
of an objects on or the self-weight of the bridge. Thus, these loads could be referred as 
gravity loads, which were applied in a downward direction. 

 

 
Figure 3.5 Lateral Loading Position  

 
The dead loads were calculated using the self-weight of steel structure with a steel 
density of 7850 kg/m3 and a 0.2 m thick concrete layer across the decking with a 
concrete density of 2400 kg/m3. For the steel structure, the standard earth gravitational 
acceleration of 9.81 m/s2 was applied in the case. The concrete density was used with 
the dimensions across the decking of the bridge. In order to simplify the simulation 
model, the concrete deck could be seemed as an external force directly applied on the 
truss structure, instead of as an component lying on the stringers. However, without the 
solid part of concrete deck, there was no other component to transmit the transient 
loads to the stringers, so these external forces were also transformed to the forces 
which could be directly applied at stringers through the basic calculations of structural 
analysis. The applied dead loads on the stringers was shown in Figure 3.6. 



 
Figure 3.6 The Scheme of Applied Dead Loads on Stringers 

 
the live loads consisted of two AASHTO HS-20 truck loads and lane loads. Due to 

the two HS-20 trucks were placed side-by-side on the bridge, there were two traffic 
lanes to consider. As discussed at the beginning, the width of the vehicles was 6 ft 
(1.8288 m), and the space between these two trucks was set as 4 ft (1.2192 m). As the 
critical lateral loading position was discussed before, therefore, the right side of the first 
truck was 1 ft (0.3048 m) from the edge of pavement, and the right side of the second 
truck was 11 ft (3.3528 m) from the edge of pavement. The HS-20 truck loads pattern 
could be observed in Figure 3.7. The first lane load position was 4 ft (1.2192 m) from 
the edge of pavement, and the second lane load position was set as 14 ft (4.2672 m). 
In load calculations, force balance was used to calculate the force carried by girders 
with same load effects. Thus, the applied live loads on the stringers could be observed 
in Figure 3.8 and 3.9. 

 

 
Figure 3.7 HS-20 Truck lateral Loads Pattern 

 



 
Figure 3.8 The Scheme of Applied Lane Loads on Stringers 

 

 
Figure 3.9 The Scheme of Applied Truck Loads on Stringers 

 
 
4. Results 
 

4.1 Redundancy in the steel truss bridge 
 

Referred to the field study in evaluation methods, the direct evaluation method 
originally provided in NCHRP 406 report was used in this study to evaluate the steel 
truss bridge. This method could provide a good solution with simplified procedure to 
bridge the gap between member safety level check and system redundancy level check. 

As the lateral critical loading position had already set in the modeling section, the 
first step of the evaluation part was to identified the specific longitudinal loading position 
on the structure for the HS-20 vehicles to produce the most critical loading effect. In this 
step, the impact factors were not applied into the analyzing model. Linear elastic model 
was used to generate the cases and find the maximum tension stress and compression 
stress in the system for different impact forces loading positions. The applied dead 
loads would never change, and only two side-by-side HS-20 trucks were placed on the 
structure without any increment as the applied live loads. The trucks’ front wheel moved 



from bridgehead (L=0m) to the end (L=90m) shown in Figure 4.1. The maximum 
tension stress and compression stress in the main truss for each loading position could 
be obtained from the simulations. After collecting the data, an influence line for the 
system was found shown in Figure 4.2. This results revealed that when the trucks front 
wheel was at 24.411m, the loads provided the most critical loading effects on the 
tension member shown in Figure 4.3. The following simulations and calculations were 
all relied on this loading position, and the critical loading pattern of this structure was 
settled down without any change until the result of the redundancy factor was obtained. 
Therefore, combining the lateral critical loading position and longitudinal critical loading 
position, the critical loading pattern could be revealed in Figure 4.4. 

 
Figure 4.1 System Influence Line Operation 

 

 
Figure 4.2 System Influence Line 

 

 
Figure 4.3 System Influence Line 

 



 
Figure 4.4 The Scheme of the Critical Loading Pattern 

 
The next step was to use the AASHTO specifications to get the require member 

capacity Rreq. For the calculation, the value of factor φ was assumed as 1.0, and γd was 
set as 1.25 for component dead load. γ1=1.75 was used for the base load combination 
case. I=0.33 was set as impact load factor. The factor Rreq for this bridge was equal to 
179.95MPa. Similarly, the dead load effect D and truck loads effect LHS-20 on the most 
critical member were also found equal to 74.63MPa and 44.02Mpa. Thus, the factor 
LF1,req for the bridge was equal to (179.95-74.63)/44.02=2.39. The load factor LF1 was 
calculated by analyzing the linear elastic structure model. The LF level was increased 
from 1.0. When the LF=6.4, the critical member was just beyond the member failure 
limit state. Therefore, it could be confirmed that LF1 was equal to 6.4 when the first 
member failure occurred. Hence, the member reserve ratio r1 was found as 
(6.4/2.39)=2.68. 

With similar process, but through Nonlinear plastic model analysis, the system 
reserve ratio Ru and Rf were found by increment the loads of the HS-20 vehicles. As 
shown in Figure 4.5, with incremental truck loads increasing, the maximum stress in the 
system was also increased. When the load factor LF reached 6.4, the slope of the 
curvature was decreased. It was because that the most critical member started to yield, 
and the strain of this member developed quickly. When the member reaches its 
ultimate state limit, the factor LFu=8.1 was observed. At this point, it was defined that 
the whole system was collapse. Similarly, the curvature of the maximum displacement 
in the system, which was shown in Figure 4.6, revealed that the maximum 
displacement was also increased with truck loads increment. When the most critical 
member reached its yielding point, the large strain development speed up the system 
displacement increase. However, when the system reach its functionality limit state as 
maximum displacement is equal to (90/100)=0.9.m, the factor LFf was equal to 8.7, 
which is larger than the ultimate limit state. Hence, LFf=LFu=8.1 could be used to 
calculate the system reserve ratios. Therefore, the system reserve ratios Ru and Rf 
were both equal to 1.3, and the system redundancy ratios ru and rf were equal to 1.0 
and 1.2, which were greater than 1.0, so the bridge had a sufficient level of redundancy 
to satisfy the ultimate limit state and the functionality limit state. 



 
Figure 4.5 Maximum Stress with Incremental Truck Loads 

 

 
Figure 4.6 Maximum Displacement with Incremental Truck Loads 

 
For calculating the system reserve ratio Rd, the members whose failure might be 

critical to the structure integrity of the bridge were identified. Due to the tension 
members are prone to fatigue or are fracture critical, the four members shown in Figure 
4.7 was assumed to be the critical members to find the damaged condition limit state. 
Firstly, removing the critical member 1 and increment the truck loads till the system was 
collapse, the load factor LFd=7.3 was observed. Next, Placing member 1back and 
removing member 2 to repeat the simulation, the second load factor LFd=5.4 was also 
obtain. After repeating this step, all the critical members were checked. As we could get, 
the minimum value of the LFd for this loading pattern was equal to 5.4. In general 
procedure all critical loading patterns for different critical members should be check, 
and find the minimum value of LFd from all the results. However, in this study, these 
four critical members actually were the same member due to the symmetric geometry. 
Thus, the tested loading patterns were also same. The only differences were that the 
truck loads might be applied in the different way since the truck might drive from the 
end of the bridge (90 m) to the head (0 m), and the lateral critical loading pattern might 
be change since truck might drive close to another edge of the bridge. Therefore, the 
ratio Rd and rd were calculated as (5.4/6.4)=0.8 and (0.8/0.5)=1.6. Due to rd=1.6>1.0, it 



indicated that the bridge could provide a sufficient level of redundancy to satisfy the 
damaged condition limit state. 

 

 
Figure 4.7 Critical Members with Load Factors for Damaged Limit State 

 
In general, the redundancy factor was calculated as φred=2.68, which is larger than 

1.0, and it indicated that the bridge under consideration had an adequate level of 
system safety. 

 
4.2 Development of ALPs in the steel truss bridges 

 
Member collapse by fatigue effect or sudden impact load would decrease the 

bridge performance, even would cause the whole system collapse. The damaged 
condition limit state was to evaluate the redundancy of bridge when some member was 
damaged. High redundancy of damaged condition limit state would provide high 
possibility to limit the damage and to repair the damage. Thus, increasing the damaged 
condition limit state is necessary. Existing corrective measures includes changing the 
bridge topology, strengthening the bridge member, or decreasing the rating of the 
bridge. Different from existing corrective measures, the investigated method tried to 
add several small members (ancillary members) near the potential damaged members 
on the bridge. These members would not participate in force before the critical member 
was failed. But once the critical member lose its carrying capacity, these members 
would join to work. They could not only help to carry the loads, but also could control 
the joint displacement to make the structure stable, which was able to buy time for 
damage repair. From the angle of constructing course, this method requires simple 
constructing method easy to meet, and the time spending on construction is short.  

In this section, the investigated corrective method model was settled, and four 
critical members shown in Figure 4.7 were involved in the test. Under each member 
damaged condition, three ancillary members were added on the structure, which was 
shown in Figure 4.8. The length of the ancillary members was set as 1/10 length of the 
critical member, which was nearly equal to 1.21m. The material was kept using 
SM490A structural steel. The cross section of the members was assume to be 
foursquare. However, in order to ensure that the ancillary member would not break 
before the system collapse, which means the stress in the ancillary member would not 



larger than the stress in the main truss, the minimum cross-section area of the ancillary 
members was investigated. After comparing four different cases, the minimum value of 
the side length of the square was equal to 0.17m. Thus, the cross-section area should 
not be less than 0.0289m2. At the same time, the slenderness ratio could be introduced 
to measure the minimum require of the ancillary members, which was equal to 41.9m-1. 
It stated that the slenderness ratio of the ancillary members should not be less than 
41.9m-1, when the tested strengthening mode was accepted. For the following 
parametric studies, the side length of the square was assumed as 0.17m. 

 

 
Figure 4.8 Ancillary Members Setting Locations 

 
Because the ancillary members were assumed not to participate in force before the 

critical member failed, the damaged condition limit state was the only part need to 
considered. At the same time, the small volume of the ancillary members make the 
negligible dead loads adding on the bridge, so the member safety check did not need 
to recalculate. With the same procedure to calculate the damaged condition limit state, 
the nonlinear analysis was also generated for the strengthened structure. The results 
was shown in the Table 4.1 to Table 4.3. The incremental load factor LFd were 
increased nearly 3.7% to 16.7%. The system reserve ratios Rd were increased nearly 
3.9% to 16.0%. The system redundancy ratios rd were increased nearly 3.9% to 16.0%. 
Although this corrective measure could increase the system redundancy for the 
damaged limit state, it was difficult to find an average level of the improvement. It was 
because that the damaged limit state depended on the critical members location to a 
great extent. But it could still be concluded that adding several small ancillary members 
could efficiently increase the damaged condition limit state as shown in Figure 4.9. 
 
Table 4.1 Incremental Load Factor Comparison 

 Member 1 Member 2 Member 3 Member 4 

LFd 7.3 5.4 6.0 8.2 

LFd,cor 8.2 6.0 7.0 8.5 

Difference % 12.3 11.1 16.7 3.7 

 
 



Table 4.2 System Reserve Ratio Comparison 

 Member 1 Member 2 Member 3 Member 4 

Rd 1.14 0.84 0.94 1.28 

Rd,cor 1.28 0.94 1.09 1.33 

Difference % 12.3 11.9 16.0 3.9 

 
Table 4.3 System Redundancy Ratio Comparison 

 Member 1 Member 2 Member 3 Member 4 

rd 2.28 1.68 1.88 2.56 

rd,cor 2.56 1.88 2.18 2.66 

Difference % 12.3 11.9 16.0 3.9 

 

 
Figure 4.9 System Redundancy Ratio Comparison 

 
 
5. Conclusions 
 

The purpose of this study was to evaluate the steel truss bridges redundancy and 
to find a new method to strengthen the bridges, which could limit the damage and allow 
rapid repair. The primary objective was to evaluate the system redundancy of the steel 
truss bridge. The secondary objective was to assess resistance of the bridge system 
with critical members removal. The next objective was to create a new method or to 
revise the existing methods for preventing total or immediate collapse. The last 
objective was to provide full package of evaluation process and improvement 
suggestions. 

The procedure of this research followed the outline in report NCHRP 776 and 
NCHRP 406. The exampled bridge was a steel deck-through truss type bridge originally 
designed in Japan. The simulation was generated in both linear elastic model and 
nonlinear plastic model. The exampled bridge evaluation was fully completed, which 
includes identifying specific loading positions, calculating member redundancy ratio and 
system redundancy ratio, also with the redundancy factor. For limiting the damage and 
allowing rapid repair after system collapse, the new corrective measure was tested and 
compared. The fully evaluation procedure with finite element analysis method was 
developed, and the strengthening suggestion was also provided. 



This research investigated the development of load paths in a through-type steel 
truss bridge. It indicated that finite element analysis method could provide accurate 
bridge evaluation results with efficiency. The results revealed that the tested bridge had 
an adequate level of system redundancy. Adding several small ancillary members could 
efficiently increase the damaged condition limit state, which means that this new 
corrective measure could provide the possibility to limit the damage and to allow rapid 
repair after member deterioration occurring. 

Since the critical member selection was flexible to researchers, the result of 
redundancy factor might be different in some way, especially in damaged condition limit 
state calculations. In this study, the redundancy analysis was focused on fracture 
critical members in the structure, it was because the tension members were prone to 
fatigue and easy to break as fracture failure. However, the compression members 
should be also considered as critical members. Although compression member would 
not lose its capacity suddenly, compression member deterioration might still be able to 
cause joint displacement increasing rapidly, which could aggravate the load to other 
members as same as fracture member failure. On the other hand, the damaged 
condition limit state calculation based on overall consideration, which means that more 
critical members were considered, the result come with more accuracy. Therefore, the 
analysis based on compression members should be covered in the future work. For the 
improvement of universal applicability of the investigated bridge strengthening method, 
more bridges with different types should be tested. The study on the specifications of 
ancillary member in different situations is also recommended. 
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