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Abstract
E———

This paper analyzed the mechanical behavior of a railway bridge by the Finite Element Method and by monitoring strain deformations with exten-
sometry during its operation. To represent the situations that occur in its operation, tests were made with train braking. The results of monitoring
the bottom cross section of column P15 of the bridge are presented. Based on the obtained data, the deformations occurring during the tests are
verified against the calculated values obtained by the FEM method and those prescribed by NBR 7187(2003). The comparison between the real
behavior of the structure, recorded experimentally through extensometry, and the numerical forecast and its assumptions from the project con-
ceived was done. From this comparison, it verified that the value of longitudinal force due to braking recommended by the standard is appropriate.

Keywords: railway braking. railway bridge. NBR 7187 (2003). extensometry. bridges.

Resumo
E——

Neste trabalho foi analisado o comportamento mecanico de uma ponte rodoferroviaria com o calculo através do Método dos Elementos Finitos
e com o monitoramento com extensometria das deformagdes obtidas durante sua operacéo. Para representar as situagdes que ocorrem em sua
operacéo, foram feitos testes com frenagem de trem. S&o apresentados os resultados do monitoramento da segao transversal da base do pilar
P15 da ponte. Com base nos dados obtidos, foi verificado se as deformagdes ocorridas durante os testes estdo ou ndo de acordo com o calcu-
lado pelo método numérico e o prescrito na norma NBR 7187(2003). Foi feita a comparagéo entre o comportamento real da estrutura, registrado
experimentalmente através da extensometria, e a previsdo numérica a partir do projeto idealizado. A partir dessa comparacao, verificou-se se o
valor da forga longitudinal devida a frenagem recomendado pela norma esté adequado.
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Analysis of the braking longitudinal force considered by NBR7187 (2003) through a case study

1 Introduction

EE

A structure’s integrity should be analyzed regularly throughout its
lifespan to avoid potential problems caused by geometric flaws,
differential foundation settling, and design or construction errors.
Non-destructive methods are the best way to ensure the absence
of structural problems because, as the name implies, they do not
damage the structure. One such method is extensometry, which is
a technique for monitoring strain. In this study, extensometry was
used on a railway bridge.

The train traffic on a bridge causes stresses in the structure that
can be calculated from the strain data at previously defined points.
The moments and loads that cause these deformations can be
calculated from the geometric data of a cross section.

The main reason for monitoring braking is to determine the stress
transmitted to the mechanical anchors installed at the anchor
points of a mixed-structure bridge.

When a train is passing over a bridge, the superstructure’s sec-
tions work alternately under tensile and compressive loading as
the train arrives at subsequent sections of the bridge.

Due to the alternating forces along the bridge, it is necessary to
monitor the strains in strategic sections throughout testing, and ex-
tensometry is used for this purpose.

Extensometry is a technique used for experimental measuring and
the recording of strains and stresses in metal or reinforced concrete
structures under loading or thermal gradients, among other uses.
The strain in several parts of a real structure, under service condi-
tions, can be measured with accuracy and without damaging the
structure while maintaining the loads under stress levels compatible
with its bearing capacity. This measurement allows for a quantitative
analysis of the strain distribution under real operating conditions.

In the elastic region of a given material’s stress-strain diagram,
with the strain being directly proportional to the deformation, it was
possible to determine the stress at a given section of a structural
element by using the measured strain multiplied by the material’s
modulus of elasticity (E).

With these data, it was concluded that extensometry made it pos-
sible to monitor the stress distribution variation along the sections
of a bridge during its operation based on the measured and digi-
tally recorded strain values.

To analyze the structure’s theoretical behavior and compare the
calculated strain values with those measured using extensometry,

Figure 1 - Cross section of the bridge
with road lanes (3)
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Figure 2 — General diagram of the bridge
with subdivisions (3)
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it was necessary to calculate the stresses and strains using a nu-
merical method. The method used in this study is known as the
finite element method (FEM).

The road and railway bridge studied is part of a railroad respon-
sible for the operation of the longest train in the world, which is
over three kilometers long. This train is used mainly to transport
iron ore and manganese ore in addition to passengers. The bridge
has a total width of 19.40 m and total length of 2,344 m, and its
superstructure is defined by a single-celled metal box topped by a
concrete deck, pre-stressed in its longitudinal direction and operat-
ing in a composite manner. The box is 6.00 m wide, on which the
entire rail bed sits.

In addition to a railroad, the bridge also contains a state highway.
The lateral road lanes are built on angle bars attached by screws to
the central box, supporting metal cross beams every 11 m, which in
turn are topped by decks containing composite beams. The box’s
slab is also pre-stressed. The total width of each road section is
6.00 m, including guardrails (see Figure 1).

The monitored structure consisted of a road and railway bridge
subdivided into 5 sections with lengths of 550 m, 550 m, 165 m,
550 m, and 465 m, totaling 2,344 m of length. All spans were 55
m long, except for the 165-m section, which had a central span of
77 min length over a navigable channel and was equipped with an
auxiliary upper arch with adjacent spans of 44 m each. The bridge
had, in the railway portion, a metal box central section (special
anti-corrosion steel SAC-50, Class Il) with a reinforced concrete
deck in the span and pre-stressed on the support, characteristic of
a composite structure. The highway lanes were constructed using
the angle bar process and mixed grill and were fixed at transverse-
ly stiffened points of the box.

The columns were composed of reinforced concrete with cellular
cross sections and were made with sliding molds [3].

The bridge was built using the incremental launch method, where
the entire superstructure, with previously built columns, was lon-
gitudinally pushed by means of special jacks capable of providing
both horizontal and vertical movement.

Figure 2 shows a schematic overview of the bridge. Letters (A) to
(E) refer to sections 1 to 5, respectively.

Section 2, the modeled section, is 550 m long from the expansion
joint of column P10 to the expansion joint of column P20. The fixed
anchorage point of the longitudinal forces of this section is column
P15 (monitored column), 21.85 m high, with a hollow cross section
with external dimensions of 10.00 m x 7.50 m and internal walls
that define eight chambers. These dimensions provide significant
column bearing capacity to resist shear forces and bending mo-
ments arising from the braking and acceleration forces from both
the railway and the highway.

Columns P11 to P14 and P16 to P20 have hollow cross sections
with external dimensions of 6.00 m by 1.50 m. The columns’ faces
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that cross-cut the river are rounded to minimize the current forces
and hinder the trapping of floating objects, with heights ranging
between 23 m and 24 m.

The anchoring system of column P15 is formed by studs and shear
wrenches responsible for the transfer of longitudinal forces from
the superstructure to the column.

1.1 Objectives

This study’s main objective was to analyze the mechanical behav-
ior of a road and railway bridge by monitoring the strain occurring
in the cross section of the base of a bridge column during its op-
eration.

The specific goals of this study were to analyze the stress distribu-
tion in the monitored section during its operation, analyze the theo-
retical behavior of the bridge structure when under the influence
of known loads according to the standard NBR 7187 (2003), and
verify whether the value of the longitudinal force due to braking,
given by the standard, was appropriate.

1.2 Background

There are times when the understanding of a railway bridge’s bear-
ing capacity becomes necessary so that trains with increased loads
(i.e., heavier wagons or greater lengths) can travel over it safely.
The bearing capacity of a railway bridge can be determined by
testing, provided there is a train with defined features on a deter-
mined section of the thoroughfare.

However, in addition to the difficulty of having a train and a com-
mercial thoroughfare available for testing, this procedure is often
not feasible because, as in the case of a railway system, a train or
a thoroughfare still in the design stage does not exist. Moreover,
when investigating the speed limit for existing trains, certain testing
conditions can lead to loss of control of the train, with consequent
risks and losses.

Thus, there has been a need for a reliable simulation process that
allows the necessary tests for a given system’s optimization to be
carried out rapidly and safely, or for various possible conditions to

Figure 3 - Location of the extensometers
installed in column P15 (2)
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be simulated so that the most appropriate solution can be selected.
However, this simulation process is no more accurate than per-
forming actual tests with a train possessing the necessary char-
acteristics and a study thoroughfare. This article highlights the dif-
ficulty of accomplishing the tests described in this study. The tests
required complex logistics so that their completion would interfere
minimally with the railroad’s operation.

In addition, this study conducted tests using the train considered the
longest in the world, which made those tests even more significant.
No record has been identified in the scientific literature concerning
the extensometry monitoring of a road and railway bridge during
the passing and braking of trains with variable loads and speeds.
Thus, the analysis and publication of such data will be of utmost
importance to the technical community with respect to bridge de-
sign because the work presents the foundation for a discussion
about the value recommended by the Brazilian standard for the
load due to train braking.

1.3 Methodology

The methodology used to establish the actual distribution of stress-

es in the bridge column section during its operation was intended

to analyze the measured strains and then, knowing the modulus of

elasticity of the steel used in the structure’s construction, to calcu-

late the respective stresses.

To analyze the bridge’s theoretical behavior, these stresses were

calculated using FEM by introducing the geometrical character-

istics of the materials, loading, and movement restrictions in the

model created to represent the bridge structure.

Only one of the bridge’s five sections was modeled (section 2) be-

cause each section operated independently from the others. The

chosen section exhibited fewer modeling difficulties compared to

the others in terms of the auxiliary arch and abutment locations.

The bridge’s monitoring was conducted through the installation of

electric extensometers on the reinforcing steel of the concrete col-

umns. Data acquisition was performed using data acquisition sys-

tems and software provided by Lynx Tecnologia. The software used

for data acquisition and subsequent processing was AqDados®,

and the signal analysis and processing module in that software is

called AgDAnalysis®, version 7.2. The data acquisition system for

monitoring was the ADS2000 model with an Al2161 conditioner.

Figure 3 shows the location of the extensometers whose strains

were analyzed in this study, those installed in abutment column P15.

The following procedure was followed to install the extensometers

on the column reinforcements.

a) Determination of the position of the steel rebar to be instrument-
ed with a pachometer

b) Delimitation of the concrete area to be removed with a marble
cutter

c) Removal of the concrete covering layer with a chisel or jack-
hammer

d) Sanding of the rebar, to remove dents, with an electric sander

e) Manual sanding of the rebar with sandpaper

f) Cleaning of the rebar with isopropyl alcohol

g) Placement of the electrical resistance extensometer with cya-
noacrylate ester adhesive (super glue)

h) Welding of the cables with a three-wire connection

i) Electrical insulation of the wiring with electrical tape

j) Mechanical protection with epoxy resin adhesive

IBRACON Structures and Materials Journal 2014 +vol. 7 +n°5
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Table 2 - Height of section 2 columns

Column Height (cm)

P10 2326.3
P11 2398.8
P12 2402.9
P13 2405.0
P14 2405.0
P15 2185.0
P16 2405.0
P17 2405.0
P18 2405.0
P19 2405.0
P20 2405.0

k) Verification of the extensometer’s operation with a multimeter
and data acquisition system
1) Closure of the gap with grout
The tests cited in this study occurred in stages. The trains passed
and braked on the bridge at different speeds and loads. Furthermore,
the composition of the trains (type and number of wagons and lo-
comotives) also differed throughout the tests and assays. Because
the bridge experienced a high flow of material and passenger trans-
portation, such tests and assays were planned to minimize the time
losses caused by the braking and speed changes. The speeds of the
trains did not exceed the railroad’s minimum and maximum operating
speeds (as defined by the company responsible for the railway) so
as not to cause damage to the bridge structure or to the locomotives.
The stresses verified in the section under study were compared
with those calculated by numerical analysis, taking into account
the stresses prescribed by the NBR 7187(2003) standard and,
whenever possible, understood from theoretical considerations
based on the technical literature.
To calculate the theoretical strain values according to the NBR7187
(2003) considerations, section 2 of the bridge was modeled in soft-
ware that used the FEM in its calculations. The software used in
this study was selected for its ease of handling and for being a pro-
gram widely used in bridge design. The use of specific bridge soft-
ware was not necessary because this study did not aim to design
a bridge, only to perform a simple analysis of an existing bridge.
For this study to be successful, it was necessary to make simplifi-
cations that significantly reduced the time spent on modeling and
minimized interference in the analyzed results.
Because the bridge is composed of five structurally independent
sections, it was not necessary to model the entire bridge, and only
one section was modeled. Section 2 was chosen as the easiest
section to be modeled because it does not have abutments, such
as in sections 1 and 5, nor an arch, such as in section 3. Section 4
could have been chosen for having one fewer span than section 2,
but only one column of this section was monitored.
Once the section to be modeled was chosen, the modeling com-
menced with the variable height columns, as observed in Table 2. The
columns were represented by bars with their moment of inertia value
defined according to the column cross-sections, shown in Figure 4.

The superstructure of the bridge was also modeled as a bar. Simi-
larly, this bar had its moment of inertia value calculated for the
metal box and the concrete deck. It was not necessary for the bars
to have the same weight as the bridge elements because this load
did not affect the strain variation during train braking.

To represent the elastometer-type support devices on top of the
columns, the connection between the columns and the metal box
was modeled to allow for rotation between the box and columns.
Thus, there was no encasement between the box and the columns.
After section 2 was modeled, the horizontally distributed load rela-
tive to the braking was included throughout the section, consid-
ering a slowdown of 15% as recommended by NBR7187 (2003).
The train-type to be considered was the TB360, taken from the
standard, and the impact coefficient was equal to 1.28.

The main objective of this study was to compare the calculated
strains with the measured strains. To this end, a comparison was
made considering the same situation in both the model and the
real structure. The presented graphs refer only to the time when
the train was passing and braking while loaded on the monitored
section. Because the time the train took to pass through a section
was at most 10 minutes, the only relevant loads with varying val-
ues were the braking load and that due to the train’s weight. There-
fore, only these loads were included in the model created in the
software. In this way, the strain variations were compared between

Figure 4 - Cross sections of the columns
in section 2. Dimensions in cm (6)
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the instant when there was no train on the section and the instant
when the train filled the entire section, which is the time when the
greatest strains occurred.

A centrifugal load does not act on the bridge because there is no
curve in section 2. It was noted that, during the time represented in
the graphs, the wind did not cause a relevant effect on the base of
the columns, and neither did the temperature because there was
not enough time for a major variation to occur. The other loads did
not vary during monitoring, so they did not influence the measured
strain variations and were therefore not included in the model.
The loads related to passing vehicles on the highway were disre-
garded because the vehicles that travel there, when compared to
the trains, exert very little influence on the measured strains. This
situation was verified during testing. Finally, the side impact was
not considered because it was a load transverse to the axis of the
bridge that did not interfere with the bending moment in the ana-
lyzed direction, depicted as direction y.

After the structure of section 2 was modeled and the loads entered,
the analysis was performed and the bending moment value at the
base of the bars that represent the columns was extracted. To cal-
culate the strain caused by the bending moment in the software,
the normal stress was calculated, followed by the resulting strain.
The performed analysis was elastic because the stresses along the
section were not greater than the yield strength. Therefore, the calcu-
lations were performed using Hooke’s Law, which is confirmed below.
The moments of inertia of the sections shown in the mentioned
figures were calculated before including the bars in the model. The
longitudinal direction (the direction of vehicle flow) was relevant to
the analysis. Columns P10 to P14 and P16 to P20 had a moment
of inertia of 1.15 m*, while the fixed column P15 had a moment of
inertia of 143.7 m*.

The concrete used to manufacture the columns had a value de-
fined in the design of the characteristic compressive strength, with

f,. equal to 25 MPa. In assessing the behavior of a structural ele-
ment or cross section, a single modulus of elasticity can be adopt-
ed for both tension and compression, equal to the secant modulus
of elasticity, which is calculated using Equation 1 [7]:

E.=0.855,600f,=0.85-5,60025=23,800MPa (1)

Thus, the modulus of elasticity value used for the calculation of the
column stiffness was equal to 23,800 MPa.

The braking force included in the bridge model developed in the
software accounted for 15% of the vertical load of the type TB360
train used in the transportation of iron ore, as shown in Equation 2:

Frenagem=360*4+120%550-8)*0.15=9,972kN

@

The strain variation value was calculated from the bending mo-
ment extracted from the diagram generated by the finite ele-
ment software.

2 Results and discussion

[

This study was conducted between November 2011 and August
2012 by AJL Engenharia and was based on the results obtained
from monitoring the strain in sections of the road and railway
bridge, as along with numerically calculated strain values and
those from a literature review.

Figure 5 shows graphs of the rebar strain versus time obtained

Figure 5 - Strain graphs of the four extensometers installed in
column P15 during the train's braking (2)
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Table 1 - Summary of the strain and stress
variations in the extensometers at column P15

6 Extensometer 7 Strain variation 8 Stress variation
(Ag) (Ao)
9 E1P15B 10 -13 11 26 MPa
12 E2P15B 183 -14 14 28 MPa
15 E3P15B 16 -10 17 20 MPa
18 E4P15B 19 Qu 20 18 MPa

Figure 6 — Strain graphs due to the normal
force and bending moments in column P15

from the monitoring performed on the road and railway bridge.

The graphs’ ordinates are the specific strain values in p and the

abscissae are the time lengths, in minutes, of the trains passing

over the column. The graphs start at zero so that the analysis
is simpler and faster, presenting the strain variation relative to
the beginning of the graph without any confusion. In addition, the
graphs refer only to the time of the passing train because earlier
or later readings were not relevant to this study. These graphs
show the strains measured by the extensometers installed in the
cross-section located two meters from the base of column P15

during the braking of a loaded train with a total weight of 39,282

tf. Strain variation values were extracted from the graphs, and

the corresponding stress values were calculated and are sum-

marized in Table 1.

Table 1 shows that the strain variation values in extensometers 1

and 2 differ by -1 y, as do the values of extensometers 3 and 4.

Moreover, based on the knowledge of the extensometer positions,

one could infer the direction of the braking force as being from

column P16 to column P14 because only in this direction would
it be possible to cause a greater deformation due to higher com-
pression in extensometers 1 and 2. This direction was correct be-
cause these graphs were generated by monitoring the braking of

a loaded train, which occurred only in the direction Abutment E2

— Abutment E1 so that the iron ore could be exported to the port.

The strain variations shown in the table were the result of a) verti-

cal loading due to the weight of the train and the iron ore it trans-

ported and b) horizontal loading due to train braking. The following
procedure was conducted to calculate the amount of strain result-
ing from the bending moment.

1. Three extensometers were selected (E1P15B — ¢,, E2P15B —
€,, and E3P15B —¢,);

2. A system of equations was assembled with the strain variations
presented by the selected extensometers, where the unknown
variables were the portions due to the normal force b, the bending
moment in the direction transverse to the axis of bridge, ¢, and
the bending moment in the longitudinal direction of bridge a. The
system shown was assembled based on Figure 6, which shows
diagrams of the strain values due to forces acting on column P15’s
cross-section with the arrangement of the extensometers:

—a-b+c=¢-13
—a-b+c=g¢g,-14

a-b+c=¢,-10

- b
2 E4P158 .EJPwB
+
- ®
EIP158 £2P158

3. The system of equations was solved, resultingina=2.0 y,b =
11.5 y, and ¢ = 0.5 y, with a ratio of 4 between the strain caused
by the transverse bending moment and the strain caused by the
longitudinal bending moment.

This ratio of 25% among the strain values showed that the longi-
tudinal bending moment was 4 times greater than the transverse
bending moment, confirming that the forces in the longitudinal di-
rection of the bridge were greater than the forces in the transverse
direction of the bridge at the time monitored.
After the strain due to the bending moment was calculated, the corre-
sponding stress could be calculated by multiplying it by the CA50 steel’'s
modulus of elasticity, E = 200 GPa, resulting in a stress o = 0.4 MPa.
Based on the diagram presented by the software, the bending moment
value due to braking 2 m from the base of column P15 was found to be
197,932 kNm. This value was due only to the braking load because the
connection between the column and the superstructure was pivoted,
meaning there was no transfer of momentum between the two. Thus,
the momentum caused by the vertical load of the train type was not
transmitted to the column. Using equation 3, the corresponding normal
stress was calculated with the data from the concrete section:

My 197,932kNm-3.75m
143.7m*

=5,165kN/m?=5MPa  (3)

Based on the normal stress exerted on the reinforcement farther from
the centroid, the specific strain was calculated using Equation 4:

5,165kN,/m?

()
Etheoretical— E = m = 26’10'6226Ll (4)
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Thus, the strain anticipated during the braking of the TB360 train
2 m from the base of column P15 was equal to 26 p. The strain
variation value due to the bending moment measured by the ex-
tensometers installed in four of the six corners of column P15 was
compared with g, . . =26 p.

The highest bending moment value M in the metal box due to the
TB360 train was 58,073 kNm. The moment of inertia around x |,
calculated for the metal box and considering the concrete of the
composite structure, was 2.43 m#, the position of the neutral axis y
was 3.24 m, and the area A was 0.7 m?. Finally, the normal stress
caused by this bending moment was calculated using Equation 5:

My 58073324

= 2~
0=—=—— > =77431kN/m’=77MPa (®)

Considering the horizontal braking force of 9,972 kN applied on top
of the rails, the normal stress was equal to:

_9STIN_ 9STIN(4B32m_20648N_
0T Wt

MPa  (6)

The yield stress of the USI-SAC-350 steel used to manufacture the
metal box was 350 MPa. The highest normal stress exerted on the
metal box (98.1 MPa) was approximately 28% of the yield stress,
and the stress values in the other 10 columns were irrelevant. Thus,
the application of Hooke’s Law in the calculations was justified.

The measured strain variation value was Ae = 2 y, equivalent to a
moment M = 15,328 kNm from a braking force of 772 kN, which
corresponded to only 7.7% of the value calculated by the Brazilian
standard.

It was noted that the calculated strain variation value was approxi-
mately 13 times the measured strain variation value, confirming
the initial question about the exaggerated braking force value con-
sidered by the NBR7187 (2003) standard.

It is worth noting that the train used in the test is the longest in
the world, with 330 cars. Nevertheless, the strains measured dur-
ing the braking of this train on the bridge were nowhere near the
strains calculated according to NBR7187 (2003).

Another significant observation is that the train braked on the
bridge without reducing its speed to zero. Therefore, it did not ap-
ply the emergency brakes, which would have induced a greater
load on the abutment column due to the greater braking force. This
action was not possible due to the limitations of the railway operat-
ing logistics.

It is also necessary to emphasize that, in reality, train braking oc-
curs in a distributed manner because braking is not solely the re-
sponsibility of the locomotives but also of the wagons.

3 Conclusions

EE

The following points list the main findings of this study.

B A 1200% difference was identified among the strain values cal-
culated by the finite element software according to the require-
ments of NBR7187 (2003) and the strain values measured by
the extensometry monitoring in the abutment column corner re-

inforcements of section 2 due to the trains braking on the road
and railway bridge. This result was due to the standard’s use
of 15% of the train-type load as the braking force, a value that
was exaggerated even when compared with strains measured
during the passing of a train with many wagons.

B The expected values for the strains in the design phase were
always greater than the measured strain values because a se-
ries of simplifications were performed during the design due
to the complexity of the loading to which the bridge was sub-
jected. However, the calculated values in this study exceeded
the exaggerated measured values, indicating that NBR7187
(2003) should be revised so that Brazilian bridges can be de-
signed more efficiently, with greater material savings, because
the calculated forces were lower and closer to the measured
values.

B It was concluded that the NBR7187 (2003) standard for the lon-
gitudinal force due to braking was inadequate, requiring further
analysis with the performance of more tests that can give an
experimental basis for the development of a new theoretical
method to calculate this force.

B The braking force calculated by AREMA [4] for this bridge de-
sign was 9,825 kN = (200 + 17.5*550) for section 2. If Euro-
code EN1991-2 [5] were used, the braking force value would be
20*550 = 11,000 kN. It was found that the braking force calculat-
ed by the Brazilian standard NBR7187 (2003) analyzed for this
study was close to those calculated by the American standard
and the European standard. Therefore, if the braking force cal-
culated by the Brazilian standard has proved exaggerated in its
conservatism, the values calculated using the other standards
mentioned here, despite using other formulations to achieve the
values, are also exaggerated in their calculations.
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