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Abstract Over time railroad tracks have their structural quality varying in function
of traffic accumulation and maintenance. These changes can provoke different track
responses in terms of unexpected stresses and deformations that, in turn, can bring on
some loss of geometric quality and cause impact to the trafficability. Track condition
monitoring can indicate the variation of geotechnical and structural characteristics
in terms of traffic accumulation, maintenance, drainage, etc. The knowledge about
these variations can provide information about the major factors that affect track
behaviour and so support the maintenance planning of a railroad management oper-
ator. The aim of this paper is to propose a procedure for in situ evaluation by moni-
toring geotechnical and structural responses of typical sections of a heavy haul track
(314 kN/axle) in the north region of Brazil. The implemented instrumentation was
conceived using strain gauges for deformation measurements, vertical pressure cells
for stresses monitoring and linear variable displacement transducer (LVDT) coupled
to displacement measurement device (DMD) and tactile sensors. In addition, suction
sensors were installed for measuring negative pore-pressure in the subgrade. From
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the deformations in the web rail and considering an analytical model, it was possible
to determine the wheel dynamic loads. It was observed the load factor values varying
according to train speed and track quality, as well as the influence of the dynamic
load in the stresses over the profile. Concerning the subgrade, the suction pressure
presented slight variation (condition near saturation) during the period of analysis,
so it could influence the track structural responses to the loads.

Keywords Railroads - In situ instrumentation - Heavy haul track - Geotechnical
and structural responses

1 Introduction

The structural condition of the permanent way is related to the stresses and defor-
mations acting on the track components (rails, sleepers, ballast, etc.). Normally, the
methodology in structural analysis is based on the comparison of acting stresses with
respective allowable materials, which should be superior to the allowable ones [1]. In
heavy haul railroads, the pressure among competitors for larger world market shares
requires company strategies to achieve better results [2]. In order to target these
results, companies can speed up vehicles, carry larger volumes of cargo or even both
combined. However, these factors contribute significantly to the increase of stresses
acting on all components of the track over time, considering traffic accumulation and
maintenance actions, especially on heavy haul tracks [3].

Along the traffic accumulation, geotechnical elements of the track, including the
subgrade that crosses different soil horizons, influenced by weathering actions, thus
being susceptible to resistance changes [4].

The function of the track components is to reduce the stresses transmitted by the
dynamic passage of vehicles from the wheel-rail contact to the foundation. Magnitude
of values generated at the interfaces is presented by Esveld [5] and Lichtberger [6].
Also, according to Selig and Waters [7], the loading imposed with the passage of trains
added to the temperature changes generate stressing efforts on the track structure.
These efforts can be classified according to the direction of operation (longitudinal,
transverse and vertical).

Regarding the railroad track quality, it is known that through the track deflection
measurements, it is possible to calculate the track modulus (x) and so obtain the
elasticity and stiffness conditions of the substructure [8]. However, this condition
may be influenced by the presence of voids between the base of the sleeper and the top
of the ballast [9]. Related to geotechnical materials, studies conducted by Tutumluer
[10] at the facility accelerated service testing (FAST) for high axle load in Pueblo
(Colorado) indicated, in terms of vertical displacements in the evaluated section, that
there is a greater contribution of the ballast layer compared to the subgrade (10%
of the total displacement). On the other hand, evaluations performed by Selig and
Waters [7] showed that the subgrade is one of the most important components of
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the substructure, providing resilient support to the loading of the vehicles” wheels,
besides contributing substantially to the elastic deflection of the rails.

The importance of the subgrade is due, among others, to the fact that in the different
seasons of the year, the actions of weathering altering its bearing capacity. In this
regard, Fredlund and Rahardjo [11] describe that variations in climatic conditions
significantly influence the proximity of the soil surface. In arid and semi-arid climates,
which have higher evaporation rates than precipitation, in addition to low water
levels, cracks in the soil may occur. This phenomenon is caused when the pore
suction stresses in all directions exceeds the confinement stresses to which the soil is
subjected. Inrelation to the soil of the railroad subgrade, it is located in the unsaturated
zone (above the water table), as well as most engineering structures designed with
compacted soils, being very sensitive to local climatic conditions.

The objective of this study was to propose a procedure for in situ evaluation of
structural and geotechnical aspects by adopting sensors between the track compo-
nents measured over the dynamic passage of vehicles on a heavy haul track. This
study contributes to the assessment of the increase in load per axle of the wagons
through a better understanding of the efforts generated in the components of the
permanent track dynamically and the subgrade conditions facing climate actions
throughout the year.

2 In Situ Tests Using Devices and Sensors

Obtaining in situ parameters of a railroad track in operation is extremely relevant
in the analysis of mechanical behaviour between the different superstructure and
substructure components. According to Manda [15], the instrumentation in the rail-
road track using known loads allows the quantification of deformations, stresses and
displacements. In addition, in order to better understanding the railroad behaviour,
such studies are of great importance for improvements in the design of the individual
elements (rail, sleepers, ballast, subballast), aiming to increase vehicle traffic safety
and transported load capacity.

Concerning the materials that compose the subballast and subgrade, the water
dynamics change the state of densification and stresses between the particles, causing
changes in bearing capacity. The bearing capacity can be verified, for example,
through light weight deflectometer, LWD [12, 13] and dynamic cone penetrometer,
DCP [9, 14].

Data provided by such equipment concerning geotechnical materials is essen-
tial in the structural evaluation of the railroad track since the forces acting in the
vertical direction are the ones that most impact the railroad structure, especially
under dynamic loading [7]. They cause high stress levels and, if they are above the
resistance of the track components, there is an acceleration of the deterioration of
these track elements, which can even lead to rupture (concrete rails and sleepers),
degradation (ballast) and permanent deformation (subballast and subgrade).
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Fig. 1 (a) Sketch of the SG arranged on the rail web faces [16] and (b) fixed to the rail web [17]

Regarding the vertical load transmission with the dynamic passage of the vehicles,
deformations measured from strain gauges (SG) fixed to the rail web [16—18] can be
obtained, so the assembled circuit forms a Wheatstone bridge.

Figure 1 (a) and (b) shows, respectively, a sketch of the SG arranged on the faces
of the rail web and oriented 45° with respect to their neutral axis [16] and (b) fixed
in the rail web of the railroad [17], where the vertical load (P) is calculated by an
analytical model [16], considering the (i) strain measurements in the SG, (ii) the
difference between the shear forces (V| and V), and (iii) rail parameters: modulus
of elasticity (E), moment of inertia (/), Poisson’s ratio (v), rail thickness at neutral
axis (¢) and static moment of cross-sectional area (Q).

Regarding the efforts transmitted from rail to sleeper, it has been measured [18,
19] through the matrix-based tactile surface sensors (MBTSS) system. It consists of a
triad composed of a thin-film pressure sensor and a sensor-attached data acquisition
handle and connected via a USB cable to a computer that contains a dedicated
software (I-Scan, Tekscan).

Concerning the tensions transmitted by the sleeper to the geotechnical materials,
pressure cells have been employed to evaluate vertical and transverse stresses at
different depths. Indraratna et al. [20] conducted in situ tests on a 60 m track section
containing a ballast thickness of 300 mm and a subballast of 150 mm, divided into
four railroad sections of 15 m (composed of recycled ballast; recycled ballast and
geocomposite; new ballast and geocomposite and new ballast) in the city of Bulli
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(Australia). The results showed vertical and horizontal tensions in the sleeper/ballast
interfaces, respectively, close to 300 and 50 kPa (passing trains with 25 tons per axle).
Considering the same directions at a depth of 300 mm, they were, respectively, close
to 90 and 25 kPa.

In terms of assessing the contribution of the components underlying the rail,
one parameter used on several railroads around the world as an indicator of elastic
response [8] and rail quality is the track modulus (u). It requires the measurement of
field displacements for an analysis of a particular railroad. In these, studies conducted
in situ [4, 7, 20-30] employed different devices (Multidepth deflectometers—MDD;
remoting video monitoring—RVM; laser dynamic deflectometer—LDD; and device
for measurements of displacements—DMD) and sensors (linear variable displace-
ment transducers—LVDTs; geophones and laser). It is noteworthy that some studies
included the evaluation of displacements within the layers at different depths.

In the case of the subgrade, due to the fact that it serves as an elastic support to
the acting stresses of the overlying components, it is of fundamental importance to
the railroad track [31], so the soil must present geotechnical properties compatible
with weathering actions (deformability, resistance and permeability).

Lu and Likos [32] explain that the variation of soil moisture and suction as a
function of climate is a unique feature of unsaturated soils. According to Fredlund
and Rahardjo [11] and Marinho [33], several methods have been proposed in order
to determine the constitutive relationship between suction and soil moisture. Such
methods can be classified as direct and indirect, which vary depending on the type of
suction measured the measurement interval and the equilibrium time with the soil. In
this case, the granular matrix sensor can be used for in situ evaluations (GMS 200SS)
[34], which operates similarly to the porous gypsum block, based on the principle of
electrical conductivity [11, 35]. This model was used by Castro [36] to evaluate the
influence of geotechnical and climatic conditions on the hydro-mechanical behaviour
of arailroad subgrade. After developing a numerical model of unsaturated infiltration
and field monitoring, the author found that during the dry season, the suction values
increase and, consequently, the subgrade soil present better behaviour.

Cui [37] monitored the variation of suction and water content throughout the
seasons through suction sensors (tensiometers) installed on the interlayer (geotech-
nical layer formed by the mixture between ballast and subgrade soil) of a high-speed
rail track. The devices were installed at a depth of 20, 30 and 50 cm, protected both
under the track and at its ends. The results showed that the ballast, besides facilitating
the presence of water in the subgrade, also hinders its evaporation, maintaining low
suction values compared to the outside of the railroad.

3 Methodology

The methodology employed in this study aimed to propose an in situ procedure in
order to measure structural and geotechnical aspects of the railroad track components.
It was based on the use of sensors in two railroad track sections (rigid and elastic



748 R. Costa et al.

foundation) of the Carajas Railway (EFC), which is 892 km long and located in
the north of Brazil. Tests sections are, located at km 538 + 250 m (Acaildndia—
Maranhdo State) and km 656 + 516 m (Sido Pedro da Agua Branca—Maranhio
State). Some characteristics of the EFC railroad are: 1600 mm gauge; TR-68 (RE
136) rail; Pandrol fastenings; concrete sleepers, 610 mm spacing between sleepers;
crushed rock ballast of 300 mm thickness and subballast (executed in the 200 mm
thickness design phase). Iron ore is the main product in the operations of the EFC
railroad, and usually, each train has 330 wagons carrying 314 kN per axle (heavy
haul).

In the track sections of this study, the following activities were performed: (i)
in situ tests using light weight deflectometer (LWD) and dynamic cone penetrometer
(DCP); (ii) strain measurements with strain gauges (SG) attached to the rail web;
(iii) installation of matrix-based tactile surface sensors (MBTSS) between rail/pad
and sleeper; (iv) installation of cells for measuring vertical stresses between sleeper-
ballast (VSB) and ballast-subballast (VBSB); and transversal stresses underlying the
sleeper-ballast (TSB) and sleeper edge (TSE); (v) installation of sensors to measure
the suction stress; and (vi) measurements of displacements with DMD. It is note-
worthy that in the study sections, geotechnical materials were sampled for laboratory
characterization in addition to fresh (new) ballast stored in nearby areas.

The in situ characterization of the geotechnical layers of the track was performed
using LWD and DCP, respectively, according to ASTM E2583 [38] and ASTM
D6951/6951 M [39]. For this, it was performed near the rail/sleeper using the equip-
ment’s shown in Fig. 2 (a) LWD and (b) DCP. Regarding the laboratory characteriza-
tion of the geotechnical materials, AREMA recommendations [40] were considered.
Resilient modulus test was performed with the soil from the subgrade in accordance
with AASHTO [47] and IPR [48].

(a) (b)

Fig. 2 Characterization aspects at km 538 + 250 m with (a) LWD and (b) DCP
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Fig. 3 Aspects of (a) preparation of the web rail; (b) gluing SG; (¢) SG fixed between sleepers

3.1 Strain Gauges Installation

Rosette strain gauges (XY41—350 €2, supplied by HBM) were employed and fixed
to the rail web following the authors’ recommendations [16—18] in order to measure
the deformations and, from them, to calculate the dynamic load (P). So, initially it
was necessary to sand the rail web, so that the surface was smooth and regular. Then,
a template was used for marking the neutral line and fixing the SG. After cleaning
the surface with solvent, the SG was fixed with appropriate glue to the rail web
[Fig. 3 (a), (b) and (c)]. Regarding the acquisition of signal data, the HBM quantum
system was adopted, which allows the use of frequencies above 2000 Hz.

3.2 MBTSS Installation

The stresses at the rail/pad-sleeper interface were measured using the MBTSS (model
5101), which is based on the ink resistivity change as the load is applied, sensitizing
the sensels and generating what is called frame. The representation in 2D or 3D of
all matrix sensels at a given moment is in Fig. 4. It is noteworthy that the sensor must
be calibrated in the laboratory previously for an in situ use.

(b)

Fig. 4 (a) 2D and (b) 3D representation of the same frame of a MBTSS
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(b)

Fig. 5 (a) Aspects of the raised rail and (b) MBTSS positioned between the rail and top of the
sleeper

When installing the sensor on the railroad track sections, it was necessary to
remove the fixation of the sleeper and lift the rail a few millimetres with a hydraulic
jack, in order to obtain adequate depth and thus the exact position of the MBTSS on
the rail/pad-sleeper interface (Fig. 5). Then it was attached to the handle via an USB
cable to a computer, thus logging the data through Tekscan’s I-Scan software.

3.3 Pressure Cells Installation

The pressure cells used to measure the stresses at the different interfaces (VSB,
VBSB, TSB and TSE) were model 3515 (capacities of 100, 250, 600 and 1000 kPa),
supplied by Geokon. As previously mentioned, here also it is noteworthy that for
in situ use, calibration must be previously performed in the laboratory. Figure 6
shows aspects of pressure cells installed in situ.

3.4 Displacements Measurement

With respect to vertical displacements within the layers, settlement pegs were posi-
tioned at the ballast-subballast and sleeper-ballast interfaces, shown, respectively, in
Fig. 7 (a) and (b). Regarding to the displacements measured in the web rail, it was
recorded through the displacement measuring device (DMD) developed by Costa
[30]. It is a metal “arm” which contains at its extremity, linear variable displacement
transducers (LVDTs) type sensors that are positioned in the rail base and at a little
base connected to the settlement pegs located at different interfaces. The LVDTs, in
turn, are connected to an acquisition system (HBM—PMX), which allows adopting
frequencies above 2000 Hz of data, recording the displacements with the dynamic
passage of vehicles. Figure 8 shows aspects related to DMDs positioned at points A
(settlement pegs) and B (reference).
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Fig. 7 Settlement pegs positioned at interfaces (a) ballast-subballast and (b) sleeper-ballast

3.5 Suction Sensor Installation

The measurement of the soil matrix potential (suction stresses) of the railroad track
subgrade was performed through installation of 5 Watermark granular matrix sensors
(GMS-type) at different depths, under a subballast of approximately 200 mm on
average. GMS sensors are connected to a data logger for continuous monitoring of
data over time with 2 h interval between each measurement. Figure 9 shows the
location of each sensor in depth across the subgrade.
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Fig. 9 Location of sensors on subgrade

4 Results and Discussion

4.1 In Situ Characterization

The resistance value measured at km 538 + 250 m on the surface of the layer through
the LWD was 104 MPa, indicative of high stiffness material. It is noteworthy that
this parameter could not be obtained in km 656 + 516 m, due to the presence of
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Fig. 10 In situ CBR results through DCP tests in the evaluated segments of EFC

surface water in the layer. The DCP and CBR values were calculated according to
the ASTM standard equation results for the two segments evaluated in this study
and the results are shown in Fig. 10. In general, it is observed that both segments
present significant differences in terms of resistance of the materials underlying the
ballast that increase with depth. The results showed good and low bearing capacity,
respectively, at 538 4+ 250 m (CBR value above project minimum, 20%) and km 656
+ 516 m (CBR value below project value).

Additionally, grain size distributions [41] of the ballast material are shown in
Fig. 11 and compared to the limits of the AREMA N°. 24 grading [40]. Both track
ballasts have been found to have slightly departed from the specification limits, while
the fresh (new) ballast is slightly below the lower limit and is prone to uniformity.

Regarding the results of characterization of the material underlying the ballast, it
was performed only for km 656 4 516 m, due to the low bearing capacity denoted
“in situ”. From the particle size distribution [42] and consistency limits [43], the
soil classification according to TRB [44] was determined, indicating that it is A-2-6
material (excellent to good subgrade quality). Through the universal soil classifica-
tion system (SUCS) [45], the classification was SC, denoting that it is a clay sand
with gravels. In addition, by means of the expeditious method MCT [46], the classi-
fication was LG’, showing that in the constituent materials, there are clays and sandy
clays. The MCT classification was developed in Brazil addressing tropical soils.

Also, in order to evaluate the mechanical behaviour of the subballast material at
different stress levels, resilient modulus test [47, 48] was performed. For this, it was
necessary to obtain through the Proctor test [49] in the modified energy, the optimum
moisture content (W = 8.7%) and the dry bulk density (ys = 2.140 g/cm?®). Figure 12
shows the results of resilient modulus as a function of the deviatoric stresses. As
expected, it is observed that the increase of the deviatoric stresses influences the
behaviour of the material, in order to decrease its resistance.
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4.2 Measurements Performed by Sensors

Through the SG fixed in the rail web, the deformations in both segments were
measured, and through the calculation model mentioned in the item 2 [16], it was
possible to determine the dynamic vertical wheel load (P). Signal results obtained
in the 538 + 250 m segment with the passing of an empty vehicle (M0O5—average
static wheel load wagons and speed, respectively, 24.5 kN and 65 km/h) and loaded
(M818—average static wheel load wagons and speed, respectively, 155.0 kN and
42 km/h) are shown, respectively, in Fig. 13 (a) and (b). From the signals obtained
in both trains, it is verified in the case of empty wagon that there is a definition
between the peaks generated by the vertical wheel load of the locomotives and
wagons, showing that the analytical model used [16] is valid for dynamic load deter-
mination (P). Comparing both cases, it was observed that there is a high concentration
of points above static whell load, showing increases between 20 and 60% in signal
levels in relation to the static load, and few that approach or even exceed 100% of
that.

Still in the same railroad track section, considering the loaded wagon (M818),
the tensions with the MBTSS on the rail/flexible pad-sleeper interface were recorded
(Fig. 14). Itis observed that there is a small variation between the maximum values of

Obs.: Average static wheel load wagons and speed, respectively, 24.5 kN and 65 km/h
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a0 ‘Wagons
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s
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Obs.: Average static wheel load wagons and speed, respectively, 155.0 kN and 42 km/h
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(b)

Fig. 13 Full load signal (P) obtained with SG with (a) an empty wagon and (b) a loaded vehicle
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Obs.: Average static wheel load wagons and speed, respectively, 1535.0kN and 42 km'h
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Fig. 14 Signals registered for a loaded vehicle with MBTSS
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Fig. 15 Signals recorded with LVDTs in the DMDs

tensions measured at the top of the sleeper by the MBTSS with flexible pad (mostly
between 2000 and 2500 kPa).

With respect to vertical displacements, considering loaded vehicle (M854 with
average static wheel load wagons and speed, respectively, 157.0 kN and 44 km/h)
at two points (as Fig. 8), the results were obtained through DMDs (Fig. 15). As
previously observed, a slight variation in the maximum amplitude of the basins
generated between the axles and trucks was verified. However, an important aspect
in these measurements is the difference between the displacements generated in the
sensor area (LVDT 10) and the reference (LVDT 13), where the maximum values
were, respectively, 3.07 and 0.95 mm in average. This observation was due to the
fact that the track structure under the LVDT 10 was disturbed for installation of
pressure cells and settlement pegs, differently from the LVDT 13 place, which was
not disturbed and so the track structure is presumed to be more consolidated.

In the railroad track section located at km 656 + 516 m, data were also obtained
with the same types of sensors presented above. However, due to the low bearing
capacity denoted “in situ”, it will only be shown in Fig. 16 the results for pressure
cells at different interfaces (VSB, VBSB, TSB and TSE) during the passage of the
vehicle M706 (average static wheel load of 153.0 kN and 45 km/h). It is observed
through the signals of vertical and transversal stresses that there is variation of what
is transmitted by each wheel, generating maximum values at the interfaces VSB,
VBSB, TSB and TSE, respectively, of 342, 93, 60 and 47 kPa.
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Fig. 17 Signal results of the suction sensors

In the same railroad track section (km 656 + 516 m), suction sensors were installed
at different points and depths (A, B, E and F), and the results are shown in Fig. 17.
Throughout a month, the suction stresses varied slightly (0O—10 kPa), indicating that
the materials are under high humidity, close to the saturation condition. However, for
a better evaluation of the subgrade quality in terms of water content/suction pressure,
it is needed to have more data, especially in different seasons where the variation
on precipitation/evaporation could provide significant differences on that parameters
and consequently to the mechanical behaviour of the platform.

5 Conclusions

The analytical model adopted for rail deformation using SG based on the literature
for dynamic load calculation (P) can be evaluated by the passage of loaded and
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empty wagons. The results of these compared to the static wheel load showed that
there were significant increases in the load factor, showing that the analytical model
is valid for load determination with the passing of vehicles.

MBTSS sensors showed a very little variation over time considering flexible pad
while pressure cells revealed vertical stresses in the interface ballast-subballast of
about 25% of that one in sleeper-ballast interface. On the other hand, horizontal
stresses in the interface sleeper edge-ballast were found of about 60% of that one in
sleeper-ballast interface.

Concerning to railroad displacements, there is a clear influence of material condi-
tion in terms of densification. Displacements in the undisturbed region were about
30% lower than the one on the disturbed track structure location.

Results from suction stresses varied slightly over a month period, indicating that
the material is under a hydraulic condition very near to saturation. This corroborated
with the in situ tests results (LWD and DCP) that showed a subgrade with low bearing
capacity.

The signals recorded in all sensors (SG, MBTSS, LVDT, pressure cells and suction
sensors), considering different foundations, were compatible with those presented in
other studies.

The proposed in situ procedure using sensors is valid for the measurement of
structural and geotechnical aspects in a heavy haul railroad track, considering the
dynamic passage of loaded and empty vehicles.

In order to contribute for a better understanding of the railroad acting forces and,
consequently of the general mechanical behaviour of the track, laboratory evaluations
through triaxial tests on geotechnical materials, controls during construction and
maintenance phase should be implemented.

Acknowledgements Thanks to Vale S.A. for the partnership in this project as well as to the
maintenance team at EFC.
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