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Identification method of wheel-rail
two-point contact state in switch
area

Ping Lu?, Xinyi Li2, Dabin Cui?*?, Boyang An> & Wenpeng Jiang?

Two-point contact is one of the fundamental problems of wheel-rail contact in switch area. The contact
state and the distribution of forces are complex and essential points in wheel-rail relationship. Given
the problem that the current dynamic wheel-rail contact state is challenging to detect, a theory to
detect the two-point contact state of the wheel-rail in switch area using a discrete gauge column

was presented and proved in the finite element model. This paper derived the relationship between
strain gauge position and stress using a modified rail model. The patch scheme was determined using
the rail waist bending moment difference method to achieve decoupling of the bridge circuit of the
force measurement columns. The bridge circuit was calibrated by means of the modified theoretical
calibration method, and the circuit test data was obtained for the two-point contact condition in the
switch area. The study compared the results obtained from the wheel-rail column finite model and
circuit test data for two-point contact conditions, demonstrated the method’s ability to identify the
two-point contact state and the wheel-rail force distribution characteristics in the switch area. The
results show that the method can identify the two-point contact state in switch area and distribute
characteristics of the wheel-rail force. And the wheel-rail contact point position can be deduced
accurately according to the wheel-rail force. This test method provides a test verification scheme for
wheel-rail two-point rolling contact theory and a new technology for the dynamic force testing of
wheel-rail in switch area.
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The location of wheel-rail contact points and load distribution within the contact patch are essential parameters
for evaluating the wheel-rail matching state. Some advanced theories are proposed through extensive research
in this field, which are widely used in the case of single-point contact!=3. Still, in the case of two-point contact
in switch area, obtaining the accurate wheel-rail contact state by theoretical calculation is difficult because the
instantaneous center of velocity and load distribution at the two contact points cannot be determined.

The test method is another important way to study the wheel-rail contact characteristics, among which
the strain gauge method is one of the most commonly used wheel-rail force test methods. The strain gauge
method usually arranges the strain gauge on the particular position of the vehicle or rail to make the special
force measuring equipment. In these force-measuring equipment, the strain gauge is usually arranged on the
axle?, wheel web®, primary suspension® and rail web’, etc. The dynamometric wheelset® is a typical wheel-rail
force measuring device employing strain gauges that are commonly used in the industry. Hiromichi Kanehara
et al.? introduced the application of a strain gauge in the measurement of wheel-rail contact point position
and pointed out that the lateral distribution of compress strain caused by the vertical load in that area can
measure the position of the contact point without the effect of bend caused by lateral force. Because the elastic
deformation of the wheel is more sensitive to the vertical force of the wheel and rail, the dynamometric wheel has
high measurement accuracy. However, due to the small wheel-rail contact patch, the difference in the position of
the contact points on the wheel-rail interface cannot be reflected in the strain of the wheel web, which leads to
difficulty in identifying the position of the contact points.

Zhou et al.” derived a strain gauge configuration based on the vertical strain sum. Peng et al.® employed the
shear method to quantify the wheel-rail force, and their findings indicated that wheel-rail impact resulting from
wheel flattening exerts a notable influence on the wheel/guideway force. Lan et al.!” developed a bidirectional
gated recurrent unit (GRU) that inverts the time history curve of wheel-rail forces. Ropalkar and his colleagues!!
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proposed a signal modification algorithm, a simple back-propagation artificial neural network architecture,
which firstly improves the accuracy of the vertical contact force measured by strain gauges by 10% by eliminating
the next significantly higher harmonic than that considered in the existing algorithms.

This paper attempts to propose an improved wheel-rail force measurement scheme using the resistive strain
method, based on the current ground test scheme for wheel-rail force with single-point strain in rails, in order
to obtain more accurate wheel-rail two-point contact position and load distribution. This paper proposes a
method for setting strain gauges on the force measuring column and a corresponding decoupling scheme for
the wheel-rail force of the bridge circuit to improve the accuracy of test results. To improve the economy of the
test bench, it is necessary to reasonably determine the length of the measurement area and the density of force
column deployment. The identification of two-point contact force distribution characteristics of the wheel-rail
in the switch area is realized through simulated loading based on the established finite element model of the
test bench. To improve the economy of the test bench, it is necessary to reasonably determine the length of the
measurement area and the density of force column deployment. The identification of two-point contact force
distribution characteristics of the wheel-rail in the switch area is realized through simulated loading based on the
established finite element model of the test bench. It accurately measures the distribution of contact forces at two
points of a static wheel track. The results can provide a test scheme for the theoretical research of wheel and rail
damage in switch area. Due to the inherent complexity and logistical challenges involved in physically producing
such rails, our experiments in this paper are currently limited to simulations performed using advanced software
techniques.

Instrumentation of dynamometric switch

Structure of dynamometric switch

Switch is an important railway equipment that makes rolling stock branch from one track into another or cross
another track, as shown in Fig. 1. When the train passes through the switch area, the wheels turn from one rail
to another with discontinuous characteristics, which leads to a large impact effect that the wheel-rail relationship
will become very complex. The dynamic interaction between the wheel and switch is severe, which increases the
maintenance and repair investment and seriously affects the safety and smoothness of the vehicle through the
switch'2,

Figure 2 shows several possible contact states when the wheel passes through different positions of the switch,
including single-point contact (Fig. 2a), two-point contact (Fig. 2b and ¢) and three-point contact (Fig. 2d). The
wheel-rail contact state shown in Fig. 2a and b is similar to the contact state of the rail in the main line, which has
been studied in detail at present!>. The wheel-rail contact state shown in Fig. 2c is bound to exist in the switch
area when the vehicle passes from the sideway or straight direction. In the two-point contact condition, the
transfer and distribution characteristics of wheel-rail forces are extremely complex!*. The ground-based single-
point wheel-rail force testing technique is already well established. In the 1930s, the rail strain-based method
for testing wheel-rail force was developed with the invention and widespread use of resistive strain gauges. The
strain-based method has become the mainstream test method'>. Wheel-rail forces for international track testing
are typically measured using strain gauges attached to the rails as the sensing element. The paper aims to identify
the two-point contact situation in the switch area and propose an improved wheel-rail force ground testing
scheme to provide experimental support for theoretical research in this field.

Total length of switch

switch panel middle of switch crossing panel

main line

stock rail

switch rail lead curve

Fig. 1. Figure of switch area.
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Fig. 2. Wheel-rail contact state in the switch area.

Fig. 3. Structure of dynamometric switch and layout of strain gauge.

To accurately identify the wheel-rail force and its distribution, this paper proposes the theory of a new type of
force-measuring column and evaluates its performance through software simulation. the dynamometric switch
is designed according to the original switch, as shown in Fig. 3. The head dimensions of the basic rail and switch
rail are retained, and the web plate of both are replaced with force-measuring columns. Due to the complexity
and time-consuming nature of the actual production process for this rail, we have only evaluated it by finite
elements at this time. In theory, the identification accuracy depends on the density of force-measuring columns.
Considering the limited layout space and manufacturing cost of the dynamometric switch, the length of the
dynamometric switch is 616 mm with 4 force-measuring columns laterally and 16 force-measuring columns
longitudinally. The force column section is a square of 16 mm in length, and the size is 160 mm.

Force analysis of force measuring column

When the wheel rolls over the dynamometric switch, the force condition at any point on the top of force
measuring column is shown in Fig. 4a. Since the rail top of the dynamometric switch is supported by multiple
force-measuring columns, the torsional deformation of the force-measuring column along the Z-axis can be
ignored. Under the action of wheel-rail force, the measuring columns mainly occur bending deformation
along the x and y axes and compression deformation along the z axis. The vertical force Q, transverse force
R, longitudinal force P and the position of the contact point determine its deformation. The column can be
calculated for this principal basic deformation by simplifying the longitudinal or lateral force to the geometric
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Fig. 4. Stress state of the force column. (a) Schematic diagram of force. (b) Schematic diagram of force
projection. (c) Equivalent force diagram. (d) Cross-section force diagram in the X direction.

center of the top of the column. To simplify the analysis, the forces in the three directions can be converted into
uniform force and bending moment, as shown in Fig. 4b.

The vertical force Q will cause compression of force measuring column and bending along the X and Y
directions due to the fact that the point of operation is not in the center of the top surface. To simplify the vertical
force, the eccentric force Q is projected onto the x and y axes, as shown in Fig. 4a, with projection lengths of e,
and e, in these two directions, respectively. At this point, Q can be resolved into the axial compressive force Q,
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and bending moments in the X and Y directions, denoted as () - e1, @ - e2. Due to the force-measuring column’s
length and width being much smaller than its height, in the context of elasticity mechanics, the concentrated
force on the top can be considered equivalent to the effect of a uniformly distributed load with the same direction
of action. If Q is divided into two equal components of Q/2, these forces can be regarded as linearly distributed
forces along the center of the top surface in the x and y directions, respectively, represented as gop, gor-

_Q 1
QP = 4Qr = 5 (1)

To facilitate the derivation of subsequent equations, the bending moments in both directions caused by the
vertical force are also considered as uniform loads, denoted as g h - €1 and ggh - e2, where, h is the side length
of the square of the section of the force-measuring column. Longitudinal force P and transverse force R mainly
cause bending deformation in two directions, which are respectively regarded as uniform load g, q,,

P R
= — = — 2
ar =4, qr =4 (2)

Since the force-measuring column section is square, its lateral and longitudinal forces are derived similarly,
and only its lateral deformation is analyzed below. Figure 4c shows the force diagram of any section of the force
column along the X direction. The stress function can be expressed as'*:

The stress function satisfies:

® = Azy + Byaz® + Ca® + Dz? (3)
4 4 4

7% _ ,37(1’ - 787(1) -0 (4)

Ozt O0x20y? oy

. s . dte o' ote _
Satisfy the compatibility equation: 777 + 25755 + 5,7 =0

In the absence of body force, the components of stress in each direction can be found as:

2
(O]
o, = a@yz =0
RO
o, = e =6Bxy+6Cx+2D (5)
2
(O]
T, =1, __ 0 spe
v Ox0y

The constants A, B, C, and D should be calculated according to the boundary conditions.

There is no surface force at the right boundary of the thin plane | z = ,h/ 2), which must be satisfied:

/N

(02) _ =0, (0ay) _ n=0 (6)
2 2
The value of A can be found
3 2
- _Z 7
A 4h B (7)

According to the boundary surface force is zero (z = h/2), the same A value can also be obtained.
According to the St. Venant principle, the equivalent stress boundary conditions at the upper boundary (y=1)
of a thin plane are:

h
leﬁ (Gy )y:] dx = ~Yor
2

h
I_zﬁ (Gy )y:I xdx = 4y -6 (8)
2

h
leﬁ (Txy )y:l dx = _qR
2

Substituting Eq. (5) into Eq. (8) gives
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2q,-e
B/+C=—# )
h}
Ah‘l‘TB :qR
According to Egs. (7) and (9)
4=
2h
B =24
h
(10)
2(qu_qQ 'ez)
C=——r——
h
D:_qﬂ
h

Substituting the values of the above constants A, B, C, and D into formula (5), the stress component can be
obtained as

RO
O, =——=0
oy’
o’d  12q 12g,-¢, ¢
%= :—TRW—J’)——;3 zx—% (11)
T. =T :—az—q):%xz_:‘)‘q_R
xy > axay h3 2

The relationship between stress (02, 0y and 7y) and load (ggr, gr, and Qe2) on a thin plane is established by
Eq. (11).

Method of longitudinal force and lateral force measurement

The strain gauges only respond to vertical compression and longitudinal bending caused by longitudinal force
and vertical force. According to Eq. (11) can obtain the stress in the y-direction at any point on the force column
at this time can be obtained as

12qp 12q -eq qQr
Ty = =5 x(l—y)—%x—%

(12)

According to Eq. (12), strain gauges at different mounting locations but the same longitudinal coordinate y
have the same proportional coefficient for both longitudinal stress and bending moment. Therefore, when
strain gauges at the same longitudinal coordinate but different transverse coordinates x are connected to form
a circuit, they can output proportional stress. By selecting two sectional patches and two bridge outputs, one
can determine the longitudinal force by obtaining longitudinal stress and bending moments with different
proportional coeflicients.

According to the rail waist bending moment difference method, to measure longitudinal forces, two pairs of
strain gauges should be symmetrically and perpendicularly attached to two opposite surfaces in the x-direction.
The study employs the double half-bridge bending moment difference method to test for longitudinal forces. The
method involves specific patch locations and a bridge circuit, as shown in Fig. 5. Strain gauges 1 and 2 measure
the bending moments at the section located 4/3] from the base surface, while strain gauges 5 and 6 are positioned
at a distance /4 from the base surface.

There is a linear relationship between stress and strain in the elastic deformation range of the force-measuring
column,
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Fig. 5. Schematic diagram of longitudinal force test. (a) Longitudinal force patch scheme. (b) Longitudinal
force test bridge circuit. (c) Force column patch scheme.
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_ 31 6 dop
01 = 7op29P ~ p29Q "1 T Ty
_ 3l 6 dQp
02 = g52dp T 3249Q €1~ T
— 9l 6 dop (13)
05 = —32dp — 324Q " €1 — —}
_ 9l 6 dop
06 = 72qp + 3290 €1 — —5—
o= FEe (14)

Where: E is the elastic modulus of the material. € is the strain value, then the output of the two half bridges shown
in Fig. 5b is

Uu,| 3 KU{Z 4} qp )

u,[ 2 B 3 4))q,-0

02

The equation demonstrates that the enhanced double bridge road technique can accomplish the decoupling of
longitudinal forces between the wheel and rail.

The strain gauge used in the lateral force measurement is attached to the two faces in the Y direction, and
its specific patch position and bridge design are the same as those of the longitudinal force. The lateral force
test is similar to the longitudinal force test. It uses strain gauges 3, 4, 7 and 8, attached to the two faces in the Y
direction. According to the derivation, the output of the two half bridges of the lateral force can be obtained as

Us| 3 KU{I 4} r 16

U, 2 B3 4))g,e

o4

Where, U,3 is the output voltage of the bridge where strain gauges No. 3 and No. 4 are located in Fig. 3b, and Uo4
is the output voltage of the bridge where strain gauges No. 7 and No. 8 are located.

According to Egs. (15) and (16), longitudinal force gp and lateral force gr of wheel and rail can be obtained.
The relationship between the transverse load gr and the bridge circuit outputs U,3 and U,4 has been established
theoretically

Method of vertical force measurement

When the train is running on the track, examining some of the forces analyzed on four rail sleepers, the
distribution of shear forces in the longitudinal section of the rail is shown in Fig. 6. Where, F,, F,, ...F, are four
rail sleeper counterforces, S, and S, are the shear forces on the left and right sides of the wheel-rail force Q action
point. It can be seen from Fig. 5 that the wheel-rail vertical force

Where, S 5 S is the rail shear force for wheel rail force action point of the left and right sides.

From Eq. (17), the magnitude of the vertical force Q is constant as the absolute value of the sum of the
shear forces on both sides. Therefore, the Q = S, 4+ (—5;) = |S,| + |\S;| vertical force of the wheel and rail
can be obtained as long as the shear forces on both sides of the wheel-rail contact points between adjacent
sleepers are measured. With the current testing technology, it is challenging to measure shear forces directly.
This paper proposes measuring shear stresses to indirectly determine shear forces S, S, At the neutral axis of
the horizontal section of the rail, there are no vertical or lateral stresses, only shear stress. Under pure shear
conditions, the principal stress and the shear stress in the 45 degrees direction are equal. Therefore, the method
of measuring the principal stress with strain gauges oriented at 45 degrees to the neutral axis of the rail web is
used to determine the shear stress. Strain gauges are symmetrically arranged on the front and rear longitudinal
faces of each measuring point, with two strain gauges on the same side (e.g. r9 and r10) symmetrically positioned
relative to the neutral axis of the measuring point and angled at 45 degrees to the neutral plane.

The strain values of two strain gauges (r,, r,, as examples) on the same column surface are

+ -—
B ' c0s 26, +&Sin291
2 2 2

&

(18)
e te, & —¢€
Ep=—+— ycos292+7xy sin 26,
2 2

In the above formula, €9, €10 are the strains of strain gauge 9 and 10 respectively, €., €, are the strains in the
direction of the x and y axes of the coordinate system respectively; 6 is the angle between the strain gauge and the
neutral plane; v,y is the shear strain in the space coordinate system which can be expressed as

2 (g9 —€10) — (2 — €y) (cos 201 — cos 202)

19
sin 2601 — sin 205 (19)

Yoy =

When the strain gauges are symmetric about the neutral plane, i.e., §; = —602 = 45°, then
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Fig. 6. Schematic diagram of wheel track vertical force test!.

Yzy = €9 — €10 (20)

The value of €9 — €10 can be obtained through the electric bridge output. According to the elastic modulus of
the rail, the neutral layer shear stress 7 in the strain gauge arrangement cross-section can be calculated from the
shear strain 7,,. The relationship between shear stress and shear force can be determined from the shear stress
Eq. (21) to obtain the shear force S.
G
T = -5 21
b 21

Where, 7is the shear stress, S is the shear force on the cross-section, G; is the static moment of the cross-section
outward from the shear calculation point to the neutral axis, I, is the moment of the cross-section to the neutral
axis, b is the thickness of the section.

According to the above principles, the strain gauges shown in Fig. 7b can be used to measure the rail shear
stress by the bridge when the wheel passes through. To measure shear forces in different cross-sections, eight
strain gauges were used to form a full bridge circuit. And the vertical force Q of the wheel/rail can be obtained by
calibration. The bridge excitation voltage is U,, the sensitivity coefficient of the strain gauge is K, and the initial
resistance value of the strain gauge is R, then the output voltage of the bridge is

0y QrAn AR )Q@rt An, + AR~ Qr + An, + AR, X2r + Ary +AR,)
v (4r +Ary + ARy + Ak + Ang )(Ar + An, + AR, + ARy + AR,

(22)

Onmit the higher-order small quantity in Eq. (5)

KU KU G
Uy = 3 =[(&, +&5 + &, +&,) (5 + 5 + &, TEL)] = ZE; hz Q @)
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(a) vertical force patch scheme (b) vertical force test bridge circuit
Fig. 7. measurement of wheel/rail vertical force. (a) vertical force patch scheme (b) vertical force test bridge
circuit.

Wheel-rail contact stress identification

Horizontal force calibration

Although Eqgs. (15), (16), and (23) give the relationship between the forces in each direction and the output
voltage of the test bridge, it is difficult to obtain the exact wheel-track forces directly in practical engineering
because of the material and structural parameters included in the equations. Using the calibrating method
to obtain the relationship between the wheel-rail force and strain in each direction is a common engineering
method. In this section, the finite element method is used to calculate the relationship between the strain value
and wheel-rial force, the calibration of the dynamometric switch is completed, and the difference between the
calibration and the theoretical value is compared.

Because the output voltage of the bridge in the theoretical calculation is obtained from the material strain
value of each strain gauge area, for the convenience of subsequent discussion, the output voltage value is replaced
by the strain value. By substituting 4 = 16 mm, [ = 160 mm, E = 2.1 x 10! into Eq. (15), the relation between the
strain value € of the strain gauge and load can be obtained as follows,

e | _ 6 [ 05590 13.9509 1 f P
{ €6 — €5 }— Ix 1072 [ 1.6741  13.9509 } { Qe1 } (24)

Thus, a direct relation between strain and load is obtained.
Express the coefficient matrix in Eq. (24) as k,

e2—¢€1 | _ -6 ki1 ki2 P
{86_55}—1><10 .{kw lmHQel} (25)

The strain value of the strain gauges with different P and QQe1 can be obtained using the finite element method.
The matrix coefficient can be solved by Eq. (25). A constant torque (40 Nm in this paper) is applied to the top
of the force-measuring column under total constraints imposed on the bottom of the column. The longitudinal
force P value is changed from 1 to 4 kN, then the curves of 2 — €1 and €6 — €5 change with P can be obtained
as shown in Fig. 8a, of which the gradient is the coefficient k11 and k13. Similarly, fixing the value of P (2 kN in
this paper), varying the value of Qe from 0 to 80 Nm can get curves of e2 — €1 and €6 — €5 with Qe, then the
coefficient k12, k14 can be obtained.
The coeflicient matrix k obtained according to Fig. 8 is

0.5202  13.0065
k= [ 1.5606  13.0050 (26)

The matrix differs from Eq. (24) by about 7.31%, which is mainly for the simplification of the equation. It is
recommended to use the coefficient matrix k obtained by text calibration.

The strain gauge bridge for the lateral force is identical to the longitudinal force, and its coefficient matrix is
also the same.

Vertical force calibration

Since the vertical force test bridge spans the different measuring columns, a single force measuring column
cannot be used to calibrate the bridge coefficient. This study uses the whole dynamometric switch model shown
in Fig. 3 to calibrate the vertical force. Full restraint is used below the columns, and vertical force Q is applied
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Fig. 9. Strain gauge bridge connection diagram.

to the middle of the rail, then, the strain difference (g9 + €9/ + €11 + €11/) — (€10 + €107 + €12 + £12/) of the
test bridge can be obtained. The relationship between strain difference and load is shown in Fig. 8, which shows
that the strain difference is basically linear with the load, and the scale factor is about — 8.6532 x 1078. Then
Eq. (23) is converted into

[(0 + 9 + €11 + £117) — (€10 + €107 + €12 + €12/)] = —8.6532 % 107%.Q (27)

The wheel-rail vertical force Q can be obtained from Eq. (27) based on the strain response of the bridge, the
wheel-rail contact point location e, can be obtained by Eq. (25), as well as e, Thus, the wheel-rail contact stress
distribution can be identified.

Identification of wheel-rail contact force distribution

Force measuring test model

The structure of force measuring test

The finite element model of the switch area test bench consists of two parts: the rail head part and the column
part. The force measuring column is required to perform patch testing. Due to the unique structure of the
switch area, it is also necessary to consider the contact problem between the point rail and the stock rail when
modelling. The analysis of the shear method for testing the vertical force in 2.4 shows that the measurement of
the vertical force requires eight strain gauges to be affixed to two opposite columns. According to the relevant
research data, the vertical force measured when the distance between two groups of strain gauges is 240 mm
is subject to the least interference!’, so this paper selects the spacing of each group of columns as 240 mm.
Since the vertical force test bridge circuit has a certain span along the longitudinal direction, in order to obtain
more accurate identification results, the test position of the vertical force is the same as that of the lateral and
longitudinal forces, and at the same time, in order to reduce the number of forces measuring columns, 16 force
measuring columns are arranged in each row. To ensure that the 10 vertical force data correspond to the middle
10 columns, refer to the patch scheme shown in Fig. 9. Columns 1-3 and 14-16 are solely used to calculate the
vertical force Q at the top of the columns. Meanwhile, columns 4-13 are used to calculate the vertical, transverse,
and longitudinal forces. Columns 7-10 are used twice to test the vertical force.
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Fig. 11. Strain of dynamometric switch.

The finite element model of force measuring test

The dynamometric switch was modeled using ANSYS software'®, as shown in Fig. 10. The material elastic
modulus is 2.1 x 10! Pa and Poisson’s ratio of 0.3. The model used a hexahedral mesh, the finite element model
of the rail head part and the force column under the rail head part of the contact position of the duplicate nodes
were merged, the basic rail and the tip rail of the test bench are modeled separately. To ensure that there is no
separation of the penalty function contact algorithm is used. The face-to-face contact unit is established between
the stock rail and switch rail, and the friction coefficient is 0.3. The full constraint is applied at the bottom of the
model, and the wheel-rail force is applied to the rail surface as a concentrated force.

Since there is a certain span along the longitudinal side of the vertical force test bridge, the test position
of the vertical force should be consistent with that of the transverse and longitudinal forces to obtain more
accurate identification results. The test bridge with the wheel-rail action point in the center of the vertical bridge
was selected for the analysis of contact force identification. According to the above results, only the wheel-rail
vertical force can be identified within the range of 3 force-measuring columns along the longitudinal direction,
the range of 10 force-measuring columns in the middle is the area of identification of the three-way force, and
the position of the wheel-rail action point. In this research, when the load is applied near the middle of the force-
measuring rail, the magnitude of the force applied on the sharp rail is vertical force = 50 kN, transverse force, R,
=40 kN, longitudinal force, P,=25 kN, and the magnitude of the force applied on the basic rail is vertical force,
Q, =408 kN, transverse force, R,= 30KkN, longitudinal force, P, = 15kN. The strain of the dynamometric switch
model can be obtained through simulation calculation, as shown in Fig. 11.

8

Contact force identification

The strain value of other corresponding positions of the strain gauge on all the force-measuring column can be
extracted, and then, the force and the offset can be solved according to Eqs. (24) and (26), as shown in Fig. 11.
The abscissa is the longitudinal number of the columns, and the subscript number in the label is the lateral
number of the columns, where rows 1 and 2 are located below the switch rail, and rows 3 and 4 are located below
the stock rail. The lateral bending of the rail due to the lateral force of the wheel-rail causes compression on one
side and tension on the other side of the force-measuring column below the switch rail and stock rail, which
leads to the negative vertical force on the two rows of force-measuring columns as shown in Fig. 12a. The force
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Fig. 12. Comparison of the decoupled and extracted forces. (a) Vertical force distribution decoupled. (b)
Vertical force distribution on the column. (c) Lateral force distribution decoupled. (d) Lateral force distribution

on the column. (e) Longitudinal force distribution decoupled. (f) Longitudinal force distribution on the
column.

distribution on the railhead can be obtained by applying the cubic spline differences of the force on the columns
shown in Fig. 12. As can be seen in Fig. 12, the wheel-rail force distribution curve obtained indirectly by the
decoupling scheme is in good agreement with the wheel-rail force distribution curve obtained directly by the
finite element model of the test bench in the switch area, which indicates that the decoupling scheme is more
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effective. The result of the vertical force is the best, and its waveform and magnitude are close to the waveform
and magnitude of the vertical force distribution obtained directly; the waveform of the lateral force obtained
by the test is close to that obtained by the finite element, and the difference of the lateral force distribution on
different rails is also more obvious.

The distribution states of the forces on the railhead are given in Figs. 13, 14 and 15. It can be seen that the
load distribution on the railhead is consistent with the load distribution obtained by finite element, and the size
is slightly different. The longitudinal deviation is approximately 4.4 mm, and the lateral deviation is roughly
3.2 mm. Figure 13 displays a maximum compressive stress on the switch rail at peak point A, situated near the
loading position. Affected by the slope between the switch rail and the stock rail, the vertical load of the stock rail
is partly supported by the switch rail and is affected by the transverse force from the switch rail. Thus, the load at
the bottom of the railhead is dominated by tensile stress. The vertical load on the stock rail will offset the tension
at the bottom of the railhead, so load point B, with the smallest local tension, can be considered as the load point
of the railhead, with longitudinal and transverse deviations are about 6.3 mm and 4.6 mm respectively. As shown
in Fig. 13, the actual vertical load in the measurement exceeds the analyzed 10 force measuring columns range,
resulting in a large calibration factor and strain gauge identification load. The load value identified by strain
gauges is about 87.2 MPa larger than this obtained by finite element analysis. Because the load to be identified is
the total load in the entire identification area, although the load value of a single column is too large, it does not
include the total column in the full load range, so the total load value identified by this method does not deviate
seriously from the actual value. The identified total vertical load value is 94.6568 kN, and the deviation rate is
5.34%, closer to the actual load.

The lateral load distribution of the railhead identified by strain gauges is very similar to the trend and value
of the finite element calculation results, as shown in Fig. 14. A local stress maximum point exists near the point
of load acting on the switch rail and the stock rail respectively, point C and point D. Due to the mutual extrusion
between the switch rail and stock rail, the load position of railhead will offset from the load distribution at the
bottom of railhead, and the transverse offset cannot be ignored. The longitudinal load distribution shown in
Fig. 15. It shows that the identified results by strain gauges are similar to the finite element calculations. However,
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(b) Load distribution obtained by finite element method

Fig. 13. Vertical load distribution of railhead. (a) Load distribution identified by strain gauges. (b) Load
distribution obtained by finite element method.
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Fig. 14. Lateral load distribution of railhead. (a) Load distribution identified by strain gauges. (b) Load
distribution obtained by finite element method.

due to the longitudinal extrusion of the material, it is difficult to identify the load action position according to
the longitudinal force distribution characteristics.

The load value applied to the railhead can be obtained by summing the load value at the bottom of the
railhead. However, due to the interaction between the switch rail and the stock rail, it is difficult to obtain the
accurate load value at the two contact points. Figure 16 shows the forces on the railhead, where, Q, Q, R, R,
are distribution loads of the two-point contact forces to be identified on the railhead, Q,-Q, are vertical support
forces of the columns, R -R  are the lateral support forces of the column, Q , Q ., R , R, are the interaction forces
between the switch rail and stock rail, e ,-e, are the lateral offsets of the vertical force of each column, L p L,are
the distances from the interaction force position between the switch rail or the stock rail to the wheel-rail contact
point, L, is the nominal thickness of the railhead. According to the balance of force and moment, each force
must satisfy Eq. (28), and the load value on the switch rail and stock rail can be obtained, as shown in Table 1.
Where the longitudinal force is obtained by directly adding the longitudinal force of each column in Fig. 14.
From the value of identified forces in each direction, except the longitudinal force is smaller, the other force is
bigger than the actual value, and the deviation rate of each value is within 10%. The error mainly comes from the
approximate estimation of each parameter, including the deviation of the contact point identified by the vertical
load distribution at the bottom of the rail, the approximate replacement of the height of the contact point to the
bottom of the rail by the railhead thickness value, and the neglect of the friction between the contact surface of
the switch rail and stock rail.

Qi=Q1+Q2—Qm
Qr=Q3+Qs+Qn
Ri=Rn+ Ri+ Rz
Ry =Rs+ R3s — R,

ReL3+ Quel + QumLl = Q22 + R L1 (28)
RyL3 + Qse3 + QnL2 + Ry L1 = Qued

Rn - Rm

Qn = Qm
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Fig. 15. Longitudinal load distribution of railhead. (a) Load distribution identified by strain gauges. (b) Load
distribution obtained by finite element method.
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Fig. 16. Schematic diagram of railhead forces.

Identify the value /kN | 52.8696 | 41.7872 | 43.52 28 | 31.0227 | 23.8047 | 14.6859
Deviation rate /% 5.74 4.47 8.81 3.41 4.78 2.09

Table 1. Results of two-point contact force identification.

Scientific Reports |

(2025) 15:3657 | https://doi.org/10.1038/s41598-025-85687-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Conclusion

For the problem that it is difficult to calculate and test the switch area’s two-point contact state, this study
presents an efficient and accurate method for inversing wheel-rail forces. A strain gauge bridge grouping scheme
was developed that employs the rail waist gap method and the stress difference method. A dynamometric switch
with a discrete force-measuring column supporting the railhead was developed. According to the structure and
force characteristics of the dynamometric switch, the bridge arrangement for load identification was introduced,
and the decoupling method of the force was derived. The finite element method was used to calibrate each bridge
and simulate the stress state of the dynamometric switch under two-point contact conditions. The strain values
in the area where the strain gauges were located were extracted, and the load distribution on the railhead and the
two-point contact force were identified according to the force decoupling equation.

The results show that the load distribution of the railhead identified by the strain gauge is consistent with the
finite element analysis results, which can reflect the force state of the railhead. The two-points contact positions on
the railhead can be accurately identified according to the vertical load distribution. The lateral load distribution
of the railhead can clearly reflect the two-point contact state, but due to the interaction between the switch rail
and stock rail, there is a large deviation in the identification of the load position on the railhead. According to the
structure size and force relationship of the dynamometric switch, the load value in each direction on the railhead
can be identified, and the error is within 10%, which can meet the engineering test requirements.

The dynamometric switch technology provides a feasible test verification scheme for the theory of two-point
contact in the switch area and a practical engineering technology for monitoring of wheel and rail in the switch
area.
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