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ARTICLE INFO ABSTRACT

Weld-induced squats are a major damage type in high-speed railways as well as in conventional railways. They
incur high maintenance costs and endanger operational safety. This paper first presents and analyzes five-year
continual field monitoring observations and measurements of squats at rail welds. A hypothesis of the formation
and development process of the squats is proposed, which includes three steps. Steps 1 and 2 are pre-cracking,
and Step 3 is post-cracking. To verify the pre-cracking process, a three-dimensional (3D) finite element (FE)
model is then built up to simulate the vehicle-track interaction with detailed consideration of the local wheel-rail
frictional rolling contact. Not only dynamic contact forces but also plastic deformation and wear are calculated.
Starting from a smooth rail surface with varying yield stress derived from field-measured hardness, the nu-
merical analysis confirms the hypothesis that the varying hardness at heat-affected zones (HAZs) leads to initial
V-shaped irregularities due to differential plastic deformation. Afterward, the surface irregularities excite the
dynamic longitudinal contact force, which in turn produces a W-shaped surface pattern through further dif-
ferential plastic deformation. The growth of the W-shaped pattern leads to the formation of squats. This work
provides insight into the squat formation process at rail welds and suggests that welding quality control in terms
of hardness variation in the HAZs could reduce or even avoid squats. Early detection of squats with dynamics-
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based methods is possible.

1. Introduction

Welding has been widely employed to join rails in railway tracks.
However, the welding process can introduce changes in the rail mi-
crostructures and its mechanical properties, as well as geometric irre-
gularities. Particularly, during the welding process, heat-affected zones
(HAZs) are produced in the vicinity of the weld metal (WM) [1]. The
heat inevitably alters the microstructures in the HAZs, leading to phase
transformation, mostly causing a lower hardness distribution within the
HAZs [2]. As a result, a spatially inhomogeneous material properties
distribution is introduced along the rail [3]. Moreover, geometric ir-
regularities often excite high dynamic wheel-rail contact forces. These
factors contribute to localized rolling contact fatigue (RCF) damage
both at and under the rail surface. Several types of RCF damage have
been identified at welds, including squats in the rail surface and the
damage in the rail web.

Many efforts have been made to limit and reduce RCF at welds. Ili¢
et al. [4] proposed that heat treatment could improve the mechanical

* Corresponding author.
E-mail address: Z.Li@tudelft.nl (Z. Li).

https://doi.org/10.1016/j.ijfatigue.2019.06.013

properties of welds. The influences of residual stress and porosity on
crack initiation at rail web were studied by Skyttebol et al. [5] and Fry
et al. [6]. Moreover, some studies, such as the investigation performed
by Desimone and Beretta [7], focused on crack propagation in the rail
web at welds. A further concern is the vehicle-track dynamic interaction
at the railhead in the vicinity of welds because the dynamic forces re-
sulting from the initial irregularities of welding would significantly
influence RCF damage. Steenbergen and Esveld [3] studied the inter-
action at welds using numerical simulations with consideration of the
measured geometry of welds. Wen et al. [8,9] studied the vehicle-track
interaction and the plastic deformation at both a straight track and a
curved track. They found that the initial irregularities of welds had a
significant influence on the dynamic contact forces. An additional
concern is the wheel-rail dynamic interaction with considering actual
measured rail surface geometry in welds under operation condition. For
instance, Gao et al. [10] analyzed measured rail surface geometry of
welds in a Chinese high-speed railway and proposed a model to study
the dynamic interaction at the welds. They found that the weld
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Fig. 1. Typical squats at welds: (a) duo squats at a thermite weld; (b) a single squat at a flash butt weld.

irregularities dominantly appeared in short-wavelength form, which
have considerable impacts on wheel-rail dynamic responses. Recently,
Sh. Sichani and Bezin [11] presented a model to estimate the evolution
of geometry at welds.

Despite these works on rail welds, few studies are found on rail
squats at welds. Squats are a main type of rail RCF defect [12,13]. They
are identified as local depressions in the rail surface with cracks [14].
Squats are mostly observed on tangent tracks and shallow curved
tracks. A series of investigations by Li et al. [15-20] reported that
squats initiate from various sources, such as welds, indentations, short
pitch corrugation, insulation joints and crossings. As one of the main
initiation sources, welds have been shown to contribute to the forma-
tion of a large population of squats [15]. For instance, it was found
through field surveys in the Netherlands that 10-15% of squats were
caused by welds [17]. They were observed at both thermite welds and
flash butt welds, as shown in Fig. 1. At a thermite weld, duo squats are
frequently observed, and at a flash butt weld, there is usually only a
single squat. The accompanying cracks at squats can propagate in the
rail and may ultimately lead to rail break. On a European railway
network, approximately 15,000 welding repairs have to be performed
every year because of squat damage [20]. Grinding is a technique
widely used to remove squats, protecting the rail from further de-
gradation. However, grinding is expensive and influences the avail-
ability of tracks. A good understanding of squat formation and devel-
opment helps in developing and deploying efficient control measures
against squats in the early stage, reducing maintenance costs and im-
proving availability.

Through field observations and numerical analysis, Li et al. [15,16]
suggested that the initiation and development of squats are related to
high-frequency vehicle-track dynamic interaction forces. The frequency
is determined by certain eigen characteristics of the vehicle-track
system and the length of rail surface irregularities. They explained how
a small surface irregularity under dynamic forces develops into a ty-
pical squat with the characteristic of a two-lung-like shape. Li et al. [16]
also proposed that squats at welds are caused by differential plastic
deformation and wear and the resulting surface irregularity because of
HAZs. However, the specific formation and development process ob-
served from continual field monitoring has not been provided, and the
causes taking into account differential plastic deformation and wear
have not been studied either.

Field observation is an effective approach to study rail surface da-
mage. Recently, Deng et al. [21] presented an extensive five-year
continual field monitoring study on corrugation-induced squats. The
development process of squats from early small surface depressions to
the typical two-lung shape, as well as the growth process of the asso-
ciated geometry and cracks, was presented, alongside a discussion of
the causes of the impact force of wheels on rails that is responsible for
the development of the geometry. These processes and causes can ex-
plain the formation of corrugation-induced squats. However, squats
induced by welds have initiation sources other than corrugation, and
their formation needs further investigation.
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The present work investigates the mechanism of squat initiation and
growth at rail welds through both field observations and numerical pre-
cracking simulations. To this end, continual field monitoring observa-
tions and measurements were first performed to identify the develop-
ment features of the squats. Based on the observations and considering
the effects of the dynamic wheel-rail forces on squat development
presented in [15], a hypothesis for the development process of the
squats is proposed. Afterward, a three-dimensional (3D) finite element
(FE) dynamic vehicle-track interaction model with detailed considera-
tion of wheel-rail contact is employed to verify the hypothesis by
computing the dynamic contact forces, stresses, plastic deformations
and wear. The FE model considers field-measured rail hardness and
surface irregularities.

2. Field monitoring observations and measurements

To investigate squat initiation and development, a five-year field
monitoring was performed in the period from 2007 to 2012 on a
straight track located at Steenwijk in the Netherlands. One-directional
traffic ran on the selected track. A detailed description of the mon-
itoring is presented in [21]. Briefly, ten rounds of observations were
made at intervals of approximately six months during the monitoring.
Squats caused by various sources, such as corrugation, welds and wheel
burns, were monitored. During each observation round, selected squats
were photographed, and their cross-sectional profile and vertical-
longitudinal profiles were measured using MiniProf and RailProf de-
vices, respectively. Among them, RailProf measures at every 5mm
along the rail with a maximum error of + 0.03 mm for profile deviation
up to 0.5 mm and a maximum error of + 5% of the measured value for
profile deviation between 0.5mm and 1.5mm. In the present work,
squats caused by welds on the monitored track are the focus. Some
other welds from a number of one-off field observations and measure-
ments at Nijeveen and Zaandam in the Netherlands are further em-
ployed to illustrate the development of squats at welds. Both thermite
welds and flash butt welds are discussed.

Below, it is shown in Section 2.1 that the weld-induced squats oc-
curred at the HAZs. Section 2.2 shows that geometrical irregularities
had already developed at the HAZs before the squats occurred. Section
2.3 shows that the squats and the irregularities have a strong correla-
tion with the hardness variation in the HAZ. These observations form
the basis for the hypothesis made in Section 3.

2.1. Squats with cracks at welds

2.1.1. Squats at thermite welds

Fig. 2 shows duo squats at a thermite weld in the first, fifth and sixth
observations of the monitoring at Steenwijk. The rail was ground be-
tween the fifth and the sixth observations [21]. The photos are aligned
with the two fusion lines (the red dashed lines) that border the WM and
the parent rail material. The distance between the two lines outside the
running band should be constant during the service life of the weld



X. Deng, et al.

Traffic direction
> Depressions

[ 3 =¥
<>
& WM /

Fusion lines

Gauge side

Field side

Bottom‘points,of cracks

Traffic direction
—>

International Journal of Fatigue 127 (2019) 431-444

0.2 W-shaped Patterns
€ 01— '|'cle'n'tr"e'l valley|
C i
g al bl |bﬂfl
— 0.0pF—u @
@ ‘
Q ; :
= - .
011l _Rail profile
9 0.1 ;
0. i ;
-%00 50 100

Fusion lines

Longitudinal direction, x (mm)

(b)

|

Middle ridge

W-shaped vertical-longitudinal profile of squat

(c)

Fig. 2. Observations and measurements of a thermite weld with duo squats. Red dashed lines indicate fusion lines and blue dashed lines indicate the locations of
middle ridges. (a) The squat in the first (09-2007), fifth (11-2009) and sixth (06-2010, after a rail grinding) observations; (b) Measured rail profile (the blue solid line)
in the 09-2007 observation (Red solid lines align d1 and f1 with features in the photos to determine the dimension of the right squat); (c) Illustrative W-shaped
vertical-longitudinal profile across a typical squat. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

(approximately 59 mm in the current case) so that it can be used as a
reference for aligning the photos.

In 11-2009, the squat on the left side already had the typical two-
lung shape of squats with a slightly shining middle ridge, b1/, between
the two lungs, which were dark depressions. Because the depressions
were lower than the normal rail surface and the ridge was higher than
the depressions, the vertical-longitudinal profile across the squat would
have a W-shaped pattern, as illustrated in Fig. 2(c). The vertical-long-
itudinal profile measured in 09-2007 (Fig. 2(b)) shows that a W-shaped
pattern alblcl already existed as early as at the first observation. A W-
shaped pattern consists of two V-shaped dips, with one between the
WM and the ridge (blcl) and the other (albl) on the other (far) side of
the ridge.

The defect on the right side did not yet bear the typical appearance
of mature squats in 11-2009, and a middle ridge could be seen only by
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experienced eyes in the photo. The 06-2010 photo, however, reveals a
primary crack typical of squats [21]. The primary cracks of squats
usually develop into a U-shape when squats are in their severe stage,
e.g., see Li et al. [16] and Deng et al. [21], though in the 06-2010 photo
the primary cracks of both defects did not yet have a full U-shape, but
only an early and, thus, shallow and incomplete U-shape. The middle
ridge of a squat usually starts from the bottom point of the U and ex-
tends to the opposite side of the squat [21], and this is the case for both
defects in Fig. 2. Thus, the right defect was also a squat.

In the measured profile of Fig. 2(b), a clear W-shaped pattern was
missing at the right squat. A peak, el, however, existed at the location
of the middle ridge. Looking at the photos, an indication of a dark
depression can clearly be seen in the 11-2009 photo between d1 and el.
In view of this depression and the crack that had a size comparable to
that of the left squat, it is reasonable to conclude that a V-shaped dip
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should exist between d1 and el in 09-2007. Indeed, a shallow V-shape
can be distinguished between d1 and el in the big central valley. A V-
shaped dip should also be in formation between el and f1, as indicated
by the less bright area between them in the 11-2009 photo. Thus, there
was a W-shaped pattern at the right squat, too.

Further, a bright strip marked by R is visible in the left squat in the
09-2007 photo. It looks like a middle ridge but was not precisely at the
location of the middle ridge b1’ (see the 11-2009 photos). This bright
strip would probably be caused by a varying hardness distribution, and
it became erased or shifted to the location of the middle ridge during
the growth of the squats, determined by the wavelength of the dynamic
contact force, as will be discussed in Section 6.1.

At the time of 09-2007, cracks visible to the naked eye already
existed in the surface of both squats. The cracks were in the V-dips
between the ridges and fusion lines and had not developed into the V-
dips on the far sides in 06-2010. It is therefore reasonable to conclude
that these two V-dips on the far sides were not caused and influenced by
the cracks that had developed by 09-2007. In Section 2.2, it will be
shown that such V-shaped dips already exist before any visible surface
cracks exist.

Fig. 3 shows another instance of duo squats at a thermite weld from
the same monitoring site at Steenwijk. The length of the WM is ap-
proximately 60 mm. Note, although this weld is located on the same
track as the one in Fig. 2, the length of WM is different because of the
inherent limitations of the welding process used and operator de-
pendency [22]. At this weld, the W-shaped pattern was more evident
than that in Fig. 2 at the time of the first observation. They continued to
grow and became two typical squats by the time of the fifth observa-
tion. Cracks also grew with the development of the geometry.

It is not necessary to always have two squats simultaneously at a
thermite weld. Single squats were also observed, such as the example in

Fusion lines

/ \
iddle rid
Middle ri ges;ﬁ@ s

Sk, \*
60 mm

Field side

Traffic direction

Do

Fig. 3. Another example of thermite welds with duo squats in the first (09-
2007), fifth (11-2009) and sixth (06-2010, after a rail grinding) observations,
where the WM was approximately 60 mm in length. This is the same squat as
that shown in Fig. 1(a).

434

International Journal of Fatigue 127 (2019) 431-444

Fig. 4. One single squat at a thermite weld with shorter WM (from [15]).

Fig. 4. At this thermite weld, the length of the WM looks to be much
shorter than those in Figs. 2 and 3, so that only a single squat could
occur. The length of WM and the characteristic length of the hardness
variation at welds often determine whether one or two squats occur at a
weld. This issue will be further discussed in Sections 2.3 and 6.

Another explanation for having only one squat at a thermite weld is
that the welding quality is good in the non-squatting HAZ of the weld,
where there is no hardness variation or the magnitude of the variation
is very small. The length of the WM in Fig. 5, for instance, was ap-
proximately 65 mm, which is not smaller than that in Figs. 2 and 3.
However, only a single squat occurred, and there was no sign of
squatting in the right HAZ. This observation thus inferred that the
welding quality in the right HAZ was good, so that the resulting dif-
ferential deformation and wear needed to fulfill the hypothesis in
Section 3 was not large enough to induce a squat.

Indeed, many thermite welds do not cause squats. Thus, if the
welding quality is well controlled, e.g., in terms of hardness variation, it
is possible to greatly reduce squats at thermite welds.

2.1.2. Squats at flash butt welds

Fig. 6(a) shows a flash butt weld with a single squat. In a flash butt
weld, the HAZs are nominally symmetrical about the weld line (WL)
because of the absence of WM [23]. The squat should have developed
from a W-shaped hardness variation distribution, see Fig. 6(b) for a
typical W-shaped hardness distribution of virgin flash butt welds, where
each of the V-dips of the W corresponds to one of the HAZs. At the time
of the first observation (09-2007), the W-shaped pattern of the squat
was identifiable by the shining middle ridge that was along the weld
line. The W-shaped pattern then grew to a two-lung-shaped squat with a
much clearer middle ridge by the time of the fifth observation (11-
2009).

A network of cracks can be seen after grinding in the 06-2010 photo,
with a U-shaped crack (dashed line in the inset of Fig. 6(a)) on the
gauge side, two transverse cracks (solid lines) along the ridge and a
longitudinal crack (dotted line) on the field side. In this case, it is not

Traffic direction Field side

Fig. 5. Single squat at a thermite weld observed at Nijeveen in the Netherlands.
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Fig. 6. (a) The growth process of a squat at a flash butt weld (with only one single squat). This is the same squat as that shown in Fig. 1(b). WL stands for Weld Line;
(b) W-shaped hardness distribution measured at a virgin flash butt weld. The two V-shapes are on the two sides of the weld line; (c) Measured vertical-longitudinal
rail profile in 09-2007. The length d' of A’B’C’ corresponds to the width d in the hardness plateau ABC of (b), but they are not necessarily the same.

clear whether it was the U-shaped crack or those along the ridge that
were the primary cracks, as locations of both the U-shaped crack and of
the ridge were shining in the 09-2007 photo, indicating large impacting
stress [21]. The two cracks along the middle ridge were relatively apart
from each other, most probably due to the width d of the hardness
plateau (ABC) in the middle of the weld (Fig. 6(b)). The width d is
determined by the characteristic length of the hardness variation L4 that
will be discussed in Section 2.3 with Fig. 9. Large sudden hardness
change can be a source of cracking.

Rail surface evolves due to differential plastic deformation and
wear; the corresponding locations of ABC might change and they

became A’B’C’ in the vertical-longitudinal rail profile in Fig. 6(c)
measured at the weld in 09-2007. Its length d’ is determined by the
wavelength of the dynamic force, which is about 30 mm and is de-
termined by the eigen characteristics of the local vehicle-track system,
see [15,24] and Section 3 of this paper. The pattern of the measured
profile followed the typical hardness distribution of Fig. 6(b), with a
narrow central valley at B’ corresponding to the hardness drop B at the
WL in the middle of the hardness plateau ABC. As the distance of ap-
proximately 30 mm between A’ and C’ is much narrower than those of
the thermite welds (> 45 mm), there was only a single squat in this
location.
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So far in our observations, only single squats have been found at
flash butt welds. This is unlike the cases for thermite welds where two
squats were usually observed.

2.1.3. Summary

These field monitoring observations show that squats initiated at
both thermite welds and flash butt welds. They should have developed
from W-shaped pattern in the HAZs, and then grown into the typical
two-lung shape with apparent cracks. Duo squats usually occurred at
thermite welds, though cases of a single squat were also observed,
probably depending on the length of the WM and the quality of the
weld. Single squats were usually observed at flash butt welds, probably
because the length between the two hardness dips of the two HAZs was
too small to allow two squats to develop separately on the two sides of
the WL.

2.2. Welds without cracking

In the aforementioned continual field monitoring, squats in the
stages before crack initiation were not observed at welds. The profiles
shown in Figs. 2(b) and 6(c) were measured when visible cracks were
already present. To see the development of squats before crack initia-
tion, one-off field observations and measurements of several thermite
welds were performed on the track at Zaandam in the Netherlands at
the end of 2011. The surface irregularities of the examined welds are
considered representative of pre-cracking squats, as they had in
common the V-shaped dips in HAZs, which are presumably the initia-
tion source of squats, as discussed in Section 2.1.

Fig. 7 shows two of the thermite welds and their measured profiles,
respectively. The profiles are aligned with the welds. Two V-shaped
dips (irregularities) in the HAZs and one central valley at the WM were
observed. It is worth mentioning that the maximum depth of the irre-
gularities might be larger than the measured depth because the profile
was measured at the rail center, whereas the irregularities usually have
an offset from the rail center because the running band is usually not
precisely in the middle of rails. At the time of the observation, no cracks
were found in the surface at the two welds, which indicates that surface
irregularities at welds indeed exist before crack initiation.

Fig. 8 shows another thermite weld and its measured profile. No
cracks were found in the rail surface. The profile was generally similar
to those in Figs. 2 and 7, with a central valley and a V-shaped dip on
each side. In Figs. 7(b) and 8, three of the V-shaped dips were
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g Central valley
=z 00 l
[0]
o I
5 | | Rail profile
> : I
-01F I |
! I
: I
-100 50, 0 ! 50 100
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Fig. 8. Measured profile of a thermite weld without cracks: V-shaped irregu-
larities were in both HAZs (the length of WM was approximately 73 mm). If the
two small peaks indicated by the two red arrows are considered, each of the V-
dips was evolving towards a W-shape. Waves were visible on the rail surface
with the wavelength indicated in the photo. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

developing towards W-shaped patterns.

Comparing the photos and measured profiles in Figs. 2, 7 and 8, it is
observed that the severity of the surface irregularities is in the following
decreasing order. (1) Fig. 2 is the most severe, with squats and cracks.
Its left squat is more severe than the right, as judged from both the
photos and the profile — the left squat already had a clear W-shaped
profile and the W-shape of the right squat was not yet so clear. (2) Fig. 8
had clear and continuous waves on the rail surface, with indications in
the profile that W-shaped patterns were in formation in both HAZs. (3)
Fig. 7 did not have a clearly continuous wave pattern on the rail sur-
faces, with only one of the four HAZs showing an indication that W-
shaped patterns were in formation. These consistent observations fur-
ther support the inference that weld-induced squats initiate from V-dips
without cracks, which further evolve into the W-shape and then the
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= 00
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o | i
> | I
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| |
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Fig. 7. Two thermite welds without cracks and their profiles. The length of the WM is approximately 64 mm in (a) and 67 mm in (b). If the small peak indicated by
the red arrow is considered, the V-dip on the right side in (b) was evolving towards a W-shape. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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typical two-lung shape with cracks.

In the profile measurements of Figs. 2, 7 and 8, large central valleys
existed at the WM. In practice, this is not necessarily always the case.
Depending on the welding process and finish grinding, random surface
geometry deviations are created. Bumps, instead of valleys, could occur
at the WM, such as that shown in Fig. 4 of [10]. In view of the fact that
mature squats all have the characteristic two-lung shape, irrespective of
such randomness, it is inferred that squats should have not been caused
by the large central valleys or bumps at the WM and that surface de-
viations are not essential for the formation of squats. Instead, it should
be the HAZ hardness distribution and the associated wavelength that
are decisive. This issue will be examined with the help of numerical
simulation in Sections 4, 5 and 6.

2.3. Hardness distribution at welds

Li et al. [15] proposed that the initiation of squats at welds is related
to the initial hardness distribution. They also provided the general
longitudinal distributions of the hardness in the HAZs for both thermite
welds and flash butt welds, as schematically illustrated in Fig. 9(a). The
hardness at welds varies because the welding material is different from
the parent material and the welding process produces a lot of heat. The
heat changes the hardness of the parent rail materials in the HAZs,
mostly causing a lower hardness distribution within the HAZs. As a
result, a spatially varying hardness distribution with two dips is in-
troduced along the rail. This distribution may be characterized by the
length L; in Fig. 9(a), the distance between the two dips. This char-
acteristic length is for thermite welds affected by the WM and HAZs,
and it can be larger than 65 mm. This is because that the distance
(length L in Fig. 9(a)) between the fusion line and the dip of the
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hardness is approximately 20 mm [25] on each side, and the WM can be
longer than 25 mm, since the standard weld gap is 25 mm and wider
gaps may occur [2]. The characteristic length of flash butt welds is
Lq = 2L (Fig. 9(a)) and it is nominally 20-45 mm based on [23]. The
measured hardness distributions for a virgin thermite weld and a virgin
flash butt weld shown in Fig. 9(b) and (c) confirm these schematic
distributions and nominal lengths of initial hardness variation.

The hardness dips in the HAZs correspond to the surface irregula-
rities in the HAZs in Figs. 7 and 8 and at the squats in Fig. 2. This result
shows that the formation of the initial surface irregularities and squats
can be related to the hardness distribution. This issue will be analyzed
in Sections 4 and 5.

Considering the discussions of Sections 2.1, 2.2 and 2.3, the corre-
lation between the hardness distribution and squat formation suggests
that the frequent duo squats at thermite welds and single squats at flash
butt welds should be mainly affected by the characteristic length L; of
the hardness variation, which is influenced by the lengths of the WM
and HAZs. This issue will be further discussed in Section 6.

2.4. Summary of the observations and measurements

Squats were observed at both thermite welds and flash butt welds.
They initiated from V- and W-shaped surface irregularities, which were
related to the initial varying hardness of HAZs. Other initial surface
geometry deviations due to characteristics such as imperfect welding
and finish grinding should not be essential for the formation of irre-
gularities and, therefore, squats. Duo squats usually occurred at ther-
mite welds due to a longer characteristic length of hardness variation,
though single squats were also observed at times. Single squats were
observed at flash butt welds due to the absence of WM and, thus, a
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Fig. 9. Distributions of the hardness: (a) at a thermite weld and a flash butt weld, respectively (schematic diagram; the red dashed lines indicate the fusion lines); (b)
at a virgin thermite weld (measured); (c) at a virgin flash butt weld (measured; this hardness distribution is the same as that in Fig. 6(b)). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Development process of squats at welds.

shorter length of hardness variation. Thus, the number of squats (duo or
single) caused by a weld is determined by the characteristic length of
the hardness variation, which is related to the length of the WM and of
the HAZs.

3. Hypothesis of squat formation at welds

Based on the field observations and measurements discussed above
and considering the effect of the dynamic wheel-rail contact forces on
squats development presented in [15], a formation process of squats at
welds is hypothesized as shown in Fig. 10. It can be roughly divided
into three steps according to the dominant driving mechanisms.

In the first step, surface irregularities initiate in the HAZs from the
smooth rail surface through the accumulation of differential deforma-
tion and wear due to the varying material properties under cyclic
loadings. The surface irregularities have a shape similar to that of the
initial hardness distribution along the rail. Usually, a roughly V-shaped
irregularity appears in each HAZ.

In the second step, a V-shaped irregularity excites a high dynamic
contact force with a wavelength determined by the eigen characteristics
of the local vehicle-track system and the length of the irregularity [15].
The dynamic force in turn produces further differential plastic de-
formation and wear so that the V-shaped irregularity develops into a W-
shaped pattern, the wavelength of which is determined by that of the
dynamic force [15]. The continuous development of the W-shaped
patterns increase the dynamic force and the resulting stresses and

e )
Primary
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Rail weld

‘ Rail pads
Sleepers

¢ & &Ballast

Side view End view
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£
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strains at the same location, leading to a loop of positive feedback, with
increasing W-shaped damage and progressive rail fatigue.

In the third step, crack initiation eventually occurs at the location
where the values of the damage parameters are the highest, and then
cracks propagate in the surface and into the rail.

The distance between the two dips in the hardness distribution is
20-45mm for flash butt welds, according to Section 2.3. This char-
acteristic length is in close agreement with the typical wavelength of
20-40 mm of squats determined by the Eigen characteristics of the local
vehicle-track system [15]. The dynamic contact force excited by the
differential plastic deformation and wear at one of the two dips can be
in-phase with the differential plastic deformation and wear at the other
dip. The two V-shapes at the two dips can combine with each other to
form a W-shaped pattern that eventually becomes a single typical squat.

On the other hand, the characteristic length of the initial hardness
variation at thermite welds is often greater than 65 mm. This length is
much greater than the 20-40 mm wavelength of squats. As a result, the
two V-shapes at the two dips cannot combine with each other to form a
W-shaped defect. Instead, each V-shaped dip will develop into a W-
shaped pattern, so that two W-shaped patterns are generated.

Thus, according to the hypothesis, the number of squats caused by a
weld will be determined by the characteristic length of the spatially
varying hardness distribution. If the characteristic length is much larger
than the wavelength of typical squats, two squats may occur at a weld.
This is frequently the case with thermite welds. Otherwise, only one
squat occurs, for instance, at flash butt welds.

In the present work, the numerical simulations in Sections 4 and 5
will verify this hypothesis of squat development before crack initiation,
i.e., Step 1 and Step 2. The crack initiation and propagation will be
studied in another investigation.

4. Numerical model

In this section, a 3D FE dynamic vehicle-track interaction model is
applied to verify the hypothesis of the development of squats at welds
due to differential plastic deformation and wear before crack initiation.
The thermite weld is the focus.

4.1. FE model

A 3D FE dynamic vehicle-track interaction model is created using
the ANSYS/LS-DYNA software to calculate the contact forces, the
stresses and the deformation at a rail weld. A schematic view of the
model is shown in Fig. 11(a). In this model, half of a typical wheelset
and a straight track are considered. The primary vehicle suspension is
modeled as a group of springs and dampers, and the vertical load from
the carriage is imposed through a mass block. Between the rail and the
sleepers, groups of springs and dampers are inserted to represent rail

A
A

Side view

£ £

v

N

y

End view

(b)

Fig. 11. FE vehicle-track interaction model: (a) FE model of wheel-rail rolling contact at a rail weld; (b) mesh of the model.
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pads. Below the sleepers, the ballast is modeled as a group of springs
and dampers. The stiffness and damping coefficients of these springs
and dampers are taken from [26]. The static wheel load is 116.48 kN
according to [26] including the 540 kg weight of the wheel. The stan-
dard wheel profile S1002 and a worn rail profile measured near the
squat of Fig. 2 are employed. The nominal rail inclination of 1/40 is
applied. The dynamic response arising from the vehicle-track interac-
tion is considered. The accuracy of the approach is validated by Mo-
lodova et al. [27] when studying the detection of squats.

Contact between the wheel and the rail is determined by a surface-
to-surface contact-searching scheme [28]. It is based on a master-slave
algorithm. The kinematic contact condition is enforced by a penalty
method [29]. The Coulomb friction law is employed. The accuracy of
this calculation method for contact problems has been validated by
Zhao et al. [30,31] and Deng et al. [32].

The 3D 8-node solid brick element is applied to discretize the wheel,
the rail and the sleepers. To improve the accuracy of the stress calcu-
lation while maintaining a reasonable computational time, a non-uni-
form mesh is employed to both the rail and the wheel, see Fig. 11(b).
The mesh fineness at the weld and at the part of the wheel that is in
contact with the weld is approximately 1 mm per element. The La-
grangian dynamic non-linear analysis is conducted using an explicit
integration approach, as it is intrinsically suitable for simulating dy-
namic rolling contact processes [30].

A torque is applied to the axle of the wheel to produce traction to
drive the wheel rolling. The traveling speed of the wheel is 140 km/h.
The frictional coefficient f is 0.6, and the traction coefficient is 0.35
[19]. In this study, one wheel passage is simulated, and the resulting
stresses and deformation in the rail at the weld are calculated and
analyzed.

4.2. Material properties at the weld

In this work, a thermite weld with the measured hardness dis-
tribution shown in Fig. 9(b) is analyzed. The hardness variation is
distributed over a length of approximately 160 mm, with the distance
between the two hardness dips of the HAZs being 92 mm. It thus should
be sufficiently long to produce two squats at the two HAZs, according to
the preceding discussion. The hardness distribution is measured to
determine the yield stress by the formula below [33],

_ Hv o
oy = ?(0,1) &)
where Hy is the Vickers hardness, oy is the yield stress, and n is the
strain hardening coefficient. The value of n for Grade 900A rail steel is
0.225, which is determined by the initial yield stress of 546 MPa and
the corresponding hardness of 275 [34,35]. The hardness is converted
to the yield stress by Eq. (1). The converted yield stress is linearly in-
terpolated at approximately 0.5 mm, then smoothed using the Adjacent-
Averaging method with a window of 10 points. The resulting dis-
tribution of the yield stress is shown in Fig. 12(a) and serves as an input
to the FE model (Fig. 12(b)). The middle of the distribution is at the rail
position of 580 mm. This yield stress distribution is applied throughout
the whole rail height. The hardness of the surface layers of both the
parent rail and the wheel is set to 280 Hy, based on field measurements,
and therefore the corresponding yield stress is 556 MPa. The initial
yield stress of 546 MPa is applied to the subsurface of the wheel and
rail.

The non-linear isotropic/kinematic hardening model originally
proposed by Lemaitre and Chaboche [36] is applied to both the wheel
and the rail. In this model, five parameters are defined to characterize
the material behavior: the Young's modulus E, the yield stress oy, the
isotropic plastic hardening modulus H, the kinematic hardening mod-
ulus C and the kinematic hardening parameter y. The yield stress is
determined as shown above, and the other parameters are obtained
according to [37,38]. They are given in Table 1 and are applied to both
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the wheel and the rail for Steps 1 and 2, as will be discussed in Section
4.4.

4.3. Surface deformation and wear

Plastic deformation and wear are the two direct causes of rail sur-
face deformation [39], and thus the causes of the evolution of rail
surface irregularities. The surface nodal permanent displacement is the
plastic deformation. It is computed directly by the FE simulation of a
wheel passage, and the wear is calculated based on the surface shear
stress and micro-slip using the Archard wear model [40,41] as follows.

The surface shear stress 7; and micro-slip v; at each time step i are
obtained from the FE simulation. According to the Archard wear model,
a material removal of depth d due to wear is calculated for each node in
the running band by:

K

M
to K to K
d= Bds = — Hv()dt = — ivi At
Ty Tds= = [T v VfEO)avl

(2)

where ¢, is the duration that a node passes a contact patch. 7(t) is the
shear stress at a node on the rail surface at time t and is updated after
each time step in the solution procedure. ds is the increment of the
sliding distance of the rail node relative to the wheel contact surface,
and is calculated by multiplying the micro-slip v(¢) by the time incre-
ment dt. At is the discretized form of dt. M is the total number of time
steps. Hy is the material hardness defined in Section 4.2. The wear
coefficient K is a constant, the value of which is taken as 3.56e-4 ac-
cording to [42].

4.4. Simulation steps

It takes thousands of wheel passages to form a squat through cyclic
plastic deformation and wear. Simulating all these wheel passages is too
expensive in terms of computational resources. Therefore, two different
rail surface geometries are simulated to verify the first two steps during
the development process of squats hypothesized in Section 3.

In the first step, the rail surface is assumed to be smooth without any
geometric irregularities but with measured spatially varying yield
stresses at the weld, as described in Section 4.2. The rolling of a wheel
over a rail is simulated with the model and loading described above. It
is expected that geometric irregularities will arise, due to the HAZs and
the loading, on the rail surface after the wheel passage across the weld.
These simulated surface irregularities are compared with field ob-
servations and measurements.

In the second step, the surface irregularities derived from the si-
mulation in Step 1 are applied to the rail surface of the FE model to
examine the effects of the dynamic force resulted from the irregularities
and the trend of the V-shaped dips developing into W-shaped surface
patterns at the HAZs. The varying yield stress distribution is assumed to
be the same as that of Step 1. In this step, the fastening system is
modeled by two groups of springs and dampers to include fastening
degradation under wheel-rail interaction [43]. In Step 1, the fastening
system is modeled by twelve groups of springs and dampers, ensuring
more uniform contact between the rail bottom and the sleeper.

5. Simulation of rail profile evolution considering deformation
and wear

5.1. Stepl: Formation of V-dips from smooth rail with varying yield stress

5.1.1. Calculated deformation and wear
In this section, the contact stress, plastic deformation and wear si-
mulated at the thermite weld are presented for the smooth rail profile.
Fig. 13 shows the von Mises stress distribution when the wheel-rail
contact patch starts to enter the left HAZ. Large stress exceeding the
yield stress occurs at the rail surface. This finding suggests that plastic
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Fig. 12. Distribution of yield stress: (a) at the thermite weld derived from Fig. 9(b) and Eq. (1); (b) its implementation in the FE model. (The middle point of the

varying yield stress is at the rail location of 580 mm.)

deformation primarily occurs at the rail surface. Therefore, the plastic
deformation at the surface should be closely examined.

The calculated vertical plastic deformation dz and wear exhibit
spatially (3D) differential distributions at the weld. Fig. 14 shows the
2D deformation and wear along the center of the running band. It is
considerably greater in the HAZs than in the parent rail and the WM.
The greatest value is approximately 50% larger than that in the parent
rail surface. Plastic deformation also occurs in the WM. The differential
deformation generally follows the variation of the initial hardness with
the two V-shaped dips in the HAZs.

The varying yield stress also gives rise to differential wear dis-
tribution, as shown in Fig. 14. Its pattern, however, does not follow the
variation of the hardness. For instance, the greatest wear is in the
middle part of the left HAZ rather than at the location of the hardness
dip. Therefore, there is a phase shift between the wear and the plastic
deformation. A possible reason for this shift is that the micro-slip and
surface shear stress that determine the wear are disproportionately af-
fected by the varying hardness distribution, unlike the case for plastic
deformation. To fully understand the root cause, further detailed study
of the contact behaviors is needed.

5.1.2. Deriving V-dip irregularities from deformation

Rail surface irregularities can be formed by superposition of the
accumulated differential plastic deformation and wear. Here, they can
be derived from the simulation results of plastic deformation and wear
in Fig. 14. In the results, the magnitude of plastic deformation is much
larger than that of the wear, and the wear does not follow the hardness
distribution. This finding indicates that in the first contact cycles,
plastic deformation would dominate the formation of the surface irre-
gularities. With an increase in wheel passages, the plastic deformation
per passage will decrease and shakedown will set in due to work
hardening. This can be further investigated by simulation of multiple
cycles of wheel passages to compare the accumulated plastic de-
formation and wear. In the present study, it is assumed that the gen-
erated irregularities follow the pattern of the plastic deformation. This
assumption will be verified in Step 2 by checking whether the typical
W-shaped pattern of squats could be formed based on this assumption.
Thus there are two V-shaped irregularities due to the plastic deforma-
tion in the two HAZs. Additionally, the differential plastic deformation
produces a slight central valley in the WM, corresponding to the
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Fig. 13. Von Mises stress distribution when the contact patch is entering the left
HAZ.
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Fig. 14. Surface vertical plastic deformation dz and wear (average smoothing
within a radius of 5.5 mm) of Step 1 along the center of the running band at the
thermite weld (negative ordinates mean that the directions of deformation and
wear are downwards relative to the initial (smooth) rail surface).

hardness distribution in this area.

5.1.3. Comparing the simulation with field measurement
The derived geometric irregularities of the two V-shapes and central
valley are in agreement with measured surface irregularities such as

Table 1

Material properties of the wheel and the rail.
Components Elastic modulus (GPa) Poisson’s ratio Yield stress (MPa) C (GPa) Y H
Surface of wheel & rail 210 0.3 556 41 58 0
Subsurface of wheel & rail 210 0.3 546 41 58 0
Weld 210 0.3 Varied according to Fig. 12 41 58 0
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Fig. 15. Comparison of the calculated surface irregularities due to plastic de-
formation (upper curve) in Step 1 with the surface irregularities measured at
the thermite weld of Fig. 7(b) (lower curve).

shown in Figs. 7 and 8, especially that of Fig. 7(b), with which a
comparison is made in Fig. 15. The occurrence of the two V-shaped
irregularities due to the varying material properties in the HAZs and
their correspondence to the variation of the hardness distribution
confirm Step 1 of the hypothesis of Section 3.

5.2. Step 2: Formation of W-shapes from V-dips with varying hardness

5.2.1. Generating rail surface with V-dips

At the beginning of Step 2, the surface irregularities due to plastic
deformation derived in Step 1 are applied to the rail surface. The de-
rivation is done by setting the largest depth of the left V-dip to 0.05 mm,
which is close to the measurement in Fig. 2(b). This means that the
deformation is scaled up by a factor of 10.4 to account for multiple
wheel passages. The rest of the profile is set proportionally by the same
scaling factor. The resulting rail surface is shown in Fig. 16 in 2D and
3D.
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5.2.2. Formation of W-shaped patterns and comparison with field
measurement

In Fig. 17(a) the plastic deformation (black line) and wear (orange
line) calculated from the rail surface of Fig. 16 and average-smoothed
within a radius of 5.5 mm are shown together with the start rail profile
(dashed blue line) of Step 2, i.e., the profile of Fig. 16(a), along the
center of the running band. Again the deformation and wear are dif-
ferential, and the deformation per cycle is much larger than the wear.
By multiplying the deformation by a factor of 10 to account for the
effect of multiple wheel passages and adding it to the initial profile (i.e.,
Fig. 16(a)), an updated rail profile (red line) is obtained in Fig. 17(b).
The following observations can be made from this profile:

(1) The two V-shaped dips of Fig. 16(a) develop into two W-shaped
patterns (Fig. 17(b)), with the shortest wavelength being 24 mm
between b2-c2 and the longest being 38 mm (a2-b2). The central
valley becomes deeper.

(2) The wavelength of the W-shapes follows that of the longitudinal
contact force, see Fig. 17(c), whereas the fluctuation of the vertical
force follows the profile that excites it, and the wavelength of the
vertical and longitudinal contact forces are different, as indicated
by the vertical dashed lines in Fig. 17(c). These are in agreement
with the findings of [24], where it was shown that the longitudinal
and vertical forces of wheel-rail contact are not necessarily of the
same wavelength. The vertical contact force has a strong depen-
dence on the excitation, i.e., rail surface irregularities - rail corru-
gation, and the longitudinal contact force dominates the initiation
of the corrugation. In [15,16,21], it was pointed out that squats are
related to short pitch corrugation.

(3) Correspondence can be found between the simulated W-shaped
patterns of Fig. 17(b), indicated by the peaks a2 — f2, and the
measured W-shaped patterns with peaks al - fl of Fig. 17(d),
though the wavelengths differ, with the wavelengths in the simu-
lation being more uniform (the shortest is 24 mm and longest
38 mm). Among the measured wavelengths, the shortest is 15 mm
between el - f1, and the longest is 47 mm between al — bl. This
difference in wavelength will be discussed in Section 6.1. Note that
the WM does not belong to the W-shapes.

6. Discussions
6.1.

W-shape is determined by the wavelength of the local dynamic system

The difference in the wavelengths between al-fl1 and a2-f2 can be
explained by considering the irregularities al-fl1 as being in a stage
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Fig. 16. Rail surface at the beginning of Step 2, obtained from the plastic deformation calculated in Step 1: longitudinal rail profile with two V-shaped irregularities
at HAZs and one slight central valley at the WM. (a) Vertical-longitudinal profile and (b) the rail surface in 3D.
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Fig. 17. Development of the profile along the center of the running band in Step 2 and comparison with a field measurement: (a) calculated plastic deformation and
wear vs. rail profile at the beginning of Step 2; (b) the resulted profile (6 points average smooth) by adding 10 times of the plastic deformation to the initial profile of
Step 2; (c) vertical and longitudinal contact forces vs. the excitation (initial rail profile in Step 2) and the resulted profile (the lowest profile is the same as that in

Fig. 17(b)); (d) measured profile at a weld (the same as Fig. 2(b)).

different from that of a2-f2 in the development.

The irregularities started as V-shaped dips between ABC and DEF
arising from a smooth rail surface, following the hardness variation in
the HAZs (Fig. 17(a)). The V-dips excite a dynamic longitudinal contact
force of a certain wavelength determined by the local wheel-track
system [24], causing differential deformation of the same wavelength.
This deformation adds to the irregularities, causing them to evolve from
V-dips to W-shapes, with new peaks arising in the initially large V-dips,
as discussed for Figs. 2, 7 and 8 in Section 2.2, highlighted with the red
arrows in Fig. 7(b) and 8. In Fig. 17 the new peaks are b2 and e2. The
new peaks divide an initially large V-dip into two smaller V’s to form a
W-shape.
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The new W-shapes are in phase with the differential plastic de-
formation in Fig. 17(a), indicating that the resulting geometric irregu-
larities follow the differential plastic deformation. This fact also con-
firms the assumption in Step 1, wherein V-shaped irregularities follow
the pattern of plastic deformation, as discussed in Section 5.1.2.

The differential deformation due to the longitudinal force is not
necessarily in phase with the deformation caused by the hardness
variation. Thus, the new peaks do not necessarily divide an initially
large V into two equal small V’s. This makes the wavelength of the
initial W-shape non-uniform, as seen in Fig. 17(b), where it varies be-
tween 24 and 38 mm, and in Fig. 17(d), where it varied between 15 and
47 mm. This non-uniform wavelength could be considered the result of
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the variation in the uniform wavelength of the longitudinal contact
force disturbed by the V-dips of the hardness variation. For instance, the
wavelength of the longitudinal force, frequently embodied in the wa-
velength of the short pitch corrugation, is usually around 30 mm in the
Dutch railway network [24]. This wavelength is disturbed when there
are rail surface irregularities, as shown in Fig. 17. Another example of
disturbed wavelength is in Fig. 8, where it is between 27 and 35 mm.

Once a W-shape exists, it also excites the local wheel-track dynamic
system, causing deformation and wear of the same wavelength and
phase as those of the W-shape. This process forms a loop of positive
feedback that leads to the dominance of the W-shape over the V-shape.
The uniform wavelength of the longitudinal contact force and the
dominance of the W-shape would then gradually change the initially
non-uniform wavelength to be more or less uniform.

This change of wavelength could be seen in Fig. 2: a shining R-strip
corresponding to the position b1 existed in the 09-2007 photo. It could
have occurred due to a hardness jump next to the fusion line, as in-
dicated by the P arrow in Fig. 9, that caused differential deformation.
The shining brightness of the R-strip and the depressions on the two
sides of it indicate impact-like wheel-rail contact [15]. This dynamic
interaction obviously widened the depression between blcl in both
directions into the wider b1’cl’ in 11-2009. Thus, the wavelength of
blcl was extended. Gradually the width of the two dark depressions,
i.e., the wavelength of the two V’s in a W-shape, of a squat becomes
approximately equal, as seen in the mature squats of Figs. 1-6.

In the development process of the two initial V-dips in the two HAZs
of a weld, they have a similar process but possibly different growth
rates and different morphologies. In the beginning, the two V-dips are
roughly symmetrical about the WM. Then they simultaneously develop
into W-shapes with two V-dips. The initial W-shapes are non-uniform
because of the disturbed wavelength of dynamic forces by the initial V-
dips. Therefore, the morphology of the initial W-shapes could be dif-
ferent. One may have a larger dimension at the front V-dip, while an-
other one may have a larger dimension at the rear V-dip. Moreover, the
two W-shapes could grow at different rates because of variations in the
magnitudes of dynamic longitudinal contact forces. These forces de-
pend on the size of the initial V-dips and local vehicle-track system. As a
result, one W-shape could be larger than the other in dimension, e.g.,
the left squat in Fig. 2 looks larger than the right one. Eventually,
however, all V-dips tend to become similar over time, and the two
squats should become similar in both dimension and morphology.

6.2. The presence of single or duo squats is determined by length of welds

A flash butt weld usually has a shorter characteristic length of initial
hardness variation. As a result, the two dips of the resulting surface
irregularities are much closer than are those at thermite welds. This
result can be confirmed by the differential plastic deformation in Fig. 18

-0.6

dz (1e-2 mm)

660

Travel direction, x (mm)

Fig. 18. Plastic deformation (average smoothing within a radius of 5.5 mm)
along the center of the running band for a flash butt weld with the hardness
distribution of Fig. 9(c).
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calculated from the hardness distribution of Fig. 9(c). The distance
between the two dips is approximately 40 mm, which is within the
wavelength of 20-40 mm of typical squats. Thus the two dips combine
to form one single W-shaped pattern and, eventually, a single squat.

Similarly, if the characteristic length of the hardness variation in a
thermite weld is short, a single squat is likely to occur, such as the squat
shown in Fig. 4.

6.3. Occurrence or not of squats is determined by both hardness and
dynamic contact forces

Occurrence or not of squats at a weld is determined by both welding
quality and the eigen characteristics of the local vehicle-track system. If
a weld is in good condition where there is no hardness variation or the
magnitude of hardness variation is very small in the HAZs, then V-
shaped irregularities and subsequent squats are unlikely to take place.
This could be the case in the right HAZ of the weld in Fig. 5, where no
squat was observed. Even if V-shaped dips are formed due to hardness
variation, they can develop into squats only if there exist dynamic
forces with a certain wavelength determined by the local wheel-track
system. In practice, the quality of welding varies from one weld to
another due to inherent limitations of the welding processes and their
dependency on human operators [22]. Moreover, the characteristics of
the local vehicle-track system are determined by the quality of both
tracks and vehicles. Therefore, only the welds that fulfill both condi-
tions at the same time can develop into squats. As both conditions are
stochastic and independent from each other, their combination limits
the percentage of welds that can develop into squats. However, even a
small percentage of welds potentially develop into squats, they sig-
nificantly affect the safety of railway systems.

6.4. Summary

Field observations and measurements, as well as numerical simu-
lations, show that weld-induced squats started from V-shaped dip
plastic deformations that followed the initial hardness distribution at
the HAZs. The deformations caused a dynamic longitudinal contact
force and the resulting differential plastic deformation. The latter added
onto the V-shaped dips to cause the initiation and growth of W-shaped
irregularities that eventually developed into a typical two-lung-like
squat. Each of the lungs was a depression, corresponding to one of the
two V’s of the W-shape.

Since the hardness-variation induced rail surface irregularities and
the resulting dynamic contact forces are the precursors to the squats, it
is possible to use a dynamics-based method to detect the squats at an
early stage, or even before any fatigue cracks occur. The characteristic
wavelength can be used as a signature for detection and monitoring
[27,44].

7. Conclusions

Five-year continual field monitoring observations and measure-
ments have been performed to investigate the initiation and develop-
ment of squats at rail welds. Based on these, a three-step hypothesis of
the development process of squats at welds is proposed. Steps 1 and 2
are the pre-cracking process, and Step 3 is the post-cracking process.
The first two steps are the focus of the present work. Numerical simu-
lations using a 3D FE dynamic vehicle-track interaction model have
been performed by considering the varying yield stress based on mea-
sured hardness and surface irregularities. The numerical results are in
agreement with the field observations, verifying the first two steps of
the hypothesis. The conclusions are as follows.

(1) Squats at welds developed from surface irregularities without
cracks.
(2) In Step 1, initial surface V-shaped irregularities are predominately
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caused by differential plastic deformation that follows the initial
varying hardness distribution in the HAZs. Imperfect finish grinding
is not necessarily the cause of squats, although it could produce
geometric deviation, promoting the development of squats.

In Step 2, the V-shaped irregularities cause a dynamic longitudinal
contact force and the resulting differential plastic deformation. The
latter adds onto the V-shaped irregularities to cause the initiation
and growth of W-shaped irregularities that eventually develop into
typical two-lung-like squats. Each of the lungs is a depression,
corresponding to one of the two V’s of the W-shape.

In the development process, the role of the varying hardness dis-
tribution is to cause the initial V-shaped rail surface irregularities.
The irregularities subsequently cause dynamic longitudinal contact
force which determines the W-shape and the eventual typical two-
lung shape of mature squats. Here, the dominant characteristic is
the wavelength of the longitudinal contact force, which is de-
termined by the local wheel-track system. From the numerical si-
mulation and field observation, this characteristic wavelength of
the contact force for the squats appears to be the same as that of the
short pitch corrugation.

The development of the W-shaped irregularities continuously in-
creases the dynamic contact force at the same location, resulting in
a positive-feedback growth loop of the irregularities and the dy-
namic force, leading to rail fatigue and cracks.

The numerical simulations showed that the irregularity magnitude
caused by plastic deformation in a wheel passage is much larger
than that caused by wear. This finding needs further investigation
to verify. Besides, hardening will occur under repeated wheel-rail
rolling contact. As a consequence, hardness and yield stress will
evolve over time. The effects of this evolution on the development
of surface irregularities is another topic for further research.
Further research should also investigate whether white etching
layers occur on rail surface around welds and how they influence
the hardness variation since they are sometimes observed on rail
surfaces, e.g., [45]. Moreover, the material of WM is considered the
same type as the parent rail steel. Further work is needed to in-
vestigate the effects of more material parameters, such as elastic
modulus, plastic hardening modulus and n in Eq. (1).

The number of squats induced by a weld is determined by the
characteristic length of the initial hardness variation or the quality
of welding. Duo squats are frequently observed at thermite welds
because the characteristic length is usually much larger than the
typical wavelength of squats, i.e., 20-40 mm. A single squat usually
occurs at flash butt welds because the characteristic length is in
close agreement with that of typical squats. Single squats occur at
some thermite welds due to short characteristic length or good
quality of welding, indicating that by improving welding quality,
weld-induced squats can be reduced or even avoided.

Since the hardness variation-induced rail surface irregularities and
the resulting dynamic contact force are the precursors to the squats,
it is possible to use a dynamics-based method to detect squats at an
early stage or even before any fatigue cracks occur. The char-
acteristic wavelength can be used as a signature for detection and
monitoring.
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