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h i g h l i g h t s
 Curl in concrete crossties is captured in both laboratory and field experimentation.
 Temperature gradient & center negative bending moment have an inverse relationship.
 Temperature-induced curl can significantly alter support conditions.
 Crosstie bending behavior is sensitive to changes in support conditions.
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a b s t r a c t
Warping or curling due to temperature gradients is a well-documented behavior in concrete pavements,
girders, and slab-track, but this behavior has not been documented in concrete crossties. As concrete
crossties begin to be used more frequently in heavy-haul lines in North America in both new construction
and replacement projects, it becomes even more critical to improve the understanding of concrete crosstie curling and corresponding flexural behavior. Researchers at the University of Illinois at UrbanaChampaign (UIUC) began to investigate this curling behavior in concrete crossties. This investigation used
finite element modeling along with laboratory and field experimentation. Curling was found to follow a
direct relationship with thermal gradient. The maximum and minimum gradients recorded were 29.1 °F
(16.2 °C) and 10.4 °F (5.8 °C), respectively, with resulting crosstie curling ranging from 4.23 mils
(108 lm) to 5.46 mils (139 lm), or approximately 10 mils (250 lm) total from its initial configuration. Both analytical and empirical methods were found for predicting curl based solely on temperature
measurements. Finally, field testing was conducted on a North American heavy-haul freight railroad line
to investigate the effect temperature-induced curl has on center negative bending moments. In three
separate site visits, a strong inverse relationship was seen between temperature gradient and center
negative bending moments. Center negative bending moments were found change to by up to 50% under
changes in temperature gradient of less than 30 °F (16.7 °C). These findings show that curl occurs in
concrete crossties and causes significant changes in the flexural behavior of the crosstie.
Ó 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Curling due to temperature gradients is a well-documented
behavior in many concrete elements. Curling has been studied in
concrete pavements [1–3], prestressed concrete bridge girders
[4,5], and concrete slab track [6–8], however, it has not been investigated in prestressed concrete monoblock crossties. Regardless of
the element, as a temperature gradient develops in a member, it
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causes different levels of elongation along its cross-section. As seen
in Fig. 1 below, if a concrete crosstie experiences higher temperatures on the top surface than the bottom (called a positive gradient) the top will elongate more than the bottom, causing the
crosstie to curl upward. This positive gradient is usually driven
by solar radiation and, as a result, is mostly experienced in the daytime [1,4]. Conversely, if the member experiences cooler temperatures along the top and higher temperatures along the bottom (a
negative gradient), the bottom will elongate more than the top
and the crosstie will curl downward. Negative gradients are most
likely to occur in the early morning [1,4].
Curling in concrete slabs has been found to be a combination
of five factors: applied temperature gradient, applied moisture
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Fig. 1. Schematic drawings of concrete crosstie curling geometry.

gradient, built-in temperature gradient, differential drying shrinkage, and creep [3]. Temperature is the most significant of these
factors, resulting in magnitudes of curl substantial enough to cause
cracking and diminished mechanical performance [1,3].
Armaghani et al. [1], Yu et al. [2], Rao and Roesler [3] all measured
displacements of the corner and the edge of the slab, the results of
which are compiled and discussed later in this paper.
Curling, also referred to as camber [5], due to temperature gradient has also been studied in concrete bridge girders. A comprehensive report by Imbsen et al. [4] compiles the findings of
various research projects on thermal gradients on concrete bridge
superstructures. This report also compares the design practices
used in different states and countries to account for temperature
gradients. The report cites two ways in which temperature variation can induce stresses in concrete: temperature-caused distortions can cause internal bending moments when restrained; and
nonlinear temperature gradients are prevented from causing
non-linear distortion as plane sections remain plane [4]. A majority
of this research focused on temperature gradients in segmental box
girder bridges. A study on standard prestressed, precast concrete Ibeam shapes measured the temperature gradient and the deflection at midspan due these gradients [5]. This temperature-caused
deflection can lead to difficulties in construction and induce stress
in the superstructure [5]. The curl that was measured is compiled
and is also discussed later in this paper.
Because curl is seen to be an important factor in the design and
performance of concrete pavements and bridge girders, it was
investigated in concrete crossties. A survey of international railroads, railroad researchers, and crosstie manufacturers identified
center negative cracking (cracks propagating from the top of the
crosstie) of concrete crossties as a critical issue in concrete crosstie
railroad track [9]. Additionally, past work has shown center negative bending moments in concrete crossties to be highly sensitive
to small changes in ballast reaction in the center region (center
one-third) of the crosstie [10]. It is hypothesized that the change
in shape of a curled crosstie can lead to significant changes (capable of contributing to center negative cracking) in the bending
moments experienced by concrete crossties in service.
2. Objectives and scope
The primary objectives of this study were to quantify curl in
concrete crossties and determine its effect on crosstie

bending behavior. Finite element modeling was used to confirm
that curl occurs in concrete crossties. Laboratory testing was conducted to measure daily temperature variations, temperature gradients, and curl experienced by concrete crossties over the course
of a day. Field testing was conducted to measure the change in
bending moments versus the change in temperature gradient
experienced over the course of a day under revenue service loading
conditions.
3. Finite element modeling
A finite element (FE) model previously developed at the University of Illinois, Urbana-Champaign (UIUC) [11] was used to perform
preliminary FE simulations of crosstie curling behavior. The main
objective of the simulations was to confirm that curling occurs in
concrete crossties and to estimate the magnitude of this curl. This
3-D model was developed using the FE software ABAQUS utilizing
8-node linear elements. The key parameters governing this curling
behavior were the coefficient of thermal expansion, specific heat,
and thermal conductivity of the concrete and steel. These values
were found in a literature review and are given in Table 1. The
crosstie was constrained at the center by a very low-stiffness
spring. This spring prevented translation along the length of the
crosstie and in the direction of traffic, but in actuality there were
no loads applied in these directions and this spring was only used
in order to run the simulations (Fig. 2).
The FE simulations involved applying two loading stages. The
first loading stage was prestress application and transfer, the second loading stage was the application of a thermal gradient. This
gradient varied in magnitude and was assumed to be linear based
on studies of curl in concrete pavements with depths similar to
that of a concrete crosstie [1]. The temperature gradient was
defined as the difference between the temperature at the top of

Table 1
Thermal properties of FE model.
Property

Concrete

Steel

Coefficient of thermal expansion,
le/°F (le/K)
Specific heat, 103 Btu (th)/lb °F (J/kg K)
Thermal conductivity, Btu (th)/in.
h °F (W/m K)

5.5 (9.9) [12]

6.4 (11.5)

239 (1000) [13]
0.072 (1.5) [13]

108 (452)
2.41 (50.2)
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Fig. 2. FE model set up.

the crosstie (Ttop) and the temperature at the bottom of the crosstie
(Tbott.).
The FE simulations confirmed the curling behavior (Fig. 3). Fig. 3
shows the crosstie in an undeformed configuration before the
application of load, the crosstie after the application of prestress
force, and the crosstie under a 30 °F (16.7 °C) linear temperature
gradient. The curl is measured as the difference in vertical deflection at the center and at the end of the crosstie. Simulations were
run for temperature gradients between 10 °F (5.6 °C) and 30 °F
(16.7 °C) and the results showed that the crosstie experienced negative (downward) curl under negative and zero gradient cases and
positive (upward) curl under positive gradient cases (Fig. 4). To further illustrate this behavior, the curl at a zero gradient (curl caused
by prestress application) was also subtracted to show only the curl
caused by temperature gradient. These FE simulations showed that
curl in concrete crossties are directed related to temperature gradient and are small (on the order of tens of mils). The maximum positive curl of 0.019 in. (0.48 mm) was predicted under the maximum
positive temperature gradient of 30 °F (16.7 °C).

4. Laboratory experimentation
Once curling behavior was confirmed in FE simulations, laboratory experimentation was performed to quantify actual crosstie

curl magnitudes. It was expected that curl would vary directly with
temperature and would be similar in magnitude to the FE results.
Fig. 5 shows a graphic of the laboratory set-up used to investigate
this curling behavior. The crosstie was first placed on 4 in.
(102 mm) of premium ballast (same type and graduation as is used
in the field). Special care was taken to ensure that the crosstie
experienced no shade. A ballast box was built around the crosstie
with approximately 12 in. (305 mm) of clearance between the
crosstie and the box. Potentiometers (NovoTechnik, model TRS0025) were placed at each rail seat and at the center of the crosstie
to measure crosstie deflection, and thermocouples (Pasco xPlorer
GLX) were placed on the top, chamfer, base, and bottom of the
crosstie. Each rail seat deflection was measured 21 in. (533 mm)
from the end of the crosstie while the center deflection was measured at the crosstie center 51 in. (1295 mm) from the end of the
crosstie. The top and bottom thermocouples were placed at the
top and bottom of the crosstie, while the chamfer and base thermocouples were placed 6.5 in. (165 mm) and 1 in. (25 mm) from
the bottom of the crosstie, respectively. This box was then filled
with the same type of ballast as used for the base, covering the
base and bottom thermocouples. The potentiometers were plugged
into a National Instruments (NI) 9205 module, with excitation provided by an NI 9237 module, both of which were placed in an NI
cDAQ 9178 chasis. The thermocouples were plugged into a Pasco
P-2000 system.

Fig. 3. FE curling results.
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Fig. 4. FE curl results under varying temperature gradients (left – including prestressing effects, right – prestressing effects subtracted).

Fig. 5. Laboratory set-up to measure temperature-induced curl.

Data was collected using two systems. NI LabVIEW was used to
collect data from the potentiometers and Pasco xPlorer was used to
collect thermocouple data. Data points were collected once every
30 s, 24 h a day, from 16:00 CST August 3, 2015 to 16:00 CST
August 9, 2015 in Champaign, Illinois.
4.1. Laboratory results
4.1.1. Ambient temperatures
Ambient temperatures were collected in addition to the crosstie
temperatures. The full range of ambient temperatures are shown in
Fig. 6. Temperatures ranged from 56 °F (13 °C) to 102 °F (39 °C)
with the daily high occurring between 13:30 and 15:30 and the
daily low occurring between 5:00 and 6:00.

Fig. 6. Daily fluctuations of ambient temperatures (each day marks 16:00).

4.1.2. Temperature gradients
As documented in past studies, temperature gradients in concrete sections are not perfectly linear [1,2,5]. This was seen in
crosstie temperature measurements as well (Fig. 7). Four key
points of interest were extracted from the six days of data
collection. These points represent the maximum positive gradient
(both when comparing top and bottom temperature and chamfer
and base temperatures), the maximum negative gradient when
comparing top and bottom temperature, the maximum negative
gradient when comparing chamfer and base temperature, and

Fig. 7. Key temperature gradients experienced during lab testing period.
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Curl ¼

 2
L
Curlg
g

ð2Þ

where:
Curl = curl along the full length of the crosstie;
Curlg = curl measured between the rail centers;
L = length of crosstie;
g = rail seat center to center spacing.

Fig. 8. Laboratory measured temperature-induced curl between rail seat and center
(each day marks 16:00).

the zero gradient cases. Although these exact magnitudes were not
seen every day, these general states were experienced.
4.1.3. Temperature gradients vs. curl
The curl was calculated using Eq. (1),

Curl ¼ dC 

dA þ dE
2

ð1Þ

where dA, dC, and dE are the measured deflections at rail seat A, the
crosstie center, and rail seat E, respectively (Fig. 4). Again, the
temperature gradient was found by subtracting the temperature
measured at the top of the crosstie by the temperature measured
at the bottom of the crosstie. It is important to note that since the
data collection began at 16:00 and the potentiometer signals were
zeroed at this time, the crosstie was already likely in an upward curl
shape at the datum shown in Fig. 8.
A direct relationship between curl and temperature gradient is
evident in the data (Fig. 8); as temperature gradient increases, so
too, does curl. The measured temperature gradient followed an
expected cycle, increasing and reaching its maximum positive
value in the mid-afternoon, then dropping down to a relatively
constant maximum negative value in the early morning hours. This
gradient sees some noise within certain short period at high positive gradients. This noise is likely caused by intermittent cloud
cover throughout the day. This noise does not significantly affect
the curling of the crosstie instantaneously because of the large
thermal mass of the crosstie.
The absolute measured curl (from the highest positive curling
to the lowest negative curling) was found to be 9.69 thousandths
of an inch (mils) (0.25 mm). It is important to note that this curl
is measured from the crosstie center to the rail seats. To make this
measurement more consistent with published values in concrete
slabs and bridge girders, the crosstie curl must be extrapolated
to the ends of the crosstie. This can be done by assuming that
the curvature of the crosstie remains constant from the rail seat
centers to the ends of the crosstie. Based on this assumption, the
relationship between the curl measured between the rail seat centers and the curl measured for the full length of the crosstie can be
related using Eq. (2) below.

As shown in Fig. 2, the length of the crosstie is 102 in.
(2590 mm) and the distance between the rail seat centers is
60 in. (1524 mm), so the curl measured between the rail seat centers can be extrapolated to the curl along the full length of the
crosstie by multiplying by a factor of 2.89. When the measured curl
is extrapolated to the crosstie ends, it yields a curl of 28 mils
(0.71 mm). This can be compared with other published curl measurements, shown in Table 2.
From Table 2 three conclusions can be drawn. The curl measured for the crosstie was similar in magnitude to the curl measured for pavements. The curvature of the pavements and
crosstie were also of similar magnitude. The pavements and crosstie have similar lengths and depths, which helps to explain this
similarity. And, when the curl is normalized by the member length,
all components have similar values. Additionally, the measured
curl (0.028 in. (0.71 mm)) was similar to the curl predicted in the
FE simulations (0.019 in. (0.48 mm)). This suggests that the FE
model can be calibrated to more closely match the laboratorymeasured curl results and provide more accurate predictions of
curl in future work.
In the meantime, two less computationally-intensive models
for predicting curl based on temperature are proposed: First, as
explained by Barr et al. [5] the temperature induced curl can be
analytically computed with Eq. (3). As with the FE model, the coefficient of thermal expansion was taken to be 5.5 le/°F (9.9 le/°C).

P
Curl ¼

i

R
P

ai Ei DTi ydAi L2
8

ð3Þ

i Ei Ii

where:

ai = coefficient of thermal expansion;
Ei = elastic modulus;
Ti = temperature gradient;
y = distance from neutral axis to centroid of section ‘‘i”;
Ai = area of section ‘‘i”;
L = length of crosstie.
Eq. (3) shows a linear relationship between curl and temperature, so the laboratory-measured curl values were plotted versus
measured temperature gradient. A strong coefficient of correlation
(R2 = 0.9776) was found using a linear trendline, given in Eq. (4),
which gives curl in in./1000. This empirical-linear relationship provides a second method of predicting curl.

Curl ¼ 0:221DT  1:9068

ð4Þ

where:

Table 2
Comparison of laboratory-measured curl in concrete crossties with pavement and girder curl.
Component

Temperature gradient, °F (°C)

Member length, in (m)

Curl, in (mm)

Curl/length (104)

Curvature (106), 1/in. (1/m)

Pavement [1–3]
Girder [5]
Crosstie

22–34 (12–19)
20 (11)
30 (16)

120–146 (3.048–3.708)
960–1644 (24.384–41.758)
102 (2.590)

0.039–0.07 (1–1.78)
0.33–0.76 (8.38–19.30)
0.028 (0.71)

2.67–5.83
3.44–4.62
2.75

14.6–38.9 (0.37–0.98)
2.3–2.9 (0.6–0.7)
21.5 (0.55)
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Table 3
Summary of bending moment data collected.
Date

6, 7, 8 July

13, 14 August

17 September

No. Days
No. Trains
No. Axles
Time Range
Temp. Range

3
24
13,112
0:02–21:14
H: 76 °F (24 °C)
L: 59 °F (15 °C)
Overcast, Light drizzle

2
14
7772
8:34–19:36
H: 95 °F (35 °C)
L: 71 °F (22 °C)
Clear

1
8
4964
7:47–15:37
H: 97 °F (36 °C)
L: 66 °F (19 °C)
Clear

Conditions

Fig. 9. Comparison of measured and computed curl (each day marks 16:00).

DT = temperature gradient (in °F).
Fig. 9 provides a graphical comparison between the measured
curl, analytical curl, and curl computed with the trendline
(empirical-linear). It is important to remember that measured curl
represents the curl between the center and rail seat (i.e. this value
does not include the extrapolation used in the value for crosstie
curl given in Table 2). The error of the analytical curl (i.e. the difference between the analytical curl and the measured curl) was found
to be between 2.11 and 3.07 mils (54 and 78 lm) with 95% confidence. Similarly, the error of the empirical-linear curl (i.e. the difference between the empirical-linear curl and the measured curl)
was found to be between 1.44 and 2.81 mils (37 and 72 lm)
with 95% confidence. Based on these results and the graphical comparison, it is seen that both Eq. (2) (analytical curl) and Eq. (3)
(empirical-linear curl) can be used to estimate curl using temperature data.
5. Field experimentation
With curl and temperature gradient quantified through laboratory experimentation, it was necessary to move to the field to
examine the impact curl makes on crosstie center negative bending moments. Since curl changes the shape of the crosstie, it was
expected that this would alter the ballast reactions acting along
the bottom of the crosstie (support conditions), thereby changing
the bending moments on the crosstie. This was studied as part of
a larger field project investigating the flexural behavior of prestressed concrete monoblock crossties. In this study, 10 concrete
crossties (the same model as tested in laboratory experimentation)
were instrumented with surface strain gauges in five locations
along the length of the crosstie (Fig. 10). The 10 crossties were broken into two ‘‘zones” of five crossties each. Each zone had different

support conditions and therefore experienced different flexural
demands [14]. Thermocouples were placed on a crosstie located
between the two zones.
The strain gauges used were manufactured by Tokyo Sokki Kenkyujo Co, Ltd. (TML) and are specifically designed for use on concrete structural elements (TML). The gauge length is 1.18 in.
(30 mm), the gauge width is 0.1 in. (2.3 mm), and the gauge
resistance is 120 X. Each strain gauge was plugged into a National
Instruments (NI) 9235 module (NI). This module can record eightchannels of strain with each gauge placed in a quarter-bridge
arrangement (i.e. one gauge per Wheatstone bridge). In the full
study, strains were measured at five locations on the crosstie; in
this paper however, only strain gauges at the crosstie centers are
discussed. To capture and output the collected data on a computer,
a NI compact data acquisition system (cDAQ) 9174 was used. Previous experimentation conducted by UIUC in both laboratory and
field settings has implemented this instrumentation technology,
and it has proven to be both cost effective and reliable [9]. To
account for temperature variation in the testing period, the strain
signal recorded by each strain gauge is zeroed to the average strain
recorded in the seconds just before the train reaches the testing
zone. Additionally, three-wire strain gauges were used in order
to remove lead wire effects.
Bending moment and temperature gradient data was recorded
on three separate site visits during summer 2015 in continuation
of a longer-term study [14]. The crossties were loaded in normal
service conditions by 286 kip (1272 kN) coal cars on a North American heavy-haul freight line. Analysis of data from a nearby Wheel
Impact Load Detector (WILD) site showed that the average wheelrail loads were between 36 kip (160 kN)and 37 kip (164 kN) for the
site visits presented in this paper. This means that the field loading
condition was fairly consistent. The dates, times of data collection,
number of trains, and number of axles recorded each day are given
in Table 3.
As the sun rises and the temperature gradient increases, the
center negative bending moments of the crosstie decrease. This
change in center negative bending moment can be attributed to

Fig. 10. Field experimentation site layout.
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Fig. 11. Change in average center negative bending moment over course of day.

curl. As seen in Fig. 1, curl causes the crosstie to change shape,
which in turn can alter the ballast support conditions of the crosstie. Center negative bending moments are highly sensitive to even
small changes in ballast reaction at the center region (central onethird) of the crosstie [10]. For example, a positive gradient would
cause upward curling, which would result in a small gap forming
between the ballast and the bottom of the crosstie. This gap can
result in a decrease in ballast reaction at the center region, which
in turn causes the center negative bending moment to decrease.
The opposite of this behavior would occur under a negative
gradient. The crosstie would curl downward, increasing the ballast
reaction at the center region and causing an increase in center negative bending moment.
From this field experimentation, this behavior was confirmed,
and it was found that the average center negative bending moment
recorded changed significantly over the course of the day. This was
found in all of the ten crossties, even though some experience
higher center negative bending moment magnitudes than others
due to differing support conditions. Fig. 11 shows the strong
inverse relationship between temperature gradient and center
negative bending moment. This decrease can be significant in magnitude. For example, in Fig. 11 the average center negative bending
moment of Crosstie 9 increases from 110 kip-in. (12.4 kN m) to
150 kip-in. (17.0 kN m) from 15:30 to 19:45, a 40 kip-in.
(4.5 kN m) increase. During this time, the temperature gradient
changed from 20 °F (11 °C) to 4 °F (2.2 °C). Some crossties experience even larger percentages of increase in center negative bending moment. Crosstie 2, which experiences lower center negative
bending moments, sees a 30 kip-in. (3.4 kN m) increase from
30 kip-in. (3.4 kN m) to 60 kip-in. (6.8 kN m) during the same time
period. So, during a time range that saw the temperature gradient
change 24 °F (13 °C), center negative bending moments for a given
crosstie varied between 30 and 50%.
This behavior was also captured in July and September. In July,
data was collected overnight from 0:02 to 7:54. In this timeframe,
the temperature gradient varied only 1 °F (0.6 °C), ranging between
5.3 (2.9) and 4.2 °F (2.3 °C). In turn the center negative
bending moments remained very stable, with the largest percent
change recorded in any of the crossties being 5.3% (Crosstie 3 ranging between 110 kip-in. (12.4 kN m) and 116 kip-in. (13.1 kN m)).
In September, data was collected from 7:47 to 12:02. In this timeframe, the temperature gradient increased from 10 °F (5.6 °C) to
30 °F (16.6 °C). During this time, Crosstie 2 center negative bending

moments decreased from 60 kip-in. (6.8 kN m) to 30 kip-in.
(3.4 kN m) and Crosstie 9 center negative bending center negative
bending moments decreased from 160 kip-in. (18.1 kN m) to
115 kip-in. (13.0 kN m), a 45 kip-in. (5 kN m) drop. To put the magnitude of this change into perspective the American Railway Engineering and Maintenance-of-way Association (AREMA) Manual for
Railway Engineering recommends that a typical North American
heavy-haul freight concrete crosstie have a capacity of 201 kipin. (22.7 kN m) [15]. This means that temperature-induced curl
can cause changes in center negative bending moments of
45 kip-in. (5 kN m), which is nearly 25% of the total recommended
capacity of the crosstie.
6. Conclusions
Overall, this study was successful in modeling and measuring
temperature-induced curl in concrete crossties and measuring its
effect on crosstie center negative bending moments. From this
work, several conclusions were drawn relating to the flexural
behavior of concrete crossties in revenue heavy-haul freight
service:
 Curl in concrete crossties can be accurately modeled and predicted in finite element simulations. Curl was shown to be
directly related to temperature gradient. When prestressing
effects are subtracted from crosstie curl, this relationship is
even more pronounced.
 Curl in concrete crossties was seen in laboratory experimentation to change over the course of the day as the temperature
gradient changed. Temperature gradients were found to fluctuate and were mostly non-linear. Laboratory-measured curl was
found to be similar in magnitude to published curl values of
concrete pavements. Curvature was also found be similar in
pavements and crossties. Curl/length ratios of concrete pavements, girders, and crossties were all found to be similar in
magnitude.
 Curl in concrete crossties can be related to temperature gradient using analytical or empirical methods. This allows curl to
be approximated using only temperature data.
 Temperature gradient and center negative bending moments
have an inverse relationship. As temperature gradient increases,
center negative bending moments decrease, and vice versa.
These changes in center negative bending moment are signifi-
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cant in this study, as much as 45 kip-in. (5 kN m) (nearly 25% of
design capacity) under changes in temperature gradient of less
than 30 °F (16.7 °C).
 Temperature data should be collected when measuring concrete
crosstie bending moments in-field. Temperature-induced
curl can significantly alter support conditions and crosstie
bending behavior is sensitive to changes in support conditions.
Knowing the temperature gradient on the crosstie is
important in fully understanding the corresponding bending
moments.
 Manufacturing concrete crossties with small gaps at the center
region (or using under-crosstie pads at the railseat regions to
create this gap) may considerably reduce center negative bending moments.
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