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ABSTRACT
Close examination of the field measurement data for integral bridges revealed
that the measured cyclic flexural strains in steel H-piles at the abutments due to thermal
fluctuations consist of large amplitude, primary small amplitude and secondary small
amplitude cycles. The effect of the small amplitude strain cycles on the low cycle
fatigue life of these steel H-piles has not been extensively studied yet. Accordingly, to
investigate the effect of the small amplitude strain cycles on the low cycle fatigue life of
steel H piles at the abutments, first a new cycle counting method is developed
specifically to facilitate the counting of thermal induced strain cycles in the steel H-piles.
Then, using the field measurement data of several integral bridges in North America,
and the developed cycle counting method, an equation is formulated to estimate the
fatigue life of integral bridge steel H-piles. It is observed that secondary small amplitude
flexural strain cycles do not have a significant effect on the low cycle fatigue life of steel
H-piles. Experimental studies on full scale compact steel H-pile specimens are
conducted to verify the analytical results and a close match between the experimental
and analytical results is observed.
1. INTRODUCTION
Integral bridges are jointless bridges where the superstructure is connected
monolithically with relatively thin, stub abutments supported on a single row of piles that
provide the required flexibility to allow for longitudinal movement of the bridge under
thermal effects. A typical two-span, prestressed-concrete girder, integral bridge is
shown in Fig.1. The most common type of piles used at the abutments of integral
bridges especially in North America is steel H-piles (Dicleli 2003, Kunin 2000, Davids
2010). The daily and seasonal temperature changes result in imposition of cyclic
horizontal displacements on the continuous bridge deck of integral bridges and thus on
the abutments, backfill soil, steel H-piles, and cycle control joints at the ends of the
approach slabs. Consequently, the abutments are pushed against the approach fill and
then pulled away, causing lateral deflections at the tops of the piles that support the
abutments of the bridge. As the length of integral bridges increases, the temperature1) Assistant Professor
2) Professor

induced lateral cyclic displacements in the steel H-piles at the abutments become
larger as well. As a result, the piles may experience cyclic plastic deformations.
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Figure 1. Typical two-span integral bridge.
This may result in the reduction of their service life due to low-cycle fatigue
effects. The number and amplitude of thermal-induced cyclic flexural strains in integral
bridge steel H-piles are important parameters that effect their low cycle fatigue life.
Close examination of the existing field measurement data for integral bridges revealed
that the measured thermal-induced cyclic flexural strains in steel H-piles at the
abutments consist of large amplitude, primary small amplitude and secondary small
amplitude cycles (Dicleli 2004). Similar observations were also made by Arsoy (2008)
and a mathematical model for the bridge thermal response was proposed where the
large amplitude cycles were modeled by a sine wave and the small amplitude cycles
were superimposed on the sine wave model.
Although a few research studies on low cycle fatigue effects in the steel H-piles
of integral bridges at the abutments are found in the literature (Dicleli 2004, Arsoy 2008,
Arsoy 2005,Girton 1991), none of these research studies provide analytical and
experimental results on the effect of the primary and secondary small amplitude flexural
strain cycles on the low cycle fatigue life of steel H-piles at the abutments of integral
bridges. Accordingly, in this research study the effect of primary and secondary small
amplitude flexural strain cycles on the low cycle fatigue life of steel H piles at the
abutments of integral bridges is investigated both analytically and experimentally using
steel H pile cyclic strain data from the field measurements of several integral bridges in
North America. The results from this research study are used to evaluate the thermalinduced low cycle fatigue life of steel H-piles and hence service life of several existing
integral bridges. The observations regarding the low cycle fatigue life of steel H piles at
the abutments of these existing integral bridges become important as they provide
evidence about the adequacy of the current design methods in relation to the low cycle
fatigue life of steel H-piles at the abutments. The outcome of such a research study
may also be used to develop design guidelines that may be used to design steel Hpiles to endure low cycle fatigue effects throughout the service life of the bridge.
2. RESEARCH OBJECTIVE AND METHODOLOGY
The main objectives of this research study is to; (i) develop a cycle counting
method specifically to determine the number of large amplitude as well as primary and
secondary small amplitude flexural strain cycles in the steel H-piles at the abutments of

integral bridges subjected to temperature fluctuations, (ii) using the developed cycle
counting method and field measurement data, obtain information about the number and
amplitude of primary and secondary small amplitude flexural strain cycles in the steel
H-piles of typical integral bridges (iii) analytically and experimentally investigate the
effect of primary and secondary small amplitude flexural strain cycles on the low cycle
fatigue life of steel H-piles at the abutments of integral bridges.
To achieve the above stated objectives, first, field measurement data of several
integral bridges in North America are studied to better understand the effect of
seasonal (yearly) and more frequent (daily/weekly) thermal fluctuations on the steel Hpiles of integral bridges at the abutments. The field measurement data on steel H-piles
are mainly used to determine the type, amplitude and the number of temperature
induced cyclic strains in the steel H-piles at the abutments of integral bridges. From the
field measurement data, it is observed that the measured cyclic strains in the steel Hpiles at the abutments consist of large amplitude cycles due to seasonal temperature
changes as well as primary and secondary small amplitude cycles due to more frequent
temperature fluctuations. Then, a cycle counting method specifically for the steel H
piles at the abutments of integral bridges subjected to temperature fluctuations is
developed to determine the amplitude of large strain cycles and the number and
relative amplitudes of the small strain cycles with respect to that of the large amplitude
strain cycles. Next, an analytical equation is developed to estimate the low cycle fatigue
life of steel H-piles in integral bridges subjected to thermal fluctuations. This equation is
then used to study the effect of small amplitude strain cycles on the low cycle fatigue
life of steel H-piles at the abutments of integral bridges. Next, a series of full scale
experimental tests on HP steel pile specimens are conducted to verify the analytical
results related to the effect of small amplitude strain cycles on the low cycle fatigue life
of steel H-piles.
3. BRIDGES USED IN THIS STUDY
In this study, field test results of several integral bridges in North America are
studied to better understand the effect of thermal fluctuations on the steel H-piles at the
abutments of integral bridges. Accordingly, six bridges located in various parts of the
US with different climatic conditions are selected to investigate the effect of thermal
fluctuations on the steel H-piles of integral bridges. These bridges are; (i) The Guthrie
County Bridge, (ii) The Story County Bridge, (iii) Minnesota Department of
Transportation (Mn/DOT) Bridge #55555, (iv) Boone River Bridge, (v) Maple River
Bridge and (vi) Orange–Wendell Bridge. Table 1 summarizes the properties of the
integral bridges mentioned above. Details of the integral bridges are given as follows;
4. FLEXURAL STRAIN CYCLES IN STEEL H-PILES DUE TO SEASONAL
TEMPERATURE CHANGES
A change in temperature causes a material to change its length. This property of
materials is accountable for expansion and contraction of the integral bridge
superstructures. Each daily variation in temperature completes a cycle of expansion
and contraction of the integral bridge superstructure and the cycles repeat over time.

The maximum expansion occurs during summer days while the maximum contraction
forms during winter nights. These seasonal and more frequent temperature changes
result in imposition of cyclic horizontal displacements on the continuous bridge deck of
integral bridges and thus on the abutments and steel H-piles. Consequently, the
abutments are pushed against the approach fill in the summer time and then pulled
away in the winter time, causing lateral deflections at the tops of the piles that support
the bridge at the abutments as shown in Fig. 2.
Table 1. Bridge Properties
Bridge
Name

Pile Type

Span

Span length(m)

Bridge
Length
(m)

Bridge
width
(m)

Deck
Thick.
(cm)

Guthrie
County

HP250x62

3

32.2/32.5/32.2

97

9.14

25

Story
County

HP250x62

3

64

9.14

25

Bridge#5555

HP250x85

3

22

66

12

23

Boone River

HP250x62

4

15.2/34.2/34.2/15.2

99

12.2

19

Maple River

HP250x62

3

30/38/30

98

9.8

22

OrangeWendell

HP250x85

3

24/34/24

82

10

20

19.5/22.3/19.5

Girder
Type
Prestress
concrete
girder
Prestress
concrete
girder
Type-45
M
Prestress
girder
Steel
Girder
Steel
girder

Skew

30

15
No
skew
45
30
No
skew

Accordingly, the thermal-induced longitudinal movement of the integral bridge
deck results in one dominant cyclic lateral displacement of steel H-piles at the
abutments each year due to seasonal (summer and winter) temperature changes and
numerous smaller cyclic lateral displacements due to more frequent temperature
fluctuations. This is confirmed by the strain vs. time records of instrumented steel Hpiles for several integral bridges (Girton 1991, England 2001, Abendroth 2005, Breña
2007).
Field studies performed by Girton (1991), on the Boone River bridge and the
Maple River bridge in Iowa, USA showed that both bridges exhibited one large strain
cycle per year due to seasonal temperature changes and about 52 small strain cycles
per year due to more frequent temperature fluctuations as shown in Fig.3. Another field
test performed by French (2004) on a reinforced-concrete integral bridge in Minnesota,
USA also demonstrated one large strain cycle per year due to seasonal temperature
changes and about 120 small strain cycles per year due to more frequent temperature
fluctuations. According to another research study performed by Abendroth (2005) the
Tama county bridge in Iowa, USA exhibited one large strain cycle per year due to
seasonal temperature changes and about 81 small strain cycles per year due to more
frequent temperature fluctuations. Moreover, all the available field test records
demonstrate that the amplitude of the small strain cycles in the piles supporting the
abutments fall within 20% to 40% range of the amplitude from the large strain cycles.
Similar findings were reported by Lawyer (2000) and Dicleli (2004). Further examination

of the recorded flexural strain cycles in steel H-piles revealed that the small strain
cycles may be divided into two types as primary and secondary. The primary cycle is
defined as a cycle that crosses the backbone of the large amplitude cycle and the
secondary cycle is a smaller amplitude cycle that does not cross the backbone of the
large amplitude cycle as shown in Figs. 4 and 5. It is noteworthy that the observed
thermal induced cyclic strain pattern in steel H-piles and the conclusions deduced from
this research study are limited to the available field measurement data.
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Figure 2. Pile displacement due to thermal changes, (a) Thermal expansion,
(b)Thermal contraction.
It is worth mentioning that the net difference between the seasonal and
construction temperatures may be disparate in the summer and winter times based on
the climatic conditions of the area where the bridge is located. Therefore, the
amplitudes of the positive (εap) and negative (εan) strain cycles corresponding to the
summer and winter time may not be equal as observed from Fig.4. However, as the
range of strain amplitudes rather than the strain amplitude itself defines the extent of
fatigue damage in steel H-piles, the positive and negative strain amplitudes may be
assumed to be equal Dicleli (2004) when studying the low cycle fatigue life of steel Hpiles (i.e. εap = εan= εa).

Figure 3. Measured pile displacements by Girton et al. (1991).

Figure 4. General flexural strain versus time record for integral bridge piles (Dicleli
2004).

Figure 5. (a) Experimental bridge displacement versus time record for Bridge #55555
and the demonstration of primary and secondary small strain cycles.
5. CYCLE COUNTING METHOD DEVELOPED SPECIFICALLY FOR THERMAL
INDUCED STRAINS IN STEEL H-PILES
Several cycle counting methods exist in the literature for the study of fatigue
damage generated in structures. Level Crossing, Peak, Simple Range, Rainflow and
Shadow (Azamfar 2014) cycle counting methods are those using the stress and
deformation range to count the number of cycles. It is a well-known fact that these cycle
counting methods count a collection of strain/stress cycles ranging from the highest
points to the lowest one (Azamfar 2014). Although various methods mentioned above
may still be in use, the Rainflow counting method is the most favorable one among all
for the counting of cycles with the maximum amplitudes in random loading conditions
such as the one observed in integral bridge steel H-piles. However, this method and the
Shadow cycle counting method have been found to have inaccurate results and
unsatisfactory levels of safety (Breña 2007, Azamfar 2014).More importantly, none of
the methods mentioned above are designed to count the temperature-induced primary
and secondary small amplitude strain cycles in the steel H piles used at integral bridge
abutments. Therefore, a new cycle counting method is developed in this study to count

the number of large as well as primary and secondary small amplitude thermal-induced
flexural strain cycles in the steel H-piles at the abutments of integral bridges. The stepby-step procedure of the developed cycle counting method is explained below using
the pile strain versus time record of Mn/DOT Bridge #55555 described in detail in
Section 3;
Step-1. First, the cyclic displacements/strain data obtained from field
measurements are used in a nonlinear minimum least square curve fitting technique to
formulate a sixth degree polynomial curve representing the large amplitude strain
cycles due to seasonal temperature variations. The main reason for using a sixth
degree polynomial function is to simulate the shape of the large amplitude cycle as
accurately as possible. The solid line plotted for Mn/DOT Bridge #55555 in Fig.5 shows
the large amplitude cycle obtained through such a process. The amplitude of the large
displacement/strain cycle is determined as the average of the absolute maximum and
minimum strain amplitudes obtained from the sixth degree polynomial function. This is
because the strain range determines the fatigue damage rather than the individual
magnitude of the negative or positive strain amplitudes. Thus, the calculated average
strain amplitude is considered to be the representative amplitude of the large strain
cycles. The number of large amplitude displacement/strain cycles per year is equal to
one as these cycles occur due to seasonal temperature variations in the summer and
winter time (once a year).
Step-2. To determine the amplitude and the number of primary small amplitude
cycles, first, the corresponding amplitude of the large cycle (polynomial curve) is
subtracted from each recorded data point to obtain the relative amplitude of the small
amplitude cycles with respect to the large amplitude cycle. The maximum positive and
maximum absolute negative strain amplitudes relative to the large amplitude strain
cycle determines the positive and negative amplitudes of a specific primary small
amplitude cycle as shown in Fig.6 and Table 2 for the Mn/DOT Bridge #55555. In the
figure, the peak points designated by ‘*’ indicates the amplitudes of the primary small
amplitude strain cycles. The rest of the points (other than those indicated by‘*’) are
taken as the secondary small amplitude strain cycles. The average of the absolute
values of the positive and negative relative amplitude strain cycles obtained through the
process described above determines a constant amplitude strain cycle representing the
primary small amplitude strain cycles. This constant amplitude cycle may be used for
studying the performance of steel H piles under cyclic thermal effects. The number (ns1)
of these primary small cycles is calculated as the number of positive and negative
amplitudes determined through the process described above divided by two. The
amplitude of these primary small amplitude cycles relative to that of the large amplitude
cycles (β1) is defined as;
𝛽1 =

𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑠𝑚𝑎𝑙𝑙 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑐𝑦𝑐𝑙𝑒𝑠
𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑎𝑟𝑔𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑐𝑦𝑐𝑙𝑒

(1)

Step-3. To determine the amplitude and the number of secondary small
amplitude strain cycles, first, the set of data points above or below the polynomial curve
are used in a linear minimum least square curve fitting technique to formulate a linear
function representing the mean of the secondary small amplitude strain cycles as
shown in Fig.6 (Black dotted lines). Next, the linear function obtained in the previous

step is subtracted from each recorded data point to obtain the relative amplitude of the
secondary small amplitude cycles with respect to the linear function representing the
mean values. The maximum positive and absolute negative relative amplitudes,
determines the positive and negative amplitudes of a specific secondary small
amplitude cycle as observed from Fig.7 and Table 3 for the Mn/DOT Bridge #55555. In
the figure the points designated by ‘+’ indicate the amplitudes of the secondary small
cycles. The average of the absolute values of the positive and negative relative
amplitudes obtained through the process described above determines the amplitude of
a constant amplitude secondary small amplitude cycle that can be used for studying the
performance of steel H piles under cyclic thermal effects. The number (n s2) of these
secondary small cycles is calculated as the number of positive and negative amplitudes
determined through the process described above divided by two. The amplitude of
these secondary small amplitude cycles relative to that of the large amplitude cycles (β 2)
is defined as;
𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑠𝑚𝑎𝑙𝑙 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑐𝑦𝑐𝑙𝑒𝑠
𝛽2 =
(2)
𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑎𝑟𝑔𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑐𝑦𝑐𝑙𝑒
The measured pile lateral top displacements of the Guthrie County, Story County,
Orange-Wendell, Maple River, and Tama County bridges due to temperature variations
are determined. The measured pile lateral top displacements of the Story County,
bridge due to temperature variations are shown in Fig.7 (a). The amplitudes of the
primary small amplitude displacement cycles relative to that of the large amplitude
displacement cycles (β1) obtained from these measured displacement using the
procedure defined above are shown in Fig.7 (b).
Table 2. Determination of the maximum positive and negative amplitudes of primary small
amplitude cycles from Mn/DOT Bridge #55555.
Time
Strain
Six Degree
Difference
(month)
(µԑ)
Polynomial
2,001
426,738
395,357
31,3814
2,029
397,83
393,439
4,3910
2,043
402,396
392,498
9,8982
2,084
410,016
389,703
20,3133
2,097
457,188
388,825
68,3628(*)
2,125
391,758
386,902
4,8559
2,139
381,108
385,964
-4,8564(*)
2,165
516,546
384,282
132,2639
2,164
528,72
384,295
144,4246
2,178
542,418
383,391
159,0274
2,205
553,074
381,574
171,5003
2,232
612,42
379,818
232,6022
2,259
656,58
378,056
278,5238(*)
2,274
585,042
377,073
207,9686
2,343
569,838
372,582
197,2563

Minimum Least Square
Linear Curve Fitting

Strain

Detail-2
Polynomial Fit of Large
Strain Cycle

Time
(a)
Strain

(+)

(+)

(+)

Minimum Least Square Linear
Curve Fitting
(+)
(+)

Time

(b)

Figure 6. (a) The positive and negative small strain amplitudes obtained from minimum least
square curve fitting, (b) Detail-2.
Table 3. Determination of positive and negative amplitudes of secondary small
amplitude cycles from Bridge #55555.
Time
Strain
Six Degree
Difference
(month)
(µԑ)
Polynomial
0,046
395,988
611,496
215,508
0,072
467,514
606,273
138,759
0,086
482,730
603,638
120,908
0,127

472,086

595,734

123,648

0,127

469,044

595,724

126,680

0,141

461,436

593,136

131,700

0,155

420,354

590,477

170,123

0,170

396,006

587,898

191,892

0,197

415,794

583,027

167,233

(a)

(b)
Figure 7. (a) Experimental bridge displacement versus time record for Story County Bridge
from December 1998 to April 1999, (b) The calculated amplitude of the large amplitude and
primary small amplitude cycles.

6. ANALYTICAL FORMULATION OF LOW CYCLE FATIGUE EFFECTS IN
INTEGRAL BRIDGE STEEL H-PILES
In this section, using the primary and secondary strain amplitude ratios β 1 and β2,
obtained from field measurements of integral bridges available in the literature and the
cycle counting method developed above, the effect of primary and secondary small
amplitude strain cycles on the low cycle fatigue performance of steel H piles is studied.
For this purpose, the equation proposed by (Koh 1991) is used together with Miner’s
rule (1945) to develop a new equation that will be used to estimate the amplitude, ε a,
and number of the large amplitude flexural strain cycles, n L, required for low cycle
fatigue failure of steel H–piles by including and excluding the effect of primary and
secondary small amplitude strain cycles.
Koh and Stephens proposed an equation to calculate the number of constant
amplitude strain cycles to failure for steel sections under low cycle fatigue. This
equation is based on the constant strain amplitude, εa, and expressed as follows:

 a  M .2 N f m

(3)
where M = 0.0795; m=-0.448 and Nf is the number of constant amplitude strain
cycles to failure.

The above equation is used for the estimation of the large strain amplitude that
the steel H-piles can sustain before their failure takes place due to low-cycle fatigue
effects within the service life of the bridge. However, the temperature induced strains in
steel H-piles have variable amplitudes consisting of large and small cycles as illustrated
in Fig.3. Therefore, Eq.(3), which is derived for constant amplitude strain cycles, cannot
be used directly to obtain the large strain amplitude a steel H-pile may sustain.
Conservatively assuming that both the large and small amplitude strain cycles induce
low cycle fatigue damage in the steel H-piles, Miner’s rule may be used in combination
with Eq. (3) to obtain the maximum strain amplitude a pile may sustain.
Miner (1945) have formulated an expression of fatigue damage in a structure as
follows;
𝑛
∑𝑛𝑖=1 𝑖 ≤ 1
(4)
𝑁𝑓𝑖

Where Nfi is the number of cycles to failure with a certain stress/strain amplitude
and ni is the number of times that a cycle with the same amplitude is repeated. This
equation can be used to calculate the cumulative fatigue life of a structural member that
has been consumed by various strain amplitudes with different number of applied
cycles. In the case of the steel H-piles in integral bridges that are subjected to large as
well as primary and secondary small amplitude strain cycles, this expression may be
written in a different form as follows;
𝑛𝐿
𝑁𝑓𝐿

+

𝑛𝑆1
𝑁𝑓𝑆1

+

𝑛𝑆2
𝑁𝑓𝑆2

≤1

(5)

where, nL is the number of large amplitude strain cycles, nS1 and nS2 are
respectively the numbers of the primary and secondary small amplitude strain cycles
due to temperature variations throughout the service life of the integral bridge and N fS1,
NfS2 and NfL are the total number of cycles to failure for the corresponding primary small,
secondary small and large amplitude strain cycles respectively. For a bridge with ‘n’
years of service life, the number of large amplitude strain cycles throughout the service
life of the bridge is nl=n. Using Eq. (3), the small and large amplitude strains are
expressed as:
𝑚
𝜀𝑎𝑆𝑙 = 𝑀. (2𝑁𝑓𝑆𝑙 )
(6)
𝜀𝑎𝑆2 = 𝑀. (2𝑁𝑓𝑆2 )

𝑚

(7)

𝑚

𝜀𝑎𝐿 = 𝑀. (2𝑁𝑓𝐿 )
(8)
The small strain amplitudes, εaS1 and εaS2 may be expressed as a fraction of the
large strain amplitude, εaL, as follows;
 aS 1  1 . aL
 aS 2   2 . aL

(9)
(10)

Substituting Eq. (9) and (10) into Eq. (6) and (7) and solving for NfS1 and NfS2,
the numbers of primary and secondary small amplitude cycles to failure are obtained as
follows;

1

N fS1

1   .  m
  aL 1 
2 M 

N fS 2

1   . 
  aL 2 
2 M 

1

(11)
m

(12)

Similarly, solving for NfL from Eq. (8) the number of large amplitude cycles to
failure is obtained as:
1

𝜀𝑎𝐿

2

𝑀

𝑁𝑓𝐿 = . (

1⁄
𝑚

)

(13)

Substituting Eqs. (11), (12) and (13) into Eq. (5) and rearranging, the following
cumulative fatigue damage equation is obtained:
2.𝑛𝐿
1⁄
𝑚
𝜀
( 𝑎𝐿 )
𝑀

+

2.𝑛𝑆1
1⁄
𝑚
𝜀 𝛽
( 𝑎𝐿 1 )
𝑀

+

2.𝑛𝑆2
1⁄
𝑚
𝜀 .𝛽
( 𝑎𝐿 2 )

≤1

(14)

𝑀

Rearranging the above equation, and replacing the“≤ “sign by “=”, the number of
large amplitude flexural strain cycles required for the low cycle fatigue failure of the
piles is obtained as:

𝑛𝐿 =

1
1 𝜀𝑎𝐿 ⁄𝑚
[2 ( 𝑀 )

−(

𝑛𝑆1
𝛽1

1⁄
𝑚

+

𝑛𝑆2
1⁄
𝛽2 𝑚

)]

(15)

The above equation is used for the numerical investigation of the effect of
primary and secondary small amplitude thermal induced flexural strain cycles on the
low cycle fatigue life of steel H-piles at the abutments of integral bridges.
It is also possible to express Eq. (15) in a more universal form, in case the
measured thermal induced response of the piles of a specific integral bridge deviates
from what is observed from the field measurement data of the bridges considered in
this study. Knowing that the large amplitude strain (εaL) cycle is represented by the
backbone curve of the thermal-induced strain versus time plot, and assuming that the
remainder of the response is grouped into “k” number of strain amplitudes, ε ai, and
associated number of cycles, nı, Eq. (15) can be represented in a more universal form
as follows;
𝑛𝐿 =

1
1 𝜀𝑎𝐿 ⁄𝑚
)
[2 ( 𝑀

𝑘

−∑
𝑖=1

(

𝑛𝑖

1⁄
𝛽𝑖 𝑚

)]

(16)

Where βi = εai / εaL. The above equation is more universal and may be used for
any measured strain versus time response of integral bridge piles.
7. NUMERICAL INVESTIGATION OF THE RELATIVE EFFECT OF THE
SMALL AND LARGE AMPLITUDE STRAIN CYCLES USING THE NEWLY
DEVELOPED EQUATIONS AND CYCLE COUNTING METHOD
In this section, the effect of primary and secondary small amplitude flexural
strain cycles on the low cycle fatigue performance of steel H-piles at the abutments of
various integral bridges available in the literature is investigated. For this purpose, first
the number and amplitude of large as well as primary and secondary small amplitude

flexural strain cycles in the steel H-piles of various integral bridges are obtained by
using the field measurement data recorded by (French 2004, Lawyer 2000, Abendroth
2005, Breña 2007) and the cycle counting method developed as part of this research
study. The amplitude, ԑaL of the large amplitude pile strain cycles as well as the
numbers (nS1 and nS2) and the amplitudes of the primary and secondary small
amplitude pile strain cycles relative to that of the large amplitude pile strain cycles (β1
and β2) are tabulated in Table 4. Then the data given in Table 4 are substituted in
Eq.(15) to calculate the number of large amplitude pile strain cycles, n L, required for
the low cycle fatigue failure of the piles by (i) considering only the effect of large
amplitude strain cycle (the effect of primary and secondary small amplitude strain
cycles are not considered). (ii) considering the effect of only the primary small
amplitude strain cycle together with that of the large amplitude strain cycle, (iii)
considering the effect both primary and secondary small amplitude strain cycles
together with that of the large amplitude strain cycle. The results are tabulated in Table
5 for various integral bridges with field-measured pile strain data. It is observed from
the table that the effect of primary and secondary small amplitude flexural strain cycles
on the low cycle fatigue life of steel H piles is negligible. On the average, the primary
small amplitude strain cycles are observed to reduce the estimated fatigue life of steel
H piles by 1.1% whereas the primary and secondary small amplitude strain cycles
together are observed to reduce the estimated fatigue life of steel H piles by 1.4%. This
is also verified experimentally in the next section. In addition, the average low cycle
fatigue life of steel H-piles of the bridges considered in this study is calculated as 50
years (Table 5). The calculated fatigue life of steel H piles in these integral bridges is
meaningful as such bridges are assumed to have a service life of at least 50 years.
8. EXPERIMENTAL VERIFICATION OF THE EFFECT OF SMALL AMPLITUDE
FLEXURAL STRAIN CYCLES ON THE LOW CYCLE FATIGUE LIFE OF STEEL HPILES
8.1Test set up
A cantilever compact steel HP260x87 section is tested to simulate the inelastic
cyclic behavior of steel H-piles under thermal effects in integral bridges. The cantilever
system has an upside down geometry of the pile-abutment system of an integral bridge
as shown in Fig.8. A steel fixture is designed to simulate the fixity condition of the pile
to the integral abutment. A reinforced concrete fixture simulating the integral bridge
abutment is not used in the tests due to possible damage and cracking of the
reinforced concrete abutment upon cyclic loading that may result in loosening of the
pile-abutment connection. This may then render the correct measurement of inelastic
pile strains ineffective. Accordingly, as the focus of the research is to assess the low
cycle fatigue life of steel H-piles, a steel fixture becomes more appropriate. The steel
fixture is connected to the rigid test frame and the cyclic displacement is applied to the
top of the cantilever compact steel HP260x87 section. The cantilever length is chosen
to approximately correspond to the length of the pile effective in resisting the lateral
movement due to temperature fluctuations. For this purpose, a total of 128 static
pushover analyses of typical integral bridges are conducted to determine the equivalent

cantilever length of the steel H-piles that are used in the experimental part of this
research study. Based on the pushover analyses results, the average equivalent length
of a pile made of compact steel HP260x87 section is determined as 1.35m. Accordingly,
compact steel HP260x87 steel members are cut in 1.90m length where the 0.4m part is
encased in the steel base fixture to provide fixity and the load is applied at
approximately 0.15 m from the top of the pile (the centerline of the load is at 0.15m
from the pile top).
Table 4. The values of ԑaL, 1, 2, ns1, ns2 for different integral bridges.
Measurement
ԑaL
Source
Bridge
ns1
1
2
Time
Story
Abendroth
1998-2000
0,002959 0.4506 0.2673 40
County Bridge
et.al. [17]
Guthrie County
Abendroth
1998-2000
0,003645 0.3775 0.2075 34
Bridge
et.al. [17]
Tama County
Abendroth
2000-2001
0,003366 0.3443 0.1748 52
Bridge
et.al. [17]
Girton
1987-1989
Boone River
0,004185 0.2959 0.1733 39
et.al.[8]
Girton
1987-1989
Maple River
0,003455 0.3864 0.1132 44
et.al.[8]
French et.
1998
Bridge #55555 0,002795 0.4238 0.1955 53
al. [12]
North Pile
Brena
2002
Orange–
0,003032 0.2620 0.1590 126
et.al.[18]
Wendell Bridge
South Pile
Brena
2002
Orange–
0,0033066 0.2843 0.1398 102
et.al.[18]
Wendell Bridge
North Pile
Brena
2003
Orange–
0,004017 0.1710 0.1078 124
et.al.[18]
Wendell Bridge
South Pile
Brena
2003
Orange–
0,003264 0.2543 0.1276 111
et.al.[18]
Wendell Bridge
Brena
et.al.[18]

Brena
et.al.[18]

ns2
11
13
29
6
5
67
81

157

101

74

2004

North Pile
Orange–
Wendell Bridge

0,003357

0.2497 0.0864 130

123

2004

South Pile
Orange–
Wendell Bridge

0,003033

0.2750 0.1042 130

128

0.3146 0.1547

66

Average

82

Table 5. Service life and Percentage Change in Service Life
Percentage Change in
Service life
Service Life

Bridge Name

Orange–Wendell Bridge

Story County
Bridges
Guthrie County
Bridges
Tama County
Bridges
Boone River
Bridges
Maple River
Bridges
Bridge #55555
Bridges
North Pile
(2002)
South Pile
(2002)
North Pile
(2003)
South Pile
(2003)
North Pile
(2004)
South Pile
(2004)
Average of All the
Data Considered

Only
Large
Amplitude
Cycles

Large
Large
Large
Amplitude
Amplitude
Amplitude Cycles +
Cycles +
Cycles +
Primary
Primary
Primary
and
Small
Small
Secondary
Amplitude
Amplitude
Small
Cycles
Cycles
Amplitude
Cycles

Large
Amplitude
Cycles +
Primary and
Secondary
Small
Amplitude
Cycles

65

63

62

2.8

4

41

40

39

2

2.1

49

48

47

0.8

0.9

30

29

29

0.8

1

46

45

44

1

1

73

72

72

0.9

1.1

61

60

60

0.9

1.1

60

59

58

1

1.1

33

32

32

0.7

0.9

52

51

51

0.9

1

49

48

48

1

1.1

61

60

59

1

1.1

52

50,6

50

1.1%

1.4%

Steel Frame

Stand
Lateral
Supports

Strain Gauge
#1-7

Strain
Gauge #2-6

Strain Gauge
#1-2

Strain
Gauge#1-6

Stand

Strain Gauge
#1-3

10 mm

LVDT#2-8

Strain
Gauge#2-3

Strain
Gauge #1-4

LVDT#2-7

Centerline
of Actuator

Strain
Gauge #2-2

Ball Joint

LVDT#2-1

120
mm

Load Cell#1-1

1800
mm

Actuator

Strain
Gauge #1-7

8.2 Instrumentation
Three types of measuring devices are used to instrument the steel H-piles.
These are, (i) electrical resistant strain gauges for measuring strains on the steel H–
piles. (ii) Load cell for measuring the lateral load level, (iii) LVDT (displacement
transducer) for measuring the lateral displacement. The test setup is shown in Fig.8.
The steel pile specimen is vertically erected and fitted to the base fixture and the base
fixture is bolted to the bottom of the test frame. The pile specimen is instrumented with
twelve strain gauges and three displacement transducers. The plan view of the
configuration of the strain gauges on the pile cross-section is also shown in Fig.8.
Strain measurements are required to correlate fatigue life of the pile specimen with the
cyclic strain amplitudes. Therefore, strain measurement is performed at the critical
locations where fatigue failure occurs. Displacements, strains and lateral loads are
measured and recorded using a data-logger (TDG-Ai8b). Furthermore, in the test set
up, a displacement controlled hydraulic actuator capable of applying ±500 KN of load
and a stroke of ± 125 mm is used to impose lateral cyclic displacements.

Strain
Gauge#2-6

Figure 8. Experimental set-up.
8.3 Tests to Determine Material Properties
Standard tensile tests on steel coupons extracted from the pile specimen is
performed according to American Standards for Testing Materials, ASTM 2005. Using
the tensile test’ results, the average value of the modulus of elasticity of the steel
material is determined as 200,000 MPa. In addition, the yield strength is determined as
306 and the ultimate tensile strength is determined as 421 MPa.
8.4 Low Cycle Fatigue Tests
In this study, two sets (each set consists of three pile specimens) of steel
HP260x87 pile specimens (Specimen #1 and Specimen #2) are tested to investigate
the effect of primary small amplitude strain cycles on the low cycle fatigue life of steel H
piles at the abutments of integral bridges. Specimen #1 is tested to simulate cyclic

behavior of steel H-piles under thermal effects in integral bridges by considering only
the effect of large amplitude strain cycles. In the case of Specimen #2, the effect of the
primary small amplitude cycles is also included in the experimental simulation.
Constant amplitude reversed cyclic displacements are applied to the top of the
cantilever pile specimen using a servo-controlled hydraulic actuator operated in
displacement control where a sinusoidal cyclic displacement waveform signal with a
frequency of 0.5Hz (2 mm/s) is employed for displacement control at room temperature.
The experimental parameters in this research study do not include the pile orientation
related to the horizontal loading direction and vertical loading. Thus, no axial load is
applied on the pile specimen due to the limitations of the test setup and lateral load is
applied only in the strong axis direction. Detailed discussion of the experimental tests
and test results are given in the following subsections.
8.4.1 Low Cycle Fatigue Test results of Specimen-#1
The low cycle fatigue tests of Specimen #1 are conducted by applying only large
amplitude strain cycles to the specimens. The amount of cyclic displacement at the top
of the piles is controlled such that a flexural strain equal to five times the yield strain
(εa=5εy) is developed in the outermost fibers of the flanges. Fig.9 shows a typical steel
pile specimen under cyclic lateral displacement. During the experimental testing of the
piles under constant amplitude cyclic displacements/strains, the fatigue-induced cracks
firstly developed at the intersection of the flanges and the web. The cracks then
expanded towards the tips of the flanges under further cycling. Finally, the specimens
fractured due to low cycle fatigue when the number of cycles reached 200 (the number
of cycles to failure of three specimens; 207, 200, 194). The front and side views of the
fracture pattern in one of the pile specimens are shown in Fig.10. The fracture occurred
right above the 400 mm-tall steel base fixture.

LVDT
HP Specimen
LVDT

Load
Cell
Actuator
Strain
Gauge

Figure 9. Specimen-1 under cyclic lateral load normal to its strong axis.

Figure 10. Front and side views of fatigue induced steel pile

8.4.2 Low Cycle Fatigue Test Results of Specimen-#2
In this phase of the research study, in addition to large amplitude strain cycles,
primary small amplitude strain cycles are also applied to the pile specimen identical to
Specimen #1 to explore the effect of primary small amplitude strain cycles on the low
cycle fatigue life of steel H piles at the abutments of integral bridges. The cyclic
displacements applied to the top of the pile specimens are shown in Fig.11. To achieve
the same large amplitude flexural strain level as in the case of Specimen #1 (five times
the yield strain (εa=5εy)), the piles are subjected to the same top displacement as
Specimen #1 In the tests, as in the case of the Tama County Bridge (Dicleli 2003,
Razmi 2013), the number of primary small amplitude strain cycles is assumed to be
approximately 51 per large amplitude strain cycle (per year) and the ratio of the primary
small and large strain amplitudes is taken as 0.3. For this purpose, the large amplitude
cyclic lateral displacement is divided into 17 points as shown in Fig.11. At each large
amplitude displacement point, three cycles of primary small amplitude strains are
applied as shown in Fig.11 (a) so that the total number of primary small amplitude
cycles becomes 17 x 3 = 51 cycles per large amplitude cycle. Similar to the tests
results of Specimen 1, during the experimental testing of the pile, the fatigue-induced
cracks firstly developed at the intersection of the flanges and the web. The cracks then
expanded towards the tips of the flanges under further cycling. Finally, the specimens
fractured due to low cycle fatigue when the average number of large amplitude cycles
reached 193 (the number of cycles to failure of three specimens; 188, 197, 194).
Comparing the test results of Specimen #1 with that of Specimen #2, it is observed that
the average number of large amplitude strain cycles to failure reduced from 200 to 193
when the effect of primary small amplitude strains is included in the tests. The low cycle
fatigue life of the tested steel H-pile dropped about 3.5%. This is in reasonably good
agreement with the numerical simulation of the effect of primary small amplitude strain
cycles where on the average the reduction in low cycle fatigue life of the piles was
calculated to range between 1.1% and 1.4%. Thus, it may be concluded that the effect
of small amplitude strain cycles on the low cycle fatigue life of steel H piles made of
compact sections is generally negligible.
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(a) Cyclic displacement versus time graph to simulate the effect large and primary

small amplitude strain cycles (b) The schematic view of cyclic displacement of steel H-piles
during the tests
9. CONCLUSIONS
In this study, field test results of several integral bridges in the US are studied to
better understand the effect of thermal fluctuations on the steel H-piles of integral
bridges. For this purpose, the field measurement data obtained from several integral
bridges in the US are used to determine the amplitude and the number of temperature
induced flexural strain cycles in the steel H-piles at the abutments of integral bridges.
Accordingly, the observed thermal induced cyclic strain pattern in steel H-piles and the
conclusions deduced from this research study are limited to the available field
measurement data. The important findings of this research study are as follows;
1- In light of the data obtained from field measurements of several integral
bridges in the US, it is observed that the temperature induced flexural strain cycles are
composed of large amplitude strain cycles due to seasonal temperature fluctuations
(summer and winter) as well as primary and secondary small amplitude strain cycles
due to more frequent temperature fluctuations.
2-From the field measurement data and the developed cycle counting method as
part of this research study, it is observed that on the average, the number and relative
amplitude (with respect to the large amplitude cycle) of primary small amplitude strain
cycles are ns1=82 and β1 =0.32 and those of secondary small amplitude strain cycles
are ns2= 66 and β2 =0.16.
3-Using the analytically developed fatigue life equation as part of this research
study, the average low cycle fatigue life of steel H-piles of the bridges considered in this
study is calculated as 50 years. The calculated fatigue life of steel H piles in these
integral bridges is found to be meaningful as such bridges are assumed to have a
service life of at least 50 years.
4-It is also found that, on the average, the reduction in fatigue life due to the
effect of primary and secondary small amplitude strain cycles calculated using the
analytically developed fatigue life equation ranges between 1.1% and 1.4%. This
indicates that the effect of primary and secondary small amplitude strain cycles on the
low cycle fatigue life of compact steel H piles at the abutments of integral bridges is
negligible. The observations from this numerical study are also verified experimentally.
The experimental results confirm that the effect of small amplitude strain cycles on the
low cycle fatigue life of compact steel H piles at the abutments of integral bridges is
negligible.
5-Accordingly, the large amplitude strain cycles due to seasonal temperature
fluctuations (summer and winter) are far more important for the low cycle fatigue life
estimation of steel H piles at the abutments of integral bridges. Thus, in the estimation
of the low cycle fatigue life of compact steel H-piles (such as the one considered in this
study) at the abutments of integral bridges, the effects of the small amplitude strain
cycles may be ignored. For H-piles made of lighter, non-compact sections, the effect of
small amplitude strain cycles needs to be further investigated.

6-Additionally, the effect of the axial load level as well as the magnitude of the
large amplitude strain cycles on the low cycle fatigue life of steel H-piles remains to be
investigated.
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