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a b s t r a c t

This paper examines the structural behavior of bridge timber piles under eccentric compression loading.
Samples of the piles were retrieved from a recently collapsed bridge and experimentally tested under
compression and combined compression and flexure. The experimental timber pile response was used to
calibrate a numerical model of full timber piles of a prototype bridge, including material and geometric
nonlinearity as well as soil–structure interaction. The numerical results illustrated that the pile strength
was significantly reduced under eccentric load compared to concentric load. Therefore, it was concluded
that the effect of compression–flexure interaction on bridge timber piles must be checked during bridge
design and/or rating, especially in the case of simply supported superstructures where loading on one
span may lead to eccentric loading on a timber pile group.

© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Timber piles represent an economical foundation system that
has commonly been used for small bridges since the middle of
the 18th century [1]. They are typically sawn from Southern Pine,
Douglas fir, Oak, Red Pine or Cedar [2]. Similar to the natural
properties of a tree, they are usually roundwith a natural taper that
increases frictional capacity but still must meet certain criteria for
quality, straightness and diameter [3]. Under ideal conditions they
have an indefinite service life [4]. Above the water level they are
treated with a preservative (e.g., creosote) to prevent decay, which
can be effective for at least 40 years [5]. According to current code
provisions, timber piles are designed and/or rated primarily for
concentric compression loading, assuming that the superstructure
provides sufficient rigidity to prevent eccentricities in the piles [6].
However, this assumption is invalid if the superstructure consists
of simply supported spans. In this common case, if only one bridge
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span carries live load (Fig. 2), the reactions from two adjacent spans
could be different and the compressive force transmitted to the
piles would be eccentric. The resulting interaction of compression
and flexural loads in the piles could negatively impact timber pile
strength, and therefore, this loading case should be evaluated in
timber pile design. The primary goal of this paper is to shed the
light on the effects of applying eccentric loads on the strength
of round timber piles. Experimental testing of deteriorated and
relatively new piles retrieved from a 32 year old bridge was
conducted and the resultswere used in a numerical analysis of full-
scale piles under eccentric loads.

2. Previous work

The Army and Navy in 1924 first investigated the interaction
of combined compression and flexure loads in wood for airplane
construction [7]. Experimental testing of 51 mm (2 in.) square
specimens and analysis based on Euler buckling illustrated that
the material capacity was a function of load eccentricity as well
as the slenderness of the section. Interaction equations were later
developed to describe the test results [8] as a function of the
axial stress and the flexural stress. These equations were shown
to provide reasonable accuracy for short, intermediate and long
beam–columns.
In 1982, Zahn [9] tested Western Hemlock specimens measur-

ing 51 mm (2 in.)× 152 mm (6 in.) nominal under varying eccen-
tricities. In addition, over 400 tests were performed on 457 mm
(18 in.) long specimens in order to calibrate a finite element anal-
ysis for longer specimens. These tests agreed well with a subset
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Fig. 1. Prototype bridge layout.
of 2438 mm (96 in.) long experimental tests. The short specimen
compressive strength was reduced by 57% when the load eccen-
tricity was increased from 25 mm (1 in.) to 89 mm (3.5 in.).
Zahn [10] derived interaction equations to include second-

order effects coupling the axial force and bendingmoment, similar
to the AISC (1986) [11] procedure. These equations reasonably
captured experimental results and were adopted by the current
National Design Specification [12].
The experimental testing of wood under combined compres-

sion and flexure has concentrated on small sawn lumber. There
has been limited research on large circular specimens typical of
timber piles. This work analyses the response of timber piles un-
der combined compression–flexure loading. The effects of pile
aging/deterioration and moisture content are considered in the
study. The results of relatively short specimens are extended nu-
merically using finite element analysis to explore the response of
longer piles.

3. Prototype bridge

A recently collapsed rural bridge in DeKalb County, Illinois was
used as a prototype structure for this work (Fig. 1). The prototype
bridge deck was simply supported; therefore its supporting piles
were susceptible to eccentric loads under unsymmetrical loading
conditions such as the one shown in Fig. 2. The bridge was
constructed in 1976 to service local agricultural traffic based on
1973 AASHTO HS-20 load criteria [13], which did not explicitly
account for potential load eccentricity.
As shown in Fig. 1, the bridge consisted of three 12.8 m (42 ft)

spans skewed 45° left forward and traversed a small stream (that
flowed between bents 2 and 3) used for agricultural drainage.
The bents and piles were numbered increasing to the east and
south respectively. The deck was 432 mm (17 in.) thick precast
pretensioned concrete beams supported on concrete pile caps
connected by 19 mm (3/4 in.) dowels cast in the pile cap and
inserted into 51mm (2 in.) holes in the deck beam. This connection
provided negligible rotational restraint between the deck beams
and pile cap. The timber piles were embedded 305 mm (12 in.)
in the cast-in-place pile cap, providing the ability to transfer axial
force and moment. The circular timber piles each had a 254 mm
(10 in.) nominal diameter and were 8.5 m (28 ft) long embedded
approximately 5.2 m (17 ft) below the stream mudline.
The timber piles were made from oak, although the specific

species of timber was not specified in the design documents. The
original bridge plans required the timber piles to have a 214 kN
(48 kip) nominal capacity. As part of the regular maintenance of
the bridge, in 2000 the top six feet of two piles of bent 3 were
removed due to severe deterioration and replaced by new round
timber posts.
During the removal of the bridge after its recent collapse, the
researchers were able to retrieve several samples of the bridge
piles. These samples were used to determine the strength of the
timber piles experimentally under compression and combined
compression and flexure and the test results were used to calibrate
accurate models for the prototype bridge piles.

4. Laboratory testing

4.1. Specimen description

Eight pile specimens from the collapsed structure were
retrieved in order to investigate the influence of eccentricity on
timber pile strength; their properties are summarized in Table 1.
Six specimens were retrieved from three piles of bent 3 and two
of the specimens were cut from bent 2. The specimens were
designated as being either above or below the riverbed or from
one of the two posts inserted into the piles. The specimens were
each cut to a length of 914 mm (36 in.), but the cross-section
dimensions varied slightly between samples due to the taper and
natural irregularities in the timber piles. The cut surfaces were cut
as smoothly and squarely as practical to ensure uniform loading.
The specimenswere tested at twomoisture content conditions, air-
dried and water-saturated, to evaluate the influence of moisture
content on the pile mechanical properties above and below the
water level. Air-dried specimens were dried for 36 days in the
laboratory, while saturated specimens were submerged in water
and weighed periodically until their weight stabilized, which took
approximately 8 days.
The specimens were subjected to either monotonic or cyclic

compression loading or monotonic combined compression and
flexure, as included in Table 1, to directly evaluate the effects of
timber age, location and moisture content (i.e., above or below the
riverbed), and loading type. Specimens SP1 and SP2 compare the
response of the posted material to the original piles. Specimens
SP4 and SP6 compare pile sections above and below the riverbed,
at their appropriate natural moisture content. Specimens SP3 and
SP8 compare sections from above and below the riverbed at the
samemoisture content, under combined compression and flexure.
Specimens SP1 and SP5 as well as SP6 and SP7 compare the
effect of monotonic and cyclic testing for air-dried and saturated
conditions, respectively. Specimens SP6 and SP8 compare the
response with additional eccentricity.

4.2. Strength prediction

Prior to conducting the experimental tests, prediction of pile
(and specimen) strengths was conducted per the National Design
Specification (NDS) for Wood Construction Section 6, Round
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Fig. 2. Unsymmetrical load of bridge.
Table 1
Test specimen matrix.

Specimen Bent numbera Pile numberb Elevationc Moisture content Test type Loading plan

SP1 3 1 Post Air-dried Compression Monotonic
SP2 2 4 Above Air-dried Compression Monotonic
SP3 2 4 Above Saturated Compression–flexure Monotonic
SP4 3 4 Above Air-dried Compression Monotonic
SP5 3 1 Post Air-dried Compression Cyclic
SP6 3 1 Below Saturated Compression Monotonic
SP7 3 1 Below Saturated Compression Cyclic
SP8 3 2 Below Saturated Compression–flexure Monotonic
a Bents are numbered increasing to the east.
b Piles are numbered increasing to the south.
c Elevation describes the original position of the specimen as either above the water line, below the water line, or a repair post.
Timber Poles and Piles [12]. Load and Resistance Factor Design
(LRFD) procedures were used to determine the predicted ultimate
strength without the use of a resistance factor. Reference design
values of compressive strength and elastic modulus for Red
Oak [12] were utilized as the basis for the calculations. For
specimens tested in compression, the predicted strength is the
product of the reference compression strength parallel to the
grain (7.58 MPa (1100 psi)) and the LRFD conversion factor (2.4),
which equals 18.3 MPa (2640 psi), neglecting any reduction due
to flexural buckling since the specimens were short. The LRFD
conversion factor translates the tabulated reference values from an
allowable strength design to an ultimate strength.
The predicted strength of the in-situ pile is the section strength

adjusted to account for flexural buckling. For the prototype bridge,
the pile length above the riverbed is approximately 3.3 m (11 ft).
The deck provided negligible rotational resistance to the pile cap,
allowing the top of the pile cap rotate. Assuming the pile is
restrained against rotation by the stiff glacial soils [approximately
1 m (3 ft) below the riverbed] and pinned at the pile cap,
the effective length factor can be conservatively taken as unity.
Therefore the effective unbraced length is approximately 4.3 m
(14 ft). Based on the NDS column stability curve, the compressive
strength reduction is 36% due to flexural buckling [12]. Therefore
the predicted ultimate compressive strength, based on a 254
mm (10 in.) nominal pile diameter, of the full length pile is
approximately 592kN (133 kips), or 2.8 times the requirednominal
capacity of 213 kN (48 kips). Thus, it is likely that original pile
design was controlled by soil capacity, not pile strength [3].

4.3. Test description

Testswere conducted per ASTMD198 [14] on a 2.7MN (600 kip)
MTS uniaxial hydraulic frame. For compression tests, a spherical
head was placed below the specimen to prevent unintentional
loading eccentricities. The specimenswere instrumentedwith two
longitudinal extensometers and a circumferential extensometer
along with the machine’s internal actuator position linear variable
differential transformer (LVDT) and load cell as shown in Fig. 3.
The monotonic tests were initially conducted under displacement
control at a rate of 1.0 mm (0.04 in.) of cross-head displacement
per minute to obtain an overall wood fiber strain rate of 0.001
mm/mm/min. After substantial post-peak softening the imposed
displacement rate was increased.
If the prototype bridge was placed under unsymmetrical
loading conditions (Fig. 2), the piles were expected to be subjected
to combined compression and bending. Compression–flexure
tests were conducted to determine the response of timber piles
under such loading condition. The combined compression–flexure
test specimens were instrumented similar to the compression
specimens, but without a circumferential extensometer. To apply
the load eccentrically, specimens were bolted to 38mm (1 1/2 in.)
thick steel plates (loading plates) on each end using five 19 ×
152 mm (3/4 × 6 in.) bolts as shown in Fig. 4. The plates were
loaded through 51mm (2 in.) rollers placed 76mm (3 in.) eccentric
to the centroidal axis, thereby inducing a constant moment equal
to the product of the applied load and 76mm (3 in.) combinedwith
the axial force.
Cyclic tests were conducted to evaluate potential pile deterio-

ration due to repeated traffic loads. The specimens were initially
loaded to the approximate dead load (including approximate ad-
justments for the reduced length effects), and then the load was
cycled twenty times to twice the dead load at the same strain rate
as the monotonic tests (1 mm/min). The peak cyclic load then was
increased and the specimen further cycled. The peak load for each
cycle was constant since the test was executed to achieve target
loads. The tests were then switched to displacement control and
cycled once for each target displacement at 0.033 Hz, approxi-
mately a 15 mm/min cross-head rate at peak load.

4.4. Test results

Table 2 summarizes the compression test results. All of the
timber specimens exhibited high strength and ductility. The test-
to-predicted ratio describes the experimental strength normalized
by the NDS specifications strength, which yielded a mean of 1.14
and standard deviation of 0.13. The mean measured specimen
strength of 1108 kN (249 kips)was 5 times larger than the required
pile capacity of 214 kN (48 kips). Further experimental details are
presented by Borello et al. [15].
The load–displacement response of themonotonic compression

tests are shown in Fig. 5a. The initial stiffness was similar and
approximately linear for all specimens, while the peak load varied
slightlywhichwas influenced by cross-sectional variation between
specimens. The four specimens tested monotonically yielded an
average peak stress of 19.7 MPa (2861 psi). To compute the stress,
the specimen area was estimated by measuring the minimum
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Table 2
Compression tests results.

Specimen Minimum diameter Predicted stress Predicted strength Measured ultimate stress Measured ultimate strength Test/predicted ratio
mm (in.) MPa (psi) kN (kips) MPa (psi) kN (kips)

SP1 275 (10.82) 18.3 (2640) 1080 (243) 17.3 (2515) 1029 (231.4) 0.95
SP2 252 (9.91) 18.3 (2640) 905 (204) 22.4 (3255) 1116 (250.9) 1.23
SP4 275 (10.84) 18.3 (2640) 1084 (244) 20.2 (2924) 1201 (270) 1.11
SP5 275 (10.84) 18.3 (2640) 1084 (244) 23.4 (3390) 1392 (313) 1.28
SP6 241 (9.47) 18.3 (2640) 827 (186) 19.0 (2752) 862 (193.8) 1.04
SP7 244 (9.61) 18.3 (2640) 852 (191) 22.1 (3206) 1034 (232.5) 1.21

Mean 20.7 (3007) 1108 (249) 1.14
Std. dev. 2.3 (335) 178 (40) 0.13
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Fig. 5. Response of compression specimens.
circumference of the specimen and computing the area assuming
the section was circular, which slightly overestimated the area
for the non-circular specimens. The post-peak softening response
was also nearly linear, exhibiting a ductile response. The slight
increases in the load during this softening branch of the curve, as
observed in SP2 and SP4, occurred due to an increased imposed
displacement rate. Vertical drops in load represent specimen
relaxation as the actuator position was held temporarily to permit
specimen observation. The specimens exhibited local buckling of
the fibers and occasional longitudinal splitting, shown in Fig. 6. The
displacement was increased until the load decreased to 50% of the
peak load. The specimens did not demonstrate catastrophic failure.
Fig. 5b presents the load–displacement response of the cyclic

compression tests. The pre-peak behavior is relatively linear
elastic, designated by the specimen tracing the loading path when
unloaded on each cycle. Therefore no signs of cyclic degradation in
strength or stiffness due to repeated loading were observed. The
monotonic load–displacement curve roughly envelopes the cyclic
response of a comparable specimen. When a monotonic increase
in displacement was applied, the response continued to follow the
monotonic backbone curve.
Table 3 presents the compression test results by type. The nat-

ural variability of wood combined with the small number of tests
precludes determining conclusive trends regarding how specific
variables affected timber pile capacity, but the following observa-
tions can be made. The 17% increase observed in cyclic strength
(compared to monotonic tests) can be attributed to the increased
imposed strain rate at peak strength, as all specimens demon-
strated an increased strength when strain rate was increased dur-
ing the test. Up to the fiber saturation point, timber strength is
inversely related to the moisture content [16,2]. However, air-
dried and saturated specimens in this test program yielded similar
results, suggesting that the tested specimens were above the fiber
saturation point.
The two specimens, SP3 and SP8, which were tested in com-

bined compression and flexure, were equipped with two exten-
someters placed symmetrically about the axis of bending. As
expected, one side of the specimen experienced net tension while
the other experienced compression. The applied load verses the
cross-head displacement response of the two specimens is pre-
sented in Fig. 7. The response was similar to the monotonic
compression tests, exhibiting approximately linear pre-peak and
post-peak behavior.
Table 4 summarizes the compression–flexure test results. In the

table, the predicted strength is calculated by solving the NDS [12]
interaction equation [Eq. (1)] with the 76 mm (3 in.) eccentricity
for the stress due to the axial load.(
fc
F ′c

)2
+
fc(6e/d)[1+ 0.234(fc/FcE)]

F ′b[1− (fc/FcE)]
≤ 1.0 (1)

where:

fc = stress due to axial load
F ′c = predicted compressive strength

FcE = compression critical buckling design value =
0.822E ′min

(l/d)2

E ′min = adjusted modulus of elasticity for stability
(calculated per NDS)

l = unbraced length
d = equivalent square column width = 0.88dround
e = eccentricity of load.
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Table 3
Compression tests results by type.

Test type Mean ultimate stress MPa (psi) Mean ultimate strength kN (kips) Mean test/predicted ratio

Monotonic 19.7 (2861) 1054 (237) 1.08
Cyclic 22.7 (3298) 1214 (273) 1.25
Air-dried, monotonic 20. 0 (2898) 1117 (251) 1.10
Saturated, monotonic 19.0 (2752) 863 (194) 1.04
Untreated, monotonic 18.2 (2634) 948 (213) 1.00
Posts, monotonic 21.3 (3089) 1157 (260) 1.17
Fig. 6. Specimen after peak strength.
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Table 4
Compression–flexure tests results.

Specimen Predicted strength Ultimate strength Test/predicted ratio
kN (kips) kN (kips)

SP3 703 (158) 533 (119.8) 0.76
SP8 494 (111) 366 (82.3) 0.74

Mean 449 (101) 0.75
Std. dev. 120 (27) 0.01

The mean strength of the two specimens was 449 kN (101
kips), showing a 60% reduction from the concentrically loaded
specimens. This result illustrated that the timber pile strength
is sensitive to even modest load eccentricity. The mean test-to-
predicted ratio of 0.75 may be attributed to a reduced specimen
cross-section due to damage and longitudinal splitting, which
slightly increased the calculated cross-sectional area and moment
of inertia used to compute the predicted strength. However, this
indicates that theNDS interaction equationmay underestimate the
reduction due to load eccentricity.

5. Numerical simulation

A numerical model was created for each of the experimental
tests, and a single in-situ pile of the prototype bridge using the
nonlinear finite element program OpenSees [17]. The analysis in-
cluded geometric and material nonlinearity. The analyses utilized
displacement-based nonlinear beam–column elements, with 5
integration points along their length. The elements comprised cir-
cular fiber sections with 5 divisions radially and 50 divisions cir-
cumferentially as shown in Fig. 8a. The constitutive behavior of
each fiber was defined using a uniaxial material. A co-rotational
geometric transformation was utilized to fully capture geometric
nonlinearity due to moderate displacements and rotations, allow-
ing the model to capture flexural buckling.

5.1. Models of laboratory tests

To calibrate the numerical model that will be used in the
full-scale pile analysis, two numerical models were developed
for the tested specimens under compression loading (Fig. 8b)
and combined compression and flexure loading (Fig. 8c). The
914 mm (36 in.) specimens were represented by six 152 mm (6
in.) elements. The spherical head of the compression tests was
modeled as a pinned boundary conditionwhile the surface bearing
was represented as fixed as shown in Fig. 8b. The boundaries
for the combined compression–flexure tests were modeled using
eccentric pinned supports as shown in Fig. 8c. Two uniaxial
materials were calibrated from the experimental response of the
timber specimens, representing the pile above and below the
riverbed, assumed to have air-dried and water-saturated moisture
contents, respectively. The compression branch was modeled
using specimens SP4 and SP6 responses for above and below
the riverbed, respectively, as nonlinear up to a peak stress. The
post-peak response was modeled as linear softening followed by
perfectly plastic behavior due to residual stresses at half of the peak
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Fig. 9. Experimental vs. computational response of experimental specimens.
stress. Due to the similarities between the compressive behaviors
of concrete and tested timber, the compression branch of the
uniaxial material model was based on the OpenSees Concrete02
material model [17]. A comparison between the experimental and
numerical behavior of specimen SP4 is presented in Fig. 9a. On the
other hand, tensile response was calibrated using the combined
compression–flexure tests of specimens SP3 and SP8 for above
and below the riverbed, respectively. Stress–strain response was
modeled as linear elastic up to fracture based on the response
of wood reported in the literature [16]. Fig. 9b illustrates the
agreement between experimental and numerical strain in the
extreme tensile fiber of a compression–flexure test recorded by the
extensometer and predicted by the numerical model.

5.2. Prototype single pile model

For the case of a statically determinate superstructure, common
for simply supported spans, the superstructure provides negligible
resistance to collapse of the foundation. Therefore, it is deemed ac-
ceptable tomodel the foundation independently of the superstruc-
ture. A nonlinear numericalmodel including soil response from the
prototype structurewas developed for a single pile. Thismodelwas
utilized to predict the ultimate pile strength under concentric and
eccentric loading conditions. A basemodelwas developed thatwas
deemed most representative of the likely properties of the tim-
ber piles such as diameter, load eccentricity, and out-of-plumbness
ratio. However, due to uncertainties associated with selecting pa-
rameter values for the base pilemodel, a separate parametric study
was conducted to assess the sensitivity of the developed model to
these parameters.
The 2-dimensional (2-D) pile model was divided into two

regions, 3.3 m (11 ft) above the riverbed, and 5.2 m (17 ft) below
the riverbed based on the calibrated uniaxial material models
discussed above. The pile was divided into 15 mm (6 in.) elements
as shown in Fig. 8d. The top of the pile was connected to an 864
mm (34 in.) rigid link to represent the concrete pile cap. Since
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lateral soil spring [2.4 m (93 in.) below the river bed].

the timber piles were slightly tapered as demonstrated in the
slightly nonprismatic samples that were obtained, the model was
tapered from 234 mm (9.23 in.) diameter at the pile tip to 252
mm (9.91 in.) diameter at the pile cap. The deck and cross-bracing
between the piles were assumed to provide adequate stiffness to
prevent longitudinal and transverse translation of the top of the
pile group, respectively. However, the deck-to-pile cap connection
was insufficient to restrain the pile cap against rotation. Therefore,
the top node of the rigid link was constrained against horizontal
translation but allowed to rotate (Fig. 8d).
Lateral (transverse) nonlinear soil springs were placed at each

node [i.e., every 152 mm (6 in.)] to represent the resistance of
the soil against pile buckling. The lateral springs only resisted
lateral translation and were not influenced by vertical displace-
ment. Based on soil stratigraphy and properties determined from
a geotechnical site investigation performed by the Illinois Depart-
ment of Transportation and the authors [15], widely-used non-
linear soil resistance–deflection relations were assigned to each
spring. These soil resistance–deflection curves are commonly re-
ferred to as p–y curves, and are a function of soil type, soil den-
sity, soil strength, soil stiffness, and effective confining stress
[19, 20 among others]. Specifically, the lateral springs from 0 to
915 mm (0 to 36 in.) below the riverbed were modeled using the
‘‘API RP2A’’ [18,19] sand model [with an effective unit weight of
9.4 kN/m3(60 lb/ft3) and an effective friction angle of 30°] to rep-
resent the loose, sandy alluvial soils encountered in the riverbed.
The lateral springs from 915 mm to 5.2 m (36 in. to 17 ft) be-
low the riverbed were modeled using the ‘‘stiff clay with no free
water’’ model [20,21] [with an effective unit weight of 12.3 kN/m3
(78 lb/ft3) and an unconfined compressive strength of 430 kPa (9
ksf)] to represent the very stiff to hard glacial tills underlying the
alluvium. All of the nonlinear geotechnical soil springs (i.e., p–y
curves) were approximated with a tri-linear constitutive formu-
lation as shown in Fig. 10. As only one lateral spring was attached
to each node, rather than a spring on both sides, the lateral springs
were modeled to provide symmetric behavior in compression and
tension.
Elastic–perfectly plastic vertical springs (i.e., t–z curves) were

used to model skin friction and end bearing resistance of the soil,
and were placed at every node below the riverbed. The vertical
springs were modeled using the method of Olson [22] to estimate
a maximum side resistance in the loose, sandy alluvium [with an
interface friction angle of 20°], the API [19] method to estimate a
maximum side resistance in the tills, and the Reese andO’Neill [23]
method to estimate the maximum end bearing in the tills [both
Table 5
Numerical total and live load strength of single pile model.

Concentric loading (Case 1) Eccentric loading (Case 2)a
kN (kips) kN (kips)

Pile capacity 389 (87) 201 (45)
Dead load 142 (32) 142 (32)
Live load capacity 247 (55) 58 (13)
a 197 mm (7.75 in.) live load eccentricity.

using an unconfined compressive strength of 430 kPa (9 ksf) in the
till]. Displacements of 2.5 mm (0.1 in.) and 3.0 mm (0.12 in.) were
required to reach maximum side resistances and maximum end
bearing [i.e., plastic response], respectively.

5.3. Loading pattern

The tributary dead load for the prototype bridge was calculated
to be 1152 kN (259 kips) per bent, or 144 kN (32 kips) per pile. Since
the dead load was symmetric about the pile cap, it was applied
concentrically to the model pile in a static analysis over 32 load
steps. Live load was applied subsequently.
When considering the live load supported by the bridge, there

are two possible loading cases: (1) symmetrical, when the two
spans attached to a bent are loaded equally; and (2) unsymmet-
rical, when the spans are unequally loaded. In the case of un-
symmetrical loading, when the spans are simply supported, the
live load will be eccentric to the supporting piles (Fig. 2). For the
prototype structure, assuming that the deck beams were bearing
uniformly on the pile cap, they would apply the live load at an ec-
centricity of 197mm (7.75 in.). Therefore, themodel was subjected
to concentric compression for the symmetrical loading case (Case
1) and eccentric compression for the unsymmetrical case (Case 2).
For Case 2, the live load was applied to the model as an axial load
and amoment equal to the product of the axial load and the eccen-
tricity. Live loads (axial andmoment) were applied monotonically,
up to failure, in a static analysis under displacement control to
capture material softening behavior.

5.4. Single pile analysis results

Table 5 and Fig. 11 present the numerical results from the
pile model under concentric (Case 1) and eccentric (Case 2)
loads. Under increasing loading, the pile begins to soften, and it
experiences a peak strength at which failure of the pile would be
predicted to occur. The first row of Table 5 shows the peak load
(capacity) achieved in the pile after both dead and live loads were
applied. The dead load due to the superstructure is 142 kN (32 kips)
per pile, so the balance of the load is due to the live load, shown
in the third row. The results shown indicate that a single pile had
a 307 kN (55 kips) and 58 kN (13 kips) live load capacity (i.e., in
excess of dead load) when loaded concentrically and eccentrically,
respectively. The capacity of the pile under eccentric load [i.e. 201
kN (45 kips)] is less than the 214 kN (48 kips) pile nominal capacity
shown on the bridge design plans. Therefore, the design of this
prototype bridge is deemed unconservative under eccentric loads,
and thus Case 2 should govern the foundation design. These results
clearly illustrate that flexure in the piles is a key component in
the behavior of bridge timber pile behavior. The deformed shape
of the pile shown in Fig. 12a confirms that the soil provided
adequate resistance against buckling. Themoment diagram shown
in Fig. 12b demonstrates that the maximum moment occurs 610
mm (24 in.) below the pile cap. As anticipated, the computed
moment below the riverbed is significantly smaller than above the
riverbed.
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Table 6
Sensitivity analysis parameters and results.

Parameter Reference value (Case 2)a Sensitivity analysis value Pile strength kN (kips) Strength reduction (%)

Diameter Tapered from 234 mm (9.23 in.) at pile tip to 252
mm (9.91 in.) at pile top

Constant 234 mm (9.23 in.) 195.3 (43.9) 2.7

Live load eccentricity 197 mm (7.75 in.) 259 mm (10.2 in.)b 190.4 (42.8) 5.1
Out-of-plumb L/500 L/48 200.2 (45.0) 0.4
a Reference Case 2 pile strength is 201 kN (45.1 kips).
b Represents triangular bearing distribution of deck on to pile cap.
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Fig. 11. Numerical pile load versus displacement results.

5.5. Sensitivity analysis

Sensitivity of the results was evaluated by varying several key
parameters, as illustrated in Table 6 for Case 2. The results of
the sensitivity analysis for Case 1 are not discussed, because they
did not influence the critical pile capacity. The parameters exam-
ined included: (1) pile diameter; (2) eccentricity; and (3) out-of-
plumbness ratio. The pile diameter varied from a tapered diameter
[234 mm (9.23 in.) at the tip to 252 mm (9.91 in.) at the pile cap]
to a constant value of 234 mm (9.23 in.), which corresponds to the
minimum diameter observed in the retrieved samples. This analy-
sis yielded a 2.7% reduction in pile strength. However, timber piles
are typically tapered, justifying the tapering in the base model [3].
The second parameter investigated was live load eccentricity.

The prototype bridge drawings illustrated that the deck bearing
length was 368 mm (14.5 in.) with an offset of 13 mm (0.5 in.)
from the pile cap center. For the base case, the deck was assumed
to apply a uniform distribution to the pile cap, therefore the
resultant applied force was located 197 mm (7.75 in.) from the
pile group centerline. However, if the deck was assumed to apply
a triangular distribution to the pile cap, the distance from the pile
group centerline to the centroid of the triangular force distribution
is 259 mm (10.2 in.). The increased eccentricity resulted in a 5.1%
drop in pile strength. However, bearing is typically considered to
be uniform and there was no evidence to the contrary observed for
the prototype bridge.
The final parameter considered in this study was the out-of-

plumbness ratio of the driven piles, which can be as large as L/48.
In this study, the extreme out-of-plumbness ratio would result in
an offset of 178 mm (7 in.) from the pile tip to top. Although the
base model was negligibly out-of-plumb (L/480 to ensure flexural
buckling), the analysis proved insensitive to initial imperfections,
showing only a 0.2% strength reduction due to out-of-plumbness
of L/48.
As illustrated by the sensitivity analysis results in Table 6, the

basemodel is not susceptible to large fluctuations due to variations
in the pile parameters. Therefore the results of the basemodelwere
deemed reasonable.

6. Conclusions

This paper summarizes the experimental and numerical work
conducted to explore the effect of loading eccentricity on the
strength of timber pile bridge foundations. Timber piles are not
required to be designed or rated for combined compression and
flexure loading by current AASHTO design provisions although
eccentricities are typically present for unsymmetrical loading of
simply supported spans. A recently collapsed bridge was used as
a prototype in this study and also to provide the experimental
specimens needed for testing. The bridge consisted of three 42-foot
spans simply supported by concrete pile caps founded on timber
piles.
Six pile samples were retrieved for experimental testing.

Eight 914 mm (36 in.) long specimens were tested under pure
(a) Deflected shape. (b) Moment diagram.

Fig. 12. Deflected shape and moment diagram of a single pile under eccentric load.
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compression and combined compression and flexure loading. The
six specimens that were tested under pure compression exhibited
a mean capacity of 1108 kN (249 kips). The two specimens tested
in compression with a 76 mm (3 in.) eccentricity showed a
60% reduction in strength compared to the concentrically loaded
specimens. This result clearly illustrates the sensitivity of timber
pile capacity to eccentric loading.
The experimental results were used to calibrate a numerical

2-D finite element model that was used to study the behavior of
a full-scale single pile embedded in the soil. The single pile model
consisted of a series of 152 mm (6 in.) beam–column elements
and was supported by nonlinear lateral and vertical soil springs
based on the soil conditions. The timber pile material constitutive
relationship was calibrated using the experimental results. The
analysis included geometric and material nonlinearity. The pile
was loaded with a constant dead load of 144 kN (32 kips) and an
incrementally increasing live load until failure.
The numerical model indicated that a single pile had a 307 kN

(55 kip) and 58 kN (13 kip) live load capacity (i.e., in excess of dead
load) when loaded concentrically and eccentrically, respectively.
The total eccentric load capacity of the pile (dead load plus live
load) was 201 kN (45 kips), which is less than the maximum per-
mitted load of 214 kN (48 kips) per the design drawings. There-
fore, neglecting flexure in pile bent design for simply supported
spans can result in unconservative designs. It is important to note
that even though the design load is one-fifth of the compressive
strength obtained from experimental tests [1108 kN (249 kips)],
the design of the bridge was still unconservative under eccentric
loads, which illustrates that using an arbitrary factor of safety as
high as 5 could still result in unsatisfactory design in some cases.
This is mainly since the reduction in the load-carrying capacity
due to the application of eccentric loading highly depends on the
material and geometric parameters that could vary for each case.
Therefore, based on this experimental and numerical work, it is
recommended that eccentrically applied loads should be consid-
ered when determining the capacity of bridges supported on tim-
ber piles, especially when the superstructure is simply supported.
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