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Preface
The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a
national center of excellence in advanced technology applications that is dedicated to the
reduction of earthquake losses nationwide. Headquartered at the University at Buffalo,
State University of New York, the Center was originally established by the National
Science Foundation in 1986, as the National Center for Earthquake Engineering Research
(NCEER).
Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses
through research and the application of advanced technologies that improve engineering, pre-earthquake planning and post-earthquake recovery strategies. Toward this end,
the Center coordinates a nationwide program of multidisciplinary team research,
education and outreach activities.
MCEER’s research is conducted under the sponsorship of two major federal agencies, the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is also derived from the Federal
Emergency Management Agency (FEMA), other state governments, academic institutions, foreign governments and private industry.
The supporting research for this report was performed under FHWA contract number
DTFH61-97-C-00029 "Effect of Seismic Loads on Timber Bridges." It was carried out at
University at Buffalo under Principal Investigators John Mander and Ian Friedland. This
summary report was produced under FHWA contract number DTFH61-03-P-00464
"Effect of Seismic Loads on Timber Bridges". It summarizes the research and incorporates technical comments from FHWA and external reviewers. The Principal Investigator was Jerome O'Connor and the lead author was Ayman Shama.
The seismic behavior of timber bridges is not well understood. Historically, little effort
has been spent on documenting the seismic performance of these bridge types in past
earthquakes or conducting research to develop an improved understanding of the
seismic and/or retrofit requirements for them. This research is devoted towards: (a)
documenting the seismic performance of timber bridges in past earthquakes; (b) assessing, from both theoretical as well as experimental perspectives, the strength and ductility
capability of timber piled bridges in both the braced in-plane (transverse to the bridge
axis) and out-of-plane (longitudinal) directions; and (c) conducting a seismic vulnerability analysis of timber bridges to assess the expected mode of failure.
In pursuit of these objectives, theories are developed to predict the performance of
timber piles under lateral loading. Theoretical predictions were verified by experimental
studies on full-scale timber specimens, and timber pile-to-concrete cap connections. For
braced timber pile bents, a prototype timber bridge was used to develop a near-full size
iii

physical model that was subjected to shaking table experiments and quasi-static reversed cyclic loading tests on the laboratory strong-floor. A nonlinear force-displacement computational modeling study was also conducted as a companion effort to the
experimental investigation. Based on the experimental and theoretical research, the
seismic vulnerability study of timber bridges led to the development of fragility curves.
It is concluded that timber bridges are inherently robust and have the ability to
withstand major earthquakes with minor to no damage. The main issue is in the
provision of adequate deck seating on timber caps.
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ABSTRACT
There is little understanding of the seismic behavior of timber bridges, as historically,
little effort has been spent on documenting their performance in past earthquakes or conducting
research to develop seismic and/or retrofit requirements for them. This research is devoted
towards: (a) documenting the seismic performance of timber bridges in past earthquakes; (b)
assessing, from both theoretical as well as experimental perspectives, the strength and ductility
capability of timber piled bridges in both the braced in-plane (transverse to the bridge axis) and
out-of-plane (longitudinal) directions; and (c) conducting a seismic vulnerability analysis of
timber bridges to assess the expected mode of failure.
In pursuit of these objectives, theories are developed to predict the performance of timber
piles under lateral loading. Theoretical predictions were verified by experimental studies on fullscale timber specimens, and timber pile-to-concrete cap connections. For braced timber pile bents,
a prototype timber bridge was used to develop a near-full size physical model that was subjected
to shaking table experiments and quasi-static reversed cyclic loading tests on the laboratory
strong-floor. A nonlinear force-displacement computational modeling study was also conducted
as a companion effort to the experimental investigation. Based on the experimental and
theoretical research, the seismic vulnerability study of timber bridges led to the development of
fragility curves.
It is concluded that timber bridges are inherently robust and have the ability to withstand
major earthquakes with minor to no damage. The main issue is in the provision of adequate deck
seating on timber caps.
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SECTION 1
INTRODUCTION
1.1 BACKGROUND
Wood has a high strength to weight ratio and energy-absorbing properties that are
desirable in bridge construction. It is also capable of supporting short-term overloads without
adverse effects. Large wooden members provide good fire-resistant qualities that meet or
exceed those of other materials in severe fire exposures. Economically, wood is competitive
with other materials on a first-cost basis and shows advantages when life cycle costs are
compared (FPL/FHWA 2001). Timber bridges can be constructed in virtually any weather
conditions, without detriment to the material. Wood is not damaged by continuous freezing and
thawing and resists the harmful effects of de-icing agents, which cause deterioration in other
bridge materials. Timber bridges do not require special equipment for installation and can
normally be constructed without highly skilled labor. They also present a natural and
aesthetically pleasing appearance, particularly in natural/rural surroundings.
In the past several years, there have been several major earthquakes in the United States
and elsewhere, where numerous bridges have experienced significant damage. The performance
of steel and concrete highway bridges during these earthquakes has been well documented, and
significant research has gone into developing details, which can improve the performance of
these structures in future earthquakes. However, little if any effort has been spent on
documenting the performance of timber bridges or conducting research to develop an improved
understanding of the performance and behavior of these structures during earthquakes. In
addition, little guidance is provided in seismic design codes specific to timber structures, and no
guidance is readily available for retrofitting seismically deficient timber bridges.
The pile bent, such as the one shown in figure 1-1, is a common form of construction for
highway and railway bridges in certain parts of the United States. In this form of construction, a
timber (or reinforced concrete) cap beam is attached directly to the driven timber piles.
Generally, piles extending more than 2-m above the ground have their bents laterally braced as
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shown in figure 1-1. Primarily designed for vertical loading, these structures may be susceptible
to damage from cyclic lateral loading arising from earthquakes. Non-seismic lateral loads such as
centrifugal force, stream flow and wind are designed to be resisted by battered piles and
bracings.
W= 4P

F

Figure 1-1. Typical timber pile supported bent.
Two typical failure modes are anticipated for these structures under earthquake loading:
out-of-plane and in-plane. The out-of-plane (see figure 1-2) behavior of timber pile bents under
earthquake ground motions (principally with shaking in the longitudinal direction) is
characterized by formation of a plastic collapse mechanism with plastic hinging in the piles at
some embedment within the soil and some opposing moment at the pile to pile cap interface.
Figure 1-3 illustrates the critical connections that are vulnerable to damage from ground motions
with shaking in the in-plane (braced) direction. In both situations, the local performance of the
connection has a substantial effect on the overall behavior of the bridge. Therefore, it was
deemed essential to evaluate the performance of these connections under cyclic loading through
an extensive experimental program. The work presented in this study is an effort to contribute
towards this goal.
2

Courtesy of Modjeski and Masters Inc.

Figure 1-2. Timber pile bent that experienced damage in an
out-of-plane failure mode.

CONNECTIONS
VULNERABLE TO
DAMAGE

Figure 1-3. Critical connections under earthquake loading in
braced timber pile bents (shaking in-plane direction).
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1.2 SCOPE OF RESEARCH
This research effort consists of four distinct phases:
•

Documenting the performance of timber bridges in past earthquakes.

•

Reviewing current timber bridge seismic design and evaluation criteria and
philosophies.

•

Assessing, from both a theoretical and experimental point of view, the strength and
ductility capability and hence, the seismic vulnerability of timber highway bridges and
timber pile-to-concrete cap connections.

•

Recommending design guidelines for new construction and retrofit of existing timber
highway bridges.
To achieve these objectives, theories are developed to predict the performance of timber

piles under lateral loading. Theoretical predictions were validated by experiments conducted on
full-scale timber specimens, and timber pile-to-concrete cap connections. Pile specimens were
tested to failure using quasi-static reversed cyclic loading to assess the effect of axial loadmoment interaction on both interior (vertical) and exterior (battered) piles. For braced timber pile
bents, a prototype timber bridge was used to develop a near-full size physical model that was
used for shaking table experiments and quasi-static reversed cyclic loading tests on the
laboratory strong-floor. A nonlinear force-displacement computational modeling study was also
undertaken as a companion effort to the experimental investigation. On the basis of the
experimental study, a seismic damage assessment criterion is developed for bridge structures
supported by pile bents

1.3 ORGANIZATION
Chapter 2 of the report covers aspects of seismic design requirements of timber bridges,
and provides an overview of the performance of timber bridges during the 1964 Alaska and 1989
Loma Prieta earthquakes. Chapter 3 covers the theoretical as well as experimental study
performed on timber pile bents to identify their seismic performance in both out-of-plane and inplane directions. Chapter 4 presents the theoretical and experimental investigations conducted to
evaluate the performance of timber pile-to-cap connections. Chapter 5 presents the seismic
4

vulnerability study of bridges supported by piled substructures. A fragility curve theory is developed
based on the experimental results obtained earlier in this study. Fragility curves were developed for
several case studies to demonstrate the validity of the fragility analysis. Chapter 6 draws
conclusions in light of the present study and outlines recommendations for future research.

5

SECTION 2
SEISMIC DESIGN, EVALUATION AND PERFORMANCE OF
TIMBER BRIDGES

2.1 SEISMIC DESIGN CRITERIA FOR TIMBER HIGHWAY BRIDGES
The American Association of State Highway and Transportation Officials (AASHTO)
currently maintains two specifications for the design of highway bridges, the Standard
Specifications for Highway Bridges (currently in its 17th Edition) and the LRFD Bridge Design
Specifications (currently in its 2nd Edition, 1998, with Interim provisions through 1999).
Seismic provisions in the Standard Specifications are contained within Division I-A, Seismic
Design, while similar provisions in the LRFD Specifications are distributed throughout the
specification and integrated into load and material resistance sections as appropriate. A number
of timber bridge provisions contained in the LRFD Specifications are currently being updated via
a joint USDA Forest Products Laboratory/FHWA project, which is conducting a specification
calibration to produce improved base material resistance factors.
The stated purpose for Division I-A of the Standard Specifications is to establish design
and construction provisions for bridges to minimize their susceptibility to damage from
earthquakes. Specifically, the criteria address the applicability of the standards and lead the
designer through the preliminary and final design process. The process is initiated with an
inventory of seismic and soil data (the Acceleration Coefficient and Soil Site Coefficient for the
area where the bridge is located) and the selection of an importance classification. On the basis
of this information, the Seismic Performance Category (SPC, defined as categories A through D)
of the bridge is determined.
For single-span bridges, a rigorous seismic analysis is not required; rather, design forces
and displacements are calculated and checked against the capacity of the structure to
accommodate these forces and displacements. For displacements, the key criteria is minimum
seat width (also called the support length) at the abutment; for forces, the standards require the
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calculation of a required horizontal force at the abutment, based on the tributary weight of the
structure at the abutment, multiplied by the Acceleration Coefficient and the Site Coefficient.
For multiple-span bridges, the SPC determines the level of seismic analysis required for
design. SPC A bridges (the lowest seismic hazard category) do not require rigorous seismic
analysis, but again must be checked for seat widths (at abutments, piers, and in-span hinges) and
for fixed-bearing forces equal to 0.2 times the tributary weight of the structure in each restrained
direction (similar to single-span bridges). Bridges classified as SPC B, C, or D must be analyzed
in a more rigorous manner, and special provisions exist in each category for structural steel and
concrete (reinforced or prestressed) super- and substructures, and foundations. There are no
provisions specific to timber bridge components in these standards.
Therefore, based on this criterion, and the knowledge that many U.S. timber highway
bridges are relatively short, single-span or multiple simple-span structures, the expected
minimum design and evaluation requirements were limited to connection force and displacement
checks. However, because timber bridges often consist of light superstructures, the expected
tributary dead weight is likely to be relatively small. Therefore, the minimum amount of
connectivity provided by drift bolts and boat spikes typically found in timber bridge construction
in regions of low seismicity should suffice to carry required forces. This, however, would have
to be examined in more detail for timber bridges with heavier superstructures, e.g., those with
concrete decks on timber pile bents.
The LRFD Specifications contain similar provisions. In this specification, the
identification of the SPC (called Seismic Performance Zone, SPZ, with values of 1 through 4,
rather than A through D) is determined in the loads section (Section 3) and material-specific
resistance provisions are contained in the steel and concrete sections of the specification. Similar
to the Standard Specifications, however, no provisions specific to timber seismic performance or
resistance requirements are contained in the timber section (Section 8).
As in the Standard Specifications, single-span bridges designed in accordance with the
LRFD Specifications are exempt from a formal seismic analysis and must be checked primarily
for minimum connection forces in the restrained direction between the super- and substructure.
The use of longitudinal restrainers is allowed on multiple-span bridges in lieu of satisfying the
minimum seat width requirements for all SPZs.
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The simplified design process in both specifications continues with the determination of
an elastic seismic response coefficient and a response modification factor (R-factor). If an
elastic analysis is conducted, the force effects resulting from the elastic analysis are divided by
the specified R-factors. This is done to avoid the overconservatism inherent in a purely elastic
design, when it is known that structures deform inelastically during seismic events. The elastic
design displacements, however, are not reduced by these R-factors. R-factors have been defined
for reinforced concrete and steel or composite pile bents, and generic R-factors are specified for
single-column and multiple-column bents. However, it is not known if these R-factors are
appropriate for timber substructure elements. Similarly, R-factors are specified for connection
details, such as the connection of a superstructure to an abutment, or a column, pier, or pile bent
to a cap beam or superstructure. Again, it is not known if these R-factors are appropriate or have
been validated for timber super-/substructure connections.
It is important to note that the LRFD Specifications provide a significant departure from
earlier codes, as structures designed in accordance with this specification are now designed for
the ultimate strength limit state, and are intended to have a uniform level of safety. Design
working loads are factored up by the use of partial safety factors. Dependable ultimate strength
resistance is determined by assuming that ultimate concrete strains (0.003) exceed the crushing
strength strain (at 0.002), and steel strains exceed the yield strain by a significant amount. This
ultimate strength theory implies ductile behavior for both reinforced concrete and structural steel
members. This approach is particularly meaningful for seismic resistant design where elastic
design loads may (intentionally) exceed the provided strength by a wide margin on the order of
three to five times. Resistance of these large seismically-generated inertia loads is via ductile
action with considerable hysteretic energy dissipation.

2.2 SEISMIC DESIGN OF TIMBER RAILROAD BRIDGES
Seismic design provisions for railroad bridges are published and maintained by the
American Railway Engineering and Maintenance-of-Way Association (AREMA, formerly the
American Railway Engineering Association, AREA) in its Manual for Railway Engineering.
In general, timber bridges are considered in Chapter 9 of the AREMA manual as being
the least vulnerable to seismic effects (Article 1.4.2). According to Article 1.5.7.2 of Section
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1.5, Existing Structures, timber trestles may be screened and eliminated from further seismic
evaluation if they are free of conditions that would require attention in the near future, in order to
permit continuation of normal railroad traffic. For timber trestles not eliminated by screening,
seismic evaluation is to be focused on the potential effect of an earthquake on deficient
conditions or details.
Previous editions of the AREA manual (i.e., prior to 1996) outlined the seismic criteria
for existing timber trestles per the following:
Timber trestles supporting track, which meet the following criteria, need not be analyzed
for resistance to seismic loads:
Bents:
•

Driven piles or framed posts of not more than three stories.

•

Steel connector with a diameter of 19-mm or more at each cap-to-pile joint.

•

Fully connected cross bracing providing a maximum unbraced pile or post height of
3.1-m.

•

Alternate panel tower bracing for bents of more than 12.2-m from base of rail to natural
ground level.
Open deck spans:

•

Not fewer than two stringers per track rail.

•

Stringer lapping and chord bolting at all intermediate bents.

•

Full stringer-to-cap bearing at end bents.

•

Full connection of stringer to cap joints by a steel connector not less than 19-mm in
diameter.
Ballasted deck spans:

•

Not fewer than eight stringers per panel.

•

Not more than two stringers butt-jointed on any intermediate bent.

•

Full stringer-to-cap bearing at end bents.
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•

Full connection of stringer to cap joints by a steel connector not less than 19-mm in
diameter.

•

Not less than 50 percent of deck board/top of stringer joints connected by appropriate
steel spikes.
It appears that the vast majority of existing timber trestle railroad bridge standards

comply with this criteria.

2.3 TIMBER BRIDGE MANUAL
The most comprehensive source of general information for the design, inspection, and
maintenance of timber bridges can be found in the U.S. Department of Agriculture manual
Timber Bridges: Design, Construction, Inspection, and Maintenance (Ritter, 1990). When
issued, this manual provided state-of-the-art information and guidance on all aspects of timber
bridge construction. Seismic considerations in the timber bridge manual refer back to the
AASHTO Standard Specifications and the AASHTO Guide Specifications for Seismic Design of
Highway Bridges. Because of the date of issue, the manual is no longer up-to-date in this area,
as the Guide Specifications were incorporated into the Standard Specifications in 1991. This
manual, therefore, does not provide any additional information or guidance for the seismic
design or evaluation of timber bridges.

2.4 SEISMIC EVALUATION OF EXISTING TIMBER BRIDGES
Currently, there are no formal national specifications for the seismic evaluation of
existing timber highway or railroad bridges. The most up-to-date information for all materials
except wood is contained in the FHWA Seismic Retrofitting Manual for Highway Bridges,
originally published in 1983 and more recently updated and reissued by the FHWA as a product
of the FHWA/MCEER Highway Project in 1995. This bridge retrofitting manual provides
guidance on the seismic hazard screening, evaluation, and retrofitting of highway bridges across
the U.S. Similar to the AASHTO design specifications, this manual contains provisions specific
to steel and concrete super- and substructures, but no provisions specific to timber bridges are
provided.
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The seismic evaluation procedures contained in the FHWA retrofitting manual are
currently being extended and refined for concrete and steel bridges as part of the
FHWA/MCEER Highway Project. Similar evaluation procedures can not be developed for
timber bridges, at this time, since the strength and deformation capability of each member and
systems comprised of these members are not readily available. It is intended that this study will
partially remedy this situation through a limited testing program on timber bridge pile bents, and
by ascertaining their deformation (ductility) capacity under lateral loading.
It is well known that timber is a robust material capable of resisting large dynamic impact
forces. For example, traffic-induced impact loads on timber bridges need not be considered
explicitly during design. There is an implicit belief that these impact forces can easily be
absorbed by the visco-elastic damping inherent in wood. Additionally, timber exhibits increased
strength for short duration loads. However, the extent to which large seismic overloads can be
sustained is unknown. This stems from the fact that timber design is primarily based on an
allowable stress philosophy. What this suggests, then, is that the deformation capability of
timber bridge components, stressed well into the inelastic range, is not well understood.

2.5 PERFORMANCE OF TIMBER BRIDGES IN PAST EARTHQUAKES
2.5.1 Highway Bridges
There are a number of reports and references concerning the performance of timber
buildings during earthquakes (see Foliente, 1997, for example). However, based on a review of
published literature, only a limited number of reports documenting timber highway bridge
damage in the U.S. and worldwide were identified. A search of MCEER Quakeline's database,
which contains listings for more than 30,000 journal and conference proceeding articles, did not
identify any specific reports of earthquake damage to timber highway bridges. Other online
searches also identified only a few articles or reports of interest, with the exception of an
analytical study discussed below. The only significant report of interest was one from the U.S.
Geological Survey which documented bridge damage resulting from the 1964 Alaska earthquake
(Kachadoorian, 1968).
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A telephone survey was conducted of several State bridge engineers (New York,
Pennsylvania, Virginia, California, Oregon, and Washington) in order to determine if there were
any damage reports for timber bridges not readily available in the published literature. The only
reported timber highway bridge damage occurred in Oregon in 1993, when strong ground
shaking caused a timber superstructure to become unseated from its bearings. The superstructure
came off its support (bearing) but did not drop from the abutment; this resulted in an
approximately 76-mm bump at the end of the bridge. The Oregon State DOT considered this
damage minor and easily repairable.
Although not a real case study of timber bridge performance during an earthquake, an
analytical study was conducted to determine the expected performance of a historic timber
covered bridge in West Virginia (Spyrakos: 1994, 1999). This analytical study modeled the
structure using a finite element code, and then subjected the model to a multimode spectral
analysis based on then-current AASHTO criteria. Three other spectra were also applied using
increased accelerations corresponding to different earthquakes and different regions of the
eastern U.S. The analysis revealed that the bridge would suffer no damage based on the
AASHTO earthquake, and limited damage for even higher-magnitude events, but no collapse.
However, for the worst case considered, with an acceleration coefficient of 0.35-g, the bridge
would experience severe damage.
1964 Alaska Earthquake
The March 27, 1964, Alaska earthquake was the largest magnitude earthquake to affect
the U.S. in recent history and possibly the most damaging overall. It had a magnitude of 8.4 and
strong ground shaking lasted for between four and five minutes (the 1811 and 1812 New Madrid
earthquakes, by comparison, were on the order of magnitude 8.1 with a duration of strong
shaking estimated at less than one minute). The earthquake resulted in widespread damage to the
infrastructure in the south-central part of Alaska.
Especially hard hit was the highway system in this part of Alaska. Of the 204 highway
bridges in the region, 141 were damaged; of these, 92 were severely damaged or destroyed
(Kachadoorian, 1968). Thirteen of these 141 damaged bridges were destroyed by a tsunami and
nine more had to be replaced because subsidence caused them to be under water during high

13

tides. Therefore, 119 bridges (58.3 percent of the total bridge inventory in the area) were
damaged or destroyed by ground shaking.
According to Kachadoorian:
"The intensity of damage was controlled primarily by the geologic environment
(including depth of the water table) upon which the highway structures rested, and secondarily by
the engineering characteristics of the structures. Structures on bedrock were only slightly
damaged if at all, whereas those on unconsolidated sediments were slightly to severely damaged,
or were completely destroyed by seismic shaking....
The chief engineering characteristics responsible for the type and intensity of damage
include (1) thickness of roadway fills, (2) type of pile bents and masonry piers, (3) the weight ratio
between the substructure and superstructure, and (4) the tie between the substructure and
superstructure.
The thicker the roadway fills, the more severe the damage. Wooden piles did not break
as extensively as piles constructed of three railroad rails welded together. Bridges that had
relatively heavy superstructures, for example those with concrete decks on wooden piles, were
more severely damaged than those with all-wood or concrete decks on concrete piers. Failure
first occurred at the tie between the superstructure and substructure; the poorer this tie, the
sooner the failure."

Table 2-1 summarizes the type and extent of damage for bridges with timber
substructures which were in the region of damage from the earthquake. As can be seen, only 20
percent (four of 20) of bridges with timber superstructures were severely damaged or destroyed,
whereas 81 percent (22 of 27) of bridges with concrete decks were damaged or destroyed. As
examination of the data provided in the report also shows that in virtually every case where there
was severe damage or collapse, a significant amount of ground deformation at the abutments
and/or under the piers also occurred.
There are several important issues that should be noted as a result of Kachadoorian's
report, including the following:
•

The majority of damage was a result of soil amplification effects of the ground motion
for structures founded in soft soils. Bridges founded on bedrock were only minimally
damaged, if at all.
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•

Most bridge damage resulted from soil liquefaction and lateral spreading. Liquefaction
can cause a loss of vertical support or lateral stability, while lateral spreading causes
large pressures and displacements on foundations and substructures.

•

In general, bridges with timber substructures performed better than those with welded
steel rail substructures.

•

Bridges with heavier concrete decks and timber substructures performed much worse
than similar bridges with timber decking and timber substructures.

•

The most susceptible structural detail appears to be the connection between the
superstructure and substructure, especially between the pier cap and piles.
Unfortunately, available reports documenting bridge damage from the 1964 Alaska

earthquake do not provide sufficient structural detail on the damaged bridges or failed
components. Reports refer to light or small connections between the superstructure and
substructure, or between the pier caps and timber piles. Based on typical timber bridge
construction employed at the time, it is therefore assumed that these connections were primarily
12-mm or 19-mm diameter drift or anchor bolts.
Table 2-1. Timber highway bridge damage during the 1964 Alaska earthquake.
Extent of Damage (no. of bridges)
Severe or
Superstructure

Substructure

Foundation

None

Slight

Moderate

Destroyed

Timber

Timber

Bedrock

-

1

-

-

Timber

Timber

Sediment

1

13

2

4

Concrete

Timber

Sediment

3

2

-

22

Steel

Timber

Bedrock

1

-

-

-

Steel

Timber

Sediment

1

-

1

7
Kachadoorian (1968)
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2.5.2 Railroad Bridges
1964 Alaska Earthquake
The 1964 Alaskan earthquake resulted in widespread damage to both highway and
railroad bridges, including many timber trestle structures (McCulloch and Bonilla, 1970).
Similar to the earlier discussion on highway bridges, it appears that much of the timber railroad
bridge damage that occurred during this event was due to ground liquefaction and lateral
spreading, where the lateral ground spreading caused large horizontal displacements and failures
in the railroad bridge foundations (McCulloch and Bonilla, 1970, Byers, 1996 and Pauschke,
1990). According to McCulloch and Bonilla:
"Bridge superstructures were compressed and failed by lateral buckling, or more
commonly were driven into, through, or over bulkheads. Piles and piers were torn free of superstructures by moving sediments, crowded toward stream channels, and lifted in the center. The
lifted piles arched the superstructures. Vertical pile displacement was independent of the depth of
the pile penetration in the sediment and thus was due to vertical movement of the sediments,
rather than to differential compaction. The fact that bridge piles were carried laterally without
notable tilting suggests that mobilization exceeded pile depths, which averaged about 6.1 m."

There were two primary modes of superstructure to substructure connectivity failures
noted in this earthquake. The first was where the bolts securing the stringers to the pile caps
pulled free or fractured, while the pile caps remained attached to the piles. The second mode
was where the drift bolts securing the pile cap to the pile failed, but the cap remained attached or
partially attached to the stringers.
In all, 125 Alaska railroad bridges were damaged or destroyed during the earthquake; in
nearly every documented case, pile bents were shifted both horizontally and vertically as a result
of liquefaction and lateral spreading at stream crossings. It is important to recognize that these
types of ground failures are likely to result in similar failure modes regardless of whether the
substructure and foundation are constructed of steel, concrete, or timber piling.
1989 Loma Prieta Earthquake
During the October 17, 1989, Loma Prieta earthquake near San Francisco, California, a
large number of highway bridges (none of which were timber) sustained damage of varying
degrees, including several structures, which fully collapsed. In addition, several Southern Pacific
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Railroad bridges sustained minor damage, as described below. Following the earthquake, the
firm of Modjeski and Masters, Inc. was employed to assist in on-site inspections and evaluations
of these damaged structures.
The inspection reports noted that the epicenter of the earthquake was in close proximity
to a large number of railroad bridges on main lines and branch lines. In spite of this and the
magnitude of the earthquake, there was virtually no significant damage to most railroad
structures. In fact, the main line reportedly did not sustain any structural damage during the
earthquake.
Overall, four Southern Pacific structures were damaged during the earthquake, one of
which had minor superstructure damage while the other three sustained substructure damage.
Although there was some movement between the girders and the top of the pier caps, the
bearings were of sufficient size and the available seat widths on top of the pier caps were large
enough that the movement did not cause any spans to drop.
One of the damaged Southern Pacific structures was an open deck timber trestle at
Watsonville, California, located about 19.3-km south east of the epicenter on a branch line. The
soil at the bridge site is very soft clay. The damage to this bridge was relatively minor and
repairable, and it was attributed to both ground deformations and ground shaking. Gaps in the
soil along the bridge and transverse to the tracks were noted. In addition, fissures were seen in
an adjacent farm field with mud expelled from the cracks. An area near the timber trestle
approach subsided causing the track and deck to drop between 102-mm and 152-mm. Some of
the damage can be attributed to ground lateral spreading toward the channel crossing. There
were also gaps in the soil next to the piles which were most likely caused by ground shaking.
The most notable damage was the tipped pile cap and the cracked brace connecting the
cap and the piles. The bent has five piles and the cap is connected to each pile through a vertical
22-mm by 559-mm drift bolt at the center of the pile. This type of connection offers very little
resistance to rotation of the cap although it is quite common in timber bridge construction (for
both highway and railroad bridges). Some timber trestle standards call for 63-mm by 10-mm
metal straps with thru-bolts connecting the cap to each pile. Such straps may have prevented the
twisting of the cap in this case.
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It should be noted that the occurrence of seismic damage to buildings in the past has been
linked to soft soil conditions. According to a number of surveys and reports (for example see
Anderson, 1952), for areas of strong earthquake motions, the observed damage rate for wooden
structures decreases quickly when the structure has been built on intermediate soils. On hard
soils, the observed damage rate for wooden buildings is usually very small and minor in nature.
Another section of the previously mentioned bridge includes five 18.3-m long throughplate girder spans over the Pajaro River. Each pier consists of a pair of wrought iron cylinder
casings filled with concrete, constructed on top of timber piling. Bracing between cylinders
consists of angle cross-frames (X-bracing) with the end piers having a concrete beam to support
the approach timber stringers.
The cylinder piers were all in good condition, except pier 1, where the concrete beam
between cylinders was twisted, tilted and pulled up from the top of one cylinder. Most of the
cylinders exhibited movement, as noted by soil heave adjacent to the cylinders. Piers 3 and 4
remained stationary.
The five girder spans were in end contact with each other but had no structural damage.
Other than repairs to pier 1, only several bolster shoes required repositioning in order to reset the
girder stiffeners over the bearings. To expedite opening the bridge to traffic, a pile bent was
driven on both sides of pier 1 to support the girder span and approach timber span.
There are a number of reports documenting the performance of timber railroad bridges
during earthquakes around the world. In general, these structures performed quite well.
However, there are several major differences between timber railroad bridges and timber
highway bridges, which must be recognized. To begin with, the design live load on railroad
bridges is much greater than the corresponding design live load on highway bridges (Cooper E80
railroad engine and uniform trailing loads versus H15, HL93, HS20 or, more recently, HS25
highway design truck loads). Railroad bridges also have the advantage of the continuous steel
rails, which provide longitudinal continuity and resistance. In addition, non-seismic horizontal
design loads for railroad bridges are much larger than those corresponding to highway bridges,
since railroad bridges are designed for longitudinal traction and breaking forces, and transverse
nosing forces. Another consideration is that most timber railroad trestle structures are well
braced, both longitudinally and transversely, while timber pile bents for highway bridges may
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have only minimal transverse bracing between piles and, in many cases, no longitudinal bracing.
Also, many timber railroad bridge pile-to-cap connections include thru-bolted steel straps while
older timber highway bridges do not. It should be noted, though, that timber railroad bridges are
designed to resist vertical and horizontal loads in a purely elastic manner.
As a result, railroad bridges that are not seismically designed may have better
performance under small-to-moderate earthquakes than similar non-seismically designed
highway bridges. It is for this reason that lessons learned from railroad bridge performance
during earthquakes can lead to parallels for highway bridge performance, but not necessarily
directly applicable conclusions.

2.6 SUMMARY OF TIMBER RESEARCH BY BC HYDRO
In a report published by British Columbia Hydro (BC Hydro, 1992), Borg Madsen from
the University of British Columbia (UBC) presents a significant amount of information on the
performance of timber piles that is germane to this project (volume 2, appendix A). The UBC
tests were conducted in conjunction with BC Hydro to investigate the seismic resistance of
timber pile foundations used to support heavy-duty electrical transformers. The piles evaluated
in the UBC experimental study are essentially the same as those used in timber bridge
construction throughout North America, i.e., Douglas Fir.
As a result of seismic activity, these piles may be susceptible to displacements in the
order of 1-m. Current methods of analysis predict that timber pile foundations would fail under
such displacement magnitudes. However, this is not in consonance with the performance of
transformer towers in past earthquakes. The UBC program sought to determine whether or not
these structures could accommodate large horizontal displacements resulting from earthquake
activity and still maintain their design vertical load.
2.6.1 UBC Laboratory Testing of Timber Piles
There are three key items directly affecting the ability of timber pile foundations to carry
vertical loads while undergoing large lateral displacements that may result from earthquakes:
•

Magnitude of the lateral displacement.
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•

Moment-curvature or bending response of timber piles and their ability to sustain axial
load after "failing in bending.

•

Fixity provided both by the soil and the concrete pile caps.
An obvious laboratory simulation of the field loading conditions, as shown in figure 2-1,

would be to construct a loading arrangement as shown in figure 2-2(a). In this setup, a timber
pile could be supported at the bottom to simulate the pile segment embedded in the non-liquefied
soil, with a free "cantilevered" portion at the top simulating the segment within the liquefied soil.
Horizontal displacement and the design vertical load could be facilitated by using two
independent hydraulic pistons. This method was not selected due to the large travel requirement
(1-m) in the piston controlling the horizontal displacement and the difficulty in maintaining a
constant vertical load during horizontal translation of the pile top.
AFTER I M HORIZONTAL
DISPLACEMENT

UNDEFORMED
FOUNDATION
LOAD

FOUNDATION
LOAD

PILE CAP

PILE CAP
NOT LIQUEFIED
PROBABLE DISPLACEMENT PROFILE OF
SOIL COLUMN

LIQUEFIED

NOT LIQUEFIED

Figure 2-1. Pile displacement due to ground motion.
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Figure 2-2(b) shows the actual laboratory test setup (turned 90o). This is, in fact, a simple
beam bending setup with an added feature of applying a constant axial load. The location of the
transverse load application point was selected so that the required equivalent maximum
displacement of 1-m at the pile cap can be achieved by a much smaller displacement at the load
point, about 0.38-m. In this case, the location of the hydraulic piston for the axial load can be
fixed relative to the axis of the undeformed pile.
PILE CAP DISPLACEMENT
CAUSED BY LIQUEFACTION

EQUIVALENT PILE CAP DISPLACEMENT
PROPORTIONAL TO δ

V

V

P

BOTTOM OF
LIQUEFIED SOIL

δ
P

LOCATION OF TRANSVERSE
LOAD APPLICATION

(a) DIRECT SIMULATION

(b) SIMPLE BEAM BENDING

BC Hydro 1992

Figure 2-2. Laboratory test methods to approximate field
loading conditions.

2.6.2 Results of UBC Tests
The UBC research program clearly demonstrated the capability of timber piles to
withstand large horizontal displacements. Specific conclusions from this laboratory testing of 27to 300-mm diameter piles, all cut to 8-m lengths, were as follows:
1. The strength and stiffness values of all piles tested were not noticeably affected by
having their moisture content varied from 22 to 44 percent. This is consistent with
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the concept that the strength properties of wood products are unaffected by moisture
content changes above the fiber saturation point.
2. The median modulus of rupture of the Douglas Fir piles tested was 39-MPa, which is
about twice the bending strength recommended by the Canadian Standards
Association.
3. Moment-curvature data obtained for all piles tested showed a very large scatter,
which is typical of timber products.
4. The deflections at final failure were about 30 percent greater than at maximum
transverse load and about 100 percent larger than at the linear elastic limit. It is
reasonable to include plastic deformation (past yield) in the ultimate design of timber
piles to resist lateral loading.
5. Four of the piles tested had an inclinometer casing epoxied in a formed groove. Four
of the piles had been treated with creosote and had been in service for roughly three
to four years. The results from the bending tests indicated no statistically significant
differences. Creosote does not affect the material properties of wood.
6. The results from a single timber crushing test indicate that with increasing lateral
displacements applied to the pile cap, a plastic hinge would occur in the pile at or
immediately below the concrete cap. These hinges would most likely limit the shear
and moment capacity within the pile.
7. It was estimated that Douglas Fir timber piles subjected to field loading may survive
up to 1-m horizontal displacement.
The following conclusions were inferred from the field testing of 3- to 350-mm diameter
piles about 10-m long:
1. All three tests attained a maximum displacement of 1-m, the limit of the horizontal
travel of the load frame. No definitive final failure point was identified in these tests,
as the pile was able to support the weight of the pile cap of 89-kN to its maximum
displacement. Although the moment-curvature relationship indicated that the pile had
already crushed in bending at this point, the residual structural capacity of the pile
was able to support axial loads in excess of 89-kN.
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2. There were two locations with relatively large curvature values for each laterally
loaded test pile. These locations, one close to the bottom of the pile cap and the other
at a depth of 0.2- to 0.6-m below the bottom of the slurry pit, were approximately the
same for all three tests.
3. The moments developed in the field test piles were 10 to 20 percent larger than, but
within the scatter, of the laboratory test results. At failure, the former piles were able
to sustain curvatures three to four times larger than those that were laboratory tested.
4. The large settlement of the pile caps (about 100-mm) measured during the tests most
likely resulted from the kinematics of the 'rigid body' rotation, rather than those
caused by pile yielding, punching and/or uplift.
5. The probability of timber piles surviving large horizontal displacements is very high,
but the integrity of the pile foundation depends on the actual magnitude of the
displacements.
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SECTION 3
SEISMIC PERFORMANCE OF TIMBER SUBSTRUCTURES
The seismic performance of timber substructures is not well established in comparison to
other substructure types. Accordingly, an extensive investigation of its behavior under cyclic
loading is necessary.
This section presents the experimental study conducted to evaluate the seismic
performance of timber pile bents with shaking in the longitudinal (out-of-plane) direction
followed by a theoretical model for predicting the force-deformation behavior. The results from
this model are compared to the experimental results. Finally, a dual experimental-computational
modeling program is presented that investigates the seismic resistance of typical braced timber
bridge pile bents (in-plane direction).

3.1 STRENGTH AND DUCTILITY CAPABILITY OF TIMBER PILES
The main objective of this section is to assess the flexural strength and ductility capability
of timber piles and pile bents with shaking in either the longitudinal (out-of-plane) or transverse
(in-plane) direction. In pursuit of this objective, four timber round Douglas Fir timber pile
specimens with a nominal diameter of 250-mm were tested to failure using quasi-static reversed
cyclic loading to assess the effective axial load-moment interaction on both interior (vertical) and
exterior (battered) piles. All poles were obtained from Bell Atlantic and were all chemically
treated with creosote preservative. Since they were all used as telephone poles and were not
actual piles, they possessed no residual stresses due to driving
Figure 3-1 shows a timber pile bent, laterally braced, and the rationale used to determine
the configuration of the experimental substructure. The expected boundary conditions, i.e., the
points of zero and flexural moments, M o and M p , respectively, are shown for the shaded
region. The pile is imbedded in low strength concrete poured into a central cavity of the beam,
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which is anchored to the laboratory strong floor. Axial load is applied directly via a lever-beam
system, while lateral load is applied at the theoretical point of zero moment, M o .

Figure 3-1. Physical modeling rationale for timber pile bents (in-plane behavior).

The testing program was divided into three stages with the following configuration and
loads: (1) interior pile with no axial load; (2) interior pile with a constant axial load; and (3)
exterior pile with a varying axial load. The first two tests were designed to act as controls in
assessing the axial load-moment interaction of an interior pile. The objective for the last two
experiments was to investigate a battered exterior pile and its variable axial-lateral load
relationship. Most exterior piles are battered, i.e., inclined, to increase the lateral stability of the
pile bent. This geometry introduces a varying axial load in the pile, which is dependent on the
lateral load. The last two experiments investigate the effect of this varying axial load on the
strength and ductility of the pile.
The test specimens utilized in this program were all of different diameters and fell into
two categories with regard to their physical condition; the heights, except for the first test, were

26

all the same (see table 3-1). Specimens S1 and S2 were highly weathered and aged in
comparison to S3 and S4. It should be noted that the values listed are the effective diameters,
where the splitting of the specimens are taken into account.
Table 3-1. Characteristics of the different pile specimens.
Specimen No.

Height
(mm)

Bottom Diameter
(mm)

Top Diameter
(mm)

S1

2438

244

223

S2

2000

217

208

S3

2000

257

239

S4

2000

277

262

3.1.1 Design and Construction of Reinforced Concrete Beam
As previously mentioned, four pile specimens were tested in this study. However,
instead of constructing four separate models, one reinforced concrete test beam with dimensions
of 3,658-mm by 914-mm by 762-mm, was designed with a central diametral cavity of 457-mm.
The pile was placed into it and low-strength concrete grout was poured. This grout was designed
to have a target strength of 14-MPa at 28 days to facilitate some bending and deformation below
the top of the grout pocket in order to avoid a sharp region of fixity (and an infinite shear stress)
at the top of the grout. This cavity was created by using a steel drum, which facilitated both the
placement and removal of the pile and the grout.
The confining beam was designed to resist the plastic moment developed in the hinge
zone during testing. For this design, an upper bound plastic overstrength moment was defined as
o

M p = 1.18 λ f b S x

(1)

where the overstrength factor, λ is 1.4, the resistance in flexure, fb is 50-MPa, and the
diameter, d is 406-mm. This concrete beam was constructed with ready-mix concrete having a
specified strength of 31-MPa and a slump of 51-mm. Grade 60 (415-MPa) deformed steel
reinforcement was used. The adequacy of the section was checked to ensure it exceeded the
capacity of a 400-mm diameter pile in bending. During construction, a framework to maintain
proper vertical alignment supported these piles.
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Figure 3-2 illustrates the reinforcement used. Longitudinally, the beam was reinforced
with four 25-mm (#8) rebars top and bottom. For transverse reinforcement, 12 10-mm (#3)
rebars spaced at 300-mm centers were used. A drum of 457-mm diameter formed the central
cavity. Further, after the beam was cured, it was prestressed using four 31-mm (#10) high alloy
prestressing thread bars, resulting in a total force of 894-MN being applied to the block for a
stress of 1.3-MPa.

Figure 3-2. Test beam for out-of-plane experimental program showing details of
reinforcement.
3.1.2 Experimental Setup
The test rigs utilized for testing the different specimens are shown in figure 3-3. To
provide restraint against both translation and uplift during testing, four 25-mm (#8) threadbars
(DYWIDAG) inserted through the anchoring ducts of the beam were stressed to provided a total
vertical force of 218-MN.
Lateral load was provided by a 250-kN capacity MTS servo-hydraulic actuator with a
stroke of ± 305-mm operated in displacement control. This actuator was attached to the pile
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through a pin connection, which allowed rotation only about one axis, as shown in figure 3-3(b).
The other end of the actuator was bolted to a rigid reaction frame through a swivel-base
connection. This connection allowed out-of-plane motion in order to provide a method of
aligning the actuator and test specimen. The test rig did not employ any bracing to actively
prevent out-of-plane motion of the pile. However, the pin connection at the pile provided
adequate passive restraint against these undesirable displacements. Slight out-of-plane motion
could be tolerated by the system and was expected in the unstable (lateral buckling) push
direction.

Figure 3-3. Typical experimental setup for various loading regimes
(out-of-plane experiments).
Axial load was provided by a 311-kN capacity, ± 102-mm stroke Parker servo-hydraulic
actuator operated in load control. The actuator load was applied to the pile through a W10 x 77
lever beam seated on a rocker bearing at the top of the pile in a direction transverse to the axis of
the lateral load, as shown in figure 3-3(a). This bearing allowed the lever beam to rotate relative
to the pile while transmitting the necessary load. Rotation was only allowed in the plane of the
east-west axis of the pile. This rotation was necessary since the vertical actuator operated in load
control; the actuator piston was free to move during the test in order to achieve the required load.
The pile, located at the fulcrum, was at a distance of 1,676-mm from the actuator. This geometry
resulted in an amplified axial load of 16/5 Pva at the pile, where Pva equals the vertical actuator
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force. The reaction at the opposite end of the 3,048-mm lever beam was provided by a 32-mm
diameter DYWIDAG bar. Both this bar and the actuator were anchored to the strong floor with
rocker bearings that allowed the lever beam to move with the pile during the course of the tests.
The testing procedure employed a quasi-static, cyclic lateral load, which followed a sinusoidal
wave form. A MTS 436 control panel was used for the hydraulic supply to provide the
frequency control for the test. MTS 406 servo-controllers provided program input to the
actuators.
In order to prevent slipping at the lateral actuator-pile interface, two 450-mm by 305-mm
by 25-mm mild steel plates confined six 450 by 305 by 19-mm pieces of ply (see figure 3-4).
These ply each had a central, circular hole, marginally smaller than the pile diameter at the
related location, and were cut at an offset of 25-mm from their centerline to facilitate placement
and clamping. This arrangement was clamped to the pile by four 25-mm threaded bars, which
were subsequently stressed to prevent any slippage.

Figure 3-4. Clamping and load transfer arrangement.

For the case where the actuator was inclined, additional reinforcement in the form of two
89-mm by 76-mm by 6-mm angles connected by two 12-mm threaded rods were used. The
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purpose of these rods was to adjust the opening between the angles so as to snugly accommodate
the plate. The top angle was welded to the rocker on the southern end, while the 25-mm plate
was welded to the rocker on the northern end. Figure 3-5 illustrates the details of the attachment.
In the push direction, the lateral load was directly transferred to the pile through the abovementioned adapter plate; in the pull direction, four 25-mm threaded rods, which were connected
and fastened to the two steel plates, transferred this load.

7/16" PLATE

WELDMENT

1/2" THREADBAR
1'

TWO 1" STRIPS
OF PLY

NOTES:
1) 3.5x3x0.25 angle welded to bottom of rocker
2)Triangular plate welded to rocker and angle

Figure 3-5. Details of attachment for inclined loading.
3.1.3 Instrumentation and Data Acquisition
Three different types of measurements were recorded during each test utilizing three
types of instrumentation: sonic transducers, linear resistance potentiometers and load cells.
Seven sonic transducers, mounted on a reference frame to the north of the pile in the
configuration (shown in figure 3-6), were used to measure transverse pile displacements. These
displacements were monitored relative to the fixed base at several points along the pile (T1
through T7). Of these seven sonic transducers, six were attached to the bottom of the specimen
at varying heights, while one was attached at the centerline of the point of lateral load application
to provide the input signal for the lateral actuator. The transducers were all MTS transducers
with variable strokes. Load cells attached in series to their respective actuators measured lateral
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and vertical forces. These load cells were 250-kN and 311-kN devices supplied with the MTS
and Parker actuators, respectively.

Figure 3-6. Configuration of instrumentation (out-of-plane experiments).

The arrangement of linear resistance potentiometers utilized to measure
rotations/curvatures over sequential gauge lengths of the pile is shown in figure 3-6. The gauge
length was shortened at the joint region in order to provide higher resolution in the hinge zone,
where larger rotations were expected. Twelve potentiometers were utilized to measure column
curvatures in pairs. Two were each mounted on an aluminum chassis fabricated from a
rectangular tube, one covering the upper gauge length, the other covering the adjacent lower one.
Each chassis was bolted to a 9-mm diameter threaded rod that was screwed into the pile.
Aluminum tubes serving as contact surfaces for the brass rods coupled to the potentiometers
were also similarly attached at alternate gauge lengths. The potentiometers used had strokes ± 6 mm, ± 13 -mm, and ± 25 -mm. For each specimen except S2, the bottom pair of potentiometers
had a stroke of ± 6 -mm, while the remaining ones had a stroke of ± 25 -mm. Due to the
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malfunctioning of a few ± 25 -mm stroke potentiometers, a couple of ± 13 -mm stroke
potentiometers were used during the testing of S2 at station number three.
During testing, an Optim Megadac 5533A data acquisition system was used to collect and
store the data in an ASCII format at a sampling rate of 3 Hz. Supplies that allowed for separate
zero adjustment of each instrument operated transducers and potentiometers. Prior to each test,
the potentiometers and transducers were manually checked to ascertain their functionality and all
the instruments were zeroed-out, i.e., set at their balance point. The output voltages of all the
instruments were recorded during testing. While testing, the force of the lateral actuator along
with the displacement of the top-most transducer were plotted on a Hewlett-Packard 7090A
measurement plotting system. In addition to being a backup recorder, this system provided
immediate insight into the behavior of the pile.
Of the transducers, the top provided the input signal for the lateral actuator, which
operated in displacement control. Drift levels indicated in this report are equal to the
displacement at this transducer divided by the height from the top of the beam to this same
transducer, or
θ=

Δp
L

(2)

where θ is the drift angle; Δp is the deflection of the pile tip; and L is the height of the
cantilevered pile measured from the top of the beam to the centerline of the lateral actuator.
Located at identical positions as the lower temposonics were pairs of potentiometers used
to measure the rotations/curvatures of the specimen. Rotations over the i-th gauge length are
defined by the formula

αi =

Δ pi
L pi

(3)

Correspondingly, curvatures at this point are defined as

φi =

Δ pi
αi
=
L gi L pi L gi
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(4)

where i is the level of the gauge length; Δpi is the algebraic difference of recordings from the
potentiometers; Lpi is the center-center distance between the potentiometers; and Lgi is the gauge
length.
3.1.4 Experimental Program and Results

Testing of the pile specimens was conducted under displacement control where a
command signal was provided by an analog function generator in the form of a positive sine
wave. The specimen was therefore first pushed then pulled. Each of the four specimens were
tested for a minimum of two reversed cycles at specified drift levels of ± 1, ± 2, ± 3, ± 4, ± 5 and
6 percent, respectively. Specimens S1, S2 and S4 were also subjected to drifts of ± 7 percent; in
the case of S1, this was done for two distinct time periods that closely followed one another, the
first being for a single cycle. Additionally, S4 was subjected to drift amplitude of ± 8 percent.
In each case, the displacement function had a period of one cycle per minute. Table 3-2.
summarizes the characteristic data of the test specimens for this study.
Table 3-2. Characteristic data of test specimens (out-of-plane experiments).

Test
Spec.

Total
Axial
Load
(kN)

Max. Shear
Force (kN)

Yield
Drift
(percent)

Drift at
Failure
(percent)

Length Displacement
of Pile (mm)
(mm)

S1

0

24.6

3.6

5

2438

125

S2

50

23.3

2.8

6

2000

80

S3

5+ 0.2F

42

2.7

5

2000

100

S4

31 +
0.64F

49.2

3.6

2

2000

160

F is horizontal applied force

The experimental results of this study are summarized as follows.
Specimen S1

This specimen was tested with two complete reversed cycles of loading at ±1, ±2, ±3, ±4,
±5, and ±6 percent, respectively; additionally, eleven complete reversed cycles of loading was
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done at ± 7 percent. No vertical (axial) load was applied. The loading was applied through the
250-kN MTS actuator, which was mounted horizontally and operated in displacement control at
a height of 2,438-mm above the base of the pile (height/diameter aspect ratio of 10).
The force-drift behavior of this specimen is illustrated in figure 3-7. For this specimen,
failure occurred at 22.5-kN and 24.6-kN in the push and pull directions, respectively, each within
the ±5 percent drift subtest; the theoretical yield force of 27-kN was not attained. Upon failing in
the pull direction, there was an 8-kN drop in strength resulting from the tensile fracture of the
outermost fibers. Previous to this, within the same cycle, the load peaked at 22.5-kN in the push
direction, then experienced a drop in strength of 12-kN, resulting from the partial snapping of
fibers on the prevailing tensile surface. Although the pile failed at the ±5 percent drift angle, it
was able to sustain loads equivalent to at least 50 percent of its original strength to a drift angle
of ±7 percent. Ten additional cycles of lateral loading was applied at the ±7 percent drift
amplitude, whereupon the behavior was observed to be stable with little loss of strength.

Figure 3-7. Force-drift behavior of specimen S1.

Specimen S2

In addition to two complete reversed cycles of loading up to ±7 percent provided by the
horizontal actuator, this specimen was also subjected to a constant compressive axial load of 14kN held by the 311-kN MTS vertical actuator for the duration of the test. This resulted in an
amplified axial load equivalent to 45-kN being transferred to the pile. This load is considered to
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be representative of the typical dead load a timber highway bridge transfers to a timber pile
within a bent. The lateral loading was applied at a height of 2,000-mm above the base of the pile,
giving an aspect ratio of 9.2.
This specimen exhibited three failure modes, as shown in figure 3-8, each occurring at
succeeding drift amplitudes following initial failure. The loss in capacity at initial failure was
only three percent. This phenomenon resulted directly from the applied axial load, causing less
stretching of the tension surface of the specimen. After the force peaks at its limit load of 23.3kN in the push direction within the ±4 percent drift subtest, there is evidence of fibers snapping,
resulting in a drop in strength 0.6-kN; it then rises within the same cycle to roughly its peak
value. For the next drift level, the peak force is above the previous fall-off value; however,
strength degradation continues and the tensile splitting of fibers is more noticeable. For the
succeeding drift of ±6 percent, the peak force attained is 20-kN. This is followed by the tensile
fracture of additional fibers, leading to a loss in strength of 7.5-kN in the push direction. The
maximum strength of this specimen, i.e., 23.3-kN, is marginally less than that for S1. This lesser
strength reflects both the fact that the diameter of S2 was less than S1 and the inherent
inhomogeneous nature of timber. Further, the species may not have been identical: upon
examination, this pole was actually found to be less dense than the one previously tested.

Figure 3-8. Force-drift behavior of specimen S2.
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Specimen S3

Coupled with two complete reversed cycles of loading up to ±6 percent, this specimen
was also subjected to a varying axial load to investigate the effects on an exterior/battered pile in
a group. The loading regime consisted of an actuator inclined at 40o to the horizontal pushing
upwards, together with a vertical actuator pulling downwards. For this specimen, a gravity load
of Pg = 10-kN was applied. The objective of this low level of axial load was to investigate the
effect of the pile response in tension (when the actuator acted in the push direction), as well as
compression. The lateral actuator was coupled to the pile at a height of 2,000-mm above the
base, for an aspect ratio of 7.8.
The performance of S3 is shown in figure 3-9. The loads at failure here are 42-kN and
36.3-kN in the push and pull directions, respectively. This specimen was able to surpass its
theoretical yield strength in the push direction. After peaking at its maximum strength of 42-kN
within the ±5 percent drift subtest, there is roughly a four percent loss in strength of 1.5-kN.
This behavior is primarily indicative of the superior physical state of the specimen. For the
succeeding drift level, the attained strength of 40.7-kN is just greater than that recorded at the
fall-off point for the previous drift amplitude.

Figure 3-9. Force-drift behavior of specimen S3.
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Specimen S4

This test was performed to accurately emulate the variable axial load conditions on an
exterior pile in a bent. As such, the entire configuration was similar to S3, but the axial load was
increased to Pg is 39 -kN. Once again, the lateral actuator was coupled to the pile at a height of
2,000-mm above the base for an aspect ratio of 7.2, and provided two complete reversed cycles
of loading up to ±8 percent.
The behavior of S4 is illustrated in figure 3-10, where the maximum loads attained were
43.7-kN and 49.2-kN in the push and pull directions, respectively. It is easily discerned that this
specimen achieved its theoretical yield strength in the pull direction. This specimen was unable
to achieve its ultimate load due to the limitations of the test rig, i.e., it did not fail. Although in
this case, the peak shear force attained, i.e., 49.2-kN, is greater than that for S3, there is
absolutely no evidence of failure.

Figure 3-10. Force-drift behavior of specimen S4.

This specimen was tested under combined axial load and bending and achieved 49-kN
maximum load at eight percent drift amplitude.
Some basic observations can be inferred from this experimental program: (i) timber piles
are capable of sustaining drift angles in excess of seven percent; (ii) the strength capacity up to a
three percent drift angle can be maintained; and (iii) for drifts greater than three percent, the
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strength is dependent on the physical condition of the wood. If the wood is in good condition, a
capacity of not less than the yield strength can be maintained.

3.2 THEORETICAL MODELING OF LATERAL BEHAVIOR OF TIMBER
PILE BENTS
3.2.1 Theoretical Stress-Strain Relationship of Timber

The theoretical stress-strain relation proposed in this study is based on the well-known
Mander model for concrete (Mander et al., 1988) that uses the Popovics (1973) stress-strain
relationship:

σ=

ε Eo
⎛ ε
1 + (λ − 1)⎜⎜
⎝ εo

⎞
⎟⎟
⎠

r

(5)

In which σ is the timber stress for a given strain ε ; Eo is Young's modulus of elasticity; ε o is
the strain at peak stress; and the other parameters (λ, r ) are defined as follows:
λ=

εo Eo
f max

(6)

where f max is the maximum timber stress in either tension or compression and
r=

λ
λ −1

(7)

Comparisons of the theoretical relationship to results of different coupon tests under
compression and tension are shown in figure 3-11. The coupon specimens and testing procedures
conform to ASTM D 143-94. It is clearly seen that the theoretical curve models the experimental
result very well.
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Figure 3-11. Comparison of the theoretical relationship to experimental results: (a),(b)
coupon tests under compression and (c) coupon tests under tension.
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It should be noted that values for the material parameters in the absence of specific tests
could be taken from the AASHTO LRFD Design Code. However, AASHTO does not provide
sufficient information for the strains at the peak compression and tension stress ( ε co and ε to ) .
Therefore, in the absence of this information, it is suggested that these strains be inferred by
adopting λ equal to 2.5 and 1.3 for compression and tension, respectively. These values are based
on calibrating the constitutive model to the experimental results.
Figure 3-12 shows a typical stress-strain relationship for the timber piles that were tested.
The curve labeled "Experiment" is the theoretical curve modeled on Popovics' equation using
values derived from the coupon tests. A comparison of the two theoretical stress-strain curves
shows that they are indeed similar. They differ principally in the values of fc and ft, the
experimentally obtained values being roughly double the value of those found in the AASHTO

LRFD Design Code.

Figure 3-12. Stress-strain relationship for Douglas Fir timber used in the pile specimen.
3.2.2 Moment-Curvature Analysis for Uni-axial Bending

When conducting a moment-curvature analysis, it will be implicitly assumed that shear
stresses do not have a significant effect on the stress-strain relationships. Therefore, uni-axial
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stress-strain relations are assumed over the entire section. This assumption holds true providing
the member has an appropriately slender aspect ratio i.e., M /( VD ) is greater than two, where M
is the moment, V is the shear force and D is the diameter of the cross section, respectively. It is
also assumed that Bernoulli's hypothesis holds true, i.e., plane sections remain plane before and
after bending. Thus, the strain at any fiber across the timber section is given by the following
linear relationship:
ε = ε oo + ϕ y

(8)

where ε oo is the strain at the centroid of the section; y is the ordinate from the axial and φ is the
curvature on the section.
Figure 3-13 shows a timber pile cross-section, with the assumed strain profile based on
the above equation, and the resulting stresses that exist across the section. Integration of these
stresses provides the resulting axial force and moment actions applied to the pile. These can be
calculated from the following:

Figure 3-13. Basis of the moment curvature analysis.
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1
P = ∫ σ b ( y ) dy = D ∑ wi σ i bi
2

(9)

1
M = ∫ σ y b ( y ) dy = D 2 ∑ wi ξ i σ i bi
4

(10)

where b is the width of the section, which may be a variable. In the above equations, the right
hand side gives a Gaussian quadrature numerical integration solution where, for i Gauss points,
wi and ξ i are the weighting and position factors, respectively.
Therefore, if the centroidal strain ε oo and the curvature φ are provided, the stress
throughout the section is defined via the constitutive relationships in Eq. (5), and the axial force
P and the moment M can be directly calculated by using Eqs. (9) and (10), respectively.

However, if the stress-strain relationships are highly nonlinear, it is conceivable that, for
a given strain profile, the required axial force on the section does not correspond to the target
value. Therefore, a correction may need to be applied (ΔPi ) , which can be found by solving the
following matrix equation:
⎡ ∂P
⎧ΔP ⎫ ⎢ ∂ε oo
⎨
⎬ =⎢
⎩ΔM ⎭ i ⎢ ∂M
⎢⎣ ∂ε oo

∂P ⎤
∂φ ⎥ ⎧Δε oo ⎫
⎥
∂M ⎥ ⎨⎩ Δφ ⎬⎭
i
∂φ ⎥⎦ i

(11)

where ΔPi and ΔM i are the incremental forces needed to reach the specified forces, P and/or

M , from the state of stresses across the section for the i-th solution. By using a numerical
differentiation strategy as described in the following, one can derive the elements in the matrix.
To define

∂P
, hold ε oo constant and determine:
∂φ
∂P ⎛ ΔP ⎞
P −P
⎟⎟ = i +1 i
≅ ⎜⎜
∂φ ⎝ Δφ ⎠i Φ i +1 − Φ i

Similarly, to define

∂P
, hold φ i constant and determine:
∂ε oo
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(12)

∂P ⎛ ΔP
≅⎜
∂ε oo ⎜⎝ Δε oo

⎞
Pi +1 − Pi
⎟⎟ =
⎠ i (ε oo ) i +1 − (ε oo ) i

(13)

3.2.3 Force Deformation Analysis

Upon integrating the curvature in a timber member, it is possible to obtain the flexural
deformation as follows:
L

Δ F = ∫ φ (l) dl

(14)

0

where l is the length of pile measured from an inflection point; φ(l) is the flexural curvature as
a function of position (along the length) and; L is the overall length of a cantilever column (pile)
from the point of application of load to the point of fixity as shown in figure 3-14.

Figure 3-14. Assumed distribution of moments and curvatures for timber piles.

In order to quantify the total flexural displacement of a timber pile, one may proceed by
determining its different components with reference to figure 3-14. Hence, the displacement due
to deformation within the anchor zone is quantified as:
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Δ r = θr L *

(15)

where θr equals rotation obtained in the anchorage and L* equals the actual lever arm of the
pile. θr can be found from the area of the curvature diagram within that zone as :
θr =

1 M max La
2 EI

(16)

where La is the distance between points of reactions of the linear stress blocks within the
embedded zone. The deflection component, as a result of anchorage flexibility, is:
Δr =

1 M max L a L *
2
EI

(17)

The elastic displacement of the pile is determined as:
Δe =

FL *3 M max L * 2
=
3EI
3EI

(18)

The total elastic displacement is found by combining Eqs. (17) and (18), giving
Δr + Δe =

M max L * 2 M max L a L *
+
3EI
2 EI

(19)

The plastic displacement is given by
Δ p = θ pL

(20)

where θ p is the plastic rotation given by
θp =

My
⎛
1 ⎡
φ p ⎢( L * + L a )⎜⎜1 −
M max
2 ⎣
⎝

⎞⎤
⎟⎟⎥
⎠⎦

(21)

In the above equation, M y is the elastic yield moment; L * + L a ≈ L + L em ; and M max is the
maximum applied moment at critical section. Therefore, the plastic deformation can be obtained
as:
Δp =

My
⎛
1
φ p L(L + L em )⎜⎜1 −
2
M max
⎝
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⎞
⎟⎟
⎠

(22)

However, plastic curvature can be expressed in terms of the current ultimate curvature (φu ) as
follows:
φp = φu −

M max
EI

(23)

Where upon substituting the total plastic curvature
Δp =

M ⎞⎛
L
L2 ⎛
⎜ φ u − max ⎟⎜1 + em
2 ⎝
EI ⎠⎝
L

My
⎞⎛
⎟⎜⎜1 −
M max
⎠⎝

⎞
⎟⎟
⎠

(24)

The theory presented in this section was implemented in a Fortran code. The value in developing
that code is that it will enable future extensions to accommodate cyclic loading effects in the
analysis. The P-Δ effects as modeled by the experimental setup (figure 3-15) were implemented
in the code as follows.
Pg +ωF/cos θ
F tan θ

P = F / cos θ
d

θ

Δ

F

L

δ

Figure 3-15. Accommodation of the effects of P-Δ in the
experimental setup in the Fortran code.
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The horizontal applied force F to the specimen is quantified as:
F=

M − Pg δ
α

(25)

where M is the total moment applied at the connection (determined from moment-curvature
analysis); Pg is the gravity load as applied in the experiment; δ is the effective displacement at
the concrete base; and α is the coefficient to account for the effect of axial load on the test
specimen defined as:
α=L+

ω
δ + Δ tan θ
cos θ

(26)

where L is the cantilever length of the pile; ω is the factor that adjusts the fraction of load
transferred from the lateral actuator to the vertical actuator; Δ is the displacement at the point of
load application; and θ is the angle of inclination of the lateral actuator to the horizontal.
3.2.4 Verification of the Lateral Force-Deformation Theory

The best way of ascertaining the validity of the foregoing theory is to apply it to the
available experiment results. The specimens tested in this experimental program were embedded
to 900-mm length into the concrete base. The effect of variation of embedment depth of the pile
into the concrete base is implemented in the theory in the next section. Material properties of the
specimens are shown in table 3-3.
Figures 3-16 and 3-17 display the cyclic horizontal-force displacement relationships for
the four specimens tested in the experimental program described above. The theoretical
monotonic pushover curves are also plotted in the same figures with the experimental results. It
can be observed that the monotonic pushover curves satisfactorily converged to the cyclic
experimental results. Hence, the constitutive model proposed in this study, as well as the
theoretical pushover modeling, is considered to be validated.
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Figure 3-16. Comparison of the theoretical model for timber
behavior with experimental results. Upper shows comparison
with specimen S1. Lower shows comparison with specimen S2.
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Table 3-3. Material properties for test specimens.

Spec.

fc0

ft0

Ec0

Et0

(MPa)

(MPa)

(MPa)

(MPa)

S1

31

40

10000

S2

31

40

S3

31

S4

30

εc0

εt0

9000

0.0040

0.0050

11000

9000

0.0045

0.0050

40

11000

9000

0.0050

0.0055

32

10000

8000

0.0085

0.0080

fc0, ft0 = maximum compression and tension stress
Ec0, Et0 = Young's modulus for compression and tension
εc0, εt0 = strain at peak stress for compression and tension, respectively

3.3 SEISMIC PERFORMANCE OF BRACED TIMBER PILE BENTS
Experimental and theoretical studies on steel pile bents (Shama et al., 2001b) indicated
that the overall behavior of the unbraced bents is dominated by the bending strength of
individual piles. This criterion is also applicable to unbraced timber pile bents. Therefore, one
can conclude from the experimental study that unbraced timber pile bents have a very ductile
performance, as the individual piles are capable of sustaining drift angles up to seven percent.
They also can maintain their elastic performance up to a three percent drift angle. The study also
showed that the strength of such structures is relatively low and depend on the maximum
bending stress of the individual piles and the number of piles in a bent.
Compared to unbraced timber pile bents, the behavior of braced bents under lateral loads
is usually governed by the stiffness of the bracing rather than the strength of the piles. This
comparison is illustrated in figure 3-18. One can also expect that the connection between the
bracing and the piles may play an important role in the overall behavior of braced timber pile
bents.
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Figure 3-18. Expected seismic performance of braced and unbraced timber pile bents.

3.4 COMPUTATIONAL MODELING OF BRACED TIMBER PILE BENTS
As a means to identify and quantify the earthquake-induced damage to braced timber
bridge pile bents, a computational modeling study has been undertaken. The DRAIN-2DX
computer code (Prakash et al., 1992) was used for this purpose.
The basic geometric dimensions of one bent were established by placing joints (nodes) on
the structure. The structure geometry was completed by connecting the predefined joints with
nonlinear elements. The timber cap-beam and the piles were modeled using beam elements with
same section and material properties of the experimental model. Connection elements (type 04)
were used to model the rotational flexibility at the cap beam-pile head joints. An elastic bilinear
force displacement relationship was assigned for this element. This relationship is shown in
figure 3-19(a). Two nodes were assigned at each beam-to-pile connection with identical
coordinates. The X and Y displacements of each pair of nodes were slaved to be equal, so that
the connection became rigid translationally. The nodes were connected rotationally by inelastic
connection elements. The connections were assumed initially to be very stiff. Therefore, 1x10-5
radian was assigned for the yielding rotation, and the yielding moment was determined according
to the following equation:
(
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M y = 0.4 Pd p

(27)

where My is the yielding moment of the cap beam-pile connection; P is the concentrated gravity
vertical load at each pile; and dp is the pile diameter at the connection. A post yield stiffness ratio
of 0.003 was used. A detailed derivation of equation (27) is found in section 4.2.3.

Figure 3-19. Computational modeling for force-deformation relationships.
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One of the most important points in the development of this structural model was to
assign the geometrical as well as the material properties that may capture the physical
performance of the braces. It is expected that the overall behavior of the structure under cyclic
loading will be governed by two basic behaviors: (i) the performance of the braces, which will be
affected by its material and section properties; and (ii) the behavior of the connection between
the brace and the pile, which will be affected by the type and properties of the connection.
Therefore, in order to capture the appropriate cyclic performance of the structure, link elements
(Type 09) were utilized to model the bracing/connection behavior. Link elements in DRAIN2DX are uniaxial with finite length and arbitrary orientation. An element can be specified to act
in tension or compression. Two link elements acting in parallel were assigned for each bracing
member, one with gap property and another with slack property. The ultimate force of a brace in
tension is governed by the bearing resistance of its connection with the pile. Hence, this force
was determined as:
Fj = d b tf c

(28)

where Fj is the bearing resistance of the connection; db is the diameter of the lag screw used at
the brace-pile connection; t is the thickness of the timber brace; and fc is the compressive
strength of the timber brace.
On the other hand, the behavior of the brace in compression is governed by the lesser
of the bearing resistance of the connection; the in plane Euler buckling load of the brace; or the
out of plane Euler buckling load of the brace defined in this study as:
E bt ⎛ t ⎞
Pcr = π c ⎜ ⎟
12 ⎝ L ⎠

2

2

(29)

where Pcr is the Euler buckling load of the timber brace; Ec is the modulus of elasticity of the
timber brace in compression; b is the width of the timber brace; t is the thickness or height of the
brace; and L = L is the buckling length of the brace taken as half the full length of the member
because the connection at the intermediate pile provided restraint against translation. It was
assumed that the bearing between the lag screw and the timber brace will govern its initial
stiffness. Therefore, the initial stiffness was determined according to the following equation:
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E c td p

K1 =

(30)

L

Yielding was assumed to occur at one fifth of the bearing resistance of the connection in
tension and at half the Euler buckling load in compression and continues over a slotting
displacement ± 10-mm. These values were verified using the experimental results. Once the hole
slotting exceeded this value, the structure acted in an elasto-perfectly plastic fashion i.e., K3
equals zero, and K2 was quantified in tension as:
K2 =

0.8Fj

(31)

u

and in compression as:
K2 =

0.5Pcr
u

(32)

where u equals ± 10-mm hole slotting at the connection. The unloading stiffness K4 was taken as
the same as the initial stiffness K1. Figure 3-19b shows the force displacement relationship used
for both tension and compression to model the bracing system.

3.5 PHYSICAL MODELING OF BRACED TIMBER PILE BENTS
Based on an examination of the FHWA Standard Plans (see "Standard Plans," 1979), it
has been established that the seismic performance of braced timber pile bents is potentially
critical, but the extent of this remains unknown. Therefore, a prototype timber bridge was used
to develop a near-full size physical model that was used for shaking table experiments and quasistatic reversed cyclic loading tests on the laboratory strong-floor. Most timber highway bridges
do not appear to deviate markedly from the FHWA Standard for the construction of timber
bridges. Accordingly, the experimental model consisted of two identical pile bents. Each was
three-quarter scale of a prototype timber bridge pile bent designed in accordance with FHWA

Standard Plans. The assumed prototype timber bridge structure had five 300-mm diameter piles
per bent with a span length of 8-m and deck width of 6.5-m. Based on an analysis of typical alltimber bridge decks, a distributed dead load of 4-kPa was assumed to represent the deck.
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(

Accordingly, each pile in the prototype was supposed to carry 41.5-kN concentrated vertical
force.
Three 225-mm diameter piles were used in the experimental model. Typical lag screws of
16-mm diameter were used at the brace-pile and cap beam-pile connections. Timber braces
(pine) were 40-mm by 190-mm and cap beam was 200-mm by 200-mm. The model structure
was also tested under quasi-static cyclic loading with 100-mm by 150-mm Hemlock braces. The
prototype bridge was not assumed to be located in any particular seismic zone, rather the intent
of this research was to investigate the level of seismic drift that would induce various states of
damage in a prototypical timber bridge. Details of the physical model topology are shown in
figure 3-20.

3.6 SHAKING TABLE EXPERIMENTS
Shaking table experiments are useful in identifying the dynamic characteristics of the
structure at different stages of performance. The shaking table used for the experiments in this
study is 3.66-m by 3.66-m. It has five controlled degrees of freedom (excluding the transverse
translational movement), a payload of 500-kN and a useful frequency range of 0- to 50-Hz. The
table is furnished with a reinforced concrete testing platform of 6.1-m by 3.66-m plan
dimensions. The longitudinal (horizontal), vertical and roll degrees of freedom are
programmable with feedback control to simultaneously control displacement, velocity, and
acceleration. The performance envelope of the table is ± 150-mm displacement, 762.0-mm/sec
velocity and 1.15-g acceleration at a payload of 195.0-kN in the horizontal direction, and ± 750mm displacement, 508.0-mm/sec velocity and 2.30-g acceleration in the vertical direction. A
photograph of the model structure on the shaking table is shown in figure 3-21.
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Figure 3-20. Timber bridge three-quarter scale model structure.
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Figure 3-21. Braced timber pile bent bridge on the shaking table.

3.6.1 Similitude Requirements

Basic similitude requirements of the model must be satisfied for proper modeling of its
dynamic behavior. Table 3-4 shows the scale factors for various parameters used to model the
structure. As shown in table 3-4, the constant acceleration scaling was used in this study, and the
same material properties were considered in the model design. This consideration required
additional mass that translates into an additional weight of 70-kN per bent with three piles.
Therefore, with the same material being used, the same stresses and strains in the prototype and
model structure were attained for a geometry scale factor of three-quarters.
3.6.2 Instrumentation and Data Acquisition

A total of 24 data channels, including displacement transducers and accelerometers, were
used to monitor the response of the model structure at the foundation, cap beam and deck
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(concrete weight) level. The displacement transducers had global displacement ranges of ± 150mm, ± 200-m and ± 250-m. The transducers were conditioned by a generic power supply and
manufacturer amplifier-decoders; they were calibrated for the respective full scale displacement
per 10 volts. Resistive accelerometers were used to measure the absolute accelerations at the cap
beam and deck level. The accelerometers were conditioned with 2310 Vishay Signal
Conditioning Amplifiers, which filtered frequencies above 25-Hz., calibrated for an acceleration
range of ± 2-g per 10 volts The analog output readings from instrumentation were recorded
digitally using an Optim Megadac 5533 Data Acquisition System. The output recordings were
stored on a local personal computer at a frequency of 100-Hz seconds.
3.6.3 Selection of the Ground (Shaking Table) Excitation

Earthquake ground motions may vary widely in magnitude, peak ground acceleration,
duration, and frequency content. Peak ground accelerations primarily influence the vibration
amplitudes. Duration of ground motion has a pronounced effect on the severity of shaking and
the evolution of damage. Frequency content relates to the periods of vibration of a structure.
Since the prototype bridge was not assumed to be located in any particular seismic zone, an
earthquake should therefore be chosen such that large magnitudes of base motion occur over a
wide range of frequencies.
Therefore, two historically significant ground motions were chosen, Taft 1952 N21E and
El Centro 1940 NS, for the shaking table motion to excite the model structure. The original Taft
accelerogram, shown in figure 3-22(a), has a total ground excitation time history of 54.4 seconds
with a peak ground acceleration (PGA) of 0.156-g at 9.1 seconds. The unscaled El Centro
original accelerogram, shown in figure 3-23(a), has a total ground excitation time history of 53.8
seconds with a peak ground acceleration (PGA) of 0.348-g at 2.12 seconds. To satisfy time
similitude requirements of the actual earthquake for the three-quarter scale model (see table 3-4),
a scale factor of

0.75 is used to compress the time history of the accelerogram. The scaled

ground motions for the signals are shown in figures 3-22(b) and 3-23(b).
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Figure 3-22. Ground motions for the Taft N21E accelerogram component.
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Figure 3-23. Ground motions for the El Centro 1940NS accelerogram component.
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Table 3-4. Similitude requirements for the three-quarter scale timber bridge pier bent.

Quantity

Symbol

Dimension

Scale Factor

Scale Factor
Used

Acceleration

a

LT-1

1

1

Elastic Modulus

E

FL-2

1

1

Linear
Dimension

L

L

SL

1.33

Displacement

Δ

L

SL

1.33

Drift

θ

__

Sθ

1

Time

T

T

SL

1.15
Sa

Stress

f0

FL-2

SE

1

Concentrated
Load

P

F

SE. SL2

1.7689

Frequency

f

T-1

1 / ST

0.87

Velocity

V

LT-1

SL / ST

1.15

3.6.4 System Identification

White-noise experiments were conducted before and after each simulated ground motion
experiment in order to identify the structural dynamics characteristics of the model structure.
White-noise excitations were banded 0-50 Hz with a peak table acceleration of 0.05-g. Dynamic
properties of the test structure were then determined from the transfer functions (TF). The
Hanning windowing technique was employed with a 50 percent overlap (total of seven averages
over 4,096 data points) along the time axis of the acceleration time histories.
Identified natural periods of vibration and equivalent viscous damping ratios showed a
distinct dependence on the amplitude of the response. This was expected as the model structure
responded at higher amplitudes, the out-of-plane buckling of the braces introduced further
flexibility and friction induced at the connections resulted in higher damping ratios. Hence,
identified natural periods of vibration ranged between 0.23 sec for low-amplitude white-noise
and 0.51 sec for high-amplitude El Centro (250 percent) excitations as shown in figure 3-24.
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Figure 3-24. Transfer function comparison before and after the
250 percent El Centro experiment.

Corresponding calculated equivalent viscous damping ratios were 10 and 20 percent,
respectively.
3.6.5 Experimental Results

The model structure was subjected to the two simulated ground motions at various peak
ground acceleration (PGA) levels. The PGA values varied from 0.15-g to 0.85-g, representing
minor to major ground shaking. A complete list of the ground motion experiments is given in
table 3-5. Also listed in the table are the recorded maximum accelerations at the deck level as
well as the maximum deck displacements. Experimental base shear coefficient versus deck
displacement hysteresis are shown in figure 3-25. The corresponding deck displacement time
histories are plotted in figures 3-26 and 3-27.
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Figure 3-25. Base shear coefficient versus deck displacement hysteresis for
different ground motions.
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Figure 3-26. Shaking table experiment results for El Centro 1940 N-S (a) 250 percent
(PGA = 0.85-g) and (b) 60 percent (PGA=0.20-g).
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Figure 3-27. Shaking table experiment results for Taft N21E (a) 175 percent (PGA = 0.28g) and (b) 100 percent (PGA = 0.17-g).
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Table 3-5. Summary of shaking table experiments.
Taft N21E (PGA = 0.16 g)

El Centro NS (PGA = 0.35 g)

100
percent

175
percent

40
percent

60
percent

250
percent

Peak Ground
Acceleration
(PGA)

0.17

0.28

0.14

0.20

0.85

Deck
Acceleration (g)

0.25

0.36

0.15

0.24

0.70

Deck Displacement (mm)

7

15

4

7
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The model structure responded elastically when subjected to minor and moderate ground
motions with PGAs up to 0.28-g. During the Taft 175 percent experiment, which had a PGA of
0.28-g, distress in the brace elements and its connections was observed as the maximum deck
displacements reached up to 15-mm (0.4 percent drift). An inspection of the model structure
following this experiment revealed several minor splits in the cap beam and brace elements. No
visible damage was observed at the bolted connections.
The model structure was then subjected to El Centro ground motion at a PGA of 0.85-g
that represented a typical major earthquake. Recorded maximum deck drift was 47-mm (1.3
percent drift) and significant damage due to crushing of the wood around the bolts was observed.
However, this damage did not affect structural stability. Transfer function comparison of figure
3-24 also indicates that the model structure, although damaged, had comparable overall capacity
to withstand minor to moderate ground excitations before and after this experiment.
Finally, it must be noted that the recorded hysteresis (base shear vs. deck drift) shown in
figure 3-25 represent energy dissipation (hence damping) due to both friction at the connections
and inelastic response of the braces.
3.6.6 Verification of Computational Model with Shaking Table Experiments

The computational model was used to predict the shaking table experiments response
behavior. For this purpose, first, a modal analysis was performed on the structure using its
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linear-elastic properties. The corresponding natural period of vibration was found to be 0.21 sec,
which is in good agreement with the experimental value obtained from the low-amplitude whitenoise experiments. Next, the structure was subjected to a lateral drift of 0.4 percent (15-mm deck
displacement) using a nonlinear static pushover analysis. This drift value corresponded to the
incipient out-of-plane buckling of the braces. Following the pushover analysis, another modal
analysis was performed and the natural period of vibration corresponding to the final state of the
model was found to be 0.54 sec, which is also in good agreement with the value obtained from
the high-amplitude El Centro experiment. Experimental base shear coefficient versus deck
displacement hysteresis and corresponding deck displacement time histories are compared and
plotted in figures 3-28 and 3-29. It can be observed that a good agreement between the
experimentally recorded and analytically predicted response is evident. However, due to the
obvious complexities involved in the modeling of the out-of-plane response (in a 2D model) of
the braces and the modeling of the friction induced at the connections, the computational model
cannot capture the entire response history, especially for high-amplitude excitations.

3.7 QUASI-STATIC REVERSED CYCLIC LOADING EXPERIMENTS
Although the shaking table experimentation was successfully completed, the near fullsized timber bridge model still had considerable remaining life. In order to understand the actual
failure mechanisms under cyclic loading, it was considered necessary to test the model to
destruction on the laboratory strong floor under quasi-static reversed cyclic loading. Hence, the
principal objective of the quasi-static reversed cyclic loading experiments was to capture any
potential failure modes that were not attained when the structure was tested on the shaking table,
due to the limitation of the imposed earthquake-induced displacements.
Two different bracing systems were investigated in this study. Parameters like section
properties, type of wood, seasoning, and moisture content were also included in this
investigation. In the first quasi-static reversed cyclic loading experiment, the structure was
configured in the same manner as before but with new diagonal bracing members designed to
resist buckling. The 100-mm x 150-mm Hemlock timber braces that were used had a measured
compressive strength of fc equals 20-MPa. Table 3-6 summarizes the different properties of the
two bracing systems employed in this experimental study.
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Figure 3-28. Shaking table experiment results in comparison with
computational model: Taft N21E.
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Figure 3-29. Shaking table experiment results in comparison with
computational model: El Centro 1940 N-S.
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Table 3-6. Properties of the braces employed in the quasi-static reversed cyclic loading test.

Test
#

Bracing
Dimension
(mm)

Wood
Species

Moisture
Content
(percent)

Compressive
Stress
(MPa)1

1

40 x 190

Southern
Pine

8 (Dry)

38

24

154

2

100 x 150

Hemlock

54
(Green)

20

32 4,5

190

1.
2.
3.
4.
5.

Theoretical Theoretical
Connection Buckling
Capacity2
Capacity3
(kN)
(kN)

The compressive stresses are based on coupon tests.
Connection capacity was determined according to equation (28)
Theoretical buckling capacity was determined according to equation (29)
is the governing case for compression
is the governing case for tension

3.7.1 Experimental Setup and Instrumentation

The test rig employed for these experiments is shown in figure 3-30. The specimens were
anchored to the strong floor to provide restraint against both horizontal translation and uplift
during testing. Anchoring was provided using 32-mm diameter high alloy prestressing threadbars
that were used to post-tension the concrete anchor beams to the laboratory strong floor.
Lateral load was provided by a 500-kN servo-controlled hydraulic actuator that had an
available stroke of ± 127-mm. Concrete weights, 140-kN in total, were placed on top of the
timber cap beams of the braced timber pile bents to represent the weight of two spans in a timber
bridge. The MTS servo-controlled hydraulic actuator was attached to the lower of these concrete
weights and horizontal lateral load was applied from a reaction frame through the center of mass,
thus representing seismic inertia loads.
The instrumentation used for the experiment consisted of sonic displacement transducers,
linear resistance potentiometers, and load cells. Two ± 150-mm sonic displacement transducers
were used to measure the lateral displacements at the top of the timber cap beams of each pier
bent. These instruments were mounted on an independent reference frame which was anchored
to the laboratory strong floor. Another two sonic transducers were included as a precautionary
device to measure translation of the anchor beams of each bent relative to the strong floor. Due
to the high level of prestress applied to hold down the anchor beam, no relative movement with
the strong floor was detected.
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Figure 3-30. Quasi-static cyclic loading experimental setup.
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Figure 3-31. Locations of potentiometers to measure the relative displacement: between
bracing and cap beam (left); and between bracing and piles (right).

Linear resistance potentiometers were utilized to measure rotations (and hence infer
curvatures) over sequential gauge lengths of the interior pile. They were also used to measure the
relative displacement of both the timber cap beam and the bracing system with respect to the
piles. Photographs displaying the locations of these potentiometers are shown in figure 3-31.
3.7.2 Experimental Results
Quasi-Static Test 1: Pier Bent with 40-mm x 190-mm Dry Pine Timber Bracing

The pier bent was tested in this experiment, with 40-mm by 190-mm dry pine timber
bracing, under two reversed cycles at nominal drift amplitudes in the range of ±0.5 percent and
±2 percent. The end distance between the center of the bolt and the end of the X-bracing member
was 180-mm in accordance with standard detailing practice. However, 300-mm was used in one
connection, to investigate the effect of changing this distance on the bearing resistance of the
connection under cyclic loading. Failure occurred at about 100-kN lateral applied load in the X72

bracing due to the accumulation of the crushing of the wood surrounding the bolts that connected
the bracing to the timber piles and caps. The testing was terminated due to longitudinal splitting
that developed in the diagonal X-bracing - much of the splitting was caused as a result of the outof-plane buckling.
The experimental results indicated that the overall structural behavior of the braced
timber pile bent was governed by the inelastic (post yield) performance of the bracing system as
well as the connection between the bracing and the piles. The force-displacement behavior for
this experiment is shown in figure 3-32 (top). The observed pinching in the loops resulted from a
combination of the out-of-plane buckling of the braces in compression and the slip-lock behavior
of braces in tension. The experiment indicated that 180-mm distance between the center of the
bolt and the end of the X-bracing member is not suitable for seismic considerations, for the
section considered in this test. This distance should ideally be increased to at least 300-mm in
order to avoid undesirable splitting in the connection region during large seismic drifts. Braces
with 180-mm distance to edge experienced dramatic splitting in the connection at ±1 percent
drift amplitude. These connections were damaged by the end of the test at the ±2 percent drift
amplitude. Damage was concentrated in the timber brace in the form of longitudinal splits
forming in the wood (see photographs in figure 3-33). The lag screws, however, did not exhibit
any damage. The connection with 300-mm edge distances were not damaged during the test.
They, however, experienced ± 10-mm splitting in the timber bracing. This splitting was traced
using the potentiometers installed for that purpose and was observed after the test during
replacement of these bracing. Figure 3-34 presents the variation of the hole splitting created with
time during the test and a photograph showing this splitting.
Quasi-Static Test 2: Pier Bent with 100-mm x 150-mm Green Hemlock Timber Bracing

A second strong-floor experiment was performed in order to investigate improvements to
be made in the diagonal bracing. Accordingly, the 100-mm x 150-mm green Hemlock timber
bracing sections were used during that test. Nominal drift angles of ± 0.5, ±1 and ± 2 percent,
respectively, were first applied as in the previous test. A modest improvement in the performance
of the structure was observed. No buckling was encountered in the bracing as in the case of the
first test. Moreover, at the completion of the ±2 percent drift amplitude, it was considered that
the overall structure, including the bridge piles with the bracing, was still in reasonably good
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Figure 3-32. Quasi-static reversed cyclic load test results: test # 1, standard bracing (top);
and test # 2, buckling resistant bracing (bottom).

74

Figure 3-33. Effect of changing the end distance between the center of the bolt and the
end of the southern pine X-bracing member. Photo on the left shows splitting damage of
connection with insufficient length; photo on the right shows undamaged connection with
sufficient length.
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Figure 3-34. Hole slotting that occurred to the bracing at the connection (300-mm edge
distance). The graph shows the variation of the splitting with time; and the photo shows
such splitting after test.

condition. Therefore, the test was concluded with four cycles at nominal drift amplitude of ±3
percent. This was over a displacement range of +130-mm and -100-mm; the maximum that
could be delivered by the actuator applying the lateral load. A photograph of the structure under
testing is shown in figure 3-35. Although this test was considered to be very successful, some
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minor longitudinal splintering in the timber bracing was observed (figure 3-36 left). This was
attributed to the high moisture content of the Hemlock wood used in this test, which affected its
compressive and bending strength. The connections also exhibited splitting in the Hemlock
braces as shown in figure 3-36 (right). The pinching in the force-displacement loops (figure 3-37
bottom) was indicative of such splitting. It is worth noting that in all of the above testing, no
observable damage was noticed in the timber pile. This is because the theoretical “yield” drift
that would lead to the onset of some splitting damage in the piles is at ±3 percent. Moreover,
based on earlier tests that had been done on piles alone (when tested in a free cantilever
condition under cyclic loading), it was observed that damage commenced at ±4 percent drift.
For this reason, the damage to the braced timber pier bent was restricted to the bracing itself, and
some limited local splitting around the bracing that passed through both the bracing and the cap
beams.

Figure 3-35. Braced timber pile bent bridge under quasi-static experiment
with green hemlock bracing.
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LONGITUDINAL
SPLITTING

SPLITTING

Figure 3-36. Hemlock bracing after test. Photo on left shows minor splintering; photo on
right shows splitting in the connection.

By the end of the second experiment, it was noted that the transverse timber cap beam
exhibited some damage in the form of longitudinal splintering and splitting at the rigid
connection between the beam and the piles. Photographs of such damage are shown in figure 337. This damage was almost cumulative as a result of loading the structure in different
experiments.

LONGITUDINAL
SPLITTING

SPLITTING AT
CONNECTION

LONGITUDINAL
SPLITTING

Figure 3-37. Damage occurred to the transverse cap beam by the end of experiments.
Photo on the left shows longitudinal splintering; and the photo on the right shows splitting
at the connection due to horizontal shear.
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3.7.3 Verification of the Computational Model with Strong Floor Experiments
Quasi-Static Test 1:

The computational model was cycled in displacement control with the force computed at
each event change (timber crushing, brace buckling, etc.). The same cyclic displacement history
as used in the first experiment was implemented in this computational analysis. Results of the
computer simulation are shown in figure 3-38 (top). The experimental results are also displayed
in the figure (bottom) for comparison. From these results, it is evident that the computational
modeling strategy effectively captures the general behavior (particularly the strength and
unloading stiffness characteristics) of the braced timber pier bent when under cyclic loading with
significant inelastic response. Some differences, however, should be noted. In particular is the
reloading stiffness (and hence force) during each reloading cycle, when the load amplitudes are
small. Evidently, the computational model does not reflect the friction inherent in the structural
system. Also, the slight degradation of strength that occurred during load cycling was not
captured.
Quasi-Static Test 2

Results of the computer simulation for this experiment are shown in figure 3-39 (top).
Reasonable agreement between the experimental and the computational models is evident,
particularly the envelope of the force response. Nevertheless, differences between the observed
experimental results and the computational simulation do exist. As before, these are most
noticeable under loading reversals when the load levels and/or displacements are small. Here,
much of the resistance is provided by friction in the connections. Such behavior was not
modeled computationally. Including frictional effects in the connections remains the subject of
future theoretical research.
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Figure 3-38. Computational-experimental comparison results for quasi-static reversed
cyclic load test # 1: top shows computational results; bottom shows experimental results.
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Figure 3-39. Computational-experimental comparison results for quasi-static reversed
cyclic load test # 2: top shows computational results; bottom shows experimental results.
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3.8 SUMMARY AND CONCLUSIONS
The performance of a bridge on timber pile bents was investigated in this section. An
experimental study was presented to elaborate the behavior of timber pile bents with shaking in
the out-of-plane direction. A constitutive material model was proposed for timber. This model
was employed in a theoretical pushover modeling of unbraced timber piles. The model results
were compared favorably to the observed experimental results. Finally, a dual experimentalcomputational research approach was adopted for braced timber pile bents. A prototype bridge
was used to develop a near-full size physical model that was used for shaking table experiments
and quasi-static reversed cyclic loading tests on the laboratory strong-floor. A nonlinear forcedisplacement computational modeling study was also undertaken as a companion effort to the
experimental investigation. Based on the results, the following conclusions are drawn:
•

The constitutive model proposed in this study and implemented in the theoretical
pushover modeling of unbraced timber pile bents effectively modeled their
experimental behavior. This constitutive model can be further extended in the future to
incorporate the cyclic behavior of such structures.

•

The experimental program overviewed in this study for unbraced timber pile bents
showed that these structures have a very ductile performance under cyclic lateral
loading and their strength is governed by the maximum bending stress of the individual
piles and the physical condition of the wood. These experiments have demonstrated
that braced timber piles bents have considerable strength and deformability capability.

•

Although timber bridges have considerable robustness, they are not immune from
earthquake damage. If ground shaking is strong, particularly in the long period range
(this can be exacerbated by soft-soil effects), damage can be expected.

•

Damage to braced timber pier bents resulting from strong ground motions transverse to
the axis of the bridge deck will be mostly restricted to the timber X-bracing in the
vicinity of the bolted connections. Such damage is not really serious as the bracing can
easily be removed (while the bridge remains in service, but under speed restriction) and
replaced.
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•

By installing X-braces that will resist out-of-plane buckling, a modest improvement in
the seismic performance (due to improved hysteretic energy dissipation characteristics)
can be expected. This means using, for example, 140-mm by 190-mm members,
instead of the usual 75-mm by 200-mm members as recommended in the Standard

Plans (1979).
•

The computational model developed in the present study for the performance of braced
timber pile bents under cyclic lateral loading successfully captured the shaking table
response as well as behavior in the strong floor experiments. Hence, it can be used for
future investigations for such structures after adding the frictional effects in the
connections.

•

Quasi-static reversed cyclic loading experiments were more efficient than shaking table
experiments in capturing the potential failure modes of the structure. They can be used
with an appropriate computational model as an alternative to shaking table experiments
for further investigations of braced timber pile bents.
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SECTION 4
EXPERIMENTAL INVESTIGATION OF TIMBER PILE-TOFOUNDATION CONNECTIONS UNDER CYCLIC LATERAL
LOADING
In this chapter, a theory is developed to predict the capacity of timber pile-to-foundation
connections. This is followed by development of the experimental procedures and setup
necessary to conduct the tests on full-scale timber specimens. Finally, results of the experimental
program are outlined and comparisons with the theoretical predictions are established.

4.1 THEORETICAL MODELING OF TIMBER PILE-TO-FOUNDATION
CONNECTIONS
Wood is an anisotropic material and a certain degree of familiarity with its nature is
necessary to understand the factors that affect the strength properties and behavior of the
material. Herein, a theory is developed that accounts for the anisotropy of wood to predict the
behavior of timber pile-to-cap connections. The theory is described in the following paragraphs.
The behavior of timber pile-to-cap connections under lateral loading is mainly governed
by two different mechanisms (figure 4-1):
•

Flexural strength of the pile.

•

Crushing of the wood perpendicular to the grain within the embedment depth.
The overall connection capacity is usually dominated by the lesser of the two

mechanisms. The residual rocking capacity of the connection is associated with these
mechanisms and becomes very effective under high cyclic drifts when the bond between the
wood and concrete breaks down. The basic mechanisms are explained below.

83

Figure 4-1. Potential failure mechanism for timber pile-to-concrete cap
connections.
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4.1.1 Failure Mechanism 1: Flexural Strength of Wood pile
Based on the AASHTO LRFD code (AASHTO LRFD, 1994) the nominal flexural
strength of a timber pile is based on an amplified moment capacity at first yield, thus

M n = 1.18 M y

(33)

where My is the yield moment given by:

M y = f bS x

(34)

in which fb is the flexural bending stress of wood; and Sx is the elastic section modulus. For a
circular section this is
Sx =

πd 3p

(35)
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where d p is the diameter of the timber pile.
Note that the nominal moment capacity of the pile will be attained only if a sufficient
embedment depth of the pile in the concrete cap is provided.
4.1.2 Failure Mechanism 2: Wood-crushing Perpendicular to the Grain

The compressive strength perpendicular to the grain for wood is very low when
compared to the compressive strength of concrete. This criterion is the basis of Mechanism 2
explained herein.
Based on the experimental stress-strain relationship for wood perpendicular to the grain
(figure 4-2a), its compressive stress can be expressed in a polynomial form as:

f cp

⎛ ε cp
= f cp 0 ⎜
⎜ε
⎝ cp 0

1

⎞n
⎟
⎟
⎠

(36)

where fcp is the compressive stress of wood perpendicular to the grain; fcp0 is the nominal
compressive strength of wood perpendicular to the grain; εcp is the strain corresponding to the
stress fcp; εcp0 is the strain corresponding to the nominal compressive strength perpendicular to
the grain; and n is the polynomial order.
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Figure 4-2. Criterion proposed for determining joint moment due to crushing
perpendicular to grain.
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With reference to figure (4-2c), the moment exerted by this mechanism can be obtained
as:
l emb

Mj =

∫ xf

cp

(37)

d p dx

0

where Mj is the moment due to crushing in joint perpendicular to the grain; dp is the diameter of
the pile cross section; and lemb is the embedment of the pile inside the concrete beam. Substitute
equation (36) into (37), so that:
l emb

Mj =

∫
0

⎛ ε cp
xf cp 0 d p ⎜
⎜ε
⎝ cp 0

1

⎞n
⎟ dx
⎟
⎠

(38)

The strain εcp can be expressed in terms of joint rotation θ as:
ε cp =

θx
dp

(39)

By substituting equation (37) into (36) and integrating, the joint moment Mj can be evaluated as:
1

1

⎛ θ ⎞ n ⎛ n ⎞ 2 + n 2 + 1n
⎟ ⎜
M j = f cp 0 d p ⎜⎜
⎟ ⎝ 2n + 1 ⎟⎠ l emb
d
ε
⎝ p cp 0 ⎠

(40)

Further simplification of equation (39) gives:
f cp 0 ⎛ n ⎞⎛ l emb
Mj =
⎟⎜
1n ⎜
ε cp 0 ⎝ 2 n + 1 ⎠⎜⎝ d p

⎞
⎟
⎟
⎠

2 +1 n
3

d p θ1 n

(41)

By adopting a value of n equals 3, equation (38) can be further simplified:
3 f cp 0
Mj =
7 ε 0cp.333
0

⎛ l emb ⎞
⎜
⎟
⎜ d ⎟
p
⎝
⎠
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2.33

d 3p θ 0j.333

(42)

4.1.3 Residual Moment Capacity of Connection

Consider the compressive zone in figure 4-3. The ratio of the area in compression, Ac, to
the total area of the timber circular cross section, Ag, can be evaluated as (Dutta and Mander
1998):

Figure 4-3. Residual moment capacity of connection.

AC
1
(ψ − sin ψ )
=
Ag
2ψ

(43)

where ψ is the angle subtended at the center by the chord; c is the depth of the circular stress
block; and dp is the diameter of the pile. Equation (43) can be further simplified as:
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⎛ c
AC
= 1.32⎜
⎜d
Ag
⎝ p

⎞
⎟
⎟
⎠

1.36

(44)

Hence:
⎛A
c
= 0.757⎜ c
⎜A
dp
⎝ g

⎞
⎟
⎟
⎠

0.725

(45)

The moment exerted by the axial load is
M r = Pe = f c A c (0.5d p − 0.6c )

(46)

Further simplification of equation (46) leads to the following relationship:
A
Mr
= 0.5 c
fcAgd p
Ag

⎛
⎜1 − 0.9⎛⎜ A c
⎜A
⎜
⎝ g
⎝

⎞
⎟
⎟
⎠

0.725

⎞ ψ
⎟ = (1 − 0.9ψ 0.725 )
⎟ 2
⎠

(47)

where
Ac Acfc
P
=
=
=ψ
A g A g f c Py

(48)

Substituting equation (48) into (47) and simplifying gives:
Mr =

Pd p
2

(1 − 0.9ψ )
0.725

(49)

Suppose a typical value of ψ is 0.1 is assumed, then equation (49) can be further simplified to
give:
M r = 0.415Pd p

(50)

Hence, the residual rocking capacity Fr can be approximated as:
Fr =

0.4 Pd p

(51)

L

The residual rocking behavior can occur following the occurrence of any of the three
critical mechanisms.
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4.2 IMPLEMENTATION OF MECHANISM 2 IN THE THEORETICAL
PUSHOVER MODELING
The computational force-displacement method previously explained in chapter 3 is
summarized in the following after adding mechanism 2 to it.
1.

Determine a curvature φi.

2. Perform moment-curvature analysis and determine the connection moment Mi.
3. Calculate elastic displacement Δe using equation (18):
Δe =

M i L *2 M i L a L *
+
3EI
2 EI

(52)

in which L* is the actual lever arm of the pile; La is the distance between points of reactions
of the linear stress blocks within the embedded zone; E is young's modulus of elasticity; and
I is the moment of inertia of the pile cross section.
4. Calculate the flexural plastic deflection using equation (24):
Δp =

L
M ⎞⎛
L2 ⎛
⎜ φ i − i ⎟⎜1 + em
L
2 ⎝
EI ⎠⎝

My ⎞
⎞⎛
⎟
⎟⎜⎜1 −
M i ⎟⎠
⎠⎝

(53)

5. Calculate joint rotation due to crushing of wood perpendicular to grain from equation (42):
n

ε cp 0 ⎛ M i ⎞ ⎛ 2n + 1 ⎞ n ⎛ d p ⎞
⎟ ⎜
⎟
θ j = 3n ⎜⎜
⎟ ⎜
d p ⎝ f cp 0 ⎟⎠ ⎝ n ⎠ ⎜⎝ l emb ⎟⎠

2 n +1

(54)

6. Calculate the joint deflection due to crushing of wood perpendicular to grain:
Δ j = (L + l emb )θ j

(55)

7. Obtain overall deflection ΔT:
ΔT = Δe + Δp + Δ j
8. Calculate the P-Δ moment due to axial forces.
9. Determine the lateral force F as:
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(56)

F=

M i − PΔ
L

(57)

10. Add an incremental curvature to the current curvature φI and resume steps 2 to 9.
In order to illustrate the significance of joint rotation due to crushing of wood
perpendicular to grain, the method presented above was employed and force deformation
relationships were established for three different cases. The following parameters were used in
the analysis: dp is 300-mm, L is 1800-mm, and fc0 is 32-MPa.
The influence of embedment length was investigated, and the results are shown in figure
4-4a. It is observed that the crushing of wood perpendicular to grain has a dramatic effect on the
lateral resistance of the connection. As the embedment length increases, the connection lateral
resistance increases. On the other hand, adjusting the embedment length will render a more
ductile connection.
Results of varying the axial load and its effect on the connection performance are shown
in figure 4-4b for two different cases, the fixed case (i.e lemb/dp ≥ 3), and the case of lemb/dp is
0.8. It is shown that increasing the axial load lowers the lateral resistance of the connection,
which is attributed to the P-Δ effects.
The influence of wood hardness as indicated by the relative strength ratio fcp0/fc0 is shown
in figure 4-4c. As expected, the ultimate lateral resistance is more for hardwood than for
softwood.
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Figure 4-4. Effect of joint rotation due to crushing perpendicular
to the grain on its lateral resistance.
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4.3 SOIL-STRUCTURE INTERACTION REPRESENTATION

Figure 4-5. Soil-structure interatction representation in plastic mechanism
of timber pile foundations.

Applying the theory of virtual work for the mechanism shown in figure 4-5, the following
equations relating the normalized effective length of timber pile specimens to the soil properties
can be obtained. Refer to Shama (2000) for a detailed derivation. Therefore, for cohesive soil:
L 1 ⎛⎜ M p
=
d p 6 ⎜⎝ C U d 3p

⎞
⎟
⎟
⎠

1
2

(58)

and for cohesionless soil:

L K buried
=
dp
3

⎛ 2M p ⎞
⎜
⎟
⎜ γK d 4 ⎟
⎝ p p⎠

1

3

(59)

where for non-buried foundations K buried = 1 and for buried foundations
2

K buried

⎛
⎞ 3
H
⎜1 + 0.12 0 d ⎟
p⎠
⎝
=
1
⎛
3⎞
⎛
⎞
⎜
⎜ 1 + 0.12 H 0 ⎟ ⎟
dp ⎟ ⎟
H ⎜
⎛
⎞⎜
H
⎜1 + 0.08 0 d ⎟⎜1 + 3 0 ⎜
⎟ ⎟
2M p
p ⎠⎜
dp
⎝
⎜⎜
⎟⎟ ⎟
4
⎜
K
d
γ
P p
⎝
⎠ ⎟⎠
⎝

93

(60)

in which L is the effective length of pile defined as the distance from the inflection point to the
plastic hinge at the connection with the pile cap; Cu is the cohesion of soil determined from
undrained triaxial, direct shear or vane tests; dp is the diameter of the timber pile; H0 is the buried
depth of the cap beam; γ is the unit weight of the soil considered ; Kp is the Rankine coefficient
of passive earth pressure; and Mp is the flexural moment of the timber pile evaluated as:
M p = 1.18M y =

1.18πf b d 3p

(61)
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Equations (58) and (59) are employed to provide relationships between the normalized effective
length of the pile ( L/dp is M/Vdp) and parameters for cohesionless and cohesive soils,
respectively. These relationships are shown graphically in figure 4-6.
Based on these relationships, an effective length L/dp is 6 was chosen for specimens in
the present study. Consequently, the cantilever length of the timber pile foundation experiments
was taken as 1.42-m. Extracting the shaded portion in figure 4-5e and inverting it, a test
specimen is formed when anchored to the laboratory strong floor. Axial loads were applied to the
specimens by a vertical actuator acting via a lever beam system. Lateral loads were applied so
that it acted at the theoretical inflection point of the pile.

4.4 MATERIAL TESTS
Visual inspection of piles used in this testing program indicated the species was Douglas
Fir. The mechanical properties of the timber were characterized by performing a series of
bending, axial compression parallel to the grain, and axial compression perpendicular to the
grain tests. The coupon tests were performed on samples prepared in accordance with ASTM D
143-94. The tests were conducted using a TINIUS OLSEN Universal test machine.
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Figure 4-6. Effect of soil parameters on the effective length of timber pile specimens.
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4.4.1 Static Bending Test

Four 50-mm by 50-mm by 760-mm coupons were used for the static bending test. These
coupons were cut from the two pile specimens employed for the lateral cyclic loading
experiments. Two of these coupons conformed in dimensions with the ASTM standards i.e., 50mm by 50-mm by 760-mm. The other two were 38-mm by 38-mm by 760-mm. A photograph of
the specimens is shown in figure 4-7. Displacements were measured by a pair of ± 25-mm stroke
potentiometers affixed to an aluminum frame, which was attached to the coupons at their center;
a ± 50-mm transducer was also attached to the movable crosshead of the machine to provide
comparative data. The load was applied continuously throughout tests at a rate of motion of the
movable crosshead of 2.5-mm/min. A photograph of a coupon under bending test is shown in
figure 4-8. The apparent modulus of elasticity in bending was determined as:
E=

PL3
48ΔI

(62)

where Δ is the deflection at the center; I is the moment of inertia; L is the span length; and P is
the applied load. Table 4-1 outlines the resulting data for Young's modulus (E), bending strength
(fb). The dominant failure mode of the first three coupons was simple tension. The fourth
coupon, however, failed in a cross-grained tension mode showing inferior resistance with respect
to the other coupons. This may be attributed to the presence of knots in the test coupon.
The bending stress-strain relationships for these tests are shown in figure 4-10(b).

Figure 4-7. Tangential surfaces of bending specimens.
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Figure 4-8. Static bending test.

Table 4-1. Results of bending tests.
Test
No.

Specimen
No.

Coupon
Cross-section
Area (mm2)

Young's Modulus
Eb (MPa)

Bending Resistance
fb (MPa)

1

B1

2500

11850

67

2

B2

1444

12450

70

3

B3

2500

13500

82

4

B4

1444

5000

48

4.4.2 Compression Parallel to Grain Test
Four 50-mm by 50-mm by 200-mm coupons were used for the compression parallel to grain
test. Special care was taken to ensure that the end grain surfaces of each coupon were parallel
and at right angle to the longitudinal axis. A ± 25-mm stroke linear resistance potentiometer
attached to an aluminum-measuring device measured axial displacements (see a photograph of
the test in figure 4-9). Table 4-2 presents the resulting data for these tests. The stress-strain
relationships are illustrated in figure 4-10a.
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Table 4-2. Results of compression parallel to the grain tests.

Test
No.

Specimen
No.

Young's Modulus
E (MPa)

Compresion Resistance
fc (MPa)

Strain at Peak Stress
ε0

1

C1

10700

51

0.005

2

C2

9600

45

0.006

3

C3

9700

50

0.005

4

C4

10200

40

0.008

Figure 4-9. Compression parallel to grain test.
4.4.3 Compression Perpendicular to Grain Test

The compression perpendicular to the grain tests were made on two 38-mm by 38-mm by
150-mm specimens. The load was applied through a metal bearing plate 50-mm in width, placed
across the upper surface of the specimen at equal distances from the ends and at right angle to the
length. The load was applied continuously throughout the test at a rate of motion of the movable
crosshead of 0.3-mm. The compression strength was determined at a compression strain of
0.003. Results of these coupon tests are shown in figure 4-10c.
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Figure 4-10. Constitutive relationships for timber as determined from
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compression perpendicular to grain.
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4.4.4 Moisture Content of the Timber

The moisture content of the specimens was determined according to the following
relationship:
M=

WW
WS

(63)

in which WW is the weight of water in the specimen; and WS is the weight of solid wood in the
specimen. The weight of the specimens was determined before and after being placed in an oven
at 100 Celsius for 24 hours. The moisture content was obtained as:
M=

Wb − Wa
Wa

(64)

where Wb is the weight of the specimen before drying out; and Wa is the weight of the specimen
after drying out. Several specimens were obtained from each pile and the moisture content was
determined for each specimen. An average moisture content value of 10 percent was obtained.
4.4.5 Concrete Strength

The concrete used for the cap beam was an early strength ready-mix. Its ultimate
compressive strength was determined from the results of three 150-mm by 300-mm cylinder tests
at 7, 21, and 28 days. Results are shown in table 4-3.

4.5 DESIGN AND CONSTRUCTION OF THE SPECIMEN
The experimental program involved in this investigation consisted of two timber
specimens with a different embedment depth of the pile into the concrete cap beam. Specimen
T1 represents an exterior pile with lemb is dp consistent with present "as-built" practice.

100

Table 4-3. Results of 150-mm by 300-mm concrete cylinder tests.

Spec. #

Compressive Strength (MPa)
7 Days

21 Days

28 Days

1

19

25

34

2

23

28

28

3

24

30

30

f′c

22

28

31

Specimen T2 represents an exterior pile with lemb is 1.5dp consistent with design
recommendations for new timber pile foundations as proposed herein. Another reason for
embedding the pile this distance was to determine whether or not retrofitting of existing bridge
foundations is an economical and/or worthwhile process. Instead of constructing two separate
foundations, the two pile specimens were installed into one reinforced concrete foundation cap
beam with dimensions of 2,724-mm by 914-mm by 914-mm. The cap beam was reinforced with
two layers of Grade 60 (414-MPa) 25-mm diameter deformed bars (# 8) at 300-mm centers as
shown in figure 4-11. This reinforcement is consistent with what is customarily used in practice.
An additional U Shape 28-mm diameter deformed bar (# 9 rebar) was added for specimen T2 to
counteract forces that may cause spalling of the concrete in the end region of the cap. The two
pile specimens utilized in this program were of different diameters.
Specimen diameters just above connections were 228-mm and 238-mm for specimen T1
and T2, respectively. The respective embedment lengths for specimens T1 and T2 were 228-mm
(lemb is 1dp) and 357-mm (lemb is 1.5 dp). Each specimen was chemically treated with creosote.
During construction, a wooden framework to maintain proper vertical alignment was
constructed to support these piles (see construction photographs, figure 4-12). The specimen
was designed so that it could be clamped to the laboratory strong floor to resist horizontal sliding
while lateral load testing was conducted. The clamping force was provided by an anchoring
beam that was post-tensioned with a high strength threadbars system to the strong floor.
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Figure 4-11. Geometry and reinforcement of timber pile foundation
specimens.

102

Figure 4-12. Construction of the timber pile foundation. Photo on the left shows the
formwork with the timber pile specimens; photo on the right shows a close up view of
specimen T2.

4.6 EXPERIMENTAL SETUP
The test rig employed for the testing of these specimens was similar to that used for the
steel pile foundation specimens (Shama et al., 2002). Lateral load was supplied by a 500-kN
MTS hydraulic actuator anchored to the reaction frame at an angle of 56° to the horizontal and
connected to the specimen. To prevent slipping at the lateral actuator-pile interface, two 450-mm
by 305-mm by 25-mm mild steel plates confined six 450 by 305 by 19-mm pieces of plywood.
The plywood each had a central, circular hole, marginally smaller than the pile diameter at the
related location, and were cut at an offset of 25-mm from their centerline to facilitate placement
and clamping. This arrangement was clamped to the pile by four 25-mm threadbars, which were
subsequently stressed to prevent any slippage (see photographs, figure 4-13).
The vertical load due to gravity was provided by a 350-kN capacity ± 50-mm stroke
Parker servo-controlled hydraulic actuator. This actuator was operated in load control and
connected to the W10 by 77 lever beam. This beam was anchored to the strong floor at one end
using a pair of 32-mm diameter high-strength prestressing threadbars. The force in the MTS
lateral actuator actively controlled the vertical actuator.
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Figure 4-13. Test rig of the timber pile foundation specimens
showing: (left) connection between actuator and specimen, and
(right) anchor beam.

The W10 by 88 steel beam was employed to anchor the specimen to the strong floor to
provide sufficient restraint against translation and uplift during the tests. The beam was set on a
rocker bearing, which transmitted the anchoring load to the concrete cap specimen. The steel
beam was anchored to the laboratory strong floor at one end using a pair of 32-mm high alloy
prestressing threadbars and was anchored from the other side using three thread rebars. The two
32-mm bars were prestressed to a force of 310-kN each. The resulting force clamping the
specimen to the strong floor via the beam was 1860-kN.

4.7 INSTRUMENTATION AND DATA ACQUISITION
The instrumentation used for this experiment consisted of sonic transducers, linear
resistance potentiometers, and load cells. The load cells were 500-kN and 650-kN devices
supplied with the MTS and Parker actuators, respectively. Two sonic transducers (S-T) [MTS
Temposonics] model number DCTM-4002-1 with stroke length of ± 150-mm was used for the
measurement of lateral displacement. The upper one (as shown in figure 4-14) was at the same
height as the centerline of the inclined actuator. The second transducer was mounted at the same
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Figure 4-14. Instrumentation configuration for timber pile
experiments.
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height of the point of action of the actuator that is at the lateral loading inflection point and was
used to provide the input signal for the inclined actuator, which operated in displacement control.
Eight linear resistance potentiometers were utilized to measure pile rotations/curvatures
in pairs. Two were each mounted on an aluminum chassis fabricated from a rectangular tube, one
covering the upper gauge length, the other covering the adjacent lower one. The stroke for these
linear potentiometers was ± 13-mm. Each chassis was bolted to a 75-mm threaded rod that was
screwed into the pile. Aluminum tubes serving as contact surfaces for the brass rods coupled to
the potentiometers were also similarly attached at alternate gauge lengths. Prior to each test, the
potentiometers and transducers were manually checked to ascertain their functionality and all the
instruments were set at their balance point.
Curvature and rotations ( φ i , α i ) over the I-th gauge length were calculated from:
φi =

Δ pi
L pi L gi

(65)

and

αi =

Δ pi

(66)

L gi

in which Δ pi is the algebraic difference of readings from potentiometer pairs, Lpi is the center-tocenter distance between the potentiometer pairs and Lgi is the gage length.

4.8 EXPERIMENTAL PROGRAM AND RESULTS
The experimental program consisted of testing both specimens in two phases. The
specimens in phase one were tested at cyclic drift amplitudes that ranged from ± 1 to ± 6 percent
with an average M / Vdp ratio of six. This value is representative of a class of friction piles
embedded in soils characterized by high shear strength (see figure 4-6). In the second phase,
however, the length of the same specimens were reduced so that an average M / Vdp ratio of 3.5
was obtained. This value is representative of a broad range of cohesionless and cohesive soils.
As a result of reducing the effective length of the specimens, greater drift angles could be

106

obtained. This enabled the performance of the connection to be examined under drifts that may
not be attained because of the actuator stroke limitations in the first phase. Therefore, the
specimens in phase two were tested at cyclic drift amplitudes that ranged from ± 3 to ± 12
percent. Another reason for conducting the second phase of testing for each specimen was to
examine the theoretical results obtained. One important result is the independence of the
connection resistance with respect to the effective length of the pile.
Each of the specimens was tested for a minimum of two cycles per drift amplitude.
Testing was conducted under displacement control where the specimens were first pushed then
pulled. The command signal was provided by an analog function generator in the form of a sine
wave with a one-minute cycle period. A constant gravity load was taken as 133-kN for specimen
T1 in the first phase and the following relationship was used to relate the lateral actuator force to
that of the vertical actuator:

Pva =

7
(133 + 0.325Pda )
16

(67)

It was observed, however, that no tension uplift was attained using this relationship
because of the high value chosen for the constant gravity load. One of the main goals of this
experimental study is to investigate the performance of the connection under variable tension and
compression uplift. Consequently, the following relationship was utilized in the other three
experiments:
Pva =

7
(100 + 0.88Pda )
16

(68)

The vertical actuator increased the axial force in the pile when the lateral actuator was
pushing and decreased it during pulling.
4.8.1 Specimen T1

Specimen T1 represents an exterior timber pile foundation with a typical "as-built" pile-cap
connection. The specimen was tested with a variable axial load considered to be representative for
this class of pile.
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Phase (1)

The 500-kN MTS servo-hydraulic actuator operated in displacement control was used to induce
the lateral load. The actuator was mounted at an angle of 56° along with the axial actuator to
simulate the uplift that may be exerted in a physical scenario. The 350-kN Parker servo-hydraulic
vertical actuator induced the variable axial load. Both actuator outputs are related to induce a total
axial load governed by equation (68). The specimen had a clear height of 1,400-mm

(M Vd

p

= 6.2 ) above the concrete base surface.

In this experimental phase, the specimen was tested with two reversed cycles at drift
amplitudes of ± 1, ± 2, ± 3, ± 4, ± 5, and ± 6 percent, respectively. The specimen behavior
conformed well to the theoretical model proposed in this study. According to the theoretical
model, it was expected that the failure of the specimen would not occur, as the crushing
perpendicular to the grain governs the specimen strength. Such wood crushing occurred during
the course of the test. The marked pinching of the force displacement plot (figure 4-15) is indicative
of such crushing perpendicular to the grain within the embedment. A gap between the timber pile
and the concrete appeared on the pull side of the four percent drift. This gap opened and closed
during the course of testing at the five percent and six percent cycles (see photographs of the
opening and closing of the gap in figure 4-17). Apart from some minor cracks at the cap beam
surface, no pronounced damage was observed in both the timber pile at the hinge zone or on the cap
beam.
Figure 4-16 plots the theoretical and experimental moment-axial load interaction diagram
for specimen T1. The maximum lateral force achieved during that test was 65-kN. The vertical
component of this force was not enough to induce tension uplift during the pulling of the specimen.
The maximum horizontal force achieved was 36-kN, which is well below the yielding strength of
the specimen. This observation assesses the theoretical model. According to equation (40), the wood
crushing resistance is 38-kN, which is well below the flexural strength of the pile (61-kN).
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Figure 4-15. Timber pile specimen T1 (phase 1); lateral loaddisplacement relationship.

Figure 4-16. Experimental and theoretical lateral load-axial load
interaction diagram for specimen T1 (phase 1).
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Figure 4-17. Gap that occurred between the pile and the concrete cap. The top
photograph shows the joint opening, while the lower photograph shows the joint
closing.

Phase (2)

The specimen clear height was reduced to 800-mm (M Vd p = 3.55) in this experimental phase.
The specimen was then tested with two reversed cycles at drift amplitudes of ± 3, ± 6, ± 8, ± 10,
and ± 12 percent drift, respectively. Figure 4-18 presents the horizontal force displacement
relationship. The pile behaved in a similar manner to previous phase one tests during the course of
the ± 3 and ± 6 percent drifts. The width of the gap between the pile and concrete increased, and
was very pronounced at the eight percent drift as a result of crushing of the wood within the
embedment zone. The specimen exhibited tension uplift during this experimental phase (see figure
4-19). The tension uplift helped in slipping of the pile within the embedment zone as the pile
walked out of the socket during the 10 and 12 percent drifts (see photographs of the connection
under 12 percent drift in figure 4-20). It was obvious at the conclusion of testing (at the end of the
second cycle at 12 percent drift), that no noticeable damage was observed in either the timber pile at
the hinge zone or on the cap beam. The maximum horizontal force achieved was 68-kN. Figure 421 displays the performance of specimen T1 with the two phases of loading shown in terms of driftmoment relationship.
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Figure 4-18. Timber pile specimen T1 (phase 2): lateral loaddisplacement relationship

4.8.2 Specimen T2

Specimen T2 represents a conservative design for an exterior pile to cap connection.
According to this design, the pile was embedded to a distance of 1.5 dp in the concrete
foundation base. An additional U shape # 9 rebar was added to the original reinforcement to
counteract forces that may cause spalling of the concrete in the end region of the cap. The
objective of the experiment is to determine whether or not this design will improve the seismic
performance of the connection.
Phase (1)

The lateral load was exerted by the 500-kN MTS servo-hydraulic actuator operated in
displacement control and mounted at an angle of 56° . The 350-kN Parker servo-hydraulic
vertical actuator induced the variable axial load. Both actuator outputs are related to induce a
total axial load governed by the equation (68). The specimen had a clear height of 1,400-mm

(M Vd

p

= 6.2 ) above the concrete base surface.
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Figure 4-19. Experimental and theoretical lateral load-axial load
interaction diagram for specimen T1 (phase 2).

Figure 4-20. Specimen T1 connection under high drifts (phase 2). Joint opening shown on left;
joint closing shown on right.
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Figure 4-21. Moment rotation relationship of specimen T1.

In this experimental phase, the specimen was tested with two reversed cycles at drift
amplitudes ± 1, ± 2, ± 3, ± 4, ± 5 and ± 6 percent, respectively. The force-drift behavior of the
specimen during this experimental phase is illustrated in figure 4-22. The specimen did not attain
the theoretical flexural yield up to the end of the ± 3 percent drift. A gap was observed between
the timber pile and the adjacent concrete during the first cycle at the ± 4 percent drift.

Figure 4-22. Timber pile specimen T2 (phase 1): lateral loaddisplacement relationship.
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This gap continued to increase in width by alternately opening and closing during the course
of cyclic testing. In fact, this behavior agrees with the assumption made for determining the
theoretical nominal flexural capacity of the pile. During the ± 5 percent drift, there was evidence of
tension fibers fracturing, resulting in a drop in strength of 8-kN. Strength degradation continued
during the ± 6 percent drift, and tensile splitting of fibers was more pronounced.
Figure 4-23 plots the theoretical and experimental moment-axial load interaction diagram
for the first experimental phase of specimen T2. The maximum horizontal force achieved during
that test was 45-kN and 54-kN in push and pull, respectively. The theoretical yield force was
attained. However, the nominal flexural capacity of the pile was not achieved.

Figure 4-23. Experimental and theoretical moment-axial load
interaction diagram for specimen T2 (phase 1).
Phase (2)

In the second experimental phase, the specimen clear height was reduced to 800-mm

(M Vd

p

= 3.50) and then tested with two reversed cycles at drift amplitudes ± 3, ± 6, ± 8 and

± 10 percent, respectively. The force-drift behavior of the specimen during this experimental phase
is illustrated in figure 4-24. Fiber fracturing was very pronounced during the second cycle at ± 6
percent drift. Accordingly, strength degradation was very noticeable at the ± 8 percent drift and
tensile splitting of fibers was obvious. Two more cycles at ± 10 percent evidenced that the
connection failed in flexural bending mode. The concrete base did not experience any major
damage, except for some surface cracks within the cover zone. Photographs of the connection after
failure are shown in figure 4-26.
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Figure 4-25 plots the theoretical and experimental moment-axial load interaction diagram for
the second experimental phase of specimen T2. The maximum horizontal forces attained during that
test were 62-kN and 78-kN in push and pull, successively. The specimen exhibited an over-strength
value of 1.1. Figure 4-27 displays the performance of specimen T2 under these two experimental
phases.

Figure 4-24. Timber pile specimen T2 (phase 2): lateral loaddisplacement relationship.

Figure 4-25. Experimental and theoretical lateral load-axial load
interaction diagram for specimen T2 (phase 2).
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Figure 4-26. Specimen T2 connection after failing in flexural bending mode.
Photo on left shows the front view; photo on right shows the rear view.
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Figure 4-27. Moment rotation relationship of specimen T2.

4.9 PUSHOVER THEORY VERIFICATION USING EXPERIMENTAL
RESULTS
The force displacement algorithm presented in this section, incorporating the effect of
joint rotation due to crushing perpendicular to the grain, is validated by comparing its results to
those from the experimental program.
Figures 4-28 and 4-29 display the cyclic horizontal-force displacement relationships for
the two specimens tested in the experimental program described above. The computational
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monotonic pushover curves are displayed in the same figures. It can be observed that the
monotonic curves effectively captured the cyclic experimental behavior for the two experiments.
It should be noted that the effect of joint rotation due to crushing perpendicular to the
grain was not pronounced for specimen T2 experiments, as flexural bending failure dominated
the connection behavior. Expectedly, the computational model converged well to the experiment in
its two phases, as this is the same case that was examined in the previous section. Specimen T1,
which exhibited crushing perpendicular to the grain, also converged satisfactorily to the
theoretical model. Hence, the theoretical model for such connections is validated.

4.10 DESIGN REQUIREMENTS FOR TIMBER PILE-TO-CAP
CONNECTIONS
Theory and experiments have shown that pile-to-cap connections constructed with an
embedment depth equal to one pile diameter had very ductile performance under cyclic lateral
loading. On the other hand, increasing the embedment of these connections to 1.5 dp resulted in
a stronger but slightly less ductile connection. For design purposes, both behaviors are preferred
to occur simultaneously. Therefore, the following condition should be satisfied for design
objectives:

λM y = M j (θ)

(69)

in which λ is an over-strength factor. By substituting equations 34 and 42 into 69 and
simplifying, an expression for the normalized embedment depth for such specimens can be
obtained as:
⎛ l emb
⎜
⎜ d
⎝ p

3

1

⎞
⎛ f ⎞7 ⎛ ε ⎞7
⎟ = 0.5⎜ b 0 ⎟ ⎜ cp 0 ⎟
⎟
⎜f ⎟ ⎜ θ ⎟
⎠
⎝ pc 0 ⎠ ⎝ j ⎠

where ε cp 0 equals 0.003 and θj is the design connection rotation arising from crushing
perpendicular to the grain. It is suggested that θj is 0.03 rad.
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4.11 SUMMARY AND CONCLUSIONS
In this section, comprehensive theoretical and experimental studies were performed on
timber pile foundations to evaluate the seismic performance of the pile-to-concrete cap
connection. A theory was developed to determine the performance of such a connection under
lateral loads. The theory was implemented in a comprehensive computational pushover
algorithm. A series of experiments were conducted to validate the theory. The following
conclusions can be drawn from this study:
1. The extensive study performed showed the significance of the compression perpendicular to
the grain in evaluating the performance of timber pile-to-concrete cap connections under
lateral loads.
2. The study showed that as the embedment length increases, the connection lateral resistance
increases. On the other hand, adjusting the embedment length will render a more ductile
connection.
3. The influence of wood hardness is very important in determining the ultimate lateral
resistance of timber pile-to-concrete cap connections. As the ratio fcp0/fc0 (which is an
indication of wood hardness) increases, its ultimate lateral resistance capability improves.
4. The embedment depth of the timber pile inside the concrete pile cap foundation is governed
by bending as well as compression perpendicular to the grain stresses of the timber pile.
5. The expected maximum seismic drift and base shear capacity coefficient are two important
parameters in determining and optimizing the required embedment depth of the timber pile
into the concrete cap beam.
6. The study showed that pile-to-cap connections constructed with an embedment depth equal
to one pile diameter performed very satisfactorily and does not require any retrofit. On the
contrary, increasing the embedment depth of such connections without looking into the
material properties may result in a stronger, but slightly less ductile connection.
7. The theoretical model developed in the present study for determining the lateral forcedeformation resistance of timber pile-to-cap connections compared favorably to the
experimental results.
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SECTION 5
SEISMIC VULNERABILITY ANALYSIS OF TIMBER BRIDGES
Damage to transportation systems can lead to traffic flow disturbance, as has been well
documented in past earthquakes. Bridges, key elements of a transportation system, need to be
functional after an earthquake to prevent essential services in the traffic network from being
interrupted. Consequently, it is necessary to assess how vulnerable these structures are to
earthquakes of varying intensities.
The likelihood of structural damage caused by various levels of ground motion is usually
expressed by a damage probability matrix or with fragility curves. The damage probability
matrix provides probabilities of various anticipated damage states to a structure at a particular
ground motion level. A fragility curve, however, describes the probability of a specific type of
damage to the structure at different levels of ground motion. Fragility curves are developed in the
present study to evaluate the seismic vulnerability of bridges under consideration.

5.1 REVIEW OF PREVIOUS WORK
Historically, fragility curves have been based on empirical field observations following
damaging earthquakes (Basoz and Kiremidjian, 1997). More recently, Dutta and Mander have
developed a fundamental mechanics-based approach from which fragility curves could be
derived from first principles (Dutta and Mander, 1998). They validated this approach against
experimental data. Detailed and simplified analytical models can be used when earthquake or test
data do not provide sufficient information. The steps involved in these detailed analyses are
summarized as follows:
•

A structure is represented by an appropriate model, which includes inelastic behavior of
all structural components.
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•

Artificial earthquake acceleration time histories corresponding to various seismological
parameters (e.g., local soil conditions; epicentral distances; and magnitudes) are
generated.

•

Uncertainties in both the ground motion and structural component behavior are
quantified to establish a set of earthquake-structure samples.

•

A nonlinear time history analysis is performed for each sample and damage to
structural components is assessed according to predefined damage criteria. These
damage criteria are usually established from the available experimental results.

•

From the severity of damage to various structural elements, an overall damage state is
assigned to the entire structure.

•

Fragility curves, which display the relationship of damage states and ground shaking
parameters (e.g., peak ground acceleration), are then established.
One can realize that the analytical approaches followed thus far by various researchers

(Hwang and Jaw, 1989; Hwang and Huo, 1994; Mullen and Cakmak, 1997) require high
computational costs and substantial time and effort to perform, particularly when the structural
model is more sophisticated.
An increasingly popular way of characterizing the seismic performance of structures is
through the use of the capacity spectrum method (Shama et al., 2001a). In this method, the
pushover capacity of the structure is converted to the acceleration-displacement response
spectrum format and displayed in the same graph with the demand spectrum. In a deterministic
analysis, the intersection of the two curves gives the expected level of performance. However,
there are uncertainties associated with both structural capacity and variability of seismic demand.
Based on these uncertainties, it is evident that there is a wide range of possible performance
states, and the problem needs to be treated non-deterministically through the use of fragility
curves.
The approach presented in this study to develop fragility curves stems from the capacity
spectrum method, and takes the randomness associated with the structural capacity as well as the
seismic demand into account. This method utilizes some experimental data from the present
study in the formulation of the fragility curves.
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5.2 FRAGILITY CURVE THEORY
5.2.1 Expected Seismic Resistance
The seismic demand of a structure can be represented in terms of a design code-like
response spectrum. Based on the AASHTO guide specification for isolation, which adopts a
linearized spectrum approach, the seismic demand is given by the lesser of

2.5A
BS

(71)

SA
Teff B L

(72)

Cd =
and
Cd =

where C d is the base shear demand; A is the peak ground acceleration at the site; S is the soil
type factor; Teff is the effective period of vibration and B L , BS are spectral reduction factors
used to modify the elastic response spectrum for high damping; i.e., when the structure responds
in the inelastic range to account for hysteretic damping resulting from nonlinear effects.
It is assumed here (in the same way as in the capacity spectrum method) that the peak
response of the nonlinear structure is equal to the displacement of a substitute SDOF system with
an effective period ( Teff ) given by:

Teff

W
Δ
M
g
= 2π
= 2π
= 2π
Fy
K
Ccg
Δ

(73)

where Δ is the maximum displacement response; C c = Fy W is the base shear capacity, in
which Fy equals yield force of the pile bent; and W is the tributary weight.

The capacity spectrum method requires the intersection of the capacity and appropriately
damped demand curve at a point that represents the inelastic displacement of the structure. By
adopting this criterion and replacing the base shear demand in equations (71) and (72) with the
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structural base shear capacity and rearranging, the peak ground acceleration can be determined
by taking the greater of:
A = 0.4 C c B s

(74)

or
A=

2π
S

CC Δ
BL
g

(75)

For the present study, is assumed that the pile bent supporting the deck will govern the damage
state of the entire bridge. Therefore, C c in the above two equations denotes the base shear
capacity coefficient of the bridge. Note that for bridge structures supported by flexible steel
5.2.2 Accounting for Uncertainty and Randomness in Fragility Curves

The nonlinear static capacity spectrum approach has gained wide acceptance among the
earthquake engineering community during the last few years. This method does not account for
any associated uncertainty with both the capacity and demand curves. Figure 5-1 shows a
capacity spectrum graph, where the acceleration-displacement response spectrum for the ground
motion is plotted with the pushover capacity of a bridge. Both the capacity and demand will have
some probabilistic variation as shown in the figure. Therefore, there is a wide range of possible
performance outcomes. The uncertainty associated with the final outcome results from the
uncertainty in both the demand and capacity.
The uncertainty in the demand arises from the fact that the code-specified spectrum was
established as a result of a statistical analysis, that was performed for a broad range of response
spectra from actual earthquakes which occurred at different sites with common local soil
conditions. At the location of the bridge considered, one can expect a series of seismic events
with associated response spectra that may follow, or not, the ensemble used to establish the
general code-specified spectrum at a particular site.
The uncertainty in the capacity can be due to different sources such as (i) the variability of
structural material properties associated with strength, (ii) inelastic energy absorption and
damping and (iii) dispersion in calculating the response due to approximations in modeling.
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Figure 5-1. Capacity-demand acceleration-displacement spectra showing
randomness in structural behavior and ground motion response.

The following assumptions are drawn in the present study following Kennedy et al.,
1980:
The entire fragility curve and the uncertainty in that curve can be expressed in terms of
the median ground acceleration, A, for a given drift limit to be attained times the product of two

random variables. Thus, the ground acceleration A corresponding to a particular damage state is
given by:


A = Aε c ε d

(76)

where ε c is the random variable with a median of unity that represents the uncertainty associated
with capacity and ε d is the random variable with a median of unity that represents the
uncertainty associated with demand.
•

Both ε c and ε d are log-normally distributed with logarithmic standard deviation of β c
and β d , respectively.

•

Both ε c and ε d are an accumulation of many small additive random variables. The
distributions of these additive random variables are not necessary, since the central
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limit theory can be applied. This theory states that, under very general conditions, as
the number of variables in the sum becomes large, the distribution of the sum of
random variables will approach the log-normal distribution irrespective of the
distributions of the individual variables.
•

Since both ε c and ε d are log-normally distributed, they can be represented by a
composite log-normal random variable ε with a median of unity and logarithmic
standard deviation β given by:
β = β c2 + β d2

(77)

Hence, equation (76) can be rewritten as:


A = Aε

(78)

The main advantage of this formulation is that the entire fragility curve and its
uncertainty can be expressed by only two parameters, a median expected value (the 50th
percentile) and a normalized logarithmic standard deviation.
Characteristics of the lognormal distribution which are useful to keep in mind when

generating estimates of A and β are summarized in the following paragraphs (Benjamin and
Cornell, 1970; Ang and Tang, 1975).
A random variable Y is said to be log-normally distributed if its natural logarithm X
given by

(79)
X = ln Y

where X is normally distributed with a mean value m X equals ln Θ , in which Θ is the median of
Y, and with the standard deviation of X equal to β , which will be called the logarithmic standard
deviation of Y. Then, the coefficient of variation (COV) of Y is given by the relationship:

COV = (exp β 2 ) − 1
for β values less than about 0.5, this equation becomes approximately
COV ≈ β
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(80)
(81)

For a log-normal distribution, the median value Θ is used as the characteristic parameter
of central tendency, and the logarithmic standard deviation β or the coefficient of variation are
used as a measure of the dispersion of the distribution. The corresponding cumulative probability
distribution function is given by:
⎡ 1 ⎛ y ⎞⎤
FY ( y) = Φ ⎢ ln⎜ ⎟⎥
⎣ β ⎝ Θ ⎠⎦

(82)

where Φ = standard Gaussian cumulative distribution function. Equation (82) can now be used
to express uncertainty in terms of cumulative probability for a given ground acceleration. With
perfect knowledge (i.e., only accounting for the random variability β ), the cumulative
probability F( S a ), for a given spectral acceleration level, S a can be obtained as:
⎡ ln(S a A ) ⎤
F (S a ) = Φ ⎢
⎥
β
⎣
⎦

(83)

where Φ (.) is the standard normal cumulative distribution function; S a is the spectral
acceleration amplitude for a period of T = 1 sec; A is the the median (expected value) peak
ground acceleration for the given drift limit to be attained, as deterministically assessed by
equation (75); and β is the normalized composite log-normal standard deviation, which
combines aspects of uncertainty and randomness for both capacity and demand, determined
according to equation (77). Based on the study by Peckan (1998) on the uncertainties arising
from seismic ground motion, and Dutta and Mander (1998) on the randomness associated with
different parameters affecting the structural capacity (e.g., material properties, model
simplification, etc.), it is recommended that β = 0.6. This value was validated by Basoz and
Mander (1999) against experiential fragility curves obtained from data gathered from the 1994
Northridge and 1989 Loma Prieta earthquakes.
5.2.3 Defining Bridge Capacity
Timber piles

If the principal of virtual work is adopted, one can obtain an expression for the base shear
capacity of timber piles as:
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Cc =

(1 + ρ ) f b0
8ψ f c 0

D
H

(84)

where D is the diameter of the timber pile; fb0 is the bending strength of the timber pile; fc0 is
the compressive strength of the timber pile; and ψ is defined for this case as:
ψ=

P
4 wBL
=
Py πnf c 0 D 2

(85)

The fixity efficiency of the plastic hinge given by ρ = Mj/My participating in resistance
and expressed in terms of the pile-to-cap connection efficiency is:
⎛ f pc 0
ρ=
= 3.7⎜⎜
My
⎝ f b0
Mj

⎞⎛ l emb
⎟⎟⎜
⎜
⎠⎝ d p

⎞
⎟
⎟
⎠

2.33

⎛ θi
⎜
⎜ε
⎝ cp 0

⎞
⎟
⎟
⎠

0.33

(86)

By substituting equation (84) into (75), one can obtain an expression for the expected
peak ground acceleration for timber pile-to-cap connections:
A=

2π
S

(1 + ρ )

f b0 D
θi BL
f c 0 8ψg

(87)

Braced Timber Pile Bents

Consider the braced timber pile bent shown in figure 5-2a, subjected to a lateral force Ccb
W, where Ccb is the base shear capacity of the braced bent and W is the tributary weight from
the deck. Applying the principle of virtual work for the potential mechanism shown in figure 52b yields:
EWD = IWD

(88)

C cb WΔ = δ(T + C )

(89)

where Δ is the maximum displacement response of the bent; δ is the axial deformation of the
braces; and T,C is the maximum tension and compression forces in the braces.
If the braces are rigid and no buckling will occur, the ultimate force of a brace in tension
and compression is governed by the bearing resistance of its connection with the pile, hence:
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T = C = fcd b t

(90)

in which db is the diameter of the lag screw used at the brace-pile connection; t is the thickness
of the brace; and fc is the compressive strength of the timber bracing.
Substituting equation (90) into (89) and rearranging, therefore, the base shear capacity of
the braced timber bent can be expressed as:

C cb =

2f d t cos α 8 d b t cos α
2f c d b t
cos α = c b 2 =
W
nψ π D f c π D D nψ
4

(91)

in which α is the inclination angle of the bracing to the horizontal.
Substituting equation (91) into (75), and rearranging gives:

A=

2 π 8 d b t cos α
2π
Δ
hθ i B L
Cc BL =
S π D D nψ
S
g

(92)

This equation defines the theoretical capacity of a braced timber pile bent in the
transverse direction, where θ is the column/pile drift for the ith damage state.
5.2.4 Defining Displacement /Damage States

In Basoz and Mander (1999), five damage states are defined for highway system
components. These are (1) none, (2) slight/minor, (3) moderate, (4) extensive and (5) complete.
These damage states are adopted in the present study for bridges supported by steel and timber
substructures. Table 5-1 lists these damage states for timber pile substructures and the
corresponding failure mechanisms in developing analytical fragility curves adopted herein.
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Fb = CcbW
T
Fb = T cos α + C cos α

α

C = Fb = T+C cos α
cb

C

W

W

(a) Typical Geometry of Braced Timber
Pile Bent

δ

Δ
δ

(b) Plastic Mechanism

Figure 5-2. Analysis of braced timber pile bents capacity.

5.2.5 Evaluation of Structural Damping

The spectral reduction factors can be obtained according to the equations given by Cheng
and Mander (1997). These equations are based on regression analysis on the values given by
Newmark and Hall (1982), and derived from an equivalent damping formulation as:
⎛ξ ⎞
BS = ⎜ eff ⎟
⎝ 0.05 ⎠

0.5

⎛ξ ⎞
B L = ⎜ eff ⎟
⎝ 0.05 ⎠

0.3

(93a)

and

where ξeff is the effective viscous damping.
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(93b)

One way to evaluate energy absorption capability is to translate the hysteretic energy
dissipation into equivalent viscous damping factors. The equivalent viscous damping ratio is
defined as:
ξ eq =

E cycle
1
2 π Fmax Δ max

(94)

in which E cycle is the area enclosed within one cycle of loading; Fmax is the average maximum
strength observed in the push and pull directions during one cycle of loading; and Δ max is the
average maximum displacements in the push and pull directions of loading. The theoretical
effective damping can be expressed in terms of drift amplitude as:
ξ eff = ξ o +

θy ⎞
2 ⎛
1⎞
2 ⎛
⎟
η⎜⎜1 − ⎟⎟ = ξ o + η ⎜⎜1 −
π ⎝ μ⎠
θ i ⎟⎠
π ⎝

(95)

in which ξ o is the base damping ratio that is representative of the visco-elastic effects inherent in
the structure; θ y is yield drift amplitude; θ i is the ith drift damage state; η is the energy
absorption efficiency with respect to pure elasto-plastic behavior ( η = E cycle / E EPP , where E EPP
equals the energy absorption capacity of one fully-reversed elastoplastic cycle).
Figure 5-3 presents experimental results for the piles with shaking in the longitudinal
direction, where the effective damping is plotted against the ductility amplitude. The analytical
curves associated with these experimental results are plotted in the same figure.
Based on the experimental results, the following values for efficiency and base damping
ratio are suggested: ξ o = 0.03, and η = 0.15 for wood that is in good condition. If the wood is
weathered and prone to splitting, the above values should be reduced to two-thirds of the
above—that is, ξ o = 0.02 and η = 0.10.
Braced Pile Bents

The energy absorption characteristics of the braced timber pile bent subassembly tested during
the course of this study are displayed in figure 5-4. The structure exhibited early inelastic
behavior represented by the frictional effects in the connections. This led to high damping at low
amplitude levels. Based on these plots, a value of 0.08 is suggested for the base damping ratio.
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Table 5-1. Damage states for bridges supported by timber pile substructures.
Substructure
Type
Unbraced
Timber Pile
Bents

Braced Pile
Bents

Timber Pile
Foundation

Damage State

Drift
Limit
(%)

Description of Damage

2

No damage

Onset of Damage (DS = 2)

3

Beginning of tensile splitting of fibers

Moderate Damage (DS =3)

4

Noticeable splitting of fibers

Extensive Damage (DS =4)

5

Noticeable fiber fracturing accompanied
with loss of strength

Complete Damage (DS =5)

7

Complete failure of pile and collapse of
span

1

No damage

Slight Damage (DS =2)

2

Minor longitudinal splintering in the
timber bracing

Moderate Damage (DS =3)

3

Local splitting around lag screws passing
through the bracing and cap beam

Extensive Damage (DS =4)

4

Extensive splitting in the bracing

Complete Damage (DS =5)

5

Failure of bracing due to splitting and outof-plane buckling

Pre-Yield (DS =1)

2

No Damage

Slight Damage (DS =2)

4

Beginning of crushing of wood
perpendicular to the grain within the
embedment length of the pile into the cap

Moderate Damage (DS =3)

8

Gap occurs between the pile and concrete
cap beam and crushing of wood
perpendicular to grain increases

Extensive Damage (DS =2)

10

The pile tends to walk-out from its socket
and minor cracks in the concrete cap beam

Complete Damage (DS =2)

15

Failure of foundation due to local failure
in connection

Pre-Yield

Pre-Yield

(DS=1)

(DS =1)
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Pile-to-Concrete Cap Foundations

The energy absorption characteristics of specimen T1 (lemb/dp = 1) in its two experimental
phases are plotted in figure 5-5a, in terms of the drift angle-damping ratio relationship. The
experimental results converged satisfactorily with the theoretical curve. On the basis of this graph,
the following values are suggested for such a specimen: ordinary structural damping ξo = 0.07; and
cyclic energy absorption efficiency η = 0. 20.
Figure 5-5b presents experimental results as well as the theoretical relationship for
specimen T2 (lemb/dp = 1.5) in its two experimental phases. The following values for efficiency
and base damping ratio are suggested for such a specimen: ordinary structural damping ξo = 0.06;
and cyclic energy absorption efficiency η = 0. 15.

5.3 APPLICATION TO TIMBER PILE BENTS
The expected peak ground motion for unbraced timber pile bents can be expressed
according to equation (87):
A=

2π
S

(1 + ρ )

f b0 D
θi B L
f c 0 8ψg

(96)

and for braced timber pile bents as:
A=

2π C c Δ
10
BL =
S
g
S

d b t θi h
cos α B L
nψ D 2 g

(97)

The following assumptions have been made in the analysis:

•

Timber can be represented by a median bending and compressive strengths of 40-MPa
and 35-MPa, respectively.

•

The number of piles in a bent or a pile cap is taken as n = 5 and the diameter of timber
piles is assumed to be D = 300-mm.

•

Dry pine is used for the bracing with dimensions 75-mm by 250-mm.

•

The deck width is taken as for a two-lane roadway with B = 8.5-m.
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Figure 5-3. Energy absorption characteristics of unbraced timber pile
bents.
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Figure 5-4. Energy absorption characteristics of braced timber pile bents.
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Figure 5-5. Energy absorption characteristics of timber pile-to-cap connections.
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•

The unit weight of all-timber and timber-concrete decks is w = 4-kPa and 7-kPa, with
representative span lengths of L = 6 -m and 8-m, respectively.

•

Lag screws with diameter 22-mm are used for the connections between the bracing and
the piles.

•

The vertical distance h from the connection of the bracing to the transverse beam is 4m. Consequently, the inclination of the bracing α can be determined as:
α = COS −1

B
2

B +h

2

= 25 0

Based on the above assumptions, the ratio of the axial applied load to the axial yield load

ψ was determined according to equation (85) as 0.02 and 0.038 for timber and concrete decks,
respectively.
Table 5-2 presents the different values for the parameters used in determining the
expected peak ground acceleration of braced timber pile bents for different damage states.
Figures 5-6 and 5-7 display fragility curves for bridges supported by braced timber pile
bents, with motion along the transverse and longitudinal directions for different states of damage.
One can observe that concrete deck bridges are more vulnerable to damage than timber deck
bridges, which corroborates the aforementioned empirical field evidence from the 1964 Alaska
earthquake. For example, 43 percent of timber pile bents will experience slight damage in their
bracing for spectral acceleration Sa = 0.4-g if the deck is concrete. On the other hand, only 29
percent of timber pile bents will sustain damage for the same spectral acceleration if the deck is
timber. Furthermore, 32 percent of timber pile bents will sustain slight damage in the piles at Sa
= 0.4-g if the deck is concrete. This value may reduce to 14 percent if the deck is timber.
Figure 5-8 presents a comparison between concrete and timber deck bridges on timber
pile bents. This comparison was done in terms of slight damage for different orientations of
ground motions. It can be observed that the bracing system is very vulnerable to damage.
However, such damage is not serious, as the bracing can easily be replaced while bridge is in
service.
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Table 5-2. Expected peak ground motions for existing timber pile bents.
Damage
State

Drift
(percent)

BL
(spectral
reduction
factor)

Ai
Transverse (braced)
(g)
Timber
Concrete
Deck
Deck

1

0.02

1.17

0.43

0.31

0.35

0.25

2

0.03

1.26

0.53

0.38

0.46

0.33

3

0.04

1.30

0.61

0.44

0.65

0.48

4

0.05

1.33

0.68

0.49

0.79

0.58

5

0.07

1.36

0.80

0.58

1.01

0.73

Ai
Longitudinal (unbraced)
g
Timber Deck
Concrete
Deck

CUMULATIVE PROBABILITY

1
Moderate Damage
Concrete Deck
Slight Damage
Concrete Deck

0.75

Slight Damage
Timber Deck

0.5

Moderate Damage
Timber Deck

0.25

0
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

SPECTRAL ACCELERATION

Figure 5-6. Fragility curves for bridges supported by braced timber
pile bents with shaking along the transverse direction.
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Figure 5-7. Fragility curves for bridges supported by braced timber
pile bents with shaking along the longitudinal direction.
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Figure 5-8. Comparisons of concrete and timber deck bridges for slight
damage in terms of ground motion orientation.
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5.4 APPLICATION TO STRONG PIER/WEAK PILE FOUNDATION
SYSTEM
In certain situations, such as the case shown in figure 5-9, a weak piled foundation
system may support a strong superstructure system. This may occur if the piles supporting the
bridge pier are driven in different saturated soil layers and the first layer is prone to liquefaction
during ground shaking. The strength of this layer is expected to be reduced, often drastically, to
the point where it is unable to remain stable and appears to flow as fluids. In this case, plastic
hinging will occur in the foundation system instead of the strong superstructure system.
Consequently, the seismic performance of the entire bridge structure will be dominated by the
behavior of the pile-to-concrete cap connections of the foundation system. In this subsection,
comparisons are made in terms of performance between timber and steel pile-to-cap connections
and fragility curves are developed for bridge structures supported by these two types of piles.
The expected peak ground motion for bridges on steel pile foundations can be expected,
according to Shama (2000), as:
A=

2π
2 π Λd p θ i
BL =
S
S
2ψg

(1 + ρ) d p θ i
2ψg

BL

(98)

and for bridges on timber pile foundations according to equation (87), adding to it the soil
reactions :
2π
A=
S

3
f b0 D
2 γk p H
(1 + ρ )
θi +
θi BL
π ψf c 0 g
f c 0 8ψg

(99)

where the connection efficiency can be evaluated according to equation (86)
⎛ f pc 0
ρ = 3.7⎜⎜
⎝ f b0

⎞⎛ l emb ⎞
⎟⎟⎜
⎟
⎠⎝ D ⎠

2.33

⎛ θi
⎜
⎜ε
⎝ cp 0

⎞
⎟
⎟
⎠

0.33

(100)

H is the distance between the plastic hinges and can be evaluated for non-buried foundations as:
H = 0.6D

0.67

⎛ fb
⎜
⎜ γk
⎝ p
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⎞
⎟
⎟
⎠

0.333

(101)

A detailed derivation of equation (101) can be found in Shama (2000). The following
assumptions are made in the analysis:
•

Ground motion is effective along the strong bending axis of the steel piles. The bridge
is supported on steel pile bents with section HP 10 by 42. Consequently, dp and bf are
taken as 246-mm and 256-mm, respectively.

•

The bridge deck is concrete with unit weight w = 8-kPa, and representative span length
and width of L = 8-m and B = 14-m.

•

The number of piles in a pile cap equal six.

•

The median compressive strength of the deck concrete f c′ = 30-MPa.

•

The median yield stress of the steel piles f y = 300-MPa.

•

Timber pile can be represented by a median bending, compressive, and compression
perpendicular to the grain strengths of 40-MPa , 35-MPa, and 4-MPa, respectively.

Figure 5-9. Illustration of a strong wall-weak piled foundation system.
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•

The diameter of timber piles is assumed to be D = 300-mm.

•

The total dead load will be multiplied by a factor of 1.15 to account for the additional
weight of the pier wall.
Table 5-3 presents the different values of the parameters used to evaluate the expected

peak ground acceleration of such structures.
Table 5-3. Expected peak ground motions for bridges on weak pile foundations.

DS

Bridge on Steel Pile
Foundations
Drift
BL
ρ
%

Ai
g

ρ

Bridge on Timber Pile
Foundations
Drift
BL
%

Ai
g

1

1

0.004

1

0.25

0.62

0.02

1.12

0.38

2

0.82

0.01

1.36

0.50

0.79

0.04

1.27

0.64

3

0.36

0.02

1.45

0.65

0.99

0.08

1.44

1.07

4

0.24

0.04

1.49

0.90

1.07

0.10

1.47

1.24

5

0.1

0.05

1.50

0.96

1.22

0.15

1.51

1.60

Figure 5-10 compares timber to steel piles in terms of slight and moderate damage. It can
be observed that bridges on timber piles perform better than those on steel piles during seismic
motions. As an example, more than 40 percent of bridges will sustain slight damage for Sa > 0.4g if steel piles are used. On the contrary, less than 15 percent will sustain such damage if timber
piles are used. Figure 5-11 displays the effect of liquefaction of soils on the performance of
bridge structures. It is shown that bridges on liquefiable soils are more vulnerable to damage than
bridges on strong soils.
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Figure 5-10. Comparison of steel to timber piles in terms of damage.
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Figure 5-11. Effect of liquefaction on the performance bridge
pile foundations.
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5.5 SUMMARY AND CONCLUSIONS
A method to evaluate the seismic vulnerability of bridges supported by timber piled
substructures was developed in the present section. Simplified equations were developed for the
expected peak ground motions for each structural type investigated in this study. The method
utilized fragility curves to describe the probability of a specific type of damage of the bridge at
different ground shaking levels. A simplified method, which originates from the nonlinear
capacity spectrum method, was adopted to develop fragility curves. The method accounted for
the randomness associated with the structural capacity as well as seismic demand. The
experimental results obtained were used to formulate the fragility curves.
Based on the fragility analysis in this section, the following conclusions can be drawn:

•

Theoretical fragility curves are an elegant way to represent the degree of damage
expected in major earthquakes. They also provide some insight into the major factors
that lead to bridge damage and/or collapse.

•

Timber bridges with concrete decks, being more massive than timber bridges with
timber decks, are more prone to damage.

•

Fragility curves presented in this section verified that timber piles are just as suitable
or more suitable when compared to steel piles for use in seismic areas.
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SECTION 6
CONCLUSIONS AND RECOMMENDATIONS
The present research investigated the performance of timber piled bridges and included
several experimental studies. The first experimental study was performed on timber pile bents
with shaking in the longitudinal direction. This study was carried out to determine the strength
and ductility capability of timber substructures, without regard to the connections and bracing. In
pursuit of this objective, four timber pile specimens were tested to failure using quasi-static
reversed cyclic loading.
A second experimental study was performed to evaluate the behavior of timber pile bents
in the transverse direction. For this study, an experimental model consisting of two identical pier
bents was tested. Each of the two identical pier bents was a three-quarter scale of a prototype
timber pile bent, designed in accordance with the FHWA standard plans. A series of shaking
table experiments were conducted on the model structure. The structure was then tested to
destruction on the laboratory strong floor under quasi-static reversed cyclic loading, as it still had
considerable remaining life after the shaking table experiments. Parameters like bracing section
properties, type of wood, seasoning, and moisture content were included in the strong floor
experiments. Furthermore, a computational model for the model structure was also developed.
The computational model efficiently simulated both the shaking table and strong floor
experiments.
A third extensive experimental program was performed on timber pile-to-concrete cap
foundation connections. The experimental study was undertaken on full scale prototypical
specimens to validate the theory developed herein to evaluate the behavior of such connections
under lateral loading. Four specimens with different M/Vdp and different embedment depths
were tested during this experimental study. A proposed uniaxial stress-strain relationship was
extended and a theoretical model, based on the compression perpendicular to the grain for
timber, was developed for such connections. The model was implemented in a theoretical
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pushover algorithm and compared favorably to the backbone curve for experimental data of the
four experiments conducted for these connections.
Finally, based on the experimental study, a method to evaluate the seismic vulnerability
of timber piled bridges was developed. Simplified equations were developed for the expected
peak ground motions for each structural type investigated in this study. The method utilized
fragility curves to describe the probability of a specific type of damage to the bridge at different
ground motion levels. A simplified method, which stems from the nonlinear capacity spectrum
method, was adopted to develop fragility curves. The method accounted for the randomness
associated with the structural capacity as well as seismic demand.

6.1 CONCLUSIONS
Based on this experimental and analytical investigation, the following conclusions can be
drawn:
Timber Pile Bridges

1. The extent of damage depends on the deck type and condition of the timber piles. Timber
bridges with concrete decks, being more massive than timber bridges with timber decks, are
more prone to damage. Timber piles that have some splits, knots, etc., are less ductile than
sound timber piles in good (un-split) condition.
2.

Experiments have demonstrated that timber piles have considerable deformation capability.
Provided that the timber is in good condition, drift limits of eight percent are possible. This
is also true for weathered timber; however splitting may lead to a loss of about 50 percent of
the original strength.

3.

From the analysis of damping, it is evident that for large drift amplitudes (in excess of five
percent), equivalent viscous damping ratios of nine percent may be assumed; however, if the
wood is weathered or damaged, a value of six percent is more appropriate.

4. The computational model developed in the present study favorably captured the shaking table
and strong floor experiments.
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5. Quasi-static reversed cyclic loading (strong-floor) experiments were effective in inducing
and observing the potential failure modes of the structure.
6. Although timber bridges have considerable strength, they are not immune from seismic
damage. If ground motion is strong, particularly in the long period range (this can be
exacerbated by soft-soil effects), damage can be expected.
7. Damage to braced timber pier bents resulting from strong ground motions transverse to the
axis of the bridge deck will mostly be limited to the timber X-bracing in the vicinity of the
bolted connections. Such damage is not considered serious, as the bracing can easily be
replaced while the bridge remains in service.
8. Using X braces that will resist out-of-plane buckling instead of the usual 75-mm by 200-mm
members as recommended in the Standard Plans can improve the seismic performance of
such structures. It is thus recommended that 100-mm by 150-mm timbers be used as the
diagonal bracing.
Timber pile-to-concrete cap connections

1. The present study revealed the importance of the compression perpendicular to the grain in
investigating the performance of timber pile-to-concrete cap connections under lateral loads.
2. The uniaxial stress-strain relationships proposed in the study and implemented in the
theoretical pushover analysis of pile-to-cap connections effectively modeled their
experimental behavior.
3. The relative wood-hardness, as given by the fcp/fc stress ratio, is a significant factor in
determining the ultimate lateral resistance of timber pile-to-concrete cap connections. The
ultimate lateral resistance of such connections improves as the relative perpendicular to
parallel compressive strength increases.
4. The study showed that pile-to-cap connections, constructed with embedment depth equal to
one time the diameter of the pile, performed satisfactorily and strictly do not require
retrofitting. However, for new structures, these connections should be detailed based on
timber design stresses.
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5. Timber piles showed high ductility when compared to other pile materials like steel and
concrete. Hence, timber piles are recommended as satisfactory for high seismic zones.

6.2 RECOMMENDATIONS FOR FUTURE RESEARCH
1. The theoretical model based on the proposed stress-strain relationship for timber needs to be
extended to cover the cyclic behavior of the connections.
2. Improving the connection of the braces to the piles, for timber pile bents, can improve the
seismic performance of the structure. In the present study, lag screws were used for this
connection. The effect of using other types of timber fasteners and their effect on the overall
performance of the structure needs to be investigated. For example, shear ring connectors
may well increase the strength, but damageability remains an unanswered question.
3. In order to improve the cyclic loading force-deformation predictions, especially under
reloading, it will be necessary to study and include the frictional effects for the connections
in the two-dimensional computational model.
4. The experimental pile-to-cap connections study needs to be extended to cover other types of
piles such as pipe piles and precast-concrete piles.
5. Further research is recommended for some unusual cases of high timber bents with no
longitudinal bracing, or damaged transverse bracing, where stability of the bent becomes an
important issue.
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