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ABSTRACT: Pile bents are often used in bridge fiation systems. These sub-
structural elements are constructed by drivingva@bpiles and connecting them with a
concrete cap. One current design practice usesmadgf fixity, which assumes the pile-
soil system can be modeled as a cantilever oftecpkar length, forming a single column
in a multi-column elastic frame. In this papenreat design practices are reviewed, and
a new method for calculating point of fixity thagtber matches the maximum moments
and displacements experienced by a pile underldteding of the bent is presented.
An example that compares a pile bent designed agjaimalent elastic frame with a
nonlinear analysis is also presented. It showskasgtic frame model with two
equivalent lengths satisfactorily matches a fulllimeear model, while a frame with a
single, deepest equivalent length provides a coatige approximation of the nonlinear
model.

INTRODUCTION

Pile bents are often used as bridge piers omastaf abutments. These sub-structures
are designed and constructed such that a ser@seadr more rows of driven piles are
connected to a single concrete bent cap. Elastorinearing pads are often used as
connections between the pile bent and the supetstay which consists of a girder-deck
system. Depending on the lengths to be spannetharabutment types used, multiple
pile bents may be required in a particular bridgsigh.

These foundations are often designed by strucan@ligeotechnical engineers in
tandem. Geotechnical engineers are responsible for suggegtie sizes and lengths for
a given sets of axial and lateral loads. The stratengineers are then responsible for
determining the required loads (dead, live, wingpact, etc.) and designing the bent cap,
the remainder of the bridge structure and perhbpsking the structural suitability of the
piles. Many structural designs are based on elfstine analyses, where the individual
soil-pile systems are modeled as cantilevers wiidfbases and without soil. To
determine the length of these cantilevers, varioathods are used to determine a “point
of fixity,” or a point somewhere above the pile that can adequately model the
additional stiffness contributed by the soil. Itfgathe point of fixity would be chosen
such that the design of the pile bent resultinghftbe elastic frame would be the same as
a design resulting from more rigorous, but alsoeremmputationally expensive, analysis
methods.

As part of a larger study (Robinson et al., 20@&)r recently designed and constructed
bridges in North Carolina were modeled using nadirfinite element analysis programs
that could capture the interaction between theasudl the bridge structure directly.



MultiPier (BSI, 2000) was selected due to its binlP-y, t-z and g-z models for pile
deformation and its ability to model the piles d@ht cap with nonlinear material
properties. SAP 2000 (Computers and Structures, 2004) was selected as a
secondary analysis program to check and verifyMbkiPier results.

EXISTING POINT OF FIXITY METHODS

In generalsimplified formulas or selected results from a mugdr lateral single pile
analysis are used to estimate a point of fixitymBoonly used point of fixity equations
were proposed by Davisson and Robinson (1965) ane been incorporated into the
AASHTO LRFD Bridge Design Specifications (2004),evh their use is recommended
for the assessment of buckling effective lengtlyortquations 1 and 2 show slightly
modified equations from Davisson and Robinson () 9@5lengths from the pile top to
fixity below the ground surface for clay and samdfites, respectively.
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In equations 1 and 24keis thedistance from the pile top to the grourtg, andl,y are

the elastic modulus and inertia of the plgjs an undrained elastic modulus for clays
andny is the rate by which the soil modulus increaseh depth in sands (see Chen,
1997 for representative values). Equations 1 aackbased on beam on elastic-
foundation theory and assume a long, partially efdbd pile in a single uniform layer of
either clay or sand. The coefficients in Equatibresd 2 are set so the model can
approximately match bending and buckling respoimealsaneously.

A drawback of this approach is that the resutismfthese models will not match lateral
stiffness for deformation purposes. Also, for atipig soil layer profile, the engineer has
to determine an equivalent soil layer of eitherdsanclay in order to use the equations.
It also assumes the soils can be modeled as dgrétastic for the deformations induced
by the pile bent. These models also do not disistglbetween free-headed and fix-
headed piles and they cannot be used to accuedséss lateral displacements.

Other methods to estimate point of fixity utilite results of a single pile lateral
analysis algorithm. These programs consider lioeaonlinear pile elements embedded
in soil modeled by a series of nonlinear soil sggin The springs are defined by P-y
curves that are empirically derived from a numiddateral load tests or back calculated
from specific lateral load tests on a particulée.siThis method is summarized by Reese
et al. (1991). Some engineers have used the pbmaximum negative moment or the
point of maximum negative displacement to defimp®iat of fixity for elastic frame
analysis purposes.

Thus, the current practice for pile bent desigul@ proceed as follows in an
engineering design office where full nonlinear gsak are unavailable, or considered
unnecessary or unwieldy for a relatively small pobj



* Assume typical lateral and axial loads for a patéic bridge type.

* Once a pile size and type is determined, a sintgdateral analysis is run in a
computer program which has built in P-y curvesnmdeling the lateral soil
resistance and elastic or non-linear models foptleematerials, such as LPILE
(Ensoft, 2004) or MultiPier,.

» Single pile lateral analysis results include momdisplacement and shear
distributions along the pile length. If a maximdisplacement at the pile top is
exceeded, or if the pile is overloaded, the pifeetis changed. A point of fixity is
then determined as the distance from the top opilleeto the deepest of one of a
few different points: the point of maximum negatlisplacement, the point of
maximum negative moment, the points determineddpyaion 1 or 2, or another
point based on the engineer’s judgment.

* The pile type and point of fixity is transmittedttee structural, where the
columns are included as part of an elastic franadyais. The live loads and other
load cases are calculated by hand or by a comptagram and applied to
bearing locations where the bridge girders wilpbsced. The pile bent is
assumed to act freely, that is, without additiaz@inections to the bridge
superstructure. The piles are modeled as colummsected to the bent cap with
a length equal to the depth determined by the pdifikity. Each pile base is
fixed against further rotation.

» The elastic frame is analyzed as a variety of AABH®ad cases are applied, and
the resulting stresses in the bent cap are uste iftame analysis program to
calculate the minimum required bent cap dimensantsreinforcement, and to
check the structural suitability of the piles.

The main question, then, is how to best approterttee results of a full nonlinear
model, which while relatively easy to use, lacksige modules to calculate live loads
and required reinforcement in bent caps and pivék, an equivalent elastic frame. The
point of fixity or equivalent length method was satered to fulfill this requirement.

PROPOSED POINT OF FIXITY/EQUIVALENT LENGTH METHOD

When the formulations for the point of fixity veereviewed in Robinson et. al (2006), it
was noted that the results of a cantilevered coluitiman “equivalent” length
determined by the point of fixity did not match timagnitudes of maximum moments,
lateral pile top displacements or buckling behaftiom the single pile lateral analysis
when the pile was subjected to the same axial aeddl loads. Table 1 shows results
from single pile lateral analyses in MultiPier frame bridge case study. Based on a free
head lateral analyses and defining the point afyfixs using a method that included the
maximum negative displacement from the single lptieral analysis, the bridge was
designed with a cantilever length of 31.55 ft.

The piles for this bent were 24 inch diameteelgpge piles with 0.5 inch thick walls,
which have a moment of inertia of 2549.irAn elastic modulus of 29000 ksi was used.
These pipes were 60 ft long, with 13 ft of freegéim The piles were subjected to an
assumed 11 kip maximum lateral pile top load intthasverse (x) direction. A separate
analysis was performed where a 6 kip maximum lateaa was applied in the
longitudinal (y) direction. In both cases, theaoad was 150 kips.

To a depth of 6.8 ft, the sand was modeled uRiegse’s (1974) P-y model with a



friction angle of 33, a unit weight of 120 pcf and a subgrade modufu00 Ib/ir’. The
water table was located at the bottom of this dapekr. From 6.8 to 36.8 ft, soft clay
was modeled with Matlock’s (1970) model for softycbelow the water table, with an
undrained shear strength of 400 psf, a unit wea§iO pcf and a major principal strain at
50% of the failure load of 0.02. The pile’s toestacated in a sand layer located from
36.8 to 52 ft, which was also modeled using Regd€9%8) model with a friction angle

of 36°, a unit weight of 120 pcf and a subgrade modufi@0db/ir’.

Table 1. Single Pile Lateral analysis results congped to cantilever length used in bridge’s design.

24 inch Pipe Lateral Load| Maximum | Pile Top
(kips) Moment | Displacement

(Kip-ft) (inches)

P-y analysis 11 123 0.25

(fixed head)

Design 31.55 ft 11 174 0.37

Cantilever

(fixed head)

P-y analysis 6 97 0.54

(free head)

Design 31.55 ft 6 189 1.47

Cantilever

(free head)

Due to the observed overprediction by the culyarged point of fixity approach when
compared to the single pile model, another methasl developed. For design of free
standing single pile bents (which, admittedly, Wkely not have the same behavior as a
bents with superstructures attached), lateral lapgdéied to the bent can be broken down
into those acting in the bent’s longitudinal dirent(perpendicular to the row of piles)
and those acting in the bent’s transverse dire¢tiohine with the piles). This naming
convention is illustrated in Figure 1. Becausedbecrete cap connects the piles in the
transverse direction, pile group effects will beisgsue, and the piles will act more like
piles with fixed top due to the interaction withhets in the group. In the longitudinal
direction, pile group effects will not be consid&rand the pile tops are nominally free to
rotate (this assumption could be most affectechibuding the superstructure in the
analysis).

Transvers l Longitudinal Load
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Figure 1. Plan View: 24 inch diameter pipe pile ént

If a bent is loaded laterally in any directiomete will be transverse and longitudinal
components. To model a combined head conditioegaivalent column model was
created that modeled the fixed head in the trasswdirection and the free head in the



longitudinal direction. In effect, there are twmofnts of fixity” to account for this
difference: one in the longitudinal direction, dnehe transverse direction. The
proposed model derives its equivalent length basetthe applied shear force and
maximum moment from two single pile lateral anasysene with a fixed head condition
using transverse maximum loads and one with ahfeeel condition using maximum
longitudinal loads. If desired, the lateral disigmnents at the pile top from the lateral
analyses can also be used to better match theadgnivnodel’s lateral displacements
through inertia reduction factors. Figure 2 sholesequivalent model, while equations 3
through 6 show the calculations required to detiiveequivalent model parameters. Not
shown here, but developed in Robinson et al. (2@@6xlso inertia reduction factors for
axial displacements that would also require magergus axial pile-soil deformation
models.

Free head condition (longitudinal direction)
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e, free Vfree
3
free
O = — ofre T (4)
" BE, A, e
Fixed head condition
L _ 2M max, fix (5)
e, fix Vﬁx
3
i | fiX
a . - e, fix (6)
"12E 1A, 4
Where:

Le The length of a pile fixed at the base that délvelop the same maximum moment,
Mmax, @S the nonlinear soil-pile model under the late@d, V.

Mmax Maximum moment from the single pile lateral as@édyfor a head condition.

V  Maximum lateral force applied at the top of thle for a particular head condition.

a Inertia reduction factor that, when multiplied twe pile inertialp, in the equivalent
model, will result in the same lateral displacemasithe nonlinear model.

E, Elastic modulus of the pile material.

lp,  Moment of inertia of the pile about the axis margicular to the applied load.

A; Displacement at the top of the pile from the stngjle lateral analysis caused by the
application of the lateral load.



. P P P
VvV gA, VIA vl A, = vl A
g ," T 7 Mmax Mmax

1
1
i ' U
n 1
0]
1
1

Le

‘H‘-\\__i:“--___-

oy ]
' i L#

II ’
4 t .f,"
x ;
jeon K
Mma:g A £ ’.'
“"‘V"'\:é /
o ¥
LA ima
W‘\f{’é —— -— /
g Fixed Base
e
LR L Jd
SRR T
B o L = M max Fixed Base
e
il Y L = M,
_ Les\/ Moment e V.
3E, 1A _ Les\/
12E,1 A,

£
Py Spnge p-y Springs

|_FREE HEAD PILE | |__FIXED HEAD PILE |
Figure 2. Equivalent Models for laterally loaded pie as a column with a fixed base. For each head
condition, single pile lateral analysis is on theight, equivalent model is on the left.

Using the results of the free and fixed headd”glyses shown in Table 1, the proposed
equivalent model was used to determine new equivéeagths and inertia reduction

factors. These are summarized in Table 2.

Table 2. Results of proposed equivalent length metl Axial Load 150 kips for both analyses.
Direction Lateral Load Maximum Pile Top Equivalent | Inertia
(kips) Moment Disp. Length (ft) | Reduction
(Kip-ft) (inches) Factor,a
123 0.25 22.2 0.95

Transverse | 11
(fixed head)

Longitudinal | 6 97 0.54 16.2 0.37
(free head)




One possible drawback of this method is the reguent for two equivalent cantilever
lengths on a single pile. In programs like SAP@Qhfis can be modeled by creating
piles that are fixed at the base with the longgatvalent length. The second, shorter
equivalent length can then be modeled by restrgitiia longitudinal displacement and
rotation around the transverse axis of a speciaé ran the depth of the shallower point of
fixity. Many available frame analysis programsra allow for input of such springs or
for input of multiple inertia reduction factors different axes, and thus only allow input
of a single point of fixity. In this case, it wallbe conservative to use the deeper point of
fixity only, as will be shown in the example below.

EXAMPLE

To show the results of application of the differeodels, a free standing pile bent is
modeled using a variety of analysis methods. Ekelts of an elastic frame analysis
using the point of fixity from the original desigme presented, followed by the results of
a nonlinear analysis that directly includes the@s of the soil. Results from a model
using the two proposed equivalent pile lengthsiaadial reduction factors are also
shown. Results from separate elastic frames tichide only one set of equivalent
lengths and inertia reduction factors, as coulthken by typical elastic frame software.
Figure 3 shows diagrams of the five models.
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Figure 3. Five Models of the pipe pile bent. "X"denotes a spring that restricts movement in the
longitudinal direction.

Initially, the end piles were modeled in the emlent models with the same batter as
the nonlinear analysis. Battered piles take aqouxf the applied lateral load and
transmit it into the soil as axial loads. The antafrshear forces converted into axial
forces depends on the batter angle and the akgabpil stiffness. If the axial pile-soil



stiffness is not incorporated in the equivaleniifeamodel by additional t-z and g-z
analyses for the vertical pile, the axially stiffeattered piles in the equivalent model will
take a greater portion of the shear, decreasinghitbar demand and thus the moment
demand in the vertical piles. This could leadriaiaconservative design. Therefore, it
is initially recommended to disregard the battethie frame equivalent models, as shown
in Figure 3, unless additional area reduction fiectwe calculated as described in
Robinson et al. (2006).

Because the point of fixity models are nominatigant to capture the response of the
pile to lateral loads applied to the bent, the st critical lateral load cases from the
AASHTO LFD Group Il combination, which includes delaads from the structure and
wind loads on the structure were considered. Tleegkcases consider a factored dead
load in the vertical direction, and a factored wiodd on the bridge’s structure, which in
this bridge case study are applied to four bedongtions. Table 3 shows the maximum
pile moment, pile top displacement, shear and do@als for the piles in the bent, as well
as the maximum bending moment in the bent caphduld be noted that, based on the
calculated axial loads and moments, MultiPier calowtate a ratio of the demand from
the loading to the structural capacity of the membe these cases, the demand was no
more than 25% of the structural capacity of then2f diameter pipe piles.

Table 3. Numeric results from four elastic and on@onlinear models.

As designed MultiPier | Dual Transverse | Longitudinal

Elastic POF | Nonlinear | Equivalent | Equivalent | Equivalent

Model Analysis | Length Length,asx | Length,Ofree

Model Model Model
Length of 31.55 60 22.2/16.2 22.2 16.2
Piles/Columns
Group 2, LL1
Maximum 169 136 121 121 90.2
Moment in
Piles (kip-ft)
Maximum 10.7 11.9 10.9 10.9 10.9
Shear at Pile
Top (kips)
Maximum 202 207 202 202 202
Axial Force in
piles (kips)
Transverse Pile 0.66 0.24 0.24 0.24 0.24
Top Disp. (in)
Maximum 324 269 299 299 290
Moment in Cap
(kip-ft)
Group 2, LL5

Maximum 218 125 123 159 123
Moment in
Piles (kip-ft)




Maximum 6.3 6.2 6.3 6.3 6.3
Long. Shear at
Pile Top (kips)

Maximum 191 190.5 191 191 191
Axial Force in

Piles (kips)

Long. Pile Top 1.76 0.72 0.73 0.68 0.73
Disp. (in)

When comparing the full nonlinear analysis torttedel used to build the bridge, it is
clear the moments and lateral displacements petlintthe pile are higher than those
predicted by the nonlinear analysis. Similarlyg thoments in the bent cap from the
elastic frame analysis are higher than those piedlicy the nonlinear analysis, as well.
Thus, the method used to design this particulaigerivas conservative.

Comparing the equivalent models to the nonlimeadel, the dual equivalent length
model matches the moments and loads for both granglyzed quite well. Since these
are the load cases that will control design frolateral standpoint, these should be the
most critical. While moments or displacements ttu@wer loads applied to the
equivalent model may not match the nonlinear amabs well, these should also result in
lower moments, shears and displacements, whichdvmatltend to control design.

Using a single equivalent length shows some migsdlts. If only the transverse
equivalent length is used, the moments and displanés in the pile in the transverse
direction, as well as the bent cap moment are redtalrell. In the longitudinal direction,
however, maximum longitudinal pile moment is overpcted, and the longitudinal
displacement is slightly underpredicted. If, oa tither hand, the longitudinal equivalent
length is used, the pile moment in the transverseitibn is underpredicted. This could
lead to an under-designed section without someos@dditional calibration.

This equivalent frame method, of course, hagétins that a full nonlinear model
does not. As long as the maximum expected loagpéied to single pile analysis, the
resulting equivalent lengths and elastic frame kheize the beam correctly. However,
if lower lateral or axial loads are used in thegt@mpile lateral analysis, the equivalent
length could be too short, the moments in the yoiléerpredicted, and the sections
underdesigned. In this case, a new lateral arsalysuld be required. Similarly, if the
assumed applied loads used to develop the equivaletel are higher than the actual
loads, the equivalent lengths will be too long, #mlpiles could be overdesigned. In
this case, a separate analysis with the more ddatecal and axial loads may be
advisable to result in a more efficient sectiomahly, the displacements predicted by the
equivalent analysis will likely be overpredicted@dds lower than assumed and
underpredicted at loads higher than assumed dihe toonlinear nature of the soil
springs, even if the pile remains elastic.

SUMMARY AND CONCLUSIONS

The proposed design method uses the resultsiafjke pile lateral analysis to estimate
an equivalent column length for a fixed base caméit column in an elastic frame
analysis. While it would be more ideal to simpbewa nonlinear model that
automatically includes the nonlinear interactioesA®en the soil and the piles, such a



change may not allow existing, established desigogsses in a design group to proceed
as normal or as efficiently as they have in the.p@bis proposed design model uses the
results from a soil-pile model to capture the samoenent, load and displacement
behavior in the columns. This should lead to éebetiastic frame model, where the
moments predicted by the equivalent model are aml those predicted by a more
comprehensive nonlinear analysis.

A design example was presented that comparedlanaar analysis to the current
practice, as well as three possible implementaidnise equivalent length method
proposed here. The analysis showed the preseighdesthod in use to be conservative,
with pile and bent cap moments higher than predibiethe nonlinear model. The dual
equivalent length model requires, essentially, different lengths and inertia reduction
factors for the transverse and longitudinal dimtsi For the load cases analyzed, these
match the results of the nonlinear analysis wila single equivalent length and inertia
reduction factor is chosen, using the longer oftthe equivalent lengths gives
conservative results for both pile and bent cap Bris) as well as pile top displacement.
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