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- Figure 13.6. Moment amplification for an initially curved
- pinned-head column wlth a horizontal head ,
dlsplacement A, R 300
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Expans1on JOints 1ncrease both the 1n1t1a1 cost and the maintenance

| :fcost of bridges Integral abutment bridges prov1de an attractive design
halternative because expans1on JOints are e11m1nated from the bridge
AiltSElf However, the piles in these bridges are subjected to horizontal 1 -
\;movement as the bridge expands and contracts during temperature changes w
‘The‘obJective_ofvthis research was to developva'method'of'desrgning

'.piles for these conditions

Separate field tests 51mulat1ng a .pile and a bridge girder were

: conducted for three loading cases: (1) vertical load only, (2) horizontal

displacement of pile head only, and (3) combined horizontal displacement :

-~ of pile head W1th subsequent vertical load. Both tests (1) ‘and (3)
.reached the same ultimate vert1ca1 load that 1is, the horizontal displace- .
- ment had no effect on the vert1ca1 load capacity. _Several model tests
’.were-conducted in sand w1th a scale factor of about l'lb Experimental

results from both the field and model tests were used to develop the

vertical and horizontal load-displacement properties of the soil.

a These properties were 1nput into the finite element computer program

A'Integral Abutment Bridge Two-Dimen81ona1 (IABZD), which was developed

under a prev1ous research contract Experimental and analytical results

. compared well for the test cases

Two alternative des1gn methods, both based upon the American Assoc1-

'ation of State Transportation 0ff1c1als (AASHTO) Specification, were

developed Alternative One is quite conservative relative to IABZD

B results and does not permit plastic redistribution of forces Alternative



Two is also conservatlve when campared 'to IABZD but plast1c redlStr1-
butlon 1s~perm1tted To use Alternatave Two, the plle cross sect1on :
' must have suff1c1ent 1nelast1c rotatlon capac1ty before local buckllng_.
OCCuts. A des1gn example for a friction pile and an end~beat1ng p11e |

111ustrates both alternativcs.
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NOMENCLATURE

initial lateral stiffness

o

getieralized soil ;esistanee~'

- -)

ui u1;imste lateral soil reslstance
”n,' _ shape parameter . |
Yy "éehe;aliaed-displacemeht'
ﬁé#. 'maslmdd shear stress between_pile and soil :
ko _d initial-vertlcal Stiffnessv

qmax» 'maximum'bearing‘stress at'theﬂpile tip-

kq h 1n1t1a1 p01nt stiffoess
| R embedded length of the p11e |

i A, '_ “effect1ve p11e tip area

Ae | : ‘rectangular area formed by the section depth and the flange
width _ :

A .hor1zontal4displacement

. fé j‘lelastic_hueklihghldad' |
Mpc | 'plastic'ﬁbﬁeht.capacity'bf"the'pile reduced for axial load. |
P ultimate load, somet1mes called the 1ne1ast1c buck11ng load;

L falso app11ed ax1a1 load :

‘Pe: | , elast1c:huckllhgplqad_

-Pp | 'plastiC'mechanish lqad
‘h&v | ly1eld load : -

50 | ax1a1 straln at one-half peak stress dlfference from trlax1a1
_ test .
£ veitlcal friction force between pile and 8011 per uh1t lehéth of
. pile

z ‘relative vertical displacement between pile and soil
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Ncorr

-, =+ O

xxii

bearing stress on effective tip-area

‘_ﬁilebwidth 

effective unit soil weight

depth from soil surface

angle'Of internal friction

tan27(45°'z"¢/2)’

1 - sing

¢/2 for dense or ned1uu sand ¢/3 for loose sand
45° + ¢/2 | '
200 for loose, 600 for ned1um&21500 for dense sand .

dlsplacenent at one-half ultlnate soil reactxon. 2 5 Bsso
for soft and stiff clay, 2.0 Bss _for very stxff

undrained cohesion of the clay soil, approx1mate1y 97N '
+ 114(psf) 4 _

_Yadhesxonjbetween soil and piie, dCﬁ(psf). Sée;rig;_2;4 for Q;

overage standard penetration'ﬁlow'count

vertlcal d1sp1acement at maxisium force 0.4 in. for sand,
0.25 in. for clay :

corrected standetd penetratlon test blow count at depth of
p1le tip; equal to N if N<15 or 15 + 0.5(N - 15) if N > 15

deed load

live load

| temperature‘load

:impact load

superstrueture material coefficieot_of'thermal expansion’

average tenpetature change '

'applled axial stress

" applied bending stress



xxiii

'ellouahle exial‘stress

"allowable bend1ng stress

Euler buckllng load d1v1ded by a factor of safety

equlvalent moment factor = 0.6 + O 4 (M /M ) > 0 4; where
and M are the smaller and larger end mSments, respect1vely,'

- o% a column with no lateral load or joint translatlon ‘The

ratio M. /M, is positive for: s1ngle curvatute and negat1ve
for reverseé curvature

B appl1ed moment -'

cross-sectional area

?ield etress;of:the'eteel

eritical'huckling stress

.Eulerubuckling etress.

~ ultimte moment

full'plestic moment

C.
m.

‘length of the actual plle embedded in the ground

equ1valent embedded length depth from the soil surface to the
f1xed ‘base of the equlvalent cantilever :

,total length of the equlvalent cant1lever, length 2 plus 2

cr1t1ca1 length

' horlzontal dlsplacement
'effect1ve length factor
‘hor1zontal force

overtutn1ng moment’j’

y1eld load

length of p11e above the ground

‘flength deducted forvleterel d1splacement.
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yield'stfeﬁgtﬁ '

inelastic fotation deﬁandA

1ne1ast1c rotation capac1ty rednct1on factor
elastlc rotatlon w1th1n the plastxc hlnge location
length of the plast1c hinge'_ '
beam curvature correspond1ng to M :‘gzr

y1e1d moment

" allowable total d1splacement éon51stent W1th the 1nelast1c 
Arotat1on capacxty : gy

horlzontal d1sp1acement at pile head correspondlng to the
formation of a plastic mechan1sm

inelastlc rotation capac1ty



. ° 1. INTRODUCTION

Trad1t1onally, a system of expanS1on JOlnts, roller supports, and

1 other structural releases has been prov1ded on br1dges to prevent damage

~caused by thermal eXpans1on and contractlon of the superstructure W1th

annual temperature var1at10ns (Flg 1 la) Expans1on JOlnts W1th1n

_4the4superstructurez1ncrease the initial cost of a brldge and often’do
" not functlon properly after years of service unless they are extens1ve1y o
‘malntalned - Thus,- 1ntegral abutment brrdges, wh1ch have no expanS1on
,Jo1nts w1th1n the span or at supports (Fig. 1. 1b), . prov1de a design
”alternatlve that potent1ally offers lower 1n1t1al costs -and lower main-
| tenance costs However, ‘the p11es in an 1ntegra1 abutment br1dge are

'-'subJected to: horlzontal movements as’ the br1dge expands and contracts o

“‘;A[,‘”" .

The ob3ect1ve of this research was to develop a rat1ona1 method

to de51gn piles su1tab1e for integral abutments, that 18, for p1le

head,movements caused by the expansion-or contraction of the'superstruc-

ture Integral abutments have been used for some t1me but the1r des1gn

.is often based on’ 1ntu1t1ve arguments or arguments llke "How does it
vfunct1on9 We can t say for certa;n--but it works!" [2] The des1gn
_'method presented 1n Sect1on 5 was ver1f1ed with the Integral Abutment

'dBrldge Two-D1mens1ona1 (IABZD) f1n1te element program - This finite '

element program was developed spec1f1ca11y for th1s problem, and its

results were compared to exper1mental results by others [l] ‘~The design

v

method formulated for use by pract1c1ng br1dge engrneers, is- shown to

glve conservat1ve results when compared to the £1n1te element solutlons
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| | (b)
Fig&re'_l.l{ "Bridge abutment tyﬁéé. (a) bt1dge w1th expan51on 301nts
' (b) bridge with intexral abutmeuts : '
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. The program has been further verified by experlments conducted under
5f}éffhis program Speclflcally, correlations w1th three full-scale field
ﬂ»tests and eleven 1/10-sca1e model tests are reported in Sectlons 3 and -

"‘.”4 respect1vely

Other factors to be cous1dered in determ1n1ng the allowable length

~for 1ntegra1 abutment brldges 1nclude (1) the ax1a1 stresses induced

‘1n the superstructure that are caused by the part1ally restra1ned abutment
‘:fand (2) the effects of the abutmentAmovement on the 1ntegr1ty'of the
- approach slab and backf111 With.the-proposed design-method the forces

) 1nduced in the superstructure by the horizontal restralnt of the p11e

can now be determlned, however, the forces induced by.the soil pressure

against theﬂabutmeut:ﬁere not investigated, nor wasithe behavior of

the:approach slab.
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2. PREVIOUS WORK WITH INTEGRAL ABUTMENT BRIDGES

2;1.::State Policies'on Integral Abutment'Bridges e

'4,': The _use of integral abutments 1n br1dge des1gn has, 80 far been |

accepted by 28 state h1ghway departments and the D1str1ct Constructlon

. Office of the Federal nghway Adm1n1strat1on (FHWA) Reglon 15. Thls

.;sectlon summarlzes the1r theory and pract1ce in 1ntegra1 abutment deslgn

as reflected 1n the resuls of a 1983 survey Responses to thls survey

- and. others concernlng the use of 1ntegra1 abutments [3 4] have 1nd1cated

B that most state hlghway departments have the1r own 11m1tat1ons and

cr1ter1a in des1gn1ng 1ntegral abutments. The bases of these llmltatlons ,

' and criteria are pr1mar11y emp1r1cal

Of the 28 ‘states and the FHWA only Iowa, South Dakota, and FHWA,

‘Reg1on 15, 1nd1cated ‘that p111ng stresses due to hor1zonta1 movement
r. are calculated.for 1ntegra1,abutment‘br1dges.. Alaska andedaho‘lndlcated
'thatvsuch calculations are warranted‘only for»integral abutment.bridées
1thatninvolye'some{unique feature;,‘The renaining states essentially_
'fdneglect.pilingdstresses_due,to-horizontal movement,’although sOmedstates
‘ (e;g., Californiallreguire some type'of~mitigating-construction detail,

‘such as'drivingvthe piles,into predrilled holes.

- Construction details'also vary“Widely from-state to:state.A Pile

ahead condltlons may be of the hlnge, flxed or part1a11y restralned
, type, P11e caps may or may not be used In some states,-approach~
-slabs are t1ed to the abutment w1th dowels, causlng these slabs to

: .move back and forth w1th the superstructure, wh11e 1n other states, an

expans1on JOlnt between approach slab and br1dge slab is con51dered ’



necessafy to pteyentkpOSSible_maintenanee proolemSE"while.gtennlaf.
vmateriel'iS-tnefmeterial nost widely:useo:ssJostkfiii,Asone'stétes
‘b(egg.;.New Mexioo).no iongef'nSe speoified'oactfiil Wlngwalls may be
ineiine'or‘flared.” Some states (e. g ’ New York) do not allow U-walls
'because of des1gn uncerta1nty, backflll compactlon dlfflculty, and the
- taddltlonal design detalls that requlre attention for the Joint between o

rthe w1ngwalls and approach slab, NeW“Ybrk recommendszav01d1ng w1ngwa11

- lengths in excess of 10 ft Tennessee requlres the desxgner to use a

.comprehens1ve analys1s 1f w1ngwa11 lengths greater than 12 ft are to

be used. » | |

o Lengtn limitstions for integral aﬁutment brioges nsve been.seti '

for”the most‘pSrt, on the basis of,exoéfience“endﬁengineeting.judgment.‘

A:A-Hany“of.tnezstetes (e 8» Tennessee~{21) nave oeennprogressively’
,1ncre831ng length 11m1tat10ns over the past 30 years, przmar11y as a ;i
‘result of observed sat1sfactory performance 1n actual 1nstallat1ons
.'As of 1983 the length 11m1tat1ons for nonskewed 1ntegta1 abutment
~ bridges were steel: 150 ft to 400 ft;‘concrete: 150 ft to 800 ft,
A'ano>nreStreSSed conerete: 200 ft to ébﬂift. Host,states,usetthe same’

-iengthjlinitations for skewed integrsl'abutmentjbtidges; e

2.2, SoilVChAiactetizationi

'TheJWinkier soil'mndel is used fot-the enslysis-of the soil piie'
: 1nteract10n [5 6] The model assumes that the so11 can be represented

as a ser1es of vettlcal and lateral sprzngs alung the length of the



: affect another

‘pile as shown in.Fig7 2.1. w'Also, the model assumeshthat thefe'is'no .

. interact1on between the d1ffetent 3011 spr1ngs as the p1le is d1sp1aced. _

P The so11 character1st1cs of each of three types of sprlngs ‘can be

descrlbed by so1l res1stance and d1splacement curveS°' (l) p-y.curves,~-

a wh1ch descrlbe the relat10nsh1p between the lateral 3011 pfessure (hofi-,

‘ zontal force per. un1t length of plle) and the- correspondlng lateral

p11e dlsplacement, (2). f-z .curves, wh1ch descrlbe the relatlonshlp

-‘between sk1n fr1ct1on (vert1ca1 force per un1t length of p1le) and the

'»jrelatlve vert1ca1 d1splacement between the p11e and the so11 and

(3) q-z curves, wh1ch descrlbe the relat1onsh1p between the bearlng

_stress (vert1cal force on effectlveaplle t1p area) at the p11e tip and-

the p11e t1p settlement All three types of curves assume the so1l

’ behav1or to be nonl1near Agaln, the Winkler model assumes that these

spr1ngs are uncoupled that 1s, that motlon at one spr1ng does. not

<

The mod1f1ed Ramberg-Osgood model [7] is used to approx1mate the,

P- y, f-z, and q-z s01l res1stance and d1splacement curves for use in:

- the f1n1te element solutlon.,

pe— W G
s A | S
"[1'+ ¥ ]

"(’2.2) »
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“in which

-iuitial-stiffness

]

= genetal1zed s011 res13tance

o
"

= ultlmate so1l res1stance

Old.
s
l'l'

=]
"

shape parameter

v generalized displacement

Noulinear,behavio: models for symmetrical.of periodic loadings have

'beenlpreseuted-by'a numher of workers [8-13]. | F1gure 2.2 and Eq. 2. 1)
‘ show the mod1f1ed Ramberg-Osgood curve for a typlcal p-y curve. S1m11ar
~equat1ons for a typ1ca1 f-z curve (w1th f ax’ the maximum shear stress‘
'developed between the p11e and 8011 and k , the 1n1t1a1 vert1ca1 stlff-
-ness) or a typlcal q-z curve (w1th qma . the maxlmum bearlng stress at_
‘ ‘:the p11e tlp, and kq, the 1n1t1a1 po1ut st1ffness) w111 be used
’?Flgure 2.3 shows the effect of the shape parametet, n, on the soil
'res1stance.and dlsplacement behavior. The constants needed 1n Eq. (2.1)
.can be emp1;1ca11y determlued4from basic soil_propettiesaas.presented |
»'u'iﬁ Ref' [1] audureoeated here as. TableS~2:1'12 2, .and 2. 3'[6 14-17].
i Typ1ca1 values are listed for clay and sand in Tables 2.4 and 2 5,

' 'respect1ve1y, for an HP10 x 42 steel. plle.

.. For the. desxgn method developed hereln a s1mp11fied e1ast1c, per-'

fectly p1ast1c behav1or w111 be assumed Th1s behav1or for a typical

p-y curve is shown in Flg. 2 2 The only soil sprzng propert1es needed

for the des1gn method are the ultlmate res1stance ‘and the 1n1t1a1 st1ff4

T~ness Typ1ca1 3011 parameter values for the deslgn method can also be

'j'found in Tables 2 4 and 2.5.
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Figure 2.2}; Typical P-y curve. .
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 Figure 2.3 Nondmennonal fotm of the medlfxed Ramberg-Osgood .

equatlon
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"Table 2.1. Farametérs for p-y cur#e;

s;.‘Casa ":."' n S p, (use lesser vaiue)- ' k ‘
Soft clay and 1.0 p, = 9c.B
- stiff clay ' ' L _ .
s X L 5 P,
p.= 3+ b R T .c B -
u. B u . Y50

c
u

| Very stiff clay 2.0 . p_=9cB

| ) 2.0, . Py
p,= 3+ x+Z22x cB .
A R Ca B u - 2y50
. §and e 3.0 Py = yx;B(kp ika) + xkp;anntanﬂ 1.35
+ ikotanﬂ(tan¢'- tana)]
f" = fx K3 + 2k2k'tand -k B
‘u P po. ' Ta
€50 Axial strain at one-half peak‘strESs difference from triaxial

- for very stiff clay

=

Cohesion from an unconsolldated undralned test )
.P11e w1dth _ '

Effectlve un1t s011 we1ght _

Depth from soil. surface

'Angle of internal fr1ct10n

= tan - (45° t ¢/2)

1 - s1n¢

* .
"

" ¢/2 for dense or medlum sand, ¢/3 for loose sand:
45° + ¢/2 . ' . A _
200 for loose sand 600 for medlum sand 1500 for dense sand‘

D1sp1acement at one-half u1t1mate soil reaction: 2 5 Bsso f
ssoft and st1ff clay, 2. 0 Beso for very st1ff clay C

text; or use 0.02 for: soft clay, 0.01 for Stlff .clay, or 0. 005 -
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Table 2.2. . Parameters for f-z curvé..

_ | _ max :
Case n v - HPiles = Others ‘k#
o | SR 10E,
Clay. . 1.0 - The least of: The lesser of P
. - Ty c._or ¢ , “c
2(d *.bf)cu_ e B
2(d + 2bg)e, . . . times pile
Z(dCﬁ + bfca) -f . perimé;et i
o L o - S0,
- Sand 1.0 0.02N(2(d + 2b.)) .0.04N times P
I - (k1f) pile perim- - c’
S _ eter~(k1f) '
‘c#_ Undra1ned cohes1on of the clay soil, approx1mately 97N
T+ 114 (psf) ‘ .
ca' = Adhe31on between so11 and pile, nc (psf). See_Fig.-Z;é}foryn.
N = Average standard penetration blow count - '
z. - = Displacement at maximum force: 0.4 in. for sand, 0. 25 in. for

clay
d,b Depth and flange w1dth respectively, of H shape

Table 2.3. Parameters for q-z .curve.

Case - . | L ’ Qpax . - | kq |

: _ : o : ‘max

Clay 1.0 s T

_ _ _ : S T max

Sand I 1'°_A e corr (ksf) _ : Tz
N “‘Corrected standard penetration test blow count at depth of

,co;r pile t1p, equal to N if N < 15 or 15 + 0 S(N - 15) 1f N> 15

e
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" . Table 2.4.  Soil’ propertzes and curve parameters for an HPIO X 42 p11e

in clay
_Soft Stiff  Very Stiff
iseil Properties: = . '
'Blow count, NA 3 15 40
Effect1ve unit §e1ght l ‘ L f
Y (pcf) - 50 60 65
Undralned cohes1on, ' o o L
, (sf) 400 1,600 5,000
,"P’Y Curve Paremeteré:' | ' | |
o 1.0 1.0 2.0
(k1£) - 3.00r o 12 or 37 or
(use lesser .value) 1.0 + 0.24x 3.9+ 0.85x 12.5 + 10.1x
(ksf) - 72 or 580 or : 2,200,o£
- (use lesser value) 24 + 5.8x 190 + 41x 750 + 610x
:f-z Curye,Parameters: - | |
n | . 1.0 1.0 1.0
(klf) 1.3 3.6 6.2“2'
K, (ksf) 620 1,700 2,960
' q-z Curve Parameters | . | |
n i.-o 1.0 1.0
ém (ksf) }3.6 14 . . 45
k (kcf) ' 1,-7'00." 6,700 121,000




Table 2,5; Typical soil properties and curve pa:ameters for an

‘HP10 X 42 p11e in sand.

" _Loose " Medium - Dense
.Soil Propefties%
-~ Blow count, N 5 '15'; ‘30
J Effectiverunit | S
‘weight, y (pef) 55 60 .65
Angle of frlc- _
tion, ¢ 30° 35°" 40°
'p-y‘Curve Parameiers: | |
n B 3.0 3.0 30
| p, (klf) | 0.070x + 0.12x  0.15x + 0.17x 0.26x% +0.26x
| for x <20 for x <18 fpr-;kg;zz ‘
| 1.5x 2.0 sk
- "~ for x > 20 for x > 18 . for x >.22
:khv(ksf)'  B.0x 2nx 72¢°
'A£4z‘Curve Parametéfs; o
n 1.0 1.0 - 1.0
L (K16) 0.5 1.5 3.0
k, (sf) 150 450 900
qfi‘Curve Parameters:
. 1.0 1.0 1.0
| _éﬁa%ziksf) | | ‘ao 1z§: | | 180
_'kq« (kef) “1,2,'000 ‘36'_,_‘00_0”  | ' ."ss.j,‘obfo_’




———— — .

L

REDUCTION FACTOR o« = . .

15

~ 1.25

1.00
| AVERAGE CURVE
0.7 . TIMBER PILES

0.50  AVERAGE CURVE 4"
FOR .STEEL PILES

ot

- CONCRETE AND -

FOR

0055 1.0 1.5 z.0
o ¢, (ksf)

Figure 2f4f'_ Reduction factor a [1].
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For practical puiposes, k# isVOften assumed‘to be constant“or tob

‘vary lxnearly with depth Uncetta1nty in est1mat1ng s011 behavlor ‘
from standard s011 tests w111 usually be conS1stent thh the errors
1nttoduced by the use of such a s1mp1e's011 modulus versus depth.func~
tioh 113] For the parameters presented in. Tables 2. 1 through 2. 5, the
subgrade-reactlon modules for. clay s01ls are assumed to be constant
W1th1n a s011 1ayer aud to vary 11neat1y for granular so11s (The p11e
test reported hereln did not use these assumptlons because a more accurate |

varlat1on was detetmlned )

© 2.3. Finite Elemest Pile HModel

To betteefunderstandvtﬁe'behavioriof:taeipiles_ietah.iategral'
abutmemtlbridge;.a'twd*dimensioaal,;mOhitnear, finite:elementvptogram.
F(IABZD) has-been mritten previously [i];~ It is a aoaiineat.iinite""
‘element ptogram~witp:materia11y aad gedmetrically'nonliaear; two-
dimensionai beam'elements aad a noniimea; Wioklet_soil modei for the
sertical' horizontalviand pile tip‘sp;ings (Fig. 2;1). .The ‘program
- assumes that the s011 res1stance and dxsplacement relatlonshlps and
the p11e stress—strain relationshlp are in the - form.of Ramberg-Osgood
. curves. _The-program alloWSvgeneral vat;atlonsdxn s911~andup11e proper-
:_ties_mith depths: Anyfcombination-ofdiﬁecified loade>aad_dis§1acemeats ~
B cam.be’assumed. ioad and displacemeatﬁﬁoundarf-coaditioms caa Bervaried"

'during aa“analysis. Gutput from the program conszsts of nodal displace-
'd‘ments, element forces at each load and displacement 1ncrement, and

f;nal reactions.’ A three—dlmens1onsl versxon, IAB3D was also developed
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Gu1de11nes for us1ug th1s program were developed ‘on the bas1s of

.~1the exper1ence galued durlug the prev1ous work. In the reglon of hlgh

| _ curvature grad1ents, a f1ner mesh 1s necessary to obta1n sat1sfactory
‘:solutrons. ,Fornlnelast1c problems, h1gh curvature gradlents occur_;n‘t
Tthe region of a plastic hinge and a-finer'mesh is-required-to achieve

| :scomparable.accuracy Also, the mesh must be suff1c1ently flne to model

Avchang1ng s011 and p11e propertles

Several uumer1c31 example problems were solved by uS1ng the computer

~program TABZD, As meut1oned.1n a previous report [17], a beam-columu

”:problem and a short, thick column problem-were first'used’to'Check"r

geometr1c and mater1a1 nonl1near1ty, respectlvely Additioual problems ‘

,were 1ntroduced (1) a snap-through problem, (2) a W1111ams toggle . -

problem; (3)"a.two-d1mens1ona1 frame problem, (4) a therma1~prob1em,a

and (5) a soil problem The solut1ons from the f1n1te element program

compare very well with the theoret1cal solutlons

The results from four experlmental p11e tests by others were also

,'compared to results from the IABZD program The exper1meuta1 tests._
4 cons1sted of an ax1al load test on.a p01nt-bear1ng H-p1le, lateral

-load tests on drllled concrete p1ers and on tlmber p11es, and ax1a1

and comb1ned load-tests on a timber p11e [18} In general the results ,

of the f1n1te element program were close to the exper1meutal results

An exceptlon to th1s was for the lateral load tests on 1nstrumented

t1mber piles.. The ma1n reason for the dlscrepancy was the 1uab111ty

, to model the so1l adequately, th1s problem was descr1bed 1n qu1te general

terms in the_or;glual paper.[19].
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As outlxned in Sectlon 1 thzs praject 1nc1udes fhll scale and .

'1/10~scale (model) tests These test results and thelr toayar1s0n

to the IABZD results are reported 1n Sectlons 3 and 4 |

érﬁ;” 3 ””1ifzia Héth%ﬂ

A 2% 3

t A éiﬁﬁii%iéﬁ iethod £67 énaly£1ng piles in integra ?ﬁﬁiﬁiﬁtk;wA
Bfid%es'%éé’ﬁrésen;ed~1n Ref: {1]: The_model s ée?’iﬁﬁéé~ffaﬁ ﬁé&%i;
ous analytical wodéls aad obserVat:.oﬁkofpile Béﬁavxbr< The s6tl wds
‘idea11zed as 111u§trated in Fxg 2 2 and descrlbed id Section 2.2,
_The tWO-fallure modes exam1 fed for é ﬁ:le were the 311p mechanism,

. :“where the p11e sllps througﬁ iﬁe §011 and the lateral ﬁechan:sm, where .
thé pile defle;ts Iatérglly..,Eduﬁtiqu.fpr deterﬁ1ning'the.u1t1mate :

| 1ead for the pile fof each iechanisn Were obtaifed: The stmplifisd

model was coipared to resuits Fidu the £inits slduGat prograd and vas
shown’ to be conservéthe | _ | _ o : | | A
| - For the §11p méchanxsm, thé isad. capﬁcxty, P of the plle is equal :
| to the sufi of the maximum Ioaa carried by skin fr1ct16n &Ibng the length

~ of the pile and tﬁé ﬁﬁiiﬁhﬁ 153d carfxéﬂ by béirfng at the p1le tip.

: Thls load cail bé caIcuIated from o
.-'Where 2 is ﬁhe eﬁbed&b&'I“’f@ﬁ bf fﬁ% p11é ind Aw Eﬂ? gffééﬁf$§'»" '

"ptle t1p &reé For au ﬁ-plfe, K is the rectangdiar area formed by

'the sect1on dépth did ¢hé flf gé wié%h
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‘ Fallure of the soil and p11e system can also be assoc1ated W1th
lateral movement of the p11e Th1s movement actlvates ‘the lateral

soil sprlngs As an example, conslder the pile in F1g 2.5a. 4(Note:"

;the sl1p mechanlsm has been e11m1nated by the bottom support ) Th1se
:iplle has lateral restralnt, represent1ng the abutment at, the p11e

h head The p11e is g1ven a horlzontal d1splacement A to 51mu1ate the
-expans1on or contractlon of the superstructure If the movement is .

._suff1c1ent1y large, a plastic h1nge may form near the top of the. p11e

An- axial load P, representlng the 11ve load on the br1dge, is then

‘..applled to the p11e If geometrlc 1nstab111ty were the only collapse
*;__con31derat1on, that 1s, 1f the materlal does not yield, the u1t1mate

load would equal the elastlc buckllng load P : Thls is the perfectly

elast1c case 1llustrated on the left in F1g 2 5b (The elast1c buckllng

4load for an 1n1tlally bent column 1s equal to. the elastlc buckllng

vload'for»a stralght column prOV1ded the 1n1t1al 1mperfect10ns are rela-

t1ve1y 'small [20]) On the other hand, 1f collapse were. due only to

| mater1a1 yleldlng, that 1s, no geometr1c 1nstab111ty, the plast1c
- mechanism load P ’ would occur when a suff1c1ent number of plastlc
”:hlnges form to produce a p1ast1c mechanlsm The rlg1d, perfectly plas-

.'t1c case .on the rlght of F1g 2 5b 1llustrates th1s situation. For

p1nned-head p11es, the plast1c mechanlsm 1oad is

= géﬁ_;'. e IR S
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®)

Pgp e procecTiy ELASTIC
T (GEOMETRIC INSTABILITY)

/-RIGIE PERFECTLY PLASTIC
~”  (MATERIAL vrswms) S
\ACTUAL |

NP R .

| (¢} | .
Figure 2.5. Exampie ziiustraéing lateral mec&snlsm {ajlscﬁematxc'

‘drawing of the pile and soil (b) failure modes (c) load-
d1sp1acement curvés for the pile. ar ,
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and for‘alllfixedehead piles,‘it‘is

'where Mé is the plast1c moment capaclty of ‘the p1le reduced for ax1al :

‘fload [21] For example, for a rectangular cross. sectxon thls relat1onsh1pl

is |

m%.=3f(T) - N o (2.6)

'.where MP is the full moment capac1ty and Py 1s the y1e1d load Load-'
'nd1splacement curves for each extreme case, namely geometrlc and materlal

~,:1nstab111ty, ‘are 111ustrated in Fig. 2. 5c

In general both geometrlc and- mater1a1 effects 1nteract such

that the actual load versus d1sp1acement behav1or, as observed from
‘_IABZD and exper1menta1 results, 1s.81m11ar to that 1llustrated in

Fig. 2 5c .The actual curve ‘is bounded by the curveS“for Pp and P .

The resultlng ultlmate load P, somet1mes called the 1ne1ast1c buck11ng
load is- 1ower than e1ther the elastlc huckllng load, P , or the plas-

t1c mechan1sm load Pp. The design method was not 1ntended to pred1ct

‘this complete curve. However, ‘a conservat1ve estlmate of the u1t1mate_

Aload P was obtalned by us1ng the Rank1ne equat1on [6 20]

'P— + . (2.7)

I
"
-

=)

This.equation combines both geometric and material instahilities,'-
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The results obtalned when using the Ranklne equatiﬁh are compared
w1th those obta1ned using the finite element program (IABzﬁ) in Flg 2.6
,[1] For all the examples an HP10 X 42 plle was used. The p11e was -
bent about the weak axis and had a modulus of elast1C1ty of 29 000 ks1
'and a yield stress of 50 ks1 EVeﬁ though ‘the soil types wzth patameters
equal to 1/5 of the values for soft clay ‘are. uﬁrealxstic, these param-l.
eters were usad to check the Ranklne equet1on for a greater range 6f :
| s011 parameters Because of canservaﬁiVe approx1mat1ous ‘madé in deter-'
e‘mlnlng Egs. (2 4) and (2 5), the plastic meehan1§m 1ﬁad Pp’ is can-
~servat1ve (see p01nts near the ordlnate in thé flgﬁré) ,Thé figure
”:also shows that plasticity effééts tend te{dom;ﬁété,ihézhéheﬁibr of
piles in realistic*soil typés aﬁd:thatfeisstié iﬁekiiﬁgtisﬁﬁﬁlike1§vt6
4 oecur; that is, the'points.tésdltﬁ be“in't&e eppef Iéftbédfﬁef df'the
figure _ '.. } | _ .-. , |

.One reason fot thé deveiepmest of thé deszgn methoé to be preSented
in Sectlon 5 is that the Réﬁk1ﬁe eQuétion (Eq (2 7)) 15 6o | cbnserva~
the, partlcularly fét small horxzbntal dxsplacements For example,.‘,
for a column wlth A equal té zerc, the mechanlsm load, PP' is equal toA
the yxelduload PY‘;_(T6~see'thls, mul&;ply Eq. (2;4).By A,,_If Ais
‘equal to zero, H o must be equal to zéréa. Tﬁé q&eﬁtity Hb: wiil Equslq'
zero .only if the axxal laaé ig équ&l to the yleld load:) Equatlon

(2 7) can thén be festated iﬁ &Ee foliawxng form

{@ﬂN.A

[

+
LB
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1.6

4= 2, 3 © FINITE ELEMENT RESULTS

 VERTICAL SPRINGS
1 " @ VERY STIFF CLAY
Lal . & SOFT CLAY -
i @ 1/5 SOFT CLAY
. TWICE DENSE SAND
4 'LOOSE ‘SAND-

CL2f 0'1/2 LOOSE SAND - -

1.0 =2 e
W— 4= 2", FIXED HEAD

Aé |

R _RANKINE EQUATION
0.41— 4 S .

ool 1 b N
.00 0.2 04 - 0.6 0.8 10

P

Figute.-2,6. Gomparlson of Rank1ne equatlon and finite element
o _ results [1] : :
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" ' On the othet hand the AASHTO Speﬁ:.ficatmn Eq (IG-ISI) [22] for short—‘
and mtermedute Iength calums can be r:ewritten, vit’haut a factwt of

safety, as

@

: "(1 % | '

u’u"‘? " )

. For Py/P equal: to LG, the va];ues of F,{P‘ from Egs. 62 .8y aad (2 9)
.are 0.5 and 6*.'15 respectwel‘y Hence, fer thm case the result fr.om :
the Rankme equatmn (BEq. (2.&)} is 33% more conservatxve than that -
from tlre AkSHI& equation. ' '
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3. FIELD TESTS

3.1 Objeciiyeﬁand Scope - -

: A full-scale field test1ng program was establ1shed for 1solated

steel HP-shaped fr1ct10n p1les to determlne whether the longltudlnalii

| fhexpans1on and contract1on of the brldge superstructure affects the-

:7'vert1ca1 load capaC1ty of the abutment p111ng “The experlmental testlng"
was also developed to substantzate p11e behaV1or predlcted by analytlcal
mode11ng 1nvolv1ng f1n1te element technlques Three 1ndependent loadlng
‘ cond1t10ns were applled to 1nstrumented test p11es “First, a vertical
.fload test was performed to determlne pile behaV1or-and to establish
:.mod1f1ed Ramberg-Osgood so11 response characterrst1cs 1nvolv1ng sk1n

' hfrlctlon and vertlcal dlsplacement (f-z curves) and bear1ng and t1p

' d1splacement (q-z curves) relat1onsh1ps “A second fleld test cons1sted B

' of applylng a horlzontal load on another steel test pile to establrsh
'p1le behav1or for lateral loads and to estab11sh modlfled Ramberg-Osgood'
so11 response characterlstlcs 1nVOIV1ng lateral resrstance and lateral'
>»d1sp1acement (p-y curves) relatlonshrps A A th1rd field test 1nvolv1ng ;
ta Vert1cal load test on a hor1zonta11y d1sp1aced p11e was. conducted to
compare exper1menta11y and analytlcally derlved p11e d1sp1acements and
1nternal prle forces Also, the comblned load test proV1ded a direct
' experlmental compar1son w1th the vert1ca1 1oad test, 81nce both tests

','were performed on. the same test p11e
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3.2, _Field Test Programﬁ-

0 3.2.1. Test Site

' The site for the plle fleld tests was located adJacent to the
Structural Englneerlng Laboratory on ‘the aorthwest corner of the IOWa
State Un1vers1ty campus A subsurface 5011 1nvest1gat10n~was conducted
‘,by :drilling two 50- ft-deep borlngs to obta1n Shelby tube samples for c
| laboratOty testlng, to perform standard penetratlon tests by sp11t
;spoon sampl1ng, to determlne general so11 c13531f1cat1on, to determ1ne‘
“the depth_to theswater.table, and to conflrm‘thatvbedrock d1d not occur;
within 10 feet belov the bottom of the test piles. The boring records
,'aloog with the laboratory soil testireselts and a-sorefdetailed siteA1‘
descfiptidn:Can be found in‘Section'IOlltlvoflAppesdix*A“5 -he sdbstratai
,cons15ted of weathered and unweathered glac1al t111 wh1ch~was composed
‘of silt and clay with sand and gravel 1nc1us10ns that had a stxff to |
-1hard cons1stegcy. o |

~'3 2 2. Test Framework

An elaborate test framework con81st1ng of anchor beams, g1rders,:
».and spreader beams, as shown in Figs. 10.1-10.5, was deslgned to accom-
modate the three field tests conducted on two HPlO X 42 test p11es |
(Plles P1~and P6) The frame uas deslgned to res1st upl1ft fotces of
. up to 400 kips and lateral thrnst forces of up tn 50 k1ps The applledib"
vertlcal loads for the flrst and the thlrd fxeld tests vere res1sted

by a 200 ton-capac1ty Jacklng beam, provaded by the Iowa DOT that
»transferred the up11ft forces to four HP10 X &2‘vert1ca1 reactlon piles.

1'The:app1;ed hor1zonta1 loads for the second field test of-another



S

27

’ ;f HPIO X 42 test p11e were res1sted by the weak-ax1s bend1ng strength of

'.the same four vert1ca1 react1on p11es For the th1rd f1e1d test 1nvolv1ng
t'comblned loadlng on the flrst test p11e, the applled 1atera1 loads

‘were reS1sted by the strong-ax1s bendlng strength of the second test

o 'p11e.A The locatlons for the test and reactlon p11es were establlshed

..?to comply W1th the spac1ng requlrements spec1f1ed by the ASTH standards

F.;for vert1ca1 load tests [23] and lateral load tests [24] A more de-

ni'ta11ed descrlptlon of the test1ng frame and load system can be found
h1n Sectlon 10 1.2 of Appendlx A |

'h 3,2 3. Instrumentatlon Framework

The 1nstrumentat10n requxred to monrtor the d1sp1acements of the '
"two test p11es was mounted on steel beams spannlng between short |
-v;HPlo X 42~steel p111ng The support p11es were located beyond the
recognlzed zone of 1nf1uence of the test and reactlon p111ng for both
1vert1ca1 [23] and lateral load1ng [24] to minimize any detectable move-
.:ment of'the 1nstrumentatlon.framework, wh1ch.would 1ntroduce_errors
into theimeasured displacementsb Also, the'instrumentation'beams were
‘ﬁ'pos1t10ned w1th1n a covered trench to. prevent extreme temperature vari-

‘ 1'at10ns that would slgnlflcantly change the length of the 1nstrumentat10n ‘

"'beam and to protect the beam from w1nd-1nduced lateral d1splacements'

o ‘or osclllatlons durlng the test1ng ' Sect1on 10 1. 3 in Appendlx A prov1des

~ add1t10na1 1nformat10n on. the Lnstrumentatlon framework and supports

3.2. 4 Test P11e Descr1pt10ns gfg.~h_ . .
| The two 50 ft long HPIO X 42 test p11es had electrlcal res1stance

stra1n gages mounted along the1r length To protect the gages and the

wire leads, embossed sheet metal cover plates and condults were fabrlcated
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- and welded to the test p11es after waterproof coat1ngs had been app11ed
B -to the gages and w1re lead connect1ona. The wires were fastened to
the plle W1th1n the length of the condurts and near the top of the
plle wrth1n a sheet metal enclosure The elaborate protectlon system :
: for the straln gages and wire leads was requlred to mxnlmize damage
'caused by the p1le drlvlng operatxons Specxflc detalls of the‘test~*
‘ p11e preparatlon is glven in Sect1on 1& 1. 4 of Appendix.ﬂ » :
. -The test plles were drlven w1th a 5700 1b grav1ty hammer that ;
_produced a hammer energy of 19 95 ft-tons from a drop hexght of 7 ft

‘A plle dr1v1ng log was made by personnel from the Materzals DIVISIOn
-.of the Iowa DOT‘to obta1n a bear1ng capac1ty for the pzles at varlous

| penetrat1on depths Aax the selected éﬁ-ft embedhent depth for each
test plle, the caIcnlated allowable pale bearzng capac:tles were 38. 7
_tons and 39. 7 tons for Test P1les PI andﬂP6 respectlvely The p11e
formula [25] used to determlne these bear1ng loads is gnven by Eg. (3 1). )

P [s+ 0. 35_] [w+u] S . '(3._;)

" where P is the safe bearlng load (tona}, w 1s the wexght of the hammer

(tons), H is the hammer freefall hexght (ft), s 1s the'average penetra-
. t1on of the plle for the last frve btows (1n /blow), and H is the p11e
welght plus the plle cap welght €tons) | o |
| 3 2.5. Vert1ca1 Load Test

The ax1a1 compressxon test of Test lee P1 was cquducted on i,"
October 3, 1986 approxrmatelg 16 weeks af:er—the prles were dr1ven. e

The testlng procedure and meaaurement techn1qnes dlscussed La Sectron S
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,,'10 2.1 of Appendix A are s1m11ar to the Standard Loadlng Procedure of -

the ASTM Standard [23] ‘The ax1a1 load was applxed in 1ncrements of

) 20 klps by a 300 k1p hydraul1c ram.’ At each load level a convergence ‘

settlement rate of 0.01 in. /hr was sat1sf1ed whlle the applled load

was ma1nta1ned before the load was cons1dered to be res1sted successfully;

Throughout the test, p11e stra1ns and dlsplacements were monltored

'The ult1mate axlal load was. 280 klps, approxlmately 3 5 t1mes the . safe

vbear1ng capac1ty evaluated from the p11e formula (Eq. (3 1)) An attempt
to 1ncrease the test p11e load to 290 k1ps resulted in a p11e settlement
_of.over 2.5-1na The,ent1re.vert1cal.load test took.17_hours to(complete.

.3’2 6 Lateral Load Test

On October 16 1986 approxlmately 18 weeks after the p11es were -

;.drlven, a lateral load test was performed on Test P11e P6 Sect1on

10.2. 2 of Appendlx A contalns a descr1pt1on of the test procedure.

’hThe test was conducted w1th dlsplacement control, since p1le response

- for a given lateral d1sp1acement was des1red Therefore, for each
f}dlsplacement 1ncrement ‘the horlzontal load was adJusted to ma1nta1n.
;the spec1f1ed total hor1zontal movement. This method of test1ng'was:

qu1te sens1t1ve to soil deformations, espec1a11y the relaxat1on of

lateral s011 pressures Addltlonally, s1nce the lateral load mechanlsm

(see Sect1on 10.1.2 of Appendlx A) was attached to a hor1zontal g1rder,:

any changes 1n the glrder length due to temperature fluctuatlons requlred

| _adJustment of the lateral load to ma1nta1n the spec1f1ed lateral

d1sp1acement

Before conductlng the test, the maxxmum lateral dlsplacement was S

: estab11shed at. apprOX1mate1y 2 1n Th1s magn1tude of movement was -
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con81dered to be comparable to the amount of expansxon or contractlon

antlclpated at’ one end of a 1ong 1ntegra1 abutment brmdge The experl-

mental results revealed that a horxzontal force of 25 k;ps located

20.5 in. above the grouné level caused the HPIO X 42 test pile to dxsa

.'place 2. 06 in. laterally at the ground sutface. The'complete lateral,
load test lasted ‘about 30 houts | . R

3 2. 7 Comblned Load Test

A vertxcal load test on a laterally displaced pxle (Test Plle ?1)'uv
‘ was performed November 19-21 1986 This test xnvolved the testing '
procedures and 1nstrumentat10n assoc1ated w1th the fltst two fleld
" tests. (Addltzonal camments are in Section 10 2. 3 of A@pend1x A. )
The lateral 1oading portion of the test wes conducted thh dlsplacemenx'
control, wh;le the ve;txcal load phase was perfqrmed wzthmload control.A
A 1ight' snowfall during the afpél,ica‘tieu of lateral displacements
“kept the,air'temperetmre cemstant' therefcte, £hi§’p6r€iemzdflthe teét.
proceeded”ﬁitheut anj delaﬁs ' Howevet, during the process ‘of’ changlng
' from lateral load to vert1cal load a test malfunctzon caused a complete
loss of the 1a;erallload The lateral dlsplacement was reapplled in
epproximately four'eqmal amounts An applxed lateral load of 19 9 k1ps R
1nduced a lateral plle dxsplacement of 1.93 in. at the ground surface
As the vert1ca1 load was app11ed te the test pzle, the lateral
'displacement 1ncreased slxghtly. At the ultxmete Vertlcal load of -
_280 kips, wh1ch was the same maxxmnm 1oad teszsted when only a vertical
load was. applled to the test plle, the leteral pile displacement
_1ncreased to 2 40 1n, and the hotxzontal load decteased to 14 7 klps..l

_The unloadlng of the test pxle was aecomplished 1n the teverse otder
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- of the load appllcatlon, follow1ng the same unload1ng sequences speclfled
for the vertlcal and lateral load tests The comhlned load test took
j approx1mate1y 48 hours to complete.~,-t '

.5‘3 2.8, F1e1d Test Comparlsons

A summary of the thtee f1e1d tests is- g1ven in Table 3. 1 The -
_most s1gn1f1cant observatlon 1nvolves the magnltude of the experimentally

"determ1ned ultlmate vertlcal load capacity for the friction test p11e

"~ . The. 2 1n -lateral d1sp1acement d1d not appear to affect the vert1cal

.plle capaclty ‘ Both the vett1ca1 load test and the combined load test,
conducted on. the same test p11e, reached an ultimate vertlcal load
capac1ty of 280 k1ps |

Stra1n gage and dlsplacement reductlons for analytlcal comparlsons

'1ace.dlscussed ingthe following sections.

3.3, Test'Comparisons with IAB2D

13;351.. ReaSOns'fof Compafisons"':

| The computer program IABZD was wr1tten during a prev1ous phase of

' 1ntegra1 abutment brldge research to prov1de an analytlcal method that

: Ldescrlbes the behav1or of a p11e subjected to vett1ca1 and 1atera1

'loads | As d1scussed in Sectlon 2 “the 5011 medlum was 1dea11zed by

_:1solated non11near sprlngs located at the p11e element nodes. The:

bvertlcal and horizontal sptlngs along the p11e and the vertlcalispr1ng
”.‘at the p11e t1p represent ‘the sk1n friction and lateral load re31stances

and the end-bear1ng resxstance, respectlvely ' The behaV1or for each
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1Tgb1¢13,1, Eield testing.snnmary;

Vertical Teéﬁ_

‘Pile P1

Lateral Test

 Pile P6

‘Combiped Test”

Pile P1

Pile orientation -~ NAAK

: Head qohdition.

. Pigned .
~ horizontally

Strong-axis =

Free

- - Displacement

Weak-axis

' Comtinuity

- with

~ horizontal

girder

" Vert. load -

“and hor.

'Adisplacemeﬂt' 

Max. vertical

load | :286”kips'

. Vertical disp. 0,44 in,

Max. horizqntai o N.A.
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of the three types of soil spr1ngs was assumed to be uncoupled and
descrlbed by a mod1f1ed Ramberg-Osgood equet1on | '

The f1n1te element model has been conf1rmed prev1ously by solv1ng

Q'both theoret1ca1 and exper1mental problems [l] To further substantlate-
| "l the va11d1ty of the IABZD computer model compat1sons have been made |
‘l‘jbetween the results from the three f1eld tests COnducted dur1ng this
' rphase of tesearch -and the predlcted behav1or obtalned from. IABZD In
';Sectlon 4 s1m11ar compar1sons have been presented between the scale-

‘ model p1le tests and the computer solutions.

3.3. 2 Vertlcal‘Load Test and IABZD

The ax1a1 compresslve load capac1ty of a vert1ca1 fr1ct1on pile .
is provxded by sk1n fr1ct10n along the plle length and end-beat1ng Af'
.reslstancelet}the.pile.tlp.apThe.relatxonshlpvbetween the skin friction:

resistance, f'-and:the}relative vertical displacement z; is represented .

’_'_mathemat1cally by the mod1f1ed Ramberg-Osgood expresslon glven in

f= —1 : - 8.2)
1+ [2| -
u
fmx JEREIAEL I SR s
z, = s S ‘j(3*3)

‘v - k.
- v .

' The three parameters estab11sh1ng the so11 response are ‘the 1n1t1a1
:vertxcal.stlffness, k;; the maximum fr1ct1on force, fmax’ and the shape_
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factor,‘n. These des1gn parameters are requ;red to model the nonlxnear,
vertical soil sprlngs along the p11e length 1n IABZD Curves of the
mod;fled Ramberg-Osgood eqnat1on expressxng “the f-z soil relatlonshlp
at three soxl depth: Wlth n equal to unity and the var;ation in k “and
‘ fma along the length for Test P11e Pl were developed and are dlscussed
in Sectxon 10 3.2 of Appendix A |

To mathenatlcally model the 8011 behavxor at the p;le t1p, the -

bearing stress, q, and the tip settlemént, z, relatlonshlp was repre- -

fsented by the modified Ramberg-Osgood express;on

(3.4)

where

2, = SEE_ - e L '   (3)5)
The three parameters that establlsh the stress and dlsplacement rela-
;tlonshlp are the 1n1t1a1-p01nt stlffRGSS, kq’ the maximum bearlng stress,
qmax’ and the shape factor, n. The 3911 zesponse at the p11e tzp vas
revised as dlSCﬂSSEd in Sectlon 10 3 3 of Appendlx A because ‘the axxal
load at the bottom.of the p11e was,unava;lehle. A rev1sed sp11 bearlng
_stress, q', that ineludes the'skin friction tesistance for the boteem

5. 5 ft of the p11e in addition. to the txp bearlng sttess uas developed

- The revised p11e dlsplacement correapondlng to q is z N wh1ch is the
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'~p11e d1sp1acement at S. 5 ft ftom the p11e bottom. . With these reVisions,

(3 4) and (3.5) become .

. k'z' ) .

q' = — Py (3.6)

z'| ° o
1+ Z7
' u

and
= Wax — S : :
TR ' o SRR L)

_The three parameters describing the modlf1ed 5011 sprlng at a po1nt

5 5 ft above the actual pile t1p are the 1n1t1a1 mod1f1ed point stiff-
.bness; k&' the maximum mod1f1ed bear1ng stress, q& , -and the shape
Afacter,_n. From the curve fit of the mod1f1ed Rambetg-Osgood equation
(Eq. (3.6) w1th.n equal to unlty) to the q'-z' data (F1g 10. 19), the
h values for k& and qlnax were estab11shed ‘at 20.4 k/1n 3 and 135 ksf
”respect1vely | ' | |

-The f1n1te element model shown in Flg. 3.1 was used to analyze

the test. plle in the vert1ca1 load field test. Slnce the ‘same element
"mesh was used to model the pile for the f1rst and third f1e1d tests,
sho:ter element lengths_we:e requlred 1n_the uppen portlon.nf.the'plle-
- where.the;hendingvstrelns‘were:greatest.in the third fleld'test. A
- subplenental study nn_the~effect 6fdh§gh size was:perfdrmedvhy eomparing
enalytical results using'the‘32-element mesh shown in Fig.'3;1 to.tesults
<obta1ned by e11m1nat1ng every other node A sliéht vatiation enisted :

between the two solut1ons, therefore, the fluer mesh was selected
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The 3011 behav1or was modeled by three types of nonllnear spr1ngs
'attached at the plle nodes, as. shown in F1g 3.1. For»the vertlcal |
:.spr1ngs, correspond1ng to the sk1n frlctlon re51stance, the soil param-
eters f k and k ‘were obtained from Append1x A~ Flgs ‘10. 16 and 10. 17,-
’:respectlvely 5011 parameters Py and kh for the lateral sprlngs, repre-

5sent1ng the lateral res1stance of the soil, were obtalned from the - |
‘ lateral load phase of the comb1ned load test (Flgs. 10. 26 and 10. 27)
"on Test P11e P1 The vert1ca1 p01nt spr1ng at the bottom of the p11e
was characterlzed by so1l parameters q&a and ké d1scussed in Eqs (3 6)
and (3 7) ‘ '

Flgure 3 2 shows a. graph of applled axial compress1ve.load versus
,,vertlcal dlsplacement of the p11e at the ground surface that was generated
by IAB2D w1th 1ncreas1ng magn1tudes of applied vertlcal load at the
i top of the p11e Close_correlatlon.ex1sts between the analytical solue.
nt1ons .and the experimental results The u1t1mate load predlcted by

IAB2D ‘was- about 278 k1ps as found by the method descrlbed in Ref {26],
: wh1le the max1mum load obtained dur1ng the vertical load field test

) 1 was 280 klps._' L

. : Analyt1ca1 and experlmental ax1al p11e forces along the length of

,-the p1le are- compared for three magnltudes of appl1ed vert1cal load in

"s_Flg 3 3. The experlmental ax1al force at the stra1n gage locatlons'

gwere computed by mult1ply1ng the ax1a1 stralns (Flg. 10 10) by the
ax1a1 rlgldlty of- the p11e AE The compos1te cross- sect1ona1 area
of the test p1le 1ncluded the sheet metal condu1ts.' Cons1der1ng the

load versus, drsplacement and the axlal load dlstr1but10n results, the
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gcomputer program IAB2D proV1ded an accurate representat1on of the test
' p11e behav1or for the’ vertlcal load field test

,d3 3.3. Lateral Load Test and IABZD

The lateral load capac1ty of a p11e 1s prov1ded by the flexural :s
strength of . the p11e and the re31stance of the so11 to lateral dlsplace- :
.'ment To analyt1cally model ‘the 1ateral reslstance, Ps and correspondlné
lateral dlsplacement, y, of the 8011 the mod1f1ed Ramberg-Osgood ex-. |
| press1on, glven by Eq. (3. 8), was selected to represent the nonllnear

; soil behav1or

P=— ~is . (3.8)
1+ ||
‘where
VeSE . 39

This Iateral~soil responselis-éharaeterized by three:parameters. They
;are the 1n1t1al lateral st1ffness, kh the u1t1mate lateral res1stance,
Py and the shape factor, ' The modified Ramberg-Osgood equat1on .
hparameters, p and kh needed to express the p-y soil relatlonshlp at
- any depth for Test P1le P2 were developed w1th n equal to. two and are
dlscussed 1n Sectlon 10 3 4 of Appendzx A Flgs 10. 26 and 10 27

. The analyt:cal study of the lateral load test was performed W1th
a finlte element model that was simllar to the lodel shown in Flg 3 1.

4 The element lengths were mod1f1ed to locate every other node at a stra1n
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gage stetion'on the'teét.Pile.' The'VQTticsiisoil'hehévior, f-z and
q'-z', wes sssumed~tofbe'the.ssme es“the:vertdcal'1osd”test. To-prowide
for.spplication:ofbthe lateral,losd,“the‘enhlwtical pile modeliwss'A.
extended 25 in,‘abOVe the,groundvsnrface:toAmatCh’the Ioad.location.h.

: .for.the field test oile> The hottom of'the piiehmodei'wes"SAhseft
i_deep, correspond1ng to the modlfled p01nt sprlng locatlon used in the -
>'mode1 for the f1rst field: test. | . |

o Flgure 3. 4 shows the lateral loed:andfdisPlscement relstionshiﬁ
for both the experlmental and analyt1ca1 stud1es of the second f1e1d

test. The lateral dlsplacement was at the ground surface - As shown ’

“in the flgure, the analytzcal results closely match ‘the measured experl-
mental values |
| The dlstrlbut1ons for the p11e bendzng moment at three magnltudes

of lateral_load are shown in F13.13.5. Both the analytlcal and experl-
o mental reSults~showed.that the maximum moment occurred at a_depth of .
_spproximately'6 ft below the'ground surface.'*The differenCe between

" the IAB2D and the test results’in»thevbending moment at é:oerticuler"'_-
depth were cons1dered to be acceptable. Since reasonahie agreement3 o
ex1sted between the analytical study and the actual test results, the
computer program IABZD prov1ded an accurate representation of the test
_pxle behaV1or for the lateral load fleld test.

’»3 3 4 Comb1ned Load Test and IA32D

| The IABZD p11e so11 model for the vert1cal load test descrlbed 1n ‘
‘Sectlon 3.3. 2 was mod1f1ed to analyze the pile during the combined
load test. The maJorlty of the f1nite element mesh spac1ng for the _-

' p11e was- kept the same as shown in Fig 3 1 however, s1nce the comb1ned
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load test 1nvolved restralnt at the top of the p11e, several elements
- were. added to the p11e above the s01l surface and the two I-shaped
| brldge beams that were bolted to the test p11e flanges at’ ‘the top of
the p11e (Flg 10 5) were 1nc1uded in the f1n}te elegsnt model The
vert1ca1 soil spr1ngs descr1b1ng the s011 behav1or for the f-

| (Flgs. 10.16 and 10. 17) and q-z (Flg 10. 18) responses were 1dent1cal |
:‘-'w1th those used for ‘the vertlcal load plle test analys1s The lateral
R ‘s011 spr1ngs were modeled by the‘p-y (F1gs; 10-26 and 10 27)~behav1or

, establlshed durlng the lateral load phase of the comblned load test; B
The load program for the IAB2D model followed the experlmentaltb

"load program. That 1s, the node at the west end of the horlzontal

“.’_:glrder was- moved horlzontally an amount equal to the experlmentally

‘applled lateral displacement. To szmulate the second phase of the

comblned load test, a downward vertacal force was’ app11ed to the node |

;'at the top pile Durlng the modellng of the vertlcal load phase of

the combined load test, the analyt1ca1 horlzontal d1sp1acement was‘

.adJusted to match the measured exper1mental values

The horlzontal load versus horizontal d1sp1acement relatlonshlp
is shown 1n F1g 3. 6 for both the exper1menta1 and IABZD results -

v ‘uGood correlatlon occurred between the measured ‘and analyt1ca1 results,
Jblnclud1ng the portlon on the r1ght where the: horlzontal force decreased

b.‘as the dlsplacements became greater than 2 in. Th1s reglon represents
4lthe second phase of the test where the vert1ca1 loadxng was applled

The exper1menta1 data pornts .and analytlcal vert1cal load versus d1s-'

placement curve for the second phase of the combined load test is pre-'

- sented.;n Flga-3,7 Aga1n, the agreement between the measured and

L B .
~ .
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o COmpated’hehasior is quite good As shown in the figure, there 1s a.
s11ght 1n1t1al offset to the experimental data and the aaalyt1cal curve
"The measured vertical dlsplacements 1nd1cated that the test p11e moved
'.upward dur1ng the lateral load phase of the comb1ned load test whlle _
the analyt1ca1 study predlcted that the test p11e would dzsplace downward."
| ‘Thas apparent d1screpancy in the vert1cal dlsplacement is attrlbuted |
'aeto the. rap1d loss of lateral load as d1scussed 1n Sect1on 3.2. 7 The '
f exper1menta1 and analytlcal ultamate loads compare very well and as

| ment1oned in Sectlon 3. 2 8, are very close to the results for the f1rst
test w1th vertical load only. . - -

: The experrmental and aaalyt1ca1 strazns in the p11e flanges at |
'-fthe straln gage locat1ons for several 1oad1ng cases are 111ustrated 1n
. Flg 3 8 for the lateral load phase and in Flg 3 9 for ‘the vert1cal
| load phase of the comblned load test. These flgures show the total
stra1ns in the east and west flange of Test Pile P1. In the lateral
load phase (F1g 3. 8), IAB2D tends to nnderestlmate the pzle stra1n by
d 10%.to 20%. On the other hand, IAB2D tends to overest1mate the p11e
.istralns near the end of the vertical 1oad phase {Flg 3. 9(d)) IABZD :

fseems to exaggerate the secondary beadlng moments that are assoc1ated

*'w1th'beam-column behaV1or (comb1ned ax1a1 load and Iateral d1sp1acement)

‘:The exper1menta1 test results showed 11tt1e ev1dence of 1ncreased bendlngi L

g stralns w1th the appllcat1on of axial load The exper1mental bend1n3
“ stra1ns, obta1ned as the d1fference between the east and west total
:"flange strains in Flz 3. 9(a) through F1g 3.9(d) are about equal for

:.~all values of the vert1ca1 load. .
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‘VThe analysis of the pile‘behavior in the'combined*load test was“
sen31t1ve to the lateral so11 reS1stance and d1sp1acement relatlonshlp

_Var1at10ns between the exper1menta1 and analyt1ca1 total p11e stralns

A <resu1ted when the p-y so11 behaV1or from Test Pile P6 (Flgs 10 26 and

.'10 27) was applled to the analyt1ca1 model for Test P11e Pl CorrelatiOn
between the experimental and analyt1ca1 results for P11e Pl ‘was achleved

only when the p-y s011 behaV1or obtalned from the lateral load phase

L of the comblned test was 1ncorporated into the analyt1ca1 model As'

-dlscussed in Appendlx A. the d1fferences in the p-y-s011 behaV1or'for'
."Plle P1 and P6 were attrlbuted to the lateral bearlng surfaces of the
p11e agalnst the so11 that is, flange face (P11e P6) bearlng versus
flangeiedge (Pile Pl) bearlng

) Accordlng to the IAB2D results, y1e1d1ng of the steel occurred
.,over a s1gn1f1cant p11e length at the top of the pile where 1t was
' r1gld1y attached to the horlzontal glrder  Strain gages were not mounted

‘at th1s locatlon on P11e Pl to confirm experlmentally this state of
':stress If. such y1e1d1ng occurred a plastlc hinge was partlally or
completely formed at the p11e head -Since there was no experlmental

:ev1dence of local flange buck11ng or hlnge rotat1on, the HPlO X 42 had V
Jaisuff1c1ent 1nelast1c:rotat10n capac1ty to mazntaln-lts’full plastlc
R

Although one test is 1nsuff1C1ent to draw firm conclus1ons, the~
-stra1ns in the lower portlon of the pile. (Flg 3.9) 111ustrate that a
"}poss1ble coupllng exlsts between the hor1zonta1 and vertlcal re31stance
of the s011 In the lower portlon of the p11e, the stra1ns on both

'flanges were about equal therefore, prlmarlly ax1a1 load was present.
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The exper1menta1 straans were con81stent1y larger than the analytlcal
tstralns, 1nd1cat1ng that the’ lower pbrt1on of the pile carried more » |
‘4ax1a1 load than IABZD predlcted " From another v1ewpoint, the upper o
:portlon of the p11evcarr1ed less ax1a1 load than predlcted -~Th1s could

‘:?suggest that the vert1ca1 frlctlonal resxstance in the upper port1on

'..of the p11e embeddment has been degraded by the lateral d1sp1acement.u

IAB2D does not cons1der coupllng of the s011 re51stance.v Insofar as, |

. p11e des1gn is concerned the degraded frrct1ona1 s011 re31stance is

»dlscussed'agaln in Sect1on 5.3.-

'.3;3 5. ' Summary of IABZD/F1e1d Test Correlatlon

In summary, IABZD sat1sfactor1ly predlcted the p11e stralns 1n .
-the f1e1d tests,‘and,the pile behavior resnltszare,sensltlve to }he,}

~ experimental soil properties.
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4. MODEL TESTS

4.1. -Objective and Scope

A scale model testlng program was developed to. study the effects

. _d1fferent p11e head load " and s01l cond1t10ns had on the behav1or of

‘ a s1ngle p11e subJected to vert1ca1 lateral and comblned 1oads ‘The,.
dlaboratory testlng program was performed to substantlate the underlvlng>
assumptlons of-plle and,301l_1nteract10n used-rn the development of
V:;the analytical model,IIABZh. hThe pile”strains atlvarious locations
"‘alongéthe‘pile length'were measured‘to>establish‘the'soil'response
_character1st1cs (f-z, g-z, "and p-y), as descr1bed in - Sectlon 3 for .
the two sand dens1t1es in the model tests The test program_conta1ned
seven.test groupsilnvolyrnglfrom:one test to three tests:each.l_The'r
'applied load;at;the'plle head.was.either_a vertical,.lateral,_or
Acomblned'load.,dEach_particularvtest-sequence was'nerformed toeexamine
ﬁeiperimentallvzpllelbehavior;related!tO:a particular.test parameter.
The test parameters‘that were considered were classified into four
areas (l) p11e types (fr1ct1on and end-bear1ng) (2) p11e head types
'"(p1nned flxed abutment, and predr1lled hole) (3) load types (vertlcal,
lateral, comb1ned, and lateral cyclxc), and (4) soil types (loose sand
"and dense sand) In total 40 laboratory model tests were conducted :
_ eto establlsh test1ng procedures, ca11brat10n of equlpment, sens1t1v1ty
| :characterlst1cs and p1le and s01l behav1or Eleven of these tests
.'were analyzed by the f1n1te element computer model IAB2D A test_‘

matr1x for these 11 laboratory tests 1s glven in Table 11 2 A more
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‘detalled descr1pt1on of the model tests can be found 1n Sectlon 11. 2 l

| 'of Append1x B

4.2..,Hodel Test Program:‘

o A scallng factor equal to 1/10 was selected for the development

of the scale model p11e test program As d1scuSsed 1n Sectlon 11.1. 1,
complete s1m111tude between a prototype system and a scale model was

not requ1red The prlmary model components are the pxle and s011 medxum
E To model the HPlO X 42 plle that was used in the full-scale-f1e1d tests A
_(Sect1ons 3 and 10), a 1-in. -square by 60-1n~~long steel ‘tube was~se1ected.

’The vertlcal load tests whlch Were performed to determ1ne vert1cal

B so1l characterlstlcs 1nvolv1ng skln fr1ct1on and vert1cal drsplaco-ent

(f-z curves) and t1p bear1ng and t1p displacement (q-z curves), requlre '
::a small cross-sect1onal area to 1mprove the sen31t1v1ty of the axlal
~pile stra1ns when vert1ca1 loads were applxed at the p1le~head~ 'Ihei
‘lateral load tests, wh1ch were conducted to. determ1ne lateral 5011 |
‘ares1stance and d1splacement (p-y curves) relat1onsh1ps, requlre a large :
bend1ng stiffness characterized‘by a.relat1Vely th:ck wall thlckness..

1As -a compromlse, a wall th1ckness of 0. 032 in. was nsed for subsequent

o fvertlcal lateral and combined loaded tests

A f1ne, unlformly graded dry, masonry sand'was used for the model
. bisoil. The sand obta1ned from a local suppl1er, qu an&lyzed by labora-r'

'Atory'tests as noted in Sectlon-ll.l.l,of Appendix B!,‘A 80il b1n.measuring .
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.:518-1n wide by 36-1n long by 72- in h1gh was used to contain the so11
.durlng tests ' N :
.' The tests were constructed by pos1t1on1ng the p1le in the solll .
bin and placiﬁg the 8011 around the p1le A soil placement technlque |
was developed to produce s01l structures that would be relat1ve1y con-
",:srstent among s1m11ar tests The»placement techn1que was based,upon: T'“"
V:the ra1n1ng technlque described by Monzoor1 et al. [27]. In-situ‘soll .
:dens1t1es were calculated by measur1ng the volume of the known welght
| of each 8011 l1ft placed in the s011 b1n | “
« ~ Add1t10na1 d1scuss1on of the scale model components and a descrlp- -
t1on of the test framework and p11e 1nstrumentat1on is contalned in

, Sect1ons 11,1,1,.11.1;2,4and 11.1.3, respect1ve1y,"

,,4}3;"Hodel4Test,Comparisons;withfIABZD B

4.3:1 Reasons for Compar1sons'ﬁ o

To further substant1ate the va11d1ty of the computer model IABZD

compar1sons have been made between the exper1menta1 results for the

model tests and the pred1cted behav1or obta1ned from IAB2D. The'labora- .

. tory model tests 1nvolved p11e condxtxons that were not present in the

.f'full scale f1e1d tests

4.3, 2 Vert1ca1 Load Tests and IABZD

| Two model p11e tests Wlth vert1cal compress1ve loads app11ed to
‘the top of the test p11e are reported here1n These laboratory tests
;1ncluded Test Sequences A-1 and D-I whlch are descr1bed in Sect1ons‘

-“ll.zfl:and;ll,Z.Z The p1le stra1ns from these tests were . analyzed to
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.tanCe, the soil parameters f
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:determine'characteristic“soil“parameters“(ff‘- and k for Eq (3 2)

and q.a -~ and k for Eq (3 4)) accord1ng to the procedure descrlbed in

'fSectlons 11. 3 2 and 11. 3 3. These parameters along with’ the corres-

pondlng shape parameters n, were used 1n the analyt1cal model IABZD

to deflne the behav1or of the nonlinear vert1ca1 sorl sprangs along

the length of the p11e and at the p11e t1p

The f1n1te element models for the tests are shown 1n F1g &, 1

-For the vert1ca1 so11 sprlngs, correspondlng‘to the skxn fr1ct10n res1s-

* and k were obtaxned from F1gs 11. 13

- and 11 14 for loose sand and Frgs 11. 15 and 11, 16 for dense sand

3respect1vely To prov1de lateral stabilzty at the nodes below the - °

sand surface, hor1zonta1 sozl spr1ngs that represent the lateral s011
res1stance were41ncorporated 1nto the analyt1ca1 p11e model The s011

parameters p and kh for these lateral s0il spr1ngs were obta1ned from

" the results for Test No 3 of the correspond1ng test group, shown in

Flgs 11. 18 and 11. 19 for loose sand and Flgs “11. 20 and~11 21 for 4

dense sand respect1vely (1 e, the p-y relat1onsh1p for Test Sequence

o A—l was obta1ned from the results for Test Sequence A-3) The vertxcal
‘ p01nt sprlng at the bottom of the analyt1ca1 p;le model wh1ch is charac-m

| 'f5ter1zed by the so1l parameters qInax and k g1ven 1n Table 11 3, was ‘

q

“lobta1ned from flgures s1m1lar to Fxg. 11 17. The hor1zonta1 load beam
'shown in Fxg 4 1 was attached to the test p11e durlng the laboratory
_ tests, to prov1de lateral stablllty during loadrng, therefore, th1s _1

-beam was included 1n the analyt1ca1 model

Flgures 4. 2 and 4 3 show the vertxcal load versus vert1cal dlsplace-]"

--ment at the soil surface for a model test pile in loose (Test Sequence
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"fA-l) and dense sand'(Test Sequence D-l), respectively - The analytical
: solut1ons from IABZD 1nvolved computer analyses for increa51ng magnltudes.

-?of vert1ca1 load Close correlatlon occurred between the experlmental

and analytlcal results for the p1nned-head model test pile in loose
sand, while the‘computer solut1on»overest1mated the vert1ca1 lead

capacityiof the fixed-head, predrilled hole, model test'pile in dense

'sand.

Both the laboratory test and anaiytical_study'of'a friction pile

.in ioose sand revealed that the vertical slippage failure'bceurred'at

approgimately”90:1b_o£'applied vertical load. This small compressive
1bad;indneedfsmail ariai;pile'strains throughontvthe lengthjofvthe .
piie, as showniin Fig: 4.4. - The fluctuatiOn.in the axial strain Can ;'

be attr1buted to. the normal scatter assoc1ated with strain gage measure-_

' ments having. small magnltudes Flgure 465 shows ax1a1 strain versus

_depth for the f1xed-head pile with a predrilled hole in dense’ sand.

The 1ncrease in the exper1menta1 ax1a1 strains between the bottom of

‘.the’predr111ed~hole and a depth of 14 in. 1mp11es negative frlctlonal

res1stance that phys1ca11y should not have occurred. Slnce ‘the. test

p11e head'was essentially f1xed‘aga1nst'rotat10n, vert1ca1 dlsplacement

of the p11e head 1nduced bending stra1ns in the top of the p11e ‘As

dlscussed in Sectlon 11 3 2, the sensit1v1ty of the strain measurements v

' d1d not prov1de the accuracy necessary to separate the ax1a1 stra1n |
from the total measured strains in reg1ons of h1gh bend1ng moment As
-'seen in Flgs 4 4 and 4 5 the analyt1ca1 solutlon adequately predlcted

e ,the model test p11e behav1or, considerlng the scatter assoc1ated w1th

the#experlmentalntestlng'prpgram.
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;4}3;35 Lateral Load lestsaand"IAB2D. |

.lwo nodel pile tests (Test:Sequenees C-2 and Dr2) are,reperted
here to‘establish.lateral (p-y) s0il behavior. .TheAnodified.Ranbergf ;
v"oggood‘ekpréssidn tﬁq..(3¢8)) wasnused toidescrihenthe'stiffness.of o

“the lateralzsoilpsprings'for the finite element‘mode1"(fig;:ﬁ.l)t The
.l tharaeteristicfsoil'parameters for the makimumllateral resrstance; Py
and 1n1t1al lateral st1ffness, kh (Flgs 11.20 and 11. 21) were developed
in Sect1on 11. 3 4 of Append1x B for loose and dense sand. The two
A sand dens;tles produced two shape parameter values (n=1 forlloose
‘sand and n = 1/3 for dense sand) from a V1sua1 curve f1t of the mod1f1ed
| Ramberg-Osgood equatlon To complete~the analytlcal model the vert1ca1 ‘
f_soxl behav1or along the pile length,and at the ‘pile tip was represented
V'by the f-z:andaq-z~relat10nsh1ps, respectlvely, that were establlshed
.’from the results for the vert1ca1 load phase of Test No 3 of the corres-l
pond1ng test. group (Test Sequences C-3 or D-3) The magnltudes for
E the max1mum fr1ct1on force, f ax’ and 1n1t1a1 vert1ca1 st1f£ness, kv’.’
.-were obtained from Figs.. 11 13 and 11. 14 or F1gs 11 15 and 11 16
;respectlvely, whlle the values for the maximum bear1ng stress, qm ax’
and 1n1t1al po1nt st1ffness, kq, were obta1ned from Table 11 3.

o Test Sequences c- 2 and D-2. 1nvolved lateral loads on a flxed-head '
'-fr1ct1on p11e in- loose 'sand and. dense sand respect1vely Ihe latter
"test'contarnedaa'predrllled hole for;the upper 8 in. of pile length. N
'Conparisonthetéeen the experinentalfand.analytloal‘results for these
tests"are shoﬁn'éraphitally in Figs. 4. é”throuéh 4 9' Flgures 4.6 and
4 7 show the lateral load and the correspond1ng lateral d1splacement

at the so1l surface.for,each,test. .IABZD con81stently underestlmated
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llateral load for a given lateral displacement (or overestimated the
| lateral displacement for a given magn1tude of lateral load) for the
pile in loose sand (Fig 4. 6), while -the analytlcal solution more closely
»matched the experimental behavior for the pile in dense sand (Fig 4. 7)
"IThe maximum lateral displacement of the pile, which was measured at -
the soil surface was approxxmately 3/4 in. and 1/2 in. for Test Sequences
- C-2 and D-2, respectively

The pile strains ohtained from the laboratory measurements and '
from IABZD are compared for the two lateral load tests, w1th an applied :
.horizontal force of 135 lb for each: test, in Figs é '8 and 4. 9 The . .
maximmm bending strain that was predicted by ‘the analytical solution .
closely matched the experimental results for both tests.- Ihe results |
~ for the lateral load pile test in d°h59~5??4-(F¥3’ 4.9)4shou‘e2cellent
' correlation'between the measured'andstheoretical;bending5strainsAthrough?

'out the pile length

4.3.4. Combined Load Tests and IABZD |
Comparisons between the experimental and analytical resultsffor«

the seven model tests involving comhined loads (Test Sequences A-a
through G-3) were made to prov1de additional evidence ‘that substantiated:
~ the accuracy of the analytical model IABZD The pile strains and
idisplacement measurements obtained during the’ lateral displacement

| phase of each test group (Tehle 11. 2) were used to develop the lateral

: 8011 behavxor (p-y relationships) The technique for establishing the

maximum lateral resistance, Py» and initial lateral stiffness, kh~ are -

described in Section 11. 3 4 ?hesevparqmeters were obtained from
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Figs..ll,ld and 11;19ffor.loose;sand conditions (nlequallunity) or

ffom’ 'Figs. 11‘-'20‘ sﬁd 11. 2.1‘for dense sahd conditions (n e§u51' to 1/3).
The pile strains and displacement measurements obtained during

Tthe vertical load phase of ‘the combined load tests were used to develop

the vertical 8011 behaVior along the pile length (f-z relationships)

:and at the pile tip (q-z relationship) The methods that establish

. the maximum friction,force,_fhax, and initial vertical stiffness, k;;u

»are_discussedainﬂsectionjll 5‘2' and the approach used to develop the

.makimum heariné.stress,‘gnax, and initial pOint stiffness k ; is pre- d.

”sented in Section 11, 3 3 of Appendix B ' The values of f ax and kv |

| yere_obtained’from'Figs 11 13 ‘and 11 14 respectively, for'loose~sand |

or from'Figs 11 15 and 11. 16 respectively, for dense sand,  to. represent

‘the analytical vertical soil springs along the pile length - The vertical

support condition at the pile tip for the friction piles was described

by the soil parameters n, qma y. and,k obtained from Table 11-2. For

- the end-bearing pile in Test Sequence G-3, the vertical restraint at

the pile tip was modeled as a stiff spring to simulate the bottom of

. the test bin

Test Sequence A-3 involved combined loading on a friction pile in '
loose sand The pile head was not significantly restrained against
| lrotation by the small lateral load beam, therefore, the pile head was
‘essentially pinned. Figures 4 10 through 4 12 show comparisons between ..
: the experimental and analytical results for this test. The lateral }
load and corresponding lateral displacement relationship during the
‘j_lateral displacement phase and the vertical load and corresponding

‘vertical displacement during the vertical load phase of the combined
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load test both determ1ned at the soil surface, are shown in F1g 4 10

.and_A.I}, respect1ve1y. Both flgures show good correlatlou between

o e#periuentaI'Values and pred1ct analytlcal values, with IABZB SllshtlyA'

undetestlmatlng lateral stiffness of ‘the 8011 (F1g. 4.10)" and overest1-
matlng vertical pile capacxty (Flg 4 11). Compar1sons of the exper1-
i-mental and snalytlcal total pxle straxns with a vert1ca1 load of 158 lb
"are shown in Fzg 4.12. IABZD accuretelyrpred1cts the p11e behav1or
- along the upper portlon of the p11e, where the total straxn values are. B
‘relatlvely large. The experlmental stra1n shown at a depth of approX1-'
,.mately 3 in. fron.the soil snrface on the north face of the plle is ;n"
ferror due to an errat1c gage behav1or at this. load po1nt. The analytlcall
solut1on 1nd1cates that an 1nf1ect10n poxnt should occur at a depth of
approxxmately 37 in. however, the exyerxnental results d1d not. substan-
tiate this behevior Thls var1at10n between the results is not of
srgn1f1cant concern, since ‘the smalI total p11e stra:ns in the lower '
portions of the pile length do not affect the p11e design;
Test Sequence B-3 involved combined load1ng on a frict1on p11e in

dense sand. The p11e head rotat1on in the plane of lateral d1splacement o
| was essentlally f1xed by the large Iateral load beam. Flgures 4‘13 :
.through 4 15 show d1splacenent and p11e straln results for both the
laboratory model test and IABZD - The plle response at the s011 surface '
:-1s 111ustrated by the lateral load and-correspondxng.lateral dxsplacement
relatlonsh1p (Fig. 4.13) and by the vert1cal load and correspondrng .
gvertical dxsplacement relttxonship«(Fig 4. 14) The experrmental results
= ‘. shown in Fls 4. 14 mdlcate that the vert:.cal load resutmce of t.ps |

’nodel test pile appeared to exper1en¢e an increase in axlal st1ffness
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e after a vert1ca1 dlsplacement of approximately 0.5 in. | Thls behav1or
:.‘1s unexplalned Figures 4 13 and 4.14 reveal that IABZD‘sllghtly under-
Aest1mated the lateral so11 resistance and slightly overestlmated the
'T: vert1cal load capatity of the model test p11e Flgure 4.15 shows
_ -easured and calculated total pile stralns along the plle length w1th
janapplxed 701-1b-vert1ca1 load Some 1rregular1t1es in the measured
dexperlmental stra1ns occurred in the north face of the pile at the :
s .s011 surface IABZD accurately predlcted the magn1tude of the maxlmum
total p11e stra1n, however, the locatxon was about 4 1n. below ‘the
locatlon 1nd1cated by the experimental results. The locat1on vhere

the maximum bendlng strain occurs and. the depths to po1nts of reverse

- ‘curvature (1nflect1on polnts) are sens1t1ve to the s01l propert1es

h (p-y relat1onsh1p) So1ls that exh1b1t relatlvely stlff lateral rGSIS- |
'_‘tance will cause the maxlmum p11e stra1n location and the 1nflect10n
point locatlons;to occur closer to the top of the pile than so1ls that
- exhibit flerible lateralareslstance;;_As discussed in'Sectlon.ll.3.4,
‘ the pey-soil behavior deueloped from the experimental pile strains

were sl1ght1y underestlmated. Therefore, the IABZD results (F1g 4 15)
:for the total p11e stra1n were shlfted toward the p1le t1p when compared
to the exper1menta11y measured stralns As shown in Fig. 4. 15 IABZD
conflrmed the exper1menta1 result that three 1nf1ect1on po1nts would
'occur along the p11e length. : | | |

o Test Sequence C 3 1nvolved a flxed-head frrct1on p11e 1n loose
- sand. The exper1menta1 and analytical results for this combined load
_ test are 111ustrated in the load versus displacement and total pile |

'straln relatlonshxps given in Figs. 4. 16 through 4.18. These f1gures
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show thst the f1n1te element model IA32D~adequately predlcted the p11e
dxsplscenent.and strs1n behavior - ’ o

A compsrxson of the test results for a flxed-hesd frzctlon p11e
in dense and loose sands (Test Sequences B-3 and C-3, respectlvely)
reveals some of the effects that soil st1ffness has’ on pile behav1or
As expected the latersl and vertical pxle dxsplscements at the soil .
vsurface, for the same magnitude of applied force at the p11e head are
_substant1ally smaller for a pile in dense sand (Figs. 4 13 and 4 14)
than for a p11e in loose sand (Figs. 4. 16 snd 4 1. Cons1der1ng p11ev
. straxns, the locat1ons of the p01nt of msximum total" strain and inflec-
tion points are closer to the top of “the p11e for the dense sand med1um |
(Fig. 4 15) than for the loose sand" nedium (F1g '4.18).

Test Sequence D-3 was conducted on a f1xed-head frlctlon p11e
: in dense sand. A predr111ed hole in’ the soil prov1ded greater flexiblllty
for the top of the model pile. F1gures 4.19 through;4,21 show close
correlation betveen the experimental1and'IA32D results regsrding load -
versus'displacement‘snd total pile strsin;versus’depth relationships

The soil placement techniques prodnced s1m11sr sand densities for .
. the three laboratory tests of Test Group D (Test Sequences D-l D-2
and D-3)* therefore,»some general comparisons can be made between these
tests A comparlson of the latersl load behav1or for the lateral load
4.phase of Test Sequence D-3 (Flg 4.19) w1th Test Sequence D-2 (Flg 4 7) _
reveals that the p11e behavior is essentially 1dent1col to; the two '
tests.. Observat1ons of the pile strains for the comblned load test -
(Fig. 4. 21) and lateral load test (Fig. 4.9) show thst the 1nf1ection

points occur st~spproximste1y 5 in;:and 32 in. below the-so1l surface'
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Figure 4.19

LATERAL- DISPLACEMENT (IN)

Lateral load versus lateral dlspiacement at grade for the

lateral load phase of Test Sequence D-3.
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in both'instanées,"indicating very similar lateral behavior'for the

soxl for Test Sequence D-3 and D-2. The experlmentally measured vertmcal

‘load and correspond1ng vert1ca1 d1splacement re1at1onsh1p for the vett1ca1

;load phase‘of Test Sequence D-3 (F1g. 4.20) is qu1te s1m11aF to the. :

" behavior obtained:fbf Test Sequence.Dél (Fig. 4.3). The ve:tical load

capacity.foe.atgiven vertical disblacement was approximately the same

fer'each test.v Therefore, the lateral dispiacement of the éile?head

in the'combined'load test (Test Sequence D-3) did not signifieantly.

=‘affect the vertlcal load resistance for the model p11e when compared

to the res1stance prov1ded by the p1le in Test Sequence D-1, wh1ch d1d ‘

’not 1nvolve a lateral d1sp1acement of  the pile head The full-scale

f1eld tests reported in Section 3.3.4 1llustrated a similar vert1ca1

'load behav1or

Test Sequence E -3 1nvestlgated the effects of cyclic. 1ateral loads
"on the-behav1or.of a fixed-head fr1et1on-p11e in dense sand. -Figure

- 4;22jshows‘the‘egpefimental and analytical results.fbs the lateral.
| load and corresponding lateral displacementvfar the first two hystetesis

Idops; The measured total pile'strains induced during the_dnitial

application.of'lateral load fbr.the first'idad cyele (Fié -4 zzaj were <
~used to estab11sh the lateral 3011 re31stance, p-y, relatlonshlps
'»These P~y relat10nsh1ps were assumed to be app11cab1e for the ent1re
.eye11c ;equnse&mgdeled;hy:IABZD. .The-analytlcal'model has an algorlthm
-to account for eyEIie p;y soillbehavidr Instead of using the mod1f1ed

i Ramberg-Osgood expresslon (Eq. (3 8)) a mod1f1ed Ramberg-Osgood cyclic

model [1](31ven by Eq. (4,1) wastlnco:porated into the.analyt1ca1 solution.
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(y-vy) L
P=p. %~ h = ~1/a (4.1)
' N ¥ = Ye " :
1+ | x— '
' C yn B B . |
-vhere

-in wh1ch p and y are the soil re31stance and dlsplacement at the

last reversal respect1ve1y, and the parameters p , kh’ and n are the

,:‘same as those in the noncyc11c model The hysteres1s loops were ana-

1yt1ca11y established by app1y1ng two rules presented by Pyke [12]
'Flrst the tangent modulus for each load reversal was set equal to the

'~‘1n1t1a1 tangent modulus for the previously completed load appl1cation.

v'A.Second the shape of an unload1ng or reloadlng curve was essentxally

" the same as the 1n1t1a1 loadlng curve, except that the new curve has|

: been enlarged 1n scale by the factor C. The f1rst term in Eq (4 2)

: is p051t1ve for reload1ng and negative for unloadlng The max1mum and’
m1n1mum values for P and y. are bounded by Py and y Comparlng the
analytlcal and exper1menta1 results presented in F1g 4 22, reveals

that IABZD accurately predlcted the model p11e behav1or for the 1n1tia1

load1ng stage of ‘the flrst load cycle and prOV1ded reasonable correlatlon N

';w1th ‘the exper1menta1 behav1or for the remaln1ng portxons of the lateral

-_iload versus lateral dlsplacement relat1onsh1p After the lateral cyc11c

x'loadlng had completed two cycles, the model pile was displaced laterally

for the. last t1me and vert1ca1 loadlng was applled to the top of the



test pile. Figure 4.23 shows thelvertiea; Ioad and correspondinguverti-
cal displacement results for the laboratory test and for the finite |
element solutlon IAB2D accurately pred1cted the vert1ca1 load capac1ty
and prov1ded ‘reasonable agreement with ‘the exper1menta1 results throughout
‘the entire range of load versus dlsplacement. ‘ |
.Test,Sequenoe F-3 wae conducted“on*a fixed-head'frietion»niie '
thatdhadea'modeldabutment mounted*above the top of thevnodel.pile.
The pile installation proeedure, described iu'Section 11.1.1, produeed
a‘denee”sdil'medium'for_the volume of sand'belou'theffirst;strain5gage |
: station on the pile and a loose soil medium“for‘the sand'backfill.{Ai
This test was conductéd to inveatigate}pile and5abutment behavior due
-‘_.to paeSive'soil pressure exerted on the abutment and ‘backwall by the
baekfill material as the model bridge:superstructure exianded._‘Since'
uore complex soil behavior occurs with the abutment;fWiuéﬁalleand-pile
sfsten, the_experimental pile strains measured in this'test seoueneei '
~were'notvused to obtain the soilaparameters,required‘inftne'analytibal )
. madéi, " Instead, soil parameters derived'fron Test'Sequence'D*3:were
_ueed for the dense'sand_around the pile,:and soil parameteré derived
‘_fron Test'Sequence C-3 were used for the loose eand behindithe;abutment,'
'backwall and w1ngwalls | | |
 The analyt1cal model ‘shown in F1g 4.1 was_ used to analyze the
. exper1mental model S1nce p1eces of foam rubber were 1nserted around
.the load cell and undet the p11e cap ‘plate to reduce the beatlng capacity
'of these ateas, vertical and lateral soil sprlngs were not 1nc1uded in
A'the finite element.model at Nodes-s.th;oughalof ‘As shown in Fig. 4 24

the analytical model provided an accurate'representation of the
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'experimentalhlateral load versus lateral displatement pilefbehavior
: . for the combined load_teSt. 1The lateral displacement was meas;ced at '
| the top'of the'abutment The lateral load, which wasiapplied by the .
A horizontal load beam, caused the abutment to be pushed aga1nst the
backf111 This movement created passive soil pressures agalnst the
abutment backwall and wingwalls. The location of the tesultant horll
zontal 8011 pressure was below ‘the center of grav1ty for the horlzontal
load beam (model bridge girder). " The eccentr1c1ty between the compres-
sive force in the horlzontal load beam and the resultant pa331ve soil
‘ pressure force 1nduced a moment that ‘was re51sted by a vertical force
couple that cons1sted of an upward end react1onvon the horlzontal«load‘
beam and a'downward or an auial comptessive force in the abutment,pile,
This behavior was predicted in an'eatlie: stuny-[il.z Fignre 4;2$Lshows
this induced axial_comptession force in the mooel-pilé'versus hotizontal"
.dlsplacement of the abutment. The'analytical model-underestimated the
magnltude of the experlmental p11e force The'discrepancf was atttibuted
to the fact that the soil parameters used in IAB2D for the soil pressure
h on the abutment were derived from other model.pile tests, which haq no
'abutment.v.The4existence of an induced pile axial 15;6; which was‘caused‘
-by horizontal abutment movement is.c;early evident tn both the'expefi-
| mental and analyt1ca1 results.
' Test Sequence G-3 involved a comblned load test of an end-bear1ng
piie in loose sand. . The model test pile head was esgent;ally flxed :
with respect to benﬂing in the plane fosmed by.the;pile'andithe_stiff

* horizontal load beam. The model‘pile;was effectively pinned in the
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" transvetse direction;lsince the pile‘uas guided'hplverticelvfollers
that restrained only'transverse displecenent of the p11e head

The analyt1ca1 1nvestlgat1on of this exper1menta1 test reqplred
_estab11sh1ng geometr1c condltions and sozl characterxst1cs that reasonably
represented the laboratory test. An 1nspect1on of the‘test1ng apparatus
and the model test pile revealed that the axlal load was slxghtly mls-
aligned from the center of gravxtyuof the-p11e~and that the test p11e .
‘had e-slight'cambee:prior to testiug These 1mperfect10ns can sxgnzfl-.‘
cantly effect the behaV1or of end-beerlng pales, therefore, they were
both accounted_for in the anslytlcal.model by app1y1ns,the~vert1ca1-
load with a l-in" eccentricity...- As described in Section- i‘i 2.2, the
p1le tip was placed agalnat a steel spacer that was supported by the
"'8011 test b1n floor. Sznce the floor af the bin dxsplaced vertlcally
dur1ng applxcatlon of the vertlcal load, the vertxcal poxnt spr1ng
stiffness in the anelytlcal‘model was adjusted to account for the flexie
hility of the bin and test fixture. The soil parameters for the veetical
vfriction reSistance were assumeo’to be the same as those'determined ,
‘for Test Sequence C-3, " which also 1nvolved a loose ‘sand denslty iThe
: maxlmum fr1ct1on force, fmax’ and 1n1t1a1 vertical st1ffness, kv’ could
.‘not be experlmentally determlned for Test Sequence G-a, since the rela- :
tive vertlcal plle displacements are extremely small for an end-bearlng
hAp11e The s011 parameters for the lateral resistance were computed

for Test Sequence G-3 by the same technlques dlscussed for the other

~l;mede1 tests involving lateral loads.

The ultimate vertical load capnclty of thzs conh1ned load test .

}was obta1ned when the model p11e buckled transvetse to the plane of .
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'z'lateral'displaoement at a'vertical‘load of about 2600 lb.. failure was
':;eV1denced by a bend1ng failure of the tube sectlon at the so11 surface.
jSznce the two-d1mensiona1 computer model IAB2D can only predrct p11e ‘
behav1or 1nvone plane, the pile was analyzed in the transverse plane.

The head condition was.considered pinned for that direction-w Figure

'4 26 shows the vert1ca1 load and corresponding vertical d1splacement '
relat1onsh1p for both the exper1menta1 and analyt1cal 1nvestzgatlons:
llIhe p11e behav1or pred1cted-by the finite element model reasonably

. matched‘the'experlmental results IAB2D overestimated the verticalr
p11e d1splacement however, the analyt1cal failure load was only s11ght1y

smaller than ‘the experimental load

4, 3 5. Summary of IABZD and Model Test Correlatrons

: In summary, IABZD sat1sfactor11y predxcted the model pile behaV1or
; for all 11 exper1menta1 laboratory tests that were analyzed. Reasonable
) orrelatlon ex1sted between the load and displacement relat1onships
| ;and.between.thelpile‘strains-for the vertical,llateral, and combined

load tests.
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5. 'DESIGN RECOMHENDATIONS

_5.1.‘ AASHTO Desrgn Specification

Th1s sect1on summar1zes the prov131ons of the AASHTO Standard

’ .Spec1f1cat1ons for H1ghway Brldges [22] that affect the de81gn of the

piling for_anlrntegral abutment<br1dge. These provis1ons will be used

s a-basis for the design method. Articles referenceddin thisdsection‘

»‘:'are from the AASHTO Spec1f1cat10n

The Spec1f1cat1on (Art 3 16) requ1res that stresses or movements '
' 'due to temperature var13t1ons be taken into account 1n des1gn In an
j1ntegra1 abutment br1dge any change in br1dge length that is due to

:temperature changes 1ntroduces forces into the p111ng and the super-

:-structure AASHTO (Art 3. 22) provides three load1ng groups that 1nc1udel»"

temperature Group IV Group V, and Group VI. For-this research the
terms of 1nterest include dead load (D), live load (L), and temperature
(T). Load Group IV gives the smallest basic un1t stress for serV1ce‘

load design and the largest load factor for load factor deslgn

SerV1ce Load Des1gn, Group Iv
::4f: D + (L + I) +T at 125% of allowable stress

. Load factOr'Deslgng;GroupflV-;
- 13 o+ @s n,m. o

'aL1ve load stresses produced from H or HS loadlng must 1nc1ude 1mpact,vsi
1. The 1mpact is requlred for portlons of steel p11e above the ground. '
llne'that are r;g1d1y,connected to the~superstructure as in a frame or.;‘
continuous structure (Art. 3r8i1)l The folloving“values'for the

i
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superstructure mater1a1 coefflcient of thermal expans1on, o, and the

average temperature change, AT (Art, 3. 16), are given by the Spec1f1cat1on:

o ='0.000006 /°E ' B normal weight concrete
| = 0;0000065 /°f_, | gy structural steel ST
'1-ATave'#<60°F T moderste climaté,'metsl strmctures:.:
5_75°F- cold climate; netal~strmctures:,”‘.:
= 35°F 'moderstelc1imate,.concretehstructures_';
= AOPF cold-;;ims;e, concrete strﬁctureso.

The des1gn losd for a pile is controlled by the ninimun of the'
followlng cases (Art 4. 3 4. 1) . . B

Case-A- Capacrty of - the pile as a structural member
" Case B: Capacxty of the p11e to transfer load to ground.;w

'r'1Case'C; Capac1tyvof the ground to support.the load. o )

The Loao.factor Design method is to he used'only for-proportioming’
1‘structura1 members and not for designing foundatlons (s011 pressure,
p11e loads, etc.) (Art. 3.22. 3) vTherefore, the cepaclty of.Case B
and Case C cannot be determined by‘usinﬁ this desigh method

- The capacity of the pile as a structural lember, Case A, 1s deter-

" mined as thst of a column (Art 4.3 12 4) It 1nc1udes any length of

‘l‘plle, whether in s1r, water, or s011 that is not capsble of prov1d1ng A
signif1cant lateral support (Art. 4, 3 . 2) .For.this:csse the proy;sipns

‘forAcompress1on_members apply,«for-exsqple,,proVisionsfin'AASHIO'Cheyter
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- 10 apply for structural steel For Servite Load Design, the interaction

| “equat1ous for a beam-column with betiding about one axis are ‘(Art. 10 36)'

- < 1.0 ' IR R

":”end

~fi-2 < 1.0 - R C )

»A-Where-A

| ‘= epplied axial‘etrees

%-eoglied_bending stress

F_= yieia strees of'the steel

F_= alioweble axial stress |

F, = allowable bending stress ‘

Fér=‘Eu1er buckling load divided by a factor of safety

. C:l='equivalent uouent foetor = 0.6 + 0.4 (Mi/uz) > 0.4; uhere
:respectlvely, of a column w1th no lateral load or Jo1nt

:and Hé'are'the-smaller and larger end moments,
j.translatlon The ratio H /H is poslt1ve for s1ng1e
},iucurvature and negative for reverse curvature |

For Load Factor Desxgn, ‘the 1nteract1on equatlons for a beam—column

~ are (Art 10 54 2)
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0.85 A_F *‘ﬁu ( 4(.:HA’1"'1~‘ ) s R (53)
-\ Ts'e
dadd
. M . i S ) \
0.85 & FY+HP51'°_ | S RN
-where o
.§ =5app1ied aiial loadv
.ﬁ = applied‘modent
| A; = ceoss-sectienal‘area |
: Fy: = yieid»strese of -the steel
Fcr = critical buckling stress
F_ = Euler buckling stress
Mu = ultiqate moment |
Mp =Vfu114plastic moment ’
c

d:iEquatlons (5.1) ‘and (5 3) are often referred to as the stabillty equa~ .
| tions and Eqs (5 2) and (5. 4) as the yield equat1ons [28]

The capac1ty of the pile to ttansfer the load to the soil, Case |
‘_E,_;s eubd;v1ded ;nto.tvo eategor;es‘ point-bearing and frlction p11es.
Peidt?beefing:piles frensfer theilded through direct beat1ng at the

fip of the pilel The p11e must be dr1ven into materzel cgpable of

develbping'this bearing capacxty. For steel H-p;les the bearxng stress

o mmst not exceed 9000 psi over the ct018—sectzonal area of the pile tip

(Art. 4.3.4.3.1). Friction piles ttansfer the load along the length
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of the pile through friction between the pile and surrounding s011 and
by po1nt bearing The capac1ty of a friction pilebmust be determined-
by one of the folloW1ng nethods (Art. 4.3.4.3.2)
1. Driving and load testing piles (Art 3.6. 1).
A st Pile-dr1v1ng experience: 1n the vicinity. ’ .
". 3 Adequate tests of the soil strata through which the pile is -
- to be driven. | ' |
The capac1ty of the ground to support the load Case C, is deter-
mined by load testing or a subgrade investigation For point-bearing
- piles, group.action'shouldAbe considered and the-capac1ty reduced when
:the_pile rests on a:thin stratum of hard material over a thick stratum-
.'of soft or yielding materiaIA For friction piles borings must be
_ carried well below the tip of the piles and soil- mechanics nethods
‘must be used to determine the capacity of the material below the tip

A single row of friction piles is not considered to act as a group

',A‘prov1ded the center—to-center spaCing is more than 2-1/2 times the

'nominal dimension of the piles (Art._6 3 4. 4)

o 5;2; .Case*A; Capacity.as"a‘Structural,Henber :

In the»follow1ng sections, a method is developed to analyze the.‘
pile in an 1ntegra1 abutment bridge as a structural member. Two alter-
vnative deszgn cr1ter1a, both based on the beam—column interaction equa-
tions, are presented in the follow1ng sections The first of these
alternatives accounts for the stresses produced by the horizontal thermal '

"displacement. The second alternative neglects the stresses produced
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from thermsl.eupansion or contraction of thé'gdpe;sﬁthcta:e but gcéoﬁnts‘

forltheAthermal'displacement atlthe head.‘_Both”alternativesgire.coﬁparea-,
with the IA32D finite element program. | vl -_ | : _ '4 ..

The deformation of a pile, due to the displacement of. the abutment

w111 generally be confined to the upper portion of the pile and w1ll : B
seldom exceed a length of ten pile diameters below the l011 surface '
[Sj This has led to the 1dealization of the pile as an equivalent '

~ cantilever of some effective length v1th'boundaryyconditlonsiat the h

head beiug the same as those for the actual systemtu‘fhe length of- »

this equivalent cantilever w111 be developed The Wankler soil model

1s-used to represent ‘the soil Typical values for the soil parameters

are given in Tables 2. 4 and 2.5. |

"5 2.1, Equivalent Cantilever Idealization

Embedded piles can be represented using the: equivalent cantilever
method as a column with a base fixed at some . distance below the ground
suriace (Fig. 5.1). The notation 1s the same for both the fixed and l
~»pinnedrhead conditions. The length of the actual pile.embedded in the
éround is represented as 2, and the iéﬁgéﬂ‘siaﬁe the,ground is 2,

The equivalent embedded length, ze,.§£'¢§=,d¢pth,ff§¢g§he soil surfaee
" to the fixed base of the equivalent cantilever. 'ihé totalllength'of

dv,the equivalent cantilever is the length 2 plus 2 5 represented by L.

: For a long pile embedded in soil there is a depth DQIOW'WhICh the ;'

horizontal displacements at the pile head have negligible effects. ‘A

A critical length 2 o which represents this depth can be calculated

lﬁBeyond this length lateral diaplacenents and bending moments are a

small percentage (about 4%) of those at the pile head. If a pile is
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Figu_r'é" 51 ‘Cantilever idealization of the pile: (a) Vf'i.;ied-head
o - condition (b) pinned-head condition. I
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longer‘than 2 ! the pile behaves as ‘if it is iufinitely“loug FOr'a
s011 wlth a unlform subgrade-reaction modulus, the cr1t1cal length

{s,6; 29] is. selected as'.'d

"f',c=4R"'_ . R . (5.5)

in which the,relative stiffness factor R is . S E
“Most p11es used in practice are: longer than the1r critlcal length and
~behave as "flexlble" piles. Note that 2 is a parametet of the p11e '

| and sorl system and is not a phy81celly identifiable length.

| ‘Equivalent cantiievere can be used to caltulate:tne forces in the

- pile and the'bridge superstructure [30] For example, an equxvalent

'cant11ever can be determined such that 1ts maximun lo-ent would be .
equal to the maximum moment in real plle. However, the complete moment‘
diegram be;ow the groundfsurfnce couid.not be determzned w1th the same
eguivalent eentilever Three different’ equ1valenc1es were conszdered B

- in-the develonment.of the design method. They are btsed on (1) the |
d horlzontal st1ffness of the. soxl-plle system, (2) the mcximum moment
;tzn the p11e, and (3) the elast1c buckling load of the p11e.’ For eachr
. equxvalency, the boundary cond1tion at the pile head was e1ther flxed
‘,(no rotat1on) or p1nned (no moment) The horxzontal Q1gplecement, A,“

at the top of the equ1va1eut system eorresponds to the longitudinsl

expansion or contractlon of the brxdge superstructure &t the integxalﬁ

| abutment (F1g 5. l)
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The development of the equatlons for determrnlng the equ1va1ent

o embedded length are found in Sectlon 12 (Append1x C). These equations
'.are plotted in a nondrmenszonal form for f1xed-head and.pinnedehead ”
| pdleslembeddéﬂ'iﬁ Snﬁniform soil in Figs. 5. 2 and 5. 3, respectively"
fThe hor1zonta1 axis is the ratio of the length of pile above the ground

. 2#, to the cr1t1ca1 length of the so11-p11e system, 2 Eq. (5 5)

The vert1cal axis 1s the ratio of the equlvalent embedded length 2

:t to the_cr1t1ca1_length The equ1valent embedded length determlned

A from figs S. 2 and'S 3 (or the'equations in Appendlx C), are added to

Athe length of p11e above . the surface to obtain the total length of the

o equ1valent cantllever As can be seen from Fig. 5.2 and 5.3, an unfllled o

‘hpredrllled hole s1gn1f1cant1y reduces the equlvalent embedded length
:unt1l the hole 1s approx1mate1y 2 deep, that 1s, 2 /2 equals approxi-
. mately one Below that depth the effective length remains essent1ally
constant over the range used for most integral abutment bridges.

) For p1les embedded in a non-unlform soil, the equ1va1ent soil
v‘stlffness developed in Sect1on 12 1s used with Ilgs 5.2 and 5.3 to

: determ1ne the equ1valent cant1levers

"5 2 2 P11e Behav1or

The behav1or of the equlvalent cant11ever is governed by a complex ;“
'1nteract10n of mater1al and geometrlc 1nstab111t1es often called 1nelas- -
.t1c bucklzng For explanat1on purposes, 1t 1s usually descr1bed by
'. cons1der1ng the two extreme cases of . mater1a1 1nstabil1ty (plastlc

llcollapse) and geometr1c 1nstab111ty (elast1c buckl1ng) (See‘Sect1on‘ .

- 2. 6 and Flg 2 5 )
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'IFigﬁte e5.2._ Equlvalent cantilevers for flxed-head p11es embedded 1n
: : o a unlform soil.
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Figure 5.3. Equlvalent cant11evers for plnned-head p11es embedded in
S a unxform soil. < .
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) During plastic collapse, a plastic mechanism is formed as ‘the -
lmaterial yields 1n a suffic1ent nuﬁber of locations. “For a. complete
.mechanism, sufficient ductility must be present to permit.a full redis-
: tribution of force, that is, sufficient rotation capac1ty must exist
Alat plastic hinge locations For example, local and lateral buckling

Tmust be prevented in. steel HP sections For a perfectly straight column,b

S ’plastic collapse would occur when the axial load reaches the y1e1d

_nload._ o

'fIn first-order plast1c theory 1nvolv1ng small displacements, the plastic
| collapse load is not affected by residual stress, thermal stress, 15{1, .

[

.imperfect fit or, ‘as 1n this case, support movement [31 32] Hence,

'-"the f1rst-order plastlc collapse load for the equivalent cantilever is

;not reduced by the horizontal motion at 1ts head

At the other extreme, the elastic buckllng strength of a~ column
fis also not affected by residual stress or support motion. Hence,‘the'
| elast1c buckling strength of the equivalent cant11ever w1th a g1ven |
;ffhorizontal displacement is the same as an 1nit1a11y straight column, |

":that is, o |
NZEI L 1 I el p

‘where K is the effective length factor. (Thepdiscussion.in Section 13

.(Append1x D) verifies this )
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However, between these two extremes, 1nelas;’c buckling occurs'

¢ and the buckling strength is affected'by support motion and residual
,stresses. Within this tegime, geometric and material instabilities i-A

1ntetact to produce failure of the column Typically, the complex

e : ;behavior 1n this region is approximated by some sort of transition ,d

curve between plastic collapse and elastic buckling (22 31 33], such as :
Eq.- (2 8) (Rankine) or Eq. (2. 9). As described in Section 2 4, the H‘{»
Rankine equation is a conservative method for tepresenting this transi-:
'tion - The finite element analysis, summarized in Section 2 3 and veri-

' fied by the experimental work adequately predicts this complex behav1or -

'and w111 be used to evaluate the design equations

‘5 2 3. Design Alternatives . _ _
As stated in the summary of the AASHTO Specification (Section ‘
u5 1), the capac1ty of a pile as a structural member,_Case A is to be

"determined using the beam-column interaction equations, Eqs (5 1)

thru (5. 4) To compare these equations w:th the finite element solution, -

‘the factors of safety will be removed from the 1nteraction equations,

| Additionally, lateral-torsional buckling and local buekling of the '
’_.compression elements, which must be. considered in design,Awill not be :;
pconsidered now. However, these factors will be incorporated into ,"
the actual de51gn equations Equatiéns 5. 1) and (5 3) are modified

t0 become
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e (5.2) and (5.0) become

Lo - Gan

o n i

;]The exffeeeion'foi P- ‘is found in the AASHTO Spec1f1catzon [22] .
| -‘;(Eqs (10-151) thru (10-154)) |

f;n’-',.

(5.11)

for

'iﬁouationf(s311)"66&fekpoﬁds to:Eq;'(Z 9) and Eq. (5'12).correspondsifo“‘
“'Eq (5. 8)‘ In the followzng sect1ons ‘two altetnat1ves for the applled
. monent, M are considered and compated w1th the f1nite element solutlon

5 2 3 1 Altetnative One

Alternatxve One accounts for the flrst-order stresses 1nduced 1n '
o:the p11e caused by thermal expanslon or conttaction of the superstructure,f..

S~L:1he pile is considered an equlvalent cant11ever w1th a horizontal
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p11e-heed dxsplacement, A, as described in Section 5 2 l This dxsplace-
: nent produces f1rst-order elastic nonénts that do not take 1nto account
any plastxc red1stribut1on of internxl forces. _Fot e.ii;edehead‘p;le-

the max;num,qonent is
: and‘fcc a pinned-head pile is -

¥ 3§§A : ;. ~:‘v . .ZfJHF};»:J - d[:; '(5;14if
“.;'Ductility of the pile material ieAnotitekeu-inceegpceuntgdtherefOteb'
’1failure is.as;uﬁedftc occur when-the‘iuternal‘fctcee‘teacﬂrtueir yield
_values Hence, udlike the plastic cdilepsevtheoty uhete suéport move--'
‘bments do not affect member sttength, ‘Alternative One cen be expected
to show a dtast1c teduction in the pile capacxty caused by the horzzontalvA
AAdisplacement A
R ~ The d1fferent1al equation solution in Section.13 (Append1x D)
»~1vshows that the elastic buckling loed ‘which will be nsed in the noment
-u,anplificetlon tern of Eq. (5.9), can be tlken as
= eﬂfgleg o san
- (0.5L)" S A L

or .. .

e e e T



99
‘vfor the flxed-head and p1nned-head piles, respectlvely The correspond1ng
'values of the moment grad1ent factor, C, for the equlvalent cant1levers

in Eq--(5 9) are 0.4 and 0 6 The recommended effectlve length factor,

R HTK for deslgn pufﬁoses are 0. 65 and 0. 8 for the f1xed-head and p1nned-

: head plles, respect1vely

S 2.3. 2 Alternatlve Two

Alternat1ve Two assumes that the stresses in the plle due to the
"longltudlnal dlsplacement of the superstructure have no 51gn1f1cant
zleffect on the p1le capac1ty, however, this alternate accounts for the

N secondary PA effect ~As stated in Section 2. 1 28 states and the Federal

‘“>H1ghway Adm1n1strat1on, Reglon 15 -have used 1ntegra1 abutment brldges
- of these, 26 states neglect stresses due to the longltud1na1 dlsplacement,

. although 2 of,these,states do.calculate stresses 1f‘the.br1dge has
‘some_type of.unlque_feature. The effect of essentially neglecting

'these'stresses.will be studied by comparing the results of Alternativeb

Two to the f1n1te element results | |

D1scusslon in Sect1on 5.2.2 po1nts out another. mot1vatlon for
iAlternat1ve'Two,-that is, support movement and thermal stresses do not |

~‘affect e1ther the plast1c collapse load or the elast1c buck11ng load

' However, the system must have suff1c1ent ductility to develop a mechan1sm

',w1th ‘the assocxated plast1c h1nge rotatzons. For example, steel sectlons
must be suff1c1ent1y compact (AASHTO Art. 10. 48'1) and'sufficiently
:braced to prevent both local and lateral buckl1ng as the plastlc h1ngev'

. undergoes 1nelast1c rotat1on



. 100

N _y,; For an equivalent cantilever w1th a horizontal head displacement,
A, (F1g 5 4), the comh1ned effects of moment, H and shear, E balance

the overturnlng moment PA [341 For the fxxed-heed plle,
.A_pA = HL +zu o L E (517) |
enoAfor the pfnned-head-nile?
PA = HL =+"rf. co A _' fs-ls) |

For our case, one useful and conservat1ve hound w1ll be to assume that

o the PA effects are res1sted entirely by the moment thet is,

B e
:l‘ahd_
"‘.;‘H‘=.PA' R N i i ’f."- ;, o (5_25):‘

for the fixed-head pile and plnned-head pile, respecttve1y¢
By uslng Eqs (5 19) and (5. 20) the moments assoc1ated w1th Alter-»
nat1ve One (Eqs (5 13) and (5.14)) are neglected This amounts to |

. assuming the pile to be in e sttees-free state efter the thermal movementf

| “A??of the supersttucture. g

As thh Alternatxve One Sectien ES ehows thet the elastxc buckling o

- load to be use& in the amplif1eetion of Eq. (5. 9} is the same as: is ﬁﬁf
given 1n Eqs. (5 15) and (5 16) for the-flxed and pinned-heed cond1txons,f _

3 and the corresponding values of C in Eq (5. Q} ete 0;6 and 0 6.-
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5.2.3. 3. Comparison with Finite Element

DeSIgn Alternatlve One and Alternative Two w111 be compared w1th
:>f:the results from the f1n1te element program Three columns or equlvalent.l_

:lcantllevers, of length 10, 20 and 30 ft were analyzed (F1g 5 4)
wiAThe column is an HPlO X 42 pile (F of 36 ks1) bend1ng about its weak
b'ax1s For the f1n1te element analys1s, the column mater1a1 stress-straln;;'
~_curve was approx1mated by the modified Ramberg-Osgood equation us1ng

l'a shape factor,ln, of.f1ve to simulate the effects of res1dual stresses"'
> 155];. The initially straight column was given a specified_horizontall

. head_displacement;and,then displaced vertically until its peak axial
-.compressime load'ﬁas'reached This peak load was compared with the ;

.des1gn equat1on results without safety factors, local buck11ng, or.

| alateral tors1ona1 buckllng (Eqs (5. 9) and (5. 10))
,F;gutes 5.5 through 5.10 compare the finite element results and '
'Vresults to the design equations using the two design alternatives for

- fixed or pinned-headwcolumns. Also, finite element:results were presented
A"in'Ref [1] for plles totally embedded in d1fferent so1ls The tabulated
»1tvalues for the f1n1te element results are presented in Tables 5 1 and |
475 2 for the embedded plles and columns, respect1ve1y Case A, B, C, D, 11;.
-‘.and E are def1ned in the tables to 1dent1fy Flgs 5 5 through 5 10 The .
ivertlcal ax1s 1s the ratlo of the u1t1mate ax1al load P, to the y1e1d AA'T

load PY The hor1zonta1 axis is the rat1o of. the yleld load to the i
’lelast1c buckllng load P Eq (5 8) - Hence, the horizontal axis 1s
‘<:proport10na1 to the square of the slenderness of the column (KL/r)

Flgures 5. 35 and 5. 6 show the results for a p11e that is not hor1-

‘A~:.zonta11y d1sp1aced Slnce there is no moment from.lateral‘load1ng,A,



. Equivalent céﬁtilevéts: (a) fixédfﬁéadlédnd ii6ns‘

(b) pinned-head conditioms. . .. R
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O CASEE

0.0 T ‘{r : T T T
00 01 02 O3 04 05 08 07 oO8 09 O

Fignre:'sfs. Flnlte element and the des1gn equat1ons for a HPlO X 42 S
‘ - pile with a fixed-head and A = 0. . (see Table 5.2 for
‘Case 1dent1f1cat10n) L ,

el S | OCASEE.

u-
K e e ———— T -

60 02 04 08 08 O 2 4
- Py/Pe. |
'F1gute 5 6 COmparlson of finite element and the desxgn equatxonsi

-for a HP10 X 42 pile with a pinned-head and A = 0.
(see ‘Table 5.2 for Case 1dent1f1catlon)
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el T omsme

.'Figute' 5.7. Comparison of finite element and the dgsigh.equatioﬁs
o ~ for a HP10 X 42 pile with a fixed-head and A = 1 in.
(see Table 5.2 for Case.iden;ificatian)."[

12 : 3 ' QCASEA
' OCASEE

- 00—t T T T —T 1 "

- Py/Pe |

'F{gure 5.8. Cdﬁpa;isgﬁ of £initenélément and~the:d§§ign,équations';”

= s for a HP10 X 42 pile with a pinned-head and A = 1 in,
(see Table 5.1 for Case identification). .
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B IR ‘ : . DCASEC
' ' ‘ ' O CASEE

Py/Pe

o QFighﬁe 5.9. Comparlson of finite element and the design equat1onsa

for a HP10. X 42 pile with a fixed-head and A .= 2 in.
(see Tables 5.1 and 5. 2 for Case 1dent1f1cat10n)

Bk RAD | . O CASE B (SAND)
= o cASEB @A)

Cwq ﬁ . o 4 CASED

ettt 4 o CASEE

P/Py
£

S R R | ' T
- 00 02 o4 s 08 W 12

Py/Pe

Figure :5;10 Compar1son of finite element and the des1gn equatlons
S for a HP10 X 42 pile with a pinned-head and A = 2 in.
(see Tables 5.1 and 5.2 for Case: identlficatlon)
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‘ comblned loading of pxleg in 8011 [1].

Elast1c buck11ng load P , and ultimate load, P for .

Case

Soil Types

(kifs)

f,(kiﬁs)""

. (finite .
element)

. A=1in. (Pinned- . -
- head, pinned support
. at p11e tip) -

vety stlff clay
soft clay
1/5 soft clay

A=2 in '(Plnned-

' head, pinned support
- - at p11e tip) '

very stiff;clay

. soft clay .

1/5 soft clay‘

" twice dense sand -

medium sand
1/2 loose sand

. m em e e e e e e e e e e e e o = e o . e = o i - o - e - — - -

A =2 in.. (leed-

head, pinned support -

at pile tip)

very stiff clay
soft clay :
1/5 soft clay -

e e e e e e e o e e e e mm e e e - e m— wmh mm et e . w ae me e — w— - o — —

" A=2 in. (Pinned-
head, w/vertical

springs, no support

at pile tip)

very stiff clay
soft clay:
1/5 soft clay

_Table _'5.2.

Elastlc bucklxng load, P ; and ultxmate load P for
comblned 1oad1ng of columns (Case E).

" Head Length
Conditions =~ . (ft)

P
(kifs)

o, P (kips) (fmite element)

A ;‘0

A=1in.

A=2in.

‘, Fixédv' 10 -

.20
- L

‘Pioned 10

e a0

- 30

5696 - 4271
1424 406

633 380

2906 422

726 373
323 +.290

404

338

1

37

424

399
366 -

- 387
316
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: both des1gn alternat1ves glve the same result, that is, Egs. (5111)'or

.(S 12) pred1ct the column will fail at P Add1t1onally, the f1n1te
’f,element~resu1tstcompare well w1th_thejdesign,equatlons,.demonstrat;ng
'.?“that'the shape factor of‘five inbthe modified Ramberg;Osgood.eouation'
@:adequately accounts for res1dua1 stresses and other 1mperfect1ons."h.x
| F1gures S 7 5 8, 5 9 and 5 .10 compare p1les Wlth varlous horizontal
l head d1splacements.v Both alternat1ves g1ve conservat1ve estimates of
the f1n1te element results, except for a single point for a very long
pinned-head column with a 2-1n horizontal d1splacement wh1ch falls

A only s11ght1y below the Alternat1ve One design equation. Th1s case l
la'corresponds.to a p11evwrth-a small-elast1c buckling load in a very~_ih
:flex1ble 8011 o

- - The ascend1ng portion of the Alternat1ve One. des1gn equatlon (on

: the left in the f1gures) is controlled by the strength equat1on Eq (S 10).

"~ Al mentloned in Sect1on 5. 2 3. l this alternat1ve predlcts that the

hor1zonta1 dlsplaconent causes a drastic reductlon in the capaclty
:~because there.1s.no;allowance,for;plastlc redistribution. Y1eld1ng.

" occurs in bending for a small horizontal motion and no elastic reserve '

:'f.is?availablefforﬁthe axial load.A The f1n1te element results 1nd1cate

: s1gn1f1cant red1stribut10n occurs. :;,f

. Alternatlve Two is conservative for a11 of the finlte element

»;{results The y1e1d equatlon, Eq.’ (5 10), again controls the horlzontal
"{portlon of the curve to ‘the left in the f1gures, but the reduct1on in .
_fth1s reglon 1s not nearly as drast1c as Alternatlve One, since the

jstresses due to temperature have been essent1ally neglected. In effect, |
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4,&1tematxve va Ws that some . plasuc xedxstnbutxm af mteml." :
fcrces can occux, as mdzcated by the fznite elemt aolutum
_ Both ;lternauves are somewhat conservatxve on the. right in. the
fxgm:es vhete the statuhty equaum mtrols.. As . shmm m Sectum 13 ‘
B QMendix D), the ccnsetvatxon or:curs becau:se, m th:.s case, the amph-
_'»__.:_fxcatmn facwr in the st.abxhty equatmn is. a coaservauve asppmxxm—
. tiom to the actual awhﬁcatzon factar. ‘
_'524 Recounn&auon A'

o Equat:wns (5.1} and {5 2} or {S 3} and (5 4) are rmzre& wben
| By A 'the upacxty of a pxle as a struetural nenber CCase A) gostetns the
| &es-ign Altemtxve One muents, from Eq. (5 13) or (5 I&), are xecou-
uende& fm: use im the design equatxons for p:.les ‘that have httle '
: ductﬂxty and wheze pl&atlc redlstnbmon cannot occnr Nom:onpact -
,steel sectmns, ttm:h do not hzve tke regured phst:.c h:mge rotat.wn
' 'ezpaczty, ‘should use Alt.emtlve Oge. AIthough not studxed here, thc -. -
desxgn of cemm timber and maductile cem:rete sectzons shoultl be S
| ‘Iimteé to Altemtxve One. Altemtive Two mmeuts €Eq (5 19) or;,
E 1  ](5) 2&)) are recommended for use when the pile is suffxczently dm:tﬂe | |
to. ensute aéequate plastzc h1nge rotatma capscxty and t.o allow redxstrx- )
'.butxon of fozces. A eomact stee]; sectmn €AASB.‘IO Art 1& 48. 1) or a
idm:t.:x.}.e rexnforced coacrete sect:.on f:.t thxs categcnu The ée&xgn |
f;ua-ple in Sectxon 6 xlluatrates t.hat a m*m X 42 pile tinmgh noet coupact,
e &oes have suffxcient dnct:thty fa»r t.h&t particnlar e:umle Altematxve

_ 'Ewo is a rttxoml altemstxve to the design bnis mtiom& in Sectwn '

o A"» X € ...11: wrks")._
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l.S;SLIUCase'B, Capacity to Transfer Load to Ground

Case B conslders the transfer of load .through- the interface between

the p11e and- the s011._ There are-two nechanxsm.that transfer load:

. a.skin fr1ct10n,(cohes;onjandladhesion) along the_length‘of the plle and

.:"_.hearing at the pile tip (see Section 2.4). For a,pilelembedded in a

o layered soil;;theffriction”capacity'will be the sum of the:friction
\‘capacity‘in each layer; The capaclty of . the fr1ct10na1 1nterface can
be affected'by'horizontal motlon [5] As seen in Flg 5 11, a gap may

hform between the p11e and the so1l near the ground surface, partlcularly, -

- vdur1ng cyc11c loadlng : Thls gap would certalnly destroy the fr1ct10na1 .

.capaC1tyaof the sorl,near_the surface. Even 1f{no.v1s1ble gap develops,f
~the . frictional.canacfty could be.reduced near'the top Although not
:conclus1ve1y proven, -an 1nd1cat1on of th1s phenomenon ‘'was present in
:the thltd f1eld test, Sec. 3.3.4. The. reduced fr1ct1on capacxty near
the top of the p11e reduces the length of the Pile that 1s effective
f1n transferrlng the load from the. plle to the s011 through frlctlon.

‘A plle dlsplacement, max’ wh1ch represents the max1mum lateral

- A,d1splacement below whlch the frzction capac1ty is unaffected will be

_determlned At lateral d1sp1acements above Ypax® the.frlctlonal»capaclty .

'1s assumed to be zero Factors that affect the depth at whlch y

| -_occurs 1nc1ude (1) boundary condltlon at the pile head (2) 8011-p11e

:.frelatlve stlffness, (3) number of hor1zonta1 load cycles, and (4) magni-
tude of the hor1zonta1 dlsplacement at the p11e head Slnce the horl- |
’zontal dlsplacement of the p11e head 1s an annual occurrence, the number

' “1;of load cycles will be relatively snall
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,JW":” ‘W- o
: Eigufé"s.ll. Formation of a gap'bgtWeen;the:pilg'andzthg'5011 

 because of cyclic horizontal load.

A

~ﬁf Figh£e~ 5.12. Sﬁil-ﬁile system:fot_deterﬁiniﬁg the friction c‘95¢if¥if_
. - of the pile. o Lo e
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~ The- development of equat1ons for determ1n1ng the length that should |
A:be heglected for fr1ct1on capac1ty is presented 1n Sectlon 12 (Appendlx'
AC); These equat1ons were developed for the system shown in Fig. 5. 12
d.the‘notatldﬂ is the same for both fixed and p1nned-head piles. The
length‘of pile remainfng to resist the vertical loadhbv friction, 2';

is
S | | | (5.21)

in wh1ch 2 1s the length of pile that 1s taken to be 1neffect1ve for
fr1ct1on | o ‘ '

F1gures 5 13 and 5.14 are plots developed in Sectlon 12 for f1xed-
head and p1nned head p11es embedded in a unlform so11 ‘The horlzontal :
axis - 1s ‘the ratxo of the length of pile above the ground 2 u’ to the - :
‘cr1t1cal length of the 8011 and p11e system, 2 Eq. (5. 5) The vert1cal |
| ax1s 1s the ratio of the length ) n? to the critical length The length
2 can. be determlned from Flg 5.13 or 5.14 for a selected value of .
/AQ. Two percent of the pile d1ameter is suggested in Ref. [5] for

ymax
Thls amount corresponds to a horlzontal d1sp1acement of approxl- ‘

: ymax :
‘:mately 0.2 1nches for ‘an HPlO X 42 p11e If A is 1 inch, ‘there w111
be 11ttle, 1f any, effect on the vertxcal capaclty for a plle 1n an .
'_‘unfllled predr1lled hole w1th 2 /2 greater than one, since £ /2
equals zero when y /A equals 0.2.

For plles'embedded 1n a-nonun1form soil the equivalent'soil :
',st1ffness developed in Section 12 1s used with F1gs 5.13'and_5;14Ato o

ﬁdetermine the length 2 .
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' i"igure 5.13. Diaplacement for a fixed-head pile Med in a
o uniform soil. .

=o'

. unifom soil

_ Tiéﬁre 5.14, Disyhcmnt for a pimd-head pilc aabes!ded ln 'Y -,5;1;'-::.\ .
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End bear1ng p11es are not affected by the gap descrlbed above.
: For steel H-piles 1nvolv1ng Case B design, the AASHTO Spec1fication
o [22] limits the p11e stress to 9000 ps1 over thé cross- sect1ona1 area

‘ 'f!gf the.p;ltbhip~

‘5.4;f Case C, Capacity.of Gronnd to Support Load

»:_sCase_Cfdeals1vith the-capacitylof the_soil around-and below the -
'4pi1exto support the load. The capacity of a pile in a group may'be
reduced-from;the canacity of a single isolated.pile" Instead<of the
pileshfailing indiVidnally,'they fail as a group. This type of failure
'1s generally assoc1ated with a close spac1ng of the’ piles
For friction p11es the group failure is assoc1ated w1th the 3011

het&een the p11es-d1sp1ac1ng with the piles. The AASHTO Spec1f1cat1on
‘ [22] states that for friction piles the group effect for vertical
~}capac1ty can be neglected as long as the p11es are spaced, center-to-'
'fcenter;4at"1east 2-1/2 times their nominal diameter or dimension :

:(Sect1on 5 1) If the p11es are spaced closer than the above 11m1t,
' ;the spec1f1cat10n recommends decreasing the effic1ency of . the piles
A method is: prOV1ded in the AASHTO Speczf1cat1on (Art 4.3.4, 7) for
determining the reductlon for a. single p11e capac1ty when used in a -
| --group A center-to-center spacing of three times the nom1na1 diameter -

:;or dimens1on 1s suff1c1ent to neglect group effects for horizontal

'»_loading [36]

. For p01nt-bear1ng p11es the material below the t1p of the p11es

must be able to develop the p01nt-bear1ng forces fro- the group of
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o piles. The AASHTO SPec:.ficatmn requires sufﬁcment :‘bomags to determine
|  the guality and thickness of the stratum in which the point bea,nag is
to be developed

| Althongh honzoatal mvemt nay affect. the transfer of load from
the p:.le to t.he so:.l Case B, the authors assume t.hat 1t does nat affect
group act;on 'l'herefore, the ca;:acity of a p:.le gmnp, l‘:ase C, fshoruld
he det.emmed in the same manner as :.f the hor:.zontal uoment was not

: present
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6. DESIGN EXAMPLES

Tolillustrate the*oesigntproceoure described invSection 5 7a’§11§
_“w111 be des1gned to support a 50- k1p load (D + L +. I) for the case B
z'shown 1n F1g 6 1. The p11e is an HPIO X 42 with a y1e1d strength
; Fy; of 36 ks1 There are elght p11es pet abutment, as shown in Fig. 6 2,
“:spaced 6 ft-4 in. center-to-center The p11es were drxven in an 8—ft- .'
'deep predr111ed overslzed hole that was f111ed w1th loose sand The
Jex1st1ng so11 con81sts of an 1n1t1a1 12 ft of st1ff clay underlaln by
: very st1ff clay The 1ntegra1 abutment brldge is a seven-glrder, five-;f
span structure (60-80 -80-80-60. ft) hav1ng a total length of 360 ft

“The ‘end spans are 60-ft.~ long with AASHTO Type III brldge g1rders.

'6.1. Friction Pile .

_'first:-a'preliminary~design is performeohto’determine what lengthtl‘
is requireo~to catryAthe:verticalnload'as a friction pile.i The allowahle
desxgn, vert1ca1 load for the p11e 1s 50 klps or 25 tons Then, the
effect of the horlzontal abutment dlsplacement on the p11e will be
.i'checked Both Alternatlve One and Two are consldered.. | |
’ _:: . Perform pre11m1nary deslgn |
' ";The estlmated allowable res1stance value for the steel
.;"-}frlctzon p11e w111 be taken as 0 8 tons/ft and 1.2 tons/ft :
w»for the stiff and very st1ff clay, respectively. These
l1values;correspond,to_”Firmfsilty glacial clay" and "Firm-
-v'verj ffrmuélacial clay"'from the Iowa'D{Q,laAFoundationf.

"Soils'lnformation;chart, revised June 1976. - AASHTO Load
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_ TEMPORARY PAVING BLOCK
TOP OF ROADWAY SLAB

AASHTO TYPE 111
PRESTRESSEO BEAM
a3z arazas

. 1, - 125390 in
% ot f' = 5000 psi -

¢ ABUT.

)

 — PPTH IR 5000 = 4290 ksi
—1- Aed R .
'3 N "
E'PREDRILLED - - 3~
. | | EZOVERSIZE HOLE o
 EXISTING RFILLED WITH LoosE smm |
STEEL PILE SECTION'A;A LT
WPloxdz COMPOSITE SECTION
| i = 352932 in 4
| I, = 71.7 in -
STIFF CLAY I=1.51x 107 k-in?
. <102 ind ‘F : } 51:x 107 k in
| = 2.41 in
i A= 124 4nd
te = 0.42 in
v —hf = 10.075 in
B B t, = 0.415 in
d=9.704n  SECTIONB-B .
| | k=1.06 in D
r, ||| E1=2.08x 106 k-in?,
_ |16’ '
VERY STIFF.CLAY [ =R
. 11}

?1gdr¢ 6.1. Soétion-:hrough‘qbdtnen;'qnd aoil_ptofilé, '
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6 BEAM SPACES @ 6'-10 1/2 = 41'-3

LR
)

]
e owumﬂ
L L
D

PRETENSIONED PRESTRESSE

J
J

i 1 CONCRETE BEAM . .
HH ii P i '
1 15 — 12 I
HALF SECTION NEAR ABUTMENT HALF SECTION NEAR MIDSPAN
+H——+ H o ——4 4 H— -
L
1'-6 7 SPACES @ 6'-4 = 44'-4 _ 1'-6 !
_ABUTMENT PILE PLAN
Figure 6.2. Transverse section through deck.
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Group I, Case B is assumed to control for this preliminary -
design. The length of tke embeddment, 22, into the very

stiff clay can be found from

0.8 tons/ft (8 ft) + 1.2 tons/ft (22) = 25 tons
o (6.1)

solﬁing,

2, = 15.5 ft - - (6.2)

, Rounding up this length to 16 ft, the total embedded length
below the bottom qf‘the predrilled hole becomes 24 ft. The
_contribution of the sand in the predrilled hole has been
négletted,_including possible negatiﬁe skin friction effects.
o Determine the equivalent uniform stiffness, ke’ of the soil:
The top eight feet of pile is snftounded by loose‘sénd in
a predrilled hole, which has been bored in.the granular
backfill and stiff clay. The lateral soil stiffness is
difficult to estimate in this region. It is not as flexible
as loose sand because the predrilled hole has only‘a 2-foot
diameter and the zone of influence of thé pile is up to
six pile diameters, about 5 ft. The stiffness will be
assumed as shown in Fig..6.3, which corresponds to loose-
medium sand in Table 2.5. The value of stiff clay in
:Table 2.4 will be used to approximate the existing sbil

stiffﬁess. Following the procedure in Section 12
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~ BOTTOM OF ABUTMENT -

LOOSE TO | gt
MEDIUM SAND

Ky = 140 ksf

STIFF CLAY
n = 580 ksf

S

. Figure 6.3. iVariatioq of horizbnﬁal soil stiffness with dépth;



(Appendix c), k is assumed to be équai to 40 ksf (Step 1
1).  Now, estab11sh the actlve iength 2 , of the p11e in
bendmg from Eq. (12.40) (Step 2)

B B - _. .' : .”:’A -
.‘420 \/(2 08)&10 )k-ln. =872 6 (6.3)
o 40 ksf(144 1n /ft ) o -

| l‘he integml I, (Bq. (12. 44)) is found using. Fn.g 12.3
' f(Step 3) as .

= (8 ££)” 8 ft [B ft- o o,

+ 580 ket (LT2E) - g kee - (6.4)

- Establish a new k, value (Step 4) as

k, 38486 k'fgl =38.4ksf  (6:5)
(8.72 ft) - .

The next series of iterations converges to
vk'e;-'f38.8.ksf L O (6.6)
. From Egs. (5.5) and (5ﬂ6),.the.criticai.length parameter;.'

. .zc'o is 3 .

e ,,l:/ (2.08) (10 )x-in. swen wn
(38 8 ksf) (144 in. /ft ) N
(As d1scussed in Section 5. 2 1, the crltical 1ength parameter, v:7

!c, is the length beyond which the pile can be consxdered flexible )
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o Determ1ne the length of the equ1va1ent cantllever
| ”From F1g S 2, aSsumxng the p11e head is flxed aga1nst

- ;.rotat;on and_taking Qu/QC equal zerp,

0.5 (17.6) = 8.8 £t (stiffness)

40;6»(17.6) = IQ.6 ft (moment)

1.1 (17.6) = 19.4 £t (buckling)
- (6.8)

'.Simeeiﬁg eqhele ze;b,‘the total equivalent;cantilever':f

lAieﬁgth' L‘ eqhais 2 ,,.A different effeetivellength}is

”requlred to calculate st1ffness, moment, and buck11ng

. ‘1?Now, if the loose sand 1n the predrzlled hole is completely
dneglected the equlvalent soil stlffness in the st1ff
~ic1ay is 580 ksf. The critical length 2 1s 8. 9 ft.

| ‘fFrom F1g 5. 2 with 2 /2 equal to 8 ft/8. 9 ft or 0.9, one
'obtaxns an equ1velent embedded length 2 , of 3 6 ft.

’ The total equ1va1ent cant11ever length L would become
'11.6 ft. In th1s case, the cantllever length L, is about ‘
'thefsemelfor stiffness, moment, and buck11ng. The equlvalent

";cehtiievet'fof the'bile in loose sand should not be -
dﬁ. reasonably longer than th1s Hence the follow1ng total o

equ1va1ent lengths wxll be used

8_.8' ft or '_1'06 1n 'ts~ti-ff#éss)

10.6 £t or 127 in. (moment) 6.9

Av11;6fft of'139‘in. (buckling)
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S1nce soxk parameters cam seldom be estahlxshed wzth certainty,-
& desxgner may reasoaably choose to estxmate uppet ‘and |
_lower bounds of the paraaeters and check'the plle desxgn
for both bonnds | o
[ Perforl sttuctural analysxs of brxdge/pxle/soxl system for .
| 11ve and dead Ioaé' 4 o o .
. An 1deahzed structural mdel is shown in Exg. e ba.
Sznce the couposxte bend1ng stxffness of the seven gnrders
is at‘least 100 txnes the bendxng stiffaess of’the exght
.plles, the rotatlonal restramt provxded by the p11es LS '
neglzgible. Even though the brxdgc superltrueture is con- .
txnnous at the f1tst p1er, th;s contxnnlty ean be conserva-
'.:_tlvely negleeted when the gitder retation at the abutment
is being conszdered. Therefore, the glrder syan can be
'.asauleé‘to be 81mp1y sugported at both ends For a uni=~
foruly distrxbuted load the total gxrder Iaad, W, corre-
spoadutgt to the 50-kip pi]-.e load-~ (@ +1L+I)is "

A 8 pile (50 kip}2 _ 114 1 ST ey
W= 2R sreier =iékip (6.10)

~ For this loading, the}rwtition, By ¢t1tﬁe21gft end is -

: WI,z

6, = sor

w_'zam."'

_ (16 k}(w ft) a2 mfﬂ) = 0. oema rad. (6 ui
2&64290 ksz)€352s932 ia. ) o




- 123

e

\W\ T

i

*——

-

-
'gp..._;__J_
\f\ﬂQ N

L 7 GIRDERS o
'f-glé-; | eumwent o

8 PILES.

: ”?7777' o (a)

(b)

| Fﬂi:gure 6.4. ' Idealized abutment foundation and girder endspan: .
S - (a) approx1mate structural model (b) free body d1agram
. w1th pass1ve so11 pressure : S
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' Since the top of the pile is rigidly connected ip the
- integral abptégnt;_the‘?ile'head wi11 rotate by Qw,t Then,
thg_indﬁﬁed moment, Hw;'in'thé eqﬁivglent'cantilgver due

toszrtital load is

s EI
”w T "L*.-w

4(29000 ksi)(71 7 in. )
(10,6 £)(12 dn./f8)

(0‘b0163 rad ) = 107 k-ln

| - (6.12)
The sbove agniysisAiaAgpprnximatg and égﬁjbé improved in~
several ways. Eét exgqpie, it is ppsbiilé_thatuonly'a ‘

| porfion'cf the dead load and all of the live load oot the
entire total load will cause pile rotation Also the
assunpt1on of a s;mple support at the rlght end need not
be made in a more conplcte analysis lnwolvzng g1rder con-
tinnity However, this analysxs w111 serve. for this example

. Perforn a structural analysxs for the thetnal ezpans1on

The horxzontal dasplacenent at each abutment is
F2¢ Algve Lb R : _ ‘ oo

o where the bridge.length, Lb Aequals 360 ft. F:om‘$¢¢§ 5.1;,
‘the coe££1c1ent of thermal expans1on for a concrete super-

vstructure is

@ = 0.000006 /°F L (614
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»Assuming that the bridge'is'constructedfin'the middle of
the 80° F temperature range, one-half of the total ant1c1--

"fpated change in temperatute is
EI = 4091 S o | (6.14b)'

Substltutlng these terms into the" expresslon (Eq (6. 13))

.'for the horlzontal d1sp1acement at each abutment,

(o 000006 /°F) (40°F)[(36o ft)(12 in. /ft)]

= f
n

52 dn. R © (6.15)

(Note' Research funded by the Iowa Department of Transporta-
4_t1ou 1s currently underway at Iowa State Un1vers1ty to

measute the actual movement of two br1dges a prestressed

| _coucrete superstructure and a steel superstructure " Pre-

e

'11m1nary 1nd1cat1ons are that o may be as low as 0.000004 /°F
'Predlcted,hor1zonta1 motlons will be reflned in that

_ research )

The moment HT (Eq (S 13)) induced by the lateral d1s-'

-placement of 0. 52 in. at. the top ‘of the p11e is

" ui 6(29099 kei) (71.7 ia. “)(0.52 in. ) - 402 kein.
R (127 in. ) ‘ o
(6 16)

.where the equlvalent length for the ‘moment (Eq. 6.9) has
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‘been'uaéd . The correspondmg horuontal force, BT

(Eq (12 1)) at thc top of thc plle is

12(29000 ksi)(n 7 ‘in. )(0 52 m )-
(106 in. )3

= 10.9 kip

BI-
6:17)

where 'thf;!:. éq,uivéigdﬁ " h’n‘sﬂx. for the heritontal s'tiffne':s's
. (Eq 6;9) has been used. _The t,otalmomﬁe- and axial force:
' .;i.n, t'.ha seven bridge 'g-i,r&_er'_s- ,wii.l be eight times the M,
aﬁd E§ VQInésa':(Kbﬁefgﬁit Effgaﬁhot eiéééd'the'plastic
mo'me_nti‘ capacity ,.of the p—;’-,le» .n‘m,‘:. can EI‘ exéeed-_ the value

- associated with a plastic mechanism.)

As venfxed by the laboratory aeele mdel tests 1nvolvmg
"nodel Test Sequence F-3 (Sect:ion 4} and by computatxons u1th
| IABZD a honzont&l forea on. the back side of the abutaent
: occute as the hridge expands 'l‘lus force c&n be estimated
g conservatlvely &s» t.he passive resistance of the soil behmd
‘ ‘the abutment, P . Using an elementary soil model for a-

P
grandulat matenal [3‘1}.

e () em
a v@e::e }y is the; unit s0il migjh;.@ is the '3b§_tnedt_ &eight, _'
andQ is the; éoﬁ Etictiea angle: " For this example, t.he
ﬁaséiife soil prg#suke aleng - abﬁtmgnt 1@;3@ equal to

 the pile spacing is'
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s i o
n '

(130 1b/ft3)(7 5 ft_) 6.33 ££) (1 + sin 350),
' - sin 35°
“S““P o o C(6.19)

:where the pile spacing (Flg 6. 2) is 6 33 ft. Again,

assum1ng that the- br1dge glrder end span 1s simply supported

,_the ax1a1 force in the pile, PT’ is found by summlng moments

'about the r1ght end in the free body d1agram of Fig. 6.4(b).

o (50ft)4~l£r(75ft:)+u.r L
Pp
Py = L R - (6.20)

P from Eq 6.16,

-6 17, and 6.19, respect1ve1y, the induced axial compress1on

_force-1n-the-pile is .

B =9.04 kip | (6.21) -

_As with the previous analys1s for the glrder load the-
‘-"analys1s for thermal expanslon is approxlmate however,
'1t serves the purposes of  this example

Case A Capac1ty

6.1.1.

Determlne the capac1ty'of'the pile-as a structural member using

Serv1ce Load Design as expressed by Eqs (5'1) and‘(S 2).

o Determlne the effect1ve length factor, K, for buckllng of the

equ1va1ent cantllever

Even though horlzontal movement at the p11e bend was cased

by the expans1on or contract1on of the brldge superstructure

» further lateral dlsplacement at the top-of the piles is
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N prévgntéé. Therefore, the top of the eauiv&léﬁt cantilever
is cons;.dared braceé agamst the . s:«damy For Fig. 6. 5,

t.he nomog;uph éesxgnatmﬁ .for end condutim is expressed as |

i (EI[L}

“.15‘1“‘."" B 6.22)

- At thg head &i the eqmvalent canta.lgver, m WSJJ‘.&
flexu;ral ngxd;ty, EI for the sewen bnsbg gzrdaers and
- the ﬂzexnral ngadxty for the eight mles (Fn.g 6 1) is
]apyned in Eq. 6.22). |
6 2 |
2.08 x 10° k-in.
( 157 in. ) (8 pzles)

6= 5 z— a 008 (6.23)
' 1. 51 X 10~ k-m. S
( 720 ip. )(7 gn‘ders) B o

At the hase of the eqmvalent cannlever, since 1t is

o t;heoreucally fme& (by definxtwn of the aquivalent canti-

lever), ,G = 0. From read;mg the nomograph, t.he effect:we :

1engtah factor is
K205 L e (6_..2;4) N

Ihmfore., the assumptmn of a £md-head pil:e used in -

| . -'vdetemnmg 2 and in the a,ppxoximte stmcf.ural analwes

B is valid The valne orf K i& increaseé to 6 65 for design
T&ble C-I)
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‘o Determine allowable axial stréss:

The goverﬁing slenderness_ratio'is_ 

| '.,;_ | (o 65)(139 in.) _ ' o N

- Now, following AASHTO Tsble 10.32.14
= 126.1 > 37.5 -

.Therefore, 1ne1astic column bucklins geverus the allowable h

axzal stress :

- (37.5)2(36 ksi)

F = 36 ksi
~ 4n*(29000 ksi)

a 2.12

| 1.25 =203 ksi

| , 6.26)
Nhere, the 1.25 factor represents the allawahle stressA..;»
A increase for AASHTO Gtoup v loadtng .‘_ﬁ "
. Determxne the elastic buckling stress (A&EHTO Eq (10—43))

.y n2(29000 ksi}(I 25) _ mﬂ,h, o Gan
e @1.5%212) : .

- Note that the elastic buckling stress was also lncreased ;: i
for Group IV loadzng. ‘ | -
| Determlne the allowable bend1ng streés' _
| Table 10.32.1A of the AASHIO Spec:tfxcgtlan hm an allowable
': bend1ng atregs ofAQ.SS Fy" No nentzon is made spec1f1ca11y |
to weak axis bending. The AISC Allowable Stress Desigo -
;t(ASD) Specification Artxcle 1. 5.1.4.1 [33} tecannends an.
 a1lowab1e bendxng stress of 0. 66 F £or stroqg axls bendzng
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of“compact seCtions For. weak~axis bending of compact‘ }
.“sections, ‘the AISC Spec1f1cat10n Article 1.5.1.4. 3 permits
:an 1ncrease in the allowable bending stress to 0 75 FY -
'_hécaﬁse of the larger percentage of 1ncrease in the plastic
| moment capac1ty over the yield moment capacity for bending -
. about this axis. AASHTO also does not exp11c1t1y address
'local buckling of the flange for weak axis bending, that o
"is, flange compactness According to:the AISC Spec1f1ca-

: tion,.the flange is con81dered to be compact for weak

axis bending Aif the w1dth-th1ckness ratio bf/2tf, of the

.'unstiffened,flange element is egual to or less than 65/ﬂ¢ y'.

The dime,nsions'bf and t are the flange width and thitkness,

‘frespectively If.bf/2t> is. greater.than this limit but‘

less than 95/‘] ' the flange is con31dered to be partially
compact»and the AlSC~Eg.,(1.5-5b) applies.- The AISC Load

'and kesistance Factor Design (LRFD) Specification and
}Conmentary, Section B. 5 [38], uses the term noncompact
) :rather than partially compact Decreas1ng the AISC allow-
eable bending sttesses in. AISC Article 1 5 1 4.3 by the‘ :
o ratio of 0. 55 to 0 66 produces the follow1ng allowable.v‘lx

l-bending stress ﬁor.weak ax1s bending

B i - 628

when =

N'o‘_'
H',

_z_'
‘/_

@
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Caad

o ey o
F, = F, {0.896 - naeaz(ﬁ-f-)ﬁ - 6.29)
‘vhen

o
65 o f . 95

= = 3t, - _f

For an lElo x 42 pile, the width-thickneu ratio for the
flange is - '
b

£ _10.025din.- . .. BRI
- 2(0.22 in.‘)--lﬁ-? e L

2t
For 436 steel (F, = 36 ksi), the Iinitations on the width-

_ thickneu rat:ms hecone

n

@Iﬂ-‘ '

= 10.83 o - - (6.31)

wn
Al

-and

. -
-

- (6.32)

~ [\D
1
oo
&
o

95
v,
_Thetefete, the HPlO x &2 nlupe is not. cengact w:th respect
to the flange. Applying Eq. (6. 29) and including the
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allowable stress increase permltted for AASHTO Group IV
.'load1ng, the allowable bend1ng stress becomes
“ rg'='36'ksi[o.896 -[6.0042(12.0)ﬁJael(l.zs) = 26.7 ksi
| (6.33)

‘Note that'lateral'brncing is"not.fequired'sinoe.bendingv .
‘,occurs about the weak ax1s (AISC Commentary Artlcle
1.5.1.4). |
,7ohADetetm1ne the applied'axial'stress e
The sum of the ax1a1 force due to the vettlcal load of

50 k1p and’ ‘the thermal expansxon "(Eq. 6. 21) is
CPp= sogkip-+ 9.04 kip =59.0 kip (6.34)
lThe‘éorreeponding axinl-stress.is

g =590 kips 4 76 ksl L (6.35)
% 124ia? S

| 6. 1 1. 1 Alternet1ve One -

”';o Determ1ne the applled bending etress ‘

The moment at the top of the p1le for Alternetlve One is
‘the sum of the moment due to vertxcal load (Eq 6.12) and |

thetmal expans1on (Eq 6. 16)

s 'n=é,107 k-in'+'402‘k;inb= 509 k-in  (6.36)
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The resulting extreme fiber flexural strese.is _

i‘l?__k_ae.

5 = 35 Bkei L (6.37)
‘11;21n

K=

which is jusi below the:ﬁinimum specifiedeyieid stress:pf
the steel | | -
3 Check the stnbllxty equatxon A
-For the equxvalent f1xed-ended beam-colume. the moment
grad1ent factor, C , equals 0. 40 (See C, def1n1t10n w1thA
Eq. 5. 1).- Since the real pile is subjected to ttaasverse
loadu (so1l pressures), one could trgue conservat1ve1y
that a C value of 0 85 nay be more approprxate (AISC
'Commentary Article Sec. 1.6.1). Substxtutiqg the . appro-

priate terms lnto_Eq. (5.1),

4.76 ksi + - 0. 85§45 8 k81) —= 1.42 > 1-_

" 20.3 ksi | . _4.76 ksi
| : (1 ——-———-—-—120 5 & 1)(26 7 ksi)
(6.38)

Theeefore, the stability ceitefia'is not eetiSfieAe"The»
intent of the monent englifzcetxon te:- c, I(l - f /F ')

is not to permit the prlnary bending stress, £y to exceed -
the allowable bending sttess, Fb (AISC Coumentary Art1c1e -

1. 6 n..
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o Check the y1e1d equat1on . _
Subst1tut1ng the appropriate stresses into Eq (5 2) and
1ncreas1ng the al}owable‘ax1a1 stress by 25% for AASHTO

 Croup IV loading, | |

35.8 ksi = 1.56 > 1 (6-39),“

- 4.76 ksi - §
26.7 ksi-

} 0.472(36'3;1)(1.25)

"“As expected, strength is not adequate, s1nce fb'is greater :f

_'than F, Therefore, an HPIO X 42 p11e cannot be used in -

b
‘fthls brldge w1th an 1ntegral abutment accordlng to Alterna— ‘
t1ve One. However, if the brldge were shorter or if deeper

_ pre-bored holes were used Alternatlve One mlght prov1de

1‘an acceytable des1gn.

,6.1{i.2 Alternatxve Two

o'.Find ‘the applled bendlng stress
k For Alternat1ve TWO, the moment due to thermal expans1on |

is equal to PA/2 (Eq (5. 19)) Conslstent w1th the arguments

",made for Alternatlve Two, that 1s, red1str1but1on of forces
"through 1ne1ast1c rotation, the stresses introduced into
_,the p11e by both the horlzontal motlon and by the rotatlon
?lof the glrder under vert1ca1 load are neglected Therefore, ;.»:

' Lthe extreme f1ber bend1ng stress becomes

! fb E KipsCo 5231“ ) = 1.08 ksi . (6.40)
RS 2(14 2 in.7) o
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e Check ﬁhe stability equatian,‘Eq, (5.1):

L 4.76 ksi , _ 0,85(1.08 ksi)

=76 ksi | J : —— 2 0.27 <1
2003 ksi  f, _ 4.76 k81 \ cor v vocn
R (l - m)(267 kii) N
| (6.41)
. Stab111ty is adequate.
e Check the ymeld equat1on, Eq (5 2)
4.76 ksi 1osku

-"mmx%unugnfgjk =0%<1‘ (6.42)

Strength is adequate

. 9eterm1ue plastxc hznge rotatxon denand
Alternat;ve Two requltes suffxcxent plastxc hxnge rotation
capac1ty of the p11e. The igelastic IQtﬁtlﬂﬂ dcmand,
0,ps that will be teqairéd'of'the;éileﬁasfiis head is
"displaced lateraliy must be less thah ihe.inéiagxic.rotatiod
-cap&city.of the section, Qic- :figuie-s 6-wi11 be uséd to
vcalculate the 1ne1ast1c rotation. demand Ihe idealzzed -
eqnxvalent cantllever, 1nvolv1ng 2 perfec;ly elastlc-plastlc
mater1a1 behaves elast;cally unt11 the end noments reach
.the plastlc moment capac:ty, Mp A mechanlsm lS fotmed
(F;;. 6 6b) and the monents temaln constant as an uaxe-';
straaned rotat;on, 61, occuts at each plastic hlngg loca; :
tian._,Substituting_the values £rom‘F;gs 6.6b ln;o-thev _

basic slope-deflectiongequatioa 1321] gi?eS' ‘
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Figure 6.6. Inelastic rotation of equivélent‘can_tilever: (a) elastic
_— ~(b) inelastic (c) idealized moment-rotation relationship.
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| ‘_ﬂggl VR I L |
4:u =4 (lze_)]..L ‘_91'* wn ‘~.(6.43),

» vhere A 1s the lateral d1sp1cement at the pile head.
:Solv1ng for the 1neIast1c rotat1on ‘during the f1rst

o po:txon‘of the d;splacement.cycle,

... . M‘L ..' v ‘. .
_oa M .y
6= T T (6.46)

The relatlonshlp between the moment and rotat1on is shown i
in Flg 6. 6(c) The 11m1t of elastlc behav1or is 1nd1cated :
as P01nt A where the elastlc rotatlon w1th1n the length

'»of the;plastlc‘hlnge ie Bp. For an 1deallzed moment-'u

_ curvature relationship,

D
]
o

R ) - ' "(6‘.,45)

where 2 1s the length of the plast1c h1nge, Wthh is approx1-
mately equal to the length within whlch the moment 1s . |
Agreater than the y1e1d moment For weak axls bend1ng of

an HP-shape, Mp is - about 1. 5 tlmes the y1e1d moment

_ance the moment dlagram in Flg 6. 5b is 11near, the plastic .
h1nge length is equaI to L/6 Substltutlng thls length

”.'Ixnto Eq. (6-45).

o (’3) - B
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'«AThe inelestic rotation from Eq. (6'44)'is represented by-

Point'B As the hridge cycles 1nto another season of the

“'-year, the temperature change is a -40° F (Eq. (6. 14b))

hfﬁuring thls perlod the p11e moves to the left of its

'or131na1 p031t10n by a d1sp1acement A (F1g 6 6(b)) The

' ~‘p11e f1tst unloads elastlcally from Po1nt B to C in

“leig 6. 6(c) and, then, 1nelast1cally to Point D. Dur1ng?.“
‘:cont1nued seasonal temperature changes, the pile will |
t’follow the path D to E to B to C and back to D aga1n
- The rotat1on from C to D and from E to B represent the
_'totalh1neast1c'rotntzon‘demand of the(plastlc hinge. Eor

this example,

op=20; - (6.47)

Substituting Eq. (6.44) into Eq. (6.47),

9. =282 ). 3 -
"‘If A was not the same in both d1rections, 1n other words,
| lthe dlsplacement to the left AL’ is. not the ‘same as the

d1sp1acement to the r1ght AR the 1nelast1c rotation demand

':ffor the thermal novements would be _h~

L " 3ET

e1D_-.',--.'gL f eg. Al j L :H "(6f49) |
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Note that the end rotatton of the g1rder due to vert1ca1
.> 4load 1nduces an add:ttmnal rotat:.on 6 (Eq (6 11)) at
the p11e head represented by Pomt 0‘ in F1g. 6 6(c)
. The roteuon ew vull add to ‘the rotatmn demand durmg g
: the fu-st portxon of. the d1splacement cycle Thetefore, .
4P01nt B W111 move to the r:.ght (to pomt. 3’) by the amount ‘
Bw Dunng the hrst tiiermal loadmg, the rotauon demand
will be equal to aw plus B Also, Pomts C and D w:.ll
"«movse an equal amount to the right (to Pomts ¢ and D',
respectwely) Therefore, ‘the total rotation t:apaclty

w111 still be equal to 2 6 , u;nless Bw is greater than

6 19 in which case
GiDA-? Oi + ﬂw . | - 44 ) '(6.50) .

In summary, the totation demand w111 be g:.ven by the larger |
.of Eq (6. ﬁ9) and Eq (6 50) If AL and AR are equal A
Eq. (6. ll8) teplaces Eq. (6 49). ‘
. Determne plastlc hxnge totauon copauty' . o
- According to the comentary 1n the &\ISC IRFD Spec:.f:.catl.on,A
. .‘and Comentaty Sectmn B. 5 138], coupact sectxons w:.th a
f/21:. ratio equal to 65/\]—— have a 1nelast1.c rotauon ‘
) capac1ty of three, j:.hat is, Oic equal to 38 . Noncompact ':
| 'sections with a beth ,tat:.o equal to 95[ J }' have no | B
melastic totetion capacity (!iote that the limit. QSIJ_; e
| ‘_1s g1ven in AISC LR’FD Table BS 1 for pure conpress:.on |

loading. Larger lini-ts are given for pure fflexu;e.-.)
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fBetween the two 11m1ts of 65/V y and 95/V v’ the 1ne1ast1c
'rotat1on capac1ty, 0., C’ can be assumed to vary linearly,

‘ followxng the sa-e reasonlng used for Eq (6 29), that is

T 39pci~ R U (6f51)

:U1n wh1ch an 1nelast1c rotat1on capac1ty reduct1on,factor,

fﬁl, is exptessed as o

TR f’2t

3— 30/\['"

(6.52)

| W.henlbf/?.‘tf’ eqhals 65/V F&, C; equals. ‘?“i.tY3 add when

'Bf[zgf'eddels 95/#JE;§ c; edualstzetd,dA

' Comblnlng Eq (6 46) and (6 51), the 1nelast1c rotation

'-capacxty can be expressed as

8=

7E§h{f':d
L

(6;53)

] Check plastlc h1nge rotatlon

Suff1c1ent plastlc hlnge rotat1on capac1ty w111 be present

: if L

(6.54) -

4‘;;§l§hevcese'that:9~ is.less_than ei, Eq. (6348) applies

1D‘“'With Eq. (6.53) the rotation_capacity cfite:iod

" .can be written as
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"Aga-gT<1+gci') Aé (1*%‘;1) | '-'(6.55 )_

"'weefevbbjie the};etereludispiacemeet}eiAi&e*pile head
'tﬁat'eortesponds'té the'formation of a piastic meEhenism
‘Since Serv1ce Load Deslgn is be1ng utlllzed in thls example,
: the serv1ce level condltlons w111 be use& for the dlsplace-
:ment demand A and, hence, ;he rotat1ona1 capac1t1es must -
~be rednced by the_facto; of safety. Ae.a_SerV1ce Load

| 'Deeign erite;ie, Eq;'§.S§~cah Be rewritfeﬁ aez |

e, e

‘in which Aﬂ is'the aIlaﬁable-total'Iatezél diéplacemedt-
consistent w1th ‘the 1ne1ast1c rotation c&pac1ty of the
pile. lhvxdmg AP of Eq: 6. ss by the AASEIO bendmg factor

. of safety, Ai can,bevegpreseed_as

8 = % (lfzci)*r-_ S
in which»Ab is the,dispiaéenent cetrespgnding to the allow-
 able service load moment, FyS . For s fixed-head pile,

"I‘theeiaieral“displacemeni»ﬁh ie .

. (F s )L ':: i o 4’>ﬁ;,;"‘1;_'j ' ‘f‘ o

| Nhte that a p1nned-head pile behaves aimzlar to the lawer o

 half of the fixed-head pxle' therefore, the correspondlng

:dlsplacenent would be
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D 2 o o .
LA =Y (6.59)

b 3EI.

For the HPlO x 42 equlvalent cant11ever in this example,
. :the 1nelast1c rotat1on capac1ty reduct1on factor glven by

o Eq. (6 52) equals '.'._
¢, '=-'—-,- 120 o097 | (6.:60)

' The lateral displacement corresponding to the allbwable

.';hendlng stress (Eq. (6.58)) is

» 26 7 ks1(14 2 in. ) (127 in. )
% T 6(2.08 x 10%-in.> ol

=0.49 in. (6.61)
:SuhStituting the Values for Ci:and Ab‘iuto'Eq. (6.57),;
= 0.49 [1_+ %'(0.77)] '= 1.06 in. (6.62)

.Slnee the lateral d1splacement demand A due to thermal
bwexpans1on is only 0.52 in. , the HPlO X 42 plle has more
:.ithan suff1c1ent ductility for this example (As d1scussed(
: fln Sec. 3. 3 4 the HPlO x 42 test p11e had suff1c1ent ‘
.Jxﬁduct111ty for the co-bined load: f1eld test )
Thetefore, the HPIO X 42 p1le sat1sf1es all of the criter1a for
;Alternatlve Two, Case A. This example demonstrates the proposed de81gn :
:method for p1les in an 1ntegral abutment brldge The conservat1sm of

. Alternate One, Case A is 111ustrated s1nce the beam-column behavior
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is not’ 's"a‘ti"‘sfiéd by a HP1O % 42 pile. i’i‘té&étieé T'wo, Case A, i‘v’hié’h _

:takes stress red1str1but10n inte accouni is hat1sfied by an. hPlO X 42

. pile bécause sufflcieht ductlliiy is prekeﬁt

613, Case B quacxtx

". The effect of the ho zoﬁtti displaff“;nt o {he't§§3c1ty of the

pilé to transfer the load to thé §toﬁnd is ‘now hBéckéd %ﬁ ﬁtrlfy thé
...:prelim1nary des1gn | :
| o Detetm ifie length to dedutt for fticilonél %bnﬁr1bhtlon
As ment1oned in §eet16n 5. 3 the maxiiii latéfal d:splacement
'4y ax’ belaw which the fttet1oﬁal eapatlty is unéffected ."
s éﬁproiiﬁately ﬁ:% 1n. for tﬁe HPID X az piié' thErefore, -

’Ify“‘"f-‘“- “ ifi; ‘ o sus o ' ‘ | . ' L. , .. Lo
Bax o D20 2538 ‘. oo (6:83)

: ,Frbm'fié -5-13 ﬁith i! equal to zero thé leﬁgth of

_ ftlctldnal fésxstaﬁce td de&udt is about

by e 06 _’*e. S s
zn= 6450176 fij 7.2 ff: T es)

181nce 8 ft ef frxctzonii eéﬁﬁiibutloﬁ has éireé&y béén ~>>
neglecte& becdusé 6f Eﬁé ?re&rxlled ﬁelé, ad&it1dna1v '

‘deduttlbn 1# nbﬁ ﬁ!é@ﬁ?iﬁf Tﬁé alldﬁdﬁle Géftical capac1ty.
of the pﬂe for imé’ éﬁ&ﬁp Iv is
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oo
"o

[,(6.8 «to‘ns/ft)(8 ft) + (12 tons/ft) (16 'ft)]vl.'25 '

| 32 tons o ) - (6.66)
‘ whxch is greater than the applied load of 59 kips (Eq (6 34).

Therefore, the pre11m1nary des1gn 1s adequate for Case B Note that

. Case B is not controlled by the thermal movement of the abutment Load
. Group IV but 1s controlled by Load Group I, as assumed in the pre-'AV
‘ '11m1nary de51gn | .

‘6 1.3. Case C Capac1ty

L : The horlzontal d1sp1acement does not affect the capac1ty of the .

-'ground to support the load Slnce the spacing of the piles (6 ft-4 Ln
,center-to center) is greater than three times the p11e d1mens1on (Sect1on

75 .4), Case C capac1ty is adequate

6. 1 4 Summary of Fr1ctlon Plle Des1gn Example

For thls example, Case B 1nvolv1ng AASHTO Group I loading controls

‘the entlre p11e des1gn, that 1s, the 1ntegra1 abutment lateral d1sp1ace-

. ment caused by a thermal expans1on and contract1on of 0.52 in. for the
..'~3607£t brldge3d1d'not'detract from the‘strength~of the pile. In fact,
, ‘ithe Iateralsdisplacement“of the pile could.be'as large as 1. 06 in. -
‘"~_(Eq (6 62)) before the 1ntegra1 abutment design would detract from

| the p11e allowable load, 1nd1cating that the br1dge could be about )

A tw1ce as. long

' 6.2. End-Bearing Pile

) :frheie35@51efaii1 now be reexamined asSuming’that the pile is bearing -

on rock lSCft*below;the'exiating ground line in Fig. 6.1. Therefore, v



18

the pxle 1s eibedded nnly 11 ft beluw the bottom of tbe pre*dralled
hoie that is f111ed thh loose sand
® Perforn prelmnxnaty desxgn. . A
| For the pteliminary design, assnna thnt Cnse B and AASHTO
| Load Graup I | goveras. The allowabie tap beatzng stzess E
is 9060 psz as statcd in AASﬂIG 4 3. 4. 3 1 and the Iowa
| D;O T. Fonndatzon Informatloa Chart, rev;sed June 1976

The applxed axxal stress is

.fa 50 kips + 9, Qg k;gg 4.76 ksl :_’:  " (6.67)
AR b 2 4 in.” . e
 which is less than the allowable beatlng stress.- fheﬁfﬁ 
._H?IO X 42 p11e appcars satxsfactory for thls applzcat1on.
e Dete:mlne the eqnlvalent unxform stlffness, £ 3 nf the 5011
- The calculat1ons for k are 1dent1cal to those shown for
the frxctxon p11e example in- Sactlon 6.1; therefore, kei'f
1s equal to 38 8 ksf and the cr1tica1 length, £ ’ is equal
to 17.6 ft. As stated in Sectxons 5 and 12, the developed'
.p11e behav1or in this study telates to p11es that Are |
‘.flex1b1e, that is, their 1ength mmst‘he langer than the<  |
critical length, zé,gglven hy Eq. (S.S). For thxs example,7"
the pile»embedmentAléngth‘eqpals 19 ft 'The-upper 8 ft of g"
vthxs length is in- tha loose sand af the p:gd:illed hole and”l'

the lower 11 ft of the pxle was’ dr1ven through exzstxng soll..‘

Theteiore, the p11e 13 coaaidered flexzble and the equations
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..herein apply. The equivalent cantilever lengths, 2e’ will
be the same for both the end bearlng and fr1ct1on plle ,

.examples

- 6.2.1. Case A CapaC1ty

All of the calculatlons presented for Case A for the fr1ct10n

p11e example, Sectlon 6.1.1, apply here for this bearlng plle example,

"beCause the equlvalent cantllever is 1dent1ca1 Therefore, for Alternar =
bt1ve One, the p11e w111 be overstressed and not acceptable g However,
<rthe p11e w111 be acceptable under Alternatlve Two, since it has suffi-
fclent duct111ty, | | - |

6.2.2. Case B Capacity

- As described invSection 5.3 'endebearing allowable stresses for

”Case B are. not affected by lateral motion. Therefore, the preliminary

des1gn controls, that is, Load Group I Case B

6 2 3. Case C Capacxty v

The Case C capac1ty is not affected by lateral motlon (The bedrock

‘.should be checked for group actlon of all eight piles that bear on 1t )

.»6.2 4. Summary of Bearlng P11e Des1gn Example

As w1th the fr1ct10n p1le, the p11e des1gn is controlled by Load

A'_'TGroup I and Case B The lateral dlsplacement of the 1ntegral abutment
' caused by thermal movements d1d not reduce the p1le strength 1n this

Aexample. '
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1. SUMMARY CONCLUSIONS DESIGN RECOMMENDATIONS AND
L RECOMMENDATIONS FOR FURTHER WORK

7.1. Summary

' '7 1.1. Overview

Integral abutment bridges have been constructed in many states,
‘1nc1ud1ng Iowa and the District of Columbia The length limitations ,

"pand des1gn considerations for these types of brldges vary cons1derably '

:”$ between the representative agenc1es respons1b1e for bridge des1gn

. Thermal eXpan31on and contraction of the bridge superstructure 1nduces
O.stresses-1n-the<abutment piles. . By understanding the behaV1or of these
Tstructures, proper de31gn approaches can be formulated. |

The obJect1ve of this research prOJect was to develop'a simplified
and rational desxgn method for the abutment piles in integral abutment,j
Aﬁbridges To accomplish th1s task experimental and- analytical studies
were - conducted to determine the pile and soil responses when vertical
.'1ateral or. combined loads were. applied to the top of a pile - The |

f‘experimental 1nvestigations 1nvolved both full-scale, field. tests =

i'tand 1/10-sca1e model 1aboratory tests Analytical investigations of

’ P .

afthe exper1mental~tests were accomplished with a two-dimensional finite
Telement model IABZD wh1ch was developed in a prev1ous research

4jpr03ect [1]

'u 7.1, 2 F1e1d Tests »

o ; The full scale field test program (Sections 3 and 10) con81sted of
‘three tests on HPIO X 42 steel piles The first test 1nv01V1ng only
Cvertical compres31ve 1oads was conducted to determine the 8011 behaV1or

p'due to vertical;pile loads and‘to‘establish the ultimate vertical,capacity-



150

'°fﬁ49 isolated ftiction:pile;t.Piletstrainsfet discfete.points elong the

' pile length,'appliediéerticel Iosd;-nndvvefticoitdisplsceaent were recorded.
: JF°‘ each msgnitude of spplied'lood 'akial'piie strains werevenaIYZed to.
..determine the variation of soil skin-friction forces, f and the corres-*

: ponding relative p11e displacement z. Modified Ramberg-Osgood express1ons
fit through these data p01nts provide continuous f-z relationships for -
vuse in the analytical model, IABZD o |

The soil: response at the pile tip could not be determined due to

the sen31t1v1ty and availability of the pile straxn data at the last )
,fstrain gage station To represent the pile tip behav1or, the strain
.gage station 5.5 ft above the end of the pile was considered as. a nodified
pile‘tip location.v:The'sgin,friction resistanoe'along~the bottom 5.5 ft
e,Of'pile 1ength-and~the actual'endebeériné resistance'were;oonoineo”to '-
vform a modlfied end-bearing 3011 response The axial £orce 1n the pile
at 5.5 ft from the: bottom was defined as the modified p11e tip resistance,
- q , and the modified p11e tip displacement, z , was obtained fron an' |
-1ntegration of the axial pile strains. Ihese q -z’ data point pairs ;
established the pile- tip s011 response that was’ mathenatically repre-
‘sented by 2 modified Ramberg-Osgood expression.r | | »

b | The second field test 1nvolved a 1ateral displacement test of another
5test p11e This test defined the lateral load and displacenent
ebehavior of the soil and pile. The measured p11e strains were analyzed
us1ng the conventional beam theory to determine the lateral 5011 pressures; v
p, and cotresponding lateral soil displacenent, ¥, at the strain gage |

4depths along the pile length To obtain a continuous p-y telatiouship,
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’modified_RambergépspoodAekpression was curve fit to the p-y data point .
paifs. |
The third fieldftest, involvingda"combined load test‘on.the:test

pile'used.in'tﬁé Vettical load test,'was’COnducted to'determine the

'>'effects of lateral displacement of the p11e on vertical load capaC1ty

ki1t .

‘The s011 responses (p-y curves), 1nduced by the lateral displacement at,

ilthe pile head during the first portion of the combined load test, were .
_established by the techniques developed for the second field test

* The f-z and q -z' curves established for this pile in the first test

werepalso‘used_in the third test,

7.1.3. -HodeliTests B

~ The 1/10-scale model test program (Sections 4 and 11) was conducted
to.investigate experimentally and analytically the pile and soil behav1or
-for a»variety of geometric, loading, and s011 den31ty conditions. The
'model piles were steel tubes 1-1n square by 60-in. long Wlth electrical
're51stance strain gages mounted along their length A total ofn40
zscale-model_laboratory_tests were conducted to establish the test apparatus
desién,.testiné prOcedures,-soil and pile responses; and geometric
_'conditions From these 40 tests, a test matrix was established that :
11nc1uded 11 test sequences 1nvolv1ng two pinned-head friction piles,
'eight fixed head friction piles; and one fixed-head bearing pile
.Other test matrix parameters were con51dered dense and loose sand, a’
”pre-drilled hole, and an abutment Four loading conditions at the:
'pile head were cons1dered The vertical load tests and the vertical
load phase of the combined load tests established ‘the s011 f-z and q-a

frelationshlps while the lateral load tests and the lateral load phase;
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of the combined load tests establxshed ‘the so11 p-y'relatxonshmps. fA
jcyc11c 1ateral load w1th a subsequent vert1ca1 load was applled to ; ,
' model p11e to evaluate response for cycl1c load1ng.
The technlques used to obtaln the 3011 behaviornparameters for
.the mod1f1ed Ramberg-Osgood express1ons were essent1ally'the same as -
for the full-scale f1e1d tests | | |

7 1 4. F1n1te Element Model IABZB

o The exper1menta1 test results for the 11 lllo-scale mmdel tests,
included in the.test matr1x, and the*three full-scale"field tests were ’
1nvest13ated further by perform1ng an analyt1ca1 :tudy w1th a prevrously‘
'developed {1] two-dxmens1ona1 nonllnear, f1n1te element model IABZD
The analyt1ca1 model (Sectlons 2, 3, ~and 4) represented the lateral
anﬂ vertlcal soil resistance by nonllnear Vlnkler-type sprlngs described
A by the" modlfled Ramberg-Osgood express1ons The computer solut1ons

provided a method to verlfy the p1le des1gn'recbmmendat1ens.

7.1.5. Pile Design Requirements |
The~desi§n requirements‘(Section'S) for the pilee in'integral i

| abutment bridges are based on the prOV131ons of the. AASHTO Specif1cat10n,
'.jwh1ch requires that the capac1ty of the pile be controlled by the m1n1mum

of (1) the capacity of the pile as a structural member (Case A) (2) the -i,
Vcapac1ty of the p1le to transfer load to ground (Case B), and (3) the .
"lcapac1ty of the ground to suyport the load (Case C) AFor Case A the
beam-column 1nteract1on equat1ons for Servxce Load Des;gn or Load Factor
'DeSIgn are used Egs. (5.1) and (5. 2) or (5. 3) and (5 &), respectlvely
‘ To s1mp11fy the complex heam-column behav1er for the p11e, the concept
of an equivalent cant11ever 1deallzat10n (Sectlon 12) was presented

',\'



153

" The differentialtequations for the elastic buchling of four equivalent

'cantilevers (beam-columns)'with different.boundary conditions were

’ 'solved and- the solutlon compared to those of the f1n1te element model

IABZD (Sectioﬂ 13)

' Two alternat1ves mere presented for determ1n1ng the capac1ty of._
the p11e as a. structural member (Case A) Alternat1ve One accounts
:for the stresses produced by the hor1zontal d1splacement of the abutmentv
tiand the-stresses 1nduced by the vertical load. Alternatlve Two neglects
stressesfproduced’by the horizontal displacement butAcons1ders stresses

ii_caused by the'vertical load on the’displaced pile ' Alternative'Two

"4re11es on the plastlc redlstrlbutxon of forces, therefore, the p11e

crnss sect1on must be. duct11e and capable of plastic h1nge rotation.
4To make a compar1son between the beam-column 1nteract1on equat1ons and
the finite’ element solut1on, the. load factors, local element buckl1ng,
- and lateral torslonal buckling con81deratlons were removed from the
’Load Factor Des1gn equat1ons The p11e capaC1t1es obta1ned from these
"rev1sed 1nteract1on equatlons for both Alternates One and Two were
: compared with the p11e capacities pred1cted by IAB2D
R The capaC1ty of the p11e to transfer load to the ground (Case B)
lils subd1v1ded 1nto po1nt bear1ng and fr1ct1on p11es Po1nt-bear1ng
1;p11es are 11m1ted to 9000 ps1 over the cross sect1onal area of the o

"p11e t1p and are unaffected by the horlzontal d1splacement For fr1ct1on

"a»plles, the ab111ty of the load to be transferred to the so11 near the

ground surface can be affected by the hor1zonta1 movement Th1s 1nter-
;actlon of vert1ca1 load res1stance and 1atera1 d1sp1acement 1s accounted

~ for’ in the des1gn procedure by a reduced fr1ct1onal length._
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The capac1ty of the ground . to support the load (Case C) was. assumed
'to be unaffected by the horlzontal dlsplacement ‘
To 1llustrate the p11e deslgn requlrements, two‘deslgn exahples T
- were presented (Sect1on 6). For both the fr1ct1on and end-bearlng |
Eplle examples, the des1gns are 111ustrated for Alternates One and Two
l In each example the des1gn for Alternate One resulted 1n the p11e -
o belng s1gn1f1cantly overstressed whlle for Alternate Two the p1le “;;
was understressed and had. suff1c1ent 1ne1ast1c rotat1on capaC1ty
:Therefore, the p1le vas unacceptable accord1ng to Alternate One and-en'

_acceptable accord1ng to Alternate Two.

o 7.2.'dConelnsions

l;Z.ll* Field Tests
o Ihelmeasured.ultinate vertical load eanaeity’ﬁas 280 kips*for R
: bothltheivertical load and the yertiea1 load phase of‘the.conbined L
load field.tests of the‘saﬁe.testjpile: The'lateral,displacement of
approkinately'two'incheS'did not appear. to affeet‘the'vertical.resistance
of the test p11e i | |
| The s011 behav10r determxned from)the lateral load test 1nvolv1ng
fstrong-ax1s p11e bend1ng was not the same as the s01l behavior determ1ned
., from the lateral load phase of the combxaed load test 1nvolv1ng weak-ax1s
wpile bendlng For strong-axls bendxqg, the entzte flange w1dth develops
'~the passlve so11 res1stance, but, for weak-axls bendlng, pr1mar11y the f; .
| ;flange t1ps bear against the s011 | The so1l between the flanges of
‘lhfthe test p11e had been d1sturbed durxng the p1le drIV1ng, such that
,the web did. not develop s1gn1f1cant bear1ng 4

3 .

]
AT
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t'7;2r2;i:ﬁodeldTestsa

The'accuracy-of the measured pile:strains did not permit an accurate _

o }reualuation,ofﬁthe akial'strains in regions of large bending strains;

) such as in the upper port1on of the piles w1th lateral load A small

A'ﬂerror in the measured total stra1n caused a small error in the computed

lrbendlng straln, but unfortunately, a large error 1n the computed ax1al
'stra1n,4 | | | |
The‘end-bearing capac1ty of the model fr1ctlon p11es was sometimes -
'.fas large as 50% of the total vert1ca1 1oad capac1ty In add1t1on, the=
“vertlcal frlctlonal resistance of the lower port1on of the test p1les.
1was s1gn1f1cantly larger than the upper portxon. Therefore, although
vthe lateral d1splacements of the comblned load tests caused a reductlon
v'1n the fr1ct10n re31stance along the upper port1on, the total vert1ca1
lload capaC1ty of the pile. was not’ s1gn1f1cantly affected |
8011 placement for the model p11e tests 1nvolved an elaborate
- technlque that s1gn1f1cant1y reduced the amount of varlabllxty in sand :
4structure between the varlous exper1menta1 tests. However, a comparxson
_ of tesults for presumably 1dent1ca1 tests revealed that the ‘same s011
:istructure could not be repeated w1th enough con81stency to reproduce |

'1dent1ca1 p11e responses.

:'7,2 3 Compar1sons Between Exper1menta1 and IABZD Results A

A compar1son of the exper1mental and analyt1cal tests results,
rnvolv1ng p11e stralns aX1a1 force and hending moment along the length‘
of the test p11e, and 1oad versus dlsplacement relatlonships at the A |
'so1l surface for each of the three full-scale f1e1d tests and 11 1/10-

”4"sca1e 1aboratory tests, showed that IABZD correctly predlcted plle }f
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"behavior" The accuracy of ‘the analytlczl results wece consmdered o

| acceptahle, cenerdtrzng normal test scatter, sens1t1v1ty of measured

p11e stremn data 1nc1ud1ng date sensor1ng technmqwes, en& &en81t1V1t¥

of mathematzcaIly formulated 3011 response hehav1or. | |
Durlng the analyt;cal 1nvestigat1ons of hoth the ﬁxeld and Iahora- o

tery tests, the‘pale response predxcfed by IABZD was sea81t1ve to the

.,parameters selected to represent ‘the vert1ca1 and lateral re31stance ;

‘ and dxsplacement relatlonshlps for the s011 Therefore, an. accurateA

l'evaluatlon of the sexl parameters was requ1red to predxct p11e response

adequately “ S

1. 2 4. Comparmsons Between Desrgn AIternetzves for Cese A and IABZB

When hor1zontal d;splacement of the p:le head was prevented Alter-u
V"natlves One end Two de31gn epproeches fer Case A gave. 1deut1cal results
4wh1ch closely matched the IABZD results When the p11e head was displaced
horlzontally, both desxgn alternet1ves geve conservat1ve results relat1ve
' to the f1n1te element model Alternative 0ne~results were much more o
conservatlve than‘Alternat1ve Two when a‘plle had a h1gh elast1c ;w :
| buckl1ng load relatxveeto xts yleld Jload. Both alternat1ves and the ?
finxte element model predlcted a decrease in Case A exlal load capac1tyA

w1th an 1ncrease in hor1zonta1 dlsplacement. The TAB2D analyses demonr

".3strated that plastxc redlstr1but1on occurred if the p11e had sufflczent']

' duct111ty, whxch is recogn1zed only by the Alternatxve Two cr1ter1a

| The approxlmete amp11c1at10n fector in the heemecolumn stab111ty
equatlon overestlmates the secondery bendlng momenta (PA effects) This
tconservatlsm was verlfxed by the fiﬁlte element model en& the d1fferent1a1

lequatlon solutxon that QAVe essentxally the same resnlts.» These solut1ons .
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L have shown that the elastlc buck11ng load is not affected by the horizontal

| ‘Aadlsplacement of the p11e head.

.7,3;;‘Desggn»RecommendationS3}

Theinse.ot ; predrilled hole is4recommended as a pile’construction
:detall to reduce the p11e stresses slgnlflcantly when horlzontal d1s-
'placements of the p11e occur. |
When the des1gn of an abutment p11e in an 1ntegra1 abutment br1dge
'1s governed by the capac1ty of the p11e as a structural member (Case A), ;
"two alternatlve des;gn approaches4have been proposed. Alternat1ye One |
'is recommendedffOr‘piles that have a limited amount of ductility, such

- as timber,‘concrete, and steellsections having insufficient momente
3rotati0n.capacity; Altetnatire*Two_istrecommended.when the»piles-haVe

'a moment-rotation:capacitp'that exceeds the momentfrotation‘demand'at_

the plastic-hingebloCations Steel piles do not have'to be classified

' as. compact sectlons to meet moment-rotation . requlrement Alternative Two -

: will perm1t the safe deS1gn of 1ntegra1 abutment brldges that are several

t;mes longer:than-those_des1gned using Alternative One.

":;7;4;' Recommendations for Further Work

Add1t10na1 research 1nto the behaV1or of 1ntegral abutment brldges
could 1nc1ude the folloW1ng toplcs.
Effects of the horlzontal d1sp1acement on the approach ‘slab

‘and backf111 and the pass1ve_so11 resistance behind the abutment.
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Effects of lateral displacement on the friction capacity of the
: pile, that is, y .. (Section 5. 3)

Duct111ty capac1ty of t1mber and concrete p11es a

. Forces in the brldge supersﬁructure

. >Design detalls at the Junctlon of the g1rders, p1les, abutment,

‘,'Tand approach slab
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“10. .APPrsnix.Ai FULL-SCALE PILE TESTS AND DATA REDUCTION

10 1 Development

' 10.1.1. Site Description

‘The original proposed test site was an actual integral abutment
‘bridge construction site. 'The specific location ianowa'would‘have'

been determined from-construCtion scheduliug at‘various'bridge'sites

.The f1e1d tests were relocated to a site adJacent to the Structural
' Eng1neer1ng Laboratory located in the Town Engrneerlng Bu11d1ng of

Iowa State Unrverslty to e11m1nate coord1nat10n, access1b111ty, and

1ex1b111ty problems assoc1ated with a remote brldge constructlon s1te‘
'The selected s1te was essent1ally‘1eve1 and free of surface obstruc-
tions. A subsurface s011 1nvestlgat1on was performed by dr1111ng two o

50 ft-deep bore holes wlth a track—mounted Central Mine Equlpment CME-45

._dr111 rig u31ng k 5-1n -dlameter cont1nuous flight augers. Stablllzatlon;"
.~dr1111ng techn1ques were not requlred Sp11t-spoon soil samples, de81g-
'nated as "D" on the borrng logs (Tables 10.1 and 10. 2), vere ‘taken accordlng
| to ASTM D1586 67 [39], us1ng a 2.0-in.~0.D. splrt-spoon sampler The'

.Shelby tube samples, desrgnated as “U" on the borlng 1ogs were taken o

accordxng to ASTﬂZD1587 -74 [40], us1ng a 3. 0-1n -0 D. thln-walled sampler

lThe sp11t-spoon samples were placed in glass Jars, wh11e the Shelby

tube samples were extruded 1nto plastxc lined cardboard tubes All ;

samples werefthen’placed_;n a.mo1staroomvunt11 the laboratory testsf

were.conductedr:
7AA.4The blowfcouut showu‘ou thefboringjlogs represents the sum of the

hammer:blow:counts ueeded to drive tbe'split-spoon sampler from a-
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ipenetratlon of 6 in. to 18 in: at the spec1f1ed depth in the bore hole
.Tahle 10. 3 summarlzes ‘the results of the standard penetrat1on tests
”iff@‘ The: borlngs revealed that the s1te conta1ned three major s01l 4
5:'strata below the top3011 f111 that was agproximately 2 ft thltk These g
| strata cons1sted of weathered and unweathered glaC1al t111 w1th cons1s-.]
; tenc1es for the 811t and clay s011 rang1ng from Stlff to hard AThe
b_water level was around 18 ft and 2& ft durang dr1111ng for Borlng Nos.‘l
: .and 2 respectlvely. Approx1mate1y 24 hours after dr1111ng, the water )
.:table had risen to about 8 ft 1n both bore holes. | i

| Unconsol1dated unconflned tr1ax1a1 shear tests for each of the s
maJor so11 strata were conducted on the Shelby tube samples to obtaln
“unconflned compress1ve strengths.” Atterberg 11m1ts, bulk dens1t1es,

. and soil m01stures were also measured The results of these tests are
v.glven in Table 10 4, |

¥

1031 2 TeStihg Frame and Load'SYstehS”;

The OVerall dlmen31ons of the test tramework shown 1n F1gs‘ 10 1-
‘10. 5, were estab11shed to comply w1th the m1n1mum p11e spac1ng requlre- }
"‘1ments prov1ded in the ASTM standards {23 24] 'For an ax1a1 compress1on}

test of a vertzcal p11e, the clear dzstance between the test p11e and

'-’an anchor p11e should not be less than elther 5 p11e diameters or 7

_For a lateral load test of vertically driven p11es the clear .4“
dlstance 1n the d1rect1on of the applled lovement between the test and
4‘,reaction p11es should not be less than e1ther 20- p;le 4iameters or -
d;b20 ft. These same clearances apply between the plles and the founda- f

' i't1ons for the beams that suppo:t the ihstrumentat1on
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. Depth . -

* Actual Blow

~ N-Value as Reported

Boring  Sample )
- No. " No. (ft) Count on Boring Logs
1 ‘D1, - 5.0-6.5  2-3-4 7
1 D-2 - - 9.5-11.0 9-15-19 34
1 D-3. . 15.0-16.5 8-14-16 30
1 - D=4 - 21.0-22.5 8-10-16 26
1 - D=5  26.0-27.5 .  4- 8-14 22
1 . D-6 - . 31.5-33.0 - 14-28-38 66
1 - D=7 - .-36.0-37.5 10-17-19 36
1 D-8 " 40.0-41.5 - 7- 8-14 22
1 D-9 .  44.5-46.0 9-11-16 27
1 D-10 48.5-50.0  9-12-16 28
2 D41 5.0- 6.5 3- 4- 6 10
2 D-2 8.5-10.0 4- 8-10 18
.2 D-3 15.0-16.5 - 9-11-14 25
2 D-4 20.0-21.5 8-12-16. 28
2 D=5 24.5-26.0 - 6- 9-14 23
2. D-6 27.5-29.0 - 6-10-13 23 -
2 D-7. . 32.5-34.0 15-19-23 42
2 D-8. 40.0-41.5 - 11-16-17 33
2 D-9- = - 43.5-45.0 10-11-15 26
"2 . D-10 -~ 48.5-50.0 21

8- 9-12
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27" 9"

Figure 10.1.

. 'l‘esvt‘. framework plan.
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Figufe 10.2. Elevatlen of test frame and Jackxng beam fo: vert1ca1
: load test. ' ‘
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Figure 10.3. . Elevation of test frame and horxzontal girder for
: vertical load test. : . _
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S ; comb1ned load test. :
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‘The priﬁary test frame ﬁeﬁbére tﬁai resisted,theiappllEd verﬁlcal
load en TesttPlle Pl,‘sh@ﬁn inAEig. 10.1, tonsisted,ef féur-S@-ft-lohg.
_‘ }mo'x 4 vertical ’r'ea'-ction pmg (Piles P2-P5) that were drived to a
‘depth of 37. 5 ft in the Corners of a 5-ft by 18 ft rectangle, two W24 x 76
spreader beams spannlﬁg 5 ft between the reactlon p11es, and a 20 ft 1ong,
200-ton-capaC1ty, IeWa DGT, Jacking beam shown in Flg 10. 2 An under—
'_.ground obstruct1on was struck while dr1v1ng of the reaet1on p11e P2 |
;Tcaus1ng the plle tb tW1§t and displaCe 31gn1f1cantly Gut of plumh. _}
'The plumbness of this ﬁ1sallgned plle was part1a11y cerrected by cuttlng
“the flanges below grade to within about 1 in. of the web; bend1ng ‘the
lplle about an axis in the plaﬂe of the web, and welding a splice plate
i to each’ flange to restore the axial eapac1ty of the pile. Since the
ltﬁlét and offset could not be totally eliminated, a skewed comnection
at both ends of fhe W24 X 76 spreader beam had to‘ﬁe{deeigned andifield
fabricatedifor'attéthment to the reaetion~pile§'?2.aad*Pégl' W
A vertical guide aystem was designed into fhé»teét féamewotk téil
”‘ptOVlde lateral stablllty for the top of the vertlcal load test pxle,
"whlcb progected approximately 4 ft above grade to accommodate the connec-
»t1on between the test p11e and horlzontal gxtdet for the comb1ned load'
test shown in. F1g 10 S A steel collar with four rollers restra1n;ng. '

only lateral movement of the test pile flanges and Web was bolted to o

. the top Of a hor1zontal girder consisting of two 127 X 85 beams ,Aé'

’.eshown in Flg 10 3, this gzrder, wh;ch was fabriﬁated hy blockzng nut f

iportlons of both flanges to straddlé the vett1ca1 load test p11e and

'-uA the lateral load . test p11e, was supported by a hanger btacket attached

’tq a W30 x 108 beaeythat spanned 18 ft between:vert1cal reactxop Plles :
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-?3 and P5. and by a concrete pad positioned about 24 ft from the vertical

test p1le The horlzontal glrder did not provide any res1stance to

,»the vert1ca1 movement of the ‘test pile for the vert1ca1 load test

Vert1cal loads Were applled to the test pile by a 400- k1p-capac1ty

L 'hydrau11c ram that was posltloned between a 2 5-in. -th1ck plle cap .
~ plate that was_welded to the top of the test‘p1le~and a 2-1n,-th1ck
~'beam bearinghplate that was positioned on the underside of the 200-ton'

‘:capacitﬁ jacking*heam- Before any loads were applled the hydrau11c _

ram, a- vert1cal load cell to monitor load, and the Jacklng beam were

_centeted over~the test p11e.A

For the second f1eld test, a lateral load. p11e test was. conducted

on Test Plle P6 located 30 ft west of “the vert1cal load test p1le as

' shown in Flgs. 10 1 and 10. 4 The pr1mary test frame members that

re31sted the~1ateral.load were essent1ally the same memberS‘that resisted

the vertlcal load and provzded lateral stab1l1ty to Test P11e Pl used

“ine the vertlcal'load test However, the steel collar used in. the f1rst

field test was removed therefore, lateral movement of the girder would

1not be res1sted by Test Pile P1. The-steel-framework conta1n1ng the
g four vert1cal reactlon p11es re51sted the lateral force that was applled

to Test Plle P6 by a lateral load mechanlsm cons1st1ng of a 2-in. -d1ameter

ten31on rod, a dlaphragm in the horlzontal g1rder, and a 60-k1p capac1ty, »

hollow core, hydrau11c ram. ~ The locatlon of the ten51on rod and ram »

'v.for the lateral load test caused the horlzontal glrder to be subJected

to a compress1on force and the lateral 1oad test p11e to dlsplace toward

he r1ght in F1g 10 4.
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TSince'the.lateraljload test plle=was'orientated‘foristrong‘axis
” bendlng, the test p11e was f1eld fabricated by remov1ng the entire web
plate over a spec1f1c length and by cuttlng a hole through the center
of both flanges to accommodate the tens1on rod Steel plates were
«A_welded on and between ‘both flanges to ‘restore the p11e shear and flexuralr
'strength at the tens1on rod locat1on. | | .

| The same steel frame was used for the th1rd f1e1d test whlch
. 1nvolved a vert1ca1 load test on a horlzontally dlsplaced plle ,Theufv.
test. p11e for the comblned loadlng was Test P11e P1. - For:th1S‘test;3
‘the webs of the hor1zonta1 girder were bolted to the flanges of the
test pile to prov1de moment cont1nu1ty, ‘as’ shown 1n Flg 10 5 The
- vertical and longitudinal support of the glrder by the W30 X 108 beam

'was e11m1nated therefore, only the test p11e and the concrete pad

: prov1ded vert1ca1 support for the hor1zontal glrder. ‘The rotational
-restra1nt at the top of the test p11e prov1ded by the girder, s1mu1ated
lthe flexural st1ffness of brldge g1rders in 1ntegra1 abutment br1dges

| The locat1on of the hydraullc ‘ram and tens1on rod that appl1ed

.the lateral force to Test P11e P1 was changed from the locat1on used
h1n the lateral load test.» The new pos1t1on of‘the 1oad apparatus shown

"1n Fig 10 5 caused Test Plles Pl and P6 to be pulled toward each other
lilfand 1nduced a tens1on force in the horlzontal g1rder when a lateral

“._load was applled

‘ '.10 1 3 Instrumentat1on Framework and Support

In order to monltor accurately p11e d1splacements, the dial gages'

Y

gand d1rect current dlsplacement transducers (DCDTs) must be mounted on

a frame that is supported beyond the zone of so11 movement due to pile‘f
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d1splacement of both the test and reactlon p111ng Since both'vertiCal

and 1ateral forces were applled to the test p11es, the locatlon of the

1nstrumentat1on framework supports (Plles P7 - P10 shown in F1g 10. 1);

:were establlshed to comply w1th the ASTM Standards-[23 24] Structural
4'stee1 members were selected for the 1nstrumentat1on ‘beams and supports
V to prOV1de adequate flexural r1g1d1ty The supports were short sectlons

’of a HPlO X 42 p111ng embedded approx1mate1y 5 ft into the ground

The 1nstrumentat10n for the vert1ca1 and combined load tests on

‘Test P11e Pl was mounted at the end of the overhang of a 20 ft-long '
‘..box beam fabrlcated from two channel shapes. Th1s beam was p1nned at ;T

1P11e P8 and had a 1ong1tud1na1 roller support at P11e P7 The 1nstru-

mentatlon beam for the lateral load test of Pile P6 had an 18-ft s1mp1e V

:'span between the two support plles (P11es P9 and. PlO shown in F1g 10. 1)»

To prov1de suff1c1ent stlffness, th1s beam was fabr1cated from an 1- -shape
and a channel shape
The beams were placed below grade 1n covered trenches to m1n1mize T

thermal expan51on and contractlon and -wind-induced d1splacements of

1the 1nstrumentat1on beams S1nce the temperature W1th1n a trench could

_ st111 varyrto~some extent-durlng testlng, a d1sp1acement transducere

was 1nstalled to measure any. change 1n length of -an 1nstrumentat1on

‘beam. The measured test plle movement was adJusted by any detectable
"expansron or contractlon of the 1nstrumentatlon beam

'10 1 4 Test Plle Preparations :

: Two HPIO X 42 test piles, Pl -and P6 were 1nstrumented w1th elec-

trlcal reS1stance straln gages to mon1tor the behav1or of the p11es

‘below grade The stra1n gages were attached on the 1ns1de face of the _

e
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flanges and were located 1 in. from the correspond1ng flange t1p
Test P11e P1, shown 1n F1g 10 1, had 60 strarn gages mounted along
most of the 40 ft-embedded depth since the var1at1on in axlal force
i'along the length of the p11e was: “to be determ1ned for both the vertlcal

«_and comblned load tests As shown in F1g. 10. 6 the upper 16 5. ft of

A"the Test P11e P1 had four straln gages symmetrlcally placed on the

'p11e cross sect1on at each part1cu1ar statlon along the lee 1ength

d Below this depth two straln gages were mounted symmetr1cally w1th
:respect to the web plate, on one flange for a partlcular statlon.‘tThe
concentratlon of straln gages w1th1n the upper port1on of the test

_ p11e was requlred to monltor adequately the- bend1ng strains 1nduced "
durlng the lateral loadlng of the p11e. ‘To separate ax1a1 stra1ns and
b1ax1a1 bendlng stra1ns, a minimum of three gages at known locat1ons B
on'the ‘pile cross section are-requ1red per statlon Four gages were
'mounted along the length of the p11e, which would be subJected to the
:liklargest flexural stresses, to prov1de an add1t1onal gage per statlon
”1f one of the gages malfunct1oned Fewer stra1n gages were required
along the lower portlon of the test p11e, since the bend1ng stra1ns B
. are m1n1mal at those depths Even w1th Just two gages per stat1on, ’
”ax1a1 stralns and unlax1a1 bendlng stralns can. be separated

| Test Plle P6, shown in F1g 10 1 had 36 straln gages mounted
along ‘the upper 17 ft of the 40 ft-embedded portlon of the p1le fhs'f,'
-1shown in: F1g 10 6 only the top of th1s test p1le was 1nstrumented,

- since the bend1ng stralns 1nduced by lateral loads are m1n1ma1 in the

lower portlons of the p11e A close uniform spaC1ng along the pxle

'4length was selected for the gage station locat1ons to obta1n the bendlng
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: stra?i:n déi.str:ibution' Two stra:m gageé were mounted om appﬁsmte ﬂange.s
: on: »t*.he same s:.de of the web plate at each stat:.on ta measuxe the pn:le
" strains assac:l.ated w1th stron,g-ams bending of the ten pn.l.e
Aftu: the electmcal resistance st.ram gages: wem munted on the
pa.les and the wire leada vere a:tt.ached to the mdurbdual gages a xmlu-
layered protectxve covenng was: placetb over each am ﬁA layer mﬁ : |
fOll tape was placed over the gages and the connectmns to t:he w1re
leads to: redu,ce electricad mterferencg Mb:.stnre pmtectmn was. |
ach:.eved by covermg the foil tap¢ with a t:wo-part, polgaulfide hqu:.d*
' ponmer Since the straln gages would be located' belom the water table
' ‘after the plles were d‘rlven, a. s:.hcone gel watequoﬁmg layer was: .
placed aver: the polymer coating. After the gel had cured a 16-ga
‘sheet-meta]. ‘cover,, whlch had' Been: embassed to. match - thz m and lead
) wa.res was. p%l.aced over each gage and welded to the flange ot‘ the pa.le |
The wire leads ﬁor the gages, which had’ waaﬁerpmmf msulatmn and
‘a waterp:oof Jacket were bondadt int:emu.ttently to the pi.le and each
: othzr thh a cnu&trucuon adhes:we (BLI(OO) These 1eads. were pos:.t.:.oned. -
| ,vw1thn.n the corners £omed by the web and f]:ange plates A m-ga» -bent
- sheet-metal closume was fabricated to fi:t dmazganmlxly butween the p.lr.e
B web. antL flanga, foming a vertical cendna.t t:o contain the wire leads
,_: The VO:Ld spaces wm'.hm the conduits were f111ed wa.th. an inxu.lat:.on -

foam ta prevent the wires from v:.brating dm:mm pa.lc drivurg; At thp.

top of the test piles,’ the rema:.nmg 1ength: of the n;m lgad’s was wnapped.‘ .

, around t:wo foam-rubbet-padded' thmded rods th&t wete boil:t.ed t:hrough

’ . 'the web of the pile The coiled wire wa:s wrapped: in faam rubbet and




. 189

enclosed'by a.l6-ga. sheet-metal and steel-angle.closure assembly that
was velded to the pile: I |
| At the bottom of- each vert1ca1 sheet-metal condult a 1-1n -th1ck ,
; trlangular platé was welded to the p11e flange and web to cover and
.protect the open end of the condu1t. At the’bottom of the p11e; flat

f.steel bars were welded to the p11e flanges in vertlcal a11gnment w1th
the sheet-metal straln gage covers. The bars prOJected Just beyond
the gage cover embossment he1ght to protect the covers dur1ng dr1v1ng
B of the p11e

After the p11es were dr1ven, several feet of the top of the test
-plles were removed to accommodate the test framework and to prOV1de a
sample of each p11e from which tenslon coupons were taken The average‘f
:y1eld p01nt-oflthe'flange-steel was determ1ned to be 45.5_ksi and' |
46. 2 ks1 for Test P11es P1 and P6, respectlvely |

Both test p11es were re1nforced above grade before the 1nd1v1dual
'.freld tests commenced The top of Test P11e Pl was relnforced by weldlng
:a BIBAX lZ-*.SGéin'élong-steel cover plate on ‘each flange These plates
strengthened the p11e flanges for the bolted connectlon between the
test p11e and the horlzontal girder for the comb1ned load test " The ,
plates 1ncreased the plastlc moment capac1ty of the bullt-up sectlon
‘“to force any pOSSlble plastlc h1nge formatlon to occur below the g1rder,
rather_thanrg;thIngthe:connect;on reg;on.A The‘top of TestvPlle-P6 was

':modified asAdescribed‘in'sectionu10.1;2;
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'10.2. Field‘TestfProcedures

"10 2 1. Vertical Compression Testh

The procedure for the vertlcal load test of Test P1le Pl was"

. developed us1ng ‘the Standard Loadlng Procedure of the ASTM Standard
.[23] as.’'a gulde Hod1f1cat1ons to the standard were made to prov1de ’

._othe experlmental 1nformat1on needed for the analyt1cal 1nvestrgat10ns.

:Axlal compres31ve loads monltored by a 300- k1p-capac1ty load cell

‘were applled in 1ncrements-of 20 kips (approx1mately 25%‘of the calcu-.

lated safe bearing capacity for the p11e predlcted by Eq (3 l)) |

Before the next load 1ncrement was applled and wh1le the load was maln-

K tained the ratevof vertical d1sp1acment for the plle head had to be -

equal to or less than 0.01 in./hr for the’ last S-mln 1nterva1 between '
: succeSS1ve ‘data records. Loads were 1ncremented up to: the ultlmate :
‘strength of the pile. Since the test pile was a frlct1onnp11e,“fa11ure

was evidenced by excessive settlement of the pile at. the ultimate-load

- For the 1n1t1al load levels, convergence to the vert1ca1 dlsplacement

11m1t occurred w1th1n a relatlvely short time 1nterval wh11e,'for the
load levels approach1ng the plle capac1ty, several hours would elapse
before the settlement rate could be sat1sf1ed. After the ultlmate
capac1ty of the p11e had been. obtarned and ‘the total vert1ca1 settlement
:-had reached at least 15% of the’ p11e dlagonal cross-sectron dlmen81on,
J.the applled vertlcal load was removed in decrements equal to 25% of "

- the ultlmate load Each successive decrement was not 1n1t1ated unt11‘

‘the settlement rate had stabrllzed to O 01 in. /hr or less
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The test p1le d1splacements at the ground surface were mon1tored_

» w1th d1rect current d1splacement transducers (DCDTs) d1al gages, and
' eng1neer1ng scales, as shown 1n Flg 10 7 The DCDTs and the dial

V’gage were calabrated to a 0 001 in accuracy, while the scales were

graduated to 1/50 in. Four DCDTs measured the vertlcal d1sp1acement

ﬁof the p1le near the flange t1ps, two DCDTs monltored the horlzontal T
'd1sp1acement parallel to the flanges, and two add1t1onal DCDTs recorded

'the hor1zonta1 dlsplacement parallel to the web. A d1al gage was mounted

off the web plate ‘to prOV1de an 1l-ed1ate v1sua1 1nd1cat1on of vert1ca1

“p11e movement A secondary system to measure p11e d1sp1acements was

accomp11shed w1th taut wires, m1rrors,'and eng1neer1ng scales | The
scales were glued to the mlrrors whlch were attached to the pile flanges.
By al1gn1ng a wire w1th 1ts m1rror 1mage, the scale could be read
accurately to locate the p1le pos1tion |

Other 1nformat10n recorded throughout the test 1ncluded the tlme,
ax1a1 load hydraul1c ram pressure (to check the: load cell readlngs),

p11e straxns, amblent a1r temperature, 1nstrumentat10n.trench air tempera- ‘

. ture, and vertlcal movement of the framework react1on p111ng The

time, . load DCDT d1sp1acements, and p11e stralns were mon1tored auto-

matrcally by a. data acqu1s1t10n system (DAS), wh11e the other measurements.

" were recorded manually. f”

‘10 2. 2 Lateral Load Test .;.

Test Plle P6 was subJected to a lateral load test caus1ng strong |

'axis bend1ng of the HP-shaped cross sectzon The ASTM Standard [24]

was used to establlsh the testlng procedure and 1nstrumentat10n requlred

to obta1n the exper1menta1 data  The loading technlque was based_on
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Figﬁre 10;_.7‘. Displacement instrumentation for Test Pile Pl: (a) bottom
' flange of load girder {b) vertical DCDT (c) Test Pile P1 .
(d) vertical dial gage (e) bracket.

¥
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'fbldlsplacement'control rather than on load control Lateral dlsplacement
.1ncrements of 0 10 1n at the ground surface were appl1ed to the test
lp1le untll a total d1sp1acement of apprOX1mate1y 2 1n was obtalned
Before each dlsplacement 1ncrement was appl1ed a lateral load decrement

lrate of 400 lb/hr, measured over a 5-m1n t1me 1nterva1 of monltorrng,

- had to be sat1sf1ed ThlS load cr1ter1a, establlshed by the prec1s1onv )

| of the 50 k1p load cell that measured the app11ed lateral load was L
sat1sf1ed w1th1n a relatlvely short perlod of time durlng the 1n1t1al |
dlsplacement levels However, ‘at. the larger horlzontal movements,
several hours elapsed before the load decrement rate was’ con51dered
iAacceptable : The unload1ng of the test p1le was accomplished in four
equal d1splac;ment steps Each success1ve decrease in the hor1zontal
i.dlsplacement was not 1n1t1ated unt11 the load rate had stab111zed to
400 Ib/br or less | | .

The 1nstrumentat10n used for the lateral load test was srm11ar to
that used for the vert1ca1 load test, except that the m1rrors and taut

»wlres were replaced by surveylng 1nstruments. Measurements of tlme,'

"~_<1atera1 load dlsplacements, and: load rate were taken every S min. ’A”';‘

‘complete record of all test data was obtalned at the beglnn1ng and end'

S of ‘each d1sp1acement 1ncrement

> 10 2 3 Comblned Load Test -

The comb1ned load test for Test Pile P1 was conducted in tvo . stages

-T; Flrst ‘a 2-1n -lateral dlsplacement, measured at the ground surface,

twas applred to the p11e The test procedures assoc1ated Wlth the flrst o

_stage of the comblned load test were: the same as those used for the

- lateral load test descrlbed 1n the prev1ous sectlon After~the Co
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2-1n.-latera1 d1splacement was obtazned and the f1na1 0 10-1n -d1sp1acement;

.......

_loadxng of thé d1sp1aeed p11e commenced The test procedures for the
..second stage of the comblned lbad test were the same as those followed

for the Vertlcal load test descr1bed in Sectlon 10. 2 1 Vert1ca1 loads }
'v‘were appl1ed 1n 20-k1p 1ncrements and the settlement cr1terla of -

jO 01 iﬁ‘/hr was satisfled for éach load step

: Instrumeﬁtatien of thé test was bas1cally the Samé as for the

_ preV1ous two fleld tests. DCDTs and d1a1 gauges measured p11e d1splace-
'iments both vertlcally and horlzontally Load cells monltored the Vert1c31
and lateral hydraullcaily app11ed léads and p11e stra1ns were determxned

from the eLectrlcal res1stance straincgages.

10.3.. F;eld Test Data Reductxon and Development of
S SoxI Chafacteristlcs S

10.3.1. Egper1menta1 Pile Stra;ns o

' The pile stra1ns wéreé mon1tored by the electr1ca1 reS1stance strarn

'.gages at dlscrete locat1ons on the p1le Cross. sect1on and at speC1f1c

stations along the p11e lengths, as shown in F1g 10 6 Before a measured

stra1n was accepted as an accurate readlng, a. data censor1ng Study was

vperformed Prlor to testxng, a general electr1ca1 test of the 60 stra1n .

:gages on Test lee PI and 36 strain gages on Test P11e P6 revealed ‘ 3

that 49 gages and 23 gages, respectxvely, were st111 active The 1nactive

-"straln gages may haVe been damaged by welding the shéet-metal protectzon
7dev1ces to the plles, by driv:ng the p11es 1nto the ground or by water

= leakage into the gage area. Héasured strain versus applied Ioad graphs
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were drawn to evaluatebthe acceptab111ty of each act1ve stra1n.gage.
"When an erratlc stra1n behav1or was bbserved for a part1cular gage,
:the gage would be e11m1nated for the data reduct1on. The stra1n-censor1ng
. procedure produced acceptable straln leasurements from 44 17, and 45
| stra1n gages for the vert1ca1 lateral and comb1ned load tests,
respectlvely | | o |

‘The straln éaées measure the total straln, €, wh1ch 1nc1udes the
'ax1a1 straln, €y induced by the axial load. and the bendxng stralns,
eby and sb y caused by bendzng moments about the y-ax1s and x-ax1s,

respectlvely. The total strain’ at any po1nt can. be wr1tten as
(10.1)

| To;determiheithedakial'strain and;bendimg strains at thetstrain_gage
locations, the plane section theory was assumed. Therefore, the total.

strain can be rewritten as
e=a+Pxty S . (10.2)

where o ='tﬁe";xi51 strain; B = the bend1ng moment about the y—ax1s

of the cross sectxon d1V1ded by the flexural rlgldlty w1th respect ‘to

the y-axls, u the x-coord1nate of the polnt ou the cross sect1on

' where the strarn was measured, y the bendlng moment about the x-axlsA
.of the cross sect1on d1v1ded by the flexural r131d1ty w1th respect to R

"the x-axls, and y = the y-coordxnate of the polnt on the cross sect10n»_'

where~the straln.was,measured.;v
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The three unknowns in Eq (10 2) ‘are a ﬂ, and y._ 133 four gages '
ivprov1de acceptable stra1n measurements at a p11e Ctoss sect1on, a least _
.sqnares solutlon prov1ded a method to evaluate the three constants.,.
rWhen three gages functlon properly at a. glven statlon, the three unknowns
‘were determlned by solving three srmnltaneous stra1n equations. For o
locatlons where only two stra:n gages prov1de accurate straln measurements, d
an assumptlon mmst be made for one of the bendzng straxn components |

A- zero bendlng stra1n w1th respect to the. strong or weak ax1s ‘can be e
assumed, dependlng upon the gage locatlons on: the cross sectlon and
:the d1rect10n of applied load1ng to the p1le (Test No 1, 2, or 3)

Hhen only one straln gage was ava1lable, two strain components had to
hhe -assumed. A zero axial and bending straln or zero hendlng stra1ns »
' were assumed based on the type of p11e loadlng and the depth at whmch
‘the _Bage was located Tables 10. 5 and 10. 6 11st generallzed ax1a1 and
'bendlng stra1ns in terms of the total straln (denoted as a, h c, or”
d) measured by gages located in var1ous pos1t10ns on a cross sect1on

The ahbreV1at1ons NW SW, SE and NE refer to the north-west, south-west,
south-east and north-east flange tips respectlvely A ‘

For the fxrst and second f1e1d tests, the experlmentally measured
5htota1 p11e stralns were used darectly - The measured stralns for the
h.third field test had to be corrected because of an 1nstrumentat10n 1
"fmalfunctlon Dnr1ng the lateral load phase of thxs comb1ned Ioad test,

_the recorded strain data 1mplied that a snbstantlal axxal load exlsted

":,»even though vert1ca1 loads uere not directly applled Therefore, for -

che lateral phaae of the test, the measured strains were corrected hy

subtracting the axial straan, €y ahown in Table 10 5, such that the
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'Ta;bie' 106 'f. Exﬁetiﬂ;ggtél bendi:ig- 'str‘ains for lateral load test.
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y-direction ' , ,
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‘ net calculated ax1al stra1n at each p11e cross section: equalled zero,

T Fot the vert1ca1 phase of the combxned load test, the malfunctlon |

".d1sappeared Stra1ns 1n th1s phase were adJusted by the axial strain
: at the beg1nn1ng of the vert1ca1 load phase, when the axial load
equalled zero. ' |

10 3 2. Exper1mental f-z Curves

. The first f1eld test, 1nvolv1ng only ax1a1 compre581ve loads on
'l"Test Pile P1, provxded exper1menta1 data to estab11sh the relatlonshlps
for the vert1ca1 skin fr1ct1on force, f, and the relatlve vertical
d1sp1acement z, _between the pile and the soil at var1ous po1nts along
h-the pile length. These soxl behav1ora1 character1st1cs, wh1ch can be
'expteSsed in'the form of mod1f1ed Ramberg-Osgood curves,»mathemat1cally
.‘ descrlbe the s011 in contact with the plle along 1ts length
In order to develop the relat1onsh1ps between the ax1a1 strarn,_
e#ert1ca1 sk;nifrrctlon_force and thevrelat1ve‘vert1ca1 d1splacement,
thevincremental length, dE,.of pfle shown‘in_rlg. 10.8 Qere considered;
' Equilibrinm'of'theivertical forces actingﬁon.the‘pile.segment requires_
that | | | | |
usv(di)?'i"f:ffl’ - ‘(r:+;&r')a=ﬂo7"'" ey
-'where, H= the nnrt fr1ct1on force; 8 ; the effect1ve per1meter-of the
'fp11e F the ax1a1 compres31ve force at the bottom of the- segment

.and dF the 1ncremental change in the ax1a1 force across the length :

"dz._ Lett1ng the sk1n fr1ct10n force, f, equal ps Eq (10 3) becomes



~ nth NODE —J—

STRAIN GAGE
o | TYPICAL) BN PR { B e

‘nth

'»-Fiénre‘iO.B. Vertical load plle behav1or (a) forces act1ng on :
o incremental plle segment (b) unloaded pile (c) loaded
: p11e
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=
o

(10.4) -
b,
@F=EAe, T aes)

nhere' E the modulus of elast1c1ty, A 'the‘crossiseetional erea of
_’the p11e, and de :-gthe~1ntrementa1 pile axiel-strain;,,Substitutfngrj
I.Fqu (10.5) into Eq.x(lo.k); o | B

f EA -2 v : ’ - o +(10.6)

. . dz o ‘ : : , v o
| Flgure 10 8 shows a vertlcally d1splaced p11e due to an axlal
‘compress1ve load P at the top of the p11e and the relative vertlcal
ed1splacement z, between the p11e and the soil, at the locatlon (nth
node) where the skln fr1ct1on force was evaluated - This relatlve movement

1§:expressed as -
Coadeen T o an

wtiere,;1 the measured vert1cal settlement at the ground surface,

‘u}: and AL the ax1al shorten1ng of the p11e between the f1rst node at

_ the ground surface and the nth node. Equat1on (10 7) can be rewr1tten

'_1n terms of the p1le axlal strain
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‘The flrst derlvatlve of the ax1al straln for Eq (lﬁ 6) was approx1-
mated as, the slope to a quadratlc funct1on that was obtalned by a least

sqnares curve fit through the ax1a1 stra1n data po1nts,v The number of

R nodes on each side of a partlcular 1ocatlon, a 1n Flg. 10 9, establlshed

A whether a three-p01nt or f1ve-p01nt curve f1t for the qnadratlc functlon
_was selected S1nce the flrst and last nodes along the pale d1d not

have straln data ava1lab1e at adJacent nodes on both sxdes the sk1n |

'ﬂ fr1ct10n force was not evoluated at those nodes.'

~ The Lntegral of the ax1a1 stta1n for Eq. (10 3) was apyroxlmated

':was the area under the straln-depth dlagram that was estab11shed by

}connectlng the stra1n data po1nts With stralght 11nes At the nth
.node, the 1ntegral express1on 1s approxzmated by the Cross hatched
' area on the axzal stra1n-depth d1agram shown in. Flg 10 9 The relat1ve
vertical dlsplacement at ‘the nth node was determlned by. Eq. (10 8)

| Flgures 10 11 and 10.12 were developed by app1y1ng the Procedure
.mentloned above to the axlal stralns shown in Flg.Alo 10 . The values.
for f and z at each straln gage: station have been connected by strazght
lines to 111ustrate the var1at1on of these exper1mentally determlned
v.parameters along the plle length graphlcally For c1ar1ty, only three '
curves have been shown, those correspondzng to dlfferent nmgnltudes of
‘.the applled vert1ca1 load at the top of the plle The axlal str31ns‘~
_:shown 1n Flg 10. 10 were plotted to a deyth of 3& S ft. The deepest
gl'stra1n gage statlon, shown in F1g 10 6 to be 37 5 ft below grade (2 5 ft'.

r :above the plle tap), did not. prov;de re11ah1e straln mensurements

o 'Slxteen vertical loads were’ analyzed to- determ1ne the nonlznear behav1or

L between f and z. Flgures 10. 13, 10. lk and 10. 15 show the 16 exyer1menta11y

?
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derlved (f-z) coord1nate data po1nt pairs for -the. nodes at depths of 1

10 5, 19 5 and 31.5 ft, respectlvely

A mod1f1ed Ramberg-Osgood express1on for f-z (Eq 3. 2 in Sectlon
3.3.2) was establlshed by curve~f1tt1ng technlques 1nvolv1ng the least

squares method to m1n1mxze the error between the data p01nts and the

.‘functlon From the least squares curve fit of the data at each gage

statlon, w1th ‘the shape functlon, n, equal- to unlty, the values for

' gthe max1mum frlctlon force, fmax’ and the 1n1t131 vert1ca1 stlffness,

kv,'ate shown 1n‘F1gs. 10.16 and 10.17,<respect1ve1y, The stralght

‘line segments shbﬁn in these figutes wereeestablished, by,v1sua1 1nspec4

tiqn;:tn obtain linear'vatiations fqt these soil parametersvfnr all
depths;' The mddified Ramberg-Osgood"expgessions~for:f—a for any.soil"
depth_were.evaluatednf:om Eq;U(BrZ), with n equalvto'nnityaand.the two

ax

linearized soil pafaﬁeters (fm _and kv)}obtained fnom Figs. 10.16 and;
10, 17, |

'10.3. 3 Exper1menta1 qﬁ-z Curves

e The - s011 res1stance at- the t1p of a fr1ct1on pile can be represented
by a non11near relatlonshlp between the bear1ng stress, q, and the '
p11e tip settlement z. Th1s so11 behav1oral character1st1c can be

expressed in the form of a mod1f1ed Ramberg-Osgood q-z curve. 'Ihe”

'bear1ng stress at the bottom of the p11e 1s glven by

 p-BAf faz . | - ;
Q= —t— - (10.9)

A
e



208

| . = APPROXIMATED
12 5-_

—
)
(=]

Iy

~N
- . e
(343 )

1

‘fMAxtmum.FR1c110N7#0Rce’(K/FT)

O'G , ('.‘._-_ “ ,v: - e '..,r .'_ |A
DEPTH (FT)

0 4 8 12 16 20 2 8

s e

Figﬁt'e"w.__mf Maximum skin friction force, fmax,~ﬁefs&§ depth.

70

goJ ©° °-COMPUTED
| —  APPROXIMATED

_INITIAL SKIN FRICTION STIFFNESS (KSI)
[ SRR
<

-/

BEPTH (FT)

Figure 10.17. Initial skin friction st1£f§es§, n‘;

S — ' . ) o

Iz 16 20 24 2/

7 %

versus depth.,



A

1209

where, Ae = the effectlve bear1ng area (rectangular area whose d1mens10ns

"-are the p1le cross sect1on w1dth and depth) Know1ng»the-vert1ca1
. dlsplacement of the p11e at the ground surface and the axial p11e strain ‘ .'

:dlstrxbut1on, the tip settlement is expressed as

Mathematlcally, Eqs (10.9). and (10.10) will provide'the soil

'character1st1cs at the pile tip. However, the solutlon is sens1t1ve

to the accuracy of the computed axlal stra1ns As shown 1n Fig.: 10 10

“t the magn1tudes of these stra1ns decrease substantlally w1th depth and
'tare small at the last re11ab1e gage statlon (at a depth of 34.5 ft)
AAn extrapolatlon of the graphs to ‘the p11e t1p does not provxde real1st1c>

‘d ax1a1 stralns at the bottom of the pile. Therefore, rather than specu- )
'late on the p11e behavlor for the last 5 5 ft, a mod1f1ed q-z rela-
,¥t1onsh1p was developed at a depth of 34. 5 ft. The so11 resistance

'.prov1ded by the lower 5 S ft of skln frlctlon and bear1ng at the. p11e

t1p has been grouped together and denoted as the mod1f1ed bear1ng stress,

Qf. The relat1ve movement between the pile and the s011 at a depth of:

34,5 ft has been 1dent1f1ed as the modlfled p11e tip settlement, z'
_Applylng these mod1f1ed so1l parameters Eqs (10 9) and (10 10) can be

'rewr1tten as e

o 345
. P-EA f e L
Qs : . -@aoan
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- and -
i-z‘.; ;1-4f N € dz : -;"_‘ - t . P ._? o '(10;121

Sihce reiiablevpile strains were obtained at a"depﬁﬁ of 34~5,ft,
’~Eq (10 11) can be rewrltten in terms of the ax1a1 stra;n, . ’3;‘S;Aa£ -
that depth | o
s §f~f§:§éq§ BEN L - (10.13)
_,Evélhating'ﬁqs;'(10A12)“ahd (10.13) for edch‘ééﬁliedeertical<1oad.at
the top of the pzle, the 16 expe:inental data points shown in Fig. 10. 18‘
were establxshgd. To. provzde a contxnuous exprLssion desctlb1ng thxs
}séiifbehayioi,'the modified Ranharng:sood function (Eq. £3f6) in -
~Section 3.3.2), with the‘shapé'pafnjetér, n,'sét equdl to hnity, vas -
’#élected'fbf.the-leasﬁ squﬁzes'ﬁurvéifit The curve fxtting establxshed _

_the 1nxt1a1 modxfled point. atiffneas, k', and the maximym BOdlfled

'¢bear1ng stress, q;a y 8§ 20.4. k[in 34nd 135 ksf, respectlvely .

{10 3 4 Expgrxmental;p-y Cnrvea
4 The lateral load test, 1nvalvxng strong-axis bendxas of Test lee
>.P2, prov1ded expe:xmental reaults that were applxed to deternlne the o

flateral soxl resistance, p, and the correspondxng latetal dxsplacement,_

Y at varxous depths along the pile length, as shown in Fig. 10. 19

These soil behavioral characteristict, vhxch can be exptessed in the

f'fo;m<of modlfxgd Ramberg—Osgpo4 ?—y :urves-we;e obtained f:om the pile
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",stralns, lateral dlsplacement and rotatlon of the p11e at spec1f1c
» locatlons
| From beam theory, the alope, 0 bending moment M, sheat force,.
V .and res1stanc5, B can be wrltten as detlvatlves of the dlsplacement,»
;y, .as shown in Eqs (10 14) through (10 17), respectlvely B

SN o - dy SR . | . _ ‘

=g %Y d I | (10.15)
Cvem®y o  (10.16)

p=EI v o L (10.17)

'Express1ng the bend1ng moment in terms of flexural straln, b Yy Wlth
‘ respect to the x-ax1s, and SOIV1ng for the lateral soil resistance and
‘correspond1ng lateral dlsplacement, Eqs (10.18) and (10.19) were .

b‘_ establlshed

B .. d e . . . 4'. _. L . . . . . " R
- (El) —bx) o © 0 (10.18)
c 2 . . ‘ w

DREEA = S S | |

L -
" "

<
"

'1where,nc_= the-distancedfrom”thé neutral akiaAto the strain gage location.
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For'each lateral load the benddng strazns were“calculated’from R
the measured total stralns us1ng the data reductlon technzques discussed
. 1n.8ectron 10. 3 1 The dsstrlbutlon of these strong-axrs hendlng stralns '
'ﬁls shown in F1g 10 20 for three magn1tudes of lateral load H. The | H
'4flexura1 strains were computed to a depth of 17 ft Stra1ght llne:_

segments were used to connect the computed stralns at the straln gage
stations or nodal po1nts along ‘the p11e length to 111ustrate the varia-
tion in these strains. | .

'The,initial approach'to evsluate_the'soilvparameters, given by
Egs. 1(10‘18)'and (10 19), was to estsblish one. contiuuous'function for
'the~bend1ng~stra1n that could be d1fferent1ated and 1ntegrated twice |
at any location alomg the’ entlre p1le length U31ng the computed bendlng ;'
‘ strains as data points, a single fifth-degree'polynomial funct1on‘was‘
selected for curve f1tt1ng, involving a least squares approach. Other
~mn1t1-degree polynom1als were also attempted All of the slngle con-
tinuous functions that prov1ded good correlat1on with ‘the computed
bendlng stralns exper1enced curvature errors, part1culsr1y w1th1n the
top several feet of the pile length, resultlng in negatlve lateral
s01l reslstance for pos1t1ve~y values. 0bv1ous latersl dlsplacement
. errors occurred along the lower portlon of the p11e pred1ct1ng thst
the p11e t1p maved several feet laterally . b

-To el1m1nate these problems assoc1ated with s1ngle fuuctlon curve
;!fits, an approach 31m113r to: the one descrlbed 1n Section IO 3. 2 was 3
selected The Iateral sozl resxstance-at a particulsr depth was calcur'»f
llated as the second derivatxve to. the least-squares quadrat1c function

'that was curve flt through a 11m1ted number of bendxng stra1n data
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poiats. Figure 10.21 shows the results of the data reduction for the
lateral soilvreslstanre at'various”depths for'three values of lateral
'load that was’ app11ed at the top of the p11e | o
To obtaln a cont1nuous curve for the lateral dlsplacement expressed
s by Eq. (10 19), a p1ecew1se double 1ntegrat1on procedure of the bendxng
stra1n functxon (F1g. 10 20) was 1nvolved A 11near equat1on for the
'curvature of the elastic curve was assumed between two adJacent bendlng
strain data po1nts Szngle 1ntegrat10n ‘of .a l1near segment produced a ‘.
,quadratlc equatlon for the rotatlon of the p11e over’ that segment. ‘ |
Slngle 1ntegrat1on of thzs quadratlc functlon produced a cublc equat1on
for the lateral dlsplacement of the p11e in this same’ reg1on
The 1ntegratlon constants’ for the p11e segment at the ground surface

'were the rotatlon and lateral movement of the p11e at grade. For the
Aother pile segments, continuity in the elastlc curve. was requlred between'
segments. An accurate measurement for the rotatlon at the'top of the
test p11e was not obtaxned therefore, another condltlon was selected

to replace'lt The d1sp1acement of the e1ast1c curve was assumed to

be zero at the depth where the lateral pressure equaled zero (9 ft

from Fig. 10 21). This assumption, asvpresented in Ref.,{hl], ensured
that p and .y had the same sign. - At‘the ground-surface;»displacement

o transducers prov1ded an accurate measurement of the lateral d1sp1ace-
4:'ment of the test p11e, therefore, this d1splacement prov1ded the other
':zboundary cond1t1on. F1gure 10.22 shows the f1na1 experimentally derived -
curves for the’ lateral d1sp1acement of the p11e for three magnltudes' '
'of_appl1ed lateral load at:the-topfof‘the'test plle;‘ Note that,;hg "

curvesvpredict a small amount of lateral movement at a depth of 17 ft,
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.Slnce th1s motlon probably d1d not occur, th1s calculated movement is

an 1nd1cat1on of the amount of exper1menta1 and/or data reductlon error
Twenty-one exper1mentally establ1shed p-y data point pa1rs at

_ depths of 3, 4, and 5 ft are shown 1n Figs 10. 23-10 25 respectlvely

Each data po1nt was developed for a d1fferent magn1tude of lateral

load app11ed at the top of the p11e In1t1ally, at each stra1n gage

‘-statlon (except for the first and last statlons), a: least squares curve

‘-_ fit for the mod1f1ed Ramberg-Osgood expressxon g1ven by Eq (3. 8) 1n

Sectlon 3 3 3 was attempted S1nce the lateral dlsplacements 1nduced
‘ durzng the lateral load test only partzally developed ‘the full lateral
- soil res1stance response, the least squares curve-f1tt1ng technxque

_produced unreasonable values for the maxlmum lateral so11 tes1stance,

Py» and for the d1splacement, y » shown in F1g 2.2. To develop a 3
hmore reallstlc expressxon for the so1l response a-v1sua1=curve—f1tting"
-approach for the mod1f1ed Ramberg-Osgood curve was performed. The"'

' max1mum soil’ res1stance, Py the 1n1t1a1 soil stlffness, kﬁ; and the
shape parameter, n, establxsh the piy soil response funct1on The'effect
of the shape parameter on the soil resxstance and dlsplacenent behav1or
s g1ven in Flg 2. 3 For n equal to two, reasonable correlatxon between
:.the exper1menta11y establshed P-y data poxnts and the shape of the
non-11near s011 response curve resulted at the 3-, a-, and 5-ft soxl :
depths The s01l parameters p and’ kh for each curve were establxshed
- by succeSs1ve tr1als to prov:de reasonable correlation wlth the availablerf
d;experrmental data The vxsual curve-f1tt1ng procedure estah11shed the K
4 values at the three selected depths {3, 4 and 5 ft) for p and kh |

shovn 1n_Flgs 10. 26 and 10. 27 for the lateral loed test. For the
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;'flrst three feet of depth these two ‘soil parameters were cons1dered '
to be constant A linear var1ation in pu and kh was assumed to exist.
between the three specified depths Between 5 ft and 10 ft depths, a
‘ _;1near=extrapoia£iéh of»the-straight 11ne4beween the 4 ft and 5 ft -

4.ifquth§fwg§ adopted to~describe‘the soillinitial.stiffness and marimum
li»'feSistAAQe Below a 8011 depth of 10 ft, p and k- were asumed ‘to be |
constant and equal to 43.8 k/ft and 8 80 ksi, espect1ve1y Development '
,fof discrete experimentally derived 8011 behav1or below a s011 depth of |

:5 ft - was not pract1ca1 ‘since lateral s01l displacements below that

depth were small- and dependent on an accurate location of the. p11e

o 1nflect10n poznt ‘as shown in Fig 10 22 The correlation ‘between the

;modified Ramberg-Osgood curves and the data poxnts shown 1n Figs 10 23-
10. 25 is. probably as well as can be expected ‘for results that 1nvolve
double d1fferent1ation and double 1ntegrat10n of functions established
from curve-f1tt1ng techniques through experimentally obta1ned data

An 1dent1ca1 procedure was used to- establish the pP-y curves for c

.the th1rd f1e1d test with combined lateral and vert1ca1 loading Ihe

.bresulting.Ramberg-Osgood parameters»p and kh versus depth'are illus- ..

"trated in Figs 10 26 and 10 27, respect1vely lhe parameters'are
';vabout the same as. those for the lateral test w1th1n the first three.'

_ feet~below-the surface Beyond that depth, the strength and stiffness .
parameters for the combined load test are s13n1f1cantly below those of _
3the lateral test, w1th maximum vslues for P, -and kh at a depth of 10 ftf '
established as . 7 0 k/in and 2.47 ksi, respectively Th1s difference_
1s attr1buted to: the d1rect10n that the p11e 1s mov1ng through the

-A'soil. In the combined load test the pile was bent about 1ts weak
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-skis,' The edges of the flanges and only a port1on of the web developed‘
dthe pass1ve 3011 pressure ‘as the pile dlsplaced laterally, sznce a gep'
' .Abetween the plle and the 3011 developed along both sldes of the web- as
.'the p11e was drlven The exlstance of the steel shoes attached to the,'
test p11es to protect ‘the strazn gage conduxts also reduced the amount
of s011 contact along the web In the lateral load test the test
>7p11e was bent about 1ts strong axls, caus;ng the entlre face of the -
’ flange to develop the passlve 3011 pressure as the p11e was.moved
laterally These observatlons suggest that the lateral strength and
| stlffness W1ll be less for weak sxls bendlng -
‘The 3011 resxstance and dlsplacement behavior at depths of 3 ft,
v‘4-1/2 ft, and 6 ft for the combined load test are shown in F1gs 10.28,

10. 29, and 10.30, respectlvely. These fxgures show the experlmental .

p-y data- po1nts and the modlfzed Rsuberg-Osgood curves that were '
developed by the visual cutve-f1tt1ng approach previously described

The- fxrst 12 data points were obtalned from the lateral load phase of -4
the~comb1ned loadAtest. As_dlscussed in Section 3.2.7,jafter completion
of'the-lateral loadusequenee, a test-malfunctlou caused a'comsleté'l

loss of lateral load ‘Data p01nts 13 through 16 represent the soil |
behav1or dur1ng reappllcatlon oi the . 1atera1 load_ The effect on the
so11 resxstance and d1$p1acement ceused by the appllcation of vertlcal - Aé
;load on the latetally displaced pile is 111ustrated by data poxnts fjj
lf16-32. Data p01nt 32 eorrelates to the msxlmum agpl;eg vertlcal load

- of 280 k1ps Vertical unloeding of the test pile occutred between ff’
data polnts 32 and 36 and the lateral load was removed between dats o |

‘poxnts 36 and 40.
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'LATERAL RESISTANCE (K/FT)

"A-fA'EXPERIMENTAL DATA

21 — " MODIFIED RAMBERG-0SGOOD
4 S _ — : '; i

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
o S . LATERAL DISPLACEMENT (IN) '

Figure 10.28." Modified Ramberg-Osgood p-y curve at 3.0 ft depth for
. : combined load test.

LATERAL" RESISTANCE (K/FT)

L i exeeriMeNTAL DATA
I F77 . — MODIFIED RAMBERG-0SG00D

s ®

-4

- —T T 1 T '
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6
. '. .'__ o LATERAL DISPLACEMENT (IN)

Figure 10.29. Modlfled Ramberg-0Osgood p-y curve at 4.5 ft- depth for
o ‘ comblned load test R
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LATERAL RESISTANCE (K/FT)

24 P07 aa EXPERIMENTAL DATA .
S ' — MODIFIED RAMBERG-0SGOOD
_ -3* ‘(:)_'2/, _ [

-4 T T — —
0 0 0.2 0.4 0.6 0.8 1.0 1.2 1 4 1.6
L ' o : LATERAL DISPLACEMENT {IN) .

Figure 10.30 Modified Ramberg-Osgood p-y curve at 6.0 ft depth for
' E comblned load test.
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Ail( APPENDIX B MODEL PILE DEVELOPMENT AND TEST PROGRAM

1 Development

E llgl'l Model Scale and Components

' Sca11ng of releVant model quant1t1es for a statlc geotechn1cal

system, in accordance w1th the Bucklngham PI Theory [27 42 ,43], requlres

the select1on of two independent ‘quantities from wh1ch sca11ng rela-

'Lt1onsh1ps for all the~other quant1t1es can be derlved The two 1ndepen-
'.dent quant1t1es normally selected are 1ength and stress, w1th the scallng
factor for stress normally set equal to one so that more dlrect comparx-
vsons can be made between a model and a prototype "In a statlc geotech-

_ nical system, t1me 1s not a relevant quantlty Th1s cond1tion would.

ex1st w1th rap1d1y d1ss1pat1ng or nonex1stent soxl pore pressures

When length and stress are the 1ndependent quant1t1es the sca11ng
relat1onsh1ps of a statlc model. that must be satlsf1ed for complete
s1m111tudesbetween~a model‘and'prototype arezgrven in Table 11 l All »

sca11ng factors, except the scallng factors for stress and strain that

‘.are equal - to un1ty, can be . expressed as powers of the length scale_:f

’_factor, K.

The most:significant departure~from the scaling reIatibnships in

the model 1nvolved the mater1al dens1t1es The dens1ty of all mater1a1

-”1n the model should -have been 1ncreased by a factor of l/K that is,
‘1f the length sca11ng factor 1s equal to 1/10, the dens1t1es of the

o model components should be 1ncreased by a factor of ten. Den31ty scaling -

1s 1mportant s1nce the 1n-s1tu vert1ca1 ‘and lateral so1l pressures are_ '

dependent upon the un1t we1ght of the s011 Therefore, complete S
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~ similitude of a prototy'pé 'so{i-'woul'd ‘require incre‘asidg.::the unit weifght
~of the model soil. If completelsimiiitude is'required:ih a model, a

' cehtrifuge is‘ofteu utilised to*artificially'increasefthedunit'Weight'

of all materlals [27] ‘ | . R S

The obJectlve of a model test program determines whether complete

s1m1l1tude is’ necessary The obgectxve of the model tests 1n th1s

"‘1research program was to study the relatzve behav1or of @ p111ng structure:
- in a varlety of~so1l medlums.b The structural elements and s011 med1ums
‘selected for the model were not xntended to s1mu1ate any part1cular
rstructure or s011 condltlon Fbr the scalxng relat1onships 11sted in

Table 11 1, length, stress, - and straln were selected as the przmary

quantltles. The other quantities wére cons1dered to be secondary

-Slnce model test results were compared with other model test results.
hav1ng the same. scale the effects of omlttlng density sca11ng w111 ;
not be 1mportant. Also, model test results were compared thh analytlcal
studxes ‘that used actual geometr1c and mater1a1 properties ex1st1ng zn .
the models As long as the _same parameters are used for all comparlsons
‘between experrmentalpresultSnand analytlcal models, exactls;m;11tude“
is not requlred | | | ‘ - |

A scallng factor equal to 1/10 was selected as a bas1s for develop-ﬁ
_vment of the model components. The tWO most s1gn1f1cant components of
tthe scale model tests are the p11e and the so11 medinm A 1-1n.~square
"by 60-1n.-long tube was selected. as the p11e model The prototype for
__the model was an HPIO x 42 that has a nominal flange wxdth of 10 iu
vand a nomlnal depth of 10 1n.. The thickness of the tube was chosen .‘

w1th regard to strazn sensitiv1ty requlrements for each ‘test . type }
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rather tﬁah to coméletely‘model the'osototfpe A tube wall thxckness

of 0.125 in. and 0.075 in. (14 gage) were used in the ptellmlnary lateralv
,load tests. These thlcknesses allowed large lateral dlsplacements '
»w1thout 1nduc1ng y1e1d1ng of the cross sectlon On. suhsequent vertxcal
lateral and-comblned 1oad tests, a tube wall thlckness of‘O 032 1n..
(21 gage) Was used to 1mprove the senslt1v1ty of the axial and bendlng
.stra1ns and yet to avoid local buckllng of the cross sectlon during |
vertical end bearing tests. The tube sectlons w1th 0 125 in. ~and 0.075 in.
| wail tﬁieknesses had a yield stress of'36 ksi, while the'O 032 in.

1wall thlckness tube sectlons had a yleld stress of 75 ks;."The modulus A
of elasticity of steel was set equal to 29,000 k81, To fac111tate the
connection between the test pile and the testing apparatus, a small )
V1-1n.-th1ck square plate was welded to the top of the plle. For those
~ model piles used. in the eod'beating‘tests, a plate was Qelded to the -
plle tip to’ d1str1bute the reactlon at the bottom of the test b1n
A fine, unlformly graded masonry sand was selected for the model

soil. ‘A uniform soil was selected to p1n;mlze partlcle,s1ze segregatlon o
_during“sand placemeot. ,The gradation.of the. sand, shoéniin Fig.‘il.i;
»iodicates a maximnm partitle diameter of 1/16 in. The aagie of internal _
'ffiction,-¢,‘determined,by difect.shea;,tests on drﬁdsample of dense |
sand, was found to be eqnal to 34°' The instability of.the loose.

sand soil structure prevented determlnatlon of the internal frlct1on 1
angle by convent10na1 dlrect shear methods, therefore, Y could not be B
estab11shed for loose sand In-sltu soil dens1t1es‘wete determ;ned '

for each pile test as descr1bed in Section 11 1.2,
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The dxmens1ons for the soil test b1n were determlned by pre11m1nary'

R,

‘model plle tests that 1nvest1gated the 1nf1uence of the soxl bin sides
_and bottomvon the behavior of the sand. Th1s zone of soil movement .

_ was documented rad1ograph1ca11y by Saglamer [44].. .To estahlishithe

plan dlmen51ons for the so11 b1n, observatlons of surface sand movements

'dur1ng lateral load p11e tests were used to est1-ate the zone of 1nfluence
.of_the p;le To determ1ne the depth for the 5011 bln, Vert1cal 1oad

:pile tests.were conducted With the p1le t1p located at a speC1f1ed»

distance above the bottom of the test bin, the’ p1le was pushed 6 in.

f vertlcally through the sand medlum.A If the p11e t1p was located 15 in.

above the bottom of the test b1n, no notlceable lncrease in s011 stlff-

‘ ness was detected as the plle was pushed downward The size of the

"8011 test ‘bin was selected to provzde 24 p11e dlaneters clearance between

the p11e and the b1n in the horlzontal pass1ve d1rect1on, 9 p11e d1ameters
c¢learance in the horizontal active direction, andﬂlz_p1le diameters

clearance.ih_thevvertical directionfbeneathvthe,tip of the friction

- piles. These dimensions were‘determined to be adequate to minimize

.the influence of the soil boundary on. the behavxor of the p1le-3011

model : App1y1ng these clearances, the 3011 b1n dlmens1ons became 3-ft

| 1oug, 1. 5~ft w1de,‘and 6-ft tall. The locatlon of the plle in the

:so11 bin is shown in Flg 11 2.

- The test set-up procedure con31sted of pos1t1on1ng the p11e in

“the empty soil bin and plac1ng the s01l medlum arouhd the p11e. Th1s

"'procedure was adopted to avo1d poss:ble 1ncons1stenc1es produced by

dr1v1ng or push1ng the pile into the so11 ledxum.. The test program |

‘required the development of a soil placement_techn1que that'uould prowidea
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) Figure'11ﬂ2.' Model ‘test plle locatlon in the s011 b1n (a) plan v1ew

(b) cross section.
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'The'accuracy of any soil layer dens1ty was»dependent uponlthe accuracy
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”Aa 5011 structure that could be dupl1cated w1thout S1gn1f1cant variation

f1n s011 dens1ty and soil fr1ct1on angle W1th1n each s011 layer for

each test ser1es The soxl structure was generated by ut111zlng a

»var1at10n of the ra1n1ng technique [27] successzvely releas1ng a known

’-quantlty of sand approxlmately 450 lbs, through a screen from a holdlng

tank posltloned on the top of the bln. The floor of the hold1ng tank

; was hlnged to prov1de a controlled depos1t10n of each so11 11ft from a

A.flxed pos1t1on After ‘the sand fell 1nto ‘the b1n, any surface 1rregular1-

t1es were smoothed manually Two opposlte s1des of the test b1n con-

‘talned w1ndows that prov1ded a v1ew of the so1l 11ft surface to ass1st

_the est1mat1ng of the s01l deus1ty at s1x levels of the b1n The dens1ty

for each 1 ft was based on an average soil height at the s1des of the b1n

V-'of the smoothlng operatlon and the soxl helght marklngs on the wlndow

:1n the b1n wall. S1nce the layer helghts were typ1ca11y between 10 in.

and 12 in. y 3 measurlng error of 0. 5 in could result in a layer denslty

- error of % % A loose sand dens1ty wexghing between 90 pcf and 95 pcf

"_was exper1mentally obtalned w1th th1s approach

" A dense sand structure was formed when a concrete vibrator was

placed aga1nst the outs1de face of. the b1n walls to vlbrate the so1l

fbxn unt11 the he1ght of the 11fts no longer decreased By vxbratzng the _
1b1n, the sand cOnsolxdated fa1r1y evenly with the surfece of the sand

ldroppxng unlformly across the bin. A dense sand dengaty we1gh1ng between o

100 pcf and 105 pcf was obtained with thls v1brat1on technlque
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' ll,l 2. Framework '
The vert1ca1 load test framework shown on the left half of F1g 11. 3,
4cons1sted of a self-conta1ned structure constructed w1th structural

angles and structural tublng The framework was deslgned ‘to. apply

_vert1ca1 load at the top of each model test p11e and to support the -

' F;'8011 b1n durzng so11 dumplns operatxons Two double angle vertical

legs supported the vertlcal load spreader beam and served as a tension

' t1e to transfer the vert1ca1 load react1on to the support frame beneath
‘Athe soil b1n Dlagonal brac1ng stab1l1zed these vertlcal uprlghts and
‘11m1ted lateral deformatlon of the so11 b1n occurred durrng the lateral
load tests Neoprene rubber pads were placed beneath the support frame- |
- work to prov1de a flexlble foundat1on for the s01l bin when the b1n was
vrbrated for consolldat1on and to provrde a larger coefficient of sl1d1ng
'A,fr1ct1on betweeu the framework and the smooth concrete floor for the
lateral load test. L1ft1ng brackets mounted on the support framework
were~used to‘lift~the frame ‘and b1n for.dumplng.the-so1l into a}trausfer
" bin after a p1le test was completed ‘A chute'on'the bottom.bin was.

used to dra1n the sand from the test b1n to the transfer bin.

| The vertlcal load was applied to each model test p11e by abscrew
:mechanlsm, wh1ch was dr1ven w1th a var1ab1e speed electr1c motor, act1ng

through a torque multiplrer A schematlc of the vert1ca1 load mechanrsm

- is shown 1n F1g. 11 3 The shaft transferr1ng the load to the. p11e

o ..head was braced laterally to prevent any mrsallgnment at the p1le head.,

v ‘Brac1ng was also attached to the top of the test p1le by the lateral

load beam that was- anchored to a lateral load frame A roller assembly

_attached to thezvert1ca1 frame uprrghts guided the test pileato prevent
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B lateral movement of the p11e transverse to the lateral load beam The
'braC1ng system prevented lateral movement of the plle head and permltted

f'relat1vely free vertical motxon.

The lateral réact1on frame, shown on the right half of Flg 11. 3,

‘C0381Sted of structural angles and structural tub1ng The framework B

was mounted to a bu11d1ng column 1n a wall of the Structural Research

dLaboratory The framework res1sted the lateral load applxed to the,
4:'top of each model test plle and supported the lateral dlsplacement

drive mechanlsm The framework was deslgned to be 1ndependent from ,
‘ ithe vert1ca1 framework and s01l b1n A lateral load beam connected '

_the dr1ve mechan1sm to the p11e head

The lateral load beams were des1gned to prov1de rotatlonal boundary

'-cond1t1ons at the top of each test pile’ and to s1mu1ate a br1dge super-'
';fstructure By apply1ng lateral dlsplacements and measurlng the forces
: at. the rlght end of the lateral load beam, the JOlnt condltlons at the

pile head~can~be deflned The analytical model IABZD was ut111zed

to determ1ne the moment of 1nert1a of the lateral load beam that was

.requ1red to s1mulate p11e head rotations approach1ng a p1nned-head or a
";f1xed-head p11e cond1t10n A 1/2-1n -square bar was selected to approxl-
'*’lmate a p1nned-head p11e condltlon, and a standard 2-1n -d1ameter struc-'-
‘::tural p1pe was selected to approxlmate a f1xed-head p11e cond1t1on S1nce>
‘ the beams were loaded 1n ten81on dur1ng the lateral load pzle tests, |
3there was no need for lateral support to prevent buckl1ng The lateral
, ‘load beams were bolted to the pile head us1ng four 3/8-1n -diameter
| .bolts that clamped the plate that was welded to the top of p1le to a |

.jplate welded to the lateral load beams.
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Statlc slid1ng ftlet1on forées between the vertlcal frameWOrk
supportxng the sail bin, the ﬂeoprene rubber pads, éna thﬁ Snouth cen-
crete. floor resisted the lsteral load applzed to the pxle Slnce the :
| max1mum lateral loads Were appraxxmately 250 ibs aﬂd the séil b1ﬁ and

frameVork we1ghed approxxmately 3500 Ibs; sl1d1ng or overturnxng of

. the s011 b1u was prevented

’ The lateral load drxVe nechﬁnlsn used to create the lateral dxs-"
placements at the test p11e heid was the same mechanxsﬂrused to generate
vertzcal loads. The torqﬁe m&ltiplxer and electric drzvé motor,

supported by the Iateral IOad fraaewcrk turned i I-1n~~dxame€er threadedv

’1A' rod that was connected throngh a yoke dev1ce to fhé Iatérél load beam

11 1 3 lee Inatruﬁemtatxaﬁ

The modelltést pzles wéré instrumented with electrxcal resxstance
strain gages an&g thezr Iengtﬁ as'shown in Fig. 1&,A4,§g record total

strains 1nduced bv tﬁe~app11ed test loads. Fouf“difféteﬁﬁfiﬁge sﬁééiﬁé

- . patterns were used to ebtaln the d1str1bution of the pzle stra1ns

| Gage Pattern 1 was nseﬂ for t&e prelin1nary model tests The flnal
vertxcal laad Iateral Ioa& and combxned Toad te@ts wéte pefformed
| with Gage Pattern 2 The end?EEarlng p11e testé were con&ucted w1th
-4 Gage Pattetns 3 and & fbr the vert1cal load tesﬁs and‘céﬁblned load
tests, respectivelyc The epecxngs of the gages for the Iaterally loaded |
prles were~based’dn prle stf&in varlatxons noted in the Ixterature - .
54-58} and on the reeufﬁs o&tazned from analyses perfnrﬁéd w1th IABZD
A Stra1n geges vere pIaceé?on~two opposite, outside surfaces of the
nodel pzles with the;r eﬁettfrcal lead wires poiitioned inside the

tube.
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: F1gure 11 4 Strain gage locatlons for the model test p11es. (a) gage

-pattern’1 (b) gage pattern 2 (c) gage pattern 3 (d) gage
pattern 4



Small dxameter holes were dnlled through the tnbe wall at each st.raln
gage Iocatxon to cozmect the gages ‘to the lead wxres S&wce two gages

h were posxuoned on" opposz.te s1des of cmss sect:.on, hendug mmeut
v_and anal strams could be resolved frou the stmm mfomtmn

| To pmtect t&e gages, an epoxy caatmg that cured to a hatd smoth N

- surface was used ovet each gage 'l‘he eoatxngs covered an: a.rea approxl-

o mtely 1’/4 in. by I/2 in. and were typxcally o. 023-1n thlek ' The

‘ »‘total coatmg ‘area for all of the gages was app:oxmtely 2% cf the
,totaJ. p:.le surface azea exposed to the s:-md medmn The mm.ma]. effects'
: uf the protective gage coatings on the heimv:.ot of the p:.le were compen
. -sated far by using the same p11e in &Il comparatxve teats
A cahbrata.on test of each xnat.runented: pile was condueted Bend1ng
noments and axial loads were caIcnlated fron the p11e stx:mns usmg |
ft_!;e elepentary_ be_mtheoty. These-valqes were compgred? tog the, app]-.xed
‘jﬁoineﬁts and a;iel loads * The eailAibraitiod }eeults":e#eéled that t,'he'» .
s:.ght 1rtegular1t1es in the pile cross sectmn and l.acal sttess concen-
':_-tratmns at the lead wzre holes did not produce s:.gm.fxcant errors 1n
A' the calculated bend:mg moments or axul: lo&ds at most of tbe strain’
. lj;ga'ge locatmns Eowever, three gages on the combined load test: model
: pile were ad;usted by a cahbrat:.on futmr to match convent.mnal beam .

: theo.ry;. -
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. 11.2. Model TestvProcednresi

11. 2 1 General Descrxptlon

f The scale model test program 1nvolved 40 p1le tests. Eleven of'h
.:these tests were analyzed and’ are reported hereln, wh1le the remalnlng.
tests-establ:shedatest.apparatus des;gn, test1ng;procedures, s011 and
p11e response, 1&& geometric*COnditionsfﬂ The Objective of the'test-:
program was to determlne exper1mentally the behavior of model test
.plles, subJected to vertical. and/or lateral loads, in both loose and
densevsands The basic test parameters for the 11 ‘reported model

tests are‘glven in Table 11.2. The test matrix conta1ns four maJor
"parameter cateéoriesf ’(1) pile types (fr1ct1on and end-bear1ng piles),
(2) p11e head types (flxed, plnned abutment and predr1lled hole),

2(3) load types (vertlcal lateral comblned and lateral cyclic loads),.
;_and (4) 8011 types (loose and dense sand) Each row in Table 11-2

' descr1bes the parameters for each part1cular ‘model test for example,
Test A-1 1nvolved a p1nned-head fr1ct1on pile, embedded -in 1oose f

‘ sand that was subgected to a vertlcally applied load. Seven test :
igroups (A throngh G) were conducted and analyzed durlng ‘the program |
.‘Test Type Nos. 1 2 and 3 1nvolved vertical load only, lateral load
':only, and comblned load1ng, respectlvely The comb1ned load test cons’ '
'ta1ned two loadlphases The f1rst phase 1nvolved d1splac1ng the p11e K
head laterally by applyxng a lateral load The-second phase, commenc1n§~
-after the p1le head was d1splaced a specifzed amount involved applying )
'vertlcal load to the test p11e whlle malnta1n1ng the: lateral d1splacement

at thejplle_head_ The test matr1x beglns w1th p11e models 1nvolv1ng



‘Table 11.2, Test matriz for madel piles:

" Test

Sequence

" Test . Test
- Group Type
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. End-.
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X
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s1mple head constra1nts and loadlng sequences and progresses toward

'_: more complex boundary cond1t1ons, Such as the 1ntroduction of a pre-

dr111ed hole or-an abutment at the top of the pile. The'p11e head

'conf1gurat1dﬁﬁ for Test Groups A through E and G are shown in Flg 11. 5,
—"and the conf1gurat10n for Test F 1nvolv1ng the abutment is shown. in |

";?;_Flg 11 6

By mlnimleng, as much as posslble, varlatlons 1n 5011 propert1es -

due to so11 placement procedures, the p11e behav1or 1nduced by varlous

‘ load types could be 1nvestlgated experlmentally The soil placement
-.techn1que descr1bed in Sectlon 11 1. 1 was used to place the sand up to
‘the elevat1on of the top stra1n gage For the pile tests involv1ng a

Q-ipredrllled hole (Test Sequence D), a 5 in. -d1ameter cyllndrical tube

was placed around the p11e at the top to prevent so1l contact along

d[ the upper elght 1nches of the length pile. -For the p11e tests involving
zan abutment (Test Sequence F), after the sand was placed up to the |
‘gflrst strain: gage station, the abutment and abutment wall assembly
Aswere mounted on the p11e head- and the back f111 materlal, whrch was
'behlnd the abutment and w1ngwa11s, was added by hand. A more thorough

:descrlptlon of the test sequences 1s found in Sect1ons 11.2. 2. through

11 2 4

11 2 2 Vert1ca1 Compresszon Tests

' As shown 1n F1g 11 7, vertlcal d1splacement of the p11e head .‘_7

jdur1ng the vertlcal load tests was measured with d1rect current dlsplace-
:ment transducers (DCDTs) haV1ng a resolut1on of 0 001 in. Lateral
: movements‘ofnthe_plle head.were mlnamraed‘by_braC1ng the topiof,the

.plle;Vith_the-lateral.load beam in one direction and;with a bearlng T



242

- '1“. DIA’ STD
' PIPE (LATERAL

LOAD BEAM)

rAXIAL LOAD

TRANSDUCER

Al"»

B |

Pr?

b

l/2-1n DI:\5

BAR (LATERAL
 LOAD BEAM)

| TRANSDUCER -

- [/— AXIAL, SHEAR,

. AND MOMENT

ST .rifSTEEL~CAP
SOIL SURFACEZ |}

CPLATE

' HOLE

e,

- e

. e A "
‘A . *

%

| LTSt p1ee—"

Figure 11,5.

. 5-in~ DIA, X e

2ot "."BOTTOM
-/ TEST BIN.

-and G:

PREDRILLED v |

" TEST PILEf.

.' [ 6'-0."

':«L" R

77777

(®).

;-

[N

‘| |- sAse pETAIL B0 N
C53F0R TEST il
TTJGROUP G ONLY - '

Pile head cohf1guraiidns for Test Gfdhpg A ‘B, C, D. Eb
(a) test. group A (b) test groups B €, E, and
G (c) test group D : _ L



- wowsem/ |/ e, |
- : - / Q_TEST PILE

243

" NOTE: SUPPORTS FOR THE DCDTs
s """ AND THE GLASS SLIDE
g b """ PLATES HAVE NOT BEEN
CRTESTPILES o sHow FOR CLARITY.

"LATAERAL"' — ~7—T PLATE

1 g !

L

DCDT

(TYPICAL)'"

BRACKET FOR
- GLASS SLIDE

tt—-q_VERTICAL LOAD

AXIAL LOAD

_TRANSDUCER

‘EL- AXIAL, SHEAR, AND

%1 MOMENT TRANSDUCER: -

mest pie~ | rSQIL‘SURFACE

2: ;'15511

" TEST PILE

: Flgure 11 6 DCDT arrangement for vertical load tests (a) plan viéw

(b) 31de elevatlon (c) back elevatlon



(*LTEST PILE-\ -

2-in.-DIA.
STD. PIPE
(LATERAL- ’

AXIAL LOAD

| fQTESj PILE~

| _~SAND BACKFILL

v e e

il -RIN WAL

TRANSDUCER

_SB&%AC_‘j,u;NauAyL;g

LoAD"BeAN) B

SAND

BACKFILL™ ._1?;

AXIAL, SHEAR, Frra

~ AND MOMENT
- TRANSQUCER

NINGNALL
BEAM _g
QTEST PILE

-SOIL SURFACE
(BEHIND) .

Jl-wInGwALL

BIN WALL

TEST PILE

TEST PILE

SOIL SURFAGE~

‘(‘c)r i

Figure 11.7.

JL-soIL
I SURFACE

Pile head conflguratlon for Test G:aup F
4,(b) front elevat1on (c) S1de elevation.

~LATERAL LOAD

_~ABUTMENT

(a) p'l:«;_'n»_vie.w _

A4



245

L plate and roller assembly in the perpend1cular d1rect1on, as shown in

. Flg‘ 11 3.

The vert1ca1 load was appl1ed to the frlctlon pile us1ng a loadlng
E apparatus that prﬁvided a constant rate of vert1ca1 d1splacement By

us1ng a mechan1ca1 dlsplacement control loadlng mechanlsm rather than

": a load control deV1ce, test procedures would be more repeatable The

o vert1ca1 d1splacement rate was establlshed at 0. 5 1n /hr for all of

Athe vert1ca1 load tests The magnltude of the applled load was measured
by a load transducer bolted to the plate at the top of the p11e The
3Atransducer was developed spec1f1cally for the model tests and had a
sens1t1v1ty of +2 lbs ‘ A ,
Data was recorded dur1ng the tests with a Hewlett-Packard Automat1c

~‘Data Acqu1s1t10n/Control System (DAS). The capab111t1es of this data
'acqu1s1t1on system allowed the frlctlon pile tests to be run contlnuously
‘{{W1thout stopp1ng to record data ‘ At a displacement rate of 0.5 in. /hr,

-the DAS read all channels for a glven d1sp1acement before the pile '

- head had'moved 0 006 in.. The<vert1cal load for the fr1ct1on plles waS'l
:.applled unt1l the load versus displacement plot for the test 1nd1cated .
that the ult1mate capac1ty of the test pile was reached

11 2 3 Lateral Load Tests

A11 -of the lateral load tests ‘were conducted.uslna the same test_~
_ procedures and test-setup, except-for the p11e head‘cond1tions The '
:lateral dlsplacement and rotatlon of the p11e head were measured w1th T
dlsplacement transducers A bracket was mounted near. the top of the
Ap11e to allow the transducers to monitor p11e movement w1th respect

to the so11 b1n, at the so1l surface The arrangement of the transducers
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for the lateral'load'tests‘is shown in Fig 11.9: The - lateral load

»requlred to 1nduce the’ ‘horizontal d1splacement of the p11e head was

measured by a load transducer located on the end of the lateral load '

ﬂbeam next to the lateral load frame, as_shown in Flg. 11.3._'The_load
‘transducer measured the axial load, shear, and moment at the end of the

4 lateral load beam next to the lateral load frame..

The lateral load tests.Were,conducted under displacement control,

‘rather than under load control; therefore, the pile head was d1splaced_ _

at a constant rate The horlzontal movement of the pile at the soil

‘surface was measured w1th a d1splacement transducer The displatement

rate, establlshed from prel1m1nary tests, was approx1mately 1.0 in. /hr

for all of the lateral load tests. Prelxmlnary tests conducted at

'other d1sp1acement rates of 0.5 in. /hr and 2.0 in./hr and tests conducted B

TW1th 1nterm1ttant stops durlng these lateral load tests produced insig-
sTn1f1cant var1at10ns in p1le behaV1or and capac1ty, suggestlng that the -
| d1splacement rate had a neg1131b1e effect on behav1or. However, for
.cons1stency among the lateral load tests, a constant d1sp1acement rate

was’ applled throughout the ent1re test

The data collect1on control program for the data acqu1s1t10n system
was wr1tten to automat1ca11y collect and. process the experlmental data

at predeterm1ned d1splacement 1nterva1s. Except for the comb1ned load‘

-_1tests, the model p1les were d1sp1aced laterally untll the max1mum bendlng -
'stralns for the extreme flbers of the p11e approached the y1e1d stra1n

o These lateralnd;splacements permltted_the measurement.of pile strains to

a'maximum'soil depth.
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For'the lateral test involwing a predrilled hole (Test Sequence

. :D 2), ‘the pile head d1sp1acement and rotat1on were measured at the

locatlon of the f1rst pair of strain gages, rather than at the s011 f.

L surface at. the bottom of'the predrllled hole. The test-procedure for-

Test Sequence D-2 was the same as for the lateral load tests in Test L

Groups B and C

11 2. 4 Comblned LOad‘Tests

The comblned load tests 1nvolved a lateral d1splacement phase and

~4a:vert1cal.load phase. For consistency in the experimental program,

‘the test preparation and loading procedures discussed ln;Sectiona11.2.3

for'thellateralhload tests were used for the first phase of the”combined:

‘]lo;d‘tests..hBeforefthe_verticaltload was.applied,'the.lateralfdlsplacef.
.meht.of the testgpile'head;obtained at the:completlon‘of~thellateral}.

:;load phase.was:maintained by.tlghteningra lécking nut on the threaded
”rod at.the lateralhreaction frame (Fig. 11. 3) The'pile'head was'braced

‘1n the horlzontal plane to prov1de proper a11gnment w1th the vert1ca1

load mechanlsm A pin connectlon at the.lateral load frame allowed .

'the_lateral,load beam to»rotate, as the test pile displaced vert1callyi_

duringfthe.wertical load. portion of~these tests. A period of time .

elapsed between the ‘two load phases vhile the load mechanlsm was trans-

: ferred from the lateral test frame to the vert1ca1 test frame. Prevlous

pre11m1nary tests conducted w1th a series of 1ncrementa1 dlsplacements o

;separated by t1me 1ntervals 1nd1cated that the lateral load decreased

by only a few pounds durlng the t1me 1nterva1s in wh1ch the 1ateral
d1sp1acement was- held constant. The- vert1ca1 load was applled follow1ng

the test procedures d1scussed in Section 11.2.2. The vertlcal load
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' phase of the combined load‘testfwasﬁconducted.until the ultimatespile |
capacity was obtained | |
. The lateral and vertxcal dxsplacements and rotat1on,of the p11e‘
head were monltored thh dlsplacement transducers..- A comblnatlon of
.transducer arrangements that were used for the vertxcal load tests
(Erg. 11.7) and‘lateral load tests (Fig. 11.9) was used in the‘comb1ned>-
load tests.. | | |
The preparat1on and test1ng for the f1rst phase of. the cycl1c
| lateral load test (Test Sequence E- 3) was conducted using the .same
: procedures spec1f1ed for Test Sequence B-2 with the except1on that the
lateral load was appl1ed cycl1ca11y at a rate of 1.0 in. /hr for both
" the. loadlng and unloadlng portions of repeated load. The cycllc load1ng’
: was termlnated when a deflnlte reduct1on in the lateral load re51stance
of the test p11e correspond1ng to the maximum lateral d1sp1acement
was observed; For this test, p11e'd1splacements, rotatzons, and strains
nere monltored'at larger displacement intervals thanlfor the.other
lateralitests,.sinoe,the purpose-for,this teStAnas,to detect variations
~‘in pile capatity rather than to establisk soil behavior eharacteristics;”
The latéral load beam, shown in Flg. 11.3, was‘braced against‘pile:‘
head movements perpendlcnlar to the d1rectlon of the applled load to
provxde stab111ty when the load beam was subJected to an axlal comptes-"
-sive force | |
E Test Sequence F-3 1nvolved comblned loading of a f1xed-headed
- test p1le that had an abutment pos1t10ned on top of the p11e The
; abutment model was des1gned to represent a portlon of a typical reip-

‘forced ooncrete bridge abutment contalnxng one p1le.- Wingwalls,were '



1]placed on both s1des of the abutment section to retain the backflll
_}beh1nd the abutment A foam-rubber pad was placed at. the bottom of
'lfthe p1le cap plate and abutment to prevent sand from flow1ng under the

tlabutment and td minim1ze the amount of vert1ca1 load transferred 1n

'~y‘bear1ng between the abutment and the s01l DlsplaCement 1nstrumentat10n

.‘.‘for th1s test cons1sted of DCDTs arranged to measure vertlcal settlement 4'».

‘.lateral d1splacement, and rotat1on of the abutment and the p11e head
as shown in Flg 11 8 The movements of the p11e head were measured
if‘at the: s011 surface Load cells were pos1t1oned to measure the vertlcal
:pand lateral load above the abutment Thls test was conducted ‘on the -
same test p11e and soil med1um that was used for Test Sequence F-1
(not reported hereln), 1nvolv1ng only ax1a1 loadlng.' After the ax1a1
: ,

load test for the p11e was completed the instrumentat1on was re1n1-

»"t1alrzed and the comb1ned load test procedure was in1tiated The test

: procedures for th1s test were 81m11ar to those used in the other comblned

load tests, except that for this test, a compresslve force applied to‘
'.the lateral load beam rather than a tens1on force The abutment waa
Edlsplaced unt1l the total lateral d1splacement at the p1le head was,
-rapprox1mately 0. 5 in . This lateral d1splacement was ma1nta1ned as a.
' vertlcal load was. app11ed to the top of the abutment, dlrectly above T'
:the test pxle | | '

A vertlcal load test on a hor1zonta11y d1sp1aced end-bearing model »
’test p11e in loose sand was performed as Test Sequence G— Test

‘ Sequence G-3 dxffered from the fr1ct10n p11e tests in the followxng

Aareas (1) p1le tip condit1on, (2) 1oad1ng mechanlsm, and (3) test pro-» -

‘ cedure.} The end-bear1ng p11e was p031t10ned to bear d1rect1y against a
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| steel block and ball bear1ng spacet assembly that was 1nserted betWeen
‘the bottom of the p11e and the floor of the test b1n, as shown in f A
Fig» ll 5 Thxs plle t1p condltxon was used’ to model an end-bearlng

; p11e condltlon The latetal load phase of this’ comb1ned load test was
conducted w1th the testlng procednres descrlbed for Test Sequences A-3
ithrough E- 3_ The vert1ca1 load phase 1nvolved an appllcatxon of vertical _
_jload by load conttol rather than by d1splacement control s:nce the
endebearlng tests 1nvolved very small vert1ca1 dlsplacenents and rela-'.,n
4't1ve1y h1gh loads. The load control test was conducted by applying
increments of vert1ca1 load For each load point, the load was held
"whlle all teadlngs of dlsplacement load, and straln were recorded
The load was 1ncremented until a significant change in the ye;tlcal :
‘dzsplacement or rotatlon of the plle head was detected ‘ ﬂndaﬁaéed*37A

‘5~p11es were used agaln, while daﬂaged plles were e1ther discarded or’

o saIVaged by cuttlng off the damaged areas “and reweld1ng the ‘bearing -

., block to the pile tip Vertical load 1ncrements of &00 lb were applled

“funtll the test plle buckled

11, 3 Model Test Data Reduction and Development of
S 8011 Characteristics _ o

‘ ' 11 3 1 Exper1mental Pile Stralns

The model pxle test experxnental straan data, obtained from the
electrlcal re51atance strain gages, was analyzed qaigg the data reduc-‘:
B tion: techn1qnes developed for the éaeld test, as descrxbed in’ Sectlon

.;'10 3 1. An 1n1t131 data censorang study was perforned to verzfy the

;accuracy of the p1le strains for all ‘of the tests The study inwolved" )
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k. plottxng the measured total p11e straxns versus pile depth for each
,v“.magn1tude of app11ed Ioad at the plle head. Errat1c or 1ncon51stent
;‘stra1n measurements became ev1dent and the assoc1ated gage was e11m1nated
-::'*from the anaiyaisg The second stra1n gage stat1on from the top of the
:p11e was determ1ned to be unre11ab1e, therefore the stra1n data at

';thls locatxon was not 1nc1uded 1n the test evaluat1ons

The stra1n gages measured the total p11e stra1n, s, at the gage

1‘locat1on This stra1n 1nc1uded the axlal stra1n, € o? 1nduced by the o

applled ax1a1 load and the bendrng stra1n, €ps caused by the applled

bendlng moment. The stra1n gages were mounted on opposite p1le faces -

1'and 1n the plane of un1ax1al bend1ng for the p11e, therefore, the total

. stra1n at any poxnt can be wr1tten as A

‘s; ps f‘eb . ' 4 - (11.1)‘-

Slnce only two stra1n gages were placed at each spec1f1c locat1on, the

loss of _any gage resulted in the loss of the ent1re stra1n gage statxon.

- 11.3. 2 Experlmental f-z Curves

Stra1n data from two vertical model p11e tests and f1ve comblned

ﬂtests prOV1ded experlmental data to. establish the relationshlp for the

vert1cal skzn frxctlon force, f, and the relative vertlcal d1splacement,

ﬂh‘_z, between the p11e and the so1l at var1ous po1nts along the p1le lengths.f' o

flfor each of the seven tests shown in Table 11 2 Data for the two . .

tests 1nvolv1ng only axial compressive loads (Test Sequences A-l and

:ﬂ'D-l) were reduced ut11121ng the same procedures developed for the f1eld

: test and descr1bed 1n Sect1on 10 3 2.



- 25‘4'

The exper1mental data for the f1ve comb1ned load tests (Test
' Sequences A-3 B-3 C-3, D-3, and E-3) requxred addltlonal censor1ng
of the top six stra1n gage locatzons. The lateral d1splacement of the

p1le head in the flrst phase of the comblned load1ng 1nduced hlgh bendlng '

- stralns in the top portlon of the test p1le The algebric sum of the :

stra1ns fOr ‘the two gages 1mpl1ed that a S1gn1f1cant axial force ex1sted :
"1n the pzle when vert1ca1 loads had not, in fact been applxed Th1s'
occurred because the total p11e strarns were 1arge~and prlmarlly bendlng .
b.Hence, a small error in the measured stra1n produced a small error in |
i'the computed bend1ng stra1n but unfortunately, a large ertor in the :
computed axlal stra1n. The neasured stra1n data could not be corrected :
for ‘the upper port1on of ‘the model p11e Below a depth of about 35 1n., :
where the bendlng strains were low, the axial stralns could be accuratelp
determlned from the: total measured strains. Therefore the strain
gages in the upper port1on of the pile were not used to evaluate the
f-z 8011 behav1or.-' | ‘

Figure 11.10 shows the axlal force in the test p1le at the 3011
surface and at several depths at and below 35 1n for the vert1cal
3load phase of the £1ve combined load tests. The ax1a1 force at. the va

so1l surface was calculated as the dxfference between two- load»cell

"7measurements The flrst load cell which was used to mon1tor the’ vert1-

'djcally app11ed loads was located above the lateral load bean, as shown
‘ln.Fig‘ l1.3, The react1on at the end of the lateral loed beam was
' ﬁeasured hy'the second load cell The axlal pzle forces in the lower }
'port1on of the. p11e length were computed from the measured stralns. s

As 111ustrated in Fxg 11.10, the dxfference between the calculated
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- ;vaxmal p11e force at the sozl surface and at a depth of 35 1n was less
_'vthan 15 lb for four of the flwe comb1ned Ioad tests 1nd1catxng that
| only a smalleamount of load was transferred to the soll for the qnper
- 35 1n of the test p11e Therefore, the vertical frrctronal re81stance

for the npper porthn ‘of the test p11e was small srnce the-model p11e :
.fuas 1n1t1311y-d1splaced laterally durlng the fzrst phase~oi-the comblned
load test. ' A RN L

A fave point curve frttlng technlque, 1nvolv1ng-the leest squares

'.nethod Was csed to determxne the varzation of frzctlonal forcc elong

;:thr pzle Quadratlc functlons provrded the ‘best cnrve fxt thrnugh

each set of f1ve experlmentally obtazned axial pzle straln data pornts, S

'two on each slde of a partlculax gage statran, exeept at the second
-'ggge location ﬁram the ends of the test plle, wkere»cnly three data- :
'points were ssea for the curve fit. Each quadratxc express1on for the
.axlal p11e strains was d1££erentrated once and the resulting express1on '
was-evaluated and substrtuted 1nto Eq (10‘6} to obtaln the~vertica1
Zskln frlctlon reslstance. Ihe telatlve vertical dlsplacenent at each.‘
’partlcular gage locateon was established from Eq. (10 8), where the v.:
21n&egral of the axial pile stra1n funct;on was epproxamated as the :
area under the curve formed by connectlng‘the strarn data p01nts Wlth;:
stra1ght 11ne segments | . | | | |

' The resultlng f-z data palnt psrrs were plotted for each stramj
,gége location. Frgure }1 11 shows the - results for tbe vertxcal 3011 :}7f
‘reslstance and relatrve vertical displacement at four selected depth i

“locatrons £or the second phase ai Test Sequeuce A-B’ The data po;ntss

. have ‘been connected w1th straxght Ixnes to graph1ca11y 111ustrate thet'
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. Figure 11.11.
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Several f-z curves for the vert1ca1 load phase of Test
Sequence A-3. » :

 SKIN FRICTION FORCE (LB/IN) .
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ﬂ;_ f;.;»-‘ o EXPERIMENTAL DATA

"lg“f”-—— MODIFIED RAMBERG-OSGOOD g

Flgure 11 12

0 00 0 05 0 10 o. 15 0. 20 0 25 0 30 0. 35 0 40 0. 45 0 50

DISPLACENENT (IN)

Mod1f1ed Ramberg-Osgood f-z curve at 49 in. depth for' )

the vertical load phase of Test Sequence A-3. :



variation in the experlmental data For each of the mon1tored depths i
a modlfled Ranberg-Osgood expression (Eq. (3 2)), haviag a shape parameter,
: o, equal to un;ty was selected by a v1sua1 f1t of the f-z data poznt
'palrs Flgure 11 12 shows the. modifled Ramberg-Osgood curve establ1shed
for the gage statlon at 49 in. below the 8011 surfsce for the second
‘fphase of Test Sequence A-3. The curve parameters desctxb;ng the.naxlmum
/-:ifr1ct1on force, fmas’ and 1n1t1al vertlcal stlffness, 56, were establxshed
{1at each approprlate strain gage station ' The nagnltudes of £ .xqand;
k are. shown in Flgs 11 13 and ll 14 respectlvely, fot Test Sequences h
'A-l A-3, and C 3 that were conducted in loose sand whzle Flgs 11.15
and 11. 16 show the magnatudes of these parameters for Test Sequences
"3-3, D~3, and E-3 that were conducted in dense sand The magnltudes
‘:‘of Test Sequence D-1 are not shoun because n wxs assuued equal to 0 75 .
. ‘1nstead of 1.0. The stra1ght ltne segments shown ' 1n F1gs 11.13 through
Tll 16 represent a visual, best fit, nultl-lxnear relataonsh1p for f max
and k versus so11 depth These linearized s011 parameters were requlred

,vto model the soil behavxor for the analytzcal model, IABZD

' 11 3. 3 Erperlnental q-z Curves 4 e

-. The development of the nonlinear soil response descr1b1ng the' ‘
;relationsh1p between bearlng stress, q, and the pile tip settlement

z, 1nvolved a much slmpler techntque than the approach requxred for o

qthe field test data ' The p11e straxns near the t1p of the model test
.plles were avarlable in the laboratory tests, therefa;e. the p11e axial

: force at approxrnstely 1 1n fron the p11e t1p was known for each magnl-.ll
ftnde of applied axral load at the top of the pxle ' Assumzng that the s

‘ axial force at the last stra1n gage station equaled the bearxng force Avf '
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‘,at the pile tip and know1ng the axial strain distribution along the

',rpilﬁ length the bearing stress and pile t1p displacement were determined.

.”1TA representative q-z response (Test Sequence C-3) 1s shown 1n Fig 11 17. 45“'

"}The modified Ramberg-Osgood curve (Eq._(3 4)) shown was obtained by
V'curve f1tt1ng techniques. For the seven test sequences conducted a"i
ilsummary of the calculated s01l parameters for the max1mum bearlng stress,A‘

' qqma#, 1n1t1a1 p01nt stiffness, kq’ and shape parameter, n, is given 1n ,

Table 11 3. The parameters listed. for Test Sequence F-3 were based on

-fTest Sequence B-3 which involved dense sand also. Test Sequence G-3
Tp11e t1p s01-parameters were selectedvto represent;the”largeﬁstiffness )

| prov1ded by the bottom of the test bin. ‘ | |

";11 3. 4 Experimental p-y Curves

The model: pile tests 1nvolv1ng lateral displacements (lateral
load and combined load tests) were conducted to establish the relation-i
fship between ‘the lateral 3011 re81stance, P, and the corresponding
lateral displacement, Y5 required to analytically model the 5011 response.

:Preliminary lateral load tests (not reported herein) examined the sens1-

Y t1v1ty of. the lateral pile behav1or and soil resistance and displacement

‘;relationships These preliminary tests established the background for:‘”.

'?conducting the lateral dlsplacement phases of the seven test sequences

. “given 1n Table 11 2 For the combined load tests, the strain gage

Vstations above a’ 3011 depth of 35 1n that vere eliminated for the f-zf”

i development were cons1dered for the p-y development, since the bending i

j]strains were not nearly as sen31t1ve as the axial strains for these '

tests. 4



i

' 262

W .
o

N
>
D>

N

* BEARING STRESS (PSI) =~
o

104/
) EXPERIMENTAL DATA “
O _fff MODIFIED RAMBERG OSGOOD o
0.0 0.1 0.2 - 0.3 0.4 0.5 .

TIP SETTLEMENT (IN)

Figure 11.'17. Mod:.f].ed Ramberg-Osgood q-z curve.at 56 in, depth for
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_.. iIgb;e:}1.§..Asggmétyiofﬁsoil_pa;;mgtg;s ?{ qmai’ éné:kq'

- . Test Sequence . Soil Type . a - ~ q6;£"7 K

A1 loose © 1.0 6o. 6,000

A3 . _loose . 1.00 = 41. 6,500
B3 demse 100 200, £2,000 -
c3 - loose . 1.00 - - 24.

1,500

(=)
S.

D1 . . .. demse  0.75
D3 . demse . 1.00  220. 2,200 .

'© o © © o o. u o

©F-3 © . demse - 1.00 200.0° 2,000
63 . loose - 1.00 40,000 10,000

'_éEt6m5Té;£'SégueqcevB-3?:'

2,100
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The techn1ques used to develop the p-y response for the laboratory

' tests were s1mllar to the approach described in Sect1on IO 3. 4-for the
"fleld tests The d1fference 1nvolved the degree of curve for the func— ‘
a'tlon used to approxxmate ‘the plle bend1ng stra1ns obtalned from the |
7exper1mentally measured total stralns For the laboratory model tests,{

- a cublc funct1on, rather than a quadrat1c functlon, was cumve f1tted

. to f1ve consecutlve bendlng straln data p01nts, hy a least squares V

jformulat1on. Large»varlatrons ‘of the bendlng'stra:ns.alougrthe plle"fx

4length andﬁafcoarselstrain gage.spacing caused ahbiuaccurateicurve.flt'
A'L»of;the:Strain Values;vith a‘quadretic fhﬁction{"Theisecond:degree |
functlonftended to suooth out the Geriationsiih:the'strain d;té‘“iésult;
1ng in-an under-est1mation of the lateral sorl pressures.‘ An equ111br1um~A
check of the forces acting on the pzle using the. derlved lateraI 8011
“pressures and the applzed lateral loed revealed that the derlved 8011 ;
.pressures were too small when a quadratxc function was assumed h:
_study with dxfferent degrees of curves showed-that aAthzrd-degreeVéurve
..was adequate to produce representat1ve lateral soil pressure however, .

the lateral res1stance of the soxl was st111 s11ght1y underestrmated

Double d1fferent1at10n and double 1ntegrat10n of ‘the bendxng stra1n »

functlons were performed as descr1bed in Sectlon 10 3. 4 to obtaln the

r"fterms needed to evaluate the lateral soil resistance’ (Eq (10 18)) and‘"'

’__correspondrng lateral d1sp1acement (Eq (10 19)), respect1ve1y After, ;“'

'estab11sh1ng p-y data poznt pairs correspond1ng to various magn1tudes
| ”of applied lateral load for each straln gage locatzon, except the tep o
and bottom gage, a mod1f1ed Ramberg-Osgood express1on (Eq (3. 8)) wnsb

.‘.iﬁselected to provide the best vzsnaI cnrve fit to the data po1nts. The .;
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f shape parameter, n, for the curves ‘was establlshed to be equal to un1ty-
_for the model p1le tests in loose sand and one-th1rd for the tests in

'ndense sand

Each mod1fiéd Ramberg-0sgood curve has the character1st1c s01l

~-fparameters of max1mum s01l res1stance, Py» -and - 1n1t1a1 s011 stlffness,

b.kh“ The values for these parameters vary with 5011 depth z, ‘and 8011 d

den31ty Flgures 11 18 and 11 19 show the calculated P, versus depth

_and kh versus depth data polnt palrs, respectlvely, for the model p11e
itests conducted in 1oose sand wh11e F1gs 11 20 and 11.21 show_the-l
.same so11 parmeters for the dense sand p11e tests. .With'the couplex |
B 1nteract10n of 301l/abutment/W1ngwa11 and p11e in. Test Sequence F—3~'
no p-y 1nformat1on was obta1ned Also, no p-y parameters are presented ,1
'}.:for Test Sequence G-3, but they can be. approxlmated by the loose sand
. in Test Sequence C-3_ The varlatxon in p and kh w1th s011 depth have

‘;been approxxmated by the V1sua11y establ1shed stralght 11nes ‘shown’ 1n '

these flgures.r These 11near funct1ons were used to. establlsh values

N _for Py and kh requlred to analyt1ca11y model the soil behav1or in the

. computer model IABZD
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. 12. APPENDIX C: DEVELOPMENT OF EQUIVALENT LENGTHS

"Since.the'pile is being analyzed‘as'an equivalent’cantilever, the
correct equ1va1ency must be used in determlnlng the length of the cantllever,

In th1s appendix three d1fferent equ1va1enc1es will be used to develop

- equat1ous for calculatlng thls length (1) hor1zonta1 stlffness,
jf(2) ‘maximum bend1ng moment “and (3) elast1c buckllng load Equat1ons
-»w1ll be developed for f1xed-head and p1nned-head p11es embedded in a,

‘; un1form so11 and 1n a graded s011 For th1s development, the p11es

" are assumed to rema:n elast1c

12.1. Fixed-Head Pile in a Uniform Soil .

For a f1xed-head p11e embedded in’ a unlform so11 the equlvalent

:length for determlnlng the hor1zonta1 load requlred to produce a

”spec1f1ed hor1zontal dlsplacement is determlned by equat1ng the horrzontal
e jstlffness of the actual p11e and the equ1valent cantilever, that is, equal

bhor1zonta1 Ioad at the head of the p11e for a unit hor1zontal d1sp1acement

- as shown 1n F1g 5 1.-:-’~

For a plle longer than 1ts cr1t1ca1 1ength (Eq (5 5)) the deflectlon,

i‘lAg’ and rotat1on,~08, at the soil surface due. to an applled hor1zonta1

1oad, H, and moment, ug, at the s011 surface, are glven by [5]

e



N :f—(r—s) W’—'&( )’ o

For the soil-pile system shown in Fig. 12.1 the moment at ‘the éoil sﬁrfacg

s

.”&?ﬂ*m%,*,” N
',_ where M is the monmnt at the head o£ the pxle Subst1tutxon into -

(12 1) and (12. 2) g1ves the dxsplacement and rotatxon at the ground L

surface Add1ng the: d1splacements of the portlon above the surface,

" the dlsplacement.and rotatlon at’ the head will . be, respect1ve1y,

A=a +0L *331 Yo (2
e M : , | o

"'iEquatlons (12 4) and (12.5) are functlons of only H- and.H. Setting the
| rotation at ‘the head of the pile eqpal to zero (f1xed) Eq (12 5) can B
~be solved to obtain the moment at the head as a fu;ction of the horlzontal'
:; load- H. Subst1tut1ng th1s equat1on for moment 1nto Eq. (12 4), the o

3:f0110w1ng 1s obtalned



Fxgure 12. 1
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Wlnkler model of 3011-p11e
_ system with applied horizontal

load H, and ‘moment, M.

. Figure 12.2.
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P11es in nonunlform 5011 (a) actual varlatlon of stiff-

ness (b)" equlvalent.unxform st1ffness (c) assumed
d1sp1aced shape.
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For the case of the equlvalent cantllever w1th no rotat1on at the d
p head (Flg, 5. la) and’ a horlzontal dlsplacement A the horlzontal st1ffne$s

1s_g1ven by

H_ 128 L o
AT 7 . - o A (;2,7) B

By setting Eq. (12.7) equal to Eq. (12.6) and simplifying, the ratio of

the‘equivelent embedded length to the critical length is giﬁen by

.::(izfs):-'

."Equetionq(lz 8) is plotted in~Fig 45-2 As discussed thzs equivalent 1‘.

'»length is only va11d for determinlng the horizontal stxffness of a

".f1xed-head p1le

- For a flxed-head p11e embedded in a unlform soil, an equlvalent
_length w111 be developed such that the max1mum moment in the equ1va1ent;-~

,cantllever system is equal to the max1mum moment in the actual system
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:for a g1ven hor1zonta1 dlsplacement. The -axlmum moment occurs at the '

head of the p11e for both systems Settlng the rotatlon at the head

- H;equal to zero 1n Eq (12. 5), the hor1zontal load can now be determlned

']as a functioﬁ df tﬁé moment H Substltutlng th1s horlzontal load 1nto

: TEq (12 4) produces ’

D=
]
N : -

e ‘i" ) ) P )
- 12(31) kh o/ P\ BED AR 2 N

’1”1For the equ1valent cantllever w1th no rotat1on at the top the ratlo of

4moment to- dlsplacement is glven by

.:(2“ +fge)‘2

‘:‘(The negatlve s1gn cortesponds to the 51gn conventlon used in Flg..lz 1. )

ﬁﬁ;u,
P
[]

. Sett1ng Eq. (12 10) equal to Eq. (12 9) and s1mp11fy1ng, the follow1ng ;f'
equat1on relatlng the equ1valent embedded leugth 2 to the p11e cr1t1cal

'length 2 is obta1ned _::'

(12.11)
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"The above d1mens1onless equatxon is- plotted in Flg 5 2

| ~An eqnlvalent cantllever 1s now selected for a. f1xed-head'p11e
fembedded 1n a unlform 3011 such that 1ts e1ast1c buckllng 1oad is equal
to the elast1c bucklang load for the actual soll-plle system Deflect1on':s;
_dand rotatlon at the p11e ‘head are assumed to be zero durlng buck11ng

. Appendlx D shows that the elastlc buckllng 1oad for an Inltlally curved

"bcolumn 1s the same as for an lnltlally stra:ght column Buckllng is -

'd' -usually conflned to W1th1n the cr1t1ca1 length {Eq (5 5)) For pract1cal
b:purposes the var1atlon in ax1a1 1oad over thls length conservatlvely
‘can be 1gnored [5] Buckllng of a y11e*w1ll generally only be a problem :
‘where a very soft so1l overlles a stronger foundatlon materlal -
Stab111ty of a partlally embedded pile has been stud1ed by Granholm
[29] The study was conducted assum1ng the p1le te be 1nf1n1tely lung '
and the head of the p1le elther flxed or. plnned No horlzontal'trans- |
latlon of the pile head was permitted and the p1le was. assumed to be
embedded in a unlform medlum For the port1on of the plle embedded in -

the so11 the\dlfferentlal equat1on is -

S J AR | S B
dly a2d% o4 o e U
ST+ B 5-ays 0 R 12.12)

~and the differential equation for the unembedded portion is

,4u‘f g N o o T
dxt % axt L L
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’ where B is’ equal to VP/EI and u is equal to \/kh/EI Integratmg

o Eqs. (12 12) and (12 13) and sat15fY1ng the term1nal cond1t10ns, the :

wlcixsplut1on for elestic buckl;ng_obte;qed by Granholm:[29]‘1s

',(12;14)"'
: TheAI#Etor“fbf"buckling;'B'L' has been determ1ned from Eq (12 14) by
*flGranholm for var1ous values of u2 (Note a£ is equal to 4 2 /2 ).

” f§e1ast1c buckllng load for the p11e is found by
—,ﬁe EI. . o LT (12.15)
o The‘elestic’bﬁckling lead for the equivalent cih;ileve: wifh a.fixéd‘head'

: los(gu...ze)] s L . 2L

7 }ewhere the 0 5 represents the effect1ve length factor Setting‘Eg;_(12;i6)

equal to Eq (12 15) and s1mp11fy1ng g1ves o

e T, '-" T
oz ;(p'z 1) 2 S . (12.17)



£

Introducmg the solutlon from Ref [29] for B 2 the ratio of the
equlvalent cantxlever length to the cr1t1ca1 length is’ plotted 1ﬁ
Fig. 5.2. | | R R
| From Refs {1] and [49], t.he theoretlcally correct elasuc buckhng o
-‘lond for a f1xed-headed p11e entn'ely embedded in a un1form s011 is

B equal to 2. S\[k—;ﬁ-. The solutlon presented here glves the cr1t1cal load- .

: yreduced to 2. O\Ik_hf- (2 equal zero and 2 equal 1. 11 2 1u Eq (12 16))-..
,Thus, the above solut1on is conservatlve when consxdermg plles entlrely |
embedded | o

The d1sp1acement alang ‘the. lengt.h of a p11e embedded 1n a un1form

S 8011 from Poulos and Dav:.s [6] 1s

Y = KYH(x) + -——3 KYM(x) o (12.18)
 where
K = s“‘hkg‘”sg(f) cosh £ (3 'z)"smg‘mhﬁ(%) cosi(‘ 5
Kmx | . smh g-smg o -

f(12,19)

ST [ (i) metlf) () ()]

e e
+ sin § [smh 3 (2) cos § (1 - -—) - cosh §(I) s1n (1-%)] A_
. st gosnl EERE

v.;(iifzq)f
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(12.21)

V_:‘"‘.._

" since most pilecjace longer than their critical length, the'solution for

'-Adi#ﬁlacementyﬁiiifheadetermined fof»flenible‘nilea' that is, ﬁ = 2.

Us1ng the slgn convention from F1g 12. 1 for a p11e W1th an

'unsupported length 2 u’ above the ground, the hor1zonta1 force at the .

'head of the p11e is g1Ven by Eq (12 7) and the moment 1s g;ven by

thq.‘(lz.IO) By app1y1ng Eq (12 3), the moment at the gronnd surface 1;_

_",h'6E1A IZEIA“

8 (%W:), .(z =

(12.22)

' where 2 ek and 2 ate the equ1va1ent embedded lengths for hOtlzontal

load (Eq (12 8)) and maximum moment (Eq (12. 11)), respectlvely
Suhstitut1ng Eqs (12 7) and (12 22) 1nto Eq. (12 18), the ratio of

d1splacement along the length of the pile to the horlzontal d1sp1acement |

at the p11e head 1s g1ven by ‘ '
R76)) ”%H(x) | Knﬁx)’ 3 6>3(£3>

A P 3 . T e \2 o : \
| Al 2.\ f2. 2\ \*

‘{12.23)

As descrlbed in- Sect1on 5. 3, the fr1ct10na1 capac1ty at the so11-p11e

1nterface shonld be neglected 1f y(x) is greater than: some 11m1t, y

V.The depth at whlch th1s occurs 1s deflned as 2 0’ that 1s,
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yée) v - Sl |
et o , o (12.26)

’ fﬁe lengthxzn:shoulﬁ be‘subt:ected £toq:tﬁe total p{}e lengtp;w§e§ the
-f;iction'cepeci;y efethe pile is evalueted. It is obteieee_byleqbstituting
Eq. (12.23) (vith x equal £) into Eq. (12. 24)-and §§i§i§g fb:‘inL “The
resultlng 2 /2 1s plotted 1n Fxg 5 13 versus 2 /£ for y /AeQe}ues

of 0.05, 0.1, 0.2, and 0.3. ’ o

12.2. Pioned-Head Pile in a Uniform Soil

For a pinned-head pile embedded in a uniform soil, the equivalent
cantilever development is siiiler.to‘thefdevelopment of the fixed-head
pile. The ratio of'the_horizontel load displacement to the horizontal

displacement is

(12.25)

le

(n + 2 ‘)3

Proceedlng in a manner sxmllar to the f1xed-head case’ (M equal to zero o

:LGstead of 6 equal to zero at the pile head), the followzng equataon is

_Aobta1ned
"\ 3 . o 2 ~ :
N 2 ; 2 : [ 2 -2 '
e 1{ u 3 2 u - 3 u _u
7 (z) O 8(%) oo

‘The above equation is plotted in dimemsionless terms in Fig. 5.3.
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l ’l'he maxmum moment 1n a p1nned-head p11e embedded in a un1form sorl
occnrs at some locat1on along the length of the p:.le ’l‘he maxlmum moment
f 1n the equ:.valent cant:.lever w111 occur at ‘the base and is equal to the |
'_ maxrmum 1n the actual system From.l’oulos and. I.)av;'s [6]_ the_moment.along. |

| the length of the p11e is

m o1
u(a) ; ‘[_ Km(x)-il\l— 2. | “m(") o | ,(12.-27)»'

- where -

‘s1n§s1n§( )sinh{(l-—)-s:.ngsinhﬁ( )sm Q-—)
N 4 51nh § - 51n § o ‘ |
__(Iz;zs)_.,

,,h ¢ fme-3) cone(3) vomne(i-3) sme(z)]

"s1nh §-sm g o

. 'sin € '.smh §(3‘£—) cos §(1 - -) * cosh §(%)‘, sin.g.,(lﬂ- %)‘l
' ‘ sinh? §-sm § B T

NIN

- (12.29) o

- ;and § 1s g1ven by Eq (12 21) S1nce most plles are longer than their -

' cr1t1ca1 length the solut:.on for the moment vull be determxned for flexlble

) _f'.plles, that 1s, 2 = 2 The expressmns for the d1sp1acement and rotation .

at the so:.l surface and the dxsplacement at the p11e head are g1ven by
Eqs (12 1) (12 2), and (12 4) (w1th M set equal to zero), respectlvely.}

B The ratro of the moment to the p1le head dxsplacement is’
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o [§ %m;¢()%m]

SRR o

(12 30)‘

‘ For the moment ‘to be a maxzmum, the numerator in Eq (12 30) must be a

E nax1mum Lettlng .
Qu(x) = Rgn(x) - Z\f* (. ) Kﬁu(x) . gzan

" the Val&e'of‘QH(x)“elodg'the leﬁgth*of the pile can Be exeﬁihed ;ﬁd”‘”
'the maximum (Qu)nax,'selected The maximum moment occurr1ng at the |
-base of ‘the equ1va1ent pxnned cantllever d1v1ded by the p11e head

‘d displacement is “'..'

oz

i
||

@ +z)2
'The-negative sign corresponds to the»sign convention‘dsed in Fig. 12:1
'A‘Settxng Eq. (12 32) equal to Eq (12 30) and sxnpleying, ve obta1n the o

| follow1ng equat1an, Wthh is plotted 1n F1g. 5 3
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' The development of the equation for elast1c buckllng of a plnned-head

'»a,p11e embedded 1n a unlform 3011 is similat to the f1xed-head case. The

e':lsolutlon for ‘the elastlc buck11ng load obtalned by Granholm [29] is ‘
e - _ei';..upezue T pezu \/;._“ Bezn _

- tan B 2 I a£ uz azu- SR AL R
"T.pe”mf N TYRNIY. EPYREE (B \E
- e < -TE rae V=) J2- g

‘!_.*._,‘ . . q,uf_»,,’ “,u _ ; o\ %y A o a u /’

“azsy

| "The'ﬁeetot“fotibuehling,.Bézﬁ;:hasfbeen_determined from Eq. (12.34) hy'
Z.Gfanholn for*vations'valuesfof a£ fgi(Note°' a£ 1s eual to 4 2 /2 )

.'The e1ast1c buckling load. for the equ1valent cant11ever is glven by

"5where 0.7 is the effect1ve length factor for. the p1nned-head pile.,‘:e :' o

‘Settxng Eq (12 35) equal to Eq (12. 15) and sinp11fy1ng ylelds

9; S e»“‘w--,;v»cf L L .

,U81ng the solut1on from Ref. [29] for ﬁ £ the var1ous values of

az for the ratlo of the equ1va1ent cantxlever length to the cr1t1ca1

llength are plotted then in Flg 5. 3 The elastxc buck11ng load presented
ii;dhere for an equlvalent plnned-head p11e entlrely embedded in a unlform

't"so11 1s the sane as the load glven in Refs. [1 49], that 1s, 2 0- khEI
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The dlsplacement a;long the Iengtk of a pmned? hewd’ pmle is:. ngen
by Eq. (12 18) Settmg the s:.gn eonvenmon from Fig 12.1 and Eqs. (12 31
) and (12 25), mth i:he mment at the pzle head M, equal to zero, thﬁ

A'..;moment at. the greund mfaee xs L

is tlne equ:.valent emhedded lengbh fot tb;e twnmtal 1&&&

- .w&ere 2&

- (Eq. (12 25))  When Eqs. 12. 25} ma (12.37) are suhst.xtuted i‘.nta
| Eq. (12 18), the. ranq of ézsghceme&t almg the quﬁh af the ;nle to

" the hor:tzantal duphcenent at the mke he&d 1s gr.ven hy

6 {7 ) em®}02.38)

'where Km{xl and K!R(x) are ngen by Eqs (12 19) m& QIZ 29), :espectively. :

'By setting y(z y eqna}; te Ynax? F:.g 5 14 was pmdmcad 1n a manger sinlar

to I;g,. 5.13.

123 'Fiilés{ in_ anemfom 8011 )

For a p11e embeddedi in a mil \m:h a munifem stxffaess, khtt}," ‘-
' as thmm :

k fan equxvalent um.fom sml stiifnesa, , wiII be &eta‘
L 'm Fzg. 12 2 Wxth tﬁe eqnivalmt mufm stiffmess t&e etitwal pﬂe _ C L
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A‘length 2 , can beldeternined by Eq. (5. 55 The equlvalent cantllever
lengths (Sect1on 5 2 1) and the length, £_ ; to be neglected when calcu—
V:latlng the fr1ct1onal res1stance (Section 5 3), can then be determlned
_ Sett1ng the wbrk of the equxvalent uniform s011 eqnal to the work of..
the actual non-un1form s011 over a length 2 ’ nges PR

- ) 2 k"zi"l‘- o kh(x)y
ﬂ'JE‘

f @ (239
'v The length 2 0! 'is the active length of the pile 1n bend1ng, which 1s‘
"'taken here as one-quarter of the deflected wave shape, that is, approx1-:

mately 2 /2 or . o o

az.40).

. The displecedtshape is approximated by the straight-linehes shown in

Fig. 12.2¢c

o

y= Ag( _2_‘) | )
 Substituting Eq. (12.41) into Eq. (12.39). gives

SFoEfo R @ -0« L (12.42)
R S E N S S S

whlch is the second moment of the area of the kh(x) d1agram taken about

.ffa 11ne at depth 2 Thus, vhen the actual soil st;ffness d1st:1but1on,
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kh(x) 1s known, Eq (12 42) can be solved for the effect1ve unlfOtm .;
stlffness k ' S S A R

For a soxl stlffness Wh1ch vnrles lxnearly, the exact soiutzon is
,known [5] Cons1der the case in vhich the st1ffness varies from zero
1,_iat the gtound surface to kl at the depth £ Then, kh(x) 1s equal to

&j nhx where

4

'w‘i o

1 %
- 'T J B - (12.43)

R “lw* h }

n

Since the 1ntegra1 Ik’ on the right-hand s1de of Eq. (12 &2) teprebents

N .the second moment of the area of the kh(x) d1agram abont 2

Lo - (12.4)

k=g a2

Tn evaluate the apnrox1nation 1nvolved in k the nile?fieiibilities |
.?obta1ned by us1ng Eq. (12. 45) w111 he conpared to the exact theory..:e-

vThe dxsplacements for the eqnivalent un1form 8011 are glven by Eqs (12 I)*'
llend_(lz.z)yw;thAkh equal ke The exact dxsplacements [S] for the linearly_ :

vvirjingiétiffnees,caEe aie'fﬁ”'
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e T T -2 - - -3 v
N o e\ _ M /2 : _ _ ‘
e . H *e. X ) c )
A = 2.43 — -(-——) +1.62 & (——f) ' - (12.46)
& ™ 4 ) S M\ &7 Lo
- - w2\ 73 M (2 -
B2 1.82 = (———) +1.73 B (fz;-> L (12.47)
 in which
- _ ‘sﬂf' - - | _ o
N 31 o S a3,
_4,2¢‘;' 4 o - | s S (1?.48)4

uThe equlvalent un1form case’ w111 g1ve the same results as Eqs (12 46)
.xand (12 47), 1f the correspondlng flex1bil1ty coeff1c1ents are equal

'Ident1fy1ng the flerlbllzty coefficients by

s 1NN .. o (12.49)

‘ w1ll occur - 1f k is equal to 0 204 kl, 0 151 k, or 0.186 k for the

1 _
J.flex1b111ty coeff1c1ents fll"f12’ and fzz,‘respectxvely The value of
-k equal 0. 25k from the work equ1va1ency (Eq (12 45)); is suff1c1ent1y

"close to th1s and 1s recommended for determ1n1ng an’ equivalent uniform

, soil stlffness

In general the follow1ng procedures can be followed for determ1n1ng i,d'

”'the equ1va1ent un1form st1ffness

,Step_lgj.Guess ke-,_‘t"

,s‘tep' _2.. | Calculate 2,=2 ‘JEI_/-‘ke :



Step 3.

. Step 4.

steps.
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Calculate i '(use'Fig.tIZ:S);

Determxne new k Skal 3

-Return to Step 2 unt11 conﬂergenee

g As an example of thzs procedute for a layeted soil the equrvalent

'st1ffness, k ) from Fzg 12 4 w111 be determlned Let EI equal

;.14440 k-ft2

| St_e_p 1.

Step 2.

Step‘a.:

: StepAz.

Step 3.

e

- Guess ké = 160 ksf

Patrlote O = B .o 14440 k- ft
Calculate 2 .—;? b -TEG_EE?—T

= 6 93 ft

‘wa £ ‘= 2, 93 ft, so from Flg 12 3, the serna&

' moment of the area of the kh{x) d1sr1butxen about

2 can be found as

12

"Ik:n-kf [“& +4(293ft+2ft)} |

3.
3

o+ 580'ksf'. Z;2§_£E,' = 12247~k+£tf

Determ1ne k f (12247 k ft)} 110 ksf

l(é 93 ft)3

‘1%@kﬁ

f-(Se;bnd Iteration) .@D = 2» . W 6 77 ft.', o

(Second Iﬁera;ibn).,ﬁé' 247§yft5'

. ~Ikv



. 287.

N |
o 3. o ‘ 3

: d”- 2dy2 - ld 2.
y I = k1[35_, (a + 3= 3 ] | I = k[iﬁ-f dc ]

3
+k[g3-- +—(a+gz],

Figure léfSi‘,fSeéond moment of area about line A - A.

aftl | kg =72 ks

"."Figufe 12.4ﬁ  Léye?é@ soiljsy@tem‘for example of.&eteimining=ke,
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Step 4. (Second Iteration) Ee = 111 ksf 2 110 ksf

.;‘Stép 5. The conia;geé_séiutiom~is;k§ = 111 ksf .

S
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13. APPENDIX D: MOMENT AMPLIFICATION IN EQUIVALENT CANTILEVERS

‘In this appendiX~the moment amplification in fixed (Fig. 13.1) "

< and p1nned (F1g 13. 2) head beam-columns (equ;valent cant1levers)
h,f~w1th a hor1zonta1 dlsplacement app11ed to the head 1s 1nVest1gated
'F1rst- ‘a beam-column that has been-stressed'by d13p1ac1ng 1ts ‘head .a B

. id1stance A from an 1n1t1a11y stralght pos1t1on (Alternatlve One in

Sect1on 5. 2 3 1) w111 be stud1ed Secondly, the beam-column Wlll be
assumed to be unstressed with a A dlsplacement at 1ts head (Alternat1ve

Two 1n Sectlon 5 2 3 2) _

°13.1. Initially Straight Columns

" The stfaight fixed-head‘eoiumn;”shown in FighAIS'1hvis’investigated

: by 1n1t1a11y g1v1ng the column a horlzontal d1sp1acement that prodnces

.’i.the 1n1t1a1 end moments of A

y = SEIA o (3.1
i .42 o S : e

~_Then, the ax1a1 load P is. app11ed to the column rf&ﬁ Fig. 13.1a L

the horlzontal react1on 1s glven by -

_M‘J'-.Mi"-":PA ST T , T
=2 L DGR

R

Sunning,nonents_in}Eig.il3.lbjand'ap§19ing‘elementaty,beam theory,
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DEFLECTED -
| ASHAPE \/ ~

—

INITIAL -
SHAPE

- Figure 13.1. »-Inxual}’.y stt&igh»t, fixed-heaé colum (a) dzsplaced

: o © location (stressed in this position before the vertxcal
load is applied) (b) free body dxagram ‘for detemming
the dlff.etentxal equatmn ' o _



- SHAPE

DEFORMED-"/ Yy

l
b
1
o
\.
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\- INITIAL
SHAPE

 Figure 13.2.°

‘Initially straight pinhed head column: (a). displaced

location (stressed in this position before the vertical .

_f/ load is applied) (b) free body dlagram for detetmlnlng
- the dlffetentlal equatlon o .
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the resulting differential equation for this Beém;eolumn'is

‘ .2 : L M. /M -M :-'PA: 3’ : S .- :
- d7y 2. . 2 ‘ Ul S P
2 + ky =~ ET ( 1 ﬁi - ) X S (13.4)
- dx A N : - : :» '_: / - L ) . . ' . .
. vhere

"U31ng the boundary condltlons of zero. dlsplacement and rotat1on at the
_base of the column and a d1splacement of A at the head the dlfferentlal
equat;on can.be solved Thls produces two equat1ons, wh1ch are functlonsm
:of Ml'and Mz.
‘ the follow1ng equatlons for the end moments

These equatlons can be solved s1mu1taneously produc1ng

. PA(1-cos kL) . - ey
1 ° 2(1 = cos KL) - KL sin kL~ o (e

i . PA (cos kL - 1) - R
M2 - 2(1 - cos kL) - kL sin kL . ‘(13.7)

ASihCe ﬁhese'equations show'that M eguals ;Ml, the. beam*columm deforms:

di in an antl-symmetrlc mode SImxlar to 1ts 1n1t131 shape | '

' ﬂ To force the weaker symmetrlc buckllng mode, the pr1ncip1e of super-‘_b
| pos1t10n 1s used to. ‘add ‘a small 1n1t131 symmetr1c 1mpet£eet1on. 'Thej
zisolut1on of a non-stressed column W1th th1s 1mperfect1on W111 be added

' .jto the above solut1on The small xnltial symmetrlc 1mpetfectxon 1s
a :ygs::- = (1 cos §%§ . ‘_» '}éfoedfd:i ";? .; | 1(13;8):;d



"where HA and MB are the moments at the head and base, respectlvely

A‘(correspondlng to Ml and M2) ' Solv1ng Eq (13.9) for the boundary

‘two equatlons that are functlons of hA and MB are determlned

293

»'where e ‘is the maximum offset from the’ stra1ght p081t10n Proceed1ng

1n a manner s1m11ar to the f1rst d1fferent1a1 equat1on and def1n1ng y2

;“to be the 1ncrementa1 dlsplacement caused by the 1n1t1a1 1mperfectlon '

| y , the follow1ng d1fferent1al equat1on is determ1ned

: 2” o L | - 5 S _ .
d%y - [ M, - M ~ “MB
» ¢y 2 N A "B __B
N 1 3 + k y2 [ (1 cos —-—] <._____ ETL ) X - 57
dx B4 D S o
N T
|

condltlons of zero d1sp1acement ‘and rotatlon at the support ‘points,

. 1 "gP ' - .
‘ (1 - cos kL) + (cos kL - 1) — - -+ 1| 5 kL sin KL .
! A "B ‘,< o\ e
NCALE |
- (13.10)
(éi;ik? ggﬁl‘f'coshkL)x

‘f (13.11),

Equat1ons (13 10) and (13 11) can be solved 51mu1taneous1y g1V1ng )

'express1ons for M and MB that are added to Ml and M, from Egs.- (13 6)

2

..and (13 7) to g1ve the results shown 1n Fig. 13 3. Th1s f1gure shows
the total head base, and m1d-he1ght moment H 1n terms of the amp11f1ca-

t1on factor, Am def1ned as
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~ Figure 13.3..' Moment ampl1f1cation for an 1nitxa11y straight fixed head
' C - c01umn with a hor1zonta1 head diaplacement A. :

)
~

 §¥5f"j»f;' “'.L',.i f'  l)/F;“

e %1gu:¢ iﬁ}AJ . Moment amplexcation for an initxally attaxght pinned-f? ‘
o head colunn with a hOrlzontal head displacement A S
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>
" K
;:;?Tth‘

- (13.12)

- 1n wh1ch M is the max1mum prlmary bend1ng moment g1ven by Eq (13 1)
-The absc1ssa 1s the ratlo of the app11ed ax1al load, P to the cr1t1ca1 o
A.ax1a1 load P , g1ven by .
o 2 _ ‘ ' L
- (0.5 L) ' : L
zwh1ch is the elastlc buckllng load for a stralght f1xed-head column
.fAlso shown 1n th1s f1gure are the f1n1te element. results at . the above
4:locat1ons and the approxlmate amp11f1cat10n factor, wh1ch is. used in .

’ :'the des1gn equatlons (Eqs (5. l) ‘and (5 3)), def1ned as

G o e
e N c S D
B B P : - ‘ .

'where C n? appllcable for no lateral load or JOlnt translatlon and def1ned
”:ln Sectlon 5. 1, 1s used to estab11sh an equlvalent unlform moment for o
~the equ1valent cantllever | |
Th1s column 1s 1n1t1ally bent rn double curvature, W1th the maxlmum
;;moments occurrlng at the ends of. the column | Such columns generally ‘.
o have a sudden type of fa1lure, one of "unw1nd1ng“ through double curvature.

: to s1ng1e curvature [28] A s1m11ar type of fa1lure 1s shown by both

' ‘the: different1a1 equatlon and the f1n1te element results (Flg 13 3)

| Close to the buckl1ng load the moment at the base reverses d1rect1on

and;the column farls.. Although the deformed shape 1s not 1n slngle A
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A curvature, the" fa11ure is sudden as the column snaps through ‘to the
symmetrlc mode._ The d1fferent1al equatlon solutlon does not qu1te
pass through ‘the’ f1n1te element results near P/P equal to one, 51nce
both solutlons are sensztlve to the amount of 1mperfect10n added The
f1n1te element results aIso depend on the number of elements used 1n.”'
the solutlon.» The -elastic buekllng load is shown to be that of a |
stralght column, 81nce the asymptote 1s located at P/P equal to one.

Both the stab111ty eqnatxon, Eq. (5 1) or - (5. 3), and the y1e1d
equatxon, Eq (5 2) or (5 4), are to ‘be: checked using the 1n1t1al end

‘moment~ M- Eq. (13 1). Flgure 13, 3 shows that the approxxmate amp11- 1:.‘
fzcatlon factor used in the stability equatlon is conservatlve, that ‘

o 1s, 1t bounds the head base, and mxd-he1ght moments for. ax1al loads |
greater than about 0.4 P ’ For axlal loads less than about.- 0 6 P

-.the y1e1d~equat10n w1lI give conservatzve4results~because 1t~uses the -

L unamp11f1ed end moment that is, A ‘equals one 1n Flg 13 3 Thus; by

checklng both the stab111ty equatxon and the yield equatlon, the ‘design ,:
w111 be conservatlve for the entlre range of P/P ‘ The recently pubd.
llshed Load and Resrstance Factor Bes1gn Manual [38} from the Ameriean
Inst1tute of Steel Constructlon [38 50] has made s1mpl1f1cat10ns and
T clarificatlons for the beamncolumn 1nteract10n equetions In this
IT‘ﬁ' manual there 1s only one equatlonato be checked The same ampllfrcat1on.d
factor is: used but it is limzted to the valnes greater than or equal i
| to one., Th1s 1s s1m1lar to checking both the yleld and stab111ty equa- iAh
tlons as- dlscussed above. Also, the 0 4 lower llﬂlt on C is removed }{a
as d1scussed both in Chapter H of the IRFD Commentary and in a recently

B publxshed paper [50]
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The coordlnate system for a stralght p1nned-head column 1s shown -
: 1n F1g 13 2.j After a hor1zontal d1sp1acement is 1mposed at the top S
fvof the. column, the 1n1t1a1 e1ast1c moment at the column base 1s |

M..;=._.é L T (13.18)

o2

“when an ax1al load is app11ed at the top of the dlsplaced column, theziif:

fd1fferent1a1 equatlon for this system 1s

' Slnce the column is not geometr1cally symmetr1c, an lnltlal column
:al1gnment 1mperfect10n is not requ1red to produce the m1n1mum buckllng

ffmode The boundary conditions for the solutlon of this d1fferent1a1
f;equat1on are, zero d1splacement and rotatlon at the base of the column

and a d1sp1acement equal to A at the head of the column A fourth 1n

sf‘boundary cond1t1on of zero moment at the column head was used in’ decfv1ng

o Eq (13 16) The solut1on of the d1fferentia1 equat1on for the base

moment M is o

o f PA (31n kL
M=

B ,:,('13 . 11_7) |

| The.moment'amnlification‘factor,.Am,fdefinedzhy Eq.A(l3.l2),:is

KL sin kL SRS . o (13:18)

A = .
S 'm . , (sin kL _
| _1;3‘(;-hL T cos. kL)
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. The expressxons for the amplelcatxon factor at the column base and at

X equal to 0. 65 L the max1mum moment locatxon 1n the buckled shape, are

o -shown in F1g 13. 4 The solutxon shows that the moment at the base

: reduces and changes dlrectlon as the rat1o of P/P 1ncreases from zero
to 1 0. As with the f1xed-head case, prev1ously developed, both the
.stab11ity equatlon, Eq (5 1) or’ (5 3), and the yleld equatlon, Eq (5 2)
'or (5 4), must be checked for a proper des1gn Since the asymptote 1s
located at P/P equal to one, the elast1c buckllng load for th1s case

~ is the same as a stra1ght p1nned-head column and 1s g1ven by

_ -'{e?si

P =
e T e

- (13.19)

13.2. Initially Curved Columas ' .=,

" For AIternative Two, the.initialfshspe fof‘the‘fixed-hegdwédiuhn,

N shown'in Fig,.13.l'is assumed to be stress-free,and given By'

NI

1-cos =Y L a0y
,(1 Acos-ZL ) | - .(13,20)
i.j'Pfoceeding in a-manner'similar.tofthat intSection.13,lg'the'di£fetential

'.Niequntionifonfthis.heam-column'is similan to Eq,'13,4”andjisfginen‘by’ 1h

- PA)

<]
-t
H
r-nn

a2
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.“"-Hwhere y2 is the 1ncremental horlzontal d1splacement caused by the ax1al-

':';;Ioad and k is. from Eq. (13 5). The boundary cond1t10ns are zero incre--

Qimental d1splacement and rotatlon at the column ends The solutlon'of-
.;Tthe d1fferent1al equat1on prov1ded two equations that are functlons

'Atﬁof the ant1-symmetr1c end moments,

1 --.cos kL) '2- kL

," = PA (s1n kL) - 1 — + 1__(cos EL_frl)'

s1n kL sin kL i)'jf.*

B (13.22);

1 4| KsinkL
2. _) - cos kL - 1
-1 SR

( 1‘2{."23) _‘ _'

d?‘df;To 1nduce the. weaker symmetrlc buckllng mode, the small initial symmetric:-

"-Qiilmperfectlon shown in Eq. -(13. 8) was added. The solutlon in terms of _il

:<ilif{an‘amp11f1cat;on factor, A g1ven by

"1s shown 1n F1g 13 5 The ampllflcat1on factor has been deflned as

| 'iag.the rat1o of the total moment at e1ther the head base, or mld-helght

”'h~f to the moment 1n Alternatlve Two (Sectron 5. 2 .3, 2)

The same type of buckllng behavxor estab11shed for the flxed-head

b*;fJTcase 1n Sectlon 13 1 was determlned for thzs case, that 1s, a sudden type_
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Figur.e_. 13.5. Honent ampli.f:.cat:.on for an 1n1t.1&11y curved fzxed-head
: S colunn with a horizontal head d1sp1acement, A. .

L ;,:;I‘igur'e'. 13.6.{ Honent mplifi.cation for an initially curved pmned-head
: S colmln vu.th a horizontal head duplacenent A, T
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of "snap through" failure occurs as the head moment d1rect1on reverses

“~Aga1n, the e1ast1c buck11ng load is. g1ven by Eq (13 13), s1nce the _

'"lfasymptote occurred at P/P 'equal to one. The approx1mate amp11f1cat1on :

‘,factor glven by Eq (13 14) is shown to be conservative over the entire L

.-'fjj range of P/P .

For Alternat1ve Two, the 1n1t1a1 shape of the plnned-head column

'}shown 1n Flg. 13 2. 1s assumed to be stress-free and glven by .
A (l - cos. 2L‘) .'ve. ) e R ...(13125) '
4¥The1§overn1ng-dxfferent;al;equation 1st
Ad2 S A
Y2 . .2 (M - PA) |

20 (1 - cos T ) 4 . RIS
Lo hER S “"é‘ (1-eos ) ir- T x . (320

B Slnce the column is not geometr1ca11y symmetr1c, an 1n1t1a1 dlsplacement -

'v1mperfect1on is not requ1red to 1nduce the weakest buckl1ng mode. The""

-'.i boundary condltlons ‘used for solv1ng the differential equatlon are

-izero 1ncremental d1sp1acement at the column head and zero d1splacement

o and rotat1on at the base of the column A fourth boundary cond1t10n, :'.
:Awhich was’ used to derlve Eq. (13 26), is that the moment at the column
:vhead is equal to zero Solv1ng the d1fferent1a1 equatlon establlshed |

. the moment at the column base as -

M= -?'.c‘;;f: V ———— +PA . (13.27l-f.f
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The amp11f1cat10n factor 18 deflned as the rat1o of e1ther the -
-moment at the base or at 0 35 L from the top to the moment for Alter-

'nat1ve Two (PA)

B Y S B

,The resolting eXpressions*are-sﬁoﬁm‘anFig 15 6. 'Tﬁe“dopsOXimate =
.amp11f1catlon factor ngen by Eq (13 14) is shown to be conservatlve
.‘fbr the entlre tange of P/P The results for both the f1n1te element
solution and the dlfferentlal equat1on solutlon show that the column
base moment 1s oppos1te to the d1rect1on assumed and that the elastlc."
‘buckllng load 1s glven by Eq (13. 19), sxnce the asymptote occurs at :

P/P equal to one.



