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Abstract

SteedilHH to concrete bent cap connections r
standar dspan sthioghway bridges across the Unit ect
these connections as pinned or fixed,tyenhaactu
stiffness, and therefore the moment demand
embedment dept h, but no systematic experi ment
guantify this relationship.

This dissertat isocnal per eesxepnetrsi me nft alll pr ogr am
mo me nt capacity and rotati ontad ongtrieftfenelsesntof

connections over a range ghft esmpkeed memts dvepteh ss

|l ater al |l oad tests to generate connection mo
HP10T 42 pil es -tagi-teerpbtend nendt) osf (. 5 to 1.5, HP
L/ d = 0.5 and 1.-a0xi sanHIP loOnied/ 2d ttreoshitg Oat L

For HP10 and HP12 pil es, a transition in
bet wesln =L 0. %/8 ant. 0. Coddce@tl.onsf aitl e&d by duct
|l ocal buckl!l i ndgd, QOGamd 7t5hosae laetd by brittle concr

connection behaved as pinned or fixed. The me:
ateldL = 0.5 ted 38l hhobhgh measured rotational st
still very far f r.onT hteh A AtSHHE ®©Or dtRiFdDa Imi fnii xnutmy e m|
inches coincides with the empirical failure m

sect i oingsn sbhwftf i ci ent f,ororl aortcheerr piillee stiyzpeess .

A poWwaew regré@&bkslsi=onQ. M8(ddF t *wassd)devel oped fr
undamageda xwsalpeci mequsadITatei meaxponent i s phy
with the concrete bearing couple mechani sm,
calculation formula rather theal d opdraby r enm)
rotational stiffness by 19 to 65% per |l oadincg
only approxi mately 13%, demonstrating that S

independent mechani sms.



The experiment al data -Melei Pimpd emponbdbagh i a
nonlinear connection spring guideline, -valida
scale pile bents from prior studiesanaTlyits crae s
and numkeRasical for treating connection stiffne
separate design checks, each with its own | im

of i xed assumption.
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SymboDefinition Uni t s
a Shear span (distance from I[in.
Ap Crossectional area of the HIiIin]|
o] Pile flange width I n.
Dor dPile section depth (used i /in.

sections)

E Pile modulus of elasticity ksi

El Pile flexural rigidity KiplLft)
fcd Specified compressive stre psi or
fy Steel yield strength Ksi

I Pile moment of inertia i n 0
(S Fi xredlad | ateral spring stifkip/in

knartialPartiati gseémil ateral sprin¢kip/in

Le Pile embedment | ength intoin.
Le/ d Embedme@it-tept h ratio o}
M Applmecenent k i-fpt

Mconn Momeoapaattiyhe connection iki-fpt

Mi Experi ment al connection mo ki-fpt
Mn Nomi nal moment capacity k i-fpt
Mp Pl astic moment capacity of ki-fpt
Mu Ultimate (failure) moment kifpt
My Yield moment of the pile sikifpt
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P Applied | ater al | oad Kip
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T Resisting concrete bearing kip

tf Pile flange thickness I n.
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Vu Nomi nal shear capacity of ~“kip

Z Pl astic section modulus of inj

] Concrete compression zone 0
al . 221

d Compression zone depth f®8e o

bg Concrete stress block fact o

dr n Di mensi oniheasd fsitxdd nesshl ow 0o
al . 2022

Ko Pile head rotational stiffikifpt/rad

) Degree of fixity (0 = pinn o

Nh Coefficient of horizontal :pci

| Connection gfdM ciency (M o}

AASHTAmMeri c

Transp
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Q

rtation Officials

o

ACI American Concrete Institut:
ALDOTAIl abama Department of Tran:
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BEF Beam on EIl astic Foundati on
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HP Wi dfel angel B section (e.g.,

LRFD Load and Resistance Factor

MEMS Mi cEloe eMercohani c al Systems
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PTPC Pi-t®il e Cap connection
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Chapter 1:

l ntroducti on

Chapt:er 1

| nt roduct |

According tet R@ax@34y,awin many bridges, t h

consi sts

|l oads an

d

of driven piles embedded in pile caj

moments are transferred from the su

Additionally, &ape pahebeasdbpeteed to severe |

sei smicwdtoeawdisood | oads or vessel i mpact. These

curvatur
foundati

Wh e n
tool s ar
for tran
excessiv
| ater al
and Davi
may def |

instead

e
0
c
e
S
e
f

S
e
(0]

and mo me nt demanRis|l eal menrmgt st har epi d e
n system used to support highway bri
onsi dern-i d | th &€sae scoofn ntebcetsieocnt ur e s de
capabl e of -ptiwon ebdo ubnrpd rny eado. rcdbintnieacn s o
fer of axial and | ateral forces, but
momentA bhuixled connecti on, on the ot
orces, al so atlo otwhse tthoep dafatniskdeeap iloye . nR
(1974) state that, considering el as
ct approximately 75% to 50% | ess whe

f i gplleye epnipnndéd.es the two conditions
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Moment Moment
*-— > Y—.

FigadBending moments of pinned (left) and fixe

(Wil son et al, 2006, and Arockiasamy a

Howevidatrg,known t hat actua-tocapndadiomin@emcs i omspi Ine
arel most never purely fixed or purel,y apipnarred.a’
fixity.

There are many approaches to address partiz:
from moment capacity, rotationalli nsetairf ffniensist,e oe

approach modeling tsleectémihireThearp apeps daches

simplified, | ack experimental data or are too

There are many ways to increase tlhne bcra pdagcei t
design, selecting an adequate | ength of- embed
pile and the bent cap can greatly influence t|
Arockiasamy, 2023). Piles embeddedend sansaceaq
and axial |l oads (fully fixed connection), whi

resi st mo ment s (si mplFi gpdrsemews cloonwmeovtar gnng t

embedment into the cap changes the behavior o
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S
’ /
/ /7,
TR o f:%;?t?; iy i
A1 11’;‘ rr";“;‘," "rl eSsiroas =2 Qia
N dssias tast = AR FiiEE
Fig@amr&eaM model of embedded column base subject
(Pertold et al, 2000a).
Il n two previous experimental efforts, the
subjected to | ateral |l oads was studied with
Anderson et al, 2018) and dynamic | oad lteest s |

the response of these bents subjected to over |

the piles was not a focus in these studies.

For the design of new bridges, mo st strucH
follow simple guidelines to ensure that their
most of the existing pile bents in the United
topic, ook hewdadgsixgpneerri ence. Thi s means that ma
do not have, in fact, fixed condition, nor a
somewhere in between.

Therefore, the purpose of this research i ¢

embedded psitleee It oH concrete bent cap connecti ons

relationship between rotational stiffness an
consingt of | i t er atsucrael es ylnatbhoersaitso,r yf uelxlper i ment s
numeri cal model ing. To accomplish this, four

(1) Characterize the governing failure mod

pi-t#ent cap connections across a range of

sections and two bendisncgaloe ileanttearta lo nlso a du stie
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(2) Evaluate the predictive accuracy of ex

moment capacity and rotational stiffness u

(3) Develop an empirical relationship betw
embedment dplpabhe tame measured behabviixoeed wi t
fixity spectrum.

(4) | mpl ement the experimentally derived
oriented numeri cal model ing framework suit
and validate it against bot kctaHhe Ipab er adtemrt

tests fsomdpesor
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Chapter 2
Pidt e&€ap Connect.

1. Pite&il e Cap Connections and Embedment

The connection bet weienm @nd exsf atnlde pmdien cfagecst
t hteransferibfitigecpsl e bents orypeenmyhict lteorn nfecu
can range from a pinned condition, all owing o
to a fixed condition, which enables the transf
of moment capacity at t hpei-ipgillee hceaapd . ( FThRC)f i xad |
significantly influences the response of the
moment and defl ecAdonr dtaavgihdeoopn (el X700)., a pi nn
typically results in zero momentwhatr atatdei xpeidl e
connection enables maxi mum moment transfer, re
conditions.

According to Harries and Petrou (20041), t he

t@ile cap connection. Sofeg®mpei ons are displa
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Connections

cap particul afpliyyTelBi $ hr st eahc &

-------

A
v

No treatment

A

Roughening to 6.35 mm amplitude

A
v

Horizontal dowels

Figadme fferent

Il n many

cases,

A
v

Square spiral

............

...........

3-25.4 x12.7 mm grooves

Vertical dowels

PTPC

A
v

Round spiral

connections

A
v

Expose and “broom” strands

det ai

S

on embedment

can

and

achi

t hat

duct i

( He

however embedmegmdr 0fr dlhye oall

el i

simpl i f
t he o
type,

e

ev

Arockbasamegs(2@233rpdi
1.

ti

capacit

t h
I i

special reinforcing details, which
Arockiasamy and Arvan (2022) emphasi ze,
pile embedment Vi aarciteosr sb assuecch acams pi | e
interfacereguéviaihgrat heseopar amet er s
capacities.

Studi es Arvan and
pil es, embedment depths between 1. 2
sufficient devel op adeqguate moment
confirm si ar guideligsessuppos-teidbepicbeses
pl ain embedment connections, provided
carefully designed to meet moment

Al t hough few anal ytical model s

(7))

apacity
stat tefi

S

et

tings.

based

alnd

| i nsstaatthea$t, e ulnwWred

41
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along the pile and pile cap rotati ohnenctabne si gn
need for further empirical data to inform cod
(e.g.hl o8hes ;Aarlvar 02Rd ARO2Ramastaanyet al, 2022,;
Petrou, 2001; Rollins and Stenlund, 2010; X

2002reveal that eveonfshoounedmbad mechahamec hpiielvee d i
substantiaedapamoment (up to 40% to 60,% cohfaltlheen ¢giun

traditional design standards that call for | a
The most desirable case for design is a pul
achieved in the field (Rollins and Stenlund, :

l ead to underestimation of defl ectigomowmaihtess,
when compared to real measurements. On the ott
condition could be extremely conservative and
| arge values of | an dtraglp edhe filne ateiad n ctalseaets .d o
Understanding the i mpact of pile embedment
this factor alone can greatly-t@oohtr ichayt e( PtToP
connections. According to Rollins and Stenl un
pefror megi-to@i tap connawcd#dignsficant uncertainty
appropriate embedment |l engt hs t o Behlki ades , a
Arockiasamy and Arvan (gDaemb ederear s tcroantneedc t ti o
highleftestive, as they eliminate the need fo
l abor in the field. However, designers remain

capacity of these plain embedment connections

2.Structural Meamampioshkms t af e
| n a-teil e connect iplnaemékedmegt ont her e ar e
mechani sms of fail snedbhm@meattccan beetkerafrg ccta poanc i

capacity of theecobhecki cshednseuvpndrel i ppage |

for prestressedowewer egtal pi meshani sms of failt
moment capacity of the pile itself (plastic m

According etto(a®#@e®0al) d2000b), with a shall ow
l i kely failure mechanism tle i mcdlheagoaaectt é Da
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crushing. For deeper embedment, cap concrete
t he moment capacitysohowhgneanasetfu® nme me nt
capacity ofi shlkibpelg 1iheel ifani ¢ ovrelge.ffaetdor and
The following subsections will better desc!
based on a review of available Iiterature.

2.Slt rucMomalCapaci Piyl e.f
The pur phoisse soufbistect senkg as ta dguhiedea i ght t c
calcul ate the flexprlaésstseamgtthppphpespredeesedd c
pil edso.e sl thod quattdaddeisi gn g.ui del i nes
1T SteeRPi IHHAI SC St eel Construction Manual (20
F6 for bending moments about St@Geomegr ad ndy , w
plastic moment i ps= ytfd Il dawnlgaet eldocaas NMuekl!l i ng
torsional buckWNieng(fza eidso tmuestplbaest i cyissect i o1
the yield strength ofFE 6bBeksi¢el member, e.

1 St eel PiipaAl BCl &g eel Construction Ma&h.ual (
Agai n, pl astcacl cnud naetpnetd*fzass LM c a l buckling al

veri fied.

T Prestressed :®PdcidcmDetse gmi Hesndbbakt €2-3B8®and A
19(202Rd)di ti omalslcu,ks®seher Pn8hlsead 34480

(2022) also provides an equation haotr tdleevel

prestress force is properly transferred.

2.Q2onnecCCaipoanch y yEmbedment

This secti oinnestuisgast iomg t he capacity of t1}

2.2Séminal Research
Regarding the de+t &1 rthien LtaiporComnfneRitlien (PTPC
mai n wor ks that support al | studies that cam

4 3
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(1980) and Mattock and Gaafar (1982). Both d
stress and strain dHisgturiedfwtri odnest earsmi e enrg isrh e a

capacity of PTPC connections, and are conside

4 a Le-c ¢ I a

|
¢
: Co
Spalled cover Load spreading Spalled cover
concrete concrete
b
/ ’ | /
+ < % Vu I + Vu
|

Gy

Point of b 250 Point of

Zero moment = Zero moment

— —
£:=0.003 e =0.003
1
af, BiX¢ \ 3 Le—0)
BX,
PX, 0.85f,

@) (b)

FigdrSeérain and Stress distributions assumed |
and (b) Mattock and Gaafar (1982) (Arvan

2.2.1. Marcakis and Mitchell (1980)

Mar caki s and MietveH eolpled( Bah80®nal yti cal met h
embedment capacity of steel members acting a
model was based on a series of experimental t
seenFiighkhr eAl | speci mens were constituted of p
steel me mHd ear sh,olmhoosm square steel tube. Many a:¢
study: different sizes of the steel tube, diff
di fferent eccentricities of shear force applic
athet connecti on, variation in the concrete cl

4 4
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column di mensions, reinforcement, and propert

to failure.
l 7in{I7T8mm) 'L 8in (203mm)
== Square Column _S'quu'e(‘.durm
Tin (1721‘;{;;)5““)
] ™y
& inj(152mm) Bars (SC7, ‘ﬂ':i)
| . S'CB} [
4in(I02mm) Ginx4in I
|-{|52l|02:‘ﬂ'l'l'l i
— Tube |[] | g_‘Tube I:]
i
1 t ]
3in(76mm) 1 4_h1|[I02n1'n} i
Sin fI27mm)
SC6 Contained
- * Wide Flange
= T thape 0
Cl,Cz,Caa Cq SCIl to SC8
725in 1Qin
‘ 8in(203mm) 'l' {I84mm) 1 (254mm)
Column Square =~ uare
inx 4i .
llﬁgx;loghrn 7 in {ITBmm) ‘(.63|n (1I94mm)
| Tube D
= = = =
&nl  [antozmm) 438in Sin
(Il mm) (76mm}
SClt, SCI2 & SCI3 SCo SClio

FigbbDetails of test specimens tested by Ma

A solution in the form of desiKing@&mTlehges wa

curves consi derreitnhfeo raxgpmearsts el i n terms of a r e
¥
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! yis
B) —Z — 1
Azl A& @)
fy= yield steel tensile strength (steel me m|
fc& concrete compressive strengt h;
As= reinforcement steel Ccross section area;
b = effective width, being the width of th
2.5 times the width of the embedded steel me m
le= | ength of embedded steel
e/l _ e/l
02 04 06 08 10 12 14 16 18 20 02 04 06 08 10 12 14 16°18 20
14\ —— 1t =40ksi ; - -
‘_’u T Y (z7eMPa) NE v, N Y e T
P b, 12K\ s/t 050 e $fbl, 12 \(— s/lg 090 "‘,’g:# N T:s
10 w=P3 =N
IR =P ] 10 0.3
NN b NARE R
N =P = ' N : W o~
MERNN <% Lo e NN “
04 ~ <N ‘..__:a:- o 04 AN P‘: -...,\"--..__""--—.
02 = = 0z e S
i ] =
-04 -02 00 02 04 06 08 10 12 14 -04 02 00 02 04 06 08 IO |2 14
a’sf, a/d,
e/t e/l
02 04 06 08 10 12 4 16 18 20 02 04 06 08 10 12 14 16 1B 20
14 =60ksi ; A1t .ok :
vy, - ==l v, KT e, I% _
1 [ | - /ze /28 ] - /2 e .
4’fcb£e 1.2 \ s/l 050 — n/.:‘a " ql,fcbfe 1.2 \v s/l,= 090 '.-/,g,h-,a 4 .
10Ky e T DN -0 Tl
08A B9 N ] 08k AN =01 R R
\‘Q D L. Nk . R
06 ::\\f % 8] i 06 \\ Dp/\\ o
04 N = 04 A \\;\\ o
02 == 0z e
090 [T DT[] 00 I []
-04 -02 00 02 04 06 08 10 12 14 -04 -02 00 02 04 06 08 10 12 14
a/ly ask,
FigéDesign charts for evalwuation parameters
(Marcakis and Mitchell, 1980).
However, for practical pur poses, simpl i fi
equat®omdsd, these being most commonly used.
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6 6 6 )

6 —% 3)

(4)

Vo= Nominal shear capacity of a connection;

Vce= Nomi nal shear capacity of a connection

capacity provided by w

Vi= Additi onal shear
bet ween t

eccentg¢/ixi,t yaliresrad e | di st ance
t he application point of the vertical | oad;

di stance between symmetricaadahnhgs(SBdkaced
SC1) . | f tihbke yr eacroemnuesnbdgesdy mme
center of embedm

e

S
det akil g®bmespeci men
2 times the distance bet ween

me mber mu st al so pe desi

The embedded steel
di st an

happening at teared cmodwimmu rhhaagmegmemitng at a

A ;
8 8 M iRen )

The maxi mum moment i s:
o W
U DA TZ——0 6
v @ T URe0 ©)
Accor di ng taon dMaMi ctackhiesl | (1980), t he model

di stribution of O0.003 onFitchd®r .ef rTchret afuacheor sf ctof
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t hat t he mo d e | conservatively predicts t he
embedded steel members, both with and without

Har reategall9.93) anat Har0r0i0es performed experi me
suggested modific@tiomssitdereiqupttiloen effects o
the face of FheguU)xennection (

The modified equation, considering embedme

TMUEA T @

6 o
p o )

e = eccentrecoi/t2y = a+c+ (I

a = the distance between the column face t
|l oad

c = distance of concrete spalling, taken
outermost | ayer of transverse reinforcement;

bé = effective width, being the width of ¢t
2.5 times the width of the embedded steel me m

4 8
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: i
£ f;[ch _[ & H Vi
T‘ﬁ\ o \%
\ i
X c
% strain | g.= 0.003
11.4.
| ANAANNAAL ‘
| £.=085f, |
| N |
| L . |
—
FigumMedi fied Marcakis and Mitchell (1980) e
concrete spalling (Motter, 2014).
2.2.1. Mattock and Gaafar (1982)

Mattock and Gaafar (1982) tested five stee
shaped), embedded into 10 in x 12 in concrete
reinforcement and #3 hoops spaced at 8 in as
alos monotonically | oaded to failure and the |
embedment strength design equation.

Matt ock and Gaaf ar (1982) also assumed a
embedment region with a strain of 0.003 at tF
expression was proposed, considering only emb

= 0 ° ™ Y & ¢
O T® R ~ 1 b 3 (8)
@ Ty 5
Vu= Nominal shear capacity of a connecti on;
fc& concrete compr eisnsiMPea sutnrietnsgt h
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t concecel emn wi dt h;

br= wi dth of the embedded
br=concrete
Le= I ength of embedment ;

a = distance bet ween

stress bl ock-1Qactor,

t he col

section;

defined in

umn face to th

Similarly to Marcakis and Mitcheel (a20.0080)
al so provide a modified equation for Mattock
spalling:

. 8
— O ” . T®
© @ R - 1ol A qJnfqm €)
Equat9mwmst al so be used in MPa units.

The maxi mum moment at t he

connectionFiag®dreeen in

50
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400~ & % |L—column
(40) face
€00l
z f‘:; V=T76.6kip
x (341 kN)
=
" 200} 0 V= 56.0kip
" (20) / (249 kN)
=
@ . = 38.0kip
100 I69KN
S (10 | 169KN)
\Y
oL
| f—+a-
Figd8wvariation of moment in the embedded sect
Gaafar, 1982).
According to the authors, the maxi mum mome
S A w
0 @ T 19
_ 8
R 1® R — [in MPal] a1l
2.2Sekeel H Piles
This subsection investigates works t-hat fo

pil es.
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Shama (2000) et ndl0Ph2aama 2002b, 2002c)

These works present a comprehensi v-RBi-séeéudy

tddent cap connections u(nMiegur&ah®mal (29Q0) cahao:
et al . (2002a, 2002hb, 2002¢c) , through both tF
devel oped a plastic theory, which showed good
in orpmpreditot t he 4 &hdwi cCrapof( PAiIPIC connections

; i
T T T T 1 CAF BEAM
7 - |~
COMMECTION UNDE -/)-
COMSIDERATION
STEEL PILE
BENT
ENT
I} L
o
ol \
u u U u

Fig9mTgpical geometry of deck bridge ean adt.eel

(2002a) .

Shanmat (a2002a) , in their first paper, ai me
assessing the performance of PTPC connections
compl emented by an initial experiment al progr
to simdiag konditions. |l neta(adlee?2b)y woogRos &thaan
strategy, foll owed by a second experiment al p
devel opment of fragility curves for structure

Previous works by Marcakis and Mitchell (1
Harries et al. (1993) have used the stress bl
pile to develop expressions for the theoretic:
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their approach, Shama et al . (2002a, 2002b)
moment capacity of PTP€etopnkesions for H

Il n this approach, the authors consider a s
strong axis. The plastic hinges at tw@iteitic

interface and another at some distancéei bpr)] ow

where the moment is zero, i's assumed to be mi
Cohesive soil i's also assumed, and Broms' (19
| ocation of the | ower plastic hinge.
IP
- M
[T L
h
-E
H ’ e—15dp tp
- &g\ QCudpMp
(a) Deflections  (b) Soil Reaction (c) Bending Moment  (d) Experimental
Representation
FigaO®oil structure interaction representatioc
(Shama et al, 2002a).

Fi gdulOean be used to determine the expressi

hinge | ocation (2Z2):

T 70 A
Gzazaq a P (12

Wher e:
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e = JA=5ddpth where the | ateral soil react i
(1964) .

h = clear distance from tiaeapsumdreirdracgl) agdto
surface.

Mp= moment capacity of the steel pile secti

cu= undrained shear strength of soil

dp= depth of the steel pil e section

The author s, however, reached the concl usi
moment wusually | i gtso ip9n* Ash ea nr aanpgper ooxfi n3a*tdi on, t h
using £ = 5*d

The theoretical mo d e | is structured around

of the conpnearnd onhg Mmoment capacitypof Thiee s
connectiony) eg6fideife mey, @#A%B, tbheserdatdam tMhe stress

seenFiignd 2e

Ajvalue greater than 1 indicates that the
than the moment capacity of the pile itself. T
Ajvalue | ess than 1 indicates thatinhhgecaapctcos
while the steaee¢li | pilremaeasi omtact, having pot

and suffer more bending.

The authors presented an equation for conn

p &
¢ O 0 13
a
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D 5 0 .0 VI g
NOXYO R Q o ¢ | T O ¢ 0
‘ L a

S0 Q
Wher e:

U=average concrete stress ratio
b str es sdebpftack or

fcéconcrete compressive strength
br=wi dt h epfi IlteheseHt t i on

dp= dept h -poifl et hsee cH i on

fy= yield stress of the steel

Zp= plastic sectieenlmodulus of the H

Ap= <crsoescst i onal &Prid & ofe ctth eo nH

P = Applied axi al | oad

Py= axial yielding |l oad of the pile

lem= embedment depth into the concrete cap

e coefficient of friction between the steel

L = effective | ength of the pile speci men
UanBare stress block factors, dependent on

by the concrete wiFtihgidMleshbws cannetttoononship act

aut hotdanfiepending on the maxi mum concrete filft
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0.8

Slight Damage
0.7 -

0.6 1

0.5 -
Moderate Damage

af

0.4 -

Heavy Damage
03

0.2 1

014!

0 T T T T T T
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

MAXIMUM FIBER STRAIN &,

Figldfioie Stress block parameters depending on <cc
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Fu
T "m _l_a *
<o *t] 5 Srd -I 7 8 B T
CV

Figakekdopted mechanism and stress distributio
al, 2002a).

I n a more si Mmgl infoimedtf csrtm,engt h jpf wi he ber
calcul ated Wbyrhoeby itphegicdigst ance from its appl
axis of the camapctiTbae &aut het s(@l0 02 cSh,amar ovi d

direct expressijon to determine M

EAI
] | 13
¢ ~
Wher e:
L* = distance from the point of applicatio

the conneedriagn (L + |
fc& concrete compressive strengt h;

br= wi dt h-pafl et seecH i on;

lem= | ength of pile embedded into the concr
The results of the theoretical model I ndi
geometric parameters of the pile and its conn:¢
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the ratio of embedment | ength odmpthe

the steel

13 This finding suggests that a deeper

sheelept

R)i |lee ssdesc tticonan di ncr ease i n Fiognunreect i

embedm

connection's ability to trasesdteiromoads, for t
2 ile d
P! amage maximum connection capacity with
1.8 4 slight concrete damage «f=0.72
1.6 -
1.4 - od

e moderate damage to

. 1.2 - connection a.p=0.36

o

=

w1

L8] heavy damage to concrete in the

E 0.8 connection o.p=0.24

0.6 -
0.4 -
0.2 concrete damage
U' T T
0 0.5 |o-hfdp 1 1.5
FigaBeonnection efficiency in terms of stres
2002a) .

Conversely, aFs gallscearnv eidndrnease i n the ratioc
| ength of the pi)l er esLul ttso iint sa ddeepctrhe a(sde i n c on
asymptotically approaches a | imit. The |l onger
efficiently it can transfer | ateral | oads, wup
l ength hamaé mmpact on efficiency.

Additionally, the presence of a vertical (I

ncrease

the connection's efficiency.
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0.8
P/Py=0.2
0.7 - Py=0.1
\ / PPy=0.0
076-\ £ ﬁ/
:0'5' /PJPrﬂl
O \
Z 04 ]
L
O f'c=33 Mpa
EO,S- fy=315 Mpa
T lemb=300mm
|.|J,12_ =036
p=1.0
=0.6
0.1 - -
D I I I T T
0 1 2 3 4 ] &
Lfdp
Figadeffect of effective | ength on the connec
The experiment al study involved testing HEF
same pile cap, under cyclic | ateral | oads al or
apparatus and instrumehitqui ®ynt ar BEvwWet aebed i
conducted, in three different specimens al ong
and W2).
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o T 1 [2] 3

AC"HJATDHq_ -1
ALL DIMENSIONS IN MILLIMETERS

ANCHORING DUCTS
FOR TESTS 1 & 3

2
s //
A
#4 STIRRUPS
/ 200 mm (TYP) / H—7s0 \ 1650
|
R = S g! T 7 i
TP ] N I
L—?m—- ——JDDL—TEO—— 150 -—: [—1 s0 -—750—-]/ — 450 L—
SEC A-A #4 STIRRUPS © 200 m #5 STIRRUP
@ 200 mm

a—

FigabGeometry and reinforcement for strong

w |E “f
mnﬁ?ﬂ&ﬂ

W 10 x 77 LEVER BEAM

LJ_J,\ | HEAMF
ROCKER Ve i
BEARING
HP 10 x 42
TEST PILE
§
350 kN 3
ACTUATOR ||
+ I STRONG FLOOR l + F STRONG FLOOR iy
Section X-X N t
Elde Elevaticn

Fi gldbkBestuseidgi n the experiments (Shama
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NLUTE: 5T = SUNIS TRANSOUZER

REACTION FRAME
5-T FOR __ 250 kN ACTUATOR
LOAD CONTROL 3='
¥ i TENF 1STNEG
T 1 PLACE3
SEE DETAL A
- 0.8t m
5-1 FOR ; 1
wessuenG east $s M |
TRANSLATION 4 U ‘

FigdZlenstrumentation configuration used

The results of the tests are described

T Speci menT8%ted under reverse cyclic
underwent <cycles at drift amplitudes
yielding of the section, damage concent
beam, and significamt dstféendgteivell ®ass Tdte
its yield moment and nearly reached

1T Speci men S&djected to a constant axi

amplitudes from 60.5% to 66%, showi

c
l oad a bridge supeosarsceearepitransfierwa

significant mo me nt capacity remaini

was reached after ten cycles at 6%

T Speci men T&3Fted wunder variabl e axi

effects. The axi al |l oad varied signifi

similarly to S1. It showed high duct:i

cap beam. The test wastenoftaicdaounrtel nduueed

Il i mitations.

T Speci me:n BMlami ned the cyclic perfor manc:

along the weak axi s. 't under went

cycl e

6 6 %, showing elastic behavior up to
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steel performance was more critical thai
strength degradation at higher drifts.

T Speci mein IWRvestigated the effect of ter
along the weak axi s. It behaved el astic
flanges and | ocal buckling at hi gher d
ulti mate capacity ad By 5% gdnmni fit¢caatcodimpe
crack propagation.

The conclusions drawn from this study are
embedment may fail, i ndultei seoomgnaers, whenat
strength s(Mower than the ppijkMpMmMOmMenthesot begt |
while the adhesive bond between the steel pil

connectionjstwasngtrleatMr thanpst rdaircgtiiH eo fd etf hoea r

the steel controll eg¢g pgMhe failure behavior (M
Under severe seismic | oading, jhgancdo nanreect i
subject to damage, requiring rewrbophibesdragedgh
t he weak< haxbiist ed a more ductile performance.
13devel oped in this study appear to be adequ

capacity.
I n the second epaggaddQ02Bhamavestigated a r &€

i mprove the PTPC connections of a pile bent.
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Original Plle
rig CGA\ 0 .
riginal
i 1 | | T |~ cap beam
| 4
L Boe T N ——
.. o - — MM / \—Rstroﬁt
I
Mp

|

i !

FiguBRetrofit strategies for steel pile bent
strengthening (Shama et al, 2002b)

This study focuses on cap beam strengtheni:

strategy, Fasgusd8ee nlgahnnd si de) . Foll owing an add
progr am, the authors found that retrofitted ¢
performance compared to the initial experi merl

di stributiBihgu®downsiuggested for determining
|l engt h-Sbéeeh Ppile, into the retrofitted cap:
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Figa®dMdechani sm adopted for

7 r D‘ [ P_c:m
F ——l lemb idl
Z = on

__1,._

c

connection retroc
a Q0
— — = 1
9 ® 45 9 13
Wher e:
fs= the wultimate stress of the steel pil e s
t= flange thickness of the steel pile secti
dp= depth of the steel pil e section
lem= embedment of the steel pile into the cc¢
fc& compressive strength of the concrete
This equation jtednasldercEShoma et al, 2002c) .
Considerin@%eqasadiimml e parametricTabluay ca
sheswhe results for all HP piles listed in AIS
50 steel wasy=coblskaeer b dk®i
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Tabl €al cul ated embedment | enegtt fa8l0.0O2cfoeduagi t

Flange Ratio | emp/dp Ratio | emb/dp Ratio | emb/dp

_ [for concrete [for concrete [for concrete

HP Pile Dep-th thicknes compressive compressive compressive

de () . Zn) strengthf' ¢ =4 strengthf' ¢ =5 strengthf' ¢ =6

ksi] Ksi] ksi]
18x204 1.130 3.5 3.2 2.9
18x181 1.000 3.3 3.0 2.7
18x157 18 0.870 3.1 2.8 25
18x135 0.750 2.9 2.6 24
16x183 1.130 3.7 3.4 3.1
16x162 1.000 3.5 3.2 2.9
16x141 0.875 3.3 3.0 2.7
16x121 16 0.750 3.1 2.7 2.5
16x101 0.625 2.8 2.5 2.3
16x88 0.540 2.6 2.3 21
14x117 0.805 3.4 3.0 2.8
14x102 0.705 3.2 2.8 2.6
14x89 1 0.615 3.0 2.6 24
14x73 0.505 2.7 2.4 2.2
12x84 0.685 3.4 3.0 2.8
12x74 0.610 3.2 2.8 2.6
12x63 12 0.515 2.9 2.6 24
12x53 0.435 2.7 2.4 2.2
10x57 0.565 3.4 3.0 2.7
10x42 10 0.420 2.9 2.6 24
8x36 8 0.445 3.3 3.0 2.7
Minimum 2.6 2.3 2.1
Maximum 3.7 3.4 3.1
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As observed, the greater the concrete co
recommended embedment l ength of the pile. Adc
greater the flange thickness, the greater the

usuadl ues of cap concret@E@d4 ctoomp6¢d KBii yee cotmmemg
embedment | ength is rarely smaller than 2 tim

Thigeneraaglrleye s wi eh (@khB84) lraecommendati ons.
speci fic preernttiials fmaxdiet yoeyt GaBl@.hda, 2002b, 2002c

2.2S8Beel Pipe Piles
This subsection investigates works that fo

pil es.

Steunenabe(rlhd.98)

Steunenberg et al. (1998) conducted an expe
steel pipe pile with a 12.7 mm wall thickness,
pile was welded to a thick steel pl ate measu
t hiecsksn, which was in turn attached to a reinf
and the pile cap were connected using 30 stud:
l engt h. The connectionbés capacity exceeded tF
detile failure of the pile itself.

To predict the response of the speci men, tI
2D nloinnear analytical mo d e | and a 3D finite e

strength results from the experiment closely
| i necadbelm This study provides a strong exampl e

capacity of the pile is | ower than the connec

East man (2011)

Eastman (2011) conducted experimental t est
pile <cap and steel pi pe pil e, wi t h di fferen
investigated the model of Mar caki salatnedr nMitticvhe
mo d.e |

6 6



Chap2Prt«€ap Connections

The model , named Ul timate Strsengtrhy Madell &
Marcakis and Mitche&llgQe9IT8hOe) neasj oxe edn fifrer ence
on an iterative procesdorecedat@dmmdierse aeambeenddmeb

mechani sm at t htee & p pc wrfnd dtei @n.l e

i I,
7l
-
4
[

Fig2OeRssumnsetd ai it rasmgds es t) and Bpel Uttt manse Sor
ModeéeltigBasgt man, 2011) .

Similar to Marcakias andreilidgncéehe | flor(ddeOB 0gt, tF
(and KWae&ok the connection can be found by ass
anthaxi mum strain of 0.003 aWi tthh et hersoenta sosfu niphtei
iterative process begins. Pemulstt bena@astsuanle dani

at the back must be calcul at ed.

- W
o (L6

b= strain at the back of the connecti on;
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o

U= strain at the front of the connecti on,
xf= depth to the neutral axis, at the front
xb= di stance from maxi mum back strain to ne

| ength of eymbreidmuesntx (|

bantdthe factors for, respectively, the | en
bl ock, are determined by:
T
I E—— 17
¢ C%—
|z — P 138
- 0_
Then, it is possible to find tifaedma&gnitude
6 TR »A 19
6 1R ® 209

fc& concrete compressive strengt h;
br=concrete stress Ialsonc kA G-la9c3to8 Gl d2e0 1 M)e;d
b effective width equal to the width of t he

By force equilibrium, therefore:

w o6 0 21

6 8
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For the end beari ng dmeccthsanatsm, hea hend oafcet K
wehb vertically toward the back of thethenaec
are 3 possible ways of calculating C

15t Assuad ng C
2"d  Assume that the magni tledded sofe gaumd Ut e:
stress at the badk ,ofast Beg@@®emecti on (

., P P P .
0 -$ A -$ £ =% Qe 22
¢ ¢ ¢ !
D = pile diameter.

The resultant apegilsi catt i@ ndipotmnntchesefdv €Erti cal

axi s.

Q  — 23

f 39 Assumei $ haigu &Vtad utthe friction force
and the concrete at t hesibmiclkarotttd AhRIi. ¢ lpa
(2011) (same&@d4tion

6 126 23

e kinetic friction between steelg £ akeh7 ,as
Baltay and Gjelsvik, 1990).

The resultant apptis@thenspme@8s(dquation

Fi nadfltyer deter mingdli Ng @oment, eoqnuea | ¢ dmi ume

relationship below, andrsdetermine the new val
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WO 6Q 0Q 6Q 00Q 25

With the new wmalwuetefaki ons of this proce
assumed fval @« e ama txc hevsaltuhee ffrionmalt hxe moment equi
Therefore, mom@ntofcdpmpmeaecictoymneMti on woul d be

0 ww W 26

Stephens and McKittretKa2ldl2AQ5) and Kappes

Stephens and McKittrick (2005) reported th

the cap is one of the main parameters affecti:

based on performing analytical andfekpddi me¢ eE
pi pe PTPC connections subjected to extreme |
embedment | ength for all tested speci mens.

Fiveskal ® models were built -andstestedipal
(concrete filled) embedded 9 inches (or 22. 8
di fferent parameters such as pipe wall hthickn
of the pipe steel as wel |l as the cap concret
calcul atjao#ts e snodedt s with the use odél esmemtct url
model s, comparing al/l results to the experi me

The authors stated that more experiment a
mentioned analytical tool s, whil e wuseful up
address various issues.

Arvan and Arockiasamy f£P2em@ntpeuvumer medl asfi |
one the test specimens from Stephens and McK

di spl acement responses wer e compared t o t he
Arocki asamyg 6868 3Jj)an ea

According to the authors, the stresses ind
compared well with the ones computed from ha
results compared well for |l ower | eveleoedel | at
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appeared to be a | ot stiffer than experimenta
was not completely predicted by the FE model

behavior.

80
70
60
50

40

Applied Load (kN)

30

Experimental (Stephens and

20
McKittrick 2005)

10 ANSYS 2021R1

0 20 40 60 80 100 120 140 160

Displacement (mm)

Fi gwrlegd-in Steel pipe pile (concrete filled) k
comparison between Arvan and Arockiasamy (20

McKittrick (2005) experimental resul t.

I n continuation of Stephens aat (A&BOKL3t)t rainadk

Kappets (a20.16) kept investigating concr-ieneh fil!]
di amet er) connected to concrete pile caps. T
speci mens embedded up to 1.3 ti mes tbhaer so uatter
the conoecl evel, with variations in the rein

(Figure 22)
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Exterior Crushing Region | ™~

(a)

for
yi e
The

con
del

| en

) 3 i N / Interior Crushing Region
Interior Crushing Region \ (U-bar Reinforced)

Longitudinal Bars Longitudinal Bars
and and

Stirups
Omitted For Clarity \ Omiﬂesg?oesClcriiy

Exterior Crushing Region b =

[U-bar Reinforced) — a2 (U-bar Relnforced)  —" ™

Applied Moment (b) Applied Moment

Figar@ebar configurations (Kappes et al

Test results showed that failure occurred
ci mens, while the remaining specimen faile
e of the pile cap. Based on theseufveadungs
e analysis methodol ogy was developed. This
i mate capawointcy edafe @FTe cap connections.
Four critical [ i mi t states were identifie
mation in the CFT, (2) interior and exter.i
l ding of the | ongitudinal reinforeéemectapin
l ast three | i mit states caused a | oss of
rgy dissipation.

These | imit states, as wel | as the resul ti|

mitigated by selecting an appropriate em

nforcemenkdarssc hemei.rcd ing the CFT, al ong wi
ntement in the connection region, were fou
The initial degradation observed in the <c

crete crushing near t hebatrisp pdfacede nembedd
ayed the onset of this damage.
A preliminary design guide was developed,

gtbhayr i ze and configuration, and transver
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t hat foll owed this design methodol ogy did nc«
concrete caps.

i zo
, T . 27
z z — Z e Z ZQ
Ozf P T |
Wher e:
b= 0.7 (strength reduction factor for bear

(2020) ;
bi=stress block facto#9 d2d@r2di,ngstual Agl 03 B
= diameter of the CFT pil e;

Cc O
I

fladt dr for amplification of the unconfi

Kappets (a&2/10.21) continued to develop a method

mome-oaapacity of a CFT -lparl er,eiwn fifdireoe rmdvintt hoet sUn

of the proposed analysis method, wh-ehemempar e
model, is beneficial considering that the met
Il n the proposed analysis methodol ogy, t he

pil eond Mdco¥Yn are resisted thnartsheandapcolmycrtehe WUn
surrounding the Fpigl28e Téhse sehmbverd dierd porti on of

idealized as perfectly ridged. The reactive f
T Components acting normal to the surface
T Friction forces acting parallel to the
concrete, and,

T I'nterface shear at the top of the embed
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Friction

U-bar Forces

VCOI'\I'\
MW

FigaBlemposed rotation and resultant internal
2021) .

The authbasedhem, the rotation, perform the

T Compatibility sreusetdi ams ldieg er mi ne t he st

fiber sbamdr &Ji nforcing steel

Constitutive ared athemsbhsped to deter mi ne

stresses in the materials and ultimate
forces.

Equi |l iibgitutmen enforced on t he-icdomrmedtvieo
procedure in wbtebhi bothnghe and the ax
l ocation are varied untilncoeaasrggndeqg:!

rotation are sucand sfioredes aasrseuneal cul at
Figewenti |l the maxi mum capacity of the
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Interface Y
Shear Force | . ;
'Lsurf—fru‘[.ij :#"'l’}' 2
Active Surface L‘a!;;[?]elsugian
Assumed for gu};f(,é(;
Interface Shear
at Top of Pile Subsection ij,
Area = Ay
Axis of Fyy =0y Ay
Rotation
[".s'z.'r[—-/'rirr,ij = Fi/ y, e -
/ ~ b 1;
Y g
i -
x| © S:qtbsecti()l\ll'j.
5 rea = 7 B
g LU Rl § e = < s
3 ! ’HI<.7/ Fubnr,k 2
N Fij = 0ij - A fz==e 2
X
. Vconn
Exterior
Compression
Surface Mconn
7
Figedef fective differential areas and key di m

rotation (Kappes et al, 2021).

According to the authors, the internal for
assumed angl &)apnfd raont aasisouumed r otratjapin axi s | oc
0 0o O O W 28
0 0 V. V. W z2Q i 0 29
Wher e:
Fconedim resul t ant -dfiorreccetsi oinn ftrhoem xt he r adi al o

FirridtFx resul tant -dfiorreccetsi oinn ftrhoem xt he fri cti on
Fubar=mk f or ceb drm,onk ;U

Finterface thehrer face shear force component at
Mz _comc moment around the point of rotation r
Mz fFicmoment around the point of rotation r
Mz ubar resul tant mo-mamns; from t he U
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Mz shearmoment due to the interface shear for

A further constraint I Sopnt antd tmoerg @ xatrgerMn a |

related through an assumed inflectiopiPodent |
0 w zQ 390

Il f this condition is not met, the | ocati ol

the system is in equilibrium. This entire prc

rotabwbnl e recording the moment, raxiasion, an

The aut hor s devel oped a spreadsheet t o e
met hodol ogy, where all parameters for <cap, p i
spreadsheet then calculates the maxi mum momen

Berety (22024) tried to validate this method
series of four experimental pile cap connect.i
Ubars. The authors comar udtetde th@arn e onti it diro uitt e |

pileTbap. i s consistent with the Iliterature si
deeper than 1.3 times the outer diameter, beir
onl y. However, Wwhes, i cohmeéichgoll capacity gene
50 %, and the failure mechanism changed to the
itsel f.

As for the wvalidanotoat iocofn tnheet hmodméogy f or
connection moment capacity, according to the
tendency to overestimate by 10% t-haer cxapadi al

underestbynalO% t tbbages .with U

Ki dweetl (a210.1 8)
According etto (aRD.d&e | | t he most preferred for

connection is ductile, when yielding occurs i

plastic hinge (rebars, strands or the steel
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plasticity, the PTPC must be able to withstanct
well to what wae®ts(ta2dtl)Mb(y)Shamaer ef ore, | mpr oo
is particularly-hi mgertagtons pbaptbduce duct.i
brittle failure mechani sms.

The authoobpsdubéed a series of-eékementc madel |
using ANSYS to replicate the experimental beh
and cofnctéeed steel pipe piles from Harries a
McKittrickspzecds ) vely. Accutate modekchgons$ p
simulating | arge tenstrnengtrtackesgraadiatciommc.r et e

The model from Stephens and McKittrickods (

section, whilst the model from Harries and Pe
ahead, i1 2. 3e4tion

The FE model devel oped from Stephens and M
with experimental dat a iwa 4 thief fl @erweirn etlraestu gp &
inelastic regions. The steel shell yielded at
stedll e, showing more damage in the concrete.

Suppressed cracking capability in concrete
Contact el ements indicated mini mal rotation
However, experimental piles showed morerrotat:.
failure. Mddsehlesl If osrt ececalstpi | es were accurate in
the inelastic region than observed experi ment
2. 2PhAestressed Concrete Piles

Thi s subsection i nvestigates wor ks t hat

prestressed Adtnboegd pihlisesresearch does not f
prior | iterature about them is still very infc

choices, sarsd paendloy med.

Harris and Petrou (2001)
According to Harries and Petrou (2001), PT

fixed and mu st be able to transfer | at er al f
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Al t hough a pile may be designed to resist | ar

t hat tthgei Ipe@ leap connection must also be abl e t

The goal of the experimental program out| i
no speci al det ai | i's required for embedding
provided that the embedment | ength is adequat

ifnawaded 4wohl8qudroeobmy P81 es, with an axi al I
the predicted nominal moment capackitygsof the
To determine the required embedment | engt

performed according to the methodol ogies propc¢«

Mattock and Gaafar (1981), so that the moment
the mpomienal mo me nt capacity. Therefore, Pil e
embedment | ength of 24 inches and Pile 2, 18

The experimental setup featured a cantil ev
shear span of 146 inches, subjected to cyclic

aimed to simulate the conditions undergiwdi ch

end condition for the piles. The results indi
inches were sufficient to develop the full <cal
det ai |

The authors also performed amd aMiatl yhelclal ( %
and Mattock aBd eQauvaaftaron(sl 98 r varying embedmen

sizes, abBi g@'er i n
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6000 ; ( )Eq '(]) /{6 500 6000 (b)E(r] '(2) j6" 1500
a) Equation 3 I uation
% o 5000} £~ 5000 psi /3;417,‘5,\ 5 = 5000} '~ 5000 psi 3;417%A
g§m0 b'=2b;c=3 in. 333§§ .3‘34000 b'=2b,c=3in. 4333 g
%a shear span, a = 12 fee ’///54' §. E % shear span, a = 12 feet / =y §§
% ) g Z/ ~ 20 § 3 e T ] 5 7//"19 280
g 22000 =5~ //1672 8 £ 2000——1—— - /1/7“672
g S 1000 == B=12"0gs ¥ ® &8 1000 = s8R
T T R R %2 [y TSR T
embedment length, Lg (inches) embedment length, Le (inches)
O o Bquaton ) e % @ Bquation @ ot
(% uation tion
“535000‘_&':5000]& yIZSO,.aA ® g 5000t ! = 5000 psi; ¢ =3 in. 36" 1250,,5,\
~b§4ooo~ b'=2b;c=3in. looo_b‘g .bgmo. b'=2b;c=3in. ~1ooo_z~é
= shear span, a = 4 feet 0 shear span, a = 4 feet 0" 85

3000 - 750 28 & 3000 1 ~1750 &8
E% Pt g’ 27 0 8

2000 =, =500 €8 2000 S o 500
g8 ——— T " i i: e §
& S 1000 e 1250 ©© &9 1000 = T—12=1250 ° ©

% 18 24 3¢ E?) 18 24 3
embedment length, Le (inches) embedment length, Le (inches)

FigabEembedment capacity predictions of wvary

embedment | engths (Harri es -haamdd Rse tdreo u,c a2 0cOull )e
according to Mattock andh&adafairdd. 1o98dncalOins t
(1980) .

Figeate afhidg2®bhehow the results for piles hav
12 Hitg2ke alhidg@a®show the results for piles with
The definitions of | ong or sheert eslsgarnt esrpars dae
as sekihgkmBe
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=] »

. | Bending moment on pile

<+— Point of zero moment

(a) Pile partially exposed  (b) Pile embedded in soil
FigeabBending of | ong piles due to horizont al

Resul tBi §ge@sehow t hat calcul ated embedment ¢
shorter shear spans, -twoeareentt had-c atphtei optidfef abear
As the shear span increases, embedment capaci

The authors proposed that a minimum embed
the pile should conservatively result in suffi
gui deline for the design and construction of

Arvan and Arockiasamy (2023) al so perforr
ANSYSR21, of the experiment al work by Harris

behavior was very similar,tastbBeeax.paer Fmgnt al
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120

100

80

=3
=
-
1]
S 60
-
gz
o
o
<
40
Experimental (Harries
and Petrou 2001)
20
ANSYS 2021R1
0
0 10 20 30 40 50 60 70
Displacement (mm)
FigeaivEeExperi mental results for Harries and Pe

Arvan and Arockiasamy (2023) FEARO2Zal ysi s (

According to the authors, the model failed

102 kN (aprox. 22.9 kips) and correspdndi,ng r

which is quite close to the moment capacity
Mar csakand Mitchell (1980) 28%8d i kp\h*dm tohre aepxrpoexr
ultimate | oad value obtained by Harries and
me ans that , overall, FEA analysis of prestr
experi mental dat a.

Xiao (2003)

Arvan and Arockiasamy (2023) summari zed X
investigatiend pfreessrt re4sed square concrete pile
inches, or approximately 0.21*pile w(&thQurient
28) The author aimed to demonstrate that s hal
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producing sufficient amount of mo me n t and qu
Mattock and Gaafar (1982) and Marcakis and Mi
Vertical load Grade AB2W11@50mm
For PCPF-3 only T T Js—.i 6 Grade 270 7-wire strands
610mm long HP segment!! || _ Lateralload J_ 13mm nominal dia,
Castinto PC pile ™| i P 4 Grade A706 No.19
L |-—3s8 < dowel bars
AA
1- : 1321 72
PC Pila :l:&lzig;asmm
RC PIIB-<P Fglsbedmam m;&l@;;Omm
AT B
B
965 Ly | 864
No.16@30 _l_ !
both ways N
il |
!_ e J. ! Top rebars 152foﬂom rebars J,
{All dimesions in mm) B-B
FigaBRi l e and Pile cap assembly details
The study tested two |l oading conditions (c
indicated a significant moment capacity despi-t
to the author, the moment capacity canrkmd cal c
resi stance of the pile itself and embedment r
The experiment al findings showed that us i
resi stpanocveisdes a realistic estimate of mo me nt
resi stance gives a conservative estimate. Add
by Mattock and Gaafar (1982) provided a more
by M&isaand Mitchell (1980).
Tegelh (a200.05)
Tegeh (a20.05 a, 2005b and 2006) investigated
Petrou (2001) through finite element analysis
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for investigating the gl obal and | ocal behavi
model ed a square prestressed concrete pile w
round reinforcement, embedded ient@l0.bb®api 2@05E
and 2006), this configuration, when embedded
pile, can produce adequate connection capacit

Fuzi ol (2007) analytically investiegatadd t
(2005a, 2005b and 2006) and Harries and Petrodu
slightly stiffer results, the results matched

concluded that the presence of the TBhagelt i onal
al(.2005a, 2005b and 2006) , did not result i n

capacity, when compared to plain embedment of

Sweigart (2010)

Sweigart (2010) initially conducaredl cecmxeeri
exterior specimens of bent caps. sGharspecieméen
concrete piles, simply embedded 18 inches ir
(simulating interior or exterior configuratio

Resul ts i ndiedathed tshpeaetcignewmd axcadip aoietdy . The
speci mMandedause of strand slippage inside the

specifneeill eaddause of poor connection moment <capa

Another interior-iespembemdmewttphlab526i mes t hi
was buil't and tested. This specimen showed s
greater embedment of the pile.

The aut hor concludes t hat | onger e mbedmer
exploring special connection details. No spec

Ki dweetl (a210.1 8)
As described previz2oudsilgwe@dd04d89t icomduct ed a

of el astic anedl eimmeenita smo dce Ifsi nustieng ANSYS t o r ey

behavi or of both prestressdd | ¢tencrsateee!| pipli e
Harries and Petrou (2001) 2800&%) Steplsprstavael Mc

8 3
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The model from Stephens and McKittrickods (
here in2s2c¥hohst t he model from Harries and F
her e, in this section.

The FE model from HarriesacandmaoPmt gbadst hacl

experi ment al responses, showi ng significant
di spl acement | evels. Cracks in models were sm
area.

Contact el ements showed significant shear t
the cap. Embedment l ength significantly i mpa«

causing more damagp neaerfheepdlbe to underdeyv

Model s demonstrated the potenti al for pl ai
indicating areas of i nelastic behavior and
embedment were accurate and useful for invest

2.8t raShd ppfaglle estr eCone dRitlee s

This mode of failure applies to Prestresse:
reinforced with pArsesltarteesrsaeld |sotardanidss.appl i ed a
strands in the tension area start to stretch,

ACI -2282022Yr r echeatleggyr mi nedhelehat opment l engt

pretensioned strands must be according to the

| o 9 "o
4 —09 —" 0 31
OTTTTT P

fse= effective prestress of prestressing str

foss nominal strength of prestressing strand
li= devel opment | ength of prestressing stral
db= nominal di ameter of prestressing strand
Howevtehriegspression was <calibrated from tes
members and does not explicitly accotuwmtapfor t

8 4
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connect8Bome authors

studi

ed i tf amdmondiidfeiama tfieon

observed in this section.

AASHTO (2020) al so presented an expressi
pretensioned strands.

a Ez Q ¢ 9 32
o

li= devel opment | ength of prestressing stral

k Eactor equal 1 for pretensioned panel s,
members with a depth of | ess than or equal toc
with a depth greater than 24 in.

fos= nominal strength logi, prestressing strand

fpreceffective stress in the prestressing ste

db= nominal diameter of prestressing strand
Shahawy and Issa (1992)

Shahawy | ssa (1992) conducted anallgt-idal a
in square prestressed concrete piles to study
the ultimate fl exur al moment without strand e

Pile caps were not built for this study. TI
composed of a steel HP beam arRdg@PEobedmé et s uyf
l engths of the speci mMnsnyaasedefloms36henconbc
5.6 ksi to 7.8 ksi
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Concrefe 8
Supports 1"® Dwydog Bars
T .—_::}_ = {_ ga=s (TypJ)
[ o)
L2 + ==
~ L 2] {-Tesr Specimen
P17l [ A A
~ 1< —
+H .
||| L~ Reaction Frame
A
71"4“
PILAN
HP 14x73 ~—— "0 Dwydag Bars
(Typ. Reaction Frame /] AN
/ Reaction F rame——l | ] | I
) B ) i Test Specj’man Applied Load
? ~ beigd Fgerlger R Test Specimen
= RORRRT R Load Cell o Stro Col
TR Y B
Y v ol "L
i i Supports
concrete — ELEVATION Hydraulic Jack SIDE VIEW
Supporits _— —_—
Fig2O®e Details of test setup (Shahawy al
The analytical study was performed using a

the performance of the prestressed concrete i
program that can be used for future parametr.i

The authors suggested some nrlodiégquati oms f

devel opment | ength of prestressed strands.
. Q Q.
a — 0 — Q 33
OTTT 120
, 0 Y
°  TTaza 63

fse= effective prestress of prestressing str
foss nominal strength of prestressing strand
li= devel opment |l ength of prestressing stral
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db= nominal diameter of prestressing strand

Uave average bond stress (psi);

P = resisting steel strength (I bs);

T = resisting concrete strength (I bs);

le= avail able embedment | ength (in).

The study showed that there is a good agr
experiment al resul ts.

|l ssa (1999)

l ssa (1999) ntesguadedB3Beol proavst ressed concr et
speci al connection detail. The pile would hav
grou(tridgur e 30)
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Fi gBORecommended deptidiel tfoorpipiepecap moment co

1999) .

The author tested the piles, with and with
nomi nal moment strength, comparing them with
nominall moment strength of the pifte Whalhmooset
of the steel pipe would increase tHda dal7c2uh a
hi gher) .

The test resul ted I n a mdmentslcagmadiyt yabea
calculations by the author. The author t hen
adequate for developing the flexural strength

strantdlse ieembedded regi on.
One i mportant poi nt about this work 1is th

mo me nt of the pil e, with or without the pipe

8 8
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does not try to calculate the jnomestl Eapaani tay
fashion a4 (*H&GMA), or Marcakis and Mitchell (

The author noted that the test failure hap
hinge at the pile, ineda (@At ) es urmphdrselre dtrse fSehM
is brittle failure, with the concrete of conne
still has potenti a/ll Mflor dmartd Ibee fdaiingur el fofMpi |

El Bat aebua2l0.12)
El Bat ancdun@2012) and El Bat anouny and Zi el

experimental tieastsgzuuanm ef urest8 essed concrete p
i n, 22 in and 26 in into the bent cap. The a
equation giv-28 bygrdACdw8I1B8pment | ength of prest
compare to experimental resul ts.

According to the authors, a significant d
bet ween the experimental and predicted result
di fference to the confining stress (alge calll e

of the cap concrete relative to the embedded
Based on these tett(al0.1R])Bastugmgewsny d modi fi e

account for the shrinkage effect.

"0 . 9 0
VTITTT pYTT

B3

fse= effective prestress of prestressing str

fos= nomi nal strength of prestressing strand
li= devel opment | ength of prestressing stral
db= nominal diameter of prestressing strand
Larosche et al . (2014 a, b) expanded on 1

experi mengcalomptitureée ddent speci mescabeweklteabsof

bent cap connections, considering plain pile
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and compared to the current embedment practic
Transportation (SCDOT) of 1 time the width o
embedment depth of 1.3*D should be adopted for

of-3+ i n.

Rakestet awa2l0.2 4)
RakesetaWw024) investigated embedment l eng

fixed connections of prestressed arosmicgrne tfei cpainlt
di screpancies between current design recomme
performance of the connection, regarding embe

They focusednoanitneBplill8s embedded bet ween
the pile width i wtoptlhheememes. rMesmdnts for all
Figadne

——SP-01 —5P-02 SP-03 SP-04

——SP-05 SP-06 —— SP-07 —— SP-08 ——SP-09 ——SP-10
300 1000
18-in. piles 30-in. piles
:250 ~ 800
200 z
=2 = 600
z 150 5
S 2 400 f
£ 100 g
= =
50 // 200 1
0 | 1 0 | | 1
0.0 5.0 10.0 15.0 0.0 50 100 150 200
Displacement (in.) Displacement (in.)
(a) (L)
Fig@nMoment versus displ aciemeht ac-gah{¢ kpp | 80r (
specimens (Rakestraw et al, 2024)
Al | speci mens experienced a ductil e fail

significant defl ection after t-ihrec hmaxiilma ms g ea@ic
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held close to the wultimate capacity whinlcéa add

pile specimens experienced a drop in capacity
reached. Sp&@cdi nehnrso-0PM aSP failed due to slip
Speci meln0,Shhowever, failed due to punching she
indicating that the connection itself failed
the | ower strengthTab2sh dhws capscmmaryetef the t
Tab2. &ummary of failure moments and failur
with different embedment | engths (Rake:
. Service | Failure | Percentage .
. Pile _ Failure
Specimen _ Embedment | Moment | Moment of Pile _
Size _ ) _ Mechanism
(kip-ft) | (kip-ft) Capacity
Strand
SP-01 18" | 6" (0.33d) 72 114.1 34%
Development
Strand
SP-04 18" | 9" (0.50d ) 85.5 122.8 37%
Development
Strand
SP-06 18" | 12" (0.67d ) 90 159.4 48%
Development
Strand
SP-07 18" | 18" (1.00d ) 120 201.4 61%
Development
Strand
SP-08 18" | 27" (1.50d ) 180 267.6 81%
Development
Strand
SP-09 30" | 12" (0.40d ) 288 574.5 48%
Development
Punching
SP-10 30" | 30" (1.00d ) 810 868.1 73%
Shear

Results showed that even short embedment s

can develop significant portions of the pil ec
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that, for prestressed concrete piles, capacit
avail able development | ength of the strand th
that additional shear reinforcementrihaitherps
and i mprove the connection's capacity and duc

The authors also studied the equations fr
Specification (202®&nd asnidehBHl B@2@hdunyor cal cu
l ength of the strands. Theyarcomcleudad i vieat etsip
the one from AASHTO. Theslaimgoioadsi chehoprope sle
AASHTO equation.

a Ez Q ¢ 9 Q 36
o

li= devel opment | ength of prestressing stral

k = 0. 6;

fos= nominal strength of prestressing strand

foe= effective stress in the prestressing st

db= nominal diameter of prestressing strand

One i mportant observation from the authors
did not appear to be dependent on the pile en
si ze. The behavior of the connection appeared
stmrda devel opment | ength provided by the pil e e

The authors also observed that there i s a
stiffness and embedneing@2e ngth, as seen in
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4000 14000
L
, 3500 Fl[ arPrEcaracmy |0 , 12000 | LY
Z-00r ) £ _ 10000 |
= F 2500 = ) | ATPILE capaciTy
3 e 7 £ 8000 | et
= S 2000 F EE:
g & S & 6000
£ 1000 e."e 27 4000 e
=4 Y [+
500 + e 18-in. piles 2000 30-in. piles
0 1 1 1 | 0 1 1 | |
0 10 20 30 40 50 0 20 40 60 80 100
Embedment (in) Embedment (in)
(a) (b)
Fi gB@Rli near relationship between rotational s

18 nch pil-iesch (pi)l 80 (Rakestraw et al,

2. Shear Frilnctteirmnoead ff ace Pbé & wiagu
Shear friction capacity at the interface

another mechanism that can cont rasl steleen ad ap &ad ig

I n a pile bent, this scenario i s more criti.i
forces, due to the | ateral force overturning.
for exampl e, three of four pile bapk.Twel eed ¢
experimadt ® mbedment l engt hs of 0.5 to 1 ti me
reinforcement details at the connection, and

pi pe diameter.
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O | T
R LR B2 e

back pile
Fig8BRull out mode of failure (Rakestrav
Cal cul ating shear friction capacity is sim
coefficient of friction for the interfate bet

al(.l1984yvyestigated three different coefficients
surfaces of the pile in a parametric analysis:
the coefficient of friction did neotdihapleaae meé
curve but did decrease the maxi mum displ aceme

This type of failure would be expected in

l engths with a smooth interface surface bet we

2. 4Steel Pipe Piles
Eastman (2013) proposed a possible frictio
met hod for connealtn®ady apgascrtiybed2.i2n. 3t hi s wor |

Thicslr rseerctt i on describes anot her eme(a2hOoldl )p.r op

Rollins and Stenl undgt (2®10a) and Richards
Stenlund (2007) and Rollins and Stenlund
anal ytical studies. The authors conducted cyc
t wo ki2n 78i amédterl,ong0 steel pipe piles. Two ¢
connieocnt detainl ciwm i e embedment, while the ot
plain pile embedment of 12 in and 24 in.
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According to the authors, the results i ndi
deeper embedment , without reinforcement, per
reinforcing connections and shallow embedment

|l east 04 ®B®% of the moment <capacity of the pi/l

predicted by PCI design equatfMamsakasedandn Myt
198.0)

The analytic study consisted of hand cal c
progr ams, GROUP and LPILE, which results wer

values when the connect i-hoenasd ow e raek i cgo8ndsei dienr e d

600
=3
=3
T 400
o
<
2
]
-
200
s Nonlinear model
—®— Specimen X"
0 - 1 | | |
0 2 4 6 8 10
Deflection (cm)
Fi gB8BAlkoaddef | ecti on responses of alll test spe

GROUP software analysis for fixed or pinned

However, during software anhégdoscowbthieni an

pinned connection), di spl acement s wer e great
experimental results, even for the shallow emt
t hat tshwelstes rseuggest that it is relatively dif/
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a Ptid«€ap connection using embedment. Some conn

pinned may be, in reality, partially fixed.
This work had a few specimens that the cal

was considerably | ess than the actualetvallue r

(2011) explained that
bottom grid bars that pas:

action from the two

in the calcul ations.

this may

be due to two

The second is friction b

.

e e —

— e
"\___/
Fig@be Friction mechanism that inc(RBRasbardsesnat
al, 2011).
Very few authors in I|iterature consider t

Ri chand(®210.11), however

proposed

the foll owing

As seé&ngiBhe t he fri cotainam Ffcoarnc erse,achh maxi mum

corresponding to #ared,n®arsmasle efnoraanelsMMirG atke Isl |,

1

multiplied by the friction coefefi=Ti@addf dirng o]

to Baltay and Gjelsvik,

1990) . twinl It hoinsl yc adl ecvuel |

bal amcearkdvhdsatr dached its theoretical maxi mun

O ‘z# CZTRUVEA O

fc& concrete compressive

beiz effective width of the

an= depth of t he

embedment | engt h.

96
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Moment capacity due to friction, therefore
0 "0z°Q 38
d = pile diameter.
However, t he aut hor s state t hat t his mo d
experimentation and modeling to be fully wunde

2.l ock Sheanf oRufpuuwmmcdédi ng Shear)

This failurepenwidfei oalcluy sf ar pil es near the
of a bent cap |l oaded along its long dimensio
exterior piles. For a bent cap |l oadedeni bngdi i
for this failure mode.

2. 5Stteel H Piles
Research regarding block shear rRiplteusr.e Twaiss
mode of failure 1 s mopriel ecsobnbceetrnng negu sftorro nsg eaex i s

Xi &ed (8210006) and Xiao and Chen (2013)
Xi @®@d (a2l0.06) conducted -exeeit ipomidliee < apn ckdhh nec

with shallow embedment, and special det ai |l s
performed in a simulated specimen that repres:
of a sinnglbeenctolburm dge being supported by a f o
i Fi gB6e
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Strong direction loading Weak direction load
| |
= H %
H — — H
Column .
- \{// Steel HP piles
S S
R
'_' |_| |_| |_| Footing
H  H H
FigB86@ommon configuration of single column b
footing (Xiao et al, 2006) .
The tests were performed on the pile specirt

of a pil e caki,gnGe Isbwavadknndn strong directions.
HP 14x89 with a design service compressive C:
1779 kN). They were connected to the pile cap
0. 35 tthiemepi |l e wi dt h) a&arhdpwidt b atrlise WS e eofspéci m
simul ating t,as cdhrofag didha s e
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~ 300

V-bars:
No.25 total 2
leg length =762mm

1

127 76 Bottom of Footing
NN AN 127 %;55\/
/\ \ 50¢ holes

Figdirketails of typical anchorage of HP p

Tab3sechows the testing matrix, detailing the

was applied.

Tab3 €esting Matrix (Xiao et al, 200

, , Concrete  Axial
Model Orientation _ N
Loading condition strength Load

specimens  of HP pile
f'c (MPa) (kN)

Strong : . . :
HP-S-V o Cyclic vertical loading only 41.1 Varies
direction
Weak . . . .
HP-W-V o Cyclic vertical loading only 37.9 Varies
direction
Strong Cyclic lateral loading with
HP-S-L o _ 41.1
direction constant vertical load 1,779
Weak Cyclic lateral loading with
HP-W-L 41.1
direction constant vertical load 1,779

99



Chap2Prt«€ap Connections

Strong Proportionally varied cyclic .
HP-S-VL o ] . 37.9 Varies*
direction lateral and vertical loading

For the Cyclic Ver t-$-¢ ad n dW¥ap,i nlgotTle spisl € HPb
similarly. One pile had its orientation over
axi s. Both developed significantly high stif/
oading but | ow stiffness and capacity under t
response of the cap. The failure of Dbot-h spec
shaped anchor bars at tensile forces prauciht y o we

of &88PiIi g@8Behows the results for both speci mens
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Axial Force (kN)

Axial Force (kN)

(b}

For

under

Cyclic

Vel

speci men

4000
HP-S-V Compression
3000 -
2000 -
1779 KN
1000 A
0 -
Tension
-890 kN
4000 Jrmimimismi oo oo '
-30 -25 -20 -15 -10 -5 0 5 10
Axial Displacement {mm)
4000
Compression
HP-W-V
3000 A
2000 - 1779 %N [ _ _. -
1000 -
V-bar Rupture
0
Tension
4000 Bizmmimim PP PIPIPS .
-30 -25 -20 -15 -10 -5 0 5 10
Axial Displacement (mm)
FigadBéerticdal spobracement response of
al, 2006) .
Qyhcel i ¢ Hori zont aiS-LL @aadWwW-HYP, TecEeg BOHEP
constant vertical | oad, t he
hysteric response, due

unsymmetrical
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Cracks began near the pile end and spread tow
the pushing direction, a crack penetcraatreyd ntghe
capacity at subsequent peaks. Dur iinrge cltoiaodni,n go n

anchor bar ruptured.

The specimen tested in the weak direction
response, with symmetric | oops in both push .
observed, attributed to the smal/l moment dema
Damage was$ mal , with cracks | ocalized -mielag t h
flanges near the pile end was indicated by str
from oxidized skin falling off. No anchor rup
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600

-
o
o

[
o
=

HP-S-L

Block rupture

Flexual capacity-

Pile End Moment (kNm)
a
[ule ]
(] (=)

A
3

s

e
A
! L

A

i jf /

-600 . |
10 8 6 4 2 0 2 4 6 8 10
(@) Drift Ratio (%)
600
HP-W-L

400
B0 KN Fommim e mim e

200

Pile End Moment (kNm)
o

-200
-400
-600
-10 -8 6 4 -2 0 2 4 B 8 10
(b) Drift Ratio (%)
Fi g8©ORi |l e end moment vs drift ratio plot for
under constant vertical |l oad ( Xiao e
For Qyhcd i ¢ hori zont al / vSerVt)iFc agle fleotahdd nhbge ht aewsit
was hysteretic, but with | ower <carrying capa
|l oading at drift ratio of 8%, causing sudden
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600
HP-S-LV

P
(=
[=

)
Q
=

Push

Pull

)
=]
S

V-bar rupture

Pile End Moment (KNm)
(]

-
o
(=]

-600 .
10 -8 -6 -4 -2 0 2 4 6 8 10

Drift Ratio (%)

FigdORi |l e end moment vs drift ratio plot for

| oading test (Xiao et al, 2006) .

The test results clearly showed that, al t|

considered pinned, the tested connections de:

Howeveis, i mportant to note that these tests h
connection, not plain embedment.

Xi &d (a2l0.06) recommend tahned uMiet cohfe IMa r(cla%k8a 0s)
determining the moment capacity of the connect
speci meSL MHPg w3rde, for exampl e, the predicted
embedment asrhda ptelde bMr s was 504 kN. m. As seen

ruptured at a certain | oad | evel, meaning that
only flexural rasi sasmareroed memainnheadf about 400

The authors also found that, for piles nea
axi s bending, the concrete block rupture near

since the block cannot rely on embedment me

propdsaen equation for the)block rupture strenc
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t he
res

con

stu
we l

of

equ
t he
cap

mo d

~ ~

® ®zZ o o ¢ zQ 39
Wher e:
Ce= distance from the face of the HP pile t
ff= concrete tensile strength

br= wi dth of the pile flange

Le= I ength of pile embedment

| mportant to note that this equation works

edgeof(cthe cap. For bigger distances, t he
ul t i n greater values. However, in these
trol failure.

Xiao and Chen (2013) investigated further

dy on the wuse of wvsehratpiecda |b abrasr sa s( isnesetne aidn oX
ded tpi beeel |l Baded monotonically. Thio:n wor
equyxaxa¥ i pnoposedt baIOLBEBEROf Or bl ock rupture.

W ®  C® ZT wz) 27Q 49
Wher e:
Ce= distance from the face of the HP pile t
ff= concrete tensile strength

b= width of the pile flange

Le= I ength of pile embedment

Additionall vy, the authors analytically &ev
ations fraom Marntcdalkild (1980) and Mattock an
equations developed in Xiao and Chen (200¢
acity of welded bars, bl ock rupture). Thei

elingesf ushaeagp ANSYS to try to replicate th
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The authors conciduded atcleante ntt heanladadi s de mo

connections could sustain a certain | evel of
many consider. They stated that, i f wusing shal
fAure may dominate the capacity. This means

strength equaetti aBl0.0 6 p moXi abs modi fication in
accurately predict the capacity of the conne
el ement anal ysi s ( FEA) provi ded satisfactory
di spl acement resgpoinisec dor@erdnydivnigorcaapnaci ty of t hes

Xi aet @2006) and Xi ao and Chen (2013) di
recommendati ons or equations regarding stee

recommending the use of Mattock and Gaafar (1

3.Rotational Stiffness

Most pile groups aheammodehddtasna meredng

of the top of the pile, i nside the pile cap,
di fferent authors (Rollingt a@alQ2Slt)endudhdot Reérls
rotational restrsaiimde diolees mioltesexdcadn deform a

embedded portion of the cap.
As explained oty (HOKRHs)yadl'whows how one can
rotational stiffness in modeling partial fixi

kg

> A
@

Figdinle Determination of Rotational Stiffnes

As sedémgurne t he rottiaftfiroemsad can be deter mi n

mo me nt ver sus rotation assuming rigid body |
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bet ween pile drmd spiclaem daep cal cul ated from expe
modeling results. The rotational stiffness is
rotation plot in the |linear el astic region.

Mokwa and Duncan (2003)

Mokwa and Duncan (2003) also observed that

the degree of fixity of pil es. The authors p
moment restraint provided by the pileheag at t
conditions are rarely achiudvedrierstmreaalnietdy ,pid s
underestimated | ateral deflections and overly

cap. To address this, Mokwa and Duncan (2003)

rotational restudtao nit mgroeevfd i ¢e felnect(iKon esti mat
|l ater al |l oads. This coefficient is entirely d
Usi ng data from testing i n 1999, Mo kwa a

procedure to estimate the moment restraint wh
actual pile head rotational stiffness which wc
The vatué he rotational mriestaaifrutnctobehf iodi etnhte
movement required to mobilize the tensile and
of rotation is a function of the magnimbbude of

Figdsehows the free body diagramsmtused to der.i

0 o Oy @ © Oy ® 41
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~—Point of
/ rotation

x, = Distance from last row of trailing piles to center of pile |,
{x - a) = Distance from point of rotation to ple i.
3 = Pile row spacing.

P

Ki‘»[]

%

K.
e Agd

1
Ko

K, = Pile axial stiffness (t = tension, ¢ = comprassion}

Figdke Free body diagrams showing rotational r
and Duncan, 2003).

FigdBehows one défthetioadcurves from test.i
to the <curves préeiadt eadn-le afdrregcohdxtedons as w
rotationally restrained g4tliafbfovee€sedef ynedeusde
pile head fixity plays a sudbsftlasmmdtiiadn rodrev @ a.
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Deflection (in)

0.0 0.5 1.0 15 20
BD T T T T I T T T T I T T T T I T T T T
= fived-head south pile free-head
- calculated measured calculated A
60 |- ]
7z [ / > ]
g o ;
40 - -
g /S _
- L .,’f // |
20 — // =
ﬂ A L L 1 l A L L 1 l A L 'l L I 1 L 'l L
(a) Fixed-head and free-head boundary
conditions.
Deflection (in)
0.0 0.5 1.0 1.5 20
EU I 1 T I | I 1 T I | I I 1 1 | 1 I 1 I
i measurad —= )
B response -~ T
B 2~ calculated for b
60 . K = 5.5 107 in-lofrad =
= L .
@ L i
g - -
- 40 -
o - .
o
| L -
20 —
D 1 1 1 | I 1 1 1 | I 1 | 1 1 I 1 1 1 1 i
{b) Rotationally restrained pile-head boundary
condition, best fit k. value.
FigdBe Load vs. Defl ection curves comparing b

Duncan, 2003).

S h hlisoevt (8210.2 2)
Shhisoeet (@ad2022) presented the following prel

determining partial rot@gfFigumalk dud)ffness of a
The moodneslisdcepi | e (with equivalent | ength to
gr oss -scercotsison properties (el astic modul us E

assumed to behave in a I|linear el astic manner.
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head 1 s assigned a rotat)i.onfahle sparlien ch a(swiatnh esqtu
to fixity equal to L, calculated by methods s

Under application of a | ateral |l oad (F) ac
| ater al transl ation and rotation unti|l equi |i

the pile head riearad itomal mesmentngathdvt he fi xed be

(a) k, (b)

(c) K

‘partial

E I L

Figddkenal yti cal approach for ideal i zoefidi Xiltiy)ea:

piles subjected to | ateral |l oads: (a) idealiz

under -hfeiadedc ondi tions, (c) | aterabhgitoadsd
(SHiev et al, 2022).

The rel ati ons banpdsbiest wgeiedne nM b y

S T— (42

| ftoMs approxi matwhk yt eguaMegoi Wal ent to a

condiTthieorne.f or e, f or fd xseddd 1h,e abdu tc onnedvietri ognu,i t e a
1.

Fi xleelad rotationpalcasnt idbd neéestser(rki ned by plo

rotation results measured at the pile head fr
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head conditions. It can also be approxi mated

stiffness met hod:

43

For partial ropaafijaomancewst énmesdu¢é&d, mul t
dr h

p (43

Whersea s a dfercaocmtailon measure (from 0O to 1) ¢
conditi onrhseeadPicnonneddi t i ons agaep pcroonaveehndldse deedard a s
conditions aresappvengbéédsonnasy.

Shhisovt (@202 2) then demonstrated g€ hat0. %,
meaning &M% dfhapts MO %Jigf oMl y 1 %-hefadt heot Bt xed

stiffmesds (hkcessariygdEes seen in
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Less than 1% of &, is needed
to achieve 50% proximity to
fixed-head conditions

0.1

20.001
-~

0.0001 »

0.00001
0 0.25 0.5 0.75 !
A
Fi gdbRl otpaodigikat i on usi ngc adseemopnasrtarnabtt beornse t( Sahli,s

2022) .

Then the authors moved on to a computatic

iteratively scaling the rotational stiffness
FE model |, rechadadveondi fiaesd, unt i | a tagrget r
is achieved, as wel |l as the associated | evel
parti al fixity must be known.

The authors define the factor Pile Head Rof
parti al fixity rotational stiffness relativ
computational approach algorithm then, requir
demand (displacement, or maxi mum pile head mc
(between ORead, nared hE®&®YW,) .fi xed

Then, a | ateral | oad ahneaaldy sd sn diistciematdaeda nfdo |
magni tude of |l at er al di spl acement , for examp
analysis is perfor meé¢, atdhico ntdiime omn deamdpiamroéd
|l ater al di spl acement, for exampl e, I s fobt ai ne
example, 50% of the displacement with the sam
the PHRS factor in the FE software.

I n the case demdheatr a@2@2 2b)y, Shoi sachieve 5
di spl acement , a PHRS factor equal to 0.04 (or
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achieve 50% of fixity, the necessary pile he
correspondihem@adt o fixed

The aut hor s, t hen, perfor med a par ametr i
configurations, Tamdlredleow| Dpedaitttieng engineers
software and provide with initial estimates o

Tab4.Bummary Statistics of Computed Pile He
Factors Corresponding to 25%, -He@%W, Comdli 75 %BnR
(With Respect to Lateral DHeatdaCementhsownw Kl @8

et al, 2022).
Lateral Displacement relative to Load magnitude Mean
the fixed -head lateral applied, relative PHRS Standard
displacement (%), also called to pushover load factor Deviation
degree of fixity (%)

10 0.014 0.013

- 25 0.020 0.011

50 0.028 0.013
Average: 0.021 0.013

10 0.039 0.036

25 0.047 0.028

>0 50 0.060 0.028
Average: 0.049 0.032

10 0.087 0.079

25 0.101 0.070

75

50 0.111 0.056

Average: 0.100 0.070

Al t hough this work iIis very usebulehoedpF&a
softwatrleer e ar e Thhenec cmmowepmtt saf rotati onal stif

complicated to grasp as one approaches fixed
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conditions would mean a rotational stiffness
ot her hand, approaching fixed conditions mean
infinity, which does not exist as welalr. fThkerde
conditions could mean a very | arge change 1in
Zapaetta (a20.2 2)
Accordingeto(aZt®@®2a)t,a i ncorrect assumptions &
a PTPC connection can | ead to undesirable out
than reality can | ead to great displacements i
|l ower l evelys taanfireal ity (pinned, for exampl
constrafctbwinki er structur al members in order
of moment transfer, | eading to greater and un
Zapaetta (a202Z2D)nducted an investigation to un
PTPC connections considering varying pile emb
presence of dowel s. Il n this study, FEA model s
Harries and Bsestmwell (280%k) parametric -tsastaupdy wi |
connecti on preordfedrsmevh,s usi ng prestressed concr e
(18 in, 24 in and 30 in). Results indicated t
high concrete stress were observed at the PTF
crackingharcdnbrete stress were observed on
suggesting that the pile reached its moment ¢
The authors also modeled entire bridges t
behave depending on the fixity assumption. Fo
an approach with spripmdderctatfiforesls otfi tthres ot
di fferent for each ewabsede&int ullaetnegdt hby amldot t i
compared with rotation, assuming rigieapbody
connecti on. The rotational stiffness was then
rotation plot, in thea bxkeaempleel abeiautbgrende.
rotationad= sbd Koefiple/srsadk ( o-m/ 7 dd D 4 6ionk Ndaina nie8t er p
embedded 4.5 in (0.25*diameter).
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~ Composite { Deck
: T Pin ,/”) Beams
Al ff¢e,  supports Elastic links
AL csesd .
Pin ‘:“l ceeLt i Pile cap
{94 . (49
supports :EE':'" S_cnl-struc‘:turg‘7 EtE:E
[N (43 o .
t'fti-%‘/ interaction iit:':’ Beam end release with pin,
, §iet , A5 rotational spring, or fixed
KxxiifPln support
wd oy Piles
Sample boundary conditions for Bridge 1 Sample representation of links between

elements at pile cap in Bridge 1

Figdb6Exampl e of a bridge (&ODXRLl) .by Zapat e

One devel oped mddagld,6eaiss saeemriidnge support e
and prestressed concrete piles directly embed
bridge not only when fully constructed, but dt
connections were analoyfz ecdo ndsutrriuncgt iecanc.h st age

During girder and deck ¢glwgaacpe noreanntrse c ttihoen thyaf
i mpact on the structure's behavior. The mome
mi ni mal, around 10% of the piles' full moment
stagas e&nsuring enough moment capacity to coun
pl acement of the support bearing on the cap.

With the fully constructed bridge, the sup
were not affectetalay ctheantexpe omf. pHiolwever, the
to the piles was significantly influenmcdd by
about 43% more moment from the superstructure
spring connection (partially fixed).

The study found that t-he apmomennhecapaaoastyso:
by the embedment Ileenbgtdimenwist h nicomr@esi ng capaci
l'imit is reached. Shall ow embedments can stil
with interface reinforcement. The normali zed
di fferent pil e scanepsr.esAdidan iiomparlovaexd adonnect i c
concrete strength had mini mal i mpact on shal

capacity for deeper ones. On the other hand,
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shall ow embedment performance, while pile cap

littl e

effect. There was mi ni mal di fference [

prestressing strand diameters.

Hammet t

Zar e
consi de
al(.2017)

r

an

co

(2017)
and Kanvinde (2013) explored the

nnections as rotational |l Rod@&xed. B

mention that experimental research i

still scarce. Additionally, they presented a

deeply

Bui l
devel op
rotatio

the staepe

t o an e
P

P

= =2 4 =4

Il n t
di ffere
to eval

l ength

e
d

n

X

Co

Be

hi

n

u

mb e
i ng
a t
al

dded column base connections.

on t hi $ sc q rpdeipm)a r yHhaghonseltr esear ch w

heoretical relationship between ar
di spl acement for Astcoeldi migl ¢ 0 & hizee &

connection, the embedded posruthijoenc toefd t

ter

nal | y lephpalvtieddrearhd mernte.d Dlyi ¢ he foll o
embedment | ength

ete compressive strength

section properties (geometric and

ng stresses in the concrete due to

research, the aut hor varied the f ai

t connEBotiohiscenhbhei assit hor developed

ate

the behavior. I nPtials$yrebe tnanet

(Lpst) and pile(BTSBRrms shaagmsidiemr mat i on
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'
PSTB PSTB
=) £
g 45° 45° &
E . ][ S .DE < rrr4e|
° o [
3 45 45 g NS
! Il II\<
|
Lpst Flange Lpst Lpst :l Lpst
Plan View Elevation View
Figdiell lustratiomtoEmMBESBedn&t Bel Pitte Conne

2017) .

The author st at edsi niehnasti osnianhp laen,altywsad s met hoc
model the flow of stresses from the | ocalized
the idealized bending stressgss assumed to exi

He develops four different methods using a

No+#h i near behavior of concrete.

Tensil e bending stresses in concrete ar.
Compressive stresses in concrete -are |
break behavior is allowed in the analys
T Performance of steel pile s$ralisochased
the | imiting condition for connection e
pile. Therefore, in practice, t-hiensaeel

behavior.

Hammett (2017) -sadaoptne d usrtvreesssf rom Kar abBi k a

seenFiignd Boee |l o w.
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72500
— 65250
z 58000 |
~ 50750 |
v _
7 43500
': 36250(3 i Antatutet fatuietuls Anintuint Antatuiul Auffeint: Antefeied Mefaieted Mafeteted Mefafeted
L 20000
= 0 ! :
3 20750 = Nonlinear
[ 14500 . ~ .
v °. | ===+ Elastic-Perfectly Plasti¢

7250 |

0 1
0 0.012 0024 0036 0.048 0.06 0072 0084 0096 0.108 0.12
Strain
4000
= 3000
(2]
g
= 2000
]
§ 1000
2
b=t 0
@]
— 1000
Strain
FigdBe Represent-Qttn avien SCurewsess f or Steel and Ci

(Hammme 2017) .

According tothéeheoacat @&be, within the PSTB v
unconfined because of its proximity to the ed
confining reinforcememtapp rceosnenretc tiim ntsy pinc aAlL DOITI

For his analytiacagakOmépyebbsoHamsmemed that t

and its interaction with neighbor-Dngl emeaot st e
Nodes and | i netshg(tcaan slneidt [tiennkssi)on and compressi
their l ength to model the | oad sharing bet we

concrete.
Il n this work, Hammet t (2017) adopted the
PSTB concrete and its interaction -Di ehemmbpt ae

wer e ¢ on-snioddeerse da n(dc allilngeds tloi ntkrsans mi t tension a
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forces acting along their I ength to
surrounding cap concrete.
LI AP "'4'.. “/l ¥ Pile Flange Width =~ . = o -
Lml_aE]canls(Typ:)—. | - —— T,
Y A e vt . . - . Ll 4 s oF
L . | Node . g ‘
q;? . ) ! (I/_ ode (Typ.) ; s -gp
o4 . : D
.4 To- I - .
AL .4 | Cy . o
> . .]Localized Pile—t : —
T “| Bearing Stresses | | ! P
Idealized Beam—| : i
Stresses (Typ.) Lpst ? Lpst
Shear and Moment Acting on Surrounding
Pile at Bottom Face of Cap Cap Concrete
- ]
Embedded Pile ——__| .
- Segment, Deformed : Link Elcn:!cnts,
2 Compression
a, Embedded Pile ——— Only (Typ.)
A Segment, Undeformed
L+
i Fiber Forces in
B — Cap at Idealized
§ l Beam Section
8 i (Required Link
I Bottom Face Element Reaction)
I of Cap —‘l
y _ e e ———————
Fiber Forces in -
Cap at Idealized e Lpst  [—ldealized Beam
Beam Section | Section (Typ.)
{Required Link — Shear and Moment Acting on

on

response

Element Reaction)

Fi g4dOxrel ow
t he

ot her
t o

han
t he

Pile at Bottom Face of Cap

exemplissuempti bns fo

d, that t

applied |

assumes

oad.
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=

I
¥ “Link Elements (Typ.) —«
. et . Lt _

" ¥ " PileFlange Width =~ ..
- I "y ‘. ~ o . ._4.
. B Y

Node (Typ.)

Vﬁ

B
-
i N

Bl U WU . M I

&, {Localized Pile—
PP Bearing Stresses |
. t I

I I
w4, |Embedded Pile -
I

Idealized Beam—=
Stresses (Typ.) Lpst

4
)

:

E_

L

Shear and Moment Acting on
Pile at Bottom Face of Cap Cap Concrete

Embedded Pile ——|

Segment, Deformed

Link Elements,
Compression
Only (Typ.)

:
Embedded Pile ————
Segment, Undeformed

Fiber Forces in
Cap at Idealized
Beam Section
(Required Link
Bottom Face] Element Reaction)

Embeded Pile Segment

L L

Fiber Forces in
Cap at Idealized g Lpst  [~Idealized Beam
Beam Section | Section (Typ.)

{Required Link ‘— Shear and Moment Acting on
Element Reaction) Pile at Bottom Face of Cap

7

FigdOe Connection model (top) and Structur al

Met hods 1, 2 tand2817 Hamme

The audtklerhdwseach meithMeotdh oide rilk & li Inkd el ement

wi t h
of a
PSTB

l' inear -feaktavompi et aonear | ink assumes
l i near tractid®hefbroeanl bngcttenl fagctb. i

area, and i s at Thtiss pneeaakn sa tt htahte npoisite offa ci

bet ween the PSTB and the surrounding cap hapry

characteristic minimizes deflections at the p
(Figure 50).
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Linear Traction Force s

(Peak at Pile Face) e
Method 1 Link

Idealized — —— Face of

Beam Lpst Pile

Stresses

Figb0ODe Met:hodkl el ement with-gaak aat Tpialcd | foac
(Hammmne 2017) .

Met hoids 2c &liln&kd EIl ement with @InheDIrIm nteraarc tliior
assumes the presence of a wuni fTohrins tmeand otnh & to
|l oad sharing between the PSTB and surrounding
l'ink el ement. For this reason, defl ections

inter meHii qguree 51)

Uniform Traction Force —
W
I |
Method 2 Link
[dealized —= —=— Face of
Beam Lpst Pile
Stresses

Figbile Met:Hod k2 EIl ement with @UHarmmeg m20tayrti on
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Met hods 3 dliln&kd Efi ement with-Reakaat tEmadtofonkF
areahis method is the Agmp mis-DttihienklL emkeémedt 1as st

presence of a I|linear trHdeowewveaer foirmet il D nmet h a
traction force is at Its peak at the end of
Therefore, most of the |l oad sharing between P!
the end of the PSTB area. This maximizes def

connecti oGFsgufenégas

Linear Traction Force —
(Peak at Pile Face)
WpileFace
X‘ -
Method 3 Link
Idealized —= -— Face of
Beam Lpst Pile
Stresses

FigbRre Met:hod k3 EIl ement with-Reakaat tEmadtofonP§&
arddamtme 2017) .

Met hoids 4c Rlilgeadd MBody-DBébawmiaodor ons bgTIBits ai n
met haosdsumes that the embedded pile segment rot
the appl,i ewi tlhocaudts . dleé oefmat e ont he neutr al axi s
centroid due to(Fhgureplb@dasdthens)

I n the calculation process, t heCoawptrheosrs iuvsee ¢
strains on both sides of the pile face and i
transfor matipgin alrengu hed( Lt o calcul at e "strain

di spl acement s.
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According tbetbel authorpntis initiated by d
and moments. They are derived by integrating s
Mander (2011) modellco 4 Nt Hehed egiugart i omsak) comp
d s the strain that correspdnssthe sheacomat el
face of @she tap, | Wcation of the neutral axi s
the oap,ttde pile depth and x is the distance

Il n this medutordal tahxei s | ocation (501 steps)

face (150®r esteypst)emat.i claHilyy gogrearmrareat es a matr

combinations. The combination with the small e:
vs external equilibrium) is considered the so
The transl ational di spl acement of the node

comparing the arebodetweeni hhprofglid and the
This area represents the displacement at a gi
Then the rotation of the embedded part of the
relative displacement between the top and bot !

by its Il ength.
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)

Embeded Pile Segment, hgg

E1op of pile 0 top of pile
| JE | JCc
» LN&utral Axis

FigbBe Met Rodyi 4:

O bottom face

BodyD8ktbamabr
2017) .

Idealized Bending:
Stresses at L, /

d Bending

Idealized Bending Tdeali
at Face of Pile (Offset Stresses at L,
for Clarity)

[Geometric

Centroid

ons byHSmmeaet n

7

/

< =
4 EFE £
Localized Pile Stress PileEnce
(Top & Bottom of Pile) @ Pile
. Displacement at Thai
Stmin PoigtunPiletF:w ik \\\\\\\ o —"
—_ \\\\\\\\\\\\‘
=
Tdealized Beam Strain N
(Bott. Face, Comp.)
| Concrete Strain at Top of
Concrete Strain at Bottom Pile Due to Pile Rotation
Face Due to Pile Rotation (Compression}
(Compression) |
Loy L,
Pile Width J
Figbdell lustration of Geometry Used for
(Hammme 2017) .
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b

—+

v v ® o ~ = 0O =

—+

a

The results show how various factors influ
y embedded steel pile connections. |l ncreased
ompressive strength generally |l ead to highe
| at eau whleen atlfhreeapdy reaches its yield moment.
oost maxi mum moment capacity, with up to 97%
i zes. Bending stresses in the concrete cap h
mal Inimagde compared to the stresses in the pi
he choice of analysis method strongly-impact

ssuming rigi d-prbodwcilmeghatvher hi ghest val ues C

ef ormatilooancontrast, Methods 1, 2 and 3, whic
| ement s, yield | ower maxi mum moment s, with N
hem. The results show the i mportance of accoc¢
val gapaape rotational performance and moment

cale tests shows Met hod 3 overesti mates St
easonably predicts realistic rotational stif
Il n conclusi on, t Metdwtdh 8r watsatt dhdd tomat t hat

omparison of rotational stiff neets (a2WH&n . c amp
or predicting the flexural capacity of the cc¢
rying to determine neutral axi s, al | 4 met h
etermining its position.

The author believes that, with a few adjus
ccurately predict rotational stiffness and f

tates t hat future werckad e shewltd ng ndloudfeacfidl
djustments to method 3 and to al so -gouraorptoesre a

o omerd, multiplied by the embedment | ength)

Tryon (2016)

The work by Tryon (2016) introduces the
otational stiffness of embedded wide fl ange
mbedment but extendable to all depths. Vali d.
nd Gndl Kanainde (2015), the model reasonabl
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normalized plots of rotational stiffness vs.
returns beyond twice the column dept h, consi s
1984) .

The research demonstrates that no connecti
and that shallow connections stil!] ekmi bhits me
work, the autherbamedpl atile as a rotational spi
its contribution, on top of the embedment sti

| mportantly, the thesi-crebafbindsdatHeoenyheées
vertical columns surrounded by concrete. For
reaction for ¢ orcrOe tke psetivmvgen wdth 500 ki ps/in
The model i's specific to wide flange steel S
geometries or materi al s without further v al
experimental teménnhgmadedl fngite eékine and ve
4 . Soi l Structure I nteraction

Mo s t research on the pile head fixity ©pro
structur al standpoint, mainly examining how t
affects overall stability and |l oad transfer.
either a fixed, pinned, or intermediate conne

However, geotechnical aspects al so -thoave gr
cap connection capacity. The interaction betw
influences the connection behavior and, cons
mane nt s . Factors such as soil type, stiffness,
the ground, and the pilebs bearing conditions
| oads. Il gnoring these geoeschni cal i ccpsireet ad

head F eadtogge sttoi mati on of wWedéeesiiomati on of mi
for exampl e.
A geotechnical factor that must be consi de
fixity of the pile head inside the pile cap b
As scour removes soil around a pier or pil

and vertical |l oads is reduced. As the unsuppor
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the pile behaves more |ike a cantilever, incr
Even though the pile head is embedded into |
excessive momenitn dduucee dt ol osacdo urredi stri butron car
cracking -pinl & hientcearpf ace, which might reduce ¢t}
Furthermore, the flexibility of the pile i
to scour. This increased flexibility can cause
t@eap connection must accommodat e. Oveont iome,
reduce its effectiveness in maintaining full
According to Rollins and Stenlund (20210), I
conducted exclusively under | ab conditions wi
the base of the pile cap. Under fieldtdecomdit:i
but is distributed al ong-ptilhe lienmgetrhacafi otnh e Tphii

may affect connection capacity, has not been

Castetl [a4l9.8 4)

Castetl 1(@a2984), -par ta sttwody, anal ytically ev:
rotational fixity associated with different HI
The workds main objective was to determine t
achievetiboonoaoafli ful It ¢fiilxe toyam fc drhree gtiil en.

A common rule of thumb for steel HP pil es
the avuearmoedment of 1 ft or | ess was considere
bet ween 1 ft and 2 ft was considered partiall:
considered fully fixed.

The authors performed an anameybecabystedya:
another consmemb-émigl asgapem. The work invol ve:q
st eel pil es: HP 14x117 and HP 14x73, consi der

conceretaprs seen .in Figure 55
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Section

Fi gbbModel parameters ared (fadnL)s otf udyw.st il

For the struct umeanhb ean asltyusdiys) ,( ctahpe aut hors
el ement model s, using ANSYS finite element <co
on displacement and stress distribution, cCon

adequataeefetudy. Additionally, the impact of

t he concrete cap was analyzed, revealing t h
approxi mately 2D approached a | imiting rotat
shall ower edespttuhdsy. allhso not ed t hat concrete's

|l oading degradation were not fully represent e:{
of an interface el ement in subsequent analyse

A parametric study was -mdmshoe rc omoddueclt etdo i dhe tte

other parameters would significantly affect t1l
parameters were investigated: coeffieiemap, of
effective width of the concrete cap, pil e spi
showed that increases in the coefficient of f
reduced pile displacement and rotatkaerssPhhd
mi nor i mpacts on pile behavior.

The author s, t hen, concluded that a pile
than twice the pile width/diameter must be ad:
As for parti al fixity, the only statement m
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approximately 1 time the width of the studied
fi xed meoefnte netmb(edd ment ), indicating partial fi xi

I n the second ptalmée @dUt hhohres sctounddyuct ed a de
analysis focusing on how various factors infl
concrete cap, using finite differences soft w.
i mpact of the embedmentt hlee ncgatph, aofh et hset i fiflnee s s
shear force at the cap/soil interface, and th
for assessing fixity was the rotational respo
meets the apaoncrete c

The results ashoWwed etmbatdment/ pile width ra
rotation of the pile at the cap/soil interfac
a Le/B ratio of, approxi matel vy, 1.75 to 2, rc
examplFe gibneaddi ti onall vy, this figure shows ho!

(coefficient of shold madbglrasdeofr eauh glomddsr eac

decrease in the rotation offarmhettpe | samae Itd\eel
embedmennMthe stiffer the soil, the |l ess rotatio
soils tend to show | ess rotation than sandy s
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b1 07 - -
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b ny = 4ton/ft?
E - J
5]
3 osf .
= Medium Dense Sand
8 o ny = M4 ton/ i .
© o4} .
2
a - Dense Sand R
?_' ny= 3dton/i?
o
- 03 .
§e)
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&
o2~ Stitf Cloy o—7
k = 50 ton /11 —o— [ Sands
- o
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B k = 200 ton/f1®
0 1 1 ! 1 | | | 1 1 1 | | 1
05 1.0 1.5 20 25 30 s

Ratio of Embedment Length to Pile Width, Le/B (in.7in)

Figbeef fect of Le/ B ratio on pile rotation at
kip shear at base of cap (Castilla e

Al so, adigeédareha gher shear force at the cap!/
with an increasaendi nfipxiilte . r ¢ctoat iaom ati o of pil
width equal to ,1.t25e p5f ohearxamprdwve i s al most P2
asymptotic |i-Rep whebhstcuhege2bs still far fro
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Rotation of Pile at Soil-Cap Interface, 8x 10> (rad)

‘.0 T T T L] T T L} T T T
PILE HP14xII7

LOOSE SAND, ny =4 ton/ft3

281 -

241

Sheor = 25k
20

Shear = 15k

[o1:] 0

o4

05 1.0 L5 20 25 30 a5
Ratio of Embedment Length to Pile Width, Le/B {(in./in)

Figbi7ef fect of Le/B ratio on pile rotation a

shear at soil/cap interfaoces HPR(DASItIT | @i leg i
1984) .

Finally, as the stiffness of the pile its

decreases,

aBigbB8Berved in
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FigbBeffect of Le/B ratio on pile rotation a

sections (change in stiffnesks)p, sihreame diiturh heker
cap (Castilla et al, 1984) .
The authors also used typical design sheat

maxi mum moment and cap displacement for diffe

ft) of the two types of steel piles (HP 14x1
computee@nme mf or 1 ft embedment were signific
embedment (61% tH6t 82mMbed mdarhmte mMoment s) . Thi s
conventional Arule of thumbo that an embedmen
pinned pibhe amagumate, indicating that such pil
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Cheng and Sritharan (2020)
Cheng and Sritharan $£2@2@) tepsestiogmed haal

col upmnl epiclagpg system at a cohesive soil site. I
a precast bridge column, a precast pile cap,
to combined axi al and | ater al | oads. The conn
using socket connections preformed in the pil

Under service | oading conditions, no dama
However, under seismic |loading, plastic hinges:s
t o maintain fixity while showing good struc
connegsti®he authors reported that flexible foc
columnés top displacement under service | oads

They concluded that, for effective perfor
column should be equal to i1ts diameter to al|
embedment | ength should be 1.5 times the pile

canection.

5.Summar Embedment Reereqtrich

As observed in thel tphewvglhumamsycaubhst s ai n:
i ssue of pile to cap connection and degree of
embedment |l engths to degrees of fixity. Mo st
embedment recommendati ons KkKe-deledsiet opdiatni oans. s u
indicated that a certain shallow embedment | e
formerly considered), but no i ndication of de
Tablseummari zes the I|literature reviewed so
regarding embedment | ength
Tab%3 Embedment recommendations from | it

Embedment
Resear Not es
recommenda

Steel HP Pil es

133



Chap2Prt«€ap Connections
Castetl l{2*Pil e dep _
fTWork purely numeri cal
(19814 head cond
' TExperi mental and anal\y
2-3*pi |l e de
] fThe authors themsel ves;q
fixed head
Shana ¢ specific recommendat.i ¢
(for usual _
(2002 recommenadnatdieomsr e com
concrete:4st . .
simple parametric anal
and 6 ks _
equation.
Cheng ¢ ) TExperimental work.
. 1. 5*pil e de
Sritha TEmbedded portion of p i
head cond
(2020 corrugated steel sockeé
St eel Pipe Piles
2*pil e di e _
_ TExperi mental work.
_ pl ain embe _ _ _
Rol | i ng . fTFor-ih2di ameter pil es.
fi xheedad con
Stenl u , TAut hors suggest that,
(or 1*pile
(2010 ) ! 12 in, a conservative
with speci
_ with Marcakis and Mit (
reinforce
Prestressed Concrete Piles
50 in (or |[TAnalytical and experinrn
Shahawy )
I (1 ~3.5*pile |[fNecessary embedment f ¢
Sssa
fixedd con prestressing strands.
TAnal yti cal and experin
48 in (or{fNecessary embedment f
l ssa (1 ~1.6*pile prestressing strands.
fixhedd conNfEmbedded region reinfgq
i nserted into the cent
Harris|1*Pile wid](fExperi ment al wor k.
Petrou head cond fMini mum of 1 ft.
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Tegelh g 1.2 to 1.5 fYNumerical analysis.

(2005) for heae@dfDevel opment of exposed

Fuzi ol conditiqg reinforcement around t
1. 3*pile w|{fExperimental worKk.

Lar osecth

for heae@dfPl ain embedment of t he
(2014a

conditiqg pile.

6.Summary of Embedment Re ¢ o mmemaratt meomtss faf
Transportation

According etto(aZ@pa)daRakett(a2b0W2 4) wleamuwry st at es
specify a required pile embedment l ength 1 nt
sta(Fdsori da, Mi nnesotraquane Wnsembeidment |l eng

feet for pinned cof((Flecatiideans.WiSicxonsti at esCol or

Hampshire, JsnpdecOrfeggoaan embedment l ength for f
from 1.0 to 4.0 feet. I n Colorado and Oregon,
based on the pile's plastic moment capacity a

strengthwidnhd. pThe remaining 17 states that m

not indicate whether the detail results in a
AASHTO2@ 20ecommends a mini mum embedment of

no | ess than 1 fooin Embedment al scabkeweé.
Thdabb6bsummari zes all southern states (as

Census Bureau) recommendati onsatwmornder mpiidge Eialp

Tabd.Embedment details from DOTs

State Description Source

South Atlantic Division

-Dowel bars used for connection with precast piles
Delaware, _ o DelDOT
- For Steel H-piles, a minimum embedment length of
DelDOT . . (2017)
1 foot is required
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Maryland, , . o
MDOT - Drawings show that, for any kind of pile, it must be | MDTOSHA
embedded 1 ft into the cap (2020)
SHA
District of
. o DDOT
Columbia, | No specifications
(2023)
DDOT
West
o o WVDOT
Virginia, - Minimum embedment length of 1 ft.
(2016)
WVDOT
- For prestressed concrete piles only:
Virginia, | ----- top of the pile must be embedded a minimum of | VDOT
VDOT 6 in into the cap and, additionally, the strands must (2024)
extend 34 in beyond the pile, into the cap.
- For bent caps smaller than 4 ft, recommended
embedment length of 12 in, for all kinds of piles.
- For bent caps larger than 4 ft and Integral end
North bents, recommended embedment length of 24 in, for
or
_ all kinds of piles. NCDOT
Carolina, _ _ o
- For general pile footings, abutment and retaining (2023)
NCDOT .
walls, recommended embedment length of 9 in for
Steel H-piles and 12-in prestressed concrete piles,
and embedment length of 12 in for Steel pipe piles
and prestressed concrete piles larger than 12 in.
South ) )
) - Embedment length equal to the pile with. For steel | SCDOT
Carolina, ipe piles, 1.25 ft mini (2006)
ipe piles, 1. minimum.
SCDOT PIPE P
) - Any kind of pile:
Georgia, _ _ o _ GDOT
---- Piles up to 20 inches in width or diameter: embed
GDOT (2024)

the pile 1 foot into the pile bent

136




Chap2Prt«€ap

Connections

---- Piles larger than 20 inches: embed the pile 1.5 ft

in to the pile bent

- Specifications only for prestressed concrete piles.
- 4-ft embedment for prestressed concrete piles to
achieve full bending capacity. No mention is made

about the connection capacity or required

- . FDOT
. embedment for full fixity. In this case, moment
Florida, ' . (2023) and
capacity or strand development length will control
FDOT . AASHTO
failure.
. i . . (2020)
- For pinned conditions, the guidelines specify a 1-ft
embedment and strands development length must
follow AASHTO LRFD Bridge Design Specification
(2020).
East South-Central Division
Kentucky, o KYTC
No specifications
KYTC (2024)
-Specifies for Steel H-piles and pipe piles:
Tennessee, P ) P ) PIPE P _ TDOT
---- Use of Marcakis and Mitchell (1980) equation for
TDOT o _ _ o (2023)
determining pile embedment, with a minimum of 1 ft
MDOT
Mississippi, o (2010) and
No specifications
MDOT MDOT
(2016)
Alabama, o ALDOT
No specifications
ALDOT (2023)
West South-Central Division
- For footings and non-integral bent caps:
Arkansas, | -------- Any kind of pile smaller than 18 in, minimum ArDOT
ArDOT embedment of 12 in. (2020)

-------- Any kind of pile larger than 18 in, minimum

137




Chap2Prt«€ap Connections

embedment of 15 in.

- For integral bent caps:

-------- Any kind of pile, minimum embedment of 18 in.

Oklahoma, | A few drawings show piles embedded 10 in into OoDOT
OoDOT caps, without specifying if it is a requirement or not. | (2016)
- 1-ft embedment for 16-in and 18-in square concrete
Texas, piles and Steel HP14 and HP16 piles TxXDOT
TXDOT - 1.5-ft embedment for 20-in and 24-in square (2019)
concrete piles and Steel HP18 piles.
Louisiana, o LaDOTD
LaDOTD No specifications (2020)
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Chapter 3
Bri dge Ben

Il n the previous chapter, a comprehetnsi ve |
cap connecti onsHowaev ere,r floirtneerdat ure focused al n
behavi oit cafp EiolnemEBkkits omsesearch, thoubbw #Bahms t
can be apptdbedttoapi tennecti ons

l1Background

A bridge bent is an intermediate support b
resists vertical and | ateral | oads from the
2022). The bent cap beam supports the hengit uc
bent col u(nmnisgurie e59)

Girders

Bent Cap

Column
e
Note: Deck and Soffit Slab
not shown
FigboAe typical i ntegr al bridge bent ( Ce
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The construction of bridge pile bents, sup

the foll owing sFtieggpgsOe i | l ustrated in

a)Piles are driven to a sufficient elevation

capacities.
the tops

end bearing and side friction
b)After all piles have been driven,
at the same elevation above the ground

and reinforcement are placietd arou

ar e
c)For mwor k
pl ace bent cap.
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Fig6O@onstruction steps of a pile bent: a) p
heads cut off and formwork placed; c) for mwor

bent after pouring concrete and removing

I n the stather iodgaeyd dlramapported in different
piers (usually called Ahammer heado pier), mu |
| onger -ftthalmr iS5ddge spans) or piflte bbreinddgse (sfpoan ss)ho
2023) .
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According et (BAGIs/h)a,l tsdphen murlitdge with si mpl

precprsdéstressed concrete girders and inter med
piles and a reinforced concrete bent cap iIis w
pile bent chRhingb®e seen in

Figéleypical Pile Bent with Galvanized Steel

Cap (Marshall et al, 2017).

Mar sbal(Bl0.17) state that typical intermedia
either precast concrete or steel piles, which
diesel, or air hammers. The exterior piles ar
pi laerse among the most used sections in pile I
flanges and webs of equal thickness, which hel
(Bowles 1996) .

To prevent section | os s, steel -sHR upgitue |
concrete, with encasements shaped either circ
used galvanized piles for corro¢i gmrlp rwhtieccht i o
consists of galvanized steel HP piles.-itA key
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pl ace reinforced concrete bent cap, poured af

are typically embedded at | east 12 inches int
2Load Testing of Bridge Bents
This section describes a series ofwhiBtor.i

st eepli IHs.

2.Mar sheal (a2017) andeAn@206¢5®)n

A series of |l oad tests were conducted in
Marskeal(a20.17) cdhduetat | oad tests Faourdst 6er el
were codndaurctae br i dg&ounnt yAl Rndadna , Macon Count
Twad eswereonducted in a bridge in US Highway 3:
two final tests were performed on two bridge &
in the Auburn University National Experimentat

Le€ounty, Opelika, AL.

Their waerknoti vated by a previous observati
with battered piles and no sway bracing usua
forces by ALDOT engineers. The purpose of t h
behavior obdrisdgeelbentlse under | ater al |l oadi ng

regarding pile embedment could be drawn from

Macon CRweuadBy9 dg8horter, AL
Thditetst on Al abama County Road 9wasMacon

conducted on Beman5bwonifdge muvef FOgdr E0BR )EBr e die
consists-fobtsspané, each supported ®fyt Floawnwrg HPF
spaced 8 feet apart, with the two exterior pi
piles were galvani zed, w h i-il rec ho t chiea msettmearc €ruaera Ic
concrete. The piles had a clear heighftoof 5 f
into tihel gaastbent cap (approximately 0.85*pil
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Fig6Rrreield test setup on bridge over Ol d Town
Macon County (Shorter, AL) (Marshall

The bent was instrumented with electrical
axial forces and bending moments on both the ¢
The strain gauges were placed on both sides ¢
di fditereecti ons above and below grade to prov

Additionwltg, sénawrs (wirepots) were installe
l ater al defl ection during the test. This com
strain, |l oad, and displacement throughout the

A static |l ateral |l oad test was performed. -

10 kip increments up to 60 kips and then in 5
75 kips. Load increments were held fdrhefni ve

unl oaded in two to three i nc+kemerctap.achiydr auwleir
to apply the | aséraehgtbadieanhdthrghded rods a
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The results of the test showed that the bDbr
piles experienced bending moments with the hi
moments dissipated as depth increased, |l ar gel
cacrete to the ground. Strain profiles reve
encasements did not behave fully composite, w
concrete caused by the steel pile resteaint.
bent defl ecting only 0.2 inches at t he maxin
attributed to the short free height of t he
concrete encasements to the overall structur a

Regarding the pile embedment into the bent
and the bent cap displayed substanti al mo me nt
structur al stiffness odertfheectb ecnotmp ol®d st pei taec tti ho
steel and concrete, the bent performed well u
consi stent -hwiatdh caonfdixedn where the maxi mum b
the pile cap connecti on.

Three additional |l ater al |l oad tests were,
under different conditions. The first was aft.
top of the girders, but no extra gravity 1| oa
addition of gravity |l oad (ALDOT standard truc
tested pile bent. The third (final test) also
at the edge of the roadway (also abhevauther e
the pile bent also behaved extremely stiff fo
addition of beaei oy kb&ddcdi dn the magnitude o
the instrumented pile sections six i1inches frr
bending moments were higher in each of the | ¢
| oad compared otaod ttheest| awietrhaolutl addi ti onal gr e
expected due to the increased flexural stiffne
force.

Regarding connection capacity, a sitmpde an

findi Mgssp&I(B2017) .
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Il n the four | atera(l) omidl @ elsa st pwirtf o rgnerdd er
with the bridge deck but no additional gravit

a centered gravity |l oad, and (4)cpnterbdngr avi
| oaidt was consistently observed that Pile 4 e
at the instrumentation |level of 1.5 ft (6 inc

For the | ateral test involving the pile b

maxi mum measured mbmeat obhelivbhskrpmentation |
bel ow t,heclcoaspe) to the bottom of the cap.

Thetr uarnoureanlt of the HP14x89 pile, 2&Bcul at
kifp¢ 1 i mit state of ,thacvgéatedalndurcal ARSE man)
This calculation conservatively ignores the

Addi ti omaplpllywing the equation by Mar-cakhps andc

connection is determined to Have Tdimomendt cad e
pile read¢chasnmoutesnilt capacity before the connec
capadintytthis case, Pil e 4 6de voeflsdtiptedcnaumemn 0 X i ma

capacity.

The pisbkbotwehtvi or char achteeardi sctoincd iotfi oan ,f iaxse
of the bending moment profile during the | oad
for a pillkeavd tihe fd wieadr, where the maxi mum ben
top of THies pbhéravi or was consi stentnoacmorses a
conclusions can be drawn since no failure was

For the ot hd€pri Itehrbeeentt ewsittsh no addi tional g
gravity loadenaredewdi h hef s gmeopdttern,aesmerged
wel | as for the other piles. The 4n94,%% %u ma nmdo me 1
5% of its plastic moment, respectively, in th

US 331 ,BrModngtegomery, AL
Two | ater al |l oad tests were conducted on
Creek on US Highway 331, ( Bioguhe DB &8 Mo ntt gotmer g

assess the bridge bent's performance under co

as |l ateral |l oad only.
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The bridge comprised pile bents, eath with
l ong, enc-ased s$qQquabfe concrete encasements. The
reinforced concrete cap identical i n geometry
tests, with afpreaxiomatcelleyar height from the ca
The two exterior piles were battered at a 1.5
foot i nto (tehpeprbexitmeataepl v 1. 2*pil e dept h)

l nstrumentation consisted of strain gauge
concrete encasements above ground |l evel to ca
in the piles. Due to |Iimited access, only the
not stthee | piles directly. Additionally, draw w
bent cap to measure total | ateral deflection

m m m I il mo s
6—2‘£‘—“‘j|‘ 61 525 42e }2V 31 2zﬁ,_~ 21 -pz‘ﬁ,r-;f_,'.‘I 11
E"‘fi”-f‘“ H::; o B A o B T o 24--_?2_3 mrﬁ"' |, ENGASEVENTS, rP
aaif'_-;ills.s e ss el oles 25 2ol 25 .JSHW
" R I I e ST, [
gl I TP T T T AU T T
Fi g6bBEBest bent on southbound bUBdBHegbwey 83aiop
south Montgomery, AL (Marshal/l et al

The southbound bridge bent was tested usi nt
frame. Two testsacweabe neelr goraméed:y ahdbhthtuded,]l
a |live |l oad (ALDOT standard truck) pedksge iofned
t hroadwagnldataenédly, twlhitncchh uded only the bridge

without

|l oad of

amByo tlhi vtee sltosa da.p p | i-keidp |ian errearhe ntosa dup nt d

90 ki ps.
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The combined gravity and | ateral | oad tes
occurred, where the extampieorn epclked enghhéei ¢antk
while the opposite exterior pile exhibited axi
resisted through flexure, contridouwtiyng emitni m.
exterior pilestapaiimlcdroraidedlumoto their batte
bet ween certain piles: Pile 6 had greater com
1, which demonstrates the effects of overturn

Bending moment profiles during the combine
the live | oad but shifted from positive to ne
t he580kip range. The observed maxi mum ®moment s
k i-fpt , |l ocated six inches below the cap. The di
and concrete encasemanptosi tausedanmonr, i mi t i
contribution to bendiomdg ymdnrernt . blemadti dnege dmattneonsd
from the combined | oad test, peaking at the &
and 20Dt ki p

I n the reaction bent, bending moments were

=y

il ghest axi al compression occurring in the ex

—

he reaction bent also indicated overmastni ng

(7]

ignificant compression relative to the other

Defl ection measurements reflect the bentos
f deflection in both tests. This mini mal def
effect ansdharhieng owidt h adj a-deht ebenoemagéheohsa

o

i near dtevsedr Miocad s, with only a slight stiffr

oads were applied, -Iseuvged e sgtrianvgi ttyh a to asdesr vhiacde | i
stiffness.

Bending moment profiithesadsucopqasted mapi i X ddk

connecti on, as maxi mum moments concentrated n
l inearly along the pile height. The inflecti
supporftisxhdeedhe assumption. While direct monitor

—+

he test response closel healdi predd vwior h ftolme @n ¢
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Agai n, i n a sSi Wialcam @Gaommery aesults, rega
capacity, a simple analysis can be petf ad med
(2017) .

For botldomleisnmesd | ateral and goaViylpy dleo atd t e
was the most demanded, concerning bending momi
Considering that pile HP 10x42 hadta sStsr potssi
to obsepvekeethatdevel ope® afdor oxiempteelty vel vy, 0

structur al capacity. The connection <capacity
Mi t chell (1980), idtapfhosi mataksytB®at kihe pil
the connection itself.

Againhpossible to conclude that the pile be
of a-hfeilaxdedc ondi tion, as the shape of the bendi
closely matches the theorethead Ipahdvilaer , fowhe
maxmum bending moment occuHswevetheagapnpfnoht

achieved.

AUNGES, Leepdurktay,, AL
Two more bridge bents were built for the s
bendasdheatured four HR12x%:3,pidlrewvyen320 ft into

wer dt3fxt 3 n croswesecdeoingmead to have 9 feet o

the groufmtdel evaekbreaese uUessetheadd andcompressive st
approxibadepgi 5, 500 psi

The two test bents were built with specifi
vertical pil es, each embeddédd glu8 eiTdtdmasnti nt o
foll oweds tAdmdoalr d: pimtzd uideed t wo vertical pil es
angled at a(Figuit2TbhbeBopeles were embedded 12
The pile bents were aligned to bend along the
designed to resist structural failure. Strain

various pilpetdreetahtsrdion cchata and defl ection.
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Fi g6dRUNGES battered test bent (from |l eft to
County, Opelika, AL. Hori zont al |l oad applied

Fi g6 5RAUNGES rti cal( fbreonm Iteefstt t o righin pekes
County, OpeHokiazoALal | oad wagq Maplhiadd fertomll,
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The piles werwithsstumentgduges for measur
momeat three cross sections along the depth o
42 in below the cap bottom Addi t8i4o n anl Ibye,| oawn tihr
was used to measure the deflection of the pil

The battered | oad test was performed up to
during which sever al key structur al responses

i ncreased.

At 100 kips, flexure cracks began to form
and extending toward Pile 1. This cracking in
the cap as it resisted the applied patelradalfioz
yielding became evident in the pile flanges a
moments were highest. Mi | | scale flaked off f

yielding under stress.

By 130 kips, additional shear <c¢racks had
cracks, particularly around Pil e 2, wher e c
intensified. These cracks followed the reinfo
way Iltwhaed was distributed through the bent str
140 kips, significant buckling developed in t

inches below the bent cap. This buckliaigrindi
|l oad capacity, undergaingi piaati podef ot mati oma
onset of strwuctural failure.

At thikspldo@ad, the | ateral | oad test reach
dramatically to approximately 6.75 inches, Wi
removal. The jackds stroke capacitgadviasgf uThgeg
figueréest al 6@strate the | ateair al O eomaddisnige smho nreenst
di agr ams, and ind¢hti memetmprorpranfti tees.note that,
failur e, the gauges in the wupper section beg
flangd8herefore, the plots only present resul't

The results show that the piles achieved mc

capacpaly2 9(-Mti)p, which is far below the connecti
to Marcakis and Mitchell (-f1t9 8 @ ¥ , na oefinbaepdpnreonxti. ma
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Bending Moment (kip-ft) Bending Moment (kip-ft) Bending Moment (kip-ft) Bending Moment (kip-ft)
-100 -50 0 50 100 -100 -50 0 50 100 100 S50 0 50 100 -100 -50 0 50 100
0
=
ER
2 |
E

Pile 3 Pile 4

10

—— —— 4k —— 1k —— G0k

Pile Cap === = Ground Surface

Fi g66ARAUNGES battered bent test, Bending mome
2017) .
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Axial Force (kip)

Axial Force (kip)

Axial Force (kip)

Axial Force (kip)

0 25 50 75 100 60 40 -20 0 0 20 40 €0 60  -40 20 0
0 0—
o 7
z m¢ 4 / * + '3 < 4/
55
A
)
H e A J» * ‘ L 3 JI .IL
Pile 1 Pile 2 Pile 3 Pile 4
|| ] \ ||
10 |
—a—20 —— —a— 50k ——50 PileCap  ====-- Ground Surface
test ,

Fi g6 7RUNGES battered bent
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Lateral Deflection (ft) Lateral Deflection (ft)
0 1 2 3 0 1 2 3
0 I 0 I

Imn |
e g

10 o 10

=15 15
=
2
5
o
=20 20

30 30
Pile 2 Pile 3
35 ‘ | 35
—8— 20k —— 40k —a— 50k —— 80k PileCap =====- Ground Surface
Fi g6 BRUNGES battered bent test, Inclinometer
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(0]

140

o ® o0
o v A
120 -3
L 3 *
o *N R
100 = *
0 *
=1
% 80 .
4
g S
= )
S 60 -
£ .
8 M .
¢
40 .
*
20 ‘5 ¢
** ¢
S
0
0 1 2 3 4 5 6 7 8

Deflection (in)

Fi g6®ORUNGES battered bent test, Wi re Pot | oad

al, 2017) .
The vertlictadgthendededkiwi tihnclrOe ment s until s
r the jack capacity was reached. | ncikiimpomet e
oad increment and at each wunloading step to

eached a maxidumkilmpsa,d aotf which point the pi
iel ding, especial Fy iinnc htehse bfell @nwg et sh eu pb etna 5 a ¢

he bent cap increased nonlinearly once yield
nder excessive straimki@Pespeaqgiegl.l yGrafutnedr ctrhae
round the bent, I attecatiegesgpstaansbherred ir

rift was observed.
The test results included moment and axi al
nd {dedd ection behavior captidbet)oby3wire pots
The results show that the piles achieved mc
apacpx yl AMtKi,p which is far below the connect.i
o Marcakis and Mitchel]l (-f1t9,8 0f) @ rn oM ABblp& me Rt ma
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Bending Moment (lap-ft) Bending Moment (Jap-ft) Bending Moment (Jap-ft) Bending Moment {dap-ff)

-120 60 0 60 120 -120 .60 0 40 120 -120 60 0 A0 120 -120 -60 0 40 120

[ ¢ ¢ /
|
: ibe]

i

File Depth (ft)

[pild 5 | [Pil

Pile 7 | Pilé 8|

—a— 20k —— 40k

—t— ik —e— 0k —— Pile Cap

Fi guODRUNGES vertical bent

test, Bending moment
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Axial Force (kip) Axial Force (kip) Axial Force (kip) Axial Force (kip)
0 10 20 30 40 0 20 40 60 30 20 -10 O 60 -40 -20 O

0

r \ e "

l Lbd I

Pile 5

Pile Depth (ft)

0 1 1 1

—&— 20k —— 40k —&— 60k —— 80k

PileCap ~  =====- Ground Surface

Fi gunlRUNGES vertical bent test, Axial resu
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Lateral Deflection (ft) Lateral Deflection (f)
0 1 2 3 0 1 2 3
0 0 1

)
=
&
=1
T
25
30 30
[[Pile 5 Pile 7
34 35
—a— Nk —— 0k —a— A0k —e— 30k Pile Cap == == Ground S urface
Fi gudRRUNGES vertical bent test, l ncl i nometer
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140

120

*
L P73 ¢

> oy

100 N s

o]
o
*

*,

(@]
S
‘e

Lateral Load (kips)
%e.

40 R 23

20 *>

Deflection (in)

Fi gadBRUNGES vertical bent test, Wi re Pot | oad

2017) .

Il n summary, the authors concluded that the
of the piles while the battered pile experie
cracking above Pile 2. This cracking ostlhee 1t
battered pile in compr essicoanu swanngt itnegn stioo nr oitnat
compression in Pile 3 which is opposite from
vertical bent. Both the pile bents experience
the ground | evel. Addietdi draltl y,hei tmaggmad ulud eb e f
the piles are higher in the battered bent.

2. Mar shal (a20.21)
Mar stedl (a2021) expanded on the previous r e:¢
di stribution of brpikliengb drotr clersi d gne ss.t efeHe Haut h
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experiments o dbrTiodvghe KX ekekma i Gounty Road 9, M
Short dr, gAIreTAHdy investigated how braking for

Ssubstructures, evaluating static and dynamic
the experimental dat a.
48" THICK W/FILTER BLARKET DMWY, ITEM) —— ﬁ_', —_— A 2 P thec. awc iy e RO ITEM
fﬂlﬁ:‘?:::m’:;s:;vl. 1TEM \ ! CLASS 2 RIP-RAP, 24" THICK W/FILTER BLANKET (ROWY, ITEM)
EC- DG, RR-810) j, ‘I\‘ —— EXISTING BRIDGE TO BE REMOVED (SER SPEC. DWG. RR-6181
. H
/
/ &
: : N TV .
g, AN / fo/&
f 32l & / [ 1&lsy g
3 |~ BEGIN BRIDGE B t]f.i """lt'jf'j" B jT """" [T - TR U QJTW ° END BRIDGE n
dold] PEhan | EETenN | | tEnSe Rl | URNEN | || SROENe | Taira gy
LA ) g 7 i o
B .

s e
= e L
M $ﬂmm|.ﬂ:ﬁ"ﬂﬁ O; *
VNV, s B

L ALIGNMENT: TANGENT OVERALL LENGTH = 24@°-@" GRADE = 9.8% ‘mﬂ .

Figude Pl an view of bridge over Ol d Town Creel

County (Shorter, AL) (Marshall et al

Il n their ewoprekr,i nseenntsaodr s (accel erometers, p
were installed on the bridge and connected to
acceleration, di spl acement, and force. A tow
conductedbdgkiamgctest s. Bent displacements an
and analyzed. The results were used to devel

datFRal.gure 75 shows an example of a sample truc
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4}

Figube Sample truck acceleration data: 1 i1s ¢tr

2 is truck maintaining constant target veloci
after 1 6Marahabktopt al, 2021) .

The static | oad tests showed greatest defo

(Bent 3, for exampl e, showed 3 mm defl ection

bridge acceleration was approximately 23% of
fere was highesptanndoéRemngtusried 76 shows the maxi mum

recorded for C5 test s.
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2.5
= 2
g @Testl
21,5 Test 2
2 ®
3 L] Test 3
E 1 -+ A
o - Test 4
> ’
o Test5
oD [
0-5| Test6
? e [ ] @ Test7
0
2 3 4 5 6
Bent Number
Figube Maxi mum bent deflections for C5 tests
et al, 2021).

(

r

S

The authors then calibrated an analytical
Table 7 shows the maxi mum total and component
test comMdecotredd ng to the authors, shear di st
peaking during free response insteadceht &r aki
braking increased forces on Abut ment 1 & Ben
anal ysfsicsesu for estimating total shear for
Tab7T.e Maxi mum Tot al and Component Horizont al

(Marshall et al, 2021).
Max. Max.

Max. Max. Max. Max. Max. Max. Max.

) . ) Comp. Comp.
Braking Static Dynamic Comp. Comp. Comp. Comp. Comp.
Shear Shear
Positio  Horizontal Horizonta ) Shear  Shear Shear Shear Shear .
sh | sh (kips): (kips):  (kips) (kips) (kips) (kips) (kips):
n ear ear 1PS): 1PS): 1PS): 1PS): 1PS):
Abutment P P P P P Abutment

(kips) (kips) 1 Bent2 Bent3 Bent 4 Bent 5 Bent 6
Center

225 22.7 7.9 7.5 2.4 2.5* 4.2* 2.3* 4.0*

Span 2
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ridge Bents

Right
26.0 26.5 8.9 8.5 2.7 3.0 5.2* 3.6* 6.3*
Span 2
Center
25.3 26.3 6.6* 4.6 3.0 5.1 4.7 2.7* 4.7*
Span 3
Right
21.1 21.2 7.3 6.7 2.2 2.4* 3.9* 2.7* 4.7*
Span 3
Center
24.6 25.4 3.7* 2.4 1.0* 1.7 7.5 6.5 7.6
Span 5
Right
20.0 19.7 6.8 6.4 2.0 2.3* 3.4* 2.9% 5.0%
Span 5
Il n the | ast part of the research, the auth
using 23 nume(rAicgaur emoidéyl sf ound t hat abut ment ¢
braking force, while individual bents take wup
(0.34 normalized shear), and flexible ones |e
anal ysis i s efsfsecdtiisvter,i bbuutti osnt iaffffneect s resul t s.
Span_1 Span_2 Span_3 Span_4 Span_5 Span_6
Abutment_JM\ /bJutment_M
Bent_B2 Bent_B3 Bent_B4 Bent_B5 Bent_B6
Figuie Sipan Bridge Model used for the paramet
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Chapter 4
Met hodol og

l.Introduction
This chapter describes the experimental mel

behavi or -poifl estteoelcoHhcr ete bent cap connections

2.Experiment Conceptualization
The | iterature review highlights the stud?
which investigated the response of pile bents

this study raised further ques®Pi bpsemémgtdanédnh g

the cap on the | ateral | oad behavior of a pile
research aims to systematically vary the embe
evaluate its performance wunder | @an&Ir akti fofade

characteristics of the connection.

Speci mens consisting of a concr ebPtid ecappswi
il lustrate@® wh!l Fibertabricated. An entire pil
be considered. However, for the purposes of t
segment of this pile bent wildl be extracted,
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FiguaBe Experi ment Conceptualization of a sing!

with a-pstleel H

2. Proposed Speci mens

The experimental program relied on materi al
the experimental program was | imited to the a
could provide. The experimental program t hen
specnsgne Six of them would use steel piles HP

are commonly wused by the Al abama Dssparmr threindg e
construction.

Tab8shows the initial details of the eight

Tab8 e Test specimens for the experi ment

Test Pile Load _
. o Embedment (in)
Specimen Type Direction
HP _ 0.75 x Pile
W-10-7.5 Weak axis 7.50
10x42 depth
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0.50 x Pile

W-10-5 5.00
depth
0.75 x Pile

W-10-7.5R 7.50
depth
1.00 x Pile

W-10-10 10.00
depth
1.50 x Pile

W-10-15 15.00
depth
. 1.00 x Pile

S-10-10 Strong axis 10.00
depth
0.50 x Pile

W-12-6 6.00
HP _ depth
Weak axis :
12x53 1.00 x Pile

W-12-12 12.00
depth

As observedd emachabpeci men was named foll ow
i n -A6NV5 o .

The first term of the name AWO or ASO0 indi
bent about. For AWO specimens, the pile is be
axis. For ASO specimens, the pile ixsi sl.ateral/l

The second term is either A100 or Al20. It
uses an HP 10x42 or HP 12x53 pil e.

The third term (5, 6, 7.5, 10, 12 or 15)
embedded into the concrete cap.

Therefore, -E@@é&ciiman cWtes that i1t is an HP1
in into the cap and bent about iIits weak axis.

One note aboutlEpbcam¥n®W RVG/WS5 was planned
the first specimen tested. I n experiment al re
arise during the predgbBmwa$herebhoerd, a® -an exa
167 .t50 correct potenti al errors and to ensure
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2.BE2sti mated Capacity of Specimens

Each specimen was planned to have a | atera
ft from the cap surface. This point was sel
corresponds to the average | ocation along th
occwed in the moment profiles of Marshall et
Mar shall et al (2017) i s mai nt ai ned. Secon
generating moment demand at the connectioon. W
achieve a given connection moment is much | owe
Addi t iwsmiand yt,his | ever arm all ows the same de:
pile at the connection.

Tab9shows the expected | oad necessary to fa
| oads were calculated taking the minimum valu
theory or the pile structur al moment .

Tab9e Expected failure | oad for each t
Expected
) Expected _ _
Specimen Le/d _ Horizontal Failure
Failure mode .
Load (kips)
W-10-15 1.50 Steel yielding 15.0
W-10-10 1.00 Steel yielding 15.0
Concrete
W-10-7.5 0.75 _ _ 11.0
cracking/crushing
Concrete
W-10-7.5R 0.75 _ _ 11.0
cracking/crushing
Concrete
W-10-5 0.50 _ _ 5.0
cracking/crushing
W-12-12 1.00 Steel yielding 21.0
Concrete
W-12-6 0.50 _ _ 7.0
cracking/crushing
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Concrete
S-10-10 1.00 . ' 19
cracking/crushing
3.Experi ment al Speci mens Design

The design of the test specimens was gui deo

controll ed moment -t dtearpa ncdo nante ctti eo npialce oss a r ar
dept hs, and ensuring that specimen geometry
encouede i nspamorkdri dge pil e bent s used by AL
di mensions, pile section, reinforcement | ayou
by replicating Marshall et al.'s (2017) pile

Therefore, the selected bent cap section

measuring 36 in x 36 in (3 ft x 3 ft) -painlde 6 f
embedded to a prescribed depth. Axial, shear &
the speci men was designed according to AASHTO
(2020) and ACI 318 (2022) to resist such dema
provided other than pu?v & hmpiwise ae mlxehcemariti .c PBifg u

geometry.
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PVC pipes for block
anchoring and lifting

Figud®e Schematic of Speci men Geometr

3.Slpeci men Details
The concrete cap final reinfor&®kment desig
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Sde view:

BarB

.25

r=—0.75—=t=—6.75

7.00—=

BarA |

BarE -

=5.000x] 4:__56 FG.OO*
/]

7.00

6.75 75—=r=6 005 4 50 r=5 0=
225
i i

.00

Crosection

é‘g’r:?a}_(r:rossties located
at these sections only)

Vi ew:

BarEng

BarB —

_i__

75
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Fig8Oe Concrete cap final reinforcemerctt ihensi gi

view (bottom).

As seen 8Gh fthguffienal reinforcement design i
T Bar A#81PRongitudinal rebars, distribute
Bar B#4liransverseshepars, in a U
Bar GC#4lQ@Qransverse rebars, closing the

mi dsecti on.
T Bar D#318to0es, placed i nsescitxi odnisf.f er ent

T Bar E:3 2skin rebars, placed on the cap

The reinforcement was designed to | eave ro

pile can be inserted into the cap, at 8tlhe des
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2.00
Weak axis
—r —69 bending
direction
[
[
Strong axis
48,00 : bending
direction
I
|
| _ /] E}
P
200
[
e 001w 24.00 ot .00

Fig@8ine Pl an view offditnheen ssipoencsi menn i nc hes)

3.Material Properties

The following subsections describe the geo
t est speci mens, i pa Il ed-scergotsitshiealst @iememntHsi ons,
properties, concrete mix design, and measured

3.2Réi nforcing Steel

The design requirements for mild reinforci
The yield str)engds he6 bfk sit.eeThg festi mated modul t
ksi
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3.2Steel H Pil es

The specimens were fabricaftleanguésli @Bgs ¢ wtoi sn
(HP 10x42 and HP 12x53), manufactured by Nuc
A572, A709 and AG6.

Tabl®ummari zes-seteheionassproperties of both

82X hows the@idteeaslc hld meetcitd omr.os s

Fig8Re HP section schematic (Al SC St eel
Tabl@ HP section di mensions, properties and
HP HP
10x42 | 12x53

Property

Geometric Properties

Cross-sectional area, A (in?) 12.4 15.5
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