creative
commons

C O M O N § D

OI2Xt= otele =2HE 2= R0l 8ot 7S

o Ol == SH, HHE, 85, Al SH L 58 = U
o OIXH MAEESE HdE = UsLICH
Ol HHES del SR 0|8 = AsU T

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

o 7lot=, Ol M& =2 MOISO0ILE HHEZ2l H<, 0l A =0l HE= 0125
S Bt LIEHLHO10F B LICH
o MNAEAXNZRE EE2 3IIE &2 0lE ZHE2 HEL X ZSLICH

AEAH OHE 082 dele f12 W20l 26t gets 2 X ZSLICH

01X 2 0l Ed = 772 (Legal Code)S OloiotIl &Ml kst 23 LI CY.

Disclaimer |:|._'|

Collection



http://creativecommons.org/licenses/by/2.0/kr/legalcode
http://creativecommons.org/licenses/by/2.0/kr/

Korea Maritime and Ocean University

The Graduate School

Department of Civil and Environmental Engineering

Crack Control and Performance Improvement for Pile to Concrete Pile-cap

Connections of Integral Abutment Bridges

A Thesis in

Civil Engineering

by

Kyeongjin Kim

© 2015 Kyeongjin Kim

Advisor Jaeha Lee

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Engineering

February 2015



)

(

5

of A

2]

o

T

2

2015



TABLES OF CONTENTS

LSt OF TADIES ceeerererereerererersrueuesereressesesesesessesenessssesesesessssssesesessssssese st asssesesessssssnes iii
LISt OF FIQUIES «rrrersessseessenssenssssistst ittt iv
ADSITACE ++++e++seserersenerersesenersmseseneasesesessssesesesseseseseaseseseasesesessebebe e esebeseseesebeneanerenas viii
Chapter 1 INMTOGUCHION «rssseersseesssseesssessssssssssissssissass st 1
1.1 ProObDIEM SLALEMENT -+eveerrreererermrmmmemimrasreesieeseessressesssreesressresssressne s 1
1.2 OBJECHVES +++evssseresseesseessesssseass sttt 4
1.3 RESEArCh SIgNifiCANCE ++rrverrerssersseesserssesissis st 4
1.4 Research MEthOdOlOg «+wsswssrersseresserersrssensssssnsssississsss s 5
Chapter 2 LitErature REVIEW s wseesserssessesssessisssissnssss s 8
2.1 Research about 1A DIiAQES «r erereesersssersssrsssenssisss s 8

2.1.1 Research about Structural Performance of Integral Abutment

........................................................................................................... 9
2.2 NUMEICE MOCE] «eeeererinmsennmereneineestreesesssesssssesessssssssssesesssesesesesesesesens 10
2.3 SUMMArY Of Literature REVIEW e e reeerssmsesnnesiiiiississessssessnes 11

Chapter 3 Theoretical BackgroUNG «: e - ssseserssreeseeesssrssnssessssesssssesssssssssee 12
3.1 Material MOGEl fOr CONCIELE -+ewrerererereriserarerenenusseresnsasessssesessssssesesesens 12
3.2 Material Model for Steel Rebar and H-pile «-eeeeeeremsermseeneinenns 16
3.3 COMLAGE e rveerveerreerrrerrersnnesneseesresaresre st asreareeneeanesresareereesreenreenreenreenns 18

Chapter 4 NUMETCal ANGIYSIS -« eerrreeseessereseesssessssessssssssess s 22
4.1 Numerical Model DeveElOpmENt - e 22

4.1.1 Description of NUMErical Model < e, 22
4.1.2 Numerical Model Setup - 23
4.1.3 Verification of NUMENCal MOGE -« eeererereeeremerermeenereerenereereneseess 24
4.2 Performance of Various Boundary Conditions -« - eeeeememneniennnns 25

4.2.1 Structural Performance depending on Embedded Length -« 25



4.2.2 Behavior of |A Bridges according to Various Boundary

CONTILIONS ++rrererererererersrsmsmsenerenenesesesssseseseseseseseesssessesesesesesenssssssens 26
4.3 Proposed Pile-to-pilecap CONNECHiON - s ersseesssseessssesssenssssessnenss 29
4.3.1 Proposed Pile-to-pilecap Increased Stiffness Connection Type
............................................................................................................. 29
4.3.2 Proposed Pile-to-pilecap Flexible Connection Types :::---:eooeeevee 31
4.3.3 Obtained Results of Increased Stiffness Connection Types - 34
4.3.4 Obtained Results of Flexible Connection Types - eeeereennenne 37
4.3.5 Comparison of Load-displacement CUIVES «wereseerseesseessn 43
4.4 Parametric SHUCY - e, 46
4.4.1 Parameter of Parametric Sty - 46
4.4.2 Results of Parametric StUy « e 48
4.5 SUPErstructure MOl -+ e, 52
4.5.1 Development of Superstructure Model e 52
4.5.2 The Results of Increased Stiffness Superstructure Model - 54
4.5.3 The Results of Flexible Superstructure Model :---ooeeveerennennne 58
5. ConcluSions and RECOMMENTGLIONS «+++++eessesesesesererersseseranmseseseresesasssssssesses 66
5.1 Conclusions from Proposed CONNECHIONS «:«xwweesessmsessemesnssinineinn, 66
5.2 Conclusions from Parametric SHUCY «sssersserssssiesnseessnnsnsssssesseee 67
5.3 Conclusions from Superstructure Model .-, 68
5.4 Recommendations for FUIther StUCy «:s:sseesserssssessseesssesssnesssnnssnees 68
AACKNOWI EUGEMENE ++++evrseesseessseessseessssessssiss s sess s sasss st eess st sssssssssssssesens 70
BiDIIOGEAPY «errseesssersseesseessseess sttt 71



List of Tables

Table 1 Obtained results from all CONNECHION tyPES «wsswrereeerererrrssreerseeseeenees 46
Table 2 Parameter of Spiral [EDAr -« wresseessrerssssrssseesssssssesssssses 47
Table 3 Parameter Of SQUAIE FEDAr «seesseesssressseessssssssesssssssssessssssssssssssesens 47
Table 4 Results of parametric study with spiral rebar «-«-eeeveemneninnn 51
Table 5 Parametric study results of SQUArE relar - eeeeseessessnensennennan, 52
Table 6 Compression Srength Of DridQE «« s erseeereersermssrinsessenirieeseens 54
Table 7 Damaged elements of pile-to-pilecap CONNECLION --«x+xreerrerrseennnen 65



Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

List of Figures

1-1 Schematic of conventiona jointed bridge and integral abutment

DI QI +re++eeessressseessseessseessseess sttt 2
1-2 EXPANSION jJOINt PrODIEMS - eeessseeesseessssesssssssssssssssensssessssssssssssssseeens 2
1-3 Daily and seasonal temperature Changes s esseesssressesssesssneenns 3
1-4 THESIS FIOW CRAIT «erererererererererereeeeeesesessssesssssssesssssesssssssssssssssssssssnes 7
3-1 Response of concrete to uniaxial loading in tension -« eeeeeeeeeen 14
3-2 Response of concrete to uniaxial loading in cCOMpPression =« 14

3-3 Schematic representation of the stress-strain for uniaxial tension -- 15

3-4 Stress-crack opening relation for uniaxial tension e 15
3-5 Uniaxia load cycle curve (tension-compression-tension) «««-««-«-«« 16
3-6 Yield SUfaCe iN Plane SITESS - wrssserssreresisrsssiensssnsessssnssssnssssnssseens 16
3-7 “Softened” pressure-overclosure relationship defined in tabular form

............................................................................................................. 19
3-8 Piecewise linear “softened” pressure-overclosure relationship with
tensil behavior in ADAQUS/EXPIICIL «+wsessreesssessssisssneressseessssenesseeens 19
3-9 Exponential “softened” pressure-overclosure relationship in
ADBGUS/EXPIICIL ++e+++eeeesseeessseeessstenssssnsssssssss s seesssssssssssssssssss s 20
3-10 Default pressure-overclosure relationship of *hard”contact
............................................................................................................. 20
4-1 Schematic of NUMENiCAl MOTEl SELUD «+rrerreereessrrrssmresmessneesnessseesaas 23
4-2 Comparison of numerical model and experimental data -« 24
4-3 Crack patterns of experiment and numerical model -«-«w-ereeeereeeee 25
4-4 Detail of embedded depth - e 26
4-5 Effect of embedded depth on load-displacement graph «-------eereeeeee 26

_iV_



Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

4-6 Effect of boundary conditions on shape of deformation ------------ 27
4-7 Crack patterns in pilecap depending on boundary conditions - 28
4-8 Load-displacement graph depending on boundary conditions ------:-- 29
4-9 Detail of PennDOT connection type and spiral rebar connection
LY erersere s 30
4-10 Detail of HSS tube connection type and sguare rebar connection
BYE +ooreeee et s 31
4-11 Detail Of grid rebar CONNECLION tyPe - -wssresseeeseesssresssessnessserssseeenns 31

4-12 Detail of removed flange and reduced flange connection type

4-13 Detail of hole connection type and extended hole connection type

............................................................................................................. 33
4-14 Detail of PHC connection type and reduced Flange with spira
[EDAr CONNECHON LY rrersreessresssresssessssrssssessssesssssssssssssssssssssssss s 34
4-15 Detail Of SOt CONNECHION LY. w++reessseressresssseresssssssssssssssssssnsssseeens 34
4-16 Crack patterns and maximum rebar stress of PennDOT «-+--eeeeee 35
4-17 Crack patterns and maximum rebar stress of spira rebar
CONNECHON LY +++vesessbiiinstansses bttt it s iRt 35
4-18 Crack patterns and stress patterns of HSS tube connection type
............................................................................................................. 36
4-19 Crack patterns and maximum rebar stress of sguare rebar
CONNECHON LY +++veeesersessssinastish st st bt casnn st 37
4-20 Crack patterns and plastic strain of grid rebar connection type
............................................................................................................. 38
4-21 Crack patterns and plastic strain of removed flange connection
BY[IE +orereesst e s 38
4-22 Crack patterns and plastic strain of reduced flange connection
LY +ooerrers s 39
4-23 Crack patterns and stress contour of Hole connection type -« 40

4-24 Crack patterns and stress contour of Extended hole connection



Fig.
Fig.

Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

4-25
4-26

4-27
4-28

4-29

4-30
4-31
3-32
4-33
4-34
4-35
4-36
4-37
4-38
4-39
4-40
4-41
4-42
4-43
4-44
4-45
4-46
4-47

4-48
4-49

Damaged area of PHC CONNECLION type - e 42
Crack patterns and plastic strain of Reduced Flange with Spiral

REDAr CONNECHION Ly «esreeesesresmssimisisisi s 42
Crack patterns and plastic strain of slot connection type - 43

Load-displacement curves obtained from increased stiffness
connection types ................................................................................. 44

L oad-displacement curves obtained from flexible connection types

............................................................................................................. 45
Parameter Of SPIral [EDAr -+ eeeseeessesssseessnesssssssssesssssssssssssessaas 47
Parametric study on pitch spacing of spiral rebar ---oooeeveeieeeenees 48
Parametric study on diameter of Spiral rear - eseeesseeesseeesneeenns 49
Parametric study on Width of Spiral reDar = eeeseeesseeessseeeneee 49
Result Of asymmetry Spiral reDar -+ s eeeseeesseessssessseeesssessseesssennas 50
Parametric study on quantity Of SQUAre rebar -« eesseerssseeenaees 51
DELGIl OF GIFGEY reeeseeessresssressssesssssesssersssstassshsesseesssessssesssssssssssssssas 53
Cross sectional View Of NUMENiCal MOGE] - seeeererereremmeesnmnerenees 53
Profile of the NUMENCal MOGE] ««rrserrrrrsrmreresiimtieeseieeereeereseneeeens 54
Crack patterns of RO 4 TO s 54
Crack patterns of PennDOT CONNECHON type «eweeeeeesesssseninnininnen. 55
Crack patterns of square rebar CONNECLiON tyPe -« -wererersermnenenne 56
Crack patterns of grid rebar CONNECHION tyPe - --sswreseeesseeesssesensee 57
Crack patterns of HSS tube CONNECHION ype - wresersseessseessnnens 58
Crack patterns of spiral rebar CONNECtion type --swsweeeeesseeseeennes 58
Crack patterns of removed flange connection type :««-«--xweveeeeeee 59
Crack patterns of reduced flange CONNECLiON type -« vveeeerenene 60

Crack patterns of reduced flange with spiral rebar connection type

............................................................................................................. 60
Crack patterns of hole connection type .......................................... 61
Crack patterns of extended hole connection type ««-««-eeemeeeae 62

_Vi_



Fig. 4-50 Crack patterns of SIot CONNECHON Lype «wrsreressereserssssenenssnssssssnnnens 62
Fig. 4-51 Crack patterns of PHC CONNECLION Lype «rrerersseessseessessssnssnsssnenns 63
Fig. 4-52 Crack patterns of 80 mm dot cONNECtion type -« wreeeererreennnens 64
Fig. 4-53 The number of damaged elements of superstructure models - 65

- vii -



Crack Control and Performance Improvement for Pile to Concrete Pile-cap
Connections of Integral Abutment Bridges

71 A A

= —

Department of Civil and Environment Engineering

Graduate School of Korea Maritime and Ocean University

22

AT EoyE nEHEY =332 A3 Be FAE YNNI de ZIUE
wFel wlal, fFA#e vlLo] Asta AFo] T YAFwhuFe AF
AHEZ7E Eoivta Stk Huleh folAE 10,0007 o] UAE wo)nl ol
AF&Fo] A O} (Arockiasamy et al. 2004) FUolA= AlF AElZF 2 S Ea
ofet, oldl the A= w3 Aot dAF ud) nFe =IJEE A9
FETEES AYSE AT uFgFs TIH 7]E9 RJUE

- viii -



—_—

]

=

ol

o FEAgol o] B
st

Aoz AH = o

=

jLe

e Faol

)

12 Qo el =ERAAZFE (201294

S

Ly
a

|

= A

|

A

e

DS

Aolm 1980\ ol

FHWA Technical Advisory T 5140.13 (1980)2]

X
™

o

X

o)
o

B
o

—

B

)

oy

o

]

|

]

éo
Pile-to-pilecap

}:‘3'_7:"’

D2, Expansion joint 2!
Design

[S]

TEAZ,
ix —

Crack reducing

= A

1,

connection detail 1A% “4Al, Finite Element Method

A,

A

KEY WORDS: Integral abutment bridge ¢ Al
o

A7 Ao Z &



Chapter 1
I ntroduction

In this chapter, the integral abutment bridge is introduced, the differences
between integra abutment bridges and conventional joints is given. The strong
points and weak points of integral abutment bridges are shown. The objective of

this study and research methodology is also given.

1.1 Problem Statement

Integral abutment bridges (IA bridges) have been successfully constructed and
served in - U.S. and Europe. The differences between 1A bridges and conventiona
joint bridges (Conventional Joint bridges) are shown in Fig. 1-1. Integral abutment
bridge reduce initial cost, maintenance cost and construction time due to removing
expansion joints. Furthermore, |IA bridges are expected to higher reliability and
better vehicle driving by removing expansion joints. Bridges have expansion joints
between the superstructure and columns to allow for expansion and contraction of
the bridge to the temperature load. The expansion joints prevent additional stresses
in the superstructure and columns due to temperature load. However, frequent
maintenance cost and replacement cost is required due to intrusion of foreign
substance of the running vehicle and the impact of vehicles (Fig. 1-2(a)). Also, It
is expected to be increased in transportation costs due to traffic jam for repair and
replacement of expansion joints. In terms of maintenance of the bridge, expansion
joint destruction cause salt damage, leakage and malfunction of the shoe (Fig.
1-2(b)). Furthermore expansion joint buckled is caused car accident (Fig. 1-2(c)).
When seismic load and excessive wind were occurred in bridge, it causes a
lateral-displacement of the superstructure. 1A bridges has complex behavior due to
different boundary conditions and loads compared to CJ bridges. The superstructure

and substructure does not influence each other's behavior due to expansion joints



and shoes. However, |A bridges influences lateral-loads of superstructure due to

removing expansion joints and shoes.

Expansion Joint

_\ Deck Slab “ /_\Appmach slab
T

-----

‘\Girder

Backfill Backfill

Abutment

% Piles / ‘

¥ ¥

<Conventional Jointed Bridge> <Integral Abutment Bridge>

Fig. 1-1 Schematic of conventiona jointed bridge and integral abutment bridge
(Kim et a., 2013)

() Faulty joint (c) Expansion joint buckled

(www.komonews.com, May 29, 2014)
Fig. 1-2 Expansion joint problems

Majority of the U.S. state agencies recommended the usage of IA bridges only
for short or medium length bridges with weak-axis oriented steel HP piles and stub
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abutment. This is primarily because the total length of IA bridge depends on the
thermal  expansion/contraction  induced by  temperature fluctuations and

time-dependent effects.

In an integral abutment bridge, pile-to-pilecap performance is a important aspect.
Since integral abutment bridges develop stresses due to daily and seasond
temperature changes (Fig. 1-3), pile-to-pilecap connections in |A bridges are
vulnerable to thermal movement and seismic loading. The behavior and related
response of |A bridges can not be easily predicted due to the complexity of
soil-interaction, time-dependent effects, and temperature. Cracks may develop due to
the above-mentioned complicated interactions with natural factors and can cause
problems in the structure. Surprisingly, no specific detail on current bridge design
code is available. Moreover, for integral abutment bridges it is necessary to
consider time-dependent effects and horizontal load of the structure due to
temperature load and soil-structure interaction. It can be mentioned that, previous
studies only involved analyses regarding static increase/decrease in temperature and
did not consider any hysteretic changes due to soil-structure interaction. Thus, this
study intends to identify crack propagation patterns due to lateral loads and propose

pile-to-pilecap connections for improved performance under lateral loadings.

Displhcement (em)

T 2008 205 200040

Vear

Fig. 1-3 Daily and seasonal temperature changes (Kim and Laman, 2010)



1.2 Objectives

Recently, 1A bridge with increased length has been constructed. In U.S.,, 358 m
long concrete girder 1A bridge and 318 m long steel girder IA bridge have been
successfully constructed and is currently in service, and much more IA bridges are
expected to be constructed in future. The lengthening of IA bridge is depend on
supporting pile performance since crack initiation and propagation are occurred
around pile-to-pilecap connection due to a thermal movement. An increased length
cause increased the effects of thermal loads. Accordingly, therma movement of 1A
bridge become an issue due to the increased longitudinal displacement of
superstructures (Lawver et al. 2007). Thus, pile-to-pilecap connection is one of the
most important bridge components for length 1A bridge. However, in Korea, design
standard for integral abutment bridges is not specifies the connection details. So,
the primary objective of this research is to improve the performance of pile-to-pile
connection and crack control. In this study, 12 types of pile-to-pilecap connections
are proposed for better performance under the increased therma loads. The
proposed types of pile-to-pilecap connection is evaluated for crack control and
energy absorption. Furthermore, parametric studies of spiral rebar on pile-to-pilecap

connection is conducted in this study.

A finite element model (FEM) was used to simulate the crack propagation in
concrete, and the results of the numericall model was compared with the

experimental data by Frosch et a. (2009).

1.3 Research Significance

According to Lawver et a. (2007), the temperature load has more influence on
the bridge than the impact loading of vehicles. In order to expand the usability of
a bridge for a long-term, research on integral abutment bridges has become crucial.
However, as mentioned before, due to lack in specifications and details of 1A

bridge in Korea, reluctance is seen in such research. The rigid frame bridge, which



is similar to an IA bridge, has been used only in approximately 10 m length
bridge. According to Korean transportation researches, if |A bridges are constructed
instead of the existing CJ bridges, it is expected to reduce 540 hillion initial cost
and 60 billion maintenance cost every year. Therefore, the design guidelines is in
need for IA bridges.

Due to the above-mentioned problems, the current study was conducted to
improve integral abutment bridges, which have a number of advantages among the
mid-short span bridges. Generally, the expansion joints in a long-span bridge are
removed for improved performance and maintenance. Therefore, the results of this
study are expected to be applied to the design and construction of long-span
bridges.

1.4 Research Methodology
To accomplish the objectives of this study, the following tasks are established

and flowchart of the research methodology is shown in Fig. 1-3.

* An introduction on integra abutment bridge and statement of problems of

integral abutment bridge.
* Literature review is conducted.
* Numerical models are developed for evaluation.

* Numerical model is compared to Frosch's experimental data (2009) for

verifications.

* To prevent crack propagation, increased stiffness method for pile-to-pilecap
connections are proposed and evauation of proposed connection type was

conducted.

* To prevent crack propagation, flexible pile-to-pilecap connections are proposed,

and evauation of flexible pile-to-pilecap connection type is conducted.



*In order to evaluate proposed pile-to-pilecap connections, 3D finite element

models were developed using Abaqus 12.1.

* Obtained 3D model data were used to predict the possible crack formations in

the superstructure of the 1A bridges.

* Among several different types of proposed model, pile-to-pilecap connections

which showed better performance are selected.
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Chapter 2

Literature Review

This chapter reviews the past researches conducted in the area of integral
abutment bridges. Especidly, the research to cover the weak points of integral
abutment bridge is focused and reviewed. Furthermore, section regarding Numerical
model is described. A summary of the literature review is also given at the end of

this chapter.

2.1 Research about 1A bridges

This section reviews the past conducted researches about structural performance

of integral abutment and effects of thermal load in integral abutment.

2.1.1 Research about Structural Performance of Integral Abutment Bridges

After conducting a 75-year cyclic load testing for concrete pile, steel pipe pile
and weak-axis oriented supporting pile, Arsoy et a. (2002) found that the
weak-axis oriented supporting pile was a reasonable choice for IA bridge. This is
because ductility and less stiffness of IA bridge matched closely. Ductile and low
stiff pile-to-pilecap connection can prevent cracks in the pilecap. Therefore, this is
important to increase the IA bridge length, reduce the axia force in the

superstructure and alow larger displacement without generating any concrete crack.

In the research of Frosch et al. (2009), four tasks were performed. Development
of a series of designs of ground mations representing current estimates of the
seismic hazard in Indiana, experimental test of current and proposed details of the
pile-to-pilecap connection to estimate displacement capacity, evaluation of field data
collected during an existing long-term integral abutment bridge monitoring project
to estimate the relationship between abutment movements and earth pressures, and

construction of numerical models to estimate seismic displacements of the abutment.

_8_



Specific results can be found in Frosch et al. (2009).

Ahn et a. (2011) examined the abutment-pile connection in the integral abutment
bridge to improve the shear and bearing resistance of pile-to-pilecap connection.
Loading tests and FE analysis of half scale pile-to-pilecap connection specimens
were performed to evaluated the stiffness and behaviors of the proposed details.
The results indicated that the proposed pile-to-pilecap connections were efficient due

to sufficient stiffness, rotational stiffness and bearing strength.

Results of long-term monitoring studies of integral abutment bridges by Kim and
Laman (2012) showed that, unrecoverable residual displacement increased every year
consistently. Axial-load and moment was present in the superstructure, which can
cause moment and moment of inertia due to the shift displacement in substructure.
Moreover, the dtiffness of pile near the support pile changed frequently due to
temperature load and interaction of soil-structure. The displacement of abutments
due to this frequent temperature load causes fatigue loads on the support piles that
were installed in a line. Therefore, it is difficult to predict the behavior of the
bridges due to time-dependent effects, boundary conditions of soil, annua
temperature and daily temperature fluctuations.

2.1.2 Research about Themal Loads in Integral Abutment Bridges

In the research of Dicleli and Albhaisi (2003), analytical eguations are developed
to estimate the effects of cyclic thermal loading on the performance of H-piles in
integral abutment bridges with stub-abutments. The cyclic displacement capacity of
stedl H-piles decreases as the foundation soil becomes stiffer, the effect of the
orientation of the steel H-piles on the displacement capacity is negligible. A pinned
abutment-pile connection increases the displacement capacity of integral bridges
under cyclic loading. Concrete bridges are less sensitive to temperature variations,

therefore, concrete bridges are more suited for integral bridge construction.

Kim and Laman (2010) developed a numerical modeling methodology for
long-term simulation and demonstrated characterization methods for the key

parameters of integral abutment bridges. The magnitude of the thermal expansion

_9_



coefficient and the length of the bridge significantly influenced the girder axia
force, pile lateral force, pile moment and pile head displacement. At mid-span, the
influence of the bridge length was weak on the girder positive moment. The
influences of backfill height and stiffness parameters were insignificant. The
increased soil stiffness increased the girder moment, pile lateral force and pile
moment, but reduced the pile head displacement.

Kalayci et a. (2012) conducted the parametric FE study on the effect of
curvature on the seasonal response of two span curved IA bridges. Increased the
curvature, longitudinal displacements, earth pressures and weak axis bending
moment on pile were decreased. As the curvature increased, the latera
displacements increased. The superstructure displacements at the bridge ends were
only affected by backfill soil type. The bending stresses on the bridge
superstructure was decreased compared to the straight 1A bridge.

2.2 numerical Modd

Lee et a. (1998) proposed the material model for concrete (Concrete damaged
plasticity), According to Abagus manual, the concrete damaged plasticity model is a
solid materiad model to provide a picture of the behavior of concrete elements for
the analysis of concrete structures under cyclic or dynamic loading. When a
pressure is applied, the main failure mechanisms that originates are cracking due to
tension and crushing due to compression. The main purpose of the concrete
damaged plasticity theory is to capture the effects of irreversible damage associated
with the failure mechanisms. These effects follow different yield strengths in
compression and tension. The effects follow softening behavior under tension.
however the initial hardening following softening behavior in compression, stiffness
recovery effects during cyclic loading and rate sensitivity, especially the peak
strength with strain rate is increased. Specific information regarding material models
will be explained in later section.

_‘IO_



2.3 Summary of Literature Review

Based of the literature review conducted, important knowledge is summarized

below. This information was used for planning the evauation.

The weak-axis oriented steel pile is a proper choice for IA bridges due to
reasonable stiffness and ductility. Development of pile-to-pilecap connection
with low stiffness and ductility is the key to increase the length of IA

bridges without failure of the pile-to-pilecap connection.

Unrecoverable residual displacement of |A bridges increased every year

consistently.

Concrete bridges are more suited for the integral abutment bridge construction

due to less sensitive to temperature variations.

The magnitude of the thermal expansion coefficient influenced the girder axial

force, pile lateral force, pile moment and pile head displacement.

Concrete damaged plasticity model was used to observe the performance of

concrete in pile-to-pilecap connection of 1A bridges.
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Chapter 3
Theoretical Background

This chapter describes the material model and material properties for numerical
analysis. The concrete material model is important in this study in order to predict
the crack initiation as well as propagation around pile-to-pilecap. Furthermore,

possible contact option between H-pile and pilecap is described.

3.1 Material Model for Concrete

Selected concrete model is concrete damaged plasticity model which was
originally developed by Lubliner et a. (1989) and further developed by Lee and
Fenves (1998). Specific information regarding the concrete damaged plasticity model

can be found in Abagus manua as shown below.

* The concrete damaged plasticity model provides a general capability for

modeling concrete and other quasi-brittle materials.

* To represent the inelastic behavior of concrete, the concrete damaged plasticity
model uses isotropic damaged elasticity in combination with isotropic tensile

and compressive plasticity.

* The concrete damaged plasticity model can be used for plain concrete, even
though it is intended primarily for the analysis of reinforced concrete

structures

* Steel rebar can be used with the concrete damaged plasticity model for

anaysis.

* Concrete damaged plasticity model is designed for the behavior of various
loading under low confining pressures such as monotonic, cyclic, and dynamic

loading.

* The concrete damaged plasticity consists of the combination of nonassociated
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multi-hardening plasticity and scalar (isotropic) damaged elasticity to describe

the irreversible damage that occurs during the fracturing process.

* The concrete damaged plasticity can control of stiffness recovery effects

during cyclic load reversas.
* The concrete damaged plasticity can be sensitive to the rate of straining.

* The concrete damaged elasticity can be wused in conjunction with a
viscoplastic regularization in Abagus/Standard to improve the convergence rate

in the softening regime.
* The elastic behavior of the material should be linear and istropic.

The stress-strain relations are given by scalar damaged elasticity

o=0—d)D;" (e—€") 1)
D¢ initial (undamaged) elastic stiffness of the material

d : scalar stiffness degradation variable (0<d<1)

Fig. 3-1 and Fig. 3-2 shows the response of concrete to uniaxial loading in
tension and compression. According to Abaqus, under uniaxial tension, the
stress-strain curve is increased linearly until the o,,. The failure stress is decreased
non-linearly to the onset of micro-cracking in the concrete material. In plastic
region, after o,,, the response is typically characterized by stress hardening
followed by strain softening beyond the o.,. Under uniaxial compression the
stress-strain  response follows a linear until initial yield. The response in plastic
region is generaly characterized by stress hardening followed by strain softening
beyond the ultimate stress. The tension-softening relation is following CEB-FIP
2010 (Fig. 3-3 and Fig. 3-4). Under uniaxia tension the stress-strain response
follows a linear elastic until failure stress (Fig. 3-1). At 90% of the tensile strength

f.., micro-cracking starts to reduce the stiffness. The formula is given

Oct — E(:i * €t (U(:t <09- f(:tm> (2)
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0.00015— ¢,
0.00015—0.9 « f,,, /E,,

J(tt = f(:t'm * (1 - 01 * )(09 * f{:tm < U(:t = f(:t'm) (3)

E., . tangent modulus of eagticity in (MPa)
e, . tendile strain
o, . tensile stress in (MPa)

fum - tensile strength in (MPa)

Eo

s

.

1 1
== T Et
Erp' E:‘

Fig. 3-1 Response of concrete to uniaxial loading in tension

Eq P

-

L.
P
£

E:I £

Fig. 3-2 Response of concrete to uniaxial loading in compression
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This micro-cracking is increased close to the tensile strength. All stresses and
deformations in the fracture process zone can be related to a fictitious crack

opening w (Fig. 3-4).

fum =0.3 + (f4)**  concrete grades < C50 (4)
Form =212 « In(1+0.1 « (f,,+Af))  concrete grades> C50 (5)
GF =73 . 97738 (6)

= i = i

L Vi e E: fotm -

g 0.9, 8

o E_.J Gg = area under

2 2 the stress-crack

2 8 opening relation

2 2

L]

E § O2r ] \

8 - - 8 T ——r)- -

0.15 Wy = G; ”\'_[an W= SG! "rrc_'.rr1

concrete strain & [%o] crack opening w

Fig. 3-3 Schematic representation of Fig. 3-4 Stress-crack opening relation
the stress-strain for uniaxial tension for uniaxial tension

Fig. 3-5 shows a uniaxial load cycle assuming the default values for the stiffness
recovery factors. The tensile stiffness is not recovered as the load changes from
compression to tension once crushing micro-cracks have developed. This behavior is
the default used by Abaqus.

The yield surface in plagtic strain is shown in Fig. 3-6. The concrete damaged
plasticity model uses a yield condition based on the yield function proposed by
Lubliner et a. (1989) and incorporates the modifications proposed by Lee and
Fenves (1998) to account for different evolution of strength under tension and

compression.
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Fig. 3-5 Uniaxia load cycle curve (tension-compression-tension)
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Fig. 3-6 Yield surface in plane stress

3.2 Material Model for Steel Rebar and H-pile
Elasto-plastic model was used for steel material. Elastic behavior is recoverable

behavior. If the load exceeds some limit, the deformation is no longer fully
recoverable, some parts of the deformation is not recoverable after load is removed,

Specific information regarding the elastic model is shown below.

* Elastic material model is valid for small elastic strains (normally less than
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5%).
* Elastic material model can be isotropic, orthotropic, or fully anisotropic.
* Elastic material model can have properties that depend on field variables.

* Elastic material model can be defined with a distribution for solid continuum

elements in Abagus/Standard.
The total stress is defined as shown below equation.
o= D! (7
o . Total stress
D : The fourth-order elasticity tensor
¢! The total eastic strain

The simplest form of linear elasticity is the isotropic case, and the stress-strain

relationship is given by

1 1/E —v/E—v/E 0 0 0 1|91

€22 —v/E 1/E —v/E 0 0 0 ||%2

€ss| |—v/E—v/E 1/E 0 0 0 033 8

mal |0 0 0 1/G /0 0 ||og (®)
0 0 0 0 1/G 0 ||s.

s o o o o o 1/al.”

1 V23] 093

E : Young's modulus
v . Poisson's ratio
G : The shear modulus

In Abagus/Standard spatially varying isotropic elastic behavior can be defined for
homogeneous solid continuum elements by using a distribution. The distribution
must include default values for E and v. If a distribution is used, no dependencies

on temperature and/or field variables for the elastic constants can be defined.

Plasticity theories model the material's mechanical response as it undergoes such

nonrecoverable deformation in a ductile fashion. The plasticity model was applied
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to soils, concrete, rock, ice, crushable foam, and so on. Most of the plasticity
models in Abagus are incremental theories in which the mechanical strain rate is

decomposed into an elastic part and a plastic part.

* A yield surface, which generalizes the concept of yield load into a test
function that can be used to determine if the materia responds purely
elastically at a particular state of stress, temperature, etc.

* A flow rule, which defines the inelastic deformation that occurs if the
material point is no longer responding purely elasticaly.

* Evolution laws that define the hardening-the way in which the yield and/or

flow definitions change as inelastic deformation occurs.

Furthermore, Abaqus/Standard has a deformation plasticity model, in which the
stress is defined from the total mechanical strain. This is a Ramberg-Osgood model
and is intended primarily for ductile fracture mechanics applications, where fully

plastic solutions are often required.

3.3 Contact

The contact option between abutment and H-pile was general contact in this
research. According to Abagus 6.13 manual, contact interactions in a model can
refer to a contact property definition, it is amost same way that elements refer to
an element property definition. By default, the surfaces interact only in the normal
direction to resist penetration. The other mechanical contact interaction models
available depend on the contact algorithm and whether Abagus/Explicit 6.13 is
used. The contact options were softened contact and hard contact. Three types (a
linear law (Fig. 3-7), a tabular piecewise-linear law (Fig. 3-8), and an exponential
law (Fig. 3-9)) of softened contact are available in Abagus. In Abaqus, the
softened contact relationships are specified in terms of overclosure versus contact

pressure for contact involving element-based surfaces and for element based contact.
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To contact involve a node-based surface or nodal contact elements for which an
area or length dimension is not defined, softened contact is specified in terms of
overclosure (or clearance) versus contact force. In Abagus/Explicit 6.13, If the
general contact algorithm is being used for slave surfaces on beam-type elements,
specify pressure as force per unit area. The softened contact option might be used
to model a soft, thin layer on one or both surfaces. In Abagus/Standard, The
softened contact options are also sometimes useful for numerical reasons because

they can make it easier to resolve the contact condition.

Pressure p

[}

-

Clearance c {o,h) Overclosure h

Fig. 3-7 “Softened” pressure-overclosure relationship defined in tabular form

pressure p
(compressive)

— ~— I ——— i = o

clearance ¢ ©.h) overclosure h

(tensile)

Fig. 3-8 Piecewise linear “softened” pressure-overclosure relationship with tensile
behavior in Abagus/Explicit

_19_



Contact
pressure

Exponential pressure-overclosure relationship \ _? Po

Clearance Go

Fig. 3-9 Exponential “softened” pressure-overclosure relationship in
Abagus/Explicit
Contact

pressure

Any pressure possible when in contact —__

No pressure when no contact

Clearance

Fig. 3-10 Default pressure-overclosure relationship of “hard” contact

In this study, the hard contact was used. The hard contact relationship minimizes
the penetration of the dlave surface into the master surface at the constraint
locations and does not alow the transfer of tensile stress across the interface. A
hard contact pressure-overclosure relationship is used for both surface-based contact
and element-based contact. The hard contact include a nondefault contact
pressure-overclosure relationship in a specific contact property definition. The
common contact pressure-overclosure relationship is shown in Fig. 3-10, the
zero-penetration condition can be enforced or can not be enforced depending on
the constraint enforcement method used. Surfaces are in contact, Any contact
pressure can be transmitted between them. The surfaces can be separated when the

contact pressure reduces to zero, separated surfaces come into contact when the
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clearance reduces to zero. Force is transmitted between nodes only zero distance,
however in softened contact, in between the defined initia clearance, a larger
number of nodes can be found for transmission. In this study, initial clearance is

zero between HP pile and pilecap, therefore, the hard contact is the best choice.
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Chapter 4
Numerical Analysis

This chapter describes a numerical model to analyze and observe the behavior of
proposed pile-to-pilecap connection. Model verification is conducted in this chapter,

and boundary conditions are considered to observe the performance.

4.1 Numerical Model Development
In this section, the numericl model for analysis is described. The pile size,

pilecap size, spring model and boundary conditions are described.

4.1.1 Description of Numerical Model

The numerical model is shown in Fig. 4-1. A rea scale experimental study
conducted by Frosch et a. (2009) was selected in order to verify developed models
using Abaqus 6.13. Material properties were obtained from the same experimenta
study. Elastic modulus of concrete was 21.76 GPa, fracture energy of concrete was
126 N/m, compressive strength and tensile strength of the concrete were 20.68 MPa
and 2.26 MPa. the poisson's ratio for the concrete was 0.2, the density of the
concrete was 2400 kg/m®, Elastic modulus for the steel was 200 GPa, the yield
strength of the steel was 522 MPa, the poisson's ratio for the steel was 0.32 and
the density of the steel was 7400 kg/m®. Embedded depth was 450 mm for this
study. The concrete pilecap was assumed as a stub-type abutment which is a
typical type. The model used 3D nonlinear solid elements for the pilecap and
H-pile, And steel rebar was used 3D beam element. For contact condition between
the pilecap and pile, 'hard' contact was used. "hard" contact does not alow the
penetration of the dave surface into master surface. At the top of the pilecap, there
is a rotational spring which is superstructure because when there is behavior of
lateral displacements, rotational capacity influences rotation behavior. In this study,

the soft ground condition is not considered. The soft ground condition is expected
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to show the different behavior due to passive earth pressure.

. X Displacement
Rotational Spring: 4_(@— —_—

k,=372.6MN-m

00ST

Backwall:
A =1681m> |
I, =2.085m’

E, = 25124MPa

1000

000T

mecn | h ;

000€

HP310x110 1{/

Fig 4-1 Schematic of numerical model setup

4.1.2 Numerical Moddl Setup

A Simplified model setup was presented in Fig. 4-1. The concrete pilecap was 1
by 1 by 1 m® square solid element and the abutment is stub-type abutment. Pilecap
and single supporting weak-axis oriented H-pile were considered in the numerical
models. Backwall was simplified using beam elements to reduce the complexity of
the model. Differential rotation between superstructure and substructure reported by
Kim and Laman (2012) was also considered using rotational stiffness (x,) based on
a typical four prestressed concrete girder superstructure. This study aso utilized
equivalent cantilever pile length (3 m) to exclude nonlinear soil strata boundaries in
model according to Frosch et al. (2009). A 100 mm lateral displacement was
applied to observe the crack patterns. In previous study, it was found that lateral
displacement in pilecap is gradually increasing due to accumulated and
unrecoverable residual displacement every year (Kim and Laman, 2010). Therefore,
large deformation such as 100 mm of latera displacement at pilecap was

considered for this study.
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4.1.3 Veification of Numerical Model

The analysis results of numerical model is shown in Fig. 4-2. The results of
experimental data and numerical model are matched each other. It should be noted
that displacement is estimated based on elastic deformations of the clamping rods
due to the applied load as described in Frosch et al. (2009). The crack initiation
and propagation were occurred around pile. The strain-stress data of elements was
removed from the actual behavior of the pile-to-pilecap connection. Therefore, the
numerical result data is not presented in Fig. 4-2 after crack propagation. The
maximum forces of experiment was 111 kN. And numerical model was 106 KN.
The difference in load between experiment data and numerical model was within
4%, and the difference in displacement between experiment data and numerical
model was within 12% at maximum loads. In experiment, structural frame test can
make gap between the supports and a loading point. Therefore, 12% difference can
be acceptable for model verification.

120
100 FE analysis Experimental data
(Frosch et al. 2009)
80 -

Load (kN)
N o
o o
1 1

N
o
1

O T T T T T
0 10 20 30 40 50 60
Displacement (mm)

Fig. 4-2 Comparison of numerical model and experimental data

Crack patterns are shown in Fig. 4-3. FEM crack patterns were very similar to
the experimental crack patterns. The cyclic loads were applied in experimental
conditions, however one directiona displacement was applied in numerica model.

Therefore, numerical model showed a crack which is one direction. Based on a
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results of numerical model, the model material and modeling methods could be

reliable for study of pile-to-pilecap connections.

L7
A

(a) Bottom crack patterns of Experiment (b) Bottom crack patterns of numerical model
_ e
|
|
(c) Side crack patterns of experiment (d) Side crack patterns of numerical
model

Fig. 4-3 Crack patterns of experiment and numerical model

4.2 Peaformance in Various Boundary Conditions
In this section, before pile-to-pilecap connection analysis, considered various
boundary conditions are described. Embedded length of H-pile, rotation and latera

trandation is considered to observe the performance of the pilecap.

4.2.1 Structural Performance depending on Embedded Length
The performance of the pilecap was evaluated with embedded length, It is a

important parameter to determine moment capacity of the concrete pilecap. Selected
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embedded length is 300 mm, 450 mm and 600 mm. Fig. 4-4 show detail of
embedded depth, Fig. 4-5 shows load-displacement graph depend on each embedded
depth. It was found that increased embedded depth can increase the resistant
capacity of pilecap. And it was increased linearly. Therefore, increased embedded

depth can improve the resistant capacity of the pile-to-pilecap connection.

T
2 | E
S 0 |

| R S T N
¥ 17 B

L |

. .

I | |
(@ Length 300 mm (b) Length 450 mm () Length 600 mm

Fig. 4-4 Detail of embedded depth

140

Embedded Depth 450mm
120

Embedded Depth 300mm /7
100 |
" \\ /

60 | Embedded Depth 600mm /

Applied Load (kN)

40 -

20

0 10 20 30 40 50 60 70 80
Displacement (mm)

Fig. 4-5 Effect of embedded depth on load-displacement graph

4.2.2 Behavior of |A Bridge according to Various Boundary Conditions

In this study, three boundary conditions were considered. One was TO
(Trandation Only) model (Fig. 4-6(b)), another was RO (Rotation Only) model
(Fig. 4-6(c)), and the other was RO + TO (Rotation only + Trandation only)
model (Fig. 4-6(d)). Each boundary conditions are shown in Fig. 4-6. In most
integral abutment bridges, pilecap is designed as a stub-type, pile-to-pilecap

_26_



connection alows laterally movement more than rotation movement. It does not
alow much of rotation. On the other hand, If a higher pilecap is used, the
pile-to-pilecap connection is likely to rotate, however it does not allow much of
laterally trandlation. Therefore, trandation and rotation were considered as TO
model' and 'RO model' to investigate the crack patterns upon pilecap behavior. In
real behavior of IA bridge, rotation and translation are occurred at the same time.
Therefore, the RO + TO model was used as standard model for proposed

developed pile-to-pilecap connection.

1.0m E'SP' @)

1.0m T

0.45m
f i

30m
Equivalent
length

(@) Conventiona Model (b) TO mode
[?(isp. (A) Disp. (A)

o™

Rotational
axis

(c) RO model (d RO + TO
Fig. 4-6 Effect of boundary conditions on shape of deformation

The crack patterns are shown in Fig. 4-7. Arrows are direction of displacement
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load. Crack were initiated from bottom surface of the pilecap near the H-pile. The
crack directions of TO model and RO model were opposite to each other. The
crack direction of TO model was same with loading direction, however the crack
of RO model occurred opposite direction to the load direction. The crack was
occurred from the edge of H-pile flange due to a contact forcee The RO + TO
model showed better performance and delayed crack initiation than other two cases
since simultaneous translational and rotational movement compensate each of the
influences. RO + TO model was expected to exhibit four-way diagonal crack
propagation, but the results showed that similar results to TO because all models
used a stub-type, 1 m-high pilecap. Depending on the bridge abutment geometries
and boundary conditions, i.e, abutment height, soil tiffness, etc., a TO or RO

crack pattern may occur in actual bridges.

@ TO (b) RO (c) RO + TO
Fig. 4-7 Crack patterns in pilecap depending on boundary condition

Load-displacement graph of three boundary conditions is shown in Fig. 4-8. The
stiffness was increased linearly. The RO + TO model shows better performance
than TO mode and RO model. When same applied force was given, the RO +

TO model has more energy absorption.
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Fig. 4-8 Load-displacement graph depending on boundary conditions

4.3 Proposed Pile-to-pilecap Connection
In this section, proposed pile-to-pilecap connection and the results of the analysis

is described. Load-displacement curves is given at the end of this section.

4.3.1 Proposed Pile-to-pilecap Increased Stiffness Connection Type.

The PennDOT connection type and the spira rebar connection type are shown in
Fig. 4-9. Currently, bridge design specifications stipulate the rebar details for
connection. The PennDOT connection type was made by Pennsylvania University
(2007). PennDOT DM-4 specifies the rebar detail, however it was developed to
prevent from down-drag force in the supporting piles. A 900 mm length D19 rebar
is embedded in the pilecap with H-pile in this model. In spira rebar connection
type, spiral rebar is embedded around pile in pilecap. It is easy to instal and
effective for seismic loads according to Frosch et a. (2009) and Kim et a. (2013).
Both connection types are expected to prevent from crack propagation due to the
increased dtiffness. And parametric study of spiral rebar is given at the end of this
chapter. Obtained results from PennDOT and spiral details can be found in Kim et
al. (2013).
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(b) Spiral rebar connection type
Fig. 4-9 Detail of PennDOT and spiral rebar connection type

The HSS tube connection type and sguare rebar connection type are shown in
Fig. 4-10. Both connection types are similar to the spiral rebar connection type.
The HSS tube connection type is embedded in pilecap. Also, this connection type
is easy to install. And it is expected that the steel tube could prevent from crack
propagation due to the increased stiffness at the bottom of the pilecap. In sguare
rebar connection type, D13 rebar is embedded in pilecap in place of spira rebar.
This connection type is expected to reduce crack propagation due to the increased

stiffness. And the parametric study of this model is presented at the end of this

chapter.
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(@) HSS tube connection type (b) Square rebar connection type
Fig. 4-10 Detail of HSS tube connection type and sguare rebar connection type

The grid rebar connection type is shown in Fig. 4-11. Four D29 steel rebars are
embedded in the pilecap like grid near the H-pile. This connection type is expected
to reduce the crack propagation due to increased stiffness.

£
D29 rebar <ﬁ H é
W b Ko
E i i
§ " n _ E vy
° e 3% E
3
348mm
T HP310X110

Fig. 4-11 Detail of grid rebar connection type

4.3.2 Proposed Pile-to-pilecap Flexible Connection Types

The removed flange connection type and the reduced flange connection type are
shown in Fig. 4-12. Both connection types are expected to increase flexible
behavior. Furthermore, removed flange connection type is expected to reduce stress
concentration since previous study have shown that the crack was initiated from the
H-pile flange. In removed flange connection type, two steel plates is welded on the
bottom of the pilecap to resist the transferred axial force from the superstructure

effectively. And D19 rebar is embedded in pilecap to protect from down-drag force
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in the supporting piles. The stiffness of the pile-to-pilecap connection is expected to
be minimized and mitigated. The reduced flange connection type is shown in Fig.
4-12(b). The flange of the H-pile was reduced under the pilecap. The reduced
length is 600 mm. Since the flange of the HP pile is reduced, this connection type
is expected to reduce the dtiffness of the connection, the reduced stiffness is

expected to the more flexible behavior of the pile-to-pilecap connection.
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Flange Flange
/L HP310x110 HP310x110 ~— HP310x110

(@ Removed flange (b) Reduced flange
Fig. 4-12 Detail of removed flange and reduced flange connection type

Details of the hole connection type and the extended hole connection type are
shown in Fig. 4-13. In hole connection type and extended hole connection type, to
make air gaps artificialy between the H-pile and the pilecap, the polystyrene can
be used to fill the air gaps. When curing of the concrete, the polystyrene can be
embedded in the pilecap to make air gap. In numerical model, the polystyrene is
not considered since the polystyrene has a very small stiffness compared to other
construction materials. In the hole connection type, there are 4 air gaps at the edge
of the flange to reduce the stress concentration since the crack is iniciated from the
edge of flanges. Furthermore, this connection type is expected to more flexible
behavior due to the polystyrene. In the extended hole connection type, the concrete
surface of the pilecap which is contacting to the web was removed. This mode is
expected to alow the displacement due to the spacing between the H-pile and the
concrete of the pilecap. Delayed contact time due to the allowed displacement is

expected to increase flexible behavior.
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Fig. 4-13 Detail of hole connection type and extended hole connection type

The PHC connection type is shown in Fig. 4-14(a). The 65 mm thick PHC pile
is used instead of the HP pile in this connection type and a 3 mm thick 600 mm
length steel pipe is present at the bottom of the pilecap. Half of the length of the
steel pipe is embedded within the pilecap and the other part was on top of the
PHC pile. This sted pipe within the embedded region has shear stud to prevent
down-drag from the pilecap, also plays the role in connecting the PHC and the
pilecap. This connection type is expected to absorb all the energy that the
abutments would receive due to flexible performance. A reduced flange with spiral
rebar connection type is shown in Fig. 4-15(b). This connection type is a
combination of the spiral rebar and the reduced flange connection type. The spiral
rebar is an effective connection type to control crack propagations, increase
structural integrity of the connection, and reduced flange increase flexible behavior.
This connection type is expected to show resist crack propagation after flexible

performance due to reduced flanges.

The dlot connection type is shown in Fig 4-15. Slot connection type is similar to
the extended hole details. This connection type is expected to flexible behavior due
to the alowed displacement.

_83_



335mm

-

‘ ‘ 3mm steel Stee! pipe <“__,_,L(_—/
\ @

oo / - | [Reduced

i i i Flange

n 1! Il

e / ! | HpPa1ox110
' H ‘

e 1

' '

: :

! !

450mm

300mm300mm

HP310X110

D400 PHC pile
(@ PHC connection type (b) Reduced flange with spiral rebar
Fig. 4-14 PHC connection type and reduced flange with spiral rebar connection
type
15mm plate
HEX. Bolt M30
ol
I R
EL ii ii 15mm plate X2 |‘__|
2 1 ! 40mm
Nut //
Bolt /
/77 :;::.QM,_;_/'.%.;_.
HP310X 110

Fig. 4-15 Detail of dot connection type

4.3.3 Obtained Results of Increased Stiffness Connection Types

The crack patterns and the maximum rebar stress of the PennDOT connection
type were shown in Fig. 4-16. The maximum reaction force was 94 kKN a a
displacement of 61lmm. The crack initiation and propagation patterns were similar
to RO + TO model. After numerical model, The pilecap body was splitted into
two pieces due to cracks. Maximum stress of steel rebar was approximately 33
MPa, It was only 11% of f,. The complete pilecap crack was occurred at 61 mm
displacement, maximum rebar stresses were 203 MPa, It was 68% of f,. PennDOT
rebar detail is ineffective for mitigating crack initiation and propagation in the

pile-to-pilecap connection.
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(@) Crack patterns (b) Maximum rebar stress
Fig. 4-16 Crack patterns and maximum rebar stress of PennDOT

Fig. 4-17 shows the results of spiral rebar. The complete pilecap crack was
occurred a a 93 mm displacement. The complete pilecap crack was delayed and
occurred at larger displacement due to spira rebar. The rebar stress was increased
up to 352 MPa after pilecap cracking. The study found that the PennDOT detail
was not effective in preventing crack propagation, however spiral rebar was

effective for increasing the performance of the connection.

(@) Crack patterns (b) Maximum rebar stress
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Fig. 4-17 Crack patterns and maximum rebar stress of spiral rebar connection type

Fig. 4-18 shows the results of HSS tube connection type. First crack was
initiated from the corners of the HP pile a& 33 mm displacement, and this crack
could not propagate due to a HSS tube connection type. Second cracks were
occurred at the edge of the HSS tube connection type at 57 mm displacement.
Compared to RO + TO moded, the HSS tube connection type was not effective
due to rounded corner shape of steel tube. The maximum load of HSS tube
connection type was 83 kN. It is smaller than RO + TO model 90 kN. Von Mises
stress of the steel tube was 49 MPa. It was not failed before second crack,

indicating that steel tube was ineffective in the pile-to-pilecap connection.

(c) Stress patterns of

steel tube
Fig. 4-18 Crack patterns and stress patterns of HSS tube connection type

(a) First crack (b) Second crack

The crack patterns and the plastic strain of the square rebar connection type are
shown in Fig. 4-19. The complete pilecap crack was occurred a 71 mm
displacement. The maximum load of sguare rebar connection type was 111 kN, and
the rebar was failed. Parametric study of the number of the rebar is presented in

the next section.

Fig. 4-20 shows the results of the grid rebar connection type. The maximum

reaction force a& 70 mm was 108 kKN. A plastic strain in the steel rebar occurred
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in the loading direction of the rebar. The grid rebar connection type was more
effective with respect to reaction force and displacement than the PennDOT
connection type (94 kN, 61 mm). An embedded rebar was effective for mitigating
crack initiation and propagation. Therefore, it was expected that using more rebars
would increase the resistance to crack generation. On the other hand, using too
many rebar can decrease the construct ability as compared to the spira rebar

connection type.

(@) Crack patterns (b) Maximum rebar stress
Fig. 4-19 Crack patterns and maximum rebar stress of square rebar connection type

4.3.4 Obtained Reaults from Flexible Connection Types

Crack patterns and plastic strain of the removed flange connection type are
shown in Fig. 4-21. A small crack was observed in the middle of the H-pile. The
crack was not propagated until 100 mm displacement, and the flexible performance
was observed due to plastic hinge (Fig. 4-21(c)). In this connection type, the
pilecap was prevented from stress concentration due to the presence of flange. The
maximum reaction force at 100 mm was 100 kN. This maximum reaction force
was higher than the spiral rebar connection type. This indicated that the energy
absorption capacity of removed flange connection type was better than the other
connection types. An embedded rebar in the pilecap yielded 98 mm displacement.
The plastic strain of the rebar was 0.00016. This indicated that the plastic hinge
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reduced the pile stiffness.

(@) Crack patterns (b) Plastic strain
Fig. 4-20 Crack patterns and plastic strain of grid rebar connection type

(@) Crack patterns (b) Plastic strain

(c) Deformation (Scale 20)
Fig. 4-21 Crack patterns and plastic strain of removed flange connection type
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Fig. 4-22 shows the results of the reduced flange connection type. The crack was
not propagated until 100 mm displacement. The maximum reaction force at the 100
mm displacement was 120 kN. A plastic hinge was also observed in reduced

flanges, flexible performance was observed (Fig. 4-22(c)).

(@) Crack patterns (b) Plastic strain

(c) Deformation (Scale 20)
Fig. 4-22 Crack patterns and plastic strain of reduced flange connection type

Fig. 4-23 shows the results of the hole connection type. The crack patterns of
the concrete was shown in Fig. 4-23(a) and stress patterns of H-pile was shown in
Fig. 4-23(b). The maximum reaction force at 57mm was 85 kN. Hole connection
type was expected to the flexible performance, however the flexible performance
did not observe due to the resistance of the web. Comparing with RO + TO, hole
connection type was inefficient to improve the performance of the pile-to-pilecap

connection.
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(b) Stress contour of HP pile

(c) Crack patterns before crack (d) Crack patterns after crack
Fig. 4-23 Crack patterns and stress contour of hole connection type

Fig. 4-24 shows the results of the extended hole connection type. During
construction, the air gap can be filled with polystyrene. The contact stresses were
not transferred to the pilecap before contact occurred due to air gaps. Therefore,
the reaction force was approximately zero until a 20mm displacement was reached.
After 20 mm displacement, small crack was occurred due to the contact force
between HP pile and pilecap. The negligible crack was occurred until 100 mm
displacement. This indicates that the proposed extended hole connection type could
be used for mitigating cracks in the pilecap. The displacement of this study could
be readjusted instead of 20 mm to allow a larger displacement. However, too much
large gap could cause instability of the connection and a construct ability. The
further study should be conducted to find optimized hole. The maximum stress of
the H-pile was 55.9 MPa at the contact area. The maximum stress was lower than
yield stress of the steel rebar (400 MPa). The plastic strain of the H-pile was
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occurred at the fixed location. The crack of concrete was not propagated until the

displacement of 100 mm.

(@) Crack patterns (b) Stress contour of H-pile before
contact

N

N \
(b) Crack patterns before contact (c) Crack patterns after contact

Fig. 4-24 Crack patterns and stress contour of extended hole connection type

Fig. 4-25 shows results of the PHC connection type. The maximum reaction
force was 30 kN at a displacement of 25 mm. This connection type was inefficient
compared to other connection types. The plastic strain was not occurred in pilecap
in this model. However, The plastic strain was occurred the edge of the bottom
fixed location. The contact force did not transfer to pilecap since the moment and
stresses were concentrated in fixed location. After improve the detail of PHC
connection type, the further study should be conducted analysis.

Fig. 4-26 shows the results of the reduced flange with spiral rebar connection
type. The flexible behavior was observed (Fig. 4-26(c)), furthermore small crack

initiation was observed near the H-pile in the pilecap but crack propagation was
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not occurred. The maximum reaction force was similar to the removed flange
connection type at a displacement of 100mm. This indicated that the influence of
gpiral rebar was small when spiral rebar was used with the reduced flange. A
plastic hinge was also formed at the pile as shown in Fig. 4-26(h).

N h—

(@) Crack patterns
Fig. 4-25 Damaged area of PHC connection type

(@) Crack patterns (b) Plastic strain

(c) Deformation (Scale 20)
Fig. 4-26 Crack patterns and plastic strain of reduced flange with spiral rebar

connection type

Fig. 2-27 shows the results of the slot connection type. The allowed displacement
was 20 mm due to 40 mm slot. The reaction force was approximately zero until a

20 mm displacement was reached without any stress transferring to the concrete
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pilecap. After the displacement of 20 mm, a contact was formed between the bolts
and the dlot surface and the contact forces started to transfer. Fig. 4-27(b) shows
the deformed shape after the contact. A plastic strain occurred at the dot

connections. The crack initiation occurred at a displacement of 36 mm. However,

the crack did not propagate until a displacement of 100 mm occurred.

e -

| —
| |
|
L
|

|
| L
(8 Crack patterns (b) Plastic strain
Fig. 4-27 Crack patterns and plastic strain of dot connection type

4.3.5 Comparison of Load-displacement Curves
The maximum displacement, the reaction force and the calculated energies are

presented in Table 1. Fig. 4-28 shows load-displacement curves of PennDOT,
square rebar, grid rebar, HSS tube connection type and spiral rebar connection
type. The performance of the PennDOT rebar detail shows the same performance
as to RO + TO. This data indicates that PennDOT connection type is not effective
to control the crack propagation. The grid rebar connection type shows the same
performance as to the square rebar connection type. The grid rebar and sguare
rebar exhibits higher strength and displacement compared to RO + TO model. The
concrete crack failure of the HSS tube connection type occurs at a displacement of
56mm. The connection failure occurs even earlier than the RO + TO model. This
indicates that the HSS tube connection type can not prevent crack propagation and
adlow a large reaction force. The spiral rebar connection type shows 1.6 times

higher strength and displacement compared to RO + TO. Concrete cracks
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generation are delayed and strength is increased significantly due to spira rebar.
The energy absorption is increased to 6371 kN-mm compared to RO + TO model
(2610 kN-mm). However, the stiffness is not changed.
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Spiral rebar
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2
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Applied load

40 -
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0 10 20 30 40 50 60 70 80 90 100
Displacement (mm)

Fig. 4-28 Load-displacement curves obtained from increased stiffness connection
types

The results of RDF (Reduced flange) connection type, RMF (Removed flange)
connection type, PHC connection type, slot connection type, hole connection type,
extended hole connection types, and reduced flange with SR (Spiral Rebar)
connection type are shown in Fig. 4-29. RMF connection type, RDF connection
type and RDF with SR connection type show no crack propagation and less
stiffness compared to other connection types. Also, The larger displacement are
obtained. RMF connection type showed a small energy since a small reaction force
is generated due to the effect of the removed flange. The maximum reaction force
a 100 mm displacement is 100 kN. The D19 rebar which is inserted for resisting
the downwards force from the pile start to yield at a displacement of 98 mm. The
plastic strain of D19 is occurred at 100 mm displacement. RDF connection type
and RDF with SR (spira rebar) connection type shows the same performance each
other. The energies of the RDF connection type and the RDF with SR connection
type are 6694 and 6699 kN-mm. This indicated that the reduced flange is not
efficient with spiral rebar. The RMF connection type shows small energy absorption
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capacity, this indicates that the performance of RMF connection type is improved.
The small reaction force is generated in the RMF connection type compared to the
RDF connection type and the RDF with SR connection type, this indicates that
removed flange is more efficient than reduced flange to flexible performance of
pile-to-pilecap connection. The slot connection and the extended hole connection
type shows no reaction forces up to a displacement of 20 mm due to extended
holes and dotted holes. After contact occurred, the reaction forces significantly and
rapidly increased. The performance of the hole connection type shows the same
performance as to RO + TO model. This indicates that the hole connection type is
inefficient compared to other connection types. The PHC connection type shows

small strength and displacement due to damaged bottom surface of pile.
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Fig. 4-29 Load-displacement curves obtained from flexible connection types
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Table 1 Obtained results from all connection types

Maximum
: . : Energy
Connection type displacement Reaction Force
(KN-mm)
(mm)

TO 14 64 439
RO 22 49 539
RO + TO 58 90 2610
PennDOT 61 94 2827
Square rebar 71 111 3829
Grid rebar 70 108 3764
HSS tube 56 83 2303
Spiral rebar 93 137 6371
Removed flange 100 100 5940
Reduced flange 100 120 6694

Reduced flange
_ , 100 120 6699

with spiral rebar
Hole 57 85 2446
Extended hole 100 95 3987
Slot 100 96 4022
PHC 25 30 471

4.4 Parametric Study
In this section, conducted parametric study of the spiral rebar and the sguare
rebar are described. Conducted parametric study is rebar size, rebar diameter, pitch

size and the number of rebar.

4.4.1 Parameter of Parametric Study

The parametric studies of the spira rebar and the square rebar are conducted.
The conducted parametric studies on the spiral rebar and the sguare rebar are
shown in table 2 and table 3.
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Fig. 4-30 Parameter of spiral rebar
Table 2 Parameter of spiral rebar

(A) Diameter (B) Pitch (C) Length (D) Width
(mm) (mm) (mm) (mm)
9.53 50 450 470
12.7 50 450 470
254 50 450 470
12.7 25 450 470
12.7 100 450 470
12.7 50 450 520
12.7 50 450 570
12.7 50 450 670
12.7 50 450 470 (bottom) - 670 (top)

Table 3 Parameter of square rebar
Diameter Pitch
The number
(mm) (mm)
12.7 0 1
12.7 120 2
12.7 120 4
12.7 50 8
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4.4.2 Reaults of Parametric Study

The results of developed connection types regarding a parameter of pitch spacing

have been shown in Fig. 4-31. A smaller pitch spacing shows a increased reaction

force and a increased displacement compared to larger pitch spacing. The reaction

force with a 50 mm pitch spacing increase up to 14.4% compared to a 100 mm

pitch spacing. The applied load of a 25 mm pitch spacing increase up to 3.2%

compared to a 50 mm pitch spacing. The obtained results indicates that pitch

spacing should be considered in design code.
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Fig. 4-31 Parametric study on pitch spacing of spira rebar

The results of developed connection types regarding a parameter of diameter have

been shown in Fig. 3-32. A rebar with larger diameter shows increased reaction

force and a increased displacement compared to smaller diameter. The reaction

force of 12.7 mm diameter increase up to 10.2% compared to the 9.53 mm

diameter. The reaction force of 25.4 mm diameter increase up to the 12.7 mm

diameter 0.8%. The largest increased in the diameter is 12.7 mm from 9.53 mm.

The obtained results shows that the diameter should be considered in design code.
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Fig. 3-32 Parametric study on diameter of spiral rebar

The results of developed connection types regarding a parameter of width have
been shown in Fig. 4-33. A wider width shows a smaller reaction force and a
smaller displacement compared to narrow width. The reaction force of 570 mm
width increase up to 5.6% compared to the 670 mm width. The reaction force of
520 mm width increase up to 1.7% compared to the 570 mm width. The reaction
force of 470 mm width increase up to 8.9% compared to the 520 mm width. The
obtained results indicates that width of spiral rebar should be considered in design

code.

Applied Load (kN)

(o] 10 20 30 40 50 60 70 80 90 100
Displacement (mm)

Fig. 4-33 Parametric study on width of spiral rebar
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The results of developed connection types regarding a parameter of asymmetry
spiral have been shown in Fig. 4-34. The asymmetry spiral rebar shows the same
performance compared to 470 mm width. The reaction force of 470 mm width
increase up to 2.1% compared to the asymmetry spiral rebar. This obtained result
indicats that bottom width of spiral rebar should be considered in design code to

improve the performance of pile-to-pilecap connection.
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Fig. 4-34 Results of asymmetry spiral rebar

The results of developed connections regarding the quantity of square rebar have
been shown in Fig. 4-35. The performance with one square rebar shows ineffective
performance. The performance with two rebars shows the same behavior with the
four rebars. This indicates that a embedded rebar in the top do not improve the
performance of pile-to-pilecap connection. The eight rebars show the largest applied
force and displacement compared to other connections. The results indicates that the

quantity of square rebar should be considered in design code.
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The results of calculated energies are shown in Table 4 and Table 5. A larger
diameter, a smaler pitch spacing and a smaller width shows a larger energy
absorption capacity. A asymmetry spiral
capacity compared with 470 mm width. The energy absorption capacity with eight
rebars increased up to 31.2% compared to four rebars. The shape of spiral rebar

and the number of rebar should be considered in design code due to different

10

20

energy absorption capacity.

Table 4 Results of parametric study of spiral rebar

30 40

1 rebar

2 rebar & 4 rebar

50 60

Displacement (mm)

Fig. 4-35 Parametric study on quantity of square rebar

70

80

8 rebar

20

100

rebar shows similar energy absorption

(A) (B) (© (D) Maximum Reaction E
Diameter | Pitch | Length Width displacement Force kl\rllergy
(mm) | (om) | (mm) | (mm) (mm) gy |
9.53 50 450 470 100 126 5353
12.7 50 450 470 93 137 6371
254 50 450 470 100 140 7382
12.7 25 450 470 100 144 7400
12.7 100 450 470 8l 122 4934
12.7 50 450 520 90 128 6058
12.7 50 450 570 84 125 5249
12.7 50 450 670 80 119 4911
470
12.7 50 450 (bottom) 93 142 6447
- 670 (top)
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Table 5 Parametric study results of square rebar

_ _ Maximum Reaction
Diameter | Pitch , Energy
Number displacement Force
(mm) (mm) (KN-mm)
(mm) (KN)

12.7 0 1 71 56 1915
12.7 120 2 74 55 2034
12.7 120 4 74 56 2042
12.7 50 8 85 65 2681

4.5 Supersgtructure Model

In this section, the superstructure was modeled with a consideration of
load-displacement data obtained from previous pile-to-pilecap connection models.
Thermal expansion of the superstructure was considered and damaged elements

were counted depending on the pile-to-pilecap connections types.

4.5.1 Development of Superstructure Model

In order to compare the performance of each mode of pile-to-pilecap
connections, another numerical model is developed. The details of superstructure are
shown in Fig. 4-36, 4-37 and 4-38. The 2D numerica model is developed in order
to confirm the performance of superstructure with pile-to-pilecap connections. The
abutment is a cohesive element. Generaly, cohesive elements are useful in
modeling adhesives, bonded interfaces, gaskets and rock fractures. The congtitutive
responses of these elements are based on specific applications and certain
assumptions about the deformation, and the stress states are appropriate for each
application area. The nature of the mechanical constitutive response can be broadly
classified based on Abagus 6.13 manual. In the superstructure model, the cohesive
material properties were determined based on the results of pileto-pilecap
connections. The girder in the model is an elastic material, therefore the elements
of girder can not show any plastic behavior. The dab is a concrete damaged
plasticity model. The D19 longitudina rebars are placed in the top of the dab with
the spacing of 228.6 mm, the D19 longitudina rebars are placed in the bottom of
the slab with the spacing of 457.2 mm. The pairs of D16 stud rebar are placed up
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to 15.24 m from the edge along the length of the girder with the spacing of 300
mm. Likewise, the pairs of D16 stud rebar are placed between 15.24 m and 45.72
m aong the length of the girder with the spacing of 450 mm. The temperature
load is aso considered in this numerical model. At the bottom of the dab, the
temperature is 0C, and on the top of the dab the temperature is 15C. The
compression strength of the bridge is shown in Table 6. Obtained results, the

evaluation was conducted and compare with each model.
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Fig. 4-37 Cross sectiona view of the numerical model
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Fig. 4-38 Profile of the numerical model

Table 6 Compression strength of bridge

Deck slab, Backwall 27.6 MPa
Girder 55.2 MPa
Abutment 20.7 MPa

4.5.2 The Reaults of Increased Siffness Superstructure Model

Fig. 4-39 shows crack patterns of superstructure model with RO + TO. The
crack was occurred at the edge of slab and a support. A main crack occurred
between a girder and a dlab. This indicated that when a 100 mm displacement
occurred in the 121.92 m bridge, the girder and slab were separated. The number
of damaged elements were 1205.

() Crack patterns at the edge
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(b) Crack patterns in mid-span
Fig. 4-39 Crack patterns of RO + TO

Fig. 4-40 shows crack patterns of superstructure with PennDOT. The number of
damaged elements were 1187. Crack patterns were similar with RO + TO due to
similar stiffness. However, obtained pile-to-pilecap connection results, the complete
pilecap crack with RO +TO was occurred at 58 mm displacement, the complete
pilecap crack with PennDOT connection type was occurred a a 61 mm
displacement. Therefore, RO + TO showed inefficient performance compared to

PennDOT connection type.

(@) Crack patterns at the edge

e

(b) Crack patterns in mid-span
Fig. 4-40 Crack patterns of PennDOT connection type
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Fig. 4-41 shows the crack patterns of superstructure with square rebar connection
type. The crack patterns was similar with RO + TO. The number of damaged
elements were 999, which was decreased compared to RO + TO. The square rebar

connection type showed better performance compared to RO + TO.
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(&) Crack patterns at the edge

. |

(b) Crack patterns in mid-span
Fig. 4-41 Crack patterns of square rebar connection type
Fig. 4-42 shows crack patterns of superstructure with grid rebar connection type.
The number of damaged elements (932) decreased compared to RO + TO (1205).
Furthermore, a main crack length which was between girder and dab was
decreased compared to the RO + TO. However, a main crack length between the
girder and the dab was not decreased compared to other connection types, this
indicated that grid rebar connection type was inefficient to improve the performance

of the superstructure.
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(b) Crack patterns in mid-span
Fig. 4-42 Crack patterns of grid rebar connection type

Fig. 4-43 shows the crack patterns of superstructure with HSS tube connection
type. At the edge, crack patterns were similar with RO + TO model due to similar
stiffness. Additionally, the number of damaged elements (1216) were similar with
RO + TO modd (1205). This results indicated that HSS tube connection type is
not improved the performance of the pile-to-pilecap connection.

Crack patterns of superstructure with spiral rebar connection type are shown in
Fig. 4-44. Crack patterns, a main crack length and number of damaged elements
(863) decreased, as compared to the RO + TO model due to increased stiffness.
This results indicated that the spiral rebar was efficient to improve the behavior of

superstructure.
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(@) Crack patterns at the edge
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(b) Crack patterns in mid-span
Fig. 4-43 Crack patterns of HSS tube connection type
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(b) Crack patterns in mid-span
Fig. 4-44 Crack patterns of spira rebar connection type

4.5.3 The Reaults of Flexible Supergtructure Model

Fig. 4-45 shows the results of the RMF connection type. The number of

damaged elements was 882. The crack

length between the girder and the dlab was
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shorter than that in the RO + TO model. This results indicated that the removed
flange reduced the crack propagation of superstructure, therefore, removed flange is
efficient model.

Crack patterns of the superstructure with reduced flange were shown in Fig.
4-46. Crack patterns were similar to RO + TO model, however damaged elements
(827) were decreased compared to RO + TO model (1205). This indicated that
reduced flange improve the performance of the superstructure due to the flexible
behavior. The flexible models were more efficient than the increased stiffness

models.

(b) Crack patterns in mid-span
Fig. 4-45 Crack patterns of removed flange connection type

Crack patterns of the superstructure with reduced flange with spira rebar are
shown in Fig. 4-47. The number of damaged elements was 827. The performance
of the superstructure was similar to that of RDF connection type due to similarity
in dtiffness. Additionally, the crack patterns and crack length were similar with RO
+ TO model. However, the number of damaged elements were decreased flexibility
in the behavior. Therefore, RDF connection type with spiral rebar increased the

performance of the superstructure due to flexible behavior.
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(@) Crack patterns at the edge
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(b) Crack patterns in mid-span
Fig. 4-46 Crack patterns of reduced flange connection type
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(b) Crack patterns in mid-span
Fig. 4-47 Crack patterns of reduced flange with spiral rebar connection type

Fig. 4-48 shows the crack patterns of superstructure with the hole connection
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type. The damaged elements (1074) were generated compared to other flexible
models, aso the larger moment developed on the top of the abutment due to low
rotational stiffness. This indicated that the performance of hole was not flexible.

The crack patterns of the superstructure with extended hole connection type are
shown in Fig. 4-49. The crack length between the girder and the dab was
improved compared to other models due to alowed displacement. The number of
damaged elements was 511. This indicated that the flexible model was more
efficient in improving the performance of the integral abutment bridge compared to
increased stiffness models. The efficiency of the extended hole connection type was
increased up to approximately 42% compared to RO + TO model. Therefore, the
flexible models could improve the performance of the superstructure compared to
increased stiffness models.

(@) Crack patterns at the edge

e | i -

(b) Crack patterns in mid-span
Fig. 4-48 Crack patterns of hole connection type

Fig. 4-50 shows the crack patterns of the superstructure with slot connection. The
damaged elements (295) were small compared to other models due to a 40 mm
displacement. The results indicated that the allowed displacement connection showed
improved performances compared to the increased stiffness connection types.
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(@) Crack patterns at the edge
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(b) Crack patterns in mid-span
Fig. 4-49 Crack patterns of extended hole connection type
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(a) Crack patterns at the edge

(b) Crack patterns in mid-span
Fig. 4-50 Crack patterns of slot connection type

The crack patterns of the superstructure with PHC connection type are shown in
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Fig. 4-51. PHC connection type showed inefficient performance. However, in
superstructure model, The performance of PHC connection type showed similar with
the RO + TO model. The number of damaged elements (1074) were small
compaed to RO + TO model. The stiffness of PHC connection type was
non-linear in previous study, however, the inserted stiffness data was changed
linear, and the changed stiffness data was similar with the RO + TO model,
therefore RO + TO model shows the inefficient performance.

() Crack patterns at the edge

(b) Crack patterns in mid-span
Fig. 4-51 Crack patterns of PHC connection type

Fig 4-52 shows the results of 80 mm dlot connection. The performance of slot
connection was increased compared to the 40 mm slot connection. Furthermore, the
number of damaged elements decreased from 295 (40 mm slot connection) to 258
(80 mm slot connection), which indicated that an increased slot size could increase

the performance of the superstructure and abutment.
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(@) Crack patterns at the edge

(b) Crack patterns in mid-span
Fig. 4-52 Crack patterns of 80 mm slot connection type

The damaged elements of the concrete are shown in Table 7, the results of the
superstructure models are shown in Fig. 4-53. In increased stiffness models, the
spira rebar was efficient compared to other increased stiffness models. The flexible
connection types showed better performance compared to increased stiffness
connection types, however, when connection type is used, the axis-force due to

superstructure should be considered.
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Table 7 Damaged elements of pile-to-pilecap connection

Connection type The number of damaged elements
RO + TO 1205
PennDOT 1187

Square rebar 999
Grid rebar 932
HSS tube 1216
Spiral rebar 863

Removed flange 882

Reduced flange 827

Reduced flange with spiral rebar 827
Hole type 1074

Extended hole 511

Slot connection 295
PHC 1212
80 mm dot 258
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Chapter 5

Conclusions and Recommendations

In this study, new pileto-pilecap connections were developed and developed
connections were evaluated. The parametric studies of developed pile-to-pilecap
connections were conducted and evaluated. It was found that the developed
connections can resist up to 100 mm thermal displacement of superstructures.

Followings are the conclusions derived from obtained results of this study.

5.1 Conclusions from Proposed Connections
* The developed models using Abagus explicit 6.13 with the concrete damage
plasticity model well predicted the experimental behavior of pile-to-pilecap

connection.

* The performance of the IA bridges against thermal movement improved by

flexible connections that alowed larger displacements and lower reactions.

* To increase the stiffness and mitigate possible four-way diagona cracks from
the HP pile, using rebar (PennDOT, Square rebar, Grid rebar) did not

effectively improve the connection performance.

* The HSS tube connection type reduce the crack propagation. However, the
second crack was occurred, results in earlier failure and smal energy

absorption compared to RO + TO model.

* The HSS tube connection type, hole connection type and PHC connection type

were not recommended because it caused earlier complete crack failure.

* As flanges were removed, the reaction forces were reduced approximately up

to 25% compared to the reaction forces of spiral rebar connection type.
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* Extended hole and dlot connections alowed 20 mm displacements without

reaction forces.

* The behavior of the PHC connection type was brittle failure. Therefore, PHC

connection types are not recommended for the pile-to-pilecap connection.

* The energies of extended hole and slot connection generated against a 100 mm
displacement were smaller than spiral rebar connections. This indicates that the
proposed connections of this study performed better in terms of minimized

reaction forces and crack prevention.

5.2 Conclusions from Parametric Study

*In the parametric study of spira rebar, a smaller pitch spacing increased
resistant capacity of the pilecap. Therefore, the pitch spacing should be

considered in design code.

* In the parametric study of spiral rebar, a larger rebar diameter showed more
efficient performance compared to a smaller diameter. Therefore, the diameter

of spiral rebar should be considered in design code.

* The results of parametric study of spiral rebar, a narrow width increased the
reaction forces. Therefore, the width of spiral rebar should be considered in

design code.

* In the asymmetry spiral rebar, a top rebar width in pilecap did not influence
the performance of the pile-to-pile connection. Therefore, bottom rebar width

should be considered in design code.

* In the parametric study on square rebar, the stiffness was increased linearly
according to the number of rebar. Therefore, quantity of rebar should be

considered in design code.
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5.3 Conclusions from Superstructure Model

*In Slot connection type, the crack of superstructure did not propagate due to

alowed displacement.
* Increased rotational stiffness showed a decrease in crack to the superstructure.

* In dlot connection type, an increased dlot length showed better performance of

the superstructure.

* Increased stiffness of pileto-pilecap connection did not influence the
performance of the superstructure, whereas the flexible models were increased

the performance of the superstructure.

* The dot connection is the best choice to improve the performance of a bridge

because of effective behavior.

5.4 Recommendations for Further Study

* To predict more accurately data, soil-pile interaction, backfill-pile interaction

and gravity load should be considered in analysis.
* The soft ground condition should be considered.

* To ensure anaysis data, experiment should be conducted. Furthermore, analysis

data should be compared to experimental data.

*In PHC connection type, fixed bottom surface of pile was damaged before
flexible behavior of the pileto-pilecap connection. Therefore, the PHC
connection type should be improved and analysis should be conducted.

* The therma load is changed daily. Therefore, the analysis for cyclic load

should be considered to observe the detail behavior.
* The optimization study of the slot connection should be conducted.

* The analysis of fatigue for pile-to-pilecap connection will be conducted.
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* 3D superstructure model should be developed and conducted to observe the

detail crack patterns of the superstructure.
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