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RESUMEN

Estudios realizados por Stewart et al, 2007, ygpmsimente por Lemnitzer et al, 2013, han
mostrado que para una pila con restriccion al gwo el cabezal (Fixed — Head) los
desplazamientos por esfuerzo de corte pueden llegagontribuir en un 40% de los
desplazamientos totales, a nivel de terreno, yeserg que el efecto de corte influye en la
determinacion de curvas p — y. De esta forma, satihzado un modelo de interaccion corte —
flexion para estimar el efecto del corte en la mei@acion de las curvas p — y, modelo
inicialmente propuesto por Massone et al, 2006 phanalisis de muros de H.A, extendiéndolo
en este trabajo para el andlisis de columnas.

Dada la geometria de la pila, distintas versioredsmbdelo de interaccion se han validado
utilizando la respuesta global carga — desplazamieie ensayos de columnas circulares
recopiladas de la base de datos de PEER, 2011, Kadashima Lab, 2011, estudiando la
respuesta en términos de rigidez, capacidad maxidesplazamiento al 10% de degradacion de
capacidad. Estos especimenes fueron seleccionadimsnda de observar degradacion por corte
en la respuesta. Se ha encontrado buena correlacitinen rigidez como en capacidad, teniendo
valores de razon promedio entre el modelo y elyans@ ¢,,,4/Vexp) 0.91 para la capacidad
maxima y de K4/ Kexp) 1.3 para la rigidez, con coeficientes de variaai@ 0.09 y 0.18,
respectivamente, usando el modelo de interaccién uwro perfil calibrado de deformaciones
laterales o expansiore,{. Al estudiar la degradacion, se ha observado dwenmrelacion al
utilizar una discretizacion en la direccion londitnal con una razon diametro — largo del
elemento D/hy) igual a 2.0, obteniendo asi un valor promedio(&g,q/dexp) 0.86 con un
coeficiente de variacion de 0.38. El modelo de iflex por su parte, entrega valores de
(Vinoa/Vexp) 1gual a 1.1 Y Kioa/Kexp) igual @ 1.9. No se considero el analisis 8ig,§/6exp)
por no observar degradacion en 6 de 10 casos degaeformacione®,,q/8cxp > 2).

Las curvas p — y fueron determinadas para un erd@ayma pila Fixed — Head, realizado por
Stewart et al, 2007, utilizando un procedimient@peste de la respuesta global de un modelo de
flexion y a su vez de un modelo de interaccion.uflezd la forma base de las curvas p — y
propuestas por API (1993) para una arcilla durayaca@na respuesta trilineal. Los resultados
muestran que para la curva p — y ubicada en larfitipede terreno, la razén entre modelo de
flexion e interaccion es dep riex/Pu inter) igual a 0.67 para la resistencia Ultima y de
(Kriex/ Kinter) igual a 0.77 para la rigidez inicial. Los desplazentos por corte contribuyen en
un 35% de los desplazamientos totales, para unladespiento lateral de 3.0 in a nivel de
terreno.

Adicionalmente, se realizaron analisis de senddiilj en donde se determiné que el efecto de
corte esta concentrado entre la superficie deneryeuna profundidad de 2 diametros (48 in) y
ademds, se mostr6 que aumentando al doble la aranadunsversal en esta zona se logra
aumentar la capacidad en un 7%, para un desplazi@nue 3.0 in, y aumentar la ductilidad de la
pila en un 50%. En este caso las deformacioneggfaerzo de corte contribuyen en un 13% de
los desplazamientos totales, para un desplazanmieetal de 6.0 in, que es el punto en donde se
observa degradacion.



ABSTRACT

Prior studies developed by Stewart et al, 2007,lamdnitzer et al, 2013, have shown that for
a pile with rotation restrained at the top (FixeHead), shear displacements can contribute up to
40% of total displacements, at ground line, andgsag that shear effect would affect the
calculation of p — y curves. Thus, a shear — flexateraction model has been used in order to
assess the effect of shear in computing p — y sup¥¢he soil, model proposed by Massone et al,
2006, originally formulated for RC walls is extedder column analysis.

The interaction model, with different assumptiomwd been validated using the total load —
displacement response of column tests providederdatabase of PEER, 2011, and Kawashima
Lab, 2011, studying the response in terms of rigidstrength and displacement at 10% of
strength degradation. The specimens were selestedder to observe shear degradation in the
response. It was found good correlation when ptedjaigidity and also strength, where the
mean values of model over test ratio wéfg( /Ve.,) 0.91 for strength and<(,,,/K,,) 1.3 for
rigidity, with standard deviations of 0.09 and Q.iéspectively, using the interaction model with
a calibrated profile of lateral strains or expansig,). It was observed good correlation in
degradation when using a longitudinal discretizatid diameter — element length ratib /(h;)
of 2, thus obtaining a mean value 6f,(,/5.x,) 0.86 with a standard deviation of 0.38. Flexure
model give values oflf,,4/Vexp) €qual to 1.1 andK,,q/Kexp) €qual to 1.9. The analysis of
(8moa/Oexp) iS NOt considered, because shear degradatiometasbserved in 6 of 10 cases at
large displacement$,(,,q/8exp > 2).

The p — y curves were calculated for the Fixed adHpile test performed by Stewart et al,
2007, using a fitting procedure of the global rewsmo of the flexural model and also for the
interaction model. The base p — y curves shapeoggempby API (1993) for a stiff clay, as a tri —
linear response, were used for this purpose. Teidteeshow that for the p — y curve located at
ground line, the flexure over interaction modeliaat @, riex/Pu inter) €qual to 0.67 for
ultimate capacity andKg../Kinter) €qual to 0.77 for initial rigidity. Shear disp&anents
contributed up to 35% of the total displacemerttgyaund line.

In addition, sensitivity analyses were performetere it was found that the effect of shear is
concentrated between ground line and a pile defpghdiameters (48 in). It was also shown that
doubling the transverse reinforcement in this zor@eases the capacity in 7%, at a lateral
displacement of 3.0 in, and ductility is increase®0%. Shear displacements contribute up to
13%, at a lateral displacement of 6.0 in, wherealdgfion is observed.
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CHAPTER 1. Introduction

1.1. Introduction

Cast — In — Drilled — Holes (CIDH) shafts are supgbements used in highways and bridges.
The behavior of these types of structures is ctiattdoy the properties of the shaft and the
surrounding soil. For good estimation of the resgof these elements, it is necessary to
consider the interaction between the shaft andgdlileby using a proper model. A pile nonlinear
beam — column finite element model along with a y €urves approach, for the soil, is
commonly used to assess this interaction.

Prior test was conducted on a 24 in diameter Fixétead pile, with an embedded length of
600 in, in order to predict soil — structure intdran (Stewart et al, 2007) and calculating the p —
y curves of the solil using the test profiles. Fos tase, a uniaxial fiber model was used to model
the RC elements. Later, a model that couples tharsdnd axial — bending behavior was applied
for the analysis, using the p — y curves obtaingd®tewart et al, 2007. It was found that for a
Fixed — Head pile (rotation restrained) the shespldcements are contributing up to 40% of the
total displacements, suggesting that nonlinear rsHeformations should be considered when
modeling a Fixed — Head pile, and that an apprtgisansor layout should be used to capture
shear deformation when deriving p — y curves fragldfmeasurements (Lemnitzer et al, 2013).
A shear — flexure interaction model consists in @rmscopic fiber — based model where the
fibers have a panel behavior, i.e., with axial defations and angular distortions in the plane of
the panel (Massone et al, 2006). Therefore, theeicah integrate the resistance and rigidity
degradation caused by shear (diagonal tension mp@ssion), effect that the uniaxial fiber
model does not integrate and may be relevant, digpgion the shear — span ratio of the element
or the restraining conditions.

The shear — flexure interaction model has beenldped and applied for walls (Massone et
al, 2006, Massone et al, 2009, Massone, 2010)if@reint conditions of axial load, longitudinal
and transversal reinforcement ratio and shear r igi@s. It has also been extended for its use in
beam elements (Galleguillos, 2010, Gotschlich, 20&hd is used here for the analysis of
columns.

1.2. Objectives

The main objective of this work is to assess tHecefof shear in the calculation of p — y
curves for a RC pile test, in terms of the ultimegsistance and initial rigidity of p — y curve. To
accomplish this, first, a fiber — based model tt@iples shear and axial — bending behavior will
be validated for RC columns tests, for differergah— span, reinforcement and axial load ratios.
The discretization of the cross section is studiedhis purpose and the effect of the transversal
reinforcement is to be assessed, in terms of cemfant and effective shear force. Second, p —y
curves should be characterized for a stiff, clagey, since the beam — column model will be
applied along with the p — y curves approach. Rmé#he effect of shear in the calculation of p —
y curves will be assessed comparing the results thié ones obtained using a uniaxial fiber
model.



1.3. Methodology
To achieve the objectives mentioned above thewviatig steps are followed:

o0 The constitutive laws for the materials will be idefl, for concrete in tension and
compression and reinforcement steel. The uniaxuaves available in the literature
will be considered here.

o The validity of the shear — flexure interaction rabdill be studied for its application
on RC columns. The validation is performed usirgiodel proposed by Massone et
al, 2006, for walls, making an extension for col@miror this purpose, a set of
columns tests provided by the PEER, 2011, and KlawesLab, 2011, databases are
used. The load — displacement responses from skewall be compared with the ones
obtained from the analytical results.

o The constitutive laws should be defined for a stifyey soil, in terms of the p — y
curves, i.e., the soil resistance vs. displacerferd uniaxial spring representing a soil
element. The API (1993) stiff clay p — y curve via# used for this purpose

0 The shear — flexure interaction model will be caltbd to predict the response of a
Fixed — Head pile. This calibration is performedhgsa fitting procedure of the p — y
curves, based on a prior full scale test perforimg&tewart et al., 2007, on a Fixed —
Head pile.

1.4. Scope

CHAPTER 1: Introduction

The motivation of this work is presented along r@inaduction based on previous research on
the shear — flexure interaction model. The objestiand methodology of this work is also
presented.

CHAPTER 2: Constitutive Laws of Materials and p €Eyrves Characterization

The constitutive laws for concrete and reinforcenstgael are defined, based on the models
available in the literature. The constitutive laave defined for the surrounding soil, based on the
p —y curves available in the literature. The aggilon on piles is presented.

CHAPTER 3: Shear — Flexure Interaction Model

A detailed description of the flexure and shearexure interaction models are provided,

based on previous research about the model. Trensgah of the model for RC columns is
detailed in this part.



CHAPTER 4: Analysis of the Shear — Flexure IntatacModel on Columns

The shear — flexure interaction model is analyzed walidated for its application on RC
columns, for a different shear — span, reinforcemamd axial load ratios, comparing the
analytical results with the tests available in tREER, 2011, and Kawashima Lab, 2011,
databases.

CHAPTER 5: Analysis of the Shear — Flexure IntecacModel on a Pile

A fitting procedure is performed to calculate the p curves of the surrounding soil, in order
to represent the response of a prior full scalegegormed on a Fixed — Head pile. The p —y
curves are calculated using a flexure and a shdkaxdre interaction models. The results are
compared in terms of ultimate resistance and imigadity of the p — y curves.

CHAPTER 6: Conclusions

The conclusions of this work are presented.



CHAPTER 2. Constitutive Models of Materials and p-y Curves
Characterization

2.1. Constitutive Models of the Materials

In this section, the stress — strain relationsifigpsconcrete (in tension and compression) and
reinforcement steel are defined. These are the amymused uniaxial relationships for
monotonic load. The analysis is yet to be exterfdedyclic response.

2.1.1. Constitutive Model for Concrete in Compression

The stress — strain relationships should consigeretfects of biaxial compression softening
(reduction of the principal stress due to crackinger tensile stress in the orthogonal direction)
and tension stiffening (average post-peak tengiesses in concrete due to the bonding of
concrete and reinforcing steel between cracksptaio reliable results for the panel behavior, as
proposed by Massone et al, 2006.

To describe the stress-strain behavior of conadreteompression, the Thorenfeldt - base
curve, calibrated by Collins and Porasz, 1989, Weal, 1996, and Carreira and Kuang-Han,
1985, and updated via the introduction of the casgion softening parameter proposed by
Vecchio and Collins, 1993, is used. The Thorenfeltite curve has the following expression (eq.

2.1.1):
n ()

n—1+ (i—;)n.k

o.=f¢ - (2.1.1)

Whereo. ande, are the stress and strain of the concrete in cesspn, respectively. The
parameters$. ande, are the maximum capacity for compression and titagnsatf;., respectively.
Finally, the parametets andk are shape factors of the ascending and desceadliag.

The parameters andk are proposed by Collins & Porasz, 1989, for reéyi high resistance
concretefi > 20 MPa). These parameters have the following expressian2(&.2 and 2.1.3)

'(MPa
n = 0.+ £ MPD (2.1.2)
17
1 if0<e<g
k= ' (2.1.3)
MPa
067+% ifSO <é¢&

This model intends to represent the panel behafiarreinforced concrete element. Thus, it is
necessary to consider the compression softeniegtefi/hich is the reduction of the compressive
resistance due to tensile cracks in the orthogdirattion. To include this effect, Vecchio &
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Collins, 1993, introduced the reduction factor be tcompressive resistance, given by the
following expression (eq. 2.1.4):

1

0940272 (2.1.4)
€o

Whereg, is the principal tensile strain and the ratig/e, is considered positive. The stress —
strain relationship for concrete in compressioshewn in Figure 2.1. The effect of paramdier
is also shown in the same figure.
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Figure 2.1: Concrete in compression model, Collins & Pora®89). Effect of parametg@. f’. =
4.7 [ksi], €5 =0.00230,8=0.8

The value ok, is calculated using the equation proposed by Weg €996, as recommended
by Massone et al, 2006, and depends only on tHeqeapressive stress of concréte

g, = 0.00078 - (£ (MPa)) /4 (2.1.5)



2.1.2. Constitutive Model for Concrete in Tension

The model proposed by Belarbi & Hsu, 1994, is usedescribe the behavior of concrete in
tension, and also, to describe the interaction éetwthe reinforcement bars and concrete on
cracks (tension stiffening effect). The behavior aoincrete in tension is described by the
following expressions (eq.2.1.6):

Ec-& if & <&

O, =

for (E—)ﬁ if &0 > ecr &40

&

Whereo. ande. are the tensile stress and strain of reinforcetci®te, respectively. The
parameters.. ande.. are the cracking stress and strain. The elastauine E. and the cracking

stress and straifi., and e, can be calculated using the following expressiprgposed by
Belarbi & Hsu, 1994

E. = 3917 -\/f/(MPa) (2.1.7)
for = 0.313 - \/f/(MPa) (2.1.8)
€. = 0.00008 (2.1.9)
0,3
(f r, Ecr)
0,25
_ 0,2
g
f’; 0,15
o
? o1
0,05
0
0 0,0002 0,0004 0,0006 0,0008 0,001 0,0012
strain, €t

Figure 2.2: Concrete in tension model. Belarbi & Hsu (1994).= 0.256, = 0.4



The parametef (eq. 2.1.6) controls the ability to redistribube tstresses in the concrete after
cracking. The test specimens conducted by Belarlbists (1994) had reinforcing bars in the
longitudinal direction, making the redistributiorogsible. Belarbi & Hsu (1994) recommend
using a value of = 0.4, based on the experiments.

2.1.3. Constitutive Model for Confined Concrete

To describe the behavior of confined concrete, toelel proposed by Saatcioglu & Razvi,
1992, is used. The model proposes an ascendingpgd@rdranch, followed by a descending
linear branch. A constant residual strength isagslbeyond this branch at 20% of peak stress.

Saatcioglu & Razvi studied different types of latereinforcement (from poorly to well
reinforced columns), along with different columnogeetries, and obtained the following
expressions to calculate the confined concretengtne for circular columns with spiral
reinforcement (eq. 2.1.10, 2.1.11 and 2.1.12):

flec = f'co+ kifi (2.1.120)
ky = 6.7 (f;)~°17 (2.1.11)
2A
L= 2slye (2.1.12)
b.s

Wheref'c and f'o are the confined concrete and plain concrete ginanrespectivelyk, is
a coefficient depending on the poison ratio andefffiective lateral pressur§), The parameters
A andfy; are the area and the yielding stress of the lateirgforcement. The parametess and

s corresponds to the diameter of the spiral (medsoceater to center of the hoop bar) and the
hoop pitch, respectively.

Fy —® Aafyt
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2_{{3]‘}:
ba ﬁ' bcs
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X _— Aafﬁ

Figure 2.3: Lateral pressure in circular columns. SaatcioglRa&zvi (1992).

The confinement also enhances the ductility of cetecand this effect is considered in the
Saatcioglu & Razvi, 1992, model. They observed that confined concrete strength is, also,
reached at a higher strain level, and have littength decay in post — peak. Saatcioglu & Razvi,
1992, proposes the following expressions to caleulas effect:



k
g = laf

fe
Wheree,, corresponds to the strain . (confined concretek,,is the strain af’. (plain

concrete),k; and f; were defined in eq. 2.1.11 and 2.1.12, respegtivéhe effect of
confinement, in terms of strength and strain capais shown in Figure 2.4:

(2.1.14)
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Figure 2.4: Effect of confinement on concrete. Saatcioglu &Ral1992.

Finally, the strain corresponding to a strengtlsloé 15% is calculated using the following
expression:

Egg = 260p€1 + €085 (2115)

Where g,g5, corresponds to the strain for a strength lossl®% on plain concrete,
corresponds to the transverse reinforcement ratie avas defined in eq. 2.1.13.

Saatcioglu & Razvi, 1992, model is not implemente@penSees. Thus, the parameteend
k are adjusted to fit the Collins & Porasz, 1989demido the Saatcioglu & Razvi, 1992, model,
as shown in Figure 2.5.
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Figure 2.5: Collins and Porasz model calibrated to SaatciogRa%vi (1992) model.
2.1.4. Constitutive Model for Reinforcing Steel

The reinforcing steel is modeled using the curvemppsed by Menegotto & Pinto, 1973, as
recommended by Massone et al, 2006. This modélasacterized by two asymptotes, one with a
slope E, (Modulus of Elasticity) and another with slofg = bE,, whereb is the strain
hardening ratio. The curve of transition betweeaséhtwo asymptotes is governed by the
parameter R (curvature). The cyclic behavior is comsidered in this model, i.e., only the
monotonic branch is considered for the analysig Jthess — strain relationship for reinforcement
steel is shown in Figure 2.6.
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Figure 2.6: Reinforcing steel model. Menegotto & Pinto (1973).



This model is corrected in order to consider thdistebution of stresses after cracking of
concrete under tensile. Therefore, the nominaldyigl stress of the reinforcement is reduced to
91%, which is the effective yielding stress of bamsbedded by concrete. The param&igis
calculated by the following expressions propose@éharbi & Hsu (1994):

- - < 2.1.16
Ro=5 5027 ( )
1.5
g=l. <&> (2.1.17)
P \0y

Wheref,, is the cracking stress of concretés the longitudinal reinforcement ratio aag is
the yielding stress of steel.

2.2. Characterization of p — y curves

The p — y curves are the relationships betweenigm@acement (y) and the soil resistance (p)
of an element of soil. This is an extension of linear elastic Winkler model expressing the
nonlinear soil deformations through the use of m&ar p — y springs. The p — y curves have
been extensively used to model laterally loadedspilsing finite element models as shown in
Figure 2.7, where the soil springs are attachethegorescribed nodes of the concrete structure.
This procedure intends to represent the soil -€&ira interaction.
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Figure 2.7: Pile Model with p — y approach. Lemnitzer et al120
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There are many types of p — y curves. In fact,ghel single p — y curve to each type of soil,
depending on its composition and density, statetodsses, confinement, and other material
properties. In general, the p — y curves can b&siflad in ductile and brittle, as shown in Figure
2.8.

A Ductile

Soil Resistance per Unit Length, p

Lateral Deflection, v

Figure 2.8: Types of p - y curves. Coduto, D, 2001.

The API (1993) proposes equations to calculatepthey curves for different types of soil. In
the following section it is described the shape efy curve selected for the present work.

2.2.1. Shape of p —y curves

The type of soil of the site of testing, for thexéd — Head pile studied in this work, consist of
mostly silty clays, for the upper 50 ft. (twice tlegth of the Fixed — Head pile), therefore, the
soil is assumed to have a stiff clay behavior (&réwt al, 2007). The API (1993) proposes the
following equations to describe the p — y curvesafatiff clay.

y 0.25
P _ 0.5 (;) , Y/y. <16 2.1.1)
Pu 1.0 v/, =16
Y. = 2.5¢.D (2.1.2)

Wherep, and y. denote ultimate resistance and the deflectiomat-o half of the ultimate
resistance. The parametersandD denote the strain that occurs at one half of tlaimum
stress and the pile diameter, respectively. Theevaf the ultimate resistance is depending on the
pile depth, and it is assumed a linear distributbp,, as follows.
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347200 o
pu={< r BJC SZ< 7y (2.1.3)
9¢D Z 2> Zy
6D
Zr =5~ 2.1.4)
yD (
(&+J)

Wherey and c denote the unit weight and the undrained sheangth of the soil. The
empirical parametefj is taken as 0.5 for soft clays and 0.25 for medistiff clays, as
recommended by Matlock, 1970. The parametedenotes the depth below soil surface to
bottom of reduced resistance zone wharg decreases. The shape of the p — y curve finally
obtained is shown in Figure 2.9.

P/ Pu

pjpe={ 0B W) = w/p <18
" 1.0 = yly. >16

o ; 5 10 1I5 16 20
Y/ Ye
Figure 2.9: Shape of p - y curves for a stiff clay, Stewarale007.

2.2.2. Implementation of the p —y curves

The Fixed Head pile model along with the p — y apph is implemented in OpenSees
(OpenSees, http://opensees.berkeley.edu). Itesdied to incorporate the soil behavior by using
uniaxial springs having the p — y relationshipscdégd in equation 2.2.1. The p — y curve is
implemented as a tri-linear response to approxirtteenonlinear prescribed p — y curves by the
API (1993). The procedure is the following:

a) The y axis is divided in three intervals. The first gdesm 0 to a value ofy,,
representing the first portion of the p — y curVlee second interval goes fropp to
16y., where the ultimate strength, is reached. Finally, the third interval goes from
16y, to 20y., where the soil resistance is constant and equg).t

12



b) A continuous least squares method is applied ih ederval, as following:

0 The error function to be minimized is:

Y2
E= [ (&) -ty +m)ay (2.15)
Y1

Deriving with respect tan andn and equalizing to zero, then solving tar
andn, the following expressions are obtained:

2[)°2f )y dy = 0 +y2) [, 2f () dy
m =

4 (2.1.6)
§()’23 —¥3) = 22 =y +y2)

Y2

j 2f(y) dy — (22 — ;1 D)m (2.1.7)
Y1

n=———
2(y2 —y1)

o In the first interval, the linear approximationfagced to haver = 0. Thus, a
different expression is obtained far.

[ 2f Gy dy
m==2— (2.1.8)

§Y13

o For the third interval it is assumed to have a tamssoil resistance, which is
the soil resistance obtained in the second interyal= 16y.,.

c) The functionf(y) of equations 2.2.5 to 2.2.8 is the same of eqnati@.1. Thus, the
previous integrals are calculated and give thevdlhg expressions:

Y2 9 9
f 2f(y)ydy = gpu)’cz ((%)Z - (;%)Z> (2.1.9)
Y1

v 4 V2 % V1 %

f 2f(y) dy = c Pule <<E> - (E) ) (2.1.10)
Y1

f 2 _ 4 V1 %
Fo) dy =z () (2.1.11)

0
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Finally, a tri-linear fit is obtained for the AP1993) recommended p — y curves as
shown inFigure 2.10 The same procedure is repeated for each nodkeofmbdel,
which has attached a spring with a particular prelgtionship.

Tri-Linear Fit for API1 (1993) p - y curve
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e==Tri-Linear Fit  e===AP|(1993) p -y curve

Figure 2.10:Tri-Linear fit for AP1 (1993) p — y curve.
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CHAPTER 3. Shear — Flexure Interaction Model

3.1 Flexure Model Description

The flexure model corresponds to a simple caseoaf-nlinear analysis. In this model, the
element (column or pile) is divided into regulaereents along its length (in the longitudinal
direction), which are connected to nodes. Each etns divided in a certain number of fibers
(in the transverse direction). Every fiber is reyamted by a single spring (Figure 3.1) having a
uniaxial behavior. In bi — dimensional analysis;lealement has 3 degrees of freedom per node
(2 displacements and 1 rotation), which are astegtitb strains via interpolation functions and
the Bernoulli hypothesis (plane sections remaimélafter load). These strains do not represent
shear deformations, but only flexural.

Figure 3.1: Column discretization. Uniaxial fiber model (afteotschlich, 2011).

Given the fibers strains, the stresses can be leéécuvia the constitutive laws of materials
(concrete and steel) and, given the element gegntbt forces and moments can be calculated.
Shear force is calculated from equilibrium. Thus, & given displacement (on the top of the
column) the deformations are iterated to reprodhee displacement (for a fixed tolerance), and
the load is finally calculated, for the load pattereviously selected.
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3.2 Shear — Flexure Interaction Model Description

The Shear — Flexure Interaction Model correspoonds macroscopic biaxial fiber model that
couples the axial — bending behavior with the shesravior of a reinforced concrete (RC)
element. This model considers every fiber to haparegel behavior, i.e., to have axial strains and
also angular distortions in the plane of the elamehis is an extension of the flexure model, by
adding an additional lateral spring to the fibershown in Figure 3.2.

o e

Figure 3.2: Column discretization. Shear - Flexure biaxial firedel (after Gotschlich, 2011).

The column is divided, in the longitudinal directjan elements of defined length which are
divided, as well, in horizontal fibers having a phibehavior. In the interaction model, it is
assumed that the rotations are concentrated mgéegpoint (called center of rotation) located at a
distancec - h, whereh is the total length of the fiber element ands a constant less than 1.
Experimental calibrations in wall specimens havengihthat rotations are concentrateddt- h.

In beams, a value df.5-h has shown good results (Galleguillos, 2010; Gaitth2011). It is
assumed that the rotations are concentrate@l5ath for the case of columns. Each element
possesses six degrees of freedom (two displacensentsone rotation at both ends of the
element). The element is shown in Figure 3.3.
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N, Au

Figure 3.3: Shear - Flexure interaction element. Massone 208I6.

Assuming that the Bernoulli hypothesis is true f(tidain sections remain plane after
deformation), and that the shear strain is unifatong the entire section, the angular distortion
(vxy) and the longitudinal axial strain, are calculated for all the strips, based on tiesgibed
degrees of freedom for the current analysis stegoAdingly, each strip has two input variables
gy andyyy, based on the element deformations. The transeér@®@ €) is initially estimated in
order to complete the definition of the straindieThen, using the constitutive laws of materials
and the geometric properties the stress field armef can be determined.

For calculating the unknowsy, there are two methods to proceed. The first ssimeng that
the transverse axial stress is zesQ € 0), which is consistent with the boundary conditi@ts
the sides of the column with no transverse loadiegver its height. Then, the procedure is to
iterate the value of, in order to achieve horizontal equilibrium. Thigtmod has shown good
prediction when modeling slender walls, but disarepes are observed when modeling walls
with shear — span ratios less than 1.0 (Massom 006). The second method corresponds to
give calibrated values @f, to the model, which has shown improvements orptkdiction when
modeling short walls (Massone et al, 2009). Thacpdure does not need iterations.

i T2
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¢ =y T
-L .-_1,'
ex=cilibrated conerele Lyuilibrinm ™1 ™
I 3 ‘4 = e P

Ey-frial
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Viarervl Laws L= 1 V=)' Corraliinige | G,
id i r— '
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l = 28 ‘ r;‘ﬁ J‘I'\.'ﬁ-\.ﬁ
f— -

el J

Figure 3.4: Strain field to resultant stress field. Procediassone et al, 2009.
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The procedure to obtain the stress field, fromstinain field is shown in the Figure 3.4, and it
is similar for both cases{ = 0 ande, calibrated). In the first case (zero transversess), the
value ofg, has to be estimated first. Then, assuming thaptimeipal strain directions coincide
with the principal stress directions, the stresgescalculated for the concrete and reinforcement
steel, in the principal directions, using the urahxonstitutive models discussed in section 2.1.
Later, the stresses are calculatedsf@ndy directions, thus obtaining the stress field asgedi
to the initially given strain fields, £, andyyy). In this step, the hypothesig = 0 is verified,
for a prescribed tolerance; if the equation isséatil then the next element is analyzed, else the
value of &, has to be modified, repeating the procedure dinéilequation is satisfied, for the
given tolerance. For the case&fcalibrated, the iterative procedure is not neggssdtaining
directly the stress field with a non zero valuergf

The analysis is performed via displacement con&atlisplacement is imposed at the top of
the column, and the strain and stress field isutaled and also the force that produces the
displacement, using the procedure described abdte. procedure is repeated for every
increment of displacement, and the load — displacenprofiles can be obtained from the
analysis.

In the case of imposing the value of transversairsy it is needed a calibrated profile.
Massone et al, 2009, calibrated an average strafiigofor short walls with rotation restrained at
both ends, from experimental data. Later, MassB0&0), calibrated expressions ft using 2D
finite element models, for cantilever and doublevature configurations. The calibration has
shown good correlation in predicting both the magie and distribution of the transverse strain,
compared to experimental data, and has also shovad gesults when modeling beams
(Galleguillos, 2010, Gotschlich, 2011). The expi@ss found for the maximum transverse strain
are:

Cantilever:
Exmax = 0.0055 - (100 - p, + 0.25)7%4*- (100 - §)** (3.2.1)

Double Curvature:

—053 [(hy, 047
Exmax = 0.0033- (100 p, +025) - 05

100N 025 " (3.2.2)
< + 5) - (100 5)'*

f CAQ

Wherepy, is the transverse reinforcement ratos A/h is the element drift, whera is the
w

lateral displacement anldl, the height of the wall. The paramelgr corresponds to the wall
length, N is the applied axial load,. the concrete compressive strength agthe total cross
sectional area.

The maximum value of, is located at different heights, depending if twafiguration is
cantilever or double curvature. For cantilever aguration, &, ..« iS located a0.38 - h,, from
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the maximum moment point; and for double curvatmefiguration,ey o is located a0.5 - hy,.
The height varies with the displacement, but suatation is neglected for simplicity. Thus, the
following expressions were obtained for the shapb@average transverse strain:

Cantilever:
I( sin%7° (Ln> si 0 <y < 0.38h,
g" = { (3.2.3)
x,max (y + 0.24h,,)
12, 0.75 i 0. < <
ksm ( 124h, n) si 0.38h,, <y <h,

Double Curvature:

&) _ {Sin0,75 ( Y n) (3.2.4)

Ex,max

Wherey, is the relative position in the wall measuredrfrthe support.

3.3 Column Discretization

The Shear — Flexure Interaction Model has beenlatdd for walls (Massone et al, 2006) and
beams (Galleguillos, 2010, Gotschlich, 2011). Thements modeled had rectangular cross
sections, unlike the columns studied in the presenk, which are all circular cross sectional
elements with spiral reinforcement (See section. Bkcause the model is implemented for
rectangular sections (Figure 3.5), the columnssciections are transformed into equivalent
rectangular sections, calculating the plain andined concrete and reinforcement steel areas as
indicated in sections 3.3.1 and 3.3.2.

¢$t‘tﬁc1c_? | $thick3

kg IR AR

u - L J
L ] * L]

i ' T lTl_l_
T 1 I I 1 I
\ M ey /
b T A
$nStrip1 $nStrip2 $nStnp3

—" SyLloc

Figure 3.5: Geometric parameters for walls. Shear - Flexurerdttion Model. (OpenSees, 2011).
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3.3.1. Confined and Plain Concrete Areas

The concrete areas are calculated using the intefthe circumference, with the limits of
integration depending on the number of strips priesd. Some parameters have been defined for
calculating these areas (Figure 3.6). The procedute following:

a)

b)

d)

First, the strip widthdw) is calculated. A uniform width is used for thisseathus,
dw = D/N, whereD is the column diameter ard is the prescribed number of strips
(8 or 16 strips).

A set of coordinates is defined;}, which represents the start and ending of every
strip. The coordinates are calculated as following:

D
X; =—E+dw-i (3.3.1)

Wherei goes froml to N + 1, and represents the dashed lines on Figure 3.&eThe
values are used as the limits of integration of ¢ireumference area. Notice that

x; = 0 corresponds to the center of the cross sectiars, tthe left side of the cross

section hag; < 0 and the right side has > 0.

For a stripi, the areas are calculated using the integral@ftitcumference. The area
for confined concrete for thieh strip (A..;) IS:

Xit+1
d 2
Aves =2-f /(E> _ X2 dx (3.3.2)
Xi

Then, polar coordinates are used to solve the raltetihus havinge = d/z sin @ and
dx = d/z cos 0 d6. Finally, the area is given by eq. 3.3.3:

d\* (0,4, —6; 1
A = 2(5) -<%+Z(sin 26,,, — sin 290) (3.3.3)

Where 9i=sin‘12x"/d, is the relationship between the Cartesian andarpol

coordinates.
The plain concrete area for theh strip @.;) is calculated subtracting the confined

concrete aread(..;) to the total area of thigh strip (A;;). The total concrete area of the
strip is calculated using the eq. 3.3.3 replachegualue ofd for D:

D\* (6,1 —6; 1
Ay =2 (E) . (% + Z(sin 20;+, — sin 29i)> (3.3.4)
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Where8; = sin™! 2xi/D. Finally, the plain concretarea for theith is given by the
following equation
Aci = Ay — Acei (3.3.5)

e) Special attention should be put on the borders,nv|x;| > d, i.e., when one of th
dashed lines oRigure3.6is outside the confined arébwvo cases can be identifi

o Both x; and x;,, are outside the confined area. In this case, thein=d
concrete aia is zero 4..; = 0) and the plain carete are (4.;) is equal to the
area given by eq. 3.3

o One coordinate, for instanc;, is outside theconfined are and the other
(x;4+1) Is inside the confined area. In this case, theevaf x; in eq. 3.3.2

should be replaced t-d or d, depending if it is in the left side or the ric
side of the column, respective

cov

Hi

[

Figure 3.6: Definition of confined and plain concrete areas for thefibel
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3.3.2. Longitudinal Reinforcement Areas

The longitudinal reinforcement area for each stdgpcalculated assuming that there is a
uniform and continuous distribution in a circumfece of diameted, i.e., instead of calculating
the areas of longitudinal reinforcement using tle@l rcoordinates of each bar a circular
distribution is assumed, and the calculations aextd The procedure is the following:

a) First, an equivalent linear density is calculatethg the following expression:

As

== (3.3.6)

P1

Wherep;, is the linear density4; is the total longitudinal reinforcement, adds the
diameter of the confined area.

b) Then, the distribution of the reinforcement is defl with al-D curve as following:

d
7= 5 (cos8,sinB) (3.3.7)
di d
= . (=i 3.3.8
0-3 (—sin@,cosh) ( )

c) The area is calculated using the following argtanntegral:
62

L= | \
61

Where 6; = cos™?! in/d and 6;,, = cos™! zx”l/d, and the set of coordinates

dr d
201(40 =5 (6: = 0iv1) (3.3.9)

were defined in eq. 3.3.1. Notice the order of apgece of9; andf;,, in eq. 3.3.9.
The order of these terms is that because, whgn> x; thend,,., < 6;.

d) Finally, the longitudinal reinforcement area foe thh strip (Ag;) is calculated using
the following expression:

Agg=py-d-(6; — 0;41) (3.3.10)

e) Special attention should be put on the borders,nwhg > d, i.e., when one of the
dashed lines oRigure 3.7is outside the confined area. Two cases can Indifieel:

o Both x; and x;,; are outside the confined area. In this case, aevalff
Ag; = 0.01- A, is assigned. The model needs a reinforcement ateal for
each fiber, because, if no area is assigned, tlieehtlmes not give good results
or does not converges. Thus, it was decided tagy@assil% of the total
reinforcement areai().
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o One coordinate, for instanw;,, is outside theonfined area and the ott

(x;) is inside the confined area. In this case, theevaf 6,,; in eq. 3.3.10

should be replaced t0.

Bis1

Xi+l

d

Figure 3.7: Definition of the Reinforcement Steel areas fori-th fiber
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CHAPTER 4. Analysis of Shear — Flexure Interaction Model on Clmmns

4.1 Tests Description

The tests are collected from the PEER (PacifictHfmidke Engineering Research) database,
(PEER spd, 2011). A set of 8 columns were selefdedhe study. The database provides the
material properties, geometry of the entire elemamd reinforcement, and gives the load —
displacement response for every test. The testseq@rated in categories, depending on the type
of failure they showed in the laboratory, and theg also separated according to the test
characteristics. Two additional columns were foumdhe Kawashima Earthquake Engineering
Laboratory database of the Tokyo Institute of Tedbgy, corresponding to the Specimens 13
and 14 (Kawashima Lab, 2011)

The Table 4.1 shows the full information of thewoh specimens selected for the analysis.

The specimens were selected according to obtaiar sfegradation on the load — displacement
response, thus, the shear — flexure interactionetmoxld be validated with the test results.
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Table 4.1:Properties of the columns used in the analyses.

Specimen Geometr Transverse Longitudinal Axial Material Properties
P y Reinforcement Reinforcement | Load p
Concrete
Failure hc D pt? pl | NffcAg | fc ft Hl
ID N° REFERENCE T M/VD | D/hst! B C B
ype Type | [mm] | [mm] | M/VP | D/hs ol | e |0 | % | % | [(MPa) | [MPa | [MPal
Benzoni and Flexure - Spiral 6.4 12
SPEC1 | Priestley, 1994, | Cantilever 914.5 610 15 5.3 @762 |028| 159 0.52 5.7 30 361 462
Shear $12.7
S1 mm
Benzoni and .
SPEC2 | Priestley, 1994, | Cantilever | TXW€" | 9145 | 610 15 53 |Spiraldbdi, ol 59 24 1 104 5.7 30 361 462
2 Shear @ 127 mm $12.7
. Spiral $4.9
SPEC3 MCDan;ell’ 1997, | Cantilever Shear 1219.2 | 609.6 2 40 | @1016 |013| 186 dj(s) o | 136 0.2 298 | 200 454
mm ’
. Spiral $4.9
SPEC4 MCDaglle_lélgw' Cantilever Shear 1219.2 | 609.6 2 40 | @1016 |013| 186 ¢f;9 1.36 0.2 268 | 200 454
mm ’
. Spiral $4.9
SPECS MCDa“;ezl' 1997, 1 Cantilever Shear 1219.2 | 609.6 2 40 | @1016 |013| 186 ¢f;9 1.36 0.2 312 | 200 | 4376
mm ’
Petrovski & Flexure - Spiral $6
SPEC6 Ristic, 1984, Cantilever 900 307 | 293 2.7 p 0.63 36 12612 | 1.83 5.5 359 | 240 240
Shear @ 75 mm
M2E1
Petrovski & Flexure - Spiral ¢6
SPEC7 Ristic, 1984, Cantilever 895 307 | 292 2.7 p 0.63 36 12612 | 1.83 10 344 | 240 240
Shear @ 75 mm
M2E2
Wong et al, . Flexure - Spiral $6
SPEC8 1990, 52 Cantilever Shonr 800 400 2 40 | Oeema | 047 18 20016 | 3.2 39 37 340 475
Yoneda, not - Spiral ¢$6
SPEC9 | Kashima & Shoji | Cantilever 1350 400 | 338 2.4 P 0.26 70 12416 | 1.89 4.9 30 363 374
reported @ 150 mm
- tp021
Yoneda, not - Spiral ¢$6
SPEC10 | Kashima & Shoji | Cantilever 1350 400 | 338 2.4 P 0.13 70 12416 | 1.89 4.9 30 363 374
- tp024 reported @ 150 mm

! D/hst ratio for the 8 elements along the column leng#twitization.

2 pt corresponds to the volumetric transverse reinfosrgmmatio, calculated as the volume of transverseforcement over the confined concrete volumes It
calculated ap, = 4A,/sb., whereAis the area of the hoop barjs the hoop vertical spacement dnds the confined area diameter, measured centgrter of the
hoop bar.




4.2 Analysis of Columns response

The analyses performed on the specimens describestaiion 4.1 can be classified on the
different types of discretization used (longitudiaad transverse directions), and also different
types of models:

1. Types of models:

a. Flexure Model (see Section 3.1).
b. Shear — Flexure Interaction Model with = 0 (see Section 0)
c. Shear — Flexure Interaction Model with calibrated (see Section 0)

2. Types of discretization:

a. Continuous Reinforcement with 8 fibers in the tkaarse direction (see Section
3.3).

b. Continuous Reinforcement with 16 fibers in the $naarse direction (see
Section 3.3). This discretization is used in ortteassess the effect of strip
refinement.

c. Fixed number of 8 elements on the longitudinal aliom. Thee, calibrated
model permits only 8 elements in the longitudinaéction. This discretization
was recommended by Massone et al, 2006, becast®mwed to give better
predictions on post — peak curve for walls. Then8 &lements discretization is
used along the,, = 0 model and Flexure model in order to make compasso

d. Fixed value ofD/h = 2 ratio, whereD is the column diameter artdg; is the
S

length of the element. This discretization has ssacted in order to represent
the observations on the Fixed — Head pile studie&tewart et al, 2007. Post
test excavations revealed shear cracks and conspeiéing along apparent
compression struts within 1.5 pile diameters betpound surface (Lemnitzer
et al, 2013). Thus, the element length was selettidoe one — half of each
specimen diameter in order to better observe thardbehavior.

All discretizations and types of models were agpfier each specimen, thus obtaining a total
of 8 models for each column as shown in Take

Table 4.2: Summary of models applied to each specimen.

Transverse Discretization| Longitudinal Discretization Model
D
e 2 o, =0
8 Fibers o, =0
8 Elements &, calibrated
Flexure
D 2
he, = o, =0
16 Fibers o, =0
8 Elements &, calibrated
Flexure
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The load — displacement responses obtained fronarnhé/sis are compared against the test
data in order to assess the validity of differanplementations of the interaction model in the
analysis of columns. The overall responses are eozdp and also they are compared
statistically, in terms of the maximum capacitygidity at 60% of capacity and degradation
displacement at 10% of capacity loss. The resuodtslscussed in the following sections.

4.2.1. Analysis of Columns. Maximum Capacity.

The maximum capacity is one of the parameters etuébr the analysis of columns. The
parameter studied for each model is the distrilbutibthe maximum lateral load obtained from
the analysis\(yax. Model) OVEr the maximum lateral load of the t8&t{; Test), I-€:

Vmax. Model

= (4.3.1)

Vmax. Test

The distribution of is shown in Figures 4.1, 4.2, 4.3 and 4.4, fotlal types of analysis and
discretizations. It can be observed that the shef@@xure interaction model is underestimating
the maximum capacity of columns, whether the procedfo, = 0 or ¢, calibrated is used.
However, thee, calibrated model has me&nvalue closer to 1.0¢(gives a mean value of 0.92
when modeling with 16 fibers) than tleg = 0 procedure{{ gives a mean value of 0.84 when
using 8 elements in the longitudinal direction, &86 when using a consta]H}’h = 2 ratio,

S
both for a 16 fibers discretization). The flexuredsl is giving mean values éf equal to 1.00
and 1.10 for 8 and 16 fibers, respectively. Newddesbs, the flexure model shows a higher
dispersion of the data than using any of the shdkaxure interaction models. The flexure model

shows a standard deviation of 0.19, whereas tharShé&lexure interaction model is showing
about half of such standard deviation (0.10, 0.4d @.09 foro, = 0 with 8 elements in the

longitudinal directiong, = 0 with a constan]t)/h = 2 ratio andk, calibrated, respectively).
S
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Shear - Flex Model with c = 0 (8 elements)

18- 0 Continuous Reinf - 8 fibers: n=0.83 - ¢ = 0.092 |
Continuous Reinf - 16 fibers: n=0.84 - c = 0.1
1.6F .

T 1.4r .

2

bl

o 12 N

£

’E‘ 1

= L _

g 2 % o ¢ ¢ 4

Eos & é ]
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S 06+ 1
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Figure 4.1: Maximum capacity. Shear — Flexure interaction mad#i o, = 0, and 8 elements in the
longitudinal direction.

Shear - Flex Model with c = 0 (D/hst =2)

-
w0
T

O Continuous Reinf - & fibers: n=0.85- ¢ =0.094 | |
A  Continuous Reinf - 16 fibers: p=086-5=0.11
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Figure 4.2: Maximum capacity. Shear — Flexure interaction medét o, = 0, and a constalq/h =
S
2 ratio.
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Shear - Flex Model with €, calibrated

T
2t i
O Continuous Reinf - 8 fibers: p=0.9- ¢ = 0.099

181 A Continuous Reinf - 16 fibers: n=0.91- 6 =0.093 ]

16+ .
214} .
<
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Figure 4.3: Maximum capacity. Shear — Flexure interaction modti €, calibrated (8 element in the
longitudinal direction)

Flexure Model

25 m T T T T T T T T T 3
o Continuous Reinf - & fibers: p=1.1-0c=024
A cContinuous Reinf - 16 fibers: n=1-c=019
oL 4
2
h)
x
S95- ¢ -
2 & 2
2 ¢
g 2
= 1r .
> A 2 é & 4 A
©
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>
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Figure 4.4: Maximum capacity. Flexure model (8 elements inltdmgitudinal direction).
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4.2.2. Analysis of Columns. Rigidity at 60% of Maximum CGexty.

The rigidity at 60% of maximum capacity is othertloé parameters studied for the analysis of
columns. The parameter studied for each modekigligtribution of the secant rigidity at 60% of
maximum lateral load obtained from the analy&i6(0y,qc1) OVer the secant rigidity at 60% of
maximum lateral load of the teKf0 1est), 1.€.:

- K60
o= ——Model (4.3.2)
K60 Test

The distribution ok is shown in Figures 4.5, 4.6, 4.7 and 4.8, fott&l types of analysis and
discretizations. It can be observed that the Shddexure interaction model witt calibratedk
closer to 1.0 than the other models i giving a mean value of 1.3 for 8 and 16 fibers
discretization). The other models give higher mealnes ofk (1.7 foro, = 0 and 8 elements in
the longitudinal direction; 1.7 far, = 0 and a constarﬁ/hst = 2 ratio; and 1.9 for the Flexure
Model, all for a 16 fibers discretization). Relay low dispersion is observed for the parameter
k (0.17 foro, = 0 with 8 elements in the longitudinal direction; D.for 6, = 0 and a constant
D/hst = 2 ratio; 0.18 for Shear — Flexure model with calibrated and 0.19 for the Flexure

model, all for a 16 fibers discretization). TheiBefs and the 16 fibers discretization (in the
transverse direction) give similar results forratidels.

Shear - Flex Model with c, = 0 (8 elements)

T T T
o Continuous Reinf - 8 fibers: n=1.7-0c=0.16
A Continuous Reinf - 16 fibers: p=17-06=0.16
2.5F
Z 2 1
< s & $
R ¢ % .
=15 é .
3 4
o
E
o
[Ce] L ,
e 1
0.5+ -
0 | | | | | | | | | |
o S o o P e S P P
& K & & K K& 5 & S
£ & & & & & & K K 4

Figure 4.5: Rigidity at 60% of maximum capacity. Shear — Flexunteraction model witb, = 0, and 8
elements in the longitudinal direction.
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Shear - Flex Model with c = 0 (D/hst=2)

T T T T T
O Continuous Reinf - 8 fibers: n=1.7-6=0.18
A Continuous Reinf - 16 fibers: n=17-0=017
2.5F -
= 21 _
ke ¢ A
S 4 4 4 4
¥ )
=15} é :
3 4
£
3
€ 1 i
0.5 .
0 | | | | | | | | | |
O ¢ N ¢ < SN < N < SR AN« e I
A AR S SO S AR LA A LR

Figure 4.6: Rigidity at 60% of maximum capacity. Shear — Flexunteraction model wit, = 0, and a
constanp/h = 2 ratio.
S

Shear - Flex Model with £, calibrated

T T
2.5F o
o Continuous Reinf - 8 fibers: n=1.3-6=0.18
A Continuous Reinf - 16 fibers: n=13-c=0.18
oL _
Z
£ 4
B 1.5} 7.3 |
x )Y . s
[]
b4 é 4 4 0
S ¢
s 1 1
Q0
X
0.5F .
0 1 1 1 1 1 1 1 1 1 1
SN S I s s B AT« <. B
£ &£ £ &£ £ &L & L 57 g

Figure 4.7: Rigidity at 60% of maximum capacity. Shear — Flexunteraction model witls, calibrated
(8 elements in the longitudinal direction).
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Flexure Model

T T T T T T T T T
O Continuous Reinf - § fibers:p=1.9-6=0.25
3r A Continuous Reinf - 16 fibers: n=19-6=019[
2.5+ :
$ 2
g 2 a 4 4 & 5 |
X é
T A
T 1.5- ¢ 1
£ 14
o
o
X 10 _
0.5+ :
0 | | 1 | 1 1 1 1 1 1
Y AN < ¢ SIS N« B AT« I« B\
£ & £ L £ & &£ L L

Figure 4.8: Rigidity at 60% of maximum capacity. Flexure mofikelements in the longitudinal
direction).

4.2.3. Analysis of Columns. Displacement at 10% of Capdotss.

The Displacement at 10% of Capacity Loss is thedtoif the parameters studied for the
analysis of columns. The parameter studied for eacddel is the displacement at 10% of
capacity loss obtained from the analy$id @ poqe1) OVer the same parameter obtained from the
test 010 test), 1.€.:

~ D10
g = ——_Model (4.3.3)
D10Test

The distribution ofd (Figure 4.9) is shown for the interaction modethws, = 0 and a
constanp/h = 2 ratio. Interaction models with 8 elements in thieditudinal direction showed
S

too fast degradation due to damage localizatioe. fléxure model is, by definition, a model that
does not incorporates shear degradation, so dtisonsidered in the analysis af

Theo, = 0 with a constan]t)/h = 2 ratio is giving a mean value dfof 0.83 for an 8 fibers
S

discretization, and 0.86 for a 16 fibers discraira Most of the specimens give valuesdof

between 0.5 and 1, except for specimens 4 anda, dive valuesd near to 1.5 (for both

discretizations). A possible reason is the low ambanf transverse reinforcement provided to

specimens 4 and 5. In the model, the transverséoreement confines the concrete raising the

concrete strength in approximately 4% with a cooseg raise ofe. of approximately 20%

(Table 4.3), for both specimens, according to that8oglu & Razvi, 1992, model. A sensitivity
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analysis is performed in these two specimens irerotd assess the effect of neglecting
confinement when low transverse reinforcement edua the columns (Figure 4.10 and Figure
4.11). The results show that using only the unioewf concrete model in Specimens 4 and 5 has
little effect on the estimation of maximum capaaiyd rigidity. Nevertheless, it can be noticed
that the prediction on degradation is improved tloese cases, by neglecting the effect of
confinement. However, in these cases the test wehéd with a low number of cycles, thus it is
possible that degradation is not well shown in kb&d — displacement response and is not
possible to make conclusions due to lack of infaroma

Shear - Flex Model with o = 0 (D/hst = 2)

2.5r .
O Continuous Reinf - 8 fibers: p=0.83 -6 =0.37
A Continuous Reinf - 16 fibers: pn=0.86-0c=0.38
2L _
@
L
S 15+ 2 8 1
a
T
T
£
s r A R I
a é o P>
2 &
05+ 4 é &
0 1 \q’ 1 \b‘ I(O IQ) \/\ 1 1 \Q
o0 S S S & F P R
S AR S L A T A S A

Figure 4.9: Displacement at 10% of capacity loss. Shear — Fekeraction model wit, = 0, and a
constan®/, = 2 ratio.
S

Table 4.3:Properties of Specimens 4 and 5.

Specimen 4 | Specimen5
f'. [MPa] 26.8 31.2
f'cc [IMPa] 28.0 32.4
& 0.00177 0.00184
Ecc 0.00218 0.00220
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Figure 4.10:Comparison of load — displacement responses ofiBpect, considering confined concrete
model and neglecting the effect of confinement.
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Figure 4.11:Comparison of load — displacement responses ofilBpeac5, considering confined concrete
model and neglecting the effect of confinement.
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4.2.4. Analysis of Columns. Transverse Strain for mco, = 0.

The transverse strair,) has also been studied for the model vo, = 0, and a constant
D/h = 2 ratio, using a 16 fibers discretization. The maximalue ofe, for each fiber of ever
S

specimen is shown ikigure4.12 It can be observed that in all cases there @erdiwithe,
beyond the yielding strain of steel. Neverthelessst of the fibers show lower valuese, than
0.0021. The percerage of fibers witte, > 0.0021 is related to the shearspan ratio accordin
to Table 4.4 and Figure 4.18 lower shea— span ratio gives a higher percentage of fibers
gx > 0.0021. In section 4.2 sensitivity analyses related to transverse reiefment are
performed, where low impact was observed in terfgnaximum capacity and degradati
displacement, for these specimi
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Figure 4.12:Maximum value of transverse strag,) of each fiber, for all specimens. The percentag
the boxes represent a) the percentage of fibeteg, > 0.0021 and b) the percenta of fibers with
£, < 0.0021.
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Table 4.4:Shear — span ratios and percentage of fibersayith £y, for every specimen.

M/VD | Fibers with &, > &,
ID N°
[%]
SPEC1 1.5 33.3
SPEC2 1.5 33.3
SPEC3 2 25.0
SPEC4 2 25.0
SPEC5 2 25.0
SPEC7 2.92 3.8
SPEC6 2.93 5.0
SPEC8 2 25.0
SPEC9 3.38 4.2
SPEC10 3.38 4.2
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Figure 4.13:Percentage of fibers witky, > &, vs shear — span ratio.

Two different stages have also been studied. Theesaof £, were studied at maximum
capacity of the load — displacement response, dsa & 1% of column drift. Most of the
specimens do not show vyielding &, at maximum capacityF{gure 4.13. At 1% of drift it is
observed a higher number of fibers with yieldingrevshorter columns show a higher percentage
of fibers with €, > 0.0021 (Figure 4.13. Similar results are obtained when comparing the
percentage of fibers withe, > 0.0021 to the shear — span ratio, as shown in Figure$ dntl
4.17. The fibers with yielding were found to copesd to the element near to the support (with
displacement and rotation restrained), were higtresses and strains are expected.
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Figure 4.14:Values ofe, at maximum capacity for each fiber. The percentag#se boxes represent
the percentage of fibers wie, > 0.0021 and b) the percentage of fibers we, < 0.0021.

gy value at 1% of drift for each fiber
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Figure 4.15:Values ofe, at 1% of column drift for each fiber. The percertmin the boxes represent
the percentage of fibers wie, > 0.0021 and b) the percentage of fibers we, < 0.0021.
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Figure 4.16:Percentage of fibers witty, > £, vs shear — span ratio. Values at maximum capacity.

35
> L 2
w
A 30
® *
£ 25 ¢
£ S
2 20
[}
2
« 15
[e]
Q
& 10
g
[=
Q
e 5
Q
o
0 L 4
1 1,5 2 2,5 3 3,5

shear - span ratio (M/VD)

Figure 4.17: Percentage of fibers witty > €, vs shear — span ratio. Values at 1% of laterd. dri

4.3 Sensitivity Analysis

Sensitivity analyses were performed in order te@ssshe effect of selected parameters in the
response of the shear — flexure model. The parametelected were the confinement
effectiveness, in terms of the effective lateradgsure f{, see section 2.1) and the amount of
transverse reinforcement, in terms of the trangveemforcement raticp().

4.3.1. Sensitivity Analysis of Confinement Effectiveness

The effect of confinement is assessed by compativay values of the lateral effective
pressure, given by the Saatcioglu & Razvi, 1992dehoThis parameter is studied because
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transverse reinforcement contributes to both cemfient and shear resistance, therefore,
confinement effectiveness could be affected. tassidered for the analysis the 100% and the
50% off; (equation 2.1.12). This has the same effect op#nametera andk for the Collins &
Porasz, 1989, model, discussed in section 2.1.8.afalysis is run for all the specimens. The
base model used for this analysis correspondsedtiear — Flexure interaction with 8 fibers,
using thee, calibrated procedure (see Section 0). A statisteelysis is performed on two
parameters, 1) maximum capacity, and 2) degraddigplacement at 10% of capacity loss. This
is shown on Figures 4.18 and 4.19.

Confinement has little effect on capacity. For &56f confinement, capacity is, on average,
1% lower than the case with 100% of confinementhvow dispersion. It can be seen that
confinement has little effect on degradation forsiof the specimens, except for specimens 1
and 8, where degradation displacement is about B®#&r than the case with 100% of
confinement (Figure 4.19).

Sensitivity Analysis of Confinement Efectiveness. Maximum Capacity
1.1 . . ‘

| @ 50 % of Confinement: 1 = 0.99 - 5 = 0.0083]

1.05

0.951 7

0.9r 7

Vmax(sensitivity YVmax(100% of confinement)

Figure 4.18: Sensitivity analysis of confinement. Maximum capastatistics.
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Sensitivity Analysis of Confinement Efectiveness. Degradation Displacement
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Figure 4.19: Sensitivity analysis of confinement. Degradatiospthcement Statistics.
4.3.2. Sensitivity Analysis of Lateral Reinforcement

The amount of lateral reinforcement is studied bseain circular columns with spiral
reinforcement, the projection of reinforcementhe tirection of displacement is less than 100%
of the nominal area, due to the hoop curvature. ffext of the amount of lateral reinforcement
is assessed by comparing the base model (Sheaexur&lwith 8 fibers, using, calibrated
procedure), with a 100% of transverse reinforcemativ (p;), against two different values of
transverse reinforcement ratio, 50% and 150%p.ofAll other parameters remain constant.
Figures 4.20 and 4.21 show a statistical analysifopmed on two parameters, 1) maximum
capacity, 2) and degradation displacement at 10&&gdcity loss.

The effect of the amount of lateral reinforcemenshown for the shear — flexure interaction
model with e, calibrated. It can be seen that this parameterlittkes effect on capacity and
ductility. The average maximum capacity and dedgradadisplacement, have little differences
(lower than 1% for all cases) comparing to the 1@3%teral reinforcement.
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Sensitivity Analysis of Lateral Reinforcement. Maximum Capacity
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Figure 4.20: Sensitivity analysis of lateral reinforcement. Maxim capacity statistics.

Sensitivity Analysis of Lateral Reinforcement. Degradation Displacement
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Figure 4.21:Sensitivity analysis of confinement. Degradatiospthcement statistics.
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CHAPTER 5. Analysis of Shear— Flexure Interaction Model on a Pile

5.1 Background

The principal objective of this work is to assdss éffect of pile shear deformations o—y
curves (Section 2.2Y.0 achieve this, thload — displacement response dixad — head pile test
performed by Stewart et #2007, is used. Prior studies perforchby Lemnitzetet al, 2013, on
the fixed —head pile, showed that shear displacemcan contributeup to 40% of the tote
displacements, when modeling the pile usinginteraction model along with the— y approach.
Therefore shear deformations haan influence on the total displacements finallycakdtec and
ultimately may significantly influence the— y curves The analyses performed by Lemnitet
al, 2013, used p — y curyveobtained from prior large scale testing on the, dior similar
bourdary conditions. Neverthelesthe p — y curvesvere derived by Stewart et al, 2C such
that good correlation was observed with a flexuoeleh. This gives an adjustment for the Ic—
displacement respons®tained by the flexural model, but shows repancies when using tl
interaction model (Figure 5.1

A fitting procedure is performed to obtain the-y curves adjusting the loe-displacement
responseof the interaction model to the loa— displacementresponseof the test. The
characterization of the p y curves used for this purpose, was discussed dtioge2.2. The
flexure nodel is also used to model the structure, in otderompare the — y curves obtained
using a uniaxial fiber model against the- y curves obtained using a model that incorpor
shear deformations.
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Figure 5.1: Load —Displacement profiles for Fixe- Head pile using p - y curveerived b Stewart et
al, 2007. Lemnitzer et al, 2013.
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5.2 Test Description. Pile and Model Properties

The experimental studies were conducted by Stestat, 2007, for a 0.61 m. diameter Fixed
— Head pile. The shaft was designed using a 28 d&Rarete mix, however, cylinder tests gave
values off'. between 30 and 36 MPa. The longitudinal reinforeetnconsists of 8 #9 bars
(dp, = 29 mm) A706, Grade 60 steel, with a measured yietdsst of 483 MPa. Transverse
reinforcement was a 48 cm diameter spirals madgsdbars (d, = 16 mm) spaced at 11 cm
pitch over the length of the pile. The clear cotemver was 6 cm. The length of the pile is 7.5
m. (25 ft or 300 in).

The values incorporated in the model were an aeemgin concrete strength 6f = 32
MPa, at a concrete strain §f = 0.0023. The confined concrete properties were calculataag
the Saatcioglu & Razvi, 1992, model, and resulted iconfined concrete strength f§f. = 51
MPa at a concrete strain gf. = 0.0089. The yield stress for reinforcement is taker,as 439
MPa, with a strain hardening ratio bf= 0.008 for the Menegotto & Pinto, 1973, model. The
material models used for the analysis were disclisssection 2.1.

A constantD/h = 2 ratio was assumed for the longitudinal discretmgtwhich led to 25
S

elements along its lengtthg¢ = 30 cm). The continuous reinforcement with 16 fiberasw
assumed for the transverse discretization. Thesmecivas taken based on the results of section
4.2. Theo, = 0 procedure of analysis was elected, although,sthealibrated procedure gave
better results, it needs a calibrated profile and there is no calibration for the tragise strain

on piles.

5.3 Soil Parameters and p — y curves implementation

In 2001, a large suite of geotechnical tests weropmed in the site of testing (Wallace et al,
2001). In summary, the soil profile can be desdriae (Stewart et al, 2007):

- (0 to ~5 ft) Rubble and fill

- (~5 to ~21 ft) Silty clay, PI ~15, 60% fines, lowsrund OCR from 3.5 to 5.9, 2 ft thick
silty sand interbed at ~10 ft

- (~21 to ~24 ft) Medium- to fine-grained silty sasatidy silt, Pl ~12, 30% fines

- (~24 to ~48 ft) Silty clay, Pl ~13 to ~14,

- (> ~48 ft) Medium sand, water bearing (water tablat ~48 ft)

The construction of the p — y curves is based @ APl (1993) recommendations, as
discussed in section 2.2. It can be seen thatdihgrefile consist of essentially silty clays fibre
upper 50 ft, therefore, it has been assumed thatshaft is embedded in a soil with a clay
behavior. Thus, the parameters selected to ddfimé&PI| (1993) p — y curves are (Stewart et al,
2007)y = 125 pcf, ¢ = 3900 psf,J] = 0.25 andeg, = 0.007.

To implement the p — y curves it has been assuhwdxponential shape recommended in the
API (1993), and incorporated in OpenSees as altnear model as described in section 2.2. In
order to study the shear effect on p — y curves, parameters has been selected: the undrained
shear strength of the soi)(and the deflection at one — half of the ultimasistancey(.). Both
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parameters are multiplied by factors in order tpusidthe load — displacements responses given
by flexure and shear — flexure models, to theresgtonses, as following:

c*=N,'c (5.3.1)

v = y " Ye (5.3.2)

The values oN. andN, are changed in order to fit the overall load -plisement response to
the test response, so the curves are comparedigalyphFirst, the value oN. is changed in
order to adjust the ultimate strength of the palied then the value o, is changed in order to
adjust the rigidity and strength degradation (is&) of the pile.

5.4 Analysis of Pile response and effect of shear onpy curves
5.4.1. Results for the Flexure Model.

The first step of the analysis was studying th@woase of the pile given by the flexure model.
The parameterN, andNy, were adjusted in order to fit the load - disptaeat response of the
flexure model to the test response. It can be edtibat the flexure model has a good adjustment
for the initial stiffness and strength, howevere timodel does not show strength degradation,
associated to shear failures on the pile (Figu®.5The curve is shown along the load —
displacement response obtained by Lemnitzer e23, in order to make comparisons. The
parameter$ andk defined in eq. 4.3.1 and 4.3.2, respectively, Galeulated for these cases
(Table 5.1), wherev is calculated considering the responses beforen 3before strength
degradation of the test). Parameadefeq. 4.3.3) is not considered because flexure faattenot
show strength degradation. It can be observediitatmodels are good when predicting strength
and predicting rigidity.

Table 5.1:Values of¢ andk calculated for flexures models of Lemnitzer e2813, and calibrated p — y

curves.
Lemnitzer et al, 2013 Flexure model (calibrated p — y curves)

D 1.04 1.03

k 0.99 1.02
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Figure 5.2: Load - Displacement responses for Fixed - Head pitey curves adjusted for the Flexure
model.

The values ob, andy,. obtained are compared to the ones used by Lemretzal, 2013,
(Table 5.2. The values op, obtained from the analysis are higher along tthe ¢epth, where
differences of about 10% are found at O in, 20%4atn (1 pile diameter) and 23% at 48 in (2
pile diameters). The value gf obtained is 57% higher to the value used by Lerenitt al,
2013. Nevertheless, p — y relationships have lififeerences on initial stiffness as shown in
Table 5.3, where a difference of about 1% was fotordthe superficial layer. The p — vy
relationships are shown for different depths inuFég5.3 for both models.

It is important to notice that the pile test resporshow displacements until about 3.5 in
(Figure 5.2) and the p — y curve obtained by Leramjt2013, for the superficial layet € 0 in),
is practically identical to the p — y curve obtalnéen the present work, until the same
displacement, being the actual calibration abo®b Ygher aty = y., and also shows lower
rigidity for y > 1y, (Figure 5.3. Similar behavior is observed in the global res® suggesting
that pile behavior is controlled by the p — y cuat& = 0 in.
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Figure 5.3: Comparison of p — y curves deduced using the ditirocedure for the flexure model against
the p —y curves used by Lemnitzer et al, 2013.

Table 5.2: Comparison op,, andy, obtained using the fitting procedure and the asesl by Lemnitzer

et al, 2013.

Lemnitzer et al, 2013. Flexure p - y curves

Depthlin] pu [kips/in] | yc[in] pu [Kips/in] | yc[in]
0 2.988 0.400 3.315 0.630
12 2.988 0.400 4.123 0.630
24 4.104 0.400 4.932 0.630
36 4.104 0.400 5.740 0.630
48 5.310 0.400 6.548 0.630
60 5.310 0.400 7.357 0.630
72 6.246 0.400 8.165 0.630
84 6.246 0.400 8.973 0.630
96 6.714 0.400 9.782 0.630
108 7.200 0.400 9.945 0.630
120 7.200 0.400 9.945 0.630
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Table 5.3: Comparison of initial rigidity (K) and ultimate rissance (pu) of the p —y curves used by (1)
Lemnitzer et al, 2013, against the p — y curvesided using the fitting procedure for the flexuredalo

(2).

Z [in] | K1 [kips/in] | K2 [kips/ir?] | pul [Kips]| pu2 [kips]| K1/K2 | pul/pu2
0 6.18 6.12 3.13 3.49 1.01 0.90
24 8.49 9.10 4.30 5.19 0.93 0.83
48 10.98 12.09 5.57 6.90 0.91 0.81

5.4.2. Results for the Shear - Flexure Interaction Model.

The second step of the analysis was studying s@orese of the pile given by the interaction
model. The parameteté. andNy, were adjusted in order to fit the load - dispfaeet response
of the shear — flexure interaction model to thea tesponse (see Figure 5.4). The interaction
model has a good adjustment for strength, initiffiness and strength degradation, in terms of

parameter$, k andd shown in Table 5.4.

Table 5.4: Parameter$, k andd, for the interaction model along the calibratedycurves.

Interaction model (calibrated p — y curves)
D 1.02
k 1.03
d 1.04

Finally, the flexure and interaction curves, ob¢girusing the fitting procedure, are compared
in Figure 5.5. It can be observed that both models similar results for the ascending curve,
between O in. and 3 in. of lateral displacemenernTtthe flexure model keeps ascending while
the interaction model shows strength degradatigoitt the 3 in. of lateral displacement.
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Model Results. Fixed Head Specimen.
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Figure 5.4: Load - Displacement profiles for Fixed - Head pje.y curves adjusted for the Shear -
Flexure & — F) Interaction model.
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Figure 5.5: Comparison of load — displacement responses dififieand interaction models for the Fixed
— Head pile.
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The parameter®l, and Ny, defined in eq. 5.3.1 and 5.3®&gre adjusted to fit the loa—
displacement responses the flexure and the shear — flexumgeraction modss, to the load —
displacement responsd the Fixed— Head test performed by Stewattal, 2007. Figure 5.6
shows flexure and interaction models using ty curves calibrated for flexure mo (F p —y
curves) The interaction model gives lowinitial rigidity and strength than flext, thus, it is
expected that p — y curveslibrated for the interaction moo(S — F p —y curves)should have
higher initial stiffness and ultimate resistancartthe F p — y curvesThe values oN. andN,
finally obtained are shown ihable 5.5, and applying the new valuesgndy.*, egs. 5.3.1 and
5.3.2, respectivelyjo the shape of —y curves recommended in the API (1993), differe—y
relationships are obtained as shon Figure 5.7 as tri — linear responsg¢éote: It is importan
to make the difference between th—y curves calibrated for flexure moc F p —y curves, and

5.4.3. Effect of Shear on the—y curves.

the p -y curves calibrated for the interaction moS — Fp — y curves).

Lateral Top Force [kips]

Figure 5.6: Load —displacement responses for flexure and interactiodelsobtained using thF p —y

Table 5.5:Values ofN, Ny, ¢ andy, obtained for the Flexurd-J and Shear Flexure(S — F) Interaction
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Cc
NC Ny . . D :.yc
[kips/in“] [in]
Flexure (F) Model 1.7 1.5 0.0460 0.630
Shear — Flexure(S - F) Model 2.5 1.6 0.0677 0.714

49




Effect of Shear - Flexure Interaction on p -y curves
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Figure 5.7: Comparison of p — y curves obtained using Flexb)eaid Shear — Flexur&  F) Models.

The p — y curves are shown for the ground lihe=(0 in.) and for a depth of 1 and 2 pile
diameters (24 in and 48 in, respectively). e Fp — y curves (dashed lines) show higher
ultimate resistance than tkep — y curves (continuous lines). The initial stéss of th&s — Fp —

y curves is also higher than the — y curves, as shown in Table 5.6.

Table 5.6: Comparison of the initial stiffness and ultimatsiséance of the p - y curves obtained by the
Shear — Flexure§ — B and FlexureK) Models.

z K(S-hH K (F) puS-hH puF) |K(S-R/K(F)|pu@-HpuF)
[in] [kips/inz] [kips/inz] [kips/in] [kips/in] [%] [%0]

0 4.6 3.5 5.1 3.5 129.8 147.1

24 6.2 5.2 6.9 5.1 118.5 134.3

48 7.8 6.9 8.7 6.8 112.8 127.8

It can be observed that the difference of about Ifi%apacity, in the global response,
between the flexure and interaction models at3.6f lateral displacement (Figure 5.6) result in
a difference ob,, of 47%, for the superficial curv& & 0 in) and a difference of initial stiffness
of about 30%. The differences for the superficial p curve at 3.0 in of lateral displacement are
about 40% (Table 5.7).

Table 5.7: Comparison of the soil resistance at 3.0 in ofrédtdisplacement, for the superficial p —y
curve (Z=0in)
Z[in] |p(y=3in) S - F[kips/in] | p(y = 3 in)F [Kips/in] | S-F/F [%0]
0 3.4 2.4 141.6
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The parameter affects the distribution g¥,(z) (equation 2.2.3) and the valuezpf(equation
2.2.4). This effect is shown in Figure 5.8. Theemattion model gives higher values fq)(z)
than the Flexure model, just as predicted by Lereniet al, 2013. It should be highlighted that
the influence of shear is expected to be concemrat the top of the pile, thus, tipg(z)
distribution presented is not necessarily a reptasentation of the soil behavior for deeper
levels. The influence of shear in depth is studme8sl.5.1.

Effect of Shear on pu distribution
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Figure 5.8: Effect of Shear o, distribution.
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5.4.4. Displacement Profiles.

In the previous study developed by Lemnitzer eR@l,3, the displacement profiles threw that
shear displacements are concentrated right belowngrline (up to about 24 in depth, or 1 pile
diameter) and were nearly zero at other locatioastributing up to 40% of total displacements,
for a lateral displacement of 5.0 in at which tbad — displacement response obtained using the
interaction model starts showing strength degradafiherefore, the effect on p — y curves is
expected to be located essentially on the uppde d@meter.

The displacement profiles obtained in the presemkvare shown in Figure 5.10. The shear
displacements are concentrated between the groumand a pile depth of approximately 24 in
(1 pile diameter), and are negligible at lower deptThe flexural displacements can be observed
between the ground line and a pile depth of 12Qapproximately 5 pile depths). The shear
displacements are contributing up to 35% to theltdateral displacement, at lateral top
displacement of 3.0 in where strength degradasabserved in the global response (Figure 5.4).
The flexural displacements account for up to 65%the# total displacements at the same
displacement level. These results are obtained frarinteraction model along tl&e— Fp —y
curves.

5.4.5. Moment and Shear Profiles.

The moment profile (Figure 5.11) shows that thédyng occurs at two locations, just below
ground line in negative bending and approximatel§@ain (near to 3 pile diameters) of depth in
positive bending, for a lateral displacement ofiB.(Bending moment approaches zero at depths
below 200 in (about 8 pile diameters). Thus, twaspt hinges are developed during loading at
the locations mentioned above. The longitudinaésstr— strain response,(— ¢,) for the
extreme fibers of each section, shows that yieldiogurs at two locations, just below ground line
at 6 in and at 66 in (roughly 3 pile diameter®pnfaeming the results observed in the moment
profiles (Figure 5.13). At the same displacemewntliethe nominal capacity is reached at a depth
of approximately 66 in. The yielding and nominal ments were computed as 450 and 565 kN-
m, respectively (3975 and 5000 kips-in, accordimdg¢mnitzer et al, 2013, based on a section
analysis using in-situ shaft properties). Momemfipgs obtained by using the flexure model are
similar to the interaction model profiles (Figurd®). It is also observed yielding at two points
(just below ground line in negative bending ands@tin. of depth in positive bending), and
nominal capacity is reached at 66 in, for a latdrgplacement of 3.0 in. Also bending moment
approaches zero at depths below 200 in.

The shear profile shows that the nominal sheangtheis reached at the ground interface for a
lateral top displacement of 3.0 in, which is coteis with the results obtained by Lemnitzer et al,
2013. This is also observed in the shear profil@iobd with the flexure model. It should be
noted that on the field, extensive shear crackewéserved at the pile — cap interface (Figure
5.9). The nominal shear strength was computed @kR5214 kips, Lemnitzer et al, 2013, using
the ATC — 32 (1996) recommendations for circulassrsections.

v, = gw (5.4.1)
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V. = 0.1664/f' A, (5.4.2)

V.=V, +V, (5.4.3)

WhereD' is the diameter of the hoop reinforcement meastwetthe hoop centerline (50.8
cm), s is the vertical hoops spacing (11.4 cfigy, is the yield strength of the hoops (483 MPa for
fixed head) A, is cross-sectional area of the ho@min?), A, is the effective shear area of the
shaft (2918.&m?) andf'. is the concrete compressive strength (32.4 MRallgnotes the shear
strength due to transverse reinforcem&ptrepresents the concrete shear strengthVgand the
nominal shear strength of the section. The resuktsalso obtained from the interaction model
along theS — Fp — y curves.

\

Figure 5.9: Shear crks ’bbse‘rvéﬁd affer e?«iavatioh. Léfﬁniizéﬂr';féOlS.
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5.5. Sensitivity Analysis

Sensitivity analyses have been performed in ordlestimate the impact of some parameters
in the prediction of p — y curves. The idea is iteegnore general information about the effect of
shear on p — y curves for other pile charactedsfitie parameters selected are: 1) Influence of p
— y curves in depth, 2) longitudinal reinforcemeatio of the pile, 3) soil quality, 4) pile
diameter, 5) pile — cap interface rigidity and &kglal reinforcement of the pile.

5.5.1. Influence of p —y curves in depth

Shear displacements are concentrated only in dosh#&yer of 1 pile diameter (24 in.), as
discussed in the previous section. Therefore, ejgected that the effect of shear in p —y curves
should be concentrated just below the ground Imeavall, given that the shear displacements
below that point are near to zero. To assessttieéanteraction model has been used along the p —
y curves calculated either with the interaction #imel flexure models. The p — y curves of the
upper soil springs are the ones calculated with sivear — flexure modelS(— F), and the
following springs are modeled using the p — y cargbtained with the flexure modét)( Some
cases are analyzef:— Fp — y curves are used between ground line andalingrline (only the
first spring has & — Fp — y curve), 2) 12 in., 3) 24 in. (1 pile diamgtel) 36 in., 5) 48 in. (2
pile diameters), 6) 60 in., and 7) the bottom I{ak the springs useS — Fp — y curves). The
results are shown in Figure 5.14.
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Figure 5.14:Influence of p - y curves in Depth.
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TheS — Fp —y curves are used on the soil springs frongtbend line, to a depth of 2.5 pile
diameters. As th& — Fp — y curves are used on deeper soil springslot — displacement
response becomes more similar to the one obtaisew) theS — F p — y curves for all the
springs. Initial stiffness is well predicted by pnlsing anS — F spring at ground line. It can be
also observed that the strength is well predictednwsingS — Fp — y curves between ground
line and a depth of 36 in. having a little ovempstiion of ductility. The overall load —
displacement response calculated uSngF p — y curves between ground line and a depth 48 in
shows no differences with the response calculasetyuheS — Fp — y curves along the total pile
length. The results suggests the following: 1) Thi#ial stiffness of the pile response is
controlled by the p — y curve located at Z = 0 2),the effect of shear on p — y curves is
concentrated between ground line and a depth de2Z@meters (48 in) and 3) the contribution
of p —y curves of deeper levels is negligible.

5.5.2. Longitudinal Reinforcement Ratio

Two different values ofp; were used, 50% and 150% of the provided longitaidin
reinforcement of the fixed — head pile studied iev&rt et al, 2007. All other parameters
remained constant.

When reducing the longitudinal reinforcement to @4 the pile has lower yielding and
nominal moments (1945 kips-in and 2418 kips-inpeesively, based on a sectional analysis of
the new configuration), thus a more flexural regeois expected. First, the flexure)(p — y
curves of the base model were used in the analybis.load — displacement response of the
interaction model showed about 10% lower strenigém tflexure response and showed strength
degradation at 5.5 in of lateral displacement (Fegu 15, before fit). Then, the p — y curves were
adjusted to fit the interaction model responseh® flexure model response, and finally the
impact on the p — y curves was evaluated. Restitsved that shear — displacements are
contributing up to 30% of the total displacemeffibs & total lateral displacement of 4.5 in, where
strength degradation is observed in Figure 5.18y &f). The effect of shear on the p — y curves
is shown in Figure 5.16.
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Figure 5.15:Load —displacement response of interaction model fitteflietxure model response. 50%
longitudinal reinforcement.
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Figure 5.16: Comparison of p-y curves for interaction and flexure models. Sévigtanalysis for 50%
of Longitudinal Reinforcement.
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The p -y curves for the shee flexure model $ — B show higherinitial stiffness and
ultimate resistance, as shown for the ground lime @ depth of 1 and pile diameters in Table
5.8. It should be noticed thaa difference of strength of about 10% a5 in of lateral
displacement between interaction model respondergét) and flexure model responsFigure

5.19), results in a difference p,0of about 33% for the superficial spring.

Table 5.8:Comparison bthe initial stiffness and ultimate resistanceled p- y curves obtained by tf
Shear — Flexure (8) and Flexure (F) Models. Sensitivity analysis3086 of Longitudina

Reinforcement Ratio.

z K(S-hH K (F) puS-—-h puF) | K(S-BI/K(F) | puS-HipuF)
[in] [kips/in?] [kips/in?] [kips] [kips] [%] [%0]

0 5.2 3.9 4.5 3.4 133.3 133.3

24 7.3 5.9 6.3 5.0 124.1 124.1

48 9.4 7.9 8.0 6.7 119.4 119.4

When using 150% of longitudinal reinforcement, fhike has higher yieldin@nd nominal
moments (4781 kipsr and 6000 kig-in, respectively, based on a sectional analysih®mnew
configuration) thus a higher influence of shear is expected. Jdme procedure used in
model with 50% of reinforcement is applied, obtagthat shear displacent are contributing
up to 35%of the total displacemer, for a lateral displacement of 2.3 in, where githi
degradation is observed accordin(Figure 5.17. The effect of shear on g relations are show
in Figure 5.18.
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Figure 5.17:Load —displacement response of interaction model fitteflietxure model respons150% of
longitudinal reinforcement.
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Figure 5.18:Comparison of p —y curves for interaction anddilexmodels. Sensitivity analysis for 150%
of Longitudinal Reinforcement.

The flexure and interaction p — y curves are comgban terms of initial stiffness and ultimate
resistance in Table 5.9. In this case, differerdel0% of strength between the interaction model
response (Figure 5.17, before fit) and the flexomedel response, result in a difference of
ultimate resistancep() of 50% for the superficial spring after caliboati

Table 5.9: Comparison of the initial stiffness and ultimagsistance of the p - y curves obtained by the
Shear — Flexure (S-F) and Flexure (F) Models. Sgitgianalysis for 150% of Longitudinal
Reinforcement Ratio.

z K(S-h K (F) puS-hH pufF) | K(S-R/K(F) | puE-HipuF)
[in] [kips/in’] [kips/in®] [kips] [kips] [%0] [%0]

0 5.2 3.9 5.1 3.4 131.3 151.5

24 7.0 5.9 6.9 5.0 118.9 137.2

48 8.9 7.9 8.7 6.7 112.7 130.1

The impact of shear on the p — y curves in termdtohate resistance is higher when a larger
amount of longitudinal reinforcement is disposeé@veltheless, it is observed that the effect on
initial stiffness is similar for both cases (ab@W% of difference on the superficial spring, for
50% and 150% of longitudinal reinforcement).
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5.5.3. Soil Quality

In this case, “softer” p — y relations have beeaduim order to assess the effect of soil quality
on the response. This was done by amplifying theevaf N, obtained in the base flexure model

by 4 (reducing stiffness of p — y relations), aeducing by one half the value Nf. (reducing
ultimate resistance of p — y relations). The valoEN,, Ny, c andy. are shown in Table 5.10.
Results showed that shear displacements are cotitigbup to a 19% of the total displacements,
for a lateral top displacement of 7.8 in, wheremsgth degradation is observed in Figure 5.19,
suggesting that p — y relations should be infludniocg shear. In addition, load — displacement
response for the interaction model is still showéngtrength difference of about 10% compared
to flexure model, suggesting that exists degradataused by shear. The differences between the
base model and the p — y relations used in thatsatysanalysis can be observed in Figure 5.20.

Table 5.10:Values ofN, Ny, ¢ andy, used in the sensitivity analysis of soil quality.

Nc NJ/ c Ve
[kips/in‘] [in]
0.85 6.0 0.0230 2.52
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Figure 5.19:Load — displacement responses for sensitivity amabyf soil quality.
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Figure 5.20:Comparison of p — y curves for Base Model (Flexam) p — y curves used in sensitivity
analysis of soil quality.

5.5.4. Pile Diameter

A pile diameter of 48 in was used in this studyjchhs twice the original pile diameter used
in the base model. All other parameters remainedstemt, nevertheless, the reduction of
confinement effectiveness, due to reduction of dvamse reinforcement ratio, is considered,
obtaining the parameters of concrete shownjimor! No se encuentra el origen de la
referencia. When increasing the pile diameter, the sheangtheis increased (2573 kN or 578
kips, calculated using equations 5.4.1, 5.4.2 add3p and so do the yielding and nominal
moments (10412 kips-in and 12930 kips, respectjdadhged on a sectional analysis for the new
configuration). Load — displacement response daradtion model showed strength degradation
and lower strength than flexure response. This estgghat, even when the degradation occurs at
a higher displacement level and shear strengthigheh the shear displacements are still
influencing the response. Results showed that stisplacements are contributing up to 27% of
total displacements, for a lateral displacemeri.@fin, and concentrated between the ground line
and a pile depth of 1 diameter. Therefore, it ipezted similar effect on p — y curves than the
other cases.

Table 5.11:Parameters of concrete used in the sensitivityyaisabf pile diameter.

flo [ksil | 4.7
fleelksil| 6.1
e, |0.00230
. | 0.00580
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Figure 5.21:Load — displacement responses for sensitivityyasiabf pile diameter.
5.5.5. Pile cap — interface rigidity

Interface cracks formed during post — tensioningua¢hor bars and micro — cracking caused
by differential shrinkage of concrete at the iraeds might produce lateral stiffness reduction
during loading. To assess this effect, the proceguoposed by Massone, 2009, in walls is used.
First, a moment — curvature analysis of the crasgian was performed, and an equivalent
rotational stiffness was calculated given by tHeWing expression:

2
My
Ky == (5.6.2)
Py

Where,K; is the equivalent stiffness of the rotational sgrshown in Figure 5.224 is the
development length of the anchor bars estimatetlddg (d,, is the longitudinal bar diameter).
Finally, M, and ¢, are the yielding moment and the rotation of th@ssrsection, respectively,
obtained from the moment — curvature diagram. AieafK, = 1.55 - 10°[kips - in] was finally
calculated, and the results were compared to tee ohtained in the base model.
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Figure 5.22:Interface crack and rotational spring model (Massetnal, 2009)
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Figure 5.23:Comparison of Rotational Spring model vs Base mddwd - displacement responses.

The load — displacement responses (Figure 5.23y shat the addition of a rotational spring
has little effect on stiffness and strength degiiada Nevertheless, there is no difference on
strength prediction. Besides, shear displacememtstributed up to 35% of the total
displacements, for a lateral top displacement 8fid, where strength degradation is observed,
that is the same contribution obtained for the baselel. Thus, the results suggest that the
influence of the rotational spring on p — y relasshould be negligible.

A different value of rotational spring stiffnesssuwased, in order to assess the sensitivity of the
response to this parametdf ). A 10% of K, was used in this case. Load — displacement
responses show that interaction and flexure mosletsv little differences in terms of initial
stiffness and strength until a lateral displacenwrdabout 4.2 in ( Figuré.24). Results showed
that shear displacements are contributing up to b2%otal displacements, for a lateral top

65



displacement of 4.2 in. The p — y curves are caildat in order to fit the interaction and flexure
responses until a lateral displacement of 4.2 ime @ — y relationships are compared in Figure
5.25.
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Figure 5.24:Load — displacement responses for sensitivity amabyf 10% oK.
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Figure 5.25:Comparison of p — y curves for interaction anddilexmodels. Sensitivity analysis of 10%
of K.
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Flexure and interaction p — y curves show diffeesnaf about 3.0%, for the superficial spring,
in terms of initial stiffness and also ultimate isté@nce, showing that flexure and interaction
models give similar results for this configuration.

Table 5.12:Comparison of the initial stiffness and ultimateisgance of the p - y curves obtained by the

Shear — Flexure (S-F) and Flexure (F) Models. Sgitgianalysis of 10% oK.
ziing | KE6-B T K@ Tpuc-A[ puF) [ K(ES-HK | pu-hHipu
[kips/in“] [Kips/in’] [kips] [Kips] (F) [%0] (F) [%0]
0 4.0 3.9 3.5 3.4 103.0 103.0
24 6.0 5.9 51 5.0 102.2 102.2
48 8.0 7.9 6.8 6.7 101.8 101.8

5.5.6. Lateral reinforcement

The shear displacements have been observed betwgveand line and a depth of 1 pile
diameter. Besides, according to the results ofi@ed.4.6, the impact of p — y curves are
concentrated on a depth of 2 pile diameters bel@urgl line. Thus, it is proposed an analytical
study on the amount of lateral reinforcement. Taedverse reinforcement ratio is duplicated in
this portion of the pile (between ground line andepth of 2 pile diameters), by decreasing the

hoop pitch to one half the original valug = 12ﬁ = 57 mm). Therefore, the shear strength is
increased to a value of 1631 kN or 367 kips, adogrtb equations 5.4.1, 5.4.2 and 5.4.3.

Load — displacement responses are shown in Figa2& % is observed that the addition of
lateral reinforcement enhances the response opiteen terms of strength and ductility. The
strength is increased in about 7%, at a lateralatement of 3 in, and degradation is observed at
a lateral displacement of 6 in, instead of 4 intleé base model. The interaction response
approaches the flexure response when increasingntibeint of lateral reinforcement in this zone.
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Figure 5.26:Load — displacement responses for sensitivity amabyf lateral reinforcement.
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The shear displacements are contributing up to d8%tal displacements, for a lateral top
displacement of 6.0 in, that is about one thirdhe contribution observed in the base model
where strength degradation is observed.
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CHAPTER 6. Summary and Conclusions

6.1 Column Analysis

A biaxial fiber model that couples shear and axiabending behavior was studied and
validated for the analysis of columns with circuggction, uniform distribution of longitudinal
reinforcement and spiral transverse reinforcemienbrder to achieve this, a set of column tests
provided by the PEER (Pacific Earthquake EngingeResearch) and Kawashima Earthquake
Engineering Laboratory was used, with differentashe span, reinforcement and axial load
ratios. The specimens were selected to show stredggradation caused by shear. Thus,
different implementations of the so called SheaFlexure Interaction model were used to
compare the load — displacements responses obtdipethe different models to the test
responses provided in the database.

The models were implemented in OpenSees, usinditdng laws of materials (for plain and
confined concrete, and reinforcement steel) from literature and adjusting them to the ones
available in the program. The interaction modelali@ped by Massone et al, 2006, for walls, and
extended for beams (Galleguillos, 2010; GotschiifH,1) was now updated for column analysis
via a rectangular discretization of the column sresection; proposing 8 fibers and 16 fibers
discretizations.

Different implementations were analyzed, comparihg model responses to the test
responses. First, the Shear — Flexure (S — F)ddtien model was studied assuming zero
transverse stress along the column length £0), with two different longitudinal
discretizations: 1) a constant number of 8 elemaldsg the column length (recommended by
Massone et al, 2006, for better predictions on popeak curve for walls), and 2) a constant
D/hg, = 2 ratio, whereD is the column diameter and, the element length (discretization used
due to the observations on post — test excavaf@n®rmed by Stewart et al, 2007). Both
discretizations show similar results in terms okimaum capacity and initial stiffness (the model
over test ratio show values of aboU,f4/V.xp) 0.84 for maximum capacity an®f,q/Kexp)

1.7 for initial stiffness). However, it was fountat an 8 elements discretization led to fast
strength degradation (the model over test rafig,{/6..,) Showed values below 0.5 for most of
the specimens) wheread#hg, = 2 discretization showed a mean value&f {;/5.xp) 0.83.

The S — F model with calibrateg, profile showed better results thag = 0 model for
estimating maximum capacity and initial stiffnetise(model over test ratio showed values of
about Vinoa/Vexp) 0.90 for maximum capacity anf,/K.xp) 1.3 for initial stiffness with
standard deviations of 0.09 and 0.18, respectivilgyertheless, calibrated model has a fixed
number of 8 elements along the element length dwst been not considered in analysis of
degradation due to the observations withdhe= 0 model. It is also important to note that the
calibrated model needs a calibrated profile andridu@sverse strain would depend on the type of
element and the boundary conditions. Thus, in #s& ©f columns, the, profiles proposed by
Massone et al, (2010) for walls were used. Ongomgrk should be focused on the
implementation of & /hg, = 2 discretization and determining propgrprofiles for the analysis
of columns.

69



The Flexure (F) model was also analyzed in ordercampare the results against the
interaction models. The F model showed good priediadf the maximum capacity (the model
over test ratio showed a mean valuel@f4;/V.xp) 1.00 with standard deviation of about 0.19),
however, initial stiffness is highly overestimatgde model over test ratio showed a mean value
Of (Kimoa/Kexp) 1.9 with standard deviation of about 0.25). Thalgsis of §,,,4/8.xp) IS NOt
considered, because shear degradation was notvetlser6 of 10 cases at large displacements

(5mod/5exp > 2)-

The transverse straire,) was studied for thes, = 0 model at three different stages of
loading: 1) ultimate displacement, 2) maximum c#yaand 3) 1% of lateral drift. At ultimate
displacement it was found that a lower shear — saim gives a higher percentage of fibers with
gx > 0.0021, where less than a third of fibers are yieldind anly the fibers near to the support.
At maximum capacity it was found that for 7 of ldkses transverse reinforcement is not yielding
(ex < 0.0021 for all fibers). At 1% of lateral drift it was obssed similar results than ultimate
displacement. These results suggest that, for tepseimens, the importance of transverse
reinforcement is to provide ductility and not t@ypide strength to columns.

Sensitivity analyses were undertaken on confineraffiettiveness and lateral reinforcement,
because transverse reinforcement contributes td kbmminfinement and shear strength.
Confinement was reduced to 50%, and threw diffeeseraf 1% of maximum capacity. Lateral
reinforcement was taken as 50% and 150% of theswease reinforcement ratio, and threw
differences below 1% for all cases in terms of cagand degradation. The low impact on these
parameters is associated with the low amount atrarse reinforcement on the specimens.

6.2 Pile Analysis

In the second section was analyzed the effectedrsbn the calculation of the p — y curves for
a 0.61 m. diameter fixed — head RC pile embeddedayey soil. For the study it was used the
data of a full — scale test performed by Stewawlef007, on a fixed — head pile. Thg= 0
model with constantD/hg; = 2 ratio was used for the analysis, in order to regmé the field
observations on post test excavations. Also, gaedigtion of strength and strength degradation
was observed on columns, essentially on specim@mitii similar longitudinal and transverse
reinforcement ratios, 1.90% and 0.60%., respedtjv@lhe cross section was discretized in 16
fibers. The p — y curves were based on the APIZ18commendations, implementing them in
OpenSees as tri — linear responses, using a lgaates procedure. The pile was also modeled
using the F model, in order to make comparisons.

A fitting procedure was proposed in order to adphst load — displacement response of the
model to the test response. To achieve this, twanpeters were selected: the undrained shear
strength of the soilcj, and the displacement at one — half of ultimasistance y(.). Both
parameters were multiplied by factol& (@ndNy, respectively), and a fitting procedure was used
to find the values in order to match graphicallg thverall load vs. displacement response. No
degradation was possible to match in the caseedidéiRure model.

The p — y curves were calculated for the F moddl@mpared with the p — y curves used by
Lemnitzer et al, 2013. It was found a difference18@6 between the p — y curves of the
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superficial layer Z = 0 in) until 3.5 in of lateral displacement, whichtiee maximum lateral top
displacement of the test. Besides, both modelss@pteand Lemnitzer et al, 2013, models)
showed good correlation for maximum capacity aritlainstiffness of the response, however,
they do not show strength degradation beyond 3d lateral displacement.

Then, the p — y curves were calculated for theFSmodel. The model response showed good
correlation for maximum capacity, initial stiffneasd strength degradation. Also, the Fand S — F
responses are practically identical for the ascepdiranch, however, S — F response show
strength degradation beyond 3.0 in, whereas F nsgpdo not show degradation.

TheS — Fp —y curves were comparedR@ — y curves. It was found that a difference d¥10
of strength between the flexure and interaction @hoesponses at 3.0 in (usifRgp — y curves
for both cases) led to a difference of about 47%ltmate capacity and a difference of about
30% of initial stiffness for the superficial p —cyrves (the flexure over interaction model ratio is
(Du_Fiex/Pu_inter) €Qual to 0.67 for ultimate capacity arit:,/Kinter) €qual to 0.77 for initial
rigidity, at ground line), i.e., th& — Fp — y curve is harder than tlkep — y curve for the
superficial layer. The difference for the soil stance at 3.0 in of lateral displacement is about
40%. Similar behavior is observed for deeper lgybosvever, sensitivity analyses established
low contribution of p —y curves for depths belowi2 diameters.

The displacement profiles showed that the shegilatisments significantly influence the
overall top displacement response, for top disprese exceeding 0.25 in (0.63 cm). When the
top displacement reaches the 3.00 in (start ohgthedegradation), the shear displacements are
contributing up to 35% of total displacements aneytare concentrated on a shallow layer of
approximately 1 pile diameter. Flexural deformasicare contributing up to 65% of the total
displacements, at the same displacement levelttadare observed between the ground line
and a pile depth of approximately 5 pile diametarg] they are nearly zero for lower depths.

The moment profiles showed two plastic hinges kedgtist below ground line in negative
bending and at 66 in (roughly 3 pile diameterspasitive bending, for a lateral displacement of
3.0 in (start of strength degradation). This wasficmed by the stress — strain response of the
extreme fibers for both sections. Nominal capaistyeached at 66 in depth, at 3.0 in of lateral
displacement. Bending moment approaches zero #tgibplow 200 in (about 8 pile diameters).
In addition, it was observed that the moment pesfibbtained using the F model aldag — y
curves are similar to the moment profiles obtaiosihg the S — F model along tBe- Fp —y
curves.

The shear profiles showed that nominal shear dfneisgreached at ground line for a lateral
displacement of 3.0 in, which is consistent witk fleld observations of shear cracks at pile —
cap interface. In addition, it was observed tha&t shear profiles obtained using the F model
alongF p — y curves are similar to the shear profiles ioletd using the S — F model along the-

F p—y curves.

In order to give more general information about éfieect of shear on p — y curves, some
sensitivity analyses were undertaken.

To assess the depth of influence of p — y cuntes, S — F p — y curves were used between
ground line and different depths, and the responga® compared. The results suggest the
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following: 1) The initial stiffness of the pile nesnse is controlled by the p — y curve located at Z
= 0in, 2) the effect of shear on p — y curvesoisaentrated between ground line and a depth of 2
pile diameters (48 in) and 3) the contribution &f p curves of deeper levels is negligible.

Longitudinal reinforcement was studied using 50% 460% of longitudinal reinforcement
ratio. When using 50% of longitudinal reinforcemetite yielding and nominal moments are
lower, thus a more flexural response was expedtead — displacement response for the S - F
model alongF p — y curves showed 10% lower strength than F madel showed strength
degradation at 5.5 in of lateral displacement. $heFp — y curve, forZ = 0 in, showed about
33% higher ultimate capacity and 33% higher inigaffness tharF p — y curve at the same
location. Shear displacement contributed up to 3@R4dateral displacements, for a lateral
displacement of 4.5 in. When using 150% of longitatireinforcement, the shear displacements
contributed up to 35% of total displacements, ddateral displacement of 2.3 in, resulting in
differences of of about 50% of ultimate capacityl 80% of initial stiffness, for the superficial
spring.

Soil quality was also studied by reducipg by one half and raising. by four times the
original values obtained using the flexure modebad — displacement responses show
differences of 10% in strength, between S - F anddéels along- p — y curves, and S — F
model showed strength degradation beyond 7.8 ieaiSHisplacements are contributing up to
19% of total displacements, for the same latergbldcement, thus it is expected similar effect on
p —y curves than the other cases.

Pile diameter was duplicated in order to raisediear strength of the pile and obtain a more
flexural response. In this case, the interactiord@h@hows lower strength than flexure (about
10% lower) and also showed strength degradatioorzk.2 in of lateral displacement. Shear
displacements are contributing up to 27% of tot&@pldcements for the same lateral
displacement. Thus, similar effect on p — y curnigesxpected.

A rotational spring proposed by Massone, 2009walts, was used to assess the effect on the
response. The effect of adding a rotational spahdghe pile — cap interface is reducing the
stiffness of that section. It was observed littiéfetlence between the load — displacement
responses of the base model (S — F model afoipg— y curves), and the response using the
rotational spring. Also, shear displacements cbuated up to 35% of total displacements, for a
lateral displacement of 4.2 in. Thus, the resultgyest that the addition of a rotational spring on
p — Yy curves is negligible.

A 10% of the calculated stiffness was used on ¢tational spring in order to force the model
to reduce de shear displacements. S — F model anddel responses showed little differences
and also shear displacements contributed up to d2%otal displacements, for a lateral
displacement of 4.2 ir6 — Fp — y curves showed differences of about 3%, timate capacity
and stiffness, respect to thep — y curves. The results suggest that when ghsplacements are
expected to be low (about 12% or lower) e Fp —y curves anfl p — y curves are similar.

The effect of lateral reinforcement was also stddigy duplicating the amount of
reinforcement between ground line and a pile degtld8 in. The addition of reinforcement
enhanced the response in terms of strength andigudtoad — displacement responses show
that strength is raised in about 7%, comparedddStr- F model with the original configuration,
and strength degradation is observed beyond 6i@stead of the 3.0 in of the base model. Shear
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displacements are contributing up to 13% of totapldcements that is about one third of the

shear displacements of the base model. Thus, siitsesuggest that the effect of shear should be
lower by adding transverse reinforcement in theezathere maximum shear displacements are
expected.

6.3 Future Work
Future work should be focused on the following atpe

1) Column tests should be performed with differentashespan, longitudinal and transverse
reinforcement and axial load ratios; where longitalj transverse and shear strains are
measured, in order to validate the strains givetheyS — F model on columns, and also,
verify the hypothesis of transverse strain distitiuaccording to Massone et al, 2010, for
columns. Columns should be designed to show shéard.

2) Since the S — F model witt), calibrated showed better results for columnsaasverse
strain distribution should be proposed in ordeunde the S — F model wit). calibrated in
pile analysis.

3) Since theD/h = 2 discretization showed better prediction of strandegradation on
S

columns, S — F model with, calibrated should be extended in order to usengitiadinal
discretization of /, =2
S
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APPENDIX A

The following table summarizes the parameters use¢lde column models, according to the
constitutive laws discussed in section 2.1.
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Table A.1: Parameters for columns

Plain Concrete Confined Concrete o Concrete in Tension Rlé(i):fg; 'raclgrl:;l] ¢ Transverse Reinforcement
Compression
ID N°® [fsci] € | n |k [}l:f] el | n |k ’ [fsri] € | B | Tension [kEsi] [12,1] b [kEsi] [12111 b

SPEC1 | 4.35 |0.0018|2.56|1.15| 4.94 |0.0031|1.98|1.00 0.20 0.25 |0.00008|0.40| 0.20 29000.00 | 66.99 |0.008| 29000.00 | 52.35 | 0.008
SPEC2 4.35 [0.0018|2.56|1.15| 4.72 |0.0026|2.10] 1.00 0.20 0.25 |0.00008]0.40 0.20 29000.00 | 66.99 |0.008| 29000.00 | 52.35 |0.008
SPEC6 | 4.32 |0.0018|2.55]|1.15| 4.50 |0.0022|1.95|1.00 0.20 0.25 |0.00008|0.40| 0.20 29000.00 | 65.83 | 0.008 | 29000.00 | 29.00 | 0.008
SPEC7 3.88 |0.0018|2.38|1.10| 4.06 |0.0022|1.95|1.00 0.20 0.23 |0.00008 | 0.40 0.20 29000.00 | 65.83 | 0.008| 29000.00 | 29.00 |0.008
SPEC8 4.52 10.0018[2.64|1.17| 4.70 [0.0022|1.96]|1.00 0.20 0.25 |0.00008]0.40 0.20 29000.00 | 63.45 |0.008| 29000.00 | 29.00 |0.008
SPEC9 521 [0.0019[291[1.25| 5.99 |0.0033|1.95|1.26 0.20 0.27 |0.00008|0.40| 0.20 29000.00 | 34.80 | 0.008| 29000.00 | 34.80 | 0.008
SPEC10| 4.99 [0.0019|2.82|1.22| 5.77 [0.0034|1.66]|1.00 0.20 0.27 |0.00008 | 0.40 0.20 29000.00 | 34.80 |0.008| 29000.00 | 34.80 | 0.008
SPEC11| 5.37 |0.0019|2.98|1.27| 6.18 |0.0034|1.80|1.00 0.20 0.28 |0.00008|0.40| 0.20 29000.00 | 68.88 | 0.008 | 29000.00 | 49.30 | 0.008
SPEC13| 4.35 [0.0018|2.56|1.15| 4.92 |0.0030]|2.00]1.00 0.20 0.25 |0.00008]0.40 0.20 29000.00 | 54.23 | 0.008| 29000.00 | 52.64 |0.008
SPEC14| 4.35 |0.0018|2.56|1.15| 4.67 |0.0025]2.08)1.00 0.20 0.25 |0.00008|0.40| 0.20 29000.00 | 54.23 | 0.008| 29000.00 | 52.64 |0.008




APPENDIX B

The following figures show the overall load — degment responses obtained with the
different analyses along the test response, forthal different column specimens studied in
CHAPTER 4.
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Figure B.6: Load -Displacement responses for all models using &)e&diand b) 16 fibers. Specime
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APPENDIX C

The following figures show the confined concretetenal curves used in modeling columns.
The confined concrete response incorporated isTtiwendfeldt base curve, calibrated to the
Saatcioglu and Razvi (1992) model.
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Figure C.1: Collins & Porasz model calibrated to Saatcioglu Radvi (1992). Specimen 1.
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Figure C.2: Collins & Porasz model calibrated to Saatcioglu Radvi (1992). Specimen 2.
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Figure C.3: Collins & Porasz model calibrated to Saatcioglu Raadvi (1992). Specimen 3.

30

25

20

15

10

| <

0 0,005 0,01 0,015 0,02

Collins & Porasz (calibrated) Saatcioglu & Razvi (1992) ===20%f'cc

Figure C.4: Collins & Porasz model calibrated to Saatcioglu Radvi (1992). Specimen 4.
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Figure C.5: Collins & Porasz model calibrated to Saatcioglu Radvi (1992). Specimen 5.
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Figure C.6: Collins & Porasz model calibrated to Saatcioglu Radvi (1992). Specimen 6.
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Figure C.7: Collins & Porasz model calibrated to Saatcioglu Radvi (1992). Specimen 7.
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Figure C.8: Collins & Porasz model calibrated to Saatcioglu Radvi (1992). Specimen 8.
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Figure C.9: Collins & Porasz model calibrated to Saatcioglu Radvi (1992). Specimen 9.
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Figure C.10: Collins & Porasz model calibrated to Saatciogld Bazvi (1992). Specimen 10.

93



APPENDIX D

The following figures show the loe— displacement responses of the column specimer
the sensitivity analysis of confinement effectived and sensitivity analysis of later
reinforcement.
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Figure D.1: Load —Displacement responses for specimens 1, 2, 3 ai&bdsitivity analysis ¢
confinement.
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Figure D.2: Load —Displacement responses for specimens 5, 6, 7 ai&kBsitivity analysis ¢
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100 100
=
20 20
B0 "\_ : B0 2
g 7o E 70
8 60/ / g 6o
2 | &
o Sl o S0
[ | [
E 40 | E 40 ,u"
2 f %
3 a0l 5 ,;,rlf
20 20
10 — d(_'anhr\-mnnntql cahbr 'Il:II | . §5008% F Canfirsprmiomt &, casbrated
= mﬁ!':arrhmmnl.-.l = F = mdcanhmmenrr.. cabbrated
n i i N n, i $ 2 i i i l
10 20 a0 40 4] 5 10 15 20 25 a0 35
Lateral Displacement [mm] Lateral Displacement [mrm]

Figure D.3: Load —Displacement responses for specimens 9 and 1Giti8iy analysis of confinemer
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Sensitivity Analysis of Lateral Reinforcement. SPEC 1 Sensitivity Analysis of Lateral Reinforcement. SPEC 2
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Figure D.4: Load —displacement responses specimens 1, 2, 3 and 4. Sensitivity analysis tef td
reinforcement.
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Sensitivity Analysis of Lateral Reinforcement, SPEC 5
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Figure D.5: Load —displacement responses for specimens 5, 6, 7 éderBitivity analysis of later
reinforcement.
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APPENDIX E

In this section, the load — displacement respoab&gined in each step of the fitting procedure
described in section 5.3, are shown for flexureiatetaction models.
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Figure E.1: Load — displacement responses obtained in eacltokthp fitting procedure for the flexure
model. The values d. andNy are shown.
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Figure E.2: Load — displacement responses obtained in eaclokthp fitting procedure for the
interaction model. The values Nf andN, are shown.
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APPENDIX F

The results of sensitivity analyses performed fur Fixed — Head pile are shown in this
section.
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Figure F.1: Displacement profiles for different top displacetseisensisivity analysis of 50% of longitudinainfercement.
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Figure F.2: Displacement profiles for different top displacentseisensisivity analysis of 150% of longitudindhfercement.
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Figure F.3: Displacement profiles for different top displacensesensisivity analysis of soil quality.
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Figure F.4: Displacement profiles for different top displacenseiBensisivity analysis of pile diameter.
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Figure F.6: Displacement profiles for different top displacenseisensisivity analysis of lateral reinforcement.



