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ABSTRACT OF THESIS

CAMBER CONTROL IN SIMPLY SUPPORTED PRESTRESSED CONCRETE
BRIDGE GIRDERS

When designing a bridge, serviceability usually controls and is a more important
factor than the ultimate capacity of the bridge or the allowable stresses. Therefore, the
behavior of the bridge girder deflection and camber must be predicted as accurately as
possible. Therefore, excessive camber has become one of the most common problems
when constructing concrete bridges. Different methods have been developed to overcome
this problem. The most common and widely used is using haunch with adjustable pedestals
to overcome the excessive camber. However, this method has limitations that must be
considered. Therefore, this study is evaluating the effectiveness of using post tensioning
jacking strands at the top flange of simply supported bridge girders to reduce the excessive

camber and make it equal to the design camber.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Prestressed concrete has passed far beyond the development stage and has established
itself as a major structural material (Naaman.2004). When designing a bridge,
serviceability usually controls and is a more important factor than the ultimate capacity of
the bridge or the allowable stresses. Therefore, the behavior of the bridge girder

deflection and camber must be predicted as accurately as possible.

Camber in prestressing concrete bridge girders is the upward deflection that is caused due
to the prestressing forces applied on the bridge girder. Engineers have been trying to
predict its amount and optimize it to make it vanish when placing the deck of the bridge.
However, camber is affected by many factors, most of which are time dependent like
creep, shrinkage, and prestress losses, causing camber to grow. This growth will lead to
an excessive camber causing differential camber. Many problems will be presented due
to differential camber such as: increasing haunch depths, jutting of bridge girders into the
bottom of the slab and increase in time for setting up the forms for deck slabs, cracking,
ride and overall performance of the bridge. Also, for adjacent box girders and deck bulb-
tees, the difference in camber causes problems during the fit up process. This

unnecessarily increases the time and cost of construction (Sethi.2006).

The current state of literature deals with excessive camber by adjusting the height of the
haunch over the length of the bridge girder. Adjustable pedestals will be used to
overcome the difference between the elevation of the bridge and the road Fig.1.1, and in

some cases by adjusting the thickness of the slab. No other methods have been reported.
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Figure 1.1 Typical camber adjustment details
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1.2 Research Objective

The objective of this research is to evaluate the effectiveness of reducing excessive
camber in simply supported prestressed concrete bridge girders prior to placement of the
deck by introducing post tensioning strands in the top flange.

1.3 Research Tasks

In order to achieve the objective of this research, the following tasks will be carried out:
Task 1: Literature Review

Task 2: Material Properties

Task 3: Moment-Curvature Diagram of Prestressed Concrete Bridge Girders

Task 4: Camber Control

1.4 Research Significance

This research is trying to provide a simple and more efficient solution for the excessive
camber prior to deck placement in simply supported concrete bridge girders without the
need to delay the construction process, applying extra deal load to the bridge, or changing
the elevation of the bridge using adjustable pedestal. This study introduces the idea of
using post tensioning strands at the top flange of the bridge girder. These strands will be
placed through preexisting ducts and they will be post tensioned to a certain level to

reduce the initial camber and make it equal to the design camber.
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1.5 Organization of the Thesis

This thesis is divided into six chapters:

e Chapter one is an introduction about the study

e Chapter two introduces the literature review dealing with excessive camber

e Chapter three presents the material properties by introducing the strain-stress relations
for concrete, mild steel, and prestressing steel in order to fully understand the behavior

of those materials

e Chapter four presents the analytical procedure as well as the method of analysis to

generate moment-curvature diagrams in prestressed concrete bridge girders

e Chapter five presents the analytical procedure and the method of analysis to compute
the camber in prestressed concrete bridge girders and explain the idea of using post

tensioning to reduce camber

e Chapter six provides the overall summary and conclusions of the study. Research areas
are also identified and proposed for future study
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The current state of literature deals with excessive camber by adjusting the depth of the
haunch over the length of the bridge girder, and in some cases by adjusting the thickness
of the slab. No other methods have been reported. However, the first method is
considered the most common approach. Therefore, this chapter presents the outlines for

using haunch to reduce excessive camber.

2.2 Haunch Components

The concept behind using a haunch when controlling camber is to apply the minimum
possible weight to generate a downward deflection that counteracts the effect of
excessive camber. Haunch depth depends on several components: camber and camber
growth, dead load of the slab, super elevation, and vertical curves of the road (Texas
Department of Transportation, 2010).

2.3 Maximum and Minimum Haunch Values

Haunch limitations on I-beam are (Texas Department of Transportation, 2010):
1- The maximum haunch without reinforcing is 3”

2- The minimum haunch at the center of bearing is 1”

3- The minimum haunch at midspan is 0.5”
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2.4 Summary

The current approach used to control camber is dependent on several factors that might
control the required depth of the haunch; also, this method has limitations that might
restrict the use of it regardless of the extra time and cost spent setting up forms for the
haunch. Therefore, a simpler and more efficient approach is needed.
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CHAPTER 3

MATERIAL PROPERTIES

3.1 Introduction

In order to understand the behavior of the materials of which the prestressed concrete
bridge girder consists, this chapter will present the stress-strain relations for concrete,
mild steel and prestressing steel and the necessary equations needed to compute the

stresses.

3.2 Concrete

Concrete is a versatile composite material of very complex nature, yet it can be
approached at any desired level of sophistication. The simplest is when only its
compressive strength is specified for design. Concrete is made by mixing several
components, mainly water, cement and aggregate (fine and coarse). The behavior of
concrete is usually non linear. However, a standard stress-strain curve of concrete with
normal weight is uniaxial. The curve consists of two main parts: an ascending portion up
to the peak point which represents the maximum stress f .and a descending portion. In
this study, the short term concrete compression stress-strain relation that is adopted is the
one suggested by Hognestad (Hognestad.1952) for short term monotonic. This stress-
strain relationship is presented in Fig.3.1a. The ascending portion is presented by Eq.3.1

and the descending portion, which is linear, is expressed by Eq. 3.2.

fo=ks fc 2n-1) 0<&<¢p Eq.3.1
f=ks T [1-m(eceo)] £0<ec<tcu Eq.3.2
1.7f
& =
“E Eq.3.3
7
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n= % Eq.3.4

k;=0.85 Eq.3.5

f. is the concrete stress in compression corresponding to strain level e.. m is the slope of
the linear part of the curve and it is to be taken as 20 to match the experimental results of
cylinder tests (Ford.1981). &, is the concrete compression strain at ultimate condition
and it will be taken as 0.003 in/in (mm/mm) as ACI 318-11section 10.3.2 recommends.
&g 1S the concrete compression strain corresponding to the maximum concrete

compression stress f .. # is the ratio of ¢, to ¢, . ks is represented in Eq.3.5
(Hognestad.1955).

- Eq.3.2
A f
c
Eer
< ' >
&c
L f
> v
| g
€o & €eu
(a) Compression (b) Tension

Figure 3.1 Concrete stress-strain relationships Modified Hognestad model for (a)
compression and (b) tension

At low compressive stress levels ( f.<0.45f < ), the stress-strain relationship can be

assumed to be linear.
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Since this study focuses on the behavior of concrete prestressed bridge girders prior to the
deck placement in the field, the tension side of the cross section must be accounted for in
order to obtain precise results. This study will assume concrete behaves linearly at the
stage prior to cracking. The stress at concrete can be calculated using Hooks law Eq.3.7.

f=E, & Eq.3.7

Where f, is the concrete stress in tension corresponding to strain level & .The ACI 318-

11 formula to compute the tensile capacity of the concrete is adapted in this study
Eqg.3.8.aand Eq.3.8.b.

f =75/, psi Eq.3.8a
f =0.7,/f; MPa Eq.3.8b

f_is the modulus of rupture of concrete (psi or MPa).

E. is the secant modulus of elasticity of concrete determined at a service stress of 0.45f . .

ACI 318-11 Section 8.5.1 gives the following expression for calculating E..

E.=33w!5,/f, psi Eq.3.9a
E,=0.043w15,/ MPa Eq.3.9b

Where w is the volumetric weight of the concrete in Ib/ft® or kg/m3. In this study, w for

normal- concrete weight is to be taken (w=145 Ib/ft3).
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3.3 Mild Steel

The behavior of mild steel offers a number of simplifications when compared to concrete.
Mainly steel has the same modulus of elasticity, linear elastic portion in their stress-strain
relationship, and manufactured under strict quality control that satisfies a number of
ASTM standards. As a result, little variability happens between specified properties and
the nature of the material. In this study, the CALTRANS mild steel stress-strain modified
model for grade 60 will be used and its properties are shown in Fig.3.2. Also, it is
assumed that mild steel behaves similarly under tension and compression stresses;

therefore the same model will be used to compute the tensile and compressive stresses in

the steel.
A
f = 80x 10° psi (550 MPa)
f, = 60x 103 psi (420 MPa)
E, = 29,000 x 10%psi (200,000 MPa)
fy
b= E9 (avg) =0-07500
S
Essh(avg) =0.0052 Esu(avg) =0.1050
f I
fy —
| | | | >
&y Sssh(avg)  CsuR(avg)  Esu(avg)

&

Figure 3.2 Modified CALTRANS stress-strain relationship for Grade 60 steel

10
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Fig.3.2 can be presented by the following equations:

f=e, Eq O<es<ey Eq.3.10

fs =f &y <Es=Essh(avg) Eq.3.11

€5~Essh(avg)

fS:f + (fu-fy) €ssh(avg) <8SS€SUR (avg) Eq312

€suR (avg) “Essh(avg)

fS:f 8SUR (avg)<85—<85U(an) Eq313

3.4 Prestressing Steel

In ACI-318-11 section 18.7.2, equation18.1 is used to determine the stress in the
pretensioning strands when it is located in the tension zone. However, post tensioning
strands will be used at the concrete compression zone to reduce camber. In that case, ACI
318-11 recommends in R18.7.2 to use the strain compatibility and equilibrium method to
determine the stress level in the pretensioning strands. Therefore, the PCI 2011 stress-
strain relationship for prestressing steel will be adopted in this study Fig.3.3. The stress-
strain relation for the 2 most common types of 7-wire low relaxation prestressing strands

can be presented as follows:

e 250 ksi Strand:

For eps<é&py
fos=Ep &ps psi Eq.3.14a

fos=Ep €ps MPa Eq.3.14b

11
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For eps> ¢,y

; 0.25 i
f =250x10°- psI Eq.3.15a
ps Eps
f =1725 172
b5 - . MPa Eq.3.15b
e 270 ksi Strand:
For eps <épy
fpszEp Eps psi Eq.3.16a
fs=Ep s MPa Eq.3.16b
For eps > &y,
f =270x10° 0.04 ' Eq.3.17
ps— £5-0.007 psi q.3.17a
f =1860 0276 MP Eq.3.17b
ps ™ £05-0.007 a G-

&py Is the yield prestressing strain and its equal to 0.0076 for 250 ksi strand and 0.0086
for 270 ksi strand. The modulus of elasticity E,, will be taken as 28,500x103psi (196,500
MPa).

12
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270 ksi Strand

250 ksi Strand

fIDS

Ep= 28,500 x 10° psi (196,500 MPa)

v

|
£psu=0.03

8pS

Figure 3.3 Stress-strain relationships of 7-wire low relaxation prestressing steel
strands

3.5 Summary

This chapter presented the properties of the materials that prestressed concrete bridge
girders are consisted of through introducing the stress-strain relations for these materials.
Thus, the modified Hognestad relation will be used to compute stresses in concrete, the
modified CALTRANS model is used for mild steel, and the PCI 2011 relations for 7-wire

low relaxation is used for the post and prestressed strands.

13
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CHAPTER 4

MOMENT-CURVATURE DIAGRAM OF PRESTRESSED CONCRETE BRIDGE
GIRDERS

4.1 Introduction

This chapter presents the method used in this study to evaluate the moment-curvature
diagram of prestressed concrete bridge girders based on the material properties presented
in chapter 2 and the principles of mechanics. The moment —curvature diagram will be
used to study the effect of the post tensioning strands on the bridge girder capacity. For
illustrative purposes, this study will include three types of cross sections: PCI-8 I-girder
Fig.A.19, AHHTO type-4 girder Fig.A.20, and AASHTO B54x34 box beam Fig.A.21.
Numerical results will be presented for the PCI-8 girder.

4.2 Basic Assumptions

The moment- curvature diagram (M-¢) is generated on the basis of the following

assumptions:

e A Perfect bond exists between the reinforcements and the concrete

e Plane sections remain plane under bending. Consequently, the strain in the concrete
and reinforcement are proportional to the distance from the neutral axis

e The maximum strain in concrete nowhere exceeds 0.003

e The area of concrete displaced by reinforcement will be accounted for

14
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4.3 Prestressed Concrete Bridge Girders Cross Sectional Moment

The moment of a cross section is derived by summing the following moment
components: concrete, mild steel, and pre and post tensioning steel. In this section, the

(M-¢) diagram is derived for a rectangular cross- section to illustrate the process Fig.4.1.

- Mild steel
Post tensioning <tri
@Mild steel Dg 00e? steel strip " 1, P
reinforcement 4_ Concrete
¢ Pretensioning steel <:> strip
reinforcement
° Post tensioning Pretensioning
steel reinforcement eoecoe steel strip ] [T
used to control ®° ***0
camber.

Figure 4.1 Rectangular beam cross section and reinforcement details

4.3.1 Concrete Forces
4.3.1.1 Concrete Compressive Forces

As shown in Fig.4.2, the concrete compression zone of the beam will be divided into N
concrete strips and the force will be calculated for each strip. In order to do that, the
concrete strain ¢ will be computed at the mid-height of each strip i and d; will represent

the distance from the mid- height of strip i to the outermost concrete fiber compression.

kd-d;

. ( kdcu) Eq.4.1
The concrete force Cg; in strip i can be calculated as:

Coi=f, b % kd > h (when the entire cross-section is in compression)  Eq.4.2a

Or

kd . L :
Cei=f b N kd < h (when cross-section is partially in compression)  Eq.4.2b
15
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Where ¢ is the strain in the outermost concrete fiber in compression, and kd is the
distance from the neutral axis to the outermost concrete fiber in compression.

The moment of each concrete strip can be presented as follows:

Meei=Cei dei Eq.4.3

N
Mcczz Cei dgi Eq.4.4

b and h are the width and depth respectively of the rectangular beam cross-section. f; is
the concrete stress for strip i corresponding to strain level . Eq. 4.2b is used when part
of the cross section is in compression (neutral axis is located within the beam cross
section or kd<h). In order to avoid overestimation of the bridge girder strength, the
concrete area displaced by reinforcement should be accounted for. The moment due to
the concrete area displaced by reinforcement at the concrete compression zone can be

calculated as follows:

N
Mer= z Ari fcri dri Eq.4.5
i=1

Where:

M.,= moment due to concrete area displaced by reinforcement at the concrete
compression zone

N = number of reinforcement layers at the concrete compression zone

A,; = area of reinforcement layer i

f.,; = concrete stress at reinforcement layer i Fig.4.2d

d,; = distance from the center of reinforcement layer i to the outermost concrete fiber in

compression

16
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T T o : c ;_Tcri

kd

— pp —>
(a) (b) (c) (d)

Figure 4.2 (a) Concrete compression side strips, (b) strain distribution, (c)
stresses and (d) concrete stresses at reinforcement layers

4.3.1.2 Concrete Tensile Forces

Since this study focuses on the behavior of bridge girders prior to placement in the field,
the influence of the concrete tension force can be significant. The contribution of the
concrete in the tension zone is accounted for until the strain in the outermost concrete

fiber in tension reaches the strain at cracking &, .

The concrete tension zone in the beam cross section will be divided into N concrete strips
and the force will be calculated for each strip Fig.4.3. In order to do that, the concrete
strain g; will be computed at the mid-height of each strip i, and d;; will represent the

distance from the mid- height of strip i to the outermost concrete fiber in compression.

d;i - kd
— ( “kd ) Eq.4.6
The concrete force C; in strip i can be calculated as:
h-kd
Ctizgci b T Eq47

Where & is the strain in the outermost concrete fiber in compression, and kd is the
distance from the neutral axis to the outermost concrete fiber in compression.

The moment of each concrete strip can be presented as follows:

17
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Mcti=Cj O Eq.4.8

N
Mer= Z Cs dy Eq.4.9
i=1

In order to avoid overestimation of the bridge girder strength, the concrete area displaced
by reinforcement should be accounted for. The moment due to the concrete area

displaced by reinforcement at the concrete tension zone can be calculated as follows:

N
Mo= D A fy o Eq.4.10
i=1

Where:

M;,= moment due to concrete area displaced by reinforcement at the concrete tension
zone

N = number of reinforcement layers at the concrete tension zone

A,; = area of reinforcement layer i

f..; = concrete stress at reinforcement layer i Fig.4.3d

d,; = distance from the center of reinforcement layer i to the outermost concrete fiber in

compression

/dt, —kd
DY — - f.
i ook a : i
3 =
l #‘\ A fin
tN
b\
(@) (b) (©) (d)

Figure 4.3 (a) Concrete tension side strips, (b) strain distribution, (c) stresses and
(d) concrete stresses at reinforcement layers

18
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4.3.2 Mild Steel Reinforcement Forces

For an assumed kd value, the mild reinforcement strain & at layer i can be computed as

follows:

kd-d;
&si=&c (W) Eq.4.11
dg; is measured from the center of the mild steel layer i to the outermost concrete fiber in
compression Fig.4.4. Note that when ¢; is positive, the mild steel is in compression. Once
the strain &g at the steel layer i is known, the corresponding stress f;; can be determined
using the stress-strain relationship introduced in chapter 2. The moment for each steel
layer can be expressed as:

Msi=fg; Asi dsi Eq.4.12

Ms= ) £, Asids Eq4.13

SI

1=

A; is the mild steel area for layer i.

Ee s T,
dsN
ooooo - Tl
(a) (b) (c) (d)

Figure 4.4 (a) Mild steel layouts, (b) strain distribution, (c) stresses and (d) forces
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4.3.3 Pretensioning Steel Forces
For an assumed kd value, the flexural pretensioning reinforcement strain e, at layer i can

be computed as follows:

B (kd-dpi)
fsai=te \ Tg Eq.4.14
fse Eq.4.15
SseiE g.4.
ps
1:c(cgs)i
T Eq.4.16
E.
Eq.4.17

Epsi —Esai T EseitEcei

From Eq.4.17, the total strain in each pretensioning steel layer is the sum of three
portions: the compressive strain e in concrete at the prestressing steel layer i due to
effective prestress only, e Which is the strain in prestressing layer i due to effective
prestressing only, and &g; is the increase in strain in prestressing layer i at a specific
concrete strain level ; . d,; is measured from the center of prestressing layer i to the
outermost concrete fiber in compression Fig.4.5. Once ey is known, the pretensioning

stress fpsi can be calculated using stress strain relationships presented in chapter 2.

b T e T T T — -
v ean fpsN —————] TpsN_>
(a) (b) (©) (d)
Figure 4.5 (a) Pretensioning steel layout, (b) strain distribution, (c) stresses and
(d) forces
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The effective prestress f_ can be determined as follows:

f =f -Af Eq.4.18

Af  is the total losses in pretensioning strands from time of release to prior placement in

sub structure. The jacking prestress should be within the limits specified by ACI 318-
11section 2 and 10.8.3. Eq.4.19 and Eq.4-20 present the jacking stress limits:

e For pretensioning strands:

f;=0.94f and f . <0.80f Eq.4.19

e For post tensioning strands:

fij 0.7Ofpu Eq.4.20

The moment due to pretensioning steel layer i can be represented as:

Mpi=F i Apsi dpi Eq.4.21
N
Mpzzfpsi Apsi Dy Eq4.22

Where A, is the area of pretensioning steel layer i.

4.3.4 Post Tensioning Steel Used to Control Camber

For an assumed kd value, the post tensioning reinforcement strain s;,si used to control

camber at layer i can be computed as follows:

. kd-d
gsai:gc< kdpl> Eq.4.23
g;eizﬁ Eq.4.24
Eps
_ 1:c(c.g.s)i Eq.4.25
cei— Ec
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glpsi:‘glsai +8Isei+‘9'cei Eq.4.26

The total strain in each post tensioning steel layer is the sum of three portions which are
the compressive strain in concrete ¢, at the post tensioning steel layer due to effective
prestress only, the effective prestressing strain &g and the increase in strain &, at a
specific strain concrete level ¢, . Once e;)si is known, the post tensioning stress f;osi can be

calculated using stress strain relationships presented in chapter 2.

d,, is measured from the center post tensioning steel to the extreme compression fiber of

concrete Fig.4.5. f ¢, is the effective post stress which can be determined as follows:

f oo =f ;- Af, Eq.4.27

The jacking post stress f ,; should be within the limits specified by ACI 318-11 which are

presented in Eq.4.19and Eqg.4.20.The moment due to post tensioning steel layer Aiosi used

to control camber can be represented as:

Mpi=f osi Apsi d;:;i

Eq4.28
\ Eq.4.29
Mp:Zf'psi N a5
i=1
dp.
— ip T Tpﬂ —>
kd
(a) (b) (c) (d)

Figure 4.6 (a) Post tensioning steel layout, (b) strain distribution, (c) stresses and

(d) forces
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4.3.5 Moment -Curvature (M-¢)

The cross sectional moment of a prestressed concrete beam is defined by summing the

moments of its components and can be expressed as follows:

M:(Mcc'Mccr)"'(Mct'Mctr)+Ms+Mp+M p Eq.4.30

The curvature resulting due to a specific strain level ¢, can be computed as follows:
€

=g Eq.4.31

In order to compute the moment of a beam cross section at a specific strain level, a
repeated process will be performed to assume the location of kd. Generating the moment-
curvature diagram requires performing a series of computations (i.e. Eq.4.1to Eq.4.31) to
a different magnitude of concrete strain level e.. This study will consider a bilinear (M-¢)
relationship by considering three points of interest: self-weight point, cracking moment
point, and the nominal moment point. The moment-curvature diagram Fig. 4.7 for the
PCI-8 girder has been generated based on the assumptions and equations presented in this

chapter.

4.4 Summary

Moment- curvature relationships of prestressed concrete bridge girders were based on
equilibrium conditions, strain compatibility, material constitutive laws, and assumptions
pertinent to prestressed reinforced concrete bridge girders. These relationships will be
used in chapter 5 to calculate the camber and camber adjustment, and to evaluate the
effect of the post tensioning jacking force on the strength capacity of the bridge girder.
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5,1
$x107(—)
-0.21 -0.01 0.19 0.39
200000 ——— —
' + 650
150000 +
-f_= 6000 psi T+ 450
| - T, = Total pretensioning
100000 | T = 07Ty, losses
—_ T, =20% -f; = Jacking stress for
'E pretensioning strands -+ 250
°§ 50000 -f,u = Specified tensile E
3 : strength for £
pretensioning S
= 3 nSj X
strands=270x103 psi 5 =
0 e >
- M = Moment
- ¢ = Curvature 1
i + -150
-50000 - ]
-100000 TR N N SN ST Y NN N ST S S T T ST T N S S R L -350
-4 -2 0 2 4 6 8
$x10° (<)

Fig.4.7a Bilinear Moment-Curvature, M-¢, interaction diagram for the PCI-8 girder
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A (mm)
-127 0 127 254 381 508
900 ————— 4000
- Ultimate r---- T g
800 7 1 3500
700 | _
- Cracking f------ ® 7 T 3000
600 + ;
. + 2500
I -f, = 6000 psi - T;= Total pretensioning
= 500 7 losses =
= 'fpj = 0.7f|ou I =
S -L = Beam length T 2000 S
% 400 1 L=120t -f; = Jacking stress for a
=209 inni
: T, =20% pretensioning strands . 1500
300 ¢ -f., = Specified tensile
strength for |
i pretensioning + 1000
200 - strands=270x103 psi
I Self-Welght -P= Applled load :_ 500
100 7 - A = Deflection at midspan
0 T T ! ! T T 0
-5 0 5 10 15 20
A (in)

Fig.4.7b Bilinear Load-Deflection, P-4, diagram for the PCI-8 girder
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CHAPTER 5

CAMBER CONTROL

5.1 Introduction

This chapter presents the Initial camber results obtained from the study and the design
camber due to the post tensioning jacking force.

5.2 Basic Assumptions
Camber computations will be based on the following assumptions:

e The maximum concrete tensile strain does not exceed strain at cracking &, at the stage
prior to the deck placement
e Shear deformation is neglected

e The pretensioning strands profile for the PCI-8 girder and AASHTO type-4 girder has
double depression points. However, the AASHTO B54x48 box beam has a straight

pretensioning strands profile

5.3 Initial Camber

Initial camber is the resultant of summing the upward deflection caused by the effective
pretensioning force P, and the downward deflection due to the beam self weight Apeqpm.
For illustrative purposes, the rectangular section is used to calculate the initial camber
Fig.5.1.
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Tens. «—— Comp.

Ecte

—f £y
[ N
Ct +e M=P.e; i;(i
% + |F & <7\L P, -
€1
Cp —e
o000
l eceoe }_ F
T <> >
E Me,Cb Ecbe
Aq |
(a) Forces (b) Strain (c)Strain resultant

Figure 5.1 (a) Forces and (b) strain distributions in rectangular concrete beam
due to effective pretensioning force only

e

- Ay Eq.5.1
cte

Ee

Pe Me-cb

(5%
Eche™ E. Eq.5.2

£.c¢ 1S the concrete strain at the top outermost fiber and €., is the concrete strain at the
bottom outermost fiber due to effective prestress force .. A, is the gross sectional area
of the beam. I is the moment of inertia of the cross section. Knowing both the strain at
top and the bottom of the beam enables calculating the position of the neutral axis kd

Eq.5.3.

kd= ¢ | Eq.5.3
EctetEche
_ Eote Eq.5.4
L2 a2
4= [(bc § + (¢O_¢c) El ~Apeam Eq.5.5
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Where:

A;= Initial camber due to effective pretensioning force

¢ = Curvature

¢.= Curvature at midspan

¢,=Curvature at support

L= Beam length

a = Distance from end of the beam to the depression point Fig.5.2a

Apeam= Deflection due to beam self-weight Eq. 5.6

e 5wL*
beam = 384E. [

Eq.5.6
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CL
cgsfor  fooo__ .. i. __________________
pretensioning [t~ :
Strands :
:— a=alL —>| . |<— a=olL —:ll
(@)
4,
e E—
(b)
(+)
_ A
(©)

Figure 5.2 (a) Prestressed beam pretensioning strand profile,(b) curvature, and
(c) elastic curve for singly supported bridge girder with double
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5.4 Design Camber

The design camber is calculated by summing three components: upward deflection due to

effective pretensioning force, downward deflection due to bridge girder self-weight, and

downward deflection due to post-tensioning jacking force Fig.5.3.

Tens.«——>Comp.

TT @ 000 T
¢ | e kd
A2
v
Yy
€1
M ES

Flod

>0 ¢

«

€ch

(c)

Figure 5.3 (c) Strain distributions in rectangular concrete beam due to (a)
effective pretensioning force, P, and (b) post tensioning force, B,

[(Pe+Pp) ) Me.C; n Mp-ct]

_ Ag | |
8Ct_ E
c
[(Pe+Pp) + Me.Cp } I\/Ip-Cb]
Ag | |
8Cb: E
c
kd=—2_p
Ecttech
Ect
kd

L2 2
Aq= l¢c E +(¢O-¢c) %l — Apeam

Eq.5.7

Eq.5.8

Eq.5.9

Eq.5.11

Eq.5.12
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A, is the camber after applying the post tensioning force. It should be stressed that this
study considers reducing the camber as long as the concrete is not cracked. Relationships
between design camber and post tensioning jacking forces Figs. 5.4 — 5.7 have been
generated for the PCI-8 girder based on assumptions and equations presented in this
chapter. The cross section and its properties are presented in the accompanying figures.

Aq (mm)
0 25 50 75 100 125 150 175 200
2500 +~+———t—+—r——+—r——+r—r—r—Ftr—t
-f.= 6000 psi -L = Beam length
I -L =120 ft -T,,= Total pretensioning + 10000
losses i
PCI 8 -fpj = 0.7fIDU
2000 + -fpj = Jacking stress for
-a=0.33 pretensioning strands
_ - . - 8000
'fpu = Specified tensile
strength for
pretensioning
= 1500 strands=270x103 psi =
% - = Distance coefficient from | 0000 5
e the end of the bridge X
girder to the depression o
1000 point
-P,= Post tensioning jacking - 4000
force
I -A4 = Design camber
500 1 L= - 2000
- —m— T; =10%
- —a— T, =15%
== T, =20%
0 +—————y : : 0
0 2 4 6 8
A4 (in)

Figure 5.4 Variation of post tensioning Jacking force, P,, with design camber, 4,

for different pretensioning losses, T}, for the PCI-8 girder
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A4 (mm)
0 25 50 75 100 125
2000 +———+——"" "+t +- 8000
-L = Beam length
-T,= Total pretensioning losses
-fpj = Jacking stress for
pretensioning strands
1500 fou :Specm.ed _tensne strength for L 6000
pretensioning strands=270x103
psi
-a= Distance coefficient from the
end of the bridge girder to the
depression point
-P,= Post tensioning jacking force.
1000 + -Aq = Design camber T 4000
= 3
5 3
o 0>
500 + + 2000
—— f,=6000 psi
—=— f,=8000 psi
—s— f=10000 psi
o+ttt N ()
0 1 2 44(in) 3 4 5

Figure 5.5 Post tensioning Jacking force, P, vs. design camber, 44, for different

specified concrete strength, f'C, for the PCI-8 girder
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P,x10°%(Ib)

2000 +—
1800 4
1600 |
1400 |
1200 +
1000 +
800 E
600 +
400 +

200 -+

Ay (mm)
25 50 75 100 125
-f .= 6000 psi -L = Beam length
-T;=15% -T, = Total pretensioning
losses
£ =0.7f, ) - 7500
bl P -f , = Jacking stress for
-a=0.33 pretensioning strands
-fpu = Specified tensile
strength for
pretensioning
strands=270x103 psi
-a= Distance coefficient - 5000
from the end of the
bridge girder to the =
depression point. g
=
-Pp= Post tensioning X
o
jacking force
-A4 = Design camber
+ 2500
= | =120 ft
—=@— | =105 ft
—u— =05 ft
: 0
1 2 3 4 5
Aq (in)

Figure 5.6 Post tensioning Jacking force, P, vs. design camber, 4, for different

bridge girder length, L, for the PCI-8 girder
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2000

-f .= 6000 psi -L = Beam length

1800 ¢ -T;.=15% -T, = Total pretensioning | 8000

losses
-L=120 ft

1600 -fpj = Jacking stress for

pretensioning
strands

_ 1 7000
£, =07 _

1400 | " . :
I -fpu = Specified tensile + 6000
strength for ]
pretensioning

1200 .
I strands=270x103 psi

1 5000

-a= Distance coefficient |
from the end of the 1
bridge girder to the L 4000
depression point -

P,x10°%(Ib)
5
o
o
P,x10°(N)

800 | .

L -P,= Post tensioning |

_ jacking force T 3000
600 -A4 = Design camber

- — a=025 | 2000
400 + '

- —m=— o =0.33

I + 1000
200 7 o =04 '

0 —_ = 0
0 1 2 3 4 5 6

Figure 5.7 Variation of post tensioning Jacking force, Pj,, with design camber, 4y,

with different distance coefficient, «, for the PCI-8 girder
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Fig.5.4 -5.7 present the following findings:

- The post tensioning jacking force varies linearly with the design camber which means
materials are still in the linear behavior region

- The PCI-8 girder tends to have higher camber with higher specified concrete
compression strength

- Using a higher distance coefficient a required higher post tensioning jacking force to

produce the same design camber

Relationships between the post tensioning jacking stress and the design camber are
derived for the AASHTO type -4 girder and AASHTO B54x48 box beam which are
presented in Fig. A-1, A-7.

Using the data obtained from this study enabled generating a general formula for the PCI-
8 girder to represent the required post tensioning jacking stress to reduce the camber to be
equal to the design camber. This formula is presented in Eq.5.12a, b, and c.

- For L=120 ft

P,=2443-10970-26.5T -44(243.67+0.0303f ;) >0 Eq.5.12a
- For L=105 ft

P,=2568-10980-26.5T -44(317.33+0.0395f ) >0 Eq.5.12b
- For L=95 ft

P,=2639-10890-26.5T -44(385.33+0.0483f ) >0 Eq.5.12c

Similar formulas were derived for both the AASHTO type-4 girder and AASHTO
B54x48 box beam. These formulas are presented in Eq.5.13a, b, and ¢ and Eq.5.14.a, b,
and c.

- For AASHTO Type-4 girder:

- For L=120 ft
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P,=1023.2-662.7a-13.5T -44(94.167+0.0119f ) >0

P,=1159.5-708¢-13.5T -44(123.13+0.0155f ;) >0

- For L=95 ft

P,=1220-663.30-13.5T -44(149.85+0.019f ) >0

- For AASHTO B58x48 box beam:

- For L=120 ft

P,=430-11.25T  -44(144.92+0.0163f ;) >0

- For L=105 ft

P,=587.8-11.25T -44(189+0.0215f ;) >0

- For L=95 ft

P,=680.83-11.25T, -44(225.5+0.027f o) =0

Where:

P, = Post tensioning jacking force (kips)

Eq.5.13a

Eq.5.13b

Eq.5.13c

Eq.5.14a

Eq.5.14b

Eq.5.14c

a = Distance coefficient from the end of the bridge girder to the depression point

T, = Total pretensioning losses from time of release to placement in field Fig.5.2a

A4 = Design camber (in)

f. = Specified concrete compression strength (psi)

Fig.5.8-5.11 show a compression between results obtained from Eq.5.12a, b, and c and

results obtained from study.
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0 100 150
2000 +—+——+—+—"—7——+—T 7+ T T
-f.= 6000 psi -L = Beam length
| -L =120 ft -T,= Total pretensioning
losses
PCl8 _fpj =0'7pr . + 7500
1600 4 -fpj=Jack|ng stress for
-a=0.33 pretensioning
strands
-fpu = Specified tensile
strength for T 6000
pretensioning
1200 + strands=270x103 psi
= -a= Distance coefficient |
= from the end of the
2 X . + 4500
S, bridge girder to the .
o= depression point mz,
o
800 -P,= Post tensioning X
| = T, =5% jacking force o
+ 3000
- —#— T, =10% -A4 = Design camber
| = T, =15%
- —e— T, =20%
400 -+
Ty =5% + 1500
...... T, =10%
- e TL =15%
—_— . T, =20%
0O +—+———t—r—— NN et 0
0 1 2 EAd (in) 4 5 6

Figure 5.8 Comparison between results obtained from the study and Eq.5-12 for
different pretensioning losses,T;, for the PCI-8 girder
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Aq (mm)
0 25 50 75 100 125
2000 N |
I -L=120 ft -L = Beam length 7500
-fpj = 0.7fIou -T, = Total pretensioning losses
PCls -T,=15% -f,; = Jacking stress for
1600 + pretensioning strands
-a=0.33
-fIDU = Specified tensile strength - 6000
for pretensioning
strands=270x103 psi
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1200 + the end of the bridge girder
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Y -P,= Post tensioning jacking =
% o
X force S
o X
- = i D-
800 Aq = Design camber
- 3000
—— {,=6000 psi
—m— f.=8000 psi
— f,=6000 psi
-—- f:=8000psi $E0-5.12
— . f,=10000 psi
0 : 0
0 1 2 3 4 5
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Figure 5.9 Comparison between results obtained from the study and Eq.5-12 for
different specified concrete compressive strength, f ., for the PCI-8 girder
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Figure 5.10 Comparison between results obtained from the study and Eq.5-12 for
different bridge girder length, L, for the PCI-8 girder
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-L =120 ft
£, =07,
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-T,= Total pretensioning
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-fpj = Jacking stress for
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jacking force
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4
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Figure 5.11 Compression between results obtain from the study and from Eq.5.12

with different distance coefficient, «, for the PCI-8 girder
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5.5 Example

The PCI8 bridge girder will be used to illustrate how to use the tables and equations to calculate
the required post tensioning jacking force to reduce camber. Material properties and dimensions
for the bridge girder are listed below:

-f ¢= 6000 psi ¢ 11ft >l
10 in ¥ |

T, =15%

-L =120 ft Haunch

£,=07F,

-a=0.33

-Slab thickness = 8 in C :-]

-Slab width = 11 ft
PCI 8

_ Swaanl®  =1.9in _ e detal
d 384Egirder Figure 5.12 Example details

Assuming that the actual camber is 2.5 in, the post tensioning jacking force required reducing
camber by (2.5-1.9=0.6 in) is calculated as follows:

1- Calculate Py, that coincide with 44 = 2.5 in
2- Calculate Py, that coincide with 44 = 1.9 in
3- The required post tensioning jacking force is the difference between Py, and Pp,

From Fig.1,
Pp1= 615x10% Ib
Ppo=875x10% Ib

P,= 880-615= 260x10° Ib
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Aq (Mmm)
0 25 50 75 100 125 150
2000 +—+——+++++—+++F++rrr bttt —
-f = 6000 psi { 8000
-TL=15% 1
1600 -+ 1 7000
i -L =120 ft ]
-fpj = 0.7leu 6000
=y 3 5
3 - 3 %
2= Py _ 4000 o
Pos 3000
400 - 2000
+ 1000
0 S B B S o 1 0
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Ayq (in)
Figure 5.13 Variation of post tensioning Jacking force, B,, with design camber, 4,
for pretensioning losses,T; =15%, for the PCI-8 girder
P,=2443-10974-26.5T  -44(243.67+0.0303f ;) Eqg.5.12a

Following the same procedure but using Eq.5.12a instead of Fig.1 will lead to,

P,1=2443-1097(0.33)-26.5(15)-(2.5)[243.67+0.0303(6000)] = 619 x10° Ib
P2=2443-1097(0.33)-26.5(15)-(1.9)[243.67+0.0303(6000)] = 875 x10° Ib

P,=875-619= 256x10° Ib
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5.6 Moment Capacity Reduction

In order to understand the effect of the post tensioning jacking force on the capacity of

the cross section, moment- curvature diagrams have been generated after applying

different levels of post tensioning jacking force. Also, relationships between the moment

and net tensile strain are derived at different levels of post tensioning force to present the

effect of the post tensioning jacking force on the strain level Fig.5.14 to 5.17.

10° (1)
mm
-0.1575 -0.0575 0.0425 0.1425 0.2425
200000 +———— T
- fc=6000 psi See Fig5-15—
- f . =0.7f 1
150000 - Pi pu 550
- T, =20%
-T, = Total pretensioning E
losses Z
~ 100000 - %
£ 'fp,- = Jacking stress for o
mé pretensioning o5 =2
S strands.
% 50000 - - _
-fpu = Specified tensile
strength for
pretensioning
0 - strands=270x103 psi
-M= Moment -0
-¢p= Curvature
-=-- P, =100x102%Ib
- — P, =200x1D%Ib
~100000 -+ Y| 35()
-4 -2 n 2 4 6 8
5 (1
#x10° (1)

Figure 5.14 Moment- curvature, M-¢, interaction diagram for different post
tensioning jacking force, P, for the PCI 8 girder
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170000 -+ ]
I + 585
= ! 575 E
S 165000 7 : £
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o —
X E 3
= + 555
160000 | —— P,=01Ib L 545
=== P, =100x108 Ib ]
+ 535
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155000 +—+———— e 525
5 55 6 6.5
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Figure 5.15 Moment- curvature, M-¢, interaction diagram for different post

tensioning jacking force, P, for the PCI 8 girder
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Mx10°(N.m)
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0.0082 + -f(=6000psi . T,=Total pretensioning See Fig.5-17 | 0.0082
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'fp,- = 0.7fpu ’

-fi; = Jacking stress for e

- =209 i 1
T, =20% pretensioning strands.
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0.0077

0.0077
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EpsN
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-P,=Post tensioning jacking
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Figure 5.16 Moment vs. the strain of the outermost layer of pretensioning, M-gpy,
relationship for different post tensioning jacking force, P, for the PCI 8
girder
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Figure 5.17 Moment vs. the strain of the outermost layer of pretensioning, M-g;
relationship for different post tensioning jacking force, P, for the PCI 8
girder
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5.7 Summary

This chapter presented the concept of using post tensioning strands to reduce camber in
prestressed concrete bridge girders. Based on equilibrium conditions, strain compatibility,
and material constitutive laws, the study generated relationships for the post tensioning
jacking force vs. the design camber. Those relations are important to understand the
behavior of the bridge girders. This study considered the effect of four variables:
prestress losses, bridge girder length, specified concrete compression strength, and the
distance coefficient of the c.g.s of the pretensioning strands. Also, this chapter presents
findings regardless of the effect of the post tensioning jacking force on the moment
capacity of the bridge girders. These findings are listed below:

1- The post tensioning jacking force required producing a specific design camber varies
linearly with the design camber

2- The PCI-8, ASSHTO type-4, and ASSHTO B54x48 box beam tends t have higher
camber with higher specified concrete compression strength

3- Using a higher distance coefficient a required higher post tensioning jacking force to

produce the same design camber

4- Results obtained from equations derived to represent relationships between the post
tensioning jacking force and the design camber coincide with the actual data obtained

from the study

5-The reduction in the moment capacity per 100x103 Ib of applied post tensioning jacking
force is1.15% for the PCI-8 girder, 2.9% for the AAHTO type-4 girder, and 0.33% for
the AASTO b54x48 box beam
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CHAPTER 6

CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion and Findings

The post tensioning strands is a viable method to reduce camber in PCI-8, ASSHTO
type-4, and ASSHTO B54x48 box beam. The major findings based on the results of the
research reported in this thesis are presented as follows:

1- The post tensioning jacking force required producing a specific design camber varies

linearly with the design camber

2- Using higher compressive strength of concrete reduces the amount of post tensioning
force

3- Using a higher distance coefficient « increases the post tensioning jacking force

4- The highest reduction in the moment capacity is taken place for the AASHTO type-4
girder by 2.9% per 100x102 of post tensioning jacking force

6.2 Future Work
1- For future work, other types of bridge girders could be considered

2- The Hognestad stress-strain model for short term monotonic was adopted in this study.
However, other models should be used to account for shrinkage and creep in concrete

3- A detailed cost analysis should be done since placement of post tensioning strands

increases the material and labor costs of the bridge girder

4- Camber control cracked concrete bridge girders could be considered as a future work
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APPENDIX A

Appendix A contains the figures representing the relationships between the post
tensioning jacking force and the design camber depending on the total losses, span
length, concrete strength, and distance coefficient, «,. In addition, it contains data sheets
showing the dimension details and number of strands used in the PCI 8 girder, AASHTO
type-4 girder, and AASHTO B54x48 box beam.
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Figure A.1 Post tensioning Jacking force, Py, vs. design camber, 4, for different

pretensioning losses,T;,, for the AASHTO type-4 girder
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Figure A.2 Variation of post tensioning Jacking force, Py, with design camber, 4y,
for different bridge girder length, L, for the AASHTO type-4 girder
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Figure A.3 Variation of post tensioning Jacking force, P,, with design camber,4, for

different beam length, f, for the AASHTO type-4 girder
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Figure A.4 Post tensioning Jacking force, Py, vs. design camber,4, for different
distance coefficient, a, for the AASHTO type-4 girder
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Figure A.5 Post tensioning Jacking force, P, vs. design camber,4, for different
pretensioning losses,T;, for the AASHTO B54x48 box beam
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Figure A.6 Variation of post tensioning Jacking force, P,, with design camber,4, for
different bridge girder length, L, for the AASHTO B54x48 box beam
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Figure A.7 Variation of post tensioning Jacking force, P,, with design camber,4, for

different specified concrete strength, f ., for the AASHTO B54x48 box
beam
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Figure A.8 Comparison between results obtained from the study and Eq.5-13 for
different pretensioning losses, T}, for the AASHTO type-4 girder
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Figure A.9 Comparison between results obtained from the study and Eq.5-13 for
different bridge girder length, L, for the AASHTO type-4 girder
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Figure A.10 Comparison between results obtained from the study and Eq.5-13 for
different specified concrete strength, f ., for the AASHTO type-4 girder
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Figure A.11 Comparison between results obtained from the study and Eq.5-13 for
different distance coefficient, «, for AASHTO type-4 girder
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Figure A.12 Comparison between results obtained from the study and Eq.5-14 for
different pretensioning losses, T, for the AASHTO B54x48 box beam
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Figure A.13 Comparison between results obtained from the study and Eq.5-14 for
different bridge girder length, L, for the AASHTO B54x48 box beam
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Figure A.14 Comparison between results obtained from the study and Eq.5-14 for
different specified concrete strength, f ., for AASHTO B54x48 box
beam
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Figure A.15 Moment- curvature, M-¢, interaction diagram for different post
tensioning jacking force, P,, for the AASHTO type-4 girder
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Figure A.16 Moment vs. the strain of the outermost layer of pretensioning, M-gpyy,
relationship for different post tensioning jacking force, P, for the
AASHTO type-4 girder
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Figure A.17 Moment - curvature, M-¢, interaction diagram for different post
tensioning jacking force, P,, for the AASHTO B54x46 box beam

66

www.manharaa.com




Mx103(N.m)
-7 93 193 293
0.025 — 4+ 0.025

- T = Total pretensioning -f .= 6000 psi
losses. i

-f. =0.7f
-fpj = Jacking stress for S) pu

pretensioning strands. - T, =20%

0.02

'fpu = Specified tensile
strength for pretensioning
strands=270x103 psi

+ 0.02

- M= Moment.

psN
EpsN

- P,= Post tensioning
jacking force.

o
O g
=
ol
]

+ 0.015

epsn= The strain level of
the outermost layer of
pretensioning strands

001 + = P,=0lb 1 0ol
...... : Pp = 100x103 1b

— - P, =200x10%Ib

0.005 e | 0,005
-20000 0 20000 40000 60000 80000 100000

Mx10%(Ib.in )

Figure A.18 Moment vs. the strain of the outermost layer of pretensioning, M-gpy,
relationship for different post tensioning jacking force, P, for
AASHTO B54x48 box beam
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Figure A.19 Dimensions and reinforcement layout for PCI 8 girder (source: Division
of Structural Design, Department of Highways, Commonwealth of Kentucky)
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Figure A.20 Dimensions and reinforcement layout for AASHTO type-4 girder
(source: http://lwww.prestressservices.com/products/bridge)
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Figure A.21 Dimensions and reinforcement layout for AASHTO B54x48 box beam
(source: http://www.prestressservices.com/products/bridge)
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http://www.prestressservices.com/products/bridge

APPENDIX B

NOTATION
a = distance from end of the beam to the depression
A, = area of concrete section
A = area of prestressing steel in flexure tension zone
A, = areaof nonprestressed longitudinal tension reinforcement
A, = area of compression reinforcement
b = width of cross section
d = distance from extreme compression fiber to centroid of longitudinal tension
reinforcement
d = distance from extreme compression fiber to centroid of longitudinal compression
reinforcement
dy = distance from extreme compression fiber to centroid of prestressing steel
E. = modulus of elasticity of concrete
E, = modulus of elasticity of prestressing steel
E. = modulus of elasticity of reinforcement and structural steel
f'c = specified compressive strength of concrete
f = compressive stress in concrete due to effective prestressing force only (after allowance
be for all prestress losses)
fIoj = jacking stress for pretensioning strands
fps = stress in prestressing steel at normal flexural strength
fpu = specified tensile strength of prestressing steel
fpy = specified yield strength of prestressing steel
f = modulus of rupture of concrete
fo = calculated tensile stress in reinforcement at service loads
f, = effective stress in prestressing steel (after allowance for all prestress losses)
f, = extreme fiber stress in tension in the precompressed tensile zone calculated at service
loads using gross section properties
fy = specified yield strength of reinforcement
h = overall thickness or height of member
| = moment of inertia of section about centroidal axis
kd = distance from extreme fiber to neutral axis
L = span length of beam
M, = moment due to effective prestressing force only (after allowance for all prestress losses)
M, = nominal flexural strength at section
p, = effective prestressing force (after allowance for all prestress losses)
P, = post tensioning jacking force
T, = total pretensioning losses
a = distance coefficient from the end of the bridge girder to the depression point
Apeam = deflection due to beam self-weight
4; = initial camber due to effective pretensioning force
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Aq = design camber

¢ = curvature at a section
¢. = curvature at midspan
¢, = curvature at support
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