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Symbols Xl

Symbols

Some of the symbols used in the formulae and for geometrical descriptions that

are not explained inside the dissertation are given below. In general the notations
of Eurocodes EC1 and EC2 are used

Latin upper case symbols

Ag
Ac
AL

Msq

M~

Muls

Pm,t

Po

Cross-sectional area of concrete in contact with bearing

Total cross-sectional area of a concrete section

Loaded area

Area of prestressing tendon or tendons

Area of reinforcement within the tension zone

Cross-sectional area of shear reinforcement

Area of stirrup steel

Design value of secant modulus of elasticity

Secant modulus of elasticity of normal weight concrete

Tangent modulus of elasticity of normal weight concrete at a stress of 0:=0
and at 28 days

Modulus of elasticity of prestressing steel

Modulus of elasticity of reinforcement or prestressing steel

Action or force

Permanent action

Shear modulus

Second moment of area

Bending moment

Design value of the applied internal bending moment

Torsional moment

Bending moment in ultimate limit state

Axial force

Prestressing force

Mean value of the prestressing force at time t, at any point distance x along
the member

Initial force at the active end of the tendon immediately after stressing

Variable action



Xl Symbols
Qk  Double axle load (load model 1, EC 1, part 3)

Tsqs  Design value of applied torsional moment

4 Shear force

Vp Vertical force from prestressing

Latin lower case symbols

o> T O

™ Q

fe
fed
fex
fem
fetm

fet,0,05k
fix

Distance

Width

Smallest web width of T, | or L-beams

Diameter ; depth

Strength (of a material)

Compressive strength of concrete

Design value of concrete cylinder compressive strength
Characteristic compressive cylinder strength of concrete at 28 days
Mean value of concrete cylinder compressive strength
Mean value of axial tensile strength of concrete
Characteristic tensile strength of concrete (5% fractile)
Characteristic tensile strength of reinforcement
Design yield strength of reinforcement

Characteristic yield stress of reinforcement

Height ; overall depth of cross-section

Length; span

Length of one segment

Variable action - live load

Live load in lane 1

Live load in lane 2

Spacing of stirrups

Thickness ; time being considered

X, ¥, z Coordinates

X

z

Neutral axis depth

Lever arm of internal forces



Symbols Xl

Greek symbols

O Coefficient taking account of long term effect of compressive strength
0 Angle ; ratio

Oc Partial safety factors for concrete material properties

Ue Partial safety factors for permanent action

Ja Partial safety factors for variable action

Os Partial safety factors for the properties of reinforcement or prestressing
steel

0 Strain

Ue Compressive strain in the concrete

IS Compressive strain in the concrete at the peak stress f.

Oe2 Strain in the concrete at reaching the maximum strength
Oeu Ultimate compressive strain in the concrete

0 Coefficient of friction

Oe Compressive stress in the concrete

Upo Initial stress in tendon during tensioning

Upmo  Stress in the tendon immediately after stressing or transfer
Ox Compressive stress in x direction

Oy Compressive stress in y direction

0 Compressive stress in z direction

[ Diameter of a reinforcing bar or a prestressing duct (or ds)
O Poission’s ratio

Subscripts

C Concrete ; compression

d Design

eff  Effective

f Flange

F Action

g Permanent action

Kk Characteristic

max Maximum

min  Minimum



XIV Symbols
p Prestressing force

ps Prestressing steel

q Variable action

R Resistance

s Reinforcing steel

S Internal moments and forces
sup  Superior ; upper

t Tension or torsion

u Ultimate

% Shear

w Web

x,y,z Coordinates

y Yield
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1 Introduction

1.1 General

Segments are slices of a structural element between joints which are perpendi-
cular to the longitudinal axis of the structure stressed together by means of
prestressing tendons. The first segmental bridge was built by Eugene Freyssinet in
the late 1940s. He used precast I-beam segments for construction of well-known
six bridges over the Marne River in France [1]. The longitudinal structures were
assembled from precast elements that were prestressed vertically and connected
by dry joints and longitudinal post-tensioned tendons. Precast segments were also
used by Jean Muller to build a girder bridge in upstate New York, where
longitudinal girders were precast in three segments each, which were assembled
by dry joints and longitudinal post-tensioning tendons [1a]. The above mentioned
type of constructions refers to I-beam segmental bridges. Nowadays, mainly
hollow box girder segmental bridges are built (Fig. 1.1, 1.2). The first one was the
bridge over the Seine at Choisy-le-Roi in France, which was built in 1962 and has

length | = 37+55+37 = 129 m [1b]. The various hollow box sections are shown in

figure 1.1.
| variabel < 10,5m (Typ 1) |
“ variabel < 11,75m (Typ 2) "
204 40y
= 31 Y B
A & L)
N 13 7
+
275 450 (Typ 1) var.
: ‘ 600 (Typ 2) ‘

15,25 m

200

tH:‘
| g
tm;
!.
A

300

20y 20y 40y |40 v20 $20
= 31 i -‘ Ll [31
O
! 13, [7 L3 E
¥ ¥
275 . 450 o var M‘ var. . 450 215,

Figure 1.1 Cross-sections of the Seine bridge at Choisy-le-Roi in France
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Segmental hollow box girder bridges have gained great acceptance throughout the

world and the instance of use of this type of construction have increased rapidly in

the recent years [100]. In Germany the first segmental bridge over the River Lech
was built in 1968. In 1999 the ‘Deutscher Beton-Verein’ published the first

recommendations for the design of hollow box girder segmental bridges [13].

In this thesis the term segmental bridge refers to a structure, which consists of

prefabricated segments with hollow box girder cross-section that are stressed

together by tendons.

Figure 1.2 Segmental hollow box girder bridge (SES Bangkok)

The main advantages of this type of construction are as follows:

1l

il
il

il
il

il

due to mass production in a precast yard it has the potential for achieving high
quality and high strength concrete

appearance: arbitrary shape of segment, coloured concrete surface

short construction time because segments are prefabricated while the
substructure is being built — no need of in-situ concrete

no need of falsework (but erection truss required)

the possibility of change of curvature in horizontal and vertical directions of the
structure and also for roadway super elevation

the effect of creep and shrinkage will be less since the precast segments will

have appropriate age before erection and stressing longitudinally
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[
1l
[t

[
1l

1l

the construction is not affected by weather conditions (dry joints)

the traffic is not disturbed by the construction

the dead load of the structure is reduced due to hollow box section and
external prestressing

it is economical as it requires less mild reinforcement

full prestressed structure — no tensile stresses under serviceability loads;
higher fatigue strength

easy transportation of prefabricated elements - small segments in relation to

long I-beams

The disadvantages for this type of construction are:

1l
[
1l
[t
[
1l

careful geometry control is required during production of segments
development of new design method

extra cost for prestressing and erection truss

careful alignment control during erection

safety (e.g. in case of fire)

joints between segments

1.1.1 Prestressing

Segmental bridges can be prestressed internally, externally or a combination of

the two. Cracks that have reached the internal tendons in the joint have caused

serious serviceability problems in the past. These cracks cannot be limited since

there is no mild reinforcement that crosses the joint. For this reason, nowadays

mainly external prestressing, where the tendons are located inside the hollow box

but outside the concrete, is used in segmental construction (Fig. 1.3). Therefore in

this thesis only this type of tendon layout will be treated.
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Figure 1.3 Externally prestressed segmental bridge (SES Bangkok)—pier segment

The advantages of external prestressing are as follows:

[l
il
1l
il
il
[l
il

inspection and replacement of tendons is possible

easier installation of longitudinal tendons

good corrosion protection of post-tension cables

less dead load since no tendons are located in the webs (thinner webs)
grouting is easier due to the straight alignment

less friction (no wobble losses)

prestressing force can be modified after construction due to extra ducts

The disadvantages of external prestressing are as follows:

[l

[l
il
[l

additional mild reinforcement required as the increase of tendon stress U, is
small under ultimate loads

additional cost for duct, anchorage, deviators

polygonal tendon layout

deviators and eccentric anchorage for post-tensioning forces required

1.1.2 Construction — Assembling of segments

From the beginning, post-tensioned segmental box girder bridges have been

refined and modified in many different ways. Segments can be precast or cast-in-
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place; precasting can be done with short line or long line casting beds. Erection
can be done by balanced cantilever construction method, progressive placement

method or span-by-span construction method (Fig. 1.4).

J—‘—‘—‘—ﬁgIglZIE’élZI&I%ISIS‘ZIZIZIZIZD standard scaffolding

U free cantilever method

—
L m%ﬂmmﬁ

U overslung truss

i underslung truss

Figure 1.4 Construction methods

The term “balanced cantilever construction” describes phase construction of
bridge superstructure. The construction starts from the piers cantilevering out to
both sides in such a way that each phase is tied to the previous one by post
tensioning tendons, incorporated to permanent structure, so that each base serves

as a construction base for the following one [1a].

The progressive method, “the step-by-step erection” process is derived from
cantilever construction, where segments are placed in a successive cantilever

fashion. The construction starts at one end and proceeds continuously to the other
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end. The method is valid for both precast and cast-in-place segments. This
construction method has been used for the “lle de Ré Bridge” [8, 9] in France. Due
to excessive high cantilever bending moments the section has to be fixed over the
permanent pier during construction. To reduce this load either a temporary bent or
a temporary movable tower-stay assembly can be used. The cantilever method is
mostly used for very long spans.

88.10
10.0 49.45 28.65
<«

A
A 4

TNNNNN

%% | Main sliding chair

i Temporary support

]

Horizontal bracing

Vertical bracing

Figure 1.5 Span by span method of construction (overslung truss)
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Figure 1.6 Segmental bridge constructions in Bangkok

For long viaducts, which have numerous, but relatively short spans (I < 50 m) the
assembling of segments is mostly done by means of an erection girder over or
under the superstructure. An overslung truss does not reduce the clearance
underneath the construction and therefore the traffic is not disturbed (Fig. 1.6). It is
more flexible than an underslung truss. It was initially developed as a cast-in-place
method of construction on formwork. With the span by span method, the precast
elements are placed and adjusted on a steel erection girder spanning from pier to
pier, then post-tensioned together in one operation. Although both the cast-in-
place and precast span-by-span construction methods continue to be used,
precast segmental has become the method of choice for most applications [1a].
Further information about history and construction of segmental bridges can be
read in references [ 10-12, 29, 41, 46, 57-58, 60-99].

1.1.3 Typical segmental hollow box girder bridge

Fig.1.7 shows the segmental bridge that had been constructed in Bangkok,
Thailand [29]. This standard structure will be used as the reference structure for

the numerical investigation. So, it will be described below in detail.
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Figure 1.7 Standard span / = 43.25 m of the Second Stage Expressway (SES)

Front view

1020 1350 9726 100 "

4325cm

[12 segments & J0cm + T aagments & 17.2.5¢m |

Top view
P . | — 1 1—. ] o
I rl_l S I"""'“"‘!'-"."J.'”"."l'l" ----- rri_.i.'l:hl.". . 1 1 Il
|| e B FE R B EE SR SRR Pt St S
_L'-I"_'-'u-._-u'l-ll'l_ — '-l —m - L - L .
 Mo'd |H-:-7~ Ma. 8 = gymmairy fine

Mg, 5

Mo, 2

Ma. 1

Mao. B

Figure 1.8 Tendon layout of a standard span segmental bridge (SES Bangkok)
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D3 : 1090 - 1560cm

A

D2 : 700-1190cm
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Figure 1.9 Segment types (SES Bangkok)
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———
Figure 1.10 Pier segment

Segment types
Due to the external prestressing three different types of segments are required

(Fig. 1.9, 1.10):
00 Pier segment: A thick diaphragm is needed to stiffen the webs for carrying
the shear force to the bearings and for the anchorage of the external
tendons. Eccentric forces must be considered since the tendons are not

anchored directly to the webs.

00 Deviator segment: At this element the tendons are deviated. This results in
high vertical forces, which have to be carried to the webs. The HDPE ducts
are placed close to the web. This arrangement reduces the stresses at the
bottom slab due to deviator forces. The minimum radius (Rmin) of curvature
of tendon in this area has to be limited with regard to additional stresses
and fatigue of the HDPE ducts. For normal tendon sizes it is approximately
equal to 506 m. Various types of deviators are being built (Fig. 1.11).
Corbels are mostly used in the span whereas diaphragms are useful over

the piers.

00 Standard segment: Neither tendon anchorage nor coupling is carried out.
So, the thickness of the webs can be reduced to 35 cm or less depending

on the shear force. This minimizes the dead load of the segment.

Shear keys are supposed to carry the shear forces at the joints and to assist the

assemblage of the segments.
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=7 B V57 AR VY A

a) Cross Girder b) Cross Frame c) Web Plate
d) Corner Corbel e) Connected Corbel f) Web Restraint Corbel
g) Corbel h) Deck Slab Girder i) Floor Slab Girder

Figure 1.11 Different types of diaphragms and deviators [25]

1.2 Research objectives

The objectives of the research are as follows:

1. To analyse the stresses on the first joint
The unreinforced joints between the segments must always be under compression

due to serviceability reasons. Field practice in some segmental bridge construction
shows a small opening in the first joint on the flanges of the top slab. So far the
distribution of stress in the first joint has not been investigated by scientific
research. For this and other investigations a finite element model of the segmental
bridge shown in figure 1.6 through 1.9 built up from 14 segments will be

developed.

2. To investigate the load paths in the diaphragm
The investigation of force transfer in a diaphragm carried out by Wollmann [4] was

based on simple beam theory. The location and magnitude of the resultant forces
are obtained by integrating the stress distribution over respective areas. However
the stress distribution in the pier segment is complex in nature (discontinuity
region) and cracks are sometimes observed here. So simple beam theory, which
is based on a linear stress distribution over the depth of the section, should not be

applied here. As mentioned by Schlaich [3] At statical or geometrical
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discontinuities such as point loads or frame corners, corbels, recesses, holes and
other openings, the simple beam theory is not applicable.” To trace the complex
load paths a three dimensional finite element model of a real pier segment will be

developed.

3. To develop new strut-and-tie models for pier segments
The analytic tools that were used by former researchers are not as powerful as the

ones available today. So, it is imperative to utilize modern technology to verify
previously developed models. In this regard powerful finite element software called
Ansys will be used to analyse various models with different boundary conditions
and loadings. Finally the results will be compared with models of Schlaich and

Wollmann.

1.3 Scope of this dissertation

Some background information for the development of strut-and-tie models, which
is needed for the development of accurate models later in Chapter 6, will be given
in Chapter 2. Further, the design of the anchorage zone is mentioned. The load
paths in a diaphragm are studied in Chapter 3 by means of a plane finite element
model. Elastic and inelastic finite element analysis of a shear wall for different
loadings and boundary conditions are conducted. These simple plane FE-models
are used in practice but in reality the stress distribution is more complex. Therefore
a more realistic analysis with a 3-D finite element model of a real segmental bridge
is conducted (Chapter 4). These calculations are further used to study the stress
distribution in the first joint. A 3-D model of a pier segment with closed and open
diaphragm is further used to study the flow of the prestressing force from the
diaphragm to the webs and slabs (Chapter 5). In Chapter 6 more accurate strut-
and-tied models are developed based on the investigations of Schlaich [3, 7] and
Wollmann [4]. Chapter 7 summarizes the main results of the investigations and

gives some conclusions.
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2 Background information

Bernoulli (B-regions) theory is not applicable at statical or geometrical discontinui-
ties (D-regions) such as point loads or frame corners, corbels, recesses, holes and
other openings on structures. Therefore, in practice, procedures that are based on
test results, simplified analytical methods and experience from the past are usually

applied to cover such cases.

2.1 Strut-and-tie model

A rational approach to design discontinuity regions (D-regions) (Fig. 2.1) is based
on truss or strut-and-tie models. Until now truss models were considered by
researcher and field engineers as reasonable and appropriate basis for the design
of cracked reinforced concrete loaded in bending, shear and torsion. Nevertheless,

a design based on this method usually covers certain parts of structure.

D B D B D B D B D
D R R

{

i
}

L =43.25m

Figure 2.1 D-and-B regions in segmental bridge

Generally it is proposed to design structural concrete and every part of the
structure by means of the truss analogy respectively strut-and-tie models. The
truss analogy is explained in such a way that reinforced concrete structures carry
load through a set of compressive stress fields which are distributed and
interconnected by tensile ties. The reinforcing bars, prestressing tendons, or
concrete tensile stress fields are considered as ties. It is assumed that the strut-

and-tie models condense all stresses in straight compression and tension
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members and join them by nodes for analysis. The strut-and-tie model can be

developed by following the directions of the forces throughout a structure. To

attain a consistent design approach for a structure, the tension and compression

members (including their nodes) should be designed with regard to safety and

serviceability by uniform design criteria.

Some of the advantages and disadvantages of strut-and-tie model are given

below.

Advantages:

[t

[
1l
[t
1l

the tie forces in the strut-and-tie model can be converted into reinforcement
requirements

the actual reinforcement arrangement is seen in the model

strut-and-tie models direct the attention to global load paths

the nodal concept emphasises good detailing

strut-and-tie models can be calculated by hand

Disadvantages:

[t
1l
[t

[t

[t

Ot

1l
[t

the concrete tensile strength is neglected (mostly)

development of a strut-and-tie model requires experience

effective concrete compressive strength is selected arbitrarily and is
affected by a large number of variables

there is no unique strut-and-tie model solution. This is particularly true for
refined models, but is not the case for basic strut-and-tie models. A suitable
strut-and tie model is selected by engineering judgement

It requires high ability to visualize spatial relationships

can be used for design of ultimate limit state only, serviceability (crack
width) is not considered

load superposition is usually not possible

automatic generation of the truss model by computer programs is only

possible in simple cases
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2.2 Structure’s B- and-D regions

The regions of a structure, in which the Bernoulli hypothesis of a plane strain
distribution over the section depth is assumed to be valid, are usually designed
with high care and accuracy by standard methods. These regions are named as B-
regions (where B stands for Bernoulli). Their internal state of stress is easily
derived from the sectional forces (bending and torsional moments, shear and axial

force).

For uncracked sections, these stresses are calculated with help of sectional
properties like cross sectional areas and moments of inertia. If tensile stresses
exceed the tensile strength of concrete, the truss model or its variations apply.

The above methods are not applicable to all other regions where the strain
distribution is significantly non-linear, e.g. near concentrated loads, corners,
bends, openings and other discontinuities (Fig. 2.2). Such regions are called D-

regions (where D stands for discontinuity).

a) geometrical discontinuities
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Figure 2.2 D-regions (shaded areas) with non-linear strain distribution
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Stress and strain trajectories have smooth patterns in B-regions as compared with
their turbulent nature in D-regions (Fig. 2.3). Stress intensities decrease quickly
with the distance from the origin of the stress concentration. This behaviour allows

the identification of B- and D-regions in a structure.

Figure 2.3 Stress trajectories in a B-region and near D-regions [3]

2.3 General design procedure and modeling

The dimensioning of B-regions of the structures can be carried out by the standard
B-region models (e.g. the truss model) or standard methods using handbooks or
an advanced code of practice. The internal forces at the boundaries of the D-

regions are calculated from overall structural analysis and B-region design.

Table 2.1 Analysis leading to stresses or strut-and-tie forces [3]

Structure consisting of:
Structure B- and-D-regions D-regions only
e.g. linear structures, slabs and shell e.g. deep beams
Analysis B-regions D-regions D-regions
Overall structural Sectional effects Boundary forces:
analysis (Table 2) gives M, N, V, Mt Sectional effects Support reactions
Analysis of State | Via sectional Linear elastic analysis *
: (uncracked) ) o
inner forces values A, J (with redistributed stress peaks)
or stresses State |l Strut-and-tie-models and /or non-linear stress analysis*
regions. Usually truss

* May be combined with overall analysis
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Table 2.2 Overall structural behaviour and method of overall structural

analysis of statically indeterminate structures [3]

Limit Overall Corresponding method of analysis
state structural behaviour of sectional effects and support reactions
Most adequate Acceptable
Serviceability Essentially uncracked Linear elastic -
Considerably cracked Nonlinear Linear elastic (or plastic
with steel stresses if design is oriented at
below yield elastic behaviour)
Ultimate capacity Widely cracked, Plastic with limited Linear elastic or non-
forming plastic hinges | rotational capacity or | linear or perfectly plastic
elastic with with structural
redistribution restrictions

In deep beams where the member consists of only one region (D-region), the inner
forces or stresses can be determined directly from the applied loads following the
principles outlined for D-regions in section 2.4. For statically indeterminate
structures however, the support reactions have to be calculated by an overall
analysis before the development of strut-and-tie models.

In some cases a non-linear finite element analysis can be applied, but it is difficult
to model reinforcement realistically in FEM analysis, so a follow up check with

strut-and-tie models is recommended.

2.4 Modeling of individual B- and-D regions

2.4.1 Principles and general design procedures

Standard methods are available for the analysis of the concrete and steel stresses
for uncracked B- and D- regions. (Tab.2.1). The elastic linear stress-strain relation
may have to be modified by replacing hook’s law with a non-linear material

behaviour for high compressive stresses (Fig. 2.4).

If the tensile stresses in individual B or D-regions exceeds the tensile strength of

the concrete (fct) the section will likely crack. According to the German Code
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DIN 1045-1: Juli 2001 10.3.3(2) [19] a concrete section may be assumed to be
uncracked if the tensile concrete stresses under certain load combination (ultimate
limit state) are smaller than f ,0sk/lc. The inner forces of the cracked structure are

determined and are designed according to the following procedure:

4 Ue (<0

4%.0 t fom=F e+ 8N/mm?
£, e o e magin =
T .,'/ serviceability
f; 30.0 /./ O=[1-(1-0c/0c2)"]-fei nl. methods
ck = V. = ]
' sectional
- ny. design (ULS)
Oy=[1-(1-0./0 f g
Y [ ( C CZ) ] cd fcd — D'fck/l:'c
2001
=0.4f |-
10.0 1 f =30N/mm?
" // artan E,,
0.0 : : : » Uc(<0)
0 0.002 0.003| 0.0035

Oe2 Oet Oetu
Figure 2.4 Stress-strain relation for concrete [18]

1. Develop strut-and-tie model based on stress fields. The struts and ties are
represented by straight lines and concentrate their curvature in nodes.

2. Calculate the inner forces for strut-and-tie members. The forces should be
in equilibrium.

3. Dimension the strut, ties and nodes for the inner forces with consideration

of crack width limitations (section 2.5).

This method implies that the structure is designed according to the lower bound

theorem of plasticity that is the fulfilment of equilibrium and U U f.

The load path should follow the elastic stress distribution to limit the redistribution
of forces in the structure and to avoid serious cracking. Obviously this method
neglects some ultimate load capacity, which could be utilized by a pure application

of the theory of plasticity.
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For cracked B-regions, the proposed procedure obviously leads to a truss model
with inclination of the diagonal struts that are in the direction of the diagonal

cracks.

For the D-regions it is necessary to develop a strut-and tie model for each load
case individually. Developing the model in a D-region is more simplified if the
elastic stress and principal stress direction are available, e.g. by an elastic finite

element analysis, as shown in Fig. 2.5.
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Figure 2.5 Deep beam - a typical D-region elastic stress trajectories, elastic

stresses and strut-and-tie model [3]

2.4.2 The load path method

First, all loads and support reactions must be determined to satisfy outer
equilibrium of the D-region. For D-regions, the loads are taken from adjacent B-

region designs, assuming that a linear distribution of stresses () exists as in the

Fig. 2.6 and (q) in Fig. 2.7.
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Figure 2.6 Load paths (including a “ U-turn”) and strut-and-tie model [3]
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Figure 2.7 Load paths and strut-and-tie model [3]

The stress distribution is subdivided in such a way that the loads on one side of
the structure find their counterpart on the other. The load paths connecting the
other side start and end at the centre of gravity of the corresponding stress
diagrams and have there the direction of applied loads and reactions. They tend to
take the shortest possible pathway in the region. Stress concentrations (support

reactions and singular forces) are observed near curvatures.

There are some cases where the stress diagram is not completely used up with
the load paths as described; it shows a path that is equal in magnitude but with an

opposite sign, which enters and leave the structure as a U-turn illustrated by force
Bin Figs. 2.6 & 2.8b.

In the above case, only equilibrium in the direction of the applied loads has been

considered. After completing the sketch of all the load paths with smooth curved
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polygon, the struts and ties must be added as transverse equilibrium acting
between nodes, including those of the U-turn.

Proper attention should be given however, for tie forces that seek practical
arrangement of reinforcement details (generally parallel to the concrete surface)

and of crack distribution requirements.

— a T || q] 7
. A /
LAY . ™~ v

Al Tc Al fc

Shear force

Aet 8| C]

Moment /
b) Mm

———= strut
tie \ /
load path —
—+H+—  anchorage length of the bar
Detail D
Figure 2.8 Two models for the same load case: (a) requiring oblique

reinforcement; (b) for orthogonal reinforcement [3]

A very powerful tool to develop new strut-and-tie model for complicated cases is
the combination of an elastic finite element analysis with the load path method.

This combined approach is applied in Figures 2.9. & 2.10.

In Fig. 2.9 the vertical stress and ties are found by the load path method, and as in
previous cases the structure is divided into a B-region and a D-region. The lower

part of the D-region is loaded by the stresses (0) from the adjacent B-region.
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These stresses are then resolved into four components; the two compressive
forces C3 + C4 = F, which gives two equal forces T, and C,. By adjusting the vertical

load components in its appropriate locations, transverse stresses are generated.

a) elastic stress trajectories b) elastic stresses c) strut-and-tie model
uF
R
/ 1 7
=
3 4
G -
C41C3 {Co
S S R B

Figure 2.9 A typical D-region [3]

b) elastic stresses (horizontal) c) strut-and-tie model
—ﬂgk— —>H<—a
\F IF
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X \ 1 7
- \C1 7
d D2
d=b C3 CZ T2
I I I |
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Figure 2.10 Special case of the D-region in Fig. 2.9 with the load at the corner [3]

The corresponding horizontal struts and ties are located at the centre of gravity of
stress diagrams in given structures, which are derived from an elastic analysis
(Fig. 2.9b). The nodes from the vertical struts also determine the position of the

diagonal struts (Fig. 2.9c). The example in Fig. 2.10 shows that the tie T3 of the
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Fig. 2.9c disappears, if the load F moves towards the left and right upper corner of

the D-region.

To develop strut-and-tie models a set of rules shown in table 2.3 should be
followed. By applying the rules of this table, it is possible to develop basic and
refined strut-and-tie models. The basic load path satisfies only equilibrium
conditions and material strength limitations. They represent a lower bound solution
to the failure load for a structure made of perfectly plastic material. Reinforced
concrete is not however, a perfectly plastic material, so some improvement must
be made to its limited ductility. This is carried out by rules 3 to 6 in table 2.3, which
satisfy compatibility requirements in the strut-and-tie model. Rules 7 and 8 are
applied to cracked concrete: tensile forces are carried by reinforcement (rule 7),
and load paths in compression are stiffer than load path in tension (rule 8)
(Fig. 2.11). By applying rules 3 to 8, the actual state of stress in the structure is
better approximated by the strut-and-tie model and the procedure is more

independent from the assumption of perfectly plastic material.

Table 2.3 Rules for the development of strut-and-tie models (STM) [4]

Rule | Requirements

1 | Satisfy equilibrium conditions

2 | Satisfy material strength limitations basic STM
3 | Satisfy simple beam theory at the boundaries of the D-region
(anchorage zone)
4 | Select angle between struts and ties larger than 25 degrees
Orient the geometry of the strut-and-tie model on the linear-
elastic stress trajectories refined
6 | Split struts carrying large compression forces into a number of STM

sub-struts.

7 | Keep practical reinforcement arrangements in the mind when

selecting the orientation of the ties

8 |Avoid inefficient load paths
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a) inefficient b) good load path
load path

———————— compression tension

Figure 2.11 Efficient and inefficient load paths in strut-and-tie models [4]
2.4.3 Model selection

Several different strut-and-tie models can be found for one load case as shown in
Fig. 2.8 for a deep beam. However criteria’s have to be found to select the most
appropriate model for design. The left part of Figs. 2.8a and 2.8b shows how they
were connected to the overall sectional effects of the D-regions. The practical
arrangement of reinforcement for ties 71 and T, in Fig. 2.8a would be difficult
because it requires inclined reinforcement. So, from the practical point of view, a
tie arrangement as shown in Fig. 2.8b that can be satisfied by an orthogonal

reinforcement is a better solution.

Another criterion for optimising and selecting a suitable strut-and-tie model is the
principle of minimum strain energy. Since the strains in the struts are usually much
smaller than those in the ties, the concrete struts can be neglected. This results in

the following criterion:

[VETLT0,, O MiBimum  ...cocccoieeeieee et (2.1)

Where: F; = force in strut or tie i
h

Omi = mean strain of member j

length of member i
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It should be kept in mind that representing a continuous structure by individual
straight lines is an approximation in itself and so, it opens the chance for selection
of different models. Also, individual input such as the size of the strut, tie or nodes
is always different. An engineer with some experience in strut-and-tie modelling

however will always find a satisfactory solution.

2.5 Dimensioning of struts, ties and nodes

2.5.1 Definitions and general rule

Dimensioning is sizing and reinforcing the individual struts and ties for the forces
they carry and also ensuring the load transfer between them by checking the node
regions. Nodes are parts of strut-and-tie models where the compression and/or
tension members meet each other. The flow of force in the nodal region is greatly
affected by details of the node chosen. Therefore, it is necessary to check whether
the strut-and-tie model chosen initially is still valid after detailing or needs
correction. Thus, modelling and dimensioning is in principle an iterative process.
There are basically three types of struts and ties to be dimensioned:

Cc Concrete struts in compression

T. Concrete ties in tension without reinforcement

Ts Ties in tension with reinforcement (mild steel reinforcement or

prestressing steel)

There are essentially four types of nodes depending on the combination of the
struts C and ties T (Fig. 2.12).

CCC-nodes (compression — compression — compression nodes)

CCT-nodes (compression — compression — tension nodes)

CTT-nodes (compression — tension — tension nodes)

TTT-nodes  (tension — tension — tension nodes)

The principle remains the same if more than three struts and ties meet.

2.5.2 Struts and ties

The struts in the model are resultant of the stress fields and are considered as
straight. All the curvatures or deviations of the forces are assumed to be

concentrated in the nodes. This is indeed an idealization of the reality. By doing
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so, doubts can arise whether in a highly stressed structure some tensile forces are
sufficiently considered. The straight lengths of the struts can be reduced either by

refining the model itself or by smearing (spreading) the node over a substantial

length of the strut (Fig. 2.12).

Strut-and-tie model, stress fields and corresponding reinforcements are shown

below.
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Figure 2.12 a1) and b1) Strut-and-tie models, nodes and corresponding
a2) and b2) their stress fields [3]

reinforcement

To cover all cases of compression fields including those of the B-regions, three

typical configurations are sufficient (Fig. 2.13):

a) Fan b) Bottle c) Prism
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Figure 2.13 The basic compression fields [3]

111 Oo < feq
a




2 Background information 27

For practical purposes, the following simplified strength values of allowable
compressive stress fcd*are proposed for dimensioning all types of struts and
nodes:
f., 01.0f,,: for undistributed and uniaxial state of compressive stress as shown
in Fig. 2.13c
7., 00.87,, :if tensile strains in the cross direction or transverse tensile reinforce-
ment may cause cracking parallel to the strut with normal crack width

7., 00.67., :as above for skew cracking or skew reinforcement

7., 00.4f. :for skew cracks with extraordinary crack width

Compressive stress [I; is checked in the nodes and tie forces are covered by

reinforcement.

2.5.3 Nodes

The nodes are defined as the intersection points of three or more straight struts or
ties, which in turn represent either straight or curved stress fields or reinforcing
bars or tendons. There is an abrupt change in the direction of force at the node. In
the actual reinforced concrete structure the deviation covers a certain length and
width. The deviation of forces tends to be locally concentrated, if the struts or ties
represent a concentrated stress field. Also, the deviation of force is considered to
be smeared (spread) over some length, if wide concrete stress fields join each
other or with tensile ties that consist of closely distributed reinforcing bars. Thus, in
the former case the nodes are called singular (concentrated) nodes, whereas in
the latter case they are called smeared (continuous) nodes. Nodes A and B in

Fig. 2.12a1 serve as typical examples of both types of nodes.

2.6 Design of diaphragms in bridges and shear walls

Several figures are provided which gives examples of diaphragm areas (Fig. 2.14).
Schlaich et. al. [7] state that diaphragms with tendon anchorages are variation of

the deep beam problem.
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2.6.1 Shear wall with central support — shear loading

Fig. 2.14. shows a prestressed diaphragm of a bridge with one centric bearing.
The shear force V4 carried by the diagonal strut C; in the webs of the box girder
(Fig. 2.14a) are in this case transferred to central support via prestressed web
reinforcement. Mild reinforcement can be used if the tension force T is not too big.
According to Schlaich et. al. [3] the following equations can be used to estimate
the tension forces:

T OV /8i1 D001V, oot (2.2)

Ty 008210207, et (2.3)

Please note that equation (2.3) is only a rough approximation because T, depends
on the geometry of the shear wall. More ‘accurate’ values may be calculated from
the strut-and-tie model (Fig. 2.14).

a) c) tendons
< > > :
e #' s

\\1 Vv //
R A T ER Wy
0
b) v, T, 2y
— e pe—— - g— —

Figure 2.14 Diaphragm strut-and-tie models [7]

2.6.2 Shear wall with two supports and without opening

In the strut-and-tie model shown in figure 2.15 Schlaich assumes that the resultant
shear force almost acts at the mid height of the web and thus compression struts
flow directly to the supports. Also, the flow of forces caused by a torsional moment
is shown. This model will be verified in Chapter 3. The following relations are given

to evaluate the forces:
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Over all support reaction A = V (equilibrium)

Reactiondueto V: 7V [ % (force per length)........... (2.4)
M M
Reactiondueto 7: W= L[] ! force per length)........... 2.5
' 204, 210, 00,00k (force per length) (25)
Tie force: T OV, 0B, i (2.6)
TZDV,Jz[b"]h .............................................................. (2.7)
b,0b,

A check for concrete compressive stresses should be conducted at the supports.

The relation is given by:

g o¥/2 D/i”f e (2.8)

b

Where A, is the area of the bearing.

Further the tension ties have to be designed.

, T, T
Reinforcement: req4,, 0 5_1 and reqA,, 0 5—2

S S

[, 0 f,, due to crack width requirement.

V/2+Mt/(2by) V/2-Mi/(2by)
by by

Figure 2.15 Diaphragm strut-and-tie model for shear and torsional moment [7]

2.6.3 Shear wall with two supports and opening under pure shear

The following equations are given to calculate the internal forces and stresses of a

diaphragm under pure shear.
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The overall support reaction Fy is equal to the shear force V (equilibrium)

Forces in terms of V2 7. 0 2’; S — (2.10)
Tie forces: T, DFbDL .......................................................................... (2.11)
h, 020h,
T i N (2.12)
1 20k 0
The concrete compressive stresses should be checked at the supports.
: . _ F, /2
For maximum compressive stress: 0, [ e (2.13)
b
o T, T,
For tension reinforcement: A4, Dg— resp. 4, U T (2.14)
Where: Ap is an area of concrete in contact with support
c is width of bearing plate
a is the distance from the web centre to mid of the bearing plate

Figure 2.16 Strut-and-tie model of diaphragm with opening under pure shear [7]

The location of the horizontal tie T4 in Fig. 2.16 is based on engineering practice
and has not been checked so far. As the forces in any strut-and-tie model are
dependent from the geometry of the truss model, FE-analysis will be conducted

(chapter 4) to verify this assumption.
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2.7 Strut-and-tie model for anchorage regions

It is relatively easy to guess the flow of force and to develop strut-and-tie models in
two-dimensional problems. For simple structures and loadings, considering a
sufficient number of two dimensional sub models can solve the problems in a
three-dimensional member. The complex geometry (3-D) of the diaphragm
however, requires a spatial strut-and-tie model. This increases its complexity and
makes it more difficult to find a close solution that matches the finite element result

in reality.

Nevertheless, based on engineering practice and numerical analysis the load
paths in three-dimensional end diaphragms can be simplified by accurate strut-
and-tie models [4]. These load paths, which will be described in the following
sections, are called tripod model, corbel action, and frame action. They are used

to model the flow of forces in a diaphragm loaded by external anchorage forces.

2.7.1 The tripod model

Fig. 2.17 below shows a load path where the anchorage force P is resisted by
three inclined struts. Deep beam action generates the tensile force T4. Additional

tensile forces (T, T3) are required across the flange-web corners for equilibrium.

a) Tripod model b) Refined model c) Multiple anchors
Ao 4+ Fo
I‘ 5 /
y I‘ T Cz/// 'I
1 7
A Pl ¢ fl
il — 1 F \
\ \\ !
1 N
T2 \\ Cg\\ ‘-‘
1 N ]
N\, |
N\,
: F
2 ]
Aj 3
cross section elevation tension 00 o————— compression

Figure 2.17 Tripod models [4]
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The tensile force Ty requires nodes in the flanges of the cross section (nodes A,
and Az) (Fig. 2.17a). Therefore, reinforcement provided to resist this tensile force
must be anchored into the flanges. A more refined strut-and-tie model is
necessary to capture the bursting force in the web (Fig. 2.17b). If several anchor
forces act on the diaphragm, either individual tripod models can be superimposed
or an overall strut-and-tie model can be developed (Fig. 2.17c). It should be noted

that each tendon is stressed separately.

2.7.2 Corbel action

The transfer of the force from the diaphragm into the web is illustrated by the
corbel action (Fig. 2.18). The load path shown in Fig. 2.18a must be completed to
satisfy equilibrium conditions. The tripod model discussed in section 2.7.1 does
not capture corbel action.

In columns the effect of a corbel is to introduce a bending moment into the column
as shown in Fig. 2.18b. The corresponding effect in a diaphragm section is
bending of the web in its thin direction. This bending moment is subsequently
transferred to the flanges. An alternative and more efficient load path is shown in
Fig. 2.18c. The deviation force C; and C, at levels 1 and 2 in Fig. 2.18a are

transferred by vertical trusses to the flanges (truss 1 at level 1, truss 2 at level 2).

Cq ip

plan

a) corbel action

truss 1 truss 2
c) vertical trusses

tension = ceeeeeen compression

Figure 2.18 Corbel action [4]
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2.7.3 Frame action

The transverse components of forces C4, Cy, and C; (Fig. 2.17) are carried by
frame action of the flanges and webs ahead of the diaphragm and are shown in
Fig. 2.19. This load path is not as stiff as other load paths available. So, small
portion of transverse tensile forces will be carried by frame action. However, it
does explain cracks along the flange-web intersection ahead of the diaphragm,
which were observed in the bridge structure of Washington D.C'’s rapid transit
system [12, 26].

e

C1

1 C3
bending moments

Figure 2.19 Frame action [4]

2.7.4 Extent of the D-region

The extent of the D-region can be taken as approximately equal to the largest
cross-sectional dimension ahead of the end of diaphragm according to the
hypothesis of St. Venant. The introduction of tendon force and geometric
discontinuities results in the disturbance of axial-flexure stress in a D region.

To determine the location of nodes A4, Az, and As in Fig. 2.17, some help can be
obtained from the following considerations. Spreading of the forces in the flanges
and web can only occur after these forces actually reach them. Before this

spreading, only the part of the cross-section immediately adjacent to the
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diaphragm is effective in carrying the anchorage force (hatched area in Fig. 2.20).

However the exact locations of nodes were not determined by Wollmann.

]

Figure 2.20 Effective cross-section ahead of diaphragm [4, Fig. 5.2]

2.7.5 Shear-friction

Shear transfer and transfer of forces in shear friction between diaphragm and
adjacent web result in large inclined tensile stresses at the interface of the
diaphragm and flanges. While developing strut-and-tie models the effects from
shear-friction can be determined by limiting the angle O between compression
struts and the direction normal to the critical section for shear friction (Fig. 2.21).
AASHTO provides values for the coefficient of friction 0 = 1.4 for monolithically
placed, normal-strength concrete. If tan O > [, shear-friction reinforcement is
required. Fig.2.21 shows a strut-and-tie model that satisfies shear-friction

requirements.

aT =_D_P-st -P-cosl
\%
Aw-fyd =1 -C
\P‘ P
C ,\A <
I\,
' ' \\ \\ \\ AN
\,
P p N N AN N
0 \ N N\ P
\ | | >D\
0T = AW.fyd |
tanO <O tanO>0
no shear-friction shear-friction
reinforcement required reinforcement required

Figure 2.21 Shear friction [4]
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EC2 has a different approach to the problem; the shear design value for monolithic
joints is calculated according to EC 2 Part 1-3, equation 4.190:
ey O k105, 0000, 000/, 1(Olsin00cos0)D0.5T00f, e (2.15)

Where:

k, 025 factor for monolithically connected joints

Oy design value of shear strength according table 4.116 EC 2 Part 1-3
(i.e. 0,, 00,34 MPa for £, 0 30 MPa)

L01 coefficient of shear friction (monolithically connected joints)

[, 00.61f, 6 stress due to external forces on the joints, positive for compression
and negative for tension (with 7,0 7, /0.)

v010.70f,/20000.4 effectiveness factor acc. to section 4.3.2.3 of EC 2 Part 1-3

A
4a AS shear reinforcement ratio
j
A, cross-sectional area of steel
4, area of joint
U angle of inclination of shear reinforcement , 45° 0 /70 90°

The shear stress in the joint is equal to (EC2, part 1-3, eq. 4.189):
Ogy DOW g 71218, [ o (2.15a)

2.7.6 Skew reinforcement

A reinforcement arrangement following the tensile forces T, and T; of the tripod
model (Fig. 2.17) would require inclined reinforcement across the flange-web
corners. However, usually a grid of horizontal reinforcement and reinforcement
parallel to the web is preferred. Fig. 2.22 shows how a single tie can be replaced
by a system of orthogonal struts and ties. The angle between struts and ties

should not be less than 25 degree (tan U > 0.5).
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Figure 2.22 Skew reinforcement [4]

2.7.7 Strut-and-tie model of Neuser

Neuser [25] has investigated the load transfer in deviators and anchorage blocks
of external prestressed bridges. His strut-and-tie model (Fig. 2.23) is similar to the

tripod model (Fig. 2.17) except that no tensile forces T; and T, are required.

Figure 2.23 Strut-and-tie model of Neuser [25]

The forces can be calculated with the following equations.

) (2.16)
oo,
T.ON,ltanO, 0PI z TEAR T, e (2.17)

1 2
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N, 0lpPON,0

N, 00PON,[

0 0
I o T (2.18)
ele, I 1DD2D1Di
&
0 0
O PIID  ) (2.19)
e le, 0 0000 10&
g
1o 0, 1
T, UN,ltan 0, O PIgl0 ill TEaN | oo (2.20)
0 G000 10&
&
! T 2.21)

0,040

% Oltan®* 0.0

0, 0

S

cos® 0, Isin0,

cos’ [, IsinlJ, e, cos®/[7,sin/7,

where:
P

Ns

N

N,

Ts

T

€s

e1, €2

Os, 01, Oz

HEl4,
E A

horizontal prestressing force

normal force in the web due to P

normal force in the top slab due to P
normal force in the bottom slab due to P
tensile force due to corbel action

tensile force due to splitting forces
distance between load and web

distance between load and slabs, where e1 U e;

angle with: tanl, Ue /b ; tand, Ue, /b ; tanU Ue /b where e U e

stiffness ratio between struts and ties

The stiffness ratio 0 may be taken as 1.0. The value does not have a significant

influence on the results.

Further information about strut-and-tie models can be read in references [32-40,

42-43, 45]
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2.8 Design of anchorage zone

2.8.1 General

Anchorage zones for post-tensioning tendons are regions of complex stresses.
The post tensioned anchorage zone may be considered as being composed of two
zones (Fig. 2.24).

The local zone is the region immediately surrounding each anchorage device. It
can be cylindrical or prismatic with transverse dimensions approximately equal to
the sum of the width of the anchorage plate plus the manufacture’s specified
minimum side or edge cover. The length of the local zone is defined as the length
of the anchorage device plus an additional distance in front of the anchor equal to
at least the lateral dimension of the anchor.

The general zone is the region in front of the anchor, which extends along the
tendon axis for a distance equal to the overall depth of the member. The height of

the general zone is taken as the overall depth of the member.

General Outside

AN
\ A

p .
e h

Local

A

Figure 2.24 Subdivision of anchorage zone [5]

Design and specification of required reinforcements in the general zones are the
responsibility of the design engineer. Proper installation of reinforcements is the

responsibility of the constructor.
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The reinforcements of the local zone, which is under the tendon anchors, must be
adequate to transfer the tendon force into the mass of concrete structure. The load
can successfully be transferred by either bearing plate type anchors or by special
anchorage devices, which in combination with special anchor reinforcement (such
as spirals, stirrups or other reinforcement) transfer the local zone loads from the

anchors into the general anchorage zone of the structure.

2.8.2 Verification of anchorage design

Anchorage devices and the transfer of forces from the bearing plate to the
concrete have to be verified by experiments. It is difficult to model the accurate
stress flow in the end zone by numerical analysis due to complex material
behaviour and the interaction between anchor plate, the concrete and the
reinforcement [23]. Nevertheless empirical formulae are useful for verification of
load bearing capacity of the anchorage device before testing and to understand

the load transfer mechanisms.

The experimental results on small concrete columns loaded by concentrated
forces due to vertical prestressing [20] show that cracks were developed at the
centre (Fig. 2.25). Further increase of load creates a wedge under the loading
plate that ultimately results in failure of the specimen. The use of spiral
reinforcement or stirrups can prevent this failure. This leads to a triaxial state of
concrete stresses, and as a result, the bearing capacity of the concrete increases.
The verification of resistance force on loaded area can be done approximately by
the formulae given in DIN 1045, 10.7 and EC2, 5.4.8.1 whereas the influence of
spiral and stirrups steel is approximated by the model given in CEB Model Code
90.
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tengile
str¢sses
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Figure 2.25 Crack and tensile splitting stress on deep beam [20]

The following explanations are given to study the principle structural load
behaviour of the concrete in an anchorage region. In Europe only these equations
are not enough for design of the anchorage zones, but test must be done to check

the bearing capacity.

2.8.3 Concentrated forces

For uniform distribution of loaded area A, (Fig. 2.26) on unreinforced normal

concrete the concentrated resistance force can be determined as follows
(DIN 1045-1, 10.7 and EC2 part 1):

Fop 0 A1 f, 1A, /A, 03.00f,74, (DIN 1045-1, EQ. 116) ....ovvvorveeeeen. (2.23)
or

Frp 0A,0f,0A, 1A, 03301f,14, (EC 2, Eq. 5.22)
Where:

A,0bd,  loaded area
A4, 0b,1d, maximum area corresponding geometrically to 4 ,, having the same
centre of gravity, which it is possible to inscribe in the total area 4,

situated on the same plane as the loaded area.
f.0f. /0. (EC)resp. f,000f, /0, (DIN 1045-1)
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Figure 2.26 Area A.s by concentrated force [19]

2.8.4 Practical modeling

Equation 2.23 has to be modified to consider the influence of the spiral or stirrups
reinforcement in the local zone behind the anchorage plate [16, 22]. Due to
confined reinforcement the lateral strain under the loaded area is hindered. This
results in a triaxial state of concrete stresses which in turn increases the
compressive strength of concrete from f4to f.q*. Furthermore, it is assumed in the
following that the spiral or stirrup reinforcement in ultimate limit state achieves the

design yield strength f,q.
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Figure 2.27 Forces in spiral and rectangular stirrup reinforcement

Force in the reinforcement: F, D0, 14, 0 £ DA, oo (2.24)
with:  Ass, Asw area of spiral or stirrup steel

Ss, Sw spacing of stirrup or height of spiral steel

aw diameter of spiral steel

In the following only circular reinforcement is considered:

The corresponding concrete compressive force: F., 00.5[0 ,la,, ................. (2.25)

By considering the spacing of spiral steel the equations in (2.24) and (2.25) are

converted to:

201,04,
fo A, 00510, 0a, /s, and O, 020 e (2.26)

a_ls

w w

Volumetric mechanical ratio of confining steel (.4 is defined as follows:

VVs,trans D&D 4[Asw D&

c,cf f;;d aw ]Sw f;;d

a,0

Then equation 2.26 becomes:
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[ 005000, T fo) coreemrneeeseeseseeeeeeeeseee e see s sne e (2.28)

Taking into account the non-uniformity of distribution of these confining stresses,

the effective lateral stress may be approximated by the expression:

gcd,2 gcd,3
iy e Y T AT (2.29)
fcd f;'d

Where:

/4 Volume of transverse reinforcement

s, trans

W Volume of confined concrete

exef
i Reduction factor expressing the effective concrete area in elevation for
spiral steel s, and vertical spacing ss
2
7.0 E1 0 O.SES—WE WHETE 5, 00,500, weoeevereeeereeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseesee e (2.30)
a,
b, Reduction factor expressing the effective concrete area in plan for
reinforcement in shear
For circular stirrup and spiral steel: 0 01
For rectangular stirrup in two layers as seen in Fig. 2.27
2
ﬂnmun[("—sz/@mulﬁ ........................................................................... (2.31)
a' n 3

s

6.8314,  fu
as[ss fcd

n = number of longitudinal steel

0

w,s

The above equations show clearly that a circular or spiral reinforcements are
considerably more favorable than stirrup reinforcements. There is a relation
between load distribution and distribution of longitudinal reinforcements in the end
zone. The provided longitudinal reinforcement in an anchorage zone however, is
not sufficient enough to distribute the transverse force. So, spiral reinforcements
with their limited spacing are important to achieve uniform stress distribution.

The following linearized approximation can be used to determine the triaxial

concrete compressive stress ., [16]:
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fo 0 f,005.000,,/ £, for [,/ £, 00.05 coeverererrecnnn (2.33)

£ 0 f,u12s02.500,,,/ £, for [,/ £, 00.05 ceevevevereereennn (2.34)

Substituting equation 2.29 into 2.33 and 2.34
£ 0£,0002.510,00,10,,) for [,/ £y 00.05 oo, (2.35)

£ 0 £, 0012501.2500,10.10,,) for 0.,/ f., 00.05.....ccccc....... (2.36)

There is high stress under the anchor plate. Therefore only equation 2.36 is
relevant for design of anchorage regions. Accordingly the maximum concentrated

resistance force F,, is:

Fop DA 1A 1A, O A, 1f, (112501.2500,00.00,,) A, Ay ... (2.37)

Hereby area Ac1 should be enclosed by transverse reinforcement. A, is the loaded
area. Equation 2.37 and the experimental results of Rostasy et. al. [22] are in good

agreement.

The load bearing capacity of the anchorage device according to equation 2.37 is
about 50% higher than the usual failure load of the tendons which are anchored.

Hence, a failure of the anchorage area is excluded.

The experimental results by Wurm and Daschner [21] show that the tensile force
in the spirals is near the ultimate state by a far greater amount than the sum of
transverse stresses calculated e.g. by strut-and-tie models. The above-mentioned
equations only consider the stresses and not the cracking in concrete. A numerical
determination of the cracks resulting from a prestressing force is still not possible.

So, it is important to verify anchorage devices by experiment.
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Figure 2.28 Tensile force in spiral reinforcement according to Daschner [21]

Nevertheless, equations mentioned above are helpful to estimate the required
modifications of an anchorage device (e.g. size of the anchorage plate) and the
spiral reinforcement, if the values of prestressing force are increased slightly over
the approved value. The relevant equations have been published by the German
‘Institut fir Bautechnik’ [28].

2.8.5 Design of anchorage zone according to CEB-FIP

Current design codes in some countries, while specifying the anchorage zone
stresses, usually make recommendations in terms of allowable bearing stresses.
In other specifications emphasis is placed on the bursting stress distribution.

Mérsch was the first [102] to publish a model to estimate the distribution of forces
in a plane specimen loaded by a single load (Fig. 2.29). The local bursting force is

assumed to be equal to:

F, 00251PI(10 % ....................................................................................... (2.38)
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Leonhardt [15] suggested the same factor of 0.25 but the recommendation of
CEB-FIP Model Code 78 gives a value of 0.3. Furthermore the bursting force Fps is
dependant on the geometric enlargement side (Fig. 2.26) or diameter of loaded
area a; and not on the depth of the section h. This results in

F, 0031P1a0%

......................................................................................... (2.39)
a
Where:
F, ~ total bursting (tensile) force
P the applied normal force, e.g. prestressing force
a, diameter or length of side of loaded area
a, diameter or length of side of geometric enlargement of loaded area

(symmetric prism theorem) (Fig. 2.30)
h overall depth of section

h/2 3

ﬁ <«—P2

1o

h/2

Figure 2.29 Simplified equilibrium of force according to Mérsch [102]

The differences between the various models demonstrate the great uncertainity of
these approaches.

CEB-FIP Model Code 87 [16a] contains the same formula as suggested by
Leonhardt.

F,, 0031F,, 110

a,
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Fsqu is the ultimate prestressing force and not the design value. A safety factor of
1.35 has to be used.

Fl DV3S00 UA, T f DA, i (2.41)
According to the CEB-FIP Model Code 87, the corresponding transverse tensile

forces may be assumed to be constant over the distance between 0.1a; and a

(Fig. 2.30) and may be calculated in each direction.

Fstd
) | A

"~ TR
1
1
1

| A 4 —— ———

| 0.1a

Act Aco Ac b a "

Figure 2.30 Definitions for the CEB-FIP regulations [15]

Furthermore the CEB-FIP model code 87 prescribes that for the case of a
reasonably uniform distribution of the applied pressure, i.e. uniform stress under
the anchorage device, the local resisting force shall be determined as follows

(detailed explanation see section 2.8.4):

Fop O F LA A, 7 A D330 1A, oo (2.42)

where:

/.. design strength of concrete

A loaded area

co

A, maximum area corresponding geometrical to 4_, having the same centre of

cl co’

gravity, which it is possible to inscribe in the total area Ac, situated in the

same plane as the loaded area

F,, concentrated resistance force on area 4,

Since the coefficient of safety applicable to concrete [; is usually equal to 1.5, i.e.

foq = f/1.5 the CEB-FIP model code 87 formula can be transcribed to:
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0.0 % 00670 I A, 1Ay D220 F sk oo (2.43)

co

2.8.6 Design of anchorage zones according to AASHTO guide
specification

2.8.6.1 Permissible anchorage stresses

The permissible bearing stress under the anchorage plate and at any section
within the anchorage zone behind the plate in accordance with AASHTO [5] guide
specification section 9.2.3 are as follows:

(a) At application of post-tensioning force

£, D081£,1J(4'/4)00201.25/", (AASHTO) ....covvovren., (2.44)

(b) At service load

£, 00601 1\JA/ A OL25f (AASHTO) ..o (2.45)

Where:

f'., compressive stress of concrete at time of initial prestress

f'« specified compressive strength of concrete

/., permissible concrete compressive stress under anchorage

A. maximum area of the portion of the concrete anchorage surface that is
geometrically similar to and concentric with the bearing area of the tendon
anchorage

A bearing area of tendon anchorage

The stresses calculated at application of the post-tensioning force and at service
load shall be limited to 5000 psi (34.5 MPa) and 6250 psi (43.1 MPa) respectively,
as absolute maximum values even if the concrete strength is in excess of 4000 psi
(27.6 MPa) at transfer (load application) and 5000 psi (34.5 MPa) at 28 days.
Significant differences in the permissible bearing stress between AASHTO and
CEB-FIP can be observed (eq. 2.43 — 2.45)
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2.8.6.2 Forces and reinforcement

The distribution of forces and the reinforcement required to provide the necessary
general zone tensile capacity to resist the bursting forces of the anchorage may be

determined by using strut-and-tie models. The total bursting force F,, for an

individual anchorage should be taken in accordance with AASHTO guide

specification section 14.2 as:

F,00307010%

YIP, e (2.46)

sp
Where:
F

bst

total bursting force (tensile) due to tendon anchorage

d depth of anchor plate

a

d, total depth of symmetric concrete prism above and below the anchor plate

(also assumed to be the length of the anchorage zone)

P, tendon jacking force

The above equation is similar to that of the CEB-FIP Model Code (see eq. 2.39)

The local zone shall be reinforced for the bursting and post-tensioning forces. The
reinforcement may consist of stirrups, ties, spirals, or combination of these. The
general zone shall be reinforced with stirrups or ties to resist bursting forces and
the total post-tensioning forces anchored at a section. Reinforcement for bursting
forces shall be designed for maximum jacking forces at time of stressing with
fsmax = 0.6fsy. The steel stress Us shall not exceed 60 kips (414 MPa). Post-
tensioning may be provided to supplement reinforcement restraint against
anchorage bursting or directional forces.

Further information about anchorage zones can be read in references [44, 47, 48,
50, 54, 59]
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3. Stresses in shear wall analysed by finite element method

The main purpose of the following investigations is to find out the load paths in a
shear wall and diaphragm. Previously Schlaich et. al. [3 ,7] conducted such a type
of research, but the analytic tool that was used by him was not as sophisticated as
the ones available today. So, it is imperative to utilize modern technology to verify
previously developed models. In this regard the powerful, general purpose finite
element software called “Ansys” will be used to analyse various models of shear
walls and diaphragms with different boundary conditions and loadings. The

numerical results will be compared with the models developed by Schlaich.

First 2-D finite element analysis of diaphragms will be presented. Plane shear wall
models are used for practical design. Then the results of a complex 3-D model will

be shown.

3.1 Modeling

For the following elastic and material non-linear analysis of 2-dimensional shear
walls, the volume element called “solid65” was selected. A volume element was
used for the investigations instead of a plane shell element, as material non-linear
analysis will be conducted. The shear walls or diaphragms are calculated in
practice mostly by 2-dimensional models. For the elastic analysis the following
material parameters were used:

concrete:  fy=58.5 N/mm?, fyum = 4.4 N/mm?

E. = 43000 N/mm?, 0 =0.2 (poisson ratio),
steel: E_ = 200,000 N/mm?, f,x = 550 N/mm?

These above listed material parameters were taken from the full-scale test of a
segmental bridge conducted by Takebayashi et. al. in Bangkok [6]. Further the
non-linear stress-strain diagram of concrete in accordance with EC2 part 1,
4.2.1.3.3(5) and for steel EC2, 4.2.2.3.2(5) were used (Fig. 3.1).

In compression zone the failure criterion of William and Warnke (Fig. 3.2) is

implemented. They have developed triaxial model for failure surface and material
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property of concrete. Fig. 3.3 depicts the 3-D failure surface for states of stresses

that are biaxial.

(a) (b)
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Figure 3.1 Stress-strain diagram (a) concrete according to EC2 Fig. 4.1 and (b)
steel according to EC2 Fig. 4.5 [18]
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Figure 3.2 3-D failure surface in principal stress space-triaxial state [17]

The criterion for failure of concrete due to a multiaxial stress state can be

expressed in the form

Where: F = a function of principal stress state (Uyp, Uyp, Uzp)
S = failure surface expressed in terms of principal stresses and five input
Parameters f;, f;, o, f1, f2 in table 4.7.1 reference [17]
fe = uniaxial crushing strength

Oxp, Uyp, Ozp = stresses in principal directions
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If equation (3.1) is not satisfied, there will be no cracking or crushing. Otherwise,
the material will crack if any principal stress is tensile and crushing will happen if

all principal stresses are compressive. Detail explanations are given in reference
[17].
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Figure 3.3 Failure surface for biaxial state of stress for concrete
fo=40N/mm? [17]
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Various types of shear walls were selected (Fig. 3.4):
0 shear wall with two supports and closed diaphragm
00 shear wall with central support and closed diaphragm
00 shear wall with two supports and open diaphragm

The width of each bearing is 50 cm for the shear wall with two supports and 70 cm

in case of central support like in the real segmental bridge (Fig. 3.4).
1020
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a) Two supports and closed diaphragm
1020

l¢ |

| |
vV
40
TTzo

35
80 195 82
10 50 186 50 10
306

l¢ q
“

b) Two supports and open diaphragm
1020

¥ : A
TTQO $225
35 240
18
v v
K
80 195 82 118 118
306

c) Central support and closed diaphragm

Figure 3.4 Shear wall models for analysis
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In accordance with the segmental bridge built in Bangkok the shear wall has a
width of 10.2 m, 2.4 m depth and 0.75 m thickness. The finite element meshes of a
shear wall without opening and with opening are shown in Figs. 3.5 and 3.6

respectively.

[ T L T T W | Y534
\ . .- 1 P | " -. . E
L k- ! ! J | _-_:
- T

Figure 3.6 Shear wall with opening — Finite element mesh

For both elastic and material non-linear analysis, three different loading conditions
were considered namely “bending”, “shear” and “torsion”. The loads were applied
directly on top of the web. The 3D-analysis of a whole span of a segmental bridge
for permanent loads was conducted to verify this simplification (for details see
chapter 4). One result of this analysis is presented here. Fig. 3.7 shows the
principal stress distribution. The inner part of the diaphragm has minor
compressive stress. From this it is possible to conclude that the major portion of
the load of the bridge pass through the webs to the supports. Next the 3D analysis
showed (see also Fig. 4.15) that the major vertical load form the superstructure
acts at top of the diaphragm. So, the simplification of load arrangement on top of
the webs (Figs, 3.10 to 3.12) is acceptable. Based on this result, representative
load models were developed for a shear wall with open and closed diaphragm in

the following chapter.
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Figure 3.7 Side view of principal stress diagram (top) and vertical stress

distribution in the first joint for permanent loading (3D analysis)

3.2 Evaluation of load arrangement

First the support forces resulting from the dead load (self weight and imposed
loads) are calculated from the real segmental bridge shown in (Figs. 1.7 and 1.9)
that has a span length of | = 43.25 m, depth of h = 2.4 m and a carriageway width
of w=10.2 m. The width w of notional lanes on that carriageway (in general 3.0 m)
and the greatest possible whole (integer) number ni of such lanes are given in
Tab. 3.1. This table determines the width and number of notional lanes for vertical

live load models shown in Figs. 3.8 and 3.9.

Only load model 1 is used in the following in accordance with the German
Regulations. The other load models of EC 1-3 are not applied in Germany. Load
model 1 comprised of concentrated and uniformly distributed loads that includes
the effect from traffic of trucks and cars (Fig. 3.8). The basic values of this load

model are given in Tab. 3.2.
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Table 3.1 Number ny and width of lanes w (EC 1-3 Tab. 4.1)

Carriageway Number of Width of a notional | Width of remaining
Width w notional lanes lane area
wl5.4m n U1 3m wl3m
54mUOwl 6m n 02 w/2 0

om0 w n, O Intlw/3] 3m wl3ln,

Table 3.2 Basic values of Qi and gi for load model 1 (EC1-3 Tab. 4.2)

Position Double axle Qi | Uniformly distributed load
(KN) gik (KN/m?)

Lane 1 300 9.0

Lane 2 200 2.5

Lane 3 100 2.5

Other lane 0 25

Remaining area 0 2.5
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Figure 3.8 Traffic live load arrangement acc. EC1-3 Fig. 4.2 — max shear
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Figure 3.9 Traffic live load arrangement acc. EC1-3, Fig. 4.5 — max torsion

Four different load cases are considered:

LC1 dead load (g =158.23 kN/m)
LC2 traffic live load model 1 for max shear (Fig. 3.8)
LC3 traffic live load model 1 for max torsion (Fig. 3.9)

LC4 vertical prestressing load
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The vertical component (V, ) from prestressing force after stressing Pmo, Which

acts at the deviators, was calculated according to the following equation

(0,,, 01275MN / m* A, [ 0.0266m*, 0P, 00 14, 033.915MN ):

pm0

V, DUP,, TN e (3.2)

mo

pm0

These load cases are combined in most unfavourable manner.

The whole bridge has to be analysed to determine the relevant loads for the
diaphragm. Structural analysis of a bridge has to be conducted in transverse and
longitudinal directions to determine the internal forces and moments for the
superstructure of a hollow box girder segmental bridge. Statically the transverse
direction may be considered as a frame system and a beam represents
longitudinal direction. The calculated values of the vertical forces and torsion

moments that should be carried by one shear wall are given in table 3.3.

Table 3.3 Support reactions and torsional moment per pier (characteristic values)

Load combinations

Vertical force (MN)

Torsional moment (MNm)

LC1 + LC4 Vp=2.23 0.00
(Permanent loads)

LC1+LC2 +LC4 Vs =5.14 4.61
(Maximum shear)

LC1+LC3 +LC4 Vi=4.47 6.11

(Maximum torsion)

Table 3.3 shows that load combination LC1 + LC2 + LC4 gives maximum vertical
force and LC1 + LC3 + LC4 gives maximum torsional moment. As it has been
mentioned before the shear wall is loaded directly on top of the diagonal sides, but
the challenge is how to apply the loads for max shear and max torsion in order to
give the magnitude of vertical force and torsion. A reasonable approximation is

used. The following load combination should be considered in ultimate limit state:

1.35(Gic + OBk QU)F 1.0P oo (3.3)
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Where:
Gk  self weight
0Gk imposed load

Qx variable live load

P prestressing loads
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Figure 3.10 Load arrangement for permanent loads
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Figure 3.11 Load arrangement for max. torsion
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Figure 3.12 Load arrangement for max. shear
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Where:
Vb vertical force due to permanent loads
Vi vertical load for maximum torsion
Vs vertical load for maximum shear

A loaded area

3.3 Elastic and inelastic analysis

A shear wall (geometry see Fig. 3.4) with open and closed diaphragm was
analysed and the results were compared with the strut-and-tie model of Schlaich
et. al. [7]. The horizontal (Ox) and vertical (Uy) stresses are plotted. Among three
types of loadings, only two cases, namely permanent loads and maximum shear
are described below. The results for maximum torsion have not been included in
this thesis due to the similarity with results for maximum shear. The inelastic
analysis has been done only to show the principal load bearing behaviour. For
comparison of the numerical values of Schlaich’s model with that of finite element

analysis see appendix C.

3.3.1 Evaluation of results for permanent loads

3.3.1.1  Shear wall with two supports and without opening

Horizontal stress [y: It is seen from the Fig. 3.13 that the top of the diaphragm has
the greatest tensile stresses (Oy 0 1.9 N/mm?) as compared to the other parts of
the diaphragm. The tension decreases from top approximately to the middle height
of the shear wall. In the upper region the stress is approximately parallel to the top
surface and then it shows an arch shape. The lower half of the shear wall is in full

compression in horizontal direction.

Vertical stress [, : The top of the diaphragm is in full tension (O, U 0.35 N/mm?) .
The vertical stress distribution looks like a deformed V-shape up to 2/3 height of

the shear wall (Fig. 3.15). In general, one can observe that the main load path
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follows the diagonal sides but it extends deep into the shear wall with mild

compression.

The principal stress diagram shown in Fig. 3.14 shows tension on the top of

diaphragm and compression on diagonal sides.
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Figure 3.13 Horizontal stress [y
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Figure 3.15 Vertical stress [y

3.3.1.2 Shear wall with two supports and with opening

Horizontal stress Oy The top of diaphragm is in tension (Oy O 1.95 N/mm?).
Tension decreases from top to bottom. Tensile stresses are parallel to top of
diaphragm and form a U-shape near the bottom edge of the opening. When the
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FE-results are compared with the model developed by Schlaich et. al. (Fig. 3.18),
the horizontal stress on top of diaphragm and near its vicinity gives good
agreement with tension tie (T7) of Schlaich’s model at the same location. There is,
however, no significant tensile stress on the lower part of diaphragm that can
prove the importance of tensile tie (T;) of Schlaich’s model. Both diagonal sides

and the bottom part of diaphragm are in full horizontal compression (Fig. 3.16).

Vertical stress 0,: The top of diaphragm shows tensile stresses (O, 0 0.45 N/mm?)
and the tension extends to the vertical boundaries of the opening. This stress
distribution reveals that there should be tension ties near the vertical edge of the
opening but Schlaich’s model (Fig. 3.18) never considers this force. The FE-
results demonstrate that the load path follows the diagonal side and mild

compression extends deep into the shear wall (Fig. 3.19).

The principal stress diagram in Fig. 3.17 shows tension on top part of diaphragm
and vertical edge of opening. Compression is observed on the diagonal sides of

the shear wall.

| | | Vi 2A i 2

| | | B |

O

Figure 3.16 Horizontal stress [x
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Figure 3.17 Principal stress diagram
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Figure 3.18 Schlaich’s strut-and-tie model [7]
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Figure 3.19 Vertical stress [,

3.3.1.3 Shear wall with central support and without opening

Horizontal stress Oy: The magnitude of tensile stress (Oy 0 2.4 N/mm?) on top of
the diaphragm is high at the midspan and it decreases with increase in depth
(Fig. 3.20). The distribution of tensile stresses is somehow curved at the upper
part of the diaphragm and gives uniform compression in the lower part of the shear
wall except for the greatest compressive stress near the central support. The
horizontal stress distribution on top of the diaphragm and in its vicinity is similar to
the tensile tie T, in Schlaich’s model (Fig. 3.22).

Vertical stress [,: The segment is in full tension (O, 0 0.35 N/mm?) except for the
diagonal sides and the area around the supports. It can be clearly seen that the
load path follows the diagonal sides. The compressive stress above the support

with inverted U-shape extends almost to % height of the shear wall (Fig. 3.23).
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Unlike to Schlaich’s model (Fig. 3.22) tensile stresses in vertical direction extend
from top to bottom of diaphragm. The external loads cause an inclined
compression strut to the supports and tension perpendicular to it (e.g. in vertical

direction).

Principal stress diagram in Fig. 3.21 shows tension on top of diaphragm and a
diagonal tensile stress on lower parts of diaphragm. The bottle shape compressive

stress is seen from diagonal sides of diaphragm to central support.
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Figure 3.20 Horizontal stress [y
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Figure 3.22 Schlaich’s strut-and-tie model for diaphragm [7]
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e

Figure 3. 23 Vertical stress [,

3.3.2 Evaluation of results for maximum shear

Here the finite element analysis has been conducted for both elastic and inelastic
material behaviour. For elastic analysis, 25% of the total load was applied. When
the load crosses this range cracks appear in the diagonal sides. For inelastic
analysis the total load was applied. The loading for maximum shear has been
done by distributing an appropriate portion of vertical force on top of the diagonal
sides that could approximately give the corresponding torsional moment on the
shear wall. The provided smeared reinforcement inside the volume elements in
horizontal and vertical direction is 20 cm*m. A comparison of the tie forces of

Schlaich’s model with that of finite element analysis is given in appendix C.

3.3.21  Shear wall with two supports and without opening

Horizontal stress Oy — elastic material behaviour: The tensile stress (Ox 0 2 N/mm?)
on top of the diaphragm is greater on one side than the other, due to the
unsymmetrical load arrangement for max. shear (Fig. 3.24). The curved shape
tensile stress covers about 1/3 depth of the diaphragm from top. The remaining
part of the diagonal sides and the diaphragm are in compression. The tensile
stress distribution on the diaphragm agrees with horizontal tension tie T4 of
Schlaich et. al. model (Fig. 3.25).
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Horizontal stress [y — inelastic material behaviour: As compared to that of elastic
analysis, the top of the diaphragm has high tension (Ox < 5 N/mm?2 0 f) on the right
side that extends diagonally to left side (Fig. 3.27). The left diagonal side shows
high compression in horizontal direction. Approximately the lower 2/3 part of
diaphragm is in horizontal compression.

The principal stress diagram (Fig. 3.26) shows high tension on top of diaphragm
and moderate tension on the lower part of diaphragm. Compressive stress is

greater on the left side than on the right one due to shear load arrangement.
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Figure 3. 24 Horizontal stress [ - elastic material behaviour
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Figure 3. 26 Principal stress diaphragm
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Figure 3.27 Horizontal stress [x - inelastic material behaviour

Vertical stress [, - elastic material behaviour: Fig. 3.28 shows that the load follows
the path from top to bottom and extends into the shear wall like curved shape
compressive stress. Due to load arrangement for max shear, distribution of the
stress on the left and right diagonal sides is not uniform. The remaining part of the
segment is in full tension. The vertical tension that extends from top of diaphragm
to bottom is in agreement with the vertical tension tie T, of Schlaich’s model
(Fig. 3.25).

Vertical stress [, - inelastic material behaviour: In comparison to the elastic
analysis, the compressive stress is highly concentrated on the left side (Fig. 3.29).
The compressive stress distribution on both diagonal sides is not uniform due to
load arrangement for max shear. From the left diagonal side the load somehow
diffuses into the shear wall. A low concentration of compressive stresses can be
seen in the right diagonal side. The other parts of shear wall are in full tension in

vertical direction.

l o 0T i 03 I4A,

L |

-—‘{

Figure 3.28 Vertical stress [, - elastic material behaviour
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Figure 3.29 Vertical stress [, - inelastic material behaviour

3.3.2.2 Shear wall with two supports and with opening

Horizontal stress Uy — elastic material behaviour: Due to applied load arrangement
for max shear, the tension stress on top of the diaphragm is greater on one side
and is somehow parallel to each other (Fig. 3.30). It shows minor tension around
the vertical edge of the opening. The other part of the shear wall shows non-
uniform compression.

Horizontal stress Uy — inelastic material behaviour: It shows uneven stress
distribution in the whole shear wall (Fig. 3.31). But due to load arrangement for

max shear, high compressive stresses are seen at the left diagonal side.
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Figure 3.31 Horizontal stress Uy - inelastic material behaviour
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Vertical stress Uy - elastic material behaviour: The tensile stress that starts at top
of the diaphragm has a minor depth at the right part of the shear wall (Fig. 3.32). It
almost covers the whole depth near the left vertical edge of the opening. The
compressive stress diffuses from the left side into the diaphragm.

Vertical stress [y - inelastic material behaviour: Due to load arrangement for max
shear, the left diagonal side is more compressed than the right one (Fig. 3.33).
Some compressive stresses are also seen at the right vertical edge of the
opening. The compression is more concentrated at the diagonal side if a nonlinear

material behaviour is used than for an elastic material.
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Figure 3.32 Vertical stress Uy - elastic material behaviour
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Figure 3.33 Vertical stress [, - inelastic material behaviour

3.3.3 Crack formation due to maximum shear loading

3.3.3.1  Shear wall with two supports and without opening

Due to load arrangement for max shear, the crack distribution is not uniform on the
diagonal sides and top of diaphragm. The cracks on the left diagonal side cover
the whole length whereas it extends only to mid height of the right side (Fig. 3.34).
lateral strain that is contributed due to support reactions and vertical forces on top

causes the cracks on the diagonal sides. The cracks on the upper left side of



72 3 Stresses in shear wall

diaphragm are caused by tensile stresses. Due to the smeared crack approach of
the finite element model the location, orientation and the sizes of cracks can not

be determined exactly in inelastic analysis.

e e O . 1 e
P o W O 9 o O B By
\ |
St
LYRAYEA VAN I
(S -

Figure 3.34 Crack distribution

3.3.3.2 Shear wall with two supports and with opening

In contrast to the shear wall without opening, here the cracks cover almost the
whole top of the diaphragm and diagonal sides (Fig. 3.35). The high vertical force
on top and the support reactions results in lateral strain that causes the cracks on
the diagonal sides. The cracks on the top slab are due to tensile stresses. Uplifting
action of the diaphragm from external load and support reaction causes cracks on
the left part of the opening. There is a high concentration of cracks on the left

diagonal side and at the centre of the top of diaphragm.
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Figure 3.35 Crack distribution
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3.3.4 Summary

Generally the load flows from top of the diagonal sides to the supports, however
there are some diffusions of the load from the diagonal sides to the adjacent
diaphragm. The numerical analysis demonstrate that the strut-and-tie models
developed by Schlaich et. al. do not consider all load paths. The results can be

summarised as follows:

The model developed for shear wall with two supports and open diaphragm under
pure shear has a redundant tie force in the lower part of diaphragm. But it does not
capture the tensile force near the opening that extends from top of diaphragm to
the bottom as shown in the finite element analysis. So, it should be revised and

refined.

The model developed for a shear wall with central support and closed diaphragm
shows that there is a sufficient tie force on the upper part of diaphragm, but it does
not include the tensile force in diagonal direction caused by vertical load and
support reaction shown in finite element result. So, an additional tie force should
be added.

The model for shear wall with two supports and closed diaphragm under shear
and torsion loading shows a very good agreement with finite element results both
in horizontal and vertical directions. Therefore one can conclude that the strut-and-

tie models are correct.

A refinement of Schlaich’s models will be conducted based on an elastic analysis.
This will be described in chapter 6 of this dissertation. The inelastic analysis has
been done to study the principle stress distribution of the shear wall under ultimate
loads. The results from inelastic analysis cannot be considered for the
development of strut-and-tie model due to the difficulty to trace the load paths in

side the shear walls.



74

3 Stresses in shear wall




4 Finite element model of segmental bridge 75

4 3D-finite element model of an existing segmental bridge

4.1 Modeling

A 2-dimensional analysis of diaphragms done in the previous chapter is a
simplifiation of the real 3-dimensional behaviour of the structure used in pratice.
For example the loads are applied on top of “webs” of the diaphragm whereas in
reality, the vertical forces are somehow distributed over the web area. Furthermore
the 3-D behaviour is not considered, like the inclined compression strut due to
shear forces. Also the forces for tendons, which are anchored into the diaphragm
are ignored. So in this chapter, a 3-D model of a whole segmental bridge will be

evaluated and the forces and stresses in the pier segment will be analysed.

Another purpose of the 3-D analysis is the calculation of the stresses in the first
joint. A field practice in some of segmental bridge construction shows that there
was opening of the first joint on the flanges of the top slab. So far the stresses on
the first joint has not been investigated by scientific research. For this purpose and
other investigations, a 3-D finite element model of a 43.25 m long segmental
bridge was developed based on a standard span constructed in Bangkok as
Second Stage Expressway (Figs. 1.7-1.9, and 4.2). The bridge consists of 12
segments having uniform length of 3.4 m (9 standard and 3 deviator segments)
each and 2 pier segments each with 1.5 m (diaphragm thickness 1m). The first two
and the last two segments in pier regions are modelled by 3-D volume elements
(solid65) but the rest of the segments are modelled by 2-D plane shell elements

(shell43) for reasons of simplicity (Fig. 4.1).

= ar
[
i

Figure 4.1 Types of elements [17]
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The joints between two segments are modelled by contact elements called
‘contact52’ to consider the opening of the dry (not glued), unreinforced joints. The
nodes at the joints between the 3-D and 2-D elements are rigidly coupled.

The external tendons are modelled by ‘link8 element. These elements are attac-
hed to the deviators in y- and z-directions (Fig. 4.2) but are free to move in
longitudinal direction. They are fixed in all directions where the anchorage plate is
located. Tendon elements are coupled to four nodes of a concrete element for

simplicity to avoid the modelling of the anchor plate and all related problems.

Figure 4.2 Segment arrangement

Solid65-volume element has eight nodes. Each node has three degrees of
freedom (translations in the nodal x, y, and z directions) (Fig. 4.1). As mentioned
above, two pier and standard segments are modelled by volume elements.

The 3-D finite element model of pier and standard segments are shown in Figs.
4.3 through 4.5.
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Figure 4.3 Pier segment with open diaphragm

Figure 4.4 Pier segment with closed diaphragm

Figure 4.5 Standard segment
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The plane “Shell43”’-element has 4 nodes with six degrees of freedom at each
node: translations in the nodal x, y, and z-directions and rotations about the nodal
X, ¥ and z-axes. The deformation shapes are linear in both in-plane directions.

Segments 3 up to 12 are modelled by 2D-plane element ‘shell43’.

The finite element mesh of the whole superstructure is shown below

Figure 4.6 Finite element model of the superstructure

The “Contact52” element has been selected to model the dry joint between two
segments. Basically it represents two surfaces that can form break or physical
contact and may slide relative to each other. The element has an ability to support
only compression in the direction normal to the surfaces and shear (coulomb
friction) in the tangential direction. The element has three degrees of freedom at
each node: translations in the nodal x, y, and z directions.

First the element is preloaded in normal direction and the gap specification is
given as a tool to avoid numerical instabilities. A specified stiffness acts in the

normal and tangential directions when the gap is closed and not sliding.

Gop/;\\(
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Figure 4.7 3-D point to point contact element [17]
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The geometry, node locations and local coordinate system for this element are
shown in Fig. 4.7. The element has two nodes, two types of stiffnesses; normal
stiffness (KN ) and sticking stiffness (KS), an initial gap or interference (GAP),
and an initial element status that determines whether the gap is closed and sliding

or closed and not sliding or open.
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(a) Normal to contact surface (b) Tangent to contact surface
FN (Normal force) ES (Shear force)
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Figure 4.8 Force-deflection relationship of “Contact52” element [17]

As mentioned before, 3 different ‘material’ parameters (KN, KS, GAP) are
required. KN should be large enough to keep the model from over penetration, but
it should not be so large that it causes ill conditioning. For the most contact

analyses, values for KN can be estimated as follows:

KN T UE TR s (4.1)
Where:
f = Factor that controls contact compatibility. This factor will usually be

between 0.01 and 100; f =1 is the default value.

E = Young’s Modulus of the concrete
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h = Characteristic contact “length”. The value, which has to be used, depends
on the particular geometry of the problem: In 3-D configurations, # should
be equal to a typical target length (that is, the square root of the target

area) or a typical element size.

Table 4.1 Material parameters used in FE-analysis

Friction coefficient £ Normal stiffness KN Sticking stiffness KS

0.7 E.Th0 1.032E10% N/mm 1500 N/mm

Link8 element is a three-dimensional spar that can be used in a variety of
engineering applications. It may be applied for a truss element, a cable element, a
link element, a spring element, etc. In this analysis it is used as a cable element to
represent the tendons. The spar element is assumed as uniaxial tension-
compression element with three degrees of freedom at each node: translations in
the nodal x, y, and z-directions. As a pin-jointed structure, no bending of the
element is considered. Plasticity, creep, swelling and stress stiffing capabilities are

included but not considered in the analysis.

Figure 4.9 “Link8” 3-D spar element [17]
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4.2 Verification

Due to geometrical and material non-linearities, verification of the model is very
important. The results of the FE-analysis are compared with data from a full-scale
destructive test of a precast segmental hollow box girder bridge with dry joints and
external tendon carried out by Takebayashi et al [6]. The externally prestressed
segmental bridge had a span length of / = 43.25 m. The test was conducted before
the construction of the Second Stage Expressway System (SES), which consist of
approximately 32 km of elevated roads in the city of Bangkok (Thailand). The
purpose of the test was to study the deformation characteristics such as deflection,
joint opening, tendon slip at deviators, concrete and tendon strains at various load

stages.

The test span was designed in accordance with the specification in AASHTO: the
standard specifications for highway bridges of 1983 [30] and the guide
specification for segmental bridges of 1989 [5]. The deck was 10.2 m wide and
consisted of 14 segments (Figs. 1.7 to 1.9). The external tendons were formed
from 12k15 or 19k15 strands grade 1770/1860 protected by high density polyethy-
lene ducts (HDPE) and cement grout.

Steel billets were used as the imposed load for the test. They were stacked up in
two-load area (A and B) so that the top slab at the mid span area could be
monitored conveniently (Fig. 4.10). Each billet was 347 kg, and five were handled

at a time by crane.

\ \ \ \
Billets Billets Billets Billets
Areqa Area Area Area
Seg| Seg. | Seg. A B Seg. | Seg. B A Seg. | Seg. |Seg]
1 2 3 7 8 12 13 |14 102m
Billets Billets Billets Billets
Area Area Area Area
A B B A
\ \ \ \ L
43.8m

Figure 4.10 Loading arrangement: top view [6]
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The evaluation for deflection of the test and FE-calculation is show in Fig. 4.11. As
long as all joints are closed, the first part of deflection curve is linear. But when the
joints start to open, an abrupt change of the slope can be observed.

From Fig. 4.11 it can be seen that the mid span deflection of FE-calculation shows
very good agreement with test result. So, it can be concluded that the developed
FE-model of the segmental bridge can simulate the real behaviour of the

segmental bridge. Therefore it will be used to analyse different load cases.
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Figure 4.11 Comparison between test and FE-results resp. joint opening

4.3 Dimensions, loads and prestressing

- Dimensions of the structure (Figs. 1.7 to 1.9)
The measurements are taken from the segmental bridge that had been
constructed for test in Bangkok. (/=43.25m, w=10.2mand h=2.4m.)
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Loads

The following different types of loading were used for the analysis: self weight
(g1k = 123.93 KN/m), imposed loads (asphalt pavement, cap and railing)
(g2 = 34.3 KN/m) and live load. The vertical live load was evaluated by
selecting load model 1 according to EC 1-3, 4.3.2. The number of notional
lanes n, were determined according to EC 1-3, 4.2.3 (Tab. 3.1). For the given
carriage way width of w=10.2 m and width of a notional lane of 3 m, the
number of notional lanes becomes n, = Int(w/3)=3. The width of the

remaining area is 10.2 — 3x3 = 1.2 m.

The same load combinations for maximum torsion and maximum shear are
taken as in the case of the 2-D analysis (Figs. 3.8 and 3.9). Thus the load
arrangement in transverse direction is given. The longitudinal load
arrangement of the bridge is shown in Fig. 4.12. The double axle loads (Qik)
have been distributed uniformly over an area of 7.2 m width and 1.6 m length

for simplicity.

Figure 4.12 Load arrangement in longitudinal direction (max shear)

Prestressing

The arrangement of tendons inside the hollow box was in accordance with
Second Stage Expressway in Bangkok (Fig. 1.8). Internal prestressing usually
brings a big corrosion problem in the joints of the segments, so the
prestressing was conducted externally. Here the tendons were externally

covered by HDPE ducts and cement mortar was injected inside the duct to
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avoid steel corrosion. The tendons were anchored on two pier segments and
their deviations were done at three places on special types of segments called
deviator segments (Fig. 1.9). The partial safety factor of prestressing is “1“ for
load combination in ultimate limit state according to EC 2-1 given in equation
4.2

1.35 (G + OGk+ Q)+ T.0P oo (4.2)

Where:
Gk g1 self weight
[IGx  g» imposed load
Q« gik, Qi variable live load

P prestressing loads

4.4 Finite element analysis of the bridge

For the following FE-analysis the concrete is assumed to behave fully elastic.
Three different load cases are considered namely permanent loading, maximum
torsion and maximum shear. As the investigations are focused on the behaviour of
the pier segments, only the results of these segments are described below. Two
different types of pier segments, one with closed and other with open diaphgram,
are analysed. The horizontal and vertical stresses [x resp. 0, for the pier
segments and the vertical and horizontal stress distributions on the first joint are

illustrated.

4.4.1 Permanent loading

4411 Pier segment without manhole

Vertical stress [, (Fig. 4.13):
The front side of the pier segment where the tendons are anchored is mostly in
vertical compression except for the upper part of diaphragm that is in tension.

Compressive stress is more prominent in the lower part of the segment near the
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support region. Tensile stresses (0, 0 4.5 N/mm?) are also observed adjacent to

the support and the top slab.

The opposite side of the diaphragm is uniformly tensioned almost in the entire
area of it due to diverging force from the tendon except for the upper parts of the
diaphragm, which is in compression. The top slab is predominantly in slight

tension except for minor compression near the first joint.

The stress distribution in the first joint is non-uniform. This is due to the eccentricity
of the tendon force at the front face of the diaphragm. The flanges of the top slab
are in compression but prominent at the intersection between web and flange. Part
of the top slab in between two webs is also in compression. Intensity of

compressive stress on the webs decreases with section depth.

Figure 4.13 Vertical stress [, for front and opposite face of pier segment

in permanent loading

From principal stress diagram (Fig. 4.14) it can be seen that the forces flow from
the flanges to the webs and from the webs to the supports or these extends to
diaphragm. Also the forces flow from the top slab along its length to the webs.

Finally the load reaches the supports from all directions.



86 4 Finite element model of segmental bridge

W
] T ¥ & = =i 'hi—_ Tt —T‘—‘L‘ . .y T T T )
Whfr . g hASSRNEREh gy k)
'y 5 . {}
11 1

HiF qig

shp A ; Tyd
1R ¥
RN LT P At
LR TN
b by ad £

Wi Fss=vy L

Figure 4.14 Principal stresses for closed diaphragm in permanent loading

Vertical stress [, on first joint (Fig. 4.15):

The stress distribution is symmetric due to the symmetric load arrangement. The
top slab shows a non-uniform compressive stress distribution. The compressive
stress in the top slab increases linearly from two extremes sides of the flange to
the middle. Then it changes its course abruptly at the junction between flange and
webs. The maximum compressive stress is seen at the junction points. The
stresses in the top slab in between two webs are more or less uniform.

The compressive vertical stress distribution on the web is also non-uniform. The
stress intensity is high near the junction between top slab and webs and then it
decreases from this area to the central regions. This is due to load from the whole
bridge that flow diagonally from upper part of the structure to support and the
arrangement of prestressing force on the upper part of diaphragm. On the bottom

slab very minor irregular tensile stresses are observed.
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Figure 4.15 Vertical stress [, in the first joint for permanent loading

Longitudinal stress Uy on the first joint (Fig. 4.16):
The stress distribution is symmetric due to symmetric load arrangement. The top

slab is predominately compressed except at the tip of the flange that is in minor
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tension. The compressive stress increases from tip of the flange to central part of

top slab. The web and bottom slab are in full compression.

Figure 4.16 Stress [I; on the first joint for permanent loading

441.2 Pier segment with manhole

For vertical stress U, (Fig. 4.17):

The front face of the pier segment shows compression (Fig. 4.17 top). The
intensity of compressive stress is not uniform on the whole face of the diaphragm
and the web. The intensity is mild on the top but increases with depth. The range
of intensity of compression is similar on the top slab and in the bottom slab in

between two supports.

The middle part of the opposite face of diaphragm shows tension on both sides of
the manhole (Fig. 4.17 bottom). The intensity of compression on the first joint is
less as compared to the pier segment without manhole. Generally the top slab on
the first joint is in compression. High compression is observed at the intersection
between the flanges and the webs. Also the web is more or less in compression

and its intensity decreases with section depth.
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Figure 4.17 Vertical stress [, for front and opposite face of pier segment in

permanent loading

The principal stress diagram (Fig. 4.18) shows that load flows from the two flanges
to the webs. From webs it follows the same path. Only a small part of it flows into

the diaphragm. The load from webs and diaphragm flows to two supports.

Figure 4.18 Principal stresses for open diaphragm in permanent loading

Vertical stress [0, on the first joint (Fig. 4.19):

The stress distribution is symmetric due to symmetric load arrangement. The top
slab shows non-uniform compressive stress distribution. The compressive stress
on flanges increases linearly from two extremes to the junction between flanges
and webs. It also decreases linearly from this intersection point to some distance

to the interior part of top slab. It shows uniform stress distribution around the
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central part of the top slab. The maximum compressive stresses are at the

intersection points.

The compressive stress distribution on the web is also non-uniform. The stress
value is high near the junction of flanges and webs and then it decreases
somehow linearly from this area to support regions. On the bottom slab very minor

irregular tension is observed.
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Figure 4.19 Vertical stress [, on the first joint for permanent loading

Longitudinal stress [y on the first joint (Fig. 4.20):
Compressive stress distribution is symmetric due to symmetric load arrangement.
Compressive stress increases from tip of the flange to the area around the junction

between web and top slab. Both the webs and the bottom slab are in full

compression.
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Figure 4.20 Longitudinal stress [y on the first joint for permanent loading
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4.4.2 Load case for maximum torsion

4421 Pier segment without manhole

For vertical stress [, (Fig. 4.21):

For this load case, the front face of the pier segment does not show significant
difference with that for permanent loading. Similarly, the face is more or less in
compression except for intersection between flange and web. Also the bottom slab
near the support region shows slight tension. The compressive stress is more
prominent in the support region. This shows that the stress increases from top to
bottom. The web in side view is also in compression but compression is more

prominent on the top.

The first joint is in compression. Due to load arrangement for maximum torsion,
the compressive stress at the intersection between flange and web is more
prominent on one part. The compressive stress in the top slab is non-uniform. It is
observed that compressive stress on the web decreases with depth. Due to the

diverging tendon force, the opposite face of the diaphragm is in tension.

Figure 4.21 Vertical stress [, for front and opposite face of pier segment for

max. torsion
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The principal stress diagram for torsion in Fig. 4.22 shows that the load follows the
path from flanges to webs. In the web, the maijority of the load flows to the support

while small quantity of it flows to the diaphragm.
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Figure 4.22 Principal stresses of closed diaphragm for max. torsion

Vertical stress [, on the first joint (Fig. 4.23):

Basically the stress distribution [, is similar to vertical stress [, on the first joint for
permanent loading. In contrast to the previous one, on the right intersection point
between the top slab and the web, the value of stress distribution is a bit higher
than the left one due to unsymmetrical load arrangement for maximum torsion.
There is also minor difference in stress distribution on bottom slab. The distribution

on the webs is more or less similar.
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Figure 4.23 Vertical stress [, on the first joint for max. torsion

Longitudinal stress [y on the first joint (Fig. 4.24):

Due to load arrangement for maximum torsion, tensile stresses are seen only on
the tip of right flange. The compressive stress increases from tip of flanges to the
mid span of top slab, where it reaches its maximum value. The webs and the

bottom slab are in full compression.
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Figure 4.24 Longitudinal stress [k on the first joint for max. torsion

44.2.2 Pier segment with manhole

Vertical stress [, (Fig. 4.25).

The front face of the pier segment is in compression. The compression is small on
the top slab but the intensity increases with depth. The compressive stress
distribution is uniform on the top slab and the region between the supports. The
intensity of compressive stress is varying within the height of diaphragm. The web

is mainly compressed in longitudinal direction (see side view).

The central parts of diaphragm on the opposite face of the pier segment show
tension. The tensile stress distributions at the centre are not uniform due to max
torsion load arrangement. The compressive stress distribution is more prominent
at the intersection between flanges and webs. The intensity of compressive stress

distribution on the webs decreases with the section depth.
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Figure 4.25 Vertical stress [, for front and opposite face of the pier segment

for max. torsion

The principal stress diagram (Fig. 4.26) shows that the load flows from flange into
webs. Also the loads from top slab along its length flows into the webs and then to

the supports.

Jon

Figure 4.26 Principal stresses of open end diaphragm for max. torsion

Vertical stress [, on the first joint (Fig. 4.27):

Basically the stress distribution is similar to that of vertical stress 0, on the first
joint for permanent loading but the value of the stresses is smaller. In contrast to
the results for permanent loading, the lower portion of the web does not have any
compression. The maximum value of the compressive stresses is located in the

intersection point between web and top slab. The value of the right intersection
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point is slightly higher than the left one due to load arrangement for maximum

torsion. The bottom slab shows minor tensile stresses.
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Figure 4.27 Vertical stress [, on the first joint for max. torsion

Longitudinal stress Uy on the first joint (Fig. 4.28):

As in the case for closed diaphragm, the top slab is in compression except for the
tip of the right flange, which is in tension. The intensity of compressive stress
decreases from top of the web to bottom. The bottom slab is in compression and

the compressive stress is higher at the centre than at the webs.
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Figure 4.28 Longitudinal stress [ on the first joint for max. torsion

4.4.3 Load case for max. shear

4431 Pier segment without manhole

Vertical stress U, (Fig. 4.29):
The compressive stress distribution on the front face of the pier segment is more

or less similar to that for permanent loading and torsion. Here one can observe
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tensile stresses at the junction between web and flange. Also minor tension can be
seen at the bottom slab. The high compressive stresses on the first joint are
caused by minor tensile stresses in the top slab near the joint. The other part of
the front face of the segment is in compression. Compressive stress distribution is
more dominant around the support region and its intensity increases with section
depth.

On the opposite face of the segment, the majority of the diaphragm is in tension
except on an upper part near the top slab. This tension is due to divergence of
tendon forces. The compressive stress at the intersection between the webs and
the flanges are more prominent. However, one of the intersections is more
compressed than the other due to load arrangement for maximum shear. The

intensity of compressive stress on the webs decreases from top to bottom.

Compressive stress distribution in the top slab is non-uniform.

iin

Figure 4.29 Vertical stress [, for front and opposite face of pier segment for max.

shear

The principal stress diagram (Fig. 4. 30) also shows the load flow from two flanges
to the web and from the web to the support. The stress distribution along the top
and bottom slab is somehow parallel to the members (torsion). The stress on the

diaphragm is scarcely distributed as compared to other parts.
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Figure 4.30 Principal stresses for closed diaphragm for max. shear

Vertical stress [, on the first joint (Fig.4.31):

The stress distribution is similar to that of vertical stress [, for permanent loading.
Actually, the compressive stress on the right intersection between the webs and
the top slab is slightly higher than the left one due to shear load arrangement. The
compressive stress on the upper parts of the webs is higher than the lower part.

There are minor tensile stresses in the bottom slab.
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Figure 4.31 Vertical stress [0, on the first joint for max. shear

Longitudinal stress Uy on the first joint (Fig. 4.32):
The top slab is in compression except for the tip of flanges that are in minor
tension. The maximum compressive stresses are in the central part of top slab.

Both webs and bottom slab are in full compression.
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Figure 4.32 Stress Uy on the first joint for max. shear

4.4.3.2 Pier segment with manhole

For vertical stress [, (Fig. 4.33):
The front face of the segment is in compression. The top slab and the area
between the two supports are in uniform compression. The compressive stress is

more dominant in the area above the supports.

The opposite face the diaphragm is in tension except near the top slab and at the
lower edge of the manhole. Similar to the other types of pier segments, the
intersection between the webs and flanges are highly compressed. Compression
is higher on one intersection point than the other due to load arrangement for max
shear. The stress distribution on top slab is non-uniform (Fig. 4.35). But the

intensity of compressive stress decreases with depth.
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Figure 4.33 Vertical stress [, for front and opposite face of pier segment for

max. shear

Principal stress diagram in Fig. 4.34 shows that the load path follows from flange
to webs and from webs to support. The load path is parallel to the member both at
the top and bottom slabs. The load flows from top of the diaphragm to bottom.

¥

.

i 5
- #w w—hﬂrﬁm-‘—\. e B - |
- - o W ?"*-l- :l_.'. - 111.liii = It-..':.* I-|| = g [ E -

Figure 4.34 Principal stresses for open end diaphragm for max. shear

Vertical stress [0, on the first joint (Fig. 4.35):

The stress distribution is similar to the vertical stress [, of permanent loading. The
maximum compressive stress is observed at the intersection point between the
webs and the top slab, but the right one is slightly higher than the left due to load
arrangement for max. shear. The compressive stress on the web decreases

linearly from top to bottom. Mild tensile stresses are observed at the bottom slab.
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Figure 4.35 Vertical stress [, on the first joint for max. shear

Longitudinal stress [y on the first joint (Fig. 4.36):
The top slab is in compression except on the tip of both flanges. The maximum
compressive stresses are near the intersection between webs and top slab. Both

webs and bottom slab are in compression.
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Figure 4.36 Longitudinal stress [y on the first joint for max. shear

4.4.4 Summary

For vertical stress [,:

The front face of the pier segment with closed diaphragm has a higher
compression in the support area than the open diaphragm for all load cases. In the
first joint, junctions of webs and top slab show more compression for a closed
diaphragm than for an open one. At the opposite face however, the edges of the

diaphragm manhole have higher tension than closed diaphragm.
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In contrast to load case for permanent loading, the tensile stress on the opposite
face of pier segments with closed diaphragm for both torsion and shear loadings

shows significant tension.

The pier segment in the segmental bridge has dimension of height h = 2.4 m and
length / = 1.5 m. The FE-results clearly demonstrate that the full segment may be
considered as a D-region. It is reasonably to conclude that the stress and strain
distributions in pier segment (D- region) are non-linear from the stress distribution

0, and [y for different types of loadings discussed above.

For longitudinal stress [y on the first joint:
For permanent load case, pier segment without manhole shows tension on the tips
of top slab, but the segment with manhole is fully compressed. For shear and

torsion loading it shows tension on the tips of top slab.

The assumption, in the 2-D analysis of diaphragm shown in Figs. 3.10 through
3.12 that the maijor portion of the load on the pier segment comes from the top to
the bottom, has been verified in this chapter. From finite element results and
principal stresses one can observe that the prominent stress concentration is at
the junction between top slab and webs, which is not inclined geometrically. So the
application of load in vertical direction on top of the webs for 2-D analysis and
strut-and tie models is acceptable. But when this load reaches the inclined portion
of the web it follows the geometry of the web and consequently it acts as an
inclined load. Also to attain the maximum tension on top slab, it would be

advisable to apply the load on the top of the webs in a vertical direction.
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5 Transfer of prestressing force from diaphragm to webs and
slabs

The main objective of this research topic is to investigate the transfer of prestres-
sing force (flow of forces) from diaphragm to the webs and the slabs of a hollow
box girder bridge and to develop adequate strut-and-tie models for design. The
available design models, e.g. the tripod model described in section 2.7.1 are
based on engineering simplifications and had not been verified so far. Furthermore
it had not been described by Wollman [4] how to estimate the forces for this

statically indeterminate strut-and-tie model.

In the following, nine different points were selected on the front face of diaphragm,
where a horizontal (prestressing) force is applied. These points in turn are
arranged into three rows and three columns as shown in Fig. 5.1. For simplicity
only half of the loading points are shown, but on the real structure, the

prestressing forces are arranged symmetrically on the face of the diaphragm.

The analysis has been conducted for a pier segment with open and closed
diaphragm (constant width of 1.50 m, see Fig. 1.8, 1.9). Pier segments with
various diaphragm thickness (0.5 m, 0.75m and 1.0 m) were analysed. From
these analytical results the author has observed that the thickness does not have
so much influence on the force transfer. The structure has been restrained on both
vertical (y) and longitudinal (z) direction in the first joint to resist the curved tendon
forces. There are no significant tensile stresses at the supports for the chosen
location of forces. So this simplification is acceptable.

Diagrams showing the force distribution for the rows and columns are given in
Figs. 5.3 through 5.14. The measurement for the row (x-direction) starts at the
inner side of the web where as for columns (y-direction) starts at the lower part of

top slab on the centre of the segment (Fig. 5.1).
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Figure 5.1 Position of load arrangement

Figure 5.2 shows the normal stresses in the first joint caused by a horizontal
prestressing force at location A2 according to Fig. 5.1. A highly nonlinear
distribution can be seen in the top slab whereas the web and the bottom slab
shows a more or less linear distribution. Further shown in Fig. 5.2 is the Tripod
model (Fig. 2.17), whereby the nodes A1 to A3 are located in the centre of the
stress integral. It can clearly be seen, that Wollmann’s [4] assumption that A2 and
A3 are located in the middle of the effective width (Fig. 2.20) does not hold true.
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Figure 5.2 Normal stresses in the first joint
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5.1 Force distribution due to load arrangement on the first row

Closed diaphragm (Fig. 5.3): The greatest part of the prestressing force is going to
the bottom slab due to the small distance of the loading points to this structural
element. A linear relation between the force distribution and the distance from the
web is seen. The force in the web is obviously greater than in the top slab. But it
decreases linearly when the point load moves away from the web. The force in the
top slab increases slightly linearly. For a diaphragm with a manhole (Fig. 5.4) the
force distribution is similar to the closed diaphragm except for differences in

magnitude and linearity.
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Figure 5.3 Force distribution due to load arrangement on first row for

closed diaphragm
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Figure 5.4 Force distribution due to load arrangement on first row for

a diaphragm with manhole
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5.2 Force distribution due to load arrangement on the second row

The force distribution due to a load arrangement on the second row for a closed
diaphragm is shown in Fig. 5.5 and of a segment with a manhole in Fig. 5.6. Again
a linear relation between the force distribution and the distance in the row is seen.
The force in the bottom slab is higher than in the top slab. The force distribution for
a diaphragm with a manhole is similar to that of the closed diaphragm. But at point

C, the minimum value is observed on the top slab and not on the webs.
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Figure 5.5 Force distribution due to load arrangement on second row for

closed diaphragm
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Figure 5.6 Force distribution due to load arrangement on second row for

a diaphragm with manhole
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5.3 Force distribution due to load arrangement on the third row

Closed diaphragm (Fig. 5.7): In contrast to the results of the first row the maximum
force is in the top slab and the minimum value is in bottom slab. The force
increases linearly both in bottom and top slabs and decreases linearly in the web
as loading point moves away from web. For the diaphragm with a manhole
(Fig. 5.8), the force distribution is similar to that of the closed diaphragm except for

some irregularities in linearity.
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Figure 5.7 Force distribution due to load arrangement on third row for

closed diaphragm

'Ill:i T . 1
-'- .l_l_..l.l.-l "] I:l"!_ ':3
.E- gy 4 nf’——‘/*_____.
=" Top slab
% o op Sl
E:ﬁ. *;E?-‘H-*h-‘-‘“*
=
E £ 1 P Y

L

Battorm slab ;

i
L]
1

) o1 o2 o3 04 5 s
Chsiance from e Web [m|

Figure 5.8 Force distribution due to load arrangement on third row for

a diaphragm with a manhole
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5.4 Force distribution due to load arrangement on the column A

Closed diaphragm (Fig. 5.9): The force in the top slab decreases linearly with
depth whereas in the bottom slab it increases with depth. The force distribution in
the web is nearly independent from the location of the loading point. No significant
differences can be observed between a closed diaphragm and a diaphragm with a
manhole (Fig. 5.10).
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Figure 5.9 Force distribution due to load arrangement on column A for

closed diaphragm
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Figure 5.10 Force distribution due to load arrangement on column A for

open diaphragm
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5.5 Force distribution due to load arrangement on the column B

Closed diaphragm (Fig. 5.11): The force distribution is similar to column A in the
top slab, bottom slab and web but varies in magnitude. The manhole (Fig. 5.12)
does not change the distribution of forces significantly. Only small differences in

magnitude can be observed.
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Figure 5.11 Force distribution due to load arrangement on column B for

closed diaphragm
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Figure 5.12 Force distribution due to load arrangement on column B

for open diaphragm
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5.6 Force distribution due to load arrangement on the column C

The force distribution of the closed diaphragm is similar to the columns A and B
except for small differences in magnitude (Fig. 5.13). In the case of diaphragm
with a manhole (Fig. 5.14), the force distribution is similar to that of closed

diaphragm but differs in magnitude.
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Figure 5.13 Force distribution due to load arrangement on column C for

closed diaphragm
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Figure 5.14 Force distribution due to load arrangement on column C for

open diaphragm
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6 Evaluation of strut-and-tie models for design of diaphragms

In this chapter adequate strut-and-tie models for practical design of diaphragms
will be developed. The FE-results will be used to modify the models published by
Schlaich et. al [7] (see chapter 2) for a shear wall with and without a manhole for
different type of loadings. Furthermore the 3-D strut-and-tie model for force
transfer from diaphragm to slabs and webs developed by Wollmann [4] will be

evaluated.
6.1 Strut-and-tie models for loads from superstructure

6.1.1 Closed diaphragm — shear and torsion loading

In chapter 3.3.2 a 2-dimensional shear wall was used to carry the corresponding
load from the bridge. The load was applied on top of the diagonal sides in the
proportion that could call the corresponding maximum shear and torsion forces. As
it is seen in the following figures, the strut-and-tie model developed by Schlaich et.
al (Fig. 6.2) agrees very well with the results from finite element analysis shown in
Figs 6.1 and 6.4.

Figure 6.1 Horizontal elastic stress [x
bo
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V/2+M/(2by,) V/2-M¢/(2by,)
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Figure 6.2 Diaphragm strut-and-tie model for shear and torsion moment [7]
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Figure 6.3 Principal stress diagram

A

Figure 6.4 Vertical elastic stress [,

6.1.2 Pier Segment with two supports and manhole — permanent
loading

Horizontal tensile stresses [k are seen in the upper part of diaphragm above the
manhole (Fig. 6.5). This corresponds with tie force T4 of the Schlaich’s model in
Fig. 6.8. In contrary to the tension tie T, in Schlaich’s model, the lower part of

diaphragm near the support region shows no tension.

Both webs show vertical compressive stresses [, (Fig. 6.7). Vertical compressive
stresses in the lower part of the webs have greater width than at the supports. The
tensile stresses extend from top of diaphragm down to the vertical edge of the
opening due to uplifting action of external loads on the diaphragm. Based on the
stress distributions in both directions a new strut-and-tie model is developed. The
new model (Fig. 6.9) has tension tie Ty in horizontal direction, T, in vertical

direction on both sides of the manhole and T3 in diagonal direction.
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Figure 6.7 Vertical elastic stress [,

Figure 6.8 Strut-and-tie model for pure shear loading [7]
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Figure 6.9 New strut-and-tie model for pure shear loading

An investigation has been conducted for shear wall that has dimension as shown
in Fig. 6.9. The value of the average tensile stresses in the horizontal and vertical
directions are calculated from the normal stress distributions Ux and [y of the finite
element analysis. The values of compressive forces V;to Vs that flow through the
diaphragm to the supports are determined from the load (V) based on the num-
erical analysis conducted for truss model is shown in appendix D. The values of tie
forces T4, T, and T3 of the finite element analysis, truss model and the developed
formulae (eq. 6.1 through 6.3) agree very well (Tab. 6.1). However the value of T,
of finite element analysis shows some discrepancy due to the difficulty to
determine the real integration width of this force. For derivation of formulae please

refer to appendix D and E.

Table 6.1 Tie forces from various models

T T T3
Truss model 366KN 118KN 433KN
Formulae 369KN 136KN 448KN
Finite E. Analysis 353KN 80KN 414KN

T DONEV_ME ______________________________________________________________________________________________ 6
h
g O a) 6.2)

’ 12.5h,
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T, DO.SSD%V—ME ............................................................................................ (6.3)
h,
V Half of total vertical force

T,,T,  Tensile force on horizontal direction (mainly)

T, Tensile force in vertical direction

6.1.3 Pier Segment with central support and closed diaphragm —

permanent loading

The stress distribution Oy (Fig. 6.10) shows tension in the upper part of the
diaphragm that corresponds with tensile force T, of Schlaich’s model (Fig. 6.13)
[7]. The lower part of the diaphragm is in compression in horizontal direction. The
stress distribution 0, (Fig. 6.12) shows tensile stresses that extend from top to
bottom slab. This does not agree with Schlaich’s model where the lower part of the
diaphragm is in full compression. The external load and support reaction cause
compression in diagonal direction and tension at its perpendicular direction. A new
strut-and-tie model (Fig. 6.15) is developed based on the FE-results and principal
stress diaphragm (Fig. 6.11). Tension force T3 is added for tensile stresses in the
lower part of diaphragm. Another type of strut-and-tie model is given for diaphragm
with indirect support in Fig. 6.14 [101]. Also this can be one of the possible options

of strut-and-tie model for diaphragm with indirect support.
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Figure 6.10 Horizontal stress [x
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Figure 6.11 Principal stress diagram

Figure 6.12 Vertical stress [,

2V 4 \

Figure 6.13 Schlaich’s strut-and-tie model for diaphragm with indirect support [7]

Figure 6.14 Strut-and-tie model for diaphragm with indirect supports. [101]
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Figure 6.15 New strut-and-tie model for pure shear loading

From the geometry it is possible to calculate tensile forces T, Ts and T4 in
Fig. 6.15. The values of tensile forces calculated by methods of section and joint

are given in appendix B.
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6.2 Strut-and-tie model for prestressing force

Wollman [4] has developed three different strut-and-tie models (tripod model,
corbel and frame action), which describe the flow of forces due to a prestressing
force in a 3-dimensional end diaphragm (see section 2.7 and Fig. 6.17, 6.18). His
investigation of force transfer from diaphragm to webs and slabs was based on
simple beam theory (linear strain and stress distribution over the section depth at
the joint). The location and magnitude of the resultant forces are obtained by
integrating this stress distribution over respective areas, but the stress distribution
on the D-region is complex in nature and cracks are sometimes observed in this
area. So simple beam theory should not be applied here. Finite element
calculations, for load on different locations were conducted (see chapter 5) to
analyse the complex flow of forces in a diaphragm. To put these results into field
of practice, the force arrangement in the column direction was selected. The
summary of the numerical investigations, the average values of force transfer in
percentage for previously defined heights for closed and open diaphragms are
given below. The values for different heights may be calculated by interpolations.
Please note that these factors are only applicable for the given geometry of the

pier segment.

Table 6.2 Value of force transfer in percentage for open diaphragm (Fig. 5.12)

parts of pier segment B1 B2 B3
[h=182m] | [h=122m] | [h=0.62m]
web 29 % 39 % 33 %
top slab 9% 26 % 56 %
bottom slab 62 % 35 % 11 %

Table 6.3 Value of force transfer in percentage for closed diaphragm (Fig. 5.11)
parts of pier segment B1 B2 B3
[h=182m] | [h=1.22m] [h=0.62 m]
web 31 % 33 % 26 %
top slab 11 % 32 % 57 %
bottom slab 58 % 35 % 17 %




6 Model evaluation 117

Two symmetric concentrated forces are applied on the front face of pier segment.
The resulting vertical stress distributions [y for front and opposite faces of the
diaphragm is given in Fig. 6.16. Tension ties Ty, T> and T3 shown in Fig. 6.17 can
capture the tension area on the opposite face of the pier segment. Fig. 6.18 shows

more refined model in three dimension.

Tension
— ——— Compression

Figure 6.17 Tripod 3-D model
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Tension
— — == Compression

Figure 6.18 Refined 3-D model
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7 Summary and conclusion

The design of pier segments is still based on rough approximations. The analyses
carried out in this thesis are aimed to create better, more realistic strut-and-tie
models for practical design of diaphragms. The background information for the
development of strut-and-tie models in D-regions was explained in Chapter 2 of
this dissertation. The discussions in this Chapter were focused mainly on the
works of Schlaich [3, 7] and Wollmann [4] due to their direct correlation to the
nature of the research conducted here. Schlaich’s works concentrate on
development of strut-and-tie models on shear walls due to the vertical loading.
Whereas the work of Wollmann fills the gap left by the former researcher:
horizontal loading. Although the works done by these two researchers are
tremendous, still they contain some inaccuracies in their models and in further

analysis.

The works of Schlaich have been thoroughly examined in Chapter 3 of this
dissertation. The finite element results show that shear wall with two supports and
closed diaphragm has very good agreement with the strut-and-tie model
developed by Schlaich. But the finite element results for shear wall with two
supports and open diaphragm and shear wall with central support and closed
diaphragm show differences from Schlaich’s models. So his models were refined

and more accurate strut-and-tie model were developed for both cases.

A 3-D finite element analysis of an existing segmental bridge was developed in
Chapter 4 to study the load path on the pier segments and the behaviour of
stresses on the first joints. The discussions on differences and similarities of
elastic stresses for open and closed diaphragm for all types of loadings were
done. The extracted results from finite element analysis of pier segments indicate
that first joint shows non-linear stress and strain distributions. Although the
research was conducted on the standard bridge that had been constructed in
Bangkok [29], it may not show the exact behaviour of stresses for diaphragms with
other dimensions. Moreover during analysis the effects of creep, shrinkage and

bowing were not considered.
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So it is recommended to do a further research for other dimensions of the bridges
to determine the behaviour of horizontal stresses on the first joint.

The strut-and-tie models that were developed by Wollmann [4] for transfer of force
from diaphragm to webs and slabs were rectified in Chapter 5 of this thesis. The
models and sub models developed by him for transfer of horizontal concentrated
force were reasonable but the method used to analyse the values of transferred
force were inaccurate. So, a 3-D finite element model of a pier segment was
thoroughly investigated and the results of force distributions on the webs, top and
bottom slabs have been illustrated on various diagrams for different positions in

rows and columns.

After careful observation of stresses on vertical and horizontal directions of the
shear walls that have been mentioned on previous Chapters, the new strut-and-tie
models were developed in Chapter 6 of this dissertation. The new strut-and-tie
models have extra tie forces on the diaphragm than that of Schlaich’s models [7].
The simplified empirical formulae for practical purpose were developed to calcu-
late this tie forces. The new strut-and-tie models can further be refined and
developed by dimensioning and modelling of struts, ties and by smearing and
concentrating of the nodes to include crack width limitations. But for the moment, it
is out of the scope of this research. The average values of force that flows from
diaphragm to webs and to top and bottom slab were approximated by taking the

average results in Chapter 5 and were tabulated in Chapter 6.
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Appendix A: Forces of the tripod model
To calculate the tensile and compressive forces caused by transfer of force from
diaphragm to webs and slabs shown in Fig. A1, the values of force distribution in

table 6.2 are taken from the previous chapter.

a) Tripod model b) Refined model c¢) Multiple anchors

b=0.90 |

A A2 e F2
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Figure A1 Tripod Model [4]

Table A1 Distribution of prestressing force for diaphragm with manhole on column
B (Tab. 6.2) (Ls=0.35m)

parts of pier segment B1 B2 B3
[h=1.82 m] [h=1.22 m] [h=0.62 m]
web 29 % 39 % 33 %
top slab 9% 26 % 56 %
bottom slab 62 % 35 % 11 %

In the following example, it is assumed that the prestressing force P in Figure A1 is
located at a depth of 1.22 m that enables to use the percentages for second
column in Tab. A1. The force P has a value of 3864 KN.
F, 00.391P 01507kN

F, 00.261P 01005kN

Force on the web:
Force on the top slab:
Force on the bottom: F, 00.35[P 01352kN

Here by it is assumed that point A1 is located in the same height as the load. By
doing so, the calculation of forces is simplified. The model of Neuser [25] is based

on the same assumption.
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X/Fz

A

Tensile Forces at the back face

Figure A2 Strut-and-tie model

Node A1: equilibrium in a horizontal plane

0.90 . 0.425

) > Fq arctan/J/ 0 ——— [ [7025.2°
+| v 0.9
Q| =~ F, 1507
< | ~~C !
| - 1 C 0 0 01663KN
I A "7 cosl cos25°

T,, UF ltan//015070tan25° 00 703.KN

Node A1: equilibrium in a vertical plane

*“% arctanll [] 112 00065.9°
arctan ] 0.45 O0022.6°
g 1.08
equilibrium
‘ in vertical direction T ,lsin/0T,lcos/00
‘ in horizontal direction 7; Tcos /0T, Isin /0T,
o ==> T,=882kN T=339kN; T2=814 kN

T3 =892 kN T3,= 364 kN ; T5,=814 kN




Appendix A - Forces of the tripod model

131

Simplification: Horizontal components of C, and C; are neglected. For more

accurate estimation of forces use the model of Neuser [25].

Node 2: equilibrium in a vertical plane

0.90 .
< =‘® Fy arctan][] % Ooos1.2°
1 < F | 1005
C, / c, 02 01604.KN
// Tiv cos// cos51.2°
N // T,, OF,ltan 701507 ]tan51.2° 01875.KN
- // T, 07T, 0T, 01147.KN
/
/
/
/
v 7
4

Node 3: equilibrium in a vertical plane

A '\
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7

arctan] [ % [00050.2°

F, 3 1352
c0s50.2°  co0s50.2°

T,, 0 F,ltan/7 013521tan 50.2 0 1623KN

02112KN

T,07T,, OT,, 0895KN

A

Please note that the stresses in the truss model are very sensitive to the location

of the resultant forces F; to F3;. To design a model, which results in the maximum

tensile forces should be chosen.

Node A1: equilibrium in a horizontal plane

A
T4 0.9m

)|
7,70.9 0 P10.425

7| 0425 m
\
\

T, 0 PD% 01825KN
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For reasons of serviceability the corbel action has to be considered. The maximum

horizontal force is smaller than T4
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Appendix B: Strut-and-tie model of indirect support
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Fig. 1 Strut-and-tie model
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100.1457, 00.982C, 00
T, U891.7KN,C, U131.7KN
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NODE: C
OF 00

1, 0127 ge D ng

1.7844 > 1.3327
0.4427C, 00.8929C, O882.KN.........ccooo....... B,

OF, 00
0.2 1.6 0.6

T,! 0c,I 0C,I
1.375 1.7844 1.3327

0.8967C, 00.4502C, 09853 ...cvvvvee. B,

Simult
0.4427C, 00.8929C, 0 882KN

0.8967C, 0 0.4502C, [ 985.3KN

O1115KN

C, U589.8KN,C, U802.73KN

NODE: D

OF, 00

1 19 g 04 gop 06 o
1.3327 1.077 1.5232

0.3714T, 00.3939C, 0 526.65KN......oovec....... B,

OF, 00
0.6 1.0 1.4

0c,! 07,1 0C,I——00
1.3327 1.077 1.523

[10.92857, 00.9192C, 0 265.54KN.................. B,
Simult

0.37147, 00.3939C, 0 526.65KN

[00.92857, 00.9192C, 0 265.54KN

T, 0536.7KN,C, 0 830.96KN
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NODE: E

OF, 00

¢, 127 071 %4 g 110 gy
1.7844 1.077 1.077

355.38930199.331500.9285C, U 0
C, U0597.44KN

SUMMARY:

T2 (KN) Ts (KN) T4 (KN)
Truss Model 907 536 891
Strut-and-tie model 907.2 536.7 891.7
Existing model 914.3 - 899
Finite element 960 525 960
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Appendix C: Comparison of tensile forces

Shear wall

v

s

Model Schlaich’s model Finite element
Model

Direct support T1 811KN 865 KN
Closed diaphragm | T2 1066 KN 869 KN
(shear and torsion
loading) see
section 3.3.2.1
Direct support T1 184 KN 396 KN
Open diaphragm T2 571KN No tension
(pure shear) see
section 3.3.1.2
Indirect support T2 914 KN 960 KN
Closed diaphragm
(pure shear) see
section 3.3.1.3

A
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Appendix D: Derivation of formulae

240

|A
h

75 186
1050 5010

Fig. 1 New strut-and-tie model

Results of compressive forces are taken from Sofistik

V OUOLL1SKN,V, O0745KN 00.67V,V, 0 U432KN 00.38V,V, 0 US40KN [ 0.48V
y, 00428KN 00.38V,V, U0366KN U0.33),V, UUO176KN U0.16V

Node 1

V
T3
@ |
I
I Vo
| V1
Fig. 2

L, OV, U,

T,

3H

Sin 0 TT—H 07, 07,Sin[700.995T,

3
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102 (=a)
T3H
10
(0.05h4)
—_y
102.5 (1.005a)
Fig.3
T A
a
211.2
205.2
Vay V1 (0.98h4)
(0.95hy)
e LV N
| 50 |
(0.49a)
Fig. 4
Horizontal V4
0.49 V1
v, OV iSingoy 1—2pgid
0.98h  2h,
Horizontal V,
p
82 101.6
V
2 A4T7h
(0.38h¢)|  [Vav (0-47h4)
v Vo \ ¥~
60
(0.6a)

Fig. 5
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v, O,18in007, 18289 401 08737224
0.47h h

1 1

L, 0V, 0V,

ronaian g o an g et g6 90612290 01 20613890 10,9957,
2h h 2h h h

1

1

1 1 1

V.ia

OT, D1.232DH

1

a7, 0 o.szsuHVh—D“

1

01 7, 0 434.38KN

Node 2

82
(0.38h)
42
(0.412a)
Fig. 6

v, OV 0.412a 155707 2@
0.426h h

T 0 O.995D0.825U%Vh—DaH O O.lSSD%VTMH

1 1

T DO.67DHVh—DaE

1

T 0352.77KN
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-
3 To
Ve
Fig. 7
r,uv, urT,
v, 0V, 1Sin[J00.16V [ 0.38%, 00.144V
0.426h,

T, 0T, 1Sin00 0.825%2—“’% 20.0975 0 o.oguH Vhﬂ"

1

H See Fig. 3

1

7,00.144y O 0.08@%

- 7 1(1.8h, Da)
12.5%
T, 011844KN

Formulae: For safety reason and to apply the formulae for other dimensions, it is

advisable to increase the coefficients of the equations.

T DO.7DEV—DG%
h

V1@ Da)
Y125k,

nooss

1
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RESULT SUMMARY

T4 T, T3
Truss Model 366 KN 118 KN 433 KN
Formulae 369 KN 136 KN 448 KN
Finite E. Analysis 353 KN 80 KN 414 KN
Existing Model 184 KN - -




144 Appendix D - Forces analysis for strut-and-tie model




Appendix E- Force analysis for strut-and-tie model

145

Appendix E: Strut-and-tie model of direct support with open diaphragm

1.02=a
V=1115KN
K 0.10
0.82
2.16=h, /| —X 06
_V_O-S“ (0.95h,)

0-115_‘ 0.55(0.54a)

(0.176a)
Fig. 1 Strut-and-tie model
NODE: A

OM, 00
C.00.185h 0T, 0k, 0V10.54a 00
C. 0T,

T,00.185h, 0T, 1h 0V 10.54a 00
07,10.815k, 00V 00.54a

T 006618 200070272
h] hl
T, 0 368.6KN

OF, 00

c, 1122 Toc, ] 2% oy
00.438] 12.132]

0.9132C, 00.966C, OV .............. E,

OF 00

c,,u0cC, 00

C, DHEH ¢, DHEH 0o
10.438] 02.132]

0.4109C, 00.258C, 0O.............. E,

Simult

0.9132C, 00.966), O O1115KN

0.4109C, 00.258C, 00

C, 00724.36KN,C, 0 0454.8KN
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NODE: B

OF .00

c, 1l0.410900 ¢, 100.336300 7, 100.06810 C, O T,
454.8100.410910 ¢, 100.336300 T, 1(0.068) 0 368.6KN
0.3363C; 00.068T, D181.7KN......o.cvveerrrerrrennne. E,

OF, 00

c, 10.913200¢,100.9396.07,100.99770100
454.8100.913200C,100.9396(07,100.997700 0
0.9396C, 00.9977T, 0 415.34KN ......oovvorrrerrnerean.. E,

Simult

0.3363C, 00.0687, 0181.7KN
0.9396C, 00.99777, 0 415.34KN
T, 0105.2KN,C, 0 U553.9KN

NODE:C

OF. 00

07,07, 0C,, 0T, 00
0368.607,100.99510C, 110.456/07, 110.068100
[368.600.9957, 00.456C, 17.1800

0.9957, 00.456C, 0361.42KN........ccvvveevve... E,

OF, 00

c, 1lo.8900 7, 10.9973007,100.097.00

0.89C, 00.0975T, D104.94KN..........cooveerrreerrernn. E,
Simult :

0.9957, 00.456C, 0361.42KN

00.09757, 00.89C, 0104.94KN

T, 0439.31KN,C, 0 0166.09KN
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NODE: D

0¢, 1l0.768200 ¢, 1l0.8900 ¢, 100.941700 0

00.7682C, 01166.1100.8900553.910.9417000
C, 0 0486.4KN
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Appendix F: Tendon and reinforcement layout of pier segment

V
|
y

V-V MIlA

|
Y-y U01{D8S

) 12612 —

W) L1912 ——

13) 12916 ——
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Tendon fype 4515 #]

Tendon type 4515 #72

Az

Tendon type 4515 43

L>w

Tendon fype 12K15 #4
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