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states design philosophy of AS3600-1994. The astihave attempted to follow a first
principles approach, based on well establishedcimies of structural mechanics and the
material properties and behaviour reported in itezature. In doing so, the authors have

relied heavily on the results of research publistvslseas.
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NOTATION

a dimension of critical shear perimeter

area of cross-section;

area enclosed by median lines of the walls

of a hollow section;

area of prestressing steel;

width of section;

width of web;

minimum wall thickness of a hollow

section;

c cover;

C compressive force;

compressive force components in

concrete;

d effective depth from the extreme
compressive fibre to the resultant tensile
force in the tensile zone at the ultimate
limit state;

dn depth to the neutral axis on the cracked
section;

d, depth to the prestressing steel;

D overall depth of the cross-section;

E. elastic modulus of concrete at 28 days;

Ecp elastic modulus of concrete at transfer;

Ep elastic modulus of prestressing steel;

feu maximum compressive stress in concrete;

f'e characteristic compressive strength at 28
days;

f'ot characteristic flexural tensile stress at first
cracking;

fep characteristic compressive strength at
transfer;

fn mean compressive strength

fou ultimate tensile strength of prestressing
steel;

HLP  heavy load platform;

I second moment of area about centroidal

Fop preo

axis;
lg second moment of area of gross section;
J torsional constant;
Ky ratio of neutral axis depth to effective
depth at the ultimate momentd7 d);
Lo effective span;
Ls length of fibre;

M moment;

M; initial moment;
Mmax ~ Maximum moment;

Y/ ultimate moment;

M’ design moment for the ultimate limit state;
M
P

v moment transferred to a support;

prestressing force;

Pe effective prestressing force after all losses;

P, prestressing force immediately after
transfer;

Py vertical component of prestress;

Q first moment of area;

RPC  reactive powder concrete;

Ry ultimate strength;

sd standard deviation;

SLS serviceability limit state;

S* factored design action

T tensile force or torsion;

T tensile force in concrete;

Tp tensile force in prestressing steel;

Ty ultimate torsional strength;

Tuc torsional strength of concrete section;

T the design torsion (ULS)

T,, T, Tz tensile force components in concrete;

u perimeter length of critical section for
punching shear;

ULS  ultimate limit state;

Vi design shear force at the critical section;

V, ultimate shear strength;

Vo ultimate shear strength under a
concentrated load;

Ve shear strength contributed by concrete;

Vs shear strength contributed by stirrups;

Vv the design shear force (ULS);

w design crack width;

X shorter dimension of rectangular section;

X1, Xo, X3 distances;

y distance from centroidal axis;
longer dimension of rectangular section;

Z section modulus;

Zy, Z,  section moduli with respect to bottom
and top fibres, respectively;

X aging coefficient;

£ strain;

& strain in extreme tensile fibre;

& strain in bottom fibre at the ultimate limit
state;

Ece concrete strain at steel level due to
prestress;

Ep strain in the concrete at the tendon level;

&t strain component in prestressing steel;

& top fibre strain;

& top fibre strain at ultimate limit state;

&p limiting tensile strain in concrete (Fig 5);

&u limiting tensile strain in concrete (Fig 5);

&n final shrinkage strain;

@ strength (or capacity) reduction factor;

& final creep coefficient;

K curvature;

K instantaneous curvature;

K curvature at midspan;

Ks curvature at support;

o stress;

O average prestress after all losgR#A,

Os top fibre concrete stress after cracking;

Obot stress in concrete in bottom fibre;

Oiop stress in concrete in top fibre;

o1 principal tensile stress;

r shear stress;

A deflection;

Ao, loss of prestress;



1 INTRODUCTION

This document provides guidelines for the design poéstressed concrete beams
manufactured using the Reactive Powder Concret€)RRown asDuctal. Where possible, a
limit states approach consistent with the desigquirements of the Australian Standard for
Concrete Structures AS3600 — 1994 has been adopted.

Reactive Powder Concrete is a relatively new nedtand research into the properties and
behaviour of RPC is still in its infancy. Most sting literature on RPC, and it structural
applications, is written in French and efforts h&seéen made to study these documents, together
with the relevant French design codes and spetiditea  Currently available literature indicates
that RPC can readily be used in a wide variety toictural applications, including bridges,
highway structures, pipes, culverts and precast lmeesn For prestressed concrete applications,
RPC appears to be an ideal construction material.

The design guidelines presented here are basead stady of the existing literature,
research undertaken at UNSW and elsewhere andmatmn gained from the performance of
existing RPC structures constructed overseas. gliltelines are necessarily based on the current
state of knowledge and, where possiblérst principlesapproach has been adopted. The design
procedures have been developed based on the pemafpstructural mechanics and the material
properties and behaviour reported in the literatUResearch is continuing in many areas and, as
more information becomes available, sections otdib@iment will be improved and re-calibrated
and, no doubt, the document will be expanded. Hewein order to facilitate design of
prestressed girders manufactured frDoctal, detailed design rules and recommendations have
been made. In some areas, design guidance idphubut it is based on the authors’ experience
rather than on well-documented and independentiyfie® research. Numerical examples
illustrating the behaviour of pretensioned concletams and unreinforced elements are included

in the Appendices, together with detailed desigoutations for pretensioned bridge girders.

2. SCOPE AND APPLICATION

This document sets out guidelines for the designpodstressed concrete beams
manufactured from the Reactive Powder Concrete JRE®Own asDuctal. The beams are
prestressed longitudinally with steel tendons. Tlkdelines include the design of the non-
prestressed elements of the beam transverse toditketion of the prestress (including
overhanging flanges and transverse ribs, if any).

Ductal is a material developed by Bouygues, S.A., Partsraade from particles smaller

than 80@m (hence the namgowder concrefe By replacing coarse aggregate with fine sand,
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the size of the microfissures linked to intrusiomgraditional concrete is greatly reducé&ulctal
contains large quantities of a particular stealefibThe presence of the steel fibres is essdntial
enhance the post-cracking tensile strength anchpoave the ductility of the material. A typical
mix for Ductal resulting in a mean cylinder compressive strentt28 MPa and a characteristic
compressive strength of 197 MPa is given in Tahle Additional information onDuctal is
provided in Appendix A.

Tablel  Typical composition dbuctal (Dallaire et al., 1998).

Component Material Quantity (kg/m°)
Cement 705
Silica fume 230
Crushed quartz 210
Sand 1010
Superplasticizer 17
Steel fibres 190
Water 195

The guidelines are intended to apply to prestresgedtural members made of DUCTAL
with
(a) a characteristic compressive strength at 28 d&ysin the range 150 to 220 MPa;
(b) a minimum fibre content of 2.0% by volume (the éldength is 13mm and diameter is
0.2mm) with a minimum fibre tensile strength of 08@Pa;
(c) a saturated, surface-dry density in the range X40®° to 2650 kg/m; and
(d) sufficient curing to develop a minimum charactéeistrength at transfer of 100 MPa and
a minimum elastic modulus at transfer of 40000 MPa.

An initial heat treatment, consisting of curinghot water or steam at a temperature of
90°C for a period not less than 48 hours, substaptr@tiuces the creep @fuctal and causes
almost all the shrinkage to occur during the mbabheat treatment.

It is intended that these design guidelines ateetosed by a competent, experienced and
suitably qualified engineer (a person qualified €@orporate Membership of the Institution of
Engineers, Australia, or with equivalent qualifioats, and competent to practise in the design

and construction of concrete structures).



3. DESIGN REQUIREMENTS AND PROCEDURES

3.1 Requirements:

In the design of a prestressed concrete beam,ittesato provide an element that is durable,
serviceable and has adequate strength to fulfihtemded function. It must also be robust, have
adequate fatigue resistance and satisfy otheraeteequirements, such as ease of construction
and economy.

A beam is durable if it withstands expected weal @gterioration throughout its intended
life without the need for undue maintenance. Isesviceable and has adequate strength if the
probability of loss of serviceability and the probdy of collapse are both acceptably low
throughout its intended life.

These guidelines, as far as possible, provide degiquirements that are consistent with
those in AS3600 — 1994.

3.2 Design for Strength:

Beams should be designed for strength as follows:

(@) The loads, other actions and the ‘design laadstfrength’ are determined in accordance
with Section 3 of AS3600.

(b) The design action effec§*, due to the design load for strength is determibgdan
appropriate analysis.

(c) The design strengthy R, is determined as outlined in Section 5.1 of thiguinent,
where ¢ is a strength reduction factor arfg], is the ultimate strength. For elements
where flexural strength is provided by bonded m@icément or tendons, and the ductility
requirements of Section 5.3 are satisfigd,should not exceed 0.8 for bending and 0.7 for
shear and torsion. For elements where flexurangth is not provided by bonded
reinforcement or tendong, should not exceed 0.7.

(d) The beam is proportioned so that its desigengfth is greater than or equal to the design

action effect, ie¢ R, =S *

3.3 Design for Serviceability:

Beams should be designed for serviceability by rodlitig or limiting deflection, cracking and
vibration, as appropriate, in accordance with gguirements of Section 2.4 in AS3600.
The deflection of a beam under service conditidrmikl be controlled as follows:
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(@) alimit for the calculated deflection is chosen @ppiate to the support conditions
and the intended use. AS3600 provides the follgwideflection limits.

Type of member Deflection to be Deflection limitation | Deflection limitation
considered (B/L) for spans (A/L,;) for
cantilevers
All members The total deflection 1/250 1/125
Members The deflection which 1/500 where provision 1/250 where provisior
supporting occurs after the additionis made to minimize is made to minimize
masonry partitiong or attachment of thethe effect of| the effect of
or other brittle| partitions or finishes movement, otherwise movement, otherwise
finishes 1/1000 1/500
Bridge members The live load (and 1/800 1/400
impact) deflection T

(b)  the member should be designed so that, under #sgil load for serviceability’
(determined in accordance with Section 3 of AS36@® calculated deflection

does not exceed the limit selected in (a) above.

The cracking of a beam under service conditionsilshioe controlled, with limits on crack
width being selected to ensure acceptable appeasarttdurability.

The vibration of a beam under service conditiormughbe such that it does not adversely
affect the serviceability of the structure. Viboas due to machinery, or vehicular or pedestrian
traffic, should be considered where applicable. minimise vibration of beams, the additional

deflection due to live loads alone may be limitecpan/800.

3.4  Design for Durability:

Beams should be designed for durability in accocdanith the general requirements of
Section 4 of AS3600. However, the durability Bfictal is superior to high performance
(conventional) concrete. The porosity@dctal is about 5% and, hence, its permeability is very
low. Steel fibre reinforced concrete with a degsenentitious matrix has outperformed other
types of concrete, even in a marine environment.

For exposure classifications Al, A2, B1, B2 andt& minimum required cover of well
compactedDuctal to the tendons is 20 mm and the minimum clear isgalbbetween adjacent

tendons is 1.5 times the tendon diameter or 20 winchever is the larger.



4, DESIGN PROPERTIESOF DUCTAL

4.1 Behaviour in Compression

A typical stress-strain curve for Ductal is showrFigure 1. The curve was obtained from
measurements taken in a standard compression rieat @0 mm diameter cylinder (Behloul,
1999). The ascending part of the stress-straimec@A is essentially linear up to the peak stress,
fee. On reaching the peak stress, the steel fibr@#ge considerable ductility, as is evidenced by
the plateau AB in Figure 1. The extent of the gdat depends on the type and quantity of steel
fibres. The shape of the post-peak, descendingopéine stress-strain curve also depends on the

type and quantity of steel fibres.

204

Stress (MPa
16(

____________________________________________________________

R T Tttt

124

AT T TS TSt T ST TSI T TS

8(

40/ .

L ' A R R e M

0 002 .004 .006 .008 .010 .012 .014 .016 .01802
Strain

Figurel Typical stress-strain relationship in compresgBahloul, 1999).

4.2  Characteristic Compressive Strength

The characteristic compressive strength of RRC, should be determined statistically

from compressive strength tests in accordance A#th012.9.

In order to obtain the specified characteristiersgth f. , the following equation can be

used:
f!=f, - 233sd (4.1)

where f_, is the mean compressive strength adis the standard deviation.
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The characteristic compressive strength, is, obtained from standard 28 day

compressive tests on carefully prepared cylindeith whe ends cut or ground square. The
diameter of the cylinders may vary between 70 ad@ rhm and the length of the cylinders is
twice the diameter.

4.3 Idealised Stress-Strain Relationship in Comsiesn

For design purposes, the idealised stress-stritiareship shown in Figure 2 may be used.

A
Stress
0.85f, [~ , ,
E. = 50000 MPa Strain
0.85f,/Ec 0.004 0.007 .
Figure2 Design stress-strain relationship in compression

4.4 Behaviour in Tension

The tensile strength dDuctal is variable and the behaviour after cracking ighhyi
dependent on the type, quantity and orientatiosted| fibres crossing the crack. Typical results
of a direct tensile tests conducted on a 70 mm efiermotcheductal cylinder are shown in
Figure 3, together with the range of variabilitylie expected. A significant observation to be
made from Figure 3 is that the average tensilesstom the cracked surface actually increases
after first cracking, before beginning to decreasa crack width of about 0.2mm. As the crack
width increases some of the fibres crossing thekgpall-out of the crack surface and the average
tensile stress decreases.

The flexural tensile strength Bfuctal is higher than the direct tensile strength withuga
in excess of 40 MPa(may/Z) having been recorded. After cracking, the temsiarried across the
crack depends on the crack width, the quantitytgpd of fibres crossing the crack and the depth
of the beamD. Since the quantity of fibres crossing the cradkinevitably vary from one crack
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to another, a high factor of safety is recommendedesign when estimating the tension carried

across a crack.

Stress
(MPa) 16| .77 TT--1.

upper limit

TN e/
12 —

lower limit Te~a__ \\_-\
4

0
0 0.5 1.0 1.5 2.0 25 3.0
Crack opening (mm)
Figure3 Behaviour in direct tension (Behloul,1999)

I

The characteristic flexural tensile strength,,, may be determined statistically from

standard three point or four point modulus of rupttests on prisms of square section using a
formula similar to Egn 4.1. Unlike conventional cogtes, the maximum momem ) carried by
a prism ofDuctal in a standard modulus of rupture test is conshdgraigher than the moment
required to cause first crackinll§). The flexural tensile strength(= M,/Z) is therefore higher
than the tensile stress at the onset of cracking Mc/Z). SinceM, is generally greater than
1.2M., for an unreinforcedDuctal flexural member, the minimum flexural reinforcerhen
requirements for conventional concrete flexural rhera are not required f@uctal elements.
Overseas practice (Behloul, 1999) is to reducentteasured modulus of rupture by a
factor of safety of about 4 when determining thaeigie tensile stress at which cracking first

occurs. For the range Bluctal strengths considered in this document (350 < 220 MPa), the

characteristic flexural tensile stress at whiclckiag is initiated may be taken as
f, = 8.0 MPa (4.2)

After cracking, the stress-strain curve for coreriettension depends on the fibre length,
Ls, the fibre content and the depth of the beBm,For a fibre length ofs = 13 mm and a fibre
content of 2% by volume, the stress-strain cureesbncrete in tension for various beam depths
are shown in Figure 4 (Behloul, 1999). The asaamgbiart of these curves is linear with a slope

corresponding to an elastic modulus of 50 GPa. déseending curve may be approximated by a
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third order polynomial (Behloul, 1999) with theeds equal to zero when the strain reachges

According to Behloul (1999 ,=L; /1.2D .

f.=8.0 MPa

D =100mm

D =500mm

L N e
7/ I NG e N
D
0
0 2 4 6 8 10 12 14 16 18 20
Strain x 18
Figure4 Stress-strain relationships for Ductal in tensiBah{loul, 1999).

4.5 Idealised stress-strain relationship in tension

For design purposes, the idealised stress stréatioeship shown in Figure 5 may be used to
determine behaviour in the post cracking ranBeis the overall depth of the beam dndis the
length of the fibres.

4.6 Modulus of Elasticity
For design calculations, a modulus of elasticitys6GPa (after 28 days) and 40 GPa at

transfer may be used.

4.7 Density
The density of RPC varies between 2400 Kgind 2650 kg/rh It should be determined
based on mix composition or by testing.
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A
Stress &u=L¢/1.2D<0.01
(MPa) &p=0.16L¢/ 1.2D < 0.004
(Fibre conter# 2% by volume
(160 kg/m)

5.0~

»

&u Strain

0.0001
Figure5 Design stress-strain relationship in tension.

4.8 Poisson’s Ratio
Poisson’s Ratio of RPC varies between 0.16 and B2#loul, 1996). This is similar to
the typical values obtained for conventional cotese In the absence of any test results, a value

of 0.2 may be used for calculations.

4.9 Creep
As for conventional concretes, the creefattal depends on the age at first loading and

It also depeawrd the period of curing and the temperature

the duration of the applied stress.
during curing. Reactive powder concrete initiadlyred at 90C for 48 hours exhibits very little

creep, with a final creep coefficiegt of about 0.3 (when first loaded at 28 days). Timal
creep coefficient is the ratio of creep strainribial elastic strain. If the RPC is not steamexlr
theng* can be as high as 1.2 for specimens loaded aga98 and 1.80 for specimens loaded at 4
days. Figure 6 shows a typical set of elastic geep strain (per unit of stress) versus time

curves forDuctal loaded at different ages. Recommended valueg @r use in design are as

follows:
Time of first loading Final creep coefficientp*
Without steam curing With steam curing for 48hrs
4 days 1.8 0.5
28 days 1.2 0.3
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4.10 Shrinkage

Reactive powder concrete suffers an endogenoirskslge strain of about 500 x 0If
initially subjected to steam curing at°@for at least 48 hours, almost all the shrinkageuos
during the period of steam curing, with no shrirkaaking place subsequently. If cured at room
temperatures, the shrinkage takes place over aidesably longer period increasing at a
decreasing rate, as shown in Figure 7. The shymka essentially the result of chemical
reactions within the RPC and is not the same asglishrinkage in conventional concretes. As a
result, even for RPC cured at room temperatures gtikat majority of shrinkage occurs in the

first 28 days after casting.

50 ; ; LoagliAge
i i 4 days
T | e T /7 days
i { 3 14 days
[ T _L ______________________ L_ _____________ 28 days

|
i After curing at 90°C for 48 hrs
i / i
Z0 N N Y s A I O
[ —————. |
| |
Wl ] Blastic S
| |
| ]
[} [}
C i i
1 {
0 05 100 Age (Days) 150
Figure 6 Creep plus elastic strain versus time (Behloud9)9
A
0.000 T
Shrinkage | [ ===00_o-==-"""777
Strain

»
»

Age (days) 28

Figure7 Shrinkage versus time for specimens with and withatial heat treatment.
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S. STRENGTH IN FLEXURE

5.1  Theoretical Moment Capacity
Calculations for strength of a section in bendihgudd incorporate equilibrium and strain
compatibility considerations and be consistent whth following assumptions:

(@) plane sections normal to the beam axis remain @éee bending; and
(b)  the distribution of concrete compressive and tensitesses are as outlined in
Figures 2 and 5, respectively.

Typical stress and strain distributions at themdtie limit state for a singly reinforced
cross-section (ie. a cross-section containing gleifayer of bonded tendons) and for a cross-
section containing no bonded reinforcement are shavirigures 8 and 9, respectively.

For a prestressed section containing bonded tendorthe tensile zone (such as that
shown in Figure 8) at the ultimate limit state anlding, the extreme fibre compressstein may
be taken as, = 0.0035.

&o.u 0.85f,
C
4—
Te d

T=Tc+Tp

o ®© \ /[ _______| L .
Op To

Section Strain Stress

Figure8 Stress and strain distributions at the ultimatedbenlimit state

for a cross-section containing bondedoers

For a section containing no bonded reinforcemetgmdons (such as that shown in Figure
9), the ultimate strength in bending may be assuime@dcur when the extreme fibre tensteain
(&,uin Figure 9) equals, (as defined in Figure 5).

The design strength in bending is obtained by mlyitig the calculated ultimate strength

M, by the strength reduction factag, For a cross-section containing bonded reinforcgroe
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tendons (as in Figure 6), whek), <04, ¢ = 0.8For a cross-section containing no bonded

reinforcement or tendons in the tensile zone (asigure 9), where flexural strength after

cracking is provided by the steel fibreg,= 0.7.
Sections containing bonded reinforcement or tendionghich k, > 04 are likely to fail

in a brittle manner and should not be used.

Sou 50000,y

v

&bu 5.0
Section Strain Stress (MPa)
Figure9 Stress and strain distributions at the ultimatedbenlimit state
for a cross-section containing no bonedions

5.2 Minimum Strength and Other Requirements:
The ultimate strength in bending should be gretiten 1.2 times the cracking moment.

The cracking moment is the moment that producemnsile stress equal t, in the extreme

concrete tensile fibre of the uncracked sectiorhis Tequirement may be waived if the design
ultimate bending moment M* is less than 0.5 timesdracking moment.

To avoid premature local buckling of slender eleteen a cross-section, the ratio of
effective length to thickness of flanges or websudth be less than 25 when the flange or web is

supported at both ends or 10 when the flange orométtand is supported at one end only.

5.3 Ductility Requirements

The ductility of a cross-section in bending depeadshe deformation (or curvature) at
failure and hence the ratio of the neutral axistidep the effective depth of the cross-sectiqn,
The effective depthl is the distance from the extreme compression fifrthe concrete to the
resultant tensile force in the tendons, reinforagtegel (if any) and steel fibres in that zone which

will be tensile at the ultimate strength conditionpure bending (as shown in Figures 8 and 9).
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Hencek, is affected by the quantity of reinforcement ie thnsile zone (which includes tendons,
conventional reinforcement and fibres).

To ensure adequate ductility;, should not exceed 0.4.
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6. STRENGTH IN SHEAR

6.1  Discussion

The existing French literature suggests that tisggdefor shear requires checks at both the
serviceability and ultimate limit states. For seeability, shear can only be a problem if it cause
cracks under service loads with widths exceedirggpiable crack limits. The approach taken
here when checking the shear strength of sectiohgantaining transverse shear reinforcement
will ensure that shear cracking under service dammi does not occur. Hence, the design for

shear need only consider the strength limit states.

6.2 Design Shear Strength
The design shear forcé* (caused by the factored design loads for thengtte limit

states) should not exceed the design strengf), (where¢ = 0.7 in accordance with AS3600 —

1994).
The shear strength of a prestressed concrete 8£¢tias given by

VU :VUC +VUS + F)V (61)

whereV, is the contribution of the concrete to the shémngth,V,s is the contribution of the
transverse shear reinforcement (if any) &hds the transverse component of the prestressing
force which will exist if the prestressing tendgniiclined at an angle to the member axis.

In the absence of shear reinforcement and inclteedons, for pretensioned beams, the

shear strength becomes

V, =V, (6.2)

Much more research is required to calibrate the-p@king contribution of RPC to the
shear strength of beams. At present, it is sugdesiat, for a cross-section that is uncracked in
flexure, the shear strengii. is limited to the shear force; required to produce a principal

tensile stress of (5.0 + O.JV/S_C’) (in MPa) at either the centroidal axis or at jimection of the

web and the flange of the cross-section, whiche&vdre smaller.
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The stresses at a point in the web of a crosseseate shown in Figure 10.

T

4—
Figure 10 T
c—» «————O
T
>
T
The principal tensile stress, is given by
o A%

0 =2 + (Ej +7° (< (5.0 +0.13/f/) MPa) (6.3)

where a:—;—@+¥ and r:\% (6.4)

P is the effective prestress after all losseis; the eccentricity of the prestressing tendon;
is the distance from the centroidal axis to thenpander consideratios and| are respectively
the area of the cross-section and the second moofeatea of the cross-section about the
centroidal axisQ is the first moment of area about the centroicés af that part of the cross-
section between the level under consideration hacektreme fibreb is the width of the web at
the point under consideration; aMlis the moment at the section when the shear fieréé
With V; calculated from Eqgn 6.3, the shear strength cciian not containing stirrups may be
taken as

V,.=V,+P, (6.5)

6.3 Critical Section for Shear in Beams

When a beam is supported on its soffit and diagonatking cannot take place at the
support or extend into the support, the criticatisaé for shear is at a distance equadl foom the
face of the support. Where diagonal cracking eke tplace at the support or extend into the
support, the critical section is at the face of shipport. The maximum transverse shear to be

considered in design is the factored design ulénsaear force at the critical section.
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6.4 Strength of Slabs in Shear

The strength of a slab in shear shall be determimadcordance with the following:
(@) Where shear failure can occur across the widtih@fstab, the design shear strength
of the slab shall be calculated in accordance &&btion 6.2.
(b) Where shear failure can occur locally around a ettppr concentrated load, the

design shear strength of the slab shall be takegVgswhere V, is calculated from

Vu = L* (66)
uM
1+ ——]
8V ad
where
V,,=ud®B+ 0.3acp) (6.7)

andu is the effective length of the critical shear peter; M| is the bending

moment transferred from the slab to the suppothéndirection being considered;
d is the effective depth of the slab averaged ardhadritical shear perimetea;is

the dimension of the critical shear perimeter messyparallel to the direction of

*

the span producingv

v

and o is the average effective prestress around the

critical shear perimeter (+ve if compressive aralifiensile).
The critical shear perimeter, mentioned in (b)vahas defined by a line geometrically
similar to the boundary of the effective area augport or concentrated load and located at a

distance ofl/2 therefrom.
In the case of a concentrated wheel load acting slab,M_ is zero and Eqns 6.6 and 6.7

reduce to

V, =V,, =ud(5+ 030,,) (6.8)
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1. STRENGTH IN TORSION

7.1  Design Torsional Strength
For a member or element subjected to pure torsimndesign torsiod* (caused by the

factored design loads for the strength limit satd®uld not exceed the design strengtfT,,,

where ¢ = 0.7 in accordance with AS3600 — 1994.

For a membemot containing torsional reinforcement (in the form @bsed ties and

longitudinal reinforcement), the torsional strengthmay be taken as the torsional strength of the
concrete section],., which is conventionally taken as the pure torsiequired to cause first

cracking and may be estimated from Eqgn 7.1.

T, =J, (50+013/f) \[1+100, /! (7.1)

where J, is the torsional constant for the cross-sectimemiby

J, = 04x°y for solid sections
= 043x°y for solid flanged sections
=2A.b, for thin-walled hollow sections

x andy are the shorter and longer overall dimensions@féctangular part(s) of the solid section,
respectively; Ay is the area enclosed by the median lines of tHks wha hollow section; bw is

the minimum thickness of the walls of the hollovetsan; the term (5.0 + O.J.\éf_c’) represents
the tensile strength of the concrete in MPa; tInm{ﬁ+ 100,/ f; is the beneficial effect of the

prestress; and ., is the average effective prestreBgA.

7.2  Strength in combined Shear and Torsion
For a cross-section subjected to combined sheatasin and not containing shear or
torsional reinforcement, the requirements for adégustrength are satisfied if the following
inequality is satisfied:
T*  Vy*

+
¢ Tuc wVUC

< 075 (7.2)

whereT* andV* are the factored design torsion and shear, raspBGtT, is determined from
Eqn 7.1; andVv,. is obtained from Eqn 6.5. Much more researcheguired to calibrate the
strength of RPC beams in combined shear and torsitve procedure adopted here is consistent

with the procedure taken in AS3600 and is considleoéde adequate.
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8. CRACK CONTROL IN FLEXURE AT SERVICE LOADS

8.1  Non-Prestressed Elements

Flexural cracking may be deemed to be controliednder the short-term service loads
the resulting maximum tensile stres€actal does not exceed 6.0 MPa.

If flexural cracking does occur under short-ternve® loads, the cracks may be deemed
to be controlled if the design crack width at tix&re@me tensile fibre is less than 0.3mm. In the
case of a cross-section not containing any bondedons in the tensile zone, the design crack

width, w, at the extreme tensile fibre of the section mayaixen as

w = 15D(¢, - 0.00016 (8.1)

where ¢, is the concrete strain at the extreme tensileefitalculated from a cracked section

analysis.

8.2 Prestressed Elements

For sections containing bonded tendons in the leermine, flexural cracking may be
deemed to be controlled if, under short-term serloads, the resulting maximum tensile stress in
the concrete does not exceed 8.0 MPa, or if thessis exceeded, by

€) providing bonded reinforcement or tendons neatehsile face; and

(b)  the increment in steel stress near the tensionigdess than 200 MPa, as the load

is increased from its value when the extreme cdedsnsile fibre is at zero stress

to the short-term service load value.
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9. DEFLECTION AT SERVICE LOADS

9.1 Short-term deflection

Most RPC prestressed beams will be uncracked uselefice loads. The short-term
deflection of uncracked beams may be calculategnaisg an elastic modulus of 50000 MPa and
the second moment of area of the gross section #fs®eentroidal axis.

If cracking occurs under service loads, the instagbus curvatures, , at a cracked cross-

section may be calculated assuming the stresbdistm shown in Figure 11.
The short-term deflection may then be obtainednivggrating the curvature at selected

cross-sections along the beam.

50000&,

C
4—
dn = k,d
N_ J( ______ ] d
— TC
o0 /o L, T
| | O Tp

Section Strain Stress (MPa)

Figurell Stress and strain on a cracked section

9.2 Long-term deflection:

A reliable estimate of long-term deflection may bketained by integrating the final
curvatures obtained from time analyses of thecalittcross-sections, using the well established
age-adjusted effective modulus method (see Se8tim Gilbert and Mickleborough, 1990).

For elements not subjected to initial heat treatménis suggested that a final creep
coefficient in the range 1.2 — 1.8, an aging ceedfit of 0.8 and a final shrinkage strain of -
0.0005 be used in the analyses. For members sedjéx initial heat treatment, a final creep

coefficient in the range 0.3 - 0.5, an aging caedfit of 0.8 and a final shrinkage strain of -0.000
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should be used in the analyses. It should be rdraeed that an endogenous shrinkage strain of
about -0.0005 occurs during the heat treatmentgs@n the first 48 hours).
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10. RESISTANCE TO FIRE

The fire resistance obDuctal is currently the subject of research and no caivtu
recommendations can be made. Some RPC mixes @NRa compressive strength, showed
spalling at 500C. Mix design is critical in achieving enhancedrfpemance under fire
conditions. A mix of steel and synthetic fibres lieen shown to alleviate some of the problems
by providing voids in the RPC which reduce the duwip of internal pressure during exposure to
fire.

However, in applications such as bridge beams aanddbarriers this is not considered to
be a problem. For building structures, the resiato fire is more important and consideration

should be given to the inclusion of synthetic fone the mix.

11. FATIGUE
Fatigue tests carried out on DUCTAL specimens mdichat RPC has a superior fatigue
performance than normal strength concrete, highfopmeance concrete and conventional

reinforced concrete, as shown in Figure 12.

1.1

Rate of Loading
0.9

0.7

0.5
L L L L L LN ey
1E00 1E01 1E02 1EO03 1E04 1EO05 1E06 1E07
Number of cycles

Figure 12 S-N curves (Behloul, 1999).
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12. LOSSES OF PRESTRESS

12.1 Instantaneous losses:
When the prestress is transferred to the condmete pretensioned beam, instantaneous
losses of prestress occur due to elastic shortenliige change in strain in the prestressing steel

Ag, caused by elastic shortening of the RPC is equahe strain in the concrete at the steel

level, €., and hence

cp!?

£ =—2=Ag, =—2" (12.1)

E
Ao :?"a (12.2)

where o is the concrete stress at the steel level immdgliafter transfer.
If endogenous shrinkagés,, takes place between pouring the RPC and tranafer,

additional loss of prestress will occur before sfanand may be taken &) = ¢ E .

12.2 Time-dependent losses:

Time-dependent losses of prestress will occur tluecreep, shrinkage and
relaxation of the steel tendons. A reliable estaraf these losses can be obtained from a time
analysis of the cross-sections under considerasorg the well established age-adjusted effective
modulus method (see Section 3.6 in reference ®é@iand Mickleborough, 1990)).

The procedures specified in AS3600 for calculathmg loss of prestress due to creep and
shrinkage of the concrete overestimate lossesheg do not account for the reduction in
compressive strains induced in the concrete astbel level as the time-dependent losses take
place. At best they provide an upper estimat@sdds (and for this reason only they are outlined
below), but generally they are misleading and shool be used.

AS3600 suggests that for a section containing meprestressed reinforcement the loss of

prestress due to shrinkage may be takedag = ¢,,E and the loss of prestress due to creep
may be taken aAo, =(0./E;) ¢ E,, whereo_ is the concrete stress at the tendon level due to

the initial prestres®; and the permanent part of the applied load (inotydelf-weight).
A further loss of prestress occurs with time dueetaxation of the tendons (resulting from
tensile creep in the highly stressed steel). Itemsonable to assume that for low relaxation

strands, the loss of prestress due to relaxatibetiseen 2.5 and 3% of the initial prestress.



27

13. ANCHORAGE ZONES

The anchorage zone is the zone between the loadedf the beam and the cross-section
at which a linear distribution of stress due tospiess is achieved. For post-tensioned members,
the prestress is applied through anchorage or rigpgiates at the loaded face. In the case of
pretensioned members, the prestress is applied gratally due to bond between the tendon
and the concrete over a distance along the preteitendon known as ti@nsmission length,

/..

The transmission length is considerably shorterRIRC beams than in conventional
concrete beams because the bond conditions bettheetendons and the RPC containing steel
fibres are more favourable. FDuctal beams, the transmission length of strand is inrdmge
20d, to 40y, whered, is the diameter of the pretensioned strand. Wiesmngning the anchorage
zone, it is recommended that the lower end of tluigje be selected as the length over which the
concentrated prestressing force is transferretl@aconcrete. This is conservative and will result
in the largest transverse tension within the aredp@rzone. However, when checking the stresses
on a cross-section near to the end of a beam on einecking the shear strength of such a section,
it is conservative to adopt a transmission lenggker to the upper end of the range.

For the analysis and design of the anchorage abigesufficient to adopt a strut and tie
model which appropriately identifies the primargvil of forces in the anchorage zone (Marti and
Rogowski, 1991). If primary tension tie forces d@oebe resisted by thBuctal without the
assistance of transverse reinforcement, it is recentded that the dimensions of the section be
selected such that the average tensile streseiRBC tie should not exceed 5.0 MPa and the
maximum tensile stress in the RPC should not ex8e&MPa.

Some typical strut and tie models that may be usethchorage zone design are shown in
Figure 13. The internal forces are obtained rgadiing the principles of statics.

In the case of the concentrically placed tendorSigifire 13a, the average tensile stress in

concrete resisting the tension foilcamay be taken ag,, =T, /(b, /s , Whereb,, is the width of

the tie, and may be taken as the effective widtthefconcrete web at the level of the tendon, and

/.5 is the tie dimension in the direction of the temdand may be taken as dgOor 0.3D,

whichever is the greater. For the case of therddcdendon in Figure 13b, the tension tie force
Ts is resisted by a triangular distribution of tragi®e tensile stresses, with the maximum
transverse tensile stress occurring at the enddbitee beam and given by, =T,/(05b, /5 . )

max
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Figure 13 Typical strut and tie models for the anchorageszon
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APPENDIX A - TECHNICAL CHARACTERISTICSOF DUCTAL

DUCTAL is a Reactive Powder Concrete containingldtbees. Its characteristics are summarised below

1. STRENGTH CHARACTERISTICS: 7. CURING:
Compressive strength: 180 - 230 MPa Normalhguait 20C produces the following:
Flexural strength: 40 - 50 MPa 24 hreraiftitial set: fc > 100 MPa
Elastic modulus (E): 50 - 60 MPa at28 days: fc > 180 MPa
Total fracture energy: 20000 - 30000 3/m Thermal treatment of 9C applied after final set
Elastic fracture energy: 20 - 30%9/m produces 230 MPa in 4 days.
2. RHEOLOGY: 8. MOULDING/COLOUR CHARACTERISCTE:
Fluid to self-compacting: The fineness of theerat and the fluidity of
Flow (Abrams cone): 50-70cm mmseres a high ability to replicate the micro-
Flow (ASTM Shock table): 250 cm textofehe form surface. The colour of the

material varies from light grey to black.
3. DURABILITY:

Chloride ion diffusion (C): 0.2 x 10" m?/s 9. PRESTRESSING:

Carbonation penetration depth: < 0.5 mm Digctabchanical properties are further

Freeze/thaw (after 300 cycles): 100 % hamced by prestressing (either pre- or post-

Salt-scaling (loss of residue): <10 g/m tensioning) and the inclusion of bonded tendons.

Abrasion(rel. vol. loss index): 1.2 Theratsneed to include passive reinforcing
bars.

4. OTHER PROPERTIES

Density: 2.45 - 2,55 tfin Performancein flexure

Entrapped air content: 2-4% N (without reinforcing stedl)

Capillary porosity (>10m): <1% —  Ductal
Total porosity: 2-6% | ! T =-== HPC (80)
Shrinkage: 0.0005 Load

(post heat treatment - 0.00001)
Creep coefficient:

Without heat treatment: 1.2-1.8

With heat treatment: 0.2-0.5

5. BATCHING AND PLACING: ’

Ductal can be mixed in a normal industrial concrete

v

mixer. The use of a Pre-mix simplifies the batghin Deflectimm)

sequence and shortens the mixing time.
Ductal is adaptable to any placing technique: gast-

place, pumping, injection, extrusion.
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APPENDIX B - FLEXURAL BEHAVIOUR

The moment-curvature relationship for a crossigectmay be determined from first
principles by enforcing the requirements of streampatibility, equilibrium and the stress-strain
relationships for the materials. The stress-straiztionships adopted here are as follows:

(1) for RPC in compression - Figure 2;

(i) for RPC in tension - Figure 5; and

(i)  for prestressing steel in tension - an elastictigaglationship with an
initial elastic modulus of 200000 MPa and a yidleéss of 1800 MPa.

Consider the singly-reinforced rectangular crosgise shown in Figure B.1la. The strain
distribution when the applied moment is zero isvaman Figure B.1b. When a momeM; is
applied to the cross-section, the strain distrdoutthanges from that in Figure B.1b to that in
Figure B.1c. The top fibre stralg and the depth to the neutral agisdepend on the magnitude
of M.

The stress distribution in the RPC dependsgpandd,, with typical distributions shown
in Figure B.1d. The strain in the prestressinglsihenM = 0 is &e = PJ/AE, , wherePe is the
effective prestresshy, is the area of the prestressing steel Bpds its elastic modulus. The
change in strain in the prestressing steel as tmantM; is applied is equal to the change in
strain at the level of the bonded tendon, &gl + &: (Where&.e and&y, are defined in Figures B.1b
and c, respectively.

To obtain a point on the moment-curvature curvetfi@ cross-section, an appropriate
value of & is first selected. A search is then undertakeddtermine the value af, which
satisfies horizontal equilibrium. That is, the sofmthe compressive forces on the cross-section
(the volume of the compressive stress block) eqtedssum of the tensile forces on the cross-
section (the volume of the tensile stress blockhenRPC plus the tensile force in the prestressing
steel, if any). When the correct valuedyfis determined, the momeM corresponding to the
current value ofg, is obtained by taking moments of the compressiwe tansile forces on the
cross-section about any convenient point. Theespnding curvature is the slope of the strain
diagram,k = &/d,. By incrementing the value & and repeating the above procedure, the

moment-curvature relationship can be readily ggedra
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(d) Stress distributions under increasing vabfespplied moment.

FigureB.1  Stress and strain distributions on a rectanguletisein pure bending.

ExampleB.1 Non-prestressed, rectangular section
Data: b =200 mm;D = 400 mm; f; =200 MPa; f_= 8 MPa.

Prior tocracking:  1g=bD%12 = 1066.7 x 10mm*; Z =bD%6 = 5.333 x 1OmnT .
The cracking momeni. = f,Z = 42.67 kNm and the corresponding

curvature isk = M, /Eclg = 0.8 x 1 mm™* = &/d, = 0.00016 / 200 .

Post-cracking: Values of momentl\]), curvature £), bottom fibre straing,),
and neutral axis depthl{ corresponding to various values of top fibre
strain ) are presented in Table B.1 and the full plot ohment

versus curvature is shown in Figure B.2.
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Sample calculations:

Sample calculations are provided for the edsen the extreme fibre straig = - 0.0004.

* Provideds < &, (= 0.004 in this case), the stress distributioasishown below.

b = 200 & = -.0004 g, = -.0004 x E=-20 MPa
d] / d / e _C
D = 400, 0.0001 /] | X / — 1
—
% T
& - 5.0 M
Section Strain Stress

* From strain compatibility,

X1 =.0001d,/.0004 = 0.25l, and % =D - 1.25d,.
» Calculating the volumes of the compressive andleessess blocks give
C =0.50,d,b=0.5x-20 xd, x 200 = -200@,

T1=050,X:b=0.5%x5.0x0.2%8,x 200 =125,
T,=5.0 %b=5.0x (400 - 1.28,) x 200 = 400000 - 1254},
» Equilibrium requires that
C+T1+T,=0 [0 -2000d, + 125d, + 400000 - 1250, =0
and solving gives d, =128.0 mm
* Substituting gives: C =-256000 Nj ¥ 16000 N; T = 240000 N; X = 32 mm;
X2 =240 mm,; andy, = -& (D- dn)/d, = 0.00085 (<&, [ ok)
» The force C is located/3 = 42.67 mm below the top fibre.
The force T is located d, + 2 X;/3) = 149.33 mm below the top fibre.
The force T is located D - X»/2) = 280.0 mm below the top fibre.
» Taking moments about the top fibre gives
M=T; (dn+ 2 X/3) + T, (D - Xz/2) + Cdr/3
= 16000 x 149.3 +240000 x 280 - 256000 x 42.6BF x 16 Nmm
= 58.7 kNm
« The curvature is:k = -&/d, = 0.0004/128 = 3.125 x FqmmY).
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TableB.1
&x 10° dn (Mm) & x 10° M (kNm) kX 10° (mm™)
-186 181.9 223 42.7 1.023
-200 177.8 250 44.4 1.125
-250 163.3 363 49.5 1.531
-300 150.0 500 53.3 2.000
~400 128.0 850 58.7 3.125
-500 111.1 1300 62.2 4.500
-600 98.0 1850 64.8 6.125
~700 87.5 2500 66.7 8.000
-800 79.0 3250 68.2 10.13
-900 72.0 4101 69.3 12.50
-1000 64.9 5163 67.9 15.41
-1100 56.3 6714 61.3 19.53
1170 46.6 8875 48.1 25.11
80 . . , : : :
! Mpa= 69.3 kN
70 e e i : e e
60 | . e S e B S A
Moment
(kNm) 50
40 fi-------o- enR BT A A e
i i Wﬁen & =E&ip =CI).OO4: i i
30 i i M, = 69.2 kKNm i i
| | d, =238.4 mm | i
20 - ---------- -------- k, = 0.305 < 0.4 ---------- ----------
of b
0 ' ' ! I : :
0 4 8 12 16 20 24

Curvature x 16 (mmi?)

FigureB.2 Moment versus curvature for non-prestressed, uioreed section.
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Example B.2 Prestressed, rectangular sections (effect of varying Ap)
Data: b =200 mm;D = 400 mm;d, = 300 mm;f, = 200 MPa;f; =8 MPa.

Variables.  Four cross-sections to be considered:
()  A,=250mm and P.=315kN PJA,= 1260 MPa = 0.7,);
(i) A, =500 mmM and Pe= 630 kN PJA, = 1260 MPa = 0.T,,);
(i)  A,=750 mmM and Pe= 945 kN PJA, = 1260 MPa = 0.%,,); and
(iv) A, =1000 mri and Pe= 1260 kN P4JA, = 1260 MPa = 0.T,,).

Comments. These four sections range from heavily prestres&elction iv) to lightly
prestressed (Section i). The moment and curvatomeesponding to various values of top fibre
strain are presented in Table B.2 and the momanttwre plots are shown in Figure B.3. Note
the decrease in ductility with increasidg . Also note that a reasonable estimateVigfis

obtained by takings, = -0.0035.

Sample Calculations:
Sample calculations are provided for the sectioer@h, = 500 mni and Pe = 630 kN (Section
i) and when the extreme fibre compressive straig, i= -0.0035. (This is the top fibre strain

assumed at the ultimate limit state).

* Providedg > &, (= 0.01 in this case), the stress distributioassshown below. It is
assumed initially (and subsequently checked) thatprestressing steel is at yield (ie.
& > 0.009). Note that 0.85 /E; = 0.0034

b =200mm & =-.0035 | 0.88. = 170 MPa

of [/ x4 /4_02 c,
X —4-34% - | T

2X i} — 3
X

300,

Section Strain Stress
* From strain compatibility,
X1=d/35; X;=39dy/35;and X% =60d/35.
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» Calculating the volumes of the compressive andleesgess blocks give
C, =0.85f, (d/35)b=170 x @/35) x 200 = -9714d,

C. = 0.5x 0.85/ (34d,/35)b = 0.5 x 170 X (34,/35) x 200 = -16514.8,

T1=0.5x5.0Xb=0.5x5.0xd/35) x 200 = 14.&,
T,=5.0 %b=5.0x(39,/35) x 200 = 111484
T3=0.5x5.0%b=0.5x5.0x (66,/35) x 200 = 8574,

Tp = A, fou =500 x 1800 = 900 000 N
» Equilibrium requires that
Ci+C+Ti+T,+T3+T,=0
0 (-971.4 -16514.3 + 14.3 + 1114.3 +8571 )+ 900000 =0
and solving gives d, =58.07 mm
* Substituting gives: €= -56406 N; G=-958894; T =830 N; L, = 64701 N; § =
49769; T, = 900000 N; X = 1.659 mm; X=64.70 mm; and X=99.539 mm.
Also & =.0035(300-58.07)/58.07 = 0.0146 andgse> & = 0.009.
In addition, & = .0035D- d,)/d, = 0.0206 >> 0.01
[0 The initial assumption are satisfied.
» Taking moments about the top fibre gives
M =Ty (dn + 2 X/3) + T2 (dn + X1 + Xof2) + T3 (dn + Xg + Xz + X3/3)
Tody + C X4/2 + G (X1 + 34X/3)
= 264.2 kNm
« The curvature is:k = -&/d, = 0.0035/58.07 = 60.28 x 2qmm*Y).



37

TableB.2
A,=250mm* and P.=315kN A,=500mm* and P.=630kN
& X d, & X & M | kx10°| gx d, & X & M | xkx10°
10® | (mm) | 10° kNm | mm?* | 10® | (mm) | 10° KNm | mm*
39.4 -197 .0063 0 -0.591 78.8 -394 .0063 0 -1.18
-322 267.2 160 .0065 96.64F 1.205 -489 30143 160 0660 | 152.2* 1.622
-350 250.7 208 .0065 99.7( 1.396 -500 2941 180 6600 153.1 1.700
-500 203.8 481 .0067 120.3 2.453 -600 261.2 319 6700 171.6 2.297
-750 157.0 1161 .0071 142.Q 4.778 -800 215.1 687 0690 198.9 3.719
-1000 130.1 2074 .0077| 158.6 7.684 -1000 185.1 11/61.0072 219.9 5.403
-1250 113.2 3168 .0085) 173.9 11.05 -1250 160.1 1874.0077 242.8 7.809
-1400 105.8 3894 .0090 182.4 13.24 -1500 143.2 2690.0082 264.4 10.48
-1450 102.6 4205 .0092 178.4 14.14 -17%0 131.2 3586.0088 285.5 13.34
-1500 99.42 4535 .0095, 172.Q 15.09 -1850 126.5 4000.0091 292.2 14.62
-1750 84.24 6560 .0109 157.4 20.79 -2000 117.6 4801.0097 280.0 17.00
-2000 68.90 9611 .0131 162.6 29.09 -225%0 104.1 6393.0108 272.7 21.61
-2250 55.14 14072 .0160 148.4 40.81 -2500 91.78 6839 .0123 276.3 27.24
-2500 46.30 19100 .0201 140.9 54.0( -2750 8020 6009 .0141 278.9 34.29
-3000 35.48 30822 .0288 135. 84.54 -3000 7006 1a39p .0160 271.0 42.28
-3400 30.09 41801 .0369 133. 113.( -3500 58,07 0@0p .0210 264.2 60.28
-3500 29.03 44700 .0391 133.4 120.4 -4000 5053 0@7y .0260 261.6 79.17
-4000 25.26 59300 .0499 132.9 158.3 -5000 45019 0@98 .0350 258.7 110.6
-7000 51.53 47300 .0403 250.0 135.4
A,=750mm* and P, =945kN A,=1000mm* and P, = 1260 kN
& X dn & X & M | kx10°| &x d, & X & M | kx10°
10® | (mm) | 10° KkNm | mm?* | 10® | (mm) | 10°® KNm | mm?*
118.1 -591 .0063 0 -1.772 157.% -788 .0063 0 6-2.3
-660 322.0 160 .0067 209.4¢ 2.05 -836 335/8 160 060 268.1* 2.49
-750 292.7 274 .0067 227.1 2.56 -850 330/5 179 8006 270.3 2.57
-1000 238.9 674 .0069 267.( 4.19 -10Q90 293.4 364 0690 301.5 3.41
-1250 204.9 1190 .0073 298.( 6.10 -1250 249.7 7%2 0071 342.5 5.01
-1500 182.0 1797 .0077, 325.4 8.24 -1500 220.2 1225.0074 376.6 6.81
-1750 165.7 2476 .0081 351.4 10.54 -2000 183.6 2358.0081 437.1 10.90
-2000 153.6 3210 .0086 376.9 13.03 -225%0 171.7 2993.0085 466.1 13.11
-2200 145.6 3846 .0091 396.7 15.11 -2500 162.3 3661.0090 494.9 15.40
-2300 139.7 4284 .0094 400.( 16.44 -2600 156.9 4027.0092 499.8 16.57
-2400 134.2 4754 .0097| 388.6 17.89 -2800 146.3 4857.0098 493.3 19.14
-2500 128.9 5256 .0100 385.7 19.39 -3000 136.6 5785.0104 492.0 21.96
-2750 116.8 6669 .0110 384.7 23.59 -3400 119.6 7976.0120 499.7 28.44
-3000 105.8 8342 .0120 390.4 28.34 -3500 115.8 8592.0124 503.1 30.23
-3400 90.27 11670 .0146| 393. 37.67 -3750 107.6 9401 .0136 510.6 34.86
-3500 87.10 12574 .0153 391.9 40.14 -4000 101.1 3318 .0147 506.5 39.58
-4000 75.79 17111 .0185| 386.2 52.79 -4500 938 944y .0168 500.4 48.24
-6000 69.48 28540 .0266 371. 86.34 -5000 90.37 3Qa7l .0185 494.6 55.32
-7000 77.30 29250 360.1 90.56 -7000 103.1 20167 2020| 460.2 67.90

* The cracking moment applied to the uncrackess-section.
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Moment versus curvature for prestressed, rectangekctions



39
Example B.3 Prestressed, rectangular sections (effect of varying Pe)

Data: b = 200 mm;D = 400 mm;d, = 300 mm;f/= 200 MPa; f/= 8 MPa#, = 750 mm.

Three levels of prestressing force are considereld:= 0, 472.5 kN and 945 kN

Comments:. WhenP; = 0, the section is reinforced with unstressedides. WherP; = 945
kN, the section is fully-prestressed with an inipeestress of 0.%,,. The moment and curvature
corresponding to various values of top fibre straia presented in Table B.3 and the moment
curvature plots are shown in Figure B.4.

Note that the level of prestress has little effatthe ultimate strength of the section, but a
very significant effect on the cracking moment émel post-cracking stiffness of the section, ie. a

very significant effect on the behaviour under gmroads.

Moment
(kNm) / g = -0.0035
400 = .
~ g, = -0.0035 \
300
P,=0
200
P, shown in kN
100 /
0 20 40 60 80 100

Curvature x 16 (mm?)

FigureB.4 Moment versus curvature for prestressed, rectangektions
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TableB.3
A,=750 mm* and P;=0kN A,=750mm* and P;=472.5kN
& X d, & X & M | kx10°| gx d, & X & M | xkx10°
10° | (mm) | 10° kNm | mm* | 10° | (mm) | 10° kNm | mm*
-166 203.6 160 .0000§ 44.63F 0.815 59 -29p .00315 0 -0.886
-200 186.0 230 .00012 46.62 1.074 -418 288.3 160 27.0r 1.433
-500 136.8 969 .0006 80.34 3.670 -500 254.7 285 34B0] 141.7 1.963
-1000 109.4 2658 .0017| 131.9 9.144 -1000 168.7 137200414 203.0 5.93
-1500 99.69 4519 .0030 172.4 15.05 -1500 137.2 287400514 254.1 10.94
-2000 93.82 6527 .0044] 211.5 21.30 -175%0 128.3 370500570 279.7 13.64
-2500 89.77 8639 .0059 271.% 27.89 -2000 121.7 4575.0063 293.1 16.44
-2800 87.94 9937 .0067| 312.( 31.84 -2500 111.9 6441.0076 331.2 22.35
-3500 85.28 12916 .0088 384. 41.04 -3000 105.0 8842 .0089 387.9 28.57
-3750 80.68 14843 .0102 388.% 46.48 -3400 9027 611p .0112 393.8 37.67
-4000 75.79 17111 .0118 386.2 52.7§ -3500 87[l10 742p .0119 391.8 40.19
-5000 67.78 24506 .0171] 379.% 73.71 -4000 7579 1171 .0152 386.1 52.78
-6000 69.48 28543 .0199 371. 86.3¢ -5000 6778 0@4p .0205 379.5 73.77
-7000 77.30 29223 .0201 360.1 90.5¢ -6000 6948 428b .0233 371.8 86.36

A,=750 mm* and P;=945kN

& X dn & X & M | kx10°

10° | (mm) | 10° kKNm | mm®*

118.1 -591 .0063 0 -1.772
-660 322.0 160 .0067 209.4¢ 2.05
-750 292.7 274 .0067 227.1 2.56
-1000 238.9 674 .0069 267.( 4.19
-1250 204.9 1190 .0073 298.( 6.10
-1500 182.0 1797 .0077| 325.4 8.24
-1750 165.7 2476 .0081 351.4 10.56
-2000 153.6 3210 .0086 376.9 13.02
-2200 145.6 3846 .0091 396.7 15.11
-2300 139.7 4284 .0094 400.( 16.46
-2400 134.2 4754 .0097| 388.6 17.88
-2500 128.9 5256 .0100 385.7 19.39
-2750 116.8 6669 .0110 384.7 23.55
-3000 105.8 8342 .0120, 390.7 28.34
-3400 90.27 11670 .0146| 393. 37.67
-3500 87.10 12574 .0153 391.9 40.19
-4000 75.79 17111 .0185| 386.2 52.78
-6000 69.48 28540 .0266| 371. 86.36
-7000 77.30 29250 360.1 90.56

*  The cracking moment applied to the uncrackess-section.
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APPENDIX C . DESIGN CALCULATIONS

EXAMPLE C.1
Simply-supported box girder bridge spanning 35 m designed to carry a HLP loading

spread over two traffic lanes. Each girder isf.%vide and carries 65% of the load from

a single traffic lane.
16 axles at 200 kN/axle

1. TrafficLoading: HLP Loading (over two lanes): TV TV VYV VYV Y Y Y Y Y

Design moments due to traffic load at midspan# Mmig = 17200 kKNm A
SLS =0.5x 1.1 x0.65x 17200 = 6150 KNm 1600 kN 1600 kN
ULS = 1.5 x 6150 = 9225 kNm 4m| 27m ‘ 4m

| |

2. Material properties:
At transfer: f,, = 100 MPa;Ec, = 40000 MPa; and; =5 MPa.

After 28 days: f. =180 MPaE; = 50000 MPa; and’; = 8 MPa.

For long-term analysis take = 1.2 and &* = -0.0005.
1/12.7 mm dia strand = 100 rind/15.2 mm dia strand = 143 rrfi,, = 1820 MPa.

3. Cross-section: L 2400 L
Transformed properties at transfeéﬁapl1 ! 80
A = 605970 mr; R e e e T
| = 213170 x 1Omn; 640.6 \150 wide x 230 deep ribs Jaff 1000 mm|ctrs
Z: = 332.8 x 16 mnt; B 2 e I A A 1270
Z, = 248.0 x 16mn?; 859.4
Ap1 = Ap, =5/12.7 mm dia strands 70

=5 x 100 = 500 mm L Aps(EiiE i 1507
dp1 =35 mm ;g1 = -605.6 mm PO
dp2 = 165 mm g2 = -475.6 mm 300 100 500 100 300
Pi1 =P, =5x 137 =685 kN; Initial prestress/stranctaftansfer
Apz = 44/15.2 mm dia strands (assuming 6% elakbctening losses)
=44 x 143 = 6292 mfn for 12.7 & 15.2 mm dia , respectively:
dpz = 1425 mm pyz = 784.4 mm; P; =100 x 0.8 x 1820 x 0.94 = 137 kN
Pis =44 x 196 = 8624 kN. Pi =143 x 0.8 x 1820 x 0.94 = 196 kN.

Self-weight of girder = 14.71 kKN/m.
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4. Extremefibrestressesat transfer:
Pir =Pi2 = 685 KN;€y1 = -605.6 mmp,, = -475.6 mmPiz = 8624 kN;epz = 784.4 mm.
At support:
_ _(685+685+8624 x10° N (685—6056— 4756) +8624x 784.4) x10°
op 605970 332.8x10°
=-1649+1810=+161MPa

, - _(685+685+8624x10° _ (685-6056-4756) +8624x7844) x10’
bot 60597( 24€.0x10°
= -1649-2429=-4078MPa

At midspan:
Moment due to self-weight = 14.71 x*8%= 2252 kNm
6
0, = +441- 222210 __516mpa
332.8x1C
6
Opor = —40.78+£x106 =-31.70MPa.
24€.0x10

Note that the maximum compressive stress at traisfess than 0.6,,= 60 MPa and the

maximum tensile stress is less than 5 MPa.

5. Deflection at transfer:

The curvature at the supportg)(and at midsparkf,) immediately after transfer are

-(0,, -0 -
Ks= ip ~ o) -7 (161%40.78) -0.707x10° mm*
E.D 400001500

-(0,, -0 —(-
Ky = iop ~ o) - Z(£516+3170) _ -0.442x10° mm*
E.D 40000x1500

and the deflection at midspan is

A = 35000

(-0.707+10% -0.442- 0.707) = =744mm ( 1 )

6. Long-term analysis under sustained loads:
* The sustained load is taken to be self-weight +kBlLON = 17.71 kN/m.
« The moment at midspan due to sustained loMijs 17.71 x 35/8= 2712 kNm.

* The age-adjusted effective modulus method is usedetermine time-dependent
behaviour. Takinge. = 40000 MPa (as most of the sustained load is eqbpdit
transfer, ie. prestress and self-weighg#),= 1.2, x = 0.8, & = -0.0005 and 2.5%
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relaxation in the strand, the instantaneous aral fitresses and strains at the sections

at midspan and at the supports are shown below.
Opy = 1335
4 -7.14 Opr* = 1154

(11, —P0,,= 1324
0,2* = 1139
= 1227
Ops* = 996
746 -1746 -21.77 -29.84
Section Strain x 30 Stress (MPa)
Att=0: k; = -0.388 x 16 mm’*
At timeo: K =-0.571 x 16 mn?
Section at midspan
Op1i = 1373
+40 -459 +1.61 +0.64 Opr* = 1235
N [ N —»0,,= 1355
\\ timeoo Op2* = 1204
e
Opai = 1177
. pdt = 901
10192268 31.09 2078

Section Strain x 30 Stress (MPa)
Att=0: k; = -0.706 x 1¢ mm*
At timeoo; K =-1.206 x 16 mm’*

Section at support

7. Final deflection under sustained loads:
The final deflection at midspan under the sustaload after creep and shrinkage is

_ 35000
96

Note: From a time analysis, the final curvaturéhatsupport is —1.21 x famm™.

A (-121+10x-0571- 121) =-1037mm ( 1 )

As calculated at step5, the deflection at midspamediately after transfer is 74.4

mm(t ). This upward deflection decreases when the axhditisuperimposed dead load is
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applied and then gradually increases with time foal value of 103.7 mn(t .) Any

traffic load will reduce this upward camber.

8. Lossesof prestressat midspan:

From the results of the time analysis presentestep 6:

Prior to transfer: Op1 = Op2 = 0p3 = 1371 MPa.

After transfer: Op1 = 1335 MPa (2.6% immediate losses)
Op2 = 1324 MPa. (3.4% immediate losses)
Op3 = 1227 MPa. (10.5% immediate losses)

After time-dependent lossesy: = 1154 MPa (15.8% total losses) and
Op2 = 1139 MPa (16.9% total losses)
Op3= 996 MPa (27.4% total losses).

9. Stresses (after all losses) and deflection due full traffic load:
Midspan moment due to HLP loading (serviceabiiiyitl state) is M = 6150 KNm.

Extreme fibre stresses at midspan:

6
0, =-714- 212010 _ o5 6oMPa
3328x10
6
Gy, = 2177+ 220 5h3mPa <t (= 8 MPa).

24€.0x1C
Cracking is not likely under full service loads.

The curvature at midspan caused by the HLP loaditigerefore

M _ 6150x10°

K=—2= ~=0577x10"° mm*
E.l 50000x213170<10

and the corresponding instantaneous deflection is

_ 35000

A x0.577x10° =736mm (I )= Span/475.

The nett midspan deflection under the full in-seeviHLP loading after all losses is

upward and equal to -103.7 + 73.6 =-30.1 ftm. )

10. Flexural strength (ultimate limit state):
For D = 1500 mm,&p, = 0.0015 and &, = 0.007. By equating the compressive and

tensile forces of the cross-section at ultimate vhlue ofd, is found to be 62.97 mm.
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0.8 = 153 MPa

7;1 flange
ﬁL
‘/ b =2400 mm

80 An

b= 5x80+2x70=540 mmn

Aoz ob
T T T
Apz > T

For horizontal equilibrium, the value df is 62.97 mm and therefore

C1=7.92 x 153 x 2400 x 10 = 2907 kN
C, = 0.5 x 55.05 x 153 x 2400 x 0 = 10107 kN

SC  =13014 kN
T:=0.5x5.0 x 1.799 x 2400 x 0 =  11kN
T,=5.0x 15.23 x 2400 x 10+5.0 x 9.95x 540 x 1 = 210kN
T3=0.5x 5.0 x 98.95 x 540 x T0 = 134 kN

&u = -0.0035 x (62.97-35)/62.97 = -0.0015%5; = -7.48/50000 = -0.000150;
Spe1 = Gper/Ep = 1154/2x16 = 0.005770
0 &, = .005770 - .001555 +.000150 = 0.004365 and & E, = 873 MPa.

& >> &y (= 0.009) and hencegy, = f,y = 1800 MPa. Therefore,

Tp1 = 500 x 870 x 18 437 kN
Tp2 =500 x 1800 x 16 900 kN
Tp2 = 6292 x 1800 x 19 = 11326 kN
ST =13018kN =3C O ok

Taking moments of these internal forces about dipefibre gives the ultimate strength of

the section:

My =[11326 x 1425 + 900 x 165 + 437 x 35 + 11 x 6412710 x 74.0
+ 134 x 122.9 - 2907 x 3.96 - 10107 x 26.27] ¥10
= 16050 kNm
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and thedesign ultimate momerg @M, = 0.8 x 16050 = 12840 KNm.

Thedesign momerfor the strength limit state is
M* =1.25 x 2712 + 9225 = 12615 kNm  ¢M,

Therefore, the section has adequate flexural snesugd sinced, << 0.4 the section is
ductile. In this case, the resultant of the tenkirces located in the tension zone (ie. the

resultant of T, T, Ts, Tpo and Tpa) is located atl = 1295 mm below the top fibre.

11. Shear strength (ultimate limit state):

The design ultimate shear forde taken to be the maximum shear force (factooedie
strength limit state) at a sectioh= 1295 mm from the support. Consider the follayvin
factored load case:

[ 1.5 x HLP Loading on girder = 57.78 KN/m

l l l l l l l 1.25 x (s.w + 3.0) = 22.14 KN/m
I T T T T T 2 T T
A : A
f% 1.295m
1288.1 kiN :'\ critical section for shear ‘ 046.9 kN
y 27m |
35m

At the critical section for sheav;* = 1259 kN (and the bending moment is 1650 kNm).

At the centroidal axis of the uncracked section:
Q = 2400 x 80 x 600.6 + 150 x 400 x 485.6 + 0.5 8.66x 140
+ 2000 (605.6 + 475.6) = 168.6 x*1@nT;
b =140 mm;| = 213170 x 1®mnt* and the shear stress caused/bys

L= V*Q _1250x 10° x1686x10°

= 711MPa
| b 213170x10° x140

From the final stress distribution after all lossg¢she section at the support (plotted in
Step 6), the effective prestressing force at etestl fevel after all losses are
P, =1235x500= 618kN; P, =1204x500=602kN; P, =901x6292=566%N

and the normal stress at the centroidal axigis —1355 MPa.

Equation (7.3) gives



47

o = -1255+\/(‘1255)2 + 717 = +305MPa < 5.0+0.131, (= 6.74 MPa)

In theweb just below thetop flange:
Q = 2400 x 80 x 600.6 + 2000 x 605.6 = 116.5 % rhor®

and the shear stress caused/bys

_1259%x10° x1165x10°
21317(x10° x14C
The normal stress is obtained from the final strdissribution after all losses at the

= 492MPa.

support (plotted in Step 6) and is equal to
o =-105 MPa.
From Equation (7.3),

o, = 205+\/(‘ 205)2 +492° =+442MPa < 5.0+0.1Jf] (= 6.74 MPa).

Hence, the girder satisfies the shear strengtlydesguirements.

12. Design of Deck:

L oads: Dead load:  50mm bitumen seal = 1.0kPa
Self-weight:  80mm slab = 2.0kPa
150 x 80mm rib = 0.30 kN/m
150 x 140mm rib = 0.53 kKN/m
Wheel load: W7 (on 500mmx200mm area) = 70.0kN
Dynamic allowance (25%) =__ 17.5 kN

Total wheel load = 87.5KkN
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Deck Layout:

11590 15070 320, 90 032 90 320 | 90 320 |  THO V115
I 7 17 17 (R

ml 1] —3

--------- ¢ 150

____________________ -_—- -=4d

4 70 1 70/43@70 ~++ 70 4 70

longitudinal rib

transverse ribs at 1000 mm centres

Slab between longitudinal ribs:
- Clear span = 320 mm; slab thickness = 80mm.
- Ultimate flexural strength: For an unreinforced section 1000mm wide and
80mm deep,M, occurs when the bottom fibre straings, = &p = 0.0004 (see
Section 5.1 (Figure 9) and also Example B.1) andaisulated to beV, =
13.84 kKNm/m, withd, = 14.55 mm andd = 47.7 mm.
- Design for W7 whedl load (i) with 500 mm dimension of the contact area in

the direction of the span; and (ii) with 200 mm dimsion of the contact area in
the direction of the span.

® Moment resisting width of Wy =175kN/m + wy, = 1.4kN/m
Slab = 200 + 244 = 444 mm*,  FH———+
Maximum working moment (SLS)%L 0.32m '||'

max= 80% of simply-supported
clear span moment

= 0.8 MpL + M) =0.8 (0.02 + 2.24) = 1.81 kNm
With b = 444 mmD = 80 mmZ = bD?/6 = 0.474 x 1O6mn? and
Obot= Mma){Z = 3.82 MPa [0 Cracking will not occur.
Maximum ultimate moment (ULS):
M*=0.8 (1.2Mp, + 2.0M,) = 3.60 kNm

< ¢gM,;=0.7 x0.444 x 13.84 = 4.30 KNmO ok

(i) Taking moment resisting width +¢‘"'¢‘"'¢‘,'¢ Wy =437.5kN/m

of slab = 500+300 = 800mm & 4 W =3KN/m
Maximum moment (SLS): ) 0.2m
max= 0.8 Mpr + M) 1 0.32m |

= 0.8 (0.04 + 4.81) = 3.88 kNm
*  This width is selected to ensure that no crackirgimin the deck due to transverse bending.
With b = 800 mmD = 80 mm,Z = bD%6 = 0.853 x 10mn? and

Obot= Mma){Z = 4.55 MPa [ Cracking is unlikely (< 6.0 MPa).
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Maximum ultimate moment (ULS):
M* = 0.8 (1.2%p + 2.0M.) = 7.74 KNm
< ¢M, = 0.7 x (0.8 x 13.84) = 7.75 kNm 0 ok
Check beam shear dt= 47.7mm from support. From (ii) with wheel load
located 47.7mm from suppoi* = 95.0 kN;b = 800 mm;d = 47.7 mm and

hence

* 3 2
0, =1, = Q9O XBOAT 2 _ 55y 5, (5 040.18 1,)
b (800x8C° /12)x800

Check punching shear under wheel load:
V* =2.0x87.5=175.0 kN = 47.7 mm andi = 2(500+200+2x47.7) = 1591
mm. From Eqgn 6.8 and taking,= 0, ¢V/,0c = 265.6 kKN >V* [ ok.

Longitudinal pretensioned ribs:

Span = 1000 mmwp, = 1.53 kN/m. % 16% goJﬁ 16%

The load from one W7 wheel is 35} | o Z 80

assumed to be carried by 1.5 rib@({ \—\ o | %150

Max. +ve moment occurs with one \ ‘
79

W7 wheel load at midspan (200mm

contact in direction of span) and A= 44800 mrfy z = 69.97 mm;
= 70% of simply-supported moment. | =149.8 x 16 mnt*
Max. —ve moment with a W7 wheel load in each ofdtdmcent spans

= -65% of the simply-supported midspan moment.

+ Ve Mmax= 0.7 MpL + M) Wy =291.7kN/m
=0.7(019+13.13)  —Yvey
= 9.32 kNm. 1 oz2fy 1

Obot = Mmaxy/ | = +9.95 MPa y 1.0m 2

T 7
The minimum residual compression due &spess after all losses at the

bottom fibre of the rib (from the stresstdbution at the support in Step

6) is —4.23 MPa. Therefore, the maximunsilerstress in the bottom

fibre of the rib is —4.23 + 9.95 = 5.72 MR&.0 MPa. [ ok.
- Ve Mimax= - 0.65 MpL + ML) = - 8.65 KNm.
Oiop = Mmaxy/ | = +4.04 MPa. The maximum tension in the top fibceurs at
the support (see stress distribution in Step 6) agdals +1.61 MPa.
Therefore, the maximum tensile stress in the tbpefis +1.61 + 4.04 = 5.65
MPa < 6.0 MPa.l ok.
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- Atthe ULS, the design +ve momevit = 0.7 (1.2%p. + 2.0M,,) = 18.50
kNm. The ultimate moments for this pretensionédmi+ve and —ve
bending are calculated in accordance with Sectiancbare found to be
(My)+ve= 34.6 KNm andNly).ve= 36.4 kNm. The rib easily satisfies the

requirements for flexural strength.

Transver se post-tensioned ribs:

- Span = 1.62m; t 425 t 150ﬂb 425 d m
- Wp. = 3.01 kN/m (includes 117r z
longitudinal ribs). | 1/29mm stressbay (unbgnd 230
- The load from one W7 wheel -
is carried by one rib. W
Max. +ve moment occurs with A=101000 mf] Z = 63.91 mm;
one W7 wheel load at midspan | =302.0 x 16 mnt*

(500mm contact dimension in dirn of span) and exjd@Po of the simply-
supported midspan moment).

- After all losses, the prestressing force in theamued bar i¥e = 430 kN
atd, = 110 mm €, = 46.09 mm) and the extreme fibre stresses du e
Tiop = -(PA) + (Pep/Z) = -0.07 MPa anhe = -(PJ/A) - (Peey/Z) = -15.16
MPa.

- Serviceability Limit States:
+ ve Mpax = 0.8 Mp. + M) = 0.8 (0.99 + 29.97) = 24.77 KNm and the

resulting bottom fibre stress is

6
Gy = -1516+ 24T X0 X009 _ 5y yipy
302.0x10
- VeMmax= 0.7 MpL + M) = 21.67 kNm and the resulting top fibre stress
6
s 0, =007+ 220PA X3 _ |y 5oMpa < 6.oMPa. O ok.
302.0x10

The transverse rib will not crack under servicalka

- Ultimate Limit States:
+veM* =0.75 (1.2Mp, + 2.0M ) = 45.88 kNm. The ultimate strength of this
post-tensioned (but unreinforced) section in pesitbending isM, = 66.0
kNm and henceM, = 0.7 x 66.0 = 46.20 kKNm M* [ ok.
-veM* =0.75 (1.2Mp. + 2.0M() = 45.88 kNm. The ultimate strength of this
post-tensioned (but unreinforced) section in negabending isM, = 106.0
kKNm and hencegM, = 74.2 kNm >M* [ ok.
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- Check dry joint between girders:
Span = 0.78m. Maximum +ve moment at joint occuhenvone W7 wheel
load is applied at midspan directly over dry joint.
+ veMmax= 0.8 Mp. + M) = 0.8 (0.23 + 11.59) = 9.46 kNm and the resulting

top and bottom fibre concrete stresses are

6
Oy, = -1516+ 220107 X10609 _ 4555,
302.0x10
6
0, =007+ 2410 X639 _ 507 ppg
302.0x1C

Therefore, no tension will exist across ¢y joint under service loads.

13. Design of anchorage zone:
The stress resultant forces away from the ancharage (assuming prestressing forces at
transfer of 1370 kN in top strandsdyt= 100mm and 8624 kN in bottom strandsigt

100mm)) are as follows:

80 +1.61 -0.65 1 T
- N
N o I e o 150 AN -4.89

373.3

e

373.3

A

373.3
70

A
<

NI

80
Section Stresses (MPa) Force

T1=92.2 kN atdy; = 8.6mm; G = 224.4 kN atdc; = 174.1mm; @ = 531.3 kN atc; =
449.0mm; G = 1082.7 kN atlcz = 805.8mm; ¢ = 1634.1 kN atlc, = 1173.8mm; €=
3415.2 kN atlcs = 1385.3mm; €= 2220.4 kN atlcg = 1460.4mm.

Additional compressive forces representing the lokprestress (due to elastic
shortening) are located at the level of the toplasitom steel and are calculated @4 Jo
A, wheren is the modular ratio (£,/Ec = 5) ando is the stress in the concrete at the
steel level. These forces arg;€ 4.9 kN and G;= 973.0 kN.

The strut and tie model shown below is based @sstcontours obtained from an
elastic finite element model of the anchorage zame illustrates the flow of forces on an

elevation of the beam.
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150 900 top suefat dec
s 1 8.6 \
LZI.OO 13651 kN —> 92.2KkN -
-+ 74.1 g -225.2 — 2244kN " 655
274.8 ' - 8 kN -28.0kN 274.8
—— .6 kN <«— b531.3kN —
356.9 -248.9kN 356.9
Ts=799.1 kN =
T 10827kN |
368.0 O ; -536.9kN 368.0
1634.1 kN
- -« -
211.5 -80.8kN 211.5
ZZ 39.7 7651 > - D 3PN T 75.1
7 396 7 X i Y 7 VL s
Elevation bottom fibre of girder

The tieTs = 799.1 kN is located close to end face of the hewith tensile stresses varying
(approximately linearly) from a maximum at the dade to zero at about 400 mm in from
the end face, as shown. With a web width of 2 x=7040 mm, a linear elastic finite
element analysis predicts a maximum tensile stoésgbout 35 MPa at the end face.

AssumingTs is carried by a linearly varying stress actingroae area’ ;s X b, (With gmax
= 8 MPa) and/ . is taken as 3} = 450mm, the required web thickness is

T

oo T 7991x10°
Y 050

= =444mm
;s 05%x8x450

max

Increase the web thickness from 2 x 70mm to 2 x1#80n the anchorage zone (within
1m from the end face). Alternatively, introduc&@ mm thick diaphragm between the
webs and centred on the tension tie fofges indicated above.

A similar analysis is required to check the homtad flow of forces in the slab
base. A significant horizontal tension force exisithin the bottom flange at the end face
of the beam. Calculations show that an increagheobottom flange thickness to at least

250 mm is required within the anchorage zone.



