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PRESTRESSING: AN IDEA GENERATING AN OUTSANDING
ENHANCEMENT IN STRUCTURAL ENGINEERING
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THE STONE MATERIALS AND THEIR INTRINSIC
WEAKNESS
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| THE ARCH AND THE RESISTANCE DUE TO THE SHAPE

M=M,-Hy
MOH=_q
M=0 mmm)  Hy=M,

Hy"=-q
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THE STRUCTURAL FORMS AS A CONSEQUENCE OF THE
MeTERIAL BEHAVIOUR
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S O
N A “ENHANCED” STONE. REINFORCED CONCRETE AS AN EXPRESSION OF THE
STATICAL COLLABORATION OF NON-HOMOGENEOUS MATERIALS
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NAVIER DIAGRAM AND STRUCTURAL BEHAVIOUR
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M-N DIAGRAM FOR A
DO_UBLY SYMMETRICAL SECTION

The coordinates of the points ABCD (f . = | f¢|):

A, (N=f_A; M=0)

B, (N=0; M=_(f,-1,)

C, (N=f.A; M=0)
(

D, (N=0; M= f.f,)

c 'ct

fee <Ifel
A, (N=f_A; M=0)

 IN=D#1); M=e7)

B ct 'c ct'c
C’, (N=f. A; M=0)
D A

"2

' (N=S( ) M=2(1.£,)

POLITECNICO DI MILANO




SECTIONAL BEHAVIOUR IN THE SERVICE STAGE
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THE RECTANGULAR SECTION

|
® 1 1
IEMCt + 6 MC] M + M
—o— M, = =
h G a Q 1 2
@
[ fct
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M
_ ® M= bh?f /6
No tension
% . h? material
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BASIC FEATURES OF THE M-N DIAGRAM

A

NA = Afct NB = _Afc
MA=O MB=0
ea=0 eg =0

2

A
N¢ = E (_fCYi + fctleD
2

r
1 M¢ = T(fc + feo)

Af ¢
ec=¢eps| 1— N
\ (o}

( A
Np = H(_fcl}Isl + feeyi)

Ar?
Mp = _T(fc + fct)

Af ¢
ep = epi(1—
\ Np

Ys

Yi

Basic features of the M-N diagram:
Mc = [Mp|
Np =N¢  fory; = |yl

Kern eccentricities:

r? r?

€ns = y ©€ni

Vi lysl

Limiting eccentricities:
Af
ec=eps| 1— N, ;

For doubly symmetric

cross-sections:

y1 = lysl lens| = en;

N¢ = Np ec = €ep

For no tension material:

Yi
|ysl
€D = €qpj

ND=NC

€c = €ns

M

y
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THE BENDING SECTIONAL PERFORMANCE IN THE SERVICE
STf«GE

fr:t Teyp >4 | fo Osup = fCl M

6 Mmax(Ny)

Aep Mmax(N_Q)

[ |
fo __fr.t y! Mmin(N1)
@, ) AM(N
- - Mmax(N) AM(No)
Mmax(N) = ME(N) — Ne,, (1) e
I\"’Imin(N )
Mmin(N) = Mg(N) —Ne,  (2) e, Mmax(Ns)
-Nzep
For a prescribed eccentricity e, egs. Min(N5) AM(Ng)=AM(N)
(1), (2) represent the interaction | Mmax(N3) Nogp
diagrams connecting the maximum £
. Wi Mpin(N M&(N
and minimum external moment to the Mrin(Ns) — min{Ns) =)
applied axial load. In order to draw Na .
Wi, MR(Nz)
the interaction diagrams we have to '

analytically represent the sides of the

parallelogram AP,BP, in terms of

moment-axial load relationships.
AM(Nq) = AM(Ns) = AMppax = Wi(fe + fer)
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M-N AND AM-N INTERACTION DIAGRAMS

Mmax

‘ @ Ep = €
[
' [ Mmax

= W)
' B) =€ |
2)
3)

@ N\ = o

~‘ N

O\
BN\

/ Jl. NslB 1 I"""‘\‘Efl:t N
Wi
Mmax = N(en; — €p) + eniAfc  (Ng < N < Np) R
Mmax = N(ens — €p) — ensAfey (Ng <N < 0) AM = (eni — ens) (N + Af) (Ng <N < Np)
Mmin = N(ens — €p) + ensAf.  (Np < N < Ng) AM = —epg(Afee + Af) = Wi(fee +f) (Ng < N < Np)
Mpin = N(eni — €p) — eniAfee (Ng < N < 0) AM = (eps — eni) (N — Afcp) (Ns <N <0)
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e-v DIAGRAM

Iv‘min

(1) emax = eni (
(2) emax = €ns (1 - 15) Vq
(

(3) €min = €ns

k
4) emin=er1i(1_;) vg<v<0
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THE DESIGN OF A P.C SECTION

|
M
max
Ek
AM,
If AMj, < AM[ _
Ek
+ Np; <N < Np, AMP>
AM,
* €p1 <e< €po
min
Ek MO
If AM > AM@* —
Ek
* Increase W,,f.
« Add a bending moment M, to M&I" .
so that My + MR + AMM3X = My, N
: g

Aer<naX = W;(fe + fer)
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THE ALTERNATIVE APPROACH TO SECTIONAL DESIGN

Naming M,, N, the resisting moment and axial load, we
can write:

NO - N + Np

MO =M + Npep X <

The design action effects, M, N, become: Z/ .
N =N;—N, N™ W

M =M,— Nye, N,

V

The equilibrium must be satisfied with reference to a resisting domain translated
- :
by the vector P with components -N,, -N,e,. Referring to the case of a

compregsive force N,, with positive eccentricity e,, the two components of the

vector P are positive.
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THE MODIFIED INTERACTION DIAGRAM ]

|
INp| - [e9] _ o 'Mct/Ws
W ke
M Yo & N
i v a
M+IN | - [e&

BN -

e = ' =

B ,

H’ N,
? 3 — ) =f= &
H M }-N/e ot A
e 1 Vpep
D — & >N

=— P represent the geometrical locus of the vertexes
“~.of the interaction diagram M,-N, with varying N,.

The increase of the resisting bending moment N,
is:

— egs) The straight lines defining the direction of vector
Sy
e N,

AM = My, — My = |N| (|

+ e,,)
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O
THE RECTANGULAR SECTION
|
M N Assuming e, = Bh and
e, remembering that |ef,s)| =2 the
increase of the bending capacity
, due to N is:
/K
e
AM = M;, — M = [N, |h 1+6p
— Mk ct — p 6
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™~
-~
f
Mt/ |Np| #‘
//
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HOW TO APPLY PRESTRESSING

Prestressing, which consists in applying the forces N,, N,e,, can be introduced in different

ways, whose convenience depends on different factors:
» Reliability;

« Execution;

* Durability of the system;

» Durability of the induced stress pattern.

In the construction field, the application of an imposed relative elastic deformation between the
structure and its restraints has traditionally been used.

In the special case of concrete sections, the imposed elastic deformation acts between the
section and the reinforcement, which behaves as an elastic internal restraint. The external
restraints can be statically determined or undetermined.

From the technology point of view, prestressing poses a few challenges, among which the
most difficult one is to introduce a stress pattern that remains unaltered over time.
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| THE INTRODUCTION OF PRESTRESSING IN STRUCTURAL

SY_STEMS
Two hinges arch Tied arch Load H = — i"a = Hrw
PLVLLLTLVELE POV
8 +8
@ Unloaded arch H =0
///HZ 777 7@_ . > 777 |
8o Load + imposed deformation
H=-5, = Hr P A

C+83
A
llllllrllllll [\ Htot_HRw+8c+882HR
}i m v A> Hr(1 — ») (8. + 85) = Hg$, (1;00)
)4
H >

2% /77
o y4
=T - P A

M(z) = My(2) — Hg - y(2) Unloaded arch - Heor = g——%-
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N THE INTRODUCTION OF PRESTRESSING IN R.C. BEAMS

Specifically regarding reinforced concrete elements, prestressing is applied using the following techninques:
»  Pre-tensioning (using bonded tendons);

»  Post-tensioning, using tendons that are initially unboned and later bonded by means of injection (injected tendons
post-tensioning);

»  Post-tensioning by means of unbonded tendons. The tendons can be placed inside or outside the r.c. elements, in
sheaths protected by a layer of grease.

posam ?pera della guaina concio sulla pila

i o = e e L L

FASE 1 : messa in tensione dei fili

— dente di deviazione

cavi nelle guaine di polietilene

tesatwra e | "o fa e 2 SR
ancoraggio oCRa R A TZT 2 ra o cor Rl i 2] FASE 3

FASE 3 : eliminazione della lensione

FASI DELLA PRE-TENSIONE \)

Fig.5

iniazione per Jau

- bloowdla.ncovangvo riempimenho D PN BT TR = .-‘.."
EéV] SN, | §ii delle guaine T FASE 4
oo lifﬂiil'l:_!ﬁ:—;% Fig. 10
Smant S pista d L~ 1 ancocagyl
precomprimers precompressione m:l;g: FASI DELLA POST.TENSONE
dei il

FASI DI PRE-TENSIONE

POLITECNICO DI MILANO




THE TWO ALTERNATIVE APPROACHES TO POST-

TE_NSIONING

S(Mgy + Npep, Np)

A) EXTERNAL FORCE

This approach is useful with particular reference
to the analysis of unbonded cables at ultimate
limit state.

\'%

B) TRANSFORMED M-N INTERACTION DIAGRAM

The basic parallelogram (PQRS) is transforemed in
the (P’Q’R’S’) one by applying the vector with
components (-N,, -Nye,).

This method can be used for sectional analysis of
pretrensioned elemets at ultimate.
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THE 4 VERIFICATION CLASSES

1) oc < 0 — Integral prestressing h

2) 0. < (f., f'er) — Prestressing with limited tension, f o.(y)b(y)dy = 0,As
3) M > Mcr(fct, Np), Rare combination — Partial prestressyinng, control of cracking
4) wgk < Wgk — Ordinary reinforced concrete: cracking limit state

| | 1
Yn k ¥
N
Load €cu A T
Prestressed concrete [ 47 !
. A= A
Ultimate \ j =D A -
. . ——— ct
Yielding B
7
) Tension stiffening
Cracking effect

Decompression

No tension
material

R.c. cracking |

Balanced /

% /ﬁ,«" Reinforced concrete
,"/ f
a 200

> Displacement
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LONG TERM EFFECTS AND SECTIONAL SERVICE
ST_RESS LIMIT STATE

M
N L -
pmax *+ Some Code prescriptions:
t=t, t=o0
AN, I£.] = 0.6 - fuy; If'] = 0.45 - f (DM 2018)
cl — Y- ck’ cl — Y- cks
Intervallo di foo=0.1-fy; f'ee =0.07 -y (Good practice)
variazione del f. = 0 — No tension (integral prestressing)
momento flettente
esterno

ACI Code, t =t
N |f.]| = 0.6 - f, (Pre — tensioning)|f|
= 0.55 - f; (Post — tensioning)

|feel = 1.4 MPa; |fq| =0.25-/fyc (unbonded cables)
fetmax = 0.625 - /f (grouted cables)

ACI Code, t = co:

Np(to) If.] = 0.4 fy

fel <0.5-/fy (grouted cables)

Ifee] < 0.25-,/fy (severe exposure classes)
f.. = 0 (unbonded tendons)

Dominio (P,Q,R,S),f., f.,t =t,
Dominio (P’,Q’,R’,S),f' ., f', t =
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CONCRETE: CONSTITUTIVE LAWS

Behaviour of concrete under uniaxial stress:

Compressive stress f,, ksi

%

10

|

| |

0

0

0.001

0.002 0.003

Strain €., in/in

0.004

MPa
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SECTIONAL ANALYSIS

| CONCRETE: DESIGN CONSTITUTIVE LAWS FOR

 The constitutive laws used in the the design of cross sections for bending and axial load

can be of three different types:

a) Exponential function

b) Bilinear function

c) Rectangular stress distribution

fcd m

fcd

8(:2 8cu2

(a)

> g

803 8cu € 8c>4 8cu3 €
(b) ()
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SECTIONAL ANALYSIS

|
(a) Exponential function:

B
| CONCRETE: DESIGN CONSTITUTIVE LAWS FOR

€ n ‘
O-c=cd°[1_( __C)];OSé'CSECZ G

€c2
Oc =lcd: €2 S €& = Ecuz fcd
Where:

2
£c2 = 2%0 » fox < 50 MPa €2 €oup €
(for = 50)°5 (a)
ez = 2%o +0.085 - s foy > 50 MPa
Eeuz = 3.0%p n=2 fexk < 50 MPa
2
a0 —
£z = 2.6% + 35/1000 - r: m{”‘}]
—14+234 (90— )| Jou > SO MPa

= =T 100 In the new IBC n =2
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SECTIONAL ANALYSIS

B
| CONCRETE: DESIGN CONSTITUTIVE LAWS FOR

(c) Rectangular stress distribution: A
1=0.8, fu <50MPa )

2=08-Y250  50MPa < £ < 90 MPa fed

n=1, f& <50MPa

>
n=1-Y950 " 50MPa < f, < 90 MPa €4 €y ©
nfcq ( C )
FC
- fog = (1-2)- Sru3
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CONCRETE: IDEALIZED CONSTITUTIVE LAWS

|
o o. |
¢ 2 {N!mmz) 1
(N/mm~)
' C90/105 50 | 23% 2% CO0/M105
50 - ' |
| 826% CBOMS
40 l 40 '.2‘?» C70/85
@ 29% C60/75
30 N e C50/60
l
|
: 20 -
20 C30/37 J—
3 N%
10 10 -
0 ! o 4 e —————— - —— - ; — €&,
2,0 %0 3,5%e 1.0% 2.0% 3.0%: 4,0%:
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STEEL CONSTITUTIVE LAW

|
n . a
Stress-strain diagrams !
: 2 fi= kfgk ———————————————
G N/mm
fic {----
3
1800 + }/—-/ «\: Strands, wires
{ g, :
1500 4 [ i
I : =
OR— - o ol
L ¢ P h Bars |
i a) Hot rolled steel
! '\\
800 - 74
i Reinforcing steel bars o E—
500 "'5 _\\ fﬂzk | Ee
{'\/\J\,//— | r,,
30G .4
fL E =190 =200 GPa
O g s é ‘ {2 & b .
. £

b) Cold worked steel
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REINFORCING STEEL: Stress-strain diagrams

f=khatoovanmmacany
e ‘
0,2k

i i E‘
' 0,2%
bl _.".J*i Siik -+
a) Hot rolled steel b) Cold worked steel
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PRESTRESSING STEEL

» This clause applies to wires, bars and strands used as prestressing tendons in concrete
structures.

» The prestressing tendons (wires, strands and bars) shall be classified according to:
(i) Strength, denoting the value of the 0.1% proof stress (fp, 1) and the value of the
ratio of tensile strength to proof strength (f, /fp, 1) and elongation at maximum load
(auk) .
(i) Class, indicating the relaxation behaviour .
(ii) Size.
(iv) Surface characteristics.
* The design value for the modulus of elasticity, E, may be assumed equal to 205 GPa for
wires and bars. The actual value can range from 195 to 210 GPa, depending on the
manufacturing process.

« The design value for the modulus of elasticity, Ep may be assumed equal to 195 GPa
for strand. The actual value can range from 185 GPa to 205 GPa.

« The mean density of prestressing tendons for the purposes of design may normally be
taken as 7850 kg/m3

« The values given above may be assumed to be valid within a temperature range
between -40°C and +100°C for the prestressing steel in the finished structure.
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PRESTRESSING STEEL

The 0.1% proof stress (f, 1 ) and the specified value of the tensile strength (f, )
are defined as the characteristic value of the 0.1% proof load and the
characteristic maximum load in axial tension respectively, divided by the nominal
cross sectional area, as shown in this figure:

“)

.rplg

fooe-- - - - - <

0-1%_,4._ e

Stress-strain diagram for typical prestressing steel (absolute values are shown for
tensile stress and strain)
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PRESTRESSING STEEL

The design value for the steel stress can be taken as:
fpd = pr,lk/VS

For cross-section design, either of the following assumptions may be
made :

- an inclined branch, with a strain limit € . Or

- a horizontal top branch without strain limit.

o A
'

]Ilr el - — = 1
i /__.-—-"_'_'J ___E £ud:0.02
footkd------ e _.—-—""'_:f"kfr;’::‘ f ff. =

p 01k ;’/7___’_,_,,. - | p0.1k Tpk = 0.9
Jod = fpn.m'r}f's. :' — ——

! L : i

= i A| ldealised
B| Design
}rpn:l.r"JEp udd Suk &
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THE ULTIMATE LIMIT STATE FOR BENDING AND AXIAL FORCE

||
Ac g & ,L; Nfeq €cu op =0p = Ep - £
7477773 |
Ayn [ L 1 y“
% Translational Equilibrium:
X G
d 0
p h* (0} Ap
—f.;-A*=—-062.A A*:p
/ép_ e Nled * Ac Op*Ap = A¢ fo
0
| V— %

| Rotational Equilibrium:

yr o-g.Ap'h*=MEd
. M
For rectangular sections:
o%A
Aby, = ——>
Nfeq
op + Ap - (dp — y¢) = Mgg
e = Ayn/2
_N
Introducing the non-dimensional quantities:
A& = apwy
o f,qA M d
E=20 =2 0= = 5= — o (5. =%\ _
h fya bh - nf.q bh? - nf.q h p®p "\ °p 5 )~ HEd
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ULTIMATE LIMIT STATE: SECTIONAL CAPACITY FOR
UI\lBONDED TENDONS AND ORDINARY REINFORCEMENT

B) UNBONDED CABLES, THE EFFECT OF THE

A) UNBONDED CABLES — RECTANGULAR
SECTIONS ORDINARY REINFORCEMENT
o & Yo Nfeg Ecu
d R =
Ayn A%, i § Yn /
d ' [ /o
P h /
€, // >
& i 0)5% e
T A /Iy
! /&/(ﬂfo
V4
A& = apwp + ws(1—B) /’///
M
apwp-<8p—§>+oos- I(S—%)—B(S’—?)l = ligq s P
_Asfyg
Ws = nf.qbh To increase sectional capacity at ultimate,
AL = BA ordinary reinforcement (o;) can be conveniently

added. In this way, the safety level and the
sectional ductility can be significantly increased.
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ULTIMATE BENDING LIMIT STATE

N

A I A L

Epy Fig. 9

SPJ’ Esp

When the cable is bonded, the steel tension varies when varying the distribution of strains at ultimate.
We so distinguish various zones:

e 0<y, <y —  Ae>¢ep, —£po,  the steelis at yielding state

c W<y <h —  Ae <gp, —&p,, the steelis in the elastic state

* Yn X Esp = Epoo T Eco

To obtain the position of yJ we write: lgcgl __he = so that Y =§0=5. _t
Yn d = yn h 1+ %
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ULTIMATE BENDING LIMIT STATE

Ae =gy, —gp = gpy(l—ap),  ap= %
1)
=T —a) kp = |ZZ|
L A = wy

If wp, < Wp1im, &= &9 the reinforcement is in the yielded state, egs. (1) have to be used

|f a)p > wp,lim
(dp - yn)

n

op =Ep- (&) + Ae) = E, - &) + |ecyl

ﬁ:ﬁ:a i(‘sp_f):(kp“p_l)f+5p
fro Py kp$
—AE + Bw, =0

(2)
ﬁwp <6p - ‘32&> = UEd

Introducing B in the first of egs. (2) we reach:

wpp

2_%p _1le =% _
& Akp[kpap 1]¢ ", 0
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ULTIMATE BENDING LIMIT STATE

Rpk = 500 kg ome
i = 4400 kgiome

Foqn = 18 000 Kgsem=
f:,plf.:'lf 16 G0 !-1l2_|.-"|_r',|_2

| |

Pid. | - Caratberistiche geometriche e meccanlche della
gazione trasversale.

- ?J&EI:L..{ L S S, A L U
Hu
| mzciaia ardinErig e
e finf preleda
acciatn s aha l—— prefeso ES=0O02E
FEgslinm
1 | ——— pretess Ly=000584
i

o= 02 — — —

FIG. 2 — Campl di rotkura.

e

-5 -0.25 o nis 0.5 075 g 0 425 "

Fit. 3 = Dlagrammi 4i interasicne per la sezlone di Fig.l

A'=h =F.15em ).
] a8

[
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ULTIMATE BENDING LIMIT STATE

" FIG. 12 - Diagrammi
interazione per la sé
zicne di Fig. 1 al va-'
riare del 1livello di-
precompressione (A
= Al =7.35 a?),.

=1

0.2F

"FI¢. 13 ~ Diagrammi di
© interazione per la se-

zione di Fig. 1 al va- =f ='; '.f'E ..ﬁ”;:éq5'aﬁi.
“riare dellaquantitd di SNSRI L8 LT

acciaio ad alka resi- L Ve Ag= 4.80 ':mz
g;gnza (ap 0.0.055.3{) . /As=7.35 em?.

0.1
A =9.80 em?-

Ag=12.25 cm? |

o : as 10 v
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ULTIMATE BENDING LIMIT STATE

M ry
kN-m

-~ 1250 o ; e ———
b PR A,=900 mm’
/_/'/V 7\'\,\ //
- B * A
L~ A, =450 mm? Ak - ™
pe |
- 5 o L
o’ — = I \\ \
s — ~ “
W & 5 A~ Y \x\ INL L E X )
- 750 e SN
X Ty
/_/ Y \\\ N
A \ A p=0 mm? N\
//’
250
\ N rd
) -1000 2000 -3000 4000 5000 6000 000 -8000
] i 1 2 2 ’ \ \ J
\\ kN
\ [
N
~ 2-50 ORISR SRS
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BASIC ASPECTS OF PRESTRESSING TECHNOLOGY

Multi strand stressing jacks
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BASIC ASPECTS OF PRESTRESSING TECHNOLOGY

Dead end

Live end, dead end and coupler Monostrand stressing jacks
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BASIC ASPECTS OF PRESTRESSING TECHNOLOGY

Calculation notes

Friction losses

The calculation of loss of prestressing force due
to friction and wobble effects inside tendons

is usually made starting from the following
equation, taken from EN 1992-1-1:

APy (X) = Ppygy [1-e-(O+kx])

where:

APy [x] = loss of prestressing force

from 0 up to x distance [kN]

x = distance from the stressing point [m]

P, = force at the stressing end [kN]

p = friction coefficient between strands

and ducts [1/rad]

6 = sum of the angular deviation from 0 up to x
distance, irrespective of direction or sign [rad]

k = not intentional angular deviation inside
tendons, wobble coefficient [rad/mi

Values for friction coefficient p are between 0,18
and 0,22 while k values are between

0,005 and 0,01.

Recommended values for calculation are p= 0,19
[1/rad] and k = 0,005 [rad/m].

Basic elongation evaluation factors

The elongation of the tendon, under the action
of one or two jacks, is determined by the
designer and verified at the construction site.
The elongation calculation must clearly specify
the theoretical elongation calculation and the
corrective elements taken into account. It must
be possible, with great accuracy, to establish the
relationship between calculated elongation and
measured elongation. In fact, secondary terms
should be added to the elongation of the tendon
along its length up to the anchorages, to obtain
the real elongation.

Real elongation measured at the construction
site is thus defined as the sum of the following
elements:

DLg = DLy + DLy + DL+ DL,

« DLa: theoretical elongation of the strand,
calculated on the basis of the length between
the anchorages, at one or two ends, depending
on whether one or two jacks are used.

» DLb: concrete elastic shortening.

This bit of information, since it is extremely
small, is usually neglected.

« DLr: accumulation of deformations of the
anchorage devices, for the deflection of the
anchorages into the concrete and for the
draw-in of the wedges.

# DLv: draw-in of the strand wedges within
the jack and jack deformations.
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CREEP EFFECTS

|
Creep law Relaxation law Convolution Integral
t
e=" ;€= f do(t)J(tt) o=¢gR(tty) ; o= ftds (tHR(t,t") fot oR(tto) =
Jtto) 0 ’ ’ ’ o ' T](t,t )dt' =1
1 R(t, to) = E(to)(1 — p(t,t
J(tty) = rto)(l + o(t, to)) (t to) ( o)( p(t, o))
i [\’{l.lul,lf._»v
J(tto) Be S T T
4:‘ i 1 \ T e & | 1 -
] | 11 w1 R AL | Algebraic form of creep law
L A o8l
3.5 [ 13 /// R e | /
3 | T \ o Oy
. } ,,/.‘//;/i/j,,k | A j €=y 1+ xe) + T 1-xe
o e sap ||
1) F\;[i/;/ AT " | Algebraic form of relaxation law
A '“‘JY“‘“ i — 0.2 Ee 1-pe
0.5 t H ‘ | o= —_ 0-0 « ——————
ol ‘i‘;‘L‘—L _;t.— 108 ﬁf A;(‘)i 1 (days) 0 i l 1 + X(p 1 + X(p
e g pefu RH% = 50 fck = 50 MPa 2Ac/u = 200 mm
i A 9l j b iddddd A i
First Theorem %_nz = 'f%c Second Theorem 1 >Z 1 5% M_f - éPC
7 |i e > —_ A
S = Se B S = Se
M(t,z) = M(to,2) _—\
0 = Ce Az 2 c E=Ee —I _’I -
£=g(1+9) = . o =0e(1-p) el
s=s.(1+¢) Vit 2) - [1+ @l )] 5=5.01-0
z r/'/' t Z \\ Ezs _
o _‘_,_,.—“"/
A ,//"' o R(L,t;) Mty 7)
— i
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CREEP EFFECTS

|
Delayed Restratint

t
e=| dX6;1] = —810(¢ — ¢")

ta e = W
S — ™ %

M=M;+§-Xe-fumr

5t o)

0.9
0.8
o.rt
0.6F
0.5+
0.4 - ' 2 2
. 4qL Z Z
0.3} / | Simply supported M(z) = a —=+-
vill 8 \ 2L
0.2} i1t
0.1} bl _ qu Z
ENEY SRl Iperstatic effect M(z) = —§—~—
100 10! 102 103 104 » 105 t (days) 8 L
RH%Z = 50 fck = 50 MPa RAc/u = 200 mm to = 3 days
M(z) )
Resultant moment e 40"+ -8 ; =07
8
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DELAYED BEHAVIOUR OF P.C. ELEMENTS

|
f bom—L 4 © L 148
» Prestressing force over time: c = = —
5 1 (EcAp)  (Ecly) (EAL) T2
¢ = ————
(EsAs)
I — & — ——— — N I e - T T -
5./20— —'5./2
N N N
- 8,/2 8,/2 | 8./2 8;/2
5 (1 51N 4 5.0(1 N N, 8 Pre-tensioned elements 8 U
[8c(1+xp) + 8N + 8cp(1—10Np = N, (8. + 85) Post-tensioned © = @b WUy
elements
W
N=N(1-w)|1l—-—— _tensi
p( 00)[ 1+X00<Pl Pre-tensioned (1) Adtepgp E, o2 Agp ®
»Q elements w:T; ae:E_; A=1+=); pSp:A = n (3)
N=Np ll 1T ve0 Post-tensioned (2 + AdePsp s r ¢ (A-we
x0P elements
N. = k1ifckAlys|
©) P
. . . NP €n M h
* For integral prestressing, at t=o, it results: A 1+ ol = "w = —k1fox;
ol el ™ o, - -[faL
P hesp
* For the rectangular section, it can be written:
. 4 0.75w A ke fex
@ _ ], 4 = Z. _ _ c_ = ——F
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THE VARIATION OF THE PRESTRESSING FORCE

0,9

0,8 -

0,7

0,6

0,5 -

0,4 -

0,3

0,2

0,1 -

0,1

N/N

Pspx10

0,15

a
0,/500

~foc= 50 MPa

\\\f::m;{

f, =30 MPa

pSp
18
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THE TOTAL VARIATION

|
o EA e _ £a(® AN?
" Np A Be = €sn () = N_p
Bsh
AN = Np |1+ ash% +op(1- ) — ag(1 - w)|gle,w) M, e? 0@
% = JeN, A=1+_ g(tp,w)—1+xw(p

» The design calculations for the losses due to relaxation of the prestressing steel should be based on the value of p;q,, the
relaxation loss (in %) at 1000 hours after tensioning and at a mean temperature of 20 °C, with o,/ f,, = 0.7.

* Model Code 90
Three clauses of relaxation are defined:
1. Normal relaxation characteristics for wires and strands

] o ) 12r Class 1 __~
2. Imposed relaxation characteristics for wires and strands il P
3. Relaxation characteristic for bars |t
2 T - Class 3
2 | ~ 1
For the above mentioned clauses the relaxation losses pyp % at g ® o L =
.1000 h, varying the level of initial prestressing o,/ f,y are given i ~ f,,a-/
in the next figure: 2r T
Q
0.6 0.7 08
ool o
A time variation up to 1000 h is given in the following table: Time in hours 1| 5|20 | 100|200 | 500 | 1000

Relaxation losses as percentage | 25 | 45 | 55 70 80 90 100
of losses in 1000 hours

For an extimate of the relaxation up to 30 years the following formula can be applied: _ t \" _ P1o000
P() = pro00 (7500 k = log o
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THE TOTAL VARIATION

« EC2

This document defines the values of p,,,, in the following way:
- Class 1: pjgo0 = 8%

- Class 2: pjgg0 = 2.5%

- Class 3: pyggo = 4%

connected to a ratio o, / f, = 0.7

Introducing the time-variation of the relaxation losses for different levels of temperature:

Relaxation loss (%)

|

1002 C~|

0 10 102 103 104 109 t thours]
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THE TOTAL VARIATION

__we
1+ xo@

gl w)

€sh (1) = Bsh * Esn ()

Funzione diritre -Model Code 30 - fok :

0,8

0,6

0,2

ts: 2Bgg

1]
;-] S

I

1

I

I

|
-
1

I

I

1
-
1

I

I

|
[
1

I

I

1
[

10

tempo [giomi]

o
Z
=
=
a
o
2
Z
o
(78]
=
o
a.




PRESTRESSING LOSS DUE TO FRICTION

| I
A
/1

/

i

I

1

/A

1

/o

L

!t

/ 1

/ ]

]

r rf !
/ I

/ i

; i

/ !

' i
/ [
i p=N/ri
/ !
i

dN

—+uN=0
as M
N = Noe ™9

to the exponential part, the term

c = —pkx

has to be added, so obtaining

N = Noe—u(8+kx)

pN
t=—
r
0.005 <k < 0.01[rad/m]
prospetto 5.1 Coefficienti di attrito ¢ di armature post-tese in cavi interni e armature non aderenti in cavi esterni
Armature intarne” Armature esterne non aderenti
Condotto di condotto HDPE/mon Condotto di Condatta HDPE/
acciaio/non lubrificato acciaioflubrificato lubrificato
lubrificato
Filo laminato a freddo 017 0,25 0,14 0,18 012
Trefolo 0,19 0,24 0,12 0,16 0,10
Barra deformata 0,85
Barra liscia rotonda 0,33
1) Per armature che riempiono allincirca meta del condotto.

Nota

HDPE - Polietilene ad alta densita.
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REDUNDANT STRUCTURES: EQUIVALENT LOADS

The funicular equilibrium of cables with small curvature:

||
The equilibrium of the cable:
d9 N 4 Ntgo)ds = qrdo
ZNT = prdd p—r a9 g =qr

tgd =9 ->prdd=qrdd->p=q

NPNNOp
Vip = Nptga = N, - €'(0)
% =—-e'(z) q(z) =—-Ne'(z)
‘ Y = \ 7 O
M(z) =N, - [e; —e(@)] + Vip -z — f Npe'(Z)(Z —z)dz = 8\ I
’ . /71d9
=Ny -[e; —e@)]+Ny-e'(0)-z—[N,e'@(Z - Z)](Z) B fo Npe"(2)dz = ' ,-,f’ 1
=N, [e;—e@] +N,-e'(0)-z—N,-e'(0)-z+N, - [e(z) — e;] = 0 .
Ntgd ’]‘ 2 ;:
V(z) = Vyip — f —Npe'(zZ)dZ =N, -e'(0) + N, - [e'(z) — e'(0)] = N, - e'(z) Y | Ntg(d + d9)
’ p/Iq N
N
Nop z L o0
Vplrﬁ}h — E * L ‘\qp( ) L —> N TVDZ
Yy y } e, 'Vp

Np e; Z
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REDUNDANT STRUCTURES: EQUIVALENT LOADS

» The equilibrium of the

beam:

J’vpt;‘Nop : ;pT(Z)T J, Nop\l/pz |
e, Tp}‘ Bt Tl : _ _ : : : el Np *ez

* +

Z
M(z) =N, - ey + Vi, -z + j —Npe' (2)(Z — 2)dZ =
0

=Np-e;+N,-e(0)-z—N,-e'(0)-z+ N, -[e(z) —e;] =N - e(z)
V(z) =M'(z) = N, - e'(z)

q-= _Np ' e”(z)

The system of loads Np; Vip; Np; Vap; qp(2); Npeq; Npe, is self balanced and balances the one
due to external loads, thus improving structural response.
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THE LINEAR TRANSFORMATION THEOREM

||
e®(2) 61 &2 (& &u@ e e(z) = e"(2) +a"e + e (2)
R e e e e e L O SRR\
v E A . = L A # M2(2) = Ney(2)
q Gi+1 em(2) = e, (1 _E) I span
LT L LT LT LT LT LT LT L L LT L
Neo Qi-1 Nei Qi Nei Qi+1 Ne, em(z) =0 II - (n—1)span
XX em(z) = en(z) T n span

M(z) = M3(z) + Mj(2) +a" () - (X + Ne) If in a continuous beam we change the eccentricity of the

cable at the internal supports maintaining constant the
8M(z) = aT8X o
- eccentricity of the two extreme supports and the curved form

M(z) of the cable, the bending moment in the beam remains
0= SXTI 27EI

|

Ee(X+N§)+§Oq+§OM=O_’X=_N§+Xq+XM; qu_Ee_1§Oq;XM=_Ee_1§OM

dz dz dz
—_ syT T 0 0
dz = 8X f aa” (X +Ne) - +fs aM(2) +fs aM§(2)

s unchanged and results:

M(z) = Mq(z) + My (2)
'

0 dz 0 dz
T Fe; fs éMq(Z)ﬁ =0oq; J; aM, (Z)ﬁ = Som

(f<8}

a where My (z), My (z) are the bending moments due to the
distributed loads and to the moments at the extreme points.

In particular, if:

XqitXMmi

Ne =Xq+Xu = &i=—F

M(2) = M{(2) + M3(2) +a"(2) - (Xq + Xm) = Mq(2) + Mo (2)
the bending moment in the beam coincides with the one due

Mq(2) = M3(2) +a" (2)X,

Mo(2) = M3 (2) +a" (2)Xm

to the cable eccentricity, i.e M(z) = Ne(z), no reactions arise in

the continuity supports and the cable is called concordant.
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I
|THE LINEAR TRANSFORMATION THEOREM

|
€o € i 7z’ z
/ - L e(z)=4e°<—§+i>
L // L A L // e1(Z)=4e0<—i—z+%>+e% QN:—N'<_%)=81E:0
q 2
HHHMMHHHHMHMHMHMHTMHHHHHHMJHMHH ez(Z)=4eo<—i—2+E>+e
™ Ne N WNe Ne N //’Ne 2’z z
y . Y e3(Z)=4e0<—§+E>+e<1—E>
X X X X
x=—(i—];)2 Ne = i—lg—g—z} :qSN:
If e=-e - X=—(1—L(‘)2+%Lz - M=Ne+X%=—%‘2e(z)+i—L§E
e 8 M s,
If “ 1w X=0 - M=Ne Wwy .

Ne
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THE DELAYED RESTRAINT

a) ROTATIONAL DELAYED RESTRAINT

L

[ |
SN “Te

7 %
Neg o Ne
9 3

F Y Y YyYyvy Y ¥ Y ¥ YyYy

A t<t<t, S 7

Neg U

Neg On

(an) (Neg) "
AB, = (90 Y+, 4 N3511) (o(t o) — @(t5, to))
t

ABx = | 811dX(t") - E(to) - J(t,t)

t

Compatibility:
A8y + ABy = 0
t 9 (an) 9 (Neo)
dX(t) E(to) J(6,t) = | ——5— ——5———Ne | - (¢(t, to) = 9(£5, o))
ty 11 11
t
_ (vt (Ne) f dp(t', to) R(t,t)
X (Xe + X, Ne) T 0 dt’
Indicating by:
&= j Jolt tO) Rt ¢ )dt appoximatel &= @t t) ~ @(t, o)
ot’ E(to) PP y 1+ x(tth) et th)

The bending moment so becomes:
M = M{™ (2) + M§ 0 @) + XMWy, (2) - §+XN iy, (2) - E+Nefy, (2) - (1 - §)
fm,(2) = z/L

Remembering that:
M(qN) X(qN)f — M(qN) X(qN)f — M(qN) _ M(CIN)

0 (Z) + e M, (Z) e (Z) - e M, (Z) e (Z) 0 (Z)
M0 (2) + XNty (2) = MV (2) - XNty (2) = MUV (2) — M{V ()

We write:
M=MIM@)1 -8 +MNV@ g+ M @) (1 -5 + M @)E+Nefy, (2) - (1 -8

In the elastic stage §=1:

M= ngN)(z) + MgNeo)(z) (theorem of linear transformations)
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THE DELAYED RESTRAINT

-1.5

-05 -

Numerical Example §=0.75;0<7<1; {=2z/l

M/(ql*/8)

d

=~

0.5 A

0 0.1

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

1

(an)

(;lz = 4(( - cZ)
8

gQN)

F(l—a =4(1-91C—-¢)
8

M(‘]N)

#=4(§—(2)—<
8

(an)

e =g
8

(an)

lzz 4G-) -

M(QN)
-0+
8

Numerical Example £€=0.75;0<7<1; {=2z/l

()

MgNeoj
Ne,

:1—C

(Neg)
Q —
L —(1-D=(1-Da-D

MgNe[,) 3

=1-=
Ne, 2 ¢

M(N o)
—e=5(1-3¢)

M(N o) M(N 0 ;
§=1- c(1+)

1=+

Ne
E(l—E)C:U*E)C

a) ROTATIONAL DELAYED

RESTRAINT
L
] = 1
A, e S
Ne a e
Q" l Tr Y i yrr1 l i L] 'l Ty l {3 | ":l l T 02

%uumwmum%
j;lllllllll!illlllllllg )
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THE DELAYED RESTRAINT

b) TRANSLATIONAL ELASTIC RESTRAINT

b.1) Curved parabolic cable

t
f dX - 815 - E(to) = Npdyo (o
t

*
0

810 ft a(t’,to) R(t,t)

X =Np,— :
P81ty ot E(to)

(t to) — @(to, to))

: 819
dt —NpS—HE—Np'C'E

3r? + 2emaxYi

(L 2emaxyil) L
610_<EA+ 3El ) 3EA

L +inL_ L r? +y?
" EA El EA r2

1/3r? + 2emaxVi
c=—
r2 +y?

811

3

b.2) Horizontal strands

o= 10
811
L eyl L r®+ey;
810 = — + Vi _ = Vi
EA 2EI EA r2
L r?2 +y?
11:ﬂ 2

r

_r’+tey;

12 +y;

X = Npcg

2
1

Emax ]yi

.2

7. 8N, e
an QN = — I.L 2max
iQ
¥ y
—T ——
0o 8o Yi
th<t<t,
7 7z u=90yi
On
ic:
¥ ¥
b2t jyi
A
AN
Q
¥ y
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THE DELAYED RESTRAINT

In the two cases the components of action effects become:

N:NP+X:NP(1—CE)

M=Np-e(1—c%2)

For a rectangular cross section, it results r> = h?/12; y; = 1/2h and assuming ey,,x = € = 0.4h we derive:

%(% +2-04- 0.5) (1—12 +04- O.5>
c= T = 0.65 (parabolic cable) c= T = 0.85 (straight strand)
= 2 — 2
17 + 0.5 12 + 0.5
Assuming @(t,ty) = 2.5; @(ty, to) = 0.9; (L, t5) =0 = 2 We derive the function:
_25-09 .
=1v08.2 "
So for the two cases we obtain:
N =Np(1—0.65-0.615) = 0.6N, Parabolic cable

0.5
M =N, (1 ~0.72-0.615 -ﬁ> emax = 0.446Np e nqy

N = Np(1—-10.85:0.615) = 0.477N,
Straight strand

0.5
M =N, (1 —0.88-0.615 - ﬁ) e = 0.323Nye
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N SEGMENTAL STRUCTURES

a) Service Stage _ - . L L -
|Np|+|NP||ep|2MEk %zeni
A W, W, Ap
ol + el = M
M
Mgk . .

(eni + |ep]) = N, =Ae  decompression limit state [ Vi

- \/
u|Np| = Vi shear limit state ESR
05<p<09 (UNI EN 1992-1-1)

e B

Zambezi river Bridge Moving scaffolding for balanced cantilever construction in Quintanilha Bridge

The bridge over the Ribeira Funda, Madeira Island, built by balanced cantilever
(135 m main span) - Approaching the execution of the closure seqment at mid-span
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SEGMENTAL STRUCTURES

|
b) Ultimate Limite State (CEB-FIB MODEL CODE 1990) Mfﬁi«--" | | ~Meq
k 1 ‘d 7 1 ‘d
/ T_Aell®P = \
) {{u[AS - fya(1 + coto)sina + Ng| + 0.1A - fcd}/de} [ VEq eLe T4 Ved |
VR4 = min \ L
0.3- Aj : fcd \_\_ . = L ] ' /,f'
Ly ~— = i
e -
where i 4, = b ﬁf
]
s 0.5 for smooth plane surfaces and 0.9 for rough or keyed surfaces Ao | | £ Ao Ny Gkl _
A,, [, o are the cross-sectional area, design yield stress and inclination ' - fy — Joliit Tength (. stocey hielght)
of the steel bars crossing the joint and being well anchored on both n — number of keys at length /;
sides e Il hyyy 2 S0mm and f,, = 10mm
N, is the design (most unfavourable) normal force acting on the joint i Bty < 8
section (positive when compressive) é <
A, is the cross-sectional area of the joint under compression "
Ay, f.; are the cross-sectional area of the portion of the joint keys —
interacting in the resistance, and the design strength of concretein ! = \
the considered joint portion (4, = 0 for plain joints or when ! : I
A4, < 0.2). ; LR e} :[j i
I — | | 45° i
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|THE PRESTRESSING OF BI-DIMENSIONAL ELEMENTS

 Thin plates oy

X

eOXJ _1/ X
/)_ , '/
yl 7 eyi(XI’ y) _
/
/e 06 y) 7 &
Nij /_ T T T T =7 Nij
pd // e
7 =
7 74 '
d
I\IPyi

dpyi = _pri aZeyi(xl» Y)/ayz

qpxj = —Np 0% ey (x,y)/0x*
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THE PRESTRESSING OF BI-DIMENSIONAL ELEMENTS

e Thin plates

The effects can be separated as:

Apyi
Ny (b) (c) P;ﬂ\
1
Nij * €0xj Gpxj TTT
______ pfrging

TT«T’T

7/
A\
N Pyi * eOyi

a. Plate loaded by in-plane prestressing forces
b. Plate loaded by moments acting along the boundaries
c. Plate subjected to loads distributed along prestressing lines

The problem is uncoupled if
second order effects are
negligible
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THE PRESTRESSING OF BI-DIMENSIONAL ELEMENTS

|
| | f (1) | | IX > Iy
n-plane forces Out-of-plane forces - Al _ _ -
74(1) — O V4W — [ i |- i |- [ LT [
N, 0% Y. — D 02w 0%w ]
r axz x — -ﬁ + Va_yz- [H : Qo : Qo T I H1
Ny, 0%} Y - D [ 0%w N d%w] i i y
t - ayz y - V axz ayz I:J :LJ: [ LT [ L:I
2 e e S
Ny _ 079 M,, =D(1— v) |/2I g S RE - = H1A
t axay _._.___:.__:_._______.___ _________ P B__
For the external loading, the governing equation i i = i = = = &l
is: le/Hzt
w=1 o o
M- (60%-+80%)
Zona A
- 04— 0)
There is no affinity between (1) and (2), so that EC? - M- (50%-+70%)
simplified analyses with the assumption of an M- (40%20%)
equivalent beam must be carfully evaluated. M- (500/2 ;300/2 ) Zona B
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SHEAR LIMIT STATE
|
 Service stage / P | / T
e | 5 J,
X
/ Y
| : Gl—%g+z (og)z+4tz>0
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SHEAR LIMIT STATE

« Transverse prestressing

oV 1 2 T
6; = +E\/(og—o") + 412
py
+0' 0 «
2 T as
oy = ——\/(0’ —O'V) + 472 Op o 3 5
) e
0,.v 2 \ 1:2 ar ° >
o;=0 |=> 6,0" =T° ;0 :F oy 0] o]
P oy
GU
0,v
: o, T 6p0
g -_— = —_—= 0—
v
2 (O 2(0'p +0o )

. . . . Ib
Ultimate limit state, no tension material: VRdc = TW \/ (fera)? + 6¢p  fera

Tmax = J (fctd)2 +0¢p- fera o1 = fera
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N SHEAR LIMIT STATE

Members without transverse reinforcement

Vsq = Vsg — Nsina

0.18
VRdc = y

C

1
k(lOOplka)§ + kl(ch bd

200
k;=1|—<

2
1 S

Asl
< 0.02
byd —

p1 =

Ngq

< 0.2f4

e ____
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SHEAR LIMIT STATE

Members with transverse reinforcement

TRdc cotgb

t = =
Rde ™ Ved 1+ cotg

tra,ss = WgsCotgh

2.22
tra,sl = T“’sltge
A (Vga — Npqe'(2))
Bd ™ 0.9b,,d
o Assfyd
5 byessvicq
o = Agfyq
S by hvfg
5= d
" h

o 2_|ho
eSS
[ n
N N N N N A I
% d
e(z)
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CASE STUDIES - CONSTRUCTIONAL DETAILS

GIUNTO PROVVISORIO
PARTICOLARE TESTATE CAVI
SEZIONE  scala 1:10

GETTO DI SUTURA DA EFFETTUARE
A RITIRO AWENUTO
10y 2 M16 CL.8.8 DA SERRARE

1

1/5 INTERASSE PILASTRI

I
‘ T
’ TESTATA DI TIRO PROCOM 1M15 A RITIRO AWENUTO
O‘ SPIRALE DI FRETTAGGIO ¢6 2 CAVALLOTTI 216
o
Q‘ 2 CAVALLOTTI 216 TRATTO DI CAVO SGUAINATO E SGRASSATO
= +320,26 /+320,36
o FASE 1 R\\y / FASE 2 |
L [ 1 A A |
| 140 . MISURE IN mm al r? ° /e 'Y WANGT T WA —-] i 4
1m 460 720 i - CAvI / $ } ¢ |
L - 4 | | CAVI | =
1 ZONA CON VERNICE A SPESSORE | I
— | L =31 1] | L L
; - E= n" 2 5 200x12x740  Fe430 ‘ £ o s J(**r 77777777 XY e e
I I
interasse 750 I . el // L0 il .
= % 1 L ! 1612 A RETE MAGLIA 20x20
2 CAVALLOTTI 916, SOPRA E SOTTO
2 CAVALLOTTI 216
n.4820 CONTINUI n.4620 CONTINUI
ZONA CON VERNICE "SOPRA E SOTTO TESTATA FISSA PROCOM 1F15 SOPRA E SOTTO
A SPESSORE 4

2 FORI 220 x BARRE 916 L=400

SPIRALE DI FRETTAGGIO
6 ; D250 ; P30 ; 5 SPIRE

SPIRALE DI FRETTAGGIO
%6 ; D250 ; P30 ; 5 SPIRE

150 150

% 5/

242 CAVALLOTTI ¢ 16 2+2 CAVALLOTTI ¢ 16

mn




CASE STUDIES - CONSTRUCTIONAL DETAILS

SEZIONE VERTICALE  scala 1:20
MISURE IN mm

- —— T RIMOZIONE DEL POLISTIROLO E
———————————— —— — GETTO DI SUTURA DA EFFETTUARE
CASSETTA IN LAMIERA 10/10 o S5 CAVALLOTTI @ 12 949 SPINE & 20 A RITIRI AVWENUT]
_J100, 150 L=1000 J J
il 343 CAVALLOTTI @ 12
I
I
oo o N.4616 CONTINUI
—| = 1 | e sopra e sotto
B = ‘ 5 b
| At —1 ‘
Ve L R
n" 1 PROFILO DI ANCORAGGIO R " I
PIATTO DI POSIZIONAMENTO DA SALDARE DOPO 30 GIORNI PIATTO DI POSIZIONAMENTO ol ko ‘
spess: 10mm DAL BETONAGGIO DEL MURO spess: 10mm ﬂ—::th
L 2A BEITRA : !
05 i PROFILO DI ANCORAGGIO DA SALDARE
T MURO IN C.A. | *° AL PIATTO DI POSIZIONAMENTO DOPO
500 E RIEMPIMENTO CASSETTA CON CLS.
VISTA FRONTALE  scala 1:10
MISURE IN mm +——1L
HE 140 B
| /
| 4
CASSETTA IN LAMIERA 10/10 | 200 = 2 MISURE IN mm
ﬁ—* - int. 1000
: — : 650
~ ‘ \
B : \ 1l \
\ L= — \
; — ; ; CASSETTA IN LAMIERA 10/10
PIATTO DI POSIZIONAMENTO /
spess: 10mm }
HE 140 B 2+2 SPINE ¢ 20
int. 1000 L=1000

3+3 CAVALLOTTI ¢ 12
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CASE STUDIES - REGIONE PIEMONTE HEADQUARTERS
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CASE STUDIES - REGIONE PIEMONTE HEADQUARTERS

Standard Floor: lightened slab, h = 34 cm,
prestressed with unbonded strands
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CASE STUDIES - REGIONE PIEMONTE HEADQUARTERS

|| I
Standard Floor: lightened slab, h =34 cm,

prestressed with unbonded strands

o= 0.75xfek = 1395 MPa

CAVI TIPO 1, 1" e 1” —CAMPATA DA 12m- Rekj 2 35 MP
TIPOLOGICO TRACCIATO ALTIMETRICO e i
scala 1:100
,”fo {J}' k! E¢md:3 ZD GPG
: 211 131' 115
astote . iferimento
di Tlr'l_J::L 5.0 Hlas El:j; t :'?E||
— '_ _ — o _ Mp— —
I '|
L 133 125 | 430 500

CAVI TIPO 2 —CAMPATA DA 6m-—

TIPOLOGICO TRACCIATO ALTIMETRICO
scala 1:100

mohotrefols mehatrefolo

wal ||

~
@@
EP 110 555 60

Testate di tirs A '-:'i'cnmcnto A Testate fisse

CAVI TIPO 3, 3, 3" e 4
TIFOLOGICO TRACCIATO ALTIMETRICO

scala 1:100
@ ® ©) @
K 4150 kl?
Testate di firo_ T . Riferimento . . T Testote fisse
manatrefo RNI_T— 1 3;9 .00 210 | i 2Ty -2 _—'.r.:ul -2 _-Enl_pl—'r,ﬂ—/m anotrefolo

| |
193, 215 | 300 , 300 1 300 M 30 | 275 L33 L
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REGIONE PIEMONTE HEADQUARTERS

CASE STUDIES
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Structural Analysis of the Standard Floor
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CASE STUDIES - REGIONE PIEMONTE HEADQUARTERS

East Facade “Jump Deck” Floors

scala 1:50
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“\J| | CASE STUDIES - REGIONE PIEMONTE HEADQUARTERS

The cantilevered prestressed concrete floor structures (“Jump-deck floors™)

7

Joint Sections

Prevedere tubo guaing per #
possaggio dei cavi viploti trasversalf

Porzione di trave gid
reafizzata

TRAVI
T04-01

—TRACCIATO CAV|-—"*¢ e
scala 1:50 Vista in 1 _é

LE QUOTE RIPORTATE SONO QUELLE
DEL PIANO DI POSA DELLA GUAINA
RIFERITE AL PIANO DEL CASSERO

|

. POLITECNICO DI MILANO



CASE STUDIES - REGIONE PIEMONTE HEADQUARTERS

Structural Analysis for the ‘Jump deck Floor’
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CASE STUDIES - REGIONE PIEMONTE HEADQUARTERS

Tensioni filo muro - PT

a5
Wl : ] —30 | ]

Gl S : T | —Se I I
- i | —s(e=0.5) - H

35 I T | =—5ezione unica I |

I i || ——pla collaborante EC2 L I

0 i - ? —
) BEEEESES| & e
o +—
£ I
= |
20 ]
15 Il
10 H

D " . . T ;

0 1 2 3 4 5 3 7 g 10 11 12 13 14

X m]

§(t,t0*,t0) al variare dell'istante di applicazione del vincolo posticipato

|| —to*-15gg  —1D

|| —t0*=60gg —10

*=30pg |

T=10088 | |

RH=70%

1,000

f=60MPa

10,0400

TTTH
100,000
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N CASE STUDIES - MEAzzA STADIUM IN MILAN

37P + 19.80

SP + 14.50

. POLITECNICO DI MILANO




| D
| CASE STUDIES - MEAzzA STADIUM IN MILAN

L _ N, -e Pl
| (/% QP + 1980 #i\p\{i *

N

P

- I POLITECNICO DI MILANO




\J DEGRADING OF P.C STRUCTURES

STRUCTURAL AND NON-STRUCTURAL CAUSES OF DEGRADATION

Possibili percorsi di penetrazione dell’acqua

Non-structural elements:

1. Defective wearing course (e.g. cracks)

2. Missing or defective waterproofing membrane

Incl. edge areas

Defective drainage intakes and pipes

Wrongly placed outlets for the drainage of

wearing course and waterproofing

. Leaking expansion joints

. Cracked and leaking construction or element joints
. Inserts (e.g. for electricity)

P

Corrosion protection system ;

8. Defective concrete cover

9. Partly or fully open grouting in- and
outlets (vents)

10. Leaking. damaged metallic ducts
mechanically or by corrosion

11. Cracked and porous pocket concrete

12. Grout voids at tendon high points

Note: In precast segmental construction the dry packing of lifting holes, and stressing pockets in segment faces need to
be checked.
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\J DEGRADING AND FAILURE OF P.C STRUCTURES

Situazione Ante Crollo Situazione Post Crollo (Attuale)
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\J DEGRADING AND FAILURE OF P.C STRUCTURES

e—e :|in mezzerio
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\J DEGRADING AND FAILURE OF P.C STRUCTURES
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DEGRADING AND FAILURE OF P.C STRUCTURES

LE CAUSE DEL DANNEGGIAMENTO DEI TREFOLI

Acqua

Guaina

impermeabilizzante

danneggiata all’estremita in

Tubo di iniezione (aperto) conseguenza dei lavori di Tubo di
rifacimento del giunto ! B o i_r_ligzione
Danneggiamento della guaina E Fessurazione visibile
A ! parallela al cavo
Cavo, ! ---emiisaan
Vuotg | | e Vuoto
A |

v
Malta di iniezione di insufficiente qualita

A 4
Corrosione dei

trefoli

Corrosione del

lamierino

A-A
00 ¢

l

,1refoli non
protetti

Malta di
iniezione

Guaina in

lamierino

B-B

Acqua +
cloruri

3 f|~-‘_'_> Copriferro insufficiente,

possibile degrado causato
dall’acqua
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DEGRADING AND FAILURE OF P.C STRUCTURES

1 I-- -t » Cavo di post-tensione

T e e — — s — — s — s — — o  — . e h ——

, Armatura ordinaria (continua)

C 'E‘c /< I
4_ / jj » Giunti ad attrito
2 - I —pmm— —-

— Armatura ordinaria (interrotta)

———— Conci prefabbricati «————

Le due configurazioni strutturali sono marcatamente differenti in termini di robustezza.

Armature sane Armature di presollecitazione danneggiate
MRd — Mde + MRdS MRd = (MRd,p_AMRd,p) + MRd,S Assenza dl
' ' 1 ) collasso, possibili
0.9d _ : .
Vig = fydAsse—CtQQ Vra = fyadss - ctgo fessurazioni
SS
Mpq = Mgy

Armature sane Armature di presollecitazione danneggiate Collasso per

Mgpa = Mpap 2 Mgra = (Mrap—AMgayp) < Mgy flessione o

VRd = :qudAC(NRd,p) VRd = :qudAC(NRd,p_ANRd,p) < VEk per tagllo

- I POLITECNICO DI MILANO




DEGRADING AND FAILURE OF P.C STRUCTURES

Modello
strutturale

“* Spostamenti verticali in funzione /
della riduzione della
presollecitazione

Apertura delle fessure
in funzione della
riduzione della
presollecitazione

Evoluzione del meccanismo di collasso

ISP HAG i
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N CASE STUDIES: HIGHWAY BRIDGES

Adda Viaduct:

- 1260 m long, 20 spans;

- Lenght of the span: 60m, 75m, 90m,;
- Depth: 5.40m-3.20m.

-




N CASE STUDIES: HIGHWAY BRIDGES

Serio Viaduct:

- 930 m long, 16 spans;
- Lenght of the span: 60m,;
- Depth: 3.20m.

N POLITECNICO bl MILANG




N CASE STUDIES: HIGHWAY BRIDGES

Oqlio Viaduct:

- 6900 m long, 11 spans;
- Lenght of the span: 60m, 75m, 90m.
- Depth: 5.40m-3.20m.
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N CASE STUDIES: HIGHWAY BRIDGES

|
P1 P1 P1 S1 P1
ao”J":so Jysoﬂ]ﬁso 1\130430 J" ”J”
Phase 1 Phase 2 Phase 3 Phase 4
ST P1 51 P1 P2 N P1 P2
S b 0,0 A il
Phase 5 Phase 6 Phase 7

- W AN L R R R N T LW N W —- W R W e e
U CEANTL RN e AR RLERILEB NV E IR R NI YA AL RS e N s

e | NE iNstallation of two
=¥ temporary supports at
the end piers is required:
the provisional supports
are then removed after
the end of the
construction

P — - — - —— - — - e - - -
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CASE STUDIES: HIGHWAY BRIDGES
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CASE STUDIES: HIGHWAY BRIDGES

Tiemo 90w80 om e _— ‘
—
I T
T
— = : & —_ e —= 0“23000;’3 5 e === = 3
@ og a
==
4437 =
T
|——]
= A L e o WA T e i i o VP e R e e e e e L]
' Depth: 3.20m
o ——)
VEDI PART. 2 [ fE—
4514 PR =)
‘| . —
= =1 2
120 2 5.8 | BOE 2t 120
A
Scasso per posso
duomo 90x%0 em T 1705
— , —
=
o © o o Al | o o © ]
i A L, o0 |
4437
336.6
. ~ 2
Depth: 5.40m ?
=
2
341
— =3
2
2
2¢(6+6) barre|#40 ad alto limite elastico
120 217 146.3 L 6184 146.3 277 120
- - - 7
Tubi 86 scarico acque interne al cassohe il ]ll L Jlllljr n 4+4 Martinetti per sostituzione apparecchi d'oppoggio e
T T T T — T — per stabilizzozione stampella durante il vare dei conci
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CASE STUDIES: HIGHWAY BRIDGES

u
AU I B B

CAVD 4s
CAYD 33

AV aVavavaVaVavaVaVavaVaWaVal

O
jaVi Wal's VaVaVaWaVaVaVabaValaval

C’ CAVO DI
SOCCORSO
? INFERIORE

]

My ﬁ%
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N CASE STUDIES: HIGHWAY BRIDGES

Damage observed on the precast
element during the tensioning phase
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N CASE STUDIES: HIGHWAY BRIDGES

Damage observed on

the precast element

during the tensioning
phase

(S—H—Z B 3 H-53)
Transverse rebar in the o e e ia i ia Lo @)
original executive ‘ S S
drawings, there are no | i e
stirrups but only open ; a v N
reinforcement : -~
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CASE STUDIES: HIGHWAY BRIDGES

Trasversal Section

] | 1 i
A A e
-

—_—

Strenghtening devices: steel v s ,,
profiles welded to steel plates, B 007l g s A ‘Hb
prestressed by introducing il S
iImposed relative elastic
displacements between them
and rigid restraints
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N CASE STUDIES: HIGHWAY BRIDGES

In the damaged segments the
concrete was rebuilt by
removing, using selective
hydro-demolition techniques,
alle the damaged parts to the
ordinary reinfocement
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N CASE STUDIES: HIGHWAY BRIDGES

LONCIO -1 Scalg 1:20 CONCIO 41

r1h ﬁ CONCIO n

& (b 40
.
= d

SEZIONE 1-1

Secala 1:20

‘!"
)"{-
L5

g
> 5 2|
- = =
! B
| &l ]
. ) i i o
Seansu du riempice eon ) _ ! gi g I
mata di Emaca LY y n. piogire 20a250. men 1=25 mm in octioi Inoc ASH 346 L | o T ————— e !
b % [ con forn cenlrale fsiinio per barre 230 mm 7
nd barrn skl 430 \ I\ / o | !
T Gcoow e M= 10 i — # i iR |
foro 42 mm \p":f‘---,_h "\‘| ! Fow 042 o :
T N T A g e T | |
= —— ; |
— = | pa— |
i P : . 4 l_ Bk |
i resing epossidica Sl = ' e
I / S = ") |

5 S
g motinetts bure £ HEB120: gecappiali -~

. TTRAVETTD B ™ Strato d resing epossidica |
2 MBI ocugal i '
. TRATTO B = - . 2 HEB120 accoppiati
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ooty marttte s GUNKE £ BELATVA AL CONGD 1 / N (TRRETIA Ay
P ™ s Y
Lt L L 0.2 ancoranti chimici #33 ) "\ Menselo in_carpenteria matalien

[MENSOLA A)
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N CASE STUDIES: HIGHWAY BRIDGES

n.1 plate 2501250 mm s=25 mm Stainless Steel AISI 316 L

ni @30 /
2945
Piostre isolarti \ Stairless steel A4=70 A
in materiale plastico 842 mm X, " ]
Fiastre ferate in I

accigio ingx ASI 316 L
Filetti e dadi in o

ncciaio inox A4=70

Piastra in
acciaio inox AISIZTEL

Mensala in corten -

Piastra in e
acciaio inox ASI 316 L

Piostra isclante
in materiale plastico

Guaing isolante

Stainless Steel A4-70

Fondelle isolante
in materiale plastico

5,
. Steel Cantilever

Bullone M16 ¢ rondella
accinio inox Ad—70

293 ¢l 109 L =42cm
Hilti HIT-RE 500
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CASE STUDIES: HIGHWAY BRIDGES

||
1
0.9
WP __..-""
1+yw "
0.8 X ’(_,p.-'
‘_.r"" -
- '.r""‘—
0.7 " -
e -~ _==""  ====Fi=15;(1)
’l -" .-._ﬁ
el -7 - — - Fi=15;(2)
0.6 g ’_f -
- o - —Fi=1.5;(3)
4 - -
" "’ .-‘" HE T
’p "’" - - - FI—Z,“.:I
0.5 " _o”
,," L e w — - Fi=2;(2)
” - —
’ L4 J" . - - — =
0.4 LSS 1+ywep _ . — Fi=z6)
’ ” ’I’- ’r' — " —_— a— m—_——— F|=3,{1]
! ra »” .- — .
’ — - Fi=3:(2)
4 1’ ’I’ .- - !
0.3 B = - — ——Fi=3;(3)
’ (/ ’ . - - — . — "
,f’ P ” . / . - J— —
v S S - - f—
r r /I / —
0.2 ——y — -
F Fi 7 .. . —
/o, A w:-(1-w)
5 F 7 . /
S 2 =
0.1 N ——-—\-::\\ 1+ xwe
0 ’:’;’
W
0 T T T T T T T T T ()]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

POLITECNICO DI MILANO




CASE STUDIES: HIGHWAY BRIDGES
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CASE STUDIES: HIGHWAY BRIDGES

Cross section
geometry

Prestressing
reinforcement

Details
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N CASE STUDIES: HIGHWAY BRIDGES

Principal stress of
tension = 6MPa

gazione(Siractursl Linear Stalic ) | Fresollecitedone(1) |, LO-50LIDVAm-8ZZ , Outpul CSys] Olobal CSys

~

0 ELENEMT STRESS
P1, Nimme2

Vertical tension o, = 5SMPa @

TUNITI N | e
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B
N| CASE STUDIES: HIGHWAY BRIDGES

Vertical tension o, = 4.5MPa
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CASE STUDIES: HIGHWAY BRIDGES

0000 118556 237314 255 957 EELSv]
i

I ELEMENT STRESS
SIZ Rinn"2

Introduction of a
prestressing force about
50% of the total deviation

force of the cable

|
| |3
V‘
N
T E
B
]2
[
HiE

Vertical tension o, < 2MPa

ZZ | [Outpul CSys | Clobal Coys

e ey ow cwm oW ——
0000 167268 3BE S03.504 674 871 SO ELENENT STRESS
L — = Fl [z

2
7000
T +6 43er UM
=5 BTS00
)

Principal stress of tension:
- Zone A and B: local effect
due to linear elastic model

- Zone C: tension due to
prestressing less tha 2 MPa

UM N,
108TA] TotsedConsuttion Stage) , STAOE 2, STEP 10LF 1,000] , OLIDVEIM-P P16 , [OuputCays] Globsl C8ys
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\J| CASE STUDIES: HIGHWAY BRIDGES

Campi di Velocita Vp [m/s]

000 2009 Vo [
‘ =ot
€ o "4
S S . /
~J

gt o

T &

o

e 500

/ — 4700

Percorsi di misura b

e / Campi di Velocita Vp [m/s]

Fig. 13— Confronto tra rappresentazioni iomografiche eseguite su di un concio integro e su di un concio ove rilevari daimeggiamenti
dello strato corticale di calcestruzzo

Zone ove rilevati
danneggiamenti dello
strato  corticale di
calcestruzzo a seguito
delle operazioni di
tesatura dei cavi di
presollecitazione

Percorsi di misura

ORIV
\%;:; 4"“’1}1 il
1!;?'“@‘}‘/)'/%%‘“9&‘1&4'«
B2 44T

Y\

————
e

—

Figure 7: elaborazione tomografica della sezione A, concio 64, pila P10N

Fig. 14— Rappresentazioni tomografiche eseguite su di un concio gia varato (64, pila 10N) ove rilevati danneggiamenti dello strato

corticale inferiore di calcestruzzo
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N CASE STUDIES: HIGHWAY BRIDGES

120

Tempi di Percorso
a
=1

T LA [l15]
40 —o—TLB [us]
20 / ——Tics]
. —8—TLD [ps]
0 & s
0 0.1 0.2 0.3 0.4 05

Distanza

Ultrasonic tests performed before
prestressing the cables

120
100
g
= &0
o
E a0
= .
s ——T LA [us]
E 40 Rk
g —8—TLB [ps]
20 - —o—TLC [us)
P ~o—TLD[us]
4] 0.1 0.2 3 [1R4) 0.5
Dictanza
Ultrasonic tests performed after
prestressing the cables

Tempi di Percorso

160

140

120

100

80 -

=T LA [us)
—— T LB [us]
—t— T LC [us]
—o— T LD [us]
o w= TPB [us]

04 05

Distanza

B POLITECNICO DI MILANO




CASE STUDIES: HIGHWAY BRIDGES

New closed

X/" stirrups
/T

Section 16s

The equilibrium of the cables deviation forces
has been guarateed with a more efficient
distribution of stirrups with closed shape
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B
N| CASE STUDIES: HIGHWAY BRIDGES
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CASE STUDIES: HIGHWAY BRIDGES
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CASE STUDIES: HIGHWAY BRIDGES

Control of the stresses at the top and at the bottom of the section:
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|THE BEGINNING OF A WONDERFUL HISTORY

1920: JE SUIS UN ARTISAN
1930: UNE REVOLUTION DANS LA TECHNIQUE DU BETON
1938: UNE REVOLUTION DANS L’ART DE BATIR

“MY TIME WILL COME...”
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“JE SUIS UN ARTISAN”
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| THE LEARNINGS FROM VEURDRE AND PLOUGASTEL

E
1+k)

v=v_[1+k] —_— E'=

~

“LES DEFORMATIONS DU BETON SOUS CHARGES
SOUTENUES SONT ISOMORPHES”

€=€,  Deformation Imposee (retrait)
Pont de Plougastel (1925-30), Brest
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| THE ELASTIC MODULUS OF CONCRETE VARIES IN TIME )

E. (1)

E
—  (k>1
” (k>1)

\ —

o
AE § —p =0.005
pS A —p=0.01
Ac —p=0.02
N
M
{
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> N__,
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THE INTRODUCTION OF PRESTRESSING: A
DI§COURAGING AND DIFFICULT WAY

The dark years

A FORWARD-LOOKING
CONTRACTOR

E. Campenon
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| THE PROGRESS IN UNDERSTANDING THE DELAYED

BE_HAVIOUR OF CONCRETE

LINEAR VISCOELASTICITY AND EXTREME MODELS

a) The Non-Ageing model and the asymptotical solution

Ao, a.p, (k-1

o 1+ ke, p,

a

e

1+ ke, p,

Ao . =E

s,sh C gshoo

b)  The Dischinger Ageing model
ASS,N _ [1_ eoieqiso(gl:psl)j

N
N

00000




| THE MODERN FORMULATION OF MC HENRY

t
e=[do(t'N(t,t")+¢,
0
Volterra and the theory of integral equation

a:id(g—gsh)R (t,t")
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AFTER WWII AND THE TECHNOLOGICAL DEVELOPMENT




THE ITALIAN CONTRIBUTION

" b R P
~ & JORF eyt -
B < p B et " Ty ¢ T
m e e
> R A N -
: WIS R
1 D SR
y p 4 » 4

Palavela, Torino
FIP Birth, 1952
CEB Birth, 1953
fib since 2000

Franco Levi

Carlo Cestelli Guidi

Riccardo Morandi . .
Tagliamento Bridge

Silvano Zorzi
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THE EUROPEAN DEVELOPMENT AFTER WWII

GERMANY Dickeroff

Rusch
Leonharat
Finsterwalder

Campenon

Freyssinet

Guyon
FRANCIA Alimchandani (STUP- India)




|THE OPEN PROBLEMS IN PRESTRESSING ]

* The four verification classes

« The prestressing steel

« The anchorage devices

 The sectional optimization

 The ultimate capacity

 The shear resistance

« Limit State of Deformation

 The redundant structures

 The concordant cables and the theorems for continuous beams

» The great problem of the general solution of the delayed behaviour

 The protection against degrading and steel corrosion
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. THE OPEN PROBLEMS IN PRESTRESSING

|
Integral Solution

Interaction between prestressing and normal
steel

Skew bending

Special Effects (warping torsion)

- Lt e
= il
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| AT LAST: THE SOLUTION

THE THEORETICAL FORMULATION
Systems of Volterra Integral Equations. The modal transformation of the

unknowns. Canonical forms. The reduced relaxation functions.
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THE SOLUTION

AT LAST

= Varied Creep Functions

*®
11
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Viens avec nous. Nous te ramenerons dans
un zone plus favourable du plan M-N

O
Z{F =z

E. Freyssinet E. Campenon
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Dites moi Monsieur Fressynet et-il-possible d'eviter les tractions
diagonales produites par I'effort de cisaillement?

Bien sur, pour cela il suffit appliquer

une precontrainte transversale. De cette

fagon nous pouvons pousser a gauche

le cercle du professeur Mohr jusqud

rendre les deux tensions principales
® de compression.

C'est formidable!

Rien de formidable.
C'est la precontrainte.

/\T

f
G\ O
_ O,
c,=0

=1/, E. Freyssinet

p,t
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\} “MY TIME WILL COME ... "
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| 1888: A UNIQUE YEAR FOR SYMPHONIC MUSIC

R. Strauss: Don Juan
N. Rimskij-Korsakov: Sherazade
A. Dvorak: VIl Symphony
P.Chaikovskij: IV Symphony

C. Frank: Symphony in D minor
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A TITAN AND A DETESTABLE “ANDANTE”

1889

L’IDEA DI PRESOLLECITAZIONE

1888

Déring,

I o0

F
N

A MALER-SZYFONIA,

(A Fithurmoniai konczerten.)

“Blumine”
second
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1968: JOHANNESBURG AND NEW HAVEN: THE PEAK OF
AN IDEA AND AN EXQUISITE “ANDANTE”

L’IDEA DI PRESOLLECITAZIONE

La Standard Bank di Johannesburg, 1970 MAHLER, TSINFONIA

2° rappresentazione nell’identica versione del 1889,
dopo il ritrovamento del manoscritto di Blumine
N. Haven, Aprile 1968

::::'é Andante

=0 | I i

= Seass Sea e
;_‘-25 - )-8 — \f' —“—

= 2 o P

1N

Frammento di “Blumine”

Cosi la Critica: “Biumine € un Andante raffinato ed € tempo che ritrovi il suo
posto nell’affascinante scenario mahleriano™

Second performance in the same version of 1889, after the discovery of the long lost second
movement “Blumine” N. Haven, 1968.

The critics: Blumine is an exquisite “Andante” and it is time will be restored in the fascinating

mabhlerian landscape with the posthorn of the Ill Symphony, the “Adagietto” of the Fifth and
the amorous guitar of the Seventh...
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1995: TOWARDS 300 METERS WHILE IN AMSTERDAM...

Stolma Bridge

Gustav Mahler
“”“‘* | “THE WORLD LISTENS”
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