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Interaction of bending, torsion and

shear in prestressed structures

Background
Structural effects of

* The research started in 2017 with preliminary review of : :
finnish bridge stock prestressing strand failure

 What happens if tendons in a prestressed bridge are L
broken and how the situation can be analyzedg Stress redistribution of

- There is increasing concern of the state of prestressed continuous structure in ULS
structures globally as ruptured strands are becoming more
common

« What current methods can be used to predict structural
behaviour or are there more refined methods for
assessment and are applicable for engineering use?

* Many experimental tests: Signs of strand failure
» Re-anchoring and bond of ruptured strands under SLS loads
« https://doi.org/10.1002/suc0.202000351

Re-anchoring of grouted
tendons

« Small-scale load tests of prestressed beams under bending
and torsion The Team:
* https://doi.org/10.1016/j.engstruct.2023.115606
* https://doi.org/10.1016/j.engstruct.2024.119053 MSc JO(,)naS Tulonen
- Large-scale load test of prestressed beams under bending, MSc Olli Asp
torSLottn a/r/]CI Sheahr rtal.tuni.fi/en/publications/analyzi tructural MSc Lauri Kuusisto
* ps://researcnportal.iuni.fi/en/puplicatons/analyzing-structural- .
behavior-of-prestressed-continuous-beams-wit Dr. Prof. Anssi Laaksonen
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Combined actions

* Interaction between bending,
torsion and shear is essential in
design of bridge structures due to
the nature of the loads and large
span-to-height ratios

* From a scientific point of view,
however, the issue is not fully
resolved — at least not for
prestressed structures

» Beam experiments with torsion
from 1960s to this day were
collected to a database

« Amount of experimental research
data on concentrically prestressed
beams with combined actions is
very small

Jannitettyjen betonipalkkien yhdistetyt rasitukset — tutkimuksesta kaytantoon

IN.

TORQUE, KIP

DATABASE

1084 beams:
149 hollow

118 prestressed beams:
Pure torsion: 54

935 solid

On average from year 1977

Cross-section areas 0.01...0.37 m?

Mean:
concrete strength 34.1 MPa
longitudinal reinforcement ratio 1.8 %
» with eccentricity of 0.78 + 0.44
transverse reinforcement ratio 1.1 %

Bending and torsion: 39
B + T + Shear: 25

Prestressing
steel mainly
centrally placed

TWIST, RAD./IN.

Nam Pl P2 P3 P4 P5 P6
P1(Solid) 14" — 112,634
==t Cro ' ' o |ltiE i
L /’,/,__,;,—-J' =, 177b o ° i 1 s " d :
x Sect o)
/ o' P2 ( Hollow) 5 :
600 /-
P PI-SOLID  P2-HOLLOW .
500 h/ 1« w Web #3 hoops at 3.8 spacing
x [~ o T L4 Steel
17°B% o 3 "
0 , o ’? 7 Longitudinal | g4 #3 | e#3 | s#3 | — |30#5
cracking - [ I bars 8#3 8#3 3
longitudinal steel yield | 1263 L zea] re
° hoop yield 1 2 4680 psi tL4770 Prestressing
Beams P1 and P2 wires 12 12 3 12 40 -
00 #3 hoops o 38" = 47.5 (0.276 in. diam)
A =0718in? i =166
Fry = 214
100 A =088 rp:- 47. . o
‘ e Kuvien lahde:
° https://doi.org/10.15554/pcij.05011978.54.73
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Calculation example

» Simplified rectangular prestressed concrete cross-section close to
middle support

Concrete: .4 = 23 MPa
Tendons: f 4 = 1454 MPa
Rebars: f,, = 454 MPa (concrete cover 40 mm)

Sg{ﬁarate and combined strengths in bending, shear and torsion
with:

« NCCI 2

- CEB-FIP Model Code 1978

» Eurocode (1st gen, 2005) EN1992-1-1 + EN1992-2

L|
>
»
>

/. == = = = === LONgitudinal rebars for shear: 2x3140 mm? (~2x10d2(b

1400

«ssssssssnanas LoNgitudinal rebars for torsion: 3400 mm?2 (~17d16)

0000 Tendons for bending: 4x1800 mm?2 @900 MPa

Hoops for torsion: d16 c/c 150 (1340 mm2/m)

|A
<

k Links for shear: 2d16 c/c 300 (1340 mm?2/m) /
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Bending, Torsion & Shear — NCCI 2

1.5x10°

leﬂs T T
_—
~
- T
1.5210°F \\\ -
.
~
— - - - = -\-\‘\
E -
2 -
= 1x10°F ~ i
3 N
5] S
a .
~
~
)
500 \:\‘\._ i
'| ] -;
R
'l [
0 | | L
0 5x10° 110
Bending moment [kINm]
— TRd - VRd
---- TE(M) - no shear
— TR+ 0.5VRd
— - TR(M)+VRd

Torque [kNm]

23(103 T T
e
. ~
1.5210°F ~ —
~
-
~
___________________ A
kS
lxlﬂs— A} _
\
b
Y
\
500F —
G 1 1
0 1x10° 210°
Shear [kN]

— TRd - VRd

---- T/TRdmax + V/VRdmax = 1

—  TR(V) - no bending

— - TR{V)+ 0,5MRd
TR(V) + MRd
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107

Concrete contribution is large in
shear

» cot(6) =1

In torsion 1/3 < cot(B) < 3

* |s superposition of reinforcement
areas applicable?

A is calculated from the
centerline of longitudinal
reinforcement

No rules accounting for
prestressing steel as longitudinal
reinforcement in shear or torsion

Compression from bending is not
allowed to relieve longitudinal
tensile stresses from forsion

Longitudinal reinforcement for
shear not tied to cot(0)

Large cut-off with
y T/TRdmax+ IVI/MpIRdmax=1
y T/TRdmax+V/Vumax=1

05/02/2025 | 5
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Bending, Torsion & Shear — Model Code 1978

1.5210

leﬂs T T
1.5=10°1 -
EE' ....................................................
o 1x10°F v i
2 e Lo
=] . 5 \
[ , oy
D%
jm_ i 1.l :: -
at
3 1lI':l
I
0 I 1 It
0 x10° 1=10"
Bending moment [kKINm]
— TRd - MRd
---- TR(M) - no shear
— TRM) + 05VRd
— - TR(M)+ VRd

Torque [kNm]

3x10°

2x10° . .
1.5:10°F —
0 ""EHHH .
. N
500 - N .
N
- ~
h s
T
N
G 1 1 il
0 1x10° 2x10°
Shear [kN]
— TRd - VRd
---- TR(V) - no bending
— TR(V)+05MRd
- - TR(V)+MRd
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3/5 < cot(8) < 5/3
A calculation:

Prestressing steel can be accounted
for as longitudinal reinforcement in
torsion

Concrete contributes in torsion and

shear resistances — but not in the
interaction calculations

Longitudinal reinforcement for shear
not tied to cot(B)

Longitudinal reinforcement for torsion
can be reduced in the flexural
compression zone

No cut-off from maximum values
bending moment and torsion
* Warning of too high principal ,
compressive stresses in compression
zone

05/02/2025 | 6
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Bending, Torsion & Shear — 1992-1-1 + 1992-2
(2005) oo 23

No contribution from concrete

310 ' ' 10 ' ' ' ' All longitudinal and :
______________ transverse reinforcement tied
. to cot(0)
-\'\ .
el s, S Prestressing steel can be
T N i il N i accounted for as longitudinal
= P Lo = Y reinforcement in torsion
-~ a . N ~ 0 - -
% A Y % N Longitudinal reinforcement for
= R SR = I N torsion can be reduced in the
S NG o e ~. flexural compression zone
=10 e 1 T iy TN - 1 :
. Y RN No cut-off from maximum
\ = S values bending moment and
A N torsion
o N :
aj\.l R L * Only shear and torsion
Vi - ™
0 1 - 1 0 | | - A 1
0 5x10° 1x10* 1.5x10* 0 1x10° 2107 3x10° 4x10° 5x10°
Bending moment [kNm] Shear [kN]
— TRd - MRd — TRd- VRd
---- TR(M) - no shear ---- TR(V) - no bending
— TRM) + 0,5VRd — TRV} + 0.5MRd
- - TROM) + VRd - - TR(V)+MRd
Jannitettyjen betonipalkkien yhdistetyt rasitukset — tutkimuksesta kaytantoon
05/02/2025 | 7

Joonas Tulonen, Siltatekniikan paivat, 4.-5.2.2025



f

'D Tampere University

Calculation example

- conclusion

3x10°

e Mystery area

+*
.
E
.
.
-
R
. .
1=10°F

+‘+
4

W

+ - ..
LY

Torque [kNm]

Large differences

0 J= 103 1= l'[l4

Bending moment [kINm]

—— TR(M) + 0.5VRd - NCCI 2
==+ TRQM) + 0.5VRd - Model Code 1978

=+ = TR{M) + 0,5VRd - EN1992-1-1 & EN1992-2 (2005)

1.5x10"

* The "mystery area” has been
researched with:
« Small scale bending-torsion
experiments

* Developement of Plasticity
based space truss model with
variable compression panel
thickness (PB-TM)

* Collecting 92 experiment results
from literature for model
calibration

* Development of Strain based
space truss model (SB-TM)

. Larc};e scale experiments

continuous prestressed beams
with bending-torsion-shear
Interaction

05/02/2025 | 8
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Small scale experiments

I

FNEl— .‘ ‘y“-

» 8 beams with different reinforcement ,_.::*i"'—' A
setups wre
 Lighlty and heavily reinforced,

prestressed

« Sudden fracture of concrete on
compressive side was evident in
heavily reinforced beams, while the
beams$ were not overreinforced for
bending

TEN.\ SIDE COM.

()3 T8 k45 L3200

1)4 T8 k60 L=3200
Q

N e
N A
N b
‘\
4@ 3 T8 k45 L3200

e e e

(M3 T8 k45 L3200

(D4 T8 k60 L=3200
7 7

q

E

E
: 3 T8 k45 L3200
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Plasticity-based space truss model (PB-TM)

« Combining the

> . Case 1 sk ©
aspects from plasticit L \f\ P
based bendlng mOde stressing /{\ \ % A \\\8
and space truss sl ; ﬁ \
model for torsion I PR — ke

Point A

* The transverse strain :
of the top panel is 4|t
derived trom force
equilibrium of the
panel forces

* Created from the
results of load tests

,,,,,,,,,,,,

twa]],ten

) twal],sidc/tcn = l‘{wa]l* (Ac/uc) JWheFe l'(v_vall is Variab!-e taking
account the T/M -rati» and longitudinal mechanical

|

D %
L1 (Y 1y

reinforcing ratio, and A¢ and uc are the area and parimeter
of the concrete cross-section

<f.,o 0

Crs'l',com sy » “'sL,com =

on 8 beams with rete cross-sec
heavy reinforcement T >
a n d p restreSS| n g - O, ide/ten and Gside/ten are determined from equilbrium with

ogrand q "‘
< WP
\‘“,

Point C
I O com=Vfc, V=1

- Bcom = atan(qr*be/N) , where Nj, = M/z. and z. is the
internal lever arm forbending

- Occom = V(€ (o) *fe, where g, - is determined with
transverse equilibriun in ultimate state and Mohr's circle
assuming e, ... = €eu

- tall com d€termined so that cross-section is in equilibrium Foten™As Litens L en
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Bending moment ——

Case 3

Gc,com=Vfc. v=1

Case 2
oc.mm<fc

Fs,com=A

f -M/ze

's,L,ten’s L ten

\g\ Oecom<e Point B
§\\ >A5-L,!enfs,L,qe"'Mlze=o
§is

Variable compression panel thickness

) Point D
!7 O¢ com=Vfe, v=1

> ﬁ c.com

en’s,L ten
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Plasticity-based space truss model (PB-TM)

. The test resultsod 23 ea g nnsnasnr unanm

[o¥]
w

small scale E AR ghananensliLleysnns oo Shrcdnanry

I = S W2z T 225 o
experiments were kTl
over-estimated with  °~

. : L\ @ rrote-L 10
model without fSnm e A e S 8, RESSS
" ga--" | | | | | |
Concrete SOftenIng 00‘ 5 10 15 20 25 30 35 40 45 50 55 60 00 10 20 30 40 50 60 70 80 90 100 110 120
Or Variable . Bending moment [kNm] e Bending moment [kNm]
. a0 |+l ""‘-..‘__ oob‘ i __-”‘
compression zone MEREEERRE Sy SanR MGRERRT 2ad 1=
. - ' — 45
thickness e T e
. 80 ke 33 ' ‘;;,I' 1[@3?16 230
*Concrete softening &) “*7® 8N &

fa.Ctor WaS ad.us.ted T \
with test results {¥ e B e eamnneToacenn o

0 10 20 30 40 50 60 70 80 90 100 110 120 130 0 10 20 30 40 50 60 70 &80 S0 100 110 120 130

Bending moment [kNm] Bending moment [kNm]
= LL, variable t, ., L=0.5/1.0 LL, variable tg coms U=(1+32008 com est) &> *=====" W baats
LH, variable t, .om, L=0.5/1.0 LH, variable t, .o, Uc:(1+32005-:1rwm£5t)'0'5 -------- LH, ts com=te
LHp, variable t, com, V=0.5/1.0 LHp, variable to com, V(14320087 com est) > === === LHP, te com=te

= HHp, variable Lo, coms 0=0.5/1.0 e HHp, variable te,com: Uc:{1+320051,connesl]-0'5 """" HHp, te com=te



r— . . Input data
rJ Tampere UnlverS|ty . Material and cross-section properties
. Stepping value for shear flow, qsep

. Torque-to-bending -ratio, kry

Initial guess for panel wall thickness t.; and A,

Strain-based space truss model ==

Stepi
[ calculate curvature x, with A, q, knv and M-x -relationship __ |¢—
= I
| Increment longitudinal strain g.¢ I‘—
A 4
Straln based Lruss mOdEI SB-TM -}?T d= Th/ ((izlAO) Where AO iS the Panel lelq;tllj:]:::g?::]::t::;s and A, [—
H 1 H the dashe ine Panel longitu Iiua strains £,
« Based on solvmg% the strain state of given “ gy =V (2ho)
combinations of torsional shear flow g and cross- LA NE Y Oheom &Thi vertica component dpre [T ncrement orincipa sersinngies, | J—
1 1 g endon inclination) is account
SeCtIO n be n d I n g Cu rvatu re K ~ / I I Increment second principal strain e2; I I“
(- i Panel forces
qT —_— Calculate:

* Non-linear material properties and non-linear nested
iterative solving of the panel forces

» Full load-deformation response calculation is possible | s

First principal strain £15(eL;,€25,85)
Transverse steel strain e.r;(£L,82;,8) t;)
Shear strain y;(£.;£2;8;)
Concrete strain softening factor v, (e, )

- -]
!
!
i
!
!
|

e

Transverse steel stress oqr;(2T;)

Concrete force n(eL;€2))

Transverse steel and q in equilibrium?

Ar -

l‘h“l‘

* The model was used to adg'ust the PB-TM parameters — /&V ______
to achieve better match with experimental results from \/ '
the data base ¥ %, e o qT

v

| Calculate cross-section twist & with panel shear strains |

- Longitudinal strain £(z) = k*z + ¢,

Calibration of SB-TM with experiments with torsion and bending = O ton/com A0d O are determined from material models L 7

B0 1 00 witl SL Z ) . Concrete SOftening faCtOr Calculate panel wall thickness, tenew,, corresponding to cross-

= o - t,,.n for each panel is determined from €&, and panel 05 section curvature, twist and panel j principal strains

= R0 curvature s, which is a function of cross-section twist @® ve(g) =1/(1+1600%;

B — and curvature x For each panel;

o £ 60 - Cross-section twist is calculated from shear deformation wof VeGe - Tomew; ™ e?

S E panels

g = 40 - &y and 6 are determined for each panel so that force

= 5 equilibrium and strain compalility is fulfilled

3 g 20 - 0c = Uc(€1)*0c(€,) for each panel

= € - £ is iterated so that cross-section is in equilibrium

R e

5 0 10 20 30 40 50 60 70 80 90 100 =141

. . w = Qi1 + Goee
Measured ultimate bending moment [kKNm] For new g, estimate: |—
. M-k relationship

t, and A,

0 Collins O Elfgren 0 Gesund et al. i f
Jackson & Estanero O McMullen & Warwaruk ~ © Tulonen & Laaksonen Lo on ermination T e
Jannitettyjen betonipalkkien yhdistetyt rasitukset — tutkimuksesta kaytantoon



Four beams:
CD Tampere University C i
ross-section:

Large scale Concree
experiments '

* Four 20 meter long two span post-
tensioned concrete beams were loaded W= e el
to failure with 9-point loading '

 The structure represented a typical
highway overpass

* In some of the beams, half of the
prestressing strands were cut at the
support to simulate tendon breakage

 Tests were conducted in 2021 at
Tampere University Structural
Engineering Laboratory

Measurement layout and cross-section dimensions Reinforcement and measurement layout
0.6 m from middle support Middle support Hole for cutting the top strands

1000 v 6 d12 (B4)

f

Corrugated metal duct 2.d12 ¢/c100 6 d12 (B3 and B4)
+ grout

g\l X7 6 d12 (All Beams)
- - g‘ /N T T
[(d 4 "%" N ‘9)|9|(C“("\WW T Y © YD)
& | 150 |
Shield plate d12 ¢/c100
ol for lower strands —
(=)
<
(=]
(=] N
Ni: \ amo omm .Y ‘i \2 aQ a .Y
= 4d12
2} k2o
J, 700 ,.|' == Strain gage in transverse steel bar

s Strain gage in longitudinal steel bar

Jannitettyjen betonipalkkien yhdistetyt rasitukset — tutkimuksesta kaytantoon
Joonas Tulonen, Siltatekniikan paivat, 4.-5.2.2025

continuous with two 9.7 m spans
0.7x0.5 m rectangle with small overhangs
mean cylinder strength 34...38 MPa

parabolic profile with 8 x 150 mm?
strands @ 900 MPa inside a
?routed corrugated steel duct,

0001 = 1600 MPa
bottom 4 x d12, top 6 x d12.
hoops d12 c/c 100

Top soffit at the middle support,
B1&B2 6 x d12 mm, B3: 12 x d12

B4: 18 x d12 mm, f,, = 519 MPa

05/02/2025 | 13




CD Tampere University Instrumentatlor? per beam:
» 80 rebar strain gauges

* 41 concrete surface strain
measurements with LVDT

Test setup and instrumentation oGS

deflections and rotations

* 4 bearings with support reaction
measurement

» 4 force transducers for vertical
load measurement

« Each beam was heavily
iInstrumented

* Beams were loaded
with four vertical loads
at the span and two
torsion loads at the
beam ends

« Some measurements
were started when the : Ao LD
beams were lifted to the e oy 900 SN
Shupporllist ﬁnd Contlnued TQOOT 2300 . 3500 f 3000 f 3000 . 3500 f 2300 TQOOT
through the

« 2 instrumented hydraulic jacks
for torsion load measurements

= =
T T T T
A NA LN L] 0

B

F F o F F
: SR $ L = $ ¢ it 8 AR
restressing to the =t N tr S
a I I u re Ioad En;dé;upport g Micﬁ; support g End support T
AL Span length 9700 n|, Span length 9700 A|,
J’ Total beam length 20000 ]

Jannitettyjen betonipalkkien yhdistetyt rasitukset — tutkimuksesta kaytantoon
Joonas Tulonen, Siltatekniikan paivat, 4.-5.2.2025 2/5/2025 | 14
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Beam experiments:
Failure modes

* All of the beams showed heavy cracking at the
middle support

 The failure of all beams was combination of
bending, torsion and shear

 The beams with the heaviest reinforcement, B1
and B4, failed in brittle manner

» Cracking and spalling was observed in the
compressive soffit near the middle support

« Soon after large diagonal crack appeared onto
the side and concrete spalled off

* The failure modes of beams B2 and B3 were
more ductile

* No concrete spalling of the side face, but spalling
and diagonal cracking at the compressive soffit

Jannitettyjen betonipalkkien yhdistetyt rasitukset — tutkimuksesta kaytantoon




'D Tampere University

Comparison with the calculated results

Results from middle support

» Accuracy of both models is very good

« SB-TM estimates that the failure
occurred in a section somewhere
between the middle support and 0,6 m
from middle support

* This is an area where the cut strands
have not yet fully re-anchored

» Supported by hoop strain measurements
(no yielding at 0,6 m) and visual
observation of the failures

« PB-TM estimates failure location bit
further from the support — slightly
underestimates the ultimate strength

0.004

0.002

0

0

. [ F)
800 1000 1200 0 400 600 800 1000 1200
Load 3 Fy, [kN] Load T Fy [kN]

Jannitettyjen betonipalkkien yhdistetyt rasitukset — tutkimuksesta kaytantoon

400

200 600 200

— torsion and peak moment
only

B1 (8/8 strands + 6 rebars) 1.09 1.19
B2 (4/8 strands + 6 rebars) 1.15 1.30
B3 (4/8 strands + 12 rebars) 1.19 1.29
B4 (4/8 strands + 18 rebars) 1.09 1.17

Results 0,6 meters from

middle support — torsion,
shear and bending moment

B1 (8/8 strands + 6 rebars) 0.90 0.99
B2 (4/8 strands + 6 rebars) 0.95 1.04
B3 (4/8 strands + 12 rebars) 0.98 1.08
B4 (4/8 strands + 18 rebars) 0.93 1.00
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Calculation example revisited

 PBTM follows eurocode approach quite
closely — failure dominated by yielding of
longitudinal and transverse reinforcement

* No significant strain softening of the
concrete

« SBTM gives larger bending capacities —
mainly due to non-linear and strain
hardening material properties

 Resistances with higher torque are lower as
%/rl]el?lr)lg of the transverse steel dominates
e failure

» Conclusions (in this case):
« Failure is not governed b_?/ crushing of
concrete as estimated with NCCI2

« Assumption of full yielding of all the
longitudinal and transverse reinforcement

may be give too high resistances

Torque [kNm]

3x10°

210°F

1=x10°F

/ “\\\"\ \‘

N

)

A

0 5%10° 1x10°

Bending moment [kINm]
—— TR(M) + V=1500 kN - NCCI 2
— TRM) + V=1500 kN - Model Code 1978
TRM) + V=1500 kN - EN1992-1-1 & EN1992-2 (2005)
- =+ SBTM
PBT™

1.5%10*
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Conclusions

* The presence of torsion can lead to more brittle failure than
expected due to greater concrete stresses and lower concrete
strength caused Dy shear strains

* The current design methods for torsion and shear are not intuitive
to use for combined actions and lack a coherent connection to the
ﬁhyslcal behavior of real structures — especially if the structure is

eavily reinforced

* The presented analysis methods provided accurate results but are
computgtlonally demanding — more design-oriented tools are
require

* On-going research is concentrating on a {)Iyin the models
dfevelcépled for different design cases and to extend the capabilities
of models

Jannitettyjen betonipalkkien yhdistetyt rasitukset — tutkimuksesta kaytantoon
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Thank you for your attention!

Questions?

Joonas Tulonen
joonas.tulonen@tuni.fi
ORCiD: https://orcid.org/0000-0002-0879-244X
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