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Presenter Notes
Presentation Notes
This presentation is a slightly improved version of my presentation at fib Antibes 2025.
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Presenter Notes
Presentation Notes
Let me start with a brief, incomplete review of the history of truss models and stress fields in the field of structural concrete.


Terminology

stress fields (limit analysis, lower-bound solutions)

truss models

FE-analyses

linear elastic FE

unrealistic, nonetheless
popular (see notes)

heuristic truss

models general NLFE

very time-consuming
non-standard parameters
require calibration

___________________

no explicit check
of strut dimensions

equilibrium

equilibrium strain compatibility

equilibrium, no infringement of yield conditions
neglect concrete tensile strength
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Presenter Notes
Presentation Notes
Terminology (from my lecture “Advanced Structural Concrete” at ETHZ). 
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Presenter Notes
Presentation Notes
Start with the past and try to clarify some things that by repeated copying have become fuzzy or wrong.


Early days of reinforced concrete: Truss analogy

Hennebigue’s patents

Francois Hennebique
1842-1921

J'ai perfectionné ces étriers ou entretoises, qui remplacent
les tiges de suspension des treillis de poutres métalliques,
tandis que le béton qui remplit et forme la partie médiane
de la poutre, me donne une succession de rectangles
indéformables, auxquels incombe le travail a la
compression des bras et montants des treillis des mémes
poutres.

I've perfected these stirrups or diaphragms, which take the

place of the suspension rods of metal beam trusses, while

the concrete that fills and forms the middle part of the

beam gives me a sequence of non-deformable rectangles,

to which the compression work of the chords and

suspension rods of the trusses of the same beams is
[Hennebique 1897] assigned.
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Presenter Notes
Presentation Notes
The French entrepreneur and inventor Francois Hennebique elucidated truss action in his very first patents, as early as 1897.


04.12.2025

Early days of reinforced concrete: Truss analogy

Ritter’s paper on Hennebigue’s construction system

Richtung der punktierten Linien wirkend, die Druckstreben
darstelle. Diese Linien werden, den Druckkurven entsprechend,
unter 43° laufend angenommen. Auf Grund dieser An-

Fig. 19.
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schauung werden nun die Bugel statisch berechnet und zwar
nach der Formel Q = 2 6bd, worin Q die Scherkraft und
b und d Breite und Dicke des Flacheisens bezeichnen. Der
Faktor 2 rihrt daher, dass jeder Biigel zwei Aeste besitzt.

[Ritter 1899]
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Karl W. Ritter
1847-1906

The flat iron stirrups that are placed around the rods are,
according to Hennebique’s interpretation, supposed to
resist the shear forces. Thereby, one usually assumes that
the stirrups, together with the (longitudinal) rods and the
concrete, form a kind of truss in which the stirrups
represent the ties and the concrete, acting in the direction
of the dotted lines, the compression struts.

It is difficult to say to what extent the inventor's
understanding of the effect of his stirrups is correct. [...] In
my opinion, however, the effect of the stirrups is rather
that they resist the tensile stresses acting in the direction
of the tension curves and prevent premature cracking.


Presenter Notes
Presentation Notes
ETH Professor Karl Wilhelm Ritter published a paper on Hennebique’s construction system in 1899, and is often given credit for “inventing” the truss analogy. In reality, however, Ritter critizised Hennebique’s idea.


Early days of reinforced concrete: Truss analogy

Morsch’s seminal book(s) on reinforced concrete construction

Emil Morsch
1872-1950

However, if the main reinforcement is designed as
described above, the stirrups will only have a subordinate
static function and can be regarded as a further safety

[Morsch 1908] factor that comes into effect if other structural elements
fail. On the other hand, the stirrups are also statically
required in the middle part of the beam, where shear
forces occur in case of half-sided loading, which are
commonly disregarded in structural analyses.

[MGrsch 1922]
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Presenter Notes
Presentation Notes
The same holds for ETH Professor Emil Mörsch (who moved back to industry in 1908 and in 1916 became professor at TH Stuttgart).

Commonly, however, Ritter and Mörsch are given credit for inventing the truss analogy. While Mörsch indeed contributed to the development of truss models in later editions of his book, after having carried out experiments to validate the theory, Hennebique should be given most credit for it.

I should not say this, as they are my pre-pre-pre-predecessors.



Truss analo

Early truss models (heuristic)

g
e
1 -!*:. .;;:: -'.::: ::'..' :'.-': :'::- "1-’
) 4 T
- _
K. W. Ritter, «Die Bauweise Hennebique» (1899) E. Mdrsch

Modern stress fields / strut-and-tie models
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solid foundation only
in the 1960s by the
theory of plasticity

E. Morsch, «Der Eisenbetonbau» (1922)



Presenter Notes
Presentation Notes
Even though sometimes presented this way, truss models have not been used for dimensioning concrete structures for more than 100 years. 
It was only decades later that truss models were put on a sound mechanical foundation by the advent of the theory of plasticity (as discontinuous stress fields) .


Semi-empirical shear design

Design based on principal tensile stresses / Kani’s works (no stirrups) / ...

&=0

| 458

[Lardy 1951]

ok Mcr TORONTO TEST SERIES C
2 | M, FULL FLEXURAL
Q=01 noo————K —-———M [ CAPACITY
'I} \ [
____________ l . 80 '(rl / :
i} \ s/ Pz 9J-CAPACITY LINE
4 \ /  |“%# |oF CONCRETE
|
' 60 W © TEETH
1 W/ K
40 2N ].“E{
7 1 NQ Bl _[ld_—-CAPACITY LINE
R / ka' |oF REMAINING
20 r S5 ¥t = ARCH, WITH k=09
/7 b |
// ©! I a .
. 1 =
[M. Ritter 1940] 0 I > 2 " P — [Kani 1964]

04.12.2025 Walter Kaufmann | Karin Yu | Dutch National Group of fib Stufib members meeting

Emil Marachy T

Emil Mo6rsch
1872-1950

Miax Rivier

Max Ritter
1884-1946

Pierre Lardy
1903-1958


Presenter Notes
Presentation Notes
Even after Mörsch had accepted the heuristic concept of truss models, they were not officially used for design (e.g. as part of design codes) until the 1960s since they were not considered scientific. Officially, they were merely used to qualitatively understand the flow of forces. 

Code-compliant design relied on linear elastic analysis (for example with diagonal principal tensile stresses, see figures) and comparing to some admissible stresses, or semi-empirical design approaches.


Heuristic strut-and-tie models

Schlaich et al.’s seminal works: design based on heuristic truss models

Terminology:
B-Regions: geometry and loading continuous
D-Regions: geometry or loading discontinuous

EIRRERERRRERREREXRINNIIRE]

(B = “Beam/Bernoulli”,
D = “Discontinuity”)

m [Schlaich et al. 1987] m

Jorg Schlaich

— plane sections, sectional design ok
1934-2021

— sectional design not ok

04.12.2025 Walter Kaufmann | Karin Yu | Dutch National Group of fib Stufib members meeting 10


Presenter Notes
Presentation Notes
Nonetheless, some visionary engineers reportedly used heuristic truss models for design, most eminently Jörg Schlaich (later professor at TU Stuttgart). 

Schlaich promoted the use of heuristic truss models particularly for so-called D-Regions, where the semi-empirical rules developed for beams are not applicable at all. He recommended to orient the struts and ties based on a linear elastic analysis of the D-region.


Heuristic strut-and-tie models

Schlaich et al.’s seminal works: design based on heuristic truss models

FEH

truss layout based
on linear elastic solution

truss models

LN

=)

“practitioner method”
mechanical justification?

safe design?

yrcement

=

—

primary interest: force flow and reinforcement design;
strut dimensions of secondary interest (rarely checked)

N

I

7]
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Jorg Schlaich
1934-2021

and co-authors
K. Schéfer,

M. Jennewein,

D. Weischede,

etc.

adopted by many
others:

J.G. MacGregor
etc.

[Schlaich et al. 1987]
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Presenter Notes
Presentation Notes
However, there remained many open questions, because it was not straightforward to prove that these models yield safe design.


Plasticity theory

Limit analysis: First application in steel structures and soil mechanics

[Plasticity conference at Lehigh University, 1965 (photo from Bruno Thirlimann’s archive)]
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William Prager
1903-1980

Daniel C. Drucker
1918-2001

and many others,
A.E. Green,

R. Hill, W.T. Koiter,
R. Shield, etc.
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Presenter Notes
Presentation Notes
Independently of this, plasticity theory was developed in the first half of the 20th century. It was targeting optimal design and mainly applied to steel structures, as well as in soil mechanics.

Photo of a “Plasticity conference” at Lehigh university in 1965. Not particularly diverse.


Plasticity theory

Limit analysis: Lower-bound theorem

\Zn
(b) X\ ()
____________________ load
smallest upper
bound value
P B L |
possible range of
the ultimate load
K highest lower
VAR bound value
Zm
General assumptions: \
e convexity and orthogonality («» maximum dissipation)
» perfectly plastic behaviour («<» ductility)
> safe design
Lower-bound theorem:
» satisfy equilibrium and static boundary conditions
* do not infringe yield condition )
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William Prager
1903-1980

Daniel C. Drucker
1918-2001

Alexey A. Gvozdev
1897-1986
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Presenter Notes
Presentation Notes
Independently of these developments, plasticity theory was developed – in the Western world – in the first half of the 20th century. It was mainly used in the optimal design of (steel and aluminium) structures, as well as in soil mechanics.

However, what mainly German emigrants developed in the US during these years had had actually been postulated decades earlier in Russia.

This slide summarises the assumptions underlying limit analysis, and the concept of its lower bound theorem (no time to explain here, another presentation).


Plasticity-based models for reinforced concrete

Limit analysis: Application to structural concrete

T

[Gvozdev 1936] [Drucker 1961]

Many others, e.g. A. Sawczuk, T. Jaeger, R.H. Wood, G.S.T. Armer, ...
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William Prager
1903-1980

Daniel C. Drucker
1918-2001

Alexey A. Gvozdev
1897-1986
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Presenter Notes
Presentation Notes
Interestingly, Gvozdev’s starting point was reinforced concrete, whereas in the western world, application to concrete came later. 


Limit analysis: Application to structural concrete

Plasticity-based models — Zirich school
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truss / stress field layout based
on engineering judgement
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[Tharlimann, Marti et al. (1984)]

analogy of stress fields and equivalent truss models
strut dimensions based on fc
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Bruno Thirlimann
1923-2008
Prof. ETH 1960-1990

Peter Marti
*1949
Prof. ETH 1990-2014

and many others:
Paul Lampert,
Peter Miller,
Josef Grob,
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Presenter Notes
Presentation Notes
One of the pioneers who dared to apply plasticity theory to concrete – despite that it is no ductile material –  was Bruno Thürlimann at ETH Zürich. 

Thürlimann had been at Lehigh university before he was appointed professor at ETH, so it was somehow logical that he applied limit analysis to concrete. He founded the Zurich School of plastic design of reinforced concrete, which was continued by his successor Peter Marti and persists until today.


Plasticity-based models — Danish / British schools

Limit analysis: Application to structural concrete ,L
p ¢Pl ‘

T I “”|1||

/ 1

5 b o Mogens P. Nielsen
2 Anchor plate *1935

4 / and many others:
ST o Douglas C. Clyde,
T

r—— - 3

DL Wai-Fah Chen,
T Christopher T. Morley,
Michael W. Braestrup,
Linh Cao Hoang,

M
A

R
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partly inspired by
, O > T plasticity in soil
" fe 2 mechanics
R

[Nielsen 1969 / Nielsen and Hoang 2011] [Nielsen 1984 / Nielsen and Hoang 2011]
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Presenter Notes
Presentation Notes
Mogens Peter Nielsen, doctoral student of Knud Winstrup Johansen and later Professor at DTU Copenhagen, was another pioneer, publishing the seminal book “Limit Analysis and Concrete Plasticity”. 

This book was later expanded together with Nielsen’s successor Prof. Linh Cao Hoang, ensuring continuation of the Danish School.

Relevant contributions were also made in the UK, e.g. by Christopher Morley and Douglas Clyde.


Limited ductility

Limit analysis: Lower-bound theorem

(b) ¢ lZ"

General assumptions: \
« convexity and orthogonality (<> maximum dissipation)
» perfectly plastic behaviour («<» ductility)

(c)
load
smallest upper
/ bound value

YA
j possible range of
the ultimate load

K highest lower
bound value

Lower-bound theorem: >

safe design

» satisfy equilibrium and static boundary conditions
* do not infringe yield condition

27?77
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Presenter Notes
Presentation Notes
The prerequisites of limit analysis – perfectly plastic behaviour – are not really met by structural concrete. On order to apply limit analysis methods, conceptual measures (and engineering judgement) are thus required.


Limited ductility

Concrete in compression Concrete In (indirect) tension Reinforcing steel

guasi-brittle
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Presenter Notes
Presentation Notes
Concrete is almost perfectly brittle in tension, and has limited ductility in compression. Reinforcing steel is much more ductile, albeit neither perfectly plastic.
NB. 95 t = ca. 54 MPa


Limited ductility

, © [MPa]

prestressing strands

Prerequisites of the theorems of limit analysis

prestressing wires -
: : : : . . 1600 ?
Perfectly plastic behaviour implies unlimited ductility — such forcing and prestressing steel g2z —+
a material does not exist. Sufficient ductility must therefore reinforeing a duezt?lse €ssihg steet. e
' ign.
be ensured in desig | | | 1200 + 1
In structural concrete, this can be achieved by the following (e, reduced by tension stiffening)

conceptual measures: /
800 T

— neglect concrete tensile strength (for resistance) and reinforcing bars B500B

—0

rovide minimum reinforcement to avoid failure at crack . —
- lPormation S— reinforcing bars B500C
400 +
— ensure yielding of reinforcement before concrete crushes ‘
20
& 40 ¢ %]
1
: . 12 = = =
concrete in (uniaxial) 1 1 : .
compression: [MPa] concrete in tension:
quasi brittle. T T almost perfectly brittle
0 | | |
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Presenter Notes
Presentation Notes
The prerequisites of limit analysis – perfectly plastic behaviour – are not really met by structural concrete. On order to apply limit analysis methods, conceptual measures (and engineering judgement) are thus required.


Limited ductility vs perfectly plastic behaviour

Concrete in compression

> concrete crushing
—— standard cylinder test

- possible model
(reduced strength)

' -—&
. o 3
kc 860 8cO >

cu

cautious value of
effective strength

04.12.2025

Concrete In (indirect) tension

concrete In
tension
neglected

NB. Also due to unknown
stress state (initial restraint)

Reinforcing steel

rupture of bonded
reinforcement

l tension stiffening

*-‘*-----

s o steel rupture

— bare reinforcement

- bonded reinforcement

u

dowel action neglected
ductility deemed sufficient
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Presenter Notes
Presentation Notes
The common assumptions made for rigid-perfectly plastic stress fields are these.


Plasticity-based models — Zirich school

Limit analysis: Experimental validation

[Bachmann / Thirlimann 1965]

04.12.2025

(discrete reduction factors)

l |
%

\
k.=0,8

242,

T

ke=1,0

— effective concrete compressive strength

’\‘\'\v\l
NN

777’

T

ke = 0,55

"hirlimann 1985]

[Stoffel / Marti 1995]

[Kaufmann / Marti 1995]
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Bruno Thirlimann
1923-2008

Peter Marti
*1949

and many others:
Paul Lampert,
Peter Miiller,
Josef Grob,
Aurelio Muttoni,
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Presenter Notes
Presentation Notes
The limits of applicability of plasticity theory, or in other words, the required deformation capacity, were intensely researched at ETH Zurich, particularly by Peter Marti both during his doctorate and time as research associate, before being appointed Professor at the University of Toronto in 1982, as well as after returning to ETH Zürich as Professor in 1990. 

In particular, he lead a fundamental research project “Deformation Capacity of Structural Concrete” running from 1990-1998, with several doctoral theses investigating the limits of applicability of limit analysis to structural concrete both theoretically as well as by means of large-scale experiments (Sigrist 1996, Alvarez 1998, Kaufmann 1998, Stoffel 1999). 
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[Marti 1985]
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Presenter Notes
Presentation Notes
Computer-aided methods for the development of stress fields have been developed at various universities (e.g. the Compatible Stress Field Method CSFM, developed at ETH Zürich in collaboration with the Czech software company IDEA StatiCa). The use of these methods is starting to become more common in practice. These methods will be discussed in the chapter about numerical modelling.

NB. On this overview slide, the order of Marti / Schlaich is wrong with respect to limit analysis, as these methods actually existed before Schlaich promoted his heuristic truss models, without referring to plasticity. However, unlike K.W. Johansen, J. Schlaich et al. welcomed the framework of plasticity theory once they became aware of it.


Discontinuous stress fields / STM

Frame corners i

fffff

JJJJJ

Dapped-end beams

7777’4

ke = 08 ke = 0,55

\j
Corbels

:;-7
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Presenter Notes
Presentation Notes
Today, strut-and-tie models as discontinuous stress fields are established, as seen here on some illustrations I use in teaching.


Discontinuous stress fields / STM

Frame corners

No unique solution for a given problem
— designer tells the structure how to carry the load

Guidelines for stress field development:
« simplicity

Dappetienalea » practicality (— reinforcement layout)
» efficiency

« stiffness (minimise complementary energy)
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Presenter Notes
Presentation Notes
Today, strut-and-tie models as discontinuous stress fields are established, as seen here on some illustrations I use in teaching.


04.12.2025

Discontinuous stress fields / STM

Recent advances in computer development indicate
that there might be much better ways of using the
unique capabilities of computers to assist reinforced
concrete designers in the future. There is a consider-
able potential for applying interactive computer pro-
grams with graphical input and output that could re-
place the traditional drawing board and pocket cal-
culator methods for developing truss models. Apart
from ultimate strength considerations, such pro-
grams would allow us to investigate the deforma-
tions in the cracked state by taking appropriate truss
member stiffnesses into account.

No unique solution for a given problem
— designer tells the structure how to carry the load

Guidelines for stress field development:

« simplicity
« practicality (— reinforcement layout)
« efficiency

« stiffness (minimise complementary energy)

Stress field development by hand

Limiting factors for widespread use in industry:
e requires engineering judgment

* time-consuming iterative adjustments

* limited use for SLS verifications

— adequate in the 215t century?
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Presenter Notes
Presentation Notes
But will they survive as manual design methods?

Peter Marti, Truss Models in Detailing, Concrete International, 7, 12, Dezember, 1985, S. 66–73.


Computer-aided discontinuous stress fields / STM

CAST (Tjhin & Kutchma, 2002) AStrutTie 2020 (HanGil)

H

effective concrete compressive strength

chosen by «refined» code provisions

s

[M ata' FaIC()n & SénCheZ'SeV"Ia, 2006] Basic Model P. Stress Flow Machine Learning Analysis Result
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Presenter Notes
Presentation Notes
More than 20 years ago Dan Kuchma then at Urbana Champaign developed a very nice application for computer-aided strut-and-tie generation. He incorporated the then newly established effectiveness factors of American codes, which made the application a more complicated as the user needs to define these for every single strut and node.. Unfortunately it is no longer maintained.

Other similar applications have been developed, e.g. AStrutTie which is available as a commercial software.




Computer-aided discontinuous stress fields / STM

Adaptive Stress Field Method

Erweiterung

mlnlmising Complementary energy - der KﬁRSCH’sehen Fachwerkanalogie

mit Hilfe des Prinzips vom Minimum der Form&nderungsarbeit

“Generalisation of Morsch’s truss analogy
using the principle of minimum strain energy”

von
Dr.-Ing. H. KUPFER (Minchen)

[Lourenco and Almeida 2013,
Lourenco et al. 2023] ' [Kupfer, 1962]
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Presenter Notes
Presentation Notes
Over the past decades, computer-aided stress field modelling has gained popularity. This slide shows two examples of adaptive and parametric stress fields. The underlying idea of the adaptive stress field method is similar to the works of Kupfer and Baumann in Munich and Collins and Lampert in Toronto, who established compatibility conditions for parallel stress bands, also referred to as compression field theory.



Computer-aided discontinuous stress fields / STM

Adaptive Stress Field Method Parametric Stress Fields
minimising complementary energy adapted to activate distributed reinforcement
&X%% Zl o 14

PR <

[Lourenco and Almeida 2013,
Lourenco et al. 2023] [Cubus AG, 2024]
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Presenter Notes
Presentation Notes
Note that minimising the complementary energy (equal to the strain energy for linear elastic behaviour) yields the stiffest of all models (within the design space defined by the parameters involved in the minisation), which is in line with energy methods as assuming a stress state tend to underestimate the stiffness. This is opposite to FE models where a deformation state is assumed, hence stiffness is overestimated and softest solution should be used.



Betonbau

04.12.2025

Computer-aided discontinuous stress fields / STM

fib Model Code

for Concrete Structures
2020

EN1992-1-1

effective concrete compressive strength
depending on principal tensile strain

unknown in classic stress fields
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Presenter Notes
Presentation Notes
In recent years, the research community has converged in relating the effective concrete compressive strength to the principal tensile strain. This so-called compression softening implicitly covers other failure modes, which is however not the point here.
More importantly for strut-and-tie modelling, the dependency of the compressive strength on the strain state greatly complicates strut-and-tie modelling: The state of strain is unknown in a classic STM.

What is the state of strain in these D-Regions? How to determine without FE-analysis?


Computer-aided discontinuous stress fields / STM

effective concrete compressive strength
depending on principal tensile strain
unknown in classic stress fields
1.0
Eurocode 2 (2023)
— upcoming SIA 262 (2024)
084 N  |..... fib Model Code 2020 (STMs and SFs)
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E
2
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Presenter Notes
Presentation Notes
The same applies to computer-aided STM


Computer-aided discontinuous stress fields / STM

centred

04.12.2025

effective concrete compressive strength
depending on principal tensile strain
unknown in classic stress fields
directly applicable only for special cases
1.0
Eurocode 2 (2023)
— upcoming SIA 262 (2024)
084 N\ ... fib Model Code 2020 (STMs and SFs)
=i MCFT
=
S
Q
& 0.6
= ", 1
S I S
I3} 1.0+110¢,
g 041 g
8 c 1 '-.
s | 1 A e
S 08+170s e
5024 e
B
0;0 1 1 1 L] L]
(Kaufmann 1998] 0 5 10 15 20 25 30
€ [%o]
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Presentation Notes
Determining the strain state from simple analyses is only possible in some special cases and particularly in B-regions, which can however readily be designed by sectional approaches.


Computer-aided discontinuous stress fields / STM

centred

04.12.2025

effective concrete compressive strength
depending on principal tensile strain
unknown in plasticity-based stress-fields
suitable for FE-based computational tools
1.0
Eurocode 2 (2023)
— upcoming SIA 262 (2024)
084 N\ ... fib Model Code 2020 (STMs and SFs)
Lk MCFT
=
2
Q
€ 0.6 - y
g 1
k5 ; 1.0+110¢,
% 04 - .
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s | 1 A e
S 0.8+170e, e
g024  TTtmeeennlll
B
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Presenter Notes
Presentation Notes
On the other hand, the compression softening relationships is handy for computational tools, as they require no user input once the strain state is known


[Ritter 1899]

[Drucker 1961]

- concrete in tension neglected
— compatible with limit analysis

- concrete in compression: parabolic (with k)

- accounting for tension stiffening
(Tension Chord Model)

[Schlaich et al. 1987]

Past Present Future 7
|
) (a) 0:= 2000
(450 kip) . .

R -/ T —— - concrete in tension neglected

Ny /./' \ | — compatible with limit analysis
Mérsch 1908 S\ /7 W\ - reinforcement and concrete in compression:
[Morsc ] : " ,-’ % . linear elastic — perfectly plastic (with k)

i 1] @ W 1286 - no account for tension stiffening

i & I (160 kip) (250 kip)

[Muttoni, Fernandez Ruiz et al. 2015]

04.12.2025

[Marti 1985]
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Presentation Notes
This has been leveraged in FE-based stress fields, particularly these two methods here.

FELA is essentially a similar method.


Lean RC-specific NLFE analyses (FE-based stress fields)

EPSF Elasto-Plastic Stress Fields CSFM Compatible-Stress Field Method
(Fernandez Ruiz & Muttoni, 2007) (Kaufmann et al., 2020 — IdeaStatica Detail)

[Mata-Falcon, 2015]

Development EPSF —» CSFM:
- CSFM = user-friendly (commercial) software

- CSFM accounts for tension stiffening and anchorage
— explicit check of deformation capacity
— more realistic stiffness, suitable for SLS checks

[—Mata-FaIc()n et al., 2014]
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Presentation Notes
These models are particularly suitable for the structural safety assessment of existing structures, as you can exploit the strength including distributed reinforcement. And it is not easy to do this by hand, if not impossible in complex cases. We will see in a minute.



Lean RC-specific NLFE analyses (FE-based stress fields)

Concrete in compression Concrete in (indirect) tension Reinforcing steel
“Csr s "
Lo . fil
k ar
e \ r————- concrete in
© concrete crushing :
: tension N E |
— standard cylinder test lected | s » steel rupture
- ___ Ppossible model negiecte | 5/~ bare reinforcement
AEc (reduced strength) / 1 - bonded reinforcement
— 1 | > _83 | ‘ \ - 8m
1(<:.8c0 800 8cu Sy gu
EPSF: bilinear, compression softening NB. Also due to unknown EPSF: dowel action neglected
according to design codes stress state (initial restraint) ductility deemed sufficient
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Presenter Notes
Presentation Notes
While EPSF (yellow) uses linear elastic-perfectly plastic relationships …


Lean RC-specific NLFE analyses (FE-based stress fields)

Concrete in compression Concrete in (indirect) tension Reinforcing steel

rupture of bonded
reinforcement

l tension stiffening

Lo o ,
kfl /) : :
cJe p— | concrete in
. @ concrete crushing :
. tension
—— standard cylinder test lected
- ___ Ppossible model negiecte ¢ T bare reinforcement
| (reduced strength) ‘
' | .
| - —& =&
k0.800 8cO 8cu : gy gu "
CSFM: parabolic, compression softening NB. Also due to unknown CSFM: dowel action neglected
according to design codes stress state (initial restraint) ductility explicitly checked
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In the CSFM (green), the realistic stress-strain relationships for concrete and bonded reinforcement are used. This maxes it useful also for SLS verifications.


Lean RC-specific NLFE analyses — diaphragm example

Geometry (2D) Reinforcement and loads

A A
WL TN \V

i

z mnﬂi?#f
[YVYY!

[Davide Blanr‘hl dsp Ingenieure +Planer AG, 2025]

Reinforcement (2D)

[Davide Bianchi, dsp Ingenieure + Planer AG, 2025]
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Presentation Notes
Example of a Lean RC-specific NLFE analysis (support diaphragm). Strengthening of the diaphragm could be avoided based on the refined investigation with CSFM.


Lean RC-specific NLFE analyses — diaphragm example

reinforcement stresses (at fictitious cracks) Utilisation (concrete, reinforcement, anchorage)

IEEE) '
AL L o)
L]

N
A

[Davide Bianchi, dsp Ingenieure + Planer AG, 2025]
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Presenter Notes
Presentation Notes
Example of a Lean RC-specific NLFE analysis (support diaphragm). Strengthening of the diaphragm could be avoided based on the refined investigation with CSFM.


%%

[Ritter 1899]

[Schlaich et al. 1987]
[Drucker 1961]
Past Present
€)) Q.-(zjgukg
N K i
\ / % S
I\ / \:
“\\ /
[Morsch 1908] RAN\YZJ
i ' ,
T} e sl e
N A H ‘p ‘p
Vo I

[Marti 1985]

[Muttoni et al. 2015]

Future
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Presentation Notes
This can basically be generalised to 3D, but is not straightforward.


04.12.2025

Levels of
approximation

Levels of approximation — 2D Models

STM, partly automated

lean RC-specific NLFE-analyses

VP

[Muttoni et al. 2015]

Material
behaviour

Compatibility

Main application

Application

suitable for design
interpretability

engineering judgment required

time-consuming
limited use in assessment
limited use for SLS verifications

limited use for design
lack of interpretability

automated

time-efficient
suitable for assessment
suitable for SLS verifications

Model examples

Strut-and-tie Stress fields

models

Elasto-plastic stress | Cracked membrane
fields models, compatible
stress-field method

Walter Kaufmann | Karin Yu | Dutch National Group of fib Stufib members meeting
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Presenter Notes
Presentation Notes
The approaches shown can be classified in levels-of-approximation as e.g. proposed by our session chair.

All of what I have shown so far is in 2D. Neither hand methods nor FE methods are perfect. We need to combine them.


Future development of stress fields / STM

General goals
Keep strut-and-tie models and stress fields alive by implementation in modern design tools ...
... combining the advantages of manual and automated methods: TRANSPARENCY AND EFFICIENCY

3D Problems

Improve the understanding of 3D nodal zones and stress fields

Develop a user-friendly, automated tool to develop reliable 3D strut-and-tie models and stress fields

04.12.2025 Walter Kaufmann | Karin Yu | Dutch National Group of fib Stufib members meeting
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Presentation Notes
And we must develop user-friendly tools, that combine ease-of-use of FE software with the advantages of STM.



FESCA Elasto-Plastic Stress Field in 3D

Lean RC-specific NLFE analyses (FE-based stress fields) in 3D

877

7
o %

& St 74 %
5

R 7% 740

N
/
]

e

04.12.2025

Main challenges:

1. Realistic failure criterion of concrete
- compression softening in 3D
vs. triaxial compression / confinement?

\\\\l'
<IN\ V'

-
m.
-
-
-

ViV

ki’

f f t

2. Maintaining simplicity and transparency

- avoid non-standard material parameters
- do not sacrifice mechanical consistency

Meléndez 2017 . -
[ ] for the sake of numerical stability
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Presenter Notes
Presentation Notes
There are some approaches for 3D stress fields. However, there are major challenges.


Future development of stress fields / STM

General goals
Keep strut-and-tie models and stress fields alive by implementation in modern design tools ...
... combining the advantages of manual and automated methods: TRANSPARENCY AND EFFICIENCY

3D Problems

Improve the understanding of 3D nodal zones and stress fields

Develop a user-friendly, automated tool to develop reliable 3D strut-and-tie models and stress fields

2D Problems

Design: develop a user-friendly end-to-end computational tool with strut-and-tie models and stress fields
(e.g. define reinforcement with an automated strut-and-tie model, validate with CSFM)

04.12.2025 Walter Kaufmann | Karin Yu | Dutch National Group of fib Stufib members meeting
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Presentation Notes
We must develop user-friendly tools, that combine ease-of-use of FE software with the advantages of STM.

And overcome the dogmatism that STM must be hand sketches – but actually, the critics have a point: transparency.


Generative design methods for STM

Structural optimisation

Continuum topology optimisation Continuum topology optimisation
* - Material redistribution in a 2D or 3D continuum
- s (with RC-specific material behaviour)
SN TN - Optimisation under certain constraints (e.g.
stresses) and objectives (e.g. mass, stiffness)

ﬁ\,\ N\ - Truss extraction and checking of strut
L ' S dimensions requires post-processing

[Xia et al. 2020] _ R
Discrete layout optimisation

- Ground structure = connection of nodes in a
grid-like pattern inside the concrete geometry

¢ Jr - Optimisation under certain geometrical and
structural constraints and objectives (e.g. mass,

Discrete layout optimisation

stiffness)
I € | - Checking of strut dimensions in post-processing

Truss-continuum topology optimisation
f IMozaffari et al. 2020] - combines both methods
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References:
Xia Y, Liew A, Wu H, Langelaar M, Hendriks MA, Yang Y, et al. Comparison of ground-structure and continuum based topology optimization methods for strut-and-tie model generation. Eng Struct 2024;316:118498. doi: 10.1016/j.engstruct.2024.118498.

Mozaﬀari S, Akbarzadeh M, Vogel T. Graphic statics in a continuum: strut-and-tie models for reinforced concrete. Comput Struct 2020;240:106335. doi: 10.1016/j.compstruc.2020.106335.




Generative design methods for STM

selection
Grammar-based STMs (generative grammars) /. I —
applicable rules \
and subgraphs o
application
structural problem initial truss S el }
t { ' ‘
R Z 4+ [ | /
rf
I [Yu et al. 2024]

evaluation

- Set of topological rules how an initial truss can evolve, preserving equilibrium
- Rules derived from constraints (validity) and requirements (suitability), allowing for engineering judgement

- Alternatives for application:
... user-guided STM generation (“co-pilot”)
... automated STM generation with optimisation (e.g. mass or reinforcement complexity) for simpler cases.

NB. Ongoing research — see also htips://concrete.ethz.ch/blog/grammars-for-strut-and-tie-models-explained/

04.12.2025 Walter Kaufmann | Karin Yu | Dutch National Group of fib Stufib members meeting

46


Presenter Notes
Presentation Notes
Reference:

Yu K L, Kraus M A, Chatzi E, and Kaufmann W. Grammar-based generation of strut-and-tie models for designing reinforced concrete structures. Comput Struct 2024;305:107549. doi: 10.1016/j.compstruc.2024.107549.


https://concrete.ethz.ch/blog/grammars-for-strut-and-tie-models-explained/

Generative design methods for STM

selection
Grammar-based STMs (generative grammars) /. 4
applicable rules \
and subgraphs Fad
application
structural problem initial truss S Prains S I }
__"M_*-Iviihf—f"’" %
\x performance
avaluation [Yu et al. 2024]
0 * initialisation Metrics (this example):
Validity
= Ties in blue and struts in green i gterz:n:r;[glles
¥ sogesaroes INN] CE intersections
() —— 2
Suitability / performance
A S steel consumption
G:0.16,A:0.0,CE: 0.0,S:0.33,C: 00 C reinforcement

complexity
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Reference:

Yu K L, Kraus M A, Chatzi E, and Kaufmann W. Grammar-based generation of strut-and-tie models for designing reinforced concrete structures. Comput Struct 2024;305:107549. doi: 10.1016/j.compstruc.2024.107549.



Generative design methods for STM

selection
Grammar-based STMs (generative grammars) /. 4
applicable rules \
and subgraphs L.
application
structural problem initial truss S Prains S I j
—_'M_'-:‘U*rf—ﬁ’/' %
\k performance
avaluation [Yu et al. 2024]
‘ ﬁ * ¢ Metrics (this example):
Validity
G geometry
A strut angles
CE intersections
Suitability / performance
A = = = S steel consumption
G:00,A:0.0,CE:00,S:042,C:0.11 G:00,A:0.0,CE:0.0,S:0.60,C:00 G:00,A:00,CE:0.0,5:0.79,C:00 C  reinforcement

complexity
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Yu K L, Kraus M A, Chatzi E, and Kaufmann W. Grammar-based generation of strut-and-tie models for designing reinforced concrete structures. Comput Struct 2024;305:107549. doi: 10.1016/j.compstruc.2024.107549.



Future development of stress fields / STM

General goals
Keep strut-and-tie models and stress fields alive by implementation in modern design tools ...
... combining the advantages of manual and automated methods: TRANSPARENCY AND EFFICIENCY

3D Problems

Improve the understanding of 3D nodal zones and stress fields

Develop a user-friendly, automated tool to develop reliable 3D strut-and-tie models and stress fields

2D Problems

Design: develop a user-friendly end-to-end computational tool with strut-and-tie models and stress fields
(e.g. define reinforcement with an automated strut-and-tie model, validate with CSFM)

Assessment: develop a user-friendly tool to derive strut-and-tie models based on a given reinforcement layout

(e.g. to reconstruct design solution or validate FE-based stress field with interpretable STM)
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Generative methods for assessing existing structures

Reverse engineering of STMs

120

80 120

120

200

[Yu et al., “’Reverse engineering strut-and-tie models for assessing reinforced concrete structures” (in preparation)]
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load case

reinforcement layout
by Barnes 2022

18#5

22#5

2247

16#6

1445

6#7‘

14#7‘

4#7

14#7
2247

1437

12#7
2247
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10#5

STM after Stage 2

stress fields

- based on discrete
layout optimisation

- ties = existing
reinforcement
(position, strength)

- maximisation of
ultimate load
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Yu K and Kaufmann W. Reverse engineering strut-and-tie models for assessing reinforced concrete structures. Manuscript in preparation.
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[Meléndez 2017]
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_ [Muttoni et al. 2015]
[Marti 1985]

[Markic et al. 2022]
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This completes my overview of stress fields and STM.


Future developments of stress fields

\“,‘ I‘\I \ L Y\
ﬂ_ &"s"'

— - /i

M. idealised hinge
N ; with constant
“x curvature
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As a final remark: STM developed by hand are by no means outdated. 

We have recently used them to explain how geometrical and passive confinement can be combined on a mechanically sound basis.


04.12.2025

Future developments of stress fields
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Presenter Notes
Presentation Notes
Admittedly, we cannot explain the rotational and shear behaviour of the throat with stress fields, but for the load introduction they work perfectly.



Thank you for
the attention

kaufmann.ibk.ethz.ch concrete.ethz.ch

Linkedin:
ETHzirich HE[ «xfmResearch
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