2 In-plane loading —
walls and beams

2.1 Stress fields
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Learning objectives

Within this chapter, the students are able to:
= create simplified stress fields and strut-and-tie models for walls, beams and frames, including
discontinuity regions, as a combination of basic stress fields and strut-and-tie models.
o discuss the differences and similitudes between stress fields and strut-and-tie models.

o Identify the critical regions of a simplified stress field or strut-and-tie model and formulate detailed
stress fields allowing for the verification of those regions.

o Vverify most frequent nodal zones.

= assess the applicability of stress fields and strut-and-tie models, particularly concerning (i) the
presence of transversal reinforcement, (ii) the selection of suitable effective compressive strength, (iii)
the proper detailing of nodal zones and (iv) the existence of relevant 3D effects in 3D structures made
of 2D elements. Whenever 3D effects are present, the students are able to create 2D stress fields
and strut-and-tie models capturing those effects.
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Stress fields

Strut-and-tie models and stress fields: Historical development

« Oiriginally, solutions followed primarily the main load path, the dimensions of the struts being of second importance. Such
models have persisted until today («Strut-and-tie models», e.g. Schlaich et al., 1984 and 1987).

« Since about 1975, strut-and-tie models (truss models) have been used in combination with the assumption of a limited
concrete compressive strength f.. The dimensions of the struts and nodal zones result from the assumption of f..

« The resulting strut-and-tie models (truss models) are statically admissible (discontinuous) stress fields according to the
lower bound (static) theorem of the theory of plasticity and, therefore, are based on a consistent theoretical basis.

« Computer-aided methods for the development of stress fields have been developed at various universities (e.g. the
Compatibility Stress Field Method, CSFM, developed at ETH Zurich in collaboration with the 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.
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Stress fields

Force o
smallest upper limit
value

A

! possible range of
! the ultimate load

K maximum lower limit
value

» The application of stress fields is based on the theory of plasticity.
« ETH Zurich played a central role in their development - namely Professors Bruno Thirlimann and Peter Marti.

* Internationally this approach is known as the "Zurich School". It is based on consistent mechanical models, which are
verified with large-scale tests.
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Stress fields

Early truss models (descriptive)

€
¢
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K. W. Ritter, «Die Bauweise Hennebigue» (1899) E. Morsch, «Der Eisenbetonbau» (1908)

Elastic stress fields with principal tensile stresses
(semi-empirical)

! Q=0
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E. Morsch, «Der Eisenbetonbau» (1908) M. Ritter, «Vorlesung Massivbau» (ca. 1940)
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Stress fields

Early truss models (descriptive)

€
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K. W. Ritter, «Die Bauweise Hennebique» (1899)

E. Morsch, «Der Eisenbetonbau» (1922)

E. Morsch, «Der Eisenbetonbau» (1908)

Current strut-and-tie models / Stress fields: theory of plasticity = consistent foundation
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Karl Culmann
1821-1881

Prof. 1855-1881
(— Ritter)

Pierre Lardy
1903-1958

Prof. 1946-1958
(— Tharlimann)
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Karl Wilhelm Ritter
1847-1906

Emil Morsch
1872-1950

Arthur Rohn %

Arthur Rohn
1878-1956

Structrural concrete at the ETH - former professors

Max Ritter
1884-1946

theory of plasticity to structural concrete members

Pioneers in the application of the

y 'Q;;IIé.Zhj}}?l;;hw}‘)l
Bruno Tharlimann
1923-2008

Prof. 1960-1990
(— Marti)

E | H 2ur|c|i I CHalr Ol

Hugo Bachmann
1935

Prof. 1969-2000
(— Stojadinovic)

Christian Menn

Christian Menn
1927-2018

Prof. 1971-1992
(— Vogel)
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Peter Marti
1949

Prof. 1990-2014
(— Kaufmann)




Plastic design methods

Bachmann / Thirlimann Maier / Thirlimann
(1965) (1985)

Stoffel / Marti
(1995)

Sigrist / Marti Kaufmann / Marti
(1992) (1995)

Laststufe 11 S
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Stress fields

Principles for the design of stress fields

There are usually several suitable stress fields to solve the same problem. Designers select the most suitable stress field and
dimension the reinforcement accordingly.

The consideration of the following principles usually ensures an economic design (the requirement for stiffness also follows
from the principle of the minimum complementary energy):

« Simplicity (usually only orthogonal reinforcement is used)

« Stiffness (e.g. short ties)

« Efficiency (consider minimum reinforcement in the calculation)
A scaled drawing of the model is highly recommended.

In any case, sufficient minimum reinforcement should be used
(p = 0.1...0.3 %, depending on the region).

Particular attention should be paid to the choice of the effective concrete compressive strength, that should account for the
non ideally plastic behaviour of concrete (see separate chapter) and has a decisive influence on the geometry of the model.
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Stress fields

Stress discontinuities

Stress state -

Stress state +

Lower bound theorem of the theory of plasticity: equilibrium must be fulfilled

— Normal stresses parallel to the discontinuity line may have a discontinuity
(o7 # o is admissible)

— Normal stresses perpendicular to the discontinuity line and shear stresses must be continuous (o;; = o, and 7, = 7.},
must be fulfilled)
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Stress fields

Basic models for beams

(a) without activation of transverse reinforcement Distributed load (q)
Polygonal fan Fan
ga ga q
&4 &A E N N 2 A
Point load (Q) ey Y Direct strut
| al2 | al2
Direct strut T T [ ga l g
H F *S a P
- = E| e
- F G G "
D B 1 C 2l ala
T Polygonal arch Arch yod e
A
& ga qa g
>R *4 #4E 2 O B S = ! -
5] C G - = A —
Q*. AN 5 ) ;’\{ F
4 | aa |
A
G
B
St e 5% tc 3
11
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Stress fields

Basic models for beams

(b) with activation of transverse reinforcement and point load (Q)
(a)

Truss

Truss +
polygonal arch

A

B} C
Q
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Double fan

Arch + fan
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In-class exercise
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Stress fields
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Stress fields

Derivation of direct strut mechanism (point load + no activation of transverse reinforcement)

Equilibrium: A h o [h? )

c_n_ /" _Qa o huth? o(-02) [ 2
Fo=bef,=Af,=F | 2 {4 bf \p:AS/(de)> a2 (Lre2) =
Qa=b,cf (h—c) AS:bCL (w=p(f,/f.) Q:bwfchz 2
- ", 4a K
a 4
1 N
£y
H E e 44 b Q
<—FC C . b, f,
D - f
5 h—2¢ d|h c=wd, m:bwd;(y;
a 4 F.=F =odb,f,
— F, o |+
G —e -+
B.a C
o] A 4+
45t ) W

a+b
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Limits of applicability of direct strut model

Stress fields

G.N.J. Kani (“The Riddle of Shear Failure and its Solution”, 1964): Results of experiments without stirrups

100% = bending resistance reached
— Model "direct strut" ok

i 1:——a-—.‘

T
d
i ,; =1
Mce /Mg [%] / "Kani shear valley"
]
100 s
\ e
\ Vg
80 i
\ | AIﬂ)y
\ I A@y
60 k -
40
~a/d
1.0 20 30 40 50 6.0
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a/d (a: "Shear span")
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truss model

Failure modes for 0.5 < a/d < 2.0

bt Strut 1,2
\2 Anchorage 3
35/ /4 Bending failure 4

Support failure 5

Failure modes for 1.5 < a/d < 2.5
Lok . Anchorage 1

NN

Bending compression zone 2

Di
lear crack |

sk

7

Diiagonal shear cracks for a/d > 2.5

Second;

om0 1)

Nnitial bending crack i

[based on Sherwood 2008] 15



Stress fields

Py, =685 kN h=4.00m
P, = 2162 kN d—384m

Test PLS 4000, University of Toronto (2015)

L A . . o . 5 B
" R n R NN Sl T

7.00 m l 12.00 m 1 o,
(with shear reinforcement) (Phase 1 without shear reinforcement, Phase 2 external stirrups)
a/d =1.823 a/d = 3.125
IVICR/'\/IFL [%]
100
v
80
\ /]
60 Y ﬂ
40
a/d

10 20 30 40 50 6.0
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Stress fields

Phase 1 - bending cracks / bending-shear cracks

g

\I ’Nbﬁfbhm_ JJ'n'd';‘[“'mg-"-;' =

e
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© Collins, Bentz & Quach, University of Toronto
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Stress fields

Phase 1 - Critical (bending) shear crack = maximum load (P = 685 kN)

Q1 caic = 1100 kN (formula slide 14 with w = 0.085 & kc = 1.0)
Q1exp = Qu(applied)+ Qy(self weight) = 489 kN

Ql,exp/Ql,calc =0.44

185

A

>

ssdgd B .
'S*I “&m

© Colllns Bentz & Quach, University of Toronto
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Stress fields

Phase 1 - Reloading (no load increase)

| | l.ﬁ
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Stress fields

—

. |
i || Reinforcement with external stirrups
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Stress fields

Phase 2 - Maximum load (P =21
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Stress fields

Limits of applicability of direct strut model

The presented stress fields for beams without transverse reinforcement are strong simplifications of reality:

« The tension chord is modelled like reinforcement without bond, but with an anchor plate that anchors the entire load. In
reality, bond stresses lead to successive crack formation, and only for loads significantly higher than the cracking load a
direct strut mechanism occurs.

« If no minimum reinforcement is placed in the member, there is the possibility that a diagonal crack penetrates into the
compression field and the structure fails before the desired load-bearing mechanism is achieved. This is associated with a
brittle failure (scale effect!).

The behaviour can be improved by prestressing the tension chord, which forces the direct strut mechanism.

In any case, a load transfer by a direct strut mechanism (without prestressing) is only meaningful in squat elements. In slender
elements, the nodal zones’ dimensions become very large and the anchorage of the reinforcement becomes problematic
because the entire tensile force must be anchored behind the bearing!

These problems can be solved by providing transverse reinforcement (or by the activation of the vertical minimum
reinforcement, which must always be placed).
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Stress fields

Fan and arch mechanisms: beams without activation of transverse reinforcement & distributed load (see also [4])

The figure shows 4 possible models for the same ‘ ‘ E o J TN N N O

problem. The formation of a fan or an arch mechanism =E = ‘5

depends, among other aspects, on:

- Slenderness of the element T o

- Amount of reinforcement A A

- Loading history c e
rc 5 St 5

The strut geometry and the dimensions of the bearings
are selected such that a biaxial compressive stress
state is obtained in the nodal zone ABC in all examples: | |

M - = AL 20 T T 2 A -
Oc1 = O¢3— - 1:c - '
— The location of points A to E, as well as the lower D
bound of the ultimate load, is identical in all models. B
Note: Elastically, the stiffer model tends to form A
minimum complementary energy, i.e. -
. _ G
U =jg(o)dc—>mm By C A
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Stress fields

Since the location of points A...E is identical in all the models, the geometry can be defined from any of them, or even
from a simpler model:

a/2 , a/2
lqa ) Geometric/mechanical reinforcement
= F ratio:
- D - nd — Ag fy hed (1 /2)
= — O=p— = +®
T P~ h.d )
yod h-2cd zdh
A i Equilibrium:
& ga’ g
‘ _-‘id ¢ g (Ddbw fcd (1_(0/2):7(1_—1:)

= .
B C g! !
L qa/(v, 1) o,

Solutions of the quadratic equation resulting from the equilibrium condition:
p) 1— /2 p)
q:M 1- 1—8h2 -(D( il 2) for ®<2/3 q:beC l—‘/l—@ for o >2/3
2 a (1+ @/2) 2 a

It is also possible to formulate a relationship for the mechanical reinforcement ratio required to resist a certain load q
(see [4)).
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Stress fields

The exact geometry of the fan borders is rarely required in practice. If necessary, a differential equation for these curves can
be formulated with an equilibrium condition on a differential fan element (see Annex).

f.-q .

The trajectory of the lower fan boundary AC is given by: z = c X
2qd (1-w/2)

The upper edge of the fan DF is also a second degree parabola.

. - .
q
B 2 O O -
O)d <—FC.
4 D
h—-2nd < dih
A
v
od —>|:t°"r
—+ 5 G +-
Z 6 ‘b

qa/(b, f.)
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Stress fields
(a) Ql

Load suspension mechanism

The minimum amount of vertical reinforcement (stirrups)
can be activated by a load suspension mechanism. This
reduces the tensile force to be anchored behind the
support.

In all four models the bearing and the load introduction
plates (B-C, E-F) are identical. Therefore, the lower bounds
of the ultimate load are identical in all models as well.

The stress fields (right) can be derived from the simple
strut-and-tie models (left).

The entire load can be suspended (upper models) or only a
part of it (lower models).

The distribution of the force in the tension chord (lowest
row) and the force to be anchored behind the support can
be derived from the respective stress fields.

(b)
(d)

Y Ft \ F
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Stress fields
(a) IQl

Load suspension mechanism

(a,b): Load Q totally suspended
- Larger amount of stirrups required, but smaller
tensile force to be anchored y
A
B¢tC
~ points A, D and values d, w, F., F, are different
C () v Ql (d) v Q
(c,d): Load Q partially suspended ™ Fam E —+-

-—FC od

- Lower amount of stirrups required, but larger D T
tensile force to be anchored D d
[ h-owd-c,
A l A ¢
Ft C, L) Ft o | +
Bt C 4 | BYC NN
. Q i Q / bw
_ . ( Fan boundaries and distribution of
Tension chord force distribution F, (3] () F, are hyperbolic
- (a,c) steeped, (b,d) continuous > X - X
- F,in all cases lower than with direct strut A @) (b)
mechanism (c) m
' Ft ' Ft
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Stress fields

Load suspension mechanism (detail model b)

fan boundary and
distribution of F, hyperbolic

second degree parabolas
see direct strut mechanism ~|

——

——

b:Q/(bwfc) b e

shear reinforcement
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Stress fields

Load suspension mechanism: combination of basic models

Other possible stress fields (concentrated shear reinforcement, combined direct strut and suspension mechanisms
suspension)

—e
- Fc od
——
T h-wd-c,

—_— Ft J: C,
to ’s
+—+ 0/0,/) +—+ 0/(b,/)
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Information Sheet: Strut-and-Tie Model

(101-0127-00L)

Stress fields and strut-and-tie models (STMs) are common tools for practicing engineers to design and assess
membrane elements such as beams and walls. For design, the engineer is free to choose a suitable solution
and dimension the reinforcement accordingly, whereas for assessment the engineer needs to verify the load-
bearing capacity of the chosen solution. The design principles of simplicity, stiffness, and efficiency should
be followed.

Here, a short step-by-step approach for the choice of a suitable STM is given, shown with an example of a
simply supported beam subjected to partially distributed load ¢ (see 0. in the figure below). The enumeration
corresponds to the number in Figure 1.

Solve the static system.

» S . - 1
Define locations and forces of chords ( F=—).

If there are distributed loads, select a suitable stress field inclination « (usually 2 )

Propose a basic STM. Ensure the force flow and that equilibrium in all nodes is fulfilled.
Calculate the forces in the ST
Calculate the required amounts of reinforcement 4,.
Detailing (verify concrete forces and define the location of reinforcement)
a. Nodal zones

b. Critical details with stress fields

7. force polygon
at nodal zone

» verification of
nodal zone

1
yuk / 31.08.2

Information Sheet: Strut-and-Tie Model

see website
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Stress fields

200kN/m

Beam - Example 1 (see [4] p. 66 ff) ‘ ‘ r
Beam with distributed load, expected crack pattern ////////// [ \\\\\\\\\\ I 100 700
— Idealization as a plane element 7 I8 — 200
— Upper/lower chord reduced to the centre of gravity of the axes: "Stringer" J 8000 l “ H 5.200
— Web modelled as plane membrane element ! | 28888
Possible strut-and-tie model |
— Upper chord and struts (concrete) = compression forces |\ | | | l q =200 kN/m
— Lower chord (longitudinal reinforcement) and vertical ties (stirrups) = 200 200 200 200

tensile forces

e : : N , 400 { 1000 & 1400 * 1600 1600

— Distributed load reduced to statically equivalent individual loads in the = - - -t -

nodes of the upper chord

1000

— Correct geometry: nodes chosen in such a way that equivalent static
nodal forces can be applied
(thus the first compression diagonal is steeper!) 800

— If required, strut-and-tie models can be refined into stress fields

1000 1400

1600 1600
—

—_—

1000 | 1000 | 1000 500 |
T T T T

(forces in kN, dimensions in mm)
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Stress fields

200 200 200 200
Beam - Example 1 (see [4] p. 66 ff) - * 1000 { 1400 {1600 -
600 400 200 1000

Various possible strut-and-tie models
. . . . . 1600
— Different inclinations of the diagonal concrete struts Sl JO W B0 O

800
— Flatter struts:
- more longitudinal reinforcement 1
- less shear reinforcement

— The influence of the inclination of the diagonal concrete compression field on the total 1600 1600

500! 1000 1000 1000 lsool

reinforcement volume is low ~— T
1000
1600 1600
Note: 800 —
— Assessment of existing bridges designed according to earlier standards (inclined 800 1600 1200 j4ooj
principal tensile stresses): The ultimate limit state verification is often only possible with
very flat inclinations 400 400
— Very flat inclinations lead to large vertical strains in the web — Concrete compressive 800 1600 1600
strength is affected, brittle failure of stirrups can occur
Y 400
— SIA262: k = 1 <0.65 , 1000
1,2 +55¢, 800 0 1600 1600
——
800
1000 2000 1000
I ! 1
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Stress fields 320

B 640
Beam - Example 1 (see [4] p. 66 ff) 480
Strut-and-tie model and corresponding stress field ? 640 1408 1600 1600
— Dashed lines = lines of action of the stress resultant of the individual elements of the | 800 | 1600 1200 | 400 |

stress field = struts and ties
Resultants of the stress fields = values of the truss forces

Tension and compression stringers AF and GM, fan CEGI, fan AKM centred at
support point A, parallel compression tie ACIK, vertical ties CEIK and ACKM

— Determination of the chord forces = Stringer forces: Equilibrium of the load acting
along the chord axes and the forces acting in the individual elements.

— Force distribution parabolic along fan edges CE, Gl and KM, and linear along the
edges of the parallel compression field (AC and IK)

\J

\J

A B C D = F
640 Fint
N : _ < 1408 1600 1600
— Vertical ties CEIK and ACKM: uniformly distributed forces (100 kN m-* and 3 i
300 kN m1 respectively) . o
— Chord forces from stress field and strut-and-tie model are identical in sections CK
and El (stirrup forces = discontinuity lines of the vertical ties)
1600
M s Fsw
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Stress fields

Beam - Example 1 (see [4] p. 66 ff)

Propagation of the compressive force into the upper flange

%
%

Vol

Simple 45° truss model (can be refined into a stress field)

Applied longitudinal force = Gradient of the longitudinal force in the compression
stringer = horizontal component of the compression forces in fans and parallel
compression tie along GM

The longitudinal force is supported by inclined struts on compression stringers
(arranged in the centre of gravity axes of the upper flange).

This results in transverse tensile forces — requires transversal reinforcement

Consideration of web width = 200 mm in the strut-and-tie model = reduction of the
transversal reinforcement of the upper flange

Propagation of the tension chord force into the lower flange

9

%

26.09.2024

Analogous considerations (load is spread by means of transversal reinforcement to
the longitudinal reinforcement bars distributed in the flange)

Load spreading at the support A requires
(in the order of half of the flange width to fully activate all tensile
reinforcement)

all the required
tensile capacity (640 kN) at the support should be provided exclusively by the
reinforcement below the web.

(compression flange)

ETH Zurich | Chair of Concrete Structures and Bridge Design | Advanced Structural Concrete

320 320
640 ‘ 1408 1600
- - - - .
480 160 1000
S
? 640 1408 1600 1600
800 1600 1200 10]0]
1600
G Fsp [KN]
400
240 M .
0.5-dF,,/ dx
[KN/m]
Upper chord Lower chord

(tension flange)
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Stress fields - Transversal shear

Example — Top view of a T-beam

1400 1360 740
1:cd
200
240 0-5
60
General:
400
/ = 160 g
T 05dFy,/dr
400 [ KN/m]
/ 240 160 g ld—l -
n
E— n,=n . tan(or) X dx-| 1— xd
N fg-C-tan (o, )
533 —
282 n
% 178 g4 foa = Ny -tan(ocf )-[1— f txyd J
.C-tan
| ! fqd [KN/m ] cd (af)

26.09.2024
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Stress fields - Transversal shear

Example — Top view of a T-beam
... and the associated strut-and-tie model 1400 1360 740

52

282
178 gy

| ' S [KNm]
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Stress fields

Example 2: Cantilever beam with point and distributed load

z=15
L —— —
|
I
. 25 ;
| |
I I
| |
| I |
o
|
|
|
|
|
I
3000 . 3000 .
— — |
| | | | | |
I I I I
, ; S U SR U R B
. 1.25 2\5 ! 215 125 |
| | | | | |
[ N ————
600 1200 . I I
| | | I ] | | |
| | | I ] | | |
—4500, : l : —4500 | : : '
' = e = e s
1 Mg [kNm : i Mg [kNm]
| |
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Stress fields

Example 2: Cantilever beam with point and distributed load

26.09.2024

z=15
. L
| | | |
| | |
| | |
| 25 ! 25 ! 25 !
| | | |
| | | |
| | | |
I l l |
I I 240 I 160 !
| :  fu[kN/m] : : 0 [kv/m]
| | | | | |
| . . ! 800 '
| a0 | : 533 wr
| | |
| |
: 0 /o [kN/m] : . | | A /¢ [KN/m]
| | | | | | | |
| ' 1 | | : | !
: parabolic : : ! parabolic ! !
| . k k . f | | | . | |
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Stress fields

Example 2: Cantilever beam with point and distributed load

z=15
| | | .
i l . | l : |
I : ' : :
| 25 i 25 v 25 I 25 I 25 1
: | | : : | |
| | | I | | |
| | | I | | |
| | | I 320 | | |
| | 240 | | ' 160 | |
: : - [kN/m] : : : ' k]
| | | I | | |
| | | I | | |
l | 400 I ' 533 | 067 l |
I | |
I |
| dF, e /dx [kN/m] | | | | dFpg /dx [kN/m ]
I ! : : I : :
| | | I | | |
| | I I | | |
| : : I | | |
. I ! | |
3000 2500 linear : : 3000 linear : '
""""""""" 1500 ' nokink ' 200 [ ik inoar |
""""""""" T :/ 500~ parabolic ; :,/ 667 r | !
I T S 5 [ SR B
; ; - ; ; I:lnf [kN] : ! i E Flnf [kN]
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Stress fields

Nodal zones (a)
(a) General nodal zones: Struts with o, # og # o =
(Forces in equilibrium!) A PR
. . - 5 "D--.._ ;
— Compressive stress in the nodal zones o, < min(c,, oz, 6¢), _c_s_,i.,___
except if node boundary L corresponding strut C;
— Connecting line of the poles of Mohr's circles of stress states on ‘bB ;
both sides of a discontinuity line // stress discontinuity line \\‘\
: : : F
(c) nodal zone with 6, = oz = o (relevant in practice) B
— Node boundaries L struts, node geometry affine to polygon of
strut forces (equilibrium)
— «Hydrostatic» stress condition 6, =c, =f;
(strictly speaking not hydrostatic, as o, = 0) (c)
F -
Vi
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Stress fields

Nodal zones (c)
(e) Replacement of a strut (C) by two statically F. bl‘s%—/ £ \C
equivalent struts (D, E) T~ FSNTAN &
B, ’
— Only the shape of the node boundary around the = "élr B
replaced strut changes, the remaining boundaries stay C',:' ; 4
)

the same. \\Bv\\c\

— Useful when considering fan stress fields (node
dimensions based on the stress resultant = define node /
dimensions on a simple strut-and-tie model; exact
shape of the boundary is usually not relevant)

(f) Treatment of tensile forces

— Anchored behind the nodal zone, treated like a
compressive force (see constructive solutions in the
next slide)

26.09.2024 ETH Zurich | Chair of Concrete Structures and Bridge Design | Advanced Structural Concrete

41



26.09.2024

m Dr. Lukas Gebhard

Dr. Severin Haefliger
Eidgendssische Technische Hochschule Ziirich Institute of Structural En
Swiss Federal Institute of Technology Zurich D-BAUG, Master Civil En

Autumn Semester 2023

Advanced Structural Concrete

Information Sheet: Nodal Zone Verification'

(101-0127-00L)

For practice, the stre: in the struts are usually assumed to be equal and the width is adapted accordin,

This leads to a biaxial uniform stress state’: o, which simplifies the verification.

For a general nodal zone (o4 # 0 # 0, often called CCC node). the approach of the verification is ex-
plained as follows. First, the acting forces on the nodal zone need to be in equilibrium. At discontinuity lines.

normal and shear stresses, o,, and T,,, need to be in equilibrium as well.

_ discontinuity
lines

Draw the Mohr’s circles of each acting strut. Here oy = 0

is assumed, but this does not need to be the case.

For each strut, find the corresponding pol Q.. The pol is the

intersection of the Mohr’s circle and the principal direction 3 of each

strut starting at g, (if starting at 5 it would be principal direction 1). The pol Q; is the point on the
Mohr’s circle, around which stresses rotate.

With the help of the pol, find the point S, (0,,;. Tp,;) which is the intersection of the Mohr’s circle and
the line L,, parallel to the discontinuity line of the node boundaries, passing through the correspond-
ing pol Q.. The intersection of all L; is the pol Q of the final Mohr’s circle. All points S;lie on the
Mobhr’s circle of the nodal zone.

Finally, the Mohr’s circle of the nodal zone can be drawn and the corresponding compressive

Presented in Lecture 2.1, Slide 39
Often referred to as “hydrostatic™ for simplicity although the stress state is not hydrostatic, because the stress perpen-
dicular to the membrane plane is o, =0

Ig/hs
yuk / 01.09.2023

Information Sheet: Nodal zones

see website
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Stress fields

Nodal zones (see [4] p. 64)

Proper constructive detailing is critical!
Anchor plates are not frequently used, but sometimes indispensable to anchor high tensile forces.

Alternative i. U-shaped links see figures below. Local stress field — concrete cover can only be activated by the tensile
strength of concrete

Alternative ii: Use of headed bars (d ~ 3@). Experimentally verified that the anchor length is very short (< 109)

— Verifcation of the lateral spreading forces!
Alternative iii: Bent-up flexural reinforcing bars (if enough space to develop a “compression banana" with deviation forces)
Alternative iv: Stress fields with continuous development of bond shear stresses. Requires larger node dimensions.

1111
E)
\‘1

T T

| |

| |

| | -

[} | r

| |

| |

] ! —
1
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Stress fields

Nodal zones (see [4] p. 64)
longitudinal section
* Proper constructive detailing is critical!

« Simplest solution: nodal zones with o}, = G,
(often referred to as "hydrostatic”, but o, = 0)

* Anchor plates are not frequently used, but sometimes indispensable —o—
to anchor high tensile forces.
ha
» Alternative (i): Place U-shaped links, see pictures below. Local stress ——
field — concrete cover can only be activated by the tensile strength of
concrete
plan
« Alternative (ii): Headed bars ()
(anchor plate diameter ~ 3d), experimentally verified that the anchor
length is very short (< 109). Verify the lateral spreading forces!
(ii)
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Stress fields

Nodal zones (see [4] p. 64) longitudinal section

« Strictly speaking concrete tensile stresses are required, especially to
activate the concrete cover.

-— -
— . s
—_— o
—_— - h
—-— - a
— . o
- -
— o
_-I: —g— ——
plan
o I
(i) =
inf
-
*
o
——
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Stress fields

Nodal zones (see [4] p. 64)

longitudinal section reinforcement forces concrete forces

« Solution (iii): Bent-up reinforcing bars can be f
activated if there is sufficient anchorage length f
behind the support to anchor it (“compression \
banana" in the concrete with a deviation force U).
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Stress fields

Nodal zones (see [4] p. 64) longitudinal section

« Alternative (iv): Stress field with continuous
development of tension chord force through bond-
shear stresses.

* Requires larger node dimensions (large
anchorage length = node width, despite favorable
effect of transverse compression on bond)

concrete forces

reinforcement forces “'@'de 'Ib Finf
- A LA LA LA -4 I
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Stress fields

Nodal zones (see [4] p. 64)

Disadvantages of solutions (i)-(iii) = "hydrostatic" nodal zone

* Require arelatively large height of the nodal zone, which reduces the
effective depth of the beam.

« Do not consider that a higher compressive strength may be applied in the
nodal zone than in the strut (different values of k).

Disadvantages of the solution (iv) = anchoring via bond-shear stresses h, ‘

* Requires a large, often impracticable width of the nodal zone (= bearing
plate)

Solution (v) (see, e.g. Canadian standard CSA)
« "free" choice of node height and width, leading to nodal zones with o}, # o,
» Compressive stress in strut < Compressive stress in nodal zone
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Stress fields

Nodal zones (see [4] p. 64)

Solution (v) (see Canadian standard CSA, among others): Stresses

Ab, -t
X,= b
n Qn \ ) bW O a
// horizontal node boundary c,=-R;/(b,-b,)
vertical node boundary o, =—Fy /(h,-b,)
N: nodal zone (o, , 6,, = like node boundaries)

-R
S: strut ~G5 = _ d :
(b, -sina+h,-cosa)-b,-sina
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Stress fields

Nodal zones (see [4] p. 64)

Solution (v) (see Canadian standard CSA, among others): Stresses
(Alternative with even smaller node height)

T
X = b,
= Q b, o
horizontal node boundary c,=-R,/(b,-b,)
vertical node boundary o, =—F /(h,-b,)
N: nodal zone (o, , 6,, = like node boundaries)
-R
S: strut ~G5 = _ d _
(b, -sina+h,-cosa)-b, -sina
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Stress fields

Concrete compressive stresses in fans: supports (see [4] p. 70 ff)

— (f) Usual solution: centred fan (O
Non-centred fans with nodal zone, (f) - e © (@ - centred fan (O)

see stress fields for membrane sup SR sup
elements with rectangular cross section
(in the nodal zone: -c 4 < f. — define the

Non-centred fan
’rwith nodal zone

- without nodal zone
o

dimensions of the bearing plate - X
accordingly) qIHHHHHHHH! Fon ___q YYYYITIYIYIIIVVYY Fuo
— (g) Less suitable: Non-centred fans i A At - A Ga
without nodal zone (requires longer , ,/+ H
length for the same f; bond must be i ,/'(H
checked) z f A z
O J’ ”1 * * fW
N/, q
W€

39— : * 39— : ’

— Chord force distribution F in the fan area can be checked conservatively supposing a centred fan, provided that the
height of the nodal zone according to (f) is in the flange (check with F;; calculated assuming a centred fan). Otherwise the
effective depth must be reduced (iteratively).
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Stress fields

Concrete compressive stresses in fans: fan instead of paralell field (see [4] p. 70 ff)

©)

— (e) Not convenient: In centred fans with large changes of the FS“'O _________
inclination, the compressive stresses at the bottom end of
the flattest trajectory are much bigger than in adjacent
parallel compression fields, because the point with the

flattest inclination, i.e. maximum (1+ cot?a), and the largest

|
Stress field

=~ Strut-and-tie
|

stirrup force f,, coincide.

Note: In the adjacent parallel fields (for q = 0):
2
5., = f,(1+cot” o)
bW
f,= v
Zcota

\Y
b, zsina.cosa

\Y
— -6, =—"/ (tana+cota) =

W

l.e. the flatter the diagonal compression field, the higher the + 3 * b

stresses

26.09.2024 ETH Zurich | Chair of Concrete Structures and Bridge Design | Advanced Structural Concrete

sup

52



Stress fields

Concrete compressive stresses in fans: fan instead of paralell field

Numerical example o

| I T T I O I O O A
— Concrete compressive stresses vary significantly
with small changes of a (in adjacent parallel
compression fields approx. 5 MPa to 10 MPa, but
in point B 16 MPa!)

— Difference to nodal zones in supports: no
transversal compression (vertical) due to the
reaction and no transversal restraint (horizontal)
due to the bearing plate or adjacent fans
= situation much worse

-
QD
—-—
O
—-—
(]
-

— Strong changes of the inclinations are very
unfavourable and should be avoided!

26.09.2024 ETH Zurich | Chair of Concrete Structures and Bridge Design | Advanced Structural Concrete
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Stress fields

Concrete compressive stresses in fans: variable compressive strength

. o, <ca 1.25f

Reduction of compressive strength
with plastic deformations of the
chord (k, = 0.4) , Exsup

PR S GCB S Ca. 1.6fc

L4
.......... . 8x sup o

Experimental result:

2/
o,=<ca 2.7f;

Verification in the support nodal zone with increased compressive strength due to
transverse compression, k. = 1.0 (with confinement reinforcement even higher)
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Stress fields

Concrete compressive stresses in fans

%
%

P

Concrete compressive stresses vary hyperbolically along the trajectories
Strain state also varies along the trajectories, which modifies the effective concrete compressive strength as well

SIA262:, k_ = _ 1 065 & =&, +(g,+0,002)cot’ a
1,2+55¢,

Verification of concrete compressive strength in a fan is complex
Under normal conditions, no failure occurs in the fan as long as the tension chord reinforcement does not yield.

Verify by checking the compressive stresses in the nodal zone (with increased strength due to transverse restraint or transverse
compression) as well as in the parallel compression field adjacent to the fan (with yielding of the chord reinforcement in the area under
consideration = incl. fans with reduced strength).

SIA 262: Cross-sectional analysis = nominal verification in the section with distance z-cota & csupmar
to the support, corresponds to a verification in the compression field adjacent to the fan

Approximation without analysis of the strain state k. = 0.55, .
when the tension chord reinforcement yields in the nodal zone:
reduction of k. = 0.4)
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Stress fields

Beam - "Cross-sectional analysis" (parallel chords) =

z/2

L.

— Dimensioning by "cross-sectional analysi_s" is possible, provided that all static _—My+N,-e N N, N |Vd|°COtOL
and geometric values along the beam axis vary only gradually (not abruptly!). Sup z 2 2
— Internal forces (M,N) should be related to the centroidal axis; for consideration of
prestressing see haunched beams F o M, —Ng-e N, V|- cota
— Inclination of the concrete compressive field theoretically freely chosen; : z 2 2

restrictions to avoid premature ruptures of the stirrups or aggregate interlock
(SIA 262: Normal case 30...45°)
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Stress fields

Beam - "Cross-sectional view" (parallel chords)

— 2 FEEec
Tl

z/2

.
e

* Equilibrium at the sectional member (upper right figure)
Force in the reinforcement f :

f.o =|Vy|/(zcota) <a,,f, /IO/
* Equilibrium at the differential element (bottom right figure) - @ -

Concrete compressive stress o5 in the web:
~G5q = Vu|/(Bynom2) (taN @+ cota) <k fyy  mit b, . =b,—k,> 3, dx

f,qdX 1 G .30, nomOXSIN O

w,nom

« Ducts in the web disturb the compressive stress field — Reduce web width (see above), where k, = 0.5 (steel) or k,, = 0.8 (plastic) applies for
injected ducts, k, = 1.2 for non-injected ducts.

« Compressive stresses are minimal for truss inclinations of 45°; for flatter inclinations the stresses progressively increase and the concrete
compressive strength decreases (k).

Note: Actually this is not a cross-sectional design, since stirrups are determined for a certain length ("staggering effect”); a cross-sectional design
for shear force is strictly speaking not possible.
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Stress fields

Beam - "Cross-sectional view" (parallel chords) F

——.1 T
3a

BX
Ll -

¢4 Dy ron b

Inclined stirrups

b2

|l

\
Y

N, V,-(cota—cotP)
= +
S“p z 2 2

M,-N,-e N, V, (cota—cotP) )
inf + + :
Z 2 2 : 1 V, (cota —cotp)

0

V, cota
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Stress fields

Beam - "Cross-sectional view" (parallel chords)
Inclined stirrups

L - T T~ T — \—\—
z/2
l . N Y W WO W |

44 Dy L

 Resistance of the shear reinforcement:

Viegs = % fyz(coto+cotB)sinp (: % f,z cotocj

* Resistance of the concrete compression field:

Vg o =B,k fyz(cota+cotB)sin®a (=b,k, fzsinacosa)

w ¢ 'cd w' 'c 'cd

T
Vertical stirrups: B = > 4T
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Stress fields

Shear resistance depending on the compression field inclination (web concrete crushing failure)

y b -z-k -f
Caq :b—E.dz'(COJ[O‘JFJ[E’“]O‘)S Kefeg = Vi = CV(;toch(':Eanz
5.0 - .
0.5
4.0 // s

PR TN

| 1
(cota +tana) e 03
/ coto+ tano
2.0 —" —
0.2
— b, -z
Lo Gy ' ——— = (cot o+ tan a) 0.1 Ve _ 1
Ve b, z-k -f, cotoa+tana
0.0 | | | | | 0.0 | | | | |
10 15 20 25 30 35 40 10 15 20 25 30 35 40

— Concrete compressive stresses increase with flat inclinations
— Dependence of the effective concrete strength depending on the inclination is not shown in these diagrams
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Stress fields

Structural elements with static / geometric discontinuities

B Continuity/Bernoulli regions

D Discontinuity regions: static and/or geometric discontinuities

AR RARRRRRRRRRRERRE

26.09.2024
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Stress fields

Structural elements with static / geometric discontinuities

Frame corners under pure bending

— (@) Closing, (b) Opening moment

— Especially opening frame corners are tricky and demanding in design

— Diagonal reinforcement (c) is beneficial for anchoring the reinforcement forces

— Bending resistance of the adjacent members usually cannot be fully exploited, since the anchoring and the deviation of
forces in the corner area cause a reduction of the lever arm in comparison with (a), (b)

(b)

(a)

©
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Stress fields

Structural elements with static / geometric discontinuities

°f & MRU/MU

Frame corners under pure bending
. . . 140
— Experiments by Nilsson (1973) confimthe ¢+ | |~
observations of the previous slide | | T e
: : : : 120 L ®
— Headed reinforcing bars are suitable in frame A GO °
corners Ry ol
— Examples of frame corners with distributed 100 A G
reinforcement, combined loading etc. see e.qg. [5]. “' —
L]
80 B S —O_ |
(- ]
k\& ~-Q
60 ® ™~ T
40 .
- p .
20 4—
0 ,
0 02 04 068 08 1,0

¥ 2
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Stress fields
)

Structural elements with static / geometric discontinuities

Dapped-end beams (d), (e), (f)
— (d), (e) possible strut-and-tie models

— Diagonal reinforcement favourable (f), analogously to the frame
corners, superposition of the models (distribution of load can freely
be chosen).

— Serviceability behaviour not covered by stress fields (e)

L ©)

Corbels (g)
— (f) Basic case Y

— Various other models possible, see e.g. [5] " /ﬂ + — ¥

General remarks
)

— Stress fields are perfectly suitable for structural elements with static
or geometric discontinuities

— Figures only show simple strut-and-tie models

— Refinement through the introduction of fans, arches, tension and
compression chords, etc. enables capturing the load-bearing
mechanism of the concrete and the distributed reinforcement over
the entire area (as will be shown in the following examples)

éé

» Overpass road CV-500
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Stress fields

Structural elements with static / geometric discontinuities

Spreading of concentrated loads in planar members

26.09.2024

(a)

A

\_/

©)

K

Spreading of load requires
providing a reinforcement
transversally to the direction

of the force!

ETH Zurich | Chair of Concrete Structures and Bridge Design | Advanced Structural Concrete
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Stress fields

Structural elements with static / geometric discontinuities

Wall with opening: further models can be built as combination or extrapolation of already known basic models

e R 1
T

26.09.2024 ETH Zurich | Chair of Concrete Structures and Bridge Design | Advanced Structural Concrete
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Stress fields

Comments for practical application («design»)

« In practical applications, the complete determination of the stress state in all components (fan edges, nodal zones, exact
tension and chord force curves for fans ...) is not necessary.

« Suitable procedure in practice:

1. Design the stress field roughly using scale drawings as combination of basic mechanisms
(if necessary with simplifying assumptions such as centred fans and straight compression chords, see below)
Most important basis: experience, understanding of the flow of forces, engineering judgement

2. On this basis, determine sufficiently accurate chord force distributions, shear reinforcement and concrete compressive
stresses at critical points.

3. Determine important constructive details by designing the nodal zones
« Compression zones with variable height of the compression zone, which occur when the forces of the compression

stringers cannot be spread into adjacent structural parts such as compression flanges (rectangular cross-sections), make
the development of stress fields difficult.

» For the sake of simplicity, the compression zone can be reduced to a straight compression chord even in the absence of a
compression flange, whose position (— static height) should be determined conservatively in order to avoid insufficient
concrete dimensions (theoretically correct: resultant of the corresponding part of the fan nodal zone).

« Serviceability behaviour cannot be verified.
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Stress fields

Comments for practical application («kassessment»)

« Stress fields with combinations of load-bearing mechanisms (arcs and fans, struts and fans or orthogonal and diagonal
reinforcement) are very difficult to assess. While they are of secondary importance for design purposes they might be
necessary to assess existing structures and avoid unnecessary strengthening measures.

« The combination of load-bearing mechanisms can be easily analysed by means of Compatible Stress Fields (see
numerical analysis chapter). This approach allows computing automating the most optimum stress field (i.e. the exact
solution according to limit analysis) and accounts for all bearing mechanisms, including minimum reinforcement, whose
strength contribution is typically neglected in stress fields.

« The Compatible Stress Field Method allows computing the serviceability behaviour (deflections, crack widths...), which is
unknown in when using strut-and-tie models and stress field.

« Compatible Stress Fields are very suitable both for assessment and design purposes.

26.09.2024 ETH Zurich | Chair of Concrete Structures and Bridge Design | Advanced Structural Concrete
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Strut-and-tie model — in-class exercise

In-class exercise:
Discuss possible strut-and-tie models for the following example

| 45m | 25 m |
=
(@]
o
£
Lo
o
f) T thickness = 0.3 m
d —— ) |
1.5m
0.5m 1 J
7.5 m !
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Equilibrium:

dx' f

c

dx g
dzf, =dz'f, —» (z—-z") =const. (affine)

dxf, = dx'q;

dz  x'-x X o~ g
dx ® s
dx' fc ) f

1 —<-1 d e _
d’z  gx = _ ¢ wl q ' 2 f.-q .
dX2 B 0 o 0 dX ¥=0 & .= X" = ¢ X

d(l—] d(l—) _0)= 2d (1-““) 2 d(1—‘”j
2 2 Z(X—O)—O) 2 g 2
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Stress fields

A3 7V 7 7V 7 3 v 3 ¥ 3 3 3 3 3 3
' X 4 2

dx'
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Additional examples

Beam - Example 3 (see [4] p. 66 ff)

g=270kNm'! 0=1000kN
+ Y Y Y Y Y VY Y P Y Y VP Y PYVTYY I Y YT IYVIFYVYII VI YFYTIVTOITOVTIOVY *
7—
z=0.9m
J._
AN oM
| 10.00 m /B 270m €|
t ? ?
270 1000
Yy Yy Y VY OYPYYOIPOYPY VPV IT VPN OY VI PV VYUY VIYFYTTIVTITOITOVY
Spannungs- | W / / /\\\\W / %
feld .90
mkN] = a/
1080 2620
11001100110011001 1.20 l 120 4 1.20 4 1.20 4 120 4 904 901 90#
+270 *270 *270 ‘270 ;324 *324 *324 *324 *324 1000+
-600 -1500 -2100 -2400 -1968 -1104 192 1920 3000 2500 1500 500,
ramee S | A AT T N AN g N e B
[m.KN] 4 | Zsool/ 1500 2100 2400 L/ 2400 M 2400 1968 1104 -192 N A 1500 | /7500 |
> -1920~ ~~ -2500
floso 2620
1500 1.00 | 100 | 100 [s0l60] 120 | 120 | 120 | 120 | 60,45 90 | 90 |as|
+— t ¢ G ¢ t t 1 t R
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Additional examples

Beam - Example 3 (see [4] p. 66 ff)
270 1000
RN E R R R R R R R R R R R R R R R R R R IR NI EERIETRRINRY]

S T W/ 7 /\\\\\M/// /ﬂ

1080 2620
11001100110011001 120 | 120 | 120 | 120 | 120 i 901 90 | 90 |
! ! ! T 1 t t
* 270 * 270 * 270 * 270 ‘ 324 * 324 * 324 * 324 ‘ 324 1000 *
Fachwerk- Tﬁ °—600 4 -1500 / -2100 : ;’2402 : -1968 R -”{Mg 192 " 1920g 3000 g2500 ;500 8500
A S ° \ e - 3 > a S s/ g
E‘:ﬁ% 1| 600l 1500 2100 2400 1/ 2400 M 2400 1968 1104 -192 -1500 L/ -500
1920 ~~ -2500
fmso 2620

S50 1.00 1.00 1.00 |50 .60 1.20 1.20 1.20 120 [.60..45 .90 90 145

Construction and elements of the stress field
— Points of zero shear force 4 m from support A, support B, beam end C

— Subdivision of the resulting sections into equal sub-sections — Inclinations of the parallel compression fields are
tan-1(0.9/1.0) =42.0°, tan'1 (0.9/1.2) = 36.9° and tan! (0.9/0.9) = 45.0°.

— Centred fans (compression trajectories intersect in one point) for concentrated loads
— Tension chord, compression stringer and vertical ties (shear reinforcement)
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Additional examples

Beam - Example 3 (see [4] p. 66 ff) {270 270 1270 1270 324 324 (324 32434 1000*
Tf -600 -1500 -2100 1 -’2400 4 -1968 -1104 192 1920\0 3000 C%SOO éSOO /

Determination of forces in the stress field 90 s /F S ss N S ¥ & & 8 g /'8
L | £l 1500 2100 L7 2400 1/ 2400 M} 2400 1963 1104 -192 -1500 L/"-500

— The stirrup forces f,, (per unit length) can
be obtained directly from diagonal cuts at
the boundaries of the parallel

compression fields or fans; the forces are ! : ] 5 ! , ; ,
constant between two boundaries. | s 270 70 == |

— The forces on the stirrups are constant in , 810 810 ™ ’ i |
certain sections; as the load is applied at f [KN/m] t
the top, the product f,-z-cota -2100 280

is inscribed in the shear force diagram .
(so-called "staggering effect’)  (Zesm ]

stress field
= [kN] .............. strut-and-tie model

— Load g;,; applied below the upper chord should be suspended by the vertical reinforcement, Af,, = q;
— Chord forces of the stress field and strut-and-tie model coincide at points (points with numerical values).
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Additional examples

270 270 270 |270 324 324 324 324 324 1000 +
Beam - Example 3 (see [4] p. 66 ff) AR R N SR / { { {
f -600 -1500 -2100 H -2400 -1968 -1104 192 1920 3000 2500 1500 500,
90 s /g 2 SN 2 N & s/ I8 /3
4 [ £l 1500 2100 2400 1/ 2400 M) 2400 1968 1104 192 NS 71500 |/ 500

Determination of forces in the stress field

.90

— Distribution of chord forces F,,, Fis and concrete compr. stress

(chord edges): dej . -

dx
Fsup 7 * Fsup+dFsup e —T T = T T . T
' | | A7500

- —
/C | |
—o3b,dxsina * .

w

stress field
strut-and-tie model

s _(g+f,)@+cot’a)  q+f,
. b b, sin? o

dF :
~? =—(q+ f,)cota 9P _ f, cota
dx dx

W

— For a constant applied load g, the chord forces F,, Fi,; along parallel compression fields are linear (f,, and cota constant), along centred fans

are parabolic (f, constant, cota linear).
— Concrete compressive stresses are constant in parallel compression fields (along stress trajectories and across the width of the compression

field band), they vary hyperbolically along (straight) trajectories of the fans.
75
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Additional examples

Practical application - Example 4
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Additional examples

Practical application - Example 4
Beam - "cross-sectional analysis" (haunched beams with inclined prestressing)

S I
P'\lg e, |2 N, =N, cosd+V,, sind
= A/Md——‘ 7 V, =-N,sind+V, cosd
- Vd ep - M. =M
2 d — do
x
= . Z Ny =F —F,cosa+F, cosé,—F cosd,,
4,2 Vy, =F,sina+F sind +F sing,;
F, 5,6 |2 M, =F.(z/2-€)+F, cosa-e—F, cosd (e, +€)+..
2
- ‘ .. F.coso . (z/2+e
Fc ainf c |nf( / )
A >

— Step 1: Translate the resultants from the beam statics calculation (My,, Ng4,, V4, ) iNto the reference system of the stress field (M, Ny, Vy)
— Step 2: Formulate equilibrium on a vertical cut
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Practical application - Example 4
Beam

Additional examples

i
o

NN NN

=
-

NN

o 7
,,,,,,,

NN

- "cross-sectional analysis" (haunched beams with inclined prestressing)

2e
2(V, —F,sind, )—tans,, {ZM"—N (1-2ej+|= CoS 8 £1+pﬂ
Y4 YA

z
I:CW: -
(1+k)sina
and
V,—F_sind 2ke
ok Ma Nd(1+ 2kej+ P p—FpCOSSp[l— pj
i i tan o z
F =
1+k
and
V, —F_sind 2e
oMo (1_2ej T PLF cosﬁp[1+pj
F_ A i tan a Z
¢ (1+k)coss,,
with
tan o,
k=1— inf
tan o

— Step 3: Determination of the stresses in the stress field and dimensioning of the elements

— Source: Marti,
Zurich 1994, pp. 16-19
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Additional examples

Practical application - Example 4

Beam - "cross-sectional analysis" (haunched beams with inclined prestressing)

(@

x FCW sina. - (FC,n Singinf,n B I:C,n+1 Sir]6im‘,n+1)
4 Fy
| 2
./”i.:/' F
i ¥ 8., C“(Ix Feu
e HlHHHHH.HmmTﬂ T T
E A T Wk, i I i p
V=0 ] g i
l.i-lmdv s e FC ’Sinf
A (Fe, 8im‘)n+1
(Fl 6Inf)
FCW
i ~Geg = <k f.
b,, d, cosa

— The stirrup forces result from equilibrium at the shown cross sections (a bit smaller than F_, sina, favourable effect of the deviation forces of
the curved lower chord).

— The deviation forces of curved tendons make the stirrup force variable over the web height, but this can usually be neglected.
— Verification of the concrete compressive stress or determination of the web width with the specified relation

— The distribution of the stirrup forces and concrete stress in the web can be controlled by the geometry of the lower chord («correct
geometry»: this leads to the most uniform possible stresses over the entire length).
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Additional examples

Practical application - Example 4
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