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2.3.2 Strut and Tie Model for Frame Nodes

If frame nodes (or moment resisting connections in general) are designed with cast-in reinforcement, they usually
require bent bars according to the standard reinforced concrete design rules. Anchoring the reinforcement of
moment resisting connections with straight bars would, at least at first sight, result in concrete that is under tension,
and therefore in a possible concrete cone failure. As this

failure mode is brittle, such an anchorage is not allowed N
by the standard concrete design rules. In cooperation /: | :
with the Technical University of Munich, Hilti performed a

research programme in order to provide a strut-and-tie
model for frame nodes with straight connection bars [6,
7]. The main differences to the standard cast-in solution -
are that the compression strut is anchored in the bonding
area of the straight bar rather than in the bend of the bar
and that, therefore, first the inner lever arm inside the
node is reduced and second, splitting forces in the
transition zone between D- and B-region must be
considered.

Global Equilibrium of the Node g
/ | M

In order to check the struts and ties inside the node, the reactions N», V,, M», N3, V3,
Mj; at the other ends of the node need to be defined. Normally, they result from the
structural analysis outside the node region and will be determined by the designer in
charge.

Global equilibrium of the node

Tension in connecting bars

The loading of the wall in the figure above results in a
tensile force in the reinforcement on the right hand side
and in a compression force on the left hand side. Initial
tests and computer simulations led to the consideration
that the straight bar has a tendency to push a concrete
cone against the interface with the wall. Thus the
compressive stress is in the interface is not concentrated
on the outside of the wall, but distributed over a large
part of the interface, which leads to a reduced lever arm
in the wall section. The recommended reduction factor is
0.85 for opening moments and 1.0 for closing moments.

Anchorage length

While the equilibrium inside of frame nodes with cast-in hooked bars can be modeled with v
the compression strut continuing from the vertical compression force and anchored in the

My

Vi

bend at the level of the lower reinforcement, straight bars are anchored by bond stresses at

a level above the lower reinforcement. o

As bending cracks are expected to occur along the bar from the top of the base concrete, e

the anchorage zone is developing from the lower end of the bar and its length £, is that e 1
required to develop the steel stress calculated form the section forces My, N; and V. = \l"f e
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f — O-Sd ¢
° 41,
with Oud design steel stress in the connection bars [MPa]
@ diameter of the vertical bar [mm]
fod design bond strength of cast-in bar to concrete or of the adhesive mortar [MPa]

Installation length

N The strut-and-tie model requires that the angle 6 between the inclined compression strut
Co and the horizontal direction is 30° to 60°. For low drill hole lengths the resulting strut

angle will be less than 30°. In such situations the design will not work as tests have
e shown. Also in order to remain as close as possible to the original solution with the bent
b bar, it is recommended to drill the holes as deep as possible in order to achieve a large
SN strut angle Ogy.

Note that PROFIS Rebar will preferrably propose the installation length such that the strut
+ + angle Ogy is 60°. In cases where the existing section is too thin for this, it will propose the
maximum possible embedment depth which is defined for bonded anchors in ETAG 001,

part 5, section 2.2.2 as
Zinst,max = hmember_ max(z'do; 30mm)

with linstmax Maximum possible installation length [mm]
hmember thickness of the existing concrete member [mm]
dy diameter of the drilled hole [mm]

Tension in Existing Reinforcement

For a drilled hole depth t, and a concrete cover of the upper reinforcement to the
center of the bars of ¢, the lever arm inside z, the node is:

Kb—c

Z, = Iinst _? s

The lever arm inside the node z, is smaller than the lever arm of the slab z,. The
tension in the upper slab reinforcement in the node region, Fgy, is higher than the
tension calculated for the slab with z,; the tensile resistance of the existing upper
reinforcement Aq prov Must therefore be checked separately as follows:

o :

M,

Fso = Mafz, + No/2 (tension in existing reinforcement outside node area)
H., :(|\/|1+(\/2 +V3)~le-(l—lJ+Vl~(zl— j (additional tension in node due to reduced lever arm)
ZO ZZ ZO
Fo = FotHs (steel tension in node area)
Asorqds = FsotHs2 (steel area required in existing part for forces from new part)

If Asoprov 2 Asorqa the reinforcement of the existing part is sufficient, provided that the forces from the new part are
the only load on the section. This is the analysis obtainable from PROFIS Rebar.

As mentioned further above, a more sophisticated check needs to be made if there are also other loads in the
system. Basically it would mean replacing Fs; as evaluated by under “global equilibrium” above by that evaluated in
the complete static design.

The shallower the embedment of the post-installed vertical bar is, the more the moment resistance of the slab in
the node region is reduced compared to a node with hooked bar. For this reason, it is also recommended to
provide deep embedment of the connecting bars rather than trying to optimize mortar consumption by trying to
recommend the shortest possible embedment depth.
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b) Wall bending connection

- Geometry:
max. water ] hy = 420 mm; h, = h; = 600 mm;
" I
yy v i: :i ds =380 mm; d, = d3 = 560 mm;
I z, = 360 mm; z, = z; = 520 mm
- 1l |:
042 Ko As = Az = Az = 1005 mm?/m (@16 s = 200 mm)
cs=hy—-d, =40 mm
3.5 Ne
reinforceme Material:
V, Concrete: C20/25 (new and existing parts), ys = 1.5
e 1
716 =200 mm Steel grade: 500 N/ mm?, ys = 1.15
. 0.60 m} Safety factor for variable load: yq = 1.5
Note: transverse reinforcement not HIT-RE 500-SD (temperature range |)
Acting loads:
Vie =yq-p-h’/2=14-10-3.5%/2 =92 kN/m
e =h/3=35/3 =117 m
Myg =Vig-e=92-117 =107 kKNm/m

Force in post-installed reinforcement

Z1r =0.85-z,=0.85-360 =306 mm (opening moment — reduced inner lever arm)
Fsta =Myg/ 2z =107 /0.306 = 350 kN/m

Astrqa = Fs1a / (fdyms) = 350’000 / (500 / 1.15) = 805 mm*/m

Select $12mm, spacing s1 = 125mm —  Ag1 prov =905 mm?

—s drilled hole diameter: dg = 16 mm

Stress in bar: 6sq = Fs1d / Ast prov = 386 N/mm?

anchorage length

foa,EC2 = 2.3 N/mm2 (EC 2 for minimum length)
Lo rqdEC2 = (¢/4) - (0sd/foa,ec2) =504 mm
gb,min = max {013£b,rqd,EC2; 10¢, 100 mm} =151 mm
foap = 8.3 N/mm? (see tech. data, sect. 6)
Cq =84/2 - /2 =56.5 mm > 3¢
. 1 =0.512
%= 1 _c, -3¢
max| —+ & - ;0.25}
0.7
fo ¥ = 4.5 N/mm?
*12 " max|e,' ; 0.25]
foo = Min{foup; foaspl} = 4.5 N/mm?
fb'] = maX{(¢/4)'(GSd / fbd); fb,min) =258 mm
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Drilled hole length

linstmax = h2 — max{2dy; 30mm} =568 mm (maximum possible hole length)
linsteo = Cs + Z4r - tan60° + /1 / 2 =672 mm (hole length corresponding to 6=60°)
Einst,SO > ginst,max — select hole Iength finst = ginst,max =568 mm

Strut angle with Zinst max: tan @ =(Yinst max-Cs~l01/2)/Z1r — Gen = 53°
check: 6> 30° — ok

Reaction in Foundation:

Myy  =Myg+Vyg-2,/2=107 +0.25- 92 =131 kNm/m
Ny =-Vyq -92 KN/m
Ms3 = 0; Vag = V3q = 0; N1 = N3 =0

Check of foundation reinforcement

Fs2d = Moy /zy+ Nyg/ 2 =298 kKNm/m (tension outside node area)
Zo = linst - Cs - lp1/ 2 = 568 — 40 - 258/2 =399 mm (lever arm in node area)
Hsoqg =Myq - (1/zg—1/23) + Vg - (Z4/20 - 1) = 53 kNm/m (additional force in node area)
Fs2dnode = Fs2a + Hs2d = 351 kNm/m (tension in node area)
Asz2rqa = Fsodnode / (fydyms) = 351°000 / (500 / 1.15) = 808 mm*/m

As2 > Asrqa — OK (Asz is given)

Check concrete compressive strut

Fooa  =Mig/ 2o = 268 kN/m

Dog = Fgoq / cCOSGN = 441 kKN/m

Olet = 1.0 (EC2: EN 1992-1-1:2004, 3.1.6(1))
Vv = 1-f,/250 = 0.92 (EC2: EN 1992-1-1:2004, 6.5.2(2))
k2 = 0.85 (EC2: EN 1992-1-1:2004, 6.5.4(4b))
Dorg =0t V' Ko - Tk fye * fo1 - COSEN = 1639 kN/m

Dora > Dog — ok

Check concrete splitting in plane of foundation

Ot = 1.0 (EC2: EN 1992-1-1:2004, 3.1.6(2))
fucoos =0 0.7 0.3 fo2®/ve =1.03 N/mm? (table 3.1, EC2: EN 1992-1-1:2004)
Mopa = Feoa - 2o (1 = 20/22) - (1 = £01/(225)) =1.87-10" Nmm/m

We, = 1000mm - 2,/ 2.41 =1.12:10° mm*/m

maxocs, = Mgp.a / Wep = 0.17 N/mm?

faxoos > maxcs, — oK
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