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ABSTRACT

A new strut-tie model using secant stiffness, Direct Inelastic Strut-Tie Model, was developed. Since basically
the proposed design méthod uses linear analysis, it is convenient and stable in numerical analysis. At the same
time, the proposed design method can accurately estimate the inelastic strength and ductility demands of struts
and ties because it can analyzes the inelastic behavior of structure using iterative calculations for secant stiffness.
In the present study, the procedure of the proposed design method was established, and a computer program
incorporating the proposed method was developed. Design examples using the proposed method were presented,
and its advantages were highlighted by the comparison with the traditional strut-tie model. The Direct Inelastic
Strut-Tie Model, as an integrated analysis/design method, can directly address the design strategy intended by the
engineer to prevent development of macro—cracks and brittle failure of struts. Since the proposed model can
analyze the inelastic deformation, indeterminate strut-tie model can be used. Also, since the proposed model
controls the local deformations of struts and ties, it can be used as a performance-based design method for

various design criteria.
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(b)

Fig. 8 Performance points of struts located in
inadmissible zone

off o o
> of Ho I
do }g !
o 2 A
il ff; ot rx '
K3
rir
L
g
lo

2 %ol

Zda7, By

1y
T
lo,
(>
fm
N
lo

o o
(2
o rlr |m
18
=2
it
2
o

jav)
44
i)

AZAH (coupling beam)oll st
HE 7|89 Bl f3ai8M A¥a v)us

o1

N

= &

ACL 712 4A A% ArEe] Q= Ze nel A4

o DISTMS #&3t9th Fig. 9@e FA9 ACIY AA
2dS Yehiis, Fig. 9b)E DISTME A4 2dE W
31 Qe 4L 1o sl Fig 109 2o Ed
2 HAYUET o}x dAYSZY] 2302 AzHd & 9tk
ACI 2AHLE AAF2e] RAS ALg3lojof 3lBZ
Ef2 YAUZo R destetgdnt 3 DISTMS Fig.
Ib)et & BAA md2 FAste 9] WAYZY

od—
e —

. .k

V = 952kN (214k)
R = 952kN (214k)
fx= 27.6MPa (4k)
f,= 414MPa (60K)

b=356mm (14in)
L=711mm (28in)
1,=610mm (24in)

d-=127mm (5in)
jd=991mm (39in)
d:=102mm (4in)

(a) Determinate model of ACI

(b) Indeterminate model of DISTM

1-12
20-27

vertical ties : 13 - 19
longitudinal struts . 1 - 12

longitudinal ties :
diagonal struts :

Fig. 9 Comparison of determinate strut-tie model of
ACl1 and Indeterminate strut-and-tie model of
DISTM for deep beam

Table 1 Comparisons of design results of ACl and DISTM

DISTM
Ad &0 = 0.002 &o = 0.003 &0 = 0.005 &0 = 0.009 & = 0.015
Strut | P & P. & & P. & & F & & P, & & F. & &
8 -634 -428 {-0.177 -426 1-0.176 -426 | -0.176 -432 1-0.179 -449 1-0.186
9 |-1367 -1367|-0.642 -1367| -0.642 -1367 | -0.642 -1367|-0.642| - [-1367[-0.642| -
20 |-U7R2 -734 1-0.278| 006 | -731|-0.277 | 005 | -730 | -0.277{ 0.05 | -741 [-0.281]0.05| =771 {-0.293] 0.06
21 -623 [-0.395 -627 | -0.466 | 3 -628 |-0.614] 5 -613 [-0.934] 9 |-570]-1.59| 15
2 |-1172 =734 |-0.330 -7311-0.383| 3 730 [-0.498 | 5 -741 (<0778 9 |-T771([-147] 15
Tie P As P & As Ps & As s & As P & As Ps & As
1 634 | 165|939 | 1.98 | 229 | 941 | 297 |22.7| 941 495 | 2277 935 | 8.91 |22.6| 918 | 14.5 |22.2
3 1367 [ 33.0 (1367 | 1.98 | 33.4 |1367| 2.97 |33.0| 1367 | 544 |33.0| 1367 | 9.79 |33.0|1367 ] 16.0 | 33.0
14 %2 | 23.0] 596 | 1.22 |23.6| 594 | 1.87 | 154 | 593 3.17 [ 143 | 602 | 5.76 |14.5] 626 | 9.58 [15.1

& = tensile strain in the orthogonal to strut orientation (x10%), &

= compressive strain of strut ( x10°)

& = allowable maximum tensile strain given as design criteria , & = tensile strain of tie ( x107)
As = required area of ties ( x 10F mm? ), P, = force of strut ( kN ), Py = force of tie ( kKN )
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Fig. 10 Arch action and Truss action of deep beam
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Table 2 Comparision of experimental result and
DISTM for Paulay's specimen

Experiment DISTM
A C1 Cc2 D
Applied shear
P (M) 641.4 600.0 450.0 641.4
Rotational angle| o519 | 00068 | 00034 | 00093
O (rad)
groupl (1-20)
As (x10°mm?) 17.2 17.2 17.2 16.1
group?2 (21 31)
As (x10°mmd) 2.57 2.62 2.57 2.85
€o0f element 40 - 0.00821 | 0.00239 | 0.00669
P
0
700 B oD
600 ~C1 -7 A
500 | s //
Pid ,”
400 | C2 ,/ e
300 | ,”,r/ A= experiment
,’:,/ B= FE.A. forspecimen
200 1 0 C1,C2= DISTM analysis for specime
100 | /A2 D= DISTM design
“”
° : ‘ ' ‘ o6
0 0.002  0.004 0006  0.008 0.0t 0.012

Fig. 13 Comparison of experiment, F.E. analysis,
and DISTM for Paulay's test
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Fig. 14 Comparison of orienations of principal stress
axis of F.E. Analysis and struts of DISTM
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Fig. 15 Distribution of strain of ties between DISTM
and F.E.Analysis
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bw= 180 mm, /= 600 mm, h= 400 mm, jo= 300 mm
re-bars g = 0.002 f, = 400 (MPa)
concret &0 = 0002  fy = 24 (MPa)

Fig. 16 Design example of coupling beam
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Fig. 17 Comparison of F.E.Analysis and DISTM for
coupling beam
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Table 3 Design results for a variety of applied load and corresponding allowable tensile strain

Applied shear 180 kKN 210 kN 240 kN 270 kN
L) 0.011 0.009 0.007 0.005
Element As & Eu As s Eu As Es Ey As Es &y
Group 1 (1-12) { 1 441 149 | 14.9 | 515 122 | 12.2 | 588 945 | 9.45 | 662 6.75 | 6.7
Model A Group 2 (14,18) | 14 | 448 | 526 | 5.26 | 619 | 464 | 4.64 | 8.3 | 382 | 3.82 | 112 269 | 269
Group 3 (1517)| 15 104 687 | 6.87 | 121 555 | 5.55 | 143 422 | 4.22 | 166 291 | 291
Group 4 (16 ) | 16 165 763 | 7.63 | 182 559 | 5.59 | 187 382 | 3.82 ] 183 270 | 270
Group 1 (1-12) | 1 441 149 | 149 515 11.2 7.2 538 945 | 945 662 6.75 | 6.75
Model B 14 3.05 | 312 228 | 2.28 186 | 1.9 178 | 1.78
Group 2 (14-18)| 15 104 6.44 | 6.44 123 483 | 4.8 143 271 | 395 163 2.64 | 2.77
) 16 9.55 | 9.76 742 | 742 541 | 5.65 352 | 354
As = required area of ties in group (mmz), &p = allowable maximum tensile strain given as design criteria
& = maximum tensile strain of tie, min(gq &y ( x107° )
210 SI22OCIEES| =28 MHI1T7TH 252006
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Table 4 Design results for multiple design criteia

Dual design criteria Single design

criterion
Applied| Service state | Ultimate state | Ultimate state
shear 150 kN 240 kN 240 kN
£0 0.002 0.006 0.006

Element| As | & | & | As | & & | As | & &y
1,12 377 [19512.70| 588 | 81 | 8.1 588 | 81 | 8.1
14,18 1 100 [1.11(1.11] 100 {249 3.1 | 825326 |3.26
1517 | 166 | 1.19]1.19| 166 | 1.83 |3.61| 148 | 3.62 |3.62
16 167 | 1.13]1.13| 167 | 2.74|3.41| 179 | 3.34 |3.34

As = required area of ties in group (mm?)
& = allowable max. tensile strain given as design crlterla
& = maximum tensile strain of tie, min(ey &y (x107)
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