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SUMMARY

The purpose of this paper is to provide fundamental stress behaviour of
'tension-type connections by long bolts' by experimental and analytical study.

INTRODUCTION

Tension type connections have usually been wused for connections between
main-tower and anchor-frame of suspension bridges or cable-stayed bridges.
Almost all the investigations made so far about the +tension type connections
by long bolts are experimental ones to confirm the safety of structures
assembled by these connections. The study by the authors[1] is the only one

which deals with this type of connection fundamental and systematically.

, The arrangement .of the connection in this study is shown in Fig.1. The
subjects to be discussed are the characteristic behaviour of bolt axial
force and stress distribution due to preload and external force. The
behaviour is influenced by the following factors.
1. Axial stiffness of bolt
2. Axial stiffness of rib-plate and member-plate =
3. Flexural stiffness of anchor-plate ‘ Menber plate

External force °F”

4. Flexural stiffness of end-plate Anchor plate
5. Transmission condition of force between end-plates : Rib plate
"
: End plate
Specimens m}
-

Designations and characteristics of test
specimens are shown in Table 1. The geometry of Fig.1 Comection detail
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the groupl specimens is

Table 1. Designation and characteristics
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of test specimens

shown in Fig.2(a). These per— Contact
consist of one body without —" tprp B Roughness | Flatnessf Surface
any joint and are Group | _Name (mm () [ Rrex, /e m) (nm) | Condition
considered as connections L C-NS-87 10 143.0 = = No-surface
having idealized contact D-NS-87 25 143.0 - - ‘No-surface
conditions. The geo.met.ry ?f 2 | cogsss 10 143.0 15 0.087 | Finished
the group 2 specimens is
shown in Flg.2 ( b) . The D-20-85 25 143.0 20 0.076 Finished
contact surface conditions C-NF-87 10 143.0 - 0.778 | Not-finished|
are indicated by D-NF-87 25 143.0 - 0.547 Not-finishedl
'Roughness' and 'Flatness'
defined in -JIS. The
Member plate Megber
former was measured by i e i plate. 1
the expert instruments J 4
'surftest 201', and ‘pla‘““‘"”m\ A1l ol oo eate] o 12 alla
the latter was L [ N SRkl
' RUBAC [18]7 ~ ‘miB ¢
measured by '3-axes b plate Rib platéd FlBo
coordinates measuring Bndpla - B plate gl § 0.90B.
machine F-1006'. g |
All specimens were T | B i 11 {101 ]
fabricated from JIS R RRAAIS RAR KN
SS 41 or SM41 '
structural steel. JIS w5 s N el N I
F8TM20 bolts were used witee 20| E‘iﬁiﬁ T— T(;)_ el 0 n
with F10 nuts and F35 (a) 1 . (b) group 2 Yig.3 Loading
washers. The value of Fig.2 Test specimens Flgped;’oém
the initial bolt axial Bolt-A . Bolt-B —~—
force ‘Bo' is set to 143KN, 85% of the yield point _fh_ i3 )
strength. = || Ty e U T
Loading test and Measurements —t--t |t Section 2 : o-l:‘-o :
: Sectdon 3| :
As shown in Fig.3, the loading is static, and the 'Sl'i;i}_ﬁif—'\_—' ] Ly
upper limit of loading is 907 of the initial bolt ]
axial force. A test machine having 50tf capacity was gy Crip-gage
employed. The arrangement of strain gages and crip |

gages are shown in Fig.4. The contact areas of
contact surfaces are measured by 'press scale papers’.

NUMERICAL ANALYSIS

FEM analysis

Fig.4 Arrangement of strain

goges ard crip gages

The element division -is shown in Fig.5. Triangular plate

elements[2] having six degrees of freedom per node, 18

DOF

in total, are used. The bolt is modeled by a cylinder

having an axial stiffness equal to that of the
Considering the symmetry of the analysis object, a

bolt.

one

fourth portion of a specimen is analyzed. The additional

bolt axial force is obtained by the reaction Br at

the

cylinder bottom in Fig.5. The value of additional bolt

can be calculated by
(M

axial force coefficient '(y'[1]
following equation.

Q. =Br/F F : External force

the

Fig.5 Element division
for FEM analysis
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Analysis by a spring model

The bolt, rib-plate, and member-plate are idealized by the spring of which
spring constant are equal to those axial stiffness. The flexural stiffness
of an anchor-plate can be calculated approximately as that of a plate with
member-plate side edge fixed, the opposite side edge free, and rib-plate side
edges elastically supported.

STRESS BEHAVIOUR OF GROUP 1 SPECIMENS

Stress distribution due to preloads

- ' -]

Fig.6 shows the measured axial force per unit ‘o ""ﬂjl"- i]:& ----- 1 W
width 1in rib-plate and member-plate due to e L N —
preload (specimen 'D-NS-87'). By the figure, it is [~ 9% 1IN,
evident that in the section close to the anchor- O Bxperiment 1
plate, Section 1, the effect of the concentrated 4o 2™ i/
loading by bolt is considerable. In Section 3, the 0 R I
axial forces are distributed uniformly across the ™ i
section, and it can be recognized that the rib- i, o ;
plate in the specimen has enough length to ol ':m;/;'" Loy
distribute the stress due to the initial bolt ol gl

axial force wuniformly to the end-plate.

Fig.6 Axial force in rib-plate and
member—plate of 'D-NS-87

Bolt axial force due to external force due to prelocad
Fig.7 shows relationships between the

edternal force and the bolt axial force in 10

the specimens 'C-NS-87' and 'D-NS-87', and g ﬁ§_§:§§ g;}E"""‘“e"*

corresponding analytical results are also ° :%-53-33} byFEh}A

shown. Both axes of the figure are @| ——D-Ns-g7 © b¥ Sering-model

indicated as the percentage to the initial @ ,/_"f:

bolt axial force. The results by FEM are 4ré;’;-/

in good agreements with the experimental 00 A

results. On the other hand, the results by

the spring model disagree so well with & =5 10

experimental results as those by FEM. F/Box100(%)

Fig.7 Relationship between external force

However, it is found that approximate bolt
ard bolt axial force

axial force can be estimated by such a
simple model.

Stress distribution due to external force 4,;/'0" ,,,,, *

MN/m{ -cctsusrmerr - ~r-!

Fig.8 shows the variation in the axial force _,[:, ‘;g{:ﬂ}mmt

per unit width in rib-plate and member-plate due oo -_-;:i:d*}wm
to the external tensile forces (specimen 'D-NS- ;J«'/?.__m p'nj/?.. Tt
87'). Because the external force is applied on the 0 B P
member-plate, the axial force at free end in T ¥
Section 1 of the rib-plate is nearly equal to };‘/?n_k_‘___ﬂ ;4:4:/21, . §:
zero. However, in Section 3, it is distributed S e B E—— i
uniformly. It is also understood that the length -l "7} .ol 77777 o

of rib-plate in the specimen is enough to
distribute the stress due to the external force
uniformly to the end-plate.

Fig.8 Axial force in nb—plate ard

member-plate of D-NS-87
due to external force
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STRESS BEHAVIOUR OF GROUP 2 SPECIMENS

Contact surface conditions

Fig.9 shows examples of
the contact surface flatness
measured by the '3-axes
coordinates measuring
machine F-1006"'. The

. i
(c) Assumed contact

contact areas measured by area
'press scale paper' are also Rib or
shown. In the case of Hemher plate

thickness

flatness being large, the
contact area is limited and
the stresses are
concentrated in the small
area . Fig.9(c) shows the ;
assumed contact area which (a) DNE-87 (b) D085  (d) Assumption of
is gained on the assumption stress transmission
that the member and rib- Fig.9 Conditions of contact surfaces

plate stress are transmitted

to the end-plate as
shown in Fig.9(d).
This area 1is
defined as 100 o-Sos
‘Aassum." and the
area measured by
'press scale' is as
"Alcas.: Fig.10(a) 0o © g
shows the o 000 , cre-ar
relationship ° * Ro?ghnes;?Rz) (:3"mm) ® o Fluhﬁs.‘ss o ¥
between roughness (g) Relationship between Roughness  (b) Relationship between Flatness
and flatness. While and Flatness amd (Ameas sum)
roughness and : :
flatness are Fig.10 Roughness, flatness and contdct area
independent

measured values,

the relationship

has a tendency that R — , , — ,
flatness is smaller e L —ﬁL R ARLLSES
as roughness is 7 | |
smaller. It is -
considered that a ; S ;
flatness value can Mi/m Poo L oy
be roughly ——
estimated by a
roughness value. 1.0

Fig-TO(b) shows the O‘m L b

End plate

m
£
O
-
n
U

Cc-a3-a3

m

Flatness
4
\
4
Q

§
Q9
\
1
\
\
\
Amgas./ Aassum,

DME-97
(-]

5IES

[«]
g3
-

:i%
i

2

1.0

relationship . S H S W LI
between flatness Fig.12 Axial force in rib-plate and
and A aS./Aas um.® , member—plate of 'D-20-85'

It can be seen from  pyg 11 Axial force in rib-plate and due to preload

this figure that member-plate of D-NF-87

in the case of due to preload

flatness being
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smaller than 0.09mm, mea _/A ssum. 1S about 1.0, on the other hand, in the
case of flatness being abou 8.5 to 0.8mm (not-finished surface),
Alcas./Aassum. 1S about 0.1.

Stress distribution due to preloads

Fig.11 and Fig.12 show the axial forces per unit width in rib-plate and
member-plate under preloads in the not-finished-specimen 'D-NF-87' and the
finished-specimen 'D-20-85'", respectively. In these figures, dotted-broken
lines indicate the average axial force values. According to Fig.11, at
P1(Fig.4) in Section 3, the axial force value is nine times as great as the
average axial force value, and it is 757 of the yield point strength. At the
free-end of the rib-plate the axial force is nearly equal to zero. It is_
evident that not all section of the specimen work effectively. The stress
distributions in Section 1 and 2 shown in Fig.12 are similar to those of the
specimen 'D-NS-87', and the contact surface conditions affect the stress
distribution in Section 3.

Bolt axial force due to external force

Figs.13(a) and (b) show relationships between the external forces and the
bolt axial forces obtained by the experiments. The additional bolt axial
forces of the group 2 specimens are greater than those of group 1 specimens.

nn - w0

g Gﬁ’%‘ ® g4
o o V/X‘V
S T2 o 6
x 7 periliy & 7 -*
a - 1] 2 > -
o Paies ol o ./r:f ~ IS8
- mﬁé";/ m/{/;/’mlﬁ—
F/Box100(%) ’ F/Box100(%)
(a) tgp=10mn 'C-type' (b) tgrg=5m 'D-type'

Fig.13 Relationship between external force
and bolt axial force

Fig.14 shows the relationship of the o g 60
external loads versus the bolt strain and §F spo 100
the gap between both end-plates measured by 2 44 : N
crip gages. The gap between contact §5 30 ’75%:
surfaces due to external force relates with g 2'0 50 £
the nonlinearities of the bolt strain and 2 1'0 . 25 &
axial force as functions of external force. 12 o ba” _ o o
o End-plate(side-A)
Stress distribution due to external force 0% 50 100

F/Box100(%)
Fig.14 Relationshipof exterral force versus

Figs.15 and 16 show the variation in the
bolt strain and gap between end-plates

axial force per unit width in rib-plate and
member-plate due to external forces in
the not-finished-specimen and the finished-specimen, respectively. Fig.15
shows that the portions of  very low prestress, such as the free-end of the
rib-plate, remain unloaded. According to Fig.16, in Section 3 the
distribution of axial force under the 50% load is uniform. By increase of
the load from 50% to 90% of initial bolt axial force, the axial force in



1341

Section 3 in the , . . ; .
member-plate ol ﬁ ;10:0@: """ 1 ml‘al' 'if&"';‘@.‘ """ I
don't vary so LT R o l:ﬂg-(-rw“-;--v- Y ‘*-“--'1;,;_,“.“*: ',"$" / Sy
much. ob Ll 9| asmiceast rbl | i
Contrastively, YA lead! T 9 load | i | P
1.0 © 902 load 0.1 e 1.0 : 1.0, 1 : ':
those of the el sy g | Siaa H'é- trondzzad W'L' EIEzS ) )
free-end portion ° ' ;?[ i T &1“ =
in the rib-plate o ?f SN Py §
vary much. The 1.0 P arta i _,4 1o, | ;
relationships mc,:'“-'—“‘"—‘-‘—ﬂ, mé- : - 0 .’-114- fﬂi.ﬂﬂ. i
between the S F) SO S S D el i
external force g 15 pxial force in rib-plate and Fig.16 Axial force in rib-plate and
and the str?ss at member-plate of D-NF-87 member-plate of D-20-85'
the points due to external force due to extermal farce

'P11','P2' and
'P3' in Fig., are shown in Fig.17. From these figures, it is revealed that the
conditions of stress transmission vary with the contact surface conditions.

&
o

. - Re)
% - 20§ p2t Ky § 'PB' '9/
3 ~ o d
100 3 D-20-83 @
a b3 £ .
o 3 a1 = o088
2 g0 o @
0 preeny
0
0 0o 50 100 0 50 1
/ Box100CH) FBo x100 ()

(b) (e),

Fig.17 Relationship between external
force ard stress

CONCLUSION

The conclusions as regards the characteristics of specimens and load ranges
are as follows;

1)

2)

3)
4)

In the case of the contact surface condition being ideal, the bolt axial
force and stress in the connection change linearly with respect to ex-
ternal force up to O.9B°.

The length of specimens is enough to transmit uniformly stresses due to
the initial bolt axial force and the external force to the end-plate.
Flatness of contact surfaces are roughly estimated by roughness.

When the flatness of contact surfaces is less than 0,09 mm, the stress
by preload on contact surfaces is nearly equal to the value under the
assumption by Fig. 9(d), the additional bolt axial forces are within
the limit of the error im initial bolt axial force on field, the stress
distribution is affected only on Secion 3, and the relationship between
external force and bolt axial force may become nonlinear,
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