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A DESIGN ALGORITHM TG CALCULATE THE STATIC
STIFFNESS CF MULTI-BCLTED JOINT.

Part. I Joint Stiffness Analysis
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ABSTRACT

The multi-bolted joint is commenly used in various machine
design problems. In order to predict the static behaviour of
the machine tool structures, it is necessary to know the
stiffness of the joints between their components.

This pager i1s concerned with the establishment of mathematic-
al models which enahle to analysis the static behaviour of
the multi-bolted joints in machine tools. Several assumptions
have been taken into consideration to simplify the proposed
mathematical models.

INTRCDUCTION

Bolted joints are quite commonly encountered in various
machine tool design problems. Determination of the static
stiffness of the milti-bolted joints 13 of extreme importance
in the desirn of such joints. The problem has not been satis-
factory treated analytically.

Many investirators reported solutions based upon the expere-
mental results; Wasner [15] , IzyKowski (#], and Plock 11] .
The basic work in these investipations are that; testing of
simple joint models to derive some experimental relations
which can help the designer to prodict the mapnitude of the
static stiffness. Hecently, Back [1) and Schulz [12) used the
finite element technique for analysis of the deformation and
the stress distribution in machine tool joint. The iteration
cycles of the schulz-Calculations is very long into the
relative deference of deformation smaller than the desired
limit. Also, the system of stiffness matrix must be, for
every new iteration step, constructed and inversed. Therefore,
this solution is very complicated and raquired a long time
for calculations using high ca acity computers. It is clear
that , no simple totally reliahge formulse exsits that will
pive the designer the static stiffness value for the joints
to be desipned, at the specitied conditions. Thus, the objec-
tive of this work i1s construction of mathematical models to
calculate the static stiffness of the multi-bolted joint.

u Lecturer, Dept. of Production Eng. and Design , Faculty of
Eng. and Tech., Menoufia Universityv. Shebin El1-Kom FEeoent



’ . SECOND ALM.b. CONFERENCE

[MD-16I 166]_ Q LI,

VWt

DESIGN PARAMETERS OF THE MULTI-BULTED

- B May L98B6 , Cairo

—— — e, e

Fig.(1) shows some typical examples of a multi-bolted joint used
in machine tools, where the loads are transmitted a cross the
joint interfacea. Theaa axamnlas of joint may be discripod by

- -

the following design parameters [2-4-6-7-9-10]:

l. Construction and quality of the contact surfaces of
joint.
Geometry, arrangement and number of fastenad bolts used.

2.
3. Preload of fastaned bolt.

4. Construction of holt packet.

5. Distribution and value of tha external loads.
6. Material.

These parametera have heen taken into consideration to derive
the proposed mathematical model, which has been constructed by
the following assumptions:

l. In the contact interface, the stress is concentrated
around the fastenning bolts (3-9-11-14).

2. The static stiffness of each fastened bolt in the multi-
bolted joint i1s caleculated by using the mathematical
model of the single holted joint. This model can be
specified by the following equation [13] .

F _ F
v R
B A +
CSV 02 FV_.F'}{ 5 . & '.I...Ill.....(l)
- =¥ -Fy)
C3 Ak

3. The external loads are linear-distributed on the contact
joint interfaca.

4. The non-linear deformaticn in the contact interface has
been considered [1-5-1C]

Fig.(2) represents the geometric model of the multi-bolted joint.
The calumn flanpe (1) is fastened with the machine base (2) by
several fastening bolts (3). These bolts are made of same

material and have the same gaometry and dimen Sions. The fasten-
ing bolts are inserted in the flanre hole with the suitable
clearance to avoid any contact stresses due to assambly. The
preload (Fy) 1a produced due to the holt tightening by a torque
rench to a desipned mapgnitude. This preload 1is usually distribu-
ted on the jfoint interface (/) to produce the required tightening.

The external loads (Fy, F,, F,) are applied on the culumn wall(5)
in the three-directions. %he me rnitudes of these loads are to be
defined according to the working requirements of the machine.
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These forces are tranamitted accross the machine culumn to the
joint members (flangel; base 2 ; bolt 3), which can be defined
finally as the joint external loads (see Fip.3). The magnitude
of joint loads may depend on the ecnlumn rigidity and over-all
dimensions. By analysis of the joint loads, the magnitude of
the axial tension force (Fg) on each bolt in the joint could
be calculated. Therafore, accordinr to the single bolt model,
the static stiffnass of each bolt could be estimated.

LOAD DISTRIBUTIUN ON THE CONTACT JCINT INTYKRFACE:

Several load types are applied on the machine during the work-
inp. These loads are the cutting forces, the dynamic forces of
the moving psrts of the machine and other loads due to the
machine enviromental conditions. By analysing all lnad types

in the 3-diractions systems, these loads can be classified into
Tension, Turnover, Shear and Torsion londs, which affect the
joint interface.

Fig.(3) shows the direction of the miin forces ani moments
which affect the joint interface. The Iy and Fy represent the
shear forces, the F; represents the tension or compresion force,
the My and My are the turnover moments and Mz is the torsion
moment .

To derive the mathematical expersion which defined the axial
tension load on every fastanning bolt 14in the joint, the
following linear relation for the static stiffness has been
uged (See Fig. 4):

FBi - Cs!"i . JBi q--‘r::;---‘..-.lilﬁl.'...‘z)
Cgvy - i "Pys
M n
ys -‘Z FBi - Xni ------------ .no-unn.u-oo..(j)
1=

Assuming that all fastenning holts in the joint having the same
initial tightening force; thus:

- n 2
Mys -CSV .?Vs E_—— Xni ----------- 0--00..-.-.-...(4)
Thereof:
Mys
FBi = o n . xni ® 4 8 60 * 800 6 60 @ qo--..ooboon.(S)
2
X
%;i ni

in the Y-direction; and also,
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tn the x=direction. The axisl load in z-direction may be also
divided bhetween the numher of fastenning bolts to be used; i .e.

FBi L Fz/n ............. .-.-........--(7)

Therefore, the total applied force of the fastenning bolt(i) 1in
the joint may be calculated by the following relationship:

VIR N ¢ oy
FBi B - ys Inl* %3 ni + o reeene e mer -.-a.u(g)
52_ 5 n /2 n
g - '
=] s 1=1 ni

LOCATICN CF THE CENThCID PCINT G THE BOLT GHOUP.

Fip.(4) represents the mathematical model of multi-holted joint
and the centroid point (s) of the bolt group. 1t is clear that,

at the centroid point , the turnover moment Mys is equal to
zero,. Therefore;

n n 2
Moo= d 5= ¢ (K4=X)*+ ¢ S C (X .-x) +
¥a Us %:i avi o177s Jys fi] svi ol o)
n
+ C ° ‘7; x "‘x Y —"Y - U ® e 0 00 a0 000 0
- %;S f:l (X4 S)( ol s) (9)
i1.e, the first term equal zero, thus
n Al
{:i sti°xoi
Xa - & 0 mmddamssesenes ss v e e v -no.(l(J,
. G
1=1 svi
n
a ¢ .
nd, f:i avi® Lot
YS L ﬁn C “'=i----‘.l'ltllul‘l-lll.(ll)
3 svi
i=1

Where Ks an- Yq are tha coordinates of the centroid point of the

bolt proup, which depends on the cooridinates of each fastenning
bolt in the foint. '

LOCATTON OI" THE MALIN JUINT CCORDINATES,

The main joint coordinates are the coecrdinates which have ure
tension, turnovar, 6 shear and torsion loads cn the Jjoint interface.
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The location of thesa coordinates may be determined from the
equation of the turnover moment as follows: (See Fig.4)

L + ) - i +
My = d; f;i Covi + T4 Tys gz Cevt - X Yy

i=1
n
+? ' U ° Yz 00000000(12)
xs 1—:1 svi i

It is clear that, the scond term with respect to the x-direc-
tion is very small. Tharaefore, it may he neplected. From Fig.(4),
the (ollowineg coordinate relations can he obtained:

\'{i = Yni' Cos (Ps - Xn1° 3in Y., ... PR T ees {13}

X = X « Cos p + Y . 3in ¢ T seowwl1lly)
i ni 3 ni _

Bubstituting equations (13 and 14) in t he second term of equa-
tion (12), the lcr:tion of the main joint coordinate ca&n be
determined first'y as followse

n
Pt 2— Csvi' Xni * Yni

tan 2y - 1=1 N 6 £
3 n ) n 2
2. C_..X - 9 ¢ .y
i*l svi i ] svi ni

Where EP is rotation angle of the niin joint coordinates with

s
respect to the cemt roid point coordinates.

1r Ssz in equation (9) is very small, the term
n

c - - t
svi 2:: (X01 xs)(Yoi Ys) ends to zerp and also in the

in
hnriznn}al plane there 13 no vertical deflection , i.e, A'- 0.
Therefore, the equation (9) becomes; s

n
< .

M__ = -

ys = Pye {;1 Cavt 185, = X0° . issidomsasianes «+ e (16)

or,

Co = M

Pys ys ‘sz

= 2
- 15_41 (,svi. Nl CTERERA L e s s bR e R R sy v sl 2T)
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) LA ?:; avi nd (18)

and , n

C o T - R T «su§19)

XS'YS 1—-—i SVi ni ni

Using the relations (17

tan 2 = = A Ceeereenead(20)

MATHEMATICAL MODELS CF THIS STATLC OTIFFNESS
BASED  ON TH WLTI-BGLTED JOINT MODBL,

l. Static joint stiffness subject to tension forca.

Fig.(4) represents the mathemstical moiel used to determina the

joint stiffness. From this Firure, the fellowing formula can be
obtained,

n
F_ o= ; C Lr = i X - X I
4 %zl svi -& pys( ni 8)
n i
- f— G + ) 5 C -
S {a] svi V’ys E;i svi(xoi Xs)
Thus, N
. { L =X
d l'z kpys i*l vl oy 3)
= B N «(21)
- n
2 .
P Swi
1=]

”

where A is the deflection of the centroid point(s) of the

joint. Tﬁereof, the static joint stiffnaess CZ arainst the tene
sion force Fz may be determined as follows:

. f
CZ = Pz/(fs )

- L B
Fz 1?_,,'-'1 avi
- —_— n TETETRENEE 6 e eeiie e ..l.(22)

F - / < 3
Z (fYS 2Ww sti (Xni- xs}
=
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2. Turnover Stiffness:

Turnover stiffness of thae joint can ba determined from the moments
Mx or My about the main joint coordinates as follows, (See Fip. 4)

n n
- Yt T C
My ('{s ?—;1 - Ta el R Rt |
n 2
+? Z Yz. ° C -.-......(23)
| ys L] i avi
Thereof, the turnover stiffness can bhe defined as:
JImy n
Co = - = 2 Y. C sy, [
Ty 0y, 1=1 Yi Svi
Ys

From Fir.(4) and the relations (13) , Cq} i1s obtained ,

Cyp. = Cos? S yE e v it S R L
Yy °3 Pgq ?1 /Yni' ‘svi M VJS %-ﬂl Yni' svi

n
- 2 Sin‘Ps o Cos\{)s 1Z-1 Xni.'Yni - C\_QVE'"""°""(25)

Using equations (17,18-19), equation (25) becomas;

Cy. = Cp . Cos“p + Cp . Sin-
Ty Tys os Pq WXS )inlfs

- 2 t'.;‘ln \’) . C()S\P . C(l) ------------- * s u(26)

3 3 X3.Y¥3

-Also,
2 2
C = C . Cos + C « o
?x sz Slps Pyg = nkps
+ 2 Sin . C ° S misehsemsesies s L Y

\PS ©s LPS (J‘sz‘.ys (27)

Where Cpx is the turnover stiffness in X-direction and Cg) is
the turnover stiffness in Y-direction. ¥

73. Static Joint Stiffness Apainst The Shear Loadings

Joint stiffnesa against the shear forces Fx and F, may be deter-
mined as a summation of the exisiting shear stiff&%ss on each
bolt in the joint (13). Thus,

A, . F
L ]/ K. Yy
sti -—_...._._l_i?_.-—-—L-—- L I I TSP ,,.....(28)
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where C ig the shear stiffness of the bolt 1 in the joint.
Thereoffsihe total joint stiffness can be defined as:
n e b
CXS- 12:1 VAk'P‘}lj/lt( 9 ° s e o = .;;;...-----.--00(29)

where R is conatant after kirsanova {9].

Where the shear stiffness of the same mpgnitude in X-and Y-
directions is

C, = C o i pvReREEEE e s e ......(30)
X y X3

L. Torsional S5tiffness:

Fig.(5) reprasents the matheratical model to determine the
torsional joinmt stiffness. Te simplify the model, the following
assumptions have been made:

a- No plastic delormation occurres in the applied
torsional stress; i.e. all deformation are elastic.

b= The reaultant normial streas in the fointing surface 1is
equally distributad,

With these assumntion, the torsicon momant acting on any bolt
in the joint can be defined as follows (Jee Fip. 5);

in - Mzi/” . C

xai
dry )
M = — . R .C
zi H i xsi
i
2
= ([ 2 B s B ws s i b eRRREAE S 3R B 1
{zi i xai (31)

Therefore, the torsicnal stiffness of bolt 1 1is;

C = M = R . C Vi A PSR FE R Rama e el 32
V21" Mas/ay T Oy (32)

Accordinely, the torsional stiffness of the joint may be deter-
mined from the following equation.

n 2 2 - B
Cyp, = 4:_1 (xni + Yni) VAR"FM/“ o o o vg, S Y )

RESULTS g

The developement in machine toola required many investigationsg
which dafined in a simplified method the problem and its accep-
table solvinr. Thus, a8 model of the multi-bolted joint has bean
proposed based on the main foint destrn parameters. A simplified
mathematical model to calculate the static stiffness of the
multi-bolted joint has hean derivatited in this paper. The
advarntacae A tha rnroaroaad molela garainat tha axyrneriment al
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a- No material and manufacturing costs required.

b- The required time and effort is very low.

c~ It represents the better data to make a comparison between
the different joint. medels.

A suitable mathematical methond to evaluate the joint stiffness
with respect to the miachine riridity requirements has been

develcped

to use easily by the miachine desirners.

A comparison of the computed values with the experimental Aata
and the proposed desirn alporithms to calcnlata the static
stiffness will be Aiscusand 1-ter in another papar part.

NOMENCLATUIL ¢

Ak 2
Cz H
C3 .
Ck .
Csv s
bxs :
C?zi s
Cx H
C .
y
Cz °
Cyx ¢
CQY :
C .
¥z
FB 24
FV H
FR -
F -
X,¥,2
n .
R -
Hi s
o

o0 weeo

X,Y,%

Contact area (mm<)
Stiffness of the bolt under esxternal load (NAum).

btiffness of the members to be jointed under external
load (N/um).

Stiffness of the joint contact surface (N/um)
SinF le=-bolted joint stiftness (K/uam) .
Shear stiffness of single-bolted joint (N/um).

¢ Torsional stiffness of sinrle-holted joint (N m¢ rad)

Static shear stiffness of the multi-holted joint in
X~direction (N/ym).

St.atic shear stiffness of the multi-bolted joint. in
Y-direction (N/um).

Static tensicn stiffnesso” the multi-bolted Joint in
Z~direction (N/umn).

Static turnover stiffness ahout X-direction(N.m/ rad).
Static turnover stiffness about Y-4irection (N.m/ rad).
Static torsion stiffness (N.m/ rad).

External tension load (N).

Preleoad con bolt due to tiphtenning (N).

tesultant load on themembers to be jointed (N).

?orc?s actinpg on the joint in x-; y- and g=-direction.
N.m).

Numbar of holt. s in the joint.
Constant after Kirsanova (mm2/1qF)

Hadial cocrdimate of bolt i in the Joint (mm).

Centeriod point of the multi-bolted joint,
Main joint coordinstes.
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Z ¢ Basis joint cocordinates.
Z

¢ Neutral joint coordin-tes.

X5 Yi ¢ Coordinates of the bolt 1 in the joint-w.r.t. the

main coordinates.

X { s 1 ¢ Coordinates of the bolt i in the joint w.r.t. the
@ o Hasis coordin-tes.
Xni , Yni ¢ Coordinites of the bolt 1 in the joint wer.t. the
) noutral-coordinates.
C‘B ¢ Normal deflection uniar the external load Lum).

dry
Vs

Torsicn deformation of lolt 4 (um).

otation ancrle of the main joint coordinates (Grad).

%) ¢ Turnover anrle of tha joint in X-direction ( rad).
X3S

Yys
?zi

©0

Turnover angle of the joint in Y-direction ( rad).

e0

Torsien anrle of bolt i (Grad).

X, m ¢ Constants.
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