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STRESS ANALYSIS OF BOLTED TENSILE END PLATE
CONNECTIONS

CLEKWIATKOWSKI LA WINNICKI
and A KRZYSPIAK (WARSZAWA)

Experimental and theoretical results are presenfed concerning the analysis of a steel
" joint with a prestressing bolt. Theoretical analysis is performed by means of the displacement
version of the FEM. Elastic-plastic properiies of the material are taken into account, and
fictitious contact layers are used to model the friction effects and possible slips between the
joint elements. The processes occurring in the joint during stressing and loading . differ
substantially from those obtalned from the standard analysis based upon the simplified
model of the joint.

NOTATION

a ‘end plate thickness,
A stress area,
B geometrical matrix,
de increment of total strains vector,
de®  increment of elastic strains vector,
d€” increment of visco-plastic strains vector,
D  material matrix of elasticity, ‘
E Young’s modulus,
g, increment of the bolt elongation,
F  yield condition,
f nodal force vector,
F, prestress force,
y. fluidity parameter,
J, second deviatoric stress lnvarlant,
‘K, elastic stiffness matrix,
M30 10.9 bolt mark, the first number is one-tenth of the Ultimate Tensile
Strength in kgf/mm?, the second number is the ratio of the yield
stress to UTS x 10
Peisson’s ratio,
plastic potential surface,
stress“vector

q D =
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o; ' stress intensity,
S, dimensionless stress intensity,
At real/pseudo time siep,
u nodal displacement vector,
Yo yield stress, '
Y, yield stress corresponding to the elongation of 0.2%.

1. INTRODUCTION

High-strength bolted connections have lately been used extensively in
many countries to be assembled at the building site. Such connections have
a number of technical and economical advantages. Their cost compares
favorably with that of other forms of bolted connections, They require
fewer bolts than the standard bolted joints. One of the technical advantages-
of these connections is their simplicity. For these reasons it is easier to
prepare and use them in assembling on site.

Morcover, such joints eliminate clearances arising under service loading
in standard connections and reduce the deformability of structures.

 The connections themselves are very stiff and are well sealed to protect
_ them against corrosion. They are also neater in appearance than most types
of connections in current use. Such joints can be designed to satisfy the
necessary requirements for strength, stiffness and load bearing capacity.

As it is well known, high strength steel bolted connections are divided
into two groups: friction grip joints and the end plate joints. In the friction
grip joints a service load perpendicular to the bolt axes is transmitted by
friction due to clamping force between prestressed steel plates.

Under the tension and bending of the end plate joints the tension
load is transmitted mainly by a change of clamping force in the steel
plates and by an increase of the tightening force in the bolt. Such joints
‘can perform as friction grip joints as well. ,

The behaviour of the friction grip joints is relatively simple and it
has been investigated both experimentally and analitically.

" However, the behaviour of the end plate is fairly complex. Experimental -
research in this field has lately been conducted mainly for the purpose
of determining their load bearing capacity and the required design rules.

Some authors have applied the finite element method to study the
behaviour after prestressing of the steel plates.

CutuiMore and EckHART [2] used numerical analysis to study friction
grip bolted joints. The bolt which is assumed to produce a uniformly
destributed pressure on the outer surface of the plate over an annulus around
the bolt hole is replaced by statically equivalent concentrated loads at the
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nodes within this annulus. The authors disregarded fr1ct10n forces between
the washer and the plate.

Yosuimoro et al. [15] applied the finite element technique for fi ndmg
the pressure distribution in the interface of clamped parts. Their numerical
model is, due to symmetry, a quarfer of the bolted end plate joint. The
numerical results were compared with experimental and theoretical considera-
tions. based on the three-dimensional theory of elasticity.

Brert and Cook [1] introduced the finite element method for the stress
analysis of treated bolt-nut connections. The thread zone was replaced by
a layer of elements with orthotropic properties. Numerical results for con-
ventional and tapered threads were compared with theoretical and experx-
menta! results available in the literature.

Surtees and IBramIM [13] used a linear axisymmetric finite clement
program to analyse the stress distribution in a bolt head. Circumferentia}
and radial strain distribution at the top surface of the head enabled them
to introduce a new method for continuous monitoring of the fluctuating
bolt tension. The method is based on the strain measurements mode on
the strface of the bolt head. ' '

Pancewicz and SzranpEra [10] worked out the way of deformability
determination for friction grip joints on the basis of the finite element
method.

The above mentioned analyses were carried out only for prestressing
under rather drastic simplifications such as linear elasticity of all materials
and no slip between individual parts of the connections. '

RoMAro [12] and Kwiatkowski af al. [6] implemented a simplified
model of the tensile end plate connection, assuming a priori a shape of the
prestressing zone in the plates. A number of authors have accepted such
a simplifiecd model of the end plate joint. The second basic assumptlon
for this model is that, under a certain magnitude of the tensile service
load, the initial clamping force in the steel plate. dissapears completely
and the separation of steel plates follows. The. real behaviour of the end
plate connection under service load has not as yet been fully explained.

The present authors carried out additional laboratory and numerical
experiments on a single end plate joint. The aim of the investigation was
to find the strain and the stress distributions in individual members of the
joint under prestressmg, tensile loading and unloadmg Such experlments
are difficult and expensive and the data necessary for reliable interpreta-
tion of results have often to be taken from locations inaccessible to
instrumentation.

In the presence of such d1ff1cult1es the experimental investigations were
accompanied by finite element analysis. Complex elasto-viscoplastic material
properfies werc 1mplemented in the nonlinear approach to stimulate more
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realistically the behaviour of the connection including both plastic defor-
mation and slip between particular components of the joint.

‘In what follows, laboratory experiments are described and the viscoplastic
formulation is presented accompanied by the rflumcrical solution.

2. EXPERIMENTAL PROGRAM AND MEASUREMENT TECHNIQUE

All the investigations were carried ouf at the Institute for Building
Technology in Warsaw, Poland:

Single prestressed bolted end plate connections under tensile loading and
unloading were considered as shown in Fig. 1. .

The two tubular sections with adequate grips for the Amsler testmg
machine were connected by means of special annuli with steel plates and
the bolt M30 10.9..

Three full scale models were made, the main characterlstlcs of which
are shown in Table 1.

The steel grades used and their comparison with'Ametican grades are
given in Table 2.

Two greater washers under the head and the nut in mode 3 were
used to avoid plasticity in the highly stressed zones as well as the yielding.
near the hole in the steel plate. To get the wires of the strain gauges out

- 160
t Tube : 1
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Connecting annuli

A\

l M30 10.9 l

Fic. 1. The main parts of experimental model. .




Table 1, Differences between experimental models

Washers
Steel plate Ibr::s;i:ce Bolt quenched and
Model width 30 mm on tempered under
N steel plate M 30—10.9 :
(1.18 in) eaned b head and nut
y pleces
1 Polish Stegl St 38 Sandblasting Bolt diameter ‘ 1
x corresponding to 30 mm_(1.18 in)
ANSI/ASTM L conventional i
2 A-36 grinding thread Stecl 50 H
Polish Steel 45 corresponding (o
| Polis e’ ANSI/ASTM
A 131, AH 36

il

Table 2. Comparison of Polish and American Steels(*).

Yield, point, min,

Tensile strength,

Grades MPa (psi) MPa (psi)
Standard ‘guality
‘% | carbon Structural 215235 375460
& | Steel for general ‘
j purposes St 35 (31200 -+-34100) {54400+ 66700)
b 5| ANSI/ASTM A 36 250 400+ 550
< -2 | Structural steel {36000)° (58000 - 80000)
+ High quality 355 660
.o | carbon Structural {31500) 87000
‘% Steel for general
o | purposes 280 577
45 (40600} (83700}
S = ANSI/ASTM A 131 350 490+ 620
.g § | AH 36, DH 36, EH 36, _
™ i Structural Steel (507509 {71100 89900}
Alloyed Structural | Tensile Requirement for
4§ Steels . Specimens Machined from Bolts
_ Yield Strength .
ﬁ ‘ (10.2% offset) min Tensrle.Strength
= .
(=] e
0T 687 932 - 1079
{99600) (135100 * 156400)
50H 834 F030 1226
) 120900 (149300 177700}
4 & | ANS/ASTM 895 1035+ 1170
o 21 A 490 (130000) {150000 + 170000}

{*} According to- data avaitable in Poland.

. '[:i?]




118 1 KWAITKOWSKL, L. A, WINNICKI AND A KRZVSPIAK

of the models, washers with radial channels were prepared and access holes
were drilled through the models, Fig. 1. The hole diameter clearance 7.2 mm
greater than the diameter of the bolt shank was provided to protect the
_‘ gauges agamst damage. Spiral electrical resistance strain gauges were used
along the axis of the bolt and in the plates. The gauges were located
in the middle of the length of the bolt shank surface and at different
levels of the bolt hole surface in the steel plates, Table 3.

. In order to obtain the load-strain relationship, the bolt was suitably
calibrated. The bolt was loaded in 5kN increments up to 809 of the
tensile strength and then unloaded with the same steps.

The steel plates were prestressed by means of a pretlghtened bolt to
F, =08 A, Y, , where F, denotes the prestress force, A, is the stress area
and Y, is the yield strength corresponding to the elongation of 0.29,

The strains were measured and recorded by the automatic gauge system
Solatron. Prestressing of the steel plate was carried  out in a specially
designed device. Service loading and unloading were applied by means of the
Amsler testing machine.

3. THEQORETICAL ANALYSIS

The behaviour of the laboratory model, Fig. 1, during tightening, loading
and unloading indicates that the theoretical analysis must -of necessity be
complex due to geometrical and physical nonlinearities involved. The nume-
rical model should thus take into account:

possibility of plastic yielding,

varying contact zone and stresses between steel plates,
frictional sliding between components of the connections.
This type of analysis can be classified as physically nonlinear with .

nonholonorical ‘restrains.

The finite element method has become a very powerful and efficient
tool for analysing such compleéx situations. The elastic finite element solutions
satisfying the necessary convergence criteria are now in common use.
However, in many situations such a simplified approach fails to describe
the real behaviour intensively loaded structures. Although the finite element
technique for the linear case is- straightforward and unique, the nonlinear
solution can be reached in many ways and the results obtained might
differ.

For a long time the “initial stress” and the “initial strain” methods
have been used for solving plasticity and creep problems. More recently,
the visco-plastic approach [16], following Perzynas formulation [11], has
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_proved to be an efficient aTgori’thm for problems with material non-
linearity. . '
The basis of visco-plastic formulation, . without going into details, is as

follows:
The increments of total strains consist of two parts

(3.1 de = def +de”.

For a stress state ¢ cxceeding a certain yield condition

{32 | 7 F {6, £ > 0, , _

the viscd-plastic strain rate &7 is determiﬁed by the constitutive tlow rule
: y

@3) | 7 =y (6 () 2

where

(g>=0 for F<0 and (¢>;.¢ for FI>O;_

Q stands for the strain rate potential surface and y is a fluidity para-
meter. ' o N : _
The function @ (F} is chosen either to imitate the real viscous material
properties or a simple linear function @ (F )= F is used which is a distance
from a stress point fo the yield surface. The linear function is used successfully
for solving plasticity problems and this approach is called the pseudo-visco-
plastic formulation [16]. The fluidity parameter has no physical meaning — an
arbitrary positive value can be taken.

4, NUMERICAL SOLUTION

Starting from the standard finite element equilibrium conditions at the -

element level

@.1) " [BTedvt+f=0,
and employing the visco-plastic constitutive law,
(42) 6=D (s—2"),
we obtain _ .
- (43) [{B'D (s— &™) do+f =Ko u+f—| B Dewdo =0,

where u and f are the nodal displacement and force vectors, respectively,
and K, is an clastic stiffness matrix. Therefore, the nonlinear equation (4.1}
is substituted by Eq. (43) in which the nonlinearity is represented by the
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integral treated as an initial load vector. The explicit Euler time stepping
procedure was applied to determine this vector in which the values of the
n-th time step are used in evaluating the rate of visco-plastic strains for the
‘(n+1)-th time step, namely,

(4.4) : £ = €%+ AL E™,

where At is a sufficiently small time step in order to ‘ensure the stability
of the numerical solution [3].

The system (4.3) is solved. for each time step, but as the stiffness matrix
K, is kept constant, the solution must be executed only once and later
on a resolution is required only. This type of solution, if carried out for
a sufficient number of time steps to obtain a steady state, will result in an
elasto-plastic solution,

As the nature of friction is similar to that of plastic deformation, the
pseudo-viscoplastic formulation can be used to satisfy the necessary friction
conditions in the bolt' connections. For this purpose -we introduce a thin

_contact layer made of a plasnc material obeying a yield surface as in the
Coulomb limit friction condition.

" For the boundary problem presented here, we assume that the bolts,
plates and washers are made of the Huber-Mises type of an elasto-plastic
material. The yield function in terms of the second deviatoric stress invariant
has the form

@43) | F=3-Y,

where Y, is the tensile yield stress.
The yield function for the friction modelling contact elements is assumed
as the Coulomb limit friction condition, namely

. {4.6) F=r1,—0c,tan @,

where tan @ is a friction coefficient. As steel is known to exhibit plastic
incompressibility, the visco-plastic strain rate potential condition can be
assumed in the form

4.7) 0=./37,, L

applicable for both materialis.

Using the visco-plastic formulation and the above assumptlon a
FORTRAN finite element computer program has been adopted [7]. The test
model shown in Fig. 1 is analysed numerically as an axisymmetric problem
and, for simplicity, the double symmetry is assumed. Finite element ideali-
- zation with 8-node.and 6-node contact isoparametric ring clements is shown
in Figs. 2 and 3.
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FIG. 2. Finite element stress distribution after initial tightening of the bolt.

For any level of tightening, loading and unloading the deformed profile
of the plate element was unknown and had to be determined iteratively.
“The analysis started with the entire back of the plate supported. When the
reactions at any node became tensile, implying that the plate tended to
pull away from the support, the node was feleased and computation was
repeated. .

Two different types of load were appliéd. The bolt tightening process
was imitated by prescribed displacements applied to the bolt at the plane
z=0. The magnitude of this geometrical load was such as to get the
recommended pretension force which, in turn, was determined by numerical
experiment. The service load was applied to the side of the steel " plate
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F1G.3. Part A enlarged, from Fig. 2, of {inite element representation of the end plate connection.

as the uniform tension by tube, Figs. 1 and 2. The yield condition was
checked in the elemental Gauss points which were densified in the siress
concentration zoncs expected, Figs. 2 and 3. :

5. RESULTS AND THEIR ANALYSIS

Only the most significant experimental and numerical results are reported
in this paper. '

Malcrial data for washers, bolts and steel plates were evaluated from
experiments according te Polish Standards. The material properties were
found to be as follows:

elastic modulus of bolts and wa%hels b = 206010 MPa,

elastic modulus of steel plates = 200000 MPa,

Poisson’s ratio v = 0.3,

friction coefficient tan ¢ = 032,

'_vield strenglh of bolt and washer Y, = Yo = 8829 MPa,

yield pomnt of steel plate Y, = Y, = 352,2 MPa. _

The precise definition of a “proofl load™ appears to vary from country -
to country. The proof load was assumed here as 90°, of the yield load
where -yield load is taken as the load at a permanent set of 0.2, see
Table 4 for details. . : '
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Due to symmetry, one quarter of the end plate connection with two
washers was taken into consideration for the finite element discretization,

Fig. 2a.
Table 3. Elcctrical resistance strain ganges
location.
_ _h Numrber of pauges ) J
M(I)\]?}EL in the plate On the boit |
hole shunk %
i 26 I
2 "26 3 |
3, 28 i
Table 4. Proof load.
Yield Load Y of
: Proof
Grades Bolt size Stress Area PZ:mI;zZit aSEet Tensile Load | Proof Load ﬂ;?oa d
i 2 i kN (It
mm (i) | mm®sq i) (Y g N 06D KNORD
kN (ibf) Load
A 490 159(3) 146(0.226) | 1307(29407) | 15133900} | 12127100) | 926
USA 19.05(3) 2150334) | 1924(43290) | 223(50175) | 178 40050 925
‘ 3L75(13) § 625(0.969) | 559.4(125865) | 647(145575) | S517(116325) | 92.4
A 325
USA
37501 | 625(0.969) 350(78750) 452(101700) 319 71775 91.1
ULTIMAT
BS® 16(0.63) 1230.191) | 108.5(24412) [ HIMATE | 954(21465) 87.9
4395 : 120.6(27135)
Port 3 20{0.79) 194(0.301) 171.1(38497) | 190.3(42817) 150.5(33862) 88
G.B. 30(1.18) 448(0604) | 3951(88898) | 439598887 | 347.6(78210) | 88
‘Table 5. The levels of service loading in numerical solution.
Elasto-plastic, solution Elastic solution
series [ series 1T series TIT
Force in kN
; 395.6 396.8 Results from series 1
/ on 189.4 - 189.4
;-S 378.7 — 379.7
S 410.3 — 410.3
o 441.9 — 4419
5 436 —
3 — — 473.4
— 0 {unloading) —
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The numerical solution was carried out for two series of the elasto-plastic
model. In comparison with series L, slips in contact layers between connection
members were modelled more precisely in series IL Moreover, the solution
for service loading being in good agreement with experimental loading -
immediately after the separation of steel plates, was carried out.

As series IIT-— the elastic solution without contact clements was per-
formed. Table 5 displays all numerical solutions obtained.

The stress diagrams of the results obtained by the numerical solution
both in the bolt and the plate for the prestressing are shown in Fig. 2.
It should be noticed that the clamping force in the end plate and the
‘tightening force in the bolt are equal to 396.8 KN which is 89.1%, of the
proof load. In Fig. 2b the diagrams of radial and circumferential stresses
in the bolt at various levels are shown. The negative stresses appear to act
in the bolt head. Circumfereniial and radial stress distributions occurring
in the bolt axis from the external surface of the bolt head to half of the
bolt shank length, are very similar, see Fig. 2d. From the analytical peint
of view the differences between ¢, and g, stresses should not take place.
The differences are due to an extrapolation involving the Gauss points
off the bolt axis. The lower central part of the bolt appears to transmit
tension, whereas the upper part is under compression. The stresses on the
bolt head surface are similar to those obtained by Surtees and Isramv [13].

Vertical normal stress distribution on three levels as well as the range
of the prestressed zone of the end plate are shown in Fig. 2c. The criterion
for the boundary of the prestressed zone was taken as that of vamishing
o, stresses. The maximum negative clamping stresses act near the washers .
as well as near the bolt hole at all of the load levels ofithe end plate.

Their distribution under the washer is not linear (level_ V1) but is almost
finear in the contact surface of the steel plates (level VILI) as suggested
by PaNcewicz and SzTanpEra [10]. N

The o, stress and the &, strain distributions corresponding to the initial
tightening are shown in Fig. 4a. The vertical strain distribution.in the bolt
at level V is uniform and amounts to 3.4%/c.. This value corresponds to
the bolt tightening force equal to 396.8 kN and is in good agreement with
the experimental data. The uniform o, bolt stress at level V cauvsed by the
forced displacements becomes nonlinear on approaching the bolt head —to
level I : .

For comparison the &, strain distribution in the end plate hok for the
finite clement model and for the three experimental models -are als) shown

in Fig. 4b. The differences between the experimental results are dut to the

material properties of the steel plates and due to varying hole dameters
and also due to different types of washers. However, for the model 3 the
test and numerical results are similar. Moreover, &, strain distribotion in -

the end plate hole for a few values of tightening force are presanted in .

i

\.
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FIG. 4. Stress and- sirain distribution in the bolt: a} after initial tightening, b) comparison
between experimental and numerical results for elasto-plstic solution. :

" Fig. 5. The finite element results for full clamping force 396.8 kN are also
shown. :

The e, strain distribution in the same place (at the bolt hole) for three
levels of the service load are shown in Fig. 6. The comparison between
numerical and experimental results shows rather poor agreement here, but
the behaviour of these two types is similar. The best agrecment exists for
the prestressing state. The differences are probably due to some inadequacies
in the measurement technique, and also due to difficulties in proper modelling

. for numerical procedure. -

~ Stresses and- stramn distribution near the bolt hole at the prestressing
state, Fig. 6, is nonlinear as it is assumed in the simplified model. These
values decrease on approaching the contact between steel plates. With tension
of the prestressed joint the above stresses increase in the first place at
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“the interface contact and decrease at the upper part of the plates. With

- the further increase of tension the stresses decrease.

Figure 7 shows the compressive zone of the end plate for the initial
prestressing, for the two levels of service loads and after unloading. The
local yielding zone at 456.0 kN which is 102.4"] of the proof load is also
shown.

In comparison with initial tightening the range of the compressive zone
after unloading is decreased. It is the result of the decrease in the tightening
force and plastic deformation of the end plate near the bolt hole. It should
be noted that the dimension of the compressive zone between the prestressed
end plates is about 1.08 of the end plate thickness or 1.76 of the radius
of the bolt hole. It is in good agreement with the findings of CurLiMORE
 and EcknArT [2], PancEwicz and SzranperaA [10] and YosHiMoTo er al. [15].

The service load corresponding to the full separation of the plates is
4560 kN (102.2% of proof load). Applying this load to the assembly, there
is a large compressed area in the steel plates, basically different from that
suggested by other authors. It is also different from simplified models by
Kwiatkowski, et al. [6] and Romaro [12]. This phenonilenon is related
to the flexure of steel plates diuring the tension of the joint.

Figure 8 shows the isochromes of vertical stresses o, in three characteri-
stic states based on the numerical solution in series II. Similar isochromes:
for radial o, and tangential g, stresses were also found. The three-dimensional .-
state of stresses is shown in Fig. 9 by the dimensionless stress intensity.
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defined as
Y

where $, — 1 means the onsct of plasticity. The highest S, exists in the
" bolt shank and decreases towards the bolt head, similarly to isochromes
of veitical stress o,. The magnitude of S, in the bolt shank, corresponding
to the tensile force at the instant of separation of the stee]  plates, see
Fig. 9b, increases, according to ROMARO [12] and Kwiatkowskr [6], by
approximately 12%, After anloading, the stress intensity S, in the bolt and
the compression of steel plates decrease approximately by 8%, During tensile
loading of the joint the highest S, exists in the steel plate at the corner
of the end plate and near the washers, Fig. 9b.

Partial location of the joint based on numerical golution is shown in
Fig. 10a. Doited line — after initial tightening (magnified 100 times), solid
line — after separation of steel plates (magnified 23 times). The changes
of steel plate width after pretightening, loading up to separation and unloading
of the joint are shown in Fig. 10b. The prestressing is followed by compression
(decrease of width) of steel plates — the greatest near the bolt hole. It ‘dis- -
appears at the distance of about two lengths of the washer. It corresponds
to the compressive zone between the end plates and is in good agreement
with the results of other authors. A certain rotation of the end plate
outside the contact zone exists there also, Fig. 10a. The washers under the
bolt head are subjected to a considerable rotation and the bolt head is
displaced and deformed. Under the service load, after separation of steel plates,
the decrease of end plate height at the bolt hole, being the result of pre-
tension, is 2.5 times smalfler but does not disappear altogether. Under the
outer part of the washer and beyond that the thickness of the steel plate
is subjected to further decrease, Fig. 10b. Simultaneously, close to the point
of application of the service load, the thickness of the end plate increases.
The whole end plate rotates around the corner and it is associated with
the yiclding of this corner. The phenomena described are different from
those of the simplified model in which the return to the state before prestressing
is assumed. After unloading, the thickness of steel plates returns to the state
after initial tightening, Fig. 10b, but near the bolt hole it is slightly decreased
duc to plastic yielding of the end plate corner. .

Se

Diagrams illustrating the correlation between elongation ¢, on the surface
of the bolt shank and the tensile service loading after prestressing and during
unloading are shown in Fig. 1la. The lines of calibration. and experimental
results for models 1, 2 and 3 are also given there. These lLines start from &,
bolt strains which correspond to the initial bolt tightening. The points at
which those subsequeni lines meet calibration lines are denoted by S m
Figs. 1la, b. Those points correspond to the separation of steel plates.
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Further loading increase would be tramsferred by the bolt tension only and
the diagram would follow along the line of calibration. The diagrams- for
" model 3 obtained from experiments and numerical solutions are shown in
Fig. 11b. The experimental line 11 and the numerical line in series 1I are
in very good agreement. The numerical results for the clastic solution are
found to deviate significantly from the experimental ones. '
Diagrams for comparison of phenomena occurring in model 3 according
to the simplificd model of Kwiatkowskr et al [6], Romano [12] and
according to numerical and experimental solution by using adequate lines
from the diagrams in Fig. 11b are presented in Fig. 12. The curve S—I
for numerical elasto-plastic and experimental solutions corresponds with the
straight line S—I* obtained from the simplified model. The separation of the
end plate actually takes place at a smaller increase of elementary bolt
clongation and with decreased service loading as compated with the simplified
model. In fact the role od end plates transmission of service loading is
significantly greater than in this model. Morcover the same loading (sections
A*—B° and A'—B’) gives smaller bolt clongation. Figure 12 shows that

FlkN]4

Aeg=045%o

F1G. 12, Behaviour of single bolt end plate conmection.

according to the elasto-plastic solution and experimental rescarch, the separa-
tion of the end plates takes place at the increment of bolt elongation equal
“to Ag, = 0.45°/_, from the beginning of the initial tightening. This magnitude
characterizes at the same time the strain of the whole prestress connection,
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Table 6. Significant magnitudes from the investigations of the joint.

Experimental models FEM Model 3

Elasto- | Elasto-
plastic | plastic

1 2 3 . .
solution | solution
1 11
AInitial tightening
{force) F, [kN] 397 397 397 395.6 396.8
‘&, [%o0] equal to F, 3.48 3.48 3.4 3.386 34

Service load after
separation [kN] 448.5 4413 446.0 | ~441 ~446
&, 1°/00] equal to
sepavation of end

plate 395 3.89 381 3.80 3.81
Force increment

and e, in bolt [ 135 118 12.1 125 124
Bolf force after .

unloading [kNJ 3377 | 3400 | 3608 — 3679
& [*/oo] in bolt after

unicading 2.96 298 3.00 — 315 .

‘Ratio of force
decrement and
g, in bolt after
unloading to
initial tightening
9% 14.9 14.4 9.1 — 74

under service loading, Fig. 11. The diagrams show that the same service
load applied to conventional, standard connection would cause the bolt
elongation equal to 3.81%, i.e. almost ten times greater than in the prestressed
one. The characteristic values resulting from diagrams in Figs. 11a and b are
presented in Table 6.

‘6. CONCLUSIONS

The mair conclusions based on the analysis of results from experimental
as well as numerical or theoretical investigations and concerned with tensile
one-bolt end plate connections are as follows:

1. Most of the obtained results for the elasto-plastic finite element solution
and the experimental results are found to be in a fairly good agreement,
. namely:
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the vertical g, strains on the bolt hole and their distribution acrpss
the height of the steel plate for the prestressing, Figs. 4b and 5,

the correlation between elongation of the bolt and the tensile force

acting on the joint, Fig. 11,
the total strain of the connection due to service loading, Fig. 11. -

The numerical results for the elastic solution are found not to corroborate

the test results, Figs. 11 and 12. A part of the numerical results for the
clasto-plastic analysis agrees well with the results obtained by other authors.
For instance, the radial and the circumferential stress distributions on the
surface of the bolt head for the prestressing, Fig. 2b, are almost identical
with those published by Surrees and Isranim [13]. The range of the

clamping zone is found to be in good agreement with CuLtimore and

Eckuart [2], Pancewicz and Szranpera [10] and Yosmmoto et al [15].
The stress distributions between the end plate are nearly triangular Fig. 2c,
as reported by CurLLiMORE and EckHArT [2], PANCEWICZ and SzTANDERA [10]
The local yielding exists at the bolt hole, Fig. 7, as it was also shown by
CurLuimMore and EckuArT [2]. '

On the basis of the above consideration the conclusion may be drawn
that the presented method of elasto-plastic finite element analysis with regard
to slip between bolt, washers and plates can be successfully used for the
-determination of the stresses and strains of a one-bolt joint. The numerical
solution is found {o be superior fo experimental investigations. It appears
to be an economical way to present a full picture of stresses, strains
and displacements during the stages of prestressing, service loading and
unloading. It is impossible to obtain such a full picture in tests.

2. There is a large compressed area and local yielding in the steel plates
Fig. 7, during the tension of the prestressed connection at the instant
of separation of the end plates. It is different from the simplified model
in which, after sepamtlon compressive strésses cannot exist.

3. At the tensile service loading of the joint the following phenomena
can be observed in the bolt:

With the increase of tensile service loading the initial tightening force
in the bolt also slowly increase, Fig. 11. It is different from the simplified
model, Fig. 12, according to which the increase of the tensile bolt-force
should have been linear. ,

The service loadings is carried mainly by steel plates. The real behaviour
of the connection is more advantageous than in the simplified model, Fig. 12.
Al the instant of separation the bolt force increases by 1249 in the relation
to the initial tightening force, what is in good agreement with
i acUNA and SLiwka [8]. Alter unloading the initial tightening force decreases
by 9—15%, With the successive loading of the joint the load bearing capacity
decreases. The eventual greater initial tightening should be taken into
consideration. '
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According to this study, the separation of the end plates takes place
for a smaller by 9.8%, value of bolt clongation in comparison with the
simplified theoretical model. It is disadvantageous, if the separatlon is regarded
as the load bearing capacity of the end plate connection. This significant
fact should be taken into account as a design rule. The real, carlier separa-
“tion is the result of the large residual compressive area in the end plates,
see IMigs. 7 and & '

4. The experimental and numerical investigations have confirmed the
previously known fact, that therc exists a considerable stiffness of the end
plate joint. Presiressed bolted connection at the service loadmg corresponding
to the separation of end plates has a deformability 10 times smaller than
the similar standard connection.
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STRESZCZENIE

ANALIZA NAPREZEN W ROZCIAGANYM POLACZENIU DOCZOLOWYM
NA SRUBE SPREZAJACA

W pracy przedstawiono wyniki badan doswiadczalnych oraz teoretycznych, dotyczacych
pracy stalowego polaczenia doczolowego sprezonego Srubg. Teoretyczna analiza zostala prze-
prowadzona numerycznie przy zastosowaniu metody elementéw skoficzonych w wersji prze-
mieszezeniowej. Uwzgledniono w niej sprezysto-plastyczne wlasnodel materiaty, wprowadzajac
za$ fikcyjne warstwy kontaktowe modelowano tarcie i ewentualne poslizgi miedzy czefciami
polaczenia. Analizowane ty drogg procesy zachodzace w polaczeniu w czasie jego spreZania
oraz obciaZenia roznia sig bardzo od ich ujecia w stosowanym powszechnie uproszezonym
modelu obliczeniowym.

PE3fOME

AHAJIA3 HAMPAXEHUN B PACTATMBAEMOM JIOBOBOM COEJWHEHWH
HA CKWMAHNIMA BUHT

B paGoTe npcACTABACHET PEIYNBTATH IKCICPHMEHTANBHBIX M TCOPCTHUCCKHX HCCICAOBAHMIA,
KAcAIomuxcs paboTel CTAMLHOrO 1060BOFO COSMMHEHNS CHUMAEMOTO BHHTOM. TeopeTwueckii
AHANM3 (IPOBEJIGH YMCHEHHO, NPM HPHMEHEHUH METOJA KOHETHLIX JNEMEHTOR B BEpCHH
B ICPEMELICHUAXK, Vureusi 3 mem YUPYTO-IFACTHHECKHE CBOHCTBR MATepHMana, BBOON Ke
(PMKTHBHEIC KOHTAKTHBIE COM, MOJCHUPOBAHBI TPEHHE H BO3ZMOXHBIE CKOJIBKEHMA MEEIY
YACTAMY COCHUHEHHA. AHATHINPOBAHHBIC 110 TOMY IYTH NPOUECCH, TIPOUCKXOAAIIME B COGHH-
HEHHMM B0 BPEMA €T0 CHATHA W HATPYKCIHMA, OWeHb OT/AHYAIOICL OT HOOXOAA K HHM
" B OPEMEHAEMON IOBCEMECTHO YNPOIUEHHOH pacHeTHOH MOOENH,
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