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INTRODUCTION

Eurocode 3 Part 1-8 provides detailed applicatialesr for the design of bolted end-plate
connections. Although these rules apply to connastwith any number of vertical bolt rows, most
of them are limited to configurations with two ®lnly in each horizontal row, i.e. one bolt on
each side of the beam or column web. However,sbisetimes more economic to place four bolts
in one row, for instance when wide flange H-sediare used. This configuration is commonly met
in different countries in Europe and, in particuler Germany where this configuration is even
standardized. The theoretical model on which theo&ade 3 application rules are founded is
general and can be potentially applied to connestisith four bolts per horizontal row. However,
specific design rules are not given in Eurocoden@ aeed to be developed. Within the present
article, easy-to-apply analytical design rules ana predicting the mechanical properties of
connections with four bolts per row, being in fajreement with the Eurocode 3 approach, are
presented. In particular, comparisons to less temeglytical procedures are given.

1 GENERALITIES

The analytical model recommended in the Eurocodeharacterise the mechanical properties of a
joint is founded on the “component method” whichnewadays, a widely recognised procedure for
the evaluation of the design properties of strutjoints. This method applies to any type of steel
or composite joints, whatever the geometrical gpnfation, the type of loading (axial force and/or
bending moment, ...) and the type of member sextidhis method considers any joint as a set of
individual basic components. For the particulanj@hown inFig. 1 (steel joint configuration with
an extended end-plate connection subjected to hgdgending moments), the relevant components
are given.

Each of these basic components possesses its oemgtst and stiffness either in tension, in
compression or in shear (spring model — B&p 1). The column web is subjected to coincident
compression, tension and shear. The coexistencgewdral components within the same joint
element can obviously lead to stress interactitias are likely to decrease the resistance of the
individual basic components; such interactionstaken into account within the method.

The application of the component method requires fallowing steps: (i) identification of the
active components in the joint being considereifl,efraluation of the stiffness and/or resistance
characteristics for each individual basic componand (iii) assembly of all the constituent
components and evaluation of the stiffness andésistance characteristics of the whole joint
(specific characteristics - initial stiffneSsini, design resistanckljrq, ... - or the whole moment-
rotation curve).

In Eurocode 3[1], an analytical assembly procedsrdescribed for the evaluation of the initial
stiffness S;ini and the design moment resistandery of steel joints. The application of the
component method requires a sufficient knowledgéhefbehaviour of the basic components; as
previously mentioned most of the proposed desitgsrn the Eurocodes only cover joints with two
bolts per row.

The components which are the most affected by thegpmce of four bolts instead of two are the
components in bending, i.e. the “column flange emding” and the “end-plate in bending”. In the
following section, the characterization of thesmponents with four bolts per row is investigated.
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Fig. 1. Steel joint with an extended end-plate connectidnexted to hogging moments

2 COMPONENTSIN BENDING WITH FOUR BOLTS PER ROW

2.1 T-stub modd

The design rules for these components, as suggestad Eurocodes, are founded on the “T-stub
approach”, firstly introduced by Zoetemeijer [2hi$ approach consists in substituting the tensile
part of the connection by T-stub sections of appabe effective lengthes, connected by their
flange onto a presumably infinitely rigid foundatiand subjected to a uniformly distributed force
acting in the web platd={g. 2).
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Fig. 2. T-stub idealization and possible failure modes
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Through this approach, three different failure neodeay be identifiedHig. 2): onset of a yield
lines mechanism in the plate before the strengtthefbolts is exhausted (Mode 1), bolt fracture
without prying forces, as a result of a very lasfifness of the plate (Mode 3) and mixed failure
involving yield lines — but not a full plastic meatism — in the plate and exhaustion of the bolt
strength (Mode 2).

Within the Eurocodes, formulas to predict the desigsistance of a T-stub flange with two bolts
per row are given for each failure mode; the ldttere been extended to T-stub configurations with
four bolts per row (se€&ig. 3) in [3] and are reported iable 1 Within this table, it can be
observed that the formulas for Mode 1 and 3 remmachanged; only the one related to Mode 2 is



influenced by the “four bolts” and has to be addptéhis conclusion applies as long as the
formulas are derived from a rigid-plastic theotye tatter may be fully justified for T-stubs with 2
bolts per row while it could possibly lead to unservative results for T-stub with 4 bolts. For this

reason, in [5]Fgrq3is limited to 0,9.2 B, r¢ @ccording to [6] and [7]. Deeper investigationdtos
aspect are presently performed amongst the authors.
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Fig. 3. Definitions of the parameters for T-stubs with tardfour bolts

Table 1.Formulas to predict the design resistance of Tsstabeach possible failure mode

Failure modes T-stub with 2 bolts T-stub with 4tbol
Mode 1 _(Bn=26,)M,;, _ (Bn=26, )M, g
Rt 2mn-¢,(m+ B Rl 2mn-e (m+ n
Mode 2 o= 2M e nz B, ra Fraz = MiN(Frqp 5 F rgz o With
, m+n ZMDIVZYRd_‘_ZSt,Rd .(rf+in-2i;22nlnz)
Fraz.p =
(m+n+n)
. _ 2M 1ra t Z St’Rd n,
M (men)
Mode 3 Fras = 2By ra Fras = 0. Bira
(but limited in practice to OE B ra ([6] &)

With:

mdefined in [1] (se&ig. 3);

@y =dw/4 (seeFig. J);

»  JBirqgsum of the design resistances of the bolts comtettie T-stub to the rigid foundation;
° M pl,1,Rd = O’ 25 eff,;sz y /yMOandM pl,2,Rd = O’ 25 eff,2t2ff y /yMO;

* 1 the thickness of the T-stub flange dpthe yield strength of the T-stub steel;

* ler 2 minimum effective length associated to circulanon-circular patterns (see next section);

* ler 2 minimum effective length associated to non-circplatterns (see next section)

e For T-stub with 2 boltsy is defined inFig. 3with n < 1,25m;

e For T-stub with 4 boltsn = e, + & (Fig. 3) with n < 1,25m, h; = e; andn; = e, with n, <
1,25m+n;.

For the T-stub approach, the definition of accuedtective lengths is required; the values of the

latter are mainly linked to the plastic mechanigmade of plastic yield lines) which could develop

within the considered component. Tables with amadytformulas to compute the latter are

proposed in Eurocode 3 for an end-plate or a colfiamge with two bolts per row [1]. For the joint

configuration with four bolts per row, the defioiti of such effective lengths was not availablés it
the subject of the following section.



2.2 Computation of the effective lengths for componentsin bending with four bolts per row

The presence of four bolts per row instead of tmftuences the development of the plastic yield
lines within the components in bending.Tlable 2 a summary of the analytical formulas to predict
these effective lengths is given for outer bolt soand inner bolt rows met in standardised
“German” joint configurations (seBig. 4), both for circular and non-circular yield patteras
defined in Eurocode 3 [1]; these formulas are basethe ones defined in [4] for joints with two
bolts per row. The parameters which are used ifdimulas presented here below are defined in
Fig. 4; the computation oin,, m;, m; anda has to be performed in agreement with the Eurocode
recommendation [1]. Some examples of possible ypatderns for the considered bolt rows are
illustrated inFig. 5; all the possible yield patterns are describedeitail in [3].

It is important to notice that a fundamental difiece exists in the definition of the equivalent T-
stub for the outer and inner bolt rows. For an obtdt row, the T-stub to be considered is a T-stub
with two bolts (the T-stub web is the beam flandlg presence of four bolts within this row only
influences the values of the effective lengths. &oinner bolt row, the T-stub to be considered is
T-stub with four bolts (the T-stub web is the beaeb).
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Fig. 4. Definition of the parameters used in the compatadf the effective lengths

Table 2 Analytical formulas to predict the effective leéhg for outer and inner bolt rows

Circular patterns Non-circular patterns
le,c = min[l eft, 13 eft, 1] et urd eff,lv:| let,ne = min[l etvil el et vil et vl e |x:|
Ieff,l :4nrnx Ieff,V :2mx+0’62@x+ (€+ g]
| =7m, +w+2 | =4m_ +1,2% +
Outer bOIt I’OW eff, Il X q eff, VI X X Q
Ieff,III = 2(nmx + Q) Ieff,VII = 2mx + 0’ 62&)( + Q + 0'5N
ey =7, +2(6 + 8) ler v =0,5(2, + &, + W)
Ieff,IX = 8mx + 2’ Eﬁx
Inner b0|t rOW Ieff,c :|eff,x :477”]1 Ieff,nczleff, Xl :aml
Ieff,c = mlnl:' eff, Xl 'l eff, XIII:| Ieff,nc :I eff, XIV
Inner bolt row as part of & — ,
group ot =7, PG lye v =@M, +0,5p— (2m + 0,625 + ¢ )
leff,XIII =2(7/m, + p) '




Outer bolt row — non-circular pattern  Innertvolw — non-circular pattern  Group of innertlrolws — circ. pattern

Fig. 5. Examples of possible plastic yield patterns foreoaind inner bolt rows with four bolts per
row

With the so-defined effective lengths and the tasise formulas presented in the previous section,
it is possible to apply the component method taneations with four bolts per row. The so-defined

procedure was validated through comparisons torerpatal test results obtained at the University
of Dortmund and reported in [5].

3 COMPARISON WITH PREVIOUSANALYTICAL METHODS

In Germany exists a long tradition to use end-ptatenections with 4 bolts in a horizontal row. In
the 1970’s, an analytical model was developed leyGlerman Steelwork Association (DSTV) to
predict the design moment resistance of those &td-gonnections. Furthermore, connection
details have been standardised. For configuratwitis 4 bolts in a row, two types have been
standardised: typi 2 for flush end-plates and typl 4 for extended end-plates. Many tests were
carried out at that time to calibrate the analytroadel and some empirical “fittings” have been
made to profit from a high moment resistance. Unfuately, those test results are no more
available nowadays. Of course this model cannagxtended outside the validated range and the
model was developed mainly for connections witltkhend-plates. The latest version of tabled
resistance values according to this “old” DSTV madencluded in [7].

In 2002, a more general model has been developdden resistance values for the standardised
DSTV joints were published [8]. This model is fultyaccordance with Eurocode 3. However, due
to the absence of experimental test results, a suwibquite conservative assumptions were made.
This led, in comparison to the “old” DSTV model, lEss economical results; sée&. 6 (blue
diamonds).

Comparisons between the “new 4 bolts model” present this paper and the previous methods
published by DSTV have also been made in orderigoalize the differences of the resistance
values between the “DSTV 2002 model” and the “nelao#ts model”. The analytical results from
the new model as well as the “old” model from [8\k been set in relation to the resistances from
[7] which were based on test results. The comparigads to a significant increase of the
resistances fofH 2 joints with flush end-plates of about 35% in me&or IH 4 joints with
extended end-plates similar resistance values laened (see Fig. 6, right chart) because in those
configurations, the bolts in the extended part @evthe major contribution to the moment
resistance of the joints and the new model affectmly the resistance of the inner bolts.

Finally, it should be clearly said, that such congmns cannot at all be seen as a kind of safety
consideration because here only different desigdetscare compared. As said before, comparisons
of the new model with recent test results have lveparted in [5].
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Fig. 6. Reéults of combarisoh betwéen the new model tdqnue\}nethods. left chart: new model
results in relation to test results from [7] (gopyadrates), “old model” results from [8] in relatito
test results from [7] (diamonds); right chart: sepad comparisons for IH 2 and IH 4 joints

4 CONCLUSIONS

Eurocode 3 Part 1-8 provides detailed applicatialesr for the design of bolted end-plate
connections; most of them are limited to configiorag with two bolts only in each horizontal row.
However, it is sometimes more economical to plaee bolts in one row, for instance when wide
flange H-sections are used. This configurationoimimonly met in some different countries and, in
particular, in Germany where this configuratioev&n standardized.

Within the present article, an analytical methodeab predict the response of connections with
four bolts per row and in full agreement with thedes recommended in the Eurocodes has been
presented and validated. In particular, the effetthe presence of four bolts per row on the Tastu
model have been described and new analytical f@snudve been proposed (i) for the definition of
the possible effective lengths and (ii) to prediet failure modes for T-stub with four bolts. The
proposed analytical method has been validated glrocomparisons to experimental tests
performed at the University of Dortmund.

The proposed model based on the component methauviersal and could be easily extended to
other types of connections with four bolts per rinan the ones considered in the presented study
(for instance, connections with stiffeners betwtenbolts).
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