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Abstract

The purpose of this thesis is to study the behaviour of bolted steel connections
subjected to tension. Quasi-static conditions have been considered. By perform-
ing laboratory tests on single bolts and simple T-stub connections the failure
modes of the bolts have been examined. Finite element models are created and
validated to represent the behaviour observed in the laboratory.

Different grip length configurations have been tested for a single bolt and nut
assembly subjected to pure tension. Both partially and fully threaded bolts have
been considered. It was found that partially threaded bolts with three threads
between the unthreaded part of the shank and the bearing surface of the nut
experienced thread stripping. This is inconsistent with the recommendations
given in NS-EN 1090-2 [1], which states that one full thread is sufficient to avoid
thread stripping. Finite element models are able to recreate the behaviour of all
configurations tested with acceptable accuracy. In addition to the grip length,
the material properties and geometry of the threads are identified as the crucial
factors for the failure modes of the bolts.

Simple T-stub connections with one bolt in each flange have been tested to
examine the behaviour of the bolts when they are subjected to a combination of
tension and bending. The center distance between the bolts was varied to exam-
ine the behaviour when subjected to increased bending effects. Connections with
partially threaded bolts all failed due to thread stripping. The fully threaded
bolts experienced both thread stripping and bolt failure. The complexity of the
stress distribution when large bending effects are present was difficult to recre-
ate with a simplified finite element model. Acceptable accuracy up to maximum
force was possible to achieve for the smallest bolt center distance. The response
of the finite element model was very mesh sensitive, and difficult to recreate with
limited computational capacity when applying an explicit solution algorithm.
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Sammendrag

Formalet med denne masteroppgaven er & studere atferden til skrudde stal-
forbindelser utsatt for strekkbelastninger. Kun kvasi-statiske lastbetingelser er
tatt i betraktning. Laboratorietester er utfort bade pa enkeltbolter og enkle
knutepunkter av T-stykker for & undersgke boltenes bruddmoder. Elementmeto-
den er brukt for a lage og validere modeller som gjenskaper oppfgrselen observert
i laboratoriet.

Ulike avstander mellom hode og mutter har blitt testet for en enkel skrue-
forbindelse som utsettes for ren strekk. Bade del- og helgjengede bolter har blitt
betraktet. Det ble oppdaget at delvis gjengede bolter med tre gjenger mellom
ugjenget del av bolt og mutterens bareflate opplever gjengebrudd. Dette strider
med anbefalingene gitt i NS-EN1090-2 [1], der det opplyses at en hel gjenge er
tilstrekkelig for & unnga gjengebrudd. Modellene som ble laget ut fra element-
metoden er i stand til & gjenskape oppferselen til alle konfigurasjonene som ble
testet med god ngyaktighet. Materialegenskapene og gjengenes geometri anses
som avgjgrende faktorer for bruddmodene, i tillegg til antallet gjenger mellom
hode og mutter.

Enkle forbindelser sammensatt av to T-stykker med en bolt pa hver side av
steget er testet for & undersgke boltenes oppfersel nar de utsettes for en kombi-
nasjon av strekk og bgyning. Senteravstanden mellom boltene ble variert for &
undersgke om mengden bgyningseffekter pavirker bruddmoden. Alle knutepunk-
ter med delgjengede bolter opplever gjengebrudd. Helgjengede bolter opplever
bade gjengebrudd og tverrsnittsbrudd. Den komplekse spenningsfordelingen som
oppstar med store bgyningseffekter er vanskelig & gjenskape med bruk av element-
metoden. Akseptabel ngyaktighet opp til maksimal kraft er mulig for den minste
senteravstanden. Elementmetodemodellens respons er sveert avhengig av ele-
mentstgrrelser. Det er derfor utfordrende & gjenskape den med begrenset bereg-
ningskapasitet nar en eksplisitt lgsningsalgoritme blir benyttet.
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1 Introduction

The work presented in this thesis is part of a research project at SIMLab, which
concerns the behaviour of bolted connections subjected to extreme loads. This
chapter presents the outline of the thesis in terms of the considered problem, pre-
vious research, the experimental program conducted and the scope of the thesis.

1.1 Bolted connections

Bolted connections are widely used due to their simple requirements regarding
installation and ductile behaviour. Connections where flanges are subjected to
tension are very common in steel structures, i.e. beam-to-column connections,
bolted end-plates, flange cleats in bending and base plates in bending under ten-
sion. These connections should be able to withstand large deformations of the
flange and/or end plate in addition to elongation of the bolts. The flange and
the bolts form the tension zone of the connection, and may be modelled using an
equivalent T-stub. The T-stub connection is useful for examining the behaviour
of common structural components.

Connections are often the critical components in a structure. Their behaviour
is often limited by the bolts. It is therefore of utter importance to understand
how the bolts will behave when subjected to extreme loads. Previous obser-
vations have shown that thread stripping may limit the capacity of the bolted
connection. This is a brittle failure mode that may lead to sudden collapse.

1.2 Previous work

Relevant literature is presented in Chapters 3 and 9. Previous studies conducted
on steel fasteners at elevated rates of strain have shown that the number of
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threads in the grip length may influence the failure mode. Alexander [18] has
found that the number of threads influence the bolt breaking strength, but the
thread stripping strength is not affected. This implies that the failure mode of
a bolt may change from bolt breaking to thread stripping when the number of
threads in the grip length is reduced. Based on experimental studies, a method
for estimating the failure mode of threaded fasteners has been developed. How-
ever, this method does not account for the number of threads in the grip length.

None of the previous studies conducted on T-stubs considered thread stripping
as a possible failure mode since it was not observed in any of the experimental re-
sults reported. The main focus of earlier research has been general failure modes,
deformations of flanges and the stiffness of the system rather than the behaviour
of the bolts. Swanson [7] discovered that the bolt location and flange thickness
may influence the pressure distributions in the T-stub. The research considered
in the literature review is based on pre-tensioned bolts, but pre-tensioning has
not been applied in the laboratory work conducted for this thesis because it will
reduce the tension capacity of the bolts.

1.3 Experimental program

The experimental program is carried out at SIMLab, NTNU. A total of 32 single
bolts and 18 T-stub connections have been tested. All tests are performed under
quasi-static loading conditions to check if geometry and material properties will
affect the behaviour.

The large number of tests of the single bolt will reveal possible scatter con-
cerning the failure modes for different grip lengths. Four different configurations
of the T-stub connection have been considered in order to investigate different
geometrical properties. All configurations are designed to fail due to a combina-
tion of yielding of the flange and bolt failure. Twelve material tests have been
performed in order to determine the material properties of the bolts and T-stubs.

1.4 Scope of work

Connections are as mentioned often the critical components in a structure, and
failure of a single connection may lead to collapse of the entire structure. It is
therefore very important to understand their behaviour. This thesis study the
behaviour of single bolt and nut assemblies and a simple T-stub connection. The
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main focus is to investigate the failure modes of the bolts when tension is the
main loading action. For the single bolts the number of threads in the grip length
is of concern. Both partially and fully threaded bolts will be considered to reveal
possible differences.

The results from the experimental work are compared to the loading capacity
according to NS-EN 1993-1-8 and to the conducted numerical analyses. Finite
element models (FE models) have been implemented in order to recreate the be-
haviour observed in the laboratory tests. Parametric studies are performed in an
attempt to reveal what influences the failure mode of the bolts.

The thesis is divided into two parts. Part I considers the single bolts, while
Part II considers the T-stub connections. Each part consists of a literature review,
presentation of the laboratory work, identification of the material parameters, im-
plementation of finite element models, and the parametric study conducted on
these. The results are discussed and a conclusion is presented together with sug-
gestions for further work.
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2 Theory

This chapter contains a summary of the most important underlying theory used
throughout the thesis.

Sections 2.1-12.4 give a brief description of yield line design and how the de-
sign resistance and stiffness of a T-stub connection are calculated.
Then the basic principles of digital image correlation are presented in Section 2.4.

The elastic-plastic material model presented in Section 2.5 will be used to es-
tablish a stress-strain relationship for the materials used in the laboratory work
in both parts of the thesis. In addition to these material properties the fracture
criterion Cockcroft-Latham presented in Section 2.6 will be used.

SIMLab Metal Model is presented in Section 2.7. This implementation of
a material model is used to employ the fracture criterion in the finite element
models.

Section 2.8 gives a brief introduction to the explicit numerical solution algo-
rithm that will be used in the finite element analyses of this thesis.

2.1 Yield line design

The yield line theory was developed by K. V. Johansen [19] for use in calculations
of the ultimate load capacity of reinforced concrete slabs subjected to transverse
loading. The theory is a generalization of the plastic hinge method used for
beams in frame structures.

It is based on the assumption that all plastic deformation is localized to a
number of yield lines that form a kinematic mechanism as displayed in Figure
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Figure 2.1: Possible kinematic mechanisms in unstiffened column flange. Adapted
version of Figure 11.5 in [§]

2.1. The remaining part of the plate stays elastic and undeformed.

The critical load is obtained by finding the mechanism which requires the
least amount of work to develop. This may be found using the principle of vir-
tual work, which contemplates that the internal plastic work in the system W,
must be equal to the work done by the externally applied load Wg,

Wp = Wg (2.1)

The work done by rotation along the yield line is the same as the work done
by rotation along the projected length of the yield line onto the support axis,
which gives the expression for the internal plastic work,

Wp = Emp . ¢z . ll (2.2)

The moment resistance per unit length, mp, of a plate with thickness ¢ and
yield stress f, is given as mp = i fyt?. The length of the projected yield line
onto the support axis with angle ¢; is [;.

The external work is given as the force multiplied with the displacement,

Wy = / 4@, y) - w(z,y)dA (2.3)
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where ¢(z,y) is the applied load per unit area and w(z,y) is the transverse
displacement.

The yield line theory is based on the upper bound theorem and is therefore a
non-conservative approach unless the correct mechanism is chosen. However, to
determine the correct kinematic mechanism in construction features is important
to ensure correct capacity. This tend to be a cumbersome process since there is
an infinite number of different mechanisms that must be checked.

2.2 Equivalent T-stub

According to the design standard NS-EN 1993-1-8 [17] it is possible to use an
equivalent T-stub in tension to model the design resistance of the following basic
bolted connections:

Column flange in bending
End-plate in bending

Flange cleat in bending

Base plate in bending under tension

Sl
R

4 Fted

N

Frire |

Figure 2.2: Yield lines in equivalent T-stub. Adapted version of Figure 11.5 in [8]

This model is based on known mechanisms of yield lines at the flange, parallel
and close to the web and the bolt holes, as displayed in Figure 2.2.
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Figure 2.3: Forces in a tension loaded T-stub connection

Due to prying forces it is possible that the forces in the bolts are larger than
what would be expected considering the external force on the system. Figure 2.3
show how the bending deformations in the flange causes a distributed pressure
q between the flange and the base. In the calculation model this pressure is re-
placed by a concentrated force ) placed by the flange ends. This results in a
moment distribution similar to the one shown in Figure 2.3.

TN
T

Ft,Rd Ft,Rd

N N
I
I s fa " F,

A
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Ftra FtRd Fira Ftra

(a) Mode 1 (b) Mode 2 (c) Mode 3

Figure 2.4: Failure modes of tension loaded T-stub

Figure 2.4 displays the three possible failure modes of a tension loaded T-stub,
which are:

e Mode 1 - Complete yielding of flange
e Mode 2 - Bolt failure with yielding of flange
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e Mode 3 - Bolt failure

The design resistance Fr rq for the flange of each failure mode is given in
Table 6.2 in NS-EN 1993-1-8 [17]. Parts of the table are shown in Table 2.1.
The resistance of a T-stub is determined by which of the three modes provides
the lowest value. In Table 2.1, My ra = 0.25 " legrte® fy /Ym0, Where S leg is the
smallest, effective length found from the possible failure mechanisms.

Table 2.1: Design Resistance Fp gq of a T-stub flange [17]

Prying forces may develop, i.e. Ly < Ly* No prying forces
Mode 1| Method 1 Method 2 (alternative method)
; 2Mp11 Rd
_ pl,1,.Rd
\g]ltlllj)Ut- . . B . Friapre = —2-°
acking T.1Rd = m T1Rd = 2mn—ey(m-+n)
plates
with M M ( )M An
: AMy1 1 Ra+H2Myp RA 8n—2ew)Mp1 1 ra+4nMpp Rd
3 — ——pLl,Rd ' =77 bp,hd — pL1, bp.Rd
backlng FT,l.Rd - m FT‘l‘Rd - 2mn—ey(m+n)
plates
Mode 2 _ 2MpoRatn Y Fira
2 T2Rd = m+n
Mode
3 Frara= > Fird

The effective length l.g depends on the positioning of the bolts and whether
the column flange is stiffened, unstiffened, or if it is an end-plate. For an un-
stiffened flange the effective length is calculated from the formulas given in Table
6.4 [17] displayed in Table 2.2. If there are several rows of bolts on the T-stub
these have to be checked individually as well as a part of a group of bolt-rows.
It is referred to NS-EN 1993-1-8 [17] for similar tables for cases with stiffened
flange and end-plate.

2.3 Stiffness of the T-stub connection

The total stiffness of the T-stub connection can be compared with a spring in a
serial connection, where each basic component contributes to the total stiffness.
The relation between the stiffness, ko, displacement, u, and force, F', is given as

F = ktot U (24)
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Table 2.2: Effective lengths for an unstiffened column flange [17]
Bolt-row considered Bolt-row considered as
Bolt-row | ._ . .
Locatio individually part of a group of bolt-rows
Akon T cular patterns | Non-circular patterns | Circular patterns | Non-circular patterns
lcﬂ,cp leﬂ,nc lcff,cp leﬂ,nc
Inner
boltorow 2mm 4m + 1.25e 2p p
End The smaller of: The smaller of: The smaller of: The smaller of:
bolterow 2mm 4m + 1.25e ™ +p 2m + 0.625¢e + 0.5p
m + 2e; 2m + 0.625e + e; 2e1 +p e1 + 0.5p
Mod
1 ode lcff,l = lcff,nc but leﬁ',l S lcﬁ',cp Zlcﬁ',l = Z lcff,nc but Zlcﬁ',l S Zlcﬁ',cp
Mod
9 ode loﬂ,Z = lcff,nc Z ch,Z = Z leff,nc
where
1 1
k;

k; represents the stiffness from component ¢. For T-stub connection subjected
to tension, only the flange and the bolts will contribute, as illustrated in Figure
2.5. As the calculations are based on one T-stub, the total stiffness of the system,
which contains two T-stubs, will be reduced with a factor of 1/2.

tr
a) Actual t

n.urt_-\.z-l MJ—TM;F

1.26m 1,26m 0,63F 0.63F

b) T-stub alone c) Bolts alene

Figure 2.5: Elastic deformation of T-stub [9]
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In NS-EN 1993-1-8 [17], the following stiffness coefficients, k;, are described
as
Plate in bending:

ks o~ (2.6)

Bolt in tension: 16. A
kg = — 2.
0= (27)

where Aj; is the tensile stress area and Ly is the bolt elongation length, which is
equal to the grip length of the bolt in addition to half the length of the bolt head
and the nut.

The stiffness coefficients are given in the unit millimetre. To achieve the
correct unit of the stiffness contribution retrieved from NS-EN 1993-1-8, the fol-
lowing relation is defined as

ki=FE-k; (2.8)

where Young’s Modulus, F, is taken into account.

2.3.1 Determination of the stiffness coeflicients

A deviation of the stiffness coefficients described in NS-EN 1993-1-8 [17], will be
presented.

Flange in bending

The stiffness coefficient for the flange is based on calculations of the equivalent
T-stub connection, where one flange in taken into consideration. The distance n,
defined in Figure 2.5, is set to 1.25m, which is the maximum length of n used in
NS-EN 1993-1-8.

The unit load method is utilized to determine the stiffness of the flange, where
the displacement is given as

M?2 Fm?
= | M1—=dz =0.079
b /L Er El
where M1 and M2 is the corresponding moment diagram for the external and

virtual load, displayed in Figure 2.6.

(2.9)
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F=1
0.26 1.26
0.5F
0.13F 0.63F T T \L T
\L ANy AN %
ANy AN % A B c
A B €
— —=x
n=1.25m m n=1.25m m
0.3375Fm 0:675m)

My— T~ M
0.1625Fm 0.325m

f——x

1.25m m

= : f — ‘ 1.25m -

(a) Moment diagram due to external forces
(b) Moment diagram due to virtual load

Figure 2.6: Static models [10]

The calculations of strength is based on the plastic capacity, while the stiff-
ness of the flange is based on the elastic capacity. By combining these formulas,
the bending stiffness is described by an initial effective length, log ini, where

lofini - t3
= — 2.10
12 (2.10)
which leads to

FElu leff.ini . t3 -E-u

F =0.079—5 = 1.055 — (2.11)

With Wy, = 1.5W¢, the relation between elastic and plastic load capacity is
defined as

3
Fra.pl = 5 - FRd.el (2.12)

where the elastic load capacity is described as [9]

Mnlax
0.322m
and the plastic load capacity corresponds to failure mode 1 NS-EN 1993-1-8 [17]

Frael = (2.13)

4Mp Rra _ let® fy
m m’)/MO

Frira = (2.14)
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By solving Equation 2.12, the following relation between the initial and plas-
tic effective lengths is determined as

left.ini = 0.859 - Lot (2.15)

Inserting Equation 2.15 in Equation 2.11, gives the following formula

0.906lcqt> Eu
ms

F= (2.16)

The stiffness coefficient of the flange is then utilized by combining the Equa-
tions 2.16 and 2.8, which results in the following relation

0.906let?

— ks (2.17)

kﬁange =

Bolt in tension

The contribution from the bolt is based on calculations of the stress- strain rela-
tion for a rod in tension, and can be expressed by the formula

FbLb EAbu
= F =
YT EA T L
where Fj is the force contributed at the bolt and A, is the cross section of the

bolt. From Figure 2.6a, the load distribution in the bolt is set to 0.63F. With
known force, the stiffness coefficient for the bolt can be calculated by

(2.18)

L5874,

k
b 7

~ k1o (2.19)

2.4 Digital Image Correlation (DIC)

Digital Image Correlation (DIC) is an optical technique for measuring strain and
displacement at the surface of the specimen. It is widely employed as a laboratory
measurement tool due to the simple setup and specimen preparation [20]. The
measurements are based on comparison of digital images taken of the specimen
during the test. Due to the randomly distributed speckle pattern applied on the
specimen, the elongation is easy to register. To implement the DIC method, a
calculation area needs to be specified on the reference image. A grid of evenly
spaced virtual elements are applied, where the elements recognize and deform
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with the highlighted speckles.

DIC uses a mathematical transformation algorithm to retrieve data from the
test. The digital images are stored as matrices, where each grey-scale point,the
pixel, represent a matrix. The movement of the pixels are evaluated in the com-
puter algorithm. To translate the three dimensional coordinates (X,Y,Z) at the
specimen, to the corresponding two dimensional image coordinates (u,v), a cam-
era coordinate system (Xo,Yy,Zo) is defined. This model, referred to as the "pin-
hole projection model" in accordance to Fagerholt [11], is illustrated in Figure 2.7.

Figure 2.7: Pinhole projecting model, transforming specimen coordinates to im-
age coordinates [11]

The measurements are quite sensitive, and high quality of the images is essen-
tial to get satisfactory accuracy. This can be achieved with good light settings,
stable camera setup and high resolution of the images.

To retrieve the data of deformation between two points, a vector is inserted
at the reference photo, where no force is applied.

DIC uses the unit pixel. This unit can easily be converted into millimetre by
appending the known conversion ratio into the DIC software.
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From the formula below, the vector elongation is calculated

L
=—-1 2.20
€z LO ( )

where e, is the elongation of vector at time t,, L, is the length of vector at time
tr and Ly is the length of vector at initial time ¢g.

Since DIC operates with registered elongation, measured from the image se-
ries, the method is best suited for samples where large deformations occurs.
Measurements from the elastic domain will not provide satisfactory accuracy, as
opposed to the deformation registered in the plastic domain. The use of DIC to
determine Young’s Modulus will therefore not be appropriate.

2.5 Material Mechanics

One of the main challenges in finite element analyses is to determine a proper ma-
terial model, which yields the correct material behaviour when external loads are
applied. To understand and be able to predict the response of the material, a full
examination of the material is necessary. Figure 2.8 shows a typical stress-strain
relation for a tensile test. The stress-strain relation gives important information
about the material, and is commonly used to characterize the material properties.
This chapter presents all the different aspects of the material features.

2.5.1 Elasticity

The first domain, i.e before yielding, displayed in Figure 2.8 is characterized as
the elastic domain. The deformations are assumed to be infinitesimal, which
makes it reasonable to assume linear elastic behaviour. Steels are commonly
assumed isotropic, which implies that no direction is preferred in the elastic ma-
terial. This results in only two independent elastic coefficients, Young’s Modulus,
E, and Poisson’s Ratio, v . NS-EN 1993-1-1 [21] define the material properties
for steel as shown in Table 2.3.

Hooke’s Law describes the linear elastic stress-strain relation. In isotropic
materials, the general formula of Hooke’s Law is simplified to

o = Ee* (2.21)
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Figure 2.8: Typical stress-strain relation in tensile tests [12]

Table 2.3: Material parameters

E [GPa] | 210
v [-] 0.3
p [kg/m3] | 7850

Where o refers to the stress and £° to the elastic strain. In the elastic domain,
the deformation is reversible and path independent. By unloading within this
area, the test recovers to the original configuration. The elastic behaviour persist
until the stress or strain reaches the yield limit. Typical strain limit, €, is in
order of 0.001-0.005 [12]. The plastic domain is beyond this limit.

2.5.2 Plasticity

From recoverable deformation in the elastic domain, the deformation now starts
to deform plastically, i.e. permanently. The true strain, €;, consists of both elas-
tic stain, €€, and plastic strain, P, as shown in Figure 2.9.

gr =P +¢° (2.22)

The theory of plasticity mainly consists of three parts, yield criterion, flow rule
and work hardening rule. A brief overview of these will be presented.



2.5. MATERIAL MECHANICS 17

3

P €

Figure 2.9: Distribution of elastic and plastic strain [13]

Yield Criteria

The yield criterion marks the end of the elastic domain, and the beginning of
the plastic domain. The yield stress is the limit where the deformations starts to
appear permanently.

f(0)=0eg—0y =0 (2.23)

where 0.4 is the equivalent stress and oy is the yield stress.

For isotropic metals, Von Mises stress is frequently used as the equivalent
stress.

1

Oeq = \/2((‘71 —02)? + (02 — 03)? + (03 — 01)?) (2.24)

For uniaxial tests, the formula is simplified as

1
Ocq = 50% =0 (2.25)

where o refers to the stress in the longitudinal direction of the specimen.

The yield condition, described in Equation 2.23, implies that the yielding oc-
curs when f(o) =0, which means that f(o) < 0 in the elastic domain.

Flow rule

As Hooke’s Law is necessary to define the relation between the stress and the
strain in the elastic domain, the flow rule has the same function in the plastic
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domain [13]. In the associated flow rule, the incremental plastic strain tensor,

éfj, is proportional with the gradient to the yield function, %, as described
1]

below

ePo— )\ of
Y 0fois
Combined with the Von Mises criterion, the plastic strain rate tensor, p, is defined
as

(2.26)

P

3\
e,

= 70'2- 3
%] 20.@(] J

(2.27)

where A is a non-negative scalar, A > 0. This is to ensure non-negative dissipa-
tion, which means that plastic work must be non-negative for plastic processes.
Assuming p = A, the equivalent plastic strain rate, p, is described as

. 2.5
p=1/3e (2.28)

and equivalent plastic strain,p, is defined as

t t
p:/pdtz/}\dt (2.29)
0 0

Work Hardening Rule

As the material starts to deform plastically, it starts to harden. Isotropic hard-
ening is utilized to account for the work-hardening in the material.

The isotropic hardening rule is defined as

flo,R) = (o) = (00 + R) =0 (2.30)
Voce Rule is employed to describe the work hardening variable R
R(p) = Qr(l— exp(—@p)) (2.31)
Or

where Qg and fi are hardening parameters determined from the tension tests.
Tllustrated in Figure 2.10, the hardening rate tends to zero as the plastic strain
increases.
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Oy

Figure 2.10: Voce Rule hardening curve [14]

2.5.3 Uniaxial tensile test

To characterize the material parameters, the uniaxial tension test is frequently
employed. This section presents an outline of the process that gives the best
representation of the behaviour of the test specimen. The engineering stress and
strain are retrieved from the test, and converted to true stress and strain which
may be used to retrieve material properties up to necking. By employing Bridg-
man’s correction method it is possible to calibrate the material properties after
necking as well.

Engineering strain and stress

The engineering strain, ¢, and the engineering stress, o., are only valid for small
strains, since they are based on the initial cross-section area.

ee(t) = %? (2.32)
ou(t) = %) (2.33)

were u(t) and F'(t) refers to the displacement and force at time ¢, and Ly and Ag
describe the initial dimensions, length and cross-section area.

True stress and strain

Large deformations will occur during the tensile testing. The reduction of cross-
section area must be taken into account to get a sufficient stress-strain relation.
Owing to this, true stress, o;, and true strain, ;, is the preferable relation to use,
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since they are based on the current cross-section area, A, and the current length,
L.

dL L1 L
de; = — = [ —dL=In— 2.34
€t L:N?t /LOL nLO ( 3)
F
- = 2.35
Ot A ( )

Plastic deformations are volume preserving, which gives the relation Ay - Ly =
A- L. The true strain can further be described as by the initial diameter, dy, and
the current diameter, d, as shown in Equation 2.36.

L A d
€ = lnL—o = lnj0 = fQan—O (2.36)

The relation between true stress and engineering stress and strain is given as

F L
o = 1 T oeexp(er) = (1 +€¢) (2.37)

Necking

At necking, i.e maximum stress in Figure 2.8, the uniform stress-strain relation is
no longer valid. The state of stress changes from uniaxial stress to triaxial stress
for a rod, and to biaxial stress for a thin strip test.

Necking occurs when
dO‘t
de
To predict the stress-strain relation beyond necking, several methods have been
developed. For rods,which are most affected by the triaxial stresses, Bridgman’s
correction is one of the most commonly used methods [22].

=0y (2.38)

Bridgman’s Correction Method

Bridgman’s correction method is established from the assumptions listed be-
low [23]
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1) The contour of the neck remains circular throughout the arc of
a circle

2) The cross section of the neck remains circular throughout the
test.

3) The von Mises criterion for yielding applies.

4) The strain are constant over the cross section of the neck.

Neck

r

Shape before neckinglt

Figure 2.11: Presentation of the Bridgman’s assumptions [15]

These assumptions result in the Bridgman’s correction formula,

o
2R a
1+ —)In(1+ —
(1+ =) (1 +57)
where R is the radius of the curvature and a is the smallest radius of the speci-
men, as illustrated in Figure 2.11.

(2.39)

O'eq -

Based on an empirical expression for the neck geometry, presented by Le’Roy

et al. [24], the ratio % is simplified to

a

R = P~ Peching), (2.40)

where ppecring describes the plastic strain at necking and x ~ 1.1 for steel.
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2.6 Fracture criterion

A fracture criterion is requisite to provoke fracture in finite element analyses.
In this thesis the criterion proposed by Cockcroft-Latham is implemented. The
Cockeroft-Latham integral, W, is based on the total amount of plastic work, de-
pending on both stress and strain, viz.

P
Wz/ max (o1, 0)dp (2.41)
0

where ¢ is the maximum principle stress. The values of o7 and p are retrieved
from an element at the centerline, where fracture is initiated. Fracture is defined
as W reaches its critical value, W,.

2.7 SIMLab Metal Model

SIMLab Metal Model (SMM), a tool developed by NTNU/SINTEF, implements
the material model into the finite element analyses. SMM operates through a
material input card consisting of nine flags that control the different features.
Each flag represent different material parameters, such as Young’ modulus, yield
stress and work hardening. For Abaqus/Explicit two different material cards are
available, one for axisymmetric and one for non-symmetric models. The SMM
can be used on all types of metals, and is applicable to shell and brick elements.

SMM has the advantage of including fracture criterion into the numerical
analyses. In SMM, the Cockcroft-Latham fracture criterion is utilized directly,
where the elements are deleted when the fracture criteria, W = W, is reached.

2.8 Explicit numerical solution algorithm

Abaqus/Explicit is a preferable solution algorithm for use in contact problems.
By utilizing the central difference algorithm, equilibrium iterations are not neces-
sary, which makes each time increment computationally inexpensive. The main
obstacle with an explicit solution method is the conditional stability. To maintain
stability, the time step used in equilibrium iterations, At, has to be lower than
the critical time step Ate,,
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At < At (2.42)

If this is not the case, the solution will not converge.

The critical time step is defined by the smallest characteristic element dimen-
sion, L, and the dilitation wave speed cq [25],

LG
= Cd

Ater (2.43)

The dilatation wave speed can be expressed by Young’s modulus and the

material density,
E
Cqa= 4] — (2.44)
p

It is important that the finite element analyses are computational efficient.
The critical time step is usually so small that running FE analyses with the
time period used in quasi-static laboratory tests will require an infinite number
of iterations. To increase the efficiency of the explicit solution algorithm, either
mass scaling or time scaling may be utilized. From Equations 2.43 and 2.44 it is
clear that increasing the mass density will increase the critical time step. This
approach is preferred for FE models where some elements are small compared to
others. If all elements are approximately the same element size, time scaling is
often used. By reducing the time period the system becomes more computational
efficient without changing the critical time step.

Utilization of time scaling must be done with caution as it may introduce un-
wanted effects caused by the inertia forces if the time period is scaled too much.
The amount of inertia forces in the system is observed in the kinetic energy plot
provided by Abaqus/Explicit. To be sure that these forces do not influence the
response of the system, the kinetic energy of the system should not exceed a value
of 10 % of the internal energy. A typical plot of the internal and kinetic energies
is displayed in Figure 2.12.
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Figure 2.12: Plot of internal and kinetic energy of the deformed system
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3 Literature review

The bolt and nut assembly, referring to the externally and internally threaded
members, is widely used in engineering structures, owing to the easy installation
and replacement. Since often being the critical part of a structure, the stress,
deformation and damage distribution of the bolt and nut assembly has been of
great interest among scientists. Den Hartod [26] observed that the stress concen-
trations in the threaded assembly are not uniformly distributed along the length
of the threaded part. Owing to the strain setup in the bolt-nut engagement,
the maximum intensity of the load distribution occurs at the bearing of the nut.
Sopwith [27] has developed a detailed analytical theory for the distribution of
load in the threads, which has received acceptance worldwide.

The main focus of the bolt research involves the capacity and failure mode
of the threaded connection. This chapter presents some of the previous work
performed on threaded assemblies.

3.1 Chen et al.: "A study of the helical effect on
the thread connection by three dimensional
finite element analysis" [2]

Chen et al. studied the helical effect on the threaded connection by three-
dimensional finite element analysis. The effect of both geometry and friction
on the load distribution of each thread were analysed. They investigated both
axisymmetric and full three-dimensional models of one-inch 8UNC, 12UNC and
16UNC threaded connections. It was observed that the helical effect in the ax-
isymmetric and three-dimensional models has insignificant distinction in the load
distribution for the 8UNC and 12 UNC models. As for the one-inch 16 UNF,
a deviation of 12% higher load distribution at the first thread measured at the
axisymmetric model compared to the full three-dimensional model was found.

27



28 CHAPTER 3. LITERATURE REVIEW

By comparing with the analytical analyses by Yamamoto’s method, both the
axisymmetric and the three-dimensional model have a higher value of load dis-
tribution at the first thread. It was also observed that the friction coefficient
does not affect the load distribution significantly, although an increase of friction
improved the load distribution some.

3.2 Hobbs et al.: "Investigation into the Effect of
the Nut Thread Run-Out on the Stress Distri-
bution in a Bolt Using Finite Element Method"

13]

Hobbs et al. investigated the stress distribution in bolts with different nut thread
run-out combinations. Both two-dimensional and three-dimensional finite ele-
ment analyses have been carried out for M12 bolts, and further compared with
photoelastic results. As the two-dimensional axisymmetric model ignores the
thread helix angle and the thread run-outs in the nut, both chamfered run-out
and flat run-out are studied, where different positions around the helix have
been tested. The results from the analyses were in good agreement with the re-
sults retrieved from the photoelastic results. The peak normalized stress values
are within 0.25%, although a large deviation of stress was registered along the
threaded connection, further away form the clamped face of the nut. With the
use of chamfered run-out, with a rotation of 90 degrees of the thread helix, the
peak stress is approximately 10% higher compared with the photoelastic results.
The three-dimensional analyses agree with the photoelastic results, when both
run-out replicated and friction are included.

3.3 Fransplass et al.: "Numerical study of the ten-
sile behavior of threaded steel fasteners at el-
evated rates of strain" [4]

Fransplass et al. investigated the behaviour of threaded steel fasteners, M5 with
property class 4.6, at elevated rates of strain using numerical analyses. A two-
dimensional axisymmetric finite element model of the threaded assemblies was
used in the numerical simulations. The material parameters were identified with
use of inverse modelling of different material tests at different rates of strain. By
studying the same thread run-out combinations investigated by Hobbs [3] com-
bined with different strain rates, the correct failure modes were obtained. With
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respect to the maximum load, the deviation between the tests and simulations
were less than 4% for bolt fracture and under 9% for thread stripping. Compared
to simulations with low strain rates, it was observed that high strain rates gave
a better prediction of the maximum force levels. It was also noticed that the
number of threads in the grip length affected the failure mode. With no threads
in the grip length, the connection failed in thread stripping, while nine threads
in the grip length resulted in bolt breaking.

3.4 Alexander: "Design of Threaded Assemblies"
[18]

Alexander studied the threaded assembly, and developed methods to describe
the strength design of mechanical fasteners employing the ISO R68 thread pro-
file. The work was accepted by the Technical Committee 2 of ISO.

The three possible failure modes for the threaded assembly with correspond-
ing failure loads developed by Alexander are described as

e Bolt Breaking
Fyp = 04 - Asii (31)

e External thread stripping (bolt)
Fps=0s-AS-C1-C2-0.6 (3.2)

e Internal thread stripping (nut)
Foy =0 ASp; - C1-C3-0.6 (3.3)

Figure 3.1: Failure modes
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Alexander argues that bolt breaking occurs when the threaded engagement
is long and the material of both the bolt and the nut coincide with each other.
When the threaded engagement is short, thread stripping will appear. Dependent
on the weakest material, the thread stripping will occur in either the internal or
the external threads.

There are several factors influencing the strength of the threads, among these,
geometrical and material factors.
The tensile stress area of the bolt, Ag;, is directly proportional to the bolt ultimate
tensile strength, F,. The shear area of internal and external threads together with
the length of the threaded engagement have huge impact the load capacity and
failure mode. The countersink in the nut reduces the contact area of the threaded
assembly, which make the length of the threaded engagement, LE; considerably
lower than the nut height. Experimental investigation has given the presence of
countersink an effectiveness of 40% of the nut height. This implies that only 40%
of the strength is contributed at a nut with a countersink compared to a nut
without one.

Material parameters such as ultimate strength of external and internal threads,
os and o, have a strong influence on the shear strength of the threads. The
strength ratio, Rs controls the degree of thread bending between the nut and
bolt thread. During loading, plastic deformation will occur in the threads. The
bending of the threads decreases the effective shear area, and reduce the angle of
the contact surface. This will further develop wedging action of the threads and
causes dilation of the nut, where the minor diameter of the nut has increased. As
the ratio between the nut wall thickness and nominal diameter, s/D, decreases,
the dilation becomes more evident. The influence of the dilation is accounted
for in the strength reduction factor C'1, while the reduction factors C'2 and C3
take the thread bending into consideration. Figure 3.2 show how the strength
reduction factors are dependent on R, and s/D. Figure 3.2b is divided into zones
of nut and bolt stripping, relative to the strength ratio.

Coefficient of friction between the bolt and the nut has a high influence of the
factors C2 and C3. By reducing the friction coefficient, the nut will dilate more
easily, which result in lower stripping resistance.

The number of threads in the grip affects the bolt strength. The bolt breaking
strength may increase 10—20% by reducing the threads within the grip, while the
stripping strength is nearly unchanged. This leads to change of failure, from bolt
breaking to stripping, when the number of threads in the grip length is reduced.
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(a) Strength reduction factor, C1, for nut
dilation
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(b) Strength reduction factors, C2 and C3,
for threaded bending

Figure 3.2: Strength reduction factors for threaded bending
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4 Laboratory work

The laboratory work has been an extensive part of the project. In this chap-
ter the laboratory work is documented in form of review of the methods used
in the laboratory and presentations of results. Interesting observations are also
addressed at the end of the chapter.

A total of 32 quasi-static uniaxial tension tests have been carried out in the
laboratory, see Table 4.1. The purpose of these tests has been to check whether
changes in the grip length of a bolt may affect the physical response of the bolt
and trigger different failure modes. All tests were performed on M16 bolts with
property class 8.8. Both fully and partially threaded bolts have been considered.

Table 4.1: Survey of tests

Bolt type Grip length [mm] | Number of tests
118 )
Partially 122 5
threaded 124 2
130 )
141 5
118 5
Fully threaded 141 5

4.1 Geometry

The grip length of a bolt is defined as the distance between the bolt head and
nut. It is measured from the underside of the bolt head to the bearing surface of
the nut. An overview of the different grip length configurations tested is given in
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Table 4.1. Five tests have been executed for every configuration except the grip
length 124 mm where only two tests were carried out. This corresponds to 22
tests for partially threaded bolts and 10 test for fully threaded bolts. Figure 4.1
shows sketches of the different grip lengths used for the partially threaded bolts,
and Figure 4.2 displays the configurations tested on bolts that are fully threaded.

. .t ¢ 1 1 [ ]

118
122
124

130
141

e -

Figure 4.1: Grip length configurations for partially threaded bolts

Since the focus of this laboratory work is directed on the type of failure mode,
there has not been done any detailed inspections of the fractures observed in the
laboratory other than classifying which failure mode has occurred. The three
possible failure modes that the bolts may exhibit are fracture of the cross sec-
tion, stripping of the external threads on the bolt or stripping of the internal
threads on the nut. However, in this particular case it is chosen to view the two
cases of thread stripping as one failure mode referred to as thread stripping.
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118

141

Figure 4.2: Grip length configurations for fully threaded bolts

4.2 Test setup

All laboratory tests are carried out in a screw-driven uniaxial test machine de-
livered by Instron. The bolt is fastened with purpose-made fixtures and thick
circular plates as shown in Figure 4.3a.

To ensure even load distribution from the circular plates onto the bolt, brush-
ers are placed inside the circular plates. These brushers reduce the diameter of
the hole through the circular plates, which then makes the longitude axis of the
bolt and nut coincide with the longitude axis of the plate to ensure symmetric
loading conditions.

The tests were performed under deformation control by a continous movement
of the upper bolt head in Figure 4.3. To ensure quasi-static loading conditions
low velocities were applied. The deformation rates were in general 0.0133mm/s



36 CHAPTER 4. LABORATORY WORK

(a) Detailed view (b) Overview

Figure 4.3: Test setup

and 0.0150mm/s for the partially threaded bolts and 0.0333mm/s for the fully
threaded bolts. The increase in velocity for the partially threaded bolts was intro-
duced as a result of very long test durations for the first seven tests. The increase
in velocity is assumed not to influence the physical response of the remaining tests.

The physical response of the bolt and nut is logged by machine software at a
frequency 1 Hz. In addition DIC is used to measure the deformation of the bolt
and nut for two tests from every configuration. This is done by using a camera
that takes pictures of the bolt and nut at the frequency 1 Hz. Figure 4.3b shows
the DIC setup.
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4.3 DIC

(a) Initial vector length (b) Vector length at time, ¢

Figure 4.4: Vector elongation in DIC

For the component tests, two dimensional DIC analyses are used to determine
the elongation of the bolts during the tests. This will rule out possible elastic de-
formations included in the displacement log from the machine. Figure 4.4 shows
the basis of the elongation retrieved from DIC. A vector is used to measure the
distance between the head and nut in each frame. Due to disturbance of the
element mesh upon rough surfaces, the utilized element mesh was applied on the
middle of the nut and bolt head. Owing to compression registered at the bolt
head and nut, the retrieved elongation was further corrected to obtain an accu-
rate deformation of the bolt between the described grip length. Details about
the measured correction is presented in Appendix A.
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4.4 Results

The failure mode and maximum tension force, F; g4, observed for each test spec-
imen are presented in Table 4.2. The tests are denoted PT for partially threaded
and FT for fully threaded bolts. The three digit number indicates the grip length
in millimetres, and the last two digits denote the test number. The failure modes
are denoted TS for thread stripping and F for bolt failure. The force-displacement
curves from the machine log are presented in Figures 4.5 - 4.11, and the replicate
tests show excellent agreement.

As a measure of the components ductility, the external work is calculated up
to the point of maximum loading by use of numerical integration, see Table 4.2.
This is because the response of the tension loaded bolt would in reality be load
driven rather than displacement driven which is the case in this laboratory work.
A load driven response indicates that the fracture of the bolt will occur at the
maximum applied loading.

From Table 4.2 and the plots of the force-displacement curves in Figures 4.5
- 4.11, the following is observed:

e There are no variations in the failure mode for tests of the same grip length.

e Thread stripping occurs only for partially threaded bolts with grip lengths
of 122 mm or shorter. All other tests experienced bolt failure.

e The maximum force for each grip length varies less than 1.67% from the
median value of the set.

e The average maximum force for partially threaded bolts with grip length
118 mm is 151.65 kN, while it is 140.59 kNN for fully threaded bolts with the
same grip length. This trend is also the case for the bolts with grip length
of 141 mm.

e Although the maximum force in the fully threaded bolts is lower than for
the partially threaded ones with the same grip length, the partially threaded
bolts with grip length 141 mm can only absorb 35.90% of the energy that
the fully threaded bolts. For the grip length 118 mm this ratio is 25.90%.

e The external work for each grip length varies less than 13.17% from the
median value of the corresponding set. For 27 tests this variation is less
than 5% of the median value.
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Table 4.2: Results from laboratory tests

Test Failure mode | Fi rq [kN] | External work [Nm]
PT-118-01 TS 150.76 303.45
PT-118-02 TS 153.75 317.67
PT-118-03 TS 151.22 297.99
PT-118-04 TS 151.66 290.63
PT-118-05 TS 150.88 280.20
PT-122-18 TS 152.50 336.69
PT-122-19 TS 152.33 344.94
PT-122-20 TS 152.64 352.80
PT-122-21 TS 152.13 372.45
PT-122-22 TS 151.05 343.92
PT-124-16 F 153.16 370.52
PT-124-17 F 151.28 353.38
PT-130-11 F 148.67 420.83
PT-130-12 F 148.30 366.72
PT-130-13 F 150.22 371.87
PT-130-14 F 148.12 368.84
PT-130-15 F 149.41 376.13
PT-141-06 F 147.52 450.92
PT-141-07 F 146.39 454.00
PT-141-08 F 147.24 460.84
PT-141-09 F 147.38 437.31
PT-141-10 F 145.26 467.40
FT-118-23 F 140.50 1147.5
FT-118-24 F 140.74 1183.9
FT-118-25 F 140.53 1183.1
FT-118-26 F 141.23 1119.7
FT-118-27 F 139.95 1117.8
FT-141-28 F 140.43 12124
FT-141-29 F 140.09 1240.4
FT-141-30 F 140.79 1364.1
FT-141-31 F 140.38 1206.3
FT-141-32 F 141.18 1302.1
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Figure 4.5: Partially threaded bolts, grip length 118 mm
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Figure 4.6: Partially threaded bolts, grip length 122 mm
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Figure 4.7: Partially threaded bolts, grip length 124 mm
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Figure 4.8: Partially threaded bolts, grip length 130 mm
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Figure 4.9: Partially threaded bolts, grip length 141 mm
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Figure 4.10: Fully threaded bolts, grip length 118 mm
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Figure 4.11: Fully threaded bolts, grip length 141 mm

4.5 Vickers Hardness test

Vickers hardness test is a commonly used method to determine the hardness in
materials, particular in metals. The hardness number is determined by a known
load over the surface area of the recess. In these tests, a load of 10 kgf was applied
over a time period of 10 seconds. The tests have been preformed on a partially
and fully threaded bolt, M16x160, and a nut M16. The tests were first cut in two,
before they were sent to testing. As the hardness tests revealed a fairly constant
hardness through the cross-section, the materials were assumed homogeneous in
terms of material properties. Figures 4.12 and 4.13 show the test results, where
Vickers numbers are presented below the indentation points.

Small variations within the material listed in Table 4.3, imply that the mate-
rial properties will exhibit the same material within the cross-section. However,
the hardness variation between the tested nut and the bolts is significant. Pur-
suant to Alexander [18] this might be an indicator for the behaviour observed at
several of the bolt tests, which failed due to thread stripping. Owing to the small
amount of performed tests, it is hard to say if this is a generally distinction of
the nut hardness compared to the bolt.
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Figure 4.12: Vickers Hardness test on M16x160 bolts

Figure 4.13: Vickers hardness test on nut M16

Table 4.3: Vickers Hardness test result

Test PT bolt | FT bolt | Nut
Average hardness |2 ] 301 293 231
Maximum derivation [%)] 2.9 7.5 8.3
Nut hardness/Bolt hardness[%] | 76.7 78.9 -
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4.6 Discussions

An estimate of the tension resistance of a bolt, F} rq, is given as [17]

k2fubAs
YM2

where f,;, is the ultimate tensile strength, A, is the tensile stress area of

the bolt, a0 is a general partial factor and ko is an empirical factor. With

Yamz2 = 1.25 and ke = 0.9 the tension resistance of a M16 bolt with material
properties 8.8 is calculated in Equation 4.2.

Fi ra = (4.1)

0.9 - 800N/mm? - 157mm?
1.25

The maximum tensile forces, Fi gq registered during the laboratory work are
presented in Table 4.2. All tests exceed the value calculated in Equation 4.2,
indicating that NS-EN 1993-1-8 provides a conservative estimate of the tension
resistance. This is mainly due to the fact that the yield stress of the material
is found to be much higher than the nominal values provided. The material
properties are presented in Chapter 5. In addition the general partial factor and
empirical factors introduced in the design code reduce the nominal tension resis-
tance further.

Fy g = — 90.43kN (4.2)
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Figure 4.14: Force-displacement curves for different grip lengths

Figure 4.14 displays the force-displacement curves for different grip lengths
for partially and fully threaded bolts. It is clear that the increase in grip length
of the partially threaded bolts changes the failure mode of the bolt. Shorter
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grip lengths impose thread stripping. According to NS-EN 1090-2 [1], one full
thread between the unthreaded part of the shank and the nut surface is enough
to prevent thread stripping. Based on the experimental test in this thesis this
requirement is not sufficient, since a grip length of 122 mm corresponds to at
least three full threads between the unthreaded part of the shank and the nut.

The grip length of 124 mm differs only by one thread from the grip length
of 122 mm, and both tests performed with this configurations failed due to bolt
failure. This corresponds with the observations made by Alexander stating that
the bolt breaking resistance is affected when the number of threads within the
grip length is reduced, but the thread stripping resistance remains unchanged,
which may cause the failure mode to change.

The calculated external work presented in Table 4.2 is graphically displayed
in Figure 4.17 for each grip length configuration. The external work is far less
for the partially threaded bolts than the fully threaded bolts with same grip
lengths. In general larger grip lengths absorb more energy. This implies that
the grip length affects the ductility of the bolt, which is observed in Figure 4.15,
where the threads in the bolt with grip length 124mm is considerably deformed
compared to the bolt with grip length 118mm. Figure 4.14 displays how the de-
formation of the bolt increases when the grip length is increased. This is the case
for both partially and fully threaded bolts. When the grip length is increased,
the length of the area subjected to strain increases. This implies that larger grip
lengths are subjected to larger deformations when the strain remains unchanged.

Figure 4.15: Comparison between bolt tests with grip length 124mm and 118mm

Figure 4.16b displays how the number of threads included in the grip length
influences the ductility additionally. The partially threaded bolts with grip length
141 mm can only absorb 35.90% of the energy absorbed by the fully threaded
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Figure 4.16: Partially threaded and fully threaded bolts with same grip length

bolts with same grip length. Due to the difference in cross-sectional area of the
partially threaded bolt, the unthreaded part of the shank will not yield. The part
of the bolt subjected to plastic deformations is therefore reduced to the threaded
part of the grip length only. This corresponds to 13 threads for the partially
threaded bolt with grip length 141 mm, while the grip length equals 70 threads
for the fully threaded bolt. The same principle as for the increased grip length
applies, where an increase in length of threaded area implies larger deformations
of the bolt.
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Figure 4.17: External work for each grip length

As described in Section 3.4, a variation of bolt and nut material properties
will affect the failure mode. The results from Vickers Hardness test indicate that
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the nut material is significantly weaker than the material of the fully and par-
tially threaded bolts. However, more tests should be conducted to verify if this
is a consistent feature.

The uncertainties regarding occurrence of thread stripping will be investi-
gated by implementing a finite element model and conducting a parametric study.
Based on observations stating that variation in maximum force and external work
is fairly small for each grip length configuration it is decided to use the displace-
ment calculated by using two dimensional DIC analysis as described in Section 4.3
to verify the physical response of the finite element model. The force-displacement
curves from DIC analysis are displayed in Figures 4.18 and 4.19. Note that DIC
was not used during tests PT-124-16 and PT-124-17, and therefore these are not
investigated further. Also note that the grip length configuration of 118 mm for
partially threaded bolts only has one curve for comparison because of problems
with the DIC software. This should not be a problem since the curves in Figure
4.5 show good agreement.

The difference in slopes in the elastic region in Figures 4.18d and 4.19b verify
that DIC analysis does not provide the accuracy needed to determine Young’s
modulus as discussed in Section 2.4.

The external work is recalculated for all tests that has undergone DIC anal-
ysis. This will exclude any contributions from the test machine. The results
are presented in Table 4.4. The trends regarding ductility which have previously
discussed also apply for these DIC results.

Table 4.4: External work calculated from DIC

Test id External work [Nm]
PT-118-05 100.89
PT-122-21 162.96
PT-122-22 155.73
PT-130-14 187.70
PT-130-15 220.21
PT-141-09 228.55
PT-141-10 253.56
FT-118-26 868,00
FT-118-27 987,43
PT-141-31 1213,2
PT-141-32 1133,5
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Figure 4.18: Force-displacement curves from DIC-analyses for partially threaded

bolts
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Figure 4.19: Force-displacement curves from DIC-analyses for fully threaded bolts
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5 Identification of material parame-
ters

The foundation of the prescribed material behaviour is based on the force-displacement
curve retrieved from the test machine and DIC in the laboratory. As material
tests from the same batch have been carried out by students in course TKT/511
Computational Mechanics Specialization Project, fall’l4, no further material tests

are preformed. Three partially threaded and two fully threaded bolt material
tests are taken into consideration when developing a suitable model. Figure 5.1
displays the results from the material tests, where small deviations of less than

3% are observed. Hence one material test from each test series is chosen as the
initial material test.
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Figure 5.1: Stress-strain curves for material tests of M16x160 bolts
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5.1 DIC

DIC is utilized to retrieve the strain from the material tests. The deformation is
assumed axisymmetric, implying that one camera will give satisfactory descrip-
tion of the diameter elongation. With a frequency of 1 Hz, the amount of images
throughout the test is considered to give a suitable foundation for tracking the
movement. The strain vector is applied at the reference image at the same lo-
cation where the neck later will initiate. With the identified diameter along the
test series, the true cross-section is easily determined. A reference measure of
the material tests makes it possible to convert the unit from pixel to millimetre.
Figure 6.4 shows the vector elongation carried out using DIC.

(a) Undeformed test specimen

(b) Necking of test specimen

Figure 5.2: Elongation vector

5.2 Calibration of the material parameters

As described in Section 2.5, the data from the uniaxial tensile test are only valid
until the specimen reaches its maximum load and diffuse necking occurs. In
order to find an applicable description of the material behaviour beyond neck-
ing, isotropic hardening by Voce Rule has been utilized. Figure 5.3 shows the
contribution of triaxial stress removed by Bridgman’s correction method.

5.2.1 Material test simulations

To ensure that the defined material parameters describe the correct material be-
haviour in the numerical analyses, a finite element model of the tension test is
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Figure 5.3: Corrections of triaxial stresses

created. An iterative process is then performed, where the Voce material param-
eters are changed in attempt to achieve a behaviour similar to the one observed
for the physical tests.

The FE models are based on the same assumptions as the initial models for
the bolts presented in chapter 6, where an axisymmetric model is carried out,
using explicit solver. Simlab Metal Model (SMM) has been used to describe the
material properties. The failure criterion is not included at this stage.

Figure 5.4: FEM model for M16x160 material test

With final Voce parameters prescribed, the failure criterion could be defined.
Cockeroft-Latham failure criterion have been utilized, where maximum principle
stress and equivalent plastic strain are retrieved from the critical element at the
neck region. Figure 5.5 shows the development of fracture, starting from the inner
element. Cockeroft-Latham failure criterion was carried out for several element
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Ii

Figure 5.5: Propagation of fracture

sizes due to high mesh sensitivity.

5.2.2 Final material test simulation

Suitable material properties were determined after calibrations. Figure 5.6 shows
the force-displacement curves for the final models, where the curves are plotted
up to failure. The corresponding material properties are listed in Table 5.1.
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Figure 5.6: Stress-strain curves for finite element models of material tests

Table 5.1: Material parameters for the M16x160 material tests

Partially threaded | Fully threaded

oo [MPa] 917.0 804.9

0, [MPa] 7622 7125
Qr,1 [MPa] 169.4 168.7

0> [MPa] —1.000 - 10* 280.6
Qr.2 [MPa] -68.47 4496

03 [MPa] 303.7 -

Qr.3 [MPa] 300.0 -

Wer [MPa] 1475 1559

95
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6 Finite element models

Finite element analyses have been performed to recreate the behaviour observed
in the laboratory tests. With the use of Abaqus/Explicit, an explicit integration
scheme is utilized. This is preferable owing to the main problem in the analyses,
contact, which occurs in the threaded connection.

Due to time efficiency, the complex helix shape on the bolt has been con-
siderable simplified in the finite element models. Instead of modelling a three-
dimensional helix shaped bolt, an axisymmetric two-dimensional bolt model is
utilized. From previous studies [2], this simplification has shown to give sufficient
result compared to the three dimensional model.

Initial models have been created for both the partially and fully threaded bolt
models. As the incorrect failure mode occurred in two of the partially threaded
initial models, further investigations were performed to find the sensitivity related
to the failure mode. Parameters concerning mesh, nut strength material and
geometry have been considered.

6.1 Initial model

Six different initial models have been created to represent each configurations
tested, i.e fully threaded (FT) bolts, with grip lengths 118mm and 141mm and
partially threaded (PT) bolts with grip lengths 118mm, 122mm, 130mm and
141mm. All initial models are created based on the properties presented in the
following sections. The materials used are presented in Chapter 5.

6.1.1 Geometry

The geometry of the bolt, M16x160 and nut M16 with property class 8.8, is based
on ISO standards [28] [29] [30] combined with primary measurements of the bolts

57
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and nuts at the laboratory. The geometry of the threads were modelled in accor-
dance to ISO 68-1 [28] and ISO 965-1 [29]. Details regarding the dimensions are
presented in Appendix B. Figure 6.1 displays the geometry of the fully threaded
and partially threaded bolts utilized in the FE models.

AAAAAAAAAAAAAAAAANN AN A AT [

(a) Partially threaded

AAAAAAAAAAAAAAAAAAAAAAAAAAADADAAADAADDAAADADAADDADDADAADADAAADAAADAAADADAALDAANDD A

|

(b) Fully threaded

Figure 6.1: Initial geometry for bolt M16 x160

The outer diameter of the bolt and internal diameter of the nut are equal
in each model to get a sufficient basis of comparison owing to the different grip
lengths. Owing to the neglection of the helical shape, some adjustments had to
be done to make it possible to achieve the desired grip length with correct number
of threads in the axisymmetric model.

6.1.2 Mesh and element characteristics

The bolts and nuts are modelled with continuum axisymmetric 4-node reduced
integration elements, CAX4R. As the models consist of complex geometry where
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large loads are applied, the elements are expected to distort significantly. First
order elements are therefore preferable over second order elements due to less
sensitivity to distortion [16]. The reduced integration will reduce the computa-
tional time required. A concern using this element type is the appearance of
hourglassing effects, which may cause unreliable results. Hourglassing implies
that the element has no strain in bending as illustrated in Figure 6.2. This de-
formation is characterized as a zero-energy mode. Enhanced hourglass control
can be used to limit problems caused by hourglassing. Artificial strain energy
induces the energy stored in hourglassing resistance and transverse shear in the
elements [31]. Tt is therefore important to check that the artificial strain energy
is low compared to the internal energy of the system.

Change in length is zero (implies no
strain is detected at the integration point).

¥
. comj';ssion M
______ I_______
tenFion
|

y

Hourglassing
_T_, X

Figure 6.2: Bending behaviour for single first-order reduced integration element
[16]

The initial models consist of varying element sizes. To intercept the diver-
gence of the behaviour at the contact area, the element size at the threaded con-
nection is given a finer mesh compared to the shank and the outer part of the nut.

Table 6.1 gives an overview of the element sizes in the initial models for FT
and PT bolt models. As the partially threaded bolt models will be prioritized in
further investigations, a coarser mesh has been applied to limit the computation
time. The same element size is utilized in the threads in both the bolt and the
nut, this is referred to as local mesh size in Table 6.1. Analogous, the global mesh
indicates the mesh in the shank of the bolt and the outer part of the nut. The
elements are approximately quadratic, with same element size in both directions.
Figure 6.3 shows the distinction between the local and global element size in the
bolt and nut.
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Table 6.1: Element sizes utilized in the initial models

Part Element size [mm)]
Local mesh on PT bolts 0.2
Global mesh on PT bolts 1.0
Local mesh on FT bolts 0.2
Global mesh on FT bolts 0.5
) PT bolt models ) FT bolt models

Figure 6.3: Initial mesh selection

6.1.3 Boundary conditions

Figure 6.4 displays the boundary conditions, where the fixed boundary condition
and force are implicated as triangles and arrows. As described in Chapter 4, the
physical tests were loaded at the bolt head, and withheld at the nut. To recreate
the scenario in the finite element models, boundary conditions are applied. At
the top surface of the nut, a boundary condition is inserted to prevent the nut
from moving in vertical direction, where a velocity is applied at the bottom of
the bolt head.

6.1.4 Interactions

The surface-to-surface approach has been implemented in the interaction between
the nut and the bolt. The surface-to-surface contact involves two specified pre-
determined surfaces, described as master and slave surface. As distinct from the
master surface, the slave surface allows penetration. Hence, the choice of slave
and master surface depends on the mesh size, where the master surface contains
finer mesh. As similar sized elements have been chosen in the threads for both
the bolt and the nut, the choice of master surface is assumed not to affect the
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(b) Applied load at bolt
head

(a) Fixed nut

Figure 6.4: Applied boundary conditions

behaviour in the finite element models.

Surface-to-surface contact between the nut and the bolt is implemented with
two interaction properties, tangential and normal behaviour. The tangential be-
haviour is employed using the penalty algorithm with finite sliding. Penalty
method is the default method for the finite sliding with surface-to-surface ap-
proach in Abaqus/Explicit. Finite sliding is favourable since it allows arbitrarily
large motion between the interacting surfaces [32]. According to the NS-EN
1090-2 [1], the friction coefficient for rolled surfaces is 0.2. This is assumed to
represent the tested bolts. "Hard" contact was chosen for the normal behaviour,
which prevents large penetration of the surfaces.

6.1.5 Computational efficiency

To obtain an computationally efficient quasi-static solution in Abaqus/Explicit,
the load rate has been increased. This requires less time increments, which leads
to a lower computational cost. A velocity of 500mm/s for the partially threaded
bolts and 250mm/s for the fully threaded bolts are found not to cause inertia
forces.

The default in Abaqus/Explicit apply loads immediately, and remains con-
stant throughout the step. Instant loading may induce a propagation of stress
wave, which may produce undesired results [33]. To minimize these adverse ef-
fects, smooth step amplitude curve is employed. This implies a ramping up of the
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t

Time

Figure 6.5: Amplitude of smooth step

load, from zero to full load, during time t, as described in Figure 6.5. A smooth
step with ¢ = 0.05 - T is utilized in the analyses, where T is the total time period
of the analyses.

6.1.6 Result of the Initial Models

All the initial models are implemented with the same properties discussed. Fig-
ure 6.6 shows the force-displacement curves, where the initial FE models are

compared with the corresponding experimental results.

The maximum tensile forces, F; gq, and the external work of the initial FE
models are compared with average values from DIC in Table 6.2.

Table 6.2: Results for the initial FE models

Deviation | Deviation External Deviation | Deviation

Fixq DIC DIC DIC DIC
Model ’ work

[kN] average average [Nrm] average average

[kN] [%] [Nam] [%]

PT-118 | 167.97 17.2 11.4 181.29 80.41 79.70
PT-122 | 162.67 11.2 7.37 183.89 24.54 15.40
PT-130 | 156.49 7.94 5.35 233.59 29.64 14.53
PT-141 | 153.34 7.09 4.85 272.68 13.12 13.12
FT-118 | 145.88 4.88 3.35 1007.9 80.21 7.960
FT-141 | 145.45 4.59 3.16 1171.2 2.130 0.182

From Figure 6.6 and Table 6.2 the following observations are made:

e A generally good accordance is observed in stiffness between the FE models
and the laboratory tests.
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Figure 6.6: Force-displacement curves for the initial FE models

e A higher load level is present in the FE models.

From Table 6.2 it is

observed less deviation as the number of threads in the grip length increases.
The maximum deviation is registered for PT-118 with a deviation of 11.4%,
whereas a deviation of 3.16% is observed for the FT-141.
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e Noise is observed at the final stage in the numerical simulations. This is
due to the small elements at the root of the threads, which will reach the
prescribed fracture stress, before bolt failure occurs.

e The physical behaviour of the fully threaded bolts is well represented in the
FE models. However, a stiffer behaviour is observed among the partially
threaded bolt models, where fracture initiates at a later stage.

e Bolt failure occurred in all FE models. This differ from the experiental
tests, where thread stripping occurred in the partially threaded bolt tests
with grip lengths 118mm and 122mm.

6.2 Parametric study

Due to deviation between the experiments and the initial FE models, it is of
interest to identify what parameters may influence the failure mode of the FE
models. The failure mode, thread stripping, which occurred in the PT bolts with
grip lengths 118mm and 122mm, has not been recreated in the initial models.
This is of specific interest, and will provide guidelines for further work. Inves-
tigations concerning fully threaded FE models, will therefore not be prioritized,
as the behaviour of the initial models is considered accurate enough. Closer in-
vestigations will be performed with regards to the variation of nut geometry and
strength, as well as a sensitivity study due to the mesh refinement.

6.2.1 Validation of nut strength material

As described in Chapter 4, the hardness of the nut, tested by Vickers Hardness
test, is approximately 76% compared to the fully and partially threaded bolts.
Due to the limited number of tests performed, it is difficult to say if this reflects
the true situation. However, it is of interest to study if a reduction in material
strength may influence the behaviour of the bolts, since reduced nut material
provokes thread stripping according to Alexander [18]. A study have been car-
ried out, where the yield stress of the nut was reduced by 10%, 15%, 20% and
25% of the yield stress of the bolt.

Figure 6.7 displays the effect of reducing the nut strength by force-displacement
curves from the analyses. The study involves partially threaded bolt models with
grip lengths 118mm, 122mm, 130mm and 141mm. Nut strength reduction is
denoted NSR, where the two digit number describes the reduction of the yield
stress. Tables 6.3 - Table 6.6 presents the observed forces and calculated external
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Figure 6.7: Force-displacement curves for the partially threaded FE models with
reduced nut strength
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Table 6.3: Results for test PT-118 with reduced nut strength
Deviation | Deviation External Deviation | Deviation
Firq DIC DIC DIC DIC
Model : work
[kN] average average [Nm] average average
[kN] %) [Nm] 1%)
Initial-0% | 167.97 17.17 11.39 181.29 80.41 79.70
NSR-10% | 166.94 16.14 10.70 206.12 105.2 104.3
NSR-15% | 163.57 12.77 8.468 141.49 40.60 40.25
NSR-20% | 155.37 4.570 3.031 102.98 2.092 2.073
NSR-25% | 147.91 -2.890 1.916 93.392 -7.495 7.429

Table 6.4: Results for test PT-122 with reduced nut strength

Deviation | Deviation External Deviation | Deviation
Firq DIC DIC DIC DIC
Model : work
[kN] average average [Nmm] average average
|kN] d [Nim] [%]

Initial-0% | 162.67 17.18 7.38 183.90 24.54 15.40
NSR-10% | 162.31 10.82 7.142 191.58 32.32 20.23
NSR-15% | 160.30 18.81 5.816 221.91 62.56 39.26
NSR-20% | 154.93 3.440 2.271 113.24 -46.10 28.93
NSR-25% | 148.17 -23.32 12.19 96.950 -62.40 39.16

work for each grip length.

As predicted, the reduction in nut strength has a large impact on the failure
mode. The models with small grip lengths appear to be more sensitive to nut
strength reduction compared to models with larger grip lengths. Thread stripping
occurred for all tested PT-118 in comparison to PT-141, where only a reduction
of 25% ended with thread stripping. The changed failure mode affects the load
capacity. With a nut reduction of 15%, thread stripping initiated in PT-118 and
PT-122, in comparison to PT-130 and PT-141 where bolt failure occurred. This
is in accordance to the failure modes observed in the laboratory tests.

From the laboratory work, internal and external thread stripping are consid-
ered as one failure mode. In this parametric study, the internal threads failed
first. This is observed in Figure 6.8 which displays the course of events for FE
simulation PT-118-NSR-15%.
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Figure 6.8: Deformation propagation through the PT-118-NSR-15% analysis
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Table 6.5: Results for test PT-130 with reduced nut strength
Deviation | Deviation External Deviation | Deviation
Firq DIC DIC DIC DIC
Model : work

[kN] average average [Nm] average average

[kN] %) [Nm] 1%)

Initial-0% | 156.49 7.88 5.30 233.59 29.64 14.53

NSR-10% | 156.54 7.92 5.33 236.20 32.25 20.53

NSR-15% | 156.53 7.91 5.33 247.71 43.75 11.10

NSR-20% | 154.46 5.85 3.93 187.41 -16.54 8.83

NSR-25% | 147.64 -0.98 0.66 116.50 -87.45 75.07

Table 6.6: Results for test PT-141 with reduced nut strength
Deviation | Deviation External Deviation | Deviation
Firq DIC DIC DIC DIC
Model : work

[kN] average average [Nm] average average

[kN] %) [Nm] 1%)

Initial-0% | 153.34 6.79 4.63 272.68 31.62 13.12

NSR-10% | 153.46 6.91 4.72 272.38 31.32 12.99

NSR-15% | 153.69 7.14 4.87 280.98 39.92 16.56

NSR-20% | 153.54 6.99 4.77 299.80 58.74 24.37

NSR-25% | 147.85 1.3 0.89 155.25 -85.81 35.60

6.2.2 Validation of the threaded geometry

To improve the threaded geometry, one partially threaded and one fully threaded
bolt, and one nut have been cut in two for further examination. Figure 6.9b
displays the inspected components, where the investigated bolts were in good ac-
cordance with the predicted geometry calculated from ISO 68-1 [28]. However, it
was observed that the nut geometry differ from the assumed geometry presented
in the initial model, since the four outer threads are shorter compared with the
inner threads. The detailed measurements found from the inspections are pre-
sented in Appendix C. Based on these measurements, the average height of the
second outer threads, T2 and T6, in Figure 6.10, were measured to be 78.0% of
the full height, while the lowest height was measured to be only 71.7% of the full

height.
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(a) Bolt cut in half (b) Nut cut in half

Figure 6.9: Investigated thread geometry

/1'7\/1'—6\ /T—S\/T;\ T3 T2 T1

Figure 6.10: Internal threads

(a) Nut 0 (b) Nut 1 (c) Nut 2

Figure 6.11: Tested nut geometries

With reduced height of the initial threads, the shear area decreases, which
may trigger thread stripping. Different nut geometries, regarding thread height
of second outer threads, have been studied. Figure 6.11 illustrates the geometry
of the tested nuts, where Nut 0 refers to the initial model with full height of
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second outer threads, in contrast to Nut 1 and Nut 2, with corresponding thread
heights of 78% and 71.7% of the initial height.

Figure 6.12 shows force-displacement curves of the tested geometries in both
partially and fully threaded bolt FE models.

Despite test PT-118, the change in nut geometry does not appear to have any
influence on the physical behaviour and failure mode in the FE models. Necking
initiates in all the FE models, although thread stripping was the decisive failure
mode in PT-118. From Figure 6.13, which shows the deformation propagation
for FE simulation PT-118-Nut 1, necking initiates in the threaded part. This
leads to slippage in two of the bearing threads, which results in thread stripping.
As the grip length increased, the neck developed farther away from the threaded
connection, and no slip between the threads were registered.

6.2.3 Mesh sensitivity

The initial FE models for the partially threaded bolts were modelled with coarser
mesh due to required computational time. This resulted in a stiffer behaviour
and a higher load level, compared to the experiments. A study has been carried
out to clarify the sensitivity due to mesh refinement. As defined in the initial
model, the local mesh refers to the threaded part, while the global mesh refers
to the shank and the outer part of the nut. Table 6.7 describes the preselected
element sizes of the models, where the size is approximately the same in both
directions.

Table 6.7: Element sizes

Part Coarse [mm] (initial) | Medium [mm] | Fine [mm)]
Local mesh | 0.2 0.1 0.1
Global mesh | 1.0 0.5 0.3

Figure 6.14 displays the force-displacement curve for the mesh sensitivity
study of the partially threaded bolt models. The mesh refinement has a signifi-
cant impact of the hardening in the FE models. The hardening is considerable
reduced beyond necking when a finer mesh is applied. Although mesh refinement
requires more computational time, the improvement of the response is prioritized
over computational efficiency. A slight reduction of 1-2% of the maximum load
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Figure 6.12: Force-displacement curves for the FE models with reduced thread
height in the nut
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force at displacement

(d) Slip in second thread at displacement

3.80mm
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(f) Drop in load at displacement 4.8mm

Figure 6.13: Deformation propagation through the PT-118-Nutl analysis
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is registered with refined mesh.
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Figure 6.14: Force-displacement curves for mesh study

6.2.4 Final model

Some of the sensitive parameters of the initial finite element model have been
identified in the parametric study. Based on these results, the final models have
been created. Table 6.8 specifies the chosen parameters implemented in the final
models. As the studied parameter for fully threaded bolt models show insignifi-
cant effect, the results retrieved from the initial models persist. As for the par-
tially threaded bolt models, the average nut geometry, Nut 1, have been utilized
with nut strength reduction of 15%. Nut 1 reflects the measured geometry more
adequately, which affected the failure mode for PT-118. Nut strength reduction
of 15% yielded the same failure mode in all the partially threaded bolt models
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Table 6.8: Final parameters for FE models

FE model | Nut strength reduction | Thread geometry | Mesh refinement
PT-118 NSR-15% Nut 1 Fine

PT-122 NSR-15% Nut 1 Fine

PT-130 NSR-15% Nut 1 Fine

PT-141 NSR-15% Nut 1 Fine

FT-118 Initial model-0% Nut 0 Initial

FT-141 Initial model-0% Nut 0 Initial

as observed in the laboratory work. Although finer mesh gave a increase in CPU
time, the behaviour was considerable improved when it was applied.

The final results are presented in Figure 6.15, where the force-displacement
curves for the final models are compared with the laboratory results retrieved
from DIC. Table 6.9 presents the tensile forces Fi gq and the external work cal-
culated, and presents deviations from the average values from the DIC analyses.

Table 6.9: Final FE models

Deviation | Deviation External Deviation | Deviation

Fixq DIC DIC DIC DIC
Model ’ work

[kN] average average [Nrm] average average

[kN] [%] [Nm] [%]

PT-118 | 158.78 7.98 5.29 116.11 15.23 15.09
PT-122 | 156.37 4.88 3.22 157.31 -2.04 1.28
PT-130 | 152.61 3.10 2.69 190.38 -13.57 6.65
PT-141 | 151.08 4.53 3.09 250.15 9.09 3.77
FT-118 | 145.88 4.88 3.35 1007.9 80.21 7.96
FT-141 | 145.45 4.59 3.16 1171.22 2.13 0.182

A generally good accordance is observed between the numerical and the exper-

imental results, where the correct failure mode occurs in the numerical models,
viz. thread stripping in the partially threaded models PT-118 and PT-122, and
bolt failure the partially threaded models PT-130 and PT-141 and fully threaded
models FT-118 and FT-141.

Despite an increase in maximum load, which was observed in all the finite
models, the material seems to capture the behaviour registered in the laboratory
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Figure 6.15: Force-displacement curves for final models of partially threaded bolts

tests. This mainly applies to the fully threaded models, where larger deviation
is registered for the partially threaded bolts. Especially PT-118 model, where
largest deviation in maximum force is found to be 5.29% and 15.23% for external
work. This is due to a stiffer behaviour, where maximum force occurs at a larger
displacement. The external work is in good accordance to the external work cal-
culated for the laboratory tests, presented in Section 4.4.
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7 Discussions

This chapter includes evaluation of the experimental and numerical results, which
will further be compared with analytical results based on calculations retrieved
from NS-EN 1993-1-8 [17]. The main features of this part of the project will be
presented, where possible errors will be highlighted.

7.1 Load capacity

The numerical simulations presented in Section 6.2.4 show that the overall phys-
ical behaviour is captured with a reasonable accuracy, where the desired failure
modes were successfully recreated. The maximum load deviation is less than
5.29% for the simulations which generate thread stripping, i.e. PT-118 and PT-
122, and less than 3.09% for simulations which ended in bolt failure.

A higher maximum load is registered in all the numerical simulations com-
pared to the load level observed in the laboratory work. From Chen et al. [2] and
Fransplass et al. [4] a similar tendency is observed by the use of axisymmetric
elements. As distinct from a three dimensional model, the axisymmetric model
will not be able to recreate the helical threads. This simplified geometry may
cause a stiffer behaviour.

The dimensions may also affect the load capacity. The measurements carried
out, from the laboratory tests, show a small variance due to bolt and nut diameter,
while the numerical simulations were carried out using the average dimensions
measured. According to Equation 4.1, the load capacity will decrease if the bolt
diameter is reduced.

7
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7.2 Sensitive parameters

As the initial models for PT-118 and PT-122 failed to recreate the desired failure
mode, some of the sensitive parameters related to thread stripping were investi-
gated. As predicted, distinctions in nut geometry and material affect the failure
mode. It was further observed that the simulations with a low number of threads
in the grip length were particularly sensitive. This is in accordance with the
theory derived by Alexander [18] and the observations in the laboratory work.

A nut geometry study was carried out, where the thread height of the sec-
ond outer threads were significantly reduced, in accordance to measurements of
the cut nut. These results show that only the PT-118 analyses were affected,
where the remaining simulations showed insignificant variance compared to re-
sults carried out for the initial models. With few threads in the grip length, the
neck initiates close to the nut, which results in a reduction of the shear surface.
This leads to a higher load concentration on the threaded assembly, where thread
stripping is provoked.

Based on the results from Vickers Hardness test, a considerable deviation in
hardness of the tested nut and bolts was registered. The nut hardness was mea-
sured to be 76.7% of the partially threaded bolt and 78.9% of the fully threaded
bolt. Several factors may influence the differences registered between the bolts
and the nut, where chemical composition, fabrication of the threaded part and
temperature during processing have an impact. The simulations were imple-
mented with a reduced yield stress in the nut material, to account for the reduced
hardness that was observed. This mainly resulted in plastic deformations in the
nut, in form of bending, which reduced the shear area. The finite element anal-
yses were greatly affected by the nut strength reduction, where all the partially
threaded configuration resulted in internal thread stripping, with the correspond-
ing nut strength reduction measured from Vickers hardness test. A reduction of
15% however, was found suitable to recreate the failure modes observed in the
experimental results. With only one examined nut by Vickers hardness test, it is
difficult to conclude what nut strength is reasonable.

The use of an axisymmetric model may also affect the failure mode, as a cen-
tric position of the bolt in the nut is predetermined. This will give a uneven load
distribution on the threads, which may lead to thread stripping, especially if the
gap between the threads is of significance.
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7.3 Thread stripping comparisons

As the threaded connection was wedged together in the experiments, it was hard
to identify the initiate failure in thread stripping, whether it was in the internal
or external threads. The nut was pulled off in an attempt to identify the thread
failure. Figure 7.1 shows the initial and final observation of a PT-118 test. From
closer examination of the bolt, bolt thread failure seem to be the decisive failure
mode. However, uncertainties are related to this method, as the initial thread
failure is not determined, and the required force to pull off the nut may influence
the observed thread failure.

Figure 7.1: Observed thread stripping for test PT-118-01

The deformation propagation of the final model PT-118 is displayed in Fig-
ure 7.2. Similar to PT-122, external thread stripping was decisive. As predicted,
the initial contribution of stress concentrates on the threads closest to the bear-
ing surface, before spreading out. At displacement 1.125mm maximum load is
reached, and the stress distribution congregates at the threads, which eventually
fails in external thread stripping. This was also the determining failure mode in
the numerical analyses carried out in Kolberg and Willand’s master thesis [34],
where they studied bolted connectors in road safety barriers. Similar failure
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modes was also observed in the work presented by of Fransplass et al. [35], where
different thread run-out combinations were studied due to thread stripping sen-
sitivity. Although a reduction in nut strength provokes internal thread stripping,
which is registered in the parametric study, the combination with finer mesh and
changed nut geometry is decisive. With slimmer threads in the bolt, external
thread stripping is assumed to be the appropriate failure mode.

From Figure 7.2, it is observed that the nut is moving outwards as the threads
are connected. It is reasonable to assume that a small movement in radial di-
rection may appear, however in what extent is uncertain. The simplified load
constraint may also affect the radial movement, as the bearing surface of the bolt
remains horizontal throughout the analysis. A more accurate recreation of the
loading would be obtained by modelling the washers used in the laboratory work,
as seen in Figure 4.3a.

Due to limited knowledge of the bending capacity of the threads, it is hard
to determine at what deformation the threads actually will fail. From Figure 7.2
the failure criteria W = W, is reached, and the first element is deleted at the
displacement 2.125mm. However, a considerable load reduction is first observed
at the displacement 2.500mm.

7.4 Comparison with analytical results

Table 7.1 shows the comparison of the analytical load capacity compared with
the numerical and experimental results. As described in Section 4.6, the tension
resistance provided by NS-EN 1993-1-8 [17] is highly conservative compared to
both the experimental and numerical results. As the design code is general for
all bolts and include safety factors due to geometrical and material imperfec-
tions, a higher load capacity is predicted by the NS-EN 1993-1-8 [17]. For bolts
with property class 8.8, the nominal ultimate tensile stress, fup, is 800 MPa. It
was of interest to study if the ultimate tensile stress retrieved from the material
tests, gave a better prediction of the load capacity. From the material tests,
presented in Chapter 5, the ultimate tensile stress was measured as 1036 MPa
for partially threaded bolts and 984 MPa for fully threaded bolts. The safety
factors are neglected. EC3 nominal is the load capacity defined in Equation 4.2,
where EC3 adapted is modified with ultimate tensile stress according to the ma-
terial tests and with no material corrections applied. The design code defined
by Alexander [18] is also taken into consideration, where the calculations, carried
out in Appendix D, is based on the same measurements utilized in the FE models.
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Figure 7.2: Deformation propagation through the final PT-118 analysis
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Table 7.1: Comparison of load capacity

Partially threaded [KN] | Fully threaded [KN]
Experiments 145.26 139.95
Simulations 151.08 145.67
EC3 nominal 90.43 90.43
EC3 adapted 146.4 139.15
Alexander 140.63 123.44

From Table 7.1 it is registered that the EC' 8 adapted is in accordance with the
capacity observed in the experiments. The design load calculated by Alexander
is conservative, but gives a better prediction of the capacity compared to NS-EN
1993-1-8, where nominal values are utilized. This is as predicted, since the design
calculations always should remain conservative, due to safety.

The load capacities presented in Table 7.1 refers to the bolt failure capacity.
Although a nut strength reduction of 15% was used in the calculations by Alexan-
der, bolt failure remained decisive. The number of threads in the grip length was
emphasized as a factor provoking thread stripping by Alexander, however, this is
not taken into account in the calculations.



8 Conclusions

As predicted, the design resistance according to NS-EN 1993-1-8 [17] gives a con-
servative estimate compared with the load capacities observed in the laboratory
work. The method developed by Alexander showed to be suitable as the predic-
tion gave more reliable load capacity, although it remained conservative.

The numerical simulations succeeded in recreating the physical behaviour
within reasonable accuracy. However, a higher load level, up to 5.3%, were regis-
tered in all the numerical analyses. With similar observations in previous work, it
is assumed to be caused by the simplified axisymmetric model, where the helical
shape is ignored.

The number of threads in the grip length is found to be decisive for the failure
mode of the bolt and nut assembly. With three full threads in the grip length,
the partially threaded bolts tested failed due to thread stripping, i.e internal or
external thread failure. This is of specific interest as the required number of full
threads in the grip length is determined as one to avoid thread stripping, accord-
ing to NS-EN 1090-2 [1]. With an increased number of threads in the grip length,
the capacity of absorbing energy is significantly improved. Fully threaded bolts
are therefore preferable when subjected to tension.

From the Vickers Hardness test, a large deviation of hardness between the nut
and the bolt has been noticed. This was further studied in numerical analyses,
and showed to provoke thread stripping, similar to finite observations made by
Alexander [18].

The experimental results are successfully recreated in the finite element anal-
yses with sufficient accuracy. With limited number of threads in the grip length,
the models are more sensitive due to material and geometrical imperfections.
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8.1 Suggestions for further work

The following list presents suggestions for further work for bolt and nut assem-
blies subjected to tension.

e To decrease the deviation of maximum load, a three-dimensional model
with representative geometry including the washers should be examined.

e The failure mode thread stripping is defined for both internal and external
thread failure, as no reliable observation of the failure could be determined
from the experiments. Further investigation of tests failed in thread strip-
ping should be carried out, where the nut is cut off instead on pulled off.

e The friction coefficient should be carefully examined, as the threaded assem-
bly consist of a large contact surface. Even though the friction coefficient
only show small impact on the threaded assembly carried out by Chen [2], a
low friction may provoke thread stripping, and should therefore be further
investigated.

e Quasi-static tests are carried out in this thesis. However, under extreme
conditions, where extreme loads are applied, it is more adequate to believe
that the prescribed situation occurs under dynamic conditions. Higher
strain rates should therefore be tested by both experimental work and nu-
merical analyses.

e Additional bolt and nut tests should be conducted by Vickers hardness test
to identify the strength ratio.



Part 11

T-stub connections
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9 Literature review

A lot of research has been done on T-stub connections over the years, and the
equivalent T-stub is widely accepted as a simplified model used to characterize
the behaviour of the tension zone of a bolted joint. Some of the previous work
performed on T-stub connections will be presented in this chapter. The articles
and thesis presented focus on the overall behaviour of the T-stub rather than the
behaviour of the tension bolts.

9.1 Girao Coelho et al.: "Finite-Element Model-
ing of the Nonlinear Behaviour of Bolted T-
stub Connections" [5]

Girao Coelho et al. have created finite element models that provide accurate pre-
dictions of the deformations of a T-stub up to failure. Both T-stubs made out of
rolled profiles, HR-T-stubs, and two plates welded together, called WP-T-stubs,
are considered. The bolt is modelled as an equivalent bolt presented in Bursi et
al. [36]. The threads are neglected and the deformation of the head and nut are
assumed to be symmetric. The finite element models are calibrated from exist-
ing experimental work. A parametric study considers the influence of geometry
and material properties. It was found that the physical response of the system
is highly dependent on the positioning of the bolts. The article emphasises the
failure modes of a T-stub and corresponding ductility levels. The failure mode of
the T-stub depends on the relation between the flexural resistance of the flanges
and the axial resistance of the bolts. Eurocode 3 does not account for material
strain hardening effects, which implies that the resistance of the flanges and bolt
is based on plastic conditions. Neither are any limits imposed to the ductility
of connections that mainly depend on material ductility (bolt and flange) and
structural discontinuities (welds and bolt holes). Concerning these conditions,
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Girao Coelho et al. propose four possible failure mode topologies that all repre-
sent different ductility properties.

9.2 Swanson: "Characterization of the Strength,
Stiffness and Ductility Behaviour of T-Stub
Connections" [6]

Swanson has done thorough investigations of the behaviour of T-stub connec-
tions with both tension and shear bolts. The experimental work consists of 48
component T-stub tests and 10 component clip angle tests which are all eval-
uated based on their strength, stiffness and ductility. According to Swanson,
high-strength fasteners are designed so that tension failure of the bolt will occur
before thread stripping. From experimental observations and results from finite
element analyses, a monotonic stiffness model is developed. Based on observa-
tions from the experimental program, a cyclic model is also developed. T-stubs
that were proportioned such that a flange mechanism and stem yielding devel-
oped simultaneously gave the most desirable behaviour.

9.3 Swanson et al.: "Advanced finite element mod-
eling of bolted T-stub connection components"

7]

Swanson et al. have implemented both two and three dimensional finite element
models to investigate the behaviour of T-stub flanges. The results are compared
to experimental data. The T-stubs considered consist of tension bolts and shear
bolts. The tension bolts are pretensioned. The shanks of the tension bolts are
modelled as prismatic shafts, neglecting the reduced area of the threaded part
of the bolt. This yields a larger force in the FE model than in the experimental
results. It is also pointed out that nominal values are used for the material prop-
erties, and this also influences the results. Discrepancies are observed in flange
deformation and slip response in the tree dimensional model, but due to the com-
putational costs of the model no further investigations are performed. Instead,
two dimensional models are considered to examine the characteristics of flange
deformation, stress distributions, bolt bearing stiffness, and the stiffness of the
stem. It was observed that bending effects in tension bolts reduced their axial
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strength. Multi-directional plate bending is observed in the flanges of the four-
bolt T-stubs tested. The flange capacity and post-yield stiffness appear to be
independent of the pretension, but the flange deformations are affected. Flange
thickness and tension bolt location influence the pressure distributions between
the T-stub flange and column flange. The force distribution from stem into the
flange appears to be approximately uniform across the width of the T-stub.
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10 Laboratory work

This chapter describes the experimental work conducted on bolted T-stub con-
nections. 18 quasi-static tests have been performed on a variation of T-stub
connections to investigate the failure modes of the bolts when the connection is
subjected to pure tension. The yielding of the flanges will impose bending stresses
on the bolts. According to Swanson [7], this effect may reduce the tension resis-
tance of the bolts. It is of interest whether thread failure may be a concern in
this situation as well as in pure tension, as investigated in Part I. All T-stubs are
made out of S355 steel and all bolts used are M16x70 bolts with property class
8.8. Both partially and fully threaded bolts have been considered.

10.1 Geometry

Each connection consist of two T-stubs, two bolts and nuts, where the nuts are
finger tightened. Five configurations of the connection have been tested where a
combination of the following parameters is changed for each configuration:

e The bolt type used in the connection. The failure mode of both partially and
threaded bolts are of interest. From the pure tension tests in Part I thread
stripping was only observed for partially threaded bolts, but this might
change when the stresses enforced on the bolt come from a combination of
tension and bending.

e The center distance, w, between bolt holes in T-stub, presented in Figure
10.1. Variation of bolt placement will change the bending stresses applied.
By increasing the center distance of the bolts the bending stresses will also
increase.

e The number of nuts used on each bolt in the connection. By adding more
nuts on the bolt it can be determined if it is possible to achieve a differ-
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ent failure mode if the number of threads subjected to the combination of
bending and tension effects increases.

0
w

Figure 10.1: Center distance between bolt holes in a T-stub connection

Specifications of the different configurations and number of tests performed
for the given configuration are presented in Table 10.1. Each test is given a name
that will be used throughout this thesis. The first part of the name indicates the
center distance between the bolts in the connection. The bolt type is denoted
PT for partially threaded bolts and FT for fully threaded bolts. The very last
two digits denote the unique test number.

The geometries of the five different configurations are given in Appendix F.
The T-stubs are based on the geometry of a HEB220 profile where one of the
flanges is removed. The center distance, w, between the bolts is determined from
required values for bolt access [37]. The center distance of 120 mm is also given
in [38]. The center distance of 170 mm is checked according to minimum distance
from edge provided by NS-EN 1993-1-8 [17].

The T-stubs are designed according to the theory of the equivalent T-stub
presented in Section 2.2. The effective lengths of the two T-stubs are determined
such that failure Mode 2 gives the lowest resistance. Recall that Mode 2 involves
tensile bolt fracture in combination with flange yield mechanisms. The calcula-
tions of le are presented in Appendix E.
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GEOMETRY

Table 10.1: T-stub configurations tested

Test Center distance [mm] | Bolt type | Number of nuts
T120-FT-01 120 FT 1
T120-FT-02 120 FT 1
T120-FT-03 120 FT 1
T120-FT-04 120 FT 1
T120-FT-05 120 FT 1
T120-FT-06 120 FT 1
T120-PT-01 120 PT 1
T120-PT-02 120 PT 1
T120-PT-03 120 PT 1
T120-PT-04 120 PT 1
T120-PT-05 120 PT 2
T120-PT-06 120 PT 2
T170-FT-01 170 FT 1
T170-FT-02 170 FT 1
T170-FT-03 170 FT 1
T170-PT-01 170 PT 1
T170-PT-02 170 PT 1
T170-PT-03 170 PT 1
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10.2 Test setup

All tests are performed in a servo hydraulic test machine. The test specimen is
fastened by clamping of the webs as indicated in Figure 10.2a. The load is applied
as a constant velocity acting on the lower web. For the tests with fully threaded
bolts the velocity applied was in general 0.05mm/s, while it was 0.03mm/s for all
tests with partially threaded bolts to ensure quasi-static conditions. The upper
web is withheld from translation in all directions.

Figure 10.2b shows the full test setup including the equipment used for the
DIC analyses. The force was logged using the machine at a frequency of 1 Hz,
and DIC registered the deformation of the connection at the same frequency.

218 1y |
Al “H!!-j

I~

0@

(a) Detailed view (b) Overview

Figure 10.2: Test setup
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10.3 DIC

Two-dimensional DIC analysis is utilized to retrieve elongation of the T-stub
connections. The process is displayed in Figure 10.3 and 10.4, where a vector
measures the distance between two nodes placed approximately in the middle of
each flange and at the position of the bolts. Due to disturbance in the mesh
applied along the edges of the flanges, a smaller element mesh is employed. Due
to insignificant deviation of the flange thickness measured during the tests, no
corrections are taken into account when withdrawing the displacements of the
T-stub.

Disturbance of the light sources in the laboratory during tests T120-PT-04
and T170-PT-01 made it impossible to perform DIC analysis for these tests.

(a) Initial vector length

(b) Final vector length

Figure 10.3: DIC analysis of the bolted T-stub connection
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(a) Left side (b) Right side

Figure 10.4: DIC analysis of the flanges at the position of bolts in the T-stub
connection

10.4 Results

The force-displacement curves for all tests where displacement has been retrieved
from DIC are presented in Figure 10.5. The failure mode of the bolts and max-
imum force, F; pq, observed in each test is presented in Table 10.2. In addition
the external work in each test is presented. This is calculated as described in
Section 4.4. All tests exhibited the desired failure mode as described in Section

10.1.

Both thread stripping and bolt failure occurred in the tests.

From Table 10.2 and Figure 10.5 the following is observed:

The average maximum force of the connections with bolt center distance
120mm is 228kN for both partially and fully threaded bolts. This is also the
case for the configurations with center distance 170mm where the average
maximum force is 153kN.

The T120-FT configuration is able to absorb more than double the amount
of energy than the T120-PT configurations. This ratio decreases when the
bending stresses on the bolts increases. The T170-FT configurations are
able to absorb 73% more energy compared to the T170-PT configurations.

All tests with partially threaded bolts and only one nut experienced thread
stripping at failure. When adding an extra nut and doubling the number
of threads holding the bolt in place, bolt failure occurred. This led to
an increase of 71.27% in energy absorbed by the system. The average
maximum force only increased by 6.20%.



10.4. RESULTS

Table 10.2: Results from laboratory tests of T-stub connections

Test Failure mode | Fi gq [kN] | External work [Nm)]
T120-PT-01 TS 232.06 555.06
T120-PT-02 TS 225.40 515.46
T120-PT-03 TS 228.59 503.15
T120-PT-04 TS 226.35 -
T120-PT-05 B 240.91 888.03
T120-PT-06 B 243.57 908.82
T120-FT-01 TS 229.59 987.10
T120-FT-02 TS 229.91 1231.2
T120-FT-03 B 228.88 1227.0
T120-FT-04 B 229.60 1218.4
T120-FT-05 B 227.98 1202.6
T120-FT-06 TS 225.10 1110.5
T170-PT-01 TS 152.28 -
T170-PT-02 TS 148.17 852.21
T170-PT-03 TS 157.47 1212.2
T170-FT-01 B 154.17 1924.4
T170-FT-02 TS 154.48 1980.7
T170-FT-03 TS 151.95 1555.8
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Figure 10.5: Force-displacement curves for laboratory tests
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e Several of the tests with center distance of 170mm display sudden changes
in force level when the connection has reached the plastic domain. This
will be further examined in Section 10.5.

10.5 Deformation patterns and failure modes

Figure 10.7 displays the deformation of the test T170-PT-03 at certain points in
time. As seen in Figure 10.5¢c, the force drops when the deformation between the
webs is approximately 14.4 — 14.9mm. By comparing Figures 10.7d and 10.7e a
change in the deformation of the flange by the left bolt can be seen.

To verify if this is actually the case the vertical displacements along different
points of the flanges are compared. Figure 10.6 shows how the gap between the
flanges develops at the position of each bolt in addition to the deformation under
the web. At the time ¢ = 486 s the flanges suddenly deform at a higher rate
under the left bolt.

When the deformation of the bolts at these time steps are considered further,
it is observed that the right bolt and nut move as a rigid body but the left bolt
and nut move relative to each other. The number of threads on the bolt below
the left nut is reduced in Figure 10.7e compared to Figure 10.7d. This slip is
considered an initial thread stripping which leads to a reduction in force until the
nut threads reach the next thread on the bolt and again establishes contact.
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| |-e-T170-PT-03 Web
| | %-T170-PT-03 Left bolt
—-T170-PT-03 Right bolt

[Eny
)]

ol
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=
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Time [s]

o
o

Figure 10.6: Displacements of flange measured at web and bolt positions for
T170-PT-03

This behaviour is also observed for tests T170-FT-02 and T170-FT-03. It
is however not observed in any of the configurations with bolt center distance
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(f) Before fracture, t = 689 s (g) Fracture, t = 690 s

Figure 10.7: The course of events for test T170-PT-03
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120mm. Therefore, it is reason to believe that this initial thread stripping hap-
pens due to the bending of the bolt, which is significantly higher for the T170-
configurations as seen in Figure 10.9. After the initial thread stripping both bolt
failure and thread stripping is observed as the final failure mode.

10.6 Discussions

From the calculations given in Appendix E the design load of the connections
with bolt center distance 120mm is F; rq,7120 = 171.90kN. For the connections
with center distance 170mm it is F} rqr170 = 122.80kN. As expected, all reg-
istered maximum forces are higher than the corresponding design loads. The
method described in Section 2.2 is sufficient for the determination of the capacity
of a T-stub connection subjected to tension. All tests exhibit the desired failure

mode, which implies that the design code correctly predicts the failure mode of
the T-stub.

200 200
£ 150 £ 150
8 100 v S 100
e -6-T120-FT-01 S | -6-T120-FT-01
L e —-T120-FT-05 L 5o ~*-T120-FT-05
—-T170-FT-01 ~-T170-FT-01]|
0 0
0 10 20 0 10 20 30
Displacement [mm] Displacement [mm]

(a) T-stubs with partially threaded bolts (b) T-stubs with fully threaded bolts

Figure 10.8: Force-displacement curves for T-stubs with different center distances
between bolt holes

In Figure 10.8, representative force-displacement curves for different center
distances are plotted together. The average maximum force for the T120 config-
urations with only one nut is 49.0% larger than for the average maximum force
of the T170 configurations for both bolt types. Due to the increased bending
stresses, the bolts in the T170 configurations are subjected to larger bending de-
formations, see Figure 10.9. As expected, this reduces the tension resistance of
the bolts.
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(a) Bolt center distance 120 mm (b) Bolt center distance 170 mm

Figure 10.9: Deformations of M16x70 bolts

A graphical presentation of the external work calculated for each test is given
in Figure 10.11. As mentioned in Section 10.4, the T120 configurations with
fully threaded bolts are able to absorb more than double the amount of energy
compared to those with partially threaded bolts although the average maximum
tension load, Fi g, is the same. This is due to the fact that all joints with
partially threaded bolts and only one nut experience thread stripping at failure.
When the nut height is increased, the number of threads subjected to stresses
caused by the loading increase, reducing the stress distribution on each individ-
ual thread. This leads to bolt failure and an increase in the average ductility of
the system by 71.27%. In general, the joints with fully threaded bolts are more
ductile than the configurations with partially threaded bolts. This is caused by
the variation in grip length as discussed in Section 4.6.
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Figure 10.10: Deformation of flange at specified points
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DIC analyses of the deformation of the flanges measured at the position of
the bolts reveal that the deformations are asymmetrical. Figure 10.10 displays
this trend for the test T120-FT-03. Similar behaviour is observed for all config-
urations presented in Table 10.1. When the nuts are tightened, the geometrical
imperfections of the flanges and the bolts may affect the position of the nut rel-
ative to the bolt, which may cause this asymmetry. Small deviations in bolt
hole positions, and the positions of the bolts relative to the hole, may also cause
uneven loading conditions. These possible inaccuracies are difficult to measure,
but the experimental work conducted always results in fracture of only one of the
two bolts, indicating that some form of inaccuracy appears in every test. This
asymmetry may trigger failure of the bolt at an earlier stage than for a perfectly
symmetric test.

2000 5 @
PT
1800 PT (2 nuts)
= FT
£1600
£ O
21400
€ 1200 O
€ 1000
£ 8oo O
L
600 8
400
120 170

Center distance [mm]

Figure 10.11: Graphical presentation of external work for all test configurations
of T-stub connections

The initial thread stripping observed in the configurations with bolt center
distance 170 mm is assumed to be a result of the increased bending effects com-
pared to the T120 configuration. Even though the bolts are able to sustain a
considerable amount of deformation before the next thread is stripped or the
bolt fails in the cross-section, this is a undesirable behaviour because of the un-
certainties associated with thread stripping.

It is not possible to establish a deformation pattern for the T120-FT config-
urations based on this experimental work since both thread stripping and bolt
failure is observed. The failure mode appears to be random based on these re-
sults, and more thorough investigations are advised.
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11 Identification of material param-
eters

Three material tests have been carried out for the all the components in the T-
stub connection, which consist of partially and fully threaded M16x70 bolts and
HEB220-flange (S355). Due to similar behaviour observed among the material
test series, one test of each component was set as the basic test and acts as the
foundation for the material model. The same approach is utilized for these tests,
as for the material tests carried out in Chapter 5. Only a brief description is
therefore given in the following chapter.

11.1 DIC

DIC is utilized to retrieve the deformation of the specimen. The bolts were
carried out the same way presented in Section 5.1, while the HEB220-flange tests
required an additional camera. With two cameras, the elongation in both the
width and thickness were identified, and a sufficient measurement of the true
cross-section area was obtained.

11.2 Calibration of the material parameters

As described in Section 2.5 and Section 5.2, hardening parameters need to be im-
plemented to describe the material behaviour after yielding. With the same pro-
cedure as for the M16x160 bolts, Voce Rule with Bridgman’s correction method
were employed in the models. These parameters were further implemented and
calibrated in finite element analyses to achieve a representative behaviour of the
material tests.
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11.2.1 DMaterial test simulations

Three dimensional FE models have been implemented for the material tests using
Abaqus/Explicit. Due to negligible differences in the geometry of fully threaded
and partially threaded material tests, the same finite element model is utilized for
both the bolt models. To reduce the required computational time, one quarter
of the material tests have been modelled, where symmetry constrains are applied
along the symmetry axes to establish a full recreation of the tests. The mate-
rial models contain the same element type, C3D8R, utilized in the initial model
of the T-stub connections. For further details of the element type, see Section
12.1.2. The material models are calibrated using fine mesh to diminish errors
which coarse mesh might induce. An element size of 0.5mm is assumed to give a
proper description of the material behaviour. Due to mesh-sensitivity, the frac-
ture criterion is determined for different element sizes, ranging 0.5 mm-1 mm.
Figure 11.1 shows the finite element models employed in Abaqus.

(a) M16x70 (b) $355

Figure 11.1: Material tests
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11.2.2 Final material test simulation

Figure 11.2 shows the relation between engineering stress and area reduction
of the material tests compared with the resulting finite element models. With
the final material parameters implemented in the numerical models, a good ac-
cordance is observed. The corresponding material parameters are listed in Table
11.1. These parameters will further be implemented in the finite element analyses
of the T-stub connections.
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Figure 11.2: Engineering stress-area reduction for the material tests of M16x70
and HEB220
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Table 11.1: Hardening and fracture parameters

PT-70 FT-70 | HEB220-flange (S355)
oo [MPa] 932.2 930.1 424.0
6, [MPa] 7874 7634 7662
Q1 [MPa] 155.1 195.0 252.1
0y [MPa] | —1.000-10* | -7700 —1.232-10%
Q2 [MPa] -77.09 -97.45 -83.91
03 [MPa] 220.0 219.7 404.9
Q3 [MPa] -2000 805.8 105.0
Wer [MPa] 1575 1656 654.2




12 Finite element models

Finite element models of the four different T-stub connections have been created
using the finite element program Abaqus/Explicit. Abaqus/Explicit is capable
of handling nonlinear behaviour in a way that is desirable for the conduction of
quasi-static simulations with contact. The finite element analysis in Abaqus/Ex-
plicit is performed using an explicit integration scheme as described in Section 2.8.

The geometry of the T-stub is based on the geometry described in Appendix
F. The flange thickness was measured from the parts used in the laboratory work.
To represent the geometry of the threads a fine mesh must be applied, and this
implies that the system will become computationally ineffective. To reduce the
computational time required by the full system the threads on the bolt and nut
assemblies have been ignored in the first part of this work. A study of the ef-
fective tension area of a simplified bolt has been performed to establish which
diameter this simple bolt model should have to properly recreate the load level.

SimLAB Metal Model is used to implement the material in all FE models.
The material properties for the T-stub and bolt materials are defined in Chapter
11.

Since thread stripping was observed in the laboratory work, an attempt has
been made to investigate two models of the connection with threaded bolts. This
is further described in Section 12.3.

Four initial models of the connections were created to act as a basis for further
models that can represent the behaviour of the system as accurate as possible.
The models are based on default settings and basic elements. The purpose of
these models is to act as robust basis models for further investigations of differ-
ent parameters that may impact the physical response of the connection.

In order to increase the computational efficiency, the deformation of the con-
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nection is assumed symmetric about two planes. In the laboratory work the
deformation observed was not symmetric, but this assumption reduces the finite
element model to a quarter of the connection studied in the laboratory work,
hence the computational cost is also reduced.

(a) Partially threaded (b) Fully threaded

Figure 12.1: Finite element model of T-stub connection with center distance 120
mm between the bolt holes

12.1 Initial model

Initial models have been made for four of the configurations tested in the labora-
tory. Both bolt types and both bolt positions have been considered, but only the
general height of one nut. Each model is made to recreate the laboratory work as
accurately as possible. All models have the same boundary conditions, loading,
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(a) Partially threaded (b) Fully threaded

Figure 12.2: Finite element model of T-stub connection with center distance 120
mm between the bolt holes
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interactions and mesh presented in this section.

Figures 12.1 and 12.2 show the initial models for all test configurations. Ini-
tially two half T-stubs are placed with an initial gap of 0.15mm between the
flanges and the bolt is placed in the center of the bolt hole.

12.1.1 Simplified bolt

A simplified finite element model of the bolt without threads is used. Because
the bolt has no threads, the bolt and nut is modelled as one part. The models
will therefore not be able to fail due to thread stripping, but they should be able
to recreate the physical response up to failure for the tests where this is the case.
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Figure 12.3: Simple model of M16x160 bolt

Ignoring the threads implies that the diameter of the bolt may be altered to
properly represent the tensile stress area of the bolt. To find the ideal diameter
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of the simplified bolt a study is performed on a M16x160 bolt without threads.
By recreating the grip length of 118 mm, applying a velocity at the bolt head
and using the material properties in Table 5.1, the model in Figure 12.3 should
be able to recreate the physical response of the fully threaded bolt presented in
Figure 4.19a.

Three diameters of the simple bolt have been considered:
e The nominal outer diameter of the bolts, 16.00mm.
e The basic pitch diameter of external thread [28], 15.35mm.

e The diameter of the tensile stress area defined in NS-EN ISO 898-1 [39],
14.14mm.
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D =14.14 mm
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Displacement [mm]

Figure 12.4: Force-displacement curve for simple M16x160 bolt

The force-displacement curves from the three diameters are compared with
the results from the laboratory work in Figure 12.4. It is clear that the tensile
stress area defined by NS-EN ISO 898-1 is best suited to recreate the load level
of the threaded M16 bolt.

Disregarding the threads in the bolt and nut assembly implies that the con-
nection between these must be reconsidered. Thus it is chosen to model the bolt
and nut as one part. The models are presented in Figure 12.5.
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(a) Partially threaded (b) Fully threaded

Figure 12.5: Simple bolt models

12.1.2 Mesh and element characteristics

The initial model is meshed using C3D8R elements. This is a 8-node linear brick
element with reduced integration and hourglass control. This element is pref-
ered to the 8-node linear brick element C3D8 because it is more computational
effective and it does not exhibit shear locking behaviour. Elements with reduced
integration may exhibit hourglassing. This is prevented by applying hourglass
control in Abaqus/Explicit.

The meshed parts are displayed in Figures 12.5 and 12.6. An overview of the
different element sizes applied in the initial model is given in Table 12.1. A fairly
coarse mesh is applied to the initial model in order to save computational time.
The plastic deformation of the flange observed in the laboratory tests implies
that the mesh has to be fine in this part of the initial model. The applied mesh
in the web is coarse to reduce the number of degrees of freedom in the system.

12.1.3 Boundary conditions

To reduce computational time only a quarter of the connection is modelled. This
is done by utilizing the symmetry about the XY-plane and YZ-plane in point S
as displayed in Figure 12.7. In Abaqus/Explicit the XY symmetry is enforced
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Figure 12.6: Mesh of T-stub
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Table 12.1: Element sizes applied in initial models

Part Element size [mm)]
Web of T-stub 8
Flange of T-stub 3
Bolt 2

Figure 12.7: Full model of T-stub

by fixing the translation in the z-direction and the rotational degrees of freedom
in the x- and y-direction as shown in Figure 12.8a. Figure 12.8b displays how
the YZ symmetry is enforced by fixing the translation in the x-direction and the
rotational degrees of freedom in the y- and z-direction.

To represent the boundary conditions used in the laboratory work all transla-
tional degrees of freedom in the upper half of the upper web in the initial model
are fixed.

The load is applied as a velocity acting on the lower web to recreate the quasi-
static conditions from the laboratory work. To limit the amount of kinetic energy
created by this velocity a smooth step is applied. This will gradually increase the
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(a) XY-plane (b) YZ-plane

Figure 12.8: Symmetry boundary conditions

velocity up to full amplitude at time ¢ as discussed in Section 6.1.5.

12.1.4 Interactions

The interactions in the initial model are controlled by the general contact algo-
rithm in Abaqus/Explicit. This contact formulation is chosen because it allows
simple definitions of contact and it is not necessary to specify the surfaces that
may be in contact.

The general contact algorithm in Abaqus/Explicit enforces contact constraints
using a penalty method that searches for penetrations in the current configura-
tion. The penalty stiffness relates the contact force to the penetration distance.
To avoid influencing the time increment but still make the penetration non-
significant the penalty stiffness is chosen automatically by Abaqus/Explicit [40].

The general contact requires at least one friction coefficient. In the initial
models the friction coefficient, p is assumed to be 0.4 based on the value given
for surfaces blasted with shot or grit in NS-EN 1090-2 [1]. Note that it is possi-
ble to have different friction coefficients between different surfaces in the model
when using a general contact formulation. This is not utilized in this case, even
though the friction coefficient for the bolt against the T-stub might be lower than
the friction coefficient between the T-stubs. A study of the friction coefficients
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impact on the model will be conducted.

12.1.5 Computational efficiency

According to Section 2.8, time scaling is applied to reduce the computational
cost. By testing different velocities it is found that it is possible to use a velocity
of 1000 mm/s on the T-stubs without the appearance of inertia forces.

12.1.6 Results of initial models

The initial configurations described in Section 12.1 are all implemented for four
different configurations of the T-stub. Figure 12.9 shows where the displacements
of the models are retracted.

Y

L.

Figure 12.9: Displacements retracted from point D

The force-displacement curves for the initial models are given in Figure 12.10
and 12.11. As a basis of comparison the curves from the corresponding con-
figuration from the laboratory work are included in the plots. To eliminate the
discrepancy of the displacement the curves are moved to coinside at a given point
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for each configuration. A displacement of 0.2 mm and force 15 kN are used for
the T120-PT configuration, 0.3 mm and 20 kN for the T120-FT configuration,
and 0.16 mm and 15 kN for the T170 configurations.

From Figures 12.10 and 12.11, and Table 12.2 the following observations are

made:

e The response in the elastic domain is too stiff in the finite element models.

e The maximum force of the initial models are greater than the maximum
forces observed in the laboratory work.

e The deformation of the connections, and especially the bolts, are much
larger than observed in the corresponding laboratory tests.

Table 12.2: Results of initial FE models

Deviation | Deviation External Deviation | Deviation
Fi pq DIC DIC DIC DIC
Model : work
[kN] average average Nmm] average average
|kN] 7] [Nim] d

T120-PT | 249.33 21.23 9.307 3996.8 3472.2 661.9
T120-FT | 253.78 25.27 11.06 5234.9 4072.1 350.2
T170-PT | 223.10 75.48 49.36 11320 10281 989.3
T170-FT | 235.30 81.64 53.13 12061 10241 562.6
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Figure 12.10: Force-displacement curves for initial FE models
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12.2 Parametric study

A parametric study will be conducted to explore the significance of element size,
friction coefficients and placing of bolts in the FE models. In addition the sim-
plified model of the partially threaded bolt is investigated.

Due to small variations between the different configurations and uniform
trends for all the initial models the parametric studies will only be conducted
for the T120-FT model. When the results from each study are combined, the
final models for each configuration are presented in Section 12.2.5.

Note that output data was retrieved more frequently for the analyses in the
parametric study than for the initial models, and this revealed disturbances in
the deformation of the flanges that was not observed for the initial models.

12.2.1 Mesh sensitivity

Due to the large differences between the initial finite element models and the
laboratory work in maximum force, a study of the mesh sensitivity is conducted.

It is important that the element sizes in the parts of the model where plastic
deformation takes place are small enough to correctly represent the deformation.
Linear interpolation between nodes also indicate that the element size must be
small to properly represent the curved deformation. Both the flange and bolt are
subjected to plastic deformations which indicates that a mesh refinement may
affect the physical response of the model.

Three different mesh configurations have been tested; fine, medium and coarse.
The approximate element sizes used in each configuration are presented in Table
12.3. The elements have the same magnitude in all three directions.

Figure 12.12 display the force-displacement curves for the different meshes.
As predicted, the chosen element sizes influence the response of the FE model.
However, the difference in force level and displacements are larger than expected.
The disturbance observed is also a reason to investigate further.

Large reduced integration elements are prone to exhibit hourglassing as de-
scribed in Section 6.1.2. The artificial strain energy used to prevent hourglassing
modes are plotted with the internal energy for each mesh configuration for the
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Table 12.3: Element sizes used in study of mesh sensitivity

Medium .
Coarse .. Fine
(Initial model)
[mm)] [mm)]
[mm]|
Web 8 8 8
Flange 6 3 2
Bolt 2 2 1
250
_200" |
z
=
g 150
£ 100
-5-Medium mesh (Initial model)
50 —k-Coarse mesh
f ~-Fine mesh
0]
0 5 10 15 20 25

Displacement [mm]

Figure 12.12: Force-displacement curves for different mesh configurations of the
T120-FT FE model

T120-FT model in Figure 12.13. For the coarse and medium mesh the ratio
%ﬂﬁg}%y is 15.4% and 13.7%, respectively. However, this ratio is only
7.33% for the fine mesh, which is acceptable when enhanced hourglass control is

applied.

The maximum force observed in the fine mesh is F; g4 6ne = 236.90kN. This
is 3.67% higher than the average force of the T120-FT laboratory tests. The
lower level of artificial strain energy in the fine mesh model also leads to less
disturbance in the physical response. The fine mesh is applied in the studies
conducted on bolt placement and friction coefficients.

12.2.2 Friction coefficient

Due to the uncertainty concerning the friction coefficient, a study is conducted.
With many surfaces in contact this may affect the physical response of the system.
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Figure 12.13: Artificial strain energy in T120-FT model for different mesh con-
figurations

The main focus of this parametric study is to check if a change in friction coef-
ficient is enough to influence the physical response of the FE model. In addition
to the friction coefficient, 4 = 0.4, used in the initial models, a frictionless model
has been tested. Also a higher friction coefficient, ¢ = 0.8, has been checked

for comparison. The same coefficient is applied to the whole model through the
general contact property.

The nature of the problem indicates that the sliding in the system is insignif-
icant. The movement of the bolt inside the bolt hole is assumed to be most

affected. A change in the coefficient should not affect the response of system
considerably.
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Figure 12.14: Different friction coefficients in T120-FT
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The force-displacement curves for T120-FT with different friction coefficients
are presented in Figure 12.14. There is little difference between p = 0.4 and
1 = 0.8. As expected p = 0.0 has a lower force level and a response with more
disturbance.

12.2.3 Placement of bolt

According to NS-EN 1090-2 [1] the difference between the nominal diameter of
the bolt hole and the nominal diameter of the bolt, referred to as the nominal
clearance, should be 2mm for M16 bolts. In the initial model the bolt is placed in
the middle of the bolt hole, but the nominal clearance indicates that this is not
the only possible positioning of the bolt. Moving the bolt inside the hole may lead
to additional bending effects and furthermore influence the tension resistance of
the bolt. Figure 12.15 displays the different bolt placements considered. It is
chosen to only move the bolt along the x-axis, positioning the shank in such a
way that it is in contact with the flanges.

Y Y

L. L.

(a) Moved left (b) Not moved (initial) (c) Moved right

Y

L.

Figure 12.15: Bolt placements relative to bolt hole

The resulting force-displacement curves are presented in Figure 12.16. Small
variations in maximum force, Fi gq, are observed and presented in Table 12.4.
The left position increases the load capacity by 3%, while the right position re-
duces the capacity by approximately 2%. The right position has a load capacity
1.91% higher than the average maximum load in the laboratory work.
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Figure 12.16: Force-displacement curves for different bolt placings

Table 12.4: Maximum forces observed for different bolt placings

Initial position | Bolt moved left | Bolt moved right
Fira [kN] | 236.90 244.03 232.88

12.2.4 The partially threaded bolt

During the parametric study, an error made in the geometry for the initial model
of the partially threaded bolt was discovered. The diameter of the effective
tension area of the threaded bolt was applied to the non-threaded part of the
shank, causing the diameter of the threaded part to become 11.64mm rather
than 14.14mm. To correct this error an analysis with the correct dimensions was
performed. For comparison an analysis using the bolt model in Figure 12.5b with
the material properties of the partially threaded bolt was also performed.

Figure 12.17 displays the behaviour of the T120-PT with different bolt mod-
els and dimensions. The initial model corresponds to the initial model in Figure
12.1a, which gave an acceptable agreement with the DIC data for the corre-
sponding configuration. The geometry used for the fully threaded bolts, denoted
"FT bolt", only differs 2.95% from the maximum force observed in the initial
model. The updated geometry of the partially threaded bolt yields a maximum
force of 294kN, which is 17.95% higher than the initial model. Based on these
observations, the geometry of the partially threaded bolts in the T120-PT and
T170-PT models are changed to the same geometry used in the fully threaded
models T120-FT and T170-FT when implementing the results from this para-
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Figure 12.17: Force-displacement curves for different geometries of partially
threaded bolt for the T120 joint

metric study into the final FE models in Section 12.2.5.

12.2.5 Results of final models

Based on the results from the parametric study performed, the final models may
be assembled. The same changes are applied to each of the initial models. It
is chosen to use the mesh refinement described in section 12.2.1 and to change
the positioning of the bolt as shown in Figure 12.15c. The friction coefficient re-
mains similar to the one used in the initial model, 1 = 0.4. Since the geometry of
the partially threaded bolt model is similar to the geometry of the fully threaded
bolt, the only difference between the models is the material properties of the bolts.

The behaviour of the final models are presented in terms of force-displacement
curves in Figures 12.18 and 12.19, and maximum force level and external work
in Table 12.5. The force-displacement curves from DIC analyses presented in
Section 10.4 are included for comparison.

12.3 Model with threads

An attempt to include the threads in the models has been made. This threaded
bolt model is based on a similar model used by Kolberg and Willand [34]. The
bolts have been modelled as shown in Figure 12.20, where the geometric proper-
ties of the threads described in Appendix B are interpreted. The helical shape



128 CHAPTER 12. FINITE ELEMENT MODELS

e
200 | .
]
_150[ |
z
=3
[0}
e
5100
('R
501 -©-T120-PT-01
—%-T120-PT-02
~-T120-PT-03
~-Final model
G (il L L L L T
0 5 10 15 20 25
Displacement [mm]
(a) Fully threaded bolt, center distance 120 mm
200
_ 1501
Z
=)
Q
IS
2 100 -©-T120-FT-01
| - T120-FT-02
‘ \ ~<-T120-FT-03
50 \ -5 T120-FT-04
‘\ ‘ A-T120-FT-05
T120-FT-06
& p =7 Final model
0 L L L I
0 5 10 15 20 25

Displacement [mm]

(b) Fully threaded bolt, center distance 120 mm

Figure 12.18: Force-displacement curves for final FE models
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Table 12.5: Results of final FE models

Deviation | Deviation External Deviation | Deviation

Final F q DIC DIC K DIC DIC
model [kN] average average vlv\?r average average

[kN] L i 1%)
T120-PT | 230.07 1.97 0.864 829.74 305 58.2
T120-FT | 232.88 4.37 1.91 1108.6 54.2 4.66
T170-PT | 186.40 33.5 21.9 10949 9910 954
T170-FT | 187.13 33.5 21.8 11311 9490 521

is neglected due to difficulties when attempting to mesh the complex geometry.
Instead, circular threads are used. The bolt and nut are made out of individual
parts that will be held together by use of tie constraints. This allows for differ-
ent mesh sizes in different regions of the bolt and nut. All mesh sizes applied
are based on the sizes used by Kolberg and Willand [34]. All other parameters
remain similar to the ones in the initial models described in section 12.1. The
yield stress of the nut is reduced by 15% of the yield stress of the bolt according
to the results found in Part I.

(a) Partially threaded bolt

(b) Fully threaded bolt

Figure 12.20: FE models including threads for the T-stub connection with bolt
hole center distance 120 mm

The full model of the T-stub connection where threads are included is very
computational demanding and must be conducted on a supercomputer. Due to
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the limited time span of the project there was not enough time to calibrate the
mass scaling necessary to get a proper result. The analysis performed by use of
the supercomputer resulted in fracture of the web subjected to loading. These
results are not considered relevant and will not be discussed further.

12.4 Stiffness of the T-stub connections

Large deviation of stiffness between the laboratory tests and the numerical sim-
ulations in Section 12.1.6 calls for a closer investigation. The average stiffness,
kav, for each bolt hole center distance is calculated and presented in Table 12.6.
The deviation between DIC and the initial FE models is 13.87% for the T120
configurations and 57.50% for the T170 configurations.

Table 12.6: Calculations of stiffness k., for T-stub connections

T-stub kav DIC Kav Deviation
connection | [kN/mm] | [kN/mm] [%]

T-120 129.6 147.5 13.87

T-170 41.57 65.52 57.50

To identify possible errors related to the FE model, the stiffness was calcu-
lated in according to NS-EN 1993-1-8 [17]. The calculations are carried out in
Appendix G. As the stiffness calculations are based on the relation n = 1.25m,
which is clearly not the case in the T170 configuration, a simplified method was
also taken into consideration. The flange was then assumed to behave like a can-
tilever, where the prying forces were ignored. Figure 12.21 displays the deviation
between the average stiffness retrieved from the numerical and experimental re-
sults compared with the calculated stiffness.

Observed in Figure 12.21 the stiffness based on calculations from NS-EN 1993-
1-8 is significantly stiffer compared to the average stiffness from the numerical
and experimental results for T120 and T170. The main reason for the large
deviation is assumed to be the contribution from the prying forces. From the
laboratory tests, a small contact surface between the flanges throughout the test
was observed. This results in a reduction of the prying forces, which again re-
sults in a lower stiffness of the system. Similar behaviour was observed in the
numerical simulations. The initial gap length of 0.15mm implemented between
the flanges may be an important factor causing the low contact surface. Figure
12.22 displays the observed deformation at force 145kN for FE model T170 and
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corresponding laboratory test. A small contact surface between the flanges ap-
pears to be in both the numerical and experimental test.

The stiffness retrieved from the simplified model, show to be too soft com-
pared with the laboratory tests for T120. In contrast to T120, similar stiffness
was observed for T170. Although a softer behaviour is predicted for the T170,
the assumption of absent prying forces will be invalid, although the contribution
to the stiffness is small.

Factors involving the setup of the T-stub and geometrical imperfections may
also have an impact of the stiffness deviation observed in Figure 12.21. Pre-
tension of the bolts were not applied in the tested T-stub connections . From
previous work carried out by Swanson in Chapter 9, pre-tensioning of the bolts
will affect the deformation of the flange. This may affect the low stiffness regis-
tered in the laboratory tests.

The tested components were carefully examined and measured before test-
ing. In total 18 measurements of the thickness were carried out for each T-stub.
Deviations of the thickness within the same T-stub flange was discovered. In
T120, the thickness varied between 0.75 mm, where a deviation of 0.78 mm was
registered for T170. Variations in the effective length and the bolt diameter will
also affect the stiffness, as seen in the formulas for stiffness coefficients presented
in Section 12.4.
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Figure 12.21: Stiffness comparison
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(a) FE model T170-FT
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Figure 12.22: Comparison of contact surface between the flanges



13 Discussions

In Table 13.1, the design resistance, F; rq, calculated according to NS-EN 1993-
1-8 [17], is compared to the average maximum loading observed in the laboratory,
i ka, and the adapted design resistance ,Fy rd,adapted; With material properties
defined in Chapter 11 and neglection of the the empirical and general partial
factors. There is no difference between partially and fully threaded bolts for the
two configurations. The adapted design resistance Fi rd,adapted Provides good ac-

curacy when predicting the maximum force in the laboratory work, only differing
by 3.0 — 8.5%.

Table 13.1: Design loads for the T120 and T170 configurations

Fyrapic | Fira | FiRd,adapted
RN | RN | [N
T120 228 156 221
T170 153 107 140

None of the initial models of the T-stub configurations are able to represent
the behaviour observed in the laboratory. Deviations are in the range 9.3 —53.1%
for the maximum forces presented in Table 12.2. For the final models of the T120
configuration the deviation in maximum force is less than 2%, and for the T170
configurations it is reduced to approximately 22%, see Table 12.5. These reduc-
tions are mainly due to the mesh refinement applied in the parametric study.
Also, Section 12.2.3 describes how the position of the bolt relative to the bolt
hole affects the force level to some extent.

The main issue is the element sizes in the mesh. If the elements are too large
they become overly stiff, hence the stress distributions will not be represented
correctly. The refinement of the mesh presented in Section 12.2.1 improves the
response of the FE models, especially for the T120 configurations up to maximum
force.
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Table 13.2: Forces in final models measured at the point of maximum forces
Ft,Ed,DIC in DIC

Deviation | Deviation Ext | Deviation | Deviation
F, DIC DIC xterna DIC DIC
work
[kN] average average Nm] average average
[kN] [%] [Nm] %]
T170-PT | 155.48 2.56 1.68 1556.0 516.83 49.73
T170-FT | 160.06 6.41 4.17 2257.3 436.96 24.01

The overall behaviour of the final models for the T170 configurations does not
correspond well with the behaviour observed in the laboratory work. However,
up to the point of maximum force observed in the laboratory work, Fi gd4,p1c,
the deviation in force, Fy, from DIC is only 1.68% for the partially threaded and
4.17% for the fully threaded model, see Table 13.2. The complexity of the stress
distribution from both tension and bending in the T170 configurations is hard
to represent correctly without very small elements in the flange and bolt. When
using an explicit solver this mesh refinement leads to a very small critical time
step, Atcr, causing the solution to become very computational demanding.

The differences in external work presented in Table 13.2 are caused by the
deviation in force and the deviation in stiffness. Recall from Section 12.4 that the
stiffness in the FE model is found to be 57.5% higher than the stiffness calculated
from the experimental results.

i

T

Figure 13.1: Stress concentrations in the roots of the threads

The simplified bolt geometry does also influence the behaviour of the FE
models. Neglecting the threads implies that thread stripping is not possible, but
it also affects the deformation pattern of the bolt. The geometry of the threaded
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bolt causes stress concentrations to form in the roots of the threads, see Figure
13.1. These stress concentrations may initiate fracture of the bolt. A smooth
shank will not exhibit this effect, causing the simple bolt to withstand larger
deformations than the bolts in the laboratory work.

Figure 13.2 displays the deformations of the flanges for the T120-FT config-
uration at given points in time. The deformation of the flanges measured at the
bolts are compared with measures retrieved from DIC at the time of maximum
force and the time of fracture. The results are presented in Table 13.3. Similar
figures and measures are presented for the T170-FT in Figure 13.3 and Table 13.4.
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Figure 13.2: Deformation of flanges for final FE model T120-FT and T120-FT-03

The deformations of the flanges at the position of the bolts are smaller in
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Table 13.3: Vertical distance between flanges measured at the position of the left
bolt for the T120-FT configuration

Measured | Deviation | Deviation
Given point Model distance DIC DIC
[mm| [mm| [%]
Maximum force | T120-FT-03 (DIC) 3.998 - -
t=151¢g Final FE model 3.070 0.928 23.21
Fracture T120-FT-03 (DIC) 8.752 - -
t=291s Final FE model 7.550 1.02 13.72

Table 13.4: Vertical distance between flanges measured at the position of the left
bolt for the T170-FT configuration

Deviation | Deviation
Measured

. . . from from
Given point distance DIC DIC
mmd | o %]

. 139 |TL70-FT-0I (DIC) | 1494 - -
o Final model 1.237 0.2568 17.2

. sg3s | LL7O-FT-O0L (DIC) | 4827 - -
o S Final model 4.204 0.6232 12.9

R T170-FT-01 (DIC) | 8.161 - -
= °%2%  Final model 7130 1.031 2.6
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Figure 13.3: Deformation of flanges for final FE model T170-FT and T170-FT-01
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the FE models. This implies that the elements in the flanges are too large to
properly represent the deformations. Elements employing linear interpolation
can only represent a linear deformation between the nodes of the element. To
represent a non-linear deformation between the flanges such as the one observed
in the flanges in Figure 13.2d, the mesh must be very fine. Not even the finest
mesh configuration tested in Section 12.2.1 is able to represent the deformations
of the system correctly. An additional mesh refinement has not been considered
in this thesis due to the computational requirements and the limited time span
of the project.

The observation of smaller deformations of the flanges implies that the de-
formation of the bolts are also smaller than what is observed in the laboratory
work. As discussed, the simplified bolt will withstand larger deformations than
the threaded bolts before fracture. When the simplified bolt is less deformed
in the FE model, even though the deformations of the flanges under the webs
are similar, fracture will be initiated after much larger deformations in the finite
element model.

The symmetric boundary conditions applied also indicate that the bolts are
uniformly loaded. This behaviour is however not observed in the laboratory work.
Furthermore, it is assumed that the disturbance in the force-displacement curves
are caused by these symmetry conditions.



14 Conclusions

In the laboratory work conducted on simple T-stub connections the load capacity
is similar for joints with partially and fully threaded bolts. Thread stripping is
observed in all joints where partially threaded bolts have been utilized. Stripping
of the threads is a brittle failure mode and leads to a less ductile behaviour of
the T-stub connection. It is possible to avoid thread stripping of the partially
threaded bolt by increasing the number of threads on the nut. Fully threaded
bolts have exhibited both thread stripping and bolt failure, hence it is not pos-
sible to establish a certain pattern of failure modes based on the experimental
work in this thesis.

The bolt center distance affects both the loading capacity and the ductility
of the connection. As observed in previous studies conducted by Girdo Coelho
et al. [5] and Swanson et al. [7], an increase in bending effects on the bolt will
reduce the load capacity of the system. Additionally, this increased bolt center
distance increases the ductility. The increase in bolt center distance also leads
to such large bending deformations of the bolt that an initial thread stripping is
observed for both the partially and fully threaded bolts.

The finite element models are able to predict the behaviour of the joints up
to maximum force for the T120 configurations. When the center distance is in-

creased to 170 mm, the stress distribution in the bolt becomes so complex that
it is difficult to represent it due to the demanding computational requirements.

14.1 Suggestions for further work

Based on the results and discussions regarding the simple T-stub connections
considered in this thesis some further work is suggested.
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CHAPTER 14. CONCLUSIONS

Based on the observations of failure mode for fully threaded bolts in the lab-
oratory work it is not possible to verify what causes thread stripping. The
experimental work in this thesis is limited in terms of configurations and
number of tests. More experimental work is advised in order to gather infor-
mation regarding failure modes of T-stub connections with fully threaded
bolts.

It is of great interest to find out why the force level of the T170 configura-
tions is not reduced when the simple bolt starts to neck. Previous studies
show that it is possible to get satisfactory results from the finite element
model when utilizing more symmetry planes. This would reduce the size of
the system, making it easier to employ additional mesh refinement without
increasing the computational cost tremendously.

The friction coefficient is assumed similar between all surfaces in the con-
nection, but as previously mentioned, it might vary between the bolt and
nut, the bolt and flange, and flange-to-flange. It is possible to check the in-
fluence of different friction coefficients between different surfaces by defining
them specifically in Abaqus/Explicit. This might influence the disturbance
in the responses of the finite element models.

Further investigations of the effects of asymmetry in a simple model will
help understand the asymmetry observed in the laboratory work of this
thesis.

The fully threaded finite element models presented in Section 12.3, em-
ploying the determining properties of thread stripping in Part I would give
valuable insight to the behaviour of the threaded parts of the connections
when subjected to both tension and bending. The case of pure tension in
steel joints is rare, and a combination of loads on a threaded bolt and nut
assembly causing thread stripping, and especially the initial thread strip-
ping, is of interest. These analyses require a combination of time scaling
and mass scaling, and must be conducted on a supercomputer due to the
computational costs.
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Appendix A: Corretions of elongation
retrived from DIC

This appendix presents the corrections assosiated with the retrived elongation
from DIC. As the elongation vector was applied on the middle of the nut and the
bolt head, and not at the grip length, the retrieved elongation had to be
corrected. The contribution from the bolt and the nut were therefore measured at
the initial and final image, and then subtracted from the final displacement.
Figure 1 illustrate the measured lengths, C1 and C2, which are listed in Table 1.

Figure 1: Measured elongation



Test C1 start Clend C2 start C2 end
[pix] [pix] [pix] [pix]

DG-118-04 54.718 53.223 67.721 64.395
DG-118-05 55.871 56.704 72.377 71.861
DG-122-21 50.605 50.605 67.442 65.698
DG-122-22 62.58 61.209 68.282 68.283
DG-130-14 46.993 47.767 65.907 65.304
DG-130-15 48.967 48.047 67.202 64.311
DG-141-09 50.831 51.803 76.546 78.459
DG-141-10 52.48 51.907 68.352 68.985
FG-118-26 51.72 50.128 49.193 49.927
FG-118-27 52.824 50.007 64.631 62.813
FG-141-31 41.462 38.481 72.688 72.888
FG-141-32 48.007 46.256 72.329 73.422

Table 1: Measured distance C1 and C2 from DIC.

With kown diameter of the bolt tests, the contribution from the nut and the
bolt head was converted from pixel to mm, as calculated in Table 2. Table 3
shows the final contribution from the nut and bolt head.

Test Diameter [pix]|Diameter [mm] |Ratio [mm/pix]

DG-118-04 172.032 15.88 0.092308408
DG-118-05 171.825 15.82 0.09207042
DG-122-21 172.885 15.87 0.091795124
DG-122-22 172.207 15.87 0.092156533
DG-130-14 173.13 15.85 0.091549703
DG-130-15 172.488 15.85 0.09189045
DG-141-09 172.745 15.84 0.091695852
DG-141-10 173.603 15.86 0.091357868
FG-118-26 172.664 15.84 0.091738869
FG-118-27 171.098 15.85 0.092636968
FG-141-31 171.745 15.84 0.092229759
FG-141-32 170.399 15.82 0.09284092

Table 2: Convertion ratio



Test C1 [pix] C2 [pix] Total displacement [pix] |Total displacement [mm]

DG-118-04 -1.495 -3.326 -4.821 -0.4450
DG-118-05 0.833 -0.516 0.317 0.0292
DG-122-21 0 -1.744 -1.744 -0.1601
DG-122-22 -1.371 0.001 -1.37 -0.1263
DG-130-14 0.774 -0.603 0.171 0.0157
DG-130-15 -0.92 -2.891 -3.811 -0.3502
DG-141-09 0.972 1.913 2.885 0.2645
DG-141-10 -0.573 0.633 0.06 0.0055
FG-118-26 -1.592 0.734 -0.858 -0.0787
FG-118-27 -2.817 -1.818 -4.635 -0.4294
FG-141-31 -2.981 0.2 -2.781 -0.2565
FG-141-32 -1.751 1.093 -0.658 -0.0611

Table 3: Final contribution from the nut and the bolt head.
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Appendix B: Geometry of the bolts

This appendix present the geometry of the bolts, M16x160. The geometry is
based on measurements of the bolts carried out in the laboratory using a
micrometer, in addition to specifications described in ISO 68-1. The average
measurements were utilized in the numerical simulations, and will be presented in
this appendix.

Global geometry, carried out from the laboratory tests:

/7
X b
<= — 41 w»
|
UC
ly
I (p)
k I

General geometry:

Wrench size: $ 1= 24mm
Bolt diameter: dp, = 15.85mm
Bolthead height:  hy, := 14.20mm
Nut height: k := 10mm
Nut minor diameter: D := 14.06mm

Number of threads ng =7
in the nut:



Specific geometry:

Length of threaded part:

Length of unthreaded part:

Number of threads:

Length of threaded part:

Length of unthreaded part:

Number of threads:

M16x160 PT bolt:

bPT160 = 44mm

1gPTl6O = l1l6mm

0y pT160 = 22

M16x70 PT bolt:
bPT7O = 32mm

1gPT70 = 38mm

e pT70 = 16

Local geometry, carried out from ISO 68-1:

M16x160 FT bolt:

bFT160 = 160mm

lg FT160 = 0Omm

0y FT160 = 80

M16x70 FT bolt:

bFT7O = 70mm
lgFT70 = 0mm

0y pr70 = 35

H/8B

0,

o4

(3/8)H

{5/8)H

Hik

P2 P/4

o
Axis of screw thread



where
D is the basic major diameter of internal thread (nominal diameter)
d is the basic major diameter of external thread (nominal diameter)

D, is the basic pitch diameter of internal thread

ds is the basic pitch diameter of external thread

D is the basic minor diameter of internal thread

dq is the basic minor diameter of external thread
H is the height of fundamental triangle

P is the pitch
Figure 3: Description of geometry of the threads

ISO 68-1 gives the relation between the pitch, P, and the height, H, of the
thread;

P :=2mm
H = @P

The threads are not as lined as shown in Figure 3. The rounded edges are
taken into account in ISO 965-1, where a minimum root radius is presented.
From table 14 in ISO 965-1, the minimum root radius is 250um. The ideal
radius can often be set to H/6, and is used in our calculation. Figure 4 illustrate
the final geometry of the threaded assembly.

P/8

INTERNAL THREAD ’_,1

60° 3

/A

30°
P2

EXTERNAL THREAD

min P

90°
AXIS OF

Figure 4: final geometry of the internal and external threads
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Appendix C: Nut geometry

This appendix presents the nut geometry of a nut cutin half. This
investigation was carried out as there was no sufficient measuring
instrument for finding the physical geometry of the threads. Photo editing
software was utilized to retrieve the measured heights. These
measurements provide the basis for further studies carried out for single
bolts.

- o "
WAL T

= 8
£
.

a) Left side of measured nut (LS) b) Right side of measured nut (RS)

Figure 1: Nut measurements



Thread T1 T2 T3 T4 T5 T6 T7
h1l[mm] 0.48535823| 0.77450934| 0.97609101| 1.03442286| 1.12550367| 1.05842921| 0.74863981
h2 [mm] - 0.78905647| 1.12722352| 1.15201814| 1.12557533| 0.84015058| 0.75035966
Pitch [mm] - 2.00349112 2.029074| 2.02384277| 2.02312616| 2.09622012|-

Table 1: Measurements of each thread at left side of nut
Thread T1 T2 T3 T4 T5 T6 T7
h1l[mm] 0.77393605| 1.06602525| 1.10250057| 1.02216887| 0.86157714| 0.2847798| 0.2847798
h2 [mm] 1.10916502| 1.12442876| 1.06595359| 0.83241122| 0.65182614(-
Pitch [mm] 2.00857903| 2.02914566( 2.00843571| 2.03939315| 2.0186832|-

Table 3: comparison of the measurements on right and left side of nut

Table 2: Measurements of each thread at right side of nut

Measurements in unit mm |LS RS Average

L1 3.344 2.921 3.132
L2 3.315 2.980 3.147
L average 3.329 2.950 3.140
h 14.427 14.079 14.253
S1 0.871 1.934 1.403
S2 2.360 1.478 1.919
d - - 23.715
d_internal 3.885 3.565 3.725

LS RS Average
Average height of T3-T5 [mm)] 1.090 1.082 1.086
Average height of T2,T6 [mm] 0.866 0.822 0.844
Average height of T2,T6 [%] 79 76 78
Average height of T1, T9 [mm] 0.617 0.529 0.573
Average heigh of T1,T7 [%] 57 49 53

Table 4: Comparison of thread heights




Appendix D: Load capacity
calculations

This appendix present the calculations of load capacity developed by Alexander.

The calculations are based on the same assumptions used in the numerical
analyses regarding geometry and nut strength, where a nut strength reduction of

15% is used.
Geometry
Pitch size:

Height of thread triangle:

P :=2mm

P
H:= \/_3-3 = 1.732-mm

. H
Root radius: R = — = 0289-mm
Nut height: m := 14.196mm
m-—5-P
Length of bell mounted LB = = 2.098-mm
section: 2
Minor nut diameter: Dy := 14.06mm
2:5-H
Major nut diameter: D:=Djy+ = 16.225-mm
2-3-H
Basic pitch nutdiameter: D, :=D - = 14.926-mm

Design countersink
diameter:

8

Dc = 1.08-D = 17.523-mm

D+ Dl
Mean diameter of Bell Dp, = = 15.143-mm
Mounted section:
Basic major bolt diameter: d := 15.85mm
2-5-H
Basic minor bolt diameter: dy=d- e 13.685-mm
2-3-H
Basic pitch bolt diameter:  d, :=d - ot 14.551-mm
H
Minor bolt diameter: d3 :=dj - - = 13.39-mm



Ultimate tensile strength o4pT = 917MPa

for PT bolt:

Ultimate tensile strength for OLpT = 917MPa-0.85 = 779.45-MPa

PT nut:

Ultimate tensile strength for

FT bolt:

Ultimate tensile strength

for FT nut:

Width across flats:

Tolerance for basic
minor diameter,nut:

Tensile stress area:

Length of threaded
engagement:

Shear area for bolt
threads:

Shear area for nut
threads:

Strength
ratio:

O-SFT = 804.9MPa
O'nFT = 804.9MPa-0.85 = 684.165-MPa

S = 24mm

TDl = 0.475mm

2

T\' (dz + d3j 2

AS = — = 153.358-mm
4 2

2 2
Ag = 0.78540~(d2 —0.43301-P + R) = 153.359-mm

LE = m— (DC— D, —TDI)-0.6 = 12.403-mm

dy-D
LE-LB P 2 1
AS) = | ———— |'7®Dy- (—) +u — 292.106-mm’
P 2 V3

Assz = (?)ﬁDm{(gj + [dz_%ﬂ = 32.859~mm2

ASg = ASg) + ASg, = 324.965-mm”

ASn = (Ejﬂ'd{(gj + w} = 473.536-mm2
p 2 NG

R . —O-HPT’ASH 1.239

s.PT = =
0-sPT'Ass
0-nFT'ASn

RS.FT = — = 1.239

ogpT ASs



Strength reduction factors:

S
ratio := — = 1.479
D

S
For 14< B < 1.9 the reduction factor C1 is

S 2 S
Cl =— — | +38|—|—261=0823
D D

For 1< R <22 the reduction factor C2 is

CZ.PT = 5.594 — ]3'682'RS.PT + ]4'107'RS.PT2 - 6‘057'RS.PT3 + 0‘9353'RS.PT4 = 0.981
CZ.FT = 5.594 — ]3'682'RS.FT + 14'107'RS.FT2 - 6‘057'RS.FT3 + 0‘9353'RS.FT4 = 0.981

andfor Rg > 1 gives the reduction factor
Cy = 03897

Load capacity for PT bolts:

Bolt breaking load:  Fyy pp = ogpAgj = 140.63-kN

Bolt stripping load: Fos.PT = OspT ASgC1-Cy p0.6 = 144.396-kN
Nut stripping load: FosPT = OnpT ASyC1-C3:06 = 163.472-kN
Load capacity for FT bolts:

Bolt breaking load:  Fbb.FT = OsFT Agi = 123.438'kN

Bolt stripping load:  Fbs.FT = OsFT"ASy Cp-Cp pr-0.6 = 126.744-kN

Nut stripping load: Fns.FT = crnFT-ASn~C1-C3-o‘6 = 143.488-kN
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Appendix E: Calculation of effective
length of the T-stub connections

This appendix presents the calculations of the effective length of a T-stub
connection in accordance to Eurocode NS-EN 1993-1-8.

Geometry HEB 220
General for both T-stub connection series

Length of T-stub connection L := 100mm
1and 2:

Width of T-stub connection: b := 220mm

Thickness of web tw = 9.6mm
Thickness of flange tf = 16mm
Radius of milled T-stub r:=18mm
connection:
T-120
Profiler og
Distance between Wqp0 = 120mm formler:
the bolts: Table 1.3
, (w120~ tw)

Distance between the m = ————= [ — 08T = 40.8-mm .

) 120 > EC3-1-8:
bolt and the milled flange: Fi

(b _ w120) igure

Distance between bolt €190 = ————— = 50-mm 6.8a
and the horizontal edge: L 2

Distance between the €1 120 = 7 = 50-mm
bolt and the vertical edge: — 2

Distance from bolt to Nq1oQ = min(e120,1.25om120) = 50-mm
edge:
T-170
Profiler og

Distance between Wq70 = 170mm formler:
the bolts in T-170: Table 1.3

. (w170~ tw) _
Distance between the My70:=|—————|— 08T =658-mm EC3-1-8:
bolt and the milled flange: (b 2 ) Figure

—W170 6.8a

Distance between bolt €470 = ———— =25-mm
and the horizontal edge: 2



L

Distance between the €4 170 = = = 50-mm
bolt and the vertical edge: - 2
Distance from bolt to n170 = min(e170,1.25~m170) =25-mm
edge:
m e

‘ el

Figure 1: AutoCAD illustration of the top flange
seen above

Material S355

The values for yield stress of the S355 material and the ultimate tensile stress of
the bolts are based on pervious observations

Yield stress: fy = 400L
mm2
Material factors: MO =105 M = LS M2 =

Bolt M16 with property class 8.8

Cross section area: A = 157mm’ Profiler og
s.bolt
formler:
) N Table 6.1
Ultimate stress: fub = 950—2

mm



Bolt tension capacity

ko :=09
ko-f 1A
FiRg = (2o Asbot) _ EC3-1-8:
' M2 Table 3.4
Effective length of the T-stub EC3-1-8:
Table 6.4

Circular pattern:

leffcp120 = m|n(2ﬁm120 ,’Tl'~m120 +2-e1_120) = 228.177-mm

leff cp170 = min(z--n-mwo ,TM170 +2-e1_170) = 306.717-mm
Noncircular pattern:

laff nc120 = Min(4:Mypq +1.25-€420,2:Mypq +0.625-€120 +€1_120)
leff.nc120 = 16285-mm

lff nc170 = Min(4:My7q +1.25-€470.2:My70 +0.625-€470 +€1_170)
'eff.nc170 = 197.225-mm

loff 1120 = Min(leff.nc120 leff.cp120-L) = 100-mm

leff2 120 = Min(lgff nc120-L) = 100-mm

{
leff 1_170 = Min(leff nc170leff.cp170-L) = 100-mm
(1

leff2 170 = Min(lgff nc170-L) = 100-mm



Capacity of the T-stub connections EC3-1-8:

Table 6.2
As the effective length has been identified, the design loads

can be calculated, and failure mode registered.

Failure Mode 1

T -120:
M =025 2 Y ek
pl.1.120.Rd = 025"leff.1 120t -~ = 2438-kN-m
MO
M
FT.1.120.Rd = 4 PELI20RD 0 h0.kN
mM120
T-170:
M = 025 2 Y sk
pl.1.170.Rd = 025°leff 1 170t ~——— = 2438-kN-m
MO
M
FT1.170.Rd = 4 PLTTORA kN
m170
Failure Mode 2
T-120:
M = 02511 Y
pl.2.120.Rd = 025"leff2 1207t 7~ = 2438-kN-m
MO
2-M +n 2-.F
Fr 2.120.Rq = ( pl.2.120.Rd ™ "120 t.Rd) o7 kN
M120 +N120
T-170:
f

o 2y
Mpl.2.170.Rd = 025" leff.2 1707 ~——— = 2438-kN-m
MO



(2-Mpi1.2.170.Rd + M170°2-Ft Ra)

F = = 112.837-kN
T.2.170.Rd
m470+N170

Failure Mode3
T-120 and T-170:

FT.3.Rd = Z'Ft.Rd = 214.776 -kN

Conclusions

For both configurations of the T-stub connection, failure mode 2 will occur with a
design load of 171.9 KN for T-120 and 122.8KN for T-170.

Sketches of the T-stub
Front view for both T -120 and T-170
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Top view for T-120
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Appendix F: T-stub geometry

This appendix presents the geometry of the T-stub connections tested in the laboratory
work. The sketches are also used as a basis for the geometry of the finite element
models. All measures provided are in millimetre.
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T120-PT: Center distance 120 mm, partially threaded bolts, one nut
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T120-PT: Center distance 120 mm, partially threaded bolts, two nuts
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T120-FT: Center distance 120 mm, fully threaded bolts, one nut
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T170-PT: Center distance 170 mm, partially threaded bolts, one nut
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T170-FT: Center distance 170 mm, fully threaded bolts, one nut
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Appendix G: Stiffness of the T-stub
connection

This appendix contains the calculations regarding the stiffness of the T-stub
connection. Two methods are utilized to define the stiffness, i.e. calculations
retrieved from Eurocode NS-EN 1993-1-8 and a simplified method where the

prying forces are ignored.

Geometry of the T-stub connection:

Average thickness of flange:

Length of flange:
Average height of nut:
Height of bolt head:

Clamp length of the upper
T-stub:

Optimal bolt
diameter:

Cross section area
of bolt:

Young's Modulus

Second moment of area:

Center distance between
bolts,

T-stub120:

center distance between
bolts,

T-stub 170:

Distance between the edge
and bolt center, T-120:

Distance between the edge
and bolt center, T-170:

tf = 1531mm

leff = 100mm

hn = 14.196mm
hbh = 10mm
h

Lb =t -5 = 20.31-mm

db = 14.14mm

2T 2
Ay, = dy.,-— = 157.032-mm
b b
N
E = 210000—2
mm

3
. telefr
12

1’1'1120 = 40.8mm

m170 = 65.8mm

€120 = S0mm

€1 70 = 25mm

= 2991 x 10%mm"*

Appendix E

Appendix E

Appendix E

Appendix E



Stiffness calculations from Eurocode NS-EN 1993-1-8

Stiffness
coefficient for
the bolt:

Stiffness
coefficient for the
flange:

1.6'Ab
kc.FT = = 12.371-mm EC 3-1-8:
b table 6.11
3
. 0‘9.leff.tf
ke f120= —— =4755mm EC 3-1-8:
mjng table 6.11
3
09 legpty
ka17O = —3 = 1.134-mm
mj 79

The total stiffness is divided by two to account for the total displacement of

the T-stub connection.

Total stiffness for the
T-120 with fully threaded
bolts:

Total stiffness for the
T-170 with fully threaded
bolts:

1
ke.120FT = 77 .
+
(kc.f.lzoj (kc.FTj

k =Ek -0.5 = 360.673-——
120.FT c.120.FT mm

= 3.435-mm

k . 1 —
c.170.FT = I Ty s9-mm
+
(kc.f.lmj (kc.FTj

k
k = E-0.5k = 109.043- ——
170.FT ¢.170.FT mm




Stiffness calculations from the simplified method

Simplified method is utilized, where the contribution from prying forces are
ignored. An illustration is given in Figure 1.

I m y e V
A A A
¥y
M g ﬂ ul
T l u2
P/2 P/2

Figure 1: Simplified system of the T-stub connection

To identify the stiffness, a reference force of 50kN was employed. From the
experimental results, this has shown to be within the elastic domain, and may
therefore be utilized in the calculations to identify the elastic stiffness of the
system.

P := 50kN
T -120:
3
P-m) 5 000
u = —— = 0.09-mm
1120 = 5257
. 3:U1 120 e
U2.120 = AR T "€ = O-1o6-mm
2:my7q

The total displacement for both flanges in T-120:

Uiot,120 = 2:(11.120 + u2.120) = 0512:mm

kN
= 97.736-——
Ut0t.120 mm

K

simp.120 =



T-170:

3
P'm170 0.378
u = ———— = 0.378-mm
L170 = S35
. 3-u1.170 .
ll2170 =tan| —— e170 = 0. mm
2:my7q

The total displacement for both flanges in T-170:

Utot.170 = 2'(‘11.170“12.170) = L187-mm

kN
= 42,124 ——
Ut0t.170 mm

Ksimp170 =
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