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Abstract

A comprehensive finite element (FE) model of bolt-ball joint, as called MERO joint, is presented in this paper for a double
layer grid structure. In double layer grids, the main internal forces are axial forces. The deflection and rotation patterns of the
connector are studied under different loading conditions using the ABAQUS FE software. The applied forces on the connec-
tor are determined using displacement control. In order to take into account the connector effects in structural analysis, their
behavior under combined loading should be predicted. To determine the load—displacement relationship of the MERO con-
nection, numerical models were carried out on a connector of this type using of 3D FE method. The obtained load—displace-
ment and moment- rotation relationships were used under different loads. The results of the FE simulation with experimental
results have a good match. Compressive axial load increases the flexural stiffness of the connection and decreases the elastic

bending moment. Furthermore, the equivalent stiffness of bolt with the whole of complexities was proposed.

Keywords Bolt-ball joint - Nonlinear finite element method - Bending moment loading - Load—displacement behavior -

Elastic stiffness

1 Introduction

The bolt-ball (BB) joint is one of the most common joints
used to make double/multilayer grids. Previous studies con-
ducted on structures constructed using such system indicate
that responses resulted from the analysis without consider-
ing joint effect have a significant difference to real responses
of the same. Therefore, to find more realistic analysis results,
the joint effect shall be considered in the analysis of the
structure. In static analysis, double/multilayer grids under
loads applied on nodes is the dominant axial force and other
forces and moments have the secondary roles. In order to
include the effect of joints in structures on the static analysis,
it is enough to determine their load-axial displacement rela-
tionship. The existence of different elements of joint together
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with pre-stress resulted from tightening the bolt and spiral
nature of thread intensify joint behavior complexity. Nota-
bly, in conducted studies in the field of modeling joint with
bolt and thread, the proposed models have several simpli-
fications and sometimes ignore the effect of the threaded
spiral. Vaseghi Amiri and Davoodi (2002) made a double
layer grid with the BB joint in full scale. They assessed the
force—displacement relationship of some nodes of the grid
due to applying a concentrated load. Their results indicated
that the structure analytical response without considering
the effect of joint has a significant difference with their real
responses. They also understood that bolts tightening lev-
els affect grid behavior. Davoodi et al. (2007) conducted an
experimental study on the same grid and showed that BB
joint behavior and its bolt tightening level profoundly effect
the grid dynamic responses. Davoodi et al. (2012) used the
updating technique of the finite element (FE) model to find
the load—displacement relationship of a BB node at the dou-
ble layer grid. In this study, they used structure response and
inverse problem method to find mechanical characteristics
of the elements and their behavior. Therefore, the thread
effect in bolt and ball has been ignored. Results of this study
demonstrated that joint load—displacement relationship in
grid includes two parts: the first part, which is related to
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early stages of loading and is nonlinear with positive section.
This part indicates early looseness and is the main cause of
major uncertainties in the joint. The second part has a higher
stiffness with respect to the first part and has almost the same
joint behavior separately. Determining the first part of the
load—displacement curve of a BB joint at a double layer grid
is merely possible through studying joint behavior at a struc-
ture due to different uncertainties. The second part of the
load—displacement curve may be determined through study-
ing a separate joint, either experimentally or numerically.
Previous studies conducted at the University of Cambridge
by See and McConnel (1986) indicate that the behavior of a
double layer grid with hinge joints has a different behavior
with the same structure with the rigid joints. Meanwhile,
Fathelbab (1987, 1993) showed that joint stiffness highly
affects force—displacement behavior. Therefore, to find more
precise results of the analysis, the effect of a joint in an anal-
ysis of structure shall be considered. Ebadi Jamkhaneh and
Davoodi (2012) and Ebadi Jamkhaneh et al. (2017) stud-
ied the effect of the level of MERO joint bolts tightening
on tensile and compressive axial behavior. Maalek (1999)
suggested test results with single and double axial loading
on San Niami ball nodes, which provided new behavioral
information regarding the flexibility of such type of links.
El-sheikh (1993) and Chenaghlou et al. (2014) under-
stood that general structure behavior and failure modes
are affected by joint bending stiffness. Chenaghlou (1997)
found out that compressive axial force highly affected
moment-rotation behavior parameters of a MERO joint
and suggested a mathematical model of the moment-rota-
tion behavior. Ueki et al. (1993) showed that joint rigidity
increases under constant compressive force and decreases
under a fixed tensile force. Fan et al. (2012) conducted an
experiment on two socket and bolt-ball joints under bend-
ing moment, with and without applying axial force. Their
study results revealed that the socket and BB joint systems
had proper bending stiffness. Mathurin et al. (2009) sug-
gested a three-dimensional (3D) model of the bolt with
thread and applied tightening moment to the same. Chen
and Shih (1999) conducted a series of studies using the FE
method (FEM) on the bolt joint. In these models, effects
of friction and direction angle of threads were studied on
load distribution at each thread. Ghasemi et al. (2010) con-
ducted an experiment on a separate BB joint and found
the load—displacement relationships under tensile loading
and different tightening levels. Zeng et al. (2019) studied
joint compressive load-bearing capacity, including the bolt
and cylindrical ball and Yuan et al. (2019) studied MERO
joint load-bearing capacity considering corrosion in bolt
threads. Guo et al. (2016a, b) conducted an experimental
and numerical study on joints, including bolt and cylin-
drical ball. They found that the dimensions and cylinder
and tube highly affect joint mechanical behavior. ADEOTI
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et al. (2019) investigated the behavior of semi-rigid alu-
minium joint as an experimental and numerical models
under bending moment load. Their results led to present a
bending moment-rotation relationship which is the input
data in analytical programs. Cao et al. (2016) assessed the
ball joint behavior of one layer dome with the diameter of
80 m. They proposed the bending moment-rotation rela-
tionship and conducted the non-linear stability analysis in
different level of construction.

Based on the few studies on the MERO joint in determin-
ing the force—displacement behavior, a comprehensive FE
study is performed in this study. Numerical studies on this
joint have neglected the effect of threads on the bolt and
ball, which this led to the differences between the results of
the force—displacement behavior. On the other hand, some
limited tensile or bending loads were considered in the
studies. In this study, different types of loading including
compressive, tensile, and bending moment loading and the
combination of them are applied to the joint for confirma-
tion of the semi-rigid behavior of the joint. Furthermore,
a simple analytical model for predicting the connection
behavior is presented. Numerical simulation of the thread
shape and different parts of the joint are modeled by using
Solidworks software and analysis has been completed by
using ABAQUS FE software. Considering the analysis of
the internal load distribution based on the simulation of
the threads, transmission systems were established. The
load—displacement relationship of the BB joint has been
found under tensile and compression using the numerical
method and relevant numerical results were compared with
available experimental data. After verification of simulated
models, the model is subjected to combined loading and its
behavior is studied.

2 Introducing MERO Joint System

MERO joint system is a multi-axial system, to which up
to 18 tube members may enter. This system is composed
of tube elements, joining at a node using the MERO joint
system. Other members of this system are composed of
threaded steel ball, conic parts, wrenching sleeve, and
threaded bolt together with the joint pin, which is used to
joint bolt and sleeve. Opening on the sleeve enables joint pin
handling. Interaction between tube elements and joints in the
double layer grids often includes tensile and compression
effects. Tensile in tube element is transmitted to the ball by
conic end piece and through bolt, in which case the bolt is
under tensile and sleeve is inactive. Compression force in the
element is transmitted to ball through conic end piece and
sleeve. Joint elements with meshed model and the elements
sizes have been given in Fig. 1.
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(b) Dimensions and mesh sizes of MERO joint parts
Fig. 1 Introducing of meshed MERO joint and dimensions of its components
3 Finite Element Modeling of MERO Joint computer technology and numerical models. Eventually,

numerical methods are suitable for certain simulation

During recent years, finite element (FE) simulation has ~ processes, e.g., materials forming operations, rolling,
significantly become popular due to the advancement of ~ and complex geometrical shapes, as they are precise and
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decrease calculation time. Numerical simulation of thread
shape and different parts presented in this study have been
completed using Solidworks software and analysis has
been conducted by ABAQUS/standard FE software.

3.1 Material Properties

To model steel materials features of the joint members,
multi-linear elastic—plastic behavior with von Mises yield
criterion and dependent flow law have been used. Nomi-
nal stress versus strain curves were obtained from cou-
pon tests (by Ghasemi (2007)) and converted into the true
stress—strain form to account for material nonlinearity:

Ome = 0 (1+¢) (1
Emie = In (1 +¢,) )
where o,,,,,, 0,, €, and €,,,,, are the true stress, nominal stress,

true strain, and nominal strain, respectively. Kinematic
hardening was used to simulate the material’s post-yield
behavior with its moving yield surface property (ABAQUS
Users’ Manual). The true stress—strain relation is given in
Fig. 2. For all steel materials, the value of elastic modulus
and Poisson’s ratio were 200,000 MPa and 0.3 respectively.
Based on the conducted experiments by Ghasemi (2007),
high strength bolt of 800 MPa was used in the specimens.
The true yield and ultimate stresses of conical end piece and
sleeve were found to be 300 MPa and 490 MPa, respectively.
Material properties of steel spherical ball, with yield stress
of 240 MPa and others are shown in Fig. 2, which were
determined based on the model adopted by Ghasemi (2007).
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Fig.2 Stress—strain relationships of the MERO joint parts (Ghasemi
et al. 2010; Ghasemi 2007)
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3.2 Element Selection

Meshing algorithm is referred to as a set of techniques to
develop a regular and practical finite elements grid on the
geometrical model. For all elements except conic, free mesh
technique with tetrahedral shape has been applied. Using
wedge elements, a border layer was defined along relevant
model border surfaces. This border layer includes a set of
wedge elements with a normal vector perpendicular to a
solid surface wall with minimum thickness. The preceding
algorithm develops a compact grid of wedge elements at the
border region and with less intense at the middle of the body
(tetrahedral elements location). For the conic part, meshing
with hexahedral elements using sweep technique has been
used. Finally, compatibility meshing was conducted using
the ALEABAQUS method to compare with big deforma-
tion at thread location to improve solution accuracy at the
thread location. Bolt, sleeve, and ball as the discrete parts,
have been modeled with C3D10 element, tetrahedral, 3D,
10-node elements, and continuous environment. Conic end
piece has been modeled as C3D8R with hexahedral, 3D,
8-node elements, and using reduced integration. Number
of C3D10 and C3D8R elements equal to 59,610 and 5766,
respectively. These elements have been shown in Fig. 1. The
size of elements in thread regions was taken finer than other
parts due to keeping geometry and proper output results
from other parts.

3.3 Modeling of Interaction Between Parts

One of the challenging aspects of this study is successful
modeling contact between different joint parts with a contact
algorithm. They allow the forces to transmit from one part
of the model to another as long as surfaces are in contact
with each other. When the surfaces detach, no constraint
is applied. Contact pair algorithm in ABAQUS/standard
was used to model the interaction between different parts
of joint (conic and bolt, conic and sleeve, sleeve and ball,
bolt and ball). First of all, two contact surfaces are defined
geometrically. One of the surfaces is considered as master
and the other as slave. Until the two surfaces contact each
other, shear and normal forces are transmitted along the
normal surface. However, tensile bonding between contact
surfaces is considered to be zero. A mechanical interaction
model, including friction, is defined for the contact model
between surfaces. Coulomb base friction model was used in
ABAQUS for the formulation of normal and tangent forces
using friction coefficient (Ebadi Jamkhaneh et al. 2020).
Under all contact states, 0.14 as a friction coefficient and
hard contact were utilized. Under such a case, elements do
not penetrate into each other and joint elements (sleeve and
conic) may separate under tensile loads. In order to remove
the intervention of geometrical volumes in thread regions,
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the smoothing method in the interaction section has been
used.

3.4 Boundary Conditions and Loading Protocol

Two types of axial and bending moment loading were con-
ducted on the joint. In axial loading, two types of pure axial
compression and tensile loads were applied to the joint. To
do so, support boundary conditions were considered differ-
ently in proportion to the type of loading. Under axial load-
ing, the ending surface of one of the conics was bounded
through applying restraint along the joint longitudinal axis.
Applying force was made through the ending surface of the
other conic. Under bending moment loading, the two ends
of the tube (as per Fig. 3) were controlled by hinged sup-
port and load was applied to nodes in the middle of the steel
ball. Loading was considered as a monotonic type using the
displacement control method.

4 Numerical Verification
Numerical model validation was made in two stages. In

the first stage, the simulated numerical model was verified
utilizing a joint experimental sample. In the second stage,

e T

validation was conducted by focusing on bolt threads and
ball from another reference.

First Stage

According to Fig. 4, the joint sample was exposed to
tensile load and the joint axial load—displacement behavior
was extracted. In Fig. 5, a comparison has been conducted
among experimental and FEM results. Through comparing
the behavior of the two samples, it was understood that the
initial elastic stiffness of experimental and numerical mod-
els is equal to 184 and 191 kN/mm, respectively. In other
words, elastic stiffness resulted from the numerical model
analysis is almost 4% larger than that of an experimental
sample. Under tensile load, bolt plays a major role in force
transmission mechanism, and the sleeve has no role in such
a mechanism. In Fig. 6, the sequence of failure mechanism
and stress distribution have been shown for the bolt.

Stress concentration is more focused on gap and threads
regions where there are big openings and less cross-section.
According to the previous studies (Serway and Beichner
2000), the first three threads have the biggest portion of axial
force absorption, which has well been indicated in Fig. 7.
In this figure, the surrounding of the hole shows high-stress
concentration due to less cross-section at the bolt body hole
location. Under pure tensile load, opening a location in the
bolt, joint ending cone outer edge, and first thread, as well as
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Fig.3 Applying boundary conditions and loading types
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Fig.4 Experimental test of MERO joint under tensile loading
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Fig.5 Comparison of load—displacement curves of tested specimen
and FEM results

certain parts of ball with little thickness, were yielded faster.
According to Fig. 7, the first three threads of the bolt which
are in contact with bolt threads tolerate almost 70% out of
tensile, while the first thread has tolerated almost 33% out
of total applied tensile (55.8 kN).

Second Stage

FEM was conducted on 8UNC bolt using ABAQUS
software to determine load distribution percentage on the
thread based on a reference model (Chen and Shih 1999).
In these models, the boundary conditions, including loading
and supporting conditions, are similar. In these models, an
axial load is applied to the top part of the bolt. According
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to the unknown nature of loading type, rigid plane was used
for applying the concentrated/uniform load. Uniform load
is applied to rigid surface of the bolt ending (Fig. 8). In
Fig. 9, a comparison was conducted between Chen and Shih
(1999) modeling results. As it is observed, a little difference
(roughly 2% in first thread) between two models demon-
strates proper accuracy in modeling with reference.
Considering the results, the same method (using uniform
load to apply tensile and compression loads, taking benefit
from a rigid surface at the end of conic to achieve displace-
ment, and types of elements used in thread) have been used.

5 Results and Discussion
5.1 Joint Behavior Under Compressive Loading

In the tensile transmission state, bolt plays the main role
for axial force transmission mechanism, while sleeve plays
such a role in case of applying a compressive force to the
joint. Therefore, It cannot properly predict the behavior in
compressive load because of the different roles of members
in the force transmission mechanism. The intricate behavior
of the MERO joint under tensile load was due to the threads
of the bolt and ball node. Therefore, this model can be used
for the compressive loading, which even has no thread and
complicated cased in this type of loading. Figure 10 shows
the compressive load-axial displacement relationship of the
joint. It is seen through comparing among joint members
and the whole joint in Fig. 10 that the conic end piece has
yielded faster. In the compressive force transmission system,
a bolt was taken out of the system and the bolt transmitted no
force. In Fig. 11, effective stress of the conic has been shown
under a pure compressive state in the stage of joint yielding
and end of loading. Notably, the results given in the figures
depend on the type of materials and sample dimensions. On
the other hand, by modeling two joint samples under tensile
and compressive loading, it is considered as a certain type
of similar joints with size similarity.

The ball threaded zones, external edge of the ending cone,
and opening edges of the sleeve with fewer cross-sections
yielded faster under the compressive state. The blue colored
zones in sleeve demonstrate such zones were not in contact
with the ball and the upper blue colored ones (quite limited
stress areas) of the sleeve show that there is no contact sur-
face between the sleeve and bolt under compression.

5.2 Joint Behavior Under Bending Moment Loading

Mechanical behavior of the joints may be expressed as
a moment-rotation curve, indicating the relation between
applied bending moment and respective rotation. The
bending moment applied to the joint equals support force
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Fig.6 Sequences of failure mode of the bolt; a displacement at 0.4 mm, b displacement at 1.0 mm, and ¢ displacement at 1.7 mm

Fig. 7 Distribution of tensile
load; a percentage of tolerated
tensile load on threads of bolt
and b stress distribution on bolt

No 1: 33%
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FEHH

along a tube, as shown in Fig. 12a. On the other hand, rota-
tion deformation is equal to the total elastic deformation
of the tube and rotation deformation of the connection.

g = —Z"j; d 3
6; — 6
g; = arctan< m ) )
y

where §; and §; are deformations measured at the beginning
of the tube and the ball. L;; denotes the distance between
these two points. Initial bending stiffness, resisting moment,
and rotation capacity of the joint may be found using bend-
ing moment- rotation curve (Fig. 12b) (Girdo Coelho et al.
2006).
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+2.598e+408
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(a) ' (b)

The midpoint of the tube circular cross-section at the
beginning and center point of ball drilled surfaces is used in
order to determine the rotation. By calculating extracted dis-
placement in proportion to loading direction and dividing the
difference of these two by length, rotation can be estimated.
In this study, the elastic deformation of the tube is quite
limited (around 1%), which is ignorable comparing to joint
deformation. Therefore, rotation deformation roughly equals
joint deformation. In Fig. 12b, the tangent line on A point
has a slope called initial bending stiffness. The tangent line
on B point has a less slope, which is reduced stiffness. This
stiffness is about 20% of initial bending stiffness. Therefore,
moments associated with A and B points are called elastic
and plastic moments. Knee-range is a range between initial
and reduced stiffness and reaches (M, and ®;,) from the
lower part and (M, and @) from the upper part. The

sup
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Fig.8 Modeling of threads and
boundary conditions
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(c) Meshed model of threaded bolt
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Fig.9 Comparison of load ratio between Chen and Shih model and
FEM model

loading procedure is in the form of displacement control to
the top of the ball and monotonic type. Figure 13 shows the
deformed connection under bending moment loading.

As a result of the bending moment, the top part of the
sleeve is compressed, and its bottom part is under tensile.
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(b) Meshed model of sleeve

(d) Combined model
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Fig. 10 Portion of each parts of joint under compressive load

Upon the presence of the positive bending moment, it is
expected that the top and bottom parts of the bolt are sub-
jected to compression and tensile loads, respectively. Upon
applying a load, the upper and lower parts of the ball node
are exposed to compression and tensile, respectively. Fur-
thermore, the threaded hole of the ball imposes compression
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Fig. 11 Stress distribution on -
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Fig. 12 Definition of bending moment-rotation relationship

resulted from opening to bolt lower parts, which results in
compression stresses on the bolt. In Fig. 13, half of the joint
section cut has been shown for more clarification. Under
bending moment loading, the connection had a plastic defor-
mation. In Fig. 14, the bending moment- rotation curve has
been given.

5.3 Joint Behavior Under Combined Loading

In fact, a combination of loads may impose a joint system.
Therefore, here we focus the combined effect of compres-
sive force and bending moment loads. Considering Fig. 15,
rotation of the joint and bending moment measurements may
be calculated.

Two compressive force and bending moment loading
were applied to the model using the displacement control
method. In both cases, lateral displacement loading for
25 mm has been applied. In the first model, the displace-
ment denoting applying compression reaches 1 mm and in
the second mode, it was limited to 2 mm, to observe the

Mingf- - - -
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(b) Final step of compressive loading

Knee-range

>

Rotation (rad)

() sup

(b) Bending moment-rotation curve

compression load effect in joint behavior. On the other hand,
the effect of lateral and compressive loadings, a developed
gap between sleeve and ball, and compressive force applied
to the bolt threads may be understood. In Fig. 16, bend-
ing moment-rotation curve has been given. Simultaneous
applying compression force and bending moment results in
an increase in initial bending stiffness. This is due to that
it is delayed by applying compressive force with bending
moment, detaching joint parts, and creating a gap between
them. The existence of gaps between parts results in a
decrease in the knee-range.

5.4 Joint Analytical Relations

It may be found out considering tensile loading capacity
calculations of each part of the joint that the maximum load
applied to the joint system is equal to 173.1 kN, which is the
same as bolt failure force at the hole section. It is seen under
compressive loading that as exposed to 146.81 kN force,
the sleeve enters into a nonlinear stage, and the maximum
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Fig. 13 Deformed shape of joint
under bending moment load

force which may be applied to the joint system is equal to
226.3 kN, which is equal to yielding force of the sleeve in
hole section.

In order to draw the analytical relationship of the joint
system load—displacement, joint displacement was consid-
ered equal to total bolt, conic, and ball deformations. By
using load—displacement presented for the bolt and conic,
the displacement respective to applied force can be deter-
mined. Roughly ball displacement is taken as equal to 10%
of the total bolt and conic displacements. The reason for
displacements doubling is the existence of two bolts and
two conics in the joint. Considering joint load—displacement
analytical curve data has been given in Fig. 17.

Bolt tensile stiffness in its elastic behavior section is more
significant than the MERO joint model. On the other hand,
the nonlinear behavior of the bolt model with respect to
the joint element model occurs in a similar range of load.
By determining the manually axial stiffness of the bolt, the
FE analysis of the joint model results may be controlled
(Fig. 18). In the analytical method, the bolt may be classified
into three parts of the bolt head, bold body, and threaded
part.

35
3.0
-
g
Z 251
=
g
g 20
£ M= 100 (kN.m)
2 159 Mgy~ 210 (kN.m)
:g Finf=0.01 (rad)
£ 1.0 Fsup= 0.035 (rad)
Kipitjal= 100 (kN.m/rad)
0.5
0.0 , ' . |
0.00 0.01 0.02 0.03 0.04 0.05

Rotation (rad)

Fig. 14 Bending moment-rotation curve of MERO joint
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These three parts may be equalized with three cylindrical
sections along with each other, like series springs. There-
fore, the stiffness of each of these cylinders is found suing
EA/L formula. Therefore, equivalent stiffness of bolt in this
method can be found using the following relation:

1 _ 1,11
ke(bnlt) kl k2 k3

= Kooy = 1013.2 (kN/mm) (5

Evidently, in such an equalizing method, the hole on
the bolt body has been ignored. According to Fig. 18, bolt
model results indicate its tensile stiffness to be within
its elastic behavior range (785.2 kN/mm). (Displace-
ment values on bolt stiffness curve in Fig. 18 are halved).
Therefore, analytical relation shows a 25% difference in
comparison to the foregoing. According to the presump-
tion considered in calculations of bolt stiffness, such dif-
ference may be interpreted as ignoring the role of a hole
on bolt body for its axial stiffness reduction. Therefore, it
may be concluded that by a 25% decrease of axial stiffness
resulted from analytical calculations using series springs,
the error can be limited, and the real value of bolt tensile
stiffness can be approached. As seen in Fig. 18, the bolt
nonlinear behavior commences from a lower range of load.
Commencement of joint nonlinear behavior in tensile axial
load is more affected by bolt behavior. It indicates that
nonlinear behavior in the joint model starts from the bolt.

6 Conclusions

In this study, MERO joint behavior was studied using the
FEM in the ABAQUS program under pure tensile, pure
compression, bending moment, and a combination of those
loads. Joint behavior was presented in the form of axial
load—displacement and bending moment-rotation curves.
The following conclusions can be made based on the
investigation.
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S, Mises

(Avg: 75%)
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+7.3360+08
+6.672e+00
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+4.670e+00

S, Mises
(Avg: 75%)

46,9790+
+3.407e+

(a) Definition of bending moment and rotation of the joint

(b) Stress distribution in members of the joint

Fig. 15 Definition of combined loading and stress distribution on different parts
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16 Bending moment-rotation curves related two states of loading

Under pure tensile load, the joint has an elastic level up
to 112 kN and then enters into a nonlinear zone. In this
case, the opening region on the bolt and first thread of
the ball reached to failure stage.

Under pure compressive force, the joint has an elastic
stage up to 135 kN. Then it enters into a nonlinear stage
upon conic yielding. The initial stiffness of the joint
under compression loading is 1.81 times that of joint
stiffness under tensile exposure.
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P
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—
~ A
4 e
\;D 150 ;/
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9
E $
= 1004 *
< 4
4 —%—— Tensile loading
5014 — -A —  Compressice loading
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Axial displacement (mm)

Fig. 17 Analytical load—-displacement curves of joint under tensile
and compression loads

e The compressive axial force increases joint initial bend-
ing stiffness. Meanwhile, the elastic bending moment
decreases by increasing compressive force.

¢ In the case of using analytical relation, joint elastic stiff-
ness becomes roughly 25% larger than the stiffness of FE
model, which may be referred to simplifying assumptions
such as ignoring hole in bolts.

¢ Quantitative results presented in this study may merely
be referred to concerning the studied model and further
studies are required for other standard aspects of MERO
joints.

@ Springer
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Fig. 18 Equivalent axial stiffness of bolt and comparison of analytical and FEM model results
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