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Abstract

This study investigates the ductile failure modes associated to bearing mode
for bolted cover-plates with slotted holes on the basis of an experimental
program. The strengths from tests are compared to those given by two
analytical models based on design standards. Two tested specimens were
monitored to observe the local deformations of the loaded zones at the end-
distance of the plates. The deformations are measured using Digital Image
Correlation (DIC) technique. Strain maps showed that the behavior of the
plates with slotted-holes is very complex combining, in some cases, bend-
ing, shear and tension of the loaded part under the bolt. The wealth of
information leads to a better understanding of the behavior of slotted hole
connections until failure and proposes an analysis on the limits of the exist-

ing analytical approches.
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1. Introduction

In steel construction, cover-plate connections play an important role
in the mechanical behavior of structures. Those connections are mostly
subimitted to shearing [1]. Shearing connections modeled as cover-plates
present the advantage to realize a large number of connection types (beam-
to-beam, beam-to-column or column-to-column connection) with a limited
bulkiness in comparison with that of end-plate connections modeled as T-
stubs [2, 3]. Cover-plate joints with circular holes allow to transfer bending
using the shearing of the bolt and tension with local shearing of the plate [4].
With this type of loading, various failure modes such as bearing, net-section
or shearing of the bolt can occur [5]. In practice, ductile failure modes have
to be privileged in the design of structures [6]. In that purpose, the bearing
failure mode is the one to be considered in the design of structures. Some
parameters influence this failure mode such as the geometry (end-distance
and edge distance) [7]. The behavior of such connection is studied in various
scientific papers [4, 8, 9]. To analyze the behavior of such connections, full-
field measurement technique can be used to analyze in details strain fields
in terms of mechanism of deformation [10].

Nowadays, the architectural tendencies combine different materials in the
structures. Thus, connections between timber and steel [11] are common.
In this context, new structural conditions are taken up regarding the mate-
rial behavior, such as the brittle character of wood in tension perpendicular
to grain or shear, mainly due to changing environment parameters such as
temperature or moisture. One solution consists in giving additional degrees
of freedom in order to limit the effect of the deformation gradients between
the connected materials (steel and timber, for instance), or to improve the

ductility and energy dissipation of connections in earthquake environment



[12, 13]. In order to release a degree of freedom, bolted cover-plates with
slotted holes can also be used as a solution in the design of connections be-
tween different materials [14]. However, very few studies deal with this type
of connection under loading perpendicular to the length of the hole. Two
analytical models used to predict the bearing strength of such connections
are available in the literature [15, 16, 17].

In the present study, the strength values given by the two models are
compared to those obtained from experimental tests in order to evaluate
the accuracy of the models and their limits of applications. Then, the non-
linear load-displacement curves are observed at different stages of loading in
order to describe the behavior of cover-plate with slotted holes. Besides, the
DIC technique is used to analyze in details the local behavior of two specific
geometries. Those local measurements aim at understanding the different
mechanisms of deformation under the bolt for different load values observed

on the load-displacement curve.

2. Geometry of the specimens

This study aims at analyzing the behavior of bolted cover-plates with
slotted holes considering the bearing failure mode. For that purpose, the
edge distance is chosen to avoid net-section failure.

The experimental program concerns 14 specimens, with various hole
lengths and end-distances, tested until failure. In a first time, twelve spec-
imens are tested for the global analysis based on load-displacement curves.
Then, to analyze the evolution of the strain distribution under the bolts,
two specimens presenting different failure modes are equipped to perform
DIC (Digital Image Correlation) measurement.

Figure 1 gives the geometrical parameters of a slotted hole using the



terms of Eurocode 3.
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Figure 1: Geometrical characteristics of a slotted hole

The European standard defines minimum values for the distance from
the axis of a slotted hole to the adjacent end or edge of any part (e3) and the
distance from the centre of the end radius of a slotted hole to the adjacent

end or edge of any part (e4) (see Table 1).

Parameter Minimum value
€3 1.5 do
€4 1.5 do

Table 1: Geometrical recommandations of the Eurocode for slotted hole

In order to understand the mechanical behavior of the slotted holes with
various geometrical configurations, some specimens are chosen with end-
distances values out of the geometrical recommendations of NF-EN-1993-1-8
[18] . Among the six geometrical configurations tested, two are chosen with
the end-distance (e3) lower than the minimum value given by Eurocode 3
[18]. The geometries with dimension lower than the one of the Eurocode 3
standard are chosen in order to maximize the effect of bending of the end-
distance zone under the bolt. The dimensions of the six configurations are

chosen so as to exclude bolt shear and net cross-section failure modes.



The geometrical characteristics of the tested cover-plate specimens are
given in Table 2. Each configuration of specimens is tested twice. Thus,
twelve specimens are tested in the analysis of the global behavior. The
bolt is loaded in double shear to obtain a symmetrical set-up on the testing
machine (see Figure 11). The end-distances of the specimens E1-1 and E2-1

are chosen with end-distance values under the limits defined by EN-1993-1-8.

Specimen, Ly es eq do b (mm) | t (mm)
(mm) | (mm) | (mm) | (mm)

E1-1* 13

E1-1.5* 13 19,5 26 13 65 6
E1-2 26
E2-1 13

E2-1.5 26 19,5 26 13 78 6
E2-2 26

* 1 Specimens equipped with DIC

Table 2: Geometrical characteristics of the tested specimens

The name of each specimen is chosen to take into account the analyzed
parameters which are the length and the end distance. Thus, Ei-j corre-
sponds to a configuration with slotted hole length of Ly = ¢ - dy and end-
distance of e3 = j - dg. As illustration, the specimen E1-1.5 is characterized

by a hole length (Lg) equal to 1dy and an end-distance (e3) equal to 1.5dp.

3. Global analysis : experimental tests and evaluation of existing

models

The aim of this section is to evaluate the analytical model on a panel
of experimentally tested geometries. First of all, the analytical models are

applied to the tested geometries and compared to experimental results.



3.1. Tests set-up and material specifications

All specimens were tested using a + 200 kN Zwick testing machine.
The displacement controlled tensile tests were realized with a displacement
rate of the cross-head machine chosen equal to 0.04 mm/s. The tests were
performed in-order-to characterize the global behavior of the cover-plate
connections. The load-displacement curves are obtained by the sensors of
the testing machine.

The specimens have been made using a plate of S275 grade with a real
value of yield strength of 290 MPa and an ultimate strength of 380 MPa.
These mean values have been obtained by tensile tests on three coupon
specimens. A sample of a stress-strain curve is presented in Figure 2.
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Figure 2: Example of a stress-strain curve of coupon tests

M12 bolts with grade 8.8 are used. The aim is to avoid the failure mode
of bolts in shear as the study is focused on the bearing failure mode of the
connected plates. To obtain the real characteristics of the bolts, tests in
tension were performed. The real value of bolts tensile strength is equal to

846 M Pa.



8.2. Design analytical models

This section describes two analytical models dealing with the bearing
design strength of bolted cover-plate joints with slotted holes. The first one,
proposed by Wald et al [15, 16], allows the strength prediction of cover-
plate with slotted holes. It is similar to that used in the current version
of Eurocode 3 [18]. The second one is developed by Moze for the draft of
the coming version of Eurocode 3 [17]. The design equations are used as
analytical formulas with the partial safety factor v, taken equal to 1.0. The
obtained strength values with both models are compared to the plastic load
capacity deduced from the experimental load-displacement curves. These
curves present a bi-linear shape, the plastic strength corresponds to the slope
changing. These two models are proposed with the geometrical limitations of
the Eurocode 3 for cover-plate with slotted-holes which are an end-distance
and edge-distance higher than 1.5 dy (e3 > 1.5 dp and e4 > 1.5 dy). For E1-1
and E2-1, the end-distance is lower than the standard recommandations in
order to maximize the effect of bending.

The following notations are used: d is the bolt diameter, dy is the diam-
eter of the hole, t is the plate thickness, f,, and f,; are the ultimate tensile
strength of the plate and the bolt, respectively.

The framework of the study is presented so the analytical models are

now presented.

3.2.1. Bearing model of Wald [15]
According to the model of Wald, the bearing strength (F}, rq) is evaluated

using Equation 1.

25 fu-d-t

Fy rawald = B - (1)
YMb




with
€3 fub 1
3dO, fu,

a = min

The coefficient § in Equation 1 is the reduction factor of the circular
hole strength in bearing allowing to obtain that of slotted hole. It has been
calibrated using a statistical analysis based on experimental results. The
analysis gives different values of 8 depending on the hole length. For short
slotted holes (d+2 mm < Lo+dy < d+6 mm), a value of 0.9 for 3 is efficient
and for long slotted holes (d + 6 mm < Lo + dy < 2.5d), a value of 0.7 for
B is the most appropriate solution. Authors conclude that a value of 0.6
for B gives good results for very long slotted holes (2.5d < Lo + dy < 3.5d).
In order to propose a design rule for all slotted holes despite their length,
the coeflicient value of 5 equal to 0.6 is chosen by the authors and used in
the Eurocode 3 standard in order to evaluate the bearing strength of slotted
holes. Another study [19] confirmed this reduction factor choice. Indeed,
this study compares the bearing strength of plates with two circular holes in
serie connected to plates with two circular holes or one circular hole and one
slotted in serie. A decrease of 40% of the strength capacity was observed for
the configuration with the slotted hole in comparison with that with circular
hole.

Table 3 summarizes the strength values corresponding to the bearing
failure mode for all the specimens using the mechanical characteristics of
Table 3 and a safety factor v, taken equal to 1.

The model of Wald et al [15] is based on a small deformations criterion
of the end-distance. For this reason, the values given by this model are com-
pared with the plastic values taken from the experimental load-displacement

curves in section 3.3.



Specimen Fy ra,wald
E1-1 13.7
E1-15 20.5
E1-2 27.4
E2-1 13.7
E2-1.5 20.5
E2-2 27.4

Table 3: Strengths of the bearing failure mode in kN according to the model of Wald

3.2.2. Bearing model of Moze [17]

This model presented in the draft of the Eurocode [17] has two main
specificities. Firstly, it takes into account the length of the hole in the
reduction factor applied to the bearing strength of a circular hole. The
second one consists in choosing, as resistance criterion for the slotted hole,
the load corresponding to the hole elongation obtained from the maximum
load for the corresponding circular hole. This model is obtained on the basis
of numerical tests.

The experimental strength, named F' (ug mqaz), is defined using the load-
displacement curve of a plate with circular hole presenting the same mechan-
ical and geometrical parameters as the one tested with slotted holes. On

this curve, ug mqz is the displacement corresponding to the maximum load

€3
of the circular hole. A good estimation of the us qz value is 3 for circular

holes. This deflection value is reported on the load-displacement curve for
the connection with slotted hole in order to obtain its design strength.
The design model of Moze takes into-account the large deformation ca-
pacities of such connections before failure. It can be used to design con-
nections where large deformation is allowed. The design model proposed by

Moze is presented in equation 2.



ki fu-d-t

Fy ri,Moze = kpy————— (2)
YM2
with,
es
k1 = min d—o; 3 (3)
and

ky = 0.9; ford+2mm<Ly<d+6mm (4)
ky = min (0.375- k1 +0.15;0.9) ; for d+6 mm < Ly < 2.5d (5)
ky=  min(0.375 k3 0.9) ; for 2.5d < Lo < 3.5d (6)

d is the bolt diameter, dy is the diameter of the hole, ¢ is the plate
thickness, f, and f,; are the ultimate tensile strength of the plate and the
bolt respectively. This method has been applied on the tested configurations

and the values of k, and Fy, g4 roze are presented in Table 4.

Specimen Bearing strength
Ky Fb,Rd,Moze
E1-1 0.9 24.6
E1-1.5 0.9 36.9
E1-2 0.9 49.2
E2-1 0.525 14.4
E2-1.5 0.7125 29.2
E2-2 0.9 49.2

Table 4: Bearing failure mode strengths in kN according to the model of Moze

In conclusion, based on the criterion of deformation considered for the
presented models, the model of Wald et al can be used as design rule for
small deformation of the end-distance while the model of Moze allows large

deformations. Moreover, in order to evaluate the accuracy of both models,

10



their strength values are compared to those obtained from experimental tests

in section 3.3.

3.3. Experimental results and comparison with analytical models
Experimental tests were performed until failure of the connection, except
for E2-2 specimen for which an out of plane bending of the plate was observed
during the test due to the bending of the bolt (see Figure 4). However, the
load-displacement curve reached large deformations in plastic stage and it
can be analyzed similarly to the other specimens. Global load-displacement

curves are presented in Figure 3, where two specimens are tested for each

geometry.
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Figure 3: Load-displacement curves

Load-displacement curves can be represented by a bi-linear law, see [16].
However, regarding the shape of experimental curves, instead of defining
the second stiffness as the initial one divided by ten, the second stiffness is

defined using linear regression. In the study, three load values are defined to
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Figure 4: Out of plane bending of E2-2

characterize the global behavior of such connections. The first value, named
plastic strength (F,;), corresponds to the changing of the curve slope. The

second value F (g maqz) is the load value corresponding to the displacement

€3
Usmaz = 5 according to the model of Moze. The last one is the ultimate

load (F;) defined as the maximum load reached before failure. The three
loads Fp, F (usmaz) and F,y are presented in Figure 5 for a typical load-

displacement curve.
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Figure 5: Definition of Fp;, F (tus,maz) and Fuy

F,

»i values are taken as the reference strength values to be compared with
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the design values obtained using the bearing strength of the Wald model
Fy ra,waid- The F(usmae) values are compared to the bearing strength val-
ues obtained from the model of Moze F}, rq ar0ze- Relative differences named
ewald and eproze between Fy, and Fy pawaid and F(usmaz) and Fy gd Moze
are defined in Equations 7 and 8. The geometrical recommandations of these

models are reminded in Table 5.

Fy — Fy Rawald
EWald — Fl - 100 [%] (7)
p

F (Us,ma:v> - Fb,Rd,Moze

= -10
€Moze F (Us,maa:) 0 [%] (8)
Parameter Minimum value
es 1.5 dy
€4 1.5 do

Table 5: Geometrical recommandations of the Eurocode for slotted hole

Results are presented in Table 6 and 7.

Specimen F, (EN) Fy ra,wald Difference Fu
(EN) (ewaia in %)

El-1 10.2 13.7 —-34 24
E1-1.5 27 20.5 24 43
E1-2 38 27.4 28 55
E2-1 6.5 13.7 —111 19
E2-1.5 21.5 20.5 ) 37
E2-2 26.5 27.4 -3 38

Table 6: Comparison between experimental values and design model of Wald

Regarding the specimens E2-1.5 and E2-2, it can be observed that strength
values Fy rq,waia are very close to the experimental plastic values F;. A

higher difference is observed between Wald model and tests for specimens

13



Specimen Us, maz F(usmaz) FbRrdmoze Difference Fuu
(kN) (eMoze I

%)
El-1 4.3 15.6 24.6 —58 24
E1-1.5 6.5 374 37 1 43
E1-2 8.7 53.2 49.2 7.5 55
E2-1 4.3 9.5 14.4 —52 19
E2-1.5 6.5 26.3 29.2 —11 37
E2-2 8.7 38 49.2 —-29 38

Table 7: Comparison between experimental values and design model of Moze

E1-1.5 and E1-2 (about 25%). Indeed, the analytical model does not take
into account the length of the hole and in accordance with the development
of the model [15], it seems more adapted for long slotted holes. Regarding
the results of Moze model [17], a good accordance with the experimental
values F'(us mae) and the design values is observed for the E1-1.5 et E1-2.
However, the prediction overestimates the strength of specimens E2-1.5 and
E2-2. It would be interesting to compare this model to other experimental
tests with various geometries in order to confirm this observation concerning
long slotted holes.

Regarding to the specimens E1-1 and E2-1, the model of Wald, com-
paring F},; with Fj rqwaid, on one hand and the model of Moze, comparing
F(tusmaz) and Fy gd Moze, on the other hand present a high negative dif-
ference. This indicates that the analytical strength values are higher than
the experimental ones. This observation shows that those analytical models
are not suitable to describe the bearing behavior of those specimens. This
conclusion was expected as the geometries of specimens E1-1 and E2-1 are
out of the geometrical specifications of the models. Therefore, the analytical
model needs to be adapted to predict the strength for geometries out of the

standard recommendations, especially for small end-distance.
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In order to observe the possibilities of adaptations of the model, the
following section is dedicated to the analysis of the failure modes and the

behavior of all specimens.

8.4. Failure modes

Figure 6 presents the failure modes of the specimens E1-1, E1-1.5, E1-2,

E2-1, E2-1.5. The specimen E2-2 did not reach the failure because of the

large bolt bending. However, the plastic behavior was reached (see figure

(a) E1-1 (Tensions and shearing) (b) E1-1.5 (Shearing and bearing) (c) E1-2 (Shearing and bearing)

(d) E2-1 (Tensions and shearing) (e) E2-1.5 (Shearing and bearing)

Figure 6: Failure modes observed on the specimens with large hole deformations

The observation of the failure modes shows two types of failure. The first
one concerns the specimens E1-1.5, E1-2, E2-1.5 which present a dominant
mode of bearing before failure. The bearing of the bolt in the hole is clearly

visible. Furthermore, shearing failure of the plate is observed under the

15
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Figure 7: Specimen E2-2 after test and load-displacement curve

bolt. This failure mode is the one predicted by the model of the Eurocode
NF-EN-1993-1-8 [18].

The second failure mode corresponds to a failure by tension and shear.
Figure 6a and 6d present this failure for specimens E1-1 and E2-1. These two
specimens present similar position of the crack section. Moreoever, contrary
to the failure of E1-1.5, E1-2, E2-1.5 which present a large penetration of the
bolt in the zone under the bolt and so a reduction of the end-distance in this
zone, for E1-1 and E2-1, the end-distance of the zone under the bolt remains
similar to the one before test. This indicates a limited penetration of the
bolt for E1-1 and E2-1 during tests. Only reduction of section is visible in
the zone of the crack (necking) which indicates high tensile stresses at the
failure due to the large deformation of the end-distance.

This observation can explain the negative difference observed in the ta-
ble 6 between Fy; and Fj rqwaiq and in the table 7 between F(usmqez) and

Fy rd,Moze- Indeed, these specimens seem to present a failure mode different

16



from that covered by the standard. The observation of two different failure
modes is confirmed by the local analysis of strains using full field measure-
ment. In the next sections, experimental results for specimens E1-1, E1-1.5

and E1-2 are presented in detail.

8.4.1. Behavior of F1-1.5 and E1-2 specimens

The load-displacement curve of specimen E1-2 is given in figure 8a with
the positions of the loads illustrated by deformed shapes of specimen (Figure
10b to 10d). The main phenomenon observed during the test is the penetra-
tion of the bolt in the plate (Figure 8c). This phenomenon is accentuated
for higher level of loading until failure. This specimen presents a bearing
failure with a shearing fracture at final stage as shown in Figure 8d.

The specimen E1-1.5 with lower end-distance presents the same failure
mode as specimen E1-2. The load-displacement curve of specimen E1-1.5 is
shown on Figure 9a with the two loads (P1 and ultimate). The deformed
shapes of the specimen observed during the test are shown on Figure 9b for
the load corresponding to P1 and on Figure 9c for the ultimate load.

Two types of phenomena can be observed. The first one is the bending
of the end-distance under bolt loading (see Figure 9b). This phenomenon
corresponds to the slope change on the load-displacement curve (figure 9a).
The second phenomenon is the bearing of the bolt on the end-distance zone.
The bearing becomes predominant compared to the bending of the end-

distance with the increase of the loading until shear failure.

3.4.2. Behavior of specimen F1-1
Figure 10a presents the load-displacement curve of specimen E1-1. This
specimen has the same hole length as specimens E1-1.5 and E1-2, but its

end-distance (e3 = 1. dp) is smaller.
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% 5 10 15 20 25
Displacement (mm) :
(a) Load-displacement curve (b) Bearing (around point P1)

==

(c) Bearing (point P2) (d) Failure

Figure 8: Experimental observations for the specimen E1-2

It can be observed in Figure 10b, corresponding to point P1 in the load-
displacement curve in Figure 10a, that the bending of the steel part under
the bolt is dominant in comparison to bearing. Large bending displacements
are visible in figure 10c corresponding to point P2 in the load-displacement
curve in Figure 10a. It induces a tension force in the end-distance and the
failure. Indeed, a reduction of section (necking) is visible at the critical
section (Figure 10d).

The length of the slotted hole is not directly considered in the analytical
formula of current design rules to evaluate the strength. However, the ex-
perimental results point out the influence of the hole length on the strength

values of bolted cover-plate with slotted holes. Besides, two main failure

18
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(c) Failure by shear and bearing

Figure 9: Experimental observations for the specimen E1-1.5

modes were observed: bearing or bending combined with tension at high
load level. The next part presents an analysis of strain maps arround the
hole using full field measurement method. Two specimens with different
failure modes have been chosen for this local analysis (specimens E1-1 and

E1-1.5).

4. DIC analysis of the local behavior of E1-1 and E1-1.5 specimens

In this section, analysis is focused on strain maps obtained for different
loading levels for two end-plate dimensions e3 (13mm for specimen E1-1
and 19.5 mm for specimen E1-1.5). The aim is to illustrate the deformation

mechanisms under the slotted hole. For that purpose, various strain maps,
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Figure 10: Experimental observations for the specimen E1-1

namely €zz, €yy, €y, €1, €2 are presented and analyzed for three loading
levels : in the first linear phasis, at the changing of slope and in the second
linear phasis (see Figure 15a for example). 44, €,y and e, strain maps
correspond to the strains in plane (x,y). €1 and &9 strain maps correspond

to the major and minor principal strain maps.

4.1. Tests set-up

All specimens were tested using a + 200 kN Zwick testing machine. The
displacement controlled tensile tests were realized with a displacement rate

of the cross-head machine chosen equal to 0.04 mm/s. The two configura-

20



tions (E1-1 and E1-1.5) were equipped with full field measurement in order
to determine the strain fields in the loaded zone at the end-distance of the
specimens. For these specimens, the load-displacement curves were obtained
using LVDT displacement sensors fixed on the plate using adapted support.

The test set-up is presented in Figure 11.

Threaded rod _, LVDT

Speckle pattern

i Ve

Bolt M12 C1 12.9

(a) Side view of the experi-(b) Schematic side view of the experimental set-up(c) Front view of the experimental
mental set-up set-up

Figure 11: Test set-up (with DIC set-up)

4.1.1. Displacement measurement for specimens E1-1 and E1-1.5

The two LVDT sensors measure the displacement along the bolt length so
as to obtain the relative displacement between the bolt and the plate on the a
limited zone of the connection (see Figure 12b). The use of two sensors along
the bolt gives the possibility to evaluate the part of relative displacement due
to the bending of the bolt. Figure 12a presents, as example, the comparison
of load-displacement curves obtained with the global displacement of cross-

head machine and that obtained from LVDT sensor corrected by the rotation
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(a) Example of a load-displacement curve with LVDT or (b) Bending of the bolt
cross beam sensor

Figure 12: Influence of displacement measurement

of the bolt.

4.1.2. Image measurement

A PCO EDGE camera featuring a 14 bits/2048 x 2048 pixel CCD sensor
and equipped with a 105 mm lens was used to capture images of the speckle.
Full field measurements were used to measure the heterogeneous strain fields
around the slotted hole. As the strain distribution is very important for the
mechanical analysis and may significantly vary around the hole, it appears
difficult to obtain rich results using standard strain gauges. Thus, it has
been chosen to use a full field measurement technique which is well adapted
for the observation of complex strain fields.

The acquisition frequency of the camera was chosen equal to 0.91 images/s.
During the tests, the surface was illuminated using a cold light source to ob-
tain a quasi-uniform lighting of the speckle. Figure 13 presents an overview

of the experimental set-up.
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Figure 13: Camera measurement setup

The surface preparation consists in depositing a black speckle on a thin
film of white paint sprayed on the surface of the studied zone localized
around the slotted hole. The speckle size may influence the metrological
performances of the technique, as detailed in [20]. That is why a special
attention was paid on the speckle size in the present study. Figure 14a
presents an example of the speckle pattern and its corresponding grey level
histogram in Figure 14b.

In the present study, an open source 2D Digital Image Correlation MAT-
LAB program Ncorr software [21] was used. Images were processed to de-
duce displacement and strain fields from the speckle images. The values of
the parameters used for DIC analysis were: Subset size (SS) = 10 pizels,
Step Size (ST') = 5 pizels and Strain Window (SW) = 1 pizel, which repre-
sent standard settings for DIC. An estimate of the spatial resolution, which
reflects the ability of the measuring technique to distinguish independent
features in any strain map, can be calculated from these parameters by us-

ing the definition proposed in [22]: SP = (SW —1)-ST'+SS. In the present
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Figure 14: Example of speckle pattern

case, the spacial resolution is equal to SP = 10 pizels.

Another metrological characteristic has to be considered: the resolution.
It represents the lowest numerical values that can be measured by the DIC
process out of the noise measurement. The resolution in displacement and
the resolution in strain can be estimated by the standard deviation of the
distribution of each quantity without any mouvement of the specimen tested.
For each specimen, twenty speckle images have been stored without any
movement, allowing for the calculation of the empirical standard deviations
of the displacement and the strain maps. The obtained results are similar
for both the horizontal (u,) and the vertical displacement (u,) fields on
the one hand, and for the three €., €4y, €4y strain maps on the other
hand. The average resolution in displacement was equal to 4.6 x 10~2 pixels,
corresponding to 1,6um and the average resolution in strain was equal to

2. x 1073,

4.2. Material specifications

Table 8 summarizes the mechanical characteristics of the steel plates

obtained from tensile coupon tests.
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Specimen fy (M Pa) fu (MPa)
El-1 374 473
E1-1.5 290 380

Table 8: Mechanical characteristics of steel

M12 bolts with grade 12.9 are used in this part of the study. The aim is to
avoid the failure mode of bolts in shear as the study is focused on the bearing
failure mode of the connected plates. To obtain the real characteristics of
the bolts, tests in tension were performed. The real value of bolt tensile
strength is equal to 1530 M Pa. To allow the observation of the strains on
whole zone around the hole by DIC technique, the grade 12.9 is selected to
limit the plastic deformations of the bolts during tests and the bolt head

was Sawil.

4.3. Specimen E1-1

Figure 15 presents the global load-displacement curve and the corre-
sponding €uz, €yy, Exy, €1, €2 strain maps for three loading levels (7.4 kN,
12.0 kN and 17.7 kN), respectively. Those three load levels have been chosen
to study the strain distribution before and after reaching the plastic strength
F,; which corresponds to the change of slope in the load-displacement curve.
The corresponding €., €yy, €2y, €1, €2 strain maps are presented in Figures
15¢, 15f, 15i, 151, 150, for a loading level of 7.4 kN. Figures 15d, 15g, 15j,
15m, 15p for a loading level of 12.0 kN and in Figures 15e, 15h, 15k, 15n,
15q for a loading level of 17.7 kN, respectively. The principal strain maps
€1, €2 shows two informations. On these figures are superimposed the ori-
entation of the principal strain directions on the strain maps. The length
of these lines is proportional to the value of the strain. An amplification on

the length of the lines is applied in order to facilitate the exploitation. For
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each level of load, the same amplitude is applied to the lines representing &1
and e9.

For a loading of 7.4 kN, Figures 15¢ and 15f underline the bearing of the
bolt in the end-distance area (see point A in these figures). Indeed, the €,
(Figure 15c¢) strain map shows two blue lobes on both sides of a red one.
This type of deformation highlights the plastic flow of steel under the bolt
and the two flattening areas of the steel. The ¢, strain map (see Figure 15f)
confirms this phenomenon. The blue zone under the contact between the
bolt and the plate (point A) also shows the flattening of the end-distance
due to the penetration of the bolt. This phenomenon of penetration of bolt
can also be observed in Figure 15i with very localized shear strains around
the contact area between the bolt and the plate. The principal strain maps
presented in Figure 151 and 150 show that the strains are concentrated in
the zone of penetration especially eo values. These results underline the fact
that the penetration of the bolt is predominant at this stage of loading.

Figure 15d presents the €., strain map corresponding to a global behav-
ior intermediate between elasticity and plasticity (see blue circle in Figure
15a corresponding to 12.0 kN). This figure presents a red triangular zone
under the bolt contact point (between points A and B). In order to analyse
this phenomenon, Figure 16 presents the strain values along line AB for two
loading levels equal to 7.4 kN and 12.0 kN, respectively. This strain distri-
bution shows the development of a plastic flow in the x-direction near point
B, with high strain level (0.032 for 12.0 kN, compared to 0.006 for 7.4 kN).

The strain levels corresponding to the elastic limit of strain of this steel e,

f
is calculated as e, = Ey = 1.8-1073 (E is the Young’s modulus and fy the
yield strength equal to 374 M Pa). The strain level is higher than e, for

almost all points located along line AB. This observation allows to conclude
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that around point A, the penetration of the bolt generate a plastification of
the material. In the same time, for a load level equal to 12 kN, the slope
of the strain curve from the middle of the line AB to point B illustrates
the development of a plastic zone inducing a roation of the section arround
line AB. For an analytical point of view, a plastic zone causes a transition
from a behavior with small deformations to a large one. However, due to
the hardening of steel, this plastic zone presents an increase of strength,
which explains the increase of the load-displacement curve after the chang-
ing of slope. Moreover, the shearing of the end distance area (see Figure
15j) starts to develop along the end-distance. This phenomenon is more
visible in Figure 15m and 15p that present the principal strains maps e;
and €. They present a slope at 45 degrees with the horizontal and vertical
directions, respectively. The black dashes reflecting the two principal defor-
mations present the same length for all points with a strain level higher at
the middle of the hole than its border. This behavior is close to the one of a
three-point bending beam. Finally, this phenomenon explains the changing
of slope observed in the load-displacement curve.

The last analysis is dedicated to a loading equal to 17.7 kNN, and cor-
responds to the global plastic behavior. Figure 15e shows the development
of a plastic hinge that can be observed at the border of the hole. Indeed,
the red zone around point C and the blue one around point D confirm this
phenomenon with high positive strains (tension) in C and high negative
strains (compression) in D. To illustrate this mechanical behavior, Figure
17 presents the €4, strain values along line CD for four different loading lev-
els 7.4 kN, 12.2 kN, 15.0 kN, and 17.7 kN, respectively. The development
of the plastic hinge progressively appears, resulting in an increase of the

absolute value of the ., strain values at points C and D with the loading
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values. The development of the plastic hinge appears just after the slope
change on the global load-displacement curve. Indeed, no significant strain
is visible for 7.4 kN. For a loading of 12.2 kN, a positive strain value equal
to 7.1073 can be observed at point C. This value of strain corresponds to the
beginning of strain hardening. For a loading of 15 kN, the plastic hinge is
fully developed. This phenomenon induces an increase of the displacement
visible in the global load-displacement curve after the slope change. Finally,
the curve corresponding to a load of 17.7 kKN confirms this phenomenon

because all along the line CD, the deformations are higher than the elastic

limit of deformation ¢, calculated as ¢, = Ey =1.8-103 (E is the Young
modulus).

This behavior is typical of a beam in bending with three plastic hinges,
two at the edges and one at the midspan of the end-distance. To complete
the analysis, Figure 18 presents the ¢,, strain values along line (EF) versus
load. It can be seen in this figure that below a load value of 15.0 KNV, the
strain values are very small (under 0.002). Beyond this value, the strain
values rapidly increase. This increase of both strains and strain rates un-
derlines the development of a tensile zone along the line (EF). To confirm
the experimental observation leading to a tension failure, the orientation of
the principal strains are calculated and presented in Figure 19. Figures 19a
and 19b present €1 and e5 strain maps on which the principal strain orienta-
tions have been superimposed. The load value equal to 26.6 kN is close to
the ultimate strength of the connection. The length of the cross-lines is pro-
portional to the amplitude of the principal strains. The inclination of each
cross is equal to the orientation of the principal directions of the strains.
The length of lines representing 1 is much higher than those representing

9.
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4.4. Specimen FE1-1.5

In this section, the behavior of specimen E1-1.5 is analyzed similarly to
the specimen E1-1.

Figure 20 presents the global load-displacement curve and the €., €y,
Exy, €1, €2 strain maps for three loading levels (10.4 kN, 22.0 kN and 30.3
kN), respectively. The corresponding €.z, €yy, €xy, €1, €2 strain maps are
presented in Figures 20c, 20f, 20i, 201, 200 for a loading level of 10.4 kN, in
Figures 20d, 20g, 20j, 20m, 20p for a loading level of 22.0 kN and in Figures
20e, 20h, 20k, 20n, 20q for a loading level of 30.3 kN, respectively.

Both €., and ey, strain maps corresponding to a loading level of 10.4 kN
clearly underline that strains are localized under the bolt, the strain values
for the other zones are very small. More particularly, the ., strain map
for 10.4 kN shows a red lobe (point A) with two blue ones on both sides of
the red zone. This observation induces the same conclusion as for specimen
E1-1, namely the penetration of the bolt in the end-distance area. This
phenomenon is the first one that appears. The blue lobe (point A) visible in
Figure 20f confirms this observation. The €,, map in Figure 20i shows the
development of a shearing flow under the contact between the bolt and the
plate (point A). The observation of the principal strains allows to confirm
that the strains are only localized under the bolt contact zone.

Based on Figures 20d and 20g corresponding to a loading level equal to
22.0 kN, the global behavior intermediate between elasticity and plasticity
is now analyzed. As for Specimen E1-1, the presence of a plastic section
is visible, especially in zone (AB). Indeed, the development of the localized
plastic section induces an increase of the elongation along the horizontal
direction, which is visible along line (AB). The penetration of the bolt be-

comes predominant as it can be seen in the ey, strain maps with the large
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blue lobe under point A. The ¢, strains presented in Figure 20i confirm that
the penetration of the bolt is predominant because of the presence of large
lobes around point A. Moreover, the principal strains (Figures 20m and 20p)
present directions of about 45 degrees around point A whereas they appear
horizontal and vertical around point B. The strain level are equivalent for
€1 and €o. The strain levels are much higher around point A than around
point B which underlines the fact that the penetration is predominant for
this specimen.

Finally, the study of €;, and ¢, (Figures 20e and 20h) for a loading
level of 30.3 kN confirms the previous observations, that is the penetration
of the bolt which characterize the behavior of specimen E1-1.5. The &gy
map presented in Figure 20i proves that the maximum gradient of shearing
is concentrated around line AB. The angle of the principal strains visible in
Figure 20n and 20q confirm this observation. The behavior of this specimen
is characterized by the bearing of the end-distance area. The phenomenon
is followed by the development of another plastic hinge (Figure 20e) on the
border of the hole but with a smaller amplitude than at the middle of the
end-distance area. As the strain amplitudes are smaller compared to those
observed along line (AB), this phenomenon has no effect on the failure mode,
as observed in section 3.4.

To complete the analysis, Figure 21 presents the €, strain values along
line (AB) for three load levels: 10.4 kN, 22.0 kN and 30.3 kN. The influence
of the bolt bearing on the €, strain value is visible, especially around point
A. The absolute ¢, strain value increases from 0.001 et 0.08 for a load level
increasing from 10.4 kN to 30.3 kN.

The analysis of the principal strains completes the study and validates

the shear failure mode observed for that specimen. Figures 22a and 22b
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present €1 and €2 strain maps on which the principal strain orientation
have been superimposed. The load value, equal to 39.4 kN, is close to
the ultimate strength of the connection. Due to speckle disbanding around
point A where the bolt bearing creates a large plastic steel deformation, the
principal strains at the border of the hole are not considered for this loading
level. For all points where the principal strains are plotted, black lines
corresponding to the principal strain values have quite the same length,
especially in the circled zone presented in Figure 22. The angles of the
principal directions is close to 45 degrees, reflecting a pure shear state. This
is confirmed by the failure observed experimentally, which is clearly due to

shearing and is consistent with the bearing mode.

4.5. Overview

The analysis presented in the two previous sections, concerning the be-
havior of the two specimens E1-1 and E1-1.5, shows a competition between
two different aspects of the behavior in bolted cover-plate with slotted hole:
the bending and the bearing of the end-distance area. Three plastic sections
were observed for the specimens E1-1 and E1-1.5 a plastic zone under the
bolt due to penetration and plastic hinges at the border of the hole due
to bending of the end-distance. Concerning specimen E1-1, these plastic
hinges induce large deformations in bending and lead to the development of
tension due to second order effect, while specimen E1-1.5 at failure is mostly
characterized by the bolt bearing on the end-distance area.

The analysis of bolted cover-plate with slotted holes allows to conclude
that two phenomena are in competition : the bending of the end-distance
and the bolt penetration. Both models of Wald and Moze predict the bearing
failure. However, considering the bending of the end-distance could improve

the bearing strength prediction.
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5. Conclusion

This study of bolted cover-plate with slotted holes showed that during
loading, two failure modes can arise in the end-distance zone under the bolt.
The first one is characterized by a large bending of the end-distance that
leads to an arch shape in tension. The second one is due to the bolt pen-
etration (bearing) in the end-distance area. It has been shown that the
length of the hole has an influence on the strength values of the connec-
tion. Using full field measurement technique for two specimens presenting
two different failure modes (bending and bearing), it was observed that the
bending of the end-distance zone and the bearing are in competition. Thus,
the behavior is controlled by the ratio of stiffness of two components: the
bending and the bearing of the end-distance area. Those observations lead
to conclude that Wald model is adapted to geometries with a high predomi-
nance of the bearing mode. The length of the hole is not taken into account
in this model. Besides, the design is very conservative for small and long
slotted holes. The model of Moze presents a new way to design this type
of connection considering the strength in the plastic phase of the behavior.
Indeed, this model allows to take full advantage of the large deformation
capacity of cover-plate with slotted holes. Moreover, it can be interesting
to investigate the stiffness of this type of connection considering bending
and bearing of the end-distance. This investigation could allow to predict
the load-displacement curve of such connections to be used in the prediction
of moment-rotation curve in more complex connections using this type of

slotted-holes.
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Figure 20: Strain map €44, €yy, €ay, €1 and €2 at three loading levels for E1-1.5
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Figure 21: ¢, along the line AB at three loading levels
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Figure 22: Principal deformations for E1-1.5 at 39.4 kN
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