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Abstract: Structural joint configurations realized with serrated steel surfaces have started to be used
in the construction fields to assemble the primary and the secondary structural members of civil
engineering structures. The main advantages of these joint configurations rely on their flexibility
to accommodate construction tolerances and their slip-resistant load-bearing mechanism against
dynamic loading conditions. Therefore, it is important to reliably establish the characteristic value of
the friction coefficient or in other words the slip factor between the serrated steel surfaces to design
reliable slip-resistant connections. In this study, the characteristic slip factor between the CNC-cut
serrated surfaces prepared from S355]2 grade steel plates is determined to investigate the impact of
the CNC-cutting procedure on the slip-resistant load-bearing behaviour of steel-to-steel interfaces.
Five experimental tests were performed according to EN1090-2, Annex G. The results are presented
as the load-slip curves, variation of the bolt pre-tension load level, nominal and actual slip factors for
the tested configuration of the CNC-cut serrated steel-to-steel interface.

Keywords: serrated steel surfaces; friction coefficient; slip factor; slip-resisted connection; pre-tension
relaxation

1. Introduction

The current practice in the construction sector investigates the industrialization of
the construction fields by reducing on-site activities such as the standardization of the
structural joint details and connection components to develop fast erection strategies for
a more economical construction process while achieving high reliability for the assembly
techniques [1-3]. Steel plates with serrated surfaces have been in practice by means of
adjustable edge and side clamps of Computer Numerical Control (CNC) milling fixtures for
many years [4] and they have proven to be a good candidate to achieve reliable assembly
components against dynamic effects. Therefore, structural joint configurations similar to
the assembly devices of CNC milling fixtures may offer a variety of possibilities for the
construction industry with high reliability against dynamic loading conditions of building
and bridge structures. However, the application of adjustable assembly techniques has
not yet been the mainstream for the construction industry because of their expensive
manufacturing costs compared to the conventional joint detailing such as the reinforcement
bars for RC-structures, fin-plates for steel structures and the combination of embedded
anchor plate with fin-plates for steel-concrete hybrid building systems.

On the other hand, steel plates with serrated surface topologies have started to gain
importance in the construction fields as they provide high flexibility to accommodate
construction and manufacturing tolerances. Commercial establishments have recently
introduced several joint configurations with serrated steel surfaces for the assembly of
the secondary structural members such as the facade, masonry and balcony systems with
the main load-bearing frames of the buildings [5,6]. Figure 1 shows an example joint
configuration consisting of a cast-in anchor channel and steel plates with serrated surfaces
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to be used for the balcony system installation of a high-rise building. It could be seen in the
figure that the steel-to-steel serrated interface is positioned to be parallel to the direction of
the gravitational actions. Therefore, the slip resistance achieved with the clamping force
along the serrated interface is the main load-bearing mechanism of the joint configuration
against the gravitational actions.

Loading Direction

Figure 1. An assembly system developed with serrated steel surfaces to connect the main load-bearing
frame and balcony systems of buildings (Photo T.F.Yolacan).

Furthermore, it has been shown by a recent study that the construction industry
could also benefit from the advantages of the steel plates with serrated surfaces for the
beam-to-column connections of the load-bearing building frames [7].

The latest developments in CNC-cutting technologies may paw the way for the cost-
effective production of steel plates with serrated surfaces to be used for the assembly of
the structural members. However, the CNC-cutting operation may deteriorate or enhance
the surface asperities in other words the slip-resistant load-bearing behaviour. Therefore,
considering the allowable level of vulnerability, e.g., slip, for civil engineering structures
under serviceability and ultimate limit states, it is required to reliably establish the slip
factor between the CNC-cut serrated steel surfaces to develop state-of-the-art structural
joint configurations.

Previous studies have shown that the slip factor for steel-to-steel interfaces mostly
depends on the surface roughness of the steel plates [8,9], thus to the surface finishing
applied to protect the steel plates from the environmental effects [10]. Yolacan [11] recently
showed that friction shims enriched with diamond particles for enhancement of slip-
resistance between steel plates may be effective if the surface roughness of the steel plates
is kept less than the maximum size of the embedded diamonds particles on the shims.
However, to the best of the knowledge of the authors, the slip-resistant load-bearing
mechanism of CNC-cut serrated steel surfaces has not yet been investigated for their
applications in the structural joint configurations of civil engineering structures.

Therefore, in the scope of this study an experimental testing campaign is conducted
according to EN1090-2, Annex G [12] to establish the characteristic value of the slip factor
between the CNC-cut serrated surfaces prepared from S355]2 grade steel plates.

2. Slip Factor Determination Test Campaign

Five experimental tests were performed according to EN1090-2, Annex G [12] to
determine the slip factor between the CNC-cut serrated surfaces prepared from S355]2
grade steel plates. The serrated surfaces, their coupling and the details of a saw-tooth
thread from the serrated surfaces are presented in Figure 2. The geometry of the saw-
tooth threads was designed based on the available CNC-cutting tools and the minimum
thickness for steel components in respect to corrosion, i.e.,, 4 mm, in accordance with
EN1090-2 [12] which indicates that to resist the exposure, adequate corrosion protection
treatment is to be provided for components with thickness less than 4 mm before leaving
the manufacturing workshop.
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(a) (b)

(©) (d)

Figure 2. Illustration and the views of the serrated steel surfaces and a saw-tooth thread (a) Single
side serrated surface. (b) Double sides serrated surfaces. (c) Coupling of the serrated surfaces.
(d) Nominal dimensions of a saw-tooth thread.

EN1090-2, Annex G [12] proposes two different sets of dimensions for the test spec-
imens based on the diameter of the bolts. The dimensions of the test specimens were
selected for M16-bolt configurations of EN1090-2, Annex G [12] to be able to attain the
slip-load within the capacity range of the testing machine. However, due to the coupling of
the serrated surfaces (see Figure 2c) and considering the height of the saw-tooth threads
(see Figure 2d) the thickness of the cover plate was selected to be 12 mm instead of 8§ mm. In
addition, due to the available plate dimensions the inner plates were produced from 15 mm
thick plates instead of the 16 mm thickness indicated by EN1090-2, Annex G [12]. Conse-
quently, the total thickness between the outer surfaces of the cover plates was 0.657 mm
more than the test configuration of M16-bolts defined by EN1090-2, Annex G [12]. This
difference was considered insignificant for the determination of the slip factor [13].

On the other hand, the total clamping length of the bolts was deviated from 40 mm
to 62.657 mm due to the load cells (LC—see Figure 3a) installed to measure the variations
of the bolt pre-tension load levels. It was earlier shown that such difference may result
in overestimation of the slip factor [14]. Therefore, a calibration procedure presented by
Vrais and Nijgh [15] was adopted as detailed in Appendix A to consider the impact of the
clamping length on the slip factor values determined with the test campaign. The calibrated
values of the slip factors are presented in Section 4.

The overall geometry and the nominal dimensions of the test set-up, the test specimens
and the configuration of the measurement devices are illustrated in Figure 3. 10.9-grade
bolts were selected for the test campaign as EN1090-2, Annex G [12] states that the char-
acteristic slip factor determined with 10.9-grade bolts may also be used for slip-resistant
connections designed with 8.8-grade bolts. Nevertheless, the previous studies showed that
the selected bolt size and the material grade of the bolts do not have a significant impact
on the slip factor [13,14]. Table 1 summarize the nominal dimensions and the material
properties with related production standards of the test specimens.
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Table 1. Details of the test specimens.

Specimen Name Dimensions (mm) Grade Standard
P
Inner Plates 370 x 80 x 15 S355]2 EN10025-2 [16]
Cover Plates 250 x 80 x 12 S355]2 EN10025-2
Bolts 16 x 85 HV10.9 EN14399-4 [17]
Nuts 16 HV10 EN14399-4
Washers Al17 HV300 EN14399-6 [18]
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Figure 3. Overall geometry of the test set-up and the test specimens with the configurations of the
measurement devices (a) Test Set-up. (b) Configuration of the measurement devices. (c) Nominal
dimensions of the cover plates. (d) Nominal dimensions of the inner plates.
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The tests were performed with a 400kN loading capacity uni-axial testing machine
provided by the structural laboratory of The University of Luxembourg.

2.1. Assembly of the Test Specimens and the Measurement Devices

The test specimens and the load cells (LCs) were assembled on a preparation bench.
110kN pre-tension load was applied to the bolts while the assembly was clamped to the
preparation bench. The pre-tension load level was calculated according to EN1090-2 [12]
with Equation (1). A calibrated torque wrench was used to apply the pre-tension loads
and the level of the pre-tension was recorded during the entire torquing procedure to
have accurate initial conditions for the slip factor determination tests. Once the 110kN
pre-tension load level was achieved for all of the bolts, the test assembly was carried into
the testing machine. Figure 4 shows the test specimens and their assembly procedure. The
assembly procedure was repeated for all of the test set-ups separately.

Pp,C =07 'fub - Ag (1)

where;

e f,p is the characteristic ultimate capacity of the selected bolt material,
e A, is the stress area of the selected bolt size.

(a) (d)

e b1
% L l l}ﬁMm-Nuts

Q00 @

Cover Plates

Figure 4. Assembly of the test specimens and the installation to the testing machine. (a) Test Specimens.
(b) Assembly of the test specimens on the assembly bench-side view. (c) Assembly of the test specimens
on the assembly bench-plan view. (d) Installation of the test assembly to the testing machine.

Linear variable displacement transducers (LVDTs) were positioned once the test assem-
bly was clamped to the testing machine. As consistent with the provisions of EN1090-2 [12]
the relative displacements between the inner and the cover plates, i.e., slip, were measured
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at the centre of the bolt groups for all of the four faying surfaces (see Figure 3a). To be able
to measure the slip at the pre-defined position with high accuracy, 3D-printed LVDT con-
tainers and measurement blocks were produced (see Figure 3b), and the LVDT containers
were fixed to the test assembly with screws at the centre of the bolt groups.

2.2. Execution of the Tests

The first four tests were performed with normal test speed that corresponds to
10 to 15 minutes test duration according to EN1090-2, Annex G [12]. To comply with
this limitation a displacement-controlled quasi-static monotonic loading procedure with
0.01 mm/second loading speed was selected. However, it is important to note that the
previous studies showed that the test speed, thus the test duration does not have an impact
on the slip factor [14].

The fifth test was performed to measure the creep behaviour of the serrated interface
and here on named the creep test. The following loading procedure defined by EN1090-2,
Annex G [12] was applied for the creep test;

¢ Initially, 90% of the mean slip-load calculated based on the results of the first four tests
was applied with the displacement-controlled loading procedure of the first four tests.

¢  Thereafter, a static loading period was applied for three hours at a loading level
defined in the previous step.

e  Finally, after the three hours of the static loading period, the displacement-controlled
loading procedure of the initial step was continued until attaining the pre-defined
slip-criterion of EN1090-2, Annex G [12] for both the upper and the lower ends.

3. Results of the Test Campaign

EN1090-2, Annex G [12] defines the individual slip load for the upper and lower ends
of the test assembly as the load recorded at an instant that corresponds to 0.15 mm mean
relative displacement between the inner and the cover plates, i.e., J; = 0.15 mm.

Equations (2) and (3) formulate the calculation of the slip for the upper and the lower
ends of the test assembly based on the LVDT configuration presented in Figure 3b.

Y4 LVDT,

5i,upper = % ()
y8 LVDT,

5i,lower = % (3)

Figure 5a shows the load-slip curves for the upper and the lower ends of the test
assemblies together with the pre-defined slip-criterion, i.e., dcriterion = 0.15 mm, of EN1090-
2, Annex G [12]. In addition, the variations of the bolt pre-tension load levels are presented
in Figure 5b with respect to the slip of the corresponding ends.

EN1090-2, Annex G [12] also defines a delayed slip-criterion, here on named as creep
criterion—dcreep, criterion, for the creep test (Test-05) as 0.002 mm slip between the fifth
minutes and third hours of the static loading period defined in Section 2.2. Figure 6 shows
slip curves for the upper and the lower ends of the creep test assembly with respect to the
test duration. Table 2 presents the results of the creep tests for the evaluation of the creep
behaviour against the pre-defined creep criterion.

Table 2. Summary of the results for Test-05 with respect to the pre-defined creep-criterion.

Slip [mm]
Test ID LVDTs ) creep,criterion P
5th minute 3rd hour Delayed Slip
Test-05 Upper 0.002 0.0340 0.0351 0.0011

Lower 0.002 0.0440 0.0451 0.0011
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Figure 5. Test results (a) Load-slip curves (b) Variation of the bolt pre-tension load levels.
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According to Table 2 and Figure 6 the delayed slip is lower than the pre-defined creep
criterion for both of the upper and the lower ends of the test assembly. Therefore, the slip
loads recorded at 0.15 mm slip of the creep test could be also used together with the results
of the first four tests to determine the mean slip factor [12].

EN1090-2, Annex G [12] states that the individual slip factor could be calculated
based on the nominal initial bolt pre-tension load level and formulates the calculation
of the individual slip factor for the upper and the lower ends of the test assembly with
Equation (4).

Fsi

,C,initial —nominal

4)

Hi, nominal = 1. Fp

where;

e F; is the individual slip-load,

*  F,Cnitial-nominal 18 the initial nominal bolt pre-tension load (see Equation (1)).

On the other hand, previous studies showed that the initial bolt pre-tension load
level, i.e., Fy, C initial-nominal, reduces by the initiation of the upright loading mainly due to
lateral contraction orthogonal to the direction of the upright loading [9,13,19]. Therefore, to
more precisely define the slip-resistant load-bearing behaviour of CNC-cut serrated steel
surfaces, the actual slip factors were determined for both the upper and the lower ends of
the test assembly with Equation (5). For the calculation of the actual slip factors the actual
bolt pre-tension load levels, F}, ¢ sctual, at the pre-defined slip instant, i.e., J; = 0.15 mm,
were used.

Psi

Mi actual = 77— (5)
4F,

,C,actual
EN1090-2, Annex G [12] also defines a statistical evaluation procedure to decide if
further test are required to establish the characteristic slip factor. Equations (6)—(9) define the
statistical evaluation parameters. The statistical evaluation of the test results are discussed
in Section 4.

o ZFsi
Fop = . (6)
_ (Fsi — Fm)z
SE, (1=1) @)
o = =11 ®)
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_ (= p)?
Su = W )

where;

*  Fgy is the mean slip-load,

* s is the standard deviation for the distribution of the slip loads,
. Hm is the mean slip factor,

* sy is the standard deviation for the distribution of the slip factors,

Table 3 presents the test results by means of the individual slip load for the upper
and the lower ends of the test assemblies, the initial nominal bolt pre-tension load levels
and the actual bolt pre-tension load levels at the pre-defined slip instant, the nominal and
the actual slip factors calculated with Equation (3) and (4), respectively. In addition, the
statistical evaluation parameters are also presented in Table 3.

It could be detected from Figure 5 that the pre-defined slip-criterion, i.e., §; = 0.15 mm,
was not attained for the upper ends of Test-03 and Test-05. Because these tests were
automatically terminated as the testing machine was configured to stop if more than 50%
load-drop occurs instantly. During Test-03 and Test-05, there were sudden slips at the lower
ends of the test assemblies which triggered more than 50% load drops instantly, thus the
testing machine stopped automatically for these tests. Consequently, it was not possible to
further measure the slip for the upper ends of Test-03 and Test-05. Therefore, in Table 3 the
slip factors for the upper ends of these tests were not specified and the statistical parameters
defined through Equations (6)—(9) were calculated based on the 8 values.

Table 3. Summary of the test results based on the pre-defined slip-criterion of EN1090-2, Annex G [12].

5};:?;‘]’“ Fg; [kN] Fp,,c—Bolt Pre-tension [kN] p—Slip factor

Test ID LVDTs Nominal Bolt-1 Bolt-2 Bolt-3 Bolt-4 Minominal  Miactual
Test01 Upper 0.15 158.08 110 104.28 98.78 - - 0.359 0.389
Lower 0.15 172.90 110 - - 95.53 98.78 0.393 0.443

Testz  UPper 0.15 177.47 110 104.52 90.55 - - 0.403 0.455
Lower 0.15 184.47 110 - - 87.20 95.99 0.419 0.503

Testo3  Upper 0.15 N/A 110 N/A N/A - - N/A N/A
Lower 0.15 160.38 110 - - 104.66 103.46 0.365 0.385

Testos  UPPer 0.15 162.16 110 102.80 91.91 - - 0.369 0.416
Lower 0.15 164.60 110 - - 100.23 100.98 0.374 0.409

Testos  UPper 0.15 N/A 110 N/A N/A - - N/A N/A
Lower 0.15 170.02 110 - - 95.74 105.06 0.386 0.423

Fsm! [KN1  168.76 Hm? 0.384 0.428

srst [kN] 9.15 syl 0.021 0.039

CoVgs? [%] 5.42 Cov,® [%] 5.424 9.044

! The results from the upper ends of Test-03 and Test-05 are not considered for the calculation of the statistical
parameters. 2 CoVFs is the coefficient of variation of the slip-loads. > CoV,, is the coefficient of variation of the
slip factors.

4. Discussion of the Results

According to Figure 5 it could be noticed that the maximum loads were attained
before the pre-defined slip-criterion of EN1090-2, Annex G [12] at the upper and the lower
ends of the all five test specimens. This phenomenon previously investigated in detail
by Stranghoner et al. [14] and they noted that the pre-defined slip-criterion of EN1090-2,
Annex G [12] should be reconsidered for the new version of Eurocodes. Therefore, Table 4
presents the nominal and the actual slip factors based on the maximum test loads attained
before reaching the pre-defined slip-criterion, i.e., dcriterion = 0.15 mm.
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Table 4. Summary of the test results based on the maximum test loads attained before reaching the
pre-defined slip-criterion of EN1090-2, Annex G [12].

6; [mm]  Fg; [kN] F,,c—Bolt Pre-tension [kN] p—Slip factor

Test ID LVDTs Nominal Bolt-1 Bolt-2 Bolt-3 Bolt-4 M nominal  Miactual
Test-01 Upper 0.07 165.55 110 105.17 100.69 - - 0.376 0.402
Lower 0.07 181.63 110 - - 97.40 100.63 0.413 0.459
Test-02 Upper 0.11 181.71 110 104.79 91.40 - - 0.413 0.45
Lower 0.11 188.84 110 - - 88.01 96.30 0.429 0.512
Test-03 Upper 0.04 170.44 110 107.36 98.81 - - 0.387 0.413
Lower 0.13 161.34 110 - - 105.00 103.74 0.367 0.386
Tost-04 Upper 0.08 174.86 110 104.08 92.94 - - 0.397 0.444
Lower 0.08 173.04 110 - - 102.19 102.08 0.393 0.424
Test-05 Upper 0.05 176.17 110 103.88 96.45 - - 0.400 0.440
Lower 0.08 177.71 110 - - 95.37 106.05 0.404 0.441
Fsm [kN] 175.13 Hm 0.398 0.438
sgs [KN] 8.09 Su 0.018 0.036
CoVEs [%] 4.62 Covy [%] 4.622 8.109

Comparing the results from Tables 3 and 4, it is deduced that the mean nominal
and the mean actual slip factors determined based on the maximum test loads attained
before reaching the pre-defined slip-criterion are about 3.6% and 2.4% higher than the ones
calculated based on the pre-defined slip-criterion of EN1090-2, Annex G [12].

According to EN1090-2 [12] if the coefficient of variation of 10 slip-loads from five
tests is higher than 8% further specimens should be tested. The coefficient of variation of
the slip-loads presented in Tables 3 and 4 are less than 8%. However, it is important to note
that the statistical parameters presented in Table 3 were calculated based on 8 slip factors.
Therefore, to establish the characteristic value of the slip factor based on the pre-defined
slip-criterion of EN1090-2, Annex G [12] at least one more test with normal test speed shall
be performed.

On the other hand, as indicated earlier the initiation of the slip was earlier than
the pre-defined slip-criterion (see Figure 6) of EN1090-2, Annex G [12] for all of the five
tests. Thereby, the slip factors presented in Table 4 could be used to establish the charac-
teristic value of the nominal slip factor [14]. However, the clamping length of the bolts
(M16 x 85 mm) used in the test campaign (see Figure 3) was 22.657 mm longer than the test
configuration of EN1090-2, Annex G [12]. Therefore, the pre-tension relaxations in the bolts
(see Figure 5b) were less than the ones that may occur if the clamping length of the bolts
were identical to the ones presented in EN1090-2, Annex G [12]. Consequently the nominal
slip factors presented in Table 4 should be calibrated to consider the impact of the deviation
in the clamping length of the bolts to establish a reliable value of the characteristic slip
factor for the design purposes.

Recently, Vrais and Nijgh [15] defined a calibration procedure to determine the cor-
rected slip factor if the slip factor determination tests were performed with bolts having a
clamping length longer than the ones defined by EN1090-2, Annex G [12]. To consider the
impact of the deviation in the clamping length of the bolts and to more reliably establish
the characteristic value of the slip factor between the CNC-cut serrated steel surfaces of
5355]2 their calibration procedure was applied. Table 5 presents the calibrated values of
the nominal slip factors listed in Table 4 and their comparison with the calibrated values.
The formulations and the required parameters of the calibration procedure are presented in
Appendix A.
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Table 5. Comparison of the calibrated and uncalibrated nominal slip factors determined based on the

maximum load attained before the pre-defined slip-criterion of EN1090-2, Annex G.

—— Normal Distribution Probability Density Function

B Frequency

Test ID LVDTs (';220;:{;;13 5 Minominakcalibrated % Difference !
Upper 0.376 0.360 441
Test-01 Lower 0413 0.383 7.12
Upper 0.413 0.381 7.79
Test-02 Lower 0.429 0.376 12.42
Upper 0.387 0.371 431
Test-03 Lower 0.367 0.354 3.46
Upper 0.397 0.368 7.49
Test-04 Lower 0.374 0393 494
Upper 0.400 0.375 6.30
Test-05 Lower 0.404 0.380 5.92
Hm 0.398 0.372 6.51
Su 0.018 0.009 50.00
CoV, 0.0462 0.0253 4523

1 The percentage differences were calculated with the full precision of the slip factors while the numbers presented
in this table are given with three decimals.

According to Table 5, the mean nominal calibrated slip factor is about 6.5% less than the
mean nominal uncalibrated slip factor (see also Table 4). Figure 7 shows the distributions
of the slip factors listed in Table 5. Although the distributions seem to be similar, the
probability density function of the calibrated nominal slip factors indicates nearly twice
the relative probability for the observation of the slip factor around the mean value against
the probability density of the uncalibrated slip factors. In addition, according to Table 5
the coefficient of variation of the calibrated nominal slip factors is about 45% less than the
uncalibrated ones. Therefore, it could be stated that the calibrated values of the nominal
slip factors are more reliable to establish the characteristic slip factor between the CNC-cut
serrated steel surfaces of S355]2.
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Figure 7. Distributions of the uncalibrated and the calibrated slip factors determined based on the
maximum load attained before reaching the pre-defined slip-criterion of EN1090-2, Annex G [12]
(a) Uncalibrated nominal slip factors (see Table 4) (b) Calibrated nominal slip factors (see Appendix A
for the calibration procedure and Table 5).

In EN1090-2, Annex G [12], the calculation of the characteristic slip factor is formulated
with Equation (10) for 10 slip factors determined from five tests if the creep test (Test-05)
is successful (not creep-sensitive). Consequently, considering that the CNC-cut serrated
steel surfaces of S355]2 were not creep sensitive (see Figure 5 and Table 2) the characteristic
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Fo rcg(F)

slip ()

value of the slip factor between the CNC-cut serrated steel surfaces of 5355]J2 could be

established with Equation (10) using the mean nominal calibrated slip factor presented in
Table 5.

Pk = Pm —2.05-sy (10)

Figure 8 summarize the different slip-criteria and the related slip factors determined in
this study. In addition, the procedure to establish the characteristic value of the slip factor
is also illustrated in the figure.

EN1090-2, A G
Slip Criterion : 6 :nrz)e.)£5mm » »

Maximum Load before J_
| SlIJip Criterion : F . e » »

Appendix — A

l-li,nominal-calibrated‘ » ‘ Table —5 ‘

Eq.11

Heharacteristic

Figure 8. Summary of the slip-criteria and the related slip factors together with the procedure adopted
to establish the characteristic slip factor between the CNC-cut serrated steel surfaces of S355]J2.

EN1090-2, Annex G [12] defines the characteristic value of the slip factor between
steel surfaces prepared by wire-brushing cleaning with loose rust removal as 0.3. In
addition, Lacey et al. [10] determined the characteristic value of the slip factor between
steel surfaces with clean mill scale prepared from G350 grade steel as 0.27. Inputting the
calibrated nominal mean slip factor, gy, and standard deviation, sy, presented in Table 5
into Equation (10), the characteristic value of the slip factor between the CNC-cut serrated
5355]2 steel surfaces is found to be equal to 0.354, py-g 354, Which is about %18 and 31%
higher than the reference values of EN1090-2, Annex G [12] and the reference value of
the previous investigation of Lacey et al. [10], respectively. Thus, CNC-cut serrated steel
surfaces may offer optimized solutions for slip-critical structural joint configurations.

Furthermore, it is shown in Table 2 and Figure 6 that the CNC-cut serrated S355]2
steel surfaces are not sensitive to creep as similar to corten steel surfaces [20] and differ-
ent from hot-dip galvanized, blast-cleaned, ethyl silicate zinc and epoxy coated surface
conditions [14,20]. Thus, it could be considered that the CNC-cutting procedure enriches
the surface asperities, in other words, the surface roughness of the steel plates against
creep behaviour.

On the other hand, corrosion protection treatment must be applied for practical
applications of the proposed serrated steel surfaces. Consequently, the load-slip behaviour
of the serrated steel surfaces may depend on the corrosion protection treatment. Therefore,
to eliminate the impact of the corrosion protection treatment, it is suggested to produce
the proposed CNC-cut serrated steel surfaces from corten steel plates. By this means, the
proposed CNC-cut serrated steel surfaces may provide advanced load-slip behaviour with
long-term reliability and durability for slip-critical structural joints.
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5. Conclusions

Slip critical structural joint configurations with serrated steel plates started to be
widely used for the assembly of the structural members as they offer flexibility for the
accommodation of construction and manufacturing tolerances. However, slip-resistant
load-bearing mechanism of serrated steel surfaces has not yet been fully investigated.

In this study, the characteristic slip factor for CNC-cut serrated surfaces prepared from
5355]2 steel plates is established and following outputs are presented;

¢ The characteristic slip factor between the CNC-cut serrated steel surfaces is established
to be equal to 0.354 and it is found to be 18% higher than the corresponding friction
surface class of EN1090-2, Annex G.

¢  The long term slip-resistant load-bearing behaviour of the CNC-cut serrated steel
surfaces is shown to not be creep sensitive.

e Itis shown that the slip initiated for both the upper and the lower ends of all five tests
before reaching the pre-defined slip-criterion of EN1090-2, Annex G.

*  The mean actual slip factors calculated based on the actual bolt pre-tension load levels
are shown to be around 10% higher than the mean nominal slip factors.

Consequently, it could be stated that the CNC-cut steel surfaces without any sur-
face treatment show superior slip-resistance behaviour against the corresponding friction
surface class of EN1090-2, Annex G. Therefore, they could be considered as the good candi-
dates to develop state-of-the-art structural joint configurations for the industrialization of
the construction fields.
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Appendix A
Appendix A.1

For the calibration of the nominal slip factors with respect to the deviation in the
clamping length of the bolts, Equation (A1) could be derived based on the procedure
defined by [15].

4
Wi actual anl Fp,C,uc,Boltfn

(A1)

Hinominal —calibrated = 4-F . . )
* I'p,C initial —nominal

where;

® i nominal-calibrated 1S the individual nominal calibrated slip factor for the each end of
the test assembly and presented in Table 5,

®*  Ujactual is the individual actual slip factor for the each end of the test assembly and
presented in Table 4,

® Py Cinitial-nominal 1S the initial nominal bolt pre-tension load level calculated with
Equation (1),
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Fp ac is the calibrated actual bolt pre-tension load level calculated with Equation (A2).

Ryp-7r-F ,C,initial —mominal * LO
Fp,C,uc = Fp,C,initialfnominal - L (AZ)

where;

r is the normalized value of the bolt relaxation with respect to the initial nominal
pretension load, and calculated with Equation (A3),

R, is a calibration factor that accounts the impact of the deviation in the clamping
length of the bolts by means of the reduction in the bolt stretch, and calculated with
Equation (A4),

Ly is the clamping length of the longer bolts used in the test configuration and indicated
on Figure 3a and listed in Table A1,

L, is the clamping length of the bolts for the test configuration of EN1090-2, An-
nex G [12] for the selected bolt diameter and listed in Table Al.

o Fp,C,initial—nominal - Fp,C,nctual

' (A3)
Fp,C,initial—nominal
o ag+1
R, = : A4
T+l (A4)

where;

« is the ratio of the axial stiffness of a bolt to axial stiffness of the clamping package
for the test configuration (see Figure 3) and calculated with Equation (A5),

«1 is the ratio of the axial stiffness of a bolt to axial stiffness of the clamping package for
the test configuration of EN1090-2, Annex G [12] based on the selected bolt diameter
and calculated with Equation (A6).

k

wp = — 22 (A5)
kb,
k

oy = -1 (A6)
kp,1

where;

Kep,0 is the axial stiffness of clamping package for the test configuration presented in
Figure 3 and calculated with Equation (A7),

ky, o is the axial stiffness of the bolt for the test configuration presented in Figure 3 and
calculated with Equation (AS),

Kep,1 is the axial stiffness of clamping package for the test configuration of EN1090-2,
Annex G [12] based on the selected bolt diameter and calculated with Equation (A9),
ky, 1 is the axial stiffness of bolt for the test configuration of EN1090-2, Annex G [12]
based on the selected bolt diameter and calculated with Equation (A10).

kwushers : kload—cells : kplutes,()

kepo = (A7)
P kload—cells . kplate,O + kwashers . kplate,O + kloud—cells . kwashers

E-A
ko =~ (A8)

0

kwushers -k late,1
kep1 = P (A9)
el kwashers + kplates,l

E-A

kpy = > (A10)

Ly
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where;

E is the modulus of elasticity of the all steel materials (bolts, plates, load-cells, washers)
and listed in Table A1,

Ag is stress area of the bolts (see Table 1) and listed in Table A1,

Kioad-cells is the axial stiffness of the load-cells used for the test configuration presented
in Figure 3 and calculated with Equation (A11),

Kywashers is the axial stiffness of the washers for the test configuration presented in
Figure 3 and for the test configuration of EN1090-2, Annex G [12], and calculated with
Equation (A12),

Kplate0 1s the axial stiffness of the steel plates with in the clamping package of the test
configuration presented in Figure 3 and calculated with Equation (A13),

Kplate,1 is the axial stiffness of the steel plates with in the clamping package of the test
configuration of EN1090-2, Annex G [12] and calculated with Equation (A14).

Kioad—cells = (Dosterse = Dinyerye) (A11)
4-L;
2 2
kwashers _ E-m- (Dguter,washer B Dinner,washer) (A12)
4 - Luasher
L ates|
k B E-m- ((% + Douter,washer)z - D%}olt—hole) Al3
plate,0 — 4.1 ( )
plates,0
L ates|
k B E-m- ((% + Douter,washer)z B D%olt—hole) Al4d
plate,1 — 4.1 ( )
plates,1

where;

Doyterlc is the outer diameter of the load cells identified in Figure 3 and listed in
Table A1,

Dinnerlc is the hole diameter of the load cells identified in Figure 3 and listed in
Table A1,

Ljc is the thickness of the load-cells and listed in Table A1,

Douterwasher is the outer diameter of the washers (see Table 1) and listed in Table A1,
Dinnerwasher i the inner diameter of the washers(see Table 1) and listed in Table A1,
Lwasher is the thickness of the washers and listed in Table A1,

Lplates,0 is the total thickness of the steel plate assembly with in the clamping package
of the bolts for the testing campaign (see Figure 3a) and listed in Table A1,

Lplates,1 is the total thickness of the steel plate assembly with in the clamping package
of the bolts for the test the test configuration of EN1090-2, Annex G [12] based on the
selected bolt diameter and listed in Table Al.

Table Al. Parameters used for the calibration procedure.

E As LO Ll Db-hole 1 Douter,lc Dinner,lc Llc [)o,washer2 Di,washer3 Lwasher Lplates,O Lplates,l
[GPa] [mm?] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
210 157 62.657 48 18 31 16.1 22 30 17 4 32.657 32
! Do, washer indicates Douter, washer 2 Do, washer indicates Douter, washer* 3 Di, washer indicates Dinner, washer*
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