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1 Scope of investigation

Slip-resistant connections are always used when slip and deformation in a bolted
connection must be avoided at all costs, e.g. in radio masts and bridges. EN 1090-2
[1] defines a preload level of Fpc= 0.7 fus As up to now. Preloading up to Fpc yields
to plastic deformation in the bolt resp. in the thread combination of bolt and nut. For
some reasons (e.g. reuse of the bolt), it might be useful to offer a second preload
level, where the bolt is preloaded up to the elastic range only. Fpc* = 0.7 fyp As IS
such a reasonable second preload level. Currently available standards do not
address the influence of a lower preload level on the slip resistance behaviour of the
bolted connections. For this reason, three surface conditions were considered with
different preload levels in order to investigate the influence of different preload levels
on the determination of the slip factor.

2 State of the art
2.1 General

Slip of slip-resistant connections has to be prevented for either serviceability or
ultimate limit state reasons. The slip resistance behaviour can be influenced by two
main parameters; the condition of the faying surfaces and the preload level of the
bolts. In Task 1.1 and 1.4, the influence of different surface conditions were
investigated. All tests performed in these tasks were preloaded to F,clevel. In this
task two smaller preload levels (Fpc* and 0.9 F,c*) were selected in order to
investigate the influence of the preload level especially on the long-term behaviour
of slip resistant connections.

2.2 Slip factor test procedure according to Annex G of EN
1090-2

The experimental investigations for the determination of the slip factor were
performed according to the slip factor test procedure of EN 1090-2, Annex G. The
test specimen geometry was chosen for the test specimen with M20 bolts as shown
in Figure 1. EN 1090-2 prescribes a generalized experimental procedure to obtain
the slip factor.

The experimental tests were carried out at the Institute for Metal and Lightweight
Structures of the University of Duisburg-Essen. A universal testing machine with a
capacity of 600 kN was used for applying an incremental tensile load with a speed
of 0.6 mm/min, see Figure 2.

According to EN 1090-2, the individual slip load Fsi for a connection is defined as the
load at a slip of 0.15 mm. In the presented investigations, the slip load was
determined at the maximum load corresponding to a slip deformation lower than or
equal to 0.15 mm.

The slip shall be taken as the relative displacement between adjacent points on an
inner plate and a cover plate, in the direction of the applied load. It is measured for
each end and each side of the specimen separately resulting in eight displacement
values, see Figure 1b. The slip displacements were measured in the centre bolts
group (CBG) of the specimens (LVDTs 1-8), as shown in Figure 1b. The slip was
measured also on the upper and lower edges of the cover plates (PE: LVDTs 9-12).
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In the present report, the slip factors are evaluated based on the measured slip
displacement in CBG position for all four sliding planes.

Four static tests must be conducted under an incremental tensile loading condition
at normal speed. The duration of the tests shall be 10 min to 15 min.

According to EN 1090-2, Annex G, the fifth test shall be a creep test with a constant
load duration of at least 3 hours and a load level of 90% of the mean slip load Fsm
resulting from the first four static tests. If the difference between the relative
displacement between adjacent points on an inner plate and a cover plate at the
end of 5 min and 3 hour after full load application does not exceed 0.002 mm, the
slip load for the specimen under long term condition must be specified as for the
previous four static tests. If the difference between the two slips at 5 min and 3 hour
exceeds 0.002 mm, three extended creep tests must be performed.

The standard deviation sgs of the ten slip load values obtained from the five
specimens should not exceed 8% of the mean value, otherwise additional
specimens shall be tested.

In case that the difference between the slip at 5 min and 3 hours exceeds
0.002 mm, at least three extended creep tests are foreseen. The long term creep
behaviour is evaluated by using a displacement-log time curve for the results of the
extended creep tests. The slip displacement-log time curve may be extrapolated
when a tangent can be determined with sufficient accuracy. For the extended creep
tests the testing load has to be decreased (exemplary to 75 %, 60 %, 50 % of Fsn) in
such a way, that a total displacement of 0.3 mm may not be exceeded in the service
life of the structure by extrapolating the displacement-log time-curves.

The determination and the evaluation of the test results are carried out by the
following equations.

Individual values of the slip factor p;

Fsi
—_Si 1
Hi 4-Fc 1)
Fsi: individual slip load,

Fo.c. specified preload level, in this investigation, for HV-M20 10.9 bolts,
three different preload levels were selected:

Foc  =172kN
Foc*  =160kN
0.9 Fpc* = 144 kN

Mean value of the slip load Fsn and standard deviation of the slip load Srs

>Fs
Fom == 2

> (Fsi —Fsm )2

-] (3)

Srs =

n: number of test specimens.
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Mean value of the slip factor pm and standard deviation of the slip factor s,

_IH
Hm == (4)
2
5, = w (5)

n: number of test specimens.
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Figure 1 Test specimen geometry with M20 bolts for the determination of the slip
factor and positions of displacement transducers (LVDTS)

If the creep test is passed, the characteristic value of the slip factor ux has to be
calculated as the 5 % fractile value with a confidence level of 75 %.

Characteristic value of the slip-factor px as 5 %-quantile from n = 10 results
with a confidence level of 75 %

Hg=Hp —2,05-s,

iy - (1-2,05- V) (6)
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with  V=—& @)

V: coefficient of variation,
S..  standard deviation of the slip factor,
um:  mean value of the slip factor from ten measurements.

Figure 2  Servo-hydraulic universal testing
machine (load capacity 600 kN)

The determination of the slip factor according to EN 1090-2 is based on the nominal
preload level although the actual slip factor has to be determined with the level of
preload at the moment when the slip occurs.

According to EN 1090-2, the preload in the bolts shall be directly measured with an
equipment with an accuracy of +5 %. Due to this requirement, the preloads in the
bolts were measured continuously during the whole testing time by implanted and
calibrated strain gauges in all bolts, see Figure 3.

23.03.2018 8
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Figure 3 M20-bolt with implanted strain gauge

2.2.1 Bolts with implanted strain gauges

HV bolts of size M20 and strength 10.9 with implanted strain gauges were
manufactured by drilling a centric hole of 2 mm diameter along the bolt shank. After
drilling, the holes were cleaned and degreased. In a next step, two components of
an adhesive were mixed to form the adhesive shortly before application. Afterwards,
the mixed adhesive was injected into the hole by using a syringe, see Figure 4.

BTM-6C (produced by Tokyo Sokki Kenkyujo Co., Ltd.) strain gauges were used for
instrumentation of the bolts. The gauge lead was marked according to the required
length and bended rectangularly at the mark without injuring the installation material.
The strain gauge was inserted gently into the hole to a certain depth while holding
the upper part of the lead.

In the next step, the bolts were placed in a glass vacuum desiccator. For 15 to 20
minutes, a vacuum was created to get a level of 1 to 10 Pa. Thereafter, the bolts
were placed in an electric furnace at 140 ° C for a period of three hours, see Figure
4.

The temperature was increased slowly to avoid appearance of air bubbles or cracks
in the adhesive. Afterwards, each instrumented bolt was calibrated under stepwise
tensile loading in a universal testing machine with a capacity of +200 kN, see Figure
5.

9 23.03.2018
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Figure 4  Production of the implanted strain gauges at UDE

Figure 6 shows an example of the load/strain-time curve of a bolt (number 2)
instrumented with strain gauges, which has completed the calibration successfully.
Figure 7 presents an unsuccessful calibration test for bolt number 12.

Those bolts which showed a linear load-strain behaviour, were selected for
application within the slip tests, see Figure 8.

r

NoW = Hiel

Figure 5 Calibration of instrumented bolts with strain gauge in the universal test
machine (with a maximum load capacity of £200 kN)

23.03.2018 10
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Figure 6 Example for a successful calibration test of a M20 x 75 instrumented bolt with
a strain gauge: load/strain-time curve (bolt number 2)
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Figure 7 Example for an unsuccessful calibration test of a M20 x 75 instrumented bolt
with a strain gauge: load/strain-time curve (bolt number 12)
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Figure 8 Example for a failed (bolt number 12) and passed (bolt number 2)
calibration test of a M20 x 75 instrumented bolt with a strain gauge: load-
strain curve
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3 Experimental investigations
3.1 General

In order to investigate the influence of different surface conditions and preload
levels, three different surface conditions were considered, see Table 1: (1) alkali-
zinc silicate (ASI-Zn)-coating, (2) spray metallized with zinc (SM-Zn) and (3) a
combination of zinc metalized-alkali-zinc silicate coating (ASI — Zn-SM). The results
of this task are compared with the results of Task 1.1 and 1.4 to investigate the
influence of different preload levels on the determination of the slip factor. All static,
creep and extended tests with preload level Fpc were covered in Task 1.1 and Task
1.4 and the results presented in this task too.

Table1l Test programme

Surface preparation Bolt size Number
Series ID oY (Md x )9 Preload of tests
Sab / Rz? DFT® [mm] [kN] st/(sp)ct/
[um] [um] [mm] ect®
Alkali-zinc silicate coating (ASI)
ASI-lI 52/487  M20 x 80/757 Fp,c/172 2/(3)/12
ASI-IV Sa 2v2/80 60 48 M20 x 75 Fpp,c*/160 45133
Zinc spray metalized coating (Zn-SM)
Zn-SM-II 140 52/487  M20 x 80/757 Fpc/172 2/(2)/4
Zn-SM-IlI Sa 3/100 164 48 M20 x 75 Fp.c*/160 4/-14
Zn-SM-IV 48 M20 x 75 0.9 Fpc*/144 4/-13
Combination of alkali-zinc silicate and zinc spray metalized coating
ASI| —Zn-SM-I  Sa 2v%/100 — 55 _ 170 48 M20 x 75 Fp,c/172 4/1/4
ASI| — Zn-SM-II Sa 3/100 48 M20 x 75 0.9 Fp,c*/144 4/1/3

1) Sa: surface preparation grade | 2 Rz: roughness | 3 DFT: dry film thickness (coating thickness) |
4 %t: clamping length % d: bolt diameter, I: bolt length | © st: static test/ sp: step test/ ct: creep-/ect:
extended creep test | 7 the extended creep tests were performed with only one washer under the
bolt head (smaller bolt)

All specimens were made of steel S355J2+N. For each test specimen four M20 HV
bolts class 10.9 were instrumented with a strain gauge, see section 2.2.1. Three
different level of preloads (Fpc, Fpc* and 0.9 Fyc*) were chosen. Herein, Fyc* is
defined as Fpc* = 0.7 fyp As = 160 kN (with fy,: nominal yield strength of the bolt and
As: tensile stress area of the bolt) and 0.9 Fpc* =144 kN. Fpc is defined as
Fpc = 0.7 fun As = 172 kN (with fu: nominal tensile strength of the bolt and As: tensile
stress area of the bolt).

Figure 9 shows the test setup used for the comparative study to investigate the
influence of different preload levels. The slip load Fs; was determined at 0.15 mm
slip or at the highest peak before. The mean values of the static slip factors by
considering the initial preload when the tests started (Minimean) as well as the actual
preload at slip (Uactmean) @nd the characteristic values (us« for a passed creep test
and pect based on a passed extended creep test) are presented in Table 2.

The influence of different preload levels for ASI-surface condition is shown in Figure
10. The results show that the slip load increases slightly with increasing preload.
However, only a minor difference can be observed for the actual slip factor. The
actual static slip factor for the specimens with preload level of 0.9 Fpc* (Hactmean =
0.79) is slightly higher than the Hactmean Value obtained from the specimens with F,c
(Mactmean = 0.77), see Table 2. The initial static slip factor was approximately the
same for the specimens with the preload levels of 0.9 Fpc* (Minimean = 0.69) and Fyc
(Hini,mean = 070)

12
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(a) bolt head side (b) nut side

Figure 9 Positions of displacement transducers (LVDTS)
B: bolt | D: displacement transducers

It can also be seen in Figure 11 and Figure 12 that the highest actual static slip
factor is achieved for Zn-SM-IV with a preload level of 0.9 Fyc* (Hactmean = 0.92) in
comparison to Zn-SM-IIl with a preload level of Fpc* (Hactmean = 0.83) and Zn-SM-II
with preload level of Fpc (Hactmean = 0.82). Table 2 shows that in this case, the initial
static slip factors are following the same principle.

Mean slip factors based on static and creep tests only (lini,mean and Hact,mean) as
Table 2 well as final slip factors calculated as 5% fractile or determined in the extended
creep test (Usw Or Pect)

Number of Uinimean?  Hactmear? \% ] Final slip
Series b DETY  Preload tests ’ ' (Mac)®  factor [-]
6
[um] [kN] st(sp)ctiect? st/?_t]+ct st/?_t]+ct st/st+ct 5% ;)/
[%] Hect
Alkali-zinc silicate coating (ASI)
ASI-lII 60 Fp.c 2/(3)/12 0.70/- 0.77/- 2.9/- -/0.56
ASI-IV Fp.c* 4/1/3 0.69/- 0.79/- 1.1/- -/0.63
Zinc spray metalized coating (Zn-SM)
Zn-SM-I| 140 Fp.c 2/(2)/4 0.73/- 0.82/- 2.7/- -/0.44
Zn-SM-III 164 Fp.c* 4/-14 0.74/- 0.83/- 2.2/- -/0.48
Zn-SM-IV 0.9 Fpc* 4/-13 0.80/- 0.92/- 1.3/- -/0.48
Combination of alkali-zinc silicate and zinc spray metalized coating
ASI| — Zn-SM-| 55 - Fp.c 4/1/4 0.63/- 0.71/- 3.9/- -/0.44
ASI — Zn-SM-II 170 0.9 Fpc* 4/1/3 0.69/- 0.77/- 3.7/- -/0.55

1) DFT: dry film thickness (coating thickness)| 2) st: static test/ sp: step test /ct: creep-/ect: extended
creep test| 3 Mini.mean: Ccalculated slip factors as mean values considering the initial preload when the
tests started | 4 Mactmean: calculated slip factors as mean values considering the actual preload at
slip |9 V: coefficient of variation for Hact | ® Mse: slip factors as 5 % fractile calculated on the basis of
the static tests and the creep test passed | Mect: Slip factor resulting from the extended creep test
passed
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Figure 10 Influence of different preload levels for ASI-surface condition
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Figure 12 Influence of different preload levels for Zn-SM-surface condition

Figure 13 also confirms this phenomenon. The results show that in the ASI-Zn-SM
series, Hactmean (0.9 Fpc*) = 0.77 is higher than pactmean (Fpc) = 0.71. These
behaviours confirm that a higher static slip factor can be achieved by a lower
preload level (lower surface pressure), see Figure 14.
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It can be observed from Figure 15 that for all coated test series the creep tests were
failed for both upper and lower part of the specimens and performing extended
creep tests were necessary to determine the final slip factor.

Figure 16 shows the detail of the long term test-rigs that were designed and erected
at the Institute for Metal and Lightweight Structures of the University of Duisburg-
Essen. Each test rig was made of a stiff steel frame, which consists of three
positions for extended creep test specimens. Under each position a set of spring
discs was installed to minimize the drop in the load level caused by slip in the
specimen, see Figure 16 (d). Each specimen was connected to the fork connector
on both ends and the whole package was mounted in the frame with a M36

threaded rod on both ends.

15 23.03.2018




UNIVERSITAT

DEUS | SSEBNU RG

Open-Minded

23.03.2018

Project No.: 410410007-20003 | Report No.: 2018-03

Comparative study on the influence of bolts preloaded in the plastic
range vs. bolts preloaded in the elastic range only

——ASI-IV_ct (Fp,C* _ 3t=48mm_0.9FSm) - upper section
——ASI-IV_ct (Fp,C* _ ¥t=48mm_0.9FSm) - lower section
5 min 180 min

0.35

o
w

0.25+

:— A (5minto 3 h)=0.033 mm
0.15 T
A (5 min to 3 h)=0.032 mm %j

0 - : : : - ‘ ¢
20 0 20 40 60 80 100 120 140 160 180 200
Time [min]

(a) coated surfaces with alkali-zinc silicate (ASI) — preload level: Fpc*
——ASI| - Zn-SM-I_ct (Fp,C _ Yt=48mm_0.9FSm) - upper section —ASI = Zn-SM-II_ct (0.9Fp,C* _ ¥t=48mm_0.9FSm) - upper section
——ASI - Zn-SM-I_ct (Fp,C _ Yt=48mm_0.9FSm) - lower section ——ASI = Zn-SM-lI_ct (0.9Fp,C* _ Yt=48mm_0.9FSm) - lower section

5 min 180 min 5 min 180 min
0.35 0.35

©
i

Slip displacement (mean) [mm]
o
N

0.05+

o
w
+
(4
w
;

t

°
N
o
o
N
o

<)

prd

o
=)
S
o

o

Ex
4
i

Slip displacement (mean) [mm]
o
N

Slip displacement (mean) [mm]
o
N

A (5 min to 3 h)= 0.104 mm

A(5minto3h)=0.191 mm «——

0.05 005}

0 + t t ; ; + } 0 } y ; ; - - - :
20 0 20 40 60 80 100 120 140 160 180 200 20 0 20 40 60 80 100 120 140 160 180 200
Time [min] Time [min]

(b) combination of ASI and Zn-SM — (c) combination of ASI and Zn-SM —
preload level: Fpc* preload level: 0.9 Fpc*

Figure 15 Results of creep tests considering different coating surfaces

The load was applied with a tensioner with a capacity of 600 kN, see Figure 16 (b).
The threaded rod at the upper end of the specimens was instrumented with strain
gauges in order to measure the actual load level in the specimens, see Figure 16
(c). By removing the tensioner a drop in the load level can be observed. For this
reason a nut-style tensioner (Superbolt) was used in order to keep the load level
constant. By turning the Jackbolt, it is possible to increase the load level slowly to
reach the exact specified constant load level, see Figure 16 (e).

In the extended creep tests, the displacement transducers (LVDTs) were placed at
PE (Plate Edges) position. The elongation of the centre plate between the located
LVDTs at the PE and the CBG position may cause some differences regarding the
measured slip values. This difference can be more critical by having higher level of
constant load. The influence of location of displacement measurement is already
investigated in Task 1.1. To solve this problem, the actual slip displacements at
CBG position were calculated by using the correlation based on the results of the
corresponding first four static tests. Afterwards, the calculated actual slip
displacements at CBG position were used for evaluation of all extended creep tests.
To be able to do this calculation all static test were performed including 12 LVDTSs at
CBG and PE positions, see Figure 9. Figure 17 shows the PE-CBG conversion
models used for all series in this task (valid for PE LVDTs fixed to inner plates at 12
mm distance of CBG position).
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Figure 16 Test rig for extended creep tests
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0124 o)
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T |—2zn-SM-IV (0.9Fp.C*)

0.06+
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o
[+5]

0 100 200 300 400 500
Load [kN]

Figure 17 Relation between specimen load and difference between slip
measured at PE and CBG position

Evaluating the slip displacement — log time curve based on the results of the creep
tests is an effective way to get more information on the creep sensitivity of the
coated surfaces. The result of the ECT at this load level is given in Figure 18 [4].
The extended creep test was performed for more than 707 days with a load level of
0.8 Fsm. the results show that the slip is less than 0.3 mm when extrapolated to 50
years. Herewith, it is considered as passed extended creep test. As shown in Figure
19, for the ASI-surface conditions the slip displacement — log time curves are
presented based on the results of creep and extended creep tests at 0.8, 0.85 and
0.9 Fsm. The duration of the creep test is short in comparison to the extended creep
test and it is not possible to consider these tests as passed extended creep tests.
For this reason, to consider this load level as appropriate load level for extended
creep test, an extended creep test with a constant load level of 0.9 Fsn was
performed. The result shows that the slip is less than 0.3 mm for this load level
when extrapolated to 50 years and the tests are considered as passed extended
creep tests so that the nominal slip factor can be calculated as follows:

Hect,AsI(Fp,c) =0.66 [] (8)

0.90-Fg,  400kN

0.10

*
Hect,AsI(Fo.c™ = = =0.63 [] 9)
4-Fynom  4-160 kN
500 — ; - — 0.50
— Load threaded-bar [kN] 1 1 | T I
Preload Bolt-01 [kN] | ' ! I i
450 Preload Bolt-02 (kN] ] L 1 1 1 0.45
Preload Bolt-03 [kN] , . [ 1 i
Preload Bolt-04 [kN] 1 1 . ! i
400 Load nominal [kN] —E_L—:\L : : 0.40
Mean_up [mm] - |
—— Mean hlsw [mm] . 1 ™~ ;
350 T ! ! i 035 _
— . ; E
2 300 -Hlimit displacement EN 1090-2 [mm] f=f- ===+ == == === m e e e d oo r— 1 f—————— - 0.30 E.
s i o
— ' -
& 250 | 025 §
=1 ' E
g ¥ s
= 200 | 020 5
: z
150 L 0.15 =
[}
|
1

0.05
0 0.00
IE-08 1E-06 1E-04 1E-02 1E+00 1E+02
log-time t [a]
Figure 18 Results of the extended creep tests of the series ASI — the results from
Task 1.4 [4]
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In general, almost all coated surfaces will be considered as creep sensitive
surfaces. However, this type of coating (ASI) shows a relatively good slip resistance
behaviour with high loading levels under the long term extended creep test.

——ASIIV (Fp,.C*_ 0.80 FSm _ 3 t=48mm)
——ASIHV (Fp,C* _ 0.85 FSm _ yt=48mm)
—ASI-IV (Fp,C* _ 0.90 FSm _ St=48mm)
—— ASI-IV_ct (Fp,C* _ 0.90 FSm _ St=48mm)

Slip displacement (mean) [mm]

10E-06 1EK-05 0.0601 0.601 0.61 0F1 1‘l 1“0
log (time) [a]
Figure 19 Results of the extended creep tests of the series ASI (each colour
represents the upper/lower section of the specimen)

Seven extended creep tests were performed for Zn-SM-surface condition with two
different preload levels of F,c* and 0.9 Fpc*, see Figure 20. The extrapolated
displacement — log time curves of the extended creep tests show that for a constant
load level of 0.65 Fsy for Zn-SM-11I and for a constant load level of 0.60 Fsy for Zn-
SM-1V, the slip is less than 0.3 mm when extrapolated to 50 years. Herewith, they
are considered as passed. The extended creep test also performed for Zn-Sm-
surface condition with preload level of Fpc in Task 1.4 and the test was passed with
load level of 0.60 Fsm[4]. The nominal slip factor for Zn-SM-1Il and IV (with preload
levels of Fpc, Fpc* and 0.9 F,c*) based on 0.60 Fsm, 0.65 Fsm and 0.60 Fsm can be
calculated respectively as follows:

Hect,anSM(Fp,C) =0.44[] (10)

0.65-Fgy, 304.2 kN

F,ch= - ~0.48 [- 11
Hect,zn-sm(Fp,c™ 4 Fypom 4160 kN ] (11)

0.60-Fgm _ 276.6KN _ ) 4o 12)

Hect,Zn—SM(O-9 I:p

ch= =
4Fynom 4-144 kN
——2Zn_SM_IIl (Fp,C* _ 0.60 FSm _ yt=48mm)
——2Zn_SM_IIl (Fp,C* _ 0.65 FSm _ Y t=48mm) ——2Zn_SM_IV (0.9 Fp,C* _ 0.60 FSm _ Yt=48mm)
——2Zn_SM_IIl (Fp,C* _0.70 FSm _ yt=48mm) ——2Zn_SM_IV (0.9 Fp,C* _ 0.65 FSm _ Yt=48mm)
5 Zn_SM_IIl (Fp,C* _ 0.75 FSm _ yt=48mm) 03 /——2Zn_SM_IV (0.9 Fp.C*_ 0.75 FSm _ 3t=48mm)
£ ET T 10 1T 4 | &
= 0257 S02st—— 1 LAL L e
3 3
E o2} J E o2}
5 | | /N A 5
E 015+ g E 0.15-
o T | | o
o °
2 01 & o1
© ©
2 2
» 0.054 0 0.05
0 u + + t + + t 0 T t t t t + t
1E-06 1E-05 0.0001 0.001 0.01 0.1 1 10 1E-06 1E-05 0.0001 0.001 0.01 0.1 1 10
log (time) [a] log (time) [a]
a) Fpc* preload level b) 0.9 Fp.c* preload level

Figure 20 Results of the extended creep tests of the series Zn-SM (each colour
represents the upper/lower section of the specimen)
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The extended creep test for ASI - Zn-SM-I with a preload level of Fyc and 0.70 Fsm
was passed for both parts of the test specimen, see Figure 21 (a). The result also
shows that the extended creep test for ASI - Zn-SM-II with a preload level of 0.9
Fp.c* and 0.80 Fsn is clearly passed, see Figure 21 (b). The nominal slip factor for
ASI - Zn-SM with preload levels of Fpc and 0.9 F,c* can be calculated as follows:

0.70-Fg,, 301.9 kN

Hnom,Asi-zn-sm(Fp,c) = = =0.44 [] (13)
4-Fpom 4-172kN
0.9 »_ 080 Fsy 316.7KN _ o "
Hnom,Asl-zn-sm(0-9F, ¢ ™) = = =0.55 [-] (14)
4-F, hom 4-144 kN
——ASI_Zn_SM_I (Fp,C _ 0.50 FSm _ 3 t=48mm)
——ASI_Zn_SM_I (Fp,C _ 0.65 FSm _ yt=48mm) ——ASI-Zn-SM-I1 (0.9 Fp,C* _ 0.70FSm _ yt=48mm)
——ASI_Zn_SM_I (Fp,C _0.70 FSm _ 3 t=48mm) ——ASI-Zn-SM-I1 (0.9 Fp,C* _ 0.80FSm _ yt=48mm)
03 ASI_Zn_SM_| (Fp,C _0.75 FSm _ St=48mm) 0.3 [——ASI-Zn-SM-1I (0.9 Fp.C* _ 0.85FSm _ 3t=48mm)
T f T :
£ £
= 0.25- = 025
(1] @
Q (1]
E o2 E o2l
€ €
[0} [}
§ 015 E 0.15-
3 8
& o1 2 o1
o ©
L2 o
» 0.05- » 0.05+
0 T t 1 t t t + 0 + t + t t + U
1E-06 1E-05 0.0001 0.001 0.01 0.1 1 10 1E-06 1E-05 0.0001 0.001 0.01 0.1 1 10
log (time) [a] log (time) [a]
a) Fp,.c preload level b) 0.9 Fpc* preload level

Figure 21  Results of the extended creep tests of the series ASI — Zn-SM (each colour
represents the upper/lower section of the specimen)
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4 Conclusions

In the present investigation, three different surface conditions (ASI, Zn-SM and
combination of ASI and Zn-SM) and three different preload levels (Fpc, Fp.c* and 0.9
Fp.c*) were selected, in order to investigate the influence of different preload levels.
For the M20 bolts examined, this means that the preload levels result in Fpc = 172
KN, Fp.c* = 160 kN and 0.9 Fpc* = 144 kN.

It becomes obvious that the actual and initial static slip factor increases slightly with
decreasing preload level. Only by ASI-coated surfaces, the initial static slip factor
remains approximately the same but the actual static slip factor increases by
decreasing preload level. By comparing the actual static slip factors pact with those
calculated with the initial preload pini and the final slip factor pec, it can be seen that
this behaviour can also be observed for the final slip factors including the extended
creep tests — at least for the surface conditions and tests in the present
investigations.

Essen, 23.03.2018
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