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Abstract 

Grouted joints used in lattice support structures 
such as tripods or jackets for offshore wind 
turbines demand for reliable and economic 
design regulations. Current standards are not 
valid for executed geometries and used grout 
material due to the experimental background 
for which the design approaches were devel-
oped. Moreover, fatigue capacities of grouted 
joints are estimated without an acknowledged 
design model. To improve the design regula-
tions for predominantly axial loaded grouted 
connections, a research project is conducted at 
the Institutes for Steel Construction and Build-
ing Materials Science, Leibniz University Han-
nover. Within this project small and large scale 
grouted joint specimens are tested under fa-
tigue loading conditions. Additionally, influenc-
ing factors of varying contact specification at 
the interface between steel and grout are in-
vestigated. This paper introduces the test set-
ups and describes results of surface rough-
ness measurements of the specimens. The 
measurements are within the expected ranges 
of surface roughness for steel. In addition, 
results from small scale tests conducted sub-
merged in water are presented. It becomes 
apparent, that water at the interface between 
steel and grout significantly reduces the fatigue 
performance of grouted joints. As one reason, 
hydro lubrication reducing the friction coeffi-
cient between steel and grout and leading to 
higher stress concentrations can be stated. 
Furthermore, a dependency on the test load 
frequency was observed, so that higher fre-
quencies have a negative impact on the fatigue 
performance. 

Keywords: grouted joints, fatigue, contact inter-
face, friction, surface roughness, surface irreg-
ularities, hydro lubrication. 

1 Introduction 

Germany aims for covering 30 GW of its ener-
gy demand by means of Offshore Wind Tur-
bines in 2030. Therefore, over 100 offshore 
wind farms will be built within the German Ex-
clusive Economic Zone during the next dec-
ade. Most of the farms will be located in water 
depths of more than 30 meters. As a conse-
quence, the turbines’ support structures have 
to transfer enormous dynamic loads from wind 
and waves into the seabed. For monopile sup-
port structures these water depths will lead to 
an increase of the pile diameter and finally the 
steel demand. Due to a higher structural stiff-
ness at less steel demand lattice substructures 
like jackets or tripods are preferred for deeper 
water, see Figure 1.1. 

 

Figure 1.1: Grouted connection in tripod (left) 
and jacket (right) substructure of Offshore 

Wind Turbines. 



Within the research project ‘GROWup – Grout-
ed Joints for Offshore Wind Energy Converters 
under reversed axial loadings and up scaled 
thicknesses’ (funding sign: 0325290) spon-
sored by the German Federal Ministry for the 
Environment, Nature Conservation and Nucle-
ar Safety (BMU) small and large scale tests on 
grouted joints under axial fatigue loading con-
ditions are conducted.  

Large-scale bending tests of Grouted Joints 
conducted in the previous research project 
‘GROW’ (funding sign: 0327585) showed influ-
ences of interface conditions between steel 
and grout on the load bearing behaviour of the 
connection. These observations where con-
firmed by investigations of DNV [7]. 

Within ‘GROWup’ the transferability of the prior 
observations to axially loaded Grouted Joints 
will be examined. Therefore, the investigations 
include, but are not limited to reveal the impact 
of the interface conditions between steel and 
grout on the connection’s reliability. The pre-
sent paper provides first results from this pro-
ject. 

2 Grouted Joints 

A common connection between substructure 
and foundation pile is the grouted joint (cf. 
Figure 1.1). This connection consists of an 
outer tube (sleeve) and a smaller inner tube 
(pile). The gap between pile and sleeve is filled 
with a high performance grout leading to a 
force fitted connection between the two tubes. 
For connections using plain surfaces of the 
steel tubes, loads are transferred from pile to 
grout and grout to sleeve by contact friction. 
Due to uncertain surface properties of the steel 
tubes, a decrease of surface roughness under 
cyclic loading and failing joints with plain steel 
surfaces in monopiles, it is strongly recom-
mended to equip the steel tubes with shear 
keys usually made of weld beads [1]. Between 
a shear key on the outer pile and one on the 
inner sleeve surface a diagonal compression 
strut occurs under axial loads. The horizontal 
part of the compression strut braces against 
the circumferentially confining tube stresses. 
By this, a defined and reproducible load trans-
fer is ensured which can also be described 
mechanically. When applying shear keys the 

acting axial load can be virtually split into sev-
eral compression struts [2]. 

Grouted joints in monopiles are mainly loaded 
by bending moments while grouted joints in 
jackets and tripods are dominantly axially 
loaded. To realize a sufficient and easy instal-
lation in large water depths, the diameter to 
thickness ratio of the grout layer is rather large 
for lattice substructures. Even if the grouted 
joint is well known from the oil and gas industry 
only little data on the fatigue capacity of axially 
loaded grouted joints is available. Furthermore, 
previous investigations were carried out on 
grouted connections using geometries with 
small grout annulus and grout material 
strengths less than grouted joints and materi-
als currently used in structures for offshore 
wind turbines. 

Also little knowledge is available on the impact 
of the contact interface conditions on the axial 
load bearing capacity. First of all, the contact 
interface is influenced by the tubes’ surface 
roughness and irregularities depending on the 
fabrication process. Second of all, grouted 
joints in lattice substructures are fully sub-
merged in seawater. Cyclic loads and resulting 
movements of the grouted joint may lead to a 
pumping effect that spills water into the contact 
interface. This causes a modification of the 
friction conditions due to hydro lubrication. 
Additionally, cavitation and pure water pres-
sure lead to an inner attrition of the grout. 

3 State of Standardisation 

Current design standards covering axial loaded 
grouted connections such as DNV-OS-J101 
[3], ISO 19902 [4] and NORSOK N-004 [5] are 
applicable for grouted connections with a grout 
diameter to grout thickness ratio of Dg/tg  10. 
The applicability of the guidelines is limited to 
grout materials with compressive strengths 
fcu ≤ 80 MPa. These limitations and design 
procedures result from experimental investiga-
tions of Billington et al. [6], Lamport et al. [2]. In 
addition ISO 19902 and N-004 recommend an 
elastic modulus ratio of steel to grout of 
Es/Eg = 18 if no further data is available. This 
ratio is based on tests conducted with cement 
slurry. 



Current prevailingly axial loaded grouted con-
nections have a grout diameter to grout thick-
ness ratio of Dg/tg ≤ 10. Used grouts have 
compressive strengths higher than 
fcu = 80 MPa and an elastic modulus ratio of 
about Es/Eg = 4. Shown design parameters 
underline the differences between current and 
old grouted joint specification (cf. Table 1). 

Moreover, only DNV-OS-J101 [3] in its current 
version enables the designer to include surface 
irregularities for calculation of interface shear 
strength due to friction. But none of the design 
equations consider the influence of water at 
the interface between steel and grout. There-
fore, the applicability of mentioned design 
regulations for current structures is questiona-
ble and their reliability is uncertain. 

4 Small Scale Tests 

4.1 Introduction 

By means of small scale tests (cf. Figure 4.1) 
the impact of high strength materials, surface 
roughness and irregularities on the fatigue 
performance as well as effects of hydro lubri-
cation are investigated. Small scale specimens 
are grouted joints with a scale factor between 
1:15 – 1:20 of a real connection. The test sam-
ples are equipped with shear keys. Due to the 
small geometries these shear keys are turned 
out of the tubes instead of weld beads. 
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Displacement 
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Hydraulic 
cylinder Axial 

hinge

 

Figure 4.1: Small scale test setup with sub-
merged specimen in water basin. 

4.2 Test procedure 

After machining the tube, surface roughness 
and irregularities of the specimens are tactilely 
measured (cf. Figure 4.2). Subsequently, the 
specimens are filled with grout and stored in a 
water basin. After 28 days of curing the char-
acteristic axial load bearing capacity FULS is 
determined in a quasi-static compression test. 
In the following fatigue tests the upper com-
pression limit is set to 0.5 · FULS. At this load 
level the specimens are cyclically loaded with a 
uniform compressive load level of R = 0.05 for 
2 million cycles (runners) or until failure. Be-
sides dry, small scale tests are also investigat-
ed under wet conditions, fully submerged.  

Geometric range of validity 
acc. to ISO 19902 [4] 

Reference Specimens 

Jacket Tripod
Small 
scale 

Large 
Scale 1 

Large 
Scale 2 

20 ≤ Dp / tp ≤ 40 20 50 6.6 16 24 
30 ≤ Ds / ts ≤ 140 37 64 16.9 41 41 
10 ≤ Dg / tg ≤ 45 4 10 4.7 4 9.5 
1 ≤ Le / Dp ≤ 10 2.7 1.3 1.5 1.5 1.5 

 K ≤ 0.02 0.08 0.03 0.09 0.07 0.04 
0 ≤ h / s ≤ 0.1 0.02 0.05 0.06 0.06 0.06 

 h / Dp ≤ 0.012 0.01 0.01 0.02 0.01 0.01 
Scale 1:20 1:2 1:4 

Table 1: Comparison of geometric proportions valid for application of ISO 19902 [4] 
and utilized in reference structures and test specimens. 

Non valid values are marked in bold. 



 

Figure 4.2: Tactile surface roughness meas-
urement tool and sleeve tube of small scale 

specimen. 

The test procedure will be conducted for two 
grout materials with different compressive 
strengths. Within this paper results for the 
grout material with lower compressive strength 
are presented. The material parameters are 
given by the producer as follows: 

 compressive strength fcu = 90 MPa 
 tensile strength ft = 6 MPa 
 modulus of elasticity Ec = 40’000 MPa 
 Poisson’s ratio ν = 0.18 

4.3 Results 

4.3.1 Roughness and Irregularities 

Results of the tactile roughness measurements 
are given in Figure 4.3. The turning process to 
fabricate the shear keys leads to smooth sur-
faces with an arithmetic mean roughness of 

Ra  2.3 μm for the pile and Ra  5.0 μm for 
the sleeve. The slightly higher and more vary-
ing roughness of the sleeve can be explained 
by the turning process itself. While the shear 
keys of the pile are turned out off the outer 
surface, the shear keys of the sleeve are 
turned out off the inner surface. The outward 
oriented position of the cutting tool is less fa-
vourable and leads to less precise results. 
Nevertheless all measured values are within 
the expectable range given in DIN 4766-2 [7] 
as 0.8 μm ≤ Ra ≤12.5 μm for turning machin-
ing. 

 

Figure 4.3: Arithmetic mean roughness Ra of 
small scale specimens and expectancy area 
for Ra of turning machining according to DIN 

4766-2 [7]. 

4.3.2 Roughness versus FULS 

Figure 4.4 shows a comparison of axial load 
bearing capacity of the grouted joints FULS with 
measured surface roughness Ra. 

Pile surface roughness from specimens 4, 10 
and 15 increases slightly similar to the axial 
load bearing capacity. A relation between sur-
face roughness and axial load bearing capacity 
can be assumed. For specimen 2 and the 
sleeves’ surface roughness of all specimens 
this relation cannot be confirmed. 

Due to its smaller area compared to the 
sleeve, the interface between pile and grout is 
decisive for the axial and so the contact capac-
ity. Due to the small variation of the pile’s con-
tact surface roughness (cf. Figure 4.3) the 
impact of the surface roughness on the axial 
ultimate capacity cannot be quantified. 

 

Figure 4.4: Comparison between surface 
roughness Ra and axial load bearing capacity 

FULS. 



4.3.3 Dry versus wet 

Figure 4.5 shows the absolute axial displace-
ment at top of the specimen plotted over the 
number of cycles N. All specimens consist of 
the same grout material (cf. Section 4.2) and 
were loaded with 0.5 · FULS, R = 0.05 and 5 Hz. 
The two tests under dry conditions (cf. Figure 
4.5: specimen no. 8 & 16) show no significant 
fatigue behaviour. After an initial settling within 
the first 5 to 10 thousand load cycles, more or 
less constant displacements can be measured. 
This behaviour is preserved till the test’s end 
after 2 million load cycles. This leads to the 
assumption of appropriate fatigue strength for 
small scale specimens under dry conditions, if 
the fatigue load does not exceed 50 % of the 
ultimate axial load capacity of the small scaled 
grouted joints. Schaumann et al. [9] deter-
mined the same results for a higher test fre-
quency of 10 Hz. 

Contrary to this, the specimens tested under 
wet conditions (cf. Figure 4.5: specimen no. 6 
& 11) show much larger displacements and a 
significantly lower fatigue resistance. Speci-
men no. 6 starts at a similar displacement level 
like specimen 16. After ten thousand load cy-
cles the first compression strut fails and the 
displacement evolution is increased significant-
ly until the second compression strut fails at a 
displacement of ~ 2.2 mm. After that, the spec-
imen has no further load bearing capacities for 
the applied load level. 

To confirm the result of specimen 6 a second 
specimen (no. 11) was tested under the same 
conditions. Specimen 11 shows a comparable 
behaviour but with a higher load bearing ca-
pacity of the first compression strut, failing at a 
displacement of ~ 1.3 mm. The second strut 
fails also at an axial displacement of ~ 2.2 mm. 
A slight hardening of the specimen at about 
N = 23’000 load cycles can be seen. This can 
be explained by locking of grout chunks be-
tween intact grout core and steel tube. 

Nevertheless, the load bearing lifetime of both 
specimens under wet conditions tested at 5 Hz 
is limited to about N = 30’000 load cycles and 
therefore, is not suitable for application under 
cyclic loading for this fatigue load level. 

 

Figure 4.5: Axial displacement over number of 
cycles for specimens tested under dry and wet 

conditions. 

4.3.4 Influence of Friction 

The different behaviour of the grouted connec-
tion specimens when tested under wet condi-
tions compared to dry conditions might be 
explained by hydro lubrication of the contact 
interface between steel and grout. Hence, 
numerical investigations are conducted focus-
ing on the effect of the friction coefficient μ. 

The numerical investigations are carried out 
using the finite element software ANSYS® and 
an axisymmetric specimen description (cf. 
Figure 4.6). A bilinear material law is applied to 
the steel parts with material parameters of an 
S355 structural steel. The 2-parametric Druck-
er-Prager failure surface is applied to the grout 
using material parameters according to Chen 
[10]. For contact the Coulomb friction law is 
used. 

 

Figure 4.6: Numerical model showing int dis-
tribution and shear key (right). 



Figure 4.7 shows numerical results for μ varied 
between 0 and 1. A value of μ = 0 can be con-
sidered as theoretical example since friction is 
physically unavoidable. The asterisk marked 
line presents the absolute axial displacement 
at specimen top |uz| while the diamond marked 
line presents the maximum Tresca equivalent 
stress within the grout related to the grout’s 

compressive strength int / fcu. 

 

Figure 4.7: Axial displacement at specimen top 
and utilisation ratio of grout for varying friction 

coefficient. 

The friction coefficient shows only little influ-
ence on the global displacement in a range of 
10 μm. Considering, that the tests showed an 
axial displacement range of ~ 1 mm between 
the failure of two compression struts the influ-
ence of μ on the global displacement can be 
neglected. In contrast to that the Tresca equiv-
alent stress shows a variation of the utilisation 
ratio of about 3 between μ = 0 and μ = 1. But it 
has to be kept in mind the distinct shear key of 
the small scale specimen (cf. Figure 4.6). 

In DNV-OS-J101 [3] a friction coefficient 
μ = 0.4 for ultimate limit state calculations and 
μ = 0.7 for calculation of local tensile stresses 
is recommended. For consideration of long 
term friction between steel and grout μ should 
not exceed 0.4. A distinction between dry and 
wet interfaces is not made. Rabbat et al. [11] 
recommend μ = 0.57 for dry interfaces and 
μ = 0.65 for wet interfaces. Based on these 
recommendations the Tresca equivalent stress 
distribution int in the grout for μ = 0, 0.4 and 
0.7 is plotted in Figure 4.8. 

It shows that the global stress distribution is 
not influenced by the friction coefficient, which 
explains the little influence of μ on the global 

displacement. The local stress distribution 
therefore is limited to small areas in front of the 
shear keys and shows great dependence on μ. 
Assuming, in contrast to the results of Rabbat 
et al. [11], that hydro lubrication reduces the 
friction coefficient this reduction increases local 
stress peaks and might lead to faster degrada-
tion of the grout around the shear keys. 

Figure 4.8: Distribution of utilisation ratios be-
tween a pair of shear keys for different friction 

coefficients. 



5 Large Scale Tests 

5.1 Introduction 

The load and fatigue bearing behaviour of 
grouted connections with large grout annulus, 
currently installed to connect jacket and tripod 
structures with driven piles, is going to be in-
vestigated by conducting large-scale tests at 
the Institute for Steel Construction in coopera-
tion with the Institute for Building Materials 
Science in the near future. The test set-up 
consists of outer tube (sleeve) and inner load-
ed tube (pile) equipped with shear keys on the 
facing surfaces (cf. Figure 5.1). The annulus 
between the steel tubes is filled with a high 
performance grout whereas two different mate-
rials with rather high and comparable low com-
pression strength will be used. The main focus 
of the large-scale tests, the large grout annulus 
reflecting current geometries of tripods and 
jackets with a large annulus, is considered by 
two different annulus sizes. Besides grout an-
nulus and material strength different shear key 
settings are investigated. The total size of the 
test bodies represents a scale of ~1:2 with a 
maximum grout thickness of 180 mm (360 mm 
origin). A scale of ~1:2 means a grouted joint 
with an overlapping length of Lg = 1240 mm, 
further geometrical dimensions are presented 
in Table 2. 

Table 2: Geometries of large-scale specimens. 

 
Outer pile 
(Sleeve) 

Grout Inner pile

Outer Diameter 
D [mm] 

~813 ~773 
~610/ 
~406 

Thickness  
t [mm] 

~20 
~80/ 
~180 

~25 

Overlapping 
length 

Lg [mm] 
~1240 

 

Due to the determined influence of interface 
conditions between grout and steel to the axial 
capacity before and after testing the roughness 
of the steel tubes were measured and studied. 
First effects of the surface conditions were 
analysed within the research work of previous 
project ‘GROW’ and the international research 
group by DNV [1]. 

5.2 Test procedure 

Within preliminary investigations roughness 
measurements were conducted on inner 
sleeve and outer pile surface in the overlap-
ping area. Surface irregularities and friction 
shall depict a design driving factor regarding 
the axial load capacity according to latest dis-
cussions and design revisions by DNV [3], [7]. 
Therefore, experimental and numerical investi-
gations of the large scale tests are used to 
analyze the impact of surface conditions to the 
load bearing capacity. 

 

Figure 5.1: Large-scale test set-up and grouted 
connection specimen. 

After preliminary investigations regarding the 
surface roughness the specimens are 
equipped with strain gauges, the pile is con-
trived into the sleeve and the annulus is filled 
with high performance grout. The fatigue be-
haviour of the grouted connection specimens 
will be analyzed by a progressively increased 
dynamic axial load. Within the first load levels 
full reversal loading (R = -1) with up to 3 MN 
effects the test bodies followed by a dynamic 
compression loading with R = -0.5 and a max-
imum compression load of -6 MN. Every load 
level consists of at least 100’000 load cycles. 
The maximum dynamic load reflects 60 % of 



the ultimate limit state load FULS for the grouted 
connection specimen. In relation to real loading 
conditions the design load case (DLC) 6.1 acc. 
to IEC 61400-3 [12] was decisive for the refer-
ence structure whereas the applied test loads 
represent 35 % of the upper load Fdyn,u and 
45 % of the lower load Fdyn,l regarding the ref-
erence load of an BSH-storm [13] combined 
with wave loads (BSH is the Federal Maritime 
and Hydrographic Agency responsible for ap-
provals in the German Exclusive Economic 
Zone). Hence, the grouted connection is sup-
posed to fail within the test procedure.  

5.3 First Results 

5.3.1 Numerical Investigations 

First numerical investigations with the finite 
element software ANSYS® were conducted 
focusing on the load bearing behaviour of the 
test specimens under static and fatigue load-
ing. The large-scale specimen was implement-
ed similar to the small-scale specimen de-
scribed in Section4.3.4. For the surface rough-
ness a friction coefficient μ = 0.4 according to 
latest recommendations by DNV [3] were con-
sidered. Comparison of small and large grout 
annulus calculations showed that arising com-
pression struts between opposite shear keys 
are not established significantly within the large 
grout annulus (tg) as can be seen by compar-
ing left and right numerical stress plot of Figure 
5.2. The stress distribution is more uniform 
over all shear keys and the contact area, cf. 
Figure 5.2 right plot of numerical results. 

 

Figure 5.2: Numerical results showing principal 
stress distribution for grout annulus tg = 80 mm 
(left) and tg = 180 mm (right) representing test 

specimen geometries. 

Therefore, further investigations regarding the 
influence of surface conditions to the load 

bearing and failure behaviour will be per-
formed. The numerical model will be validated 
by the first large-scale test results. Considering 
the fatigue behaviour local crushing effects and 
grout damage in the area of the shear keys are 
expected as numerical investigations indicated 
[14]. 

5.3.2 Tactile Roughness Measurements 

The steel tubes used for the large-scale tests 
originate from an experienced fabricator pro-
ducing steel tubes for offshore wind turbines. 
The steel tubes were cold rolled merged to a 
steel tube with longitudinally submerged arc-
welds. The surfaces were not treated and re-
vealed a rather irregular state influenced by 
corrosion. Before the tactile roughness meas-
urements the surfaces were cleaned to remove 
loose particles. The surfaces are not sand 
blasted since real structures resting dockside 
corrode. No surface treatment takes place 
before installation. Therefore the corroded 
surface of the specimens was kept to include 
realistic assumptions. 

The performed tactile roughness measure-
ments at the inner surface of the sleeve and 
the outer surface of the pile on varied locations 
showed for all measurements an aperiodic 
surface profile with a limit wavelength of 
2.5 mm.  

Figure 5.3 to Figure 5.5 present the main 
roughness parameters for pile and sleeve of 
the first large-scale grouted connection speci-
men. The sleeve roughness reaches for all 
three roughness parameters higher values 
than for the pile. Hence, the sleeve surface is 
rougher due to the inner location and the effect 
of the rolling. Contrary to the sleeve rough-
ness, showing a rather small spread of meas-
urements, the pile roughness values are clear-
ly spread over a wider range. This may result 
from the outside location on the pile being 
more influenced by mechanical effects. 

tg=80 mm tg=180 mm 

Compression 
struts 
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Figure 5.3: Arithmetical mean deviation Ra for 
pile and sleeve of the first large-scale grouted 

connection specimen. 
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Figure 5.4: Quadratic mean deviation Rq for 
pile and sleeve of the first large-scale grouted 

connection specimen. 

0

20

40

60

80

100

0 4 8 12 16

R
z

in
 μ

m

Quantity of measurements

Pile

Sleeve

 

Figure 5.5: Average roughness depth Rz for 
pile and sleeve of the first large-scale grouted 

connection specimen. 

The arithmetical mean deviation Ra depicted in 
Figure 5.4 has for the sleeve an average of 
~ 13 μm which is in the range of usual rolled 
steel (0.15 – 25 μm) according to DIN 4766-2 
[7]. Whereas Ra for the pile surface has an 
average value of ~ 7 μm which is rather small 

compared to the sleeve value but still in the 
range of rolled steel tubes. The arithmetical 
mean deviation reflects only a highly averaged 
value. Hence, for a more specific analysis the 
average roughness depth and the quadratic 
mean deviation are presented in Figure 5.4 
and Figure 5.5. The average roughness for the 
sleeve is ~ 73 μm and for the pile with a larger 
spread ~ 40 μm. Both values represent the 
upper range for rolled steel tubes (1 – 100 μm) 
according to 4766-2 [7]. The quadratic mean 
deviation, comparable to the statistical stand-
ard deviation, is in this case highly influenced 
by significant tops and valleys of the rough-
ness profile. 

6 Conclusions 

Conducted investigations on the surface 
roughness regarding small-scale specimens 
show that little deviations have no direct influ-
ence on the load bearing capacity of grouted 
joints when shear keys are applied. The 
smooth surface produced by the turning pro-
cess allows little interlocking between grout 
and steel. The large-scale specimens show 
slightly higher surface roughness and its influ-
ence on the load bearing capacity might be 
more obvious. Test results from future tests will 
give insights. 

The small scale tests reveal a high impact on 
the number of endurable cycles under fatigue 
loading (dry: N = 2 m.; wet: N = 30 k.) when 
tested submerged in water. One possible as-
pect might be hydro lubrication in the contact 
interface, leading to increasing local stresses 
and therefore a faster degradation of the grout. 
Moreover, the degradation might be accelerat-
ed by local overpressure of water within the 
contact interface and resulting cavitation. 
These effects might be significantly influenced 
by the applied test frequency. 

In further small-scale investigations the surface 
roughness of specimens with and without 
shear keys will be measured. This will enable a 
broader base for the described results. Moreo-
ver the frequency dependency of submerged 
cyclic loading tests will be investigated and 
brought to frequency ranges occurring in real 
substructures. 



With regard to the large-scale tests the tactile 
roughness measurements will be compared to 
the test results of the dynamic large-scale tests 
and published test data. In addition to the tac-
tile measurements optical measurements and 
three dimensional analyses are going to be 
conducted by a digital microscope. Both 
roughness measurements are going to be 
analyzed further in numerical investigations to 
reveal the influence on the load bearing capac-
ity regarding the ultimate and fatigue limit 
state. 
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