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ABSTRACT Deployment of renewable energy foundations, be it piles or gravity based structures, may come into contact with chalk in
southern UK waters and in other parts of European offshore and nearshore deployment. To aid more appropriate design it is useful to under-
stand the interface shear strength between the foundation and the underlying rock where this is exposed at surface or where the foundation
penetrates. In this paper, the interface shear strength between chalk and unbonded concrete is investigated for constant normal stress condi-
tions over a range of normal stresses using tilt table and specialised interface shear testing apparatus. The results show that the interface
strength of chalk is significantly influenced by the normal stress used during testing where at lower stresses the interface strength exceeds
the basic friction angle determined for a chalk-chalk interface and degradation of the interface strength below the basic friction angle occurs
when normal stresses exceed 73% of the tensile strength of the chalk material. This degradation is more severe at small displacements than
previously observed for chalk-steel interfaces. At low normal stresses and displacements, the shear strength of the chalk-concrete interface
can be represented by an alpha type approach related to the chalk unconfined compressive strength as previously developed for higher strength

rocks.

1 INTRODUCTION

Current and future offshore renewable energy maybe
founded directly onto chalk in the case of tidal stream
generators (gravity base foundations, GBS) or pene-
trate chalk during pile installation. Gravity base struc-
tures may be formed from steel (Ziogos et al. 2017) or
concrete and offshore piles are most likely to consist
of steel tubular piles. To allow design of such founda-
tions it is necessary to understand the specific founda-
tion-rock interface behaviour. Surprisingly there is
very little literature or design based guidance on this
situation especially where concrete is not cast against
the rock (or unbonded). NAVFAC (1986) for instance
recommends a coefficient of friction, p, of 0.7 (inter-
face friction angle, 5= 35°) for mass concrete on clean,
sound rock but the origins of this value are unclear and
it is not stated if this refers to a bonded or unbonded

surface, or the types of rock that were used in its de-
termination.

Where rock-foundation interfaces have been stud-
ied in more detail, for example pile rock sockets
(Horvath 1978; Williams & Pells 1981), very high
confining stresses may occur, the concrete is cast
against the rock and constant normal stiffness (Clay-
ton & Saffari-Shooshtari 1990) rather than constant
normal stress conditions may occur.

In this paper, the shear strength of both dry and sat-
urated unbonded chalk-concrete interfaces are investi-
gated under constant normal stress conditions and at
various normal stress levels in order to develop insight
for design purposes. This work follows on from that
by Ziogos et al. (2017) that considered chalk-steel in-
terface shear behaviour.



2 LABORATORY TESTING

2.1 Description of the chalk samples used for
laboratory testing

The samples were collected from the active Imerys
Mineral Limited’s Quarry, Westwood, Beverley,
HU17 8RQ, UK (501740, 438256). Blocks of chalk
350 x 300 x 280 mm are directly obtained after quar-
rying. Unfortunately, due to the working status of the
quarry, the research team was not allowed to access
for sampling or to assess the exact structural setting of
the chalk in situ. The chalk was White chalk assumed
to be from the Flamborough Chalk Formation (Upper
Chalk unit, northern province English Chalk) and
thought to be consistent with that referred to by Lord
et al. (2002) as the Flamborough Sponge Bed
(Whitham 1991, 1993). The chalk was ideal for char-
acterisation and interface testing as it was free from
flints.

The characterisation of the chalk is summarised in
Table 1. The chalk can be classified as very high den-
sity according to CIRIA 574 (Lord et al. 2002). Deter-
mination of the various properties is described in more
detail in Ziogos et al. (2017).

Table 1 Summary of key index properties for the chalk used in
this study (modified after Ziogos et al. 2017).

Property Value
Dry density (Mg/md) 2.06
Porosity (%) 23
Voids ratio 0.3
Saturated moisture content (%) 114
Specific Gravity 2.7
UCS, dry (MPa) 30.0
UCS, saturated (MPa) 9.3
Tensile strength, dry (MPa) 1.1
Tensile strength, saturated (MPa) 0.96
Young’s Modulus, dry (GPa) 8.6
Young’s modulus, saturated (GPa) 2.85
Saw cut roughness, R, (um) 3.1

2.2 Scope of testing and interface preparation

Initially the approach to chalk-concrete interface test-
ing was to use stresses relevant to those that might be
assumed for GBS tidal stream generator foundations
(in this case, up to 316 kPa, which also corresponded
to the maximum normally achievable in a 60 x 60 mm
shear box). Although it was realised when testing
chalk-steel interfaces that interesting results could be

obtained when the normal stress was increased above
0.33To (where To is the tensile strength of the chalk)
or 316 kPa in this case (Ziogos et al. 2017). Ziogos et
al. (2017) also showed that increasing the normal
stress during testing led to potential degradation of the
chalk-steel interfaces and significant degradation
could be obtained by increasing the displacement lev-
els during testing from typical levels of 10 mmto 7 m,
Ziogos et al. (2017).

The tests were undertaken for chalk-concrete inter-
faces on both dry and saturated samples, with normal
stresses ranging from 16 to 316 kPa (0.015-0.273
Toary) for dry samples, and from 16 to 1000 kPa
(0.017-1.042 To ) in saturated samples with displace-
ment limited to 10 mm in this case.

Chalk samples were prepared by coring the sam-
pled chalk blocks to form 54 mm nominal diameter
core samples which were dry cross cut with a diamond
saw resulting in samples that had a typical centerline
average roughness of R, = 3.1 um. Simple tilt table
testing (USBR 6258, 2009) on the saw cut chalk-chalk
interface resulted in a basic friction angle ¢, = 30.5°.

The concrete interfaces were formed by casting cyl-
inders (300 mm high and 150 mm diameter). The cyl-
inders were then sub-cored and saw cut to obtain disc
shaped samples of 54 mm diameter. The target con-
crete mix was C60 to comply with the recommenda-
tions for offshore concrete structures (Sandvik et al.
2004). The mix proportions were : 370 kg/m? cement,
185 kg/m® water, 925 kg/m3 sand and 890 kg/m? 10
mm aggregate (typical slump 130 mm). The resulting
cube strength at the time of testing was 61.5 MPa. The
resulting concrete interface had a roughness of R, =
6.8 um, effectively twice as rough as the chalk and a
concrete-concrete interface friction angle of 30° which
is close to the chalk basic friction angle. Tilt table test-
ing of chalk-concrete interfaces yielded a friction an-
gle of 34°.

2.3 Interface shear tester

The main programme of interface shear testing (apart
from tilt table testing) was undertaken using a purpose
built GDS computer controlled interface shear tester
(IST) (Figure 1). The IST consists of an axial actuator
at the top of the rig, which can apply up to 5 kN of
vertical force and a rotational actuation system at the
base, capable of applying torque up to 200 Nm as con-
figured here.



Figure 1. The IST testing device in dry steel- rock interface testing
mode. Rock samples are shown in the foreground.

Below the axial actuator there is a combined torque
/load cell with capacities of 200 Nm and 5 KN respec-
tively. Axial and rotational deformation are measured
by the respective stepper motor systems. The axial ac-
tuator applies the normal load to the samples under test
and is fixed against rotation, whereas the rotational ac-
tuator applies the torque/rotation from below. The ap-
paratus used here is an evolution of that previously de-
scribed by Kuo et al. (2015) for the low-stress testing
of pipeline coatings and interfaces.

Submerged testing of saturated samples was
achieved by creating a custom-made poly methyl
methacrylate (PMMA\) bath (filled with de-aired and
de-ionised water) that was attached to the lower rota-
tion platen. The saturated samples were kept under
constant normal stress for 15 minutes prior to shearing
with shearing undertaken at a low rate of 0.005 mm/s
(equivalent horizontal displacement). Further details
of the testing apparatus and conversion of torque to
shear stress and radial deformation to linear displace-
ment are given in Ziogos et al. (2017).

3 RESULTS AND DISCUSSION

3.1  Results of IST testing

The results of the IST testing for both dry and satu-
rated chalk- concrete interfaces are shown in Figure 2
and Figure 3. The results for the dry tests (Figure 2)
show higher shear stress resistance during interface
testing than the saturated tests (Figure 3) which may
be anticipated due to the known effects of dry versus
saturated UCS rock strength determination as seen in
Table 1 and referred to in Mathews & Clayton (1993).
In the dry samples, the normalised shear stress is rela-
tively low at low normal stress (16 kPa) and then in-
creases with increasing normal stress up to 159 kPa
(0.16To) before decreasing down to lower levels with
increasing normal stress. This initial low shear re-
sistance may be associated with the chalk sliding on
the concrete. Then as the normal stress increases, sur-
face damage is caused in the chalk which allows the
concrete to “bite” into it (Figure 4). This matches the
behaviour observed by Ziogos et al. (2017) for chalk-
steel interfaces. Similar behaviour is observed for the
saturated tests but as the tests were taken to higher nor-
mal stresses (Figure 5) there appears to be some addi-
tional significant post-peak degradation associated
with the 700 kPa (0.73To) normal stress and a signifi-
cant reduction in normalised shear stress when the
normal stress reaches 1000 kPa (1.04Ty). The varia-
tion of shear stress-displacement associated with this
high normal stress test is also very “noisy” and dis-
plays significant low displacement drops in shear
stress (Figure 3).

For the dry chalk, average peak friction angles up
to 45.6° are obtained (Figure 4) but these values are
erratic and not sustained (Figure 2) thus design based
upon ultimate values would seem more appropriate
where these are actually very similar to the peak val-
ues. The ultimate values average at 44.9°, and some-
way above (1.47¢p) the chalk-chalk interface value
from tilt table testing (¢pp = 30.5°) over the range of
normal stresses tested. Ultimate values are 20% higher
than the tilt table friction angle for chalk-concrete. The
peak interface angles obtained for saturated chalk
(39.2°, dsa/dary = 0.860) are lower as would be antici-
pated based upon the lower T, of saturated chalk
(T(),sat/T(),dry = 0873, Table 1)
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Figure 2. Results of IST testing chalk-concrete interface for dry
chalk.
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Figure 3. Results of IST testing chalk-concrete interface for satu-
rated chalk.

The similarity in the drop in strength at the interface
and in To from dry to saturated suggests that Ty is play-
ing a direct role in interface shear strength. The ulti-
mate friction angles are again higher than the basic
friction angles for chalk 1.28 (¢b). Figure 5 suggests
that, at low normal stresses and at stresses not exceed-
ing 0.73T,, the simply measured chalk-concrete fric-
tion angle may be used as a lower bound to design.
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Figure 4. Summary of results for chalk-concrete interface for dry
chalk.
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Figure 5. Summary of results for chalk-concrete interface for satu-
rated chalk.

Figure 5 shows that, if the normal stress exceeds
73% of the tensile strength of the chalk, there is a sig-
nificant drop in shear resistance. As noted in Table 2,
the samples tested at oy = 700 kPa showed marked sur-
face damage (SD) in the form of chalk powder for dry
samples and chalk putty for saturated samples with pe-
rimeter chips in the round samples. For samples tested
at oy = 1000 kPa where the tensile strength of the chalk
was exceeded, the samples chipped and cracked
through the full sample thickness (non-intact = NI).
Although these samples were not intact after removal
from the clamping system it is believed that the sur-



face shear behaviour is still valid as clamping main-
tained the integrity of the sample and shearing surface
during the test. Based upon this behaviour in constant
normal stress testing, the adoption of linear failure en-
velopes (Clayton & Saffari-Shooshtari 1990) is not ap-
propriate unless testing and application is limited to
low stress levels.

Table 2 Summary of IST testing results.

Normal Initial'  Post test?  Peak shear  Ultimate
stress sample  sample stress shear stress
(kPa) state condition  (kPa) (kPa)

16 D | 16.0 15.0

79 D | 85.0 84.5

159 D | 168.5 174.0
316 D | 301.5 288.5
16 S | 15.5 115

79 S | 71.0 68.5
159 S | 144.0 136.0
316 S | 269.0 261.0
700 S SD 607.0 496.5
1000 S NI 690.0 363.0

1D =dry, S = saturated
2| = intact, SD = surface damage, NI = non-intact

Comparison of the results with those shown by Zi-
ogos et al. (2017) for tests on chalk-steel interfaces
where the roughness of the steel was also varied be-
tween 0.4 to 34 um show a marked difference. For the
chalk -steel interfaces, the shear resistance always ex-
ceeds the basic friction angle for chalk. This even oc-
curs at high normal stress levels thus recommending
the basic friction angle as a lower bound design as-
sumption (even at normal stresses exceeding the ten-
sile strength seemed appropriate for low displacement
levels). Here the friction angle is lower for the chalk-
concrete at high normal stresses. This may be due to
the relative hardness of the steel and concrete inter-
faces. For example, the published tensile strength of
C60 concrete is 4.4 MPa (EN1992, 2004) and poten-
tially not only the chalk but the concrete interface is
degrading at higher normal stresses.

3.2 Implications for industrial practice

Ziogos et al. (2017) previously proposed that due to
the simplicity of tilt table testing that it could be used
to determine lower bound design parameters. It is
noted though that specialist testing equipment (similar
to the IST) would have a role to play where more re-
fined parameter definition is required. For the chalk-

concrete interface, this advice is only valid for lower
normal stresses below 0.73T,. Once this is exceeded,
there appears to be considerable degradation of the in-
terface and further detailed investigation would be re-
quired for a specific application. It is also worth noting
that this guidance is based upon limited interface dis-
placement as Ziogos et al. (2017) showed significant
reductions in interface shear strengths with increasing
interface displacement for example in applications
such as pile driving.

To aid use in design, Ziogos et al. (2015a, 2015b
and 2017) proposed an alpha type approach (o = shear
stress normalised by UCS) for unboned rock-steel (in-
cluding chalk) and cement-steel interface strength pre-
diction of a form similar to that used for pile rock
socket adhesion factors (Tomlinson 2001). Alpha val-
ues were several orders of magnitude lower than those
found in bonded rock sockets UCS was also normal-
ised by the vertical stress as this was seen to have sig-
nificant effect.

Figure 6 shows two lines that represent the alpha
factor values from previous interface testing of various
rocks against steel interfaces (Old Red Sandstone is
shown for comparison) of different roughness. The
lines are described by Equation 1 where b and ¢ are
fitting parameters:

a=b(2) &)

Steel R,=0.4mm (b= 1.78, c=-1.26)

- Steel R =7.2mm (b= 1.25, ¢=-1.16)

Old Red Sandstone-steel (b= 0.53, c=-0.97)
Chalk-steel dry (b= 0.47, ¢= -0.87)

Chalk-steel saturated (b= 0.59, c= -0.94)
Chalk-steel, extended displacement test (100kPa)
Chalk-steel, extended displacement test (300kPa)
Chalk-steel, extended displacement test (700kPa)
Chalk-concrete, saturated (b= 0.68, c=-0.94)
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Figure 6. Alpha factors for chalk-concrete compared with chalk-
steel and sandstone-steel and contours from Ziogos et al. (2015a)
(modified from Ziogos et al. 2017).

It seems that the relationship previously derived by Zi-
ogos et al. (2017) for rocks of much higher UCS can



be applied to the chalk-steel and chalk-concrete inter-
faces and offers an alternative approach to interface
predictions where displacements are limited. As noted
by Ziogos et al. (2017) and shown in Figure 6, caution
needs to be exercised when larger displacement events
occur especially where these are at normal stresses
where degradation is likely to occur (degradation
shown for 7 m events, Ziogos et al. 2017). The behav-
iour studied here and previously is only for monotonic
loading and the behaviour when subject to cyclic load-
ing would need to be studied before generic design
guidance could be given in an offshore environment.

4 SUMMARY AND CONCLUSIONS

In this paper, the interface shear strength between
chalk and unbonded concrete was investigated for
constant normal stress conditions over a range of nor-
mal stresses using tilt table and specialised interface
shear testing apparatus. The results show that the in-
terface strength for chalk is significantly influenced by
the applied normal stress. At lower stresses the inter-
face strength exceeds the basic friction angle (¢») de-
termined for a chalk-chalk interface (and the chalk-
concrete interface angle from tilt table testing which
may be taken as a lower bound design value). Degra-
dation of the interface strength below ¢, occurs when
normal stresses exceed 73% of the tensile strength of
the chalk material. This degradation is more severe at
small displacements than previously observed for
chalk-steel interfaces. At low normal stresses and dis-
placements, the behaviour of the chalk-concrete inter-
face can be represented by an alpha type approach re-
lated to the UCS of chalk as previously developed for
higher strength rocks. Care should be taken though at
greater displacements than those studied here and fur-
ther work is required to investigate the effect of cyclic
loading for offshore applications.
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