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ABSTRACT 
 
Tidal-stream (tidal) energy is a renewable form of energy produced by harnessing the kinetic 
energy of marine currents created by the rise and fall of the tides and converting it into 
electricity. To-date, tidal energy development remains largely in the demonstration stage and 
the development community has not rallied behind any one foundation technology. The 
distinguishing challenge for tidal development is the required installation technique and the 
uncertainty surrounding their performance in environments where the seabed has been 
stripped of most of its sediment and the underlying bedrock is left exposed due to the high 
energy currents common to locations suitable for turbine deployment. Shallow foundations, or 
gravity-based structures (GBS), are one of the leading foundation solutions for tidal turbines 
because they can be easily installed in these demanding environments; however, like offshore 
wind turbines, tidal turbines are subjected to predominantly horizontal loads. This paper 
describes the results from a combined horizontal and vertical load test conducted on a novel 
footing geometry designed to maximize penetration into the seabed. An onshore test site was 
selected based upon geologic similarity to possible offshore developments. The results of this 
study outline the importance of achieving footing penetration during turbine installation. 
 
Keywords: gravity-based structures, GBS, shallow foundations, tidal 
 
INTRODUCTION 
 
Tidal-stream (Tidal) energy is a renewable form of energy produced by harnessing marine 
currents created by the rise and fall of the tides and converting it into electricity. The 
development of this form of energy is expanding due to current worldwide policies aimed at 
reducing carbon emissions and enhancing energy sustainability. As tidal turbines become 
increasingly economical, they may assist in replacing fossil fuel-based energy sources and 
play a key role in reducing overall carbon dioxide emissions which can lead to climate change; 
however, tidal energy development remains largely in the demonstration stage (Moomaw et 
al. 2011).  
 
For tidal-stream energy to be both feasible and economical, they must be located in high-
energy tidal environments. The surficial seabed deposits in these high-energy environments 
tend to be either sparse sediment overlying bedrock or randomly dispersed boulders resting 
on exposed rock. With overlying sediment having been scoured away, tidal turbine foundations 
must derive their stability from the surrounding rock. As with offshore wind turbines, a major 
challenge in designing foundations for tidal-stream turbines is that the dominant loads applied 
are horizontal due to the high-energy environments in which they are deployed.  
 
For tidal-stream turbines utilizing gravity-based structures (GBS), designers must consider the 
uncertainty surrounding the rock-structure interaction for turbines supported by GBS (Ziogos 
et al. 2016).  The structures are designed to grip the exposed rock surface of the seabed and 
provide sufficient sliding resistance to prevent the structures from being shifted by ocean 
currents; however, design standards are not available for calculating the sliding resistance of 
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these type foundations. Current practice is to assume conservative interface friction values 
(Ziogos et al. 2015) and, therefore, up to twice the required ballast may be needed to provide 
adequate sliding resistance for the stability of the structure (Ziogos et al. 2016). Larger ballast 
equates to more required material, more difficulty in handling (i.e. larger cranes and barges), 
and increased time for installation, thereby resulting in higher overall costs. 
 
The objective of this paper is to investigate the sliding resistance of a GBS sited directly on 
rock.  A combined load test was performed on a scaled model footing which has been designed 
to be representative of a footing utilized by tidal turbine developers. The paper is organized to 
present (i) the design of a field test and the testing methodology; (ii) the selection of a 
representative on-shore test site; (iii) the results of field testing; and (iv) analysis of the results 
and implications on the required self-weight of structures and their load-carrying capacity.  
 
FIELD TESTING DESIGN AND METHODOLOGY  
 
The primary objective of performing a field test was to assess the rock-structure interaction of 
a footing similar to those utilized on GBSs supporting tidal turbines. OpenHydro was among 
the developers searching for the foundation type which optimizes required structure ballast 
and installation efficiency. They adopted a gravity-based tripod system that comprised a steel 
structure supported on individual footings designed to grip the rock surface and provide 
resistance to sliding (Fig. 1). The load test was therefore designed to be conducted on a steel 
conical-shaped footing intended to represent an actual footing at a reduced scale. The test 
also was designed to evaluate the performance of the footing at different rock penetration 
depths and varying vertical and horizontal load combinations.  
 
The footing tested was constructed of a solid 90 mm diameter steel (mild) bar with a 90-degree 
apex angle. The desired scale at which the footing was to be tested was 1:3. A photo of the 
testing configuration is presented in Fig. 2. A roller system was designed in order to decouple 
the horizontal and vertical loads from the footing. The footing was instrumented with linear 
vertical displacement transducers (LVDTs) and tilt-meters to monitor lateral displacement and 
rotation, respectively. A dimensional analysis was performed to evaluate the equivalent loads 
on a full-scale structure and the influence of foundation size on the effects of the site-specific 
rock mass characterization.  
 

 
 

 
Figure 1. OpenHydro tidal turbine awaiting 
deployment near the Bay of Fundy  
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In order to determine the appropriate loads on a model footing designed to approximately 1:3 
scale, the horizontal thrust applied to full-scale turbines was estimated. The fundamental 
theory used to estimate the forces on horizontal axis turbines is the linear momentum actuator 
disc theory (LMADT) (Belloni 2013). This theory allows a direct estimate of the thrust force on 
foundations based upon the velocity of a fluid approaching the turbine and the blade disc area 
using Equation 1.   
 =	 	 	 	          [1] 

 
where  is the horizontal thrust on a horizontal axis turbine, ρ is the density of seawater 
(1025 kg/m3),  is the blade disc area,  is the thrust coefficient, and  is the velocity of the 
water approaching the turbine. 
 
Several tidal developers have avoided pitching of blades due to added complexity of subsea 
operation. Therefore, a high solidity tidal turbine such as the OpenHydro turbine of Figure 1 is 
expected to yield a thrust coefficient in excess of 1.0 at peak design velocities; however, a 
detailed description of how the loads on a full-scale structured were estimated is beyond the 
scope of this paper. The estimated thrust on the full-scale turbine deployed at the Bay of Fundy 
site by OpenHydro was estimated to be between 8,000 kN and 13,000 kN.  For a prototype 
turbine at 1:3 scale, the estimated thrust on the turbine would be between 545 kN and 885 kN.  
Therefore, at 1:3 scale the estimated load on an individual footing for a GBS similar to that of 
the OpenHydro turbine would be between 182 kN and 295 kN, respectively. 
 
The load test schedule conducted at the test site is provided below in Table 1. Target vertical 
loads were applied for each test in advance of the horizontal load. The horizontal load was 
subsequently increased to a maximum horizontal to vertical load ratio (H/V) of 3.0. A range of 
loads were applied at various footing embedment depths in order to determine if the achievable 
H/V ratio was dependent on load and/or the embedment depth.   
 
In addition to determining the appropriate test schedule to be applied for a scaled field test, 
consideration was also given to the effects of the rock mass characterization. The performance 
of GBSs sited on rock will be influenced by both the intact rock properties as well as the rock 
mass properties.  
 
Serrano and Olalla (1996) expanded a technique developed by Brown et al. (1983), which 
divided the rock mass into groups depending on the condition of jointing. Depending on the 
size of the foundation and the volume of rock being analyzed, the rock mass was categorized 
into one of three groups. Group I is for foundations resting on rock which can be considered  
 

 
Figure 2. Image showing (left) the vertical load application to the footing and (right) the 
horizontal load system 

1807



 

 

isotropic and homogeneous; Group II is for where the foundation is affected by a few sets of 
discontinuities and behavior is essentially anisotropic; and Group III is reserved for a 
foundation setting on a highly fractured and discontinuous rock mass. In general, the Hoek-
Brown strength failure criterion can be applied both to Groups I and III (Zhang 2004); however, 
Group II, must consider the effects of intact rock, as well as the behavior of the discrete large 
blocks (Fig. 3).  
 
A conceptual sketch is presented in Fig. 3 and depicts the model-scale foundation at a 
penetration of 45 mm with the joint sets observed at the test location. The full-scale foundation 
is also depicted at a penetration depth of 100 mm. By inspection, the model-scale test can be 
characterized by Group I (i.e. intact rock); however, Group I may not adequately describe how 
a rock mass will behave for full-scale deployments. Therefore, the design of the full-scale GBS 
response should consider the effects of the joint sets when extrapolating the experimental 
results and each design must be site-specific. The selection of the test site and the basis 
thereof is addressed in the following section.  
 Table 1. Load Test Schedule (numbers in parentheses refer to uncontrolled change in vertical 
load observed during test) 

  

 

Group I Group II

Figure 3. Qualitative assessment of rock mass category for model-
scale foundation (left) and full-scale foundation (right) at 100mm 
penetration with joint sets observed at Parker Mountain Quarry 

Test 
No. 

Penetration 
depth (mm) Vertical Load (kN) Horizontal Load (KN) 

1A 
1B 
1C 

15 
35 kN (varied up to 80kN) 
70 kN (95 kN) 
45 kN (75 kN) 

15, 35, 70, 90 
55, 90, 60 
45, 95, 113 

2A 
2B 

35 
45 kN (varied up to 115 kN) 
30 kN (235 kN) 

20, 40 60, 85 
45, 85, 125, 165 
 

3A 
3B 

45 
30 kN (varied up to 70 kN) 
60 kN (115 kN) 

20, 40 65, 90, 115 
45, 65, 105, 135, 175 

4 45 
60, 80, 100, 120, 150, 160, 170, 
180, 230 

N/A 

5A 
5B 

45 
50 kN (varies up to 242 kN) 
50 kN (varies up to 242 kN) 

up to 150 kN. 
up to 273 kN 

6A 
6B 

0 
200 (350) 
390 

30, 60, 80, 120, 160 
40, 80, 120, 160, 200, 240 
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SITE SELECTION 
 
In order to perform the field testing described in the previous section, an onshore test location 
was required to conduct the test in a controlled environment with conditions representative of 
deployment site. In ideal environments, such as those found in the Bay of Fundy (Canada), 
the currents produce flow velocities in excess of 4 m/s (Wengenmayr and Bührke 2011). 
Because of the high-energy nature of tidal currents, the seabed in many locations has been 
stripped of sediment, and the weathered rock surface is left exposed. The Fundy Ocean 
Research Centre for Energy (FORCE) Minas Passage demonstration site was near the Minas 
Basin of the Bay of Fundy as depicted in Fig. 4.  A test site was selected based on the following 
criteria: (i) similar geologic outcrops to those expected within the Minas Basin; (ii) the outcrops 
must have a weathered surface representative of the scouring anticipated along the seabed; 
and (iii) the site must be accessible for field testing.   
 
The selected test site was located just to the west of Digby, Nova Scotia within the Park 
Mountain Quarry where the regional geology is anticipated to be similar to that at the full-scale 
deployment site.  The rock in the test area was basalt and had an undulating glaciated surface. 
The surface featured ice striations from the glacier that had recently cleared the rock surface 
of the thin overlying sediment. The bedrock varied from being slightly weathered to very 
weathered in places, with frequent residual soil and core stones observed as well as some 
fractures infilled with residual soil and clay.   
 
Columnar jointing, which is associated with the rapid cooling of large basalt flows, was 
observed at Parker Mountain Quarry. Horizontal incipient fractures were also distinguished on 
the quarry face.  A stepped natural platform on the uppermost rock surface allowed visual 
observation of the bedrock structure. The lithology, the undulating bare bedrock surface and 
the degree of weathering at the site is expected to reflect the geological conditions at the 
offshore site.  
 
The geotechnical characterization of the site was completed by conducting a suite of laboratory 
tests on representative block samples collected from the field and cored in the laboratory. The 
main goal of the laboratory program was to obtain the geotechnical and geological parameters 
most likely to be needed for design. These parameters included the unconfined compressive 
 

 
Figure 4. Geological map of the Jurassic North Mountain Basalt (after Kontak and Archibald 
2003)  
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strength of the rock, Young’s Modulus, Poisson’s ratio, Brazilian Tensile Strength, water 
content, and the average porosity. Five unconfined compressive strength tests were 
completed with a standard deviation of 9.8 MPa.  The average results of the laboratory testing 
are provided in Table 2.  
 
Table 2. Summary of results for laboratory testing program 

Laboratory 
Test: 

UCS ( ) 
MPa 

 
(GPa) 

 
 
 

 
(MPa) 

 
(Mg / m3) 

Water Content 
(%): 

Porosity 
(%) 

Basalt 157 65 0.2 11 2.9 0.6 3 

 
 
RESULTS OF TESTING 
 
Six total load tests were completed at Parker Mountain Quarry.  In these tests, twelve different 
load combinations were considered in accordance with the schedule presented in Table 1. 
Typical results were chosen to demonstrate (i) the observed load-displacement behavior 
during testing; (ii) the influence of embedment depth on the footing response; and (iii) the 
maximum H/V ratio achieved in each test.  
 
The vertical and horizontal load mobilized in Test 1a is plotted against horizontal displacement 
in Fig. 5. In this test the target vertical load was 35 kN. The figure outlines two stages of the 
loading for which the stiffness of the response varied.  Stage 1 represents the initial loading 
for which the surrounding rock is mostly intact.  During the initial stage presented in Fig. 5, the 
response is very stiff until the horizontal load reached approximately 50 kN. For horizontal 
loads above 50 kN, a decrease in stiffness accompanied by cracking in the rock surface and 
chip formation was noted up to an approximate displacement of 5 mm. Once the rock chip was 
formed in front of the direction of loading, sliding of the footing under near constant horizontal 
load occurred. It is evident in the figure, despite the use of roller connections between the 
vertical load and footing, interaction of the vertical and horizontal load occurred during the 
tests, and this interaction increased during lateral movement as the footing rotated. This was 
a result of the footing sliding along the uneven surface caused by chip formation. As the footing 
moved up over hard-points the vertical load increased in reaction. To reduce this effect the 
test was stopped at a lateral displacement of 27 mm and then reloaded. Following Test 1A, a 
groove was observed in the rock surface in the shape of the footing.  
 
Similar observations were made during the tests on footings tested at larger penetration 
depths; however, the stiffness of the response varied as can be seen in Fig. 6. For deeper 
penetration depths, smaller displacements were required in order to induce chip formation in 
the direction of loading.  Additionally, the size of the rock chips was different for the respective 
penetration depths.  When the footing was embedded 35 – 45 mm, the rock chip did not form 
for the full depth of the footing and therefore, Stage 2 sliding (Fig. 5) was not observed to the 
same extent as when the embedment was 15 mm.  For these tests, a maximum H/V ratio of 
1.66 was achieved.    
 
In addition to influencing the observed stiffness of the response, footing embedment had a 
marked influence on the observed maximum H/V ratio. Fig. 7 presents a comparison of the 
observed H/V versus horizontal displacement response for Test 1A and Test 6A for which the 
footing embedment was 15 mm and 0 mm (essentially a sliding test), respectively.  The footing 
in Test 6A was not able to achieve an H/V ratio greater than approximately 0.6 after 
approximately 14.5mm of horizontal displacement (the H/V ratio was still increasing when the 
test was stopped). Alternatively, Test 1A was able to achieve a peak H/V ratio (1.82) at a 
displacement of 4.5mm.   
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Figure 5. Test 1A Load vs. Horizontal Displacement  

 
 

 
Figure 6. Comparison of results for Test 1, Test 2, and Test 3.  
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Figure 7. Effect of zero embedment on H/V Ratio 

 
ANALYSIS OF RESULTS  
 
While the tests results demonstrated the expected impact of embedment on the lateral bearing 
capacity, the test program was also designed to see if the lateral capacity was influenced by 
load interaction effects. Therefore, the applied vertical load was varied at each footing 
embedment depth. The influence of the vertical load on the peak H/V ratio measured in a 
number of tests is presented in Fig. 8. The figure shows clearly that the achievable H/V ratio 
for a conical-shaped foundation is governed by (i) footing embedment (or rock penetration); 
and (ii) the applied vertical load. When the footing is embedded, H/V ratios appear to reduce 
slightly as the applied vertical load increases. When the footing was loaded directly on the 
surface of the rock without achieving embedment, the peak H/V ratio was approximately 0.67. 
The results of the load tests have been evaluated in two ways, by means of a Mohr-Coulomb 
failure criterion and with a V-H interaction diagram.   
 

 
Figure 8. Peak H/V Ratio vs. Applied Vertical Load 
 

The results in Fig. 8 indicate that conservative estimates of the steel-rock interface alone may 
be insufficient to estimate the actual H/V ratios that can be obtained in the field. A Mohr-
Coulomb failure criterion in the form of Equation 2 was applied to Tests 1 through 5 and is 
presented in Fig. 9.  Using a conservative best-fit approach, the y-intercept, , is equal to 
approximately 15 kN and the average angle of internal friction of the weathered basalt is 
approximately 53 degrees.  
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=	 + 	V	tan	( )          [2] 

Where  is the horizontal capacity of the foundation,  is the apparent cohesion for a linear 
envelope,  is the applied vertical load or the self-weight of a structure, and  is the average 
angle of internal friction of the weathered basalt.  
 
As can be seen in Fig. 8, there are two distinct datasets from the completed testing; those for 
Tests 1 through 5 and those for Test 6.  Two separate failure envelopes are required in terms 
of a Mohr-Coulomb type failure criterion to capture the behavior of the two datasets.  A possible 
explanation for the difference in performance is the difference in the failure mechanism of the 
respective datasets.  For tests performed when the footing was embedded in the rock, the 
horizontal load at which chip formation occurred most significantly influenced the peak H/V 
ratio that could be achieved. For Test 6, penetration into the rock surface was not achieved 
and therefore, chip formation of the rock surface did not occur and the interface friction angle 
between the steel footing and the weathered rock surface governed the performance of the 
footing.  
 
Another possible explanation of the difference in performance could be the relationship of the 
applied vertical load to the ultimate load capacity of the rock when subjected to horizontal 
loading. The data presented in Fig. 8 indicate that there is a trend for the H/V ratio to decrease 
with increases in the applied load. Butterfield and Ticof (1979) pioneered an approach that 
explored the formation of theoretical yield surfaces in the Vertical (V), Moment (M), and 
Horizontal (H) load space. For load conditions where the moment can be considered zero, the 
three-dimensional ellipse described by Butterfield and Gottardi (1994) can be described in a 
two-dimensional plane. The general closed-form equation which can be used to describe the 
interaction between vertical load and horizontal load is presented in Equation 3.  
 =	 	( ( 	

))           [3] 

 
Where  is the horizontal load capacity, 	is slope of the failure envelope at the origin of the 
V-H plane,  is the applied vertical load, and  is the ultimate vertical bearing capacity.  
 
The data presented in Fig. 9 exhibit some similarity in their response to applied vertical and 
horizontal load. Each square plotted represents the peak H/V ratio observed for each test. The 
peak H/V was achieved at relatively low displacements for Test 1 – 5. An initial peak H/V ratio 
was observed during Test 6B (not plotted in Fig. 9); however, a higher H/V ratio was observed 
following the initial brittle behavior and exceeded the initial maximum value. 
 
The ultimate vertical capacity of the foundation is a critical variable in determining the validity 
of an interaction diagram for a given site (Butterfield and Gottardi 1994). For an initial 
evaluation, the vertical bearing capacity of the basalt was estimated using the method 
proposed by Merifield et al. (2006). The footing was idealised as a circular footing and the 
diameter was taken as twice the embedment depth.  
 
The data for five tests were normalised by the vertical bearing capacity and plotted in Fig. 10. 
An envelope in the form of that described by Equation 3 appears to capture the failure load for 
each of the tests. The value of 1.0 along the x-axis indicates the point of the vertical bearing 
capacity. The maximum horizontal capacity of the footing occurs at 1 2	  and is equal to 
approximately 0.45	 . The key variables in the V-H Model which determine the size of the 
ellipse-shaped failure envelope are  and . The determination of  was estimated semi-
empirically based upon the method outlined by Merifield et al. (2006) and  was estimated 
based upon that which resulted in a best-fit for all tests.  
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Fig. 9. Mohr-Coulomb Failure Envelope for Tests 1 – 5 (individual lines represent stress paths 
to failure; square represent peak H/V for each test) 
 

 

Figure 10. Relationship between horizontal and vertical load (lines represent load paths 
developed during test and squares represent peak H/V for the respective test) 
 

0

50

100

150

200

250

0 50 100 150 200 250

H
or

iz
on

ta
l L

oa
d 

(k
N

)

Vertical Load (kN)

1A - V=35

1C - V=40

2A - V=45

2B - V=30

3A - V=30

3B - V=55

5A - V=50

5B - V=50

Mohr-Coulomb

1814



 
 

The data and analyses described above pertain to an apex angle for the penetrometer of 90 
degrees, only.  Future research is recommended to evaluate the influence of a penetrometer 
with alternate apex angles.  
 

SUMMARY AND CONCLUSION 
 
A suite of load tests was performed on weathered basalt in order to better understand the 
horizontal load capacity and rock-structure interaction of conical-shaped footings subjected to 
combined loading.  The scale model test provided a useful means of investigating the footing 
performance at an on-shore site representative of a tidal energy deployment site. The 
maximum H/V ratio achieved during the tests depended on the footing penetration depth and 
the applied vertical load. The results were interpreted using conventional Mohr-Coulomb 
models and considering load-interaction diagrams of the type used in the design of shallow 
foundations in soil. The results indicate that the testing approach might be suitable as a site-
specific means for investigating the H/V ratio to be adopted for design at a given tidal energy 
site and for optimizing the ballast requirements. The results will be dependent on scale-effects 
including the structure of the rock, fracture spacing, etc., and how it relates to the model and 
field-scale footings. Future work is recommended to further investigate the applicability of a 
V-H-M Model to conical-shaped footings sited on rock.  
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