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ABSTRACT 
 
This paper presents the results from centrifuge lateral pile load tests, which were performed 
to investigate the increase in lateral and rotational stiffness that can be attained by post-
installation grouting around the head of a pile; the (scaled) configuration employed was typical 
of monopiles used to support wind turbine masts. The tests showed that grout with a cement 
content of 4% injected to a depth of 4 pile diameters and to a radial distance from the shaft of 
about 1 diameter can increase the stiffness by about 30%. Numerical analyses showed that 
the increased stiffness can be assessed using conventional methods by assuming that the 
pile has an enlarged diameter in the grouted zone. 
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1 INTRODUCTION 
 
The demand for alternative energy sources has led to a rapid growth in onshore and offshore 
wind farms. The most common foundation for the wind turbines employed is a single (or 
mono) pile with a diameter typically ranging between 2m and 6m. However, as the size of the 
turbines gets bigger and offshore wind farms are located in deeper water, the required size of 
the monopiles is becoming un-economically large and other (usually more expensive) options, 
involving groups of piles, anchors (onshore) or suction caissons (offshore) need to be 
considered. Monopiles are still favoured where their feasibility may be marginal because of 
the relatively straightforward transition between the foundation and tower mast. 
Consequently, some recent research has been conducted into ways of enhancing the lateral 
and rotational stiffness offered by a monopile. For example, Stone et al. (2010) and Lehane et 
al. (2010) examined the benefits of combining a footing with a monopile while researchers at 
Hamburg University and UWA are currently exploring advantages of ‘fins’ welded to steel 
piles.  
 
This paper examines another option, namely post-installation grouting around the heads of 
monopiles. This measure, which was motivated by the needs of a recent West Australian 
offshore piling project, was investigated to determine the improvement to the lateral and 
rotational stiffness of a pile in sand if grout is injected around the pile circumference to a 
depth of between 4 and 6 pile diameters below ground level. The research presented here 
involved a series of centrifuge tests with a variety of grout geometries and grout types 
followed by numerical analyses that allow generalisation of the findings from the centrifuge 
tests.  
 
2 EXPERIMENTAL SET-UP AND PROCEDURES 
The centrifuge testing programme was performed in the beam centrifuge at the University of 
Western Australia (UWA). A schematic diagram illustrating the arrangement employed is 
shown on Figure 1 and details of the 6 foundation tests performed are provided in Table 1. 
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All experiments were conducted at 175g and involved application of a monotonic lateral load 
(H) to a tower (which had the same dimensions as the monopile) at a model scale height of 
150mm above ground level. The model piles were 200mm long, 19mm diameter (D) 
aluminium tubes with a wall thickness of 1.1mm; these dimensions correspond to a prototype 
scale diameter of 3.33m and flexural rigidity of equivalent steel piles with a wall thickness of 
192.5mm.  

 

 

 

 

 

 

 

 

 

 

 

  Figure 1. Schematic view of Centrifuge Tests 

Although grouting in the centrifuge could have been performed using the procedures 
described by Schneider et al. (2009), it was decided that better control for the purposes of a 
parametric study could be achieved by creating the grouted zone around the heads of piles 
using pre-prepared grouted sections. These sections, some of which are seen on Figure 2, 
comprised fine silica sand and either 4% or 6% rapid hardening Portland cement content (by 
weight) mixed at a water content of 15%. The inner diameter of each annular specimen was 
made equal to the external diameter of the piles by casting each grout specimen in a 
cylindrical 50mm diameter PVC mould which had a fixed (and lubricated) 19mm diameter 
steel tube at its centre. Compression tests on grout samples performed at the same time as 
the centrifuge tests (=14 days after they were prepared) gave average unconfined 
compressive strengths (qu) of 170 kPa and 360 kPa for 4% and 6% cement content 
respectively. These strengths are similar to those of stiff-hard clay and are consistent with 
grout strengths recorded using the same mixes in another centrifuge study reported by 
Rattley et al. (2008). 
 
Table 1: Lateral pile tests conducted in the centrifuge 

Test 
No. Type Lgrout     Grout details Grout qu  Disp. at H=300 N 

        (kPa) (mm) 

1 Monotonic 0 No grout - 8.0 

2 Monotonic 4D 4% cement content 170 6.4 

3 Monotonic 6D 4% cement content 170 6.0 

4 Monotonic 6D 6% cement content 360 6.2 

5 Cyclic 4D 4% cement content 170  

6 Cyclic 6D 4% cement content 170  

 
The sand used in the tests, which was the same as that employed to make the grout 
specimens, was a uniformly graded fine silica sand with a mean particle size (D50) of 0.18mm. 

Lgrout=[4-6] D 

L=200mm (35m) 

150mm (26.2m) 

Aluminium pile, 

D=19mm (3.33m) 

t=1.1mm (0.19m) 

H 

t=15.5mm (2.7m) 
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This sand was air pluviated into the centrifuge strongbox to an initial height of 160mm. The 
grout sections were then push-fitted to their respective (open-ended) piles which were 
subsequently jacked vertically to an embedment of about 100mm. When all piles were in 
place, as shown on Figure 2, sand pluviation re-commenced until the sand level coincided 
with the top of each grout cylinder. Finally, the sample was saturated over a period of one day 
by adding water slowly via a valve at the base of the strongbox. 
 
Cone Penetration Tests (CPTs) conduced before and after the pile tests were in good 
agreement and showed end resistances (qc) increasing approximately linearly with depth to 
85 MPa at 200mm penetration (or 35m at prototype scale). The correlation between relative 
density (Dr) and qc commonly used for the UWA beam centrifuge (e.g. Schneider & Lehane 
2006) indicates that this qc profile is consistent with sand at a Dr value of 75% in the upper 
50mm of the deposit underlain by sand with Dr=95%. 

Six lateral pile tests were performed, as indicated in Table 1. The piles were loaded 
monotonically in 50N increments (~1.5 MN prototype) using an actuator at an elevation of 
150mm (26.2m prototype scale) above the sand surface. Pause periods of 60 seconds were 
allowed after application of each increment and a number of unloading stages were also 
performed to assist with test interpretation. A test was also performed outside of the 
centrifuge to measure the flexural rigidity and bending capacity of the aluminium piles 
employed. This test showed that yielding began at a  moment (My) of about 53 Nm, which is 
equivalent to that induced by a load of 350 N applied at a lever arm of 150mm.  

 

Figure 2. (Left) Typical grouted sections or ‘collars’, (Right) Sand raining in centrifuge 
strongbox with grouted piles in position. 

3 TEST RESULTS 
The lateral load displacement curves measured in Tests 1, 2 and 3 (see Table 1) are 
presented in Figure 3. For clarity, these curves do not include the unload-reload excursions 
performed during the tests. 

The load-displacement relationships are seen to be relatively linear up to applied loads of 
above 350N but there is significant non-linearity above this level with maximum achievable 
lateral loads being 430 N in Test 1 and about 500 N in Tests 2 and 3. On inspection of the pile 
with no grout (Test 1), it was clear that significant yielding of the pile material had taken place 
at a depth of about 3 pile diameters below the soil surface. It follows that the measured 
capacities of the piles were limited by the structural (and not geotechnical) strength. 

The lateral stiffness is perhaps of more importance to monopile design. It is evident on Figure 
3 that the stiffness of piles with the grout collars is about 30% greater than that of the pile with 
no grout. There is a marginal increase in stiffness (~5%) when the length of the grout collar 
(Lgrout) is increased from 4D to 6D. However the strength of the grout collar did not increase its 
stiffness as indicated by the result for Test 4 (with grout with qu=360 kPa), which actually gave 
a slightly lower stiffness than Test 3 (with qu=170 kPa); see Table 1. 
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Figure 3. Lateral load-displacement curves measured in Tests 1,2 & 3 

The response observed in the first cyclic test (Test 5) is presented on Figure 4. This pile (with 
Lgrout=4D) was first subjected to 30 two-way cycles of ±125 N, followed by another 30 cycles 
of ±250 N and lastly by 6 cycles of ±375N. It is apparent that the pile responds well under the 
first two packets of cycles with little accumulation of permanent displacement. However a 
large pile movement of about 15mm occurs on application of the first of the 375N cycles, 
which is almost double that experienced during the monotonic test (see Figure 3). The second 
375N cycle induced a further 8mm permanent displacement giving a total displacement at the 
load level of almost 4m at prototype scale. 
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Figure 4. Lateral load-displacement curves measured in (cyclic) Test 5 
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The second cyclic test (Test 6) exhibited a similar response to that of Test 5, although 
displacements accumulated during cycling were typically about 20% lower (potentially 
because of the larger Lgrout value in this test). Therefore based on these two tests and given 
that none of the monotonically loaded piles were close to their geotechnical capacity , it would 
appear that significant accumulation of displacement during cycling could have been avoided 
if the cyclic moment induced in the pile did not exceed about 80% of My. 

 
4 NUMERICAL BACKANALYSIS 
The Oasys ALP program (Oasys 2008) was used to backanalyse the centrifuge pile tests. 
This program employs the standard p-y spring approach with elastic beam elements 
representing the pile (and tower) sections. The American Petroleum Institute 
recommendations (API 2000) for p-y curves are used extensively in practice and these 

propose a format (API 21) for sand which only depends on the friction angle ( ') and the depth 
of any particular spring. A previous format proposed in version 18 of API (API 18) constructed 

p-y curves using ' and an initial stiffness (k1), for which a value of 34MPa/m was 
recommended. 

The response of the un-grouted pile (Test 1) was backanalysed using both the API 21 and 

API 18 formats. As seen on Figure 5, a good fit to the measurements was obtained for '=30
o
 

and 34
o
 for API 21 and API 18 respectively. These angles are significantly lower than 

expected ' for the sand of over 40
o
. 

Figure 5. (Left) Fitting API recommendations with the response of the un-grouted pile, 
(Right) Predicting the response in Test 1 and 2. 

The pile response in Test 2 (with Lgrout=4D) was then predicted using ALP and the API 21 

recommendations with '=30
o
 by increasing the pile diameter from 19mm to 50mm (i.e. the 

diameter of the grout cylinders) over the upper four diameters of the shaft. The small increase 
in flexural rigidity in the grouted zone was also allowed for. 

It is apparent on Figure 5 that this approach was successful in predicting the response in Test 
2 and therefore that the observed increase in pile stiffness can be attributed to the increased 
lateral resistance of the larger diameter operational in the grouted zone. The approach also 
predicted the very slight increase in stiffness observed in Test 3 (with Lgrout=6D). Inspection of 
the grout cylinders on completion of the test indicated that they were fractured but had 
essentially remained intact. 
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5 CONCLUSIONS 
The centrifuge experiments indicated that the lateral stiffness of a monopile in sand can be 
enhanced by grouting in the vicinity of the pile head; a cement content of 4% by weight was 
seen to be sufficient to ensure the integrity of the grouted zone- even after extensive cycling. 
Numerical analyses showed that the increased stiffness can be assessed using conventional 
p-y software by assuming that the pile has an enlarged diameter in the grouted zone. 
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