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SYNOPSIS: The frictional capacity of driven piles is very low in most calcareous sediments, particularly those that cover the seabed in Australian waters 

where hydrocarbon extraction is active. Generally, drilled and grouted piles have been preferred in these deposits, but they are considerably more 

expensive to install than driven piles. Post-grouting of driven piles is a relatively new technique that has been suggested for improving the shaft capacity of 

driven piles. While limited field trials have been very successful, there is still uncertainty regarding the reliability of the grouting operation, and this has 

prevented wider adoption of this type of pile. The paper describes two different laboratory tests that have been developed (a) to provide a simple test, that 

may be conducted using undisturbed samples from the field, for assessing peak and residual shaft friction, and (b) to investigate at a slightly larger scale the 

effects of different grouting strategies and soil conditions (density and cementation level) on the performance of grouted driven piles. Preliminary results 

from the testing programme are presented.

INTRODUCTION

C alcareous sediments cover the seabed in many parts o f  the world, 

including the hydrocarbon rich areas offshore o f Australia. The shaft 

capacity o f driven piles in these sediments is very low, with typical values 

o f  peak shaft friction that lie in the range 20 - 50 kPa (Rickm an and 

Barthelemy (1988), Nauroy et al (1988), Randolph (1988)). In addition, 

the shaft friction has been shown to decrease dramatically under cyclic 

loading, or following large monotonic displacements between pile and soil. 

The low values o f shaft friction, even at effective overburden stresses as 

high as 1000 kPa, are due to low normal effective stresses acting at the 

pile-soil interface. In effect, during driving, a zone of remoulded soil is 

created close to the pile wall, which is under very low effective stress and in 

a relatively loose (and uncemented) state.

The existence of the zone of soil at low effective stress immediately around 

the pile has led to the suggestion of improving the shaft capacity o f driven 

piles in these soil types, by post-grouting techniques (Rickm an and 

Barthelemy (1988). Proprietary hardware for effecting the grouting has 

been developed and proved in lim ited field testing (Barthelem y et al 

(1987), Dawson-Solmarine (1988)). In cemented deposits, post-grouting 

has been shown to increase shaft friction by a factor of 10 - 20. However, 

there is still m ajor uncertainty in relation to the extent o f grout coverage 

for a given grout pressure, and the possibility o f hydraulic fracture o f  the 

surrounding soil if the grout pressure is too high.

Laboratory tests have been undertaken at the University o f W estern 

Australia in order to assess the behaviour of grouted piles in calcareous 

soil. These tests have included both drilled and grouted piles and grouted 

'driven' piles in a test known as a rod shear test (Randolph (1988), Grist 

(1991)), where a rod o f diam eter 12 - 20 mm is grouted into the 

surrounding soil with the end of the rod protruding beyond the sample 

(avoiding any base resistance). The size o f the test allows use o f 

undisturbed samples from the field, although for modelling grouted driven 

piles it has proved necessary to use epoxy grouts, since the fines in 

cementitious grouts have restricted grout flow.

In order to investigate potential scale effects, and allow use o f  more

realistic cementitious grouts, a larger scale apparatus has been developed, 

where a 50 mm diameter pile may be tested in soil samples o f 400 mm 

diam eter and 300 mm in depth. This apparatus will allow a parametric 

study to be undertaken, varying the cement content and density o f  the soil, 

and investigating the effectiveness o f different grouting techniques.

The present paper concentrates on the developm ent o f the rod shear 

apparatus and the larger apparatus. Results for grouted driven piles in the 

rod shear apparatus are presented for a range o f soil cementation levels, 

and are shown to be comparable with field performance of grouted driven 

piles. Preliminary results are presented from the larger apparatus for a 

range o f different grouting techniques, for piles in uncemented soil. The 

optimum grout mix is shown to give excellent grout coverage up to two 

diameters away from the grouting point.

DESCRIPTION OF THE APPARATUS 

Rod Shear Apparatus

A diagram of the rod shear apparatus is shown in Figure 1. The soil 

sample, 108.5 mm in diameter and 164 mm in length, is surrounded by a 

membrane and placed in the outer cylinder (120 mm in diameter). A 

taping system enables application o f a cell pressure, which acts only on the 

lateral boundary o f the sample. The pile is made of an aluminium rod, 20 

mm external diameter and 1.5 mm wall thickness, and the same length as 

the sample, with a number o f holes drilled along the pile wall. A 1 kg 

hammer is used to drive the pile into the soil, with constant drop height

In order to obtain a clean internal surface o f the pile, the test pile is fitted 

with a long extension at the leading edge, which acts as a coring tube. The 

coring tube removes a plug o f  soil, and the pile is then advanced into the 

centre o f the soil sample, after which the advance tube and soil plug is 

removed. During the driving process, the cell pressure was maintained at 

200 kPa for all the tests. After installation, the loading rod and pile shoe 

are attached and the pile is grouted. The grouting system allows control o f 

the overall volume of grout injected and the grout pressure, although there 

is no control on the flow of grout through each individual hole. The pile 

is load tested after the grout has cured (approximately 24 hours).
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Fig. 1 Diagram o f rod shear apparatus

Larger Scale Apparatus

Figure 2 shows a diagram o f the larger apparatus. The pile is 50.8 mm in 

d iam eter and 650 mm in length. Five pairs o f holes, diam etrically 

opposed, are drilled into the wall o f the pile at a spacing of 50 mm (one 

pile diameter). Each hole is linked to a 900 mm long copper tube o f 3 

mm internal diameter, and each pair of opposite tubes are connected to an 

individual grout cylinder. The sample is constrained in a cylindrical tub 

o f  400 mm diam eter and 400 mm in height. The sample height is 300 

mm. The base of the cylinder consists of a shoe which can be detached 

after driving the pile, for cleaning and greasing prior to commencement of 

the test.

The pile is pushed into the soil in a 1000 kN Instron load frame, using a 

combination of a ramp displacement function (constant velocity o f  0.125 

mm/s) and a superimposed cyclic displacement. This form of loading 

simulates the cyclic nature of installation by driving, with repeated reversal 

o f  the direction o f shear stress between pile and soil. Immediately after 

installation, the pile is grouted through each pair o f holes consecutively, 

generally starting with the central pair o f holes. The grouting system 

enables full control to be maintained of both pressure (at the pump) and 

the total volume of grout pumped. The grout is then allowed to cure for 

24 hours p rior to loading the pile. Throughout installa tion  and 

subsequent grouting and loading of the pile, the pressure on top o f the 

sample is maintained at 100 kPa. Loading o f the pile is carried out at a 

constant rate of displacement o f 0.0167 mm/s.

DETAILS OF SOIL AND SAMPLE PREPARATION

The materia] used for testing is calcareous soil from the sea bed of the 

North West Shelf o f Australia. The soil is air dried and shaken through a 

4.75 mm sieve. Prior to sample preparation, the soil is dried in an oven at 

85 °C  for 24 hours. The mean particle size is 0.1 mm, with 90 % o f the 

particles falling in the range 0.01 mm to 1 mm. The calcium carbonate 

content is about 95 %, and the range of dry unit weight is 9.1 - 14.0 

kN /m 3. At stress levels in the range 100 - 500 kPa, the compression index 

is about 0.14, which is rather less compressible than many calcareous soils. 

The critical state friction angle is in the region of 38 - 40°.
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Fig. 2 Diagram o f the larger apparatus

Sample Preparation

Calcareous sediments can be found in very different states ranging from 

mud (uncemented) to very hard rock (cemented). In order to reproduce 

the cem entation in the laboratory, artificially cem ented sam ples are 

prepared using ordinary Portland Cement (type A). The total dry weight 

o f the sample is defined by the sum of the dry weight o f soil (Ws) and the 

weight o f Portland Cement (Wpc). The cement content (X) is defined as 

the weight o f cement divided by the total dry weight. Three values for X 

(0, 2 and 6  %) have been used in order to simulate in situ formations, X=0 

corresponding to the uncemented material.

Preparation o f the samples begins by mixing the dry soil and cement (if 

any) for about half an hour and then 42 % by weight of distilled water is 

added and mixed for another half an hour. The whole mix is then placed 

in a cylindrical tub similar to that shown in Figure 2, and a piston is placed 

on top. A pressure o f 100 kPa is used to consolidate the sample, with 

drainage perm itted from top and bottom. The same consolidation 

pressure is used for all samples in order to obtain similar densities (Ydry = 

12.0 kN/m3). After an hour, the piston is removed, and the sample for the 

larger apparatus is ready. For the rod shear tests, the process continues by 

pushing four coring tubes o f 108.5 mm internal diameter into the sample. 

A fter preparation, the cem ented samples are placed in a room with 

constant humidity to be allowed to cure for a minimum period o f 28 days.

GROUTING PROCESS

All the rod shear tests were conducted using epoxy grout o f  low viscosity 

(■u = 79 mP), mixed with particles o f calcareous soil smaller than 0.075 

mm. In the larger apparatus, epoxy was used without fines for the initial 

tests, while cementitious grout (Portland cement type B) was used in the 

later tests. For the rod shear tests, the grout pressure was 300 kPa, while 

for the larger apparatus, a pressure o f  200 kPa was used with the epoxy 

grout and a pressure o f 500 kPa was used for the cementitious grout. In 

both of the tests, the volume of the grout was controlled by terminating the 

grouting when a volume equal to the surface area o f the pile multiplied by 

a thickness o f 1 mm was reached. In cases where this volume was not 

reached, the pressure was maintained while the grout was still workable.

RESULTS FROM ROD SHEAR TESTS

Monotonic tests were conducted on uncemented samples and on cemented 

samples with 2% and 6 % cement content. All the tests were performed by 

applying a cell pressure o f 200 kPa at the beginning of the test, and then 

closing the tap to the cell to provide a zero displacem ent boundary 

condition on the radial boundary. The cell pressure was monitored by a
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Fig. 3 Average shaft friction developed in rod shear tests
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Fig. 4 Variation o f cell pressure during rod shear tests

pressure transducer. The results from each test are plotted in terms of 

average shaft friction (Figure 3) and cell pressure (Figure 4) versus the 

displacement normalised by the pile diameter.

For the uncemented samples, a peak shear stress of 200 kPa was mobilised 

at a displacement of 2 mm, with the shaft friction degrading to 60 kPa at 

the end of the test (absolute displacement o f 16 mm). Figure 4 shows that 

the cell pressure decreased throughout the test, indicating a tendency of 

the sample to compress. The tests on soil with 2% cement content show a 

peak shear stress o f about 400 kPa for a displacement o f 3 mm. The 

residual sthaft friction is less clearly defined, partly due to non-uniform 

grout coverage. The tests with 6  % cement content gave peak shaft friction 

o f 500 kPa at a displacement of 2 mm, followed by strain softening to a 

residual o f 275 kPa. The cell pressure response for the 2 % and 6  % 

cement samples was similar, staying close to 200 kPa, with a slight rise at 

peak shaft friction (indicating dilatant behaviour), followed by a reduction.

Figure 5 shows a photograph of the grout coverage for (a) the uncemented 

soil, and (b) a sample with 6 % cement content. The grout tended to 

penetrate the uncemented soil, giving a large volume of grout around the 

exit holes and almost no grout between the holes. Surprisingly, the 'bell' 

shape o f the grout is not evident from the shear response, and it is thought 

that the shear surface was probably cylindrical, outside the extremes o f the 

grout bulbs. By contrast, the grout coverage for the sample with 6  % 

cement is very uniform, and covers the full surface o f the pile.

These tests show good reproducible results, and show that the more 

cemented the samples, the higher the shaft friction, and also the better the 

grout coverage o f the pile. The uncemented samples show a strong 

tendency to compression during shearing, as indicated by a reduction in 

cell pressure, while, as expected, the cemented samples showed a mixture 

o f dilation and compression behaviour, with relatively small effects at the 

sample boundary.

Fig. 5 Grout coverage in uncemented (left) and 6  % cement samples

R ESU LTS FR O M  LA RG ER APPARATUS

Results from seven of the twelve tests (all on uncemented soil) performed 

with the larger apparatus are presented here. The tests were undertaken by 

first driving the pile and then grouting it, with the pressure on top of the 

sample maintained at 100 kPa. Epoxy grout under 300 kPa pressure was 

used for two tests (U6e and U7e) and cementitious grout for the others 

(U 8c to U12c). Table 1 shows the grouting details for the latter tests.

T able 1. Details of cement grouting‘for tests in the larger apparatus

T E S T GROUTING DETAILS

Type Water

content

%

Plasticiser

%

Pressure

kPa

No. of 

holes

U 8c Cement type A 35 0 500 5

U9c Cement type B 50 0 500 5

UlOc Cement type B 80 0 500 5

U l l c Cement type B 35 2 500 3

U12c Cement type B 50 2 300 3

The fines in the cementitious grout tend to 'clog' in the copper tube and at 

the pile-soil interface. Higher grout pressure is then necessary, but this 

exacerbates the tendency of the fines to dilate and block the tube. In 

order to keep grouting pressures less than 500 kPa, a plasticiser was added 

to the mix. The last two tests were conducted with different water contents 

(35% for U l lc  and 50% for U12c). The former test gave incomplete 

coverage, even with a grout pressure of 500 kPa, while the latter test gave 

uniform coverage o f the full pile surface for a pressure of 300 kPa, even 

though only the three central holes were used. The grout flowed along the 

pile-soil interface from the lowest pair of holes to the base o f the pile, a 

distance o f  about 10 0  mm (two pile diameters).

The effect o f  the superim posed cyclic displacem ent during initial 

installation of the pile is shown by the load response during penetration in 

Figure 6 . The pile is hollow, but the grout tubes fill an increasing volume 

of the inside of the pile. Thus, initial penetration is in a 'coring' mode, with 

soil flowing into the pile and low load levels. After a penetration o f 180 

mm, the pile becomes plugged, and the load builds up rapidly. In future 

tests, this will be prevented by including a coring tube ahead of the main 

pile (as is done for the rod shear tests described earlier). However, it is 

significant that, even with the high base resistance developed in the last 80 

mm of penetration, it has still proved possible to grout the entire pile 

surface from grouting holes that are well back from the base of the soil.
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Fig. 7 Results from epoxy grouted tests in larger apparatus

Figure 7 shows the average shaft friction venus normalised displacement 

for the tests using epoxy g ro u t The peak friction is around 200 kPa with 

residual friction o f  about 110 kPa after 50 mm of m ovem ent All five 

pairs o f  grout holes were used, and grout coverage was complete. The 

increase in average 'friction' after the initial peak in test U 6e, was due to 

interaction o f the epoxy grout with the base o f the container.

Results from the tests using cementitious grout are shown in Figure 8 . Test 

U 8c (UlOc and U l lc  gave similar results) shows a low average friction 

( -5 0  kPa), which is due to the small area grouted (less than 5 % o f the pile 

surface). The capacity obtained from these tests is comparable with results 

from driven piles in calcareous soil (Rickman and Barthelem y (1988), 

Nauroy e t al (1988)). Test U9c shows peak friction o f  about 100 kPa, 

before the load builds up due to grout at the base o f  the container. A 

greater area was grouted in this test (estimated at 60 % of the pile surface). 

The m ost successful grout mixture was for test U12c, where full coverage 

o f the pile surface was achieved, giving a maximum shaft friction o f about 

200 kPa, which is comparable to the tests using epoxy g ro u t although the 

displacements to mobilise the shaft capacity are significantly greater.

CONCLUSIONS

The paper has described results from model tests on grouted driven piles at 

two differen t scales, using both epoxy and cem entitious grout, in 

uncem ented and cem ented calcareous soil. The logic  o f  the test 

programme has been to:

1) Develop a procedure for rod shear tests to assess the shaft friction o f 

grouted driven piles, with the potential to carry out laboratory tests 

on undisturbed field samples.

2 ) Develop a larger apparatus for testing grouted driven piles, allowing 

detailed parametric studies to be undertaken o f the effects o f soil 

cementation, grout mix and different grouting procedures.

0 0.5 1 1 .5 ' 2
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Fig. 8  Results from cement grouted tests in larger apparatus

3) Assess potential scale effects between the two apparatus, and also any 

adverse effects o f  using epoxy grout in the rod shear tests to avoid 

clogging of the cementitious grout.

T he rod shear tests show good reproducibility  for each level o f 

cem entation, with comparable peak shaft friction for the 6  % cem ent 

sam ple to field values measured in calcarenite o f sim ilar com pressive 

strength (Dawson-Solmarine (1988)). In the uncemented soil, tests in both 

apparatus show estim ated peak shaft friction  o f about 200 kPa, 

independent o f the type o f grout, provided full coverage is obtained.

Grout coverage is generally more uniform in cemented soil, where there is 

a more clearly defined interfacial region of remoulded soil, under low 

effective stress, than in uncemented soil. Initially, adequate grout coverage 

was difficult to obtain using cem entitious grout. However, with the 

addition o f  plasticiser, it has been possible to achieve uniform flow of 

grout along the pile-soil interface by up to two pile diam eters, even in 

uncemented soil. Future testing in the larger apparatus will explore the 

relationship between peak shaft friction, soil cem entation, and grout 

pressure. In addition, tests will be undertaken to assess the controlling 

parameters on the extent of grout flow along the pile-soil interface.
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