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ABSTRACT: This paper considers the use of the CPT in estimating soil compressibility parameters for the
design of vibro replacement ground improvement in soft clay. The use of the CPT in the design of vibro re-
placement stone columns can be particularly effective where the ground is not suited to routine methods of
sampling and testing, or where laboratory results are prone to be misleading due to sample disturbance. This
paper considers, by way of case studies, the advantages of using CPT testing for the design of vibro replace-
ment stone columns for medium sized to small projects where cost effective site investigation is an impera-

tive.

1 INTRODUCTION

1.1 General

The use of vibro replacement stone columns in soft
clay is common practice as a very effective tech-
nique to improve the bearing capacity and settlement
characteristics of the ground. The technique is fully
described by Sondermann and Wehr (2004).

For marginal and brownfield sites vibro replace-
ment is a fast and cost effective technique for im-
proving the ground and is frequently used for me-
dium and small commercial and housing
developments (Bell et al, 1986). Such developments
are usually fast track and only financially viable
where relatively straightforward foundation solu-
tions can be adopted. The reality of the commercial
pressures underlying these types of scheme means
the need to characterise the ground quickly and
cheaply is paramount.

Vibro replacement is now routinely undertaken in
soft clays with an undrained shear strength, s,, of
less that 15kPa, Wehr (2006). On such sites it can be
a considerable challenge to acquire reliable ground
investigation within the prevailing time and cost
constraints. Soft and very soft clay along with un-
compact inter-bedded sand, silt and clay present the
greatest difficulty. It is in these conditions that the
ground improvement contractor must produce a ro-
bust, transparent and practical stone column design.

Sadly, site investigation information provided by
Clients or their Engineers is either poor or inappro-
priate for ground improvement design. However, the
CPT provides a means to overcome this obstacle.

The procedure adopted for the construction of a
number of projects undertaken by Keller Ground
Engineering in the UK is shown by the following
case studies. These case studies illustrate how ex-
perience in the interpretation of CPT data provides a
high degree of confidence in the use of the technique
for the design of vibro replacement stone columns.

1.2 The use of Vibro Replacement Stone Columns

The projects discussed were all on brownfield sites
where the near surface materials are predominantly a
heterogeneous mix of made ground underlain by
significant depths of soft natural soils.

In such conditions vibro stone columns are used
to stiffen and strengthen the made ground and upper
layers of natural ground to provide a homogenised
zone or crust of uniform performance characteristics
onto which the planned buildings can be con-
structed. This requires the use of instrumented bot-
tom feed vibrators which are able to install stone
columns in collapsible soils below the water table,
without overworking the soil.

It is particularly important to avoid unnecessarily
disturbing the ground in sensitive conditions by
charging the columns with too much stone. Watts et
al (2001) found that significant disturbance and
heave was created due to inappropriate construction
techniques when forming columns of excessive di-
ameter (1.25m) in soft clay. In contrast the bottom
feed method used on the projects discussed here
generated very little disturbance and allowed con-
struction of columns of an average diameter of be-
tween 0.5m and 0.6m.
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2.1 Site 1 — Glasgow

This site comprised a 1.9 Ha area of land previously
developed with tenement residential properties be-
tween 1896 and 1967 and then industrial units until
around 1999 when the site was cleared for construc-
tion of domestic housing and flats.

Located 250m to the South of the River Clyde
and approximately 1.5km east of the centre of Glas-
gow, an initial borehole investigation showed the
ground conditions to be made up of between 1.1m to
2.0m of made ground, followed by alluvial deposits
at least 34m thick overlying bedrock. The alluvial
deposits were characterised by inter-bedded inter-
mediate soils ranging from very soft to soft clays,
un-compact silt and loose to medium dense sand.
Groundwater was noted at 3.9m depth. The first
phase of intrusive investigation was supplemented
by CPT tests under the proposed building locations.
These confirmed the sequence of ground strata and
enabled an independent assessment of the com-
pressibility parameters required for the stone column
design to support strip footings with a design net
bearing pressure of 8§0kPa.

Figure 1 shows the piezocone (CPTU) soundings
and derived ground conditions.

The ground improvement design was targeted to
the zone of influence of the strip footings. Across
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dense sand was identified at between 6m and 8m
depth which was used to demarcate the toe level of
the stone columns.

Although a number of boreholes were sunk and
soil U100 samples obtained for laboratory testing,
the effects of sample disturbance on the constrained
modulus, M, from oedometer tests was unknown.
Verification of the ground profile and the com-
pressibility parameters required for the design was
possible using the data from the three CPTU tests
undertaken.

Figure 2 shows the constrained modulus, M, plot-
ted with depth derived from the CPTU data follow-
ing the procedure for intermediate soils suggested by
Lunne et al (1997).

For varying values of ¢, where:-

q: < 2.5 MPa M = 2g, MPa (1)
and

25MPa<q, <5MPa M= (4q,—5) MPa (2)
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Figure 1. Site 1, Glasgow. Plot of g, with depth for upper 15m of ground.



The data show a great deal of chatter which is a
function of the inter-bedded stratigraphy. Also
shown in Figure 2 are values of M (where M=1/m,)
obtained from the oedometer stress increment corre-
sponding to the insitu vertical effective stress.

Unfortunately, no test results are available above
6m depth, but since there is a satisfactory correlation
between the values of M derived by the two different
methods between 6m and 11.5m depth it seemed
reasonable to adopt the extrapolated trend for design
purposes (shown by the upwards extended dashed
line). Between 11.5m and 14m the odeometer data
appear to over estimate the value of A. This discon-
tinuity is a function of having taken the value of m,
from the second stress increment in the oedometer
test (100kPa to 200kPa). It would appear that the
CPTU gives a better indication of the constrained
modulus at the ambient effective stress even in the
highly variable soils at this site. It was therefore
concluded that the correlation adopted for use with
the CPT data is appropriate, and provides a robust
method of determining the insitu constrained
modulus with sufficient accuracy for the estimate of
the settlement performance of the foundations.

Stone columns were provided at 1.5m centres be-
neath the strip footings giving an estimated long
term settlement of between 16mm and 20mm under
the design net footing load of 60kN/m.
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Figure 2. Site 1, Glasgow. Derived constrained
modulus.
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2.2 Site 2 — Grangemouth

This 51te was redeveloped by the construction of a
1700m? combined retail unit and office building ad-
jacent to the M9 motorway in Grangemouth, Scot-
land.

The building was of lightweight construction with
a design slab load of 22.8kPa (dead load Gy =
7.8kPa, imposed load, Qx = 15kPa) and 75kPa on
strip footings. The area is characterised by deep de-
posits of soft and very soft Carse clay (extensively
described by numerous authors with regard to the
soft clay test site at Bothkennar in Geotechnique,
Volume 42, No. 2, 1992). Vibro replacement pro-
vided a cost effective foundation alternative to an
expensive full depth piled foundation solution. Six
metre long stone columns were constructed to ho-
mogenise the stiffness and bearing capacity of the
upper soils reducing the risk of unacceptable differ-
ential settlements affecting the building.

The stone column design was based on data ac-
quired by a programme of 16 CPTUs taken to
around 40m depth using a 15cm?® 7.5 tonne capacity
60° cone.

The investigation indicated a thin mantle of made
ground (to 0.5mbgl) overlying firm becoming soft to
very soft clayey silt (to 5.5mbgl). From around
5.5mbgl to 8mbgl a more competent band of firm to
very stiff clay and/or sand was proved. This corre-
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Figure 3. Site 2, Grangemouth. Combined q,
with depth plot.
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sponds fo the shelly band, a relic slightly over con-
solidated ground surface. Below the shelly band firm
becoming soft clay with occasional sandy bands was
indicated down to 26m below ground level then be-
coming firmer and distinctly more laminated down
to the underlying glacial till at between 34m and
42m below ground level. Ground water was identi-
fied at approximately 1mbgl.

Figure 3 shows the combined plots of g; with
depth for the eight probes covering the building
footprint. Also shown is the trend line for the Carse
clay units given by Nash et al. (1992), for the Carse
clay of the Bothkennar soft clay test site.

q: (kPa) = 129 +50.9 times depth in meires 4

A very good correlation between this and the Both-
kennar site was observed giving a high degree of
confidence that the derivation of the relevant soil pa-
rameters for this site could benchmarked against
those obtained at Bothkennar.

For lightly over consolidated soils the greatest
degree of settlement control is achieved where the
applied net foundation pressure is kept below the
ambient preconsolidation pressure. Therefore, de-
termination of the overconsolidation and its distribu-
tion with depth is important. Figure 4 shows the
derivation of OCR for this site in accordance with
Lunne et al (1997) where:-

OCR = {4 =%w) (5)
o

vo

Also plotted in Figure 4 is the trend of yield stress
ratio with depth from Nash et al (1992) for the
Bothkennar site. The correlation between the Both-
kennar curve and those derived from this site con-
firms that the CPTU may be used as a practical
means of deriving OCR in soft clay soils.

Based on the parameters derived from the CPTU
investigation a 1.8m square grid of stone columns
under the floor slab and 1.25m to 1.5m column spac-
ing under the strip footings was adopted to control
differential settlement to within 20mm.

2.3 Stone column installation parameters

As noted above, it is essential when installing stone
columns in very soft to soft soils to ensure the
ground is not overworked by the application of ex-
cessive energy by the vibrator. Table 1 shows the
likely range of electrical current draw for Keller bot-
tom feed vibrators for clays of different consistency.
These figures should be used with care as site spe-
cific factors may affect the current draw. Instrumen-
tation on the vibrocats helps the operators to control
adequately the energy input when packing up the
stone columns, and prevent overworking of the soil.

Table 1 Electrical current limits for stone column installa-
tion in clay.

Clay Strength Packing up Amps
Very soft 35-50
Soft 50 - 60
Soft to Firm 60 -70
Firm 70 - 80

Taking the lower limits from Table 1 as appropri-
ate for this site, stone columns with a typical diame-
ter of 0.5m were constructed. This ensured that
overworking of the soils was avoided.

Ower Consolidation Ratio (OCR)
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Figure 4. Site 2, Grangemouth. Derived OCR
with depth.

2.4 Site 3 — Clackmannanshire, Scotland

This 3.5 Ha site had been the location of a textile
mill and associated buildings since 1866, prior to
demolition to make way for a new development in
2006. The new development was of two storey de-
tached and semi-detached houses founded on 0.6m
wide strip footings loaded to a maximum design
load of S0kN/m.

The ground conditions were found to comprise a
mantle of made ground (0.3m to 3.2m thick), allu-
vial sands and gravels overlying Carse deposits with
a thickness exceeding 34m. Bedrock was not proved
in the investigation. Three CPTs supplemented the
boreholes and trial pits made at the site. The inves-
tigation was carried out using a 15cm?” 15 tonne ca-
pacity 60° penetrometer. Figure 5 shows the traces
of g. with depth for the three CPTs. The variation in
the superficial soils above the Carse is clearly appar-



ent. The trend of increasing strength and stiffness of
the soft clay below is similar to Site 2 at
Grangemouth as shown by the trend of ¢, with depth
derived from Site 2 where:-

g, =26.8z+128.8 times depth (6)

A key requirement for this site was to estimate
the constrained modulus for the mixed soils within
the depth of the vibro replacement stone columns.
Figure 7 shows the derived value of M with depth.
As is common in sites with a history of previous use
a wide variation in the nature of the upper made
ground and natural soils is apparent, and the vibro
replacement technique is ideally suited to treating
these sorts of heterogeneous conditions.

Vibro replacement stone columns were proposed
to a depth of 5.5m, partially penetrating the alluvial
deposits. The ground improvement was designed to
improve the bearing capacity and stiffness of the up-
per variable soils providing a strengthened crust of
sufficient thickness to dissipate the foundation bear-
ing stresses. From the stiffness parameters derived
from the CPTs the estimated footing settlements fol-
lowing installation of stone columns at 1.5m centres
were as shown in Table 2.

Prior to the start of the ground improvement
works, a full size footing test (Figure 6) was under-
taken. A test footing 1m wide was constructed on a
line of five stone columns and loaded with a line
load of 80kN/m. An average settlement of 14mm
was recorded with 90% of this being complete
within 10 days of the test load being applied. The
test confirmed that adequate settlement performance
for lightly loaded footings can be obtained following
the installation of vibro replacement stone columns
in highly variable and soft soils.

Remedy Geotechnics Ltd
Technical Paper R0O8

www.remedygeotechnics.com

Table 2 Calculated footing settlement based on stiffness pa-
rameters derived from CPT data.

Design Case  Footing Footing Calculated
Line Load Bearing Settlement
Pressure
(kN/m) (kPa) (mm)
Case A:
Perimeter 35 58.3 22
wall
Internal wall 10 17.0 16
Cased B:
Perimeter 50 83.3 26
wall
Internal wall 30 50.0 21

3 CONCLUSIONS

The development of vibro replacement ground
improvement schemes, especially for medium and
small commercial developments, is usually fast
track. Often the specialist geotechnical contractor is
asked to produce a robust and transparent design on
the basis of inadequate site investigation information
provided at the time of tender. A carefully planned
CPTU investigation enables the ground to be quickly
and cost effectively characterised and pertinent de-
sign parameters obtained for the vibro design. The
derivation of constrained modulus, M, and over con-
solidation ratio, OCR, may readily be undertaken on
the basis of the CPTU data obtained.
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Figure 5 Site 3 Clackmannanshire. Cone resistance with depth from the CPT tests.
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Figure 6. Site 3 Clackmannanshire. Footing loading test.

The projects presented in this paper provide the start
of a useful database demonstrating this approach for
projects on sites underlain by weak ground. From
the body of knowledge developed the practising en-
gineer can be confident of the derived design pa-
rameters and benchmark them with proven perform-
ance at sites with similar ground conditions.

The following recommendations should be
adopted when planning a CPTU investigation for the
design of the vibro replacement ground improve-
ment.

e The investigation should always be under-
taken using a piezocone (CPTU) as the static
cone does not enable the full range of pa-
rameters to be derived;

e The CPTU investigation should always be
supplemented by boreholes to confirm the

e Where experience allows the derived design
parameters should be benchmarked against
those obtained at similar sites.
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