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ABSTRACT
Coralline soils at the site of a generation plant expansion project in Barbados posed challenges to the design of generator foundations
due to their highly variable nature.  Ground improvement by vibrodensification/stone column construction was used to increase 
relative denisty, minimize the presence of voids and reduce the potential for large total and differential foundation settlements.  This
paper describes the challenges associated with improvement of the coralline deposit using this method and presents the results of soil 
improvement quality assurance testing using the Standard Penetration Test (SPT) and cross-hole seismic geophysics. 

RÉSUMÉ
Les sols corallien au site du project d’expansion de l’usine generatrice en Barbade sont de nature très variable, et ont posés des 
problemes au niveau de la conception des foundations.  L’amélioration des sols a l’aide de vibrodensification / construction de
colonne de pierres a été utilisée afin d’augmenter la densité relative, minimiser la présence de vides et a réduire les possibilité de 
tassements totaux et differentiels au niveau des fondations. Cet article présente les défis associés à l’améliorations des sols coralliens
au moyen de la méthode choisie et décrit les résultats des essais de contrôle qualité, réalisés au moyen des essais de pénétration
standard (SPT) et de géophysique seismique. 

1 INTRODUCTION 

To meet increasing energy demands, the Barbados Light and 
Power Company (BL&P) proposed to expand its existing 
Spring Garden generating station located less than 100 m from 
the shore of the Caribbean Sea in the parish of St. Michael in 
Barbados, West Indies. The main component of the expansion 
project included two 30 Megawatt, two-stroke Low Speed 
Diesel (LSD) generators. The preliminary structural design 
proposed to found each LSD generator on a separate concrete 
pedestal/raft with dimensions of approximately 10 m wide, 
22.5 m long and 8.5 m thick, spaced only 6 m apart. 

Analysis of the LSD foundations, based on the results of the 
geotechnical and geophysical investigations at the site, indicated 
that relatively large total and differential settlements could be 
expected due to variability in the relative density of the soils. 
The structural design required total foundation settlement not 
exceed 25 mm. To reduce settlements to within the stipulated 
limts, soil improvement was recommended for the site. The 
selected method of improvement, the construction challenges 
and a comparison of the pre-treatment and post-treatment test 
data are the focus of this paper. 

2 SITE GEOLOGY 

According to geologic mapping (Poole and Barker 1983), the 
general geology in the Spring Garden area is composed of 
surface expressions of marine beach and modern dune drift 
deposits. These deposits, which comprise mainly head and 
scree, result from processess of natural erosion and littoral drift.  
Adjacent to these formations are outcrops of the Lower Coral 
Reef (LCR) terrace of coral rock, which dates from the 
Pleistocene era. The base of this coral rock layer is believed to 
lie between 20 m to 50 m below Mean Sea Level.   

Subsurface conditions at the site consist of up to about 3 m 
of compact to very dense, well graded coralline sand and gravel 
fill underlain by a native deposit of very loose to dense coralline 
silty sand and gravel with cemented zones in some areas. The 
native sediments, that extended from a depth of about 3 m (near 

the water table elevation) to a depth of between 15 m to 25 m 
below ground surface, appear to be part of a young reef deposit. 

During an extensive programme of fieldwork in Barbados in 
2000 (Burton, Waltham and McLaren 2001), considerable 
variations were discovered between reef deposits (i.e. corals and 
inter-coral sediments) of different ages and facies.  In particular, 
the physical structure and strength of the complex mixture of 
corals that form the framework of these deposits was found to 
vary widely. Load testing of the different coral types indicated 
that the species Acropora were notably significantly stronger 
than the other species; the species Montastrea had intermediate 
strength, and the species Diploria was the weakest. This 
combined with the erratic rates of erosion and redeposition 
processes (including wave action) that prevail during the 
formation of reef sediments can result in a high potential for the 
formation of voids in these soils as well as unpredictably low 
and/or high SPT N-values at any depth within a boring or at any 
location across a site. 

The unconsolidated reef sediments in the overburden 
deposits are generally underlain by a hard coral limestone ‘rock’ 
or cemented limestone deposits formed from the broken debris 
of corals and of the shells and other reef organisms (Harrison 
and Jukes-Brown 1890). 

3 SUBSURFACE INVESTIGATION METHODS 

During the initial subsurface investigations for design of this 
project, two different drilling firms were employed to 
accommodate the project schedule and capabilities for 
installation of casings for geophysical cross-hole testing. The 
borings were completed using conventional NW casing, wash 
rotary drilling methods, and Standard Penetration Testing 
(SPT). 

The SPT values from the investigations were found to be 
highly variable, as might be expected for the coralline reef 
deposit found on site (see Figure 1). However, the degree of 
variability and range in the SPT N-values did not appear to be 
consistent for both of the drilling companies advancing the 
boreholes. On further detailed examination, the SPT N-values 
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associated with one of the drilling companies (Driller #2) were
found to be typically higher and more variable than those of the 
other drilling company (Driller #1).  In this case Driller #1 had
used a ‘Safety Hammer” while Driller #2 had used a ‘Donut 
Hammer’ when performing the SPT test.

Skempton (1986) recommends a correction factor of 0.75 for
‘Donut Hammer’ N-values to account for the differing energies.
Additionally, the hammer drop length for the ‘Donut Hammer’
owned by Driller #2 was in some cases slightly short (due to the
driller’s caution so as not to have the hammer come off the
guide) further reducing the drop height and delivered energy.
By applying 0.75 factor, the results from Driller #2 were, in
some cases, more consistent with those of Driller #1, however a
larger variability in the results from Driller #2 was still evident.
As such, the design focussed mainly on the more consistent 
results from Driller #1 and all subsequent SPT testing carried
out on the site was performed using a ‘Safety Hammer’.

Figure 1. Pre-Treatment SPT N-values (Driller #1 and Driller #2)

Two cross-hole seismic tests, carried out in PVC casings
grouted into three colinear boreholes spaced about 4 m apart (in
accordance with ASTM D 4428/D4428M–91), were also
completed as part of the initial investigations to assess soil
properties for dynamic foundation design. These tests were used 
to estimate the dynamic shear modulus (Gmax) of the native
coralline silty sand and gravel deposit. The results of the testing
indicated Gmax values ranging from about 60 MPa to 1200 MPa 
with an average value for the native sediments of about 
350 MPa. 

4 ESTIMATED SETTLEMENT OF LSD FOUNDATIONS

A settlement analysis of the two LSD foundations was per-
formed in order to estimate total and differential settlements. In
the analysis, the two 10 m x 22.5 m by 8.5 m thick rafts were 
spaced 16 m apart (between the centreline of the foundations)
and a uniform contact pressure of 200 kPa was applied over
each raft.  The analysis was performed using the program Finite
Element Analysis of Rafts (Small 2002) which uses finite layer
theory and elastic soil and raft properties to compute settle-

ments. The program explicitly considers the rigidity of the raft 
foundations in the analysis.

The coralline silty sand and gravel deposit was modelled as
extending from as shallow as about 13 m to as deep as about
30 m below ground surface, based on the variation in depth to 
coral ‘rock’ that could be expected across the site. A profile of
static elastic modulus (E(static)) for the deposit was estimated
from the cross-hole seismic data using the modulus reduction
curves proposed by Vucetic and Dobry (1991) and that 
suggested by Bowles (1984).  These results were considered in
conjunction with estimates of elastic modulus from the SPT N-
values and correlations proposed by Callanan and Kulhawy
(1985), Bowles (1984) and US Navy (1986). Using this data, 
the static modulus for the sediments below the site was 
estimated to range from 10 MPa to 50 MPa.

Assuming a relatively homogeneous composition of the soils 
(i.e. no significant or continuous voids, or zones of very loose,
high voids ratio soil in the deposit) the total settlements were
calculated to range from about 70 mm (for a 30 m deep stratum) 
to about 55 mm (for a 13 m deep stratum) with differential
settlements of up to 15 mm between opposite ends of the LSD 
foundations. Differential settlements of less than about 5 mm 
were calculated to occur should the rafts be underlain by a
uniform depth of coralline sand and gravel.
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5 FOUNDATION ISSUES AND CONCERNS 

Structural and operational design required that total settlement
of the LSD foundations not exceed 25 mm. There were also
concerns over the variability of the subsurface conditions and
that the calculated settlements made no allowance for the
potential presence of voids randomly dispersed within the
coralline deposit or for the effects of foundation vibrations.

Even accounting for the differing SPT methods by the two
drilling companies, the results revealed no clear trend of relative
density variation across the site. Further, it was uncertain
whether the very dense materials encountered at depths ranging
from about 12 m to 15 m in some of the boreholes were coral
‘rock’ or merely discontinuous zones of cemented material,
underlain by further unconsolidated materials and/or voids. A
close inspection of the SPT results showed that in three of the
boreholes (BH 11, 17 and 18) N-values of 100 blows/0.3 m
were encountered at a depth immediately below which the
measured N-values ranged from as low as 3 to 24 blows/0.3 m 
of penetration (see Figure 2).  Based on these results, the
hypothesis of zones of cemented material underlain by further
very loose and unconsolidated materials was considered valid. 

The variability in relative density of the soils, the depth to
coral ‘rock’, and the potential presence of voids, posed a risk of 
unacceptable total and differential settlements of the LSD 
foundations. To reduce the potential for large settlements at the
site, ground improvement was recommended.

6 METHODS OF GROUND IMPROVEMENT

In situ ground/soil improvement techniques can be used to 
increase shear strength and resistance to static and dynamic
loading and to decrease expected settlements. In partially
cemented soils (such as coralline deposits) some ground 
improvement methods used primarily for density improvement, 
may also breakdown cementation thus further reducing the
potential for settlement from collapse of large voids or zones 
with high voids ratios.

Stabilization by some form of in-place densification was 
considered  the most  suitable type  of  improvement  given the
granular  nature  of  the  soils at  the  site. Initially, compaction
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The production ground improvement program was designed 

to include vibroreplacement columns advanced within either
1.3 m diameter (in the area of the LSD foundations) or 1.1 m 
diameter (in non-LSD areas) pre-drilled holes located on a 
triangular grid at approximately 2.5 m spacing. Backfill for the 
columns, comprised of locally crushed coralline gravel (100%
�20 mm, 10% � 0.075 mm), was placed by:
• pre-drilling with flight augers through the ground with

minimal removal of the disturbed soils and broken 
cemented zones;

• driving the vibroflot (by vibrations, self-weight, and water
jetting) to the base of the pre-drilled hole; and 

• alternately pushing backfill into the hole while raising and
lowering the vibroflot in 0.5 m increments (top feed
method) until the target operations criteria were achieved
(200 amps achieved by the vibroflot).

Over a period of about two-and-a-half months, a total of 761
columns were constructed across the site ranging in depth from 
5 m to 21 m, 150 of these columns were located within the LSD
area with depths ranging from about 10 m to 20 m.

8 QUALITY ASSURANCE (QA) TESTING METHODS 
Figure 2. Pre-Treatment SPT N-values (Driller #1 only)

For many projects in which vibrodensification/replacement is
used, the cone penetration test (CPT) is commonly employed
for quality assurance testing, whereby comparisons are made
between tip resistances measured before and after ground
improvement is carried out. The CPT is used as it is generally
less susceptible to systematic errors and variation and more
rapidly conducted in comparison to the SPT. Use of the CPT 
was precluded at this site because of the cemented zones and
gravel-size or larger particles. Therefore, the SPT and cross-
hole geophysics were used for the quality assurance testing.

piles or deep dynamic compaction were considered as  potential
appropriate methods. However, given the limited availability of
local equipment, the high costs associated with mobilization of 
new equipment, and the desire to minimize vibrations at adja-
cent facilities, the local Contractor (Moorjani/Edgehill JV) in
conjunction with Agra Foundations Ltd. (Agra) proposed vi-
brodensification/replacement as an alternative method. The pro-
posed alternative method would involve the use of a vibroflot 
probe (VF) to construct stone columns at closely spaced, regular
intervals centres across the site.

8.1 Standard Penetration Testing 

7 TRIAL SECTION AND CONSTRUCTION DETAILS Following completion of the trial vibro-replacement program,
borehole drilling, SPT testing and crosshole seismic testing was
carried out to assess the degree of soil improvement. During the
production stage, SPT testing was also performed at regular in-
tervals (i.e. 35%, 65% and 95% completed) to assess ground
improvement performance. 

Although vibrodensification/replacement is often carried out in
granular soils, the character of the corraline deposits presented a
number of construction concerns:
• cemented zones could impede or obstruct the vibroflot;
• cemented zones could inhibit consolidation of voids 

between vibroflot locations; and Because of concern about variation in SPT methods, the
equipment, drop height, and drilling crews were carefully
controlled for the quality assurance testing phase of the drilling
and sampling. For the QA testing, only safety hammers were 
permitted and drop heights were routinely measured. Figure 2
illustrates the pre-improvement SPT results, in which the
‘Donut Hammer’ tests are not included (boreholes 3, 5, 6, and
9). Due to the density variability, the average SPT N-value for a
particular depth was considered the comparison baseline,
though minimum and maximum values were also used as
secondary comparison criteria.

• the combination of cemented zones and voids could inhibit
general densification of the granular materials between
vibroflot locations.

Prior to accepting vibrodensification for production ground
improvement, a trial improvement program was completed in
which each vibroflot/stone column location would be pre-drilled
as necessary. The test program was designed to identify the
influences of: 
• pre-drill auger/hole size; Quality assurance SPT testing was carried out in eleven (11)

post-treatment boreholes within the LSD area at depth intervals
of approximately 0.75 m between depths of 2.5 m and 6 m and
at intervals of approximately 1.5 m below a depth of 6 m. Seven
(7) of the boreholes were located at the centroids between
adjacent vibroflot columns and four (4) of the boreholes were 
located within the VF columns.  A similar program of in-
column and between-column testing was completed for QA 
testing during the production stage work. All drilling and SPT 
testing was carried out after a minimum of four days had passed
since completing the closest vibroflot column to allow time for
excess pore pressures, if any, to dissipate.

• amplitude of vibroflot vibrations;
• production rate; and
• the level of ground improvement that could be achieved

between vibroflot locations

The trial showed the proposed method to be feasible so long 
as pre-drilling to the depth of desired vibroflot penetration was
completed. The program also identified target depths of 
improvement (below which little improvement was obtained
because of interference of cemented zones); target vibroflot
amperage levels; optimum size of pre-drill hole; and
improvement criteria. The post-soil improvement target criteria
of average SPT N-value was set as N(average) � 30 blows/0.3 m 
for the LSD areas and N(average) � 20 blows/0.3 m for the non-
LSD areas of the site.
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8.2 Cross-Hole Geophysics Figure 4 presents histograms showing the frequency and dis-
tribution of the measured N-values in all of the pre-
improvement boreholes drilled at the site; the post-improvement
boreholes located between VF columns in the LSD area; and the
post-improvement boreholes located within VF columns in the
LSD area.  A threshold value of N=60 was adopted for the data
analysis such that N-values>60 were not included.  This ap-
proach has very little effect on the post-improvement SPT data
since almost all of the N-values measured post-treatment are
less than N=60 (i.e. >97% of the data).  For the pre-
improvement data, more than 85% of the N-values are less than
N=60.  It was considered that values of N>60 in the pre-
improvement boreholes are indicative of cemented layers or 
large particles within the coralline deposit and not indicative of 
relative density.

Figure 4 presents histograms showing the frequency and dis-
tribution of the measured N-values in all of the pre-
improvement boreholes drilled at the site; the post-improvement
boreholes located between VF columns in the LSD area; and the
post-improvement boreholes located within VF columns in the
LSD area.  A threshold value of N=60 was adopted for the data
analysis such that N-values>60 were not included.  This ap-
proach has very little effect on the post-improvement SPT data
since almost all of the N-values measured post-treatment are
less than N=60 (i.e. >97% of the data).  For the pre-
improvement data, more than 85% of the N-values are less than
N=60.  It was considered that values of N>60 in the pre-
improvement boreholes are indicative of cemented layers or 
large particles within the coralline deposit and not indicative of 
relative density.

Two cross-hole seismic tests were carried out as part of the
quality assurance testing in the area of the LSD foundations to
assess the degree of ground improvement achieved (based on 
Gmax) and to provide an assessment of the post-treatment soil
properties for dynamic foundation design. In order to compare
the level of improvement obtained within a VF column to the
level of improvement obtained between adjacent VF columns,
these tests were set-up such that one set of measurements were 
oriented directly across a VF column while the other set of
measurements were directly between VF columns.

9 ANALYSIS OF QA TEST RESULTS
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9.1 SPT Test Results

Figure 3 presents a summary of the minimum, maximum and
average SPT N-values at each depth in the post-treatment bore-
holes along with the average SPT N-values at each depth in the
pre-treatment boreholes for comparison. The average SPT N-
values measured between depths of 2.5 m and 10 m generally 
meet or exceed the specified target level of soil improvement
(i.e. N(average)�30 blows/0.3m). Below a depth of 10 m, the av-
erage SPT N-values are lower and at some locations (i.e. be-
tween 10 m and 17 m depth) less than the specified target level
for the boreholes located between adjacent VF columns.  How-
ever, below a depth of 10 m, the average SPT N-values are
higher than the specified target level for the boreholes located in
the VF columns.the VF columns.

Average Improvement Gained at VF Columns (in LSD area)

  
Figure 4. Histogram - SPT N-value comparisonFigure 4. Histogram - SPT N-value comparison
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Table 1 summarizes SPT N-value data in terms of the mean

and standard deviation for each data set on Figure 4. 
Table 1 summarizes SPT N-value data in terms of the mean

and standard deviation for each data set on Figure 4. 
0

  
TTable 1. Summary of SPT QA Testing Statistics in LSD area able 1. Summary of SPT QA Testing Statistics in LSD area 

Testing Data Set Testing Data Set Mean Mean Standard DeviationStandard Deviation
Pre-Improvement BHs 15 10
Post-Improvement BHs 
between VFs

29 10

Post-Improvement BHs in 
VFs

33 11

The average N-value between the VFs in the LSD area is
N=29 which is an increase of approximately 95% over the
average N-value for the pre-improvement conditions at the site. 
In comparison, the average N-value within the VFs is N=33 
which is an increase of approximately 120% over the pre-
improvement conditions. The weighted average N-value for a
unit cell of treated area (i.e. considering the relative areas of the
1.3 m diameter VF columns and the ground in between the VF 
columns) was calculated to be N(weighted average)=30, thus 
satisfying the project criteria.

9.2 Cross-Hole Seismic Data 

Based on the post-treatment geophysical testing, the estimated
dynamic shear modulus (Gmax) of the improved strata ranged
from about 525 MPa to 1500 MPa with an average value for the
deposit of about 845 MPa. The estimated values of Gmax from 
the differently oriented tests (i.e. between versus across VF 
columns) showed no significant variation. The estimated profile 
of Gmax for the pre-treatment and post-treatment ground
conditions at the site is shown on Figure 5.  Based on the 
crosshole seismic testing, the average value of Gmax increased
by about 140% following the completion of soil improvement in
the LSD area.

  
Figure 3. Minimum, maximum and average SPT N-value comparisonFigure 3. Minimum, maximum and average SPT N-value comparison

  
  
A comparison of the average SPT N-values measured in the

post-treatment boreholes with values measured in the pre-
treatment boreholes indicates that the average SPT N-value has
increased by an amount ranging from about 10% to 300% fol-
lowing the vibrodensification.

A comparison of the average SPT N-values measured in the
post-treatment boreholes with values measured in the pre-
treatment boreholes indicates that the average SPT N-value has
increased by an amount ranging from about 10% to 300% fol-
lowing the vibrodensification.
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Figure 5. Cross-hole seismic test data comparison

10 CONCLUSIONS

The results of the SPT testing and cross-hole seismic testing
indicate that soil treatment by vibroreplacement/stonecolumn
construction using a vibroflot was successful in achieving the 
desired level of improvement in the highly variable coralline
silty sand and gravel deposit at the BL&P Spring Garden site.
However, in order to ensure that the desired depth of vibroflot 
penetration was achieved at all locations, pre-drilling at each VF 
column location was required.

Although the standard deviations of the data sets are
relatively high, the results of the post-treatment SPT testing 
indicate that the method of soil improvement was successful in 
achieving (on average) the target level of soil improvement in
the LSD area of the site.  The post-treatment testing showed that 
on average the SPT N-values increased by an amount ranging
from about 10% to 300% following the vibrodensification.

The results of the post-treatment crosshole seismic testing,
show that on average the value of Gmax increased by about
140% following the completion of soil improvement.
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