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1 INTRODUCTION 
 
A new fuel storage terminal was constructed in Cape 
Town harbour in 2016 consisting of four 31.2 m di-
ameter tanks, six 26.0 m diameter tanks and two 
smaller tanks. The terminal was constructed on re-
claimed land for which the fill with a thickness of be-
tween 12 and 18 m was placed in 1977. The fill con-
sisted of a mixture of concrete and brick fragments, 
pieces of timber, rubble and boulders, in a matrix of 
silty sand. Sandy clay was also encountered in some 
locations. Below the fill was medium dense marine 
sand with a thickness which varied between 4 and 8 
m containing thin layers of silts and clays. Bedrock 
consisted of weak shale and mudstone at a depth of 
between 21 m and 25 m. 

Due to the highly variable nature of the uncon-
trolled fill, conventional piling and ground improve-
ment techniques could not be used. Dynamic compac-
tion was conducted across the site to increase the 
density of the fill material and reduce the settlement 
of the fuel storage tanks. Post compaction continuous 
surface wave (CSW) testing was conducted to deter-
mine the stiffness of the in-situ material. These stiff-
nesses were used for numerical analysis to predict the 
settlement of the tanks. After completion of the tank 
construction, full-scale tests were conducted on two 
of the 26 m tanks and the settlements monitored. This 
paper reports the results from the site investigation 

and the numerical analysis and compares the pre-
dicted settlement to those observed during the full-
scale load test. 

 
 

2 SITE INVESTIGATION 
 
Two site investigations were performed prior to con-
struction of the fuel storage terminal. A total of 20 
boreholes were drilled to depths varying between 
20 m and 34 m. The water table was at a depth of ap-
proximately 3m. Standard penetration tests (SPT) 
were performed as part of the drilling operation. The 
results are shown in Figure 1 for the four boreholes in 
the vicinity of the two tanks for which full-scale load 
tests were performed. Refusal was taken as 50 blows 
by the SPT hammer. 

Figure 1 shows the large scatter in the SPT data. 
This was not unexpected given the heterogeneous na-
ture of the fill material. Also, it is well known (Clay-
ton et al. 1995) that the results for SPT tests con-
ducted in uncemented sand can vary greatly if the 
water balance is not carefully controlled. Numerous 
empirical relationships exist between SPT N-value 
and soil stiffness, but given the large scatter in the 
SPT data these relationships could not be applied with 
any confidence at this site. This illustrates the diffi-
culty with which engineers are often confronted when 
quantifying soil design parameters using SPT data, 
particularly in cohesionless soils.
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Figure 1. SPT N-values 

 
 
3 DYNAMIC COMPACTION 
 
To achieve adequate improvement, dynamic compac-
tion was conducted in three phases. The primary and 
secondary phases were carried out at 6 m grids using 
a 15.5 tonne penetration pounder and a drop height of 
20 m (Fig. 2). A final ironing phase was conducted 
using a flat ironing pounder which has a large contact 
area.  

According to (Mayne et al., 1984) the improve-
ment depth (D) can be related to the square root of the 
applied energy (pounder weight (W) multiplied by 
drop height (H)), and some material factor (n), as 
given in Equation 1. 

 (1)
 

Using a material factor (n) of 0.6 typical of uncon-
trolled fills and landfills, the improvement depth (D) 
of 10.6 m can be achieved with the applied geometry. 
The combined energy application through dynamic 
compaction was 53 t.m/m2.

 
Figure 2. Craters from primary print of dynamic compaction 

 
 

4 CONTINUOUS SURFACE WAVE TESTING 
 
After completion of the dynamic compaction CSW 
testing was performed. The CSW test is a seismic sur-
face wave test where the seismic response of the 
ground profile is measured using an active source and 
a short geophone array (Heymann 2007). For the test-
ing at the fuel terminal two vibrators were used as 
seismic sources. A low frequency vibrator was used 
in the range 7 to 23 Hz and a high frequency vibrator 
in the range 11 to 94 Hz. Both were mechanical vi-
brators with balanced counter rotating weights pow-
ered by a three-phase electrical motor controlled by a 
variable frequency drive. The vibrators are described 
in more detail in Heymann (2013). An array of five 
geophones was used with a spacing of 0.75m between 
geophones and a spacing of 1.5 m between the vibra-
tor and the first geophone. 

The CSW tests were conducted by setting the vi-
brator at a frequency of interest and logging the re-
sponse of the geophones. A fast Fourier transform 
was performed using the recorded data to calculate 
the dominant frequency and phase angle at each geo-
phone. From this the Rayleigh wave phase velocity 
and wave length was calculated (e.g. Matthews et al. 
1996). The test may be performed by conducting 
measurements at discrete monotonic frequencies or 
by sweeping from the lowest to the highest frequency 
in a transient manner. 
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The relationship between the Rayleigh wave phase 
velocity (Vr) and the frequency is known as the dis-
persion data. At high frequencies Rayleigh waves 
with a short wavelength is generated. Since the depth 
of influence of the wave is dependent on the length of 
the wave (l), these short waves penetrate only to shal-
low depth. At low frequencies, long Rayleigh waves 
are generated, penetrating to greater depth. The depth 
of penetration is typically between l/2 and l/3. If the 
response of the ground profile is observed for a suffi-
ciently wide range of frequencies the dispersion data 
will be representative of the ground profile to the re-
quired depth of interest.  
The dispersion data for the CSW tests conducted at 
the location of the two test tanks are shown in Figure 
3. It shows that the Rayleigh wave phase velocities 
were similar for both tests. The small strain stiffness 
of the soil (Go) may be determined from the shear 
wave velocity (Vs) and the mass density (r) using 
Equation 2: 

 (2)
 

Vs may be determined from the Rayleigh wave phase 
velocity (Vr) and Poisson’s ratio (n) as Vs = Vr(1 + 
n)/(0.87+ 1.12n). The stiffness profile was deter-
mined from the dispersion data using Equation 2 and 
taking the depths as l/2. The small strain shear stiff-
ness profiles are shown in Figure 4 for the tests con-
ducted in the vicinity of the two tanks. When compar-
ing the stiffness profiles to the range of SPT tests 
shown in Figure 1 it is clear that the scatter of the 
CSW results is much smaller than the scatter of the 
SPT results. This is to be expected as a much smaller 
volume of soil is tested with the SPT than the CSW 
test. 

 

 
Figure 3. CSW dispersion data 

 
 

5 FULL-SCALE LOAD TESTS 
 
Full-scale load tests were conducted for two of the 26 
m diameter tanks by filling it with water. When full 
the height of the fluid inside each tank is 18.9 m. Tank 
1 was designed to store petrol and tank 2 diesel. Petrol 
has a density of 720 to 790 kg/m3 and diesel 800 to 

900 kg/m3. Since the tanks were filled with water dur-
ing the load test the maximum vertical stress exerted 
on the soil during the load test was 189 kPa which 
was 125% and 140% of the full operational stress of 
the two tanks respectively. Each tank was filled in 
four stages (25% increments) over a period of four 
days and the settlement of the foundation ring beam 
was surveyed at 10 points along the circumference of 
each tank. The resolution of the levelling survey 
equipment was 1 mm. The observed settlements are 
shown in Figures 5a and b. 

 

 
Figure 4a. Go profile tank 1. 

 

 
Figure 4b. Go profile tank 2. 

 

 
Figure 5a. Settlement tank 1. 
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Figure 5b. Settlement tank 2. 

 
 

6 SETTLEMENT ANALYSIS 
 
Finite element analyses were conducted for both 
tanks 1 and 2 to estimate the tank settlement using the 
small strain shear stiffness (Go) obtained from CSW 
tests shown in Figure 4. The analysis was conducted 
using the hardening soil model with small strain stiff-
ness (HSSMALL) available in Plaxis and allows both 
stress and strain dependency of the soil stiffness to be 
incorporated in the analysis. 

  (3) 

where the threshold strain (gr) defines the strain level 
beyond which small-strain relationships are not appli-
cable. Santos & Correia (2001) suggested the equa-
tion be modified with a smaller threshold strain equal 
to that at which the shear modulus (G) is reduced to 
approximately 70% of the initial value. Equation 3 
can be rewritten as:  

 

 (4) 

where non-dimensional factor a = 0.385 provides the 
best fit to the Hardin & Drnevich (1972) data. 

The value of g0.7 is estimated from published stiff-
ness degradation curves. Data published by Vucetic 
& Dobry (1991) for sands and clays suggest g0.7 of 
between 1 x 10-4 and 4 x 10-4. Clayton & Heymann 
(2001) conducted tests on various geomaterials with 
g0.7 ranging between 2 x 10-4 and 5 x 10-4. Considering 
the uncontrolled fill is likely to be primarily granular, 
a g0.7 value of 2 x 10-4 was used in the analysis.   

In addition, shear stiffness is a function of the con-
fining stress (s’3) as well as the shear strength param-
eters (c’, f’) of the soil, as described in Equation 5. 

 

 
Figure 6a. Stiffness profiles tank 1. 

 

 
Figure 6b. Stiffness profiles tank 2. 

 

 (5)

 

The FEM analysis for the tank was conducted using 
an axisymmetric model due to the circular shape of 
the tank. The small strain shear stiffness (Go) profile 
used in the FEM analysis, together with the Go profile 
measured by the CSW test, is given in Figure 6. Soil 
below 18 m was considered to have a small stress in-
crease and high stiffness and would therefore have a 
negligible effect on the tank settlement. 
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Ring beam (edge) settlement obtained from FEM 
analysis and measured during the full-scale load test-
ing is given in Figure 7. Measured settlements are 
given as the average value with ranges represented by 
error bars. For tank 1, the FEM calculated settlement 
is consistently higher than the measured values. Final 
settlement at full load was calculated as 20 mm. For 
tank 2, the FEM calculated settlement is generally in 
line with the average measured value, with the excep-
tion of the final load increment where the calculated 
value of 23 mm is lower than the average measured 
settlement. 

 

 
Figure 7. Tank settlement from FEM analysis. 

 
A sensitivity analysis was also conducted to investi-
gate the effect of stiffness parameters on the calcu-
lated tank settlement. Comparison was made between 
the conventional hardening soil model (HS) where 
stiffness degradation is not considered, as well as 
HSSMALL model with threshold shear strain (g0.7) 
values of 2 x 10-4 and 5 x 10-4. Results of the analysis 
are given in Figure 8. As can be expected, with a 
higher threshold strain value, tank settlement is lower 
due to the reduced stiffness degradation rate. If small 
strain stiffness is not considered in the settlement 
analysis (i.e. using the HS model), higher settlements 
are predicted.  

A stepwise non-linear analysis was conducted to 
calculate the expected settlement for the fuel storage 
tank. It assumes axisymmetric conditions with uni-
form contact stress. The soil below the tank is discre-
tized into layers for which uniform stress and strains 
are assumed. The calculation is conducted in a step-
wise fashion where the load is applied in small incre-
ments. For the first load increment where the applied 
stress is small, the stiffness of each layer is taken as 
the small strain Young’s modulus (Eo), which is de-
termined from Eo = 2(1 + n)Go. For drained condi-
tions the appropriate drained Poisson’s ratio (n’) us 
used and for undrained conditions the Poisson’s ratio 
(nu) is taken as 0.5. The vertical total stress increment 
at the middle of each layer is determined using Bous-
sinesq’s theory. After application of the first load step 

the shear strain is calculated for each layer and an ap-
propriate stiffness reduction factor is applied to re-
duce the stiffness for the next load step. The vertical 
strain for each of the layers is used to calculate the 
surface settlement for each load step. The process is 
repeated for all the load steps to determine the non-
linear load settlement curve. The calculation is auto-
mated by the software program Versak 2.1.  

 

 
Figure 8. Stiffness parameters sensitivity analysis. 

 
The predicted load settlement curves for the two test 
tanks are shown in Figure 8. The assumed idealised 
stiffness profiles are shown in Figure 4 and 6. The 
stiffness degradation function proposed by Archer 
and Heymann (2015) for medium dense sand was 
used for the analysis. G/Go = 1 for shear strains less 
than the elastic threshold shear strain (ge) and for 
larger shear strains: 

 

 (6) 

where ge = 1 x 10-5, gr = 1.5 x 10-4 and n = 0.35.  
As can be seen from Figure 9, there was only a 

small difference between the predicted settlements 
for the two tanks. At full load 21 mm settlement was 
predicted for tank 1 and 22 mm for tank 2. 
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Figure 9. Tank settlement from stepwise non-linear analysis. 

 
 

7 DISCUSSION 
 
The settlements predicted using both FEM and the 
stepwise non-linear analysis were similar for both 
tanks, and this could be expected as the small strain 
shear stiffness (Go) profiles for both tanks were simi-
lar. The calculated settlement using both analysis 
techniques compared well with the observed settle-
ments. 

The FEM sensitivity analysis shows that settle-
ment can be over-estimated by between 20 and 35% 
if small strain stiffness is not considered in the analy-
sis. More complicated soil models should however be 
used with caution, as variation in soil parameters (eg. 
variation in threshold strain from 2 x 10-4 to 5 x 10-4) 
may have a significant, and sometimes unsafe, effect 
on the results.  

There are some discrepancies between the calcu-
lated and measured settlements. Settlement for tank 1 
was over-estimated by approximately 5 mm and set-
tlement for tank 2 was under-estimated by approxi-
mately 5 mm. These discrepancies are however rela-
tively small considering that settlements of up to 100 
mm was expected if the tanks were constructed on the 
untreated soil.  

The maximum difference between two consecu-
tive survey positions was 4 mm for tank 1 and 6 mm 
for tank 2. The distance between each survey point 
was 8.2m giving a maximum differential settlement 
of approximately 1:1400 and 1:2000 respectively. 
This was well within the API recommendation of 13 
mm over 10 m (approximately 1:750) or maximum of 
50 mm for welded tanks for oil storage. Internal tank 
settlements were not available or specified, but from 
the FEM analysis, average centre-edge distortion was 
expected to be between 1:750 and 1:1000. 

 
 

8 CONCLUSIONS 
 

Uncontrolled, reclaimed land can be extremely heter-

ogeneous in composition and behaviour and provides 

significant challenge to geotechnical engineers. Dy-

namic compaction was successfully implemented for 

the storage tanks founded on an uncontrolled, re-

claimed site in the Cape Town harbour.  
Continuous surface wave testing is an effective ge-

otechnical investigation method for these conditions 
where conventional methods may not always be prac-
tical or feasible. CSW testing provided information 
about the soil stiffness with less scatter than the SPT 
data. Small strain shear stiffness (Go) results from the 
CSW tests, conducted after dynamic compaction, 
were used for the tank settlement predictions. The cal-
culated settlement compared well with actual tank 
settlement measured during hydrotesting. The results 
also showed that more complicated soil models 
should be use with caution, as the results are sensitive 
to parameters such as the threshold strain. 
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