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INTRODUCTION
The existing 18th century masonry arch 
bridge which crosses the river Afon Alwen 
at Pont Melin, 2 km west of Corwen in 
North Wales, was replaced in 2008 with a 
new 45° skew bridge with 60 m single span 
between bearings (Figure 1). The presence of 
a 50 m thick sequence of saturated, soft silts 
of glacio-lacustrine origin (the Rûg Silts) 
caused concern that excessive settlement 
would be generated by construction of 

the new bridge on spread foundations. 
The thickness of the silt deposits limited 
options for deep foundations (Solera & 
Milne 2009). Accurate settlement prediction 
was required given the tight tolerance 
of the bridge bearings to foundation 
movements. Consequently, extensive ground 
investigations and a large-scale load test 
were undertaken at considerable cost to 
provide data for settlement analysis of 
the foundations.

The application of continuous 
surface wave testing for 
settlement analysis with 
reference to a full-scale 
load test for a bridge at 
Pont Melin, Wales, UK
G Heymann, J Rigby-Jones, C A Milne

The presence of a significant thickness of soft silts beneath the site of a proposed new 
road bridge caused concerns over the suitability of shallow foundations. Despite extensive 
conventional ground investigations, it was not possible to obtain reliable stiffness data, and so a 
full-scale, fully instrumented load test was undertaken to better determine ground stiffness. The 
data obtained was used in conjunction with sophisticated numerical analysis to demonstrate that 
the settlement of shallow foundations would be acceptable. Following completion of the bridge 
construction, Continuous Surface Wave testing was undertaken and a range of simple non-linear 
elastic settlement analyses conducted to model the behaviour of the load test. Through these 
analyses this paper demonstrates the benefit of using continuous surface wave ground stiffness 
testing in conjunction with simple analysis methods. It underlines the importance of obtaining 
high-quality stiffness data to accurately predict settlement of shallow foundations.

Figure 1  Site location
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Accurate measurement of stiffness in 
the poorly understood and sensitive Rûg 
Silts was challenging, with a wide range 
of values and significant scatter identified 
from data from different sources. Solera and 
Milne (2009) give details of the settlement 
analysis, which adopted a conservative 
approach and resulted in predictions of 
settlement in the range of 75–85 mm. 
This level of settlement provided 
significant constraints on the construction 
methodology, with the installation of 
bearings and landing of deck beams 
requiring programme hold periods and 
careful monitoring. The actual settlements 
suffered by the bridge foundations were 
observed to be less than half the predicted 
values. Whilst conservatism was justified 
in terms of the scale and risk of the project, 
the availability of accurate stiffness values 
would have permitted a less conservative 
and simplified analysis approach, and 
provided greater confidence in the results 
and potentially removed the constraints 
on construction associated with the 
high-predicted settlements.

Seismic testing techniques have been 
used successfully for the design of many 
projects around the world (Stokoe et al 
2004), but its wider adoption has been 
limited to date by the familiarity of design-
ers with more conventional, often intrusive 
and empirically based methods. Continuous 
Surface Wave (CSW) testing is a rapid and 
cost-effective technique for measuring 
seismic surface wave velocities at a range 
of frequencies allowing an in situ ground 
stiffness profile to be determined. Unlike 
the most frequently used techniques for 
assessing ground stiffness, CSW is non-
intrusive and measures the undisturbed 
stiffness of the ground at the current in 
situ stress conditions. Furthermore, the 
technique measures stiffness at small-strain 
levels (Go), which can then be adjusted 
for the desired design strains using well 
understood and simple to apply stiffness 
reduction models which are remarkably 
independent of soil type. The intimate fun-
damental relationship between shear wave 
velocity and soil stiffness, combined with 
the CSW technique’s direct measurement of 
in situ soil properties, makes the technique 
a highly attractive method for the meas-
urement of ground stiffness profiles. The 
extensive data set available for Pont Melin 
Rûg, including a wide range of intrusive 
testing and a fully instrumented load test, 
afforded an excellent opportunity to evalu-
ate the accuracy of settlement prediction 
using the CSW technique on this problem-
atic ground not well suited to other types of 
stiffness measurement.

Figure 2  Standard penetration test (SPT) results
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Figure 3  Cone penetration test (CPT) results
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SITE INVESTIGATION
The Rûg Silts deposits were formed by sea-
sonal deposition of glacially derived rock flour 
within a glacial lake (Nichol and Reynolds 
2002). The behaviour of the Rûg Silts was 
fundamental to foundation design at the site 
and there were concerns that the properties 
of these deposits were not fully understood. 
Low SPT N-values recorded during an early 
investigation, ranging from less than 1 to 4, 
caused particular concern that the deposits 
may be inhomogeneous, with the potential for 
large or differential settlements. Furthermore, 
experience during an early investigation of 
casing loss whilst drilling, together with the 
very low blow counts from SPT testing, sug-
gested that the deposits could be sensitive to 
disturbance and hence difficult to evaluate 
through intrusive testing.

Figure 2 shows the SPT N-values measured 
at the site. The data set clearly shows the 
interface of the alluvial gravel and the Rûg 
Silts, with significantly higher SPT N-values 
recorded for the gravel than the Rûg Silts. 
Very large scatter of the SPT N-values may 
be seen, particularly for the alluvial gravels. 
SPT testing was done for each of the three site 
investigations conducted for the bridge foun-
dations. The very low blow counts measured 
during the first investigation in 1986 were sub-
sequently discounted, as it was concluded that 
the material was disturbed due to inadequate 
water balance during drilling. During the later 
site investigations in 2002 and 2003, full-time 
supervision was conducted on site to ensure 
good quality control during the drilling, 
and in particular to monitor the water bal-
ance. Figure 2 shows that in general the SPT 
N-values were higher for these investigations. 
Notwithstanding the higher N-values, the data 
was still scattered, indicating the difficulties 
in reliably quantifying the in situ properties 
of these soils, which are sensitive to distur-
bance, by a process which inherently causes 
disturbance. Stroud (1989) recognised the 
importance of strain level on soil stiffness and 
suggested relationships between the drained 
Young’s modulus (E’) for foundations on sand 
and energy-corrected SPT N-value (N60) as a 
function of the factor of safety. Using this data, 
Clayton (1995) argued that most foundations 

have a factor of safety considerably in excess of 
3, and suggested E’ = 2N60 (MPa) for normally 
consolidated sands. The N-values of between 
6 and 15 measured in the upper part of the 
Rûg Silts therefore indicate a drained Young’s 
modulus (E’) of between 12 and 30 MPa. The 
scatter in the SPT N-values for the alluvial 
gravel was too large to make a meaningful 
estimation of the Young’s modulus.

Figure 3 shows a typical cone penetration 
test (CPT) result. The interface of the alluvial 
gravel and Rûg Silts is also clearly evident, 
but the data scatter again demonstrates the 
difficulties of quantifying suitable stiffness 
values for design. For qc less than 10 MPa, 
Lunne and Christoffersen (1985) suggested 
the relationship between cone resistance 
(qc) and the drained Young’s modulus for 
normally consolidated sands as E’ = 4qc. For 
qc ranging from 2 to 6 MPa this relates to 
a drained Young’s modulus of 8 to 24 MPa. 
The cone resistances in the alluvial gravel 
again exhibited large scatter, making the 
estimation of design stiffness difficult.

Laboratory stiffness measurement of the 
alluvial gravel and the underlying soft silt 
material also proved challenging because of 
the difficulty in obtaining high-quality sam-
ples, due to the susceptibility of the material 
to disturbance during borehole drilling. The 
Rûg Silts were particularly vulnerable to 
drilling disturbance, and during the first site 
investigation the drillers recorded numerous 
cases of “blowing” where the base of the 
borehole raised several metres inside the 
casing overnight, probably exacerbated by 
inadequate water balance during the drilling 
process. In another instance the borehole 
casing settled 2.7 m under its own weight.

Given the difficulty experienced in 
accurately determining stiffness moduli 
from the SPT and CPT testing, as well as the 
laboratory testing, a full-scale load test was 

undertaken to provide more reliable data for 
settlement prediction.

FULL-SCALE LOAD TEST
A 5 m × 5 m × 0.5 m thick concrete footing 
was constructed 2.5 m below the natural 
ground level, and loaded with 442 tonne steel 
kentledge, as shown in Figure 4. The load test 
was undertaken approximately 8 m north of 
the northern edge of the east abutment. The 
boreholes close to the footing indicated that 
the footing was between 2.1 m and 3.0 m 
above the base of the alluvial gravel, with an 
average depth of 2.6 m. Numerous instru-
ments were installed to monitor the behaviour 
of the soil and foundation during the load test. 
Eight magnetic extensometers were installed 
in a borehole near the centre of the concrete 
footing. Four vibrating wire piezometers 
were installed in the Rûg Silts to monitor the 
pore pressure regime below the foundation 
and to detect possible excess pore pressure 
during loading. Two inclinometer tubes were 
installed adjacent to the footing to measure 
lateral movement of the soil. Precise levelling 
with an accuracy of 0.1 mm was conducted 
of the footing and adjacent ground surface at 
the positions shown in Figure 5. This included 
eight ground settlement markers adjacent 
to the excavated area and eight settlement 
markers at the edge of the concrete footing. 
The settlement markers situated around the 
periphery of the test slab were domed-head 
Feno-type steel pins set in concrete, and the 
markers fixed to the concrete test slab sides 
were Hilti-type bolts. One benchmark was 
used a distance of 48 m from the footing.

Loading was applied in five increments of 
48 T, 152 T, 248 T, 344 T and 442 T over a 
period of six days, and all the instrumenta-
tion was read before and after each load 
increment. The load settlement behaviour 

Figure 4  Full-scale load test

Figure 5  Full-scale load test layout
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of the footing is shown in Figure 6. At 
the maximum applied load of 442 T, cor-
responding to a contact stress of 176.8 kPa, 
the average settlement of the levelling points 
was 18.3 mm. The maximum settlement 
observed was 21.8 mm and the maximum 
differential settlement was 5.7 mm. 
Settlement took place almost immediately 
after load application. The vibrating wire 
piezometers registered no excess pore 
pressure, confirming that consolidation 
occurred almost immediately, and confirm-
ing the relatively free draining nature of 
the gravelly alluvium and sandy upper 3 to 
4 m of the Rûg Silts. For the first three load 
increments the load was held constant over-
night, and during this time settlement creep 
of between 0.2 and 0.6 mm occurred. Before 
the last load increment was applied, a rest 
period of three days was observed during 
which creep of 3.3 mm took place. The foot-
ing exhibited typical non-linear settlement 
behaviour, with stiff response during the 
first and second load increments, becoming 
less stiff for the subsequent load increments.

Figure 7 shows a cross-section of the 
profile and the positions of the top three 
magnetic extensometers. The magnetic 
extensometer had a resolution of 1 mm, 
which was low compared to the maximum 
measured vertical settlement at extensom-
eter position S8 of 7 mm. Figure 8 shows the 
settlement measured by the top three exten-
someters, as well as the settlement of the top 
of the extensometer borehole casing that was 
measured using precise levelling. Despite 
the data scatter due to the low resolution of 
the extensometers, settlement of the exten-
someters near the footing was observed as 
the load was increased. Figure 8 also shows 
linear trend lines for each extensometer 
magnet. Extensometer S6 at a depth of 7.4 m 
below the footing measured very little move-
ment, as did the deeper extensometers (S1 
to S5) which ranged in depth between 9.5 m 
and 26.5 m. The bottom of the casing, taken 
as the datum, was 34.5 m below the footing. 
From the lack of movement of extensometers 
S1 to S6 it is clear that the soil deformation 
was confined to a depth of approximately 
1.5 times the width of the footing.

The stiffness of the soil may be computed 
between any two extensometer positions. If 
axisymmetrical conditions are assumed, the 
Youngs modulus (E) is:

E’ = 
∆σ’v – 2v’ ∆σ’r

∆εv

 (1)

Where:
 E’ = drained Young’s modulus
 ∆σ’v = vertical effective stress increment
 ∆σ’r = radial effective stress increment

Figure 6  Load test settlement
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 ∆εv = vertical strain increment
 v’ = Poisson’s ratio.

The vertical strain in the Rûg Silts between 
extensometers S6 and S7 ranged between 
0.015% for the contact stress of 19.2 kPa 
at the first load increment and 0.115% at 
176.8 kPa. Using Equation 1, the Young’s 
modulus of the Rûg Silts was calculated as 
41 MPa. Unfortunately the non-linear stress 
strain behaviour of the soil could not be 
quantified due to the low resolution of the 
magnetic extensometers.

The full-scale load test was completed 
in 2003, and on the basis of the results the 
decision was made to build the bridge on 
shallow foundations founded in the alluvial 
gravel. Subsequent to the construction 
of the bridge the opportunity arose to 
conduct continuous surface wave testing 
immediately adjacent to the load test area, 
with the aim of assessing the application of 
the CSW test for settlement prediction of 
shallow foundations.

CONTINUOUS SURFACE 
WAVE TESTING
The Continuous Surface Wave (CSW) test 
is a seismic test which uses a vibratory 
source placed on the ground surface. It 
induces Rayleigh waves which radiate along 
the ground surface and are detected by a 
linear array of geophones also placed on the 
ground surface. The vibrator can be used as a 
harmonic source at a particular frequency or 
as a transient source which sweeps through 
a frequency range of interest. The CSW 
test has the advantage over impact source 
techniques (SASW and MASW) that the 
frequency content of the source is known 
and can be controlled. This allows the signal 
quality to be assessed in the field and a poor 
signal or interference from background noise 
is easily detected. Also, a vibratory source 
provides a significantly higher signal-to-noise 
ratio compared to impact sources (Jiang et 
al 2015). Simons et al (2002) found the CSW 
test to give more repeatable results than the 
SASW test.

The geophone response is recorded for 
a range of source frequencies, and at each 
frequency the Rayleigh wave phase velocity 
is calculated. Due to the dispersive nature 
of ground profiles, the phase velocity is 
frequency-dependent. High frequency 
excitation induces short wavelengths which 
penetrate only to shallow depth, whereas low 
frequencies generate long waves which pen-
etrate deeper. The response at high frequency 
is therefore determined by the shallow soils, 
whereas the response at low frequency is 
also influenced by deeper material. Ground 

motion is insignificant at depths below one 
wavelength.

An important part of the analysis of 
CSW results is the inversion of the disper-
sion data. Inversion is the process by which 
theoretical Rayleigh wave dispersion curves 
of a model ground profile are matched with 
the measured dispersion data. Calculation of 
the theoretical dispersion curves of a model 
ground profile requires the solution of the 
Rayleigh eigenvalue problem. Thompson 
(1950) and Haskell (1953) used the transfer 
matrix method and formulated an algorithm 
to model surface waves propagated by a 
layered medium known as the Thomson-
Haskell algorithm. Kausel and Roësset (1981) 
derived a formulation based on the finite 
element dynamic stiffness matrix method, 
and Kennett (1974) developed the reflec-
tion and transmission coefficient method. 
Numerous other techniques have been used 
to model surface waves propagated by a lay-
ered medium, including the finite difference 
method (Boore 1972), numerical integration 
(Takeuchi & Saito 1972) and the boundary 
element method (Manolis & Beskos 1988). 
These methods determine the Rayleigh dis-
persion curves for fundamental and higher 
modes of Rayleigh wave propagation.

Fundamental mode propagation is 
dominant in normally dispersive profiles, 
where stiffness increases with depth. For 
inversely dispersive profiles, where soft 
layers occur below stiff layers, higher 
modes also contribute to Rayleigh wave 
propagation. Correct mode identification 
of the experimental data is important to 
ensure matching of the same modes of the 
theoretical and experimental data. Leong 
and Aung (2013) developed a weighted 
average velocity method to calculate the 
effective Rayleigh phase velocity which 
includes the contribution of more than one 
mode when mode superposition occurs. The 
effective Rayleigh phase velocity implicitly 
accounts for the existence of higher modes, 
and therefore eliminates the requirement 
for mode identification. This is particularly 
useful for inversely dispersive profiles, as 
higher modes also contribute strongly to 
Rayleigh wave propagation. The weighted 
average velocity method ignores any contri-
bution from near field effects.

Search algorithms are used as part of the 
inversion analysis to find the model ground 
profile for which the dispersion curves 
best match the measured data. Numerous 
algorithms have been proposed, including 

Figure 8  Extensometer settlement
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neighbourhood algorithms (Wathelet 2008), 
genetic algorithms (Lomax & Snieder 
1994) and simulated annealing algorithms 
(Sen & Stoffa 1991). The inversion process 
is ill-posed, which implies that there may 
be two or more theoretical profiles which 
fit the experimental data equally well. It is 
therefore helpful to have additional infor-
mation, such as borehole logs to constrain 
the inversion problem.

During 2011 the opportunity arose to 
conduct CSW testing close to the position 
of the full-scale load test. The testing was 
conducted using a shaker and an array of five 
4.5 Hz geophones spaced at equal distances 
of 0.75 m giving a spread length of 3.0 m. 
The output from the geophones was passed 
through a pre-amplifier before being logged 
using a field computer and data acquisition 
hardware. The shaker was a 70 kg mechani-
cal shaker with counter- rotating balanced 
eccentric weights driven by a three-phase 
motor (Heymann 2013). The tests were 
conducted in the frequency range 92 Hz to 
7.6 Hz, and the induced wavelengths varied 
between 2.0 m and 19.1 m. Figure 9 shows 
the dispersion data for the three tests. The 
tests show that the Rayleigh wave phase 
velocity decreased at low frequency. This is 
due to the Rûg Silts being less stiff than the 
overlying alluvial gravel. The best fit effective 
dispersion curve was determined using the 
weighted average velocity method (Leong & 
Aung 2013) and a Monte Carlo search algo-
rithm for the inversion analysis. The typical 
production rate to conduct three CSW tests 
is approximately two to three hours for the 
field work and a similar length of time for 
data analysis. This high production rate 
makes CSW testing significantly more cost-
effective than other tests, including SPT, 
CPT, downhole seismic testing and full-scale 
load testing.

The profiles of small-strain shear stiff-
ness for the material below the full-scale 
load test footing are shown in Figure 10 for 
the three CSW tests. The stiffness profiles 
clearly show the interface between the 
gravel and Rûg Silts. At the foundation level 
of the full-scale load test the small-strain 
shear stiffness (Go) of the alluvial gravel 
ranged between 74.3 MPa and 121.0 MPa 
(midrange value 97.7 MPa). At the top of the 
Rûg Silts the small-strain shear stiffness for 
the three profiles ranged between 13.4 MPa 
and 39.4 MPa (midrange value 26.4 MPa).

SETTLEMENT ANALYSIS
The settlement of the full-scale load test 
was analysed using the small-strain stiff-
ness data obtained from the CSW tests, and 
the calculated settlement compared to the Figure 9(c)  CSW dispersion data for Test 03

Figure 9(b)  CSW dispersion data for Test 02
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Figure 9(a)  CSW dispersion data for Test 01
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observed behaviour. A number of analyses 
were undertaken with a range of complex-
ity. However, all calculation methods were 
based on the application of a simple linear 
elastic soil model which subdivided the 
gravel alluvium into three layers of thick-
nesses (0.6 m, 1.0 m and 1.0 m respectively) 
and the underlying Rûg Silts into layers of 
thicknesses 0.4 m, 0.5 m, 1.0 m, 3.0 m and 
4.5 m respectively. The same layered model 
was used for all analyses. A rigid bound-
ary was assumed at 12 m depth equal to 
2.4 times the foundation width and below 
the depth of any significant stress increase.

The small-strain shear modulus (Go), 
as measured by the CSW test, was used 
to assign a small-strain drained Young’s 
modulus (E’o) to each layer. E’o = 2(1 + v’) Go 
where the Poisson’s ratio (v’) was taken 
as 0.26, which is a typical value for 
drained loading of intermediate soils. 
Axisymmetrical conditions were assumed 
in all analyses, and Boussinesq’s theory 
used to calculate the vertical and horizontal 
stress increment for each layer below the 
centre of the footing.

In all analyses using small-strain 
stiffness values, the non-linear stiffness 
response of the soil to straining was 
accounted for. Many stiffness reduction 
curves have been proposed to describe 
the non-linear stress strain relationship 
observed for soils, including Vucetic and 
Dobry (1991), Rollins et al (1998), Clayton 
and Heymann (2001), and Archer and 
Heymann (2015). For all analyses repre-
sentative stiffness values were calculated by 
applying the stiffness reduction function 
suggested by Rollins et al (1998, Equation 2 
below) to the midrange values determined 
from the CSW tests.

E’

E’o
 = 

1

1 + 16γ(1.2 + 10–20γ)
 (2)

Where: γ is the current shear strain of a 
sub-layer.

Single-stage loading of 
manually softened soil
In the simplest analysis method the non-
linear response of the soil was modelled 
through a wholesale reduction of all stiff-
ness values to an assumed operational 
strain level. Mair (1993) suggested that 
strain levels beneath typical shallow foun-
dations are of the order of 0.1% and this 
value was used as the basis for reducing the 
small-strain stiffness values. Application 
of the Rollins et al (1998) stiffness reduc-
tion function (Equation 2) to the midrange 
CSW small-strain stiffness values for the 
alluvium and Rûg Silts resulted in drained 
Young’s modulus values of 83.9 MPa and 
22.7 MPa respectively. The settlement of 
the load test foundation was then calculated 
using these softened stiffness values at each 
load stage with the proprietary software 
GEO5 Spread Footing which facilitates the 
automated linear elastic analysis of a shal-
low foundation on a layer model.

The results of the GEO5 analysis are 
shown in Figure 6 and demonstrate a linear 
load settlement response corresponding 
to the softened soil stiffness values. It can 
be seen that at intermediate load stages, 
settlements are over-estimated due to the 
use of overly softened stiffness values corre-
sponding to a strain in excess of true values. 
The error reduces with increased loading 
and strains in the ground until, at the final 
load stage, the calculated settlement of 
18.9 mm is close to the observed settlement 

of 18.3 mm. However, it must be noted that 
there is a degree of good fortune that the 
selected softened strain level and actual 
strain level correspond at this loading stage.

Stepwise non-linear 
settlement analysis
This method allows simple linear elastic 
settlement calculations to be used to model 
the non-linear behaviour of soil without 
the need to assume an operational strain 
level. The maximum stress σv is applied 
incrementally in a number of steps, with 
the layer stiffnesses in each step being 
progressively softened from an initial value 
of E0 to correspond to the calculated strain 
level from the previous step. The calculated 
strains from all previous steps are summed 
to determine the applicable strain for a 
particular step. The methodology for the 
stepwise non-linear settlement analysis is 
shown in Figure 11.

An analysis was undertaken using a total 
of five steps and the GEO5 Spread Footing 
software. The progressive stiffness reduc-
tion of the layer stiffnesses was undertaken 
using the calculated vertical strain from 
the previous step and not the shear strain. 
The results of the 5-step non-linear GEO5 
analysis are shown in Figure 6 and demon-
strate a clear non-linear response represent-
ing the progressively softened stiffness 
values used in the analysis. It can be seen 
that the analysis overestimates the settle-
ments at low stress levels, although there 
is a significant improvement in accuracy 
over the single-step analysis. Overall there 
is a much improved agreement between the 
observed data, with the calculated settle-
ment of 17.6 mm at the final loading stage 
being close to the observed settlement of 
18.3 mm.

To explore the effects of undertaking 
stepwise analysis using a larger number of 
steps, software (Versak v2.0) was written 
to undertake a 100-step analysis where 
the stiffness for each layer is automatically 
 softened after each load increment. In 
contrast to the GEO5 analysis, stiffness 
reduction was undertaken using the shear 
strain determined from the calculated verti-
cal strains using εs = ⅔εv(1 + v’).

The result of the 100-step non-linear 
Versak analysis is also shown in Figure 6. 
As would be expected the 100-step analysis 
provides a smoother non-linear response 
curve than the 5-step analysis. Whilst both 
the 5-step and 100-step curves provide very 
similar overall load settlement curves, it is 
noted that the 100-step analysis provides a 
slightly softer response, reflecting the more 
frequent stiffness reduction. The calculated 
settlement of 18.7 mm at the final loading 

Figure 10  Stiffness profiles from CSW tests
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stage is close to the observed settlement of 
18.3 mm.

DISCUSSION
Conventional site investigation methods to 
quantify the design stiffness for the materials 
at the location of the bridge at Pont Melin 
(constructed in 2008) achieved only limited 
success. This was because the materials 
were susceptible to disturbance during the 
drilling process, and also because the materi-
als were not well suited to conventional 
invasive in situ tests. Clayton et al (1995) 
pointed out that uncemented sands, silty 
sands and gravels are at particular risk of 
borehole disturbance. They argued that if 
the casing is extended to the bottom of the 
borehole it is virtually impossible to prevent 
disturbance, due to boiling of the soil 
into the casing when the drilling tools are 

withdrawn from the hole, unless the hole is 
constantly recharged with drilling fluid. Data 
reported by Mallard (1983) suggests that SPT 
N-values may reduce to ¹∕₅th of the correct 
value when unsuitable drilling techniques 
are used in sands and gravels. The disturbed 
zone that occurs below the bottom of a 
borehole depends on the size of the borehole 
and may be as much as three times the 
borehole diameter (Clayton et al 1995). SPTs 
conducted at the bottom of the borehole will 
therefore be affected by this disturbance.

The SPT had limited success in the 
coarse alluvial gravels with a mean particle 
size (D50) of 13.3 mm. Tokimatsu (1988) 
showed that SPT results are affected by 
particle size, and when the mean particle size 
exceeds about 0.5 mm the N-value increases 
rapidly. The large scatter of the SPT N-values 
in the gravel is immediately apparent from 
Figure 2, and cases where refusal occurred 

have been omitted for clarity. Clearly reliable 
stiffness parameters could not be obtained 
for the alluvial gravel from the standard 
penetration test.

The effect of disturbance on the SPT 
results from the Rûg Silts were clear from 
the significantly higher SPT values that 
were obtained when mechanisms were put 
in place to ensure water balance during all 
stages of the drilling process. For the first 
investigation in 1989, without site supervi-
sion, the N-values for the Rûg Silts were 
generally below 5, and for the subsequent 
investigations in 2002 and 2001, with site 
supervision, the N-values were generally 
between 5 and 15, with a trend to increase 
with depth. This highlights the importance 
of sound drilling and testing techniques in 
loose cohesionless soils.

Clayton et al (1995) argued that set-
tlement prediction using CPT results are 
significantly more accurate than for SPT 
results, because the CPT does not suffer 
from borehole disturbance. At Pont Melin, 
CPT was successfully conducted in the Rûg 
Silts, but achieved limited success in the allu-
vial gravels, probably as a result of the large 
grain size relative to the size of the cone tip.

The in situ test methods employed at 
Pont Melin to characterise the ground 
properties were SPT and CPT penetration 
tests. Relationships between these tests and 
stiffness are empirical and rely on selection 
of an appropriate relationship for the mate-
rial type. The stiffness values derived using 
this approach are therefore inevitably inac-
curate, and a suitably conservative approach 
to parameter selection for design must 
be adopted.

Stiffness determined by laboratory testing 
on undisturbed samples was not available 
for the new bridge at Pont Melin. It is well 
known that relatively modest strains induced 
during sampling can significantly alter the 
stiffness of soils. In addition, high-quality 
undisturbed sampling of the alluvial gravels 
were not feasible using conventional sam-
pling techniques, and would have required 
specialised methods such as ground freezing 
or possibly using a piston sampler in a mud-
filled borehole for the soft Rûg Silts.

From the above discussion it is clear that 
conventional in situ testing and laboratory 
techniques were of limited use to character-
ise the stiffness of the alluvial gravel and soft 
Rûg Silts. For this reason a full-scale load 
test was conducted. This was an expensive 
and time-consuming method, but was justi-
fied, as the cost-saving for using shallow 
foundations as opposed to deep foundations 
was considerable.

At the time of the project the continuous 
surface wave (CSW) test was not available. 

Figure 11  Non-linear settlement analysis
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It is an attractive test method, because it 
is a non-disturbing and non-intrusive test 
and because the seismic wave velocity of the 
material is directly related to stiffness. It is 
therefore well suited to quantify the small-
strain stiffness of the geomaterials encoun-
tered at the location of the bridge at Pont 
Melin. However, small-strain stiffness (Go 
or Eo) cannot be used directly for settlement 
calculation, as the stress-strain behaviour of 
soil is highly non-linear and an appropriate 
stiffness reduction function is required as 
part of the settlement analysis.

Settlement analyses to predict the load 
settlement behaviour of the full-scale 
load test conducted at Pont Melin were 
undertaken using a range of simple analysis 
techniques in conjunction with the stiffness 
parameters determined from CSW testing. 
This is in contrast to the more complex 
finite element analysis undertaken as part of 
the bridge design.

The first single-stage manually softened 
analysis requires the average operational 
strain level beneath the foundation to be 
assumed, and therefore at strain levels 
below the assumed value this method over-
estimates settlements and at higher strains 
provides an underestimation of settlement. 
The method is, however, rapid and uses the 
conventional linear-elastic analysis approach 
widely adopted by practising engineers for 
routine analyses.

The use of a stepwise analysis method 
allows the non-linear response of the soil to 
be modelled. The use of proprietary software 
requires user intervention between each 
step to interrogate the output strains in each 
layer, undertake reduction of layer stiffnesses 
and adjust the input layer stiffnesses for the 
next analysis step. Even whilst automating 
this process with a spreadsheet as far as 
possible, the process is time-consuming. A 
small number of load steps are typically used 
to keep analysis time within practical limits; 
however, the results obtained from a 5-step 
analysis provided a reasonable approxima-
tion to the observed load settlement curve.

The automated stepwise non-linear 
analysis undertaken using Versak software 
allowed a large number of load steps (100) 
to be conducted efficiently with no user 
intervention. However, whilst the modelled 
load settlement curve provided a smoother 
response than the 5-step analysis, the 
improvement in accuracy to the observed 
data was small.

Engineers have to balance resources, 
including money, time and effort, between 
site investigation and design. Clearly both 
these processes are important, but the above 
case history suggests that better results were 
achieved by focusing on obtaining accurate 

material parameters than increasing the 
sophistication of the analysis method.

CONCLUSIONS
Valuable lessons were learnt during the series 
of site investigations and field testing that 
were conducted before and after the con-
struction of the new bridge at Pont Melin. 
Quantifying stiffness parameters from 
conventional in situ tests such as the SPT 
and CPT, as well as laboratory testing, was 
difficult and achieved only limited success. 
For the alluvial gravel the large scatter in the 
SPT and CPT data made selection of the rep-
resentative stiffness difficult. The Rûg Silts 
were particularly sensitive to disturbance 
and the SPT data from the first site investiga-
tion was anomalously low, due to borehole 
disturbance as a result of poor water balance. 
Only during later site investigations, when 
full time-site supervision was available and 
particular care was taken to ensure good 
water balance, were more reliable SPT data 
obtained. Even then the uncertainty associ-
ated with the selection of an appropriate 
empirical relationship between SPT N-values 
and stiffness resulted in the adoption of con-
servative stiffness values for design.

The CSW test was successfully used to 
rapidly quantify the stiffness of the alluvial 
gravel and Rûg Silts, due to the fact that 
it is non-invasive and does not cause any 
disturbance during testing. In addition, the 
CSW test excites a large volume of material 
and therefore quantifies the mass stiffness 
of the material and avoids the difficulties 
which large gravels and cobbles cause for tra-
ditional invasive tests. Clearly, the CSW test 
proved to be a more suitable test to quantify 
the stiffness of both the alluvial gravel and 
the Rûg Silts.

The use of a stepwise non-linear analysis 
method over a single-stage method was 
shown to provide a significantly more accu-
rate model of the observed settlement. Little 
improvement was gained by increasing the 
number of analysis steps from 5 to 100.

The use of CSW stiffness data, coupled 
with simple analysis techniques, compared 
well with observed settlements, and provided 
a far better prediction of settlements than 
the complex finite element analysis used dur-
ing the original bridge design in conjunction 
with conservative soil stiffness values.
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