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ABSTRACT 
 
A total of 29 CPT soundings up to depths approaching 10 m were made at close spacings, so 
that an intensive exploration was made of the properties of a limited volume of residual soil in 
the Albany area of Auckland.  Since the soil was derived from in situ weathering of Waitemata 
group sandstones and siltstones, the properties are expected to vary in the vertical direction (this 
was indeed found to be the case) so the variations between the properties at each level were 
investigated. The underlying hypothesis of the work was that in situ weathering produces soil 
that has significant point to point variability. The interpretation of the data obtained would seem 
to support this concept. 
 
1 INTRODUCTION 
 
Much of Auckland is covered with residual soil derived from the in situ weathering of the 
Waitemata group sandstones and siltstones. General information about the properties of these  
soils is given by Pender (2001). Unlike soils of sedimentary origin the properties of these 
materials cannot be understood within a framework based on effective stress history. Given that 
the process of forming residual soil is one of chemical alteration of the Waitemata group 
sandstones and siltstones (“soft” rocks with unconfined compressive strengths up to a few 
MPa), one might expect that this is a random process and will result in soils which exhibit 
variability from point to point over quite short distances. As evidence for this suggestion we 
offer the observation that the shear strength properties of these materials, at low effective 
confining pressures, from a number of sites around the Auckland region are extremely  variable, 
Kikkawa et al (2008), and also that the Atterberg limits extend over a wide range plotting  
roughly along the A-line in the Casagrande classification chart (although this may also be a 
consequence of whether the original material is of sandy or silty composition). 
 
The purpose of the work reported in this paper was to perform an intensive investigation using  
closely spaced CPT profiles to develop a better feeling for the inherent variability of the 
material. Variability observed in cone penetration profiles will be reflected in variability of 
strength and stiffness of the soils, which in turn is of significance for soil-structure interaction 
considerations. As far as we are aware intensive investigations of this type have not been done 
previously in Auckland residual clay.  Further similar investigations are needed to round out the 
conclusions of this paper.  
 
The site investigated was near Corinthian Drive in Albany north of Auckland. A total of 29 CPT 
probings were done to a depth of about 10m from the ground surface. The layout of CPT 
probings  is shown  in Fig. 1 with soundings on a 1 m grid.  The CPT  recording interval was 10 
mm.  The CPT work was done with one rig and one operator over a two day period, March 13 
and 14, 2002. 
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Figure 1:  Layout of the cone penetration soundings. 
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Figure 2:  Average CPT data with depth plotted on the Douglas and Olsen axes. 
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2 RESULTS 
 
At each depth the mean values of the 29 penetration records were calculated. All records 
showed a very distinct spike at a depth of about 2.1 m, this was taken as a marker and all depths 
herein are expressed in relation to the position of this spike. The interpretation of the penetration 
resistance focussed on horizontal variability between the CPT records as the geological origin of 
the material, and the CPT records themselves, indicate changes in the material with depth. 
Figure 2 uses the axes of the Douglas and Olsen (1981) CPT soil type identification diagram. 
The lowest friction ratio readings are associated with the soil near the ground surface, so can  
probably be ignored as this may be fill. The spike in the CPT resistance at about 2 m depth is 
associated with low friction ratio and so this “marker bed” is probably a granular layer. Figure 3 
shows that there is a more or less constant friction ratio of about 6% between about 4 m and 9.5 
m.  Such a value is associated, using the Douglas and Olsen chart, with fine grained cohesive 
soil yet the cone resistance towards the bottom of the soundings is too high for such materials 
and is more suggestive of coarser non cohesive soil. Perhaps this indicates that the Douglas and 
Olsen CPT based classification system is of limited value for residual soils.  
 
Figure 3 presents a number of aspects of the data. On the left of the diagram the mean of the 
cone resistance at each depth is plotted as well the mean value plus and minus 1.95 standard 
deviations at that level (if the data fits a normal distribution then these lines give the bounds 
within which 95% of the data can be expected to lie). The middle graph does the same for the 
friction ratio. The right hand graph in the figure gives the coefficients of variation for the cone 
penetration resistance and sleeve friction.  
 
The left hand side of Fig. 3, as well as indicating that the cone resistance varies with depth, also 
shows that the process of calculating the average qc value at each, that is each 10mm of 
penetration, has a smoothing effect on the data. This is apparent from the lines in which ±1.96 
times the standard deviation is plotted and even more so if the extremes of the CPT data are 
plotted (not included here). Below about 6m depth the cone resistance increases gradually with 
depth till it reaches 7 or 8 MPa at depths of about 9m, values such as this would be expected to 
represent sandy horizons rather than clayey soil, yet from the middle plot in Fig. 3 it is apparent 
that the friction ratio is surprisingly constant from about 4 m down, and indicates cohesive soil. 
As explained above this may be a limitation of applying qc – fs classification methods to residual 
soils. However, the spike in the profile at about 2m would appear to be a thin lens of 
cohesionless soil in which the cone resistance increases whilst the friction ratio decreases. We 
have yet to recover samples from the site so cannot give any direct comparison between the 
CPT data and other soil classification data. 
 
The right hand diagram in Fig. 3 has the coefficient of variation of qc and fs plotted against 
depth. It is of interest that the coefficient of variation of the friction ratio is generally less than 
that of the cone resistance.  Also of note is the observation that the coefficient of variation of the 
cone resistance is in the range specified by Lumb (1974) for the coefficient of variation for the 
undrained shear strength of clays (this comment assumes the usual assumption of a constant 
relationship between cone penetration resistance and undrained shear strength in clays). 
 
Figure 4 attempts to give some insight into the nature of the variability of penetrometer 
resistance at three depths across the 29 CPT soundings. Using Mathcad (PTC 2007) linear 
regression was used to find, by a least squares process, the plane that fits through the data at a 
given level. A plane is the simplest surface that can be fitted, but there are sufficient data points 
to calculate surfaces of second, third, fourth and fifth degree through the data. These surfaces 
give a better fit to the data in that sum of the residuals, that is the sum of the squares of the 
distances between the data points and the fitted surfaces, is smaller. However, there is little 
point in doing this, as the resulting surfaces are quite complex and are very steep at the edges of 
the data. 
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Figure 3:  CPT data averaged at each depth. Left: qc, middle: fs, right: coefficients of 

variation of qc and fs. 
 

In Fig. 4 data are presented for three depths: 2.1 m, 3.5 m and 8.0 m. The three dimensional 
plots of the regression plane have been rotated so that the plane is seen in two edge views – one 
in the direction of the  X axis and  the other approximately in the direction of the Y axis.   All of 
these views show that the data points tend to lie above and below the regression plane (if the 
data were actually represented by a planar surface then the points would lie in the plane or very 
close to it). The three depths chosen represent the “spike” in the qc values at about 2.1 m, at 3.5 
m which is along the uniform section of penetration resistance between about 2.5 and 4.0 m, and 
8.0 m towards the bottom of the profile where the penetration resistance was increasing.   
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Figure 4: Edge views of the regression plane through the qc data a three depths (note that 
very few of the data actually lie in the plane). 
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We think there is an important conclusion to be taken from Fig. 4. Namely that the slope of the 
regression planes is reasonably flat which means that that any trend at each level in the qc data is 
not large and the change across the plane is less than the scatter in the data, and furthermore the 
data does not exhibit any trend across the plane. In other words the distribution of the data about 
the regression plane seems to be more or less random, which was the concept proposed at the 
beginning of the paper. 
 
The penetrometer was equipped to measure pore water pressure during the penetration process. 
These data are not included here, simply because they are not particularly interesting. Nothing 
much happened to the pore pressure until a depth of about 6 to 7 m. Above this it was constant 
at about 100 kPa, below there was a gradual increase towards the bottom of the sounding where 
it reached about 1000 kPa. 
 
There is considerably more that can be obtained from this data and from another set for which 
the spacing between the 30 CPTs is 2 m along two orthogonal directions. Space limitations 
preclude further exploration here. 
 
3 CONCLUSIONS 
 
Data from 29 closely spaced CPT soundings to depths of about 10 m have been analysed to 
improve understanding of the variability in properties of Auckland residual soils. We have three 
main conclusions.  

• First, although at each level of the soil profile the qc values are variable, the point to 
point variability is much more significant than the modest trend revealed by a least 
squares regression plane fitted through the data; we suggest that this a consequence of 
the random nature of the residual soil formation processes.  

• Second, generally the coefficient of variation for the CPT sleeve resistance is less than 
that of the cone resistance. 

• Third, the coefficients of variation of the qc values at each level are in the range given 
by Lumb (1974) for the coefficient of variation for the undrained shear strength of clay.  
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