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1 INTRODUCTION 
 
When attempting to use model tests to characterize 
the static and cyclic response of footings or anchors, 
the uniformity of prepared samples needs verifica-
tion such that inferred differences in foundation re-
sponse due to changes in load or object geometry are 
not a result of differences in soil conditions. The 
cone penetration test (CPT) is ideal for assessing in-
tra- and inter- sample variability.  

For more detailed interpretation of drained load-
ing of objects, accurate interpretation of peak and 
critical state friction angles, as well as the relation-
ship between the difference in peak ('pk) and critical 
state friction angle ('cv) and the dilation angle ('pk) 
are needed. It is common to use Bolton’s stress dila-
tancy theory (Bolton 1986) to estimate 'pk and 'pk 
as a function of relative density (Dr) and mean effec-
tive stress at failure (p'f). However, the correlation 
between CPT tip resistance (qt) and relative density 
is not unique (e.g., Baldi et al. 1986), and requires 
calibration for specific sand types. Additionally, 
‘Bolton’ parameters have been shown to be strongly 
influenced by particle roundness and sphericity (e.g., 
Liu & Lehane 2012), and thus also require specific 
calibration for various sand types.  

This paper presents results of a testing series in 
fine ‘Golden Flint’ sand that are intended to: 
 calibrate a correlation between CPT qt and Dr. 
 evaluate correlations between CPT qt and 'pk for 

various engineering applications. 
 calibrate a correlation between ('pk-'cv) and 'pk 

for laboratory triaxial tests. 

It is noted that in this paper CPTs are limited to the 
upper meter of soil, which is applicable to interpreta-
tion of model test results or performance of objects 
interacting with the shallow seabed (e.g., shallow 
anchors, pipelines and related infrastructure). 

2 RELATIVE DENSITY CORRELATION 
FORMAT 

For the assessment of relative density from (normal-
ized) cone tip resistance, the format of Baldi et al. 
(1986) has been adopted for use herein: 
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The parameter Qtn will be used to discuss normal-
ized cone tip resistance in sands with an unknown 
stress exponent (Robertson 2009). The stress expo-
nent (n) tends to vary from 0.35 to 0.75 in sands, and 
will be fit for this sand as part of data analysis. Nor-
malization exponents of 0.5., 0.7, and 1 are used in 
this paper, and referred to as Qt0.5, Qt0.7, and Qt1. Use 
of vertical effective stress within Equation 1 implies 
that the soil is not overconsolidated.  

The format of Equation 1 gives a physical mean-
ing to the parameter C2, which is the normalized 
cone tip resistance for a soil with a relative density 
of zero (zero dilation). This parameter would there-
fore increase with critical state friction angle.  

In general, normalized cone tip resistance approx-
imately doubles for each relative density class (i.e., 
very loose to loose, loose to medium dense, etc), 


 

 


 

   

 
  

























ABSTRACT: Interpretation of drained loading of foundations and anchors requires knowledge of peak and 
critical state friction angles, as well as the peak dilation angle. Correlations to relative density are typically 
used to assess these parameters, however, these correlations are not unique, particularly when dealing with 
low effective stresses that are encountered during model testing or for shallow seabed interactions. Results 
from a series of cone penetrations tests with inferred relative density profiles are presented to develop a sand 
specific relative density correlation. The results from laboratory triaxial tests at representative densities and 
stress levels are compared to cone tip resistance to discuss friction and dilation angle correlations. 


 

 


 

   

 
  

























Calibrating CPT relative density and strength correlations for a 
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such that a sand with a 100 percent relative density 
would have a normalized cone tip resistance that is 
32 times (25) higher than that for a relative density of 
zero. C1 is therefore approximately equal to ln(32) = 
3.46. If a soils tends to crush rather than dilate at 
high stresses induced by cone penetration, C1 will 
decrease, reducing the ratio of Qtn at a relative densi-
ty of 100 percent compared to that at Dr = 0. 

3 SAND PROPERTIES 

Testing was performed on fine uniformly graded 
Golden Flint Sand. Characterization of the sand in-
cluded standard index testing, as well as 28 triaxial 
tests performed among three laboratories 
(Tufenkjian & Yee 2006, Giampa 2014, Alshibli 
2015, Giampa et al. 2016). Sand properties are 
summarized in Table 1. 

 
Table 1. Properties of Golden Flint sand from laboratory tests 

Property Value 

max (kN/m3) 17.68 

min (kN/m3) 14.24 

emax 0.847 

emin 0.487 

Gs 2.68 

D50 (mm) 0.25 

Cu 1.61 

Cc 1.13 

'c (deg) 33.9 

 = ('pk-'cv)/'pk 0.64 

Af (see Bolton 1986) 3.6 

Q (see Bolton 1986) 9.5 

R (see Bolton 1986) -0.68 

  

4 SAMPLE PREPARATION METHODS 

Sand samples were prepared in a 1.5 m x 1.5 m x 21 
m long reinforced concrete trench filled with 60 tons 
of fine uniformly graded Golden Flint sand. Three 
different sample preparation methods were used: 
 Method 1: A customized sand dispensing system 

(Tufenkjian & Yee, 2006) was used to air pluviate 
the sand into the test trench (Fig. 1). 

 Method 2: Sand was pluviated through water (Fig. 
2). 

 Method 3: Sand was placed moist in 225 mm 
height lifts and vibrocompacted (Fig. 3). After the 
sand was placed to the final height, it was bottom 
saturated at a slow rate over a period of approxi-
mately 5 days.  

 

 
Figure 1. Sand placement by air pluviation 

 
 
Figure 2. Sand placement by water pluviation 

 
 
Figure 3. Sand placement by vibrocompaction 
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5 CALIBRATION OF RELATIVE DENSITY
CORRELATIONS 

The air pluviation method (Method 1), described in 
more detail by Giampa et al. (2016), allowed for ac-
curate estimation of as placed density through corre-
lations to fall height and pluviator opening size. 
These as placed density estimations were then used 
to develop a sand specific correlation between nor-
malized CPT cone tip resistance and relative density 
by modifying parameters in Equation 1. Relative 
density estimated from Qtn in saturated deposits 
(Methods 2 and 3) are then presented for discussion 
purposes. 

In a manner simulating Method 1 sample prepara-
tion, measurements of (dry) density were recoded as 
a function of (i) pluviator opening size; (ii) pluviator 
ramp angle; and (iii) fall height (hfall), for a constant 
pluviator rate of movement along the trench. Sample 
tins were placed at heights of 100 mm, 225 mm, 425 
mm, and 825 mm, and filled by passes of the pluvia-
tor over the test trench. Relationships between fall 
height and Dr are summarized for three pluviator gap 
opening sizes in Figures 4, 5, and 6. Parameters test-
ed are summarized in Table 2.

Table 2. Parameters explored for pluviator – relative density 
calibrations 

Case Opening 
(mm)

Ramp Angle 
(deg)

Inferred
Dr,max

1 3 40 0.80
2 6 40 0.60
3 6 55 0.45
4 13 40 0.30
5 19 40 0.10

A relationship was developed based on fall height 
(hfall) and tray gap size (g) for a constant ramp angle, 
and took the form: 
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The term 'Dr,max' implies that once a certain fall 
height is reached, the pluviated relative density for 
the combination gap size and ramp angle is constant 
and at a maximum for that configuration. 

Figures 7 through 10 present data used for the 
procedure of calibrating the relative density correla-
tion. The best direct comparison of profiles comes 
from Figures 7 and 9, which show estimates of rela-
tive density and measurements of normalized cone 
tip resistance, Qt0.7.

Figure 4. Relationship between fall height and relative density 
for 13 mm gap and 40 degree ramp angle 

Figure 5. Relationship between fall height and relative density 
for 6 mm gap and 40 degree ramp angle 

Figure 6. Relationship between fall height and relative density 
for 3 mm gap and 40 degree ramp angle 
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Figure 7. Relative density estimated from fall height for three 
air pluviated trenches 

 
Figure 8. Cone Penetration Test results in air pluviated trenches 

 
Steps used for calibration of relative density cor-

relations were followed: 
1 Performed fall height – Dr calibration for pluvia-

tor opening sizes and ramp angle (Figures 4 – 6). 
2 Measured fall height periodically during sand 

placement (data not shown). 
3 Converted fall height measurements to relative 

density profiles (Eq. 2 & 3, Figure 7). 
4 Performed approximately 10 CPTs within each 

trench and average data to create a single CPT 
profile for each trench (Figure 8). 

5 Plotted normalized cone tip resistance (log scale) 
against relative density (linear scale) (Figure 10). 
Adjust stress exponent n (Equation 1) to reduce 
coefficient in variation of normalized cone tip re-
sistance for a given relative density. 

6 Coefficient C2 for Equation 1 is the intercept of 
the best fit line through the data at a Dr equal to 
zero (Figure 10). 

7 Adjust coefficient C1 from Equation 1 to change 
the slope of the Dr-Qtn correlation. 
 

 
Figure 9. Normalized CPT tip resistance in air pluviated 
trenches 

 
Figure 10. Calibrating relative density correlation parameters 
for Eq. 1 

 
The resulting correlation matches measured data 

well, and is significantly different from typical rela-
tive density correlations of, for example, Lunne & 
Christoffersen (1983). The Lunne & Christoffersen 
(1983) correlation is shown since it uses essentially 
the same stress exponent, n.  

Further performance of the relative density corre-
lation can be assessed from profiles created using 
water pluviation (Method 2) and vibrocompaction 
(Method 3). Relative density inferred from average 
CPT qt profiles in 5 different trenches are shown in 
Figure 11. Average CPT data are consistent and the 
relative density results in general agree with expecta-
tions in that: 
 Water pluviation (T9, T10) produces very loose 

samples (e.g. Sladen and Hewitt 1989). 
 Vibrocompaction (T11, T12, T13) produces sam-

ples with Dr between 0.5 and 0.65 (e.g., Schuett-
pelz et al. 2010). It is noted that vibrocompacted 
samples are overconsolidated, and therefore the 
correlation would slightly overpredict Dr. 
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The increase in apparent relative density with depth 
is not unexpected for a prepared sample, however, 
warrants additional investigation in future trenches. 

 
Figure 11. Estimates of relative density from average cone tip 
resistance in water pluviated (T9, T10, Method 2) and saturated 
vibrocompacted (T11, T12, T13, Method 3) sand 

6 PEAK FRICTION ANGLE 

While the drained peak friction angle of sands ('pk) 
has a relatively narrow range from about 30 degrees 
to 50 degrees, the appropriate operational level of 
friction angle is difficult to evaluate. This results 
from the peak frictional resistance being a combina-
tion of particle friction without volume change ('cv) 
as well as additional apparent frictional resistance 
that results from the dilation of particles during 
shear (e.g., Bolton 1986). 

For evaluation of friction angle within this study 
for comparison to CPT tip resistance based correla-
tions, sand specific Bolton stress dilatancy parame-
ters were calibrated (see Giampa et al. 2016), as 
summarized in Table 1. Relative density within the 
calibration was estimated from fall height measure-
ments, as shown in Figure 7. Two values of mean ef-
fective stress at failure (p'f) are explored; (i) the in-
situ vertical effective stress (Figure 12) which is ap-
propriate for problems such as shallow pipes and 
helical anchors (White et al. 2008, Giampa et al. 
2016); and (ii) √(qn∙'v0) (Figure 13) which is more 
appropriate for interpretation of pile end bearing, 
cone penetration tests (e.g., Flemming et al. 2009, 
Liu & Lehane 2012). 

Estimated values of friction angle are compared 
to two CPT cone tip resistance correlations from the 
literature. The standard correlation of Kulhawy & 
Mayne (1990) is expressed in Equation 4 and com-
pared to data at 'v0 in Figure 12.  

5.0log116.17' tpk Q  (4) 

The estimated friction angle compares favorably to 
the shape of the correlation, however, is approxi-

mately 10 degrees higher than that suggested by 
Equation 4. This is primarily attributed to the stress 
level effects on 'pk for a constant packing of parti-
cles. In the upper meter of the soil deposits p'f ana-
lyzed is between zero and 15 kPa, while the stress 
level at failure in triaxial tests used to calibrate the 
Kulhawy & Mayne (1990) correlation were typically 
in excess of 200 kPa.  

 
Figure 12. Comparison of peak friction angle based on Bolton’s 
stress dilatancy theory at in situ vertical effective stress to cone 
tip resistance normalized to √'v0 (Qt0.5) for air pluviated sands 

 
Figure 13. Comparison of peak friction angle based on Bolton’s 
stress dilatancy theory at representative mean effective stress 
for cone penetration testing to cone tip resistance normalized to 
'v0 (Qt1) for air pluviated sands 

 
The second friction angle correlation explored 

was proposed in Flemming et al. (2009) for evalua-
tion of pile based capacity. 

1log7.132.8' tpk Q  (5) 

When estimating 'pk using Bolton’s equation at p'f 
equal to √(qn∙'v0), the correlation in Equation 5 
showed good agreement for cone penetration testing 
in a number of sands tested in the centrifuge (Liu & 
Lehane 2012). Friction angle estimated in the same 
way for CPTs in Golden Flint sand, using relative 
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density from fall height measurements, are compared 
to cone tip resistance normalized to vertical effective 
stress (Qt1) in Figure 13. While the correlation from 
Equation 5 was a good agreement to 'pk estimates 
for the Golden Flint sand, the main point of interest 
that comes from Figure 13 is that the peak friction 
angle at stress levels appropriate for interpretation of 
cone penetration tests in the upper meter, tends to 
range from 38 to 44 degrees for these densities. The 
friction angle appropriate to analyzing shallow an-
chors and pipelines can be much higher, on the order 
of 38 to 50 degrees, depending upon density. 

7 PEAK DILATION ANGLE 

For numerical analysis of anchor or foundation re-
sponse an estimate of dilation angle is necessary. If 
the critical state friction angle ('cv) is known, the di-
lation angle can be estimated from peak friction an-
gle as: 




 cvpk

pk

''
'


  (6) 

Bolton (1986) suggests that 0.8 is a reasonable first 
order estimate, but when dilation angle is critical to 
interpretation of results, for example for anchor up-
lift (e.g., Giampa et al. 2016), sand specific calibra-
tions are recommended. Figure 14 shows the rela-
tionship between peak friction and dilation angles 
for Golden Flint sand. The value of  (Eq. 6) is clos-
er to 0.64 than recommendations of 0.8 by Bolton 
(1986). Values of  near 0.6 have been discussed by 
Chakraborty & Salgado (2010), among others. 

 
Figure 14. Relationship between peak friction and dilation an-
gle for Golden Flint sand 

8 CONCLUSIONS 

Data from a laboratory fine sand have been present-
ed such that relative density and friction angle corre-

lations for a specific laboratory fine sand were cali-
brated. The Qtn-Dr correlation format of Baldi et al. 
(1986) was appropriate, however, sand specific pa-
rameters were needed. Friction angle based on rela-
tive density and mean effective stress at failure per 
Bolton (1986) were found to be most reliable when 
assessing 'pk for various engineering applications. 
The range of peak friction angle varied from 38 to 
50 degrees at low stress levels but 38 to 44 degrees 
for stress levels related to interpretation of CPT data. 
Use of 'v0 as p'f within Bolton equations was appro-
priate for shallow anchors and pipeline response, 
while use of √(qn∙'v0) for p'f was more appropriate 
for interpretation of cone penetration results. Labora-
tory specific measurements are recommended for as-
sessing ('pk-'cv)/'pk.  
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