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ABSTRACT: The bearing capacity of surface foundations in cohesionless soil has been studied extensively 

in the past decades. Experimental investigations have shown that particle size effects in the bearing capacity 

problem are associated not only with strength mobilization but also with the shear band thickness. Centrifuge 

testing can provide useful insights, especially when taking into consideration the scale effects, by using a 

modelling of models approach. This paper describes the results of a systematic study examining the effects 

of sand grading on the responses of surface footings. Four different sands, including two commercially 

sourced silica sands and two mixed silica sands, were deposited by air pluviation and tested under controlled 

conditions in the geotechnical centrifuge at Technical University of Denmark (DTU). To examine 

correlations often employed in the field between tip resistance (qc) of Cone Penetration Tests (CPTs) and 

footing bearing pressure (qf), a series of CPTs were conducted in samples prepared at similar conditions to 

the samples of the footing tests. The results indicate that the bearing capacity is controlled by a general shear 

failure mechanism and that further research is required to assess the range of applicability of direct 

relationships between bearing capacity and qc for surface footings. 
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1 INTRODUCTION 

The traditional bearing capacity approach first 

proposed by Terzaghi in 1943 has been widely 

investigated since its formulation and new insights 

on the bearing resistance of footings have been 

obtained. These include the influence of (a) the 

progressive failure as strain localization can lead to 

hardening and softening at critical states, (b) 

anisotropy, (c) shear band thickness and (d) 

nonlinear peak strength envelope (Lau and Bolton, 

2011). The effect of the particle size has been 

associated with the relative thickness of the shear 

band (Tatsuoka et al, 1997). In current practice, a 

direct correlation with the CPT tip resistance (qc) is 

employed, where the reference “capacity” is defined 

by the well-known 0.1B Method corresponding to 

the bearing pressure (q) required to cause a footing 

to settle by 10% of its width s/B = 10% (Amar et al. 

1998). The bearing capacity (qf) calculated using the 

standard bearing capacity equation is usually much 

larger than the one determined from a direct CPT 

method at s/B = 10% (q0.1), as it requires settlements 

well in excess of 10% of the foundation width to 

develop, especially in the case of a local shear 

failure (Lau and Bolton, 2011). 

 Briaud and Gibbens (1999) observed that the 

response of footing load tests conducted in the field 

can be unified via a “characteristic load-

displacement curve” when the data are presented in 

terms of bearing pressure versus normalised 

displacement: 

𝑞 = 𝑟𝑠 · √𝑠/𝐵 (1) 

where rs is a soil parameter. In the case of sands, 

many researchers have examined correlations 

between rs with the tip resistance qc, e.g. Mayne and 

Illingworth (2010) Mayne et al. (2012), Lehane 

(2013), Mayne and  Woeller (2014) and Mayne & 

Dasenbrock (2018). Mayne and Illingworth (2010) 

analysed a database of field tests and derived a mean 

trend for footings on sand that indicates rs = 0.585qc. 

When using this value in Eq. 1 for the capacity 

criterion of s/B = 10%, the bearing pressure (q0.1) is 

equal to 0.18qc; this value is very similar to the 

value of 0.16qc determined independently by 

Lehane (2013). 

However, experimental and numerical studies 

have shown that footing tests on dense sand are 

controlled by a general shear failure mechanism 

(Kimura et al. 1985; Cerato and Lutenegger 2007; 

Mase and Hishiguchi 2009). On the other hand, the 

mechanism reported for the footing tests conducted 

in the field (up to s/B=10%) is analogous to 

expansion of a spherical cavity (e.g. Lehane 2013). 

The direct CPT method relies on a similarity 

between the failure mechanism of the footing and 

the deep penetration CPTs. 

 The aim of this study was to investigate the effect 

of sand grading on the bearing capacity and to 

evaluate the uniqueness of the relationship between 

deep penetration qc and q0.1 for different sand types. 

A centrifuge study was undertaken, where soil 
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Figure 1. Particle size distribution curves for the sands in this 

study. 

2.1. Basic indices 

The basic classification indices of the four sands 

investigated are summarised in Table 1. All sands 

have very similar particle shapes, but a slight 

variance in uniformity coefficient (Cu = d60/d10) of 

1.49 to 2.80 (where d60 and d10 are the mesh sizes 

through which 60 percent and 10 percent of the sand 

particles pass, respectively). LB-C and LB-D are 

commercially sourced silica sands with distinctly 

different mean effective particle size (d50). In order 

to specifically investigate the effect of Cu in this 

study, the two mixed sands were mixed to have a 

similar d50 to the LB-C sand. A long series of direct 

shear tests indicated that the two mixed sands have 

slightly higher critical state friction angles (’cs) 

than LB-C and LB-D (Jensen, 2019). The void ratio 

limits were determined following Danish 

Geotechnical Society Guidelines (DGF 2001). 

conditions are controlled. Four silica sands with 

similar particle regularity, including two uniformly 

graded sands and two mixed sands with a wider 

grading variation, were therefore tested. To confirm 

expectations of modelling of models in centrifuge 

testing of footings (e.g. Ovesen 1975), two surface 

footings of different diameters (40mm and 60mm) 

were tested at two different g levels (40g and 60g) 

for each sand. These models both represent a 

circular footing of 2.4m diameter at the prototype 

scale. Furthermore, two centrifuge CPTs were 

carried out for each sand at two different g levels 

(ranging from 32.2g to 64.5g) in new samples 

prepared at a similar relative density (Dr). 

2 SOIL PROPERTIES 

The uniformly distributed fractions C and D of 

Leighton Buzzard sand (referred to as LB-C and 

LB-D in this study) were tested. In addition, two 

sands were mixed from the LB-C and LB-D sands 

and a third Leighton Buzzard fraction (fraction B, 

LB-B). Mix 1 comprises 1/3 of each of the three 

fractions, and Mix 2 comprises 1/5 of fractions B 

and C and 3/5 of fraction D. The two mixed sands 

were mixed with a concrete mixer. Several sieve 

analyses were carried out for each mixed sand to 

ensure that the sands were mixed homogeneously 

and the particle distribution curves are presented in 

Figure 1. 

Table 1. Index properties of sands investigated 

Sand 
Gradation 

d50: mm  Cu 
Void ratio limits 

emax       emin 

Particle shape 

R        S        

Gs ’cs: degrees 

Leighton Buzzard C (LB-C)      0.40  1.54     0.78  0.53    0.51  0.75  0.63 2.66 31.4 

Leighton Buzzard D (LB-D)      0.19  1.49     0.87  0.59    0.46  0.70  0.58 2.66 30.7 

Mix 1      0.37  2.80     0.71  0.43    0.49  0.73  0.61 2.66 32.6 

Mix 2      0.38  2.31     0.74  0.47    0.50  0.74  0.62 2.66 32.7 

Figure 2. Microscope images of sand particles: (a) LB-B; (b) LB-C; (c) LB-D. 
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2.2. Particle shape quantification 

Representative optical microscope images for the 

sands are provided in Figure 2 (including Leighton 

Buzzard fraction B which is used for the mixed 

sands), where the sands are shown to have very 

similar particle shapes. Visual observations were 

used to derive the roundness (R), mean sphericity 

(S) and regularity () provided in Table 1 using the 

methodology described by Jensen et al. (2019). 

 

3 CENTRIFUGE TESTS  

3.1. Sample preparation and test programme 

The sand was pluviated into the strongbox (having 

an internal diameter of 527mm and an internal 

height of 498mm) to give a final height of 317mm 

when levelled off. The sand pluviation was 

performed at 1g and manoeuvred manually in a 

circular motion at a constant drop height above the 

sand surface. In order to control the density of the 

sample, the sand flow and the drop height were 

adjusted (with increasing flow and decreasing drop 

height leading to a lower density). All tests were 

performed in a dry condition.  

The footings were 16mm thick and made of 

aluminium. The testing programme of the footing 

tests is shown in Table 2 (including Dr, g level and 

footing diameter B). The smallest B/d50 ratio is 100, 

which ensures that centrifuge scale effects are 

negligible (Ovesen 1979). Furthermore, two 

centrifuge CPTs were carried out for each type of 

sand at two different g levels ranging from 32.2g to 

64.5g. The CPTs were performed in different 

samples to the footing tests, however, these were 

prepared at nearly the same relative density; with 

the largest deviation being the CPTs performed in 

the Mix 2 sand at Dr = 85%.  

 
Table 2.  Footing testing programme  

Test 

no. 
Sand 

Dr 

(%) 
g level 

B 

 (mm) 

B/d50 

1 LB-C 81 40 60 150 

2 LB-C 82 60 40 100 

3 LB-D 82 40 60 316 

4 LB-D 82 60 40 211 

5 Mix 1 84 40 60 162 

6 Mix 1 82 60 40 108 

7 Mix 2 80 40 60 158 

8 Mix 2 80 60 40 105 

  

  All footing tests were conducted under 

displacement control in the 2.5m radius 

geotechnical beam centrifuge at DTU. A load frame 

was secured on top of the strongbox with four bolts. 

For the footing tests, a piston was installed with a 

  

hinge above it to allow free rotation. This piston was 

then used in-flight to apply load to the footings. A 

stiff plastic beam was screwed onto the piston and 

was functioning as a reference point for the LVDT 

mounted on the side of the loading frame. The 

vertical displacement of the footings during 

penetration was therefore monitored with better 

precision than the one obtained from the control of 

the linear actuator. The LVDT was regretfully not 

mounted for Test 1 and therefore the load-

displacement curve for this test is not deemed 

reliable at small displacements. All footings were 

placed on the sand surface in the centre of the 

strongbox to avoid boundary effects. The cone used 

for the centrifuge CPTs has a diameter (dc) of 

11.3mm and was installed at a velocity of 1.33mm/s 

to a penetration of about 200 to 240mm. To 

minimise boundary effects, the CPTs were 

undertaken at a minimum distance of 150mm to the 

nearest boundary.  

 

3.2. Footing test results 

The variation of bearing stress (q) with the 

settlements normalised by the respective footing 

diameters (s/B) are provided in Figure 3. In 

accordance with modelling of models in centrifuge 

testing of footings (e.g. Ovesen 1975), the responses 

up to s/B = 10% of the 40mm diameter footings 

(60g) are nearly the same as those of the 60mm 

diameter footings (40g). Test 1 deviates from this 

trend as a result of the low accuracy of the measured 

displacement. The footing responses seem to differ 

at footing penetrations in excess of  s/B = 10% for 

LB-C and Mix 2, whereas excellent agreement 

appears for the entire footing penetrations for the 

LB-D and Mix 1 sands.  

  Experimental centrifuge work and numerical 

simulation studies have shown that bearing capacity 

factors are size-dependent for footings on sand, with 

the bearing capacity (qf) decreasing with footing 

width (or diameter) (Kimura et al. 1985; Cerato and 

Lutenegger 2007; Mase and Hishiguchi 2009). 

These studies show that a footing placed on a dense 

sand is expected to fail in a general shear failure. 

One characteristic of this failure mode is heaving of 

the soil surface adjacent to the footing. This 

characteristic was observed after every footing test 

in this study; see an example in Figure 4. The 

bearing pressure of a footing in general shear 

rapidly reaches a peak and a subsequent plateau, 

after which the surcharge around the footing (Nq-

term in Terzaghi’s bearing capacity formula) makes 

the bearing pressure increase to very large depths. 

The footing responses plotted in Figure 3 indicate 

that the footings in this study failed in general shear. 
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Figure 3. Bearing stress versus normalised settlement for footings on the four investigated sands. 

 

 
Figure 4. Example of a general shear failure observed after 

one of the footing tests. 

  

When following a procedure proposed by Lau and 

Bolton (2011) with Terzaghi’s bearing capacity 

formula superimposed for different friction angles, 

it is seen that the maximum mobilized friction 

angles of the footing tests occur at or close to s/B = 

10%. This is illustrated in Figure 5, where Test 3 

and 4 are plotted (note that ’ is the effective unit 

weight of the sand). Therefore, it can be inferred 

that q0.1 approximately coincides with the maximum 

mobilized friction angle when the sand fails in 

general shear. It is also noticed that the equivalent 

friction angle at s/B = 10% is higher than the critical 

state angle shown in Table 1. 

 

 
Figure 5. Footing results of Test 3 and 4; with Terzaghi’s 

bearing capacity formula superimposed for different friction 

angles. 

 

However, in field tests, where footings are 

generally embedded in the sand, a sudden collapse 

(or failure) is rarely seen. Therefore, the most 

common response shows no clear peak or plateau, 

and the bearing pressure increases to very large 

depths. The same type of response was observed 

from embedded footing tests conducted in the 

centrifuge by Liu and Lehane (2019). In fact, these 

tests have shown that the mode of deformation at 
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s/B = 10% is similar to that of cavity expansion 

without failure planes extending to ground level 

(e.g. see Lehane 2013). It follows from this failure 

mechanism that q0.1 vs. s/B characteristics are 

largely independent of footing width (or diameter). 

 

3.3. Effects of sand grading on q0.1  

The bearing stresses measured at normalized 

settlements s/B = 10% (q0.1) are generally very 

similar between all four sands (1600±200 kPa), with 

the highest and lowest measured q0.1 for LB-D and 

LB-C, respectively (see Figure 3). Slightly higher 

values of q0.1 (≈12-15% higher) were obtained for 

the two mixed sands in comparison to LB-C sand 

(all three sands having approximately the same d50). 

Hence, some effect of the sand uniformity is 

observed. Furthermore, an effect of the mean 

particle size d50 appears on q0.1. This is seen with the 

LB-D sand (having a smaller d50 than the other three 

sands) taking ≈22% higher values of q0.1 when 

compared to LB-C sand and ≈5-8% higher values 

than the mixed sands. The peak friction angles 

found from direct shear tests for the different sands, 

have been higher for the mixed sands following a 

1:1 association with Cu (Jensen, 2019). This 

indicates that besides the friction angle the bearing 

capacity is strongly associated with the d50 , which 

could be attributed to the shear band thickness 

developed in the general shear failure.  

 

4 RELATING qc WITH (CENTRIFUGE) 

FOOTING RESPONSE 

In the generalised direct CPT method for evaluation 

of footing response, which is often used in the field, 

the load-displacement curves are normalised by the 

cone tip resistance (qc). The bearing capacity 

(evaluated at s/B = 10%) can be capped at stresses 

corresponding to a percentage of the average 

measured qc (qc,avg), determined over a depth 

interval which according to Mayne and Woeller 

(2014) can be taken from founding level to 1.5B 

depth below. For this purpose the centrifuge CPTs 

(of which some are shown in Figure 6) were 

corrected following the procedure described below.  

 

4.1. Correction for shallow depth effect on qc 

For a 2.4m diameter footing, a CPT conducted in the 

field will have penetrated a depth of more than 100 

cone diameters before the tip reaches a depth of 

1.5B. However, the centrifuge CPTs in this study 

had penetrated 5.3dc (40g) and 8.0dc (60g) at 1.5B 

depth. Therefore, in order to draw parallels to a field 

situation, the CPT qc values were corrected in the 

upper soil horizon due to shallow depth effects (e.g. 

see Gui and Bolton 1998).  

 
Figure 6. Evidence of upward concavity in the CPT profiles. 

 

 The tip resistance in the shallow depth phase is 

associated with upward movements of the surface 

around the cone rod, which is similar to a general 

shear failure of a footing. At a certain depth (deep 

penetration) a localised mechanism in the vicinity 

of the cone tip takes over, and qc can be predicted 

using spherical cavity expansion theory (e.g. Yu and 

Mitchell 1998; Suryasentana and Lehane 2016). In 

this phase the increase in normalised tip resistance 

slows down rapidly and enters a quasi-stationary 

regime. At deep penetration in a homogeneous 

normally consolidated sand, qc increases as a 

constant function of vertical effective stress (’v). 

An ideal correction method should therefore 

produce an equal normalised tip resistance at 

different depths in the same soil at the same relative 

density (Dr).  

The tip resistance can be normalised (or 

corrected) to a common ’v: 

 

𝑞𝑐,𝑟𝑒𝑓 = 𝑞𝑐 · (
𝜎𝑣,𝑟𝑒𝑓
′

𝜎𝑣
′ )

𝑐

 (2) 

 

where ’v,ref is a reference vertical effective stress, 

qc,ref is qc at ’v,ref and c is a stress normalisation 

exponent.   

As evident in Figure 6, the shallow penetration 

phase is characterised by a parabolic increase 

(upward concavity) of qc with depth; this trend was 

noted by Puech and Foray (2002), Senders (2010) 

and Bolton et al. (1999). This upward concavity 

means that the stress exponent (c) in Eq. 2 decreases 

with depth until at a critical depth (dcr) when the tip 
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resistance enters the quasi-stationary regime and c 

takes on a nearly constant value (steady state). In 

order to evaluate c with depth, Eq. 2 can be 

rearranged: 
 

𝑐 =
𝑙𝑛(

𝑞𝑐,𝑟𝑒𝑓

𝑞𝑐
)

𝑙𝑛(
𝜎𝑣,𝑟𝑒𝑓
′

𝜎𝑣
′ )

                (3) 

 

 The variations of Eq. 3 with the normalised 

penetration depth (z/dc) for the LB-C and Mix 2 

sands are plotted in Figure 7, where the transition 

between shallow and deep penetration is illustrated 

with a critical ratio of penetration depth to cone 

diameter, (z/dc)cr. The “steady state” value of c and 

(z/dc)cr for all four sands are listed in Table 3. 

 

Figure 7. Variation of stress exponent (c) with normalized 

penetration depth (z/dc) 

Table 3. Estimations for all the centrifuge CPTs. 

Sand (z/dc)cr c (steady state) Q 
qc,avg  

(MPa) 

LB-C 16 1.10 140 5.89 

LB-D 10 1.05 185 6.27 

Mix 1 15 0.60 1220 9.53 

Mix 2 14 0.55 1750 11.52 

 

 It is noticeable that relatively high values of ‘c’ 

are reported in this study when compared with 

values reported in calibration chamber tests (e.g. see 

Moss et al. 2006). However, values of ‘c’ tend to be 

closer to unity in centrifuge tests (Bolton et al. 

1999), which may be an artefact of the ratio of the 

lower cone diameter to the stress gradient. The ‘c’ 

values greater than unity seen for LB-C and LB-D 

sands are not credible, since values of c>1 indicate 

an upward concavity of qc even at deep penetration. 

‘c’ values less than one should generally be 

expected in sands with uniform relative densities 

due to the reducing tendency for dilation at higher 

stress levels.  

 Jensen et al. (2019) observed that increasing 

values of uniformity coefficient (Cu) leads to sands, 

which are more dilatant at small stress levels and 

require smaller stress levels for the sand behaviour 

to become contractive. Therefore, given that the tip 

resistance is influenced by these two factors, some 

variations in the steady state c could be expected. It 

is possible that the uniformity of the sands (the 

 

 
Figure 8.  Normalized tip resistance (Q) versus normalized penetration depth (z/dc) for all centrifuge CPTs. 
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mixed sands having higher Cu values than the LB-C 
and LB-D sands) contributes to some extent to the 
observed variations of the c exponent, although the 
magnitude of differences seen in Table 3 indicate 
that further research is required.  
 With the estimated “steady state” c values (in 
Table 3), the normalized tip resistance (Q) is 
determined by: 

𝑄𝑄 = 𝑞𝑞𝑐𝑐/(𝜎𝜎𝑣𝑣′)𝑐𝑐 (4) 

 The variations of Eq. 4 with z/dc for all four sands 
are shown in Figure 8 where Q is seen to develop a 
near constant value after the critical ratio of 
penetration to cone diameter (z/dc)cr. The best-fit 
values of the near constant Q are listed in Table 3. 
Note that the significantly higher values of Q for the 
mixed sands compared with LB-C and LB-D sands 
are due to the lower values of c (see Eq. 4). In order 
to correct the centrifuge CPT data for shallow 
penetration effects (which are negligible in the 
field), the near constant values of Q are assumed to 
extend all the way to the soil surface (z/dc = 0). 

4.2. Normalisation of (centrifuge) surface 
footing response with qc,avg 
The corrected qc values averaged to a depth of 1.5B 
below founding level (qc,avg) are determined for each 
sand and listed in Table 3. The bearing pressures (q) 
measured in each footing test are then normalised 
by the corresponding qc,avg and plotted against s/B in 
Figure 9. It can be inferred that the q/qc,avg vs. s/B 
characteristic changes with the uniformity of the 
sand. The q0.1/qc,avg ratios range from 0.25 to 0.29 
for LB-C and LB-D sands and 0.15 to 0.18 for Mix 
1 and Mix 2. This is mainly due to the large 
variation in qc,avg between the mixed sands and the 
LB-C and LB-D sands (which is primarily due to the 
very different stress exponents; see Table 3). 
Further research is required to firstly establish how 
the stress exponent ‘c’ varies with the sand 
properties so that the appropriate qc,avg value can be 
obtained. It is noteworthy that Liu and Lehane 
(2020) showed relatively unique q/qc,avg vs s/B 
characteristics for embedded footings in four 
different sand types and with a range of mean 
particle sizes, mineralogies and uniformity 
coefficients. The Liu & Lehane (2020) results are 
comparable to those of LB-C and LB-D on Figure 
9, which have ‘c’ values close to unity.   

5 CONCLUSIONS 
A centrifuge surface footing and CPT investigation 
conducted on four sands at the same relative density 
but with different particle size distributions has 
shown: 

a) Approximately 12-15% higher values of
q0.1 was observed with a slight increase in
uniformity coefficient (Cu).

b) An apparent increase by about 20% in q0.1

values when the mean particle size (d50) was 
lowered by 50%.

 The trends and the normalisation using CPT qc of 
centrifuge test load displacement data are the 
subject of an on-going study at the Technical 
University of Denmark. 
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