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1 INTRODUCTION 

When studying soil-structure interaction, there are 
always interfaces where soil and structure meet. 
These interfaces are critical in physical modelling, 
because they often influence the quality of the scal-
ing of these models. A reason is that for fine soil ma-
terial, sand and clay, the grains themselves- are nor-
mally not scaled in a physical scale model. The same 
material is used in both the model as well as in the 
prototype. This has the advantage that the soil prop-
erties are the same in model and prototype. Howev-
er, the disadvantage is that the grains are relatively 
too large in the model. Another reason is that com-
plete similitude cannot always be reached, for exam-
ple in cases were not only the strain, but also the 
strain rate is important.  

This paper focuses on the consequences for scal-
ing in soil interaction problems. 3 aspects will be 
dealt with: (1) sand-structure interface; (2) clay-
structure interface and (3) sand-clay interface. 
The last interface becomes of importance when 
groundwater flow plays a role as will be described 
more in detail in Section 4.  

It is possible to accept in some cases that the scal-
ing of the model is not perfect with respect to proto-
type and it is possible to correct the results. For other 
situations such a correction is not possible, because 
not fulfilling the scaling laws means that different 

failure mechanisms determine the outcome of the 
test than the ones that occur in prototype. 

2 SAND-STRUCTURE INTERFACE 

Modelling sand-structure interaction requires that the 
dimensions of the structure are a factor  higher than 
the d50 of the sand. In formula: 

50/ dB  (1) 

where B is a dimension relevant for the problem (the 
diameter of a pile, the width of a footing or the 
height of a sand layer) and  is a factor depending on 
the situation tested. Values for  for various situa-
tions are presented by Garnier et al. (2007). Different 
researchers produce different values for  for com-
parable situations. This is reasonable, since there is 
no clear boundary but the scale effect decreases with 
increasing  and thus is each boundary a bit arbi-
trary. Further it is likely (based on results that will be 
discussed later) that  will be larger for dense sand 
that dilates under shear loading than for looser sand 
with hardly any dilatancy.  

The following sections describe some of the 
mechanisms that are of importance for sand-
structure interaction, because with knowledge of the 
mechanisms it will be easier to judge whether or not 
scaling effects are relevant.  
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2.1 Tip resistance 

Values of  when measuring the tip resistance of a 
pile are not mentioned in Garnier et al. (2007), but 
for shallow footings a value of 35 is mentioned and 
for ground anchors this value is 48. Gui and Bolton 
(1998) analysed cone penetration tests on sand with 
cones of various diameters that were performed by 
Lee (1990). From their results is seems possible to 
conclude that the results scale according to the usual 
scaling laws as long as >20, for 10< <20 there is 
some limited increase of the (scaled) tip force and 
for  <7 this becomes really significant. More inter-
esting is however, the explanation presented by 
them. They argue that at low stresses around the 
cone, there is a zone with only limited degree of 
freedom for the particles to move, which results ef-
fectively in a diameter increase equal to one particle, 
so the effective diameter becomes B+d50 and conse-
quently the effective area is increased with a ratio 
((B+d50)/B)

2
. At larger stress levels crushing of the 

particles will occur, which results in smaller grains 
around the pile and thus effectively a smaller value 
of ((B+d50)/B). In one CPT test they calculate the 
value of the normalized tip resistance (Q) and nor-
malised depths (Z) at various penetration depths (z): 
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Where qc is the tip resistance of the cone, v the total 
vertical stress and ’v the effective vertical stress. 
With these values they compare the peak value (Qm) 
where the effective diameter of the cone is supposed 
to be B+d50 with the final value (Qf) at larger depth, 
where the effective diameter is reduced to B due to 
crushing. It appeared that the ratio Qm/ Qf equals the 
ratio ((B+d50)/B)

2
. This means that the  peak in the 

normalized cone resistance is only present when 
((B+d50)/B)

2 
is significantly larger than 1. This is 

more or less in agreement with Lee’s measurements. 
A peak in Qm is found in most measurements but it 
is most pronounced in the measurements with small 
where ((B+d50)/B)

2
 has the largest value.

This result presents an opportunity to see from the 
measurement results if the scaling is right. When in a 
model CPT test in homogeneous sand Qm is much 
larger than Qf it is likely that there is a scaling issue. 

It should be realized that the results of Lee’s tests 
will depend on the diameter of the penetrating cone. 
The results are presented for a cone with has 0.4 m 
diameter in prototype. This means that at a normal-
ized depth Z of 20 diameters the effective stress is 
approximately 130 kPa. The normalized tip re-
sistance Q = 200 – 300, which means that the pres-
sure underneath the tip is more than 25 MPa. For 
these stresses it is reasonable to assume crushing. 

For smaller diameters the absolute pressure at Z=20 
will be lower and therefore a larger normalized pene-
tration depth will be necessary to realize crushing.  

  Following the reasoning of Gui and Bolton, the 
values of  Qf should be more or less the same at larg-
er depths even for small  (the particles close to the 
cone are crushed and therefore smaller). Further-
more, Qm should scale with ((B+d50)/B).

2
 This was 

tested using the data presented by Gui and Bolton. 
For Tests 40 and 41 which an  of 11 and 7 respec-
tively of their paper there is almost a perfect agree-
ment for the course sand (Test T40 and T41), but on-
ly reasonable agreement for the fine sand (Test T48 
and T49), see Table 1. According to the measure-
ments presented by Gui and Bolton the factor 
((B+d50)/B)

2
 can be used as an upper boundary to es-

timate possible unwanted scaling effects of relative 
large grains on the tip resistance. However, more re-
sults need to be analysed to come to a final conclu-
sion. 

 
Table 1. Effects of effective cone diameter. Data from Gui and 
Bolton (1988) reworked. B’=B+d50, A=((B+d50)/B)

2
and 

Q’m=Qm/A. 

No B d50 B 

d50 

B' Qm Qf A Qm 

Qf 

Q’m 

 mm mm - Mm kPa kPa - - kPa 

T40 10 0.9 11.1 10.9 395 320 1.18 1.23 332 

T41 6.35 0.9 7.1 7.25 434 324 1.30 1.34 333 

T49 10 0.4 25 10.4 268 263 1.08 1.09 269 

T48 6.35 0.4 16 6.75 304 320 1.13 1.01 247 

 

Based on experiments of Gui (1995), who per-
formed cone uplift tests, which can be seen as 
pullout tests for anchors where the cone is a model 
anchor, Gui and Bolton (1998) found that the dis-
placement necessary to achieve the peak strength is 
in all cases 5 times B. This is a remarkable result 
since according to Garnier at al. (2007) no scaling 
law on displacement is known.  

2.2 Friction between pile and sand 

Various studies, for example Lebègue (1964), 
Robinski & Morrison (1964), Hettler (1982) and 
Garnier & König (1998) have shown that the ulti-
mate shaft shear stress that can be mobilized on a 
model scale pile is larger than in prototype. Lehane 
et al. (2005) have studied the tension capacity of 
piles (which is determined by the shaft shear stress) 
in a series of drum centrifuge tests. The main reason 
they mention for this scale effect is that the grains 
are not scaled in the model and that therefore the 
thickness of the dilating zone around the pile is the 
same in model and prototype. In the model with the 
smaller pile diameter, the relative larger zone will 
lead to higher horizontal stresses on the pile and 
therefore to more friction. Consequently the pile 
movement necessary to achieve the maximum ten-



sion capacity does not scale either, but is more or 
less the same for different pile diameters, see Figure 
1. Lehane et al. (2005) argue, based on calculations 
that the stiffness of the surrounding soil has an influ-
ence on that, but that cannot be proven using Figure 
1, which is based on their measurements. The differ-
ence between Sample 1 and 2 in these tests is the 
relative density of the sample. The pile was embed-
ded in sand for 130 mm. The first 40 mm had a rela-
tive density between 60 and 68%. Below that depth 
the relative density was 82% for Sample 1 and 84% 
for Sample 2. 
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Figure 1. Displacement at maximum tension (data points from 
Lehane et al. 2005). 

 
It should be noted that these experiments were 

performed for rough piles (sand was glued to the 
piles) where the influence of dilatancy is largest. In 
case of smooth piles the influence of dilatancy will 
be less. Lehane et al. (2005) showed that the rough-
ness has a large effect on the results. Performing 
tests with smooth piles (average roughness 0.2 m) 
led to a decrease of the maximum friction resistance 
of a factor of 10. No information is presented by Le-
hane et al. how they measure the diameter of the 
pile. This is not as straightforward as it may look, 
because the smallest diameter of the piles they have 
used in the drum centrifuge was 3 mm. Gluing a 
grain of 0.2 mm average diameter on such a pile 
means an increase in diameter of more than 10%.   

Lehane et al. (2005) explain their results 
quiteconvincingly, assuming dilatancy and using the 
cavity expansion theory to explain the influence of 
the dilatancy on the horizontal stress that acts on the 
pile. Remarkably, it is also possible to use the proce-
dure comparable as the one suggested by Gui and 
Bolton (1998) and to use a factor ((B+b)/B)

2 
to check 

whether or not there are scaling effects. In this case 
the b is not equal to the d50 but equal to 1.5 mm, the 
average distance necessary to obtain maximum re-
sistance (see Figure 1). The correction in this way is 
shown in Figure 2. The lines drawn in the graph are 
linear regression lines through the corrected points 
and it can be seen that these are horizontal. 
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Figure 2: Peak shear strength according to Lehane et al. (2005) 
and correction as described in text. 

 
 The procedure, as presented above, to correct the 

peak shear strength of  a pile by assuming that it’s 
diameter is larger with the same value as the dis-
placement necessary to reach the maximum shear 
strength may seem highly artificial, but probably this 
is less the case than it seems. When a pile is lifted 
and the maximum shear strength is mobilized imme-
diately, then dilatancy will not play a role and scal-
ing due to grain size will not be an issue. However, 
when dilatancy is important, some displacement is 
necessary to mobilize the displacement and the more 
displacement is necessary the more dilatancy is in-
volved and the more there will be an influence of the 
grain size. That b is the same as the displacement 
necessary to achieve the maximum shear strength is 
likely not more than a coincidence.  

The procedure described above again presents a 
relatively easy way to investigate whether or not 
scaling effects are present in the forces measured in 
model tests. When the factor ((B+b)/B)

2
 is close to 

one there will be no scaling effect and there will be a 
scaling effect when this value increases. The proce-
dure also allows to make a correction on the meas-
ured forces. 

2.3 Conclusion sand-structure interface 

From the literature data it was possible to derive 
scaling rules, not only to determine if scaling will in-
fluence the results but also to quantify the influence 
of scaling effects on the sand-structure interface. 
This presents for piles the possibility to estimate the 
influence of scaling effects for situations where these 
cannot be avoided. The presented approach also ex-
plains why for a rough interface the scaling effects 
are more severe than for a smooth interface.  

3 CLAY-STRUCTURE INTERFACE 

For the clay-structure interface, the particle size of 
the clay particles is not really important. The clay 
particles are always much smaller than the relevant 
dimensions of the structure tested. For a clay-



structure interface the following aspects are of im-
portance: 
 The smoothness of the interface. This has to be 

comparable in prototype and model. When the 
shear resistance at the interface is comparable to 
the shear strength of the clay both in model and 
prototype, there is no need to model in detail the 
roughness.  

 Consolidation time of the clay. Consolidation will 
be also relatively faster in a model compared to 
prototype. Processes that can be undrained in pro-
totype may be (partly) drained in the model. 

 Viscous forces and creep, viscous forces will be 
higher in a model test compared to prototype and 
the influence of creep will be less. 

The 2 last aspects will elucidated somewhat further 
in the following.  

3.1 Consolidation 

When dynamic scaling is required in a model test, 
the velocity should be the same in model and proto-
type. However, when the consolidation time is the 
governing parameter, in the case where, for example 
partial drainage is of importance, the velocity should 
be N times faster in the model compared to proto-
type where N is the acceleration in the centrifuge 
compared to normal gravity. Randolph and Gour-
venec (2011) mention the dimensionless parameter 
(V) to determine between undrained and drained be-
haviour:  

vC

dv
V   (4) 

where v is the velocity, d a representative diameter 
perpendicular to the movement and Cv the consoli-
dation coefficient. When Vis larger than 30 the be-
haviour is fully undrained and for Vis smaller than 
0.1 the behaviour is fully drained. As long as Vis 
larger than 30 or smaller than 0.1 both in model and 
prototype, the scaling will not be an issue. 

For intermediate values it will be necessary, theo-
retically, to perform a model test in an N

2
-times 

shorter time or with N-times higher velocity in the 
model compared to prototype to have the same de-
gree of consolidation in both situations. This re-
quirement can cause scaling problems, because the 
influence of dynamics is then N-times higher in the 
model compared to prototype but also because of 
possible viscous forces or creep. When the strength 
of the clay against penetration is known as a function 
of V, it is in principle possible to measure the pene-
tration force for the value of Vin the model and cal-
culate the penetration force in prototype for another 
value of V. However, it should be realized that there 
is also a significant difference in deformation pattern 
in the soil between drained and undrained behaviour 

and therefore the model test will have a different be-
haviour from a prototype test.   

Cyclic loading leads to degradation of the struc-
ture-clay interface, resulting in lower shear strengths. 
This is also influenced by the amount of pore pres-
sure generation and the percentage of drainage   
(Bouckovalas, 1996). This means that also for cyclic 
lading scale effects at the interface play a role when 
the factor V does not remain the same in model and 
prototype. 

3.2 Viscous forces and creep 

The mechanical behaviour of clay is time dependent. 
A large penetration velocity of for example a pile in-
to clay will lead to a higher penetration force than a 
low penetration velocity.  

The shear strength caused by viscous forces (visc) 
along a pile shaft in general can then be described 
with the following relation:  













yfvisc  (5) 

Where f is a function still to be determined and    is 
the shear strain rate (d/dt). As a consequence the 
viscous stress will be different in model and proto-
type because  is N-times higher in the model com-
pared with prototype.  

Different formulas exist to take into account the 
influence the influence of viscous forces. A possible 
formula is:  
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Where su is the actual undrained shear strength, su,ref 
the reference value at a reference shear rate ( ref),   
the actual shear rate and a coefficient varying be-
tween 0.1 and 0.15 (Randolph and Gourvenec, 
2011). In this formula there is no separate viscous 
term, but the influence of viscous forces is included 
in the undrained shear strength. Choosing the proto-
type situation as a reference level, the apparent un-
drained shear strength in for example 1:100 scale 
model will be 1.6 times higher (if  is 0.1).  

Following the scaling laws according to consoli-
dation scaling, becomes even more difficult, because 
then the velocity in the model is already N-times 
higher compared to prototype and the shear rate 
d/dt is even N

2
-times higher. This would lead to a 

2.5 times higher apparent undrained shear strength in 
the 1:100 test mentioned before. 

Equation (6) has the limitation that it results in an 
undrained shear strength of zero in case the shear 
rate is zero, which is unlikely. However, it can be 
used to compare prototype results with model tests 



in which forces during deformation are of im-
portance. 

3.3 Creep 

Creep of clay is only a function of the clay properties 
and a function of time. Since the duration of a model 
test is always shorter than the corresponding field 
situation this implies that the influence of creep in a 
clay model in general, not only at the interface, is 
underestimated. In theory Equation (6) can be used 
to describe creep, the undrained shear strength de-
creases at very low deformation rates. However, 
there is not sufficient experimental evidence that this 
equation results in the right undrained shear strength 
and, more important, at very low deformation rates 
there will be drained behaviour that cannot be de-
scribed with an undrained shear strength.   

3.4 Conclusion clay-structure interface 

It is shown that a scale model for a clay-structure in-
terface will always be a compromise. It is not possi-
ble to satisfy all scaling rules involved, but in most 
cases some can be neglected and a reasonable simili-
tude can be reached. The influence of viscous forces 
could be quantified. For other processes, as drained-
undrained behaviour and creep, only a qualitative es-
timation is possible whether or not proper scaling is 
achieved. 

4 SOIL-SOIL INTERFACE 

A soil-soil interface probably does not directly look 
as an interface, but it is, because soil properties can 
be rather different for different layers of soil. Here 
focus is on the difference in only one soil property in 
various layers: the permeability and the consequenc-
es for scaling. This will be shown with an example. 

In the Netherlands and other deltaic areas, levees 
and the soil underneath quite often consist of soil 
layers as schematically shown in Figure 3. A riv-
erbed consists of permeable sand layers and on top 
of these sand layers an impermeable clay layer is 
placed. Such a structure is susceptible to a process 
called backward erosion piping. When there is a sig-
nificant water level difference over the levee, sand 
particles may erode at the land side of the levee. This 
leads to pipes at the interface between the sand and 
the clay. When these pipes become long enough it is 
possible that there will be an open connection un-
derneath the dike leading to a large flow and an ero-
sion failure of the dike.  
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Figure 3. Sketch of piping mechanism, as it can occur under-
neath Dutch levees. 

 
The piping mechanism is seen as an important threat 
for the Dutch levee system and therefore a research 
programme is carried out to quantify the risk of pip-
ing failure. This mechanism is recognized and stud-
ied already quite some time ago. Bligh (1910) did 
experiments on levees in India. This resulted in the 
formula:  

/crit crit bH L i c   (6) 

where Hcrit is the water level difference at which the 
pipe formation starts, see also Figure 3, L is the 
length of the dike at the base icrit as defined in Equa-
tion (6) the critical gradient and cb is a parameter 
that depends on the material underneath the levee. It 
is, according to Bligh, 1/18 for fine sand. 

Sellmeijer (1988) investigated the flow conditions 
that occur during piping and coupled this to an ero-
sion function. This resulted in an analytical formula, 
which, different from the equation from Bligh, sug-
gested that icrit not only depends on the type of mate-
rial, but also on the length L itself. icrit decreases for 
increasing length L according to the relation:  

mod
,prot ,mod

prot

crit crit
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i i

L
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Where, the subscripts “prot” and “mod” stand proto-
type and model respectively and  is a coefficient 
with the value of 1/3. 

A consequence of this equation is that scaled 
model tests will result in too high critical gradients. 

Bezuijen and Steedman (2010) present a quantita-
tive description, assuming that the singularity in the 
flow equation at landside causes this effect (the cal-
culated hydraulic gradient reaches infinity at the end 
of clay-sand interface). This lead to a comparable 
equation but now with  is 0.5. Qualitatively the 
mechanism described by Bezuijen and Steedman can 
be explained by assuming that the gradient becomes 
very high near the exit opening, caused by the singu-
larity in the flow equation. However, erosion will 
only occur when a gradient larger than around 1 is 
present over a certain number of grains near the exit. 
Since the grains are not scaled in the model, a certain 
average gradient in the prototype will lead to a gra-
dient of around 1 over more grains in the prototype 
than in a small scale model. Consequently backward 
erosion piping will occur at smaller average gradi-
ents in prototype. 



Van Beek (2015) has shown that both dependen-
cies are possible depending on the type of erosion.  

The importance of this result for physical model-
ling is that it showed that there are situations where 
the traditional scaling laws do not apply. A scale 
model of a levee as sketched in Figure 3 will result 
in values of icrit that are too high and thus result in an 
unsafe prediction. Such a model in a centrifuge will 
introduce some other scaling issues (see Bezuijen 
and Steedman, 2010), but the final result will again 
be that the value of icrit in the model is higher than 
what can be expected in the field. It was suggested 
by Steedman (2009) that this may be the reason that 
piping failure was found in the field after the Katrina 
Hurricane in 2005, but not in the centrifuge tests that 
were performed afterwards to study the failure 
mechanism.  

4.1 Consequence 

Model tests can still be useful to investigate 
mechanism. However, in a situation as described 
above, one of the usual strong points of model test-
ing, how various failure mechanisms work together, 
cannot be utilized. If a centrifuge model test is set-up 
to investigate how a dike fails due to piping and the 
dimensions are scaled down to for example a scale 
1:50, the critical gradient will be 3.6 to 7 times high-
er in the model compared to prototype and it is likely 
that the model dike fails due to overtopping instead 
of piping. 

4.2 Conclusion soil-soil interface 

The example described above shows that there are 
situations where a permeability change in 2 soil lay-
ers leads to results that cannot be scaled straight 
forward with the usual model scaling techniques. It 
seems reasonable to assume that this will be the case 
in more situations where the flow equation has a 
singularity in its solution, as is the case for example 
when a flow is forced around a sheet pile. When 
such a situation occurs, tests have to be performed at 
different scale levels to investigate whether or not 
the results follow the normal scaling rules.  

The situation that there is a well-established for-
mula, as the formula of Bligh in the case of piping, 
does not guarantee that there will be no scale effects. 
Bligh is an empirical formula tested on dikes in the 
field, of which the dimensions are comparable, cer-
tainly in comparison with the difference in dimen-
sions between a full scale test and a small scale 
model. 

5 CONCLUSIONS 

The study described in this paper showed it is possi-
ble to some extend to quantify what is the scale ef-

fect when the grains are not very small with respect 
to a structure tested in a model test. Also for viscous 
forces such a quantitative correction is possible. For 
scaling from undrained to drained this is not the 
case, because it depends on the soil properties and 
also the failure mechanism will change.  
It is in principle possible to correct for the geomet-
rical scale factor on the critical gradient in backward 
erosion piping. However, this makes it impossible to 
test a geometrical scaled model in a model test that 
behaves the same as in prototype. 
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