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1 INTRODUCTION 

With the aim of investigating the behaviour of slope-
stabilizing shafts, a series of physical tests was per-
formed by means of the Geotechnical Centrifuge in 
ISMGEO (Istituto Sperimentale Modelli Geotecnici, 
Seriate – BG – Italy). This paper describes the test-
ing procedures, reports some noteworthy results and 
interprets some of them in light of widespread mod-
els in scientific literature. It is shown that physical 
modelling may be a very useful tool to offer insight 
into the physics of the phenomenon under investiga-
tion and to calibrate existing design methods for a 
more accurate prediction. 

2 PHYSICAL MODEL 

The ISMGEO Geotechnical Centrifuge is a beam 
centrifuge made up of a symmetrical rotating arm 
with a diameter of 6 m, a height of 2 m and a width 
of 1 m. The arm holds two swinging platforms, one 
used to carry the model container and the other the 
counterweight; during the test, the platforms lock 
horizontally to the arm to prevent transmitting the 
working loads to the basket suspensions. An outer 
fairing covers the arm; the arm and the cover con-
currently rotate to reduce air resistance and perturba-
tion during flight; further details can be found in 
Baldi et al. (1988). 

Similarity relationships between a centrifuge 
model and the prototype are reported in many 
contributions (e.g. Schofield 1980). 

Among the possible types of landslides, it was 
decided to reproduce experimentally a shallow 
landslide on a rock slope inclined by 32° from the 
horizontal, reinforced by large diameter shafts well 
embedded in the firm substratum. The selected scale 
factor is N=50; the model and the prototype 
geometrical dimensions are listed in Table 1. Figure 
1 shows the general layout of the test (all measures 
refer to the model scale). 

The rock slope was modelled through a 
lightweight concrete block fixed to the centrifuge 
strong box (shear wave velocity VS ≈ 950 m/s as 
deduced with reference to linear elasticity from the 
Young’s modulus and Poisson’s ratio measured in 
uniaxial cylindrical tests with local strain 
measurements). 

The sandy landslide was modelled by a very fine 
and uniform silica powder, derived by grinding and 
sieving pit rocks, named FF sand (FFS). It mainly 
consists of sub angular particles and it is made of 
98.2% quartz, 1.3% feldspar and 0.5% mica. The 
main characteristic of FFS are: maximum and 
minimum dry density, γd,max = 14.78 kN/m

3
, γd,min =   

11.58 kN/m
3
; maximum and minimum void ratio, 

emax = 1.211, emin = 0.732; specific density, GS = 
2.61; mean particle size, D50 = 0.093 mm; 
uniformity coefficient, UC = 1.88.  

The critical state parameters are: 
• shearing resistance angle at critical state ϕ’cv 

= 33°;  
• critical stress ratio M = 1.35;  
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• void ratio at p’= 1 kPa eΓ = 1.15;  
• slope of the critical state line in the e-ln(p’) 

plane λ = 0.026. 
The sand layer was reconstructed by tamping 

with a hammer of 1 kg the sand with a moisture 
content of 5%, in four horizontal layers 20mm thick, 
having inclined the box -32° to the horizontal, so 
that the strata were parallel to the rock slope.  

The average relative density at which the soil 
layers were reconstructed was about 30%; the 
average relative density of about 40%, achieved at 
the end of the 50g in–flight consolidation, was 
computed from the volume variation of the sand, as 
measured in few point by vertical and rotational 
potentiometer transducers (Figure 1).  

The soil-concrete interface was rough and 
produced an interface friction angle, δ’ equal to ϕ’cv, 
as deduced from several interface direct shear tests. 
The model container was designed with rigid walls 
to confine the model in the transversal direction. The 
side friction between the soil and the container walls 
was minimised by lubricating the lateral surfaces.  

The reinforcing shafts were modelled by 70 mm 
external diameter, De (3.5 m at the prototype scale) 
aluminium alloy cylinders. The rock sockets were 
pre-formed and the shafts inserted and grouted 
before tamping the sand around them. 

 

 
Figure 1. Model Layout of the tests (model scale): cross section 
and plane view of the reinforced model. All dimensions are in 
mm 

The centre-to-centre shaft spacing in the tests 
with 3 reinforcing piers was equal to 1.5De = 105 
mm (5.25 m at the prototype scale). The thickness of 
the cylinder was chosen to properly scale the 
flexural rigidity of the shaft: (EpIp) = N

4
(EmIm) (see 

Fioravante, 2008). Referring to a prototype concrete 
shaft with Young’s modulus Ep = 35 GPa, external 
diameter De = 3.5 m and internal diameter Di = 2.6 
m (Ip = 5.12 m

4
), the prototype flexural rigidity is 

EpIp = 179 GNm
2
. Since the aluminium alloy has   

Em = 70 GPa, the inertia moment Im = 4.1·10
-7

 m
4
 

can be reproduced by a hollow cylindrical solid with 
external diameter of 70 mm and internal diameter 63 
mm.  

One model pier (shaft 1 in Figure 1) was 
instrumented with 5 pairs of strain gauges glued to 
the external surface, as shown in Figure 2, to 
measure the induced bending moments of the shaft 
at various elevations.  

Each model was prepared at 1g, then embarked 
into the centrifuge, accelerated to 50g and allowed to 
consolidate due to the self-weight, until the 
settlements of the soil surface were exhausted.  

The landslide was triggered by a displacement-
controlled piston which pushed down the top of the 
slope through a rigid slab connected to a hydraulic 
actuator which imposed a displacement field. The 
raft was allowed to slide parallel to the slip interface 
and produced a uniform displacement field. The 
force applied by the actuator was gradually 
increased up to the sliding condition was reached. 

 
Table 1.  Geometrical dimensions at the model and the proto-

type scale. ______________________________________________ 
Dimension      Model scale  Prototype scale 
         [mm]     [m] ______________________________________________ 
Thickness, tw     80       4  
Length, L      555     27.75  
Shaft height, H    200     10  
Exter nal diameter, De  70      3.5  
Internal diameter, Di  63      3.15 
Shaft spacing, s    105     5.25 _____________________________________________ 

 
 

Figure 2. Shaft model (model scale). All dimensions are in 

mm. 
 



In the following, only results pertaining to the 
development of bending moments along shafts will 
be reported. A Winkler model will be employed to 
calculate shaft response, for different assumptions 
about soil pressures. It will be shown that the case of 
1 shaft substantially differs, in terms of slide 
mechanism, from the case of 3 aligned shafts, and 
this leads to different soil pressures developing at 
the soil-shaft contact.   

3 SELECTED RESULTS: BENDING MOMENTS 
ALONG SHAFTS 

This section will deal with the development of inter-
nal forces along the shafts. This topic is particularly 
important in the design process as:  

1) it affects the structural design of shafts;  

2) it rules the additional stabilising contribution 
furnished by the shafts for determining the 
safety factor of the reinforced slope.  

From a practical viewpoint it is rather difficult to 
detect conservative assumptions to simplify the 
problem, as a conservative simplification from the 
structural side (i.e. shaft internal forces) corresponds 
to an unsafe implication from the geotechnical side 
(i.e. safety factor of the reinforced slope) and vice 
versa. Therefore, an accurate assessment of 
interaction pressures is of crucial importance for a 
correct design.  

Exploring different literature contributions (e.g. 
Broms, 1964, Ito and Matsui, 1975, De Beer and 
Carpentier, 1977, Pan et al., 2012, Muraro et al., 
2014), no clear indication emerges about the 
pressure acting in drained conditions even on a 
single passive shaft and the problem turns more 
complicated for a row of aligned shafts.  

Centrifuge tests reported in this work may be 
therefore utilised to shed light on the development of 
soil pressures on shafts. However, an interpretation 
of the experimental data in light of existing methods 
gets more problematic for the presence of an 
inclined slope and for the uncertainty related to the 
aluminium-soil friction, which may affect soil 
pressure.  

In the following bending moments arising from 
the tests with 1 and 3 shafts will be reported, trying 
to interpret experimental results for different hy-
potheses on pressures.  

The bending moment will be derived assuming an 
Euler beam loaded in the portion of shaft surrounded 
by the unstable soil by a triangular load distribution. 
The remaining portion of the beam rests on Winkler 
springs of constant stiffness.  

By trivial equilibrium consideration, bending 
moment at sand-concrete interface may be calculat-
ed as: 

   
3

e

1
M z t / cosi pD t / cosi

6
   (1) 

where p  is the gradient of soil-shaft pressure with 
depth (units: FL

-3
).  

At larger depths, the bending moments may be 
easily calculated by means of the classical Winkler 
model and could be expressed in closed form (Het-
enyi, 1946), yet the analytical expression is not re-
ported here.  

The mechanism of development of soil pressures 
is different for the case of a single shaft and three 
aligned shafts. Figure 3 shows, for the two cases un-
der consideration, the sliding mechanism at failure.  

It is observed that for the case of the single shaft, 
soil flows around the shaft; contact pressures will 
therefore intervene in the stability analysis as an ad-
ditional stabilizing contribution.  

As soil fails around pile, expressions for the ulti-
mate pressures available in literature will be utilized 
to interpret the development of bending moments.  

For the case three shafts it is observed that soil 
does not flow around shafts, but fails with a rota-
tional sliding mechanism in correspondence of these 
structural elements. Therefore, the pressures devel-
oping at shaft-soil interface are not the ultimate 
pressures. This implies that expressions like the ones 
furnished by Ito and Matsui (1975) or De Beer and 
Carpentier (1977), which suppose that soil is 
squeezed among piles, would largely overestimate 
pressures for such a small shaft spacing and cannot 
be utilized in this case. Instead, a simplified scheme 
is considered, the total force on shafts being calcu-
lated by subtracting the frictional force at sand-
concrete interface from the slab force.  

Figure 3. Failure surfaces for the tests with 1 and 3 shafts. 

3.1 Single shaft 

For the test involving a single shaft, it is expected 
that soil ultimate pressure is attained. Among most 
widely used expressions in literature, the one pro-
posed by Broms (1964) employs p  = 3kp; never-
theless for shallow depths (lower than 1.5 diameters) 
it is suggested to use p  = kp (Pan et al., 2012).  



To take into account the inclination of soil sur-
face, it is herein proposed to employ the coefficient 
of earth pressure for an infinite slope, multiplied by 
(cos i) to provide the horizontal component. Under 
these circumstances, the coefficient of horizontal 
earth pressure takes the form: 

2 2

ph
2 2

cosi cos i cos
k cosi

cosi cos i cos

  


  
 (2) 

Figure 4a shows the bending moment along shaft 
for p  = kphand p  = 3kph Also shown in the graph 
are the moments derived by the extensometer data.  

The two shallowest moments can be ignored in 
the interpretation of the data. This is because the cal-
ibration of the extensometers was carried out by 
equalizing the bending moment at the specific sec-
tion, given by the load applied at the top times the 
distance between the load and the section under con-
sideration, to the classical strength-of-material for-
mula that supposes strains to possess a linear distri-
bution across the shaft cross-section. However, due 
to the proximity of extensometers 1 and 2 to the load 
(less than De), this distribution may not reflect reali-
ty. Having used a single calibration constant for all 
the extensometers, the shallow moments may be er-
roneous. Moreover, extensometer 1 is only partially 
embedded in the soil, which generates further diffi-
culty in interpreting the data by means of the simple 
model proposed here where the beam occupies no 
physical space. 

As it can be noticed from the graph, it is rather 
comforting that experimental data lie between the 
two bounds above, given the empirical nature of the 
Broms’ expressions and the uncertainties related to 
the geometry of the problem and frictional properties 
at materials interface [Guo (2013) highlights a very 
large range of ultimate pressures predicted by differ-
ent existing design approaches].  

It seems that p  = 3kphprovides conservative re-
sults for the structural design of the shaft. The oppo-
site is true for the evaluation of the stabilizing con-
tribution provided by the reinforcement.  

3.2 Three aligned shafts  

For this test the spacing among the shafts is very 
narrow (= 0.5 times the shaft external diameter), so 
to prevent soil flow beyond reinforcement. The sta-
bilizing contribution of reinforcement is merely to 
force soil to fail along a different surface associated 
with larger external loads.  

Shafts are not subjected to the ultimate soil pres-
sure and a rough estimation of the total force on a 
single shaft may be obtained by subtracting the fric-
tional force along base to the total external load, and 
then dividing by 3.  

A triangular distribution of load is considered, 
which by means of simple equilibrium considera-
tions becomes: 

   3

s

2 B
p z cos i q L sin i cosi tan z

3 t
        (3) 

where  is the soil unit weight (=12.5 kN/m
3
) B is 

the width of the model in the transversal direction, q 
the applied load and Ls the distance between the slab 
and the shaft axis. 

Figure 4b shows the profile of bending moment 
predicted by the above equation for a load q = 42 
kPa, just before attaining the failure conditions, the 
latter corresponding to the sliding of the soil mass, 
along with moments derived by extensometer data, 
which well match with the analytical prediction. Al-
so shown in the graph are the values obtained 
through the methods proposed by Ito and Matsui 
(1975) and De Beer and Carpentier (1977).  

This encourages to conclude that the analysis of 
stability conditions of the slope due to such narrow-
ly-spaced shafts conducted via the latter methods 
largely overestimate soil pressures (therefore, an er-
ror on the stability analysis from the unsafe side), as 
soil might not flow among piles.  

For the case of Ito and Matsui, the exaggerated 
pressures are the outcome of two different hypothe-
ses:  

1) the method deals with failure conditions, 
where soil is squeezed between piles, while 
for the case at hand soil finds an easier way 
to fail just above reinforcement;  

2) the stress field adopted in the derivation of 
the method is quite unrealistic, assuming as 
principal the planes where shear stress is 
maximum, and this leads to very large over-
prediction of soil pressure for moderate-to-
high values of shearing resistance angle and 
slope inclination.  

The latter limitation has been overcome by De 
Beer and Carpentier, which modified the method by 
assuming a more reasonable stress field, yet even 
this method has to be used with caution, verifying 
that the critical failure mechanism imply soil failure 
between piles. This mechanism is certainly prevent-
ed for closely-spaced shafts.  

CONCLUSIONS 

In the paper centrifuge tests involving a slope 
stabilized with shafts have been described and some 
results have been interpreted in light of existing de-
sign methods. In particular, this work focused on the 
distribution of bending moment along shaft due to 
soil pressures. A reliable evaluation of the latter is 
necessary for designing the shafts from a structural



Figure 4. Comparison between bending moments predicted by the analytical method and those measured in the tests for the 

slope reinforced with (a) 1 shaft and (b) 3 shafts. 
 

standpoint and – perhaps more crucial aspect – for 
determining the stabilising contribution offered by 
the reinforcement and thereby the safety margins as-
sociated with the reinforced slope. Notwithstanding 
the practical relevance of this topic, even a rough 
evaluation of pressures is very problematic by means 
of existing methods, especially for drained condi-
tions, where slope inclination, soil-shaft friction and 
group and arching effects may play a major role.  

This works tries to use centrifuge tests to shed 
some light on the subject. The main conclusions may 
be summarized as follows: 

1) for an isolated shaft, where soil reaches its 
ultimate pressure, the latter seems to be con-
fined between p(z) = kphzand p(z) = 3kphz; 

2) a row of shafts with very narrow spacing (in 
the case under examination the spacing is 1.5 
times the external diameter) provides a stabi-
lizing contribution for the slope by merely 
forcing the soil to fail without intersecting 
the reinforcement, and this change in the slip 
surface is associated with a larger applied 
load (or, alternatively, a larger safety factor). 
Under these circumstances, simple equilibri-
um considerations, assuming that all the 
shafts equally share the load, seem to provide 
reasonable accuracy in determining soil pres-
sures under a specified external load, contra-
ry to methods looking at failure conditions in 
which soil is squeezed between piles, that 
can severely overestimate soil-shaft pres-
sures.  
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