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1 INTRODUCTION 

Differential movement and yielding of portions of a 
soil mass occur for example with soft inclusions in 
soil, formation of voids, or collapse of underground 
structures. The relative movement in the yielding soil 
is opposed by a shearing resistance in the stationary 
parts of the soil and there is a resultant increase in 
pressure on the stationary part and decrease in pres-
sure on the yielding portion. This is called the arching 
effect as the soil is said to ‘arch’ over the yielding part 
of the support (Terzaghi, 1936).  

The relevance and application of arching in soil 
mechanics is demonstrated in both natural scenarios 
and man-made structures. It is commonly witnessed 
in karstic soils where there is the formation of subter-
ranean voids and sinkholes, with buried flexible 
pipes, in tunnel construction or in the collapse of mine 
workings. 

Arching studies have been conducted predomi-
nantly to evaluate loads on underground structures in 
order to design them appropriately, with particular 
reference to tunnels and buried pipes. Additionally, 
understanding of soil arching behaviour is important 
to determine the impact on surface infrastructure as a 
result of the collapse of subsurface infrastructure and 
voids. 

2 BACKGROUND 

The experimental study of arching in soils is most of-
ten conducted through the use of a trapdoor model. A 
false bottom is created in a soil container and a sec-
tion is then lowered or removed and the resulting ef-
fect of the differential displacement on the soil or re-
inforced soil is observed. Downward displacement of 
the trapdoor induces active arching in the soil body.  

This method was first used by Terzaghi (1943) in 
the study of arching in granular soils. Centrifuge 
modelling of the phenomenon using this technique 
has been conducted most recently by Dewoolkar et al. 
(2007), Costa et al. (2009) and Iglesia et al. (2014). 

In this investigation, a series of experiments have 
been conducted to study the arching in granular soils 
conducted in plane strain, using a hydraulically con-
trolled trapdoor mechanism in the geotechnical cen-
trifuge. The load and displacement of the trapdoor 
were measured, and soil displacements and strains 
were captured and analysed using digital image cor-
relation techniques. 

The purpose of this research is to investigate the 
evolution of the arching mechanism as yielding oc-
curs primarily through visual observations, and to un-
derstand the shape of the deformed soil and determine 
if generalisations about the arching behaviour in the 
dense sand models studied can be made.  
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3 CENTRIFUGE MODELLING 

3.1 Centrifuge package 

Centrifuge modelling was conducted in the 10m bal-
anced beam centrifuge at the University of Cam-
bridge (Schofield, 1980) at a gravitational accelera-
tion of N = 40. Tests were conducted in a rectangular 
container of plan dimensions of 200 mm x 790 mm; a 
photograph of the centrifuge package used is shown 
in Figure 1.  Plane-strain testing with the inclusion of 
a transparent boundary was chosen for the ability to 
obtain optical measurement of soil displacements us-
ing Particle Image Velocimetry (PIV) (Stanier et al., 
2015).  

 
Figure 1. Plane-Strain centrifuge package with transparent Per-
spex window for image capture of soil displacements. 

3.2 Trapdoor model & instrumentation 

A 50 mm-wide rectangular trapdoor was used to sim-
ulate the formation of a small void beneath the soil 
(equivalent to a 2 m prototype width). The trapdoor is 
connected to an oil-filled hydraulic cylinder (80 mm 
in diameter) and movement is controlled with a linear 
actuator connected to a second hydraulic cylinder (50 
mm in diameter). The upwards movement of the lin-
ear actuator results in downwards movement of the 
trapdoor; a solenoid valve is included and is closed 
during the spin-up to 40g to minimise movement of 
the trapdoor. The trapdoor was lowered in increments 
and stopped whilst photographs were taken; this was 
done so that the images could be correlated precisely 
to the trapdoor position. At the start of the test, the 
trapdoor was lowered in 0.1 mm increments at a rate 
of 0.02 mm/s up until a displacement of 0.5mm had 
been reached; thereafter the trapdoor was lowered in 
0.5 mm increments at a rate of 0.035 mm/s until the 
end of the test.  

The load on the trapdoor is measured with a load 
cell in the center. The load cell is axially compensated 
to allow for minor rotations that may occur in the door 

as it is being displaced. Two Linear Variable Differ-
ential Transformers (LVDTs), one on either end of 
the door, are used to measure the displacements. 

A schematic representation of the trapdoor model 
and instrumentation is presented in Figure 2. Figure 3 
is a photograph of the completed model setup; in par-
ticular, the cameras used for the image capture for the 
PIV analysis are highlighted.  
 

Figure 2. Trapdoor model configuration showing (a) elevation 
view as seen through the Perspex window and (b) cross-sectional 
view along the trapdoor length showing trapdoor movement 
control system. 

3.3 Material properties 

Dry Hostun sand, a fine grained siliceous sand from 
France, was used for the granular material in all the 
centrifuge tests. The sand used included a mix of ap-
proximately 5% dyed blue sand to create more con-
trast and soil texture and allows better tracking of 
strains and deformations by the PIV analysis. The 
sand was sieved and re-used to ensure consistent soil 
properties in all the tests conducted.  



The soil has a d50 of 0.480 mm and maximum and 
minimum void ratio of 0.55 and 0.99 respectively. 
The sand model was prepared at a minimum relative 
density of 85% by using air pluviation automatic sand 
pourer as described by Zhao et al. (2006) to achieve a 
consistent and uniform relative density of the soil. 

 

 

Figure 3. Completed model setup highlighting cameras used to 

obtain images for Particle Image Velocimetry (PIV) analysis. 

3.4 Test procedure 

Three centrifuge tests are reported in this paper; the 
ratio of the soil overburden height (H) to void width 
(B), H/B, was varied in the three tests. Ratios of 1, 2 
and 3 were adopted (i.e. soil depths of 50, 100 and 
150 mm respectively). The properties of the prepared 
soil are shown in Table 1.  

 
Table 1: Test preparation information 

H/B 
Initial void 

ratio 

Density 

(%) 

Unit weight 

(kN/m3) 

3 0.60 89.37 15.96 

2 0.58 92.16 16.08 

1 0.52 106.83 16.76 

4 RESULTS & DISCUSSION 

The results from the tests are discussed in the follow-
ing three sections: the determination of the initial load 
on the trapdoor, the load-displacement behaviour of 
the trapdoor during the lowering of the trapdoor and 
the soil displacement profiles and soil strains from the 
PIV analysis are presented. 

4.1 Determining initial load  

In order to reduce its movement during swing-up, the 
trapdoor was manually pushed into position flush 
against the abutments (which can be seen in Figure 2) 
using the actuator control system before the sand was 
poured into the model. Reaction plates prevented the 
trapdoor from protruding above the top surface of the 
abutments.  During the test, this resulted in a pre-com-
pression load being measured by the load cell and the 
initial load being higher than the expected geostatic 
load.  

The load cell reading at 40g was adjusted to re-
move the weight of the trapdoor and reaction plates. 
In order to remove the effect of the pre-compression, 
the expected geostatic load was calculated using the 
effective width of the trapdoor determined from the 
shear bands formed in the PIV (see section 4.3).  

The recorded trapdoor displacement was adjusted 
so that zero displacement occurs when the measured 
load equals the theoretical overburden according to 
the same procedure used by Iglesia et al. (2011). 

4.2 Load-transfer reaction 

In broad terms, three zones of behaviour can be ob-
served in the load-displacement plot from a trapdoor 
test which defines how load is transferred in the pro-
cess of arching. In the first zone, the initial arching 
action occurs as the load reduces from the initial load 
to the point of maximum arching. This is followed by 
a transition period as a portion of the load is recov-
ered. Finally, a stable (ultimate) load is reached, alt-
hough deformation of soil body continues in this 
zone. This is shown schematically in Figure 4; the 
equivalent results from the tests reported in this paper 
are plotted in Figure 5 and they show a similar trend 
to what is shown in Figure 4. 

 
Figure 4. Qualitative explanation of load-displacement behav-

iour of the trapdoor. 
 
The soil surface settlement as a function of the 

trapdoor displacement shows two main gradients re-
lated to the initial and final arching stages highlighted 
above. This is as described by Dewoolkar et al. 

Powershot cameras used 

Camera fields of view 



(2007). The point at which the ultimate load is 
reached can be determined as the intersection of the 
two gradients; these results are plotted in Figure 6.  

 
Figure 5. Load-displacement measurements in the trapdoor tests. 

Figure 6. Soil surface settlement as a function of trapdoor dis-

placement showing displacement at ultimate load. 

 
For the test with H/B = 1, the central LVDT went 

out of range and hence it was not possible to measure 
the surface displacement beyond 6.1 mm. The ulti-
mate load for this test was therefore determined at the 
point in the load-displacement curve when the load on 
the trapdoor is stable.   

The key information extracted from the plots in 
Figure 5 and Figure 6 is shown in Table 2. The meas-
ured load, the ratio of the load to the initial load (P0), 
and displacement at both the minimum load point 
(maximum arching occurring) and the ultimate load 
are recorded. The observed outcomes are that (a) the 
trapdoor displacement at ultimate load is approxi-
mately equal in all three tests, (b) the ultimate load 
reached is fairly constant and independent of the soil 
height, and (c) the load recovery in the test with H/B 
of 1 is to the full expected geostatic load. From the 
observation of the final soil deformation in this test, 
this last result makes sense as the full soil body above 

the trapdoor width failed and formed a funnel at the 
surface.  

The results in Table 2 also seem to indicate that for 
the tests with deeper overburdens, the description of 
the behaviour at the key points is more similar in 
terms of absolute loads than in terms of efficiency (ra-
tio to the initial load). The loads on the trapdoor in 
these cases are expected to be due to the trapdoor 
width, and independent of the soil overburden height. 
 
Table 2: Key information from load-displacement plots  
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3 102 13 0.46 173 22 9.03 

2 90 16 0.84 230 41 8.47 

1 11 4 0.32 302 106 8.68 

4.3 Deformation and failure mechanisms 

The final soil deformation for the tests for H/B of 2 
and 1 are shown in the photographs in Figure 7 (a) 
and (b) respectively. The soil body for H/B of 3 did 
not have horizontal lines, so the photograph does not 
clearly show the deformation pattern.   

(a) 

(b) 

Figure 7. Final soil deformation photographs (a) H/B = 1 and (b) 

H/B = 2. 

 
An example of the soil displacement profile ob-

tained from PIV analysis at the maximum arching 



state and at the stage when the ultimate load is 
reached is shown in Figures 8 for the tests of H/B = 
3. These plots show the shape of the deformed soil 
and magnitude of movement. 

In addition, the soil displacement profile in the 
transition zone is also shown; the point halfway be-
tween the maximum arching and the ultimate load is 
plotted in the figure.  

The following general comments can be made 
about the size and shape of the displacement profiles: 

 At the maximum arching state, the shape of 
the deformed soil appears to form a trian-
gular arch over a body of rigidly deforming 
soil. A similar observation was made the 
test of H/B = 2 and H/B = 1. From visual 
comparisons, the observed triangle is ap-
proximately the same size between all 
tests, although the soil displacements at 
this stage vary between the tests with the 
triangular soil body displacing more in the 
tests with a deeper overburden.  

 Two zones of deformed soil are visible at 
the ultimate load. The darker internal zone 
retains the same triangular shape as the in-
itial triangular arch but it extended further 
upwards with near vertical sides. This is 
surrounded by a darker grey area of soil 
that has deformed less in an approximate 
parabolic shaped arch.  These two distinct 
zones of movement are as described in the 
mechanics of shear band formation and 
progression with large deformation of the 
trapdoor in Dewoolkar et al. (2007). 

 At the end of the test, the deformed soil 
zone in the lower part of the soil body is 
bounded by vertical sides from the 
trapdoor towards the surface in all three 
tests. This shows agreement with the as-
sumptions made by Terzahgi (1943) in his 
development of arching theory that the fi-
nal deformed soil tends towards a prism. 

5 CONCLUSION 

An experimental study of arching in granular soils has 
been conducted in the geotechnical centrifuge for 
three soil heights 150, 100 and 50 mm over a trapdoor 
of 50 mm width. The following observations have 
been made from the results:  

 Three clear regions of arching behaviour are 
observed in the load-displacement plots of the 
trapdoor with maximum arching occurring 
with less than 1 mm of movement of the 
trapdoor. The stages are identified as: (a) the 
initial arching to the point of maximum arch-
ing where a triangular shaped arch is formed 
above the trapdoor, (b) a transition phase as 
the load on the trapdoor recovers and (c) the 
point when the load on the trapdoor stabilises 
(ultimate load). 

 The ultimate load reached is approximately 
constant in all tests conducted (235 N aver-
age) and is reached at approximately the same 
trapdoor displacement (8.73 mm average).  

 PIV analysis of the images from the tests al-
low the observation of the shape of the arch 
formed and evolution of arching mechanism 
as displacement of the trapdoor progresses. 
The PIV shows the initial triangular arch in 
the reported tests, the vertical extension of this 
arch as the load recovers and the formation of 
a second zone of deformation in the soil which 
is more parabolic in shape and tending to-
wards a prism as deformation reaches the ul-
timate load.   

 
Similarity in behaviour indicates that a uniform 

understanding of arching is possible which for deep 
soils appears to be independent of the soil overburden 
height.  

Further work will be conducted to quantify the 
stress redistribution in the soil as arching occurs, the 
appropriate determination of the ultimate load to be 

Figure 8. Observed deformation patterns for test H/B = 3. 



used in calculations involving arching and the impact 
of formation of voids at depth on soil surface settle-
ment.  
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