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ABSTRACT
Infrastructure rehabilitation and development are very active all over the world. This
creates a need to better understand the soil-structure interaction, which may lead to a
better estimation of pressures in backfilled openings and improvement in infrastructure
design. For such purpose, a series of experiments have been performed within an
instrumented silo backfilled with a cohesionless soil. In this paper, these experimental
results will be presented and compared with existing solutions, including the
overburden and arching theory solutions.
1. INTRODUCTION
Soil-structures interaction is a phenomenon commonly observed in geotechnical
engineering (Harrop-Williams 1989). When a frictional particulate material is placed in a
confined opening with rigid walls, the deformable fill material tends to yield and move
downward under its own weight, while the stiffer abutments tend to hold the fill in place
by shearing stresses along the interfaces. Part of the load due to the fill weight is then
transferred from the fill material to the surrounding walls. The stresses within the
backfill are then reduced and become smaller than those calculated with the
overburden solution. The phenomenon of load transfer from a softer material to
adjacent stiffer material is called “arching effect”. It is the basis of the arching theory,
introduced by Janssen (1895) for estimating stresses in powder silos (Sperl 2006).
The broad application of the arching theory is mostly due to Marston, who made use
of Janssen’s arching theory and introduced an analytical solution for evaluating the
load on conduits buried in trenches (Marston and Anderson 1913; Marston 1930).
Since then, the arching theory has been widely used not only in backfilled trenches
(Spangler 1948; Handy 1985, 2004; Spangler and Handy 1984; McCarthy 1988; Moore
2001; Brachman and Krushelnitzky 2005; Whidden 2009) and silos (Richmond and
Gardner 1962; Richards 1966; Cowin 1977; Blight 1986a,b, 2006; Drescher 1991;
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Cheng et al. 2009), but also in other domains, such as stress estimation in mining
stopes backfilled with tailings or waste rocks (Hustrulid et al. 1989; Aubertin et al. 2003;
Li et al. 2003, 2005a,b; Li and Aubertin 2008, 2009a,b,c, 2010; Grabinsky 2010; Ting et
al. 2011). The arching effect also takes place in soils placed behind retaining walls
(Wang 2000; Take and Valsangkar 2001; Paik and Salgado 2003), in dam cores
confined by granular soils (Kutzner 1997), and around piles driven in soft soils (CGS,
2006). Pressure estimation above a tunnel (Terzaghi 1936; Ladanyi and Hoyaux 1969;
Iglesia et al. 1999) and beneath a stockpile (Michalowski and Park 2004, 2005, 2007;
Pipatpongsa et al. 2010; Ai et al. 2011) is another application of arching theory within a
unique particulate soil.
In the case of backfilled openings (trenches and mining stopes), numerous new
developments have been achieved over the years, including numerical modeling of
arching effects (e.g., Aubertin et al. 2003; Li et al. 2003; Li and Aubertin 2009) and
analytical solution development taking into account three dimensional consideration (Li
et al. 2005a,b; Pirapakaran and Sivakugan 2007b), wall inclination (Shukla et al.
2009a,b; Ting et al. 2011; Li et al. 2011, 2012), and water condition (Li et al. 2009a,b).
While these analytical and numerical solutions constitute useful tools in civil
infrastructure and mining backfill design, it is crucial to verify these models by
experimental tests.
Experiments can be conducted in the field or the laboratory. In the field, several
influencing factors (irregular geometry, evolution of the physical and hydraulic
properties of fill material, interaction between thermo-hydro-mechanical aspects,
variation of surrounding conditions, etc) could be concurrently involved, making the
interpretation of experiments a great challenge (e.g., Belem et al. 2004; Blight 2006;
Grabinski 2010). Therefore, laboratory tests have the advantage of enabling one to
control or measure the most influencing factors. However, most existing laboratory
models are small in scale and with few possible variations in experimental conditions.
For instance, Take and Valsangkar (2001) made use of a box of 254 mm×150 mm×184
mm (length×height×width) placed in a centrifuge to simulate a 5 m prototype wall using
an acceleration of 35.7 times the gravity accelerator. Only horizontal stresses were
measured. Pirapakaran and Sivakugan (2007a) investigate the arching effect using
columns of 15 cm in diameter to simulate circular stope or in side width to simulate
square stope, both 90 cm in height. Only vertical pressures were measured.
In this paper, we present laboratory tests performed with a silo 69 cm in diameter
and 190 cm in height, instrumented with both horizontal and vertical pressure sensors.
In the following, the instrumentation and experiments results are presented, analyzed
and compared with analytical solutions based on overburden weight and arching theory.
2. PRESSURE MEASUREMENTS WITHIN A BACKFILLED SILO
2.1. Physical Model
The physical model is made of a stainless steel silo with an internal diameter of 69
cm and a height of 190 cm from bottom to top and a pressure measurement system
installed at its base (Fig. 1). The latter is made of three pressure sensors mounted on a
metal cube and connected with a computer via a data acquisition card. It was fixed at
the base of the silo after several calibrations with a water column.

Fig. 1 Physical model used to measure the variation of the stresses in a backfilled
opening: Left, the stainless steel silo 69 cm in diameter and 190 cm in height; Right, the
pressure measurement system before (upper) and after being mounted in the silo.

2.2 Testing Material
The fill material used is a commercial sand from Bomix. Its grain-size distribution
curve is shown in Fig. 2, with less 5% fines, a uniformity coefficient Cu = 4.44 and a
coefficient of curvature Cc = 1.03. It is classified as a poorly graded sand (Liu and Evett
2003; Das 2004), having a porosity of about 36% at loose state. It has a density of
1596 kg/m3 at loose state, and 1805 kg/m3 or 1860 kg/m3 when compacted under
standard or modified Proctor protocols.
Direct box shear tests were conducted to measure the friction angle of the fill
material and the friction angle long the fill-steel wall interface. The results are presented
in Fig. 3, indicating a fill friction angle of 42.9° and a friction angle of 25.5° along the fillwall interface. This indicates that the friction angle (δ) at the fill-wall interface is close to
two-thirds of the fill friction angle (φ), an assumption (i.e. δ = 2φ/3) commonly used in
geotechnical engineering (e.g., Bowles 1996; CGS 2006).
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Fig. 2 Grain-size distribution curve of Bomix sand.

Fig. 3 Experimental results of direct box shear tests on Bomix sand and along sandsteel interface.

2.3 Testing Procedure
Before filling the silo with the sand, the pressure sensor system was again calibrated
by filling the silo with water. Fig. 4 shows the detail of sensors’ positions and
corresponding water columns. With the measured water column, h, in the piezometer,
the water columns above Sensor 1, h1 and above Sensors 2 and 3, h2 can be
estimated. The calibration results are presented in Table 1. We see that the pressures

measured by the three pressure sensors correspond in general well to the hydrostatic
pressures calculated with water column.
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Fig. 4 Sensors’ positions and corresponding water columns during calibration.

Table 1 Calibration of the pressure measurement system with water column
h2
Sensor 1 (kPa)
Sensor 2 (kPa)
Sensor 3 (kPa)
h1
h
(cm)
(cm) (cm) Reading
Error
Reading
Error
Reading Error
46.5
18.5 28.0
1.73
4.7%
3.04
10.7%
2.84
3.4%
56.0
28.0 40.5
2.49
9.3%
3.95
0.6%
3.97
0.1%
66.0
38.0 50.5
3.62
2.9%
5.07
2.3%
5.10
2.9%
76.0
48.0 60.5
4.65
1.2%
6.19
4.3%
6.23
5.0%

After the calibration of the pressure measurement system, water was drained. The
void below the grid on which was installed the pressure measurement system was first
filled dry sand, with a surpassing of 1.5 cm over the grid level. This means that the
filling operation began with a starting thickness of 4.5 cm from the grid base level.
Thereafter, the filling operation proceeded with controlled sand volumes. Every step,
we poured two bags of sand. One bag of sand had about 30.66 kg. With a unit weight
of about 1.6 g/cm3, this represents a thickness of about 5.09 cm in the silo.
On the other hand, the fill thickness can be estimated by measuring the void height
between the fill surface and the top of the silo. Note that the sand pouring operation
was conducted manually. Thus, when the sand was poured into the silo, precautions
were taken to expand the sand over the whole area of the backfill. Nevertheless, it was
difficult to obtain a perfectly leveled surface, as shown in Fig. 5. Leveling operation had
to be done between each layer. After leveling each layer, several measurements were
made to obtain an average value of the height between the fill surface and the top of
the silo. The fill thickness between the grid base level and the top of the fill can then be
calculated. It corresponds to the measured fill thickness.

Table 2 shows the comparison between the estimated fill thickness and the
measured value. The agreement between the two was very good with a discrepancy
less than 5%.

Fig. 5 Backfill surface after sand pouring before leveling.

Table 2 Backfilling with volume control and thickness measurement
Fill
Fill
Estimated
Average height Measured fill
layer
increment fill thickness
measured
thickness
number in number
from grid
between fill
from grid
of sand
base level surface and top
base level
bags
(cm)
of the silo (cm)
(cm)
0
--4.5
--4.5
1
2
14.7
175
15.0
2
2
24.9
165.8
24.2
3
3
35.04
154.7
35.3
4
2
45.2
142.6
47.4
5
2
55.4
134.0
56.0
6
2
65.6
124.8
65.2
7
2
75.8
112.7
77.3
8
2
85.9
102.9
87.1
9
2
96.1
92.7
97.3
10
2
106.3
82.7
107.3
11
4
126.7
62.6
127.4
12
4
147.0
41.3
148.7
13
2
157.2
31.8
158.2
2.4 Experimental Results

Difference
between
estimation
and
measurement
--2.0%
2.9%
0.7%
4.6%
1.1%
0.6%
2.0%
1.3%
1.2%
0.9%
0.6%
1.1%
0.6%

Table 3 shows the readings of pressure sensors during the filling operation. It is
noted that Sensor 1 (measuring vertical pressure) has non zero values even when the
fill (Fill layer number 1 and 2) does not reach its height. This is because it is horizontally
positioned and holds a portion of soil during the filling operation.
Fig. 6 shows the variation of pressures measured during the filling operation. There
was no data recording at the beginning of the filling due to human error. On the figure,
Sensor 1 is horizontally positioned and measures the vertical pressure. Sensor 2 is
positioned vertically with its face toward to the pouring direction. It measures the
horizontal stress parallel to the pouring direction. Sensor 3 is also positioned vertically,
but parallel to the pouring direction. It measures the horizontal stress in direction
perpendicular to the pouring direction.
It is seen that the two vertically positioned sensors behave differently. Sensor 3,
having its face parallel to the pouring direction, shows a horizontal stress smaller than
that measured by Sensor 2, which had its face toward the pouring direction. The latter
has an initial reading close to that of Sensor 1. But the reading of Sensor 1 deviated
from that of Sensor 2 as soon as the fill thickness exceeded 56 cm. Thereafter, one
observes that the vertical pressure (Sensor 1) is larger than the horizontal one
(Sensors 2 and 3).
From Fig. 6, we see also that the three pressures evolved from an elapsed time of
2000 seconds to 82000 seconds. More work is required to investigate if this was only
due to temperature variation from the evening to next morning over the night.

Table 3 Reading of pressure sensors during filling operation
Sensor 1
Fill
Fill
Fill
Fill
(kPa)
thickness
thickness
thickness
layer
above
above the
number from the
Sensors 2
Sensor 1
grid base
and 3 (cm)
(cm)
level (cm)
0
4.5
----0
1
15.0
----0.27
2
24.2
--8.7
0.32
3
35.3
7.3
20
1.30
4
47.4
19.4
31.9
2.81
4.38
5
56
28
40.5
5.35§
6
65.2
37.2
49.7
6.92
7
77.3
49.3
61.8
8.65
8
87.1
59.1
71.6
10.27
9
97.3
69.3
81.8
11.35
10
107.3
79.3
91.8
12.49
11
127.4
99.4
111.9
14.43
12
148.7
120.7
133.2
15.84
13
158.2
130.2
142.7
16.49
§
Reading after 22 hours and 18 minutes later.

Sensor 2
(kPa)

Sensor 3
(kPa)

0
0.59
1.33
2.03
2.83
3.47
4.38§
4.96
5.5
5.87
6.14
6.4
6.83
7.26
7.42

0
0.44
1.32
1.76
2.21
2.60
3.28§
3.68
3.92
4.22
4.36
4.51
4.8
5.1
5.2
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Fig. 6 Pressure variation during the filling operation: Sensor 1 = vertical stress; Senor 2
= horizontal stress parallel to pouring direction; Sensor 3 = horizontal stress
perpendicular to the pouring direction.

3. ANALYTICAL SOLUTIONS FOR ESTIMATING THE STRESS STATE IN A
BACKFILLED SILO
In geotechnical engineering, the earth pressures are usually estimated based on the
overburden solution as follows:

σ v = γz
σ h = Kσ v

(1)
(2)

where σv and σh are the vertical and horizontal stress at a depth, z, respectively; γ is the
unit weight of the backfill; K is an earth pressure coefficient.
The overburden solution (Eqs. (1) and (2)) is only valid when the fill-wall interfaces
are smooth (i.e. there is no friction). Otherwise, arching effect may take place and leads
to load transfer from the softer fill material to stiffer and stronger abutment walls. For
the case of cohesionless soils confined in a cylinder vertical opening, the vertical stress
can be estimated as follows (Janssen 1895; Cowin 1977):

σv =

γD

⎧
z
⎛
⎞⎫
⎨1 − exp⎜ − 4 K tanδ ⎟⎬
D
4 Ktanδ ⎩
⎝
⎠⎭

(3)

where D is the diameter of the cylinder opening; δ is the friction angle along the fill-wall
interface. The horizontal stress is still estimated with Eq. (2), in which the value of K is
usually close to Rankine’s active earth pressure coefficient, Ka (Marston 1939):

φ⎞
⎛
K = K a = tan 2 ⎜ 45° − ⎟
2⎠
⎝

(4)

where φ is the friction angle of the backfill. Numerical simulations of vertical backfilled
openings performed by Li et al. (2003) showed that the expected value of the earth
pressure coefficient K may actually vary between Ka and K0. K0 is the at rest earth
pressure coefficient (Jaky 1948):

K = K 0 = 1 − sin φ

(5)

Eqs. (1) to (5) constitute the analytical solutions for estimating the vertical and
horizontal stresses in a circular vertical backfilled opening.

4. COMPARISON BETWEEN PRESSURE MEASUREMENT AND THEORETICAL
CALCULATIONS
Fig. 7 shows the vertical and horizontal stress distributions obtained with the
analytical solutions by considering the backfill in at-rest and active states, respectively.
The figure also shows the pressure measurements. When the backfill is considered in a
loose state (Fig. 7a), the unit weight of the backfill is taken as γ = 15.7 kN/m3 while a
value of 18.2 kN/m3 is taken if the backfill is considered in compacted state (Fig. 7b).
First of all, we note that both the vertical (σv) and horizontal (σh) stresses increased
nonlinearly with depth, z. The deviation of the measured vertical stress, σv (Sensor 1)
below the vertical stress line of the overburden solution indicated that arching took
place within the backfilled opening. The best agreement between the measured and
theoretical solutions was obtained by considering the arching solution with an active
earth pressure coefficient K0 and considering a maximum soil density of 1860 kg/m3.
For the horizontal stress (σh) component, we note that its measured values
exceeded the values predicted with both the overburden and arching analytical
solutions, independently from the unit weight or backfill state. Only near the end of
backfilling, did their magnitudes drop below the horizontal stress line calculated with the
overburden solution by considering the backfill at an at-rest state. This phenomenon
has been reported but never explained in several past investigations (Blight 1986a,
1986b, 2006; Take and Valsangkar 2001). More work is required to fully understand
this aspect.
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Fig. 7 Comparison of horizontal stresses between analytical solutions and experimental
results without correction of local negative arching effect.

5. DISCUSSION AND CONCLUSION
In this paper, a physical model using an instrumented silo has been shown. A
commercial sand has been used as backfill material. Its geotechnical properties such
as the density and friction angle have been measured before the backfilling operation.
Sand-steel interface friction angle has also been measured using direct shear box tests.
Before backfilling in the silo, the pressure system was first calibrated with water,
showing that the pressure system gave reliable measurements. To ensure a quality
measurement of backfill height, the thickness of each fill layer is estimated with the fill
mass used and indirectly measured. The excellent agreement between the two
methods indicates that both the estimation and measurement can be used to determine
the fill thickness.
The nonlinear distribution of the horizontal and vertical stresses indicates the
occurrence of the arching effect. A best agreement is obtained between the measured
vertical stress and that calculated with the arching solution by considering the backfill at
an active and compacted state. However, more work is required to understand the time
and temperature effects, and why the measured horizontal stresses exceed the value
calculated with the overburden solution, which is usually considered as the upper
bound solution.
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