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ABSTRACT

A trapdoor system has frequently been used to study soil arching and its development in

recent years. The load transfer in the fill of piled embankments is very similar to a trapdoor

system with multiple trapdoors. There are multiple arching models described in different

standards and guidelines for piled embankments that can be subdivided into three arching-

model families. To study the soil-arching type and its development, a series of model tests

with sand fills were carried out in a two-dimensional (2D) multi-trapdoor test setup. The

tests considered four factors—the fill height, trapdoor width, pile width, and grain size of the

sand—with four values for each factor. Triangular slip surfaces were found at very small

deformations using the particle image velocimetry (PIV) technique. These surfaces evolved

in ways that could be related to the three types of stress-distribution ratio curves, with

development patterns similar to the arching families of piled embankments: (1) the rigid-

model family, (2) the equal-settlement-plane-model family, and (3) the limit-equilibrium-

model family. The limit-equilibrium-model family occurred in tests with narrow trapdoor

widths.

Keywords

trapdoor tests, soil arching, piled embankments, multiple trapdoors, model test, stress-distribution ratio,

PIV technique

Introduction

Trapdoor systems are often used to study arching mechanisms (Terzaghi 1936), and the test setups

have become the standard in many studies (Ladanyi and Hoyaux 1969; Vardoulakis et al. 1981;

Sloan et al. 1990; Paikowsky and Tien 2002). Similar trapdoor systems have been used to study

soil arching in real geotechnical problems. Meguid et al. (2008) presented testing techniques
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ranging from two-dimensional (2D) trapdoor tests to miniature

tunnel-boring machines that simulate tunnel excavations. Costa

et al. (2009) conducted three-dimensional (3D) tests to study

the deformation patterns and failure mechanisms of sand over a

deep active trapdoor (buried pipe). Well-defined failure surfaces

were identified in the sand fill with the displacement of the trap-

door. The boundary conditions of piled embankments match

well to the multiple-trapdoor system. The arching mechanism

becomes more complicated when the pile width a is taken as a

variable. Van Eekelen et al. (2012a, 2012b, 2013, 2015) used a

series of tests with a 3D trapdoor-like setup to create an analyti-

cal arching model for geosynthetic reinforcement design using a

saturated, leak-proof foam cushion between the piles with an

attached tap. Opening the tap and applying pressure to the satu-

rated foam cushion squeezed out the water, simulating the com-

pression of soft soil. Eskis�ar et al. (2012) studied arching in

reinforced and unreinforced piled embankments with the x-ray

computed tomography (CT) method by constructing small, 3D

scale models of piled embankments with different fill materials

and pile spacings. Different arch shapes denoting the density

change of the materials for different test cases were shown in

the CT images.

The deformation patterns and development processes dur-

ing the movement of the trapdoor are very important for estab-

lishing a comprehensive understanding of soil arching. Terzaghi

(1936, 1943) found slip surfaces in the fill of the trapdoor tests.

Terzaghi (1943) suggested that the inclination of the slip surfa-

ces decreases from 90� to 45� þu/2 with increasing H/(s-a),

where H is the height of the fill, s is the spacing, and a is the

width of the trapdoor. The changing slip-surface angle shows

the arching development. Chen et al. (2008) carried out a series

of model tests of piled embankments with and without rein-

forcement. In the unreinforced piled embankments tests (nos.

1�7), the pile width a was 150mm and the net spacing (s-a)

was 600mm; H varied from 420mm to 1200mm. Settlement

was modeled by the discharge of two water bags. Differential

settlement occurred on the top of the embankment in test nos.

1 to 4 (H/(s-a)� 1.4). In tests nos. 5 to 7 (H/(s-a)� 1.6), an

equal settlement plane and no apparent differential settlement

occurred on the embankment surfaces. However, the soil-

arching development patterns are not well described because

most of the arching patterns observed in the tests occurred at

the end of settlement. In recent years, several researches have

started focusing on the arching development during the

ongoing movement of the trapdoor. Chevalier et al. (2012) con-

ducted a series of single trapdoor tests with a¼ 0.20m, and

H¼ 0.15 to 0.80m. They described the load-transfer processes

during the downward movement of the trapdoor in three

phases: phase (a): the maximum transfer phase, phase (b): the

transitional phase, and phase (c): the critical phase. A triangular

expansion zone was observed in phase (b), whereas phase (c)

showed vertical sliding zone boundaries. Iglesia et al. (2013)

carried out a series of centrifuge tests of piled embankments

and also identified three development stages. Based on the dis-

placement data, they concluded that the physical arch evolves

from an initially curved configuration to a triangular shape, and

ultimately to a prismatic sliding mass with vertical sides. The

triangular zone of transitional phase [phase (b)] and final verti-

cal boundaries [phase (c)] in Chevalier et al. (2012) partly coin-

cide with the last two stages described in Iglesia et al. (2013).

Both studies confirmed the inclination change suggested by

Terzaghi (1936, 1943). The development patterns may be differ-

ent under different geometric combinations, and the arching

development processes have not been adequately studied.

For the study of soil-arching development, the whole dis-

placement of the fill must be measured. The advantages of the

two-dimensional (plane strain) test are that the deformation

can be observed and/or recorded through a transparent panel.

To explore the different development patterns of soil arching

and determine where and when they are applicable, a plane

strain multi-trapdoor test setup was built. Four factors—fill

height (H), net spacing (s-a), width of the piles (a), and grain

size of the sand (d)—were taken into account. It is expected

that the tests results will show the different arching types and

development patterns. Analysis of these arching patterns and

geometric conditions will be used for further development of

analytical arching models.

Available Arching Models for

Piled Embankments

There are many analytical models available to model arching

effects in piled embankments. These models are used to

calculate the load acting directly on the pile, which denoted as

arching or “load part A” in studies by Van Eekelen et al. (2011,

2012a, 2012b). Different design guidelines use different models.

BS8006-1 (2010) combines Terzaghi’s theory with Marston and

Anderson’s (1913) experimental results. DGGT (2011) and

CUR 226 (2010) use the research of Zaeske (2001), Zaeske and

Kempfert (2002), and Kempfert et al. (2004), who describe the

arch in piled embankments as a “multi-arch.” The modified

guideline CUR 226 (2016) uses the research of Van Eekelen

et al. (2013, 2015), who described the arches in piled embank-

ments as concentric arches. The fictitious inclusion method and

diffusion cone method are laid out in the IREX (2012). In the

case of embankments, the fictitious inclusion method is equiva-

lent to the Terzaghi (1943) method. The diffusion cone method

uses a kinematic approach that treats a trapezoidal block on the

subsoil as a rigid block. These different methods result in values

for arching, which clearly differ from one another (Van Eekelen

et al. 2013). Current standards and guidelines do not provide

general guidance on the applicability of each method, because

each model is determined from mechanical models under
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specific conditions. The calculation methods in the currently

available standards and guidelines are usually members of one

of the following three model families.

The first model family consists of frictional models (see

Fig. 1(a)) based on the principles of Terzaghi (1943). In this fric-

tional model, the key elements are the equal settlement plane and

the vertical shear planes. The load is transferred to the pile through

two vertical shear planes until the critical height is reached.

The second model family consists of rigid models (see

Fig. 1(b)). This model family considers two rigid blocks with a

trapezoidal or triangular shape on and between the piles. These

models have been validated by model tests (Chevalier et al.

2012) and discrete element method (DEM) simulations (Le

Hello and Villard 2009; Chevalier et al. 2010). However, the

inclination of the blocks differs between researchers because of

different assumptions and methodologies. Carlsson (1987) and

Rogbeck et al. (1998, modified by Van Eekelen et al. 2003) propose

an inclination of 75�, Guido et al. (1987) suggests a pyramid with

an angle of 45�, and IREX (2012) adopts the 90�-u, where u is the

friction angle of the fill. The SINTEF method (Oiseth et al. 2002)

gives an angle ranging between 68� and 74�, and considers a vari-

ety of different soils used in embankments.

The third model family considers limit equilibrium models

(see Fig. 1(c)). Hewlett and Randolph (1988) first suggested hemi-

spherical and circular arches based on 2D trapdoor tests. Many

modifications have been suggested for this arching model based on

numerical simulations or experiments. Examples of these modifi-

cations include the multi-arch model (Zaeske 2001) and the con-

centric arch model (Van Eekelen et al. 2013), which was developed

for piled embankments with basal geosynthetic reinforcement.

Test Setup and Testing Program

TEST SETUP

Tests were conducted using the plane strain box shown in

Fig. 2. The particle image velocimetry (PIV) technique was used

FIG. 1

Soil-arching model families.

FIG. 2 Cross-section view, plan view, and photo of the test setup.
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to measure displacement of the sand through the poly(methyl

methacrylate) panel.

This apparatus consisted of two main parts: the sand

chamber and the moving components. The inner dimensions

of the sand chamber were 1200mm� 800mm� 300mm

(length� height�width). The bottom was supported by steel

beams and the sides were steel boards welded to the frame of

the apparatus. Movement of the trapdoor could be controlled

by using the 16 movable steel beams, heavy steel plate, lift, dial

indicator, and some screws (Fig. 2). Each movable beam could

be fixed either to the frame to simulate a pile, or connected to

the heavy steel plate through the screws to simulate settling soil.

The lift was used to support the heavy plate and to move the

beams downward. The amount of settlement can be monitored

precisely with the dial indicator. This test setup allowed the pos-

sibility of more than 30 test setups with varying trapdoor and

beam widths.

The variables chosen for the tests were the fill height (H),

net spacing (s-a), the width of the piles (a), and grain size (d).

Grain size was selected as a factor because jamming in the fill is

usually more evident with larger grains, which could increase

arching. Four values were chosen for each factor. H, (s-a), and a

were chosen according to the size of the test setup and set at

equal intervals. The four levels for H are (1) 150mm, (2)

300mm, (3) 450mm, and (4) 600mm. The four levels for (s-a)

and a are same, which are (1) 75mm, (2) 150mm, (3) 225mm,

and (4) 300mm. The four levels for d are (1) 0.25� 0.425mm,

(2) 0.425� 1.0mm, (3) 1.0� 1.4mm, and (4) 1.4� 2.00mm,

respectively. However, testing all combinations of the factors

would have resulted in an unreasonable number of tests for our

scope, and thus the number of tests was limited using the

orthogonal array (Table 1) (Taguchi 1990). In Table 1, the values

between brackets indicate the factor level.

PROPERTIES OF THE SAND

All of the tests were carried out with sand from the Baishazhou

sand yard in Wuhan City, P.R. China. The dry sand was sieved

through five screens, resulting in three coarse sands (II, III, IV)

and one medium sand (V), which were used in the tests

(Table 2). The densities of sands II, III, IV, and V are

1.69 g/cm3, 1.68 g/cm3, 1.68 g/cm3, and 1.63 g/cm3, respectively,

with a relative density Dr of 85 %. The weights of sand for each

25mm under Dr¼ 85 were calculated and the relative density

was controlled by filling and compacting the sand until it

reached 25mm.

A series of tests were conducted using the “PMY-II”

plane–strain compression testing machine in The Yangtze River

Academy of Sciences of China (Rui et al. 2015). The test sample

was placed in a large steel cylinder, as shown in Fig. 3. r1 is

applied with the loading plate and r3 by water pressure through

the membrane, allowing them to be independently controlled.

The displacement in the direction of r2 is prevented by two

plates. The size of the sand samples was so large and the size

ratio of dmax and the sample width so small (1/150) that a much

smaller side effects was expected. Table 3 lists the geomechanical

TABLE 1 Optimization of the test parameters.

Test
Height
H (mm)

Trapdoor
Width (s-a) (mm)

Pile Width
a (mm)

Diameter of
Sand d (mm)

1 150 (1) 75 (1) 75 (1) 0.25� 0.425 (1)

2 150 (1) 150 (2) 150 (2) 0.425� 1.0 (2)

3 150 (1) 225 (3) 225 (3) 1.0� 1.4 (3)

4 150 (1) 300 (4) 300 (4) 1.4� 2.00 (4)

5 300 (2) 75 (1) 150 (2) 1.0� 1.4 (3)

6 300 (2) 150 (2) 75 (1) 1.4� 2.00 (4)

7 300 (2) 225 (3) 300 (4) 0.25� 0.425 (1)

8 300 (2) 300 (4) 225 (3) 0.425� 1.0 (2)

9 450 (3) 75 (1) 225 (3) 1.4� 2.00 (4)

10 450 (3) 150 (2) 300 (4) 1.0� 1.4 (3)

11 450 (3) 225 (3) 75 (1) 0.425� 1.0 (2)

12 450 (3) 300 (4) 150 (2) 0.25� 0.425 (1)

13 600 (4) 75 (1) 300 (4) 0.425� 1.0 (2)

14 600 (4) 150 (2) 225 (3) 0.25� 0.425 (1)

15 600 (4) 225 (3) 150 (2) 1.4� 2.00 (4)

16 600 (4) 300 (4) 75 (1) 1.0� 1.4 (3)

TABLE 2 Sand grain sizes used in the tests.

Sand I II III IV V VI

Diameter

(mm)

>2.00 1.40� 2.00 1.00� 1.40 0.43� 1.0 0.25� 0.43 <0.25

FIG. 3 Plane–strain testing sample of PMY-II.

TABLE 3 Friction angles in different tests.a

r3¼ 100 kPa (�) r3¼ 200 kPa (�) r3¼ 400 kPa (�)

Sample /p wm /r /p wm /r /p wm /r

II, Dr¼ 85 % 51.7 15.9 44.7 48.2 13.9 42.0 45.7 10.3 41.0

IV, Dr¼ 85 % 50.5 15.9 44.4 48.1 12.9 42.0 45.7 12.0 40.3

V, Dr¼ 85 % 49.8 15.1 44.9 48.9 11.2 42.7 45.2 8.2 41.8

aSee Rui et al. (2015).
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FIG. 4 The arrangement of beams and soil pressure cells in tests 1 to 16; the black dots represent the 11 soil pressure cells (each with a number from 1 to 11).
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properties of the sand that were determined using plane–strain

(biaxial) tests as described by Rui et al. (2015). Table 3 shows

that there were no significant differences of strength between

the different sands.

MEASUREMENTS

Miniature soil pressure cells were used in the experiments. The

cells are diaphragm strain-gauged type with self-temperature

compensation. The contact area of soil pressure cells is Ø28mm

and the thickness of the membrane is 0.28mm. The measuring

range is 0� 50 kPa with a resolution of 0.03 kPa. Soil pressure

cells were installed in a uniform pattern in one testing unit, as

shown in Fig. 4. The arrangement of the movable and fixed

beams in each test, with the shaded beams representing the

fixed beams (piles); the white beams representing the movable

beams (soil between the piles) can also be seen.

During the settling, the beams were moved downward

0.2mm each time. The overall displacement of the fill was

measured using the PIV technique. A 50-mm fixed focal length

lens, which has small lens distortion, was used on the SLR cam-

era used in the test. The images were calibrated to remove non-

coplanarity and rescaled by four marks (White et al. 2003).

CALIBRATIONS OF THE PRESSURE CELLS

An accurate calibration coefficient is obtained by calibrating the

pressure cells using sand with the same density as the sand used

in the tests (Weiler and Kulhawy 1982). In the first phase of the

model tests, the cell pressure increased because of the fill instal-

lation. This resulted in a maximum pressure corresponding to

the final fill heights of 150, 300, 450, or 600mm. In the second

phase, the pressure on the movable beams decreased during

movement of the beams, whereas the pressure on the piles

increased because of arching. The unloading curves of the cells

on the movable beams may depend on the initial maximum

pressure, which is related to the fill weight. To account for this,

the calibration of the pressure cells was carried out for one load-

ing and four unloading tests.

The calibration tests were conducted using the same sand

chamber used in the model tests. In the model tests, a thin layer

of sand V was placed on top of the cells to eliminate the differ-

ences among different grains sizes. Similarly, a 30-mm-thick

layer of sand V was used in the calibration tests. The side walls

were smeared with silicone oil and covered with two layers of

TFE-fluorocarbon sheets with powdered graphite in between to

reduce friction along the box walls. The load was applied on

the pressure cells through a 30-mm-thick layer of sand V cov-

ered by a polymer rubber (EPDM) cushion (50mm), a TFE-

fluorocarbon sheet, and a loading plate. The load consisted of

steel bricks in combination with an oil jack system. Fig. 5 shows

the measured microstrains for two of the 11 cells.

The loading curves in Fig. 5 show the linear relationship

between the applied pressure and measured microstrain. The

loading calibration coefficient was determined by fitting a linear

formula to the measurements in the loading test. However, the

unloading curves show hysteresis similar to that reported by

Zhu et al. (2009) and Talesnick (2005). Zhu et al. (2009) nor-

malized the unloading data and suggested double exponential

functions for the normalized data. For the present paper, a sin-

gle exponential function was adopted to fit the normalized data

to the unloading calibration tests results:

r=rmax ¼ y0 þ A � e M=Mmax�x0ð Þ=t (1)

Following Zhu et al. (2009), r and rmax are the current and

maximum prior stress, M and Mmax are the microstrains corre-

sponding to r and rmax, respectively. Coefficients y0, A, x0, and

t are the unloading calibration coefficients obtained by fitting

Eq 1 to the unloading curves of the 11 cells. When fit to Eq 1,

the data has a deviation smaller than 0.32 kPa and 7.5 % of the

measured microstrains. Fig. 5 shows the normalized measure-

ments and resulting fitting curves of two of the 11 cells. The fit-

ting curves tend to be straight with decreasing fill height, and

the unloading tests (150mm) were much closer to straight lines.

The obtained calibration coefficients are used for the duration

of this paper.

Development Patterns of the

Slip Surfaces

SHAPE OF THE SLIP SURFACES

Many slip surfaces can be identified in the tests, especially

after a large movement of the beams. Small displacements

that cannot be distinguished with the naked eye are visualized

using the PIV technique. The slip surfaces were identified

using the areas where the contour lines concentrate. In all of

the tests, symmetrical triangular slip surfaces were the first to

form as the beams were moved downward. Van der Peet and

Van Eekelen (2014) identified this phenomenon numerically

in cases with relatively low settlement. With increasing differ-

ential settlement, a series of symmetrical slip surfaces formed.

The shapes and development processes of the slip surfaces fol-

lowed three different development patterns: the tower-shaped

development pattern, the triangular expanding pattern, and

the equal settlement pattern. The three patterns are shown in

Fig. 6.

Tower-Shaped Development Pattern

This pattern occurs in the cases of H/(s-a)� 2 and (s-a)/a� 2.

This development pattern is typical for test 14, as shown in

Fig. 7. It can be seen from Fig. 7 that a number of triangular slip

surfaces form first when the settlement D reaches 4mm, and

then the angle of the slip surfaces increases slightly until D

reaches 10mm. When D exceeds 10mm, a tower-shaped settle-

ment area develops in the fill and the top of the tower-shaped
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surface increases with settlement. Finally, vertical slip surfaces

develop before 60mm displacement. This behavior is found in

tests 1, 5, 6, 9, 10, 13, 14, and 15. Typical slip surfaces are indi-

cated on the final photos in each test (Fig. 8).

The ratio of fill height H and trapdoor width (s-a) in Iglesia

et al. (2013) is very close to the tests with the tower-shaped

development pattern in this paper. The second (triangular arch)

and third development stage (a prismatic sliding mass with

FIG. 5

Calibration measurements and normalized

unloading measurements: (a) cell 1 and (b)

cell 7. UL, unloading test.

FIG. 6 Three soil-arching evolution patterns for unreinforced piled embankments: (a) tower-shaped development pattern, (b) triangular expanding pattern, and (c) equal

settlement pattern.
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vertical sides) described by Iglesia et al. (2013) corresponds well

with our observations as shown in Fig. 7. Their initial stage,

described as initially curved configuration, was identified in our

experiments but did not appear to be a stable physical arch, as it

disappears with a very small settlement increase.

Triangular Expanding Pattern

As in the expansion of triangular slip surfaces, when

H/(s-a)� 1.5 and (s-a)/a� 2, there is not enough height for the

formation of tower-shaped slip surfaces and vertical slip surfa-

ces occur. Typical displacement contours from test 12 can be

FIG. 7 Typical displacement contour plots for the tower-shaped development pattern (test 14).

FIG. 8 Tower-shaped development pattern.
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seen in Fig. 9. The triangular slip surfaces expand and the incli-

nation increases until vertical surfaces are formed. In most

cases, the slip-surface expansions do not occur consecutively

and follow an intermittent pattern. The slip surface expansion

process of the triangular expanding pattern was described as the

triangular expansion zone in Chevalier et al. (2012).

As shown in Fig. 10, tests 2, 3, 4, 7, 8, and 12 follow this

intermittent expansion pattern. The slip surfaces can be identi-

fied easily by the concentration of the contour lines, which split

the area up into several parts. The zones of sand with the same

color move synchronously.

Equal Settlement Pattern

As in tests 11 and 16, in the case of (s-a)/a� 3 vertical surfaces

will form immediately after the triangular slip surfaces. Unlike

the other cases described, the sand between the two vertical slip

surfaces and above the triangular surfaces will settle synchro-

nously and uniformly with the movement of the beams. Typical

displacement contours from test 16 are shown in Fig. 11. Tests

11 and 16 follow this pattern, as can be seen in Fig. 12. The sec-

tion size of test no. 7 in Chen et al. (2008) is just twice the size

of test 16 in this paper, and the equal settlement pattern can

also be seen in the deformed embankment pictures.

STRESS-DISTRIBUTION BEHAVIOR FOR

THE THREE PATTERNS

Stress-distribution ratio indicates the concentration of stress on

the piles caused by soil arching. The test results were analyzed

using the stress-distribution ratio in accordance with Hewlett

and Randolph (1988):

n ¼ �rpile

�rsoil
(2)

where:

n¼ the stress-distribution ratio,

�rpile¼ the average soil pressure of the cells on piles, and

�rsoil¼ the average soil pressure of the cells in the sand

between the piles.

If n¼ 1.0, no arching occurs.

FIG. 9 Typical displacement contour for the triangular expanding pattern (test 12).

FIG. 10 Triangular expanding pattern.
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The stress-distribution ratio can be calculated by the aver-

age pressure of the cells on the beams. The pressures of the cells

during placement of sand fill and the consequent settlement in

test 16 are shown in Fig. 13(a) and 13(b).

Fig. 13(a) shows the relationship between the measured

pressures and the fill height during the sand placement. f is con-

sidered as the reduction of the self-weight. The initial pressures

are linear and deviate a little from the self-weight line with

increasing fill height. The final average pressure of the 11 cells is

83 % of the self-weight at a fill height of 600mm and f (17 % of

the self-weight) is expected to be carried by the friction.

Fig. 13(b) shows the pressures during settlement. The pres-

sure on the movable beams (soil) decreased dramatically when

the movement of beams started, from about 8.0 kPa to a mini-

mum value of 1.2 kPa at a settlement of 6mm. However, the

average pressures of the cells on the piles increased much more

slowly to 15.8 kPa at a settlement of 22mm, and a significant

delay of the pressure increase was observed. This implies that a

portion of the load was initially taken by friction along the pol-

y(methyl methacrylate) panels. During the subsequent

FIG. 11 Typical displacement contour of equal settlement pattern (test 16).

FIG. 12 Equal settlement pattern.

FIG. 13

The variations of soil pressure (test 16) for all cells:

(a) during the filling and (b) during the settling.
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movement of the beams, some of the friction was transferred

back to the piles and soil. The stress acting on the soil dramati-

cally decreased because of the formation of triangular slip surfa-

ces, and the decreasing stress level caused a significant decrease

in the side friction of the triangular region, whose area is much

smaller than the total area in most tests. Based on the rigid

model family, frictional component acting on movable beams

would be much smaller than that acting on the piles. To account

for this, we can add f to the load carried by piles and recalculate

the stress-distribution ratio n by:

FIG. 14 Stress-distribution ratios in the 16 tests. On the horizontal axes: vertical displacement of the beams (mm); on the vertical axes: stress-distribution ratio n (-). The

distance between the curves of n and n0 indicates the amount of friction; the real stress-distribution ratio should be between n and n0 .
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n0 ¼
ð�rpile � aþ f Þ

�rsoil � a
(3)

Using Eq 3, n0 will be overestimated for the frictional com-

ponent of the load carried by the movable beams. Thus the real

stress-distribution ratio falls between n andn0and the distance

between them indicates the amount of friction in the system.

The curves of the stress-distribution ratios as a function of

the settlement of the subsoil are shown in Fig. 14. Despite the

frictional component, the shape of the stress-distribution curves

does not change. The plots in Fig. 14 can be classified into three

types showing characteristics of the development pattern that it

belongs to.

• The first type is found for tests with a relative height
H/(s-a)� 2 and relative trapdoor width (s-a)/a� 2. This
type shows the stress-distribution behavior of the tower-
shaped development pattern. The stress-distribution ratio
peaks at a very small displacement and falls rapidly and
the residual ratio is quite high. This type of curve was
seen in tests 1, 5, 9, 10, 13, 14, and 15.

• With the increase in trapdoor width (s-a), more
displacement is needed before reaching the peak stress-
distribution value. This is found when H/(s-a)� 1.5 and
(s-a)/a� 2 and shows the stress-distribution behavior of
the triangular expanding pattern. The curve becomes flat-
ter and maintains the peak level during some of the
increase in settlement. The residual ratio does not rise;
rather, it generally falls to values lower than 2. This curve
was seen in tests 2, 3, 4, and 12.

• If trapdoor width is increased to (s-a)/a� 3 as in the
equal settlement pattern, the curve does not decline much
after reaching the peak value, as in tests 11 and 16.

In Fig. 14, test 6 was classified under the first type of

curve and tests 7 and 8 under the second type, although their

shapes fall somewhere between the first and the second type

of curve.

Terzaghi (1943) established a method based on the equal

settlement plane and the vertical shear planes, which are very

close to the equal settlement pattern and vertical slip surfaces

observed in the model tests. The triangular deformation zone

observed in the model tests confirmed the rigid model family.

The predictions of Terzaghi’s (1943) method and Carlsson’s

method (1987) are shown in Fig. 14. It can be seen that the pre-

dictions of Terzaghi’s method are larger than Carlsson’s

method, although both fall within the range of stress-

distribution ratios of the model tests.

INFLUENCES OF THE SIDEWALL FRICTION

Many geotechnical model tests will be influenced by the side

wall friction. Some common measures of reducing the friction,

including using a TFE-fluorocarbon membrane and smearing

grease on the side walls, are not adaptable for direct visualiza-

tion of the sand. In most trapdoor tests with transparent panels

(Hewlett and Randolph 1988; Chen et al. 2008; Costa et al.

2009), the influence of friction and measures to reduce it are

not discussed.

Fig. 13(a) shows that the side wall friction in test 16 devel-

ops to a maximum of approximately 17 % with increasing fill

height H. Fig. 13(b) shows that friction continued to develop

during settlement. As H increases, arching effects in the width

direction of the sand chamber could develop, which increase

the friction and normal force acting on the poly(methyl meth-

acrylate) panels (Fig. 15). The assumption relies on the influ-

ence of boundary effects, which are controlled by the relative

dimensions H/w according to the measurements, where w is

the width of the sand chamber. Chen et al. (2008) chose

H/w¼ 0.42 to 1.2 in their piled embankment model tests.

Costa et al. (2009) adopted the relative dimensions to be 1.5,

and Chevalier et al. (2012) adopted H/w¼ 0.375 to 2 in their

single trapdoor tests. The relative dimension H/w in tests 1 to

12 ranges from 0.5 to 1.5, and H/w in tests 13 to 16 is 2. The

ratio of H/w of the 16 tests falls within the ranges used in the

previous studies.

Because of the different geometrical combinations, the

reduction of total load f, treated as friction, differs between

the tests. The ratio f/Ptotal, where Ptotal is the total weight of the

sand fill calculated by the average pressure, of each test is listed

in Table 4. It is found that:

FIG. 15

The arching effects in the width direction.
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(1) f/Ptotal increases with H/w. The average f/Ptotal is 18 %,
18.75 %, 24.5 %, and 33.5 % for H/w¼ 0.5 (tests 1 to 4),
4 (tests 5 to 8), 1.5 (tests 9 to 12), and 2 (tests 13 to 16),
respectively. Thus, it can be concluded that using a low
H/w ratio can reduce the influence of friction in the
model tests.

(2) In tests with a small relative height H/(s-a), the frictional
component is small. The friction is only 3 % in test 4
with a relative height of 0.5.

(3) The decrease of the relative net spacing (s-a)/a can result
in a decrease of friction. This drop is because of the
decreasing movement disturbance because of a narrow
trapdoor.

According to Table 4, the friction in tests 3, 4, 8, 10,

and 13 is less than 15 % of the total fill weight. Tests 10

and 13 belong to the tower-shaped development pattern,

whereas tests 3, 4, and 8 show the triangular development

pattern. The influence of friction in these five tests is lim-

ited. The friction in tests 1, 2, 5, 6, 7, 9 and 14 is within

30 % of each other, and these seven tests show the triangu-

lar development pattern or the tower-shaped development

pattern. Because of the influences of friction in these tests,

the soil-arching development patterns were studied rather

than a quantitative assessment. The existence of the tower-

shaped and triangular development patterns was confirmed

through these tests.

For the equal settlement pattern of tests 11 and 16, both of

the frictions are 41 % of the total fill weight. This is a pattern

with a movement of the entire sand fill. It is clear that the side

wall friction helps to restrict the displacement of the sand

so that the settlement might be even larger or appear earlier

without the influence of the friction. As in test no. 7 with H/w

of 0.6 in Chen et al. (2008), the deformation exhibits equal

settlement behavior. These confirm the possibility of the equal

settlement-development pattern.

Discussions

INITIAL TRIANGULAR SLIP SURFACES

The angles of the initial triangles are within 2� between tests.

The average initial triangle angle of the tower-shaped develop-

ment pattern, triangular expanding pattern, and equal settle-

ment pattern are 66�, 66�, and 65�, respectively.

Terzaghi (1943) suggested that the inclination of the

slip surface decreases from 90� to 45� þu=2 with increasing

H/(s-a), and the slip surfaces follow the active fracture plane

when the values for H are relatively high. Most of the initial slip

surfaces in the tests occur when movement is less than 3mm.

The trapdoor tests done by Terzaghi are similar to the tests

described here. The initial triangular slip surfaces in the tests

with low H/(s-a) are barely detectable with the naked eye but

can be visualized using the PIV technique, which may be why

Terzaghi chose the vertical slip surfaces that finally occurred to

develop his method.

The stress levels of the model tests were less than or close

to the minimum confining stress r3¼ 100 kPa used in the

plane strain compression tests. Because of the stress-dependent

dilatancy of the sand, the friction angles obtained under

r3¼ 100 kPa are closest to the model tests among the three dif-

ferent confining stresses in Table 3. In the case of r3¼ 100 kPa,

the average peak friction angle for a relative density of 85 % is

about 51� and the average residual angle is about 45�. The angle

of the related active fracture plane will be 45� þu/2¼ 70.5�

using the peak friction angle. If a residual angle of 45� is intro-

duced, the active fracture plane angle will be 67.5� and is much

closer to the tests results.

Triangular slip surfaces occur at small settlements and are

very close to the peak values of the stress-distribution ratio.

Accordingly, the initial triangular slip surfaces are assumed to

be closely related to the peak value of the stress-distribution

ratio. It can also be concluded that the formation of the vertical

surface is closely related to the residual stress-distribution ratio.

SHAPE OF THE SLIP SURFACES

Slip surfaces, especially the initial triangular slip surfaces, are

usually straight planes. The initial triangular slip surfaces are

assumed to approximate active fracture planes, which appear

linear because the stress state along the surfaces is almost uni-

form with the maximum principle stress before failure in the

vertical direction. These slip surfaces could occur when there is

no arching in the sand between the beams (e.g., no friction at

the interface of the beam and sand fill), and there will be no

rotation of the principal stress (see Fig. 16(a)).

However, arch-like slip surfaces can also be found in test 9

and test 13 (Fig. 8). These tests have a relatively high fill of

TABLE 4 Relative friction.

Test H (mm) H/(s-a) H/w (s-a)/a f/Ptotal (%)

1 150 2 0.5 1 26

2 150 1 0.5 1 29

3 150 0.67 0.5 1 14

4 150 0.5 0.5 1 3

5 300 4 1 0.5 27

6 300 2 1 2 20

7 300 1.33 1 0.75 21

8 300 1 1 1.33 7

9 450 6 1.5 0.33 18

10 450 3 1.5 0.5 6

11 450 2 1.5 3 41

12 450 1.5 1.5 2 33

13 600 8 2 0.25 13

14 600 4 2 0.67 27

15 600 2.67 2 1.5 53

16 600 2 2 4 41
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450mm and 600mm and the smallest trapdoor width of 75mm

when compared to the other tests. A minor principal stress arch

between the beams (piles), given by Handy (1985), could

explain the formation of arch-like slip surfaces (see Fig. 16(b)),

which will support the fill and cause a rotation of the principal

stress. This leads to an increase in soil arching.

Conclusions

Soil-arching development was studied in a series of 2D

multi-trapdoor model tests looking at four factors (fill height,

trapdoor width, pile width, and sand grain size), and four values

for each factor. An orthogonal array was adopted to arrange

the tests. The PIV technique was used to measure the overall

displacement, and pressure cells were used to test the stress dis-

tribution. Those pressure cells were calibrated under both load-

ing and unloading conditions so as to coincide with the loading

modes of the piles and trapdoors. The loading curves of the cells

showed linear relationships, whereas the unloading curves

showed hysteresis of the measured microstrains, and a single

exponential function can be used to fit the unloading curves.

The calibration coefficients were then used in the model tests.

Several conclusions were drawn on the basis of the model

test results. First, triangular slip surfaces will form after very

minor movement of the trapdoors; hence, the term “initial tri-

angular slip surfaces.” These initial triangular slip surfaces

evolve following three types of patterns. Half of the tests exhib-

ited the tower-shaped development pattern, where the relative

height is H/(s-a)� 2 and the relative trapdoor width is (s-a)/

a� 2. In this pattern, initial triangular slip surfaces evolve into

tower-shaped surfaces, which rise with increasing settlement.

The triangular expanding pattern occurs when H/(s-a)� 1.5

and (s-a)/a� 2. For this pattern, the triangular slip surfaces

expand and remain straight lines. Vertical slip surfaces form at

the end of these two patterns. In the case of (s-a)/a� 3, vertical

triangular surfaces form immediately after the initial triangular

ones. The sand above the vertical slip surfaces and the triangu-

lar slip surfaces settles synchronously and uniformly. This

development pattern is called the equal settlement pattern. The

stress-distribution ratio versus settlement curves also showed

three different curve types, which correspond to the three

deformation-development patterns. The stress-distribution

curve of the tower-shaped development pattern reaches the

peak value at a very small displacement then decreases rapidly.

The stress-distribution ratio curve of the triangular expanding

pattern flattens, whereas the equal settlement pattern curve

remains relatively constant after reaching the peak value.

Side wall friction was found in the model tests. It was

supposed that the friction increased with the relative dimension

H/w because of the arching effects developed in the width direc-

tion. The calculated friction showed that a small relative height

and a small relative net spacing helped decrease the side wall

friction in the model tests.

It was assumed that the initial triangular slip surfaces are

active fracture planes with an inclination of 45� þu/2. The

angle calculated by the residual friction angle agreed with the

measured angles better than the peak friction angle.
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