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ABSTRACT
Soil arching is a phenomenon describing pressure redistribution due to relative movement between
adjoining portions. It commonly exists when soil interacts with structure elements, for example,
tunnels, retaining walls, buried structures, and piles in pile-supported embankments. Therefore,
soil arching is a key mechanism of load transfer in these geotechnical applications. The
performance of these applications, where differential settlement, complete loss of support, or
differential stiffness occurs, highly depends on the stability of the soil arching.
Trapdoor tests have been widely used by researchers to demonstrate and investigate the
soil arching phenomenon. However, most trapdoor tests have been conducted under soil selfweight or soil self-weight plus uniform static surface load. In other words, the soil arching was
investigated focusing on particle-particle interaction instead of stress transfer due to localized
external loading. In addition, earth structures are often subjected to cyclic surface loading (due to
moving vehicles and railroad crossings) and dynamic-in-depth loading (due to pile driving, blast
waves, and earthquakes). Unfortunately, limited research of cyclic or dynamic loading on soil
arching stability was conducted. Moreover, current design methods for geosynthetic-reinforced
earth structures involving soil arching, such as geosynthetic over voids and geosyntheticreinforced pile-supported embankments, were mostly based on the findings from trapdoor studies
without any geosynthetic. This extrapolation lacks appropriate theoretical and experimental
justifications.
This study is to address the aforementioned points by conducting a series of physical model
tests under a plane strain condition. Fourteen model tests were conducted including two baseline
tests and twelve other tests. The two baseline tests were carried out under only footing loading,
one with static loading and another with cyclic loading. The remaining twelve tests consisted of
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both trapdoor and loading tests to evaluate the stability of the soil arching. Kansas River sand was
used as a granular fill material. Both unreinforced and geosynthetic-reinforced embankments were
investigated. Fully mobilized soil arching was first reached by lowering the trapdoor, and then a
footing load was applied on the surface. Both static and cyclic loads were applied to simulate
traffic loading. Pressure distribution, footing and trapdoor displacements, geosynthetic strains, and
embankment soil movement were monitored during each test.
The trapdoor test results show that the progressive displacement of the trapdoor affected
the mobilization of the soil arching. Soil arching started to mobilize as the pressure on the trapdoor
decreased and then deteriorated as the pressure on the trapdoor increased under soil self-weight
after the trapdoor displacement increased to more than 2.5% of its width. However, the use of
geosynthetic reinforcement prevented the deterioration of the soil arching and lowered the equal
settlement plane height, although the trapdoor was lowered more than 4% of its width. The loading
test results show that soil arching was not stable under surface loading without a geosynthetic, and
the geosynthetic stabilized soil arching. To evaluate the progressive change of soil arching, soil
arching ratio is defined as the ratio of the measured pressure on the trapdoor at a trapdoor
displacement to the measured pressure on the trapdoor at no displacement. Soil Arching
Degradation Pressure (SADP) is defined as an applied footing pressure required to eliminate soil
arching (i.e., the soil arching ratio equal to 1.0). In the unreinforced embankment tests under static
and cyclic loading, the SADPs were the same and equal to 54.0 kPa. Also, mobilizing soil arching
under static and cyclic footing load (i.e., lowering the trapdoor under footing load) further
decreased the SADPs to 45.0 kPa. The SADPs under static footing loading were increased from
the unreinforced embankment to the reinforced embankment by 38.2% and 99.6% with the use of
uniaxial and biaxial geogrids, respectively. Geosynthetic reinforcement further increased the
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SADPs under cyclic footing loading as compared to those under static footing loading by 17.5%
and 9.13 % with the use of uniaxial and biaxial geogrids, respectively. Finally, the SADPs in the
double layer of geosynthetic reinforcement tests were lower than those in the single layer of
geosynthetic reinforcement tests.
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CHAPTER 1 INTRODUCTION
This chapter provides general background about the soil arching phenomenon and its significance
in the geotechnical applications as well as the importance of studying the stability of the soil
arching. It also covers the problem statements, the objective of this research, and methodology
adopted as well as the organization of this thesis.
1.1 BACKGROUND
Any structure, building or bridge, needs an adequate foundation that can withstand an exerted load
and transfer it to the ground. In geotechnical applications such a load transfer mechanism is of
considerable importance. In a soil mass forces are transferred from particle to particle and
subsequently from one layer to another under normal conditions. In some applications, there is a
differential settlement (e.g., piled embankments or local subsidence), complete loss of support
(e.g., sinkholes or voids), or different stiffness between soil and structure (e.g., buried structure or
conduit). The forces within the soil mass will transmit through a stress transfer mechanism that is
called “Soil Arching.” Soil arching is a phenomenon describing stress re-distribution due to
relative movement between adjoining soil masses.
When embankments are constructed for highways or railways, suitable ground is not
necessarily available. Therefore, they have to be built on soft soils (e.g., alluvial soil and peats),
which are considered technically unsuitable or challenging for construction because of their low
shear strength and high compressibility (Demerdash 1996; Han 1999). In order to increase ground
stability and reduce settlement, piles and geosynthetics have been increasingly used to support
embankments on such problematic soils (Han and Gabr 2002). This technique is considered as a
rapid solution for embankment construction and also applicable for handling the problems caused
by existing large sinkholes under a planned highway or railway (Wang et al. 2009). In
1

Geosynthetic-Reinforced Pile-Supported (GRPS) embankments, load transfer mechanisms play an
important role in the behavior of such a system. In this system, both soil arching and geosynthetic
tensioned membrane effects are responsible for transferring the embankment load to the piles. The
modulus difference between the soil and the piles under embankment loading causes differential
settlement, which leads to the development of soil arching within the embankment fill and tension
in the geosynthetic reinforcement. However, soil arching dominates the mechanisms, through
which the embankment weight and the surface loading are transferred to the piles (Han et al. 2011).
When highways and railways are built on GRPS embankments, surface traffic loading may have
some effect on the stability of soil arching; however, this effect has not been well understood and
investigated.
Researchers have commonly used trapdoor test to demonstrate and investigate the soil
arching phenomenon. The trapdoor test setup shown in Figure 1.1 allows to induce differential
settlement within the soil mass after the trapdoor being lowered; therefore, soil arching mobilizes.

Figure 1.1 Schematic of a typical trapdoor test setup

2

1.2 PROBLEM STATEMENTS
Past research work has provided an essential level of knowledge of the soil arching phenomenon
in geotechnical engineering, yet most studies have been conducted for specific applications. For
example, researchers have used trapdoor tests to investigate the soil arching phenomenon
(Terzaghi 1936; McNulty 1965; Ladanyi and Hoyaux 1969; Harris 1974). However, most trapdoor
tests have been conducted in considerably small-scale models under soil self-weight or soil selfweight plus uniform static surface loading. Thus, this is a case where soil arching was investigated
focusing on particle-particle interaction instead of stress transfer due to localized external loading
(e.g., footings, vehicle tires, etc.). Scale effects of small model tests may have influenced the
accuracy of the test results. In addition, a uniform surcharge may not be representative of most
surface loading and the critical situation for soil arching stability since smaller differential
settlement may develop in the soil under a uniform surcharge than a localized load.
Moreover, earth structures or buried structures are often subjected to cyclic surface loading
(due to moving vehicles and railroad crossings) and dynamic-in-depth loading (due to pile driving,
blast waves, and earthquakes). Unfortunately, the knowledge of cyclic or dynamic loading on soil
arching stability lacks, even though Terzaghi (1943) pointed out that vibrations might have a
significant impact on soil arching, and deterioration of soil arching would result in an increase of
stresses applied on the buried structures and increase the chance of damaging these structures.
Very limited research has been conducted to investigate the soil arching behavior under cyclic
loading. Chen et al. (1991) studied soil arching based on impact loading on a flexible trapdoor, yet
no true soil arching developed in their test because the flexible trapdoor deformed due to its
flexibility.
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Furthermore, current design methods for geosynthetic-reinforced earth structures involving
soil arching, such as geosynthetic over voids and geosynthetic-reinforced pile-supported
embankments, were mostly developed based on the findings from trapdoor studies without any
geosynthetic. This extrapolation lacks appropriate theoretical and experimental justifications. The
influence of geosynthetic reinforcement on soil arching phenomenon is not entirely understood.
This study is expected to provide an insight into the effect of the geosynthetic on the mobilization
of soil arching
1.3 OBJECTIVE OF THIS RESEARCH
This research is conducted to fulfill the following tasks:
 To examine the load transfer mechanism of soil arching under soil self-weight as a
result of differential movement without and with geosynthetic reinforcement,
 To study the progressive change of soil arching under static and cyclic footing load,
 To investigate the stability of mobilized soil arching under surface footing of static and
cyclic loading, and
 To evaluate the benefit of geosynthetic in stabilizing soil arching under surface footing
loading.
These objectives have been achieved throughout the research by conducting a series of
physical model tests, each of which consisted of a trapdoor test and a loading test, under a plane
strain condition to investigate the mobilization as well as the stability of soil arching under both
surface static and cyclic footing loading.
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1.4 METHODOLOGY
The methodology adopted in this research includes a literature review, which covers a brief
summary of results and findings of past studies associated with soil arching and its applications,
and two series of laboratory tests. These tests were performed inside a test box of the interior
dimension of 1760×460× 1480 mm in the Geotechnical Engineering Laboratory at the University
of Kansas with the following test plan:
(1) Trapdoor and static loading test series (totally eight tests)
(A) Unreinforced embankment fill
(i) Monotonic static loading test only (i.e., without trapdoor movement)
(ii) Trapdoor test followed by monotonic static loading (two tests)
(iii)Trapdoor test under constant surface static loading followed by monotonic static
loading
(B) Reinforced embankment fill
(a) Single layer of geosynthetic reinforcement
(i) Uniaxial geogrid overlain by non-woven geotextile: trapdoor test followed by
monotonic static loading
(ii) Biaxial geogrid overlain by non-woven geotextile: trapdoor test followed by
monotonic static loading
(b) Double layers of geosynthetic reinforcement
(i) Double layers of biaxial geogrid overlain by non-woven geotextile: trapdoor test
followed by monotonic static loading (two tests)
(2) Trapdoor and cyclic loading test series (totally six tests):
(A) Unreinforced embankment fill
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(i) Incremental cyclic loading test only (i.e., without trapdoor movement)
(ii) Trapdoor test followed by incremental cyclic loading
(iii)Trapdoor test under constant cyclic loading followed by incremental cyclic loading
(B) Reinforced embankment fill
(a) Single layer of geosynthetic reinforcement
(i) Uniaxial geogrid overlain by non-woven geotextile: trapdoor test followed by
incremental cyclic loading
(ii) Biaxial geogrid overlain by non-woven geotextile: trapdoor test followed by
incremental cyclic loading
(b) Double layers of geosynthetic reinforcement
(i) Double layers of biaxial geogrid overlain by non-woven geotextile: trapdoor test
followed by incremental cyclic loading
1.5 THESIS ORGANIZATION
This thesis consists of six chapters. Chapter 1 presents a brief introduction to this study followed
by Chapter 2, which presents a literature review of soil arching and its applications, mechanisms
of load transfer, and soil arching under static and cyclic loading. Chapter 3 discusses the test setup
and apparatus, the materials, and the test procedure used in this study. Chapter 4 presents the
trapdoor test results and discusses the effects of reinforcement and loading on the mobilization of
soil arching. Chapter 5 investigates the stability of mobilized soil arching under footing loading.
Chapter 6 provides the conclusions of this study and the recommendations for future research.
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CHAPTER 2 LITERATURE REVIEW
The primary objective of the literature review is to summarize the accumulated knowledge on the
subject, draw attention to the areas where research is required, and subsequently define the aim of
this study. This literature review covers the following subjects:
 Definition and overview of soil arching
 Applications related to soil arching
 Load transfer mechanism
 Soil arching investigations under static and cyclic loading
2.1 DEFINITION AND OVERVIEW OF SOIL ARCHING
Soil arching is a transfer of pressure from a yielding soil mass onto its adjoining stationary soil
mass in response to a relative displacement between these two masses (Terzaghi 1943). If only a
specific area of support for a soil mass yields, the soil above the yielding region would have a
tendency to settle with the yielding support while the rest remains stationary. In the transition plane
between the moving and stationary soil masses, shear stresses are developed to counteract the
relative movement of the two masses. Since the shear resistance tries to keep the yielding mass in
its original position, it reduces the pressure on the yielding part of the support and, subsequently,
increases the pressure on the stationary part. Figure 2.1 shows a schematic of the soil arching
phenomenon above a yielding base.
The mechanism in which the stresses are transferred and redistributed results from a series
of shear stresses generated along the vertical planes that separate the yielding soil mass and the
adjoining stationary mass as shown in Figure 2.1. These shear stresses are the counteracting forces
depending on frictional characteristics of the soil to resist the relative movement. If the yielding
soil moves downward, the induced frictional stresses have an uplift effect on the moving soil, so
7

Figure 2.1 Schematic of soil arching phenomenon above a yielding base
it will reduce the pressure on the yielding mass and redistribute the pressure to the stationary mass
as shown in Figure 2.2(a). This phenomenon is also called “active or positive” soil arching, and it
can be generated with only a small movement (Terzaghi 1936). On the contrary, if the movement
occurs in the reverse direction (i.e., the yielding soil mass moves upward with respect to other
parts), frictional down-drag forces are generated to impede that movement. These down-drag
forces will increase the stress on the yielding soil and reduce it on the surrounding soil. Such type
of soil arching is referred to as “passive or negative” soil arching as shown in Figure 2.2(b).

(a)

(b)

Figure 2.2 Schematics of two different types of soil arching: (a) active or positive soil arching
and (b) passive or negative soil arching (Han et al. 2016)
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Stress redistribution (i.e., soil arching) in a medium is also associated with the soil-structure
interaction. Soil arching may cause a significant change in the stresses throughout the soil medium
because the structure has different compressibility from the surrounding soil (McNulty 1965).
McNulty (1965) stated that the main factors contributing to the level of pressure redistribution
include: the physical properties of the structure (particularly its compressibility characteristics),
the properties of the surrounding soil (mainly its ability to transfer loads through mobilization of
shear stresses as a consequence of relative displacements); and the free field state of the stresses
which would exist if the structure were not present.
The degree of load transfer can be evaluated by a soil arching ratio (ρ) as proposed by
McNulty (1965), which is defined as the average vertical stress above the yielding base (σv) to the
overburden pressure (γH) plus the surcharge (q) if available, as expressed in Equation 2.1:



v

H q

Equation 2. 1

where ρ = 0 represents complete soil arching while ρ = 1 represents no soil arching.
Terzaghi (1943) stated that “arching effect is one of the most universal phenomena
encountered in soils both in the field and in the laboratory.” The arching phenomenon has been
investigated over a century in geotechnical and non-geotechnical fields. In France, military
engineers found that silo base carried a fraction of grain weight while the silo walls carried more
than one would expect (Feld 1948). The “Silo Theory” was proposed by Janssen (1895) to design
silos based on the observed behavior.
In the United States, a large number of drainage projects were carried out in 1910, and
many structural failures happened to the designed pipes after the installation and backfilling
(Spangler and Handy 1973). These failures were believed related to load redistribution (i.e., the
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arching phenomenon) on the underground conduits which were also investigated by Marston
(1930) at Iowa State University. Depending upon the flexibility of conduits, the load on the conduit
can vary from a portion of the overburden weight to several times the overburden weight (Marston
1930; Spangler 1964).
Engineers also observed arching around tunnels, i.e., the load carried by a tunnel was lower
than the overburden pressure, and accurate predictions were necessary for a better design. Terzaghi
(1943) developed a theoretical solution to quantify this load based on his experimental research
(i.e., the use of trapdoor test) in 1936. Atkinson and Potts (1977) investigated soil arching related
to the stability of tunnels. In 1960s when the US Defense Department sponsored considerable
research for protection of infrastructures, soil-structure interaction gained great attention.
Researchers showed that soil arching would contribute to the protection of underground facilities
from nuclear attacks during war, which would demolish any surface building (Evans 1983).
Since 1960s, columns have used to support embankments over soft soils to control and
reduce their settlement (Magnan 1994). Construction of embankments for highway applications
on soft ground is hard to achieve without ground improvement techniques. Use of piles or columns
is often an economical solution to reduce soft soil compressibility and enhance ground stability
(Han and Gabr 2002). In these piled embankments, there exist two distinct supports – rigid pile
caps and soft soil. Differential settlement easily develops between these two supports. Soil arching
develops between the pile caps as a result of this differential settlement. Thus, embankment weight
can be transferred to an adequate stratum below the soft soil through piles as pointed out by Holtz
and Massarsch (1976), Holmberg (1979), Broms and Wong (1985) and studied by Hewlett and
Randolph (1988); and Low et al. (1994).
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Trapdoor test has been commonly used to evaluate soil arching developed above the
yielding support. Terzaghi (1936) conducted the first trapdoor test to investigate the arching effect.
Many researchers (McNulty 1965; Ladanyi and Hoyaux 1969; Harris 1974; Evans 1983) replicate
Terzaghi's trapdoor tests. These trapdoor studies have been performed under soil self-weight or
soil self-weight plus uniform static surface loading. A uniform surcharge configuration may not
be the critical situation for soil arching stability as compared with the locally loaded situation since
less differential settlement may develop in the soil.
2.2 RELEVANCE AND APPLICATIONS RELATED TO SOIL ARCHING
Soil arching is considered as a universal phenomenon in geotechnical engineering because it is
encountered in many geotechnical applications including sinkholes, mining subsidence, tunneling,
landfill liner systems over voids, buried conduits and structures, piled embankments, fill behind
retaining walls, slope stabilizing piles, and soil tunnel by animals or insects. Figure 2.3 depicts
some of these applications.
In the above applications, soil arching is developed as a result of relative movement
between soil and support in either vertical or lateral direction. Sinkholes, mining subsidence,
tunneling, and landfill liner systems over voids are examples of relative vertical movement. While
lateral movement of support, such as outward yielding of retaining walls, results in soil arching
which forms a semi-arch between the wall and a slip plane and significantly reduces lateral earth
pressures. Soil arching in retaining walls initiates from a rough wall when rotation of principal
stresses at the wall takes place (Handy 1985). A slope stabilizing pile system is another example
of lateral movement where soil arching develops as the soil tends to move through between the
stabilizing piles, which are often embedded in firm foundations (Bosscher and Gray 1986).
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Figure 2.3 Soil arching phenomena in various applications (Han, personal communication)
In addition to the relative movement, a relative stiffness difference between the support
and the surrounding soil may also mobilize soil arching which results in transfer of the load to a
stiffer support. Buried conduits were one of the early applications considering soil arching as a
result of relative stiffness (Marston 1930). Wu and Leonards (1985) indicated that soil arching
above buried pipes (conduits) could be positive or negative depending on the stiffness of the pipe
relative to that of the surrounding backfill. Also, Einstein and Schwartz (1979) presented a
simplified analysis to account for the load redistribution on tunnel supports as subsequence to the
relative stiffness difference.
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In the following sections, two most common geotechnical applications involving soil
arching will be further discussed.
2.2.1 Reinforced Fill Systems over Cavities
Construction takes place on the natural ground that may include mining areas, karstic terrains,
landfills, and non-saturated cohesive soils, which are susceptible to the danger of collapse because
these areas more likely develop cavities or sinkholes during their lifetime. Ground water flows
through soil masses that contain limestones, or gypsum contents can create significantly large
sinkholes of a diameter ranging from one to several meters (Giroud et al. 1990). Sinkholes may
develop when collapsible soils, which are dry or partially-saturated cemented soils, lose their
cementation upon wetting and under loading (Agaiby and Jones 1996). In addition, some cavities
are formed during the progress of longwall mining or tunnels excavated by animals or insects.
Thus subsidence likely develops during such process (Tsur-Lavie et al. 1988; Reichman and Smith
1990). Also, vertical expansions to existing landfills have become an attractive alternative for
expanding usable space. However, there is a concern that overstretching of liners and leachate
collection systems may occur above voids in the old landfill areas created by progressive
degradation of waste and collapse of large objects (Jang and Montero 1993). Agaiby and Jones
(1996) pointed out that the term “cavity” is relative. For example, a thin compressible layer of very
soft soil embedded in a much stiffer stratum can be considered as a cavity due to its incapability
to provide the same support to loads as its surroundings.
The existence of a cavity, in general, in soil would induce either differential settlement or
complete loss of support. Thus soil arching would transfer the loads above (i.e., fill soil self-weight
and surface loading) onto the sides of the cavity. However, if the shear resistance of the soil
forming the roof and the sides of a cavity is not strong enough to support the exerted loads, sudden
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collapse may occur. Therefore, geosynthetic reinforcement may be used to bridge over a cavity
and carry the loads to reduce the risks of collapse. Geosynthetics have been used to stabilize the
soil above cavities (Giroud et al. 1990; Agaiby and Jones 1995; Wang et al. 1996). Depending on
the cavity size and the geosynthetic stiffness, the geosynthetic may touch the bottom of the cavity
(especially for a small cavity) and transfer some of the load to the soil underneath it or support the
load without touching the bottom of the cavity (especially for a large cavity and a strong and stiff
geosynthetic) (Giroud et al. 1990).
Much research, related to the load transfer mechanisms of such systems, has been done,
including theoretical derivations, analytical methods, and experimental investigations. Terzaghi
(1943) and Kezdi (1975) derived theoretical solutions for the soil arching over an infinitely long
trench and circular voids, respectively. These solutions were adopted by Giroud (1984) and Giroud
et al. (1990) as well as the tensioned membrane theory to assess the load-carrying capacity and to
provide a design method for soil-layer geosynthetic systems spanning voids, such as sinkholes,
tension cracks, dissolution cavities, and depressions.
2.2.2 Pile-Supported Embankments
Piles have been used to enhance soft soil bearing capacity and minimize post-construction
settlements in many embankments since early 1960s (Magnan 1994). When piles are used, they
carry a large percent of the embankment weight up to 60% with as little as 10% of pile coverage
area, by virtue of soil arching induced from the differential settlements between piles and soft soil
(Hewlett and Randolph 1988). Therefore, a single stage of embankment construction is possible
without the risk of soft soil undrained failure. Another advantage of piles during installation is that
they may densify and stiffen soil, thus reducing the settlement of the foundation soil (Hewlett and
Randolph 1988). These embankments are mainly used to support highway or railway systems.
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Geosynthetics have been introduced in pile-supported (PS) embankments as basal
reinforcement to assist the load transfer and to reduce the differential settlement (Han and Gabr
2002). Figures 2.4(a) and (b) show typical cross-sections of PS and GRPS embankments,
respectively. Moreover, by introducing geosynthetic in a PS embankment, piles can be constructed
with larger spacing and smaller caps, thus reducing the cost of piling (Jones et al. 1990). Bell et
al. (1994) pointed out that primary and long-term secondary settlements can be minimized by using
geosynthetic. Consequently, thick embankments to prevent the differential settlements at the base
being reflected to the crest is not vital (Broms and Wong 1985).
Due to these advantages, many GRPS embankments have been built. In Scotland 1983, the
first GRPS embankment was constructed with a single layer of geomembrane for a bridge
approach embankment (Reid and Buchanan 1984). Also, multiple layers of geosynthetic were used
to support a roadway embankment in London, England 1989 (Card and Carter 1995). In
Philadelphia, PA in 1994, a large diameter storage tank was built on a geosynthetic reinforced
column supported platform (Collin 2003).

Figure 2.4 Typical cross-sections of PS and GRPS embankments (Han 2015)
In GRPS embankments, the geosynthetic-reinforced fill platform acts as a unit to reduce
the load on soft soil (i.e., foundation soil) and transfer it to stiffer piles through soil arching and
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tensioned membrane effects. Figure 2.5 illustrates these two mechanisms under a plane strain
condition. If there are no piles within the foundation soil, the embankment soil should settle evenly,
and the vertical pressure at the embankment base is equal to the total overburden stress (γH). When
piles are incorporated, the embankment fill above the soft soil would have a tendency to settle in
relative to the stationary adjoining fill above the piles. As the differential settlement (ΔS) generates,
soil arching mobilizes and transfers the embankment load to the piles.
Simultaneously, the geosynthetic sheet extending across the span of the two piles deforms
as the soil mass moves downwards. A tangential tensile force (T) develops within the geosynthetic
sheet. The vertical component of the tensile force will counteract the downward moving soil mass
and apply additional load on the piles. As the tension develops in the geosynthetic sheet, the
embankment weight is transferred from the foundation soil to the piles. This is called the tensioned
membrane effect. The load transfer mechanism in GRPS embankments is a combination of soil
arching and tensioned membrane effects. However, soil arching dominates the mechanisms
through which the embankment weight and the surface loadings are transferred to the piles (Han
et al. 2011). Soil arching is the only mechanism which is responsible for the load transfer in PS
embankments.

Figure 2.5 Load transfer mechanisms in GRPS embankments (Han 2015)
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2.3 LOAD TRANSFER MECHANISM
As pointed out in the previous sections, soil arching is a key mechanism in many geotechnical
applications. However, soil arching does not act alone as a load transfer mechanism in many of
these applications, such as GRPS embankments and geosynthetic over cavities. Therefore, both
soil arching and geosynthetic tensioned membrane effects are studied and explained in the
following section to have a better understanding of the load transfer mechanism.
2.3.1 Soil Arching Theories
Soil arching theories are essential for discussing the arching effect and providing a path for further
development in related arching studies. Soil arching phenomenon has been studied for decades;
many experimentally and analytically-based theories have been proposed (Janssen 1895; Terzaghi
1936; Finn 1963; Hewlett and Randolph 1988; Low et al. 1994). Similar to many geotechnical
problems, soil arching has been investigated by scholars in two distinctly different methods: limit
equilibrium and continuum mechanics-based methods (Agaiby and Jones 1995). These two
approaches are different in their assumptions, formulations, and consequences.
The formulations for the behavior of any geotechnical problems are either indeterminate
or complex to some extent; therefore, commonly a simplified constitution for the soil behavior is
favorable. Limit equilibrium methods facilitate the soil arching problem by assuming a failure state
with certain shapes and ranges of slip surfaces, which make the problems easily solved (Agaiby
and Jones 1995). The presumed shape of soil arching is the primary difference among all the limit
equilibrium methods, such as a flat arch acting like a lintel or a curved mode like an arch, a ring
or a dome (Getzler et al. 1968; Handy 1985; Hewlett and Randolph 1988).
Han (2015) classifies soil arching theories according to the proposed models by researchers
in the following to study GRPS embankments: (a) vertical slip surfaces (Russell and Pierpoint
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1997; Chen et al. 2008; British Standard 8006 2010); (b) semispherical dome (Hewlett and
Randolph 1988; Kempfert et al. 2004); and (c) triangular wedge (Carlsson 1987; Miki 1997; Collin
2003). An illustration of these different models is shown in Figure 2.6.

Figure 2.6 Soil arching models: (a) vertical slip surface, (b) semispherical dome, and (c)
triangular wedge (Han 2015)
Terzaghi’s Investigation of Soil Arching
A series of trapdoor tests were conducted by Terzaghi (1936) as the first experimental investigation
of the arching phenomenon. Terzaghi’s trapdoor tests were performed under a plane strain
condition. Based on his results and observations, he proposed a theoretical solution to describe the
soil arching phenomenon in 1943. He also developed an equation to calculate vertical stress above
a yielding trapdoor.
In Terzaghi’s experimental work, a trapdoor of 73 mm wide and 463 mm long was fixed
on the base of a 310 mm sand container. It was allowed to move downwards gradually. Meanwhile,
the total load on the trapdoor and its displacement were measured. As the displacement was just
started, the load on the trapdoor decreased rapidly as indicated by the test results, and the shear
stresses induced by soil arching increased with an increase in the displacement. Subsequently, the
pressure on the trapdoor reached a constant value at a displacement of 10% of the trapdoor width.
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The adopted model in Terzaghi’s investigation is similar to the one proposed by Janssen
(1895) to study the pressure distribution in silos. As shown in Figure 2.7 (a), Terzaghi (1943)
observed that the real surfaces of sliding are curved (i.e., ac and bd curves) when the trapdoor was
lowered. However, he assumed for the simplification and calculation purposes that two vertical
planes passing through the outer edges of the trapdoor (i.e., ae and bf planes) restrained the
yielding soil and a horizontal plane (e1f1), above which no relative displacement happened. Such
a plane is called the equal settlement plane. The soil mass above the equal settlement plane was
treated as a surcharge (i.e., no arching effect available above that plane).

Figure 2.7 Terzaghi's investigation of arching effect in sand: (a) proposed failure of downward
movement in a trapdoor test; (b) free body diagram for a slice of soil within the yielding zone
(Terzaghi 1943)
Figure 2.7(b) shows the free body diagram for a slice of soil within the yielding zone
examined by Terzaghi (1943), in which he assumed that normal stresses were uniform across the
horizontal sections and the coefficient of lateral stress (K) was a constant. Cohesion (c) was
assumed to exist along the sliding surfaces. By satisfying the force equilibrium vertically for the
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free body diagram as in Equation 2.2, he derived the following equations to estimate the vertical
stress (σv) as in Equation 2.3 and the soil arching ratio as in Equation 2.4.
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where 2B = width of the trapdoor; γ = unit weight of soil; z = depth from the equal settlement
plane; σv = vertical stress; σh = horizontal stress (σh = Kσv); K = coefficient of lateral earth pressure;
c = cohesion of soil; ϕ = friction angle of soil; and q = surcharge at the soil surface.
Hewlett and Randolph’s Soil Arching Theory
Hewlett and Randolph (1988) studied the mechanism by which the load is carried by a square grid
of piles and continuous walls and is transferred from a granular embankment fill based on
laboratory model tests. They suggested a model of arched shape based on their observations of
deformations within the fill as in Figure 2.8. Then, an analysis of the soil arching effect, by
considering limiting equilibrium of stresses within the arch, was proposed for a plane-strain and
three-dimensional conditions.
For the plane strain condition, as shown in Figure 2.8(a), Hewlett and Randolph (1988)
considered that long arches are formed within the arching zone and supported by continuous walls.
These arches are responsible for transferring the embankment weight to the supports in a similar
action to that of the masonry arches in cathedrals. They assumed that arches are semi-circular and
have the same thickness, and no overlap of arches happens above the supports to satisfy the static
equilibrium requirement. Also, they ignored the self-weight of the soil within the soil arching zone
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(a)

(b)

Figure 2.8 Soil arching in (a) Plane strain condition (above continuous supports); (b) Threedimensional condition (above the grid of piles in a square pattern) (Hewlett and Randolph 1988)
and considered no mobilization of the shear stresses for the soil below and between the formed
arches. Considering that the limit equilibrium would reach first at the crown, a differential equation
in terms of equilibrium in the radial direction was obtained as in Equation 2.4. By satisfying the
boundary conditions at the crown of the arch, the stress just below the inner boundary of the arch
is as in Equation 2.5:
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Equation 2. 7

where σr = the radial stress, σθ = the tangential stress, r = the arch radius, σi = the vertical stress on
the inner side of the arch, which equals to the vertical stress at r   s  b  / 2 , γ = the soil unit weight,
H = the height of the embankment, s = the center to center spacing of the support, b = the width of
the support, and KP = Rankine’s passive earth pressure coefficient.
Hewlett (1984) considered the self-weight of soil within the arching zone and obtained the
differential equation in the radial direction as in Equation 2.6. By solving the differential equation
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and applying the boundary conditions, the inner stress (σi) below the boundary of the arch is as in
Equation 2.7. This analysis is only valid for embankments of a height more than half the spacing
of the supports (i.e., H > s/2):
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Equation 2. 10

For the embankments that are supported by piles, the most representative analysis for
studying the soil arching is a three-dimensional analysis. In a three-dimensional condition and
when piles are in a grid of square pattern, Hewlett and Randolph (1988) found that soil arching
would form in a series of domes based on their experimental tests as shown in Figure 2.8 (b). They
also observed that the vaults do not necessarily fail only at the crown of the domes, but also they
might fail at the pile cap location as an inverted bearing capacity failure because of the high
concentrated stresses above the limited area of the caps. Therefore, either location failing first will
determine the arching capacity, and the analysis should be done for both locations to determine
which has the lower capacity. By considering the equilibrium at the crown of the arch and
satisfying the boundary conditions into the following differential equation (Equation 2.11), the
inner stress (σi) below the boundary of the arch is as in Equation 2.12.
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Equation 2. 13

The soil arching ratio when failure happens at the pile cap location is given in Equation 2.14:
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Equation 2. 14

where: δ = b/s.
2.3.2 Tensioned Membrane Theories
Geosynthetics have been widely used as a basal reinforcement in both pile-supported
embankments and over existing sinkholes to better transfer the applied loads to the piles or
surrounding soils, respectively. Thus, when a geosynthetic layer is extended over voids or
compressible soils, the geosynthetic deforms and mobilizes some of its strength. This phenomenon
is called a tensioned membrane effect. Gourc and Villard (2000) defined the membrane effect as
“the ability of a geosynthetic sheet to be deformed, thereby absorbing forces initially perpendicular
to its surface through tension.”
A few tensioned membrane theories have been proposed to count for the membrane effect.
The available theories are based on a parabolic arc shape and a circular arc shape of the deformed
geosynthetic. The stresses developing within the supported soil and applied on the geosynthetic
are the reason behind these two shapes. A parabolic shape is a result of considering that the stresses
acting on the geosynthetic are only vertical at all the locations across the void width. However,
assuming the geosynthetic deformed shape as a circular arc indicates that the stresses acting on the
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geosynthetic are normal to the geosynthetic surface even when it deforms. Thus, the stresses on
the geosynthetic have vertical and horizontal components at all locations except in the center of
the void. It is noteworthy to mention that most of these theories were originally developed for the
design of soil-geosynthetic systems over voids, such as sinkholes, dissolution cavities, and
localized depression. Even though, they have also been used for designing GRPS embankments.
Two of the common methods that have been used in designing geotechnical problems are Delmas
(1979), Giroud et al. (1990), will are presented below.
Delmas’ Method
As described earlier, a parabolic arc shape was proposed by Delmas (1979) in an analytical method
to predict the tension-deformation relationship of a horizontal geosynthetic sheet above a void
(e.g., cavity or trench) subjected to a uniform distributed vertical load as shown in Figure 2.9. The
assumptions behind Delmas’ method as stated by Gourc and Villard (2000) are:


the problem is under a plane-strain condition,



the geosynthetic sheet of original length (L) is fixed at each end, and is subjected to a
uniformly distributed vertical load (q),



the stresses remain vertical and constant after deformation takes place,



there is no horizontal displacement of any point on the geosynthetic during deflection,



the geosynthetic is assumed to have a linear elastic behavior (T=J*, where T = the tensile
force in the sheet,  = the strain and, J = the tensile stiffness defined by a unit width of the
sheet).
The geosynthetic vertical deformation (Z) at any distance (y) from the edge of the void can

be estimated from Equation 2.15.
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(a)

(b)

Figure 2.9 Delmas’s tensioned membrane method: (a) before deflection and (b) after deflection
(Gourc and Villard 2000)
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where T0 is the horizontal component of the maximum tension, Tmax, and can be calculated from
the following equations:
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While the maximum tension, Tmax, and the maximum deformation, Zmax, can be calculated as:
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Equation 2. 18

Equation 2. 19

The Giroud et al. Method
An analytical solution to estimate the tension in the geosynthetic that bridges over a void and
deforms in a circular arc shape was presented in Giroud et al. (1990). In addition to assuming the
deformed geosynthetic as a circular arc as shown in Figure 2.10, they considered that the load is
normally applied to the geosynthetic, which only stretches within the void span with a uniform
strain along the portion of the geosynthetic overlying the void.

Figure 2.10 Deflected circular geosynthetic layer (Giroud et al. 1990)
The geosynthetic tensile force, T, over an infinitely long void, can be estimated using
Equation 2.20.
T  pb

Equation 2. 20

where p = the pressure normal to the geosynthetic, b = the void width, and Ω = a dimensionless
factor, which can be determined by either Equation 2.21 or 2.22:
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where ε = the geosynthetic strain and y = the maximum deflection.
For a geosynthetic spanning a circular void, despite that the deflection shape is not a
circular, Giroud et al. (1990) suggested using a diameter of, 2r, instead of the width, b, in Equation
2.20 to calculate the tension, T, approximately.
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2.4 SOIL ARCHING INVESTIGATIONS UNDER LOADING
2.4.1 Arching Under Self-Weight and Static Surface Loading
Soil arching has been commonly investigated using the trapdoor test approach since Terzaghi
(1936), who conducted the first trapdoor test. Terzaghi’s tests were performed in a twodimensional “plane-strain” box by using a rectangular trapdoor mounted to the box base under soil
self-weight only, while McNulty (1965) used a circular trapdoor inside a cylindrical chamber to
investigate the arching phenomenon under an axisymmetrical test setup. In addition, McNulty
(1965) applied air pressure on the surface of the soil. Terzaghi (1936) and McNulty (1965) found
that the shear stress induced by soil arching increased with an increase of the trapdoor displacement
based on their test results. The Terzaghi (1936) tests indicated that the pressure on the trapdoor
became constant when the deflection reached 10% the width of the trapdoor, while McNulty
(1965) studies showed a lower percentage of approximately 3% of deflection needed. They also
found a plane of equal settlement, above which no soil arching or reduction of stress was
developed, existed when the thickness of the soil mass was large enough. According to Terzaghi’s
observation, the equal settlement plane was at the height of 1.5 to 2.5 times the width of the
trapdoor. However, McNulty (1965) found that the height of the equal settlement plane was from
1.0 to 1.5 times the trapdoor diameter under an axisymmetrical test condition.
Furthermore, trapdoor tests were carried out by Adachi et al. (1989) to investigate soil
arching between piles that are used to stabilize landslide. Soil displacement and soil arching effect
represented by the load applied on the piles were quantified by using displacement tracking marks
buried in the soil and strain gauges attached to the piles, respectively. The soil arching phenomenon
was observed by examining the pattern of soil particles’ movement. Bertin (1978) conducted
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centrifuge cavity collapse tests to investigate the effects of cavity diameter, soil properties, roof
thickness, and surcharge on the collapse of the cavity.
Numerical methods have also been used to investigate soil arching behavior in different
geotechnical problems. Koutsabeloulis and Griffiths (1989) simulated the trapdoor problem using
a finite element method to study the stress distribution related to the active and passive modes of
soil arching. In addition, plane strain finite element analyses were conducted by Gabr and Hunter
(1994) to investigate the contribution of geogrid in reducing the tensile strains induced in landfill
liners over subsurface cavities. Han and Gabr (2002) studied the soil arching effects associated
with the geosynthetic-reinforced pile-supported embankments using the finite difference program
- FLAC. They found that the soil arching ratio depends on the stiffness difference between piles
and soil, the pile spacing, and the existence of geosynthetic reinforcement.
As a conclusion, all these trapdoor studies and numerical studies so far have been
conducted with considerably small-scale model tests under soil self-weight or soil self-weight plus
uniform static surface loading. Scale effects may have influenced the accuracy of the results, and
a uniform surcharge configuration may not be the critical situation for soil arching stability as
compared with the locally loaded situation since less differential settlement may develop in the
soil. Even though, the load configuration effects have not yet been well investigated.
2.4.2 Arching Under Cyclic or Dynamic Loading
Several geotechnical applications are subjected to dynamic or cyclic surface loading, such as
moving vehicles, railroad crossings, pile driving, impact due to falling of heavy objects, blast
waves, and earthquakes.
Chen et al. (1991) performed simple impact tests using buried flexible plates as a trapdoor,
acrylic plate, to evaluate the effects of impact or dynamic loading on the soil arching. In their test
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setup shown in Figure 2.11, a small-scale cylindrical sand tank was used. By using a steel ball that
was dropped from a high of 0.6 m on an aluminum plate placed on the top of sand, the impact
loading was generated. Three different thicknesses of buried plates were used to represent different
degrees of roof rigidity. In all the tests, the ratio of soil cover thickness to opening diameter was
kept to be 0.5. The earth pressures above and accelerations below the buried plate were measured.
The test results demonstrated significant soil arching effects, and these effects depended on the
deflection of the plate and the interaction between the soil and the plate. However, it is believed
that no true soil arching developed in Chen et al. (1991) tests because the trapdoor deflection was
corresponded to the deflection of the acrylic plate itself due to its flexibility.

Figure 2.11 Chen et al. (1991) dynamic soil arching experimental setup (Han, personal
communication)
Dancygier and Karinski (1999) also studied the soil arching contribution on the response
of soil-buried structures under dynamic surface loading and proposed a simple, analytical model
to evaluate the effect of shear stresses in soil. Their model assumed that the soil was subjected to
a uniformly distributed surface dynamic or impact loading. The model also assumed the potential
slip plane above the buried structure is vertical, which is the same as that proposed by Terzaghi
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(1943). Dancygier and Karinski (1999) defined the “arching ratio” as the ratio of the shear stress
to the vertical displacement, which is different from the ratio proposed by McNulty (1965).
Furthermore, Helwany and Chowdhury (2000) performed experimental studies to assess the
change of lateral earth pressures on buried structures under dynamic loading considering soil
arching effects.
Han and Bhandari (2009) and Bhandari (2010) conducted a numerical study using a
discrete element method (DEM) to investigate soil arching and geogrid tension in geogrid
reinforced and unreinforced pile supported embankments under cyclic loading. In the unreinforced
embankment shown in Figure 2.12 (a), the contact force was oriented randomly after 25 cycles of
loading through the footing on the surface, suggesting the collapsing of soil arching. In the
geosynthetic-reinforced embankment, however, the orientation and continuity of the contact force
suggested a stable soil arching as shown in Figure 2.12 (b). Bhandari (2010) found that the vertical
stresses over the pile caps and the soft soil were constant for the reinforced embankment
irrespective of the load cycles. On the other hand, the stresses over the pile caps decreased and the
stresses on the soil increased with the load repetition for the unreinforced embankment.
Consequently, one can conclude that the stresses above the pile caps and the soil may eventually
approach to the same value if a sufficiently large number of load repetitions is applied, which is a
case of disappearance of soil arching due to the equal stress condition.
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(b)
(a)
)
)
Figure 2.12 Contact force distribution for: (a) unreinforced and (b) reinforced embankment after
25 cycles of loading (Bhandari 2010)
In general, soil arching under static loading is formed by shear stresses, which depend on
the contact stresses between soil particles as a result of the interactional frictional forces. Under
dynamic loading, however, the interactional frictional forces and the contact stresses may be
reduced due to vibration effects so that the soil arching tends to deteriorate leading to the
progressive collapse of interactional forces transmitting shear stresses otherwise developing in the
granular media. The factors that may affect the stability of the soil arching under dynamic or cyclic
loading are, for example, the severity (i.e., number and intensity) of cyclic loading, the size of the
load area, the distance between the load and the stable arch, and the presence of reinforcement.
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CHAPTER 3 EXPERIMENTAL TESTS
This chapter presents the test setup and describes the experimental work details including
embankment material properties, reinforcement properties, instrumentation, test procedure, and
loading types.
3.1 MODEL TEST SETUP
To address the points mentioned earlier in the problem statement section in Chapter 1, three
different conditions were investigated, which include unreinforced fill, single geosyntheticreinforced fill, and double geosynthetic-reinforced fill. Complete test setup for each condition is
depicted in Figures 3.1, 3.2, and 3.3, respectively. Since the general focus of this research was to
investigate the soil arching mobilization and to assess the stability of soil arching during surface
loading, fully-mobilized soil arching developed first and was followed by the application of an
incremental footing load. Therefore, in general, a complete test consisted of two test stages after
the embankment fill had been constructed: (1) a trapdoor test stage and (2) a loading test stage.
For the comparison purpose, two tests, though, were performed with a loading test stage without
a trapdoor test stage. Table 3.1 outlines 14 tests that were carried out as part of this research, eight
of which were performed under static loading after the trapdoor test had been completed, but ???
of which were conducted under cyclic loading. The trapdoor test stage was carried out under soil
self-weight, soil self-weight plus static load, and soil self-weight plus a cyclic load for the
unreinforced fill case, while for each case of the single and double geosynthetic-reinforced fill, the
trapdoor test stage was performed under soil self-weight only. The loading test stage was
performed using a rigid footing subjected to either monotonic static or incremental cyclic loading
under all the three conditions.
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Displacement
transducer

Disp.

Figure 3.1 Test setup for the unreinforced fill (unit: mm)

Displacement
transducer

Disp.

Figure 3.2 Test setup for the single geosynthetic-reinforced fill (unit: mm)
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Displacement
transducer

Disp.

Figure 3.3 Test setup for the double geosynthetic-reinforced fill (unit: mm)
Table 3.1 Test Plan

Trapdoor and
static loading
test series
(Eight tests)

Unreinforced
fill
(Four tests)
Single layer of
geosynthetic
(Two tests)

Test No. 5
A uniaxial geogrid overlain by a
non-woven geotextile

Double layers
of geosynthetic
(Two tests)

Test No. 7a and No. 7b
Double layers of biaxial geogrid overlain by a non-woven geotextile

Unreinforced
fill
(Three tests)
Trapdoor and
cyclic loading
test series
(Six tests)

Test No. 2 and No. 3
Different maximum
displacements of a
trapdoor test then a
loading test

Test No. 1
Loading test
without trapdoor
test (baseline test)

Single layer of
geosynthetic
(Two tests)
Double layers
of geosynthetic
(One test)

Test No. 4
A constant static
loading test then a
trapdoor test

Test No. 6
A biaxial geogrid overlain by a
non-woven geotextile

Test No. 10 A
Test No. 8
Tests No. 9
Loading test
constant cyclic
A trapdoor test then a
without a trapdoor
loading then a
loading test
test (baseline test)
trapdoor test
Test No. 11
Test No. 12
A uniaxial geogrid overlain by a
A biaxial geogrid overlain by a
non-woven geotextile
non-woven geotextile
Test No. 13
Double layers of biaxial geogrid overlain by a non-woven geotextile
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All tests were carried out under a plane strain condition in the test box with an interior
dimension of 1760×460×1480 mm (long×wide×high). This box was made of three sides of
plywood and a Plexiglas on the front side to allow for monitoring of soil movement during the test
and reinforced by steel tubes all around the box outside to minimize its lateral movement as shown
in Figure 3.4 (a and b). Also, the Plexiglas was stiffened by two sections of steel angle in a size of
50×50×5 mm along the front side. All three sides of the plywood were covered by a plastic sheet
to minimize the frictional effect of the box sides.
An embankment of granular fill was built using the Kansas River sand on the box base,
which consisted of two wooden stationary supports and one moveable trapdoor. The trapdoor had
a dimension of 360 mm wide and 460 mm long and could be moved vertically using an electrical
jack as shown in Figure 3.4 (c). The length of the trapdoor was the same as the width of the box.
The trapdoor width, S, was selected to be 1/5 of the test box width (i.e., 1760 mm) so that the
boundary effect could be minimized. The trapdoor roof consisted of one piece of 19 mm thick
plywood on a 6.35 mm thick steel plate, which was supported by an electrical jack. To ensure that
the trapdoor would settle evenly, four springs were placed near the corners of the trapdoor. In
addition, a plastic washer was placed all around the trapdoor and used to reduce the frictional
resistance between the trapdoor and the stationary supports. The stationary supports had a
dimension of 700 mm×460 mm and were made of one piece of 19 mm thick plywood.
On the top of the embankment fill, a load was applied during each loading test stage using
a hydraulic jack attached to a rigid steel footing that had the same dimension as the trapdoor (i.e.,
360 mm×460 mm) and was centered above the trapdoor as shown in Figure 3.4 (d). The hydraulic
jack had a capacity of 25 tons and was modified to apply cyclic loading with a maximum frequency
of 0.5 Hz as well as static loading. During the loading test, the applied load was monitored using
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1760 mm

820 mm

Wooden Sides covered
by plastic sheet

Trapdoor
Stationary
support

Stationary
support

(a)

Footing

720 mm

Granular fill

Plexiglas
face
Trapdoor

(b)

Load cell
Disp.
Spring

Disp.

Electrical
jack

Footing

(d)

(c)

Figure 3.4 Test setup: (a) test box, (b) embankment fill, (c) trapdoor mounted on electrical jack,
and (d) footing on top of the fill
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of 0.5 Hz as well as static loading. During the loading test, the applied load was monitored using
an S-shape load cell with a capacity of 22.3 kN.
3.2 MATERIAL PROPERTIES
3.2.1 Fill Material
Granular material is commonly used as a fill material in most of the geotechnical applications,
such as embankments, reinforced earth platforms, fill over buried pipes, and fill behind retaining
walls, in which soil arching is an important mechanism of the load transfer. Therefore, Kansas
River sand was selected as a granular fill material in this study to investigate the arching
phenomenon. Based on the particle size distribution curve shown in Figure 3.5 and according to
the Unified Soil Classification System (USCS), this sand was classified as a poorly graded sand
(SP). The coefficients of uniformity (Cu) and curvature (Cc) were calculated to be equal to 3.18
and 0.99, respectively. The Kansas River sand had minimum and maximum dry unit weights of
16.02 kN/m3 and 18.85 kN/m3, respectively, in accordance with ASTM D4254-14 and ASTM
D4253-14.

Percent passing (%)

100
80
60
40
20
0
0.01

0.1

1

10

Particle size (mm)

Figure 3.5 Particle size distribution curve for the Kansas River sand
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For all tests, the embankment height (H) was selected to be twice the width of the trapdoor
(i.e., H=720 mm, S=360 mm, and H/S=2) in order to ensure that the equal settlement plane was
formed within the embankment. The embankment was constructed in seven lifts of 100 mm thick
per lift using a mass-volume control method. During the construction of the embankment, the
Kansas River sand was poured and then compacted until the required fill height was reached. Even
though most studies related to the soil arching investigation were usually performed on a backfill
that had been constructed using an air pluviation (or raining) method to ensure a uniform density,
this method was believed to be unrepresentative for the actual construction followed in
geotechnical practices. Therefore, a manual compactor, with a 150 mm drop height as shown in
Figure 3.6, was used to compact each lift by evenly distributing 64 drops on the sand lift surface
until a relative density of 75% was reached. The sand compacted at this density had a unit weight
of 18.04 kN/m3 and a peak friction angle of 38.6º based on triaxial shear tests.

Figure 3.6 Manual steel compactor
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3.2.2 Reinforcement
As pointed out in Chapter 2, geosynthetic reinforcement has been used in several geotechnical
applications, such as GRPS embankments, geosynthetic bridging over cavities, and reinforced
earth platforms. However, the effect of geosynthetic reinforcement on soil arching has rarely been
investigated. Therefore, investigating the effects of the geosynthetic reinforcement on soil arching
is valuable for practical applications.
In all the reinforced fill test sections, a non-woven geotextile layer was placed above a
geogrid layer as a reinforcement layer. Because sand was used as a fill material, the non-woven
geotextile was placed above the geogrid to prevent sand from flowing through the geogrid aperture
and distribute the load from the embankment to the geogrid. Also, as outlined earlier in Table 3.1,
two types of geogrids were utilized. They were biaxial geogrid and customized uniaxial geogrid
as shown in Figure 3.7. The uniaxial geogrid was customized from the biaxial geogrid by removing
two sequential transverse ribs. Because the tests in this study were carried out under a twodimensional plane strain condition, the use of the uniaxial geogrid was considered in order to
distinguish between the two-dimensional (2D) and three-dimensional (3D) behavior of the
geosynthetic. Table 3.2 presents the properties of uniaxial geogrid, biaxial geogrid, and non-woven
geotextile.
As shown in Figure 3.2, the single geosynthetic layer was placed over a sand cover of 40
mm thick over the trapdoor and stationary supports. Also, the same thickness of sand cover was
used under the first reinforcement layer in the double geosynthetic reinforced fill tests, and a
distance of 100 mm was left between the first and second layers of reinforcement as shown in
Figure 3.3.
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(b)

(a)

Figure 3.7 Two types of geogrid: (a) customized uniaxial geogrid and (b) biaxial geogrid
Table 3.2 Geosynthetic properties
Geosynthetic

Properties
Aperture dimensions
Minimum rib thickness
Tensile strength @ 2% strain
Tensile strength @ 5% strain
Ultimate tensile strength

Units
mm
mm
kN/m
kN/m
kN/m

Aperture dimensions
Minimum rib thickness
Biaxial geogrid Tensile strength @ 2% strain
Tensile strength @ 5% strain
Ultimate tensile strength

mm
mm
kN/m
kN/m
kN/m

Uniaxial
geogrid

Values
Long.: 100
Tran.: 25
0.76
6.4
12.8
17
*
MD values
XMD values*
25
33
0.76
0.76
4.1
6.6
8.5
13.4
12.4
19

Unit mass
g/m2
119
Grab tensile strength
N
400
Grab elongation
%
50
Non-woven
geotextile
Trapezoid tear
N
156
Puncture
N
245
2
Mullen burst
kN/m
1276
*
Note: MD refers to the machine direction, and XMD refers to the cross-machine direction.
3.3 METHOD OF MEASUREMENT
In this study, four types of measurements were made in each test, which include earth pressures,
footing and trapdoor displacements, geosynthetic strains, and embankment fill movement.
To obtain the pressure distribution in each unreinforced fill test, eight earth pressure cells
were used and placed over a 20 mm thick sand bed, which was placed over the trapdoor and the
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stationary supports as shown in Figure 3.8. These pressure cells had an outside diameter of 50 mm,
a sensing-surface diameter of 46 mm, a thickness of 11.3 mm, and a maximum capacity of 200
kPa. Five pressure cells, which are highlighted inside the ellipse shape in Figure 3.8, were installed
symmetrically about the centerline of the trapdoor at the distances of 0, 130, and 230 mm,
respectively, in all the tests. Three pressure cells located on the top of the trapdoor were used to
measure the change of the vertical earth pressures with the vertical displacement of the trapdoor,
while the other two cells were installed to measure the increase of the vertical earth pressures at
the stationary supports. The pressure cell placed at the centerline of the trapdoor is noted as TC,
and the other two cells near the edges of the trapdoor are noted as TE-R and TE-L (R stands for
the right, and L stands for the left). Also, the two pressure cells near the edges of the stationary
supports are noted as SE-R and SE-L.

Figure 3.8 Earth pressure cell layout in the unreinforced fill tests
In the geosynthetic-reinforced tests, five pressure cells were placed over the trapdoor and
the stationary supports directly with the same spacing mentioned earlier, and three pressure cells
were placed over the first geosynthetic layer as shown in Figure 3.9.
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Figure 3.9 Earth pressure cell layout in the reinforced fill tests: (a) below the geosynthetic and
(b) above the geosynthetic
For the clarity of the figures in next chapter, the average pressure from the pressure cells
(TE-R and TE-L) and that from (SE-R and SE-L) will be presented instead of all the readings
because they were essentially the same due to the symmetrical layout.
The displacements of the footing and the trapdoor were monitored using three displacement
transducers (type TML CDP-50, manufactured by the Tokyo Sokki Kenkyujo Co., Ltd.) with a

50 mm

measuring capacity of 50 mm. Figure 3.10 shows that two displacement transducers were placed

Displacement
transducer

Displacement
transducer

(a)

Electrical
jack

(b)

Displacement
transducer

(c)

Figure 3.10 Displacement transducer: (a) in display, (b) below the trapdoor and (c) above the
footing
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under the trapdoor, along with the diagonal line and at 100 mm away from the sides of the trapdoor.
Another displacement transducer was mounted above the footing to monitor the footing settlement
during the loading test stage.
In the geosynthetics reinforced fill tests, 5-mm long strain gauges supplied by Tokyo Sokki
Kenkyujo Co., Ltd., as shown in Figure 3.11(a), were attached to the geogrid at different locations.
Plastics hard bonding agent was used to glue strain gauges to the geogrid as shown in Figure
3.11(b).

(b)

(a)

Figure 3.11 Materials for strain gauge installation: (a) strain gauge and (b) plastic bonding agent.
When the uniaxial geogrid was used, nine strain gauges were placed at five different
locations along the middle rib as shown in Figure 3.12, seven of which were attached to the upper
surface and the other two were attached to the lower surface of the geogrid. The strain gauges
placed on double surfaces at the same location where the high tensile forces were expected to study
the bending effect of the geogrid. When the biaxial geogrid was used, eleven strain gauges were
attached at six different locations as shown in Figure 3.13. Among these strain gauges, six gauges
were placed above and below the geogrid while the other five were attached to the upper surface
of the geogrid only.
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Figure 3.12 Strain gauge locations on the uniaxial geogrid

mm

Figure 3.13 Strain gauge locations on the biaxial geogrid
To estimate the height of the equal settlement plane and monitor the fill movement, a
photogrammetric method was used to trace the marked aluminum plates of 10 mm ×10 mm in size
and the black colored sand lines, which were placed between the lifts of sand during the fill
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placement. For the photogrammetric method, a camera was used and fixed in position during the
trapdoor test to record the fill movement. Figure 3.14 shows the mark setup for tracing the fill
movement during each test.

Tracking
aluminum plates

Measurement
tapes
Black colored
sand lines

Figure 3.14 Marked aluminum plates and black colored sand lines between sand lifts
Two data acquisition systems were used to record the vertical pressures, the footing and
trapdoor displacements, and the geosynthetic strains. Three Smart Dynamic Strain Recorders (type
DC-204R, manufactured by Tokyo Sokki Kenkyujo Co., Ltd.) were connected to the pressure cells
and the displacement transducers to record the pressure distributions and the displacements
automatically with a scan frequency of 100 Hz. Another data acquisition system consisted of the
CR-1000 Campbell Scientific data logger and two units of multiplexer, which were connected to
the strain gauges. Figure 3.15 shows the data acquisition systems used in this study.
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Figure 3.15 Data acquisition systems: (a) smart, dynamic strain recorder and (b) CR-1000 data
logger and multiplexers
3.4 TEST PROCEDURE
As mentioned earlier, totally 14 tests were carried out in this study. Most tests consisted of
embankment construction, trapdoor test, and loading test. However, two baseline tests were
conducted just with a loading test stage after the embankment had been constructed. The general
procedures for the embankment construction of these tests are summarized in the following steps:
In the unreinforced embankment tests:
1. Placing a sand bed of 20 mm over the box base which consisted of one middle trapdoor
and two stationary supports.
2. Installing the earth pressure cells, as described earlier, and connecting them to the data
acquisition system to record the pressures during the embankment fill construction.
3. Using the mass-volume control method to place 155 kg of the Kansas River sand inside
the box with the pre-determined fill lift of 100 mm.
4. Compacting the sand lift using the steel manual compactor as described earlier with the
even distribution of 64 drops on the surface of the sand lift in a square pattern until reaching
the required thickness.
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5. Placing the marked aluminum plates and the black colored sand lines, which were used
during the trapdoor test to locate the equal settlement plane, behind the Plexiglass.
6. Recording the vertical pressures after the placement of each sand lift.
7. Repeating the above four steps from No. 3 to 6 six more times until the required height of
the embankment was reached.
In the reinforced embankment tests with a single layer of geosynthetic reinforcement:
1. Placing five earth pressure cells directly over the box base symmetrically about the
centerline of the trapdoor.
2. Placing a sand lift of 40 mm, a uniaxial geogrid or a biaxial geogrid, and a non-woven
geotextile.
3. Installing three more pressure cells on the geotextile layer (one in the center of the trapdoor
and the other two at the distances of 130 and 230 mm away from the centerline,
respectively).
4. Placing the rest sand lifts and compacting each lift as described in Step No.4 of the
unreinforced test procedure.
5. Repeating Steps No. 3 to 6 as the unreinforced test procedure six more times until the
required height of the embankment was reached.
In the reinforced embankment tests with double layers of geosynthetic reinforcement:
1. Following the same steps No. 1 to 4 from the procedure for the single geosyntheticreinforced tests.
2. Adding the second geosynthetic layer within the second sand lift such that the distance
between the first and second layers was equal to 100 mm.
3. Following Step No. 5 for the single geosynthetic-reinforced tests.
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After the embankment had been constructed, the trapdoor test was initiated by slowly
lowering the trapdoor at about 1 mm displacement increments until reaching fully mobilized soil
arching. A period of five minutes was allowed after each displacement increment to ensure that
the pressure cell readings were stable and the embankment deformations were measured. A
photogrammetric method, by utilizing a fixed camera, was used to detect the embankment
deformations by tracing colored sand lines which were placed between the sand lifts during the
construction. The fully mobilized soil arching was determined when the earth pressure over the
stationary supports reached a peak value.
To examine the stability of soil arching under a surface load, a footing static or cyclic load
was utilized in the loading test stage. In this stage, the trapdoor was held in place, and no further
displacement was allowed. Then, the footing load was applied and increased in increments with
each incremental pressure of about 7 kPa. The loading test was ended when the pressure on the
center of the trapdoor exceeded the pressure on the stationary supports. The static and cyclic
loading details are further discussed in the next section.
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3.5 LOADING TYPE
Throughout the experimental tests, both monotonic static and cyclic loads were adopted to
investigate the effect of surface loading on the stability of soil arching. The load was applied using
a rigid footing which had the same dimension as that of the trapdoor and was centered along the
test box centerline, as described earlier in the test setup section. As outlined in Table 3.1, eight
tests were performed on both unreinforced and geosynthetic-reinforced fill under a static footing
load, which was applied in increments with each incremental pressure of about 7 kPa and was held
for about seven minutes. Figure 3.16 shows a general example of the monotonic loading sequence
that was used for the tests under static loading.

Figure 3.16 Example of the monotonic static loading
In the cyclic loading tests, the soil arching phenomenon was investigated under an
incremental cyclic loading of a frequency of 0.1 Hz and with 100 cycles per each loading increment
of 7 kPa. Figure 3.17 shows a general example of the incremental loading applied in the cyclic
loading tests.
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(a)

(c)

(b)

Figure 3.17 Example of the incremental cyclic loading: (a) during the whole loading period, (b)
from cycles No. 210 to 220, and (c) from cycles No. 810 to 820
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CHAPTER 4 ANALYSIS OF TRAPDOOR TEST RESULTS
This chapter presents and discusses the results of twelve trapdoor tests that were carried out after
the construction of embankment fill to investigate the mobilization of the soil arching under
different conditions: soil self-weight, and soil self-weight plus static or cyclic footing load. Ten
trapdoor tests were conducted under soil self-weight, three of which were performed with the
unreinforced embankment fill (T2, T3, and T9), four with the single geosynthetic-reinforced fill
(T5, T6, T11, and T12), and three with double geosynthetic-reinforced fill (T7a, T7b, and T13).
The other two trapdoor tests were conducted under soil self-weight plus static footing load (T4)
and soil self-weight plus cyclic footing load (T10) with the unreinforced embankment fill. All
trapdoor tests on the reinforced embankment fill and T2 were performed to a maximum trapdoor
displacement of about 15.0 mm, while the trapdoor tests with the unreinforced embankment fill
were conducted with a maximum trapdoor displacement of about 8.0 mm. Each trapdoor test was
followed by either static or cyclic surface loading to investigate the stability of the soil arching,
which will be discussed in the next chapter. The description and number of the tests carried out in
this study were summarized in Table 3.1.
4.1 TRAPDOOR TEST UNDER SOIL SELF-WEIGHT
4.1.1 Unreinforced Embankment Fill
In the unreinforced embankment fill, three trapdoor tests (T2, T3, and T9) with two different
maximum trapdoor displacements were performed to assess the displacement effect on the soil
arching mobilization.
Figure 4.1 shows the measured pressures on the box base during the embankment
construction for T2 and T3. This figure shows that during the construction of the embankment, the
measured pressures increased on both the trapdoor and the stationary supports. At the end of the
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construction, the vertical pressures over the trapdoor and the supports were almost equal to the
overburden pressure (γH). However, the pressure on the trapdoor was slightly higher than that on
the stationary supports. This difference could be attributed to the stiffness difference of the
trapdoor and the stationary supports because of the presence of the steel plate underneath the
trapdoor as described earlier in Chapter 3.

(a) T2

(b) T3
Figure 4.1 Measured pressures on and besides the trapdoor during the fill construction in: (a) T2
and (b) T3
Figure 4.2 shows the result of the trapdoor test in T2, which was conducted to a maximum
trapdoor displacement of 15 mm and then followed by a loading test with a static footing load.
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Figure 4.2 also shows that the measured pressures on the trapdoor (TC and TE) sharply decreased
with a trapdoor displacement of about 2 mm. Meanwhile, the pressure at SE gradually increased
as the trapdoor was progressively lowered due to the soil arching effect. However, the pressure at
SE decreased after a trapdoor displacement of about 9 mm. The decrease of the pressure at SE was
accompanied by an increase of the pressures at both TC and TE. In other words, soil arching started
to deteriorate under soil self-weight as the trapdoor displacement increased to more than 2.5% of
its width.

T2
Figure 4.2 Measured pressures on and besides the trapdoor versus the trapdoor displacement in
the unreinforced test T2
Figure 4.3 shows the results of two trapdoor tests in T3 and T9, which were conducted to
a maximum trapdoor displacement of about 8 mm and were followed by a static and cyclic footing
load, respectively. In these trapdoor tests, the trapdoor displacement was stopped at about 8 mm
to eliminate any soil arching deterioration caused by the progressive settlement of the trapdoor and
to study only the effect of the footing load on the stability of soil arching. Figure 4.3 shows a
similar trend of the pressures at TC, TE, and SE to that in T2. In addition, a peak value of the
measured pressure at SE in T2 was 17 kPa at the trapdoor displacement of 9 mm, while the peak
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pressures at SE in T3 and T9 were 18 kPa and 19 kPa, respectively, at the trapdoor displacement
of 8 mm.

(a) T3

(b) T9
Figure 4.3 Measured pressures on and besides the trapdoor versus the trapdoor displacement in
the unreinforced tests: (a) T3 and (b) T9
As mentioned earlier in Chapter 2, the degree of the soil arching mobilization is evaluated by the
soil arching ratio. The soil arching ratios at the end of the trapdoor tests in T2, T3, and T9 were
0.14, 0.13, and 0.16, respectively. In other words, soil arching was fully mobilized in all three
tests. Moreover, trapdoor displacement caused particle movement within the embankment fill and
differential settlement between the yielding soil mass (i.e., the soil above the trapdoor) and the
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unyielding soil mass (the soil above the stationary supports). An equal settlement plane existed at
a height, Z, from the trapdoor, above which there was no obvious differential settlement and thus
no effect on the soil arching as shown in Figure 2.1. It is preferred for actual applications that soil
arching should be within the embankment fill. In other words, the equal settlement plane should

655 mm

Equal settlement plane

360 mm

518 mm

(a) T2

360 mm
(b) T9
Figure 4.4 Equal settlement plane: (a) T2 and (b) T9
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be within the embankment fill. In the trapdoor tests (T2, T3, and T9), the equal settlement planes
were at 1.82S, 1.39S, and 1.44S, respectively, where S refers to the trapdoor width (360 mm in
this study). Figure 4.4 depicts the equal settlement plane in trapdoor tests (T2 and T9).
4.1.2 Single Geosynthetic-Reinforced Embankment Fill
Four tests were carried out with single geosynthetic reinforcement in order to investigate the
effects of geosynthetic inclusion on the soil arching mobilization and stability. Two different types
of reinforcement were utilized, which were a layer of uniaxial geogrid overlain by a layer of nonwoven geotextile (in T5 and T11) and a layer of biaxial geogrid overlain by a layer of non-woven
geotextile (in T6 and T12), as described in Chapter 3. In all these tests, after the embankment fill
had been constructed, trapdoor tests were performed to a maximum trapdoor displacement of 15
mm followed by a loading test of a static footing load in T5 and T6 and a loading test of a cyclic
footing load in T11 and T12. The maximum trapdoor displacement of 15 mm was utilized in these
tests due to the use of geosynthetic reinforcement, which required more geosynthetic displacement
to mobilize some of its strength. Therefore, the benefit of geosynthetic inclusion in these tests was
analyzed by comparing the trapdoor test results with that in T2.
Figure 4.5 shows the measured pressures on and besides the trapdoor during the
embankment construction in the single geosynthetic-reinforced fill tests with both the uniaxial
geogrid (in T5) and the biaxial geogrid (in T12).
Figures 4.6 and 4.7 depict the results of the trapdoor tests in T5, T6, T11, and T12. In all
these tests, the measured pressures on the trapdoor above and below the geosynthetic
reinforcement (TC and TE) sharply decreased with a trapdoor displacement of about 1 mm.
Meanwhile, the pressure at SE above and below the geosynthetic reinforcement gradually
increased as the trapdoor was progressively lowered due to the combined effect of the soil arching
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and tensioned membrane effect. However, the pressure at SE above the geosynthetic decreased
due to the increased pressures at TC and TE above the geosynthetic after a trapdoor displacement
of about 12 mm, whereas the measured pressure at SE below the reinforcement continued to
increase.

Uniaxial
geogrid

(a) T5
Biaxial
geogrid

(b) T12
Figure 4.5 Measured pressures on and besides the trapdoor during the fill construction in the
single geosynthetic-reinforced tests: (a) T5 and (b) T12
Moreover, the measured pressure at TE below the geosynthetic in all four tests decreased
more after a trapdoor displacement of about 10 mm. The measured pressure at SE below the
geosynthetic reinforcement in T5, T6, T11, and T12 can be compared to that at SE in T2, as shown
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(a) T5

(b) T11
Figure 4.6 Measured pressures on and besides the trapdoor versus the trapdoor displacement in
the single geosynthetic-reinforced tests with uniaxial geogrid: (a) T5 and (b) T11
in Figure 4.2, in which the pressure at SE decreased after trapdoor displacement of 9 mm. This
result proves that the geosynthetics inclusion prevented the deterioration of the soil arching under
soil self-weight. The mechanisms in which the geosynthetic helped stabilize soil arching were the
tensioned membrane and lateral restraint. As the trapdoor was lowered, the geosynthetic was
stretched and mobilized some of its strength. The vertical component of the tension in the
reinforcement reduced the pressures on the trapdoor but increased the pressures on the stationary
supports. In other words, the geosynthetics helped transfer the pressure from the foundation soil
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to the stiffer supports, such as piles or columns. At the same time, the geosynthetic provided lateral
restraint to particle movement, which increased the shear strength of the fill.

(a) T6

(b) T12
Figure 4.7 Measured pressures on and besides the trapdoor versus the trapdoor displacement in
the single geosynthetic-reinforced tests with biaxial geogrid: (a) T6 and (b) T12
Two types of geosynthetic reinforcement were utilized in these four tests. In both T5 and
T11, a layer of uniaxial geogrid overlain by non-woven geotextile was used, while in T6 and T12,
a layer of biaxial geogrid overlain by non-woven geotextile was used. Biaxial geogrid helped
transfer more pressure from the trapdoor to the stationary supports than that in the tests with the
uniaxial geogrid. Also by comparing the pressure at SE in these four test, the tests with the biaxial
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geogrid needed less trapdoor displacement to mobilize its strength than that with the uniaxial
geogrid.
Table 4.1 presents the soil arching ratio and the equal settlement plane at the end of the
trapdoor test in each of these tests. Soil arching ratios show that soil arching was fully mobilized
in all these tests. In addition, Table 4.1 shows the effect of the geosynthetic reinforcement on
lowering the equal settlement plane in T5, T6, T11, and T12 as compared with that in T2.
Therefore, the geosynthetic not only helped stabilize the soil arching but also reduced the height
of the equal settlement plane. In other words, the differential settlement existed at the depth below
the surface of the embankment.
Table 4.1 Soil arching ratios and equal settlement planes in the single geosynthetic-reinforced
embankment tests (T5, T6, T11, and T12)
Reinforcement
Soil arching ratio
Test
Equal
type*
number
Below
Above** settlement plane
T5
Uniaxial geogrid
0.19
0.23
1.64 S
T6
Biaxial geogrid
0.14
0.20
1.56 S
T11
Uniaxial geogrid
0.18
0.27
1.67 S
T12
Biaxial geogrid
0.17
0.22
1.58 S
* Each geogrid was overlain by a layer of non-woven geotextile
** Soil arching ratios were calculated above and below the reinforcement

Loading
type
Static
Static
Cyclic
Cyclic

Measured Strains in Single Geosynthetic-Reinforced Embankment Tests
In the single geosynthetic-reinforced tests, geogrid strains were monitored and are presented in
this section. In both T5 and T11, the strain gauges were attached to the uniaxial geogrid at five
different locations: 0, 90, 173, 260, and 385 mm away from the trapdoor centerline. At the
distances of 90 and 173 mm, the strain gauges were attached above and below the geogrid to study
the bending effect on the geogrid. In both T6 and T12, however, the strain gauges were attached
to the biaxial geogrid at six different locations: 0, 90, 150, 180, 205, and 280 mm away from the
60

trapdoor centerline. At the distances of 90 and 180 mm, the strain gauges were also attached above
and below the geogrid. Figures 4.8 to 4.15 present the measured strain gauges during the trapdoor
tests in T5, T11, T6, and T12, respectively.
As the trapdoor was lowered in both T5 and T11, the geogrid was stretched thus causing
the maximum tensile strains of 0.5% and 0.35% at the distance of 173 mm away from the trapdoor
centerline (i.e., at the edge of the trapdoor) at the trapdoor displacements of 11.99 and 8.96 mm as

Trapdoor disp. (mm)

Trapdoor width

(a)

Distance from
TC (mm)

(b)
Figure 4.8 Measured strains in the uniaxial geogrid during the trapdoor test in T5: (a) the crosssectional distribution of the strains above the geogrid and (b) the measured strains above the
geogrid versus the trapdoor displacement
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(a)

(b)
Figure 4.9 Measured strains in the uniaxial geogrid during the trapdoor test in T5: (a) the
measured strains above and below the geogrid at the distance of 90 mm away from the trapdoor
centerline and (b) the measured strains above and below the geogrid at the distance of 173 mm
away from the trapdoor centerline
shown in Figures 4.8(a) and 4.10(a), respectively. However, the minimum tensile strain along the
geogrid was found at the centerline of the trapdoor in both tests. At the distance of 90 mm away
from the trapdoor centerline, the strain gauges above the geogrid experienced the maximum
compressive strains of about 0.12% and 0.1% at the trapdoor displacements of 14.88 and 14.9 mm
in both T5 and T11 as shown in Figures 4.8(b) and 4.10(b), respectively. However, the strain
gauges attached at the same location below the geogrid experienced the tensile strains of about
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0.52% and 0.45 % in T5 and T11, respectively. Therefore, in both tests, the geogrid experienced
an absolute tensile strain of about 0.2% at the distance of 90 mm away from the trapdoor centerline
as shown in Figures 4.9(a) and 4.11(a). An opposite behavior was observed at the distance of 173
mm away from the trapdoor centerline in both T5 and T11, at which the strain gauges attached
below the geogrid underwent compressive strain with peak values of 0.27% and 0.18% at the
trapdoor displacements of 11.99 and 8.96 mm as shown in Figures 4.9(b) and 4.11(b), respectively.

Trapdoor disp. (mm)

Trapdoor width

(a)

Distance from
TC (mm)

(b)
Figure 4.10 Measured strains in the uniaxial geogrid during the trapdoor test in T11: (a) the
cross-sectional distribution of the strains above the geogrid and (b) the measured strains above
the geogrid versus the trapdoor displacement
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(a)

(b)
Figure 4.11 Measured strains in the uniaxial geogrid during the trapdoor test in T11: (a) the
measured strains above and below the geogrid at the distance of 90 mm away from the trapdoor
centerline and (b) the measured strains above and below the geogrid at the distance of 173 mm
away from the trapdoor centerline
At the distances of 90 and 173 mm away from the trapdoor centerline, the tensile and compressive
strains indicate that the geogrid was subjected not only to the axial forces (tensile forces) but also
to the bending moments, which increased the tensile forces at either the upper or the lower surface
of the geogrid so that the geogrid was more susceptible to failure at that location.
In both T6 and T12, the biaxial geogrid within the trapdoor underwent compressive strains
at the beginning of the trapdoor tests, followed by tensile strains as the trapdoor displacement
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increased as shown in Figures 4.12(b) and 4.14(b). Similar to the uniaxial geogrid tests (T5 and
T11), the maximum tensile strain along the biaxial geogrid was located at the distance of 180 mm
away from the trapdoor centerline (i.e., at the trapdoor edge) in both T6 and T12 with a value of
about 0.62% at the trapdoor displacement of 15.0 mm as shown in Figures 4.12(a) and 4.14(a).

Trapdoor width

Trapdoor disp.
(mm)

(a)

Distance from
TC (mm)

(b)
Figure 4.12 Measured strains in the biaxial geogrid during the trapdoor test in T6: (a) the crosssectional distribution of the strains above the geogrid and (b) the measured strains above the
geogrid versus the trapdoor displacement
Unlike the tests with the uniaxial geogrid, in which the minimum tensile strain of about
0.03% was found at the trapdoor centerline, the tests with the biaxial geogrid experienced a tensile
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strain of about 0.35% at the trapdoor centerline as depicted in Figures 4.12(a) and 4.14(a). Also,
the strain gauges above the biaxial geogrid at 90 mm away from the trapdoor centerline in both T6
and T12 underwent a tensile strain instead of a compressive strain above the uniaxial geogrid at
the same location.

(a)

(b)
Figure 4.13 Measured strains in the biaxial geogrid during the trapdoor test in T6: (a) the
measured strains above and below the geogrid at the distance of 90 mm away from the trapdoor
centerline and (b) the measured strains above and below the geogrid at the distance of 173 mm
away from the trapdoor centerline
Furthermore, the tensile strains continuously increased above the geogrid at the trapdoor
edge as the trapdoor displacement increased in the tests with the biaxial geogrid as shown Figures
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4.13(b) and 4.15(b), whereas in the tests with the uniaxial geogrid the tensile strains decreased
after a trapdoor displacements of about 12.0 and 9.0 mm in both T5 and T11, respectively. Bending
was also observed in the biaxial geogrid tests at the distance of 180 mm away from the trapdoor
centerline where the strains above and below the geogrid experienced opposite tensile and
compressive behavior, respectively. Consequently, the biaxial geogrid sustained an absolute
tensile strain of about 0.2% as shown in Figures 4.13(b) and 4.15(b).

Trapdoor width

Trapdoor disp.
(mm)

(a)

Distance from
TC (mm)

(b)
Figure 4.14 Measured strains in the biaxial geogrid during the trapdoor test in T12: (a) the crosssectional distribution of the strains above the geogrid and (b) the measured strains above the
geogrid versus the trapdoor displacement
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(a)

(b)
Figure 4.15 Measured strains in the biaxial geogrid during the trapdoor test in T12: (a) the
measured strains above and below the geogrid at the distance of 90 mm away from the trapdoor
centerline and (b) the measured strains above and below the geogrid at the distance of 173 mm
away from the trapdoor centerline
It is worth mentioning that the absolute strains (i.e., the average strains from the strain
gauges above and below the geogrid) in the similar tests with uniaxial or biaxial geogrids were
identical even though the measured strains from a single strain gauge were not necessarily
comparable. Figures 4.9(b) and 4.11(b) show that in the tests with the uniaxial geogrid (T5 and
T11), the absolute tensile strain was equal to 0.12% at the end of the trapdoor test in both tests
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while the tensile strains were equal to 0.41% and 0.12% and the compressive strains were equal to
0.17% and 0.12% in T5 and T11, respectively.
4.1.3 Double Geosynthetic-Reinforced Embankment Fill
Gabr and Han (2005) suggested that further investigation be needed on the load transfer platform
or the beam effects associated with the multiple layers of geosynthetic reinforcement. Therefore,
in this study, double geosynthetic-reinforced embankments were chosen to investigate the effects
of the second layer of geosynthetic on the soil arching mobilization and stability as compared with
the single layer of geosynthetic reinforcement. For this purpose, three tests, T7a, T7b, and T13,
were carried out by adding a double layer of biaxial geogrid overlain by a non-woven geotextile
as detailed in Chapter 3. After the embankment had been constructed in each test, trapdoor tests
were performed to the maximum trapdoor displacement of about 15.0 mm and followed by a static
loading test in both T7a and T7b and a cyclic loading test in T13.
Figure 4.16 shows the measured pressures on and besides the trapdoor during the
embankment construction for the double geosynthetic-reinforced fill tests, T7a and T13.
Figure 4.17 shows the measured pressure with the trapdoor displacement in the trapdoor
tests (T7a, T7b, and T13). In all these tests, the earth pressure cells were placed below and above
the lower layer of the geosynthetic reinforcement. Similar to the results of the trapdoor tests with
the single layer of geosynthetic reinforcement, the measured pressures above and below the lower
geosynthetic reinforcement layer within the trapdoor (TC and TE) sharply decreased with the
trapdoor displacement of about 1 mm, and further decreased at a slightly reduced rate until
reaching the minimum measured pressures at the end of the trapdoor tests. Meanwhile, the
pressures above and below the lower geosynthetic reinforcement on the support (SE) gradually
increased as the trapdoor was progressively lowered until reaching the maximum pressure at the
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(a) T7a

(b) T13
Figure 4.16 Measured pressures on and besides the trapdoor during the fill construction in the
double geosynthetic-reinforced tests: (a) T7a and (b) T13
end of the trapdoor tests. Unlike the test results of the trapdoor tests with the single layer of
geosynthetic reinforcement in which the pressure above the geosynthetic on the support (SE)
decreased after the trapdoor displacement of about 12 mm, this pressure continuously increased
in the double geosynthetic-reinforced fill. The same comparison existed for the measured pressures
above and below the lower geosynthetic layer at TC, TE, and SE indicated that the platform formed
by double layers of geosynthetic reinforcement as well as the sand in between acted as a stiffened
member in minimizing the deterioration of soil arching under soil self-weight. In addition, this
platform helped transfer more load to the stationary supports than that in the single layer of
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geosynthetic reinforcement, which indicates that lower pressure would be applied onto the
foundation soil (i.e., the soil in the trapdoor area) in real applications.

(a) T7a

(b) T7b

(c) T13
Figure 4.17 Measured pressures on and besides the trapdoor versus the trapdoor displacement in
the double geosynthetic-reinforced tests: (a) T7a, (b) T7b, and (c) T13
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Table 4.2 presents the soil arching ratio, ρ, and the equal settlement plane in the trapdoor
tests (T7a, T7b, and T13). Two arching ratios were calculated at the trapdoor displacement of
about 1.5 mm and the end of the trapdoor test for each test. Soil arching ratios show that as the
trapdoor displacement increased, the soil arching ratio decreased for the locations both above and
below the lower layer of geosynthetic reinforcement. In other words, soil arching was further
mobilized. The use of double layers of geosynthetic reinforcement helped stabilize soil arching as
well as allowed more settlement in the foundation soil (i.e., the trapdoor displacement). In addition,
Table 4.2 shows the benefit of adding the second geosynthetic layer on further lowering of the
equal settlement plane in each test as compared with the heights of the equal settlement planes in
the single geosynthetic-reinforced tests (i.e., 1.56S in the T6 test and 1.58S in the T12 test).
Table 4.2 Soil arching ratios and heights of equal settlement plane in the double geosyntheticreinforced tests (T7a, T7b, and T13)
Test
number
T7a
T7b
T13

ρ @1.5 mm*
ρ @15 mm**
Below*** Above*** Below*** Above***
0.38
0.39
0.24
0.33
0.34
0.30
0.21
0.29
0.37
0.34
0.22
0.29

Height of equal
settlement plane
1.42S
1.39S
1.40S

Loading
type
Static
Static
Cyclic

Note: * soil arching ratio at the trapdoor displacement of 1.5 mm; ** soil arching ratio at the trapdoor
displacement of 15 mm; ***soil arching ratios were calculated above and below the lower reinforcement
layer.

Measured Strains in Double Geosynthetic-Reinforced Embankment Tests
In the double geosynthetic-reinforced tests, the strains of the lower and upper geogrid layers, which
were 100 mm apart, were monitored. Strain gauges were attached to the lower biaxial geogrids at
six different locations: 0, 90, 150, 180, 205, and 280 mm and to the upper biaxial geogrids at five
different locations: 0, 90, 160, 205, and 280 mm away from the trapdoor centerline. Figures 4.18
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and 4.19, 4.20, and 4.21 present the measured geogrid strains during the trapdoor tests (T7a, T7b,
and T13), respectively.

Trapdoor
disp. (mm)

Trapdoor width

(a)

Distance from
TC (mm)

(b)
Figure 4.18 Measured strains of the biaxial geogrid during the trapdoor test (T7a): (a) the strain
distribution in the lower geogrid layer and (b) the measured strain in the lower geogrid layer
versus the trapdoor displacement
In these tests, the geogrids were stretched to the maximum tensile strain in the lower
geogrid layer of about 0.35% at the trapdoor centerline and the trapdoor edges (i.e., 180 mm away
from the trapdoor centerline) at the end of the trapdoor tests as shown in Figures 4.18, 4.20(a), and
4.21(a) as the trapdoor was lowered. The minimum strain in the lower geogrid layer was found
within the stationary supports at the distance of 280 mm away from the trapdoor centerline.
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Meanwhile, in the upper geogrid layer, the maximum tensile strain of about 0.27% was located at
the trapdoor edges in all tests as shown in Figures 4.19, 4.20(b), and 4.21(b). However, at the
trapdoor centerline, the upper geogrid layer underwent much smaller strain than that in the lower
geogrid layer.

Trapdoor
disp. (mm)

Trapdoor width

(a)

Distance from
TC (mm)

(b)
Figure 4.19 Measured strains of the biaxial geogrids during the trapdoor test (T7a): (a) the strain
distribution in the upper geogrid layer and (b) the measured strain in the upper geogrid layer
versus trapdoor displacement

74

Trapdoor
disp. (mm)

Trapdoor width

Trapdoor
disp. (mm)

Trapdoor width

(a)

(b)
Figure 4.20 Measured strains of the biaxial geogrids during the trapdoor test (T7b): (a) the strain
distribution in the lower geogrid layer and (b) the strain distribution in the upper geogrid layer
In other words, the existence of the maximum strain at the trapdoor centerline in the lower
geogrid layer and the maximum strain at the trapdoor edges in the upper geogrid lower confirmed
that the load transfer platform formed by double layers of geosynthetic reinforcement and the sand
functioned as a beam. Similar results were obtained by Huang et al. (2005) in their numerical
analysis of the three geosynthetic layer-reinforced embankment. Moreover, it is obvious that the
geogrid strains in the double geosynthetic-reinforced tests were approximately half of those in the
single geosynthetic-reinforced tests.
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(b)
Figure 4.21 Measured strains of the biaxial geogrids during the trapdoor test (T13): (a) the strain
distribution in the lower geogrid layer and (b) the strain distribution in the upper geogrid layer
4.2 TRAPDOOR TEST UNDER SOIL SELF-WEIGHT AND FOOTING LOAD
For the purpose of investigating the effects of the footing load in addition to the soil self-weight
on the soil arching mobilization, two trapdoor tests with an unreinforced embankment (T4 and
T10) were carried out. After the embankment had been constructed in each test, a constant footing
load was first applied and held throughout the trapdoor test. Trapdoor tests were conducted to the
maximum trapdoor displacement of about 8.0 mm, which is similar to those in T3 and T9. The
static footing pressure of 16.4 kPa was chosen based on the results of the loading tests (T3 and
T9), which will be presented in Chapter 5, by considering a factor of safety of 3.0. Figure 4.22
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shows the measured pressures above and besides the trapdoor during the embankment construction
in T4 and T10.

(a) T4

(b) T10
Figure 4.22 Measured pressures on and besides the trapdoor during the fill construction in the
tests: (a) T4 and (b) T10
Figure 4.23 shows the vertical pressure versus trapdoor displacement results of the trapdoor
tests in T4 and T10. The trapdoor test in T4 was conducted after a static footing pressure of 16.4
kPa was applied, while a cyclic footing pressure of the same magnitude at a frequency of 0.1 Hz
was applied in T10 followed by the trapdoor test. The cyclic loading was applied for a total number
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of 280 cycles (i.e., 30 cycles per each trapdoor lowering increment) throughout the trapdoor test
as shown in Figure 4.24.

(a) T4

(b) T10
Figure 4.23 Measured pressures on and besides the trapdoor versus the trapdoor displacement in
tests: (a) T4 and (b) T10
Different from the trapdoor tests under only soil self-weight, the pressures on the trapdoor
in T3 and T9 sharply dropped to the minimum value with the trapdoor displacement as small as
2.0 mm. In both T4 and T10, however, the measured pressures on the trapdoor (TC and TE)
sequentially decreased as the trapdoor was progressively lowered until they reached the minimum
pressures at the end of the trapdoor test (i.e., at the trapdoor displacement of 8 mm) due to the soil
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Figure 4.24 Measured pressures on and besides the trapdoor versus number of cycles in the
trapdoor test (T10)
arching effect, which in turn induced a gradual increase in the pressure at SE. However, the applied
footing load increased the measured pressures at TC and TE at the end of the trapdoor tests to 3.61
and 0.91 kPa in T4 and to 7.1 and 2.5 kPa in T10, respectively. In T3 or T9, the pressures were 2.4
kPa at TC and 1.2 kPa at TE. Soil arching was fully mobilized in both T4 and T10 with the soil
arching ratios of 0.11 and 0.22, respectively. Since static and cyclic footing loads were applied in
T4 and T10, respectively, the denominator of Equation 2.1 for calculating the soil arching ratio
was determined based on the measured pressure during the tests. In other words, the soil arching
ratios were calculated based on the average pressure on the trapdoor at the end of the trapdoor test
divided by the average pressure on the trapdoor before the trapdoor test for each test (i.e., the
average pressures at TC and TE at the trapdoor displacement of 0 mm and the applied footing
pressure of 16.4 kPa as shown in Figure 4.25). Moreover, there was no sign of soil arching
deterioration in both tests.
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(b) T10
Figure 4.25 Cross-sectional distribution of the measured pressures during the trapdoor tests in:
(1) T4 and (b) T10
Furthermore, no differential settlement was found at the surface of the embankment at the
end of the trapdoor test in T4 (under the static footing load). However, the cyclic footing load
caused a visible differential settlement on the embankment surface at the end of the trapdoor test
in T10, mostly because the initial settlement resulted from the footing load before the start of the
trapdoor test. However, the equal settlement plane did not reach the surface of the embankment if
the induced footing settlement before the trapdoor test had been started were subtracted from the
total settlement. In the trapdoor tests of T4 and T10, the equal settlement planes were determined
at 1.46S and 1.54S, respectively.
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4.3 SUMMARY ON THE TRAPDOOR TESTS
This chapter presents the results of 12 trapdoor tests which were carried out after the construction
of embankment fill to investigate the mobilization of soil arching under the soil self-weight and
the soil self-weight with the footing load. Findings from these tests are summarized as follows:
 Since the trapdoor consisted of a steel plate underneath the wooden plate, it had slightly
higher stiffness than the stationary supports with wooden plates only. Therefore, the
pressure on the trapdoor was slightly higher than that on the stationary supports at the end
of the construction in all tests. However, they both were close to the soil overburden
pressure (γH).
 In all tests, lowering the trapdoor caused the pressure redistribution such that the measured
pressures on the trapdoor at TC and TE decreased. At the same time, the pressure at SE
increased as the trapdoor was progressively lowered due to the soil arching effects.
 In all tests, soil arching was fully mobilized at the arching ratios ranging from 0.13 to 0.27
at the end of the trapdoor tests.
 The trapdoor displacement caused the particle movement within the embankment fill and
the differential settlement between the yielding soil mass and the unyielding soil mass.
The equal settlement planes, which had no differential settlement, existed at a height, Z,
from the trapdoor, ranging from 1.39S to 1.82S.
 Three trapdoor tests (T2, T3, and T9) were conducted at two different maximum trapdoor
displacements in the unreinforced embankment tests under the soil self-weight in order
to investigate the effects of the progressive trapdoor displacement on the soil arching
mobilization.
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 In the trapdoor test of T2 performed to the maximum trapdoor displacement of 15 mm,
soil arching started to deteriorate under the soil self-weight as the trapdoor displacement
increased more than 2.5% of its width (i.e., the trapdoor displacement of 9 mm). In both
trapdoor tests of T3 and T9, soil arching deterioration was eliminated by reducing the
trapdoor displacement to 8.0 mm.
 Four tests (T5, T6, T11, and T12) were conducted with a single layer of geosynthetic
reinforcement under soil self-weight, in which the geosynthetic minimized the
deterioration and help stabilize soil arching although the trapdoor was lowered to 15 mm.
 The mechanisms in which the geosynthetic helped stabilize soil arching were lateral
confinement and tensioned membrane effect. Interlocking of geosynthetic-soil particles
applied additional horizontal stress to the soil particles under loading and in turn increased
the soil shear strength thus creating more stable soil arching. The vertical component of
the tensioned membrane reduced the pressures on the trapdoor and subsequently increased
the pressures on the stationary supports. Lateral confinement was more effective at the
small displacement, while the tensioned membrane effect was more effective at the large
displacement.
 Geosynthetic reinforcement lowered the equal settlement plane. Therefore, the
geosynthetic not only helped stabilize soil arching but also kept the differential settlement
far below the surface of the embankment.
 When both the uniaxial and the biaxial geogrids were utilized in the single geosyntheticreinforced fill tests, the maximum strain (also tensile strain) was located at the edges of
the trapdoor. However, the biaxial geogrid underwent a considerably higher tensile strain

82

at the trapdoor centerline than the uniaxial geogrid because it had a better interlocking
mechanism due to the existence of more transverse bars than the uniaxial geogrid.
 Three tests (T7a, T7b, and T13) had double layers of geosynthetic reinforcement, which
were 100 mm apart. Trapdoor tests under soil self-weight were performed to the trapdoor
displacement of 15 mm. The measured pressures above and below the lower geosynthetic
layer at TC, TE, and SE implied that double layers of geosynthetic reinforcement with the
soil in between acted as a stiffened platform in minimizing the deterioration of soil
arching.
 In these tests (T7a, T7b, and T13) , the geogrid was stretched as the trapdoor was lowered
to reach the similar tensile strain in the lower geogrid layer of about 0.35% at the trapdoor
centerline and the trapdoor edges at the end of the trapdoor tests. Meanwhile, in the upper
geogrid layer, the maximum tensile strain of about 0.27% developed at the trapdoor edges.
However, the upper geogrid layer underwent much lower strain than that in the lower
geogrid layer at the trapdoor centerline. Since the maximum strain occurred at the trapdoor
centerline in the lower geogrid layer and at the edges of the stationary supports in the upper
geogrid layer, the double layers of geosynthetic reinforcement with the soil functioned as
a beam.
 Two trapdoor tests (T4 and T10) with unreinforced embankment fill were carried out in
order to investigate the effect of static and cyclic footing loading in addition to the effect
of the soil self-weight on the soil arching mobilization. Trapdoor tests were conducted to
a maximum trapdoor displacement of about 8.0 mm.
 In the trapdoor test (T4) conducted under the static footing load, no differential settlement
occurred on the surface of the embankment at the end of the trapdoor test. However, the
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cyclic footing load caused a visible differential settlement on the embankment surface at
the end of the trapdoor test in T10, mostly because of the initial settlement under the footing
load before the start of the trapdoor test. The equal settlement plane did not reach the
surface of the embankment in T10 if the induced settlement before the start of the trapdoor
test was subtracted.
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CHAPTER 5 ANALYSIS OF LOADING TEST RESULTS
Geosynthetic-Reinforced Pile-Supported (GRPS) embankments are mostly constructed for
roadway applications on soft soils. They are subjected to differential settlement between the
foundation soil and the supports during the construction and service life. Therefore, by the time
when these embankments are ready for service, a considerable degree of soil arching are mobilized
and responsible for the performance of the embankment system. Consequently, assessing the
effects of traffic loading on the stability of soil arching, which has not well been investigated, is
of great importance. Therefore, in this study, the effects of traffic loading were investigated by
utilizing a static or cyclic footing load after soil arching was fully mobilized. Two baseline tests,
T1 and T8, were conducted under static and cyclic loading without any trapdoor test in the
unreinforced embankment. Then totally 12 tests after the trapdoor tests as described in Chapter 4
were subjected to both static and cyclic footing loading. Loading types and details were described
in Section 3.5 in Chapter 3. This chapter presents the analysis and discussion of loading test results.
5.1 BASELINE TESTS
Baseline tests were conducted under footing loading without any trapdoor test to provide bases for
evaluating the effects of mobilized soil arching on redistribution of the applied pressure in other
tests and the stability of soil arching under surface loading. After the embankment fill had been
constructed in T1, a loading test was performed with a monotonic static footing load. Figure 5.1
shows the results of the loading test in T1, in which the pressure on the trapdoor centerline (TC)
increased the most as compared with those at other locations (TE and SE). Figure 5.2 and 5.3 show
the results of the loading test in T8 that was performed under an incremental cyclic footing load
with 100 cycles applied for each loading increment (about 7 kPa).
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SE

TE
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Applied
pressure (kPa)

TE

SE

(a)

(b)
Figure 5.1 Measured pressures on and besides the trapdoor in the loading test of T1: (a) the
cross-sectional distribution of pressure and (b) measured pressure versus the monotonic static
footing pressure
In the loading test in T8, similar to that in T1, the pressure on the trapdoor centerline (TC)
increased the most as compared with those at other locations (TE and SE). However, under the
same applied pressure, the measured pressures at TC, TE, and SE in T8 were higher than those in
T1 as shown in Figure 5.4 for the measured pressure at TC only. For instance, at the applied footing
pressure of 50 kPa, the peak pressures at TC, TE, and SE in T8 were 42.4, 36.2, and 25.8 kPa,
respectively. On the other hand, those in T1 were 35.8, 24.7, and 18.6 kPa, respectively. This
behavior can be explained by the fact that the pressure under static loading was distributed onto a
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wider area than that under cyclic loading. Soil densification that was associated with the
application of cyclic loading would increase the soil friction angle. Consequently, the pressure
distribution angle would be smaller with the increased number of load application. Giroud and
Han (2004) proposed a method to account for the change in the distribution angle for roadway
applications.

(a)

(b)
Figure 5.2 Applied and vertical pressures: (a) incremental cyclic footing pressure (b) measured
pressures on and besides the trapdoor versus the number of cycles in the loading test of T8
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(b)
Figure 5.3 Peak pressures on and besides the trapdoor in the loading test of T8: (a) along the
trapdoor and the edges of the stationary supports and (b) the peak vertical pressure versus the
applied pressure
Moreover, for the same reason mentioned earlier, the amplitudes for the measured
pressures at TC were larger than those at other locations, TE and SE. The difference became even
larger as the applied pressure increased as shown in Figure 5.2 (b). In addition, the maximum
footing settlement at the cycle number of 100 versus the applied pressure in T8 is plotted in Figure
5.5 to show that the footing settlement increased much faster under the cyclic loading than that
under static loading in T1.
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Figure 5.4 Measured pressures at the trapdoor centerline (TC) versus the applied pressure in both
T1 and T8

Figure 5.5 Measured footing settlements induced by static and cyclic footing pressures in T1 and
T8

89

5.2 UNREINFORCED EMBANKMENT FILL
Five tests were conducted without reinforcement to study the stability of soil arching in the
unreinforced embankments. In three tests (T2, T3, and T9), soil arching was mobilized under soil
self-weight, while in other two tests (T4 and T10), soil arching was mobilized under the soil selfweight and the footing load. The trapdoor test stage in each test was discussed in Chapter 4. In the
loading test stage, either static or cyclic loading was applied until soil arching deteriorates to the
point when the pressures at TC and SE were equal. Loading test results presented in this section
are compared with those of the baseline tests. Loading tests in T2, T3, and T4 under static footing
loading are compared with the loading test results of T1, while the loading test results in T9 and
T10 under cyclic footing load are compared with those in T8.
Figures 5.6, 5.7, and 4.8 present the measured pressures at the trapdoor center, edges, and
the stationary supports during the loading tests in T2, T3, T4, T9, and T10. In these tests, the
measured pressures on the trapdoor center (TC) increased most rapidly as compared with those at
other locations. At this location, the slope of the pressure increase was flat at the beginning and
then became steep with the applied pressure. However, the pressures on the edges of the stationary
supports (SE) increased fast and then at a slow rate as the applied pressure increased. Also, the
pressure at TE increased as the applied pressure increased.
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(a) T2

(b) T3

(c) T4
Figure 5.6 Measured pressures on and besides the trapdoor versus the monotonic static footing
pressure in the loading test of the unreinforced fill tests: (a) T2, (b) T3, and (c) T4
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(a)

(b)

(c)
Figure 5.7 Measured pressures on and besides the trapdoor in the loading test of the unreinforced
fill test (T9): (a) the vertical pressure versus the number of cycles, (b) the results at the number
of cycles from 420 to 440, and (c) the peak measured pressures versus the applied pressure
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(a)

(b)
Figure 5.8 Measured pressures on and besides the trapdoor in the loading test of the unreinforced
fill test (T10): (a) the pressure versus the number of cycles and (b) the measured peak pressure
versus the applied pressure

The significant difference between these tests is the level of the measured pressure. For
instance, as shown in Figure 5.6, the measured pressure at SE in T2 at the applied footing pressure
of 40 kPa was 22.5 kPa after the trapdoor test was conducted to the maximum trapdoor
displacement of 15.15 mm. However, the corresponding pressures in T3 and T4 were 32 and 38
kPa, respectively after the trapdoor tests were performed to the maximum displacement of about
8.0 mm. Therefore, the reduction of the trapdoor displacement by 7.0 mm mobilized more soil
arching that helped transfer 42% more pressure to the stationary supports. This result indicates the
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effect of progressive trapdoor displacement on the soil arching ability to transfer the load from the
foundation soil (i.e., the soil above the trapdoor) to the stationary supports under static footing
load. Also, the application of a constant static footing load during the trapdoor test in T4 did not
affect the capability of soil arching. Furthermore, the measured pressures at SE in the loading tests
in T9 and T10 at the applied footing pressure of 40 kPa were equal to 34.5 and 40 kPa, respectively.
Therefore, the cyclic footing load did not affect the capability of soil arching on transfer the applied
pressure to the stationary supports as compared to those of T3 and T4.
Moreover, the measured pressures at TC and SE were equal at different applied pressures.
Under the static footing load in T2, T3, and T4, the measured pressures at TC and SE were equal
at the applied pressures of 42, 51.5, and 53 kPa, respectively. Under the cyclic footing load in T9
and T10, however, the measured pressures at TC and SE were equal at the applied pressures of
44.2 and 48.8 kPa, respectively, after the application of 500 cycles.
Figure 5.9 presents the settlement of the embankment surface under the footing during the
loading tests of the unreinforced embankments. Figure 5.9 (a) shows that as compared with T2 and
T3, an increase of the trapdoor displacement by 7.0 mm caused 52% increase in settlement of the
embankment surface at an applied static pressure of 50 kPa. In addition, at the same level of the
applied pressure, an application of cyclic loading instead of static loading increased the settlement
of the embankment surface by 60% as T3 is compared to T9 in Figure 5.9 (b). In T4 and T10, in
which footing load was applied during the trapdoor test, the induced settlements under the footing
during the loading tests were much lower than those in T3 and T9 due to the increase of soil
modulus as shown in Figure 5.9 (c). Figure 5.9(c) also shows that a reduction in the embankment
surface settlement of 78.6% and 64% at the applied pressure of 50 kPa were obtained as compared
the settlements in T4 with T3 and T9 with T10, respectively.
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(a)

(b)

(c)

Figure 5.9 Measured footing settlements induced by static and cyclic footing loads in the loading
test of the unreinforced fill tests (T2, T3, T4, T9, and T10) to evaluate the effects of: (a) trapdoor
displacement, (b) loading type, (c) application of the footing load during the trapdoor tests
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Soil Arching Deterioration
To assess the stability of soil arching or the deterioration of soil arching, the soil arching ratio, ρ,
defined in Equation 2.1 was used. ρ = 0 represents complete soil arching while ρ = 1 represents no
soil arching. Figure 5.10 shows the cross-sectional distribution of the measured pressures at the
end of construction, the trapdoor test, and the loading test in T2 and T3. At the end of the trapdoor
test, the measured pressures on the top of the trapdoor were relatively uniform; therefore, the soil
arching ratio calculated based on the average pressure on the trapdoor is reasonable. However,
when a localized footing load was applied, the pressure distribution on the trapdoor was not
uniform; therefore, the soil arching ratio calculated based on the average pressure on the trapdoor
is not reasonable anymore. To overcome this problem, the measured pressure at the center of the
trapdoor (TC) was used as σv for calculation of the soil arching ratio. At the same time, the applied
pressure, q, in Equation (2) was obtained based on the baseline tests, T1 for the tests performed
under static loading and T8 for the tests performed under cyclic loading, for the location at the
center of the trapdoor.
For the tests carried out for the unreinforced embankment fill, the soil arching ratios could
be calculated without and with a footing load as presented in Table 5.1. Table 5.1 shows low soil
arching ratios before loading because fully mobilized soil arching was reached. However, when
the footing load was applied, the soil arching ratios increased for these tests as presented at the
applied footing pressure of 50 kPa. The increase of the soil arching ratio indicates the deterioration
of soil arching. Table 5.1 also shows that the increase of the soil arching ratio in T3 was less than
those in T2 and T4. This comparison indicates the effects of the progressive trapdoor displacement
as well as the static footing load on the soil arching mobilization and deterioration. However, the
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cyclic footing load did not affect soil arching when the calculated soil arching ratios in T9 were
compared with T3 and T10 with T4 after the application of the footing load.

(a) T2

(b) T3
Figure 5.10 Cross-sectional distribution of the measured pressures at the end of construction, the
trapdoor test, and the static loading test of the unreinforced fill tests: (a) T2 and (b) T3

When a soil arching ratio is equal to 1.0, soil arching disappears and full deterioration of
soil arching happens. In this study, the applied footing pressure required to increase the soil arching
ratio to 1.0 is defined as the Soil Arching Degradation Pressure (SADP). Table 5.1 shows that the
SADP was equal to 54.0 kPa in both T3 and T9, while it was equal to 45.3 and 45.0 kPa in T4 and
T10, respectively. Therefore, the application of the static or cyclic footing pressure during the soil

97

arching mobilization reduced the SADP by about 20%. Although applying a footing pressure of
16.4 kPa in T4 and T10 during the trapdoor test did not affect the mobilization of soil arching as
discussed in Chapter 4, it increased the probability of the arching collapse during the service life.
Table 5.1 Soil arching ratios and degradation pressures in the unreinforced embankment tests
Test
number
T2
T3
T4
T9
T10

Max. trapdoor
disp. (mm)
15.15
8.07
8.24
8.47
8.07

Loading
type
Static
Static
Static
Cyclic
Cyclic

ρ before ρ at 50 kPa SADP (kPa) SADP reduction
loading
loading
at ρ=1
at ρ=1
0.14
0.98
50.5
6.93 %
0.13
0.94
54.0
Baseline
0.11
1.09
45.3
19.2 %
0.16
0.95
54.0
0.0 %
0.22
1.04
45.0
20.0 %

5.3 SINGLE GEOSYNTHETIC-REINFORCED FILL
Four tests were conducted with a single layer of geosynthetic reinforcement. Section 4.1.2
presented these trapdoor test results, to assess the benefit of geosynthetic inclusion on the stability
of the soil arching. As described earlier in Chapter 4, two different types of reinforcement were
utilized. A layer of uniaxial geogrid overlain by a layer of non-woven geotextile was used in T5
and T11, and a layer of biaxial geogrid overlain by a layer of non-woven geotextile was used in
T6 and T12. In each of these tests, soil arching was first mobilized under soil self-weight during
the trapdoor test stage. Subsequently, in the loading test stage, a footing pressure was applied to
cause the deterioration of soil arching. The effect of each type of geosynthetic reinforcement on
soil arching was investigated under both static and cyclic loading. Loading test results were
compared with those of the baseline test to assess the effect on the stability of the soil arching (i.e.,
the soil arching degradation pressure); however, to evaluate the benefit of the geosynthetic
reinforcement, they were compared with the results of the loading test in T2.
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Figure 5.11 presents the measured pressures at the trapdoor center, edges, and the
stationary supports during the loading tests in T5 and T6, which were conducted under monotonic
static footing loading. Also, the peak pressures measured at TC, TE, and SE during each 100-cycle
loading increment in both T11 and T12 were plotted and are presented in Figure 5.12. In these
figures, the pressures at the trapdoor center, edges, and the stationary supports were measured at
both above and below the geosynthetic reinforcement. At both levels, the measured pressures at
TC increased most rapidly as compared with those at other locations, TE and SE. Also at TC, the

Uniaxial
geogrid

(a) T5

Biaxial
geogrid

(b) T6
Figure 5.11 Measured pressures on and besides the trapdoor versus the monotonic static footing
pressure in the single geosynthetic-reinforced tests: (a) T5 and (b) T6
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Uniaxial
geogrid

(a) T11

Biaxial
geogrid

(b) T12
Figure 5.12 Measured pressures on and besides the trapdoor versus the incremental cyclic
footing pressure in the single geosynthetic-reinforced tests: (a) T11 and (b) T12
slope of the pressure increase was flat at the beginning and then became steep with an increase of
the applied pressure. However, the pressure on the edges of the stationary supports (SE) above and
below the reinforcement increased fast and then at a slow rate as the applied pressure increased.
In addition, the pressure at TE increased as the applied pressure increased. However, as the applied
footing pressure increased, the geosynthetic carried more load so that the measured pressures at
TC and TE below the geosynthetic were lower than those above the geosynthetic. However, the
pressure at SE below the geosynthetic was higher than that above the geosynthetic because of the
vertical component of the geosynthetic tension due to the tensioned membrane effect.
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Moreover, the benefit of the geosynthetic reinforcement could be evaluated by comparing
the results of the loading tests in T5 and T6 with those in T2. To illustrate this effect, the measured
pressures below the geosynthetic at an applied static pressure of 50 kPa at TC, TE, and SE in T5
and T6, as well as those in T2 are shown in Figure 5.13. It can be seen that the biaxial geogrid
reduced the pressure within the trapdoor area (especially in T6) by 59% at the center and 124% at
the edges of the trapdoor. In other words, much smaller settlement in the foundation (soft) soil
would be expected due to the reduction of the exerted pressure by using the geosynthetic. At the
same time, the efficiency of the stationary supports (piles or columns) would be increased as the
geosynthetic would transfer more load to the stationary supports. In T5 and T6, the percentages of
the load increase applied to the stationary supports were 90% and 71%, respectively.

Figure 5.13 Cross-sectional distribution of the measured pressures at an applied static pressure of
50 kPa in T2, T5, and T6
Figures 5.14 and 5.15 present the settlement of the footing during the loading tests of the
single geosynthetic-reinforced tests. It can be seen in Figure 5.4 (a) that the geosynthetic
reinforcement reduced the settlement of the footing by 23.3% in T5 and 39.1% in T6 at an applied
static pressure of 80 kPa. Also, the biaxial geogrid reduced the settlement of the footing by 12.8%
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more than the uniaxial geogrid under the static footing load. However, under cyclic footing loading
in T11 and T12, the biaxial geogrid slightly reduced the settlement of footing, by around 4.1%
more than the uniaxial geogrid at an applied cyclic pressure of 80 kPa as presented in Figure 5.14
(b). In addition, at the same magnitude of the applied pressure, cyclic loading increased the
settlement of the footing by 67.3% more than the static loading with the use of the uniaxial geogrid
and 81.4% with the use of the biaxial geogrid as shown in Figure 5.15.

(a)

(b)

Figure 5.14 Measured footing settlements induced by the applied pressure in the single
geosynthetic-reinforced tests (T5, T6, T11, and T12) to evaluate the effects of: (a) reinforcement
type under static loading and (b) reinforcement type under cyclic loading
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(a)

(b)

Figure 5.15 Measured footing settlements induced by the applied pressure in the single
geosynthetic-reinforced tests (T5, T6, T11, and T12) to evaluate the effects of: (a) loading type
with the uniaxial geogrid and (b) loading type with the uniaxial geogrid
As shown previously in Figures 5.11, 5.12, and 5.13, non-uniform pressures were measured
on the trapdoor during the loading test of the single geosynthetic-reinforced sections. To assess
the stability of soil arching using the soil arching ratio, ρ, the measured pressure at the center of
the trapdoor (TC below the geosynthetic) was used as σv in Equation (2) for the calculation of the
soil arching ratio. At the same time, the applied pressure, q, was obtained based on the baseline
tests, T1, for the tests performed under static loading and T8 for the tests performed under cyclic
loading, at the same location, TC.
103

Table 5.2 presents the soil arching ratios before the loading test as well as at the applied
footing pressure of 50 kPa. When no footing load was applied, the soil arching ratios were found
to be low because fully mobilized soil arching was reached. However, as the footing pressure was
applied at 50 kPa, the soil arching ratios increased. The increase of the soil arching ratio indicates
the deterioration of soil arching. Table 5.2 also shows that the increase of the soil arching ratio in
the reinforced tests was less than that in the unreinforced test. This comparison proved the benefit
of the geosynthetic reinforcement in maintaining soil arching stability. In addition, the cyclic
footing load slightly increased the soil arching ratios in T11 and T12 as compared with those in
T5 and T6.
Table 5.2 Soil arching ratios and degradation pressures in the single geosynthetic-reinforced tests
and T2
Test
Reinforcement
Loading ρ before
SADP (kPa)
SADP
ρ at 50 kPa
number
type
type
loading
at ρ=1
increase at ρ=1
T2
No geogrid
Static
0.14
0.98
50.5
Baseline
T5
Uniaxial geogrid
Static
0.19
0.81
69.8
38.2 %
T6
Biaxial geogrid
Static
0.14
0.61
100.8
99.6 %
T11
Uniaxial geogrid
Cyclic
0.18
0.84
82.0
17.5 % *
T12
Biaxial geogrid
Cyclic
0.17
0.79
110
9.13 % *
Note: *SADP percentage increase for cyclic loading was calculated with respect to SADP under static
loading

Table 5.2 shows that the SADPs were equal to 69.8 and 100.8 kPa under the static footing
pressure in both T5 and T6, respectively, while the SADP was equal to 50.5 kPa in T2. In other
words, the uniaxial geogrid increased the SADP by 38.2% while the biaxial geogrid increased the
SADP by 99.6%. In the unreinforced tests, the SADPs under static and cyclic loading were the
same; however, in the reinforced tests, the geosynthetic reinforcement further increased the SADP
under cyclic footing load as compared with that under static loading by 17.5% and 9.13 % in T11
and T12, respectively.
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Even though the geosynthetic underwent very small additional strains during the loading
test as shown in Figures 5.16 and 5.17, the geosynthetic maintained the stability of the soil arching
during the loading test, increased the SADP, and reduced the settlement of the embankment
surface. Figure 5.17 also shows that the applied cyclic footing pressure induced more tensile strains
along the geogrid than the static footing pressure. However, the geosynthetic underwent very small
additional strains during the loading test because the trapdoor was not allowed to move. The addi-

Uniaxial
geogrid

Trapdoor width

Biaxial
geogrid

Trapdoor width

Applied
pressure (kPa)

(a) T5

Applied
pressure (kPa)

(b) T6
Figure 5.16 Strain distribution along the geogrid during the static loading tests in the single
geosynthetic-reinforced tests: (a) T5 and (b) T6
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(b) T12
Figure 5.17 Strain distribution along the geogrid during the cyclic loading tests in the single
geosynthetic-reinforced tests: (a) T11 and (b) T12
tional strains resulted from the compressibility of the embankment fill only under the applied
pressure. Since the mobilization of the geosynthetic strength depends upon the strain level of the
geosynthetic, which mostly gained during the trapdoor test; the soil arching degradation pressure
would increase if more strain was allowed due to the deformation of the trapdoor during the loading
test.
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5.4 DOUBLE GEOSYNTHETIC-REINFORCED FILL
This section presents the results of three tests carried out with double layers of geosynthetic
reinforcement to study the behavior of the load transfer platform (i.e., the beam effect) under
footing loading. As described in Chapter 4, each layer of reinforcement consisted of a biaxial
geogrid overlain by a non-woven geotextile. In each of these tests, soil arching was first mobilized
under soil self-weight during the trapdoor test stage as discussed in Section 4.1.3. Subsequently,
in the loading test stage, the static or cyclic footing pressure was applied until the measured
pressure on the trapdoor center (TC) and the support edges (SE) were equal. Loading test results
were compared with those of the baseline test to assess the stability of soil arching (i.e., SADP);
however, the results of the loading test in T2, T6, and T12 were compared to evaluate the effect of
the reinforcement type on soil arching.
Figure 5.18 presents the measured pressures during the loading test in T7a and T7b under
monotonic static footing loading. Figure 5.19 presents the peak pressures during the loading test
in T13, which was performed under incremental cyclic footing load. Each cyclic loading was
applied for 100 cycles, during which the peak pressures at TC, TE, and SE in T13 were measured.
Figures 5.18 and 5.19 show the pressures at the trapdoor center, edges, and the stationary supports
above and below the lower geosynthetic reinforcement layer. Similar to the results of the single
geosynthetic reinforced test, the measured pressure at TC increased most rapidly as compared with
those at other locations, TE and SE. Also at TC, the slope of the pressure increase was flat at the
beginning and then became steep with the applied pressure. However, the pressure on the edges of
the stationary supports (SE) increased fast and then at a slow rate as the applied pressure increased.
In addition, the pressure at TE slightly increased as the applied pressure increased. However, the
measured pressures at TC below the geosynthetic reinforcement in T7a and T7b was higher than
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(a) T7a

(b) T7b
Figure 5.18 Measured pressures on and besides the trapdoor versus the monotonic static footing
load in the double geosynthetic-reinforced tests: (a) T7a and (b) T7b
that in the single geosynthetic reinforced test (T6) as depicted in Figure 5.20. For instance, the
measured pressures at the static footing pressure of 80 kPa in T7a and T7b were equal to 61.4 and
68.5 kPa, respectively, while the measured pressure in T6 was equal to 41.5 kPa. Moreover, as the
applied footing pressure increased, the difference in the measured pressures above and below the
lower layer of the geosynthetic reinforcement at TC, TE, and SE was less than that in the single
geosynthetic reinforced test. This result indicates that the double geosynthetic reinforced fill did
not sustain the applied pressure. It is believed that the trapdoor was not displaced enough during
the trapdoor test stage to mobilize the geosynthetic strength with the presence of the upper
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geosynthetic layer. Figures 5.21, 5.22, and 5.23 show the measured strains during loading in the
double geosynthetic-reinforced tests T7a, T7b, and T13, respectively. Clearly, the geosynthetic
did not mobilize much strain during the loading test; therefore the geosynthetic lacked the
necessary strength to sustain the applied footing pressure.

T13
Figure 5.19 Measured pressures on and besides the trapdoor versus the incremental cyclic
footing pressure in the double geosynthetic-reinforced test (T13)

Figure 5.20 Measured pressures at TC below the lower geosynthetic layer in T7a and T7b
compared to that in T6
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Figure 5.21 Strain distribution along the biaxial geogrids during the loading test in T7a: (a) the
lower geogrid layer and (b) the upper geogrid layer
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Figure 5.22 Strain distribution along the biaxial geogrids during the loading test in T7b: (a) the
lower geogrid layer and (b) the upper geogrid layer
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Figure 5.23 Strain distribution along the biaxial geogrids during the loading test in T13: (f) the
lower geogrid layer and (e) the upper geogrid layer
Figure 5.24 presents the settlement of the footing during loading in the double
geosynthetic-reinforced tests. Figure 5.24 (a) also compares the test results of T2, T6, T7a and T7b
and shows that an additional layer of geosynthetic reinforcement further reduced the settlement of
the footing by 23.0% in T7a and T7b as compared with T6 at an applied static pressure of 80 kPa.
In other words, the use of double layers of the geosynthetic reinforcement reduced the footing
settlement by 71% as compared with that without any reinforcement. However, the cyclic footing
pressure in T13 only reduced the settlement by 5.5% by using double layers of geosynthetic as
compared with the single layer of geosynthetic at an applied cyclic pressure of 80 kPa as presented
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in Figure 5.24 (b). In addition, at the same magnitude of the applied pressure, cyclic loading
increased the settlement of the footing by 108% as compared to static loading.

(a)

(b)

Figure 5.24 Measured footing settlement induced by the applied pressure in the double
geosynthetic-reinforced tests (T7a, T7b, and T12) to evaluate the effects of: (a) reinforcement
type under static loading and (b) reinforcement type and loading type

Table 5.3 presents the soil arching ratios before loading as well as at the applied footing
pressure of 50 kPa. Without a footing load, the soil arching ratios at the end of trapdoor test were
found to be low because fully mobilized soil arching was reached. However, when the applied
footing pressure was 50 kPa, the soil arching ratios increased. The increase of the soil arching ratio
indicates the deterioration of soil arching. Although double layers of geosynthetic reinforcement
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were used in T7a, T7b, and T13, the increase of the soil arching ratios in these tests was more than
those in the single geosynthetic reinforced tests (T6 and T12). Nevertheless, this increase was
comparable to that in the unreinforced embankment. Table 5.3 also shows that the soil arching
degradation pressures (SADPs) in T7a and T7b were 58.3 and 52.8 kPa static footing pressure,
respectively, while SADP was equal to 54.3 kPa in T13. Even though the load transfer platform
(beam effect) reduced the settlement of the footing, it had a negative effect on the stability of the
soil arching under the footing loading. Such a system had three mechanisms including soil arching,
the tensioned membrane or beam effect, and the stress concentration. The interaction between
these three mechanisms is not well understood and needs further investigation. The numerical
analysis would be adequate to assess the micromechanical features such as particle movements.
Table 5.3 Soil arching ratio and degradation pressure in the double geosynthetic-reinforced tests
as well as T2, T6, and T12
Test
number

Reinforcement
type

Loading
type

ρ before
loading

T2
T6
T7a
T7b
T12
T13

No Reinforcement
Single layer
Double layer
Double layer
Single layer
Double layer

Static
Static
Static
Static
Cyclic
Cyclic

0.14
0.14
0.24
0.21
0.17
0.22

ρ at 50 kPa SADP (kPa)
loading
at ρ=1
0.98
0.61
0.90
0.98
0.79
0.97

50.5
100.8
58.3
52.8
110
54.3

5.5 SUMMARY ON THE LOADING TESTS
In this chapter, the effects of traffic loading were investigated by utilizing a footing static or cyclic
load after the soil arching was fully mobilized. Only two baseline tests were conducted under static
and cyclic loading without any trapdoor test in the unreinforced embankment. Chapter 4 described
twelve trapdoor tests under both static and cyclic footing loading. Findings from these tests are
summarized as follows:
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 In the baseline tests, the induced pressures over the box base (measured at TC, TE, and
SE) under cyclic footing loading were higher than those under static footing loading.
 Five tests were conducted for the unreinforced embankment. Reduction of the trapdoor
displacement by 7.0 mm in T3 mobilized more stable soil arching that increased the
transferred pressure by 42% to the stationary supports at an applied pressure of 40 kPa.
The cyclic footing load in T9 did not affect the capability of the soil arching on transferring
the applied pressure to the stationary supports. Also, applying constant static and cyclic
footing loading during the trapdoor tests in T4 and T10 did not affect the capability of the
soil arching under the footing loading.
 By increasing the trapdoor displacement by 7.0 mm in T2 as compared with those in T3,
the settlement of the footing increased by 52% at an applied pressure of 50 kPa . At the
same level of the applied pressure, the applying cyclic loading instead of static loading
increased the settlement of the footing by 60% as T3 compared to T9. However,
mobilization of soil arching under the static and cyclic footing load, as in T4 and T10
respectively, reduced the induced settlement under the footing due to the pre-loading
densification effect.
 The soil arching degradation pressure in both T3 and T9 was equal to 54.0 kPa, while in
T4 and T10 it was equal to 45.3 and 45.0 kPa, respectively.
 Four tests were conducted with a single layer of geosynthetic reinforcement to assess the
benefit of geosynthetic inclusion on the stability of the soil arching. In these tests, as the
applied footing pressure increased, the geosynthetic carried some load so that the measured
pressures at TC and TE below the geosynthetic were lower than those above the
geosynthetic. The pressure at SE below the geosynthetic was higher than that above the

115

geosynthetic because of the vertical component of the geosynthetic tension due to the
tensioned membrane effect.
 The biaxial geogrid reduced the applied pressure within the trapdoor area in T6 as
compared with that of T2 by 59% at the center and 124% at the edges of the trapdoor at an
applied static pressure of 50 kPa. At the same applied pressure, the geogrid increased the
pressure transferred to the stationary supports by 90% and 71% in T5 and T6, respectively,
as compared to T2.
 Geosynthetic reinforcement reduced the settlement of the footing by 23.3% in T5 and
39.1% in T6 as compared with that of T2 at an applied static pressure of 80 kPa. At the
same applied pressure, cyclic loading increased the settlement of the footing by 67.3%
using the uniaxial geogrid and 81.4% using the biaxial geogrid as compared with that by
static loading.
 The SADPs in T5 and T6 were equal to 69.8 and 100.8 kPa under the static footing
pressure, respectively, while the SADP in T2 was equal to 50.5 kPa. Therefore, the uniaxial
geogrid increased the SADP by 38.2% while the biaxial geogrid increased the SADP by
99.6 %. This comparison proved the benefit of the geosynthetic reinforcement in
maintaining the soil arching stability. Moreover, in the reinforced tests, geosynthetic
reinforcement increased the SADP under cyclic footing loading as compared with that
under static loading by 17.5% and 9.13 % in T11 and T12, respectively.
 Three tests were carried out with double layers of geosynthetic reinforcement to study
the behavior of the load transfer platform (i.e., beam effect) under footing loading. An
additional layer of geosynthetic reinforcement further reduced the settlement of the footing
by 23.0% in T7a and T7b as compared with T6 at an applied static pressure of 80 kPa.
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Also, the use of double layers of geosynthetic reinforcement reduced the footing settlement
by 71% as compared with that without reinforcement. At the same magnitude of the applied
pressure, the application of cyclic loading instead of static loading increased the settlement
of the footing by 108%.
 The static SADPs in T7a and T7b were 58.3 and 52.8 kPa, respectively, while the SADP
in T13 was 54.3 kPa. Even though the load transfer platform (i.e., the beam effect) reduced
the settlement of the footing, it had a negative effect on the stability of the soil arching
under the footing loading. It is believed that the trapdoor was not displaced enough during
the trapdoor test stage to mobilize the geosynthetic strength with the presence of the upper
geosynthetic layer in order to sustain the applied pressure.
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS
6.1 CONCLUSIONS
In this research, laboratory tests were conducted to assess the mobilization as well as the stability
of soil arching under soil self-weight and surface loading. Trapdoor model tests under a plane
strain condition were conducted to mobilize soil arching. Subsequently, static and cyclic footing
loads were utilized to simulate traffic loading. The arching phenomenon associated with the
unreinforced and geosynthetic-reinforced embankments was investigated. Based on the test
results, the following main conclusions can be made:
1. Soil arching developed under soil self-weight as the trapdoor displacement increased in
both unreinforced (and also under soil self-weight and surface loading) and reinforced
embankments so that the pressure on the trapdoor decreased and that on the supports
increased.
2. The progressive displacement of the trapdoor affected the mobilization of soil arching. Soil
arching started to deteriorate under soil self-weight as the trapdoor displacement increased
to more than 2.5% of its width. However, the use of geosynthetic reinforcement prevented
the deterioration of soil arching although the trapdoor was displaced more than 4% of its
width.
3. Reducing the trapdoor displacement by 7.0 mm resulted in more stable soil arching so that
more applied pressure was transferred to the stationary supports under both static and cyclic
footing loading. Also, the settlement of the footing decreased by 52% at an applied static
pressure of 50 kPa.
4. The soil arching degradation pressures in the unreinforced tests under static and cyclic
loading were the same and equal to 54.0 kPa. However, mobilization of soil arching under
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static and cyclic footing loading reduced the soil arching degradation pressure to 45.0 kPa.
Although the application of a footing load during the trapdoor test did not affect the
mobilization of soil arching, it increased the probability of the arching collapse during the
service life.
5. In the geosynthetic-reinforced embankment, the pressure below the geosynthetic continued
decreasing as the trapdoor displacement increased. Due to the lateral restraint and the
tensioned membrane effect, the geosynthetic helped transfer more embankment load onto
the supports. This result implies that the geosynthetic prevented soil arching from
deterioration under self-weight and helped maintain more stable soil arching.
6. Geosynthetic reinforcement lowered the equal settlement plane. Therefore, the
geosynthetic not only helped stabilize soil arching but also kept the differential settlement
far below the embankment surface.
7. The geosynthetic reduced the applied pressure within the trapdoor area by about 59% at
the center and 124% at the edges of the trapdoor at an applied static pressure of 50 kPa as
compared to those in the unreinforced embankment.
8. Geosynthetic reinforcement reduced the settlement of the footing by 23% - 39% as
compared to that in the unreinforced embankment at an applied static pressure of 80 kPa.
However, applying cyclic loading increased the settlement of the footing by about 67.3%
- 81.4% as compared to applying static loading.
9. The geosynthetic reinforcement minimized the increase of the soil arching ratio under the
static footing load as compared with the case without a geosynthetic. The soil arching
degradation pressure was increased from the unreinforced embankment to the reinforced
embankment by 38.2% and 99.6% using the uniaxial and biaxial geogrids, respectively.
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10. Moreover, in the reinforced embankment tests, the geosynthetic reinforcement increased
the soil arching degradation pressure under cyclic footing loading as compared to that
under static loading by 17.5% and 9.13 % using the uniaxial and biaxial geogrids,
respectively.
11. Double layers of geosynthetic reinforcement, as well as the soil in between, functioned as
a beam since the maximum strain occurred at the trapdoor centerline in the lower geogrid
layer and at the stationary supports edges in the upper geogrid lower.
12. The settlement of the footing in the double geosynthetic-reinforced fill decreased by 71%
as compared to that without reinforcement at the applied static pressure of 80 kPa.
Therefore, introducing an additional layer of geosynthetic reinforcement further reduced
the settlement of the footing by 23.0% as compared to using the single geosynthetic layer.
13. The soil arching degradation pressure required for the double geosynthetic reinforced tests
were lower than those in the single geosynthetic reinforced tests. Even though the load
transfer platform (i.e., the beam effect) reduced the settlement of the footing, it had a
negative effect on the stability of the soil arching under the footing loading.
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6.2 RECOMMENDATIONS FOR FUTURE STUDY
The following topics are recommended for future studies:
1. To investigate soil arching mobilization under a higher level of applied pressure, especially
for cyclic loading during a trapdoor test since in this study the applied pressure was 8.2%
of its ultimate bearing capacity.
2. To assess the soil arching degradation pressure by allowing the trapdoor to move during
the loading test to simulate the behavior of foundation soil. When larger displacement is
allowed, the geosynthetic would mobilize its higher strength and is expected to increase
the soil arching degradation pressure.
3. To conduct a numerical analysis to study the interaction between the key load transfer
mechanisms with multiple layers of reinforcement in the geosynthetic-reinforced pilesupported embankment, such as soil arching, tensioned membrane or beam effect, and
stress concentration.
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APPENDICES
APPENDIX A TRAPDOOR TEST RESULTS

Figure A.1 Measured pressures on and besides the trapdoor during the fill construction in T9

(a) T6

(b) T11

Figure A.2 Measured pressures on and besides the trapdoor during the fill construction in the
single layer of geosynthetic-reinforced tests: (a) T6 and (b) T11

Figure A.3 Measured pressures on and besides the trapdoor during the fill construction in the
double layer of geosynthetic-reinforced test in T7b
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APPENDIX B LOADING TEST RESULTS

(a) T1

(b) T8

Figure B.1 Measured pressures on and besides the trapdoor during the fill construction of the
baseline tests: (a) T1 and (b) T8

(a)

(b)

(c)

(d)

Figure B.2 Measured pressures over and besides the trapdoor versus the number of cycles in the
loading test T11 (a) above the geosynthetic, (b) enlargement of (a) for the cycles No. 420 to 440,
(c) below the geosynthetic, and (d) enlargement of (c) for the cycles No. 420 to 440
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(a)

(b)

(c)

(d)

Figure B.3 Measured pressures over and besides the trapdoor versus the number of cycles in the
loading test T12 (a) above the geosynthetic, (b) enlargement of (a) for the cycles No. 640 to 660,
(c) below the geosynthetic, and (d) enlargement of (c) for the cycles No. 640 to 660

(a)

(b)

Figure B.4 Measured pressures over and besides the trapdoor versus the number of cycles in the
loading test T13 (a) above the geosynthetic and (b) below the geosynthetic
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