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ABSTRACT 

 

The phenomenon known as the ‘arching effect’ occurs when a portion of 

granular mass yields relative to an adjacent stationary region. The movement is 

resisted by shearing stresses which act to reduce the pressure on the yielding 

support and increase the pressure on the adjacent stationary supporting zones.  

Arching is widely observed in both natural and man-made structures such as 

piled embankments, tunnelling, and above mine works and sinkholes. 

In this research the arching effect is recreated in the increased gravity 

environment of a geotechnical centrifuge where the pressure distribution across 

both the yielding and supporting soil masses is measured and the resulting soil 

displacements observed. A motor driven ‘trapdoor’ apparatus was built inside a 

plane strain container to model the yielding support. Both the trapdoor and an 

adjacent support were instrumented to measure the force (and derived 

pressure) distribution. Soil and trapdoor displacements are determined by 

analysis of digital images taken in-flight through a Perspex wall of the container.  

One method of increasing soil shear strength and its resistance to deformation 

is the reinforcement of soil with randomly distributed discrete fibres. The degree 

of improvement has been shown to be directly related to the fibre content in the 

soil, the fibre aspect ratio, orientation and mechanical properties. 

In this research the effect of fibre reinforcement on the arching process and 

resulting deformation is examined by variation of fibre parameters such as fibre 

aspect ratio and volumetric content of fibre. The influence of fibre and model 

scale effects were investigated by conducting a modelling of models exercise 

whereby trapdoor scale and effective stress were varied whilst maintaining a 

constant cover depth to structure width ratio, and compaction effort.  

The results were compared directly with those obtained for unreinforced soil 

trapdoor tests in order to determine the extent of improvement offered by fibre-

reinforcement.  
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NOTATION 

 

Dimension and area 

  = Width of pile cap (m). 

   . = Area of the tunnel face, (m2) 

B = Width of trapdoor (m) 

   = Diameter of fibre (mm). 

    = Horizontal patch size  (mm). 

    = Vertical patch size  (mm). 

    = Average particle size of the soil (mm). 

   = Length of fibre (mm) 

   = Embankment height (m)  

H = Soil height measured from the trapdoor (m) 

   = Critical height measured from the trapdoor (m) 

    = Lead-screw pitch (m) 

     = Maximum settlement (mm) 

      = Maximum settlement of fibre reinforced soil (mm) 

      = Maximum settlement improvement (mm) 

      = Maximum settlement of unreinforced soil (mm) 

  ( ) = Vertical displacement of the soil at the distance, x, (m). 

  
  = Scaled vertical displacement of the soil, (m) 

  ( ) = Horizontal displacement of the soil at the distance, x, (m). 

  
  = Scaled horizontal displacement of the soil, (m) 



 

xxii 
 

    =  Approximated horizontal displacement derived from the curve fitting 
process (m). 
 

    = Horizontal displacement derived from the curve fitting process (m). 

s = Centre-to centre spacing of pile caps (m).  

t = Thickness of shear band (m) 

    = Soil volume loss (m2) 

     = Volume loss for fibre-reinforced soil (m2) 

     = Volume loss for unreinforced soil (m2) 

     = Improvement in soil volume loss (m2) 

   = Width of fibre (mm). 

x = Distance from trapdoor centreline (m) 
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z = Depth in soil (m) 

   = Tunnel depth (m)  

  = Trapdoor displacement (m). 
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     = Embankment settlement (m). 
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Stress 

   = Stress due to the infilling material beneath an arch (kN/m2). 

   = Horizontal stress (kN/m2). 
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   =    = Normal (vertical) stress (kN/m2). 
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   = vertical stress acting on the subsoil (kN/m2). 

    = vertical stress acting on the trapdoor (kN/m2). 

   = Radial stress immediately beneath an arch (kN/m2). 

Material properties 

  = cohesion intercept of the soil (kN/m2). 

  = Void ratio (dimensionless) 

   = Specific gravity for silica soil. 

   = Relative density of the soil. 

  = Coefficient of lateral earth pressure for use in calculation of Equation 2.26 

   = Active earth pressure coefficient. 

 𝑃 = Passive earth pressure coefficient. 
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  = Poisson’s ratio (-). 

  = Complementary friction angle () 
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 ̅ = Macroscopic internal friction angle of the soil ()  

   = Friction angle of the soil at trapdoor width, B, (). 

    = Equivalent friction angle of fibre-reinforced soil (). 
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    = Peak friction angle of the soil (). 

   = Residual friction angle of the soil (). 

   = Peak interface angle of friction between fibre and soil (). 
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   = Density of soil sample (kg/m3) 

   = Unit weight of soil (kN/m3). 

Others 
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(N) 
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g = Acceleration due to Earth’s gravity (g = 9.81 m/s2). 

   = Constant related to the strength of the overburden material in above tunnel. 
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CHAPTER 1 INTRODUCTION 

1.1 Soil arching 

It is important for civil engineers to assess the effect that ground movements 

and consequent changes in local stress conditions may have on the stability of 

nearby structures.  

In geotechnics, this generally applies to the problems of tunnelling, piled 

embankments and mine works. In granular soils, these activities can result in 

the formation of well-defined zones of displacing (yielding) and stationary 

(stable) soil.  

This phenomenon, commonly known as arching, results in a significant 

decrease in pressure beneath the yielding portion of soil compared to the 

geostatic pressure. The pressure is redistributed such that the majority of the 

force is transferred from the yielding area to the rigid surrounding areas. 

1.2 Fibre reinforced soils 

One ground improvement technique finding increasing popularity with 

geotechnical engineers is soil reinforcement by inclusion of randomly mixed 

discrete fibres. Several studies (Maher and Gray 1990; Zornberg 2002; 

Michalowski and Cermak 2003) have been undertaken to determine the extent 

of improvement in shear strength offered by fibre reinforced soils (FRS) and to 

provide an analytical framework for studying FRS. 

1.3 Centrifuge modelling   

Numerical analysis has reached a level of sophistication and convenience in 

geotechnical engineering such that it can be used effectively for routine design. 

However, when design conditions are extreme or unfamiliar, rather than routine, 

or when response up to and including failure is required, their use is limited. In 

these cases, physical modelling of the whole system becomes the essential first 

step in understanding the event, and collecting data. Only then can the 

development of suitable methods of engineering analysis be undertaken. 
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Centrifuge testing concerns the study of geotechnical events using small-scale 

models subjected to acceleration fields of magnitude many times Earth’s 

gravity. Scaled model experiments must be based on similarity laws derived 

from fundamental equations governing the phenomena to be investigated. Of 

critical importance is the stress/strain behaviour of granular soils, which is non-

linear, and a function of stress level and stress history. In order to simulate the 

equivalent full scale ‘prototype’ accurately at small scale, the in-situ stresses 

must be reproduced correctly in the model. 

In order to replicate the gravity induced stresses of a prototype in a 1/Nth scale 

model, it is necessary to test the model in a gravitational field N times larger 

than that of the prototype. Thus, the dimensions and many of the physical 

processes can be scaled correctly if an Nth scale model is accelerated by N 

times the acceleration due to gravity. 

1.4 Aims and objectives 

The aim of the research presented was to investigate the effects of fibre 

reinforcement on buried structure loading, soil displacements, and failure 

mechanism. 

The following objectives are to be met to satisfy this aim: 

 Accurately model a ground loss structures subjected to sub-surface 

displacements in small scale centrifuge tests. 

 Determine general loading characteristics, both on the buried structure 

and the adjacent support area. 

 Form fibre-soil composites and investigate the general effect of randomly 

distributed fibre inclusion on the general behaviour of the soil subjected 

to a loss of support; focussing on redistribution of loading and 

displacements at the surface and throughout the soil depth. 

 Compare the general failure mechanisms of unreinforced and fibre-

reinforced soil in terms of volumetric and shear strains developed within 

the soil mass.  

 Explore the effect of variation of key fibre properties. 
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 Investigate scaling effects of varying fibre to structure and soil grain size 

to structure ratios on loading and displacement characteristics. 

1.7 Methodology 

In order to meet the aims and objectives of this research a trapdoor apparatus 

was developed to simulate typical ground-loss situations in geotechnical 

centrifuge tests, whereby a loss of support in the overlying soil layer is induced 

by vertical displacement of the trapdoor. The loading on the trapdoor and the 

adjacent support structure is measured to define the load transfer mechanism. 

Soil displacements are determined using photogrammetry and compared to 

trapdoor displacements to investigate the induced changes in soil volume, and 

how displacements and strains are propagated to the surface. 

Fibre-soil composites were prepared where the variables defining the strength 

behaviour of the composite were changed to determine the effect on the soil 

response in loading, displacement and strain terms.  

The obtained results are then compared with results published in the literature.  

1.8 Layout of the report 

This thesis consists of six chapters. Chapter 1 has given a brief insight into the 

research topic. Chapter 2 contains the literature review and summarises some 

of the work carried out by researchers in the areas of soil arching and fibre-soil 

reinforcement. Chapter 3 details the experimental method. Chapter 4 presents 

the results. Trapdoor loading, displacements and strains for the unreinforced 

soil trapdoor tests are presented before moving on to detail fibre inclusion 

effects.  

The results and their general implications are discussed in detail in Chapter 5 

where comparisons are made between results and theoretical predictions. 

Conclusions and suggestions for further work are offered in Chapter 6. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Concept and application of soil arching 

Soil arching has been described as “one of the most universal phenomena 

encountered in soil both in the field and in the laboratory” (Terzaghi, 1943). 

Soil arching is mostly studied and encountered in piled embankments but is 

also recognised in underground structures, for example, tunnels and conduits. It 

also plays a role in geological structures like sinkholes. The arching action can 

be observed in underground openings and provides a reduction in the 

overburden pressure. 

Substantial research has been carried out over the decades to gain an 

understanding of the mechanisms involved in arching, including; theoretical and 

analytical methods, numerical analyses, and experimental investigations. 

Although sporadic, much progress has undoubtedly been made. However, the 

phenomenon remains quite poorly understood and there is not yet a universal 

model that can be agreed upon by the international geotechnical community. 

In soils arching occurs when there is an inclusion within a ground mass, or a 

yielding portion relative to adjacent supported areas (as shown in Figure 2.1). A 

loss of support occurs in the yielding area or inclusion causing deformation and 

a local redistribution of stress. This results in a decrease in loading over this 

area, as well as an increase over adjoining stiffer areas. The experimental setup 

used to recreate and study the phenomenon is sometimes called a ‘trapdoor’. 

 

 

Figure 2.1: The ‘trapdoor effect’ 
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As shown in Figure 2.1, if one part of a support system underlying a mass of 

soil displaces relative to a stationary section of support then some differential 

movement occurs within the soil (Terzaghi, 1943).  This movement will set up 

shear planes within the soil above the displacing (weaker) and stationary 

(stronger) supports, indicated by the dotted lines in Figure 2.1. The shearing 

resistance acting on shear planes tends to keep the moving mass in its original 

position; it reduces the pressures on the displacing weaker supported area of 

soil and increases the pressures on the stationary stronger supports. This 

transfer of pressure from a yielding mass of soil onto adjoining stationary parts 

is commonly called the arching effect, and the soil is said to arch over the 

yielding part of the support” (Terzaghi, 1943).   

The shape and mechanism of the formed arch is seldom agreed upon by 

researchers. Engesser (1882) postulates a parabola over the inclusion with the 

sides inclined, relative to the horizontal, at an angle equal to the friction angle of 

the granular medium. Terzaghi's (1943) theory, however, assumes that the 

shearing resistance of the soil during arching is mobilised along vertical planes 

through the sides of the inclusion. 
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2.2 Terzaghi’s contributions 

Terzaghi was the first to test and quantify the soil arching process 

experimentally. In his ‘Theoretical Soil Mechanics’ (1943) he argued that slightly 

lowering a narrow strip of trapdoor beneath a layer of soil will cause the soil 

overlying the trapdoor to yield. Terzaghi observed that the yielding material 

tends to settle, and this movement is opposed by shearing resistance along the 

boundaries between the moving and stationary mass of sand. As a 

consequence, the total pressure on the trapdoor is reduced whilst pressure on 

the adjoining supports is significantly increased.  

Terzaghi postulated that as the trapdoor was lowered, the soil particles near to 

the top of the trapdoor move down with the trapdoor leaving behind void 

spaces.  The void spaces left by these particles are then filled by the remaining 

particles that begin to settle.  While the particles reposition themselves, due to 

their angularity, they begin to interlock with one another and a shear failure 

occurs on a sliding surface between the yielding mass of sand and the adjoining 

stationary sand mass. A significant proportion of the pressure previously 

exerted on the trapdoor is transferred onto the adjoining stationary platforms.  

Since Terzaghi performed his simple yet effective trapdoor experiment, many 

other researchers and engineers have done similar but more complex 

experiments examining the arching concept even further.  Hewlett and 

Randolph (1988), for example, investigated the arching concept in a three-

dimensional case above piles with individual pile caps and showed that arching 

occurs in a three-dimensional dome with straight sides along the base, see 

Section 2.3. Iglesia et al (1999) investigated the effect using a trapdoor 

apparatus in a geotechnical centrifuge and postulated the loading profile on the 

trapdoor (detailed in Section 2.3) as well as postulating the shape of the vertical 

shear planes.  

2.2.1 Terzaghi’s arching theories   

Terzaghi’s theory of arching makes the assumption that the lateral load transfer 

occurs through the shear stresses along vertical soil planes emanating from the 

edge of the trapdoor. An expression for the change in vertical stress,    , due 
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to change in height,   , in a 2-dimensional case (infinitely long trapdoor) is 

given by Equation 2.1. 

    (  −  
 

 
)       (   ) 

Where:  

   = Width of trapdoor (m) 

   = Vertical stress in the soil above the trapdoor, at depth,    −   , 

(kN/m2) 

  = Soil height measured from the trapdoor (m) 

  = Soil strength (kN/m2) 

   = Unit weight of soil (kN/m3). 

The soil shear strength along a vertical plane is given by: 

                (   ) 

Where:  

   = cohesion intercept of the soil (kN/m2) 

   = Horizontal stress at depth  , (kN/m2) 

  = Friction angle of the soil () 

The horizontal stress is related to the vertical stress by Equation 2.3. 

           (   ) 

Where:  

  = Coefficient of lateral earth pressure 

Mckelvey (1994) also performed similar research, and confirmed Terzaghi’s 

findings. Equation 2.4 is the stress acting on the soft ground trapdoor for a 

cohensionless soil without any surcharge (Mckelvery 1994): 
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( −           ⁄ )     (   ) 

The value of   used in Equation 2.4 is the source of some disagreement 

between those who have studied the phenomenon as the stress state of the soil 

in the arching zone is still not fully understood.  The most commonly used is the 

active lateral earth pressure coefficient,    , proposed by Terzaghi in Equation 

2.5. 

     
 − si  

  si  
     (   ) 

Handy (1985) proposed the modification given by Equation 2.6. 

     6(cos     si   )     (  6) 

Where: 

    °  
 

 ⁄      (  7) 

Iglesia et al (1990) proposed the formulation given by Equation 2.8.  

  
 − si   

  si   
     (   ) 

Jaky’s coefficient of earth pressure at rest may also be used from Equation. 2.9. 

   − si       (   ) 

Figure 2.2 shows the vertical stress acting on the trapdoor at the base of the 

embankment calculated using Equation 2.4 with the coefficients of lateral earth 

pressure of unity and those given by Equations 2.5 to 2.9 and an embankment 

height,  , of 5 m.    

With a trapdoor width of 3 m, the value of the vertical stress acting on the 

trapdoor increases from 30 kN/m2 (with    ) to 60 kN/m2 using the active 

earth pressure coefficient from Equation 2.5. The sensitivity of Equation 2.4 is 

clearly illustrated by the disparity between different estimates of vertical stress 

based on different formulations of  .  
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Figure 2.2 Vertical stress vs trapdoor width, varying   

2.3  Semi-circular arching 

Hewlett and Randolph also investigated the arching theory. In the general case 

of a piled embankment, a section through which is shown in Figure 2.3. From 

experimental evidence, Hewlett and Randolph (1988) postulated that a piled 

embankment is supported by three distinct actions.  Firstly, the piles reinforce 

and stiffen the underlying subsoil.  Secondly, the piles give direct support to the 

embankment by means of arching action between adjacent pile caps.  Thirdly, 

where a geogrid is used, and laid over the pile caps, its tension will provide 

support and prevent lateral spreading of the embankment. 
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Figure 2.3 Section through piled embankment (Hewlett and Randolph, 1988) 

The method considers actual arches in the soil, as shown in Figure 2.4 rather 

than vertical boundaries as considered by Terzaghi.  These arches transmit the 

majority of the embankment load onto the pile caps, with the subsoil carrying 

the load from only the infill material below the arches.  The arches are assumed 

to be semi-circular (in 2D) and of uniform thickness, with no overlap of arches 

(Hewlett and Randolph, 1988).  The method also assumes uniform pressure 

acting on the subsoil. In each arch, the tangential (horizontal) direction is the 

direction of major principal stress and the radial (vertical) direction is the 

direction of minor principal stress, related by the passive earth pressure 

coefficient,  𝑃.   

Hewlett and Randolph (1988) state that static equilibrium calls for the arches to 

be semi-circular, of uniform thickness and span adjacent pile caps with no 

overlap of the arches (as shown in Figure 2.3).  It assumes the soil arching as a 

series of domes, with uniform stress state around each arch, supported by the 

pile caps.  

Hewlett and Randolph (1988) proved that for the 2D case the critical point in the 

arch is either at the crown or the pile cap thus checking other points is 

unnecessary. The analysis considers equilibrium of an element at the ‘crown’ of 

the soil arch (see Figure 2.3). The vertical stress acting on the subsoil,   , can 
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be determined by consideration of the vertical equilibrium of this element, and 

applying the boundary condition that the stress acting on the arching layer at 

the crown is equal to the weight of material above acting on the outer radius of 

the arch.   

      
  ( −  )

 
     (    ) 

 Where: 

    is the stress at the interface between arch and in-fill material (kN/m2) 

Considering the pile cap of Figure 2.3, the tangential (horizontal) stress is the 

major principal stress, and the radial (vertical) stress is now the minor principal 

stress (the reverse of the situation at the crown). The value of subsoil stress,   , 

is obtained by considering the limit condition where the ratio of the major to 

minor stress is equal to   . However, yielding of the subsoil occurs in an active 

condition where the radial (vertical) stress is the major principal stress. 

Calculation of    involves consideration of the pile cap geometry, specifically the 

ratio of pile cap width to pile spacing,   ⁄ . In a piled embankment this factor 

determines the width of the arch, which, in this method, is limited to   ⁄  due to 

the arching action taking place between the same pile cap and adjacent pile 

(see Figure 2.3). The width of the arch is unlimited by adjacent arching action 

when considering other types of ground inclusion such as those simulated using 

a trapdoor.   

2.4 Other arching mechanisms 

Whilst there is general agreement that the frictional properties of the soil are the 

root cause of arching, the postulated shape and mode of soil deformation is the 

subject of debate. Terzhagi (1943) and McKelvey (1994) assume a rectangular 

prism of soil above the void. The ‘Guido method’ first introduced by Guido et al 

(1987) and later investigated by Russell & Pierpoint (1997) postulates that the 

arch is a triangular shape with a 45º ‘load spread’ angle. This method was 

developed considering multiple layers of geogrid reinforcement in the soil, so 

may not be applicable to the unreinforced arching case. Carlsson (1987) and 

Han & Gabr (2002) assume a trapezoidal shape with an internal apex angle of 
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30º. Naughton (2007) uses a critical height approach where the height is a 

function of the friction angle. As already considered in Section 2.3, Hewlett and 

Randolph (1988) assume semi-circular arches forming in a piled embankment 

situation where only the critical point of the arch need be considered. 

The British Standard BS8006 calculates average stress on the pile cap itself 

rather than that applied to the subsoil. BS8006 uses a modified form of 

Marston’s equation for positive projecting subsurface conduits to calculate the 

ratio of vertical stress acting on top of the pile caps to the average vertical 

stress at the base of the embankment. The BS8006 method was initially 

developed by Jones et al. (1995) for designing geosynthetic reinforced piled 

embankments.  

Whereas other researchers have chosen one shape to represent the ‘arch’, 

centrifuge tests performed by Iglesia et al (1999) on underground structures 

suggest that the arch goes through a series of stages, as shown in Figure 2.4. 

This sequence of arching led to the creation of Iglesia’s Ground Reaction Curve 

(GRC) shown in Figure 2.5, for a 2D situation. 

This is plotted as stress on an underground structure (normalised by the 

nominal overburden stress) as this varies with displacement of the structure roof 

(normalised by width of the structure, B).        

2.4.1 Introduction to the Ground Reaction Curve 

The arching theories considered thus far approximate the shape of the formed 

arch with a single shape. Iglesia et al (1999) showed that the arch goes through 

a series of stages by combining experimental data from centrifuge trapdoor 

tests with existing arching theories. Central to the approach is the ‘ground 

reaction curve’ (GRC), which is essentially the variation in stress acting on an 

underground structure (or subsoil) as the structure deforms, giving rise to 

arching conditions. Iglesia’s 1999 work suggests the arch goes through a series 

of transformations between circular, triangular and prismatic stages (similar to 

Terzaghi’s sliding block) before coming to rest or collapsing. 

As illustrated in Figure 2.4, as the trapdoor is gradually lowered, representing 

deformation of the structure or subsoil, an arch evolves from an initially semi-
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circular shape (1) to a triangular one (2), before ultimately collapsing with the 

appearance of a prismatic sliding mass bounded by two vertical shear planes 

emanating from the side of the trapdoor (3), (Iglesia et al., 1999). 

Compared to analysis of a piled embankment the trapdoor structure is 

analogous to the soft yielding subsoil being reinforced by the piles. The trapdoor 

mechanism can also be applied to other ground-loss scenarios caused by 

mining extractions, tunnel or conduit volume loss or, at large displacements, 

sinkhole phenomena.      

 

Figure 2.4 Arching evolution (Iglesia et al., 1999) 

The GRC is the characteristic curve of stress to displacement. A dimensionless 

stress (  ), normalised by the nominal overburden stress,    , is plotted against 

displacement (  ) normalised by trapdoor width,:B 
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   is the vertical stress on the roof of the structure (kN/m2) 

  is the settlement of the structure (m) 

The GRC is shown Figure 2.5 illustrating loading during the evolution of the 

arch and is divided into four parts (described in detail below) – the initial arching 

phase, the maximum arching (minimum loading) condition, the loading recovery 

stage, and the ultimate state.   

 

Figure 2.5 Generalised ground reaction curve (GRC) (Iglesia et al,1999) 

1  Initial arching 

The GRC starts with the geostatic condition where the loading is equal to the 

overburden stress (      ). The initial response to subsoil or trapdoor 

structure displacement is extremely stiff, as the stress acting on it is significantly 

reduced with small relative displacement. Iglesia postulates that a semi-circular 

arch begins to form over the trapdoor at this phase. The modulus of initial 

arching,   , is defined as the initial rate of stress decrease. Iglesia proposes a 

value for the modulus of around 125 (for the normalised plot) based on 

centrifuge trapdoor experiments with granular media. This effectively means for 

a displacement of only ~0.1% of the trapdoor width, the stress acting on the 

trapdoor is reduced by 1/8th.  
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2 Break point and maximum arching 

Iglesia et al (1999) observed that the break-point of the curve appears to occur 

at displacements of around 1% trapdoor width. The breakpoint can be 

estimated using a straight-line fit from the geostatic intercept at a slope of ~63 

(the ‘secant’ modulus,   , from Figure 2.5) to a normalised trapdoor 

displacement of 1%. 

As can be seen in Figure 2.5, as the underground opening converges towards a 

state of maximum arching (minimum loading), the GRC changes from this 

approximately linear phase to a curve (since    can only approach zero and 

certainly cannot be negative).     

Iglesia et al. (1999) propose a method of determining the approximate shape of 

this part of the curve in their original paper. Equation 2.13 gives an expression 

for the minimum loading,    normalised by the geostatic load: 

  

  
 

 

 
(

 

 co   
 
 

 
 

co  

6
)     (    ) 

Maximum arching occurs when the vertical loading on the underground 

structure reaches a minimum, as shown in the figure. Iglesia et al. (1999) 

describe this as corresponding to a condition in which a physical arch forms a 

parabolic shape immediately above the underground structure.  This state is 

proposed to occur when the relative displacement between the yielding 

underground structure and the surrounding soil is about 2 to 6 % of the effective 

width of the structure. 

3 Loading recovery stage 

This stage is the transition from the maximum arching (minimum loading) 

condition to the ultimate state in Figure 2.5.  Iglesia et al. (1999) illustrate this 

transition might be linear in idealisation and characterised by the load recovery 

index (𝜆).  This aspect of behaviour is potentially of considerable significance, 

since it represents a breakdown in arching response, where arching becomes 

increasingly less effective as displacement increases. Iglesia proposes that the 

load recovery increases with trapdoor width to average grain size ratio, 
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⁄ .Equation 2.14 gives an estimate for the load recovery index, 𝜆,  

empirically derived from centrifuge tests in Iglesia et al (1999). 

𝜆  [      7  o 
 

     
]       (  ⁄ )      (    ) 

 

4 Ultimate state 

As the surrounding soil continually ‘converges’ toward the underground 

structure, the arch will eventually collapse.  A prismatic sliding mass will 

emerge, which is bounded by a pair of vertical shear planes (Figure 2.5). 

Iglesia et al. use Equation 2.4 (Terzaghi’s method for 2D situation) to determine 

the ultimate stress on the structure. 

Further detail regarding the centrifuge tests conducted and theoretical 

derivations for the stresses at various key stages of the GRC can be found in 

Iglesia et al (1999 and 2014).   

2.4.2 Other trapdoor experiments 

Evans (1983) conducted a number of different trapdoor experiments at 1g using 

different trapdoor geometries and H/B ratios. The proposed mechanism of 

active arching and failure is presented in Figure 2.6, (a) represents the direction 

of major principal stress,   , acting throughout the soil layer. Evans and others 

have proposed a triangular region forms above the trapdoor with displacement 

where significant dilation occurs. The direction    is generally assumed to be 

horizontal in the region above the trapdoor. Areas of soil adjacent to the 

trapdoor receive stress transferred from the zone of soil above the trapdoor, 

whilst the horizontal stresses in the soil above the supporting area increased, 

allowing some lateral expansion and undergoing vertical contraction. Figure 2.6 

(b) illustrates the direction of major principal stress throughout the plastically 

deforming field. Soil above the trapdoor is in the active state whilst above the 

support it is passive. When the angle of dilatancy,  , is close to the angle of 

friction;    , a mechanism like that illustrated in Figure 2.6 (c) is taking place 

where the components of shear and normal forces , T and N in the illustration 
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respectively, acting on the edges of the differential element are equal and 

opposite in magnitude, contributing no net vertical force (Evans, 1983). The 

force acting on the trapdoor will then only result from the weight of the material 

within the free-body defined by the triangular area with an apex angle equal to 

2  . A solution for the force acting on the trapdoor in the transitional phase, 

where the dilatancy angle is in the range;      , is not readily apparent 

since the stresses on the side boundaries of the elements are related by the 

long form expression for shear strength, given in Equation 2.15. 

    

cos si  

 − si  si  
     (    ) 

    si       (   6) 

It is not known what value of normal stress    to use in this region, since the 

true value of   lies between peak,     and residual estimates,   . Evans (1983) 

reasonably suggests that the value of force acting on the trapdoor lie within the 

limits set by the conditions where       and    .  

The force acting on the trapdoor when    , as shown in Figure 2.6 (d), can be 

approximated by considering the reduced expression for shear strength given in 

Equation 2.16. Where    can be approximated using the expression for vertical 

stress,    provided by Terzaghi in Equation 2.4. This is the ultimate stage where 

shear has occurred along vertical planes (as postulated by Terzaghi (1943), 

Jaky (1944) in Section 2.1.1 and Iglesia (1999) in Section 2.3.1). 

A number of researchers have used both physical and numerical models of 

active trapdoor systems to investigate the arching phenomenon. Koutsabeloulis 

and Griffiths (1989) developed a numerical model of the trapdoor. Stone and 

Muir Wood (1992) used a physical model of a trapdoor to investigate particle 

size and dilatancy effects in centrifuge tests. Santichaianaint (2002) conducted 

physical modelling tests with circular trapdoor geometries. These researchers 

reported responses for systems under deep and shallow conditions, as 

characterised by soil cover ratios,    . Costa et al (2009) investigated failure 

mechanisms in sand over a deep active trapdoor in both 1g and 45g centrifuge 

models 
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Figure 2.7 shows a schematic of the shape of a typical failure surface reported 

in studies involving shallow conditions. A single failure surface is reported to 

initiate from the corners of the trapdoor propagating towards the centre, from 

point O to A in Figure 2.7. The inclination of the failure surface to the vertical in 

the vicinity of the trapdoor edge is represented by the angle,      , which 

equals the soil dilatancy angle,  , at point O. The path followed by the surface 

OA is defined by the soil density and its confinement, which are variables that 

govern the soil dilatancy (Costa et al, 2008). As the trapdoor displaces further; a 

new failure surface is developed at inclination       from the trapdoor edge, 

propagating towards point B. The angle of dilatancy reduces further as the 

trapdoor is displaced until it reaches zero and the failure surface extends 

vertically from the trapdoor edge; from point O to point C. Since the stress level 

at point A in the soil is lower than at the trapdoor edge, the dilatancy angle at A 

is consequently larger. This is represented in Figure 2.7 by the increase in 

angle      over      . The failure surface exhibits a curved shape which has 

been attributed to the effect of overburden stress with depth on dilatancy.     

For relatively large trapdoor movements, the soil can be assumed to have 

reached the ultimate state and achieved critical state conditions, consistent with 

the development of a vertical failure surface. Reported results under shallow 

conditions, where: H/B   1.5, show that the angle    is approximately constant 

with displacement. Shearing in this case was reported to suddenly stop in the 

failure surface and to immediately continue in the subsequent one (Stone and 

Muir Wood, 1992). Costa et al (2009) report that under deep conditions, H/B > 

1.5, the angle    gradually decreases with increasing trapdoor displacements. 

This mechanism in essence is very similar to that reported by Iglesia et al 

(1999) where the arch shape for a given trapdoor displacement is determined 

by the shear surface initiating at the trapdoor corners (see Figure 2.4 for 

comparison with Figure 2.7). 
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Figure 2.6  General soil behaviour above an active trapdoor Evans (1983); 
(a) principal stresses and volumetric strain behaviour, (b) principal stress 

direction, (c) free-body diagram for  >0, (d) free-body diagram for  =0.     

(b) 

(c) 

(d) 

(a) 
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Figure 2.7  Propagation of trapdoor failure surfaces under shallow conditions 
(Costa et al, 2009) 

 

2.4.3 Rectangular pyramidal and trapezoidal arching 

The empirically derived Guido design method (Guido (1987) and Russell & 

Pierpoint, 1997) considers an improvement in the angle of friction achieved by 

reinforcing the granular soil with layers of geogrid material. Multiple layers of 

geogrid material serve to improve the bearing capacity of the geogrid-soil 

composite. The method postulates a load spreading effect where the ‘load 

spread’ angle in the reinforced soil beneath the footing was proposed to be 45º 

(see Figure 2.8). 

 

Figure 2.8 Guido design method; pyramidal load spreading (Guido (1987) 
and Russell & Pierpoint, 1997) 

An expression for the vertical stress acting on the subsoil,   , can be 

determined by considering the unsupported soil mass. For the 2D plane strain 
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situation the value is equal to the triangular volume multiplied by the soil unit 

weight then divided by the area across which the soil prism acts. 

   
  ( −  )

 
     (   7) 

Where: 

  is the spacing between piles (m) 

  is the pile cap width (m). 

The quantity ( −  ) from Equation 2.17 is the effective width of the inclusion 

between adjacent pile caps and is directly analogous to the trapdoor width   

from Tergahzi’s arching theories. 

Equation 2.17 yields a very low magnitude subsoil stress,   , when 

compared to the stress from the full ‘prism’ of soil,    , (15% with a 5 m soil 

layer). This is due to the strengthening action of the geogrid. Equation 2.17 

shows that the soil layer height has no effect on the pressure acting on subsoil. 

No direct attempt is made to include friction angle,  , in this expression as the 

postulated load spread angle effectively assumes a 45º angle of friction for the 

soil-geogrid composite. The load spread angle is assumed to be justified for 

compacted granular fill reinforced with multiple layers of geogrid. 

Carlsson (1987) and Han & Gabr (2002) postulated that the triangle is truncated 

to form a trapezoidal shape. In plane strain a trapezoidal wedge with an internal 

apex angle equal to 30º is assumed to form under the arching soil as shown in 

Figure 2.9. The method employs a critical height approach, a value beyond 

which the soil pressure is transferred to the support structure. In plane strain it 

follows that the critical height,   , is equal to 1.87B.  

Which, for a soil layer of height ~5 m, corresponds to a reduction in vertical 

stress,    of ~63% from the geostatic overburden stress,   . 
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Figure 2.9  Soil wedge assumed by Carlsson (1987) and Han & Gabr (2002) 

Naughton (2007) also proposed a method for calculating the magnitude of 

arching, based on the critical height for arching in the soil layer. The critical 

height was calculated assuming that the extent of yielding in the soil layer fill 

was delimited by a log spiral emanating from the edge of the supports (see 

Figure 2.10). 

The Naughton (2007) method determines the critical height as: 

          (    ) 

Where: 

      
 
 

         (    ) 

 

The vertical stress on the subsoil then becomes: 

                 (    ) 
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Figure 2.10 Geometry of yield zone assumed by Naughton (2007)  

Soil friction angle is used directly in this method. Naughton calculated the 

variation in critical height due to a range of friction angle of 30 to 45º. Parameter 

  variation with friction angle is shown in Figure 2.11. The critical height 

increases proportionally with friction angle from 1.24B to 2.4B. The implication 

being that the stress acting on the subsoil also increases with friction angle (see 

Equation 2.19) which is unexpected behaviour.  

  

 

 

Figure 2.11 Variation of   with friction angle,   (Naughton, 2007).  
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2.5 Differential settlement 

Differential settlement at the surface and throughout the soil is dependent on 

trapdoor displacement and the height of the soil-layer above the trapdoor. 

Negligible surface displacements were observed in Iglesia et al (1999) tests, 

which is consistent with the formation and maintenance of a soil arch at the 

displacements tested.      

McKelvey (1994) shows that differential settlement of the soil prism above the 

trapdoor decreases as the vertical distance between the soil elements under 

consideration and the trapdoor increases (see Figure 2.12)      

McKelvey proposes that there will be a point where the differential settlement 

between the soil element and the adjacent soil is zero.  

 

Figure 2.12 Plane of equal settlement (McKelvey, 1994) 

 

2.5.1 Piled embankments 

A series of centrifuge tests have recently been performed by Ellis and Aslam 

(2009a and b) to investigate arching in both unreinforced and geosynthetic 

reinforced piled embankments and the resultant differential settlement. Aslam 

(2008) investigated the effect of pile spacing, embankment height (effectively 

varying the H/B ratio) in a 3D model. Figure 2.13 shows the relationship 
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between differential settlement,     determined photogrammetrically, and 

embankment height,   . normalised by the inclusion width between pile caps: 

( −  ).   

 

Figure 2.13 Relationship between differential settlement and embankment 
height in piled embankment tests, (Aslam, 2008) 

The data in Figure 2.13 was obtained at two different prototype scales (30g and 

60g). This in effect means that the stress on the model subsoil is increased by a 

factor of two causing an unequal amount of subsoil deformation,   , between 

the two data sets. The dotted line represents the level below which settlement 

could not be reliably determined. 

As    (s −  ) increases to 2.0 the stress on the subsoil does not increase 

significantly (and thus there is significant evidence of arching), and differential 

settlement at the embankment surface tends to zero (Aslam, 2008). These 

findings are consistent with McKelvey’s ‘plane of equal settlement’ supposition.  

Yan (2009) created a numerical model to study arching in piled embankments 

and specifically recreate the ground reaction curve in simulation. 
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Figure 2.14 Ratio of maximum ultimate embankment settlement,     , to 
subsoil settlement,   ,     . vs normalised embankment height. (Yan, 2009) 

In the numerical case the subsoil settlement is implicitly known. The variation of 

maximum embankment settlement,     (normalised by subsoil settlement,   ) 

with       is plotted in Figure 2.14. For each pile spacing investigated the figure 

shows that the ratio of        at the ultimate state, remains approximately 

constant for ratios of      >1.5. Yan (2009) investigated a wider range of      

than Aslam (2008) but returned a similar result. This result is consistent with 

McKelvey’s plane of equal settlement theory and observations by Iglesia et al 

(1999) that no additional vertical settlement is present when the embankment 

height,    is increased beyond a critical level. 

2.5.2  Mining subsidence analysis 

Subsidence Engineer’s Handbook provides a set of empirically derived curves 

for predicting subsidence, or surface settlement, above mine extractions. The 

subsidence data was gathered from observations above UK mining works. The 

data was gathered over a wide range of overburden materials, at depths far 

greater than considered herein, however the geometrical similarity between the 

trapdoor test and mining excavations give rise to settlements with comparable 

magnitude and shape characteristics. Figure 2.15 shows the ratio of maximum 

settlement     , (normalised by  trapdoor displacement,  ) to trapdoor width 
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(normalised by soil layer height, B/H, obtained from compiled data given in SEH 

(1965,1977). In mining subsidence terminology the extracted panel width to 

depth ratio, w/h, is equivalent to B/H in trapdoor geometry (see Figure 2.4). The 

extracted seam height,   is equivalent to trapdoor displacement,   . The curve 

shows a characteristic increase in relative settlement with trapdoor width for a 

given soil height. The curve shows agreement with other observed settlement 

behaviour in that at high H/B ratios, the settlement tends towards zero 

(Mckelvey (1994), Aslam, (2008) and Yan (2009)).        

 

Figure 2.15 Normalised maximum settlement,     ,  to trapdoor width 
(normalised by soil layer height, B/H, ratio SEH (1965,1977). 

Once the maximum settlement estimate,      has been deduced the SEH 

method can be used to approximate the shape of the settlement trough using a 

series of prediction curves to determine the height of the trough at a specified 

distance from the centre of the trapdoor, d. Figure 2.16 shows the SEH design 

graph for prediction of settlement profiles (SEH, 1975). A horizontal line can be 

drawn from the corresponding w/h ratio the inception points with the lines of 

equal subsidence are read off to give the distance from the centre of the panel 

(Whittaker and Reddish, 1989). This approach assumes that the trough shape 

has a constant profile with trapdoor displacement,  .            
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Figure 2.16 Prediction of subsidence profiles above UK mining works (SEH, 

1975) 

2.5.3  Settlement above tunnels  

Much interest has been paid to studying displacements above tunnels resulting 

from tunnel volume loss as the tunnel deforms under the overburden pressure. 

A general estimate of maximum settlement is given in Equation 2.21. 

     
     

   
     (    ) 

 

          (    ) 

Where: 

    . is the area of the tunnel face, (m2) 

   . is percentage volume loss occurring at the tunnel (%). 

   . is a constant related to the strength of the overburden material. 

   is the inflection point of the curve at depth, z 
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The graphic of Figure 2.17 shows a visualisation of the formation of settlement 

curves above tunnels (Marshall et al, 2012). Of key importance in tunnel 

displacement analysis is the determination of the inflection point ( ) of the curve 

and it’s variation with depth, z. 

In general, a ‘chimney-like’ displacement mechanism is observed above 

tunnels, where the mechanism propagates from the tunnel crown towards the 

surface as the volume loss increases. 

 

Figure 2.17 Volume loss and maximum settlement above tunnels (Marshall et 
al, 2012) 

The general shape of settlement trough, with horizontal distance from the tunnel 

centreline, x, can be approximated using a Gaussian curve of the form given in 

Equation 2.23 (after Peck, 1969). 

  ( )       
 (

  

   
)
     (    ) 

Where: 

  ( ) is the vertical settlement of the soil at distance,  x (m). 

Curves with higher degrees of freedom than Equation 2.23, such as modified 

Gaussian (Vorster et al, 2005) and yield density (Celestino et al, 2000) can 
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provide a better fit to the settlement data. The modified Gaussian curve 

suggested by Vorster et al is given in Equations 2.24 and 2.25. The parameter 

  is introduced to increase the degree of freedom of the curve fit. 

  ( )  
𝑛     

(𝑛 −  )    (     )
   (    ) 

Where: 

𝑛    
  −  

    
       (    ) 

Figure 2.18 shows various Gaussian type curves which have the same 

inflection point. The modified Gaussian method curve provides an estimate of 

settlement trough shape which is flexible enough to model settlements above a 

range of buried structure geometries.     

 

Figure 2.18 Various curves to model tunnel induced settlement 

An estimate of horizontal displacement derived from tunnelling experiments, 

and based on vertical displacements, can be obtained from Attewell et al 

(1986).  

  ( )  −
( −   )

  
  ( )     (   6) 

Where:  

   is the tunnel depth (m)  
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   is the distance to the tunnel centreline (m)  

This estimation assumes the soil displaces towards the tunnel centreline 

proportionally with vertical displacement. This may not be the case for prismatic 

trapdoor-like inclusions. 

2.6 Fibre Reinforced Soils (FRS) 

Soil reinforcement is a widely used technique where natural or synthesised 

additives are used to improve the mechanical properties of soils. The use of 

fibrous material randomly mixed with soil in order to improve the strength and 

durability of construction materials dates back millennia.  One of the most well-

known historical applications is the adobe mud brick (see Figure 2.19 (d)) where 

natural fibres such as straw or bamboo were mixed with clay and sun-dried to 

form a fibre-soil composite material with considerably increased strength 

characteristics when compared to the unreinforced clay brick. Reinforcement is 

primarily used to improve the soil mass stability, increase bearing capacity and 

reduce settlements and lateral spreading. Applications where fibre 

reinforcement can be beneficial include: slopes and embankments (Figure 2.19 

(e) and (f)), retaining walls, abutments, foundations and underground structures.         

Figure 2.19 (a) to (c) show some commonly used fibre types. Fibre materials 

ranging from polyester, polypropylene, steel, glass, and biodegradable fibres 

have been proven to be particularly effective for soil reinforcement (Santoni and 

Webster, 2001). 

Some recent initiatives also use waste materials such as tyre shred, waste 

fishing nets, and waster plastics as reinforcing fibres (Zornberg et al. 2004; Kim 

et al. 2008). 

Fibre can also be used for reinforcing poor soil quality waste materials, such as 

fly ash, so that it can be utilised in construction. 

Soil reinforcement using randomly mixed fibres is now a geotechnical 

engineering solution for many soil improvement field applications. Much soil 

testing has been undertaken to determine the mechanical properties of fibre 

reinforced soil such as direct and triaxial shear, CBR tests.    
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Figure 2.19 Different fibre types; (a) and (b) polypropylene (c) steel. Fibre 
reinforcement applications: (d) adobe style brick, (e) sloped bridge 

embankment, (f) roadside embankment.    

(d) 

(a) (b) 

(c) 

(e) (f) 

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&docid=5QkD1tJeLZgYGM&tbnid=Iw4dyjocwq7HdM:&ved=0CAYQjRw&url=http://taiantongban.en.alibaba.com/product/437029727-219350740/TB_Polyvinyl_alcohol_Fiber_for_Concrete.html&ei=WzEfU5GAPOGl0QXB94GwDA&bvm=bv.62788935,d.ZGU&psig=AFQjCNFtV_btQ_tytC3T4cDlACL93KJ8mw&ust=1394639341212759
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&docid=hcQwuKaFIYkzcM&tbnid=UfHgdDW2pTggCM:&ved=0CAYQjRw&url=http://csm-fanaa.blogspot.com/2011/01/building-our-house-part-2-brick-making.html&ei=DTIfU9rXFaiW0AW3voHQCw&bvm=bv.62788935,d.ZGU&psig=AFQjCNHRV3aOZPAEXl-E86RYw8bcddbdjw&ust=1394639669353760
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Figure 2.20 illustrates fibre-soil interaction where the fibre is subjected to tensile 

forces due to the relative movement of particles in contact with the fibre 

(Viswanadham et al, 2009). Fibre reinforced soil behaves as a composite 

material in which fibres of relatively high tensile strength are embedded within 

the soil matrix. The tensile resistance of the fibres is mobilised when the 

composite is subjected to shear stresses, consequently, the tensile resistance 

of the fibre imparts greater strength to the soil.  

Many researchers have performed a variety of soil tests on fibre soil composites 

to determine the extent of improvement in strength with varying fibre and soil 

properties. Predictive models have been developed to estimate the composite 

behaviour based on the properties of soil and fibre.                     

 

Figure 2.20 Fibre-soil interaction; fibre in tension.  

Key fibre characteristics affecting the interaction and effectiveness of the fibre-

soil composite are the relative fibre length,    to width,   , or diameter,    

‘aspect’ ratio,  . The volumetric content of fibre in the soil,  .  As well as the skin 

friction of the fibre and the fibre yield strength. The fibre orientation relative to 

the shear plane also plays a key role as this determines whether the fibre is 

actively able to mobilise its tensile shear strength and contribute to the overall 

strength of the composite. The reinforcing fibres can be either be placed 

randomly to maintain isotropic strength or in a desired orientation to provide 

optimal reinforcement for a particular application. In general, the fibre’s high 

tensile strength and extendibility tends to help effectively reduce the 

compressibility and brittleness of the host soil.  
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2.6.1 FRS theory and testing 

Zornberg establishes a discrete framework for prediction of the equivalent shear 

strength of FRS and discusses the appropriateness of using the peak or 

residual shear strength of the unreinforced soil for predicting the equivalent 

shear strength of the FRS (Zornberg, 2002). Figure 2.21 (a) shows a 

representation of the equivalent shear strength of FRS and an unreinforced host 

soil; (b) shows an assumed stress strain characteristic for the FRS and the 

unreinforced soil. The fibre-soil composite exhibits a considerable increase in 

strength and post-peak residual strength when compared to the unreinforced 

soil. Fibre-soil composites generally have similar residual and peak strengths. 

Zornberg advises that the residual strength should be used for predicting the 

fibre-soil composite strength. Equation 2.27 shows the equivalent shear 

strength,     of a FRS specimen at a normal stress,   .  

For a cohesionless soil:    

                          (   7) 

Where: 

    is the equivalent shear strength of fibre-reinforced specimen, (kPa) 

    is the fibre-induced distributed tension (kPa). 

  is the shear strength of the unreinforced soil (kPa). 

   is an empirical coefficient that accounts for the orientation of the 

fibres. 

In order to characterise the limit conditions Zornberg derived an expression for 

the fibre tension at pull-out,    defined as the tensile force per unit area induced 

in a soil mass by randomly distributed fibres, and   the friction angle of the 

unreinforced soil (Equation 2.28). 

                 (    ) 

Where: 

  is the volumetric fibre content in the soil. 
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  is the fibre aspect ratio,       for tape type fibres or       for 

cylindrical. 

    is the coefficient of interaction between fibre and soil which is used in soil-

reinforcement interaction studies to relate the interface shear strength to the 

shear strength of the soil. Zornberg assumes a value of ~0.8 based on pull-out 

test results. 

The critical normal stress (Equation 2.29),    , is the normal stress at which 

failure occurs simultaneously by pull-out and tensile breakage of the fibres. At 

average normal stresses greater than this value,         the behaviour of the 

composite is governed by the residual strength of the unreinforced soil,   , as 

the fibres no longer contribute to the composite strength. 

    
    

          
     (    ) 

Where      is the ultimate tensile strength of the fibre determined from tensile 

breakage tests (see Section 3.3.2).  

The equivalent strength of the fibre soil composite,    , can be determined from 

Equation 2.30. 

      

      
                (    ) 

Zornberg (2002) recommended using a factor,    of 1.0 for randomly distributed 

fibres to describe their orientation relative to the shear plane. For    less than 

1.0 corresponds to the case in which the orientation of the shear plane is close 

to the preferential orientation of the fibres.   

A preferential fibre orientation (typically, horizontal) may still exist for randomly 

mixed fibres as a result of the effect of self-weight. 

The concept of root-reinforcement of soil was used by Gray and Ohashi (1983) 

and Gray and AI-Refeai (1986) to describe the deformation and failure 

mechanism of fibre-reinforced soil and to find the increase in shear strength for 

oriented fibres crossing a shear plane. Figure 2.22 illustrates the model 

proposed by Gray and Ohashi (1983) in essence the model considers a long, 
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elastic fibre extending an equal length on either side of the shear plane. The 

fibre orientation is considered initially perpendicular to the shear plane, or at an 

arbitrary angle to it (see Figure 2.22). The shearing of soil causes the fibre to 

distort, thereby mobilising tensile resistance in the fibre. The tensile force in the 

fibre is resolved into forces normal and tangential to the shear plane. The 

normal component results in an increase in confining stress on the failure plane 

and the tangential component directly resists shear.   

 

Figure 2.21 General fibre-soil composite behaviour; (a) Equivalent shear 
strength, (b) Stress-strain curves. (Zornberg, 2002)  

(a) 

(b) 
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Figure 2.22 Model of oriented FRS (Gray and Ohashi, 1983) 

Other researchers (Sadek et al. (2010)) conducted direct shear tests on FRS 

and reported that a value of    of 0.4 provided good predictions for the shear 

strength results in which the shear plane coincided with the preferential 

orientation of the fibres. Figure 2.23 shows the determined extent of strength 

improvement versus fibre content reported by Sadek et al (2010). Sadek tested 

two different fibre types with coarse and fine grained sands. These results typify 

the observed magnitudes of improvement in strength reported by many 

investigators (Gray and Ohashi 1983; Gray and AI-Refeai 1986; Maher and 

Gray, 1990) 

The real shear behaviour of the FRS depends typically on the loading direction 

largely as a result of anisotropic fibre orientation. 

Michalowski and Cermák (2002) employed a fibre distribution function to 

characterise the fibre orientation anisotropy and, hence, the anisotropic strength 

of the composite soil. A model for prediction of the failure stress in triaxial 

compression was developed.   
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Figure 2.23 Extent of improvement in shear strength of fibre-reinforced fine 

and coarse sand (Sadek, 2010)  

The failure envelope has two segments: a linear part associated with fibre pull 

out, and a nonlinear one related to yielding or breakage of the fibre material. 

The yielding of fibres occurs well beyond the stress range encountered in 

practical situations. 

The concept of a macroscopic internal friction angle was introduced to describe 

the failure criterion of a fibre-reinforced soil. The method is a direct way to 

include fibre reinforcement in stability analyses of earth structures. Equations 

2.31 to 2.33 can be used to calculate the macroscopic internal friction angle,  ̅. 

Figure 2.24 shows the variation of  ̅ with   .     

 ̅        √
          6 𝑃

6 −          
−

 

 
     (    ) 

     𝑃 si        (    ) 

        √
  𝑃

 
    (    ) 

Where: 
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    is the peak interface angle of friction between fibre and soil 

 𝑃 is the passive pressure coefficient, the inverse of active earth 

pressure    discussed in Section 2.2.1 (Equation 2.5).  

   is the inclination angle, where the strain rate of the fibre approaches zero. 

Stress parameter    is determined from the expressions for work dissipation 

rate derived from triaxial compression tests detailed in Michalowski and Cermák 

(2002). It represents a tensile strength coefficient calculated at the inclination 

  . Fibres at orientations above    act in compression, where those below this 

angle are in tension. The friction at the fibre-soil interface,   , was found to be 

in the range 15 - 18º for the fine and coarse sand and polymer fibre types tested 

(Michalowski and Cermák, 2002).  

 

Figure 2.24 Macroscopic internal friction angle,  ̅, increase with the product of 

volumetric fibre content,   and aspect ratio,   (Michalowski and Cermák, 2002). 
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Figure 2.25 Spherical coordinate system used for determining distribution of 

fibre orientation (Michalowski and Cermák, 2002). 

Michalowski and Cermák (2002) determined a range of fibre aspect ratio,  , to 

soil particle size effects. The reinforcing effect is dependent on the fibre aspect 

ratio. The larger the aspect ratio, the more effective the fibres were found to be. 

However, if the fibre length is varied but aspect ratio and volumetric content,  , 

are kept constant then longer fibres contribute more to the composite strength 

than do shorter fibres. 

Michalowski and Cermák (2002) conclude that the reinforcement is more 

effective when the fibre length is large in comparison with soil grain size. The 

length of fibre needs to be at least one order of magnitude larger than the 

average size of the grains, otherwise the fabric of the composite does not allow 

for an effective soil-fibre interaction.  

Diambra and Muir Wood et al (2009) conducted experiments to investigate the 

effect of crimped polypropylene fibres on the mechanical behaviour of sand. A 

simple modelling approach for fibre reinforced sand, based on the rule of 

mixtures, is presented which models the FRS as a single material or continuum.   

The technique for the determination of the fibre orientation distribution is 

described by Diambra et al. (2007). The fibre orientation function is defined in a 

0 

  



CHAPTER 2 LITERATURE REVIEW  University of Nottingham 

42 
 

spherical coordinate system shown in Figure 2.25 initially proposed by 

Michalowski and Cermák (2002). 

The angles;   , introduced in Equation 2.33, and   define the orientation of the 

fibre in a cylindrical specimen. This spherical integration space is then used to 

define the distribution of fibre orientation (where all fibres are moved to the 

origin of the sphere). The method can be used to eliminate fibres acting in 

compression and therefore not contributing to the overall strength of the 

composite.  

Diambra et al. (2009) devised a method for determining the fibre distribution 

experimentally by physically counting the number of fibres intersecting 

horizontal and vertical planes cut through cylindrical samples.       

The model based simulations of the composite exhibit key characteristics of the 

response observed in experimental tests and any distribution of fibre 

orientations can be accounted for. The determined fibre orientation distribution 

shows that generally densification techniques tend to generate preferential 

horizontal orientation of fibres. 

The reinforcement effect is strongly dependent on the relative orientation 

between the loading direction and the preferred fibre orientation indicating a 

preferential orientation to place the fibres in an optimal way during construction. 

Fibre reinforcement is commonly used in the stabilisation of soil slopes 

(Gregory and Chill, 1998). The example of a homogeneous slope with a 

potential slip surface is shown in Figure 2.26. The figure shows the stress-state 

that the individual soil elements A-D are subjected to at locations along the slip 

surface.  

The stress-state for a soil element along the failure surface at various depths 

can be described by the angle between the major principal stress direction 

(   and    ) and the vertical,  . In the analysis of Gao et al (2013), optimal fibre 

reinforcement is achieved when the major principal stress direction is 

perpendicular to the preferred fibre orientation plane,   at each critical location 

of the slip. 
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The slope illustrates a general conceptual model to describe the interaction of 

oriented fibres at locations along a complex slip surface. 

FRSs have been used in many physical modelling experiments; slopes Kaniraj 

and Havanagi (2001), carried out centrifuge modelling of polypropylene fibre 

reinforced fly ash slopes.  

Viswanadham et al, (2009) conducted centrifuge modelling of fibre reinforced 

soil in waste liners where both active and passive arching was induced in the 

tests to model waste decomposition and the heave response of expansive soils 

respectively.      

 

Figure 2.26 Fibre orientation plane and relative loading direction in slope 
failure (Gao and Zhou 2013) 
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2.7 Summary 

A number of theories have been discussed which attempt to quantify the active 

arching response in soil based on specific geometrical arrangements found to 

be of interest to researchers. These theories often give significantly different 

results based on the assumptions made regarding the geometry of the formed 

arch. For example Terzaghi assumed a prismatic shaped arch, while Randolph 

and Hewlett describe semi-circular dome shaped arches. Iglesia et al stipulate 

that the shape of the formed arch changes with displacement of the 

underground structure and give a method for constructing a ground reaction 

curve based on geometrical and soil properties. 

Surface settlement features observed above ‘yielding’ structures where arching 

is taking place such as piled embankments, mines and tunnels have been 

defined. 

Fibre reinforced soil has been introduced as a means of soil-layer 

strengthening. Theories and experimental evidence for determining the extent 

of soil improvement based on the properties of the fibre soil composite have 

been presented. Key fibre properties such as fibre type, content, length, aspect 

ratio and strength have been found to have an effect on the performance of the 

composite. 

Analytical methods to determine the distribution of fibre orientation within a 

sample and therefore quantify the effectiveness of the composite are 

introduced.   

Hence there exists a significant amount of relevant literature from studies of 

arching phenomena, differential settlement and fibre reinforcement with which 

to compare the experimental results of this research with.                

 

  



CHAPTER 3 EXPERIMENTAL METHOD  University of Nottingham 

45 
 

CHAPTER 3 EXPERIMENTAL METHOD 

3.1 Introduction 

In order to accurately model the general field conditions experienced during 

ground-loss scenarios a trapdoor apparatus was designed for incorporation into 

a plane-strain container to be used in a series of centrifuge tests. The apparatus 

can be used to model a variety of generalised geotechnical situations which 

give rise to a redistribution of soil pressure between a buried structure and 

surrounding supporting areas. The experimental setup can be used to 

investigate the soil-structure behaviour within the above soil layer and to 

determine settlements at the soil surface. 

3.1.1 Aim 

The aim of the centrifuge test series is to provide data on the effect of fibre 

inclusion in the soil layer. The setup allows variation of fibre-soil composite 

characteristics whilst keeping other key aspects, such as prototype model 

geometries, constant. In this way the performance of the fibre-soil composite 

can be assessed and compared with that of the unreinforced soil and with other 

theoretical predictions. 

3.1.2 Centrifuge Modelling       

Centrifuges have been put to great use in geotechnical engineering to conduct 

model tests of most conceivable geotechnical design problems that can be both 

static and dynamic in nature. Centrifuge modelling allows insight into the 

mechanical behaviour of geotechnical systems through the application of 

scaling laws to achieve similitude between a reduced scale model and a full 

scale prototype structure. Applications include determining the strength, 

stiffness and capacity of foundations for bridges and buildings, settlement of 

embankments, stability of slopes, earth retaining structures, tunnel stability and 

geo-textile reinforced earth structures. In recent decades the centrifuge has also 

been applied to environmental problems such as predicting levee failure. 

The general principle of centrifuge modelling is that a particular full-scale 

prototype stress regime can be achieved by subjecting a reduced-scale model 

to an inertial acceleration field many times the magnitude of Earth’s gravity, g. 
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In order to replicate the prototype stresses in a 1/Nth scale model of the 

prototype it is necessary to artificially increase the gravity in the model by a 

factor of N. A more complete discussion can be found in Taylor (1995). 

Table 3.1 summarises the most common scaling relationships between model-

scale values and the equivalent full scale prototype. 

Table 3.1 Scaling relationships in centrifuge modelling 

Quantity Units 
Scaling Factor 

model/prototype 

Acceleration m/s2 1/N 

Density kg/m3 1 

Unit weight N/m3 1/N 

Linear dimension m N 

Area m2 N2 

Volume m3 N3 

Stress N/m2 1 

Strain dimensionless 1 

Force N N2 

Force/unit width N/m N 

 

It is common to use the same size of soil particles in a centrifuge model as that 

in the prototype construction. According to scaling law, the typical particle size 

should be N times smaller in the model than in the prototype. For example, 

provided that average particle size of sand of 0.1 mm is used in prototype tests, 

sand particle size of 0.001 mm should be subjected to an acceleration of 100g 

according to scaling law. Not only is this unrealistic in a centrifuge model but it 

is also not meaningful in centrifuge tests because of a critical change in the 

engineering behaviour of soil. Particle size effects are generally assumed to be 

insignificant, provided that the ratio of model dimension to mean particle size, 

   , is sufficiently large. Ovensen (1979) carried out centrifuge tests and 

developed guidelines that suggested the ratio between the major model 

dimension and the average grain size diameter should be greater than 15. Work 

conducted by Foray et al. (1998) showed that shear band thickness is related to 
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average grain size. Generally prototype soil is used in centrifuge model tests to 

replicate full scale behaviour. In the same way that the correct behaviour of the 

soil is achieved using the same soil; inclusions in the soil, such as fibres, should 

be prototype scale (Viswanadam, 2009). Assuming the tensile and bond 

stresses in the fibre in both model and prototype follow the same constitutive 

law; the tensile fibre stains are identical in both model and prototype. This 

research investigates the relationship between the ratio of fibre length to 

structure,     , as there is a major disparity between prototype and model 

scales in this regard, since the ratio is much larger for reduced scale centrifuge 

models where the fibre is a significant proportion of the structure size. 

Inertial gravitational fields produced in the centrifuge are non-uniform and result 

in stress errors for a model of a given dimension. The stress error can be 

assessed by considering the ratio of model height to effective centrifuge radius 

as well as maximum under- and over-stress in the stress profile of a prototype 

and a model (occurring as an increase of a corresponding depth). The inertial 

gravitational acceleration is proportional to the radius which leads to a variation 

with depth in the model; thus a centrifuge with a large rotational radius can 

duplicate more precisely real in-situ stress conditions.  

Zeng and Lim (2002) presented a numerical simulation of the effects of the 

variation in radial centrifugal acceleration on the stress distribution in a 

centrifuge model. They showed that as the centrifuge radius and the size of 

model container increases, the difference in horizontal and vertical stress 

distribution can be reduced. Experimental results attained from the centrifuge 

will be similar to results of prototype events. Events of major interest in 

centrifuge modelling normally occur around the model structure placed at the 

middle of the container where it is least affected by non-uniform stress. 

Additionally, the stress field generated by non-uniform centrifugal acceleration 

also leads to the effects of Coriolis acceleration which is developed when there 

is free movement of the particles within the model placed on the plane of 

rotation in-flight. Coriolis effects can be considered negligible if the Coriolis 

acceleration is less than 10% of the inertial acceleration of the model. 
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As, due to available space, centrifuge models are mounted within the finite 

boundaries of a model container it is widely recognised that the boundaries of a 

model container lead to some inaccuracies in simulation of field situations. The 

effects are mainly caused by side-wall friction, adhesion and lateral 

displacement. However as mentioned above, the common practice is to place 

important aspects of a model in the centre of the container to avoid non-uniform 

accelerations, this will also minimise boundary effect considerations if the ratio 

of model width to height is significantly large. 

3.2 Test Equipment 

3.2.1 NCG Geotechnical Centrifuge 

Detailed discussion of the Nottingham Centre for Geomechanics (NCG) 

geotechnical centrifuge facility can be found in Ellis et al. (2006). The NCG 

centrifuge is a typical medium-size beam centrifuge with one swinging platform 

with a 2.0 m platform radius. The stated capacity of the centrifuge is 50g-Ton 

(capable of accelerating a payload of 500 kg to an acceleration of 100g). The 

centrifuge was designed and manufactured by Thomas Broadbent & Sons 

(Huddersfield, UK).  
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Figure 3.1 Main Centrifuge Components 

The major components of the machine are shown in Figure 3.1, a schematic 

diagram of the major components of the machine is shown in Figure 3.3. 

The machine consists of a main body with rotating arms, swing platform for a 

model container, an electric motor for the control of rotational speed and fibre 

optic rotary joint and slip rings for transmission of data and electrical signals 

from transducers. The inertial acceleration of a model is achieved through direct 

control of rotational speed through a 75 kW 3-phase motor, driven by a variable 

frequency inverter. 

 

Figure 3.2: Centrifuge as viewed through aperture in chamber roof 

Coarse balancing of the payload is achieved by movement of a fixed-mass 

counterweight (see Figure 3.1) prior to centrifuge flight. The machine can be 

finely balanced, to within +/- 50 kgm, ‘In-flight’ by movement of oil in the tubular 

rotor arms from one side of the main axis to the other. Out-of-balance forces are 

determined by a strain sensor sensitive to deflection of the support pedestal at 

the location of one of the legs. 

Fig. 3.3 shows a schematic of the control system.  Normal operation and 

protection functions are provided by an industrial PLC (Programmable Logic 

Controller). Normal operating functions include start/stop sequencing, speed 

control, and automatic in-flight balancing.  During the start sequence the system 

predicts whether the in-flight balancing capacity may be exceeded and gives the 

opportunity for the centrifuge to be stopped for the counterweight position to be 

adjusted.   
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Figure 3.3 Centrifuge control system 

If the in-flight balancing system cannot compensate sufficiently for imbalance 

between the payload and counterweight, increases in speed are prevented. The 

operator runs the machine via a ‘local control panel’, which can be used to start, 

stop and change speed. A secondary system consisting of hardwired circuitry 

will initiate shut down in the event that the PLC should fail or critical safety 

conditions, such as over-speed or excessive out-of-balance, are detected.  

The data acquisition system has a capacity of 128 channels for transducer 

interfacing.  The majority of the system is located in an environment where the 

gravitational acceleration is significantly lower; close to the axis of rotation. 

Each channel is amplified and filtered by the electronics junction boxes close to 

the model payload such that the amount of signal noise on each channel is kept 

to a minimum. All channels are then multiplexed and fed to the electronics rack 

located in the DAS cabinet (see Figures 3.1 and 3.3) where they are digitised 

and transferred to a fibre optic link to the control room PC network (via a fibre 

optic rotary joint). Also located in the DAS cabinet is the experiment control 

electronics, consisting of 4 analogue outputs, 64 analogue inputs and 48 

configurable digital I/O.  These are to be used primarily for control of test 

equipment such as motors, actuators and valves located on the model. Half of 

the analogue input channels are configured for interfacing to small signal 

transducers such as load cells, strain gauges, pressure transducers and 
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thermocouples. The remaining 32 channels are for use with general transducers 

with larger output signals such as linear variable differential transducers 

(LVDTs) and are more flexible in their configuration.    

Additional to the fibre optic link, there is a rack-mounted PC which can be used 

to interface to cameras and other bespoke PC based sensors and acquisition 

equipment. There are 36 slip-ring signal channels for experimental use or 

supplying power. 

Data acquisition and experiment control is carried out by two PCs located in the 

control room. One of the PCs is dedicated to data acquisition and control using 

experiment specific LabVIEW software to perform both tasks (see Section 

3.2.2.5). The other PC is used to remotely login to the rack based PC to control 

cameras and other equipment.      

3.2.2 Test Apparatus 

The basic experimental design principle is to achieve 2D arching conditions 

within the overlying soil by means of simulating ground movement and measure 

features of behaviour which are of interest. This can be achieved with a 

‘trapdoor’ apparatus, a similar mechanism to that of Terzaghi’s as shown in 

Figure 2.2. The trapdoor apparatus detailed herein was designed by the author 

to allow a variation of trapdoor widths to be tested in order to study the effect of 

variation of trapdoor width to soil and fibre dimensions.   

3.2.2.1 Plane Strain Containers 

The plane strain model boxes of the type shown in Figure 3.4 were used in the 

tests. The sides and base of the containers are machined from a single 

aluminium block in order to withstand the high stresses inherent to centrifuge 

testing. The boxes have a 50 mm thick detachable aluminium back wall and a 

100 mm thick detachable Perspex front to afford a view of the model during test. 

For small and medium trapdoor widths, a container with internal dimensions 700 

mm x 200 mm x 500 mm (LxWxD) was used. In order to allow a view of the 

complete model, a container with a depth of 750 mm was used in the large 

trapdoor tests since the height of the model soil layer is increased with trapdoor 

size significantly increasing the overall height of the model.  
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Figure 3.4 Plane strain container 

3.2.2.2 Trapdoor and Support Structure 

A trapdoor is a device commonly used to model ground movement and 

experimentally investigate the arching phenomenon (Terzaghi, 1943). The 

general mechanism and apparatus used for this research is illustrated in Figure 

3.5. The apparatus was designed to fit into the plane strain containers detailed 

in Section 3.2.2.1. 

A vertical translation table was designed for use as a trapdoor to induce active 

arching within the soil. Two timber blocks, formed from MDF, were used to 

provide the rigid supporting structure adjoining the trapdoor. Aluminium top 

plates were mounted on the supporting structure in order to house 

instrumentation. The lateral position of the top plates can be adjusted in order to 

incorporate different trapdoor widths. For large trapdoor tests, a portion of the 

supporting structure was removed allowing for the same basic setup to be used 

for all tests with minimal reconfiguration effort.         
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Figure 3.5: Overview of trapdoor experiment 

Figure 3.6 shows an isometric view of the trapdoor mechanism drawn to scale. 

The trapdoor translation is achieved by means of a DC motor with reduced 

gearing used to rotate a leadscrew that translates the rotation into axial 

movement through a threaded nut. The nut is bolted to an s-type load-cell, 

directly connecting the nut to the trapdoor above. The loadcell is used to 

measure the axial load from the overlying soil. The apparatus is set such that 

the leadscrew centre of rotation occurs at the centre of the trapdoor where axial 

load is measured.  Tracks with linear bearings are mounted in the corners of the 

trapdoor space in order to resist lateral rotation of the trapdoor. The trapdoor is 

connected through the linear bearings using connecting blocks as illustrated. 

The design ensures that the axial load is all transmitted through the load cell 

located at the trapdoor centre. The trapdoor was designed to fit into a 60 mm 

wide gap between the timber supports. The trapdoor width can be adjusted by 

attachment of smaller or larger plates to the mechanism. In the case of the 

small trapdoor, the support top plates are moved closer to the centre of the 

model, in the large trapdoor case, a section was cut out of the timber supports 

to the depth of the allowable trapdoor movement as shown in Figure 3.5. Low-

friction PTFE sheet of 3 mm thickness was attached to the edges of the 
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supporting top plates and the trapdoor in order to reduce friction and prevent 

leakage of sand at the interface.  

A Linear Variable Differential Transducer (LVDT) is used to measure the 

trapdoor displacement. 

 

Figure 3.6: Trapdoor design detail. 

A maximum trapdoor width of 100 mm and soil layer height of 200 mm were 

selected in order to calculate the maximum load applied to the trapdoor. Larger 

soil layers would mean the crown would not be visible in the images. The width 

of the soil layer is 200 mm as dictated by the dimensions of the plane strain 

container. The maximum acceleration that would be of interest in terms of the 

range of stress is 50g for a 100 mm width trapdoor. The testing parameters are 

discussed further in Section 3.5. The maximum load applied to the trapdoor is 

given in Equation 3.1. 

               (   )  
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Where the unit weight of soil, γ, is ~17 kN/m3 at 1g (see maximum density 

Section 3.3.1). Maximum volume of soil above the trapdoor is calculated as 

0.004 m3. In designing the trapdoor it was essential that the motor/leadscew 

was capable of supplying sufficient torque to support the overburden load and 

operate in a controlled manner under such load. Equation 3.2 below gives the 

required torque,    , for a particular maximum load and lead screw pitch. 

    
      

  
     (   ) 

Where:  

     is the maximum force applied to the trapdoor from the soil (N) from 

 Equation 3.1. 

      is the leadscrew pitch (m) 

A 2 mm pitch leadscrew was chosen as this ensures relatively slow trapdoor 

speed. Calculated from Equation 3.1, a maximum load of ~3.4 kN will be 

applied to the trapdoor at 50g. The torque, TTD, acting on the motor which it 

must counter, is ~1.1 Nm from Equation 3.2. 

A 12-volt DC shunt motor with gearing reduction, via two worm drives, was 

chosen to provide the drive for the trapdoor motion. A shunt motor is controlled 

by supplying both a field voltage and an armature voltage. The field is 

proportional to the torque generated by the motor and the armature voltage 

controls speed. Although torque and speed control are not fully independent, 

the arrangement allows good control of the motor through existing equipment 

on the centrifuge. The geared motor torque was tested by hanging weights at a 

known distance from the shaft and driving the motor. The maximum torque the 

motor was capable of producing was found to be ~4 Nm. Equation 3.3 gives the 

calculation for trapdoor velocity,    , where     is the motor speed in rpm and 

𝑛  and 𝑛  are the gear ratios of the first and second worm drives respectively. 

The stated speed of the motor,    , is 1500 rpm and gear ratio is 72 per stage. 

 

    
      

𝑛 𝑛 
     (   ) 
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The maximum speed of the trapdoor,    , is calculated to be ~0.6 mm/min. This 

low speed provides ample opportunity for digital image capture during the 

trapdoor decent.  

Figure 3.7 shows an image of the test setup from the location of the digital 

camera used in the initial series tests. The trapdoor assembly is attached to the 

left hand side timber support which has been cut away to accommodate the 

main body of the motor. The motor is controlled using a motor control board in 

response to demands issued from a PC in the control room.  

 

Figure 3.7 Test setup 

Figure 3.8 shows the instrumented support plate which is attached to the left 

hand support block. The plate has a 50 mm breadth 6 mm deep channel cut 

through the centre in order to incorporate nine 15 mm wide, 50 mm breadth 

instrumented beams which are used to measure the loading distribution across 

the support structure. The lateral spacing of the plates can be adjusted using 

spacer plates. This allows for adjustment of the location of support 

measurements for different trapdoor widths to ensure similitude of 

measurement location for different model scales. A 2 mm thick PTFE plate was 

used to reduce friction at the trapdoor interface. A 1 mm thick steel plate was 

sandwiched between the top plate edge and the PTFE to add stiffness to the 

channel cut out.  
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Figure 3.8 Instrumented support top plate 

3.2.2.3 Instrumentation 

Load on the trapdoor was measured by a commercially available S-type axial 

load-cell mounted along the trapdoor central axis as shown in Figure 3.9.  

 

Figure 3.9 Trapdoor loadcell 

The loadcell was calibrated on the centrifuge by using dead weight to simulate 

the expected loads of the overlying soil. This ‘in-situ’ calibration was performed 

in order to minimise any frictional and trapdoor misalignment effects on the load 

measurement which occur as a result of the constraints of the trapdoor 

apparatus and container. The speed of the centrifuge was increased, in steps, 
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such that a maximum design load of 4 kN was applied to the trapdoor. The 

apparatus was then unloaded in the same steps. Some hysteresis was 

observed on the measurement during unloading. In order to account for 

hysteresis effects on the load measurement the trapdoor was loaded to the 

expected maximum soil load then unloaded (as is the case during active soil 

arching). The variation in loading is achieved by varying centrifuge speed, and 

hence applied trapdoor load from the dead weight, due to acceleration. The 

calibrated load-cell sensitivities for each trapdoor width are given in Table 3.2. 

As described in the previous paragraph, loading distribution across the model 

support was measured using small instrumented aluminium beams (of 

dimensions 15 mm x 50 mm x 3 mm) mounted into a 50 mm wide channel cut 

into the support top-plate.     

The beam mounted strain gauges are all full-bridge arrangement. Figure 3.10 

(a) shows the Wheatstone bridge circuit for connection of 4 active strain gauges 

into a full-bridge loadcell. Figure 3.10 (b) shows the full-bridge strain gauges 

which were mounted on the underside of each beam. The gauges are designed 

such that the four individual strain gauges elements are connected to form the 

full-bridge circuit on the gauge foil such that no external wiring is required to 

form the bridge.                   

 

Figure 3.10 Full-bridge loadcell arrangement: (a) Wheatstone bridge, (b) 
Gauge layout on foil 

For the circuit shown in Figure 3.10, assuming strain gauge resistances (Ω) are 

  ,   ,    and    and the bridge excitation voltage (V) is   (the voltage 
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differential between P+ and P- terminals), then output voltage (V),   , (the 

voltage differential between S+ and S- terminals) is obtained, by application of 

potential divider theory, from Equation 3.4.   

   
    −     

(     )(     )
      (   ) 

Where: 

  = Output voltage (V) 

  = Excitation voltage (V) 

    = Gauge resistances (Ω) 

When the beam is deflected, the strain gauges    and    are subjected to 

tensile strain whilst    and    are in compression due to Poisson’s ratio,  . 

When the gauges are compressed the nominal resistance,  , is increased 

(  ,       ) while tension reduces the resistance (  ,   −   ).     

Substituting the changes due to applied strain into Equation 3.4 the output 

voltage,   , becomes: 

   
(     ) − ( −   ) 

(      −   ) 
  

(   )

 

  

 
  

(   )

 
        (   ) 

Where the relative change in resistance,   
  ⁄ , resulting from the applied 

strain,  , is known as the gauge factor,   , which typically has a value of ~2 for 

most gauge types. 

The beams were calibrated in the centrifuge using small weights in the same 

way as the axial load cell; by application of load through centrifugal 

acceleration. The weights were built into a frame to ensure the beams were 

point loaded in their centre. As during testing the beams are loaded uniformly it 

was decided to calibrate the beams using a ‘pin-screen’ of the type shown in 

Figure 3.11. This device allows a flexible uniform load to be applied to the beam 

and is capable of maintaining the applied load under beam deflection. The 

calibrated sensitivities are given in Table 3.2 for each beam. 
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Figure 3.11 Pin-screen for calibration of instrumented beams 

Table 3.2 Loadcell sensitivities 

Loadcell 
Sensitivity, V/N 

Loading Unloading 

Trapdoor, small 3.47x104 3.72x104 

Trapdoor, medium1 8.70x104 9.30x104 

Trapdoor, medium2 7.31x104 7.81x104 

Trapdoor, large 8.33x104 9.72x104 

Beam 1 -3.74x104 -3.75x104 

Beam 2 -3.61x104 -3.64x104 

Beam 3 3.55x104 3.58x104 

Beam 4 1.19x104 1.20x104 

Beam 5 1.83x104 1.85x104 

Beam 6 1.24x104 1.25x104 

Beam 7 -3.91x104 -3.93x104 

Beam 8 3.35x104 3.37x104 

Beam 9 2.31x104 2.33x104 

1
Calibration from 1/2013 

2
Calibration from 6/2013 

    
During the course of the testing it was found that there were slight differences 

between expected trapdoor loading due to soil displacement (arching) and that 

derived from the calibrations. Small-scale arching effects due to beam 

displacement were also found to be a considerable source of error affecting the 
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loading estimate across the support structure. This is discussed in further detail 

in Section 4.2.1.   

 Frictional forces are developed along the edges of the descending trapdoor 

which are transferred to the loadcell. Significant effort was invested to 

determine the friction as a function of trapdoor displacement and load. 

Calibration tests were ran in the centrifuge in which the trapdoor was lowered 

whilst loaded with deadweight to simulate the soil load. The observed variation 

in load with displacement was attributed to trapdoor side friction. This process 

was performed before each test to minimise errors due to trapdoor 

misalignments during model preparation. The expected variation in load due to 

arching was simulated by reducing the centrifuge speed during the trapdoor’s 

descent. Although the calibration significantly reduced the variability of the 

results, some frictional effects were observed which could not be compensated 

for due to the differences in loading assumed for the calibration and the actual 

arching induced loading during the tests. These effects were estimated to result 

in an error of around ±5% of the trapdoor loading during the tests. 

A slight tilting of the trapdoor along the model breadth axis was observed to 

take place during trapdoor movement, resulting in a slight tilting of the order of 

~2-5º along the trapdoor length. Any discrepancies between the vertical 

trapdoor position at the front of the model and at the back (relative to the 

supports) will cause variation in stress across the plate due to the soil arching 

effect. This variation in stress results in a bending moment applied to the 

trapdoor, which is in turn applied to the loadcell. Any bending moment applied 

to the loadcell causes significant differential strain across it, resulting in variation 

in axial load measurement and hence error. 

The discrepancies could not be directly accounted for in a calibration (due to the 

unknown effects of variation of soil arching with trapdoor tilt) but were 

determined to be a relatively small source of systematic error present to the 

roughly the same degree across all tests.  

In preliminary tests with unreinforced soil, using the preparation method outlined 

in Section 3.4, it was found that the variability of measurement in the face of the 



CHAPTER 3 EXPERIMENTAL METHOD  University of Nottingham 

62 
 

frictional and tilt-induced arching effects was found to be roughly ~5-8% of the 

measured trapdoor load. 

The residual errors after calibrating for frictional effects were somewhat 

discounted on the basis that loading results were found to be relatively 

consistent for all tests (see Sections 4.2 and 5.2). 

An LVDT with a linear range of ±25 mm was used to measure the displacement 

of the trapdoor during the test. The LVDT was found to have a calibration factor 

of 0.0172 V/V/mm. The LVDT was calibrated with a 10V excitation source. 

3.2.2.4 Photogrammetry 

A key requirement of the research is to provide an accurate measurement of 

soil movement during the trapdoor displacement. Digital images were captured 

remotely via a PC mounted on the centrifuge using a Canon Powershot G10 

camera mounted on a purpose built camera frame which is fixed to the swinging 

portion of the centrifuge, see Figure 3.12.  

Images were processed using an image analysis software GeoPIV developed 

by White et al (2002). The software, which uses Particle Image Velocimetry 

(PIV) techniques, gives an accurate measurement of the displacement field in 

an image. Generally an area of soil (or material of a similar texture) is divided 

into a mesh of discrete ‘patches’, as shown in Figure 3.13. The texture 

(variation in pixel intensity or brightness) of the patches is tracked through a 

sequence of images by searching for a correlation peak between the patches in 

the current image, at location (   ,    ) in Figure 3.13, and those in the 

subsequent image, location (   ,    ). In principle, further processing of the 

correlation peak allows the displacement between images to be tracked to sub 

pixel accuracies. The GeoPIV technique can also be used to check the position 

of the trapdoor throughout the images. The sand, Leighton Buzzard Fraction C 

(described in more detail in Section 3.3.1) was found to have a large enough 

grain size and enough variation in texture to allow the patches to be accurately 

tracked from one image to the next. 

The accuracy of the PIV process is dependent on a number of factors. Accuracy 

can be somewhat reduced when the patch size is too small to contain sufficient 
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variation in texture and the uniqueness of the patch is lost resulting in erroneous 

displacement data or ‘wild’ vectors. This can also occur when the patch is 

obscured by poor camera focus and/or scratches on the Perspex surface. The 

post-processing software is run from within the Matlab programming 

environment and the displacement vectors generated for each patch are loaded 

into Matlab for further analysis and removal of erroneous ‘wild’ vectors. Other 

bespoke Matlab programs are then used to convert from image space (pixels) 

to ‘real’ object space coordinates (mm). This process involves the calculation of 

camera position and attitude by iteratively solving a set of collinearity equations 

relating image space coordinates to object space coordinates. This process 

uses a least squares fitting approach to determine a set of camera parameters 

which minimise the error between measured control point locations and those 

predicted by the photogrammetric model. The overall accuracy of the soil 

displacements using this technique was found to be generally better than 

0.2 mm – provided sufficient care is taken to remove wild vectors from the data. 

 

 

Figure 3.12 Camera mounting frame 
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Figure 3.13: Principles behind PIV analysis (White et al 2004) 

3.2.2.5 Data acquisition and control system 

All loading and displacement data was acquired, stored and plotted using 

LabVIEW software. LabVIEW is a graphical programming language developed 

by National Instruments which is widely used throughout industrial and 

academic institutions to interface to sensors, actuators and a variety of other 

experimental equipment. Figure 3.14 shows the front panel view of the trapdoor 

control system developed within LabVIEW. The program was used to develop a 

closed-loop control system to control the displacement of the trapdoor during 

centrifuge spin-up when differences in stiffness between the trapdoor and the 

supports caused unwanted settlement of the trapdoor apparatus. The control 

system used feedback from the LVDT in order to regulate trapdoor movement 

to within tolerable levels. Once the centrifuge test design speed was reached; a 

voltage demand was issued to a servo motor amplifier which outputs a 

proportional pulse width modulated (PWM) signal to the servo motor of 

sufficient current in order to drive the motor. The demanded voltage is 

proportional to trapdoor descent speed.           
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Figure 3.14 Trapdoor controller software 

3.3 Test materials 

3.3.1 Soil 

Leighton Buzzard Fraction C was used for the soil layer, with an average 

particle size,    , of 0.5 mm. 

Fraction C was chosen because its mechanical properties are well understood; 

a number of centrifuge and other laboratory experiments conducted in 

Nottingham have used the material (Aslam (2008), Liu (2010)). The grain size 

and natural texture of the material ensures that sufficient detail can be observed 

in test images to allow the PIV process to accurately track soil displacements.     

For an average particle size of 0.5 mm there are will be sufficient particles in 

between the supports, e.g. for a minimum trapdoor width of 30 mm the ratio of 

trapdoor width (which is the major model dimension) to particle size is 60 which 

is four times the minimum of 15 recommended by Ovensen (1979), discussed in 

Section 3.1.2. This minimum ratio should therefore be sufficient for the arching 

process to take place without the influence of grain size scaling effects.  

The soil properties for Leighton Buzzard fraction C sand are given in Table 3.3. 

The peak and residual friction angles of the soil,     and   , respectively, were 

determined by shear box tests conducted by Aslam (2008).  
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Table 3.3 Leighton Buzzard fraction C properties 

Parameter Symbol Value Units 

Peak friction angle     35 º 

Residual friction angle    25 º 

Max. void ratio      0.81 dimensionless 

Min. void ratio      0.55 dimensionless 

Max. density      1709 kg/m3 

Min. density      1464 kg/m3 

 

Maximum and minimum densities were calculated using Equation 3.6. The 

corresponding relative densities are calculated using Equation 3.7. 

    

  

  
−       (  6) 

   
    −  

    −     
     (  7) 

Where: 

  is the calculated void ratio 

    is the specific gravity for silica soil  (2.65) 

   is the density of fresh water (1000 kg/m3) 

   is the density of soil sample (kg/m3) 

   is the calculated relative density. 

3.3.2 Fibre reinforcement 

The fibre used in all tests was of polypropylene type with a diameter of 0.5 mm. 

The fibres were supplied by Pinnacle Brush ltd with an initial length of 100 mm. 

The fibres were cut to the required lengths by hand, giving rise to a variation in 

length across the sample for each fibre length. The fibres have a density of 

~910 kg/m3. 
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The fibres were subjected to tensile tests in order to determine the Young’s 

modulus of the material. The obtained stress-strain responses are shown in 

Figure 3.16.  

The modulus of the fibre,   , was estimated from the initial elastic portion of the 

responses shown in Figure 3.16 to be ~1.5 GPa. The tensile strength of the 

fibre was found to be ~40 MPa. These values are in good agreement with the 

typical ranges of tensile modulus and ultimate tensile strengths (~1-2 GPa and 

~20-80 MPa, respectively) as reported in the literature for polypropylene fibre 

(Maier & Calafut, 1998). 

 It was decided to test a range of fibre lengths, ranging from short to relatively 

long, in order to determine the effect of variation of fibre to structure ratio on the 

displacement and loading response. Fibre lengths,   , of 8 mm (short), 12 mm 

(medium), 16 mm (medium-long) and 20 mm (long) were chosen. Figure 3.15 

shows an image of a sample from each fibre length group.  
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Figure 3.15 Fibre size comparison: (a) short fibres, (b) medium fibres, (c) 
medium-long fibres, (d) long fibres. 

 Figure 3.16 Fibre tensile strength testing results 
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Figure 3.17 shows the fibre size distribution of each test group determined by 

taking a number of images of a sample of the fibres and determining their 

individual lengths using basic photogrammetry techniques. The mean length of 

the short, medium, medium-long and long fibre groups was found to be 7.5, 

12.5 15.5 and 20.2 mm respectively. The figure also shows the standard 

deviation () based on the collected data. 

 

Figure 3.17 Fibre size distribution 

3.4 Model preparation 

It was decided to use high relative density fibre-soil composites in the tests in 

order to ensure the composites have high effective shear strength and therefore 

more resistance to gross deformations.   

Early preliminary trapdoor tests using unreinforced soil showed that the 

repeatability of both the displacements and the loading response was improved 

when using dense soil samples. 

Generally air pluviation is considered the best method to achieve repeatable 

design densities for centrifuge scale models. However, this method presents 

insurmountable difficulties when preparing fibre-soil composites, where the 

intention is to randomly distribute fibres throughout the soil. The fibres tend to 
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collect in the pluviation hopper preventing them from dispersing evenly 

throughout the soil sample.      

The sand was mixed thoroughly by hand with the fibres in a number of stages to 

make up the total height of the fibre-soil composite. Each sand layer (~30 mm) 

was then poured carefully by hand onto the assembled trapdoor apparatus 

before being levelled and compacted using a timber board to ensure uniformity 

of compaction across the sand layer. A vibrating hammer was then used to 

compact the sand across each layer. Some tests were conducted to determine 

the relationship between compaction effort and achieved relative density. It was 

found that relative densities in excess of 90% could be achieved by compacting 

each layer for over 4 minutes. The vibrating hammer was applied to a number 

of locations across the width of the sample to ensure uniformity.   

Model construction is summarised as follows: 

1. The trapdoor apparatus and timber support structure are assembled in 

the plane strain model container. 

2. Insulation tape and foam is placed to prevent sand leaks at the interfaces 

between the support structure and container. 

3. Model is loaded onto centrifuge platform. Trapdoor motor and 

instrumentation is connected to data acquisition and control equipment. 

4. Silicone grease liberally applied to trapdoor sides to supports, trapdoor 

front to Perspex window and trapdoor rear to container back-plate 

interfaces. 

5. Trapdoor is loaded with equivalent weight of soil and centrifuge is spun-

up to design speed in order to pre-stress the trapdoor mechanism and 

ensure trapdoor settlement is kept to a minimum during initial loading 

when test is carried out. 

6. Soil mass for a 30 mm layer, estimated at ~90% relative density is mixed 

thoroughly with fibre mass (calculated as a percentage of dry soil mass). 

7. Fibre-soil composite is carefully poured onto assembled trapdoor and 

support and levelled. 
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8. Timber board applied to soil layer and vibrating hammer applied to 

equidistant locations across the board for a total of 4 minutes.          

9. Repeat steps 6 to 8 until desired soil layer height is achieved.  

3.5 Test program 

Table 3.4 shows the test program for the research. It was designed to 

investigate a considerable range of fibre lengths, fibre content (by % of soil 

mass) and fibre to structure ratios. It was decided to use fibre content by mass, 

  , as this is easier to achieve across the full test series than fixed volumetric 

fibre content,  , due to the inherent variation in composite densities across all 

tests. For a composite with a relative density of ~90% the volumetric fibre 

content is roughly ~2   . Volumetric fibre content is used to predict the increase 

in strength due to fibre inclusion in Section 5.4. Three trapdoor widths of 

30 mm, 60 mm and 105 mm were tested.       

Table 3.4 Test schedule 

Test ID Trapdoor 

width,   

Fibre 

content,    

Fibre 

length,    

Soil 

Height,   

g-level, N 

CMC01 60 mm 0% - 100 mm 50 

CMC02 60 mm 0.25% 12 mm 100 mm 50 

CMC03 60 mm 0.5% 12 mm 100 mm 50 

CMC04 60 mm 1% 12 mm 100 mm 50 

CMC05 60 mm 0.5% 8 mm 100 mm 50 

CMC06 60 mm 0.5% 16 mm 100 mm 50 

CMC07 60 mm 0.5% 20 mm 100 mm 50 

CMC08 30 mm 0% - 50 mm 100 

CMC09 30 mm 0.25% 12 mm 50 mm 100 

CMC10 30 mm 0.5% 12 mm 50 mm 100 

CMC11 30 mm 1% 12 mm 50 mm 100 

CMC12 30 mm 0.5% 8 mm 50 mm 100 

CMC13 30 mm 0.5% 16 mm 50 mm 100 

CMC14 30 mm 0.5% 20 mm 50 mm 100 
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Test ID Trapdoor 

width,   

Fibre 

content,    

Fibre 

length,    

Soil 

Height,   

g-level, N 

CMC15 105 mm 0% - 175 mm 30 

CMC16 105 mm 0.25% 12 mm 175 mm 30 

CMC17 105 mm 0.5% 12 mm 175 mm 30 

CMC18 105 mm 1% 12 mm 175 mm 30 

CMC19 105 mm 0.5% 8 mm 175 mm 30 

CMC20 105 mm 0.5% 16 mm 175 mm 30 

CMC21 105 mm 0.5% 20 mm 175 mm 30 

 

The intention was to carry out a modelling of models exercise where g-level, soil 

layer height, H, and trapdoor width, B were varied to achieve the same 

prototype stresses throughout the soil and the same height to trapdoor width 

ratio, H/B = 1.66. This is considered a relatively shallow cover to depth ratio 

where the effects of soil arching are reduced in terms of load reduction on the 

trapdoor and increased displacement propagation to the surface. This ratio was 

chosen such that trapdoor displacements result in significant surface settlement 

in order to properly assess the influence of the fibre composite on improving the 

overall displacement behaviour. The fibre length to structure ratio,   /B, was 

varied from 0.076 to 0.66.  

3.6 Summary 

A trapdoor apparatus was constructed using a geared DC motor to provide 

vertical movement of the trapdoor. The trapdoor was designed to withstand the 

loads applied from the soil during tests. The trapdoor apparatus was 

instrumented with an axial loadcell to measure load. Two high density timber 

blocks were used to model the supporting structure. A support top-plate was 

constructed from aluminium to house a number of instrumented beams to 

measure loads across the structure. The trapdoor and the support structure 

loadcells were calibrated using the centrifuge where dead weight and 

centrifugal acceleration were used to apply similar loads to that expected from 

the soil during the tests.   
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The support top plate position was adjusted to incorporate different trapdoor 

widths. Trapdoor movement was measured using an LVDT where the 

instrument’s spindle was physically attached to the trapdoor plate.  

Three different trapdoor plates were made in order to investigate fibre size to 

trapdoor width scaling effects. 

Soil displacements were determined from images taken through the Perspex 

window during the test. GeoPIV software was used to track the movement of 

soil ‘patches’ in image pixel space. The displacements were converted into 

object space dimensions using simple photogrammetric transformations written 

in Matlab.  

The fibre-soil composites used in the models were prepared by compaction 

using a vibrating hammer. The same compaction effort was used for all tests   

The motion control of the trapdoor and logging of sensor data was done within 

the LabVIEW environment. 
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CHAPTER 4 TEST RESULTS 

4.1 Introduction 

This section presents the load, displacement and strain results of the tests 

defined in the test schedule (detailed in Table 3.4). This section serves to report 

general observations, for a more detailed discussion of the results the reader is 

referred to Chapter 5. 

Firstly, the trapdoor loading results for the unreinforced soil cases for the three 

trapdoor scales (B = 30, 60 and 105 mm) are presented. Trapdoor loading is 

compared with loading on the support structure. The effects of fibre inclusion (in 

terms of both fibre length,    and fibre content by soil mass,  ) on trapdoor and 

support loading is then presented and summarised. 

This chapter presents key data that can be used for examination of specific 

points of interest. The full set of loading results from unreinforced and fibre 

reinforced soil tests with small, medium and large trapdoor widths are presented 

in Appendix 1. 

Vertical and horizontal displacement curves for the unreinforced cases are 

presented to compare the effects of trapdoor model scaling in tests with the 

same prototype scales (as a modelling of models exercise). The focus of the 

chapter is then directed to a single trapdoor scaling of B = 60 mm in order to 

describe the general mechanism observed across all trapdoor scales. 

Volumetric and shear strains are defined, calculated and presented for both 

unreinforced soil and selected fibre inclusion tests of interest. Variation of key 

displacement parameters with fibre inclusion is then presented and 

summarised. 

The benefit of fibre inclusion, in terms of maximum displacements and 

settlement trough area, is presented and summarised.     
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4.2 Ground Reaction Curves 

4.2.1 Unreinforced soil 

Figure 4.1 shows trapdoor loading,  , normalised by geostatic load,    against 

normalised displacement,    , (the definition of the GRC from Section 2.4.1) for 

the unreinforced soil case for small, medium and large trapdoor width (test IDs 

CMC01, CMC08 and CMC15 from Table 3.4, respectively).     

 

Figure 4.1 GRC for unreinforced soil. 

The dashed lines represent the theoretical GRC obtained using the method of 

Iglesia et al., (1999) using different values for the active earth pressure 

coefficient,    (see Section 2.2) since there is some uncertainty on the value 

and formulation of    for use in calculation of arching induced stresses.    

The theoretical curves shown have different minimum and ultimate loads but 

identical initial gradients and similar load recovery indices. All loading 

responses are very similar; all show good general agreement with the 



CHAPTER 4 TEST RESULTS  University of Nottingham 

77 
 

theoretical GRCs. The most significant difference between the test results is 

that the value of the initial gradient,   , appears to increase with trapdoor width. 

The predicted theoretical GRC curves are based on the geometry; H/B ratio, 

and other soil properties; peak friction angle,  , and average grain size,    . 

See Equation 2.4 in Section 2.2.1 and Equations 2.11 to 2.14 in Section 2.4.1 

for a full formulation of the GRC. 

The predictions have a lower minimum loading and a marginally lower load 

recovery rate than all the measured GRCs. The GRC parameters for all tests 

conducted are given in Table 4.1.  

Figure 4.2 shows the loading on the support structure at the ultimate state at the 

end of each test. The vertical axis shows the increase in support loading,   , 

normalised by the theoretical geostatic loading at the design g-level,    . Note 

that    represents the increase in support load, hence,       −    , where     

is the support load at an arbitrary stage of testing. 

 

Figure 4.2 Ultimate support loading distribution for unreinforced soil 
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The horizontal axis is the normalised distance from the trapdoor centre, x/B. 

The traces show an approximate exponential decay with increasing lateral 

distance from the trapdoor. All traces show negligible increase at distances 

greater than 2.5B. The load distribution for the small trapdoor (denoted by  

in Figure 4.2) appears to have a lower rate of decay with distance. This 

indicates the presence of some experimental error between the three trapdoor 

prototypes; since increase in the support loading due to the arching effect 

should be equivalent for each trapdoor scale.      

The instrumented beams are a minimum width of ~15 mm, which represents 1.5 

m at prototype scale in the small trapdoor tests (with 100g centrifuge 

acceleration), thus, 1.5 m is the resolution of the spacing between 

measurements at prototype scale.   

The same width beams were used in the medium and large trapdoor tests (at 

50g and 30g, respectively). At 50g the beams have a prototype width of 0.75 m, 

whilst at 30g, 10 mm spacer beams are placed in-between the instrumented 

beams such that the distance between beam centres is ~25 mm, giving a 

prototype spacing between lateral measurements of 0.75 m. 

The measurements for the small trapdoor are effectively averaged across twice 

the width than those in the medium and large trapdoor cases. The differences 

observed between the small large trapdoors scales is thought to be caused 

partly by the increased variation in stress across the width of the beams at 

100g, giving rise to lateral beam bending moments and partly due to some 

deformation caused by the increased self-weight of the beams at 100g.  

Figure 4.3 compares the total increase in loading on the support structure, 

      ⁄ , with the measured reduction in stress acting on the trapdoor,    ⁄ , for 

the three trapdoor widths. The change in support loading was used to calculate 

the equivalent reduction in load acting on the trapdoor using the following basic 

approximation:  −        ⁄ . The increase in load on the support should 

theoretically be equal the decrease in load on the trapdoor, that is values of 1-

2      ⁄  should equal    ⁄  throughout. 
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The difference between the normalised trapdoor and support load data is 

thought to be caused by small scale or micro-arching effects present across the 

breadth of the beams. As the load acting on an individual support beam is 

increased with increasing self-weight of the soil, then the beam is significantly 

deformed, causing a reduction in load acting on the beam as the soil arches 

onto the rigid portions of the beam which are built into the aluminium support 

(see Figure 3.8) and are unable to deflect. As the load on the support structure 

is increased, due to arching taking place across the trapdoor, the micro-arches 

across the beams will begin to collapse and more of the load from the overlying 

soil will be transferred onto the beams. This gives rise to a somewhat non-linear 

loading response across the support structure where the beams are prevented 

from deflecting further by the arching process taking place across them.   

As   ⁄  increases, the values of  −        ⁄  and    ⁄  approach one-another, 

indicating that the reduction of load on the trapdoor is taken by the increase in 

load on the supports. The ‘sensed’ loading on the beams increases (particularly 

those close to the trapdoor’s edge) as the micro-arching effects across these 

beams begin to diminish (as the arches across the beams collapse with 

increased load). More of the load is transferred to the beams causing further 

deflection, which is sensed directly by the instrumented beams as an increase 

in load. In effect, beams closer to the trapdoor, which are subjected to high 

vertical loads, become more sensitive to increasing loads. This micro-arching 

process makes it very difficult to accurately determine the loading across the 

support structure as a result of arching across the trapdoor.             

Experimental factors such as errors introduced by averaging of a small number 

of ‘point’ load measurements across the affected support structure area, and by 

possible unequal loading acting on either side of the support structure may 

affect the support measurements. Trapdoor loading measurements are also 

subjected to errors due to frictional effects discussed in Section 3.2.2.3.  
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Figure 4.3 Comparison of trapdoor stress,     , with total stress increase on 

support structure,        .  

4.2.2 Fibre-reinforced soil: fibre length variation 

Figure 4.4 (a) to (d) shows the ground reaction curves for all trapdoor scales for 

fibre lengths,   , of 8, 12, 16 and 20 mm. The fibre content by mass,   , was 

kept constant at ~0.5% for each case. The plots show relatively little variation in 

the general shape of the GRC between fibre length tests, or with variation of 

trapdoor width. The curves all show remarkably similar characteristics in terms 

of shape and minimum loading. The only significant difference between 

trapdoor scales appears to be that the initial gradient is lower for small trapdoor 

tests.  

To compare the effect of fibre length variation across all trapdoor scales the 

average loading of all trapdoor scales for each fibre length was calculated. This 

also serves to aid clarity by reducing the number of traces and plots considered 

in the study of the general overall behaviour. The averaged response for each 

fibre length is shown in Figure 4.5 (where  ̅ denotes an average value), along 

with the unreinforced case. The load responses show very little variation with 

fibre length and no discernible trend can be observed. Also plotted is the 
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calculated mean of all GRCs,  ,  ±5%, which effectively forms an error band for 

the plots and gives an indication of how little variation is present between the 

results. 

Figure 4.6 shows the normalised distribution of load across the trapdoor 

supports,       , for variation of fibre length,   ., against normalised distance, 

   .  

The figure shows the general result that fibre length variation has no significant 

effect on the loading distribution despite some observable scatter in the data. 

This is to be expected since an insubstantial effect on trapdoor loading was 

observed; it follows that the support structure loading should also be invariant 

with fibre length. 

The relationship between support structure load,  −        ⁄ ,  and trapdoor 

loading,      with displacement,  as shown in Figure 4.3 for unreinforced soil, 

was observed to be invariant with fibre length. The differences in loading 

magnitudes between trapdoor scales were found to be greater than the 

differences between all tests with the same trapdoor width; implying that the 

trapdoor scaling effects are more significant. 
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Figure 4.4  GRCs: (a)    = 8 mm,    = 0.5%, (b)    = 12 mm,    = 0.5%,  
(c)    = 16 mm,    = 0.5%, (d)    = 16 mm,    = 0.5%, (e)    = 12 mm, 

   = 0.25%, ( )    = 12 mm,    = 1% 
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Figure 4.5 Averaged GRC variation with fibre length,   .         

 

Figure 4.6 Ultimate support loading distribution variation with fibre length, 

   = 0.5% 
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4.2.3 Fibre-reinforced soil: fibre content variation 

Figure 4.4 (b), (e) and (f) show the GRC responses with fibre content by mass, 

  , of 0.5%, 0.25% and 1% respectively. Fibres of length,    = 12 mm were 

used in all content variation tests in order to assess the effect of fibre 

concentration using the same fibre aspect ratio,  , as defined as        where 

the diameter of the fibre    was 0.5 mm.   

The averaged response for each fibre concentration is shown in Figure 4.7. As 

is the case with the fibre length variation results of Section 4.2.2, the GRC 

results for varying fibre content are very similar, all lying between the ±7.5% of 

the mean,  . The result shows some small variation in load reduction with fibre 

content. As fibre content is increased the curves show an apparent reduction in 

load. When fibre contents are compared, however, the unreinforced case shows 

the lowest overall load. This trend is unexpected, as the effect of fibre content 

on the soil behaviour should reduce with fibre content.  

 

Figure 4.7 Averaged GRC variation with fibre content,        = 12 mm.  
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Figure 4.8 shows the normalised distribution of load,      ⁄ , across the support 

structure width,   ⁄ , for the variation in fibre content by mass,   , with a 

constant fibre length,   , of 12 mm.  

As is the case with the support loading variation with fibre length (Figure 4.6), 

the responses with fibre inclusion all appear to be very similar to the 

unreinforced case.  

The general support loading distribution can be accurately approximated using 

an exponential curve of the form given in Equation 4.1.  

  

   
    

         (   ) 

Where: 

    is the fitted value of support loading at x = 0. 

    is the fitted rate of exponential decay across the support. 

Fitted values for both these parameters are given in Table 4.1.   

 

Figure 4.8 Ultimate support loading distribution variation with volumetric fibre 

content,   .   = 12 mm.   
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4.2.4 GRC results summary 

Table 4.1 gives the parameters to define the GRC response as proposed by 

Iglesia et al. (1999) and detailed in Section 2.4.1. The parameters for the 

exponential support loading approximation given in Equation 4.1 are also listed. 

The variation of all loading parameters is plotted in Figure 4.9 against the 

product of fibre aspect ratio,  , and volumetric fibre content,  . The volumetric 

fibre content is roughly approximated by the relationship        

Michalowski and Cermak (2002) define the macroscopic friction angle,  ̅ , (see 

Section 2.6.1) to determine the improvement in fibre soil composite shear 

strength, as a function of    (see Figure 2.26). From here on this quantity shall 

be referred to as the fibre factor.  

As discussed in Section 2.6.1 the increase in strength with fibre content is 

broadly proportional to the product of fibre aspect ratio and fibre content, the 

‘fibre factor’,    is expressed as a percentage, since  .is dimensionless. 

As mentioned, the main difference between responses appears to be the initial 

gradient,     This varies significantly between trapdoor sizes but not with fibre 

length or volumetric content. This effect is discussed in more detail in Section 

5.2  

The load recovery index, 𝜆, appears to slightly reduce with increasing fibre 

length but remains invariant with fibre content. The GRC minimum and ultimate 

loading and the  secant modulus,    defined in Iglesia et al. (1999) as the 

gradient between the geostatic intercept and the breakpoint (where the 

breakpoint is the normalised loading when normalised displacement is ~0.01, 

see Section 2.4.1) all appear relatively invariant with fibre length and content 

despite some observable scatter in the data. 

Figure 4.9 shows small variation of the parameters to determine support loading 

(in terms of exponential decay described in Equation 4.1) with fibre length or 

content. This is to be expected from the similarity of the responses shown in 

Figures 4.5 and 4.7. There are some differences between support and trapdoor 

loading response due to the small-scale arching effects occurring across the 

support structure discussed in Section 4.2.1. 
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In general it can be concluded that fibre inclusion has no significant effect on 

the loading response. Figure 4.4 shows some variation in loading response with 

displacement for all tests carried out, particularly in the medium trapdoor GRC 

response. This deviation from the smooth curves predicted by Iglesia et al. 

(1999) is caused by frictional forces and bending moments acting on the 

trapdoor during its descent (due to unequal arching stresses along the trapdoor 

width and breadth, as a result of trapdoor tilt with displacement as discussed in 

Section 3.2.2.3.).  

It is thought that these influences amount to variations in the GRC which are of 

similar magnitudes and influence on the measurement of trapdoor loading as 

those owing to fibre inclusion effects. It is estimated that the GRC cannot be 

determined to accuracies greater than ±5-7.5 % of the mean   trapdoor 

response, as plotted in Figures 4.5 and 4.7.     

Table 4.1 Ground reaction curve parameters. 
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CMC01 60 _ 0 169 67 0.33 1.58 0.43 2.18 2.02 

CMC02 60 12 0.25 157 64 0.36 1.41 0.51 1.82 1.96 

CMC03 60 12 0.5 115 56 0.32 1.16 0.47 2.08 2.08 

CMC04 60 12 1 271 67 0.35 1.43 0.45 1.72 2.04 

CMC05 60 8 0.5 215 59 0.33 1.42 0.44 2.26 1.99 

CMC06 60 16 0.5 221 68 0.33 1.05 0.49 1.96 1.89 

CMC07 60 20 0.5 189 62 0.36 0.91 0.40 2.42 2.01 

CMC08 30 _ 0 103 62 0.33 1.44 0.44 1.63 1.35 

CMC09 30 12 0.25 77 56 0.34 1.17 0.55 1.65 1.35 

CMC10 30 12 0.5 62 50 0.33 1.45 0.51 1.52 1.35 
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CMC11 30 12 1 67 57 0.33 1.45 0.48 1.52 1.37 

CMC12 30 8 0.5 90 54 0.34 1.55 0.45 1.67 1.32 

CMC13 30 16 0.5 65 62 0.34 1.06 0.51 1.92 1.39 

CMC14 30 20 0.5 85 60 0.33 0.91 0.51 1.60 1.32 

CMC15 105 _ 0 204 74 0.28 1.56 0.42 2.52 2.11 

CMC16 105 12 0.25 293 53 0.32 1.07 0.44 2.66 2.33 

CMC17 105 12 0.5 222 60 0.34 1.28 0.47 2.61 2.40 

CMC18 105 12 1 291 66 0.32 1.38 0.45 2.35 2.24 

CMC19 105 8 0.5 215 62 0.32 1.42 0.45 2.91 2.38 

CMC20 105 16 0.5 232 63 0.36 0.9 0.41 1.92 1.39 

CMC21 105 20 0.5 237 60 0.37 0.93 0.45 1.61 1.32 
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Figure 4.9 Trapdoor GRC and support loading parameters with variation of 

fibre factor,   . 
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4.3 Displacement and strain results 

4.3.1 Unreinforced soil 

Figure 4.10 shows the development of the vertical displacement curves for the 

unreinforced soil test cases with small, medium and large trapdoor widths. The 

horizontal axis is normalised distance from the trapdoor centre,    , the vertical 

axis is trapdoor movement,    . The curves show the magnitude of vertical 

settlement normalised by trapdoor width,     , at different stages of the test, 

indicated by markers. The settlement data was obtained from the PIV analysis, 

as described in Section 3.2.2.4.   

The curves are the displacements at depths, z, throughout the soil; at the 

surface, z = 0, and at depths of z = 0.25H and z = 0.5H 

The plots show some significant differences between the different geometries; 

particularly at low depths where the maximum settlement for the small trapdoor 

is substantially smaller across the range of displacement.  

The medium and large trapdoor cases show similar settlement magnitudes 

trends throughout the soil layer depth. The curves indicate that vertical 

displacements are asymmetric about the trapdoor centreline for the large 

trapdoor test, particularly at the surface. 
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Figure 4.10 Normalised vertical displacement,   /B, curve development with 

trapdoor displacement,  , for unreinforced soil at depths; z = 0, z = 0.25H and 

z = 0.5H. 

  

z = 0  

z = 0.25H  

z = 0.5H  

B = 30 mm  B = 60 mm  B = 105 mm  

+
δ = 0.18B   

δ = 0.15B   

δ = 0.12B   

δ = 0.1B   

δ = 0.05B   
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In order to effectively filter out scatter in the measurement; curves were fitted to 

the experimental vertical settlement experimental data using the modified 

Gaussian model of Equation 2.24 detailed in Section 2.5.3. The vertical 

settlement approximation was found to provide an adequate fit to the PIV 

displacement data. The approximation is discussed further and compared in 

Sections 4.3.2 and 4.3.3. 

The horizontal displacements were fitted to experimental data using a least 

squares curve fitting approach where a cost function was used to optimise a 

parameter set defining the shape of the curve. The horizontal displacement 

close to the centre of the trapdoor was found to be an adequate fit to a sinusoid 

described by Equation 4.2. 

                     si (      )     (   ) 

Where: 

   is a fitted parameter describing sine wave amplitude 

   is a fitted parameter describing sine wave wavelength 

   is a fitted parameter describing sine wave phase shift    

The displacements further from the trapdoor were found to be approximated by 

an exponential of the form given by Equation 4.3. 

                    
        (   ) 

Where: 

   is a fitted parameter describing the amplitude of the exponential term  

   is a fitted parameter describing the decay of the exponential term  

The curve obtained for one half of the trapdoor using Equations 4.2 and 4.3 was 

then used to approximate the displacement on the opposite side of the trapdoor 

using Equation 4.4. 

             −        (   ) 
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Where:    is the value of horizontal settlement calculated using Equations 4.2 

and 4.3. The parameter    describes the weighting of the curve, compared to 

the curve obtained for the right hand side of the trapdoor, and allows for some 

flexibility in the data fitting process where the magnitudes of displacement are 

asymmetrical about the trapdoor centre.  

In tunnelling, the horizontal displacements can be estimated directly from the 

vertical displacements and the tunnel depth. Attewell et al, (1986) derived an 

expression for horizontal displacement based on the assumption that the soil is 

moving towards the tunnel centreline as the tunnel volume is reduced. 

Attewell’s equation, specific to tunnelling induced displacement is presented in 

Equation 2.26 of Section 2.5.3.  

Equation 4.5 presents an estimate of horizontal displacement,    , based on the 

vertical displacement,    and the height of the soil. 

    
−   

   
⁄      (   ) 

Where    is a parameter used to scale the horizontal displacement with depth. 

The horizontal displacements are not expected or observed to be of the same 

magnitude as those predicted by the estimate in Equation 4.5 due to the 

geometrical differences between volume loss in radial tunnel contractions and 

that induced by prismatic trapdoor movements. The parameter adequately 

models the observed decay in the influence of vertical displacement with depth. 

Equation 4.6 gives the final estimate of horizontal displacement from the curve 

fitting process,    , which is a weighted function of the estimates obtained from 

Equations 4.2 to 4.4 and the estimate based on tunnelling from Equation 4.5.  

         ( −   )       (  6) 

Where the parameter,   , is used to weight the estimates and is limited between 

zero and unity. The parameter provides a means of incorporating observed 

disparities between estimates based on simple sine and exponential 

approximations and those from vertical displacements into the curve fitting 

process.  
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The estimate was found to be a good overall fit to measured data throughout 

despite very small magnitudes of displacement and consequent scatter in the 

measurement. Figure 4.11 shows fitted curves (indicated by solid lines) 

compared to the measured horizontal displacement data (indicated by markers) 

for unreinforced soil and all trapdoor scales at the soil surface obtained at 

displacements of .  

The smoothness of both vertical and horizontal estimates is essential in order to 

obtain clear strain estimates using the method described in this section below. 

 

Figure 4.11 Comparison of normalised measured surface horizontal 

displacement data,   /B, with normalised fitted data,    /B for unreinforced soil. 

(a)   = 0.05B; (b)   = 0.18B; 

In order to clearly present the magnitude of settlement throughout the depth, the 

physical displacements,    and    are normalised by the trapdoor displacement, 

 , and scaled such that displacements throughout the depth can be readily 

 

δ = 0.05B    
z = 0 

δ = 0.18B    
z = 0 

B = 30 mm   

B = 60 mm 

B = 105 mm 
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compared. Scaled and normalised vertical horizontal settlements are calculated 

using Equations 4.7 and 4.8. 

  
  

−     

  
 

 

 
     (  7) 

   

  
  

     

  
 

 

 
     (   ) 

Scale factors of        and         are used throughout the study in plots 

of settlements to appropriately scale the settlements such that the 

displacements and height at which they occur are clearly shown at . 

Axial vertical and horizontal strain estimates were calculated using Equation 4.9 

and 4.10 respectively. 

    
   

   
   (   ) 

    
   

   
   (    ) 

Where     and     are the distances between measurement points in the 

vertical and horizontal planes (defined by the patch size of the PIV mesh used). 

For all tests reported herein;         The displacement field was interpolated 

to give displacements at 5 mm intervals. The volumetric strain,   , is the sum of 

vertical and horizontal strains (assuming the strain parallel to the trapdoor,  

     ): 

               (    ) 

In this study positive volumetric strain represents tensile strains (soil expansion) 

whereas negative volumetric strains represent contraction. 

Engineering shear strain,  ,  was calculated using Equation 4.12. 

  √(   −    )      
      (    ) 

Where engineering shear strain,  , is the diameter of the Mohr circle of strain. 

Calculated shear strain,     , is given in Equation 4.13. 
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    −
 

 
 (

   

   
 

   

   
)     (    ) 

Figure 4.12 illustrates the Mohr circle relationships and definitions of axial, 

shear and principal strains and defines the trapdoor axes along which 

calculations of strain apply.  

 

Figure 4.12 Mohr circle of strain 

Figures 4.13, 4.14 and 4.15 show scaled vertical and horizontal displacement, 

  
  and   

  plotted against normalised distance from the trapdoor centre, x/B, 

for small (B = 30 mm), medium (B = 60 mm) and large (B = 105 mm) width 

trapdoor tests with unreinforced soil, respectively.  

Normalised displacements where the ratio       approaches unity indicate that 

the vertical displacement within the soil is equivalent to the trapdoor 

displacement. The figure gives a good indication of the relative settlement 

occurring throughout the soil at various critical stages of the test; the initial 
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phase, where,        , the maximum arching phase, where,        , and 

the ultimate stage, where,        . The largest settlements, where,        , 

occur at the trapdoor/soil interface depth, and are indicated on Figures 4.13 to 

4.15 (a) for scale comparisons. The different coloured traces show the 

displacements at different stages throughout the test; the solid red traces show 

the displacements during the initial phase of trapdoor displacement (       ), 

the dashed black traces show displacements close to the point of maximum 

arching, when the loading is at a minimum, (       ). The dotted black traces 

show displacements at the ultimate stage of the test where trapdoor 

displacements are large (       ).  

Figures 4.13 to 4.15 (a) clearly show significant reduction in displacement 

occurring at shallow depth compared to the trapdoor displacement,  . The 

shallow depth displacements are significantly smaller, relative to  , at relatively 

small displacements (        and        ). The shape of the settlement 

troughs also vary with both depth and trapdoor displacement. The width of the 

settlement trough substantially reduces with depth. Small displacements 

generally give rise to narrower settlement troughs throughout. 

Figures 4.16 to 4.18 show contours of vertical settlement,     , for small, 

medium and large trapdoors, respectively, at trapdoor displacements of (a) 2, 

(b) 5 and (c) 18% of the trapdoor width, B.  

The vertical settlement results show that the soil area immediately above the 

trapdoor is displacing, or translating, at similar magnitudes to the trapdoor 

displacement,  . The general pattern of displacement is shown to change with   

as discussed above. The small trapdoor displacements are notably different 

from those of the medium and large trapdoors, particularly at large 

displacements (  = 0.18B).  

The responses highlight the differences in displacement with trapdoor scaling, 

particularly with the small trapdoor, as already shown in Figures 4.9 to 4.15. 

Trapdoor scaling effects are discussed in further detail in Chapter 5. In light of 

the observed scaling differences for the small trapdoor, the medium and large 

trapdoor results will be discussed from hereon in to highlight the general 
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displacement and strain mechanisms taking place as the results obtained at 

these trapdoor widths are broadly similar.  

The relative vertical displacements occur over a greater width during the initial 

stage than observed at later stages. The initial and maximum arching stages 

(panes (a) and (b) in Figures 4.17 and 4.18) show a large degree of similarity, in 

both magnitude and shape, due to the fact that the difference in   is only 3% of 

the trapdoor width, B, between the respective plots. The ultimate stage of the 

medium and large trapdoor tests as shown in black dashed lines of Figures 4.14 

and 4.15 (a) and the contours of Figures 4.17 and 4.18 (c) clearly show the 

relative magnitude of displacement is significantly increased at the surface for 

large trapdoor displacements.  

The horizontal displacements (Figures 4.13 to 4.15 (b)) are substantially larger 

at the surface than at depth, and increase in proportion to trapdoor 

displacement for all trapdoor scales. The displacements show a general 

tendency for the soil to migrate towards the trapdoor centre with trapdoor 

displacement,  .    

Figures 4.19 to 4.21 show the calculated volumetric strains,   , for small, 

medium and large trapdoors, respectively, at trapdoor displacements of (a) 2, 

(b) 5 and (c) 18% of the trapdoor width, B. For the medium and large trapdoor 

tests at displacements of 2% and 5% of B the data in the figures indicate that an 

arch is developing in the area of soil above the trapdoor where significant 

volumetric strain is occurring (positive volumetric strain represents tensile 

strains (soil dilation) and negative values are compressive strains). For the 

small trapdoor the arch appears less defined in these stages.  

Figures 4.22 to 4.24 show the and shear strains,  , for small, medium and large 

trapdoors, respectively, at the same relative displacements as in Figures 4.13 to 

4.18 (2, 5 and 18% of B). The figures indicate significant shear deformations are 

occurring throughout, in similar general areas affected by dilation, defining the 

failure surface within the soil.    

All displacements and strains presented for unreinforced soil tests show an arch 

developing in the area of soil above the trapdoor where significant deformation 
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of the soil is occurring. Based on the collected data, the general mechanism of 

displacement and deformation occurring within the unreinforced soil can be 

summarised as follows for the medium and large trapdoor cases: 

1) At small trapdoor displacements, for   < ~0.05B, shear strains and 

volumetric expansion of the soil occurs above the displacing trapdoor within an 

arch shaped zone. The region of high deformation outlines the failure surface 

within the soil; initiating from the trapdoor edges, at an angle to the vertical,   , 

to form an arched region over the trapdoor as shown in the volumetric strains 

(Figures 4.20 and 4.21 (a)) and shear strains (Figures 4.23 and 4.24 (a)). The 

crown of the arch is observed to form within the soil above the trapdoor 

centreline. Soil surface displacements are small and occur over a wide area.  

2) As the trapdoor displaces further, an increased area of soil appears to 

deform. The magnitude of volumetric expansion and shear strain increases. The 

failure surface, initiating from the trapdoor edges, appears to migrate vertically. 

The inclination to the vertical of the failure surface initiating from the trapdoor 

edges, appears to be marginally increased. Displacements at the surface are 

increased in an approximately linear fashion with trapdoor displacement. 

3) At higher relative displacements, typically for   > ~0.1B, shear planes 

are observed to extend from the crown area of the arch vertically towards the 

soil surface (see Figures 4.23 and 4.24 (c)). These shear planes describe an 

inverted triangular region of soil where the apex of the triangle is located at the 

crown of the arch and the other triangle vertices are to be found at the soil 

surface at the edges of the trapdoor in the horizontal axis. This suggests an 

arch failure has taken place in the crown region. Post failure, the triangular 

region of soil displaces at the same rate as the trapdoor and can be considered 

to behave as a translating rigid body of soil.      

The strain responses for all trapdoor widths show a broadly similar 

characteristic dilative region forming in the soil with increasing trapdoor 

displacement in agreement with the general mechanism described above. The 

results for the B = 30 mm trapdoor test indicate that the overall region of 

volumetric expansion is comparatively larger in relation to trapdoor width. The 

calculated strains for the 30 mm trapdoor generally show a higher degree of 
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scatter than those with larger trapdoor dimension. This is due in general to the 

smaller scale and limitations in the resolution of the PIV displacement 

measurements at this scale. It is worth noting that, at B = 30 mm scale, the 

absolute displacement of the trapdoor at the initial stages of the test is very 

small (~0.6 mm), comparable to the average particle size of the soil,    . 

Generally the displacements within the soil are significantly smaller than the 

trapdoor displacements. The limitations of the measurement technique become 

apparent at small scales and the resulting error could necessarily be 

responsible for the apparent differences between displacements and strains 

observed for the small trapdoor compared to larger scales. The absolute 

strains, as calculated from displacement, are consequently small and as such, 

are subjected to considerable scatter.        

The shear strain plots for all trapdoor widths are generally similar in terms of the 

general shape of the failure surface, where lines of high strain initiate from the 

trapdoor edges propagating towards a point above the trapdoor centre at an 

angle to the vertical,   , which can be seen to slightly reduce as the trapdoor 

displaces; a phenomenon observed by Costa et al (2009) and others. The 

change in    with trapdoor displacement is slight and difficult to determine, 

particularly with the small trapdoor case due to a relatively large degree of 

scatter in the strain measurement. The observed variation of    across the 

conducted tests is discussed further in Chapter 5.  

All shear strain plots show that a similar mechanism is taking place. The region 

of high shear above the trapdoor centre appears to propagate towards the 

surface as the trapdoor displaces. For small to medium displacements of 

typically        no shearing is observed at the surface. Thereafter, for 

medium and large trapdoor tests, a general surface failure begins to emerge 

along roughly vertical planes with the trapdoor edges. This general mechanism 

is discussed in more detail in Section 5.3. 

For the small trapdoor tests no evidence of vertical shear bands reaching the 

surface was observed, indicating the same surface failure conditions were not 

apparent at small trapdoor scales.   
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There is some evidence to suggest that the thickness of the shear band,  , 

appears to increase with reducing trapdoor width. 

 

 

Figure 4.13 Scaled vertical and horizontal displacements,   
  and   

  for 

unreinforced soil, B = 30 mm; (a) Vertical; (b) Horizontal 

  

(a) (b) 



CHAPTER 4 TEST RESULTS  University of Nottingham 

102 
 

 

 

Figure 4.14 Scaled vertical and horizontal displacements,   
  and   

  for 

unreinforced soil, B = 60 mm; (a) Vertical; (b) Horizontal 

Figure 4.15 Scaled vertical and horizontal displacements,   
  and   

  for 

unreinforced soil, B = 105 mm;. (a) Vertical; (b) Horizontal  

(a) (b) 

(a) (b) 
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Figure 4.16 Normalised vertical displacement contours,   /B, unreinforced soil, 
B = 30 mm. . (a)    = 0. 02B, (b)   = 0.05B, (c)   = 0.18B 

 

 

Figure 4.17 Normalised vertical displacement contours,   /B, unreinforced soil, 

B = 60 mm; (a)    = 0.02B, (b)   = 0.05B, (c)   = 0.18B 

 

 

 

(a) (b) (c) 

(a) (b) (c) 
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Figure 4.18 Normalised vertical displacement contours,   /B, unreinforced soil, 

B = 105 mm; (a)    = 0.02B, (b)   = 0.05B, (c)   = 0.18B  

 

 

Figure 4.19 Volumetric strain,   , unreinforced soil, B = 30 mm; (a)    = 0.02B, 

(b)   = 0.05B, (c)   = 0.18B  

 

 

 

(a) (b) (c) 

(a) (b) (c) 
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Figure 4.20 Volumetric strain,   , unreinforced soil, B = 60 mm; (a)    = 0.02B, 
(b)   = 0.05B, (c)   = 0.18B  

 

 

Figure 4.21 Volumetric strain,   , unreinforced soil, B = 105 mm; (a)    = 

0.02B, (b)   = 0.05B, (c)   = 0.18B  

  

(a) (b) (c) 

(a) (b) (c) 
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Figure 4.22 Shear strain,  , unreinforced soil, B = 30 mm. ; (a)    = 0.02B, 

(b)   = 0.05B, (c)   = 0.18B 

 

 

  Figure 4.23 Shear strain,  , unreinforced soil, B = 60 mm; (a)    = 0.02B, 

(b)   = 0.05B, (c)   = 0.18B 

  

(a) (b) (c) 

(a) (b) (c) 
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Figure 4.24 Shear strain,  , unreinforced soil, B = 105 mm; (a)    = 0.02B, 

(b)   = 0.05B, (c)   = 0.18B 

4.3.2 Variation with fibre length 

Figures 4.25 to 4.27 show the variation of normalised maximum settlement, 

      , with normalised trapdoor displacement,   ⁄ , at depths z of 0H, 0.25H, 

0.5H and 0.75H. Settlements for the unreinforced test case and for fibre 

lengths,   , of 8 mm, 12 mm, 16 mm and 20 mm are plotted. The fibre content 

by sand mass,   , was kept constant at ~0.5% for each test. Figure 4.25 shows 

the responses for the small trapdoor case, B = 30 mm, Figure 4.26 shows 

B = 60mm and in Figure 4.27 B = 105 mm.  

As in the previous section, the general responses for medium and large 

trapdoor show different results to the small trapdoor due to scaling effects 

discussed in further detail in Section 5.5. In order to discuss the general 

mechanism, only the medium and large trapdoor scales are considered in 

detail.  

The solid lines represent the unreinforced soil case. All tests with fibre-soil 

composite are indicated by markers defined in the figure key. All fibre cases 

show a significant reduction in the amount of maximum settlement measured at 

the surface and shallow depths. When the rate of change of maximum 

(a) (b) (c) 
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displacement with trapdoor displacement is equivalent to the 1:1 lines shown on 

the figures, the soil is displacing at the same rate as the trapdoor.  

The surface plots in Figures 4.26 and 4.27 show that in all tests the magnitude 

of maximum settlement increases at roughly the same initial gradient with 

trapdoor displacement, with surface displacements generally being much less 

than that at the trapdoor. For the unreinforced case, the gradient then increases 

and tends towards the 1:1 line after a trapdoor displacement of around   ⁄  = 

0.1. This indicates that subsequent surface displacements are thereafter 

equivalent to trapdoor displacements and the zone of soil above the trapdoor 

effectively displaces downwards as a rigid body. The plots for the same test 

case at greater depths show that soil displacements tend towards the 1:1 line at 

lower values of   ⁄  compared to the surface, with displacements nearest the 

trapdoor effectively matching those of the trapdoor throughout the test. 

At the surface the gradients for the fibre–soil composites do not tend towards 

equality until higher displacements have been reached, generally    0.15B. 

The data indicates that the reduction in settlement (at large displacements) is 

related to fibre length; surface and shallow depth displacements are generally 

reduced with increasing fibre length. 

The small trapdoor displacements show a broadly equivalent improvement in 

the amount of settlement at the surface, and throughout the soil layer, at the 

ultimate stage as in the B = 60 mm case. The relation to the 1:1 line shown 

indicates that, for all B = 30 mm tests, the rate of displacement of the soil at the 

surface does not match that of the trapdoor and the soil is not moving 

downward in the manner of a rigid body. As already discussed, the zone of soil 

above the trapdoor behaves differently at this trapdoor scale. The observation 

that the soil at the surface is not displacing downwards at the same rate as the 

trapdoor indicates that volumetric expansion is taking place at shallow depths 

and the shear displacements are not developed at the surface. 

Figure 4.28 shows the fitted surface settlement troughs for all fibre lengths at 

the ultimate stage, where   = 0.18B, normalised by trapdoor width, for the three 

trapdoor sizes. The unreinforced soil case is plotted for comparison. The 

amount of relative surface settlement appears to increase with trapdoor width.  



CHAPTER 4 TEST RESULTS  University of Nottingham 

109 
 

The settlement at the surface was reduced by an average of ~36% at the 

ultimate stage with the small trapdoor. The reduction in settlement ranges from 

~30% with 20 mm fibres to ~55% with 16 mm length fibres. The surface 

settlement reduction is proportional to fibre length up to 16 mm. The exception 

to this relationship is that 20 mm fibres are less effective than fibres of shorter 

length at reducing settlement.  

For the medium trapdoor case the settlement at the surface was reduced by an 

average of ~43% with the inclusion of fibre. The reduction in settlement ranges 

from ~25% with 8 mm fibres to ~50% with 16 mm length fibres. As with the 

small trapdoor, the reduction in settlement appears to be proportional to fibre 

length up to   = 16 mm. The 20 mm fibres had less of an effect on settlement 

(~40%) than the 16 mm fibres (~50%).  

For the large trapdoor case the surface settlements are reduced by an average 

of ~57%. The reduction in settlement ranges from ~41% with 8 mm fibres to 

~60% with 20 mm length fibres. In this case longer fibres have substantially 

more effect than with small or medium width trapdoors. 

The data points obtained from the PIV analysis are also marked on the figure to 

give some indication of the accuracy of the curve fitting process. The large 

trapdoor displacements (Figure 4.28 (c)) are substantially more asymmetric and 

non-uniform than small and medium width trapdoors. Consequently, the curve 

fit is also poorer, as the modified Gaussian approximation cannot adequately fit 

the non-uniform data. The fitted curves do however capture the general trend 

with increasing displacement. The reduction in settlement trough size and its 

proportionality with fibre length is clear from the plots, particularly for the large 

trapdoor case, Figure 4.28 (c).        

Figures 4.29 to 4.31 show the volume loss,      
 , against   ⁄  in the soil for 

the unreinforced soil and the same fibre length variations. The ‘volume loss’ is 

defined as the effective area of the settlement trough, calculated as the integral 

of vertical soil displacements at a given depth in model scale. In plane strain 

situations, it is common to assume the same conditions occur across the 

breadth of the model, the breadth of the trough is arbitrarily assumed to be 1 m. 

The calculated volume loss (the trough area) is normalised by   . The 
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normalisation allows settlement trough areas from different sized trapdoors to 

be compared in the same dimensionless units. The plot essentially compares 

the volume loss of the soil occurring at a specified depth to the volume of the 

inclusion in the soil created by the trapdoor,   , again, normalised by   . With 

normalisation, the horizontal axis is therefore:     ⁄  =   ⁄ .   

The figures show the displacement at four normalised depths. Marshall et al. 

(2012) used a similar plot of soil volume loss versus tunnel volume loss to 

explain the cumulative dilative behaviour of the soil. The 1:1 line indicates 

equality between the induced volume change at the boundary and the volume 

loss within the soil.  

The comparison between the 1:1 line and the soil volume loss, at all depths, 

describes the general behaviour of the material. As all the volume loss in the 

material is significantly less than the 1:1 line the implication is that both the soil 

and fibre-soil composite behaviour is dilative.  

As with settlements, the volume loss behaviour is similar for medium and large 

trapdoors scales but smaller trapdoor results are subjected to scaling effects 

discussed further in Section 5.5. The following analysis considers the general 

mechanism occurring for the medium and large trapdoors (Figures 4.30 and 

4.31).   

In the general case, at relatively small displacements,     0.02B,  the soil and 

the trapdoor volume losses are approximately equal but as the magnitude of 

shear displacements within the soil increase and dilation increases, the 

difference between the unreinforced and fibre-composite soil volume losses 

increases. At the surface, the unreinforced soil and trapdoor volume losses tend 

towards equality at displacements of    0.1B. The behaviour of the fibre-soil 

composite is markedly different in this respect; fibre-soil volume losses are 

significantly less than trapdoor volume losses.  As with maximum subsidence, 

the soil volume loss tends towards equality at higher depth ratios. The soil 

volume loss is significantly reduced for cases with all fibre lengths compared to 

the unreinforced test by approximately the same amount. 
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The plots shows very little variation in volume with fibre length is occurring for 

the general case (medium and large width trapdoors, B = 60 mm and B = 105 

mm)  

For the general case, the unreinforced soil and trapdoor volume losses increase 

and tend towards equality at relatively large displacements,     0.1B, and with 

higher depth ratio. The difference between unreinforced and fibre-soil 

composite volume loss increases at larger displacements.  

All responses for the small trapdoor (Figure 4.29) show a large initial increase in 

volume loss. This effect can be inferred from examining the vertical 

displacements at the initial phases of tests, where a larger amount of settlement 

appears to occur across a much greater width of the model, relative to 

displacement.  

For all small trapdoor tests, at the surface, the unreinforced soil and trapdoor 

volume losses do not tend towards equality, at any displacement, suggesting 

that a generally different volume loss mechanism is at work at this trapdoor 

scale.  

This observation and other scaling effects are discussed further in Chapter 5. At 

the surface, the initial increase in magnitude appears to have some relation to 

fibre length, where medium length fibres,    = 12 mm and 16 mm generally 

have a greater effect. The rate of change of soil volume loss then follows 

roughly the same reduced gradient with displacement for all fibre lengths, as 

observed with the general case with larger scale trapdoors. The effect of fibre 

length is much more apparent at depth in the small trapdoor case, with medium 

length fibres having the greatest effect. Only at large depth does soil volume 

loss tend towards equality with trapdoor volume loss.     

Medium fibre lengths, 12 mm and 16 mm, appear to have a greater effect than 

the small and long fibres, 8 mm and 20 mm for the small trapdoor, B = 30 mm, 

case. 

The general exception between the large scale trapdoor results and those for 

other scales being that lower volume losses are observed throughout with fibres 

of long length,    = 20 mm. The rate of change of soil volume loss with 
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displacement, or trapdoor volume loss, appears much lower for the    = 16 mm 

and    = 20 mm cases. Generally, long fibres have a significantly larger effect 

on settlements and volume losses than with smaller trapdoors. 

To aid clarity, the detailed displacement and strain results are presented in 

Figures 4.32 to 4.35 for a single fibre length,    = 20 mm and trapdoor width, B, 

of 60 mm (test CMC07) . As can be seen in the maximum settlement and 

volume loss plots discussed, for all fibre lengths, a broadly similar mechanism is 

taking place across the range of trapdoor scale; particularly for larger trapdoors 

where B > 30 mm.  

Figure 4.32 (a) and (b) show scaled vertical and horizontal displacements,   
  

and   
 , respectively, as defined in Section 4.3.1, plotted against distance from 

the trapdoor centre, x/B, for fibres;    = 20 mm with fibre content,   , of 0.5%. 

As with the unreinforced displacement figures, settlements are plotted at 

trapdoor displacements of 2, 5 and 18% of the width.  

Vertical displacements are significantly smaller than those shown for the 

medium width unreinforced soil case in Figure 4.14 (a), both at the surface and 

at shallow depths. The vertical displacements from tests CMC07 are shown in 

Figure 4.32 (a) for the same trapdoor displacements. The contours at the 

ultimate stage of the test (Figure 4.33 (c)) show that large displacements do not 

propagate to the surface as is the case with unreinforced soil. 

Calculated volumetric strain,   , and shear strain,  , are shown in Figures 4.34 

and 4.35, respectively, at the same trapdoor displacements. The figures show 

comparable magnitude of strains with the unreinforced case. When compared 

to the unreinforced cases (Figures 4.20 and 4.23, respectively), the strains at 

the ultimate stage do not appear to propagate to the surface with fibre inclusion; 

a distinct ‘arching area’ of volumetric expansion is defined in the soil and no 

significant shear bands extend vertically to the surface. The areas of large 

deformation extending from the trapdoor edges define the failure surface in the 

soil.  

The strain responses agree with the postulation that the soil at the surface is not 

subjected to shear displacements or displacing as a rigid body. This general 
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assertion is confirmed by the observation that the fibre-soil composite surface 

settlements of Figures 4.25 to 4.27 and volume losses of Figure 4.29 to 4.31 

have a lower rate of change with displacement than the unreinforced case 

throughout.  

In general, a significantly larger area of the fibre-soil composite is subjected to 

deformation in the region above the trapdoor with fibre inclusion, and there is no 

evidence of the triangular ‘wedge’ shearing and displacement mechanism 

observed at the surface in the unreinforced soil case (described in Section 

4.3.1); the vertical propagation of strain with displacement is reduced with fibre 

inclusion. 
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Figure 4.25 Normalised maximum settlement,       , variation with depth 
and fibre length,     .    = 0.5%, B = 30 mm 

 

Figure 4.26 Normalised maximum settlement,       , variation with depth 
and fibre length,   .    = 0.5%, B = 60 mm. 
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Figure 4.27 Normalised maximum settlement,       , variation with depth 
and fibre length,   .    = 0.5%, B = 105 mm. 

 

Figure 4.28 Normalised surface settlement,     , at   = 0.18B, variation with 

fibre length,   .    = 0.5% (a) B = 30 mm, (b) B = 60 mm, (c) B = 105 mm.  
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Figure 4.29   Normalised soil volume loss,      
 , variation with depth and 

fibre length,   .    = 0.5%, B = 30 mm 

 

Figure 4.30 Normalised soil volume loss,      
 , variation with depth and fibre 

length,   .    = 0.5%, B = 60 mm. 
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Figure 4.31 Normalised soil volume loss,      
 , variation with depth and fibre 

length,   .    = 0.5%, B = 105 mm 

. 
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Figure 4.32  Normalised vertical and horizontal displacements,    = 20 mm, 

  = 0.5%,  B = 60 mm; (a) Vertical; (b) Horizontal. 

   

Figure 4.33 Normalised vertical displacement contours,   /B,    = 20 mm, 
   = 0.5%, B = 60 mm ; (a)    = 0.02B, (b)   = 0.05B, (c)   = 0.18B 
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Figure 4.34 Volumetric strain,   ,    = 20 mm,    = 0.5%, B = 60 mm ; (a)    = 
0.02B, (b)   = 0.05B, (c)   = 0.18B 

 

 

Figure 4.35 Shear strain,  ,    = 20 mm,    = 0.5%, B = 60 mm ; (a)    = 
0.02B, (b)   = 0.05B, (c)   = 0.18B. 

4.3.3 Variation with fibre content 

Figures 4.36 to 4.38 show the variation of normalised maximum settlement, 

      , against normalised trapdoor displacement,   ⁄ , at depths z of 0H, 

0.25H, 0.5H and 0.75H. Settlements for the unreinforced case and for fibre 

concentration by soil mass,   , of 0.25%, 0.5% and 1% are plotted. The fibre 

(a) (b) (c) 

(a) (b) (c) 
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length,   , for each test was 12 mm. Figure 4.36 shows the responses for the 

small trapdoor case, B = 30 mm, Figure 4.37 shows B = 60mm and in Figure 

4.38 B = 105 mm.  

The general observed effects show an equivalent reduction in settlement and 

volume loss with increasing fibre content as was found with fibre length,   , 

variation tests. Generally higher fibre factor,   , composites were found to be 

more effective in reducing settlements and volume loss.    

The solid lines represent the unreinforced soil case. All tests with fibre-soil 

composite are indicated by the same markers used to indicate the different 

fibre-soil tests throughout. All fibre cases show a significant reduction in the 

amount of maximum settlement measured at the surface; as already observed 

in Figures 4.25 to 4.27 and discussed in Section 4.3.2 for fibre length tests, this 

effect deteriorates with depth, z, This is the expected behaviour since the 

change in displacement at the surface is equal to the integral sum of the 

volumetric strains throughout the depth.   

The results show good agreement with fibre-soil composites of varying fibre 

length,   . The surface settlement is reduced with fibre inclusion for larger 

displacements, typically    7 −     of the trapdoor width B. In general, the 

settlement is reduced with increasing fibre content. The settlements at the 

surface show the largest decrease when compared with the unreinforced case. 

The reduction in settlement is proportional to fibre content. The gradients of soil 

displacement to trapdoor displacement are significantly smaller compared to 

unreinforced soil at all fibre concentrations. The surface fibre-composite 

displacements do not reach equality with trapdoor displacements (indicated by 

the 1:1 line), indicating that the soil at the surface is subject to deformation, and 

not displacing as a rigid material. 

Figure 4.39 shows the fitted surface settlement troughs for all fibre 

concentrations at the ultimate stage, where   = 0.18B, normalised by trapdoor 

width, B, for the three trapdoor sizes. The unreinforced soil case is plotted for 

comparison. As observed with the fibre length tests detailed in Section 4.3.2, 

the amount of relative surface settlement appears to increase with trapdoor 

width. The data points obtained from the PIV analysis are marked on the figure. 
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As is the case with increasing fibre length (see Figure 4.28), the surface 

settlement plots generally show the general trend towards reduction with 

increasing fibre content. In the large trapdoor case (Figure 4.39 (c)) the trend is 

proportional with fibre content 

For the small trapdoor case, B = 30 mm, the percentages of ultimate surface 

settlement reduction with fibre content when compared with unreinforced soil, 

are ~16% with    = 0.25%, 41% with    = 0.5% and ~33% with    = 1%. The 

average reduction is ~30% across all fibre concentrations. 

For the medium trapdoor case, B = 60 mm, the reductions compared with 

unreinforced soil are ~25% with    = 0.25%, ~41% with    = 0.5% and ~50% 

with    = 1%, with fibre content,  ; averaging ~39% across all fibre 

concentrations. 

In the large trapdoor case, B = 105 mm, the reductions are ~43% with    = 

0.25%, ~50% with    = 0.5% and ~70% with    = 1%.The average reduction is 

~54% across all fibre concentrations.  

The small trapdoor displacements (Figure 4.36) show some improvement in the 

amount of settlement at the surface and throughout the soil layer at the ultimate 

stage when compared with the unreinforced case; however, the effect of high 

fibre content on the surface settlement is reduced in the small trapdoor tests 

when compared to larger trapdoors scales. This is the general case with all 

fibre-composites. Higher values of the composite fibre factor,   , tend to have a 

diminished effect on displacement with small trapdoor tests.   

The plots exhibit similar trends consistent with the general observed behaviour 

that the surface soil displacements do not reach equality with the trapdoor for all 

B = 30 mm trapdoor tests.    

Unlike the medium and large trapdoor cases, the settlement reduction does not 

appear to increase with fibre concentrations greater than 0.5%; the    = 0.5% 

case appears to have a slightly larger effect than with    = 1% (a difference of 

~7%) at the ultimate stage.  
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At large trapdoor scales, 1% fibre content has substantially more effect and the 

trend is proportional to fibre content. For medium and large trapdoor tests, 

higher values of the composite fibre factor tend to substantially reduce 

displacement. 

Figures 4.40 to 4.42 show the comparison of normalised volume loss,      
 , 

against normalised displacement,   ⁄  for unreinforced soil fibre-soil composites 

with varying fibre content for the small, medium and large trapdoors 

respectively.  

In the general case, where B >30 mm, the fibre-soil volume losses are 

significantly less than trapdoor volume losses throughout, and the gradients of 

soil volume loss for composites are substantially less than with unreinforced 

soil. 

In general, the unreinforced soil and trapdoor volume losses tend towards 

equality at displacements of     0.1B at the surface. The behaviour of the 

fibre-soil composite is markedly different in this respect; fibre-soil volume losses 

are significantly less than trapdoor volume losses and the gradients do not tend 

towards equality for the displacements tested. This effect appears to be 

proportional with fibre content; the higher the concentration of fibre, the lower 

the magnitude and gradient of volume loss throughout the soil. 

The plot exhibits the same trend of behaviour as the maximum settlement; the 

effects of fibre inclusion are generally more discernible at the surface than at 

soil depth and higher concentrations of fibre have a proportionally larger effect.  

As noted in Section 4.3.2, all responses for the small trapdoor (Figure 4.40) 

show a large initial increase in volume loss followed by a similar general trend 

to reduction with fibre inclusion than observed with larger trapdoors. However, 

the effectiveness of the fibre appears to decrease at high fibre concentrations. 

As with settlement, this characteristic ‘drop-off’ in fibre performance appears to 

be a function of the fibre factor. General scaling effects are evident for small 

trapdoor tests this and other scaling effects are discussed further in Chapter 5, 

Section 5.5.1.   
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For the large trapdoor, as with the medium trapdoor, increasing fibre content 

has a proportional effect on both magnitude and rate of volume loss. Higher 

fibre content composites significantly improve the volume losses throughout. 

The gradients of the composite volume losses are significantly lower than those 

observed for unreinforced soil, which, as already discussed in Section 4.3.2, 

increases at the same rate as the trapdoor at large displacements,    0.1B. 

The composite responses show no sign of similar post-shear rigid body 

displacements at the surface, significant volumetric expansion of the soil at 

shallow depth is taking place within the fibre composite. In general, the fibre 

composite as a whole is subjected to volumetric expansions over an increased 

area to accommodate the trapdoor inclusion than the unreinforced soil.        

The detailed displacement and strain results are plotted for a single fibre 

concentration,    = 1% and trapdoor width, B, of 60 mm (test CMC07) in 

Figures 4.42 to 4.46. A broadly similar mechanism was observed to be taking 

place with fibre-composites of all concentrations.  

Figure 4.42 (a) and (b) show scaled vertical and horizontal displacement,   
  

and   
  respectively, plotted against distance from the trapdoor centre,    , for 

test CMC07. 

 As is the case throughout, the settlements are plotted at trapdoor 

displacements of 2, 5 and 18% of the trapdoor width, B.  

Vertical displacements at the ultimate stage of the test are significantly smaller 

than those shown for the unreinforced case for the same trapdoor width in 

Figure 4.17 (c), both at the surface and at shallow depths. The contours of 

vertical displacement from test CMC04 (long fibres, medium trapdoor) are 

shown in Figure 4.32 for the same trapdoor displacements.  

Again, as is the case with all fibre inclusion tests, the figures show that smaller 

displacements occur at the surface than is the case with unreinforced soil. 

Calculated volumetric strain,   , and shear strain,   at the same trapdoor 

displacements are shown in Figures 4.45 and 4.46 respectively. The figures 

show slightly reduced but comparable magnitudes of strains with the 

unreinforced case. When compared to the shear strains for the B = 60 mm 
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unreinforced case (Figure 4.23). As is the case with the 20 mm fibre length 

composite test (shown in Figure 4.35), it was found that the shear strains at the 

ultimate stage do not appear to propagate to the surface: no significant shear 

bands appear to extend vertically from the arch to indicate failure with fibre 

inclusion. Clearly, a different mechanism to the general surface failure observed 

for unreinforced soil occurs within the composite material.  

The areas of large volumetric expansion in the soil are broadly enclosed within 

the diagonal shear bands extending from the trapdoor edges to the centre of the 

trapdoor.  

The shear displacements appear to be contained within the soil without 

significant failure occurring at the surface; the vertical propagation of strain with 

displacement is reduced with fibre inclusion. 
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Figure 4.36 Normalised maximum settlement,       , variation with depth 
and fibre content,   .    = 12 mm, B = 30 mm 

 

Figure 4.37 Normalised maximum settlement,       , variation with depth 
and fibre content,   .   = 12 mm; B = 60 mm. 
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Figure 4.38 Normalised maximum settlement,       , variation with depth 
and fibre content,   .   = 12 mm. B = 105 mm. 

Figure 4.39 Normalised surface settlement,     , at   = 0.18B, variation with 

fibre content,   .   = 12 mm; (a) B = 30 mm, (b) B = 60 mm, (c) B = 105 mm. 
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Figure 4.40 Normalised soil volume loss,      
 , variation with depth and fibre 

content,   ,   = 12 mm; B = 30 mm  

 

Figure 4.41 Normalised soil volume loss,      
 , variation with depth and fibre 

content,   ,   = 12 mm., B = 60 mm. 
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 Figure 4.42  Normalised soil volume loss,      
 , variation with depth and fibre 

content,   .    = 12 mm; B = 105 mm. 
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Figure 4.43 Scaled vertical and horizontal displacements,   
  and   

 ;    = 
12 mm,    = 1%,  B = 60 mm. . (a) vertical; (b) horizontal 

  

 

Figure 4.44 Normalised vertical displacement contours,   /B.    = 12 mm, 
   = 1%, B = 60 mm; (a)    = 0.02B, (b)   = 0.05B, (c)   = 0.18B  
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Figure 4.45 Volumetric strain,   ,    = 12 mm,    = 1%, B = 60 mm; (a)    = 
0.02B, (b)   = 0.05B, (c)   = 0.18B 

 

 

 

Figure 4.46 Shear strain,  ,    = 12 mm,    = 1%, B = 60 mm; (a)    = 0.02B, 

(b)   = 0.05B, (c)   = 0.18B 
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4.3.4  Displacement results summary 

4.3.4.1 Unreinforced soil 

The displacement and strain mechanism observed for the unreinforced soil, in 

all trapdoor scaling cases, show trends consistent with an arching mechanism 

taking place within the soil layer. 

As the trapdoor is lowered, areas of deformation are seen to extend from the 

trapdoor edge to a point in the soil, in the region of the crown of the arch above 

the trapdoor centre, at an inclination to the vertical,   . Observations of this 

angle for the unreinforced medium trapdoor are presented in Table 5.1 in 

Section 5.4 The deforming region propagates vertically until failure of the arch 

follows, and shear displacements propagate to the surface; indicated by vertical 

shear planes extending from the failure region to the soil surface above the 

trapdoor edges.  

Thereafter, the soil mass is translated, proportionally along the shear planes, at 

the same rate as the trapdoor displacement. At the surface, the maximum 

settlement and volume loss tends to increase in proportion with trapdoor 

displacements of    0.1B, indicating that thereafter, the soil is displacing as a 

rigid body where volume losses increase in the soil equally with further trapdoor 

induced volume losses.    

4.3.4.2 General scaling effects 

Significantly smaller magnitudes of displacement were observed, particularly at 

the surface, with the small trapdoor test, indicating the presence of particle size 

to trapdoor width,      , scaling effects between the trapdoor prototype scales. 

The small trapdoor tests with unreinforced soil show reduced settlements and 

volume losses, particularly at the surface, where the rate of settlement is 

significantly less than that of the trapdoor throughout. The results show that the 

surface soil is generally dilating and the vertical shear bands observed in larger 

trapdoor tests, which are consistent with surface failure, are absent throughout. 

Clearly, the small scale of the trapdoor affects the development of the surface 

failure.           
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Shear band thickness has been shown to be related to particle size. The ratio of 

the approximate thickness of the shear band to trapdoor width, t/B, indicates 

that t increases with reducing trapdoor width, when at prototype scale. There is 

some evidence from the observed shear strains that the shear band is 

considerably thicker for the small trapdoor, and in general that the shear band 

thickness, t, is inversely proportional to B. At high        ratios, the results 

show that the surface and shallow depth displacements are reduced, indicating 

that the displacements and strains are related to both trapdoor width, B, and 

displacement,  . As the trapdoor width is increased, relative to particle size, the 

horizontal effects of shear stresses developed on the opposing trapdoor edge 

are reduced; the trapdoor is sufficiently wide to avoid particle scale shearing 

effects caused by the relative proximity of the shear bands.                 

4.3.4.3 FRS composite 

In all test cases, the settlement at the surface was reduced significantly with the 

inclusion of fibre compared with unreinforced soil. The general trends for all 

trapdoor scales tend toward the reduction of settlement,     ,  and volume loss, 

   , with increase in both the length and the concentration of fibres. The 

effectiveness of the fibre, in terms of reduction of displacement, appears to be, 

in general, related to the ‘fibre factor’,   .  

The results show a different failure mechanism for FRS than observed with 

unreinforced soil. In the case of medium and large width trapdoors, B = 60 mm 

and B  = 105 mm, respectively, the unreinforced soil tests show distinct signs of 

a general failure occurring at the soil surface. These general signs of failure 

include; significant shear bands extending from the crown of the arch to the 

surface and rates of settlement and volume loss equivalent with the trapdoor. In 

the composites tested these indicators of failure were found to be largely 

absent. The results show that fibre inclusion appears to affect the volumetric 

expansion over a larger area of the soil than observed in the unreinforced case. 

At the end of the test, the composite soils show signs of deformation at the 

surface, rather than evidence of the surface soil displacing as a rigid body (as 

seen with unreinforced soil).     
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A ratio of the maximum settlement of fibre composite,       to that of 

unreinforced soil,       is a measure of the extent of improvement in settlement 

obtained for fibre-soil composites compared to unreinforced soil. This ratio, 

when multiplied by the normalised trapdoor displacement,  /B, yields an 

improvement, as a magnitude of normalised displacement: (           ) /B. 

The improvements in settlement,      , and volume loss,     , are given in 

Equations 4.14 and 4.15 below. 

      (
     

     
−  )

 

 
     (    ) 

     (
    

    
−  )

 

 
     (    ) 

Positive values of       and      infer larger displacements and volume losses in 

the fibre composite than unreinforced soil. Negative values infer composite 

settlements are less than unreinforced soil, expressed as a percentage of the 

trapdoor width, B.   

Figures 4.47 to 4.49 show the magnitude of the improvement,      , against  /B 

with small medium and large trapdoor width. The plots give an indication of the 

extent of improvement in terms of displacement throughout the soil depth.   

As trapdoor displacement increases beyond 0.08B the traces, indicating 

different fibre composites, begin to reduce from zero at a gradient broadly 

proportional to the fibre factor,   , of the composite.    

The rate of change of settlement at the surface is significantly reduced for all 

fibre-soil composites when compared with unreinforced soil. 

In small and medium trapdoor tests (Figures 4.47 and 4.48) fibres of long 

length,    =   20 mm,    = 0.4%, appear to have a reduced effect on settlement 

compared to medium length fibres,    = 12 mm and 16 mm, (   = 0.24% and 

0.32%, respectively). The medium and large scale trapdoor tests with high fibre 

content,    = 1%,    = 0.48%, show the greatest improvement; these results 

show a reduction in surface settlement of ~0.1B at the ultimate stage (when 

compared to unreinforced soil) which corresponds to ~300 mm at prototype 

scale. 
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Figure 4.49 to 4.51 show the improvements in soil volume loss,      , as 

calculated in Equation 5.2, for fibre soil composites compared to unreinforced 

soil against normalised displacement,  /B, for the small medium and large 

trapdoor widths, respectively.  

All fibre inclusion tests show a reduction in volume loss compared with 

unreinforced soil. In general the figures show a similar trend to the maximum 

settlement, where the volume loss throughout the soil reduces broadly in 

proportion with the fibre factor. All responses show equivalent volume losses 

with the unreinforced case at displacements,  , of less than 5% of trapdoor 

width, B. 

The settlement and volume results show a clear tendency towards improvement 

for displacements beyond 5% of the trapdoor width, B.  

Small trapdoor, B = 30 mm, results show the maximum displacements are 

reduced throughout the soil compared with the unreinforced soil case. The 

effectiveness of the fibre inclusion does not appear to deteriorate with depth in 

the same manner as observed with larger trapdoors. Composites with higher    

values (>0.32%) also appear to be less effective at reducing settlement. This 

same general observation, where long fibres have a slightly lessened effect, 

was made with the medium trapdoor. High fibre content composites,    = 1%, 

   =   12 mm,    = 0.48%, have a reduced effect on both settlement and 

volume loss compared with    = 0.5%, which is contrary to the results obtained 

with larger trapdoors where the effect is, in general, proportional to fibre 

content, length and factor. 

The medium and large trapdoor settlement and volume loss improvement 

results show composites with higher fibre factor values are generally more 

effective. The effect is related to both fibre content and length, composites with 

a high fibre factor show a proportional reduction in settlement and volume loss. 

Generally the effectiveness of the composite is increased with increasing fibre 

length and content. The effects of fibre inclusion generally deteriorate with 

depth. 
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All results, at all trapdoor scales, show that significant improvement is achieved 

with fibre-soil composite at trapdoor displacements > 5% of the trapdoor width, 

B improvements below this displacement are comparatively small.  

The volumetric and shear strains with fibre inclusion (shown in Figures 4.34 and 

4.35. for test CMC07 and Figures 4.45 and 4.46 for test CMC04) show slightly 

reduced but comparable magnitude of strain with the unreinforced case.  

The large-displacement strains (at the ultimate stage where   = 0.18B) do not 

appear to propagate to the surface with fibre inclusion. The areas of large 

volumetric expansion and high shear deformation extending from the trapdoor 

edges define the failure surface in the soil. The failure surface region appears to 

be contained within the soil, without significant failure occurring at the soil 

surface; indicated by the absence of shear bands extending to the surface as 

seen in unreinforced soil tests.  

Figure 4.53 shows the variation of normalised maximum settlement,   /B, and 

volume loss,    /B
2 with fibre factor,   , at the ultimate stage of the tests where 

  = 0.18B at the soil surface, z = 0, and at shallow depth, z = 0.25H. The plots 

clearly show the relationship between the reduction in both settlement and 

volume loss with fibre factor.          
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Figure 4.47 Total improvement in displacement,      , variation with depth, z, 
and normalised displacement,  /B, B = 30 mm 

 

FL = 8 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.16%  

FL = 12 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.24%  

FL = 16 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.32%  

FL = 20 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.4%  

FL = 12 mm, 𝝌𝒘= 0.25%, 𝜼𝝌= 0.12%  

FL = 12 mm, 𝝌𝒘= 1%, 𝜼𝝌= 0.48%  

KEY 
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Figure 4.48 Total improvement in displacement,      , variation with depth, z, 
and normalised displacement,  /B, B = 60 mm 

 

FL = 8 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.16%  

FL = 12 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.24%  

FL = 16 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.32%  

FL = 20 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.4%  

FL = 12 mm, 𝝌𝒘= 0.25%, 𝜼𝝌= 0.12%  

FL = 12 mm, 𝝌𝒘= 1%, 𝜼𝝌= 0.48%  

KEY 
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Figure 4.49 Total improvement in displacement,      , variation with depth, z, 
and normalised displacement,  /B, B = 105 mm 

 

  

FL = 8 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.16%  

FL = 12 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.24%  

FL = 16 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.32%  

FL = 20 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.4%  

FL = 12 mm, 𝝌𝒘= 0.25%, 𝜼𝝌= 0.12%  

FL = 12 mm, 𝝌𝒘= 1%, 𝜼𝝌= 0.48%  

KEY 
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Figure 4.50 Total improvement in volume loss,     variation with depth, z, and 
normalised displacement,  /B, B = 30 mm 

 

  

FL = 8 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.16%  

FL = 12 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.24%  

FL = 16 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.32%  

FL = 20 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.4%  

FL = 12 mm, 𝝌𝒘= 0.25%, 𝜼𝝌= 0.12%  

FL = 12 mm, 𝝌𝒘= 1%, 𝜼𝝌= 0.48%  

KEY 
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Figure 4.51 Total improvement in volume loss,     variation with depth, z, and 
normalised displacement,  /B, B = 60 mm 

 

FL = 8 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.16%  

FL = 12 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.24%  

FL = 16 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.32%  

FL = 20 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.4%  

FL = 12 mm, 𝝌𝒘= 0.25%, 𝜼𝝌= 0.12%  

FL = 12 mm, 𝝌𝒘= 1%, 𝜼𝝌= 0.48%  

KEY 
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Figure 4.52 Total improvement in volume loss,     variation with depth, z, and 
normalised displacement,  /B, B = 105 mm 

  

FL = 8 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.16%  

FL = 12 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.24%  

FL = 16 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.32%  

FL = 20 mm, 𝝌𝒘= 0.5%, 𝜼𝝌= 0.4%  

FL = 12 mm, 𝝌𝒘= 0.25%, 𝜼𝝌= 0.12%  

FL = 12 mm, 𝝌𝒘= 1%, 𝜼𝝌= 0.48%  

KEY 
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Figure 4.53 Surface and shallow depth settlement and volume loss variation 

with fibre factor,   .     

  

z = 0.25H 

z = 0 

z = 0 

z = 0.25H 
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CHAPTER 5 DISCUSSION OF RESULTS 

5.1 Introduction  

The results from all tests are discussed in this section. Firstly comparisons are 

made between theoretical estimates and measured loads for the general 

unreinforced soil case. 

Comparisons are then made between the observed displacement and strain 

mechanisms and those reported in the literature for trapdoor type tests with 

unreinforced soils. 

The general aim, and novel content, of the research reported herein, is the 

investigation of the effects of fibre inclusion on the loading and displacement 

behaviour of the composite material when compared to unreinforced soil 

The effectiveness of fibre reinforcement, in terms of loading, displacement and 

strain behaviour is discussed, for composites of varying fibre size and 

concentration. Relationships are drawn between the general effects reported in 

the literature for variation of fibre conditions. The strength envelope of the 

unreinforced soil, derived from direct shear tests, was compared with theoretical 

estimates of improved strength with fibre-reinforcement. The results from tests 

with fibre inclusion were then compared with the theoretical estimates. 

Fibre length scale effects were investigated, by means of variation of fibre 

length and trapdoor scale, effectively varying the fibre to structure ratio,   /B. A 

modelling of models exercise was conducted, whereby the model trapdoor 

scale, stress level and soil layer height were varied in order to model the same 

prototype conditions. The intention of this exercise is to determine if particle size 

effects, and consequently particle-fibre interactions are consistent across all 

trapdoor scales and to determine the suitability and limits of the application of 

fibre reinforcement in small scale physical models.  

5.2 Loading response 

All tests conducted showed similar results in terms of the loading characteristic 

shape of the GRC. Fibre inclusion was found to have negligible effects on the 
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response. Figures 4.4 and 4.6 show averaged loading response with fibre 

length and content variation respectively. All responses in these figures lie 

within ±7% of the overall mean. No distinct trend in loading between fibre 

composites is apparent.  

Figure 5.1 shows the overall mean GRC, averaged across all tests, for 

comparison with theoretical estimates of trapdoor stress detailed in Chapter 2.    

 

Figure 5.1 GRC comparison with theoretical estimates 

The black trace of Figure 5.1 shows the averaged trapdoor loading response of 

all tests normalised by the geostatic load,     , against trapdoor displacement, 

normalised by trapdoor width,  /B. The dashed grey bands represent the total 

variation in measurement over all tests conducted. This variation is due, 

partially, to fibre composite effects and partially to experimental differences 

between the test setup such as variation of frictional forces acting on the 

trapdoor as it displaces (see Section 3.2.2.3). Some consideration was made of 

frictional forces and attempts to compensate the GRC response for these 

effects were made. As discussed in Section 3.2.2.3, the overall confidence in 

the measurement accuracy is ~±5%, which is of a similar order to the observed 

variation due to fibre composite characteristics. The general conclusion, that the 
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general mechanism and magnitude of the trapdoor loading response is 

unaffected with fibre, is discussed further in Section 5.2.   

The observed loading on the trapdoor shows good overall agreement with that 

predicted by theory. GRCs predicted using the method of Iglesia (1999) are 

shown in dashed red and blue lines. The appropriate value of active earth 

pressure,   , is used to calculate the loading response. The value of    is 

subject to some disagreement (see Section 2.2). Two theoretical GRCs are 

plotted; the blue dashed line shows the GRC with    = 1, the red dashed line 

shows the GRC with    = 0.54, as calculated using Equation 2.8. The 

theoretical GRCs show generally good agreement, in terms of the initial 

gradient, minimum and ultimate loading and load recovery of the response. The 

approximated curve with a value of    = 1, shows particularly good agreement 

with the averaged result.  

As noted in Section 4.2, the initial gradient,   , is significantly less for the small 

trapdoor.  

The rate of change of trapdoor loading was observed to be roughly constant for 

all tests and therefore invariant with trapdoor width. 

The implication of this is that the initial response of the GRC is a function of   

rather than  /B. Practically, this means that the arch begins to form at the same 

initial rate regardless of relative trapdoor scale. This behaviour is to be expected 

since displacements and strains need to be sufficiently developed for the arch 

to start to form. The equivalence of the gradient indicated that the initial rate of 

arch formation was approximately equal for all tests, regardless of trapdoor 

scale.   

Figure 5.2 (a) shows      plotted directly with   (rather than against  /B, as in 

the GRCs considered elsewhere herein) for all trapdoor widths for the 

unreinforced soil case. The figure shows that the initial gradient at model scale, 

   ,  is roughly equal ~3.5 mm-1. The modulus of arching,    ,  was roughly 

constant with trapdoor width at the scales tested. The equivalent arching 

modulus,   
 , can be calculated by multiplying by trapdoor width,   

      , 

resulting in the conversion of     to a gradient where displacement is 
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normalised by width,  /B. The calculated values of     for each trapdoor scale 

are shown in Figure 5.2 (b), the approximated loading, calculated using derived 

values of     for each trapdoor scale is shown against normalised 

displacement,  /B. When compared with the unreinforced soil loading data, the 

approximated gradients show a reasonable relationship to the results. The 

vertical stresses in the soil will vary considerably when compared with initial 

values of  /B. As, effectively, different stages of the arch forming process are 

being compared (as      is not equal at the same relative displacement for 

different trapdoor widths). The vertical stress, acting on the trapdoor can be 

calculated from the arching modulus;        , therefore as the ratio used in 

calculation of the GRC      is dependent on trapdoor scale,  considerable 

differences in stress between trapdoor scales are present when compared 

against  /B.  

When loading response is averaged across the three trapdoor sizes the 

gradient is much closer to that predicted by Iglesia et al (1999), plotted in black 

on Figure 5.2 (b) for comparison.  
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Figure 5.2 Normalised loading initial gradient,   , variation with; (a) 

displacement,  ; (b) displacement normalised by trapdoor width,  /B.  

Iglesia et al (1999) and others (Terzaghi, 1943) found that the arching action 

cannot be fully sustained in cases where the overburden depths are relatively 

shallow. Terzaghi (1943) estimated this lower limit of ratio of soil height to 

trapdoor width, H/B, to be in the range 1.5 – 2; below this value, substantial 

(b) 

(a) 
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redistribution of soil stresses cannot occur above the trapdoor and an arch is 

prevented from forming (Iglesia et al, 2014). The H/B ratio for all tests 

conducted was 1.66, lying in the transition region of arch formation where 

diminishing arching effects are reported. Reduced arching action would be 

manifested in the GRC as a higher normalised trapdoor loading with 

displacement. The results show that the loading of the averaged GRC for all 

tests is roughly 5-15% higher the than theoretical GRCs, indicating a reduced 

arching effect compared to that predicted. The general increase in stress is 

consistent with the reported behaviour at shallow depth (low H/B ratios) where 

arching effects are diminished as the H/B ratio is reduced towards 1.5. 

Estimates of load reduction based on geometrical shape of the displacing soil 

region are shown in Figure 5.1. Three different arching estimates are plotted, 

triangular, trapezoidal and semi-circular. The green line shows the reduction 

estimate obtained using the Guido method, see Section 2.4.3, which was 

arrived at through experiments using layered geo-textile reinforcement. The 

method predicts the formation of a triangular arch, it follows from Equation 2.17 

that the stress is reduced on the trapdoor by 75%, which is somewhat affected 

by the role of the reinforcement and is consequently higher and to some extent 

irrelevant. However, the Guido results are plotted for general comparison. Han 

and Gabr (2002) and Carlsson (1987) suggested that a trapezoidal area forms 

above the soil where the apex is 30º. The consequent reduction in stress on the 

trapdoor is ~63%. The Naughton (2007) method approximates a shape based 

on a log spiral of the friction angle, given by Equations 2.18 to 2.20, and 

illustrated in Figure 2.11. The method calculates a reduction in trapdoor stress, 

based on an approximate peak friction angle,    , of 35º, of 70%. 

Hewlett and Randolph suggest a method for estimating the stress based in a 

semi-circular arch. A similar estimate can be made if a physical circular arch, of 

diameter B, is assumed to form as the trapdoor displaces .An area can be 

calculated based on the circular arch shape, as described in Section 2.3. The 

vertical stress can be estimated by firstly considering a semi-circular area of 

soil, the same diameter as the trapdoor, as illustrated in Figure 2.8. If this area 

is presumed to be displacing with the trapdoor as a rigid body, then the stress 

acting on the trapdoor, resulting from the weight of this ‘infilling’ material 
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underneath the arch,   , can be approximated using Equation 5.3. As described 

in Section 2.3, an expression can be derived for estimating the radial stresses 

immediately beneath the arch,   . Equation 5.2 is adapted from Low et al 

(1994), where, in this case, the radius of the arch half the trapdoor width, 

      . An estimate of the radial stress acting on the trapdoor/subsoil is then 

given in Equation 5.2.  

The total vertical stress acting on the trapdoor,    is obtained by adding the 

radial stress to the stress due to the infilling material beneath the arch,    : 

             (   ) 

Where; 

   (  

 ⁄ )

    

 
   

   −  
    (   ) 

   
   

  

  
   (   ) 

The calculated radial stress,   , using a peak friction angle,    , of 35º is 

14 kPa. The stress resulting from the arch in-fill material,   , is calculated to be 

20 kPa from Equation 5.3. The total vertical stress acting on the trapdoor,    , is 

then calculated to be 34 kPa. Giving an estimated stress reduction,       , of 

0.4 where     is the vertical stress at the trapdoor    . The semi-circular 

estimates of Low et al. (1994), and Naughton’s (2007) log spiral approach, are 

estimates based on peak friction angles which provide an estimate based on 

failure and are therefore equivalent to minimum loading estimates in the low 

strain region of the GRC, precluding failure.       

All theoretical approaches show good relative agreement with the general GRC. 

The estimated total increase on the support loading,        ⁄ , with trapdoor 

displacement is shown in Figure 4.3. Significant differences between the 

trapdoor and support loading are present at displacements of   < 0.1B. The 

drop in vertical load on the trapdoor is not equivalent to the increase acting on 

the support at small displacements, where the GRC is in its transient stage, 

where changes in normalised loading with displacement are high.  
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This effect can be explained by consideration of Figure 2.7 (a) and (b). In 

trapdoor induced arching, the soil in the general triangular region due to the 

displacing trapdoor. The major principal stress in this region is in the horizontal 

direction;      , and vertical stress is reduced. 

Above the supporting region the soil is in an active state where the major 

principal stress is vertical,      , hence, the vertical stress (and consequently 

measured load) acting on this area is increased. Figure 2.7 (b) shows a 

triangular region between the trapdoor and supporting areas where the major 

principal stress direction is in transition between the two states. In this 

transitional area, horizontal stresses are increased and some of the stress is 

transferred onto the soil above the supports. This stress transference has the 

effect of reducing the vertical stress acting on the support area immediately 

adjacent to the trapdoor. Consequently, the measured reduction in trapdoor 

loading is not equal to the measured loading increase on the support during the 

stage where the arch is developing. 

The transitional area of soil between trapdoor and support has a significant 

horizontal stress component, which is largest closer to the edge of the trapdoor 

and diminishes with distance until the soil is in its neutral ‘at rest’ state where 

the ratio of horizontal to vertical stress is equal to   .  

At higher displacements, when general failure has occurred, the soil reaches a 

post-failure stage where the vertical pressure above the support is increased; 

the trapdoor and support vertical pressures tend towards equality. The 

horizontal stresses during this phase are low, as the soil has reached a critical 

state. 

As shown in Figure 4.3, the same characteristic difference between trapdoor 

and support loading at small displacement is relatively unaffected by trapdoor 

scale. This is discussed in more detail in Section 5.5. Some differences are 

indicated which can be attributed to experimental error between the test setups 

for different trapdoor widths.  
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5.3 Unreinforced soil displacements and strains 

The variation in stresses detailed in the previous section and the changes in 

shape of the region of soil displacing with the trapdoor are consistent with the 

postulation by Iglesia et al (1999) that ‘a curved arch emerges with small 

downward displacements of the trapdoor; medium relative displacements lead 

to a triangular arch shape; and large relative displacements tend to mobilize a 

volume of soil mass with vertical sides’ (rectangular arch) settling with the 

inclusion. Vardoulakis et al. 1981; Evans 1983; Dewoolkar et al. 2007 and 

others have all conducted large displacement tests, considerably in excess of 

the 20% of trapdoor width displacements reported herein,  where the soil is in 

this final ‘rectangular arching’ stage. 

Contours of vertical displacement for unreinforced soil are shown in Figures 

4.13 to 4.15, for small medium and large trapdoor widths. The contours show 

trends consistent with an arching mechanism taking place, at displacements of 

 /B < 0.1, where the displacement at the surface is considerably less than that 

of the trapdoor. In this stage, the soil is dilating and deforming considerably, as 

indicated by the volumetric and shear strains shown in Figures 4.15 and 4.16 

(a) and (b). The responses indicate that the region of soil subjected to high 

strains, appears to change shape from an initially curved to a slightly more 

triangular arch with displacements  <0.08B. A graphical representation of the 

different stages of the failure mechanism for unreinforced soil is shown in Figure 

5.3. The white arrows on the left hand side plots are representative of the 

direction and magnitude of displacements. Regions of high strain and shear 

bands are indicated on the right hand plots by solid white lines.    

The crown of the arch is observed to form above the trapdoor centreline, at a 

height above the trapdoor approximately equal to the equivalent trapdoor 

radius, B/2. In the general case this occurs at relative displacement in the 

region of ~0.01 to 0.02B   

The vertical inclination of the shear bands originating from the trapdoor edges 

appears to increase as the trapdoor is displaced. Costa et al (2009) observed a 

similar mechanism taking place, described in more detail in Section 2.4.2, 

where the inclination of the failure surface increases and the angle,   , which is 
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equivalent to the dilation angle of the soil,  , reduces towards zero with further 

displacement.  

The strain mechanism for the unreinforced soil is presented in Section 4.3.1. 

For small trapdoor displacements,         soil surface displacements are 

small and occur over a relatively wide area. The displacements throughout the 

soil are generally of a more uniform magnitude. In this small strain region of the 

stress-strain response of the soil, the displacements and strains can be 

considered to be dominated by elastic deformation behaviour.  

The strain results from unreinforced tests indicate that a single failure surface at 

each corner of the trapdoor developed with trapdoor displacement. As 

highlighted in Figure 5.3, the vertical inclination of the failure surface reduces 

with displacement the angle,    is approximately equal to the soil dilation angle, 

 , and reduces with increasing trapdoor displacement (see Figure 5.3) Initially, 

   has an initial value close to the friction angle,  ,  towards zero as the failure 

propagates toward the surface.  

Evans (1983) and Iglesia et al. (1999) proposed a curved arch shape with an 

angle   to the vertical in order to determine the minimum trapdoor load. This 

assumption is based on analysis of the plastic flow rule presented in Evans 

(1983). Accordingly a material dilates when   > 0º, while for   = 0 no volume 

change in the material occurs. Atkinson and Potts (1975) showed that   must 

be less than or equal to   for the rate of plastic work to always be non-negative 

and that the plastic strain deformation behaviour is defined by the failure 

criterion (Evans, 1983). This assumption is an ‘associated flow rule’ allows the 

simplification that     initially, decreasing thereafter until     at large 

displacements, where the material has reached its critical state.  

The approximated angle of dilation,   , determined from approximating the 

angle from the trapdoor’s edge to the crown of the arch (see Figure 5.3) defines 

the failure surface shape.  

In the initial stages ( <0.05B) of unreinforced tests was   =~34º, closely 

reflecting the determined peak friction angle   = 35º of the soil.               



CHAPTER 5 DISCUSSION OF RESULTS  University of Nottingham 

153 
 

In the maximum arching phase of the test, generally occurring in the range 

0.03B >   > 0.06B an increased amount of soil within the region above the 

trapdoor is subjected to plastic deformation, the displacements at shallow 

depths are small relative to those close to the trapdoor. The inclination of the 

failure surface,    (which is equivalent to the angle of dilation,     ) averaged 

over the soil layer depth is ~26º, which is less than the peak friction angle     of 

the soil. This high deformation stage is indicated in Figure 5.3 by displacement 

vectors of different length throughout the soil depth.    

At the latter stages of the tests, the increased deformation of the soil with 

trapdoor displacement cannot be sustained and shear failure occurs. The shear 

planes extend vertically toward the surface, as    reduces and reaches a 

minimum of 7.2º; the arch progressively fails in the region of the crown. The 

failure surface inclination,   , at shallow depths approaches zero, indicating no 

significant volume change is occurring (see Evans (1983) in Section 2.4.2). The 

signs of this failure are clear from plots of     /B (see Figures 4.25 to 4.27 in 

Chapter 4) and    /B (see Figures 4.36 and 4.38 in Chapter 4) at the soil 

surface, where the rate of change of settlement and volume loss with trapdoor 

displacement abruptly increases at displacements greater than 10% of the 

trapdoor width, B. 

Thereafter the soil is translating vertically downward, as a rigid body, at the 

same rate as the trapdoor is lowered without further change in volume, relative 

to trapdoor induced volume since the volume losses in the soil change at the 

same rate as the trapdoor volume loss. The assumed shape of the failure 

surface is indicated on the ultimate stage strain graphic of Figure 5.3, the 

planes extend vertically from the crown of the arch to a region at the surface 

above the edges of the trapdoor. Initial failure begins at the crown of the arch as 

it collapses. Subsequent displacement and strain results, at larger 

displacement, indicate the development of a general vertical failure surface 

along vertical lines extending from the trapdoor edges, in this stage the soil can 

be considered to have achieved critical state conditions.  
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Evans (1983) constructed a free body diagram to describe this stage where the 

dilation angle,  , tends towards zero (see Figure 2.7 (d) in Section 2.4.2) 

indicating vertical shearing.   

Costa et al (2009) conducted trapdoor experiments where the failure surface 

was determined for higher relative trapdoor displacements,     6 . They 

reported that further displacements, beyond those which caused the soil to fail 

along vertical shear planes (as is the case in the tests reported herein), 

instigated the emergence of multiple external failure surfaces initiating from the 

trapdoor edges and extending outside the limits of the trapdoor. In this study, 

the ultimate stage is considered to be reached when failure has occurred at the 

soil surface and the loading response is constant with displacement, thus 

showing signs of steady, critical-state behaviour. 

The mechanism described by Costa et al. (2009) is based on trapdoor induced 

displacements in deep conditions where H/B > 3. Muir-Wood and Stone (1992) 

conducted trapdoor experiments in shallow conditions, H/B < 1, and found 

significant differences in the failure mechanism. In shallow conditions, 

successive failure surfaces with approximately constant vertical inclinations    

are reported to emerge with larger displacements. The failure propagation in 

this case is reported to switch between subsequent failure surfaces in a sudden 

manner. The soil between the two failure surfaces can be considered as a rigid 

body playing no role in the deformation process (Stone and Muir Wood, 1992). 

Particle size effects were found to be significant in the development of failure 

surfaces in shallow conditions, since the shear band thickness and relationship 

between dilatancy and relative displacement across the deforming soil is a 

function of particle size. 

In all tests reported herein a single failure surface developed; initiating from the 

trapdoor edges towards the trapdoor centre at a vertical inclination,   , which 

reduces with increasing trapdoor displacement. No further failure surfaces are 

observed to have developed in the range of displacement tested. This is in 

agreement with the behaviour for deep conditions (H/B > 3) reported by Costa 

et al (2009), signifying that the overburden to trapdoor width ratio tested herein, 
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H/B = 1.66, is of sufficient depth for the redistribution of stresses associated 

with failure in deep conditions to occur. 

Costa et al report that the thickness of the failure surfaces also increases with 

increasing trapdoor displacement relative to width. The shear band thickness 

has also been reported to increase with shallow soil layer depths relative to 

trapdoor width, (where H/B  .1.5) As discussed in Section 4.3.1 the shear band 

thickness, t, was observed to appear wider at small trapdoor scales where 

shear strains are plotted against normalised distance x/B (see Figures 4.22 to 

4.24). When strains are plotted with the model distance, x (in absolute scale), 

the shear bands appear broadly the same thickness in agreement that the 

thickness appears to be a function of particle size. The relative thickness of the 

shear band, as a function of trapdoor scale, B, is considered in Section 5.5. For 

the medium trapdoor case, t is estimated to be in the region 0.166-0.2B, which 

is ~10-12 mm in model dimension giving a thickness to particle size ratio, t/   , 

of 20 – 24. A generally accepted ratio is of the order of 10, although a wide 

variation of t is reported in the research, Costa et al (2009) reported a t/    ratio 

of ~30 in deep conditions, Muir Wood (2002) reported values in the range 7.3-

18.5 and Vardoulakis (1981) reported t/    values ranging from 10 to 21 in 

experiments involving H/B ratios from 0.5 to 2. 

The general displacement and failure mechanisms reported by a number of 

researchers, described in the Chapter 2, are in good general agreement with 

those observed in the unreinforced soil tests reported in this research. 
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Figure 5.3 Generalised displacement and strain mechanism for unreinforced 
soil 
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5.4 Fibre reinforced soil displacements and strains 

As shown in Sections 4.3.2 and 4.3.3 the maximum settlements and volume 

losses in the soil, compared to trapdoor volume losses, were significantly 

reduced at large displacements (greater than 10% of the trapdoor width) 

compared with the unreinforced soil.  

The amount of settlement at the surface has been shown to be broadly related 

to the fibre factor,   , of the composite - with the exception of the small trapdoor 

tests discussed in Section 5.5. 

The general surface failure mechanism characteristics for unreinforced soil, 

discussed in Section 5.3, are largely absent in the calculated shear strain,  , 

results for fibre-soil composites (see Figures 4.35 and 4.46). The areas of 

deformation are contained within the soil mass. The volumetric strains,   , (see 

Figures 4.34 and 4.45) show substantial dilation (positive volumetric strain) is 

taking place over a larger area of soil at large displacements than is the case 

with unreinforced soil. The general pattern of soil volumetric strain is reflected in 

the settlement and volume loss results, where the rates of change of 

settlements and soil volume losses do not reach equality, indicating volume 

change is occurring within the material and that, at no stage, is the material 

displacing as an essentially rigid body, as is the observed behaviour with 

unreinforced soil.  

A graphical representation of the different stages of the failure mechanism for 

fibre reinforced soil is shown in Figure 5.4. The white arrows representing soil 

displacements on the left hand side plots show the general trend where surface 

settlements are reduced relative to displacements at depth at all stages of the 

test since, as mentioned, no rigid body displacements occur at the surface. The 

failure surface of the soil can be determined from the general shape of the 

deformation region. The main difference between the unreinforced and fibre-

reinforced failure surfaces is apparent at large displacements where an arch is 

clearly maintained in the soil in the FRS case, the inclination to the vertical of 

the failure surface,   , reaches a minimum but does not approach zero. Since    

is approximately equal to the dilation angle,  , the condition     defines 

failure along vertical surfaces where there is no volume change in the material. 
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Table 5.1 lists values of    for the test cases referred to in the main text to 

explain general strain behaviour with tests using long fibres (   = 20 mm,    = 

0.5%), and with a high concentration, (   = 1%,    = 12 mm) of fibres. It should 

be stated that the dilation angle varies with overburden depth of the failure 

surface, and    is effectively an approximation of the dilation angle close to the 

trapdoor edges. The values of    were determined manually from inspection of 

the angles of high shear concentration initiating from the trapdoor edges in 

Figures 4.16, for the unreinforced case, and Figures 4.23 and 4.30 for fibre 

reinforcement tests.  

Table 5.1 Comparison of observed values of failure surface inclination,   , 
with trapdoor displacement,  . B = 60 mm. 

Displacement,   
Unreinforced soil 

Test CMC01 

FRS:   = 20 mm, 

   = 0.5%,    = 

0.4% 

Test CMC07 

FRS:   = 12 mm, 

   = 1%,    = 

0.48% 

Test CMC04 

0.02B 33.7º 36.7º 40.3º 

0.05B 26.6º 33.6º 33.7º 

0.18B 7.2º 21.5º 24.6º 

 

As discussed in Section 5.3 the angles of dilation and friction can be assumed 

to be essentially equal for small displacements, thus;       . An increase in 

the angle   , relative to the unreinforced angle, at ‘small’ displacement (  ≤ 

0.02B), therefore represents an increase in the strength of the composite. For 

the fibre reinforced soil the angle    for small displacements presented in the 

Table 5.1, is 36.7º for test CMC07, reported in detail in Section 4.3.2 and    = 

40.3º for test CMC04, reported in Section 4.3.3.  

The macroscopic friction angle,  ̅, was introduced by Michalowski and Cermák 

(2002) to characterise the anisotropic strength of the fibre reinforced soil. Using 

the fibre factor,   , values for tests CMC07 and CMC04 of 0.4% and 0.48%, 

and assuming a similar peak interface angle of friction between fibre and soil, 

  , to those reported in Michalowski and Cermák (2002) of   ~17º values of  

 ̅ = 38º and  ̅ = 37º are calculated for tests CMC07 and CMC04 respectively 
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using Equation 2.31 in Section 2.6.1. These estimated values are in reasonable 

agreement with those observed in Table 5.1 considering that    is by nature an 

approximate estimation of dilation angle and hence strength (for initial pre-

failure states) which was deduced by fitting a line of best fit to strain data over 

depth which is subjected to a degree of measurement scatter. The value of    

assumed may also be a potential source of error as no tests have been carried 

out to determine the interface angle of friction between fibre and soil for the 

materials tested. It is expected that the shear resistance of the of the fibre-soil 

interface,   , is usually lower than that of the unreinforced soil, which, 

consequently can lead to potential planes of weakness within the material.   

Zornberg (2002) suggests Equation 2.26 of Section 2.6.1 to estimate the 

strength of the fibre soil composite,    . As with the macroscopic friction angle, 

 ̅, of Michalowski and Cermák (2002), empirical coefficients accounting for the 

orientation,  and interaction of the fibre with the soil,    and    , respectively are 

estimated to be:      and     = 0.8 as assumed in Zornberg (2002).  This is 

reasonable since      describes a condition where the fibres are randomly 

orientated within the soil, a value      would indicate that the fibres are 

oriented in some preferential orientation coincident with the shear planes and 

consequently the reinforcement is less effective. It is expected that the fibres 

have some degree of preferential orientation to the horizontal, due to the 

sample preparation process. The coefficient     of 0.8 was arrived at by 

measurements of fibre interaction obtained during pull-out tests Zornberg 

(2002). It should be stated that the assumption made in order to calculate the 

equivalent shear strength of a fibre composite (Equation 2.30) is that the normal 

stress acting on the failure plane, is less than the critical value,    , defined by 

the tensile breakage of the fibres. Zornberg (2002) suggests Equation 2.29 to 

obtain the critical stress below which failure is induced though fibre pull-out 

rather than tensile breakage. Using a value of ultimate tensile strength,    , 

obtained through tensile testing of the fibres, of roughly ~40 MPa (see Figure 

3.16), the critical normal stress,    , (which is a function of fibre aspect ratio,  ) 

is calculated to be ~300 kPa for long fibres (  = 20 mm) increasing to ~1.2 MPa 

with short fibres of length   = 8 mm.  
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The normal geostatic stress at the trapdoor,    , is ~85 kPa; therefore normal 

stresses throughout the soil, and therefore average normal stresses,     are 

sufficiently less than the critical stress    , hence, estimates of fibre composite 

strength using Equation 2.30 are valid and the mechanism of failure is governed 

by fibre pull-out in the stress ranges encountered in the tests. 

For the condition          the unreinforced soil residual friction angle,   , 

should be used as the fibres no longer play an active role in the composite 

strength since they are in a yielding condition.     

The estimated strengths using Equation 2.30 are     = 42º, for test CMC07 and 

    = 44º for test CMC04, which is in good agreement with the estimated 

increase in strength determined from    in Table 5.1. This value reduces to    = 

37º for fibre composites with lower fibre factor values (calculated based on fibre 

factor of   .= 0.12% from tests with    = 12 mm and   = 0.25%)  

It should be stated that variances are to be expected in the achieved strength of 

the fibre soil composite due to the inherent differences between sample 

compositions.  

Although considerable effort was paid to achieving a uniform fibre density in the 

sample preparation process, the structural arrangement of the composite will 

inevitably vary between tests. Samples with different distributions of fibre 

orientation and density will emerge. The general assumption is that the 

composite sample size is large enough to be treated as a homogenous 

material. If the number of fibres in the sample is small then it is reasonable to 

expect this assumption is invalidated somewhat, and that variability in 

orientation and density distribution between samples may be expected to have 

an increased effect on composite strengths. This and other scaling 

considerations are discussed further in Section 5.5. 

Figure 2.22 (a) shows the generalised fibre-soil composite behaviour in terms of 

equivalent shear strength as presented in the discrete framework method of 

Zornberg (2002). The figure depicts a bilinear characteristic of equivalent shear 

strength of fibre-soil composite compared to unreinforced soil.  The estimated 

fibre induced tension is constant for stresses above the critical stress,    , 
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thereafter, the fibres are subject to tensile breakage which defines the 

composite rather than fibre pull-out failure. The estimates of equivalent shear 

strength,    , of Zornberg (2002) and macroscopic friction angle,  ̅, approach of 

Michalowski and Cermák (2002) are defined as a function of the unreinforced 

properties of the soil and the fibre properties, the implication being that the 

shear strength behaviour of the composite can be defined without undertaking 

direct tests on the composite specimens.     

Figure 2.22 (b) depicts a representation of strength envelope of for unreinforced 

soil compared to fibre reinforced soil (Zornberg, 2002). The figure clearly shows 

the difference in post peak strength behaviour between unreinforced soil and 

composite.   In Zornberg (2013), it was found that the shear strength of the 

fibre-composite specimens was mobilised at higher strain levels. For example, 

Zornberg (2013) observed that for a fibre soil composite with   = 0.4%, the 

shear strain at the peak strength was ~10% compared to ~5% for unreinforced 

soil. The mobilisation of composite shear strength at relatively high strains is 

consistent with observations from the composite tests. The improvements in 

maximum settlement,      , are shown in Figures 4.47 to 4.49 and volume loss 

improvements,     ,  are shown in Figures 4.50 to 4.52. The figures show that 

significant improvements, defined as reductions in composite displacement 

compared to unreinforced soil, are only apparent at relatively large trapdoor 

displacements, where   is greater than ~8-10% of the trapdoor width, B. A 

general conclusion from fibre composite tests is that significant strains are 

required to mobilise the strength of the fibres in the composite, and fully utilise 

the fibre soil interactions. 

The results show that, in general, the increase in composite strength is in 

proportion with the fibre factor of the composite. This is in agreement with the 

soil testing results reported by many researchers such as Zorberg (2002 & 

2013), Michalowski and Cermák (2002), Sadek et al (2010),  Gray and Ohashi 

(1983), Gray and Maher (1989) and Diambra et al. (2009). 

From a practical standpoint, it may be preferable to construct composites using 

relatively small concentrations of fibre with higher aspect ratio (longer fibres) to 

achieve a similar improvement to that gained by increasing the volumetric 
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content of shorter fibres; since the volume of material required is much lower. 

However, consideration must be paid to the value of estimated normal critical 

stress,    , given in Equation 2.29, which is a function of the fibre aspect ratio, 

 . For fibre aspect ratios which significantly reduce    , giving rise to the 

condition       , the strength of the composite will be governed by the soil 

strength, since the yield stress of the fibre is exceeded and it plays no role in 

reinforcing the composite.  
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Figure 5.4 Generalised displacement and strain mechanism for fibre 
reinforced soil 
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5.5 Trapdoor width and fibre scaling effects 

5.5.1 Trapdoor scaling effects 

The displacement and strain results for unreinforced soil at trapdoor widths, 

B = 60 mm and B =105 mm show relatively good agreement in terms of 

magnitude, shape and development of the failure surface and surface 

displacements.  

Specifically, an equivalent failure mechanism was observed to take place at 

these scales for the unreinforced soil tests at trapdoor displacements of the 

order of   >0.1B. The signifiers that general failure of the arch has occurred, 

discussed in more detail in Section 5.3, are largely absent for the small scale 

trapdoor tests where B = 30 mm.  

In the small trapdoor tests, the rate of change of settlement at the surface (see 

Figures 4.25 and 4.36) is significantly lower than the 1:1 gradient line 

throughout, indicating surface and trapdoor displacements are dissimilar and 

the zone of soil above the trapdoor is dilating more than is the case with larger 

trapdoors. The hypothesis that the soil in the small trapdoor tests has not 

reached the same conditions of failure as with larger scale trapdoors is 

confirmed by examination of the volume losses. Figures 4.29 and 4.40 show 

that trapdoor and soil volume losses at the surface do not reach equality, 

hence, dilative volume change is occurring to a greater degree than observed 

with larger trapdoors. 

This effect may be partially attributable to an increased variation of normal 

stress across fibres with considerable vertical alignment, for small trapdoor 

scales. As this relative stress variation increases it will mobilise tensile strains 

across the fibre, as it spans a greater proportion of the soil depth.   

Figure 4.22 shows the development of a failure surface for unreinforced soil, for 

the small trapdoor test, which is similar to that described for fibre-soil 

composites (see Figures 4.35 and 4.46). The implication being that active 

arching continues at larger relative displacements for the small trapdoor in all 

unreinforced and fibre-reinforced soil tests. No signs of surface shear 

displacements are present at any trapdoor displacement. 
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Figure 5.5 shows measurements of shear strength,  ,  against estimated shear 

strain,   , obtained from direct shear testing at an effective normal stress, 

      , of ~85 kPa. 

Shear strain can be estimated from the horizontal displacement,   , using the 

approximation of (Knappett & Craig, 2012) given in Equation 5.4. 

   
  

  
    (   ) 

Where;    =   = 25 mm; and     is the height of the shear box sample.  

There is some uncertainty as to the appropriate value of    to use to determine 

shear strain. This relates to the thickness of the shear zone, t, developed within 

the shear box for which     is an approximation. In the tests reported in this 

study it was possible to approximate the shear zone thickness, t, directly from 

the shear strain data (see Section 5.2). Therefore the assumption,      was 

used for calculation of the shear strain estimate,   , where t = ~10 mm.     

Estimates of average shear strain,   , for each trapdoor scale, were obtained 

from examination of the shear strain contours in Figures 4.21 to 4.23 and are 

indicated in the figure. Average shear strain for the small trapdoor, B = 30 mm, 

was found to be    ~ 12% at the ultimate stage of the test compared to    ~ 

23% for B = 60 mm and    ~ 30% for B = 105 mm. The shear strains developed 

in the small trapdoor tests show the soil is in an earlier stage of the stress-strain 

response, where the strength of the soil at the ultimate stage of the B = 30 mm 

test,     , is close to the peak strength,    . By comparison the strength of the 

soil at the same relative displacement with B = 105 mm is closer to the residual 

post-failure strength,   . The consequent difference in friction angle between the 

trapdoors is of the order of 20%. Therefore, as significantly larger shear strains 

are developed with larger scale trapdoors, consequentially, the strength of the 

soil is reduced towards the soils residual strength,    according to the stress 

strain relationship presented in the figure.  

The comparatively lower shear strains developed in the small trapdoor tests to a 

large degree explain the differences in the observed strain mechanism. Since 

lower shear strains are observed throughout, the strength of the material is 
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higher, and post peak conditions associated with failure in larger width trapdoor 

tests are largely absent. This is manifested in the shear strain response for the 

small trapdoor in that the formed arch is sustained at larger relative 

displacements (see Figure 4.22). As discussed in Section 5.2, the stresses 

during the initial phase are significantly higher, when compared with normalised 

displacement,  /B, which is consistent with an earlier stage in the formation of 

the arch when compared with larger trapdoor scales at equivalent  /B ratios.    

As discussed in Section 5.2, it was found that the initial rate of change of 

trapdoor loading with displacement,    , is roughly constant across all scales.  

The implication of     being constant is that the initial rate of formation is a 

function of absolute displacement, since a small amount of displacement is 

required to mobilise the horizontal stresses and enable an arch to form. As 

previously discussed, the shear strains are not as developed in the small 

trapdoor as in larger trapdoor scales effectively resulting in behaviour consistent 

with a higher strength material, where the arch is maintained at significantly 

larger displacements.      

By analysing the soil displacements at trapdoor displacements relative to 

trapdoor scale, for example at   = 0.01B, displacements are obtained at a 

higher relative loading, closer to the geostatic loading condition,   , when the 

arch is in an earlier stage of formation compared to larger trapdoor scales. This 

is reflected in the displacements and strains observed at the initial stages of the 

test for the small trapdoor (see Figures 4.16, 4.19 and 4.22). Larger relative 

displacements are measured throughout the soil (see Figures 4.13 (a) and 4.16 

(a)) as the arch is in an earlier stage of formation, where absolute 

displacements,  , are not large enough to enable the redistribution of stresses 

required to form an arch. The strains from the initial stages of the test show the 

deformation is occurring across a larger area of the soil compared with larger 

trapdoors, which, at the same relative displacement, show localised regions of 

high strain forming a distinctive failure surface above the trapdoor. 

If the initial rate of loading, and arch formation, is a function of absolute 

displacement, it is reasonable to expect that soil strains, and displacements, will 

be comparatively lower for the small trapdoor when compared with 
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displacements normalised by trapdoor width,  /B. As discussed earlier, a finite 

amount of displacement is required for the redistribution of stresses necessary 

to form an arch. For the small trapdoor displacements of   = 0.01B are 

equivalent to   = 0.3 mm. At this very small level of absolute displacement, less 

than the average particle size,    , it is to be expected that small strain ‘elastic’ 

behaviours are dominant as the absolute induced displacement in the soil is 

insufficient to allow for the physical reconfiguration of the soil matrix associated 

with plastic deformations necessary for the arch to form.      

 

Figure 5.5 Shear strength,  , against estimated shear strain from direct shear 
tests 

As discussed in Section 5.2, the shear band thickness, t, is reported to be a 

function of the particle size. The t/    ratio estimated from the tests in the 

approximate range 20-24. This corresponds to a physical dimension of ~10-11 

mm, which is not scalable with g-level (see Section 3.1.2 for centrifuge model 

scaling considerations). The thickness is invariant with trapdoor width. The 

thickness relative to trapdoor width ratio, t/B, is larger (~0.33) for the small 

trapdoor. The smaller the trapdoor, the larger the degree of interaction of shear 

bands across the trapdoor width. Shear band thickness is related to the shear 

strain development, as the soil in the failure surface shears, the general 
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dilatancy decreases, and the soil within the shear band becomes involved in the 

deformation process. If the relative thickness t/B is large, then a higher 

proportion of the soil area above the trapdoor is affected by the deformations 

taking place within the shear band; shear strains are less localised as a larger 

relative area of the soil is involved in the deformation process. As shear strains 

are lower for the small trapdoor, the angles of friction and dilation mobilised in 

the soil are higher. This is consistent with observations that the general surface 

failure mechanism, characterised by low dilatancy angles,  , and post-peak 

residual strength behaviour, where;     , is not observed in small trapdoor 

tests.  

The increased relative thickness of the shear bands, and their relative proximity 

at small trapdoor scales, effectively increases the horizontal stress at the crown 

of the arch which is consistent with a higher strength arch, where the strength 

developed is closer to the peak strength of the material. This increased strength 

is manifested in the lower levels of measured shear strain for the small 

trapdoor. 

The volume loss responses for the small trapdoor show a large initial increase 

at   = 0.01B. As shown in Figures 4.29, where the 1:1 line indicates equality 

between the two volume losses. At relatively small displacements of   < 0.01B, 

the soil volume loss exceeds the trapdoor volume loss implying that the initial 

behaviour is contractive, in line with the generally observed small strain 

behaviour for dense soils, but as the magnitude of shear displacements within 

the soil increases and volumetric dilation increases, the difference between the 

two volume losses increases at a lower rate than tests with larger trapdoor 

widths. This is a further indication that the strength relative to trapdoor width is 

higher as the soil behaves in a manner consistent with the peak envelope of the 

soil; the soil dilation is larger, average shear strains are lower, and significant 

shear failure has not emerged at large relative displacements, consistent with 

higher angles of dilation,   . Higher values of   are postulated throughout for 

the small trapdoor case (as determined from estimates of the failure surface 

inclination,   ) showing an increase in the initial dilatancy angle and therefore, 

assuming the relationship     an increase in friction angle of the order of ~3º 

compared to those observed in Table 5.1 for medium scale trapdoors. The 
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relative increase in strength is illustrated in Figure 5.5 where average shear 

strain   ,   , was determined for the small trapdoor to be ~12%, as discussed, 

according to the stress strain characteristic, the resultant strength for the small 

trapdoor, at the ultimate stage of the test,    ,   , is determined to be ~33º 

comparatively, much closer to the peak angle of friction of ~35º, than values of 

inferred medium and large trapdoor ultimate friction angle;    ,     30º and 

   ,     27º, respectively. The associated average shear strains of   ,    ~ 23% 

and   ,    ~ 30% for the medium and large trapdoors, respectively, were used to 

determine the friction angles    ,    and    ,   .         

It is worth reiterating that the relative displacement of 0.01B corresponds to a 

trapdoor displacement of the order of 0.3 mm, with surface displacements being 

significantly less than this value. These displacements are less than the 

average particle size of the soil, where small strain behaviour is dominant. 

Displacements of this magnitude are less than can be reliably determined from 

the photogrammetry method and may therefore be subjected to inaccuracies. 

5.5.2 Fibre scaling effects 

In general the effects of fibre inclusion in terms of displacement, volume losses 

and strains are proportional to the fibre factor,   . The higher the fibre factor, 

the more effective the reinforcement. This is particularly the case for large 

trapdoor tests where all fibre inclusion tests show an equivalent improvement 

which is directly related to the fibre factor. For small and medium trapdoors 

some exceptions to this general trend were observed:  

1. Generally smaller overall fibre reinforcement effects, in terms of 

maximum displacement were observed in the small trapdoor tests when 

compared to larger scales.  

2. Fibres of long length,    = 20 mm, appear to be less effective at 

reducing settlements and volume losses at the surface for trapdoor 

widths of B = 30 mm and B = 60 mm.  

3. Higher fibre concentrations (   = 1%) appear to be less effective at 

reducing settlements and volume losses with the small trapdoor. 
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Figure 5.5 shows the approximated theoretical stress strain relationships for 

fibre composites with fibre factor,   , in the range 6 to 24%. The estimated peak 

strength of the fibre-soil composite,    . was calculated using the method of 

Zornberg (2002) detailed in Section 2.6.1 The characteristic shows no 

significant post peak loss of strength with all fibre composites and significantly 

higher theoretical peak strength         , as calculated using Equation 2.27 in 

Section 2.6.1. As a consequence of the equality between post peak and 

residual strength of the composite, the increase in strength with fibre is at a 

maximum when the shear strains in the composite are high, and the 

corresponding strength of the unreinforced soil is reduced to residual strengths; 

    . As discussed in the previous section, the shear strains are generally 

lower for the small trapdoor, B = 30 mm case when compared with larger 

trapdoor scales at equivalent normalised displacements,  /B. Thus the soil 

behaviour is closer to that at the material’s peak strength. As can be seen in 

Figure 5.5, the increase in strength due to fibre inclusion is lower closer to the 

peak strength than at residual strengths, since,        . This is consistent with 

the generally lower magnitudes of improvement ratio,      , observed in Figure 

4.47 compared with those at larger scales plotted in Figure 4.48 and Figure 

4.49.  

Figures 4.28 and 4.39 compare normalised surface settlement variations,     , 

across trapdoor scales at the ultimate stage of the test. The surface 

displacements show clearly that fibre inclusions are more effective at larger 

trapdoor scales, where the strength of the unreinforced soil is closer to the 

residual strength,     . As shown in Figure 5.5, the residual contribution to 

strength from the fibre reinforcement,    , is highest when the residual strength 

of the unreinforced soil,    is reduced at higher shear strains.  

The calculated mean friction angle for fibre reinforced soil, averaged across the 

fibre factor range across all composites,    
̅̅ ̅̅̅ is ~40.5º.  

The determined unreinforced soil strengths at the final stage of the test are 

   ,    ~34º,     ,    ~30º,   ,    ~28º respectively for small, medium and large 

trapdoors of B = 30 mm, B = 60 mm  and B = 105 mm, respectively.  



CHAPTER 5 DISCUSSION OF RESULTS  University of Nottingham 

171 
 

An improvement ratio,    , can determined using Equation 5.5, based on the 

theoretical friction angle of the reinforced soil and an estimate of the friction at 

the ultimate stage of the test for the particular trapdoor setup,   . It gives 

estimates based on the difference between the ultimate stage strength of the 

test under consideration and the true residual strength of the unreinforced soil. 

    
      −      

      −      
     (   ) 

Where:  

   is the calculated ultimate state angle of friction for trapdoor width, B. 

Assuming that:       ,   , and the mean fibre composite strength is that with 

the high fibre factor composite,    = 0.48%;      = 44.1º, the improvement ratio 

    is calculated to be ~52%, whereas at the large trapdoor width        ,    

the ratio is increased to ~84%. A calculated difference of ~32% between fibre 

effectiveness at small and large trapdoor scales exists. This is due to the 

mobilisation of fibre induced tension in the soil, at the different levels of ultimate 

strength,   , encountered in the small and large trapdoor tests. As the fibres 

are more effective when the unreinforced soil strength is close to the residual 

strength,   .  

The assumption is based on the obtained residual friction angle for unreinforced 

soil    of ~25º. 

Evidence of the increased effectiveness of the fibre at large trapdoor scales, 

and consequent evidence that the strength envelope of the soil is significantly 

varied between tests, can be seen in the surface settlement variation plots for 

different trapdoor scales at the ultimate stage of the test shown for FRS in 

Figures 4.19 and 4.26.  

The definition of the ultimate stage herein is in terms of large relative trapdoor 

displacement, i.e.,    = 0.18B, rather than large imposed shear strains implying 

that the soil having reached the true critical state conditions, consistent with a 

residual strength of   . 
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The general improvement in terms of maximum settlement is given by the 

expression:  −            , where       and       are the maximum 

settlements of fibre-reinforced and unreinforced soil respectively. For the small, 

B = 30 mm, trapdoor this value is roughly ~30% whereas the improvement 

increases to ~38% and ~55 to 60% for the medium and large trapdoor widths; B 

= 60 mm and B = 105 mm, respectively.  

A difference in maximum settlement of ~29% exists between small and large 

trapdoor scales at the surface. Fibre effectiveness appears inversely 

proportional to the trapdoor width, B. 

Whilst the relative strength of the composites may not be directly proportional to 

the observed displacements, the findings are in general agreement with the 

prediction that the improvement in composite strength, compared to 

unreinforced strength, is ~32% between the small and large trapdoor scale tests 

(based on improvement ratios,    , calculated in Equation 5.5). 

Generally fibres of long length were found to be less effective for tests with 

small trapdoor width. The relative trapdoor and fibre dimension can be 

visualised in Figure 5.6. The relative scales of long (   = 20 mm) and short 

fibres (   = 8 mm) are shown against the scale of trapdoor width, B. The 

dashed red lines represent a typical failure surface defining a high shear 

deformation region near the crown of the arch. 
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Figure 5.6 Comparison of fibre length,     to relative trapdoor scale, B. 

The tension developed over an individual fibre is related to the relative 

orientation of the fibre with the preferential plane of shear. Longer fibres cover a 

larger proportion of the failure surface in the soil, and therefore are subjected to 

a larger range of shear strain. As fibre length,   , is increased towards 

equivalent model trapdoor scales, significantly less of the total fibre length is 

orientated in preferential directions coincident with the shear plane, making the 

fibre reinforcement less effective as the tension developed within it is reduced.  

If an individual fibre is over a critical length, relative to the trapdoor width, and 

long enough to cross through the failure zone, depicted in Figure 5.6, then to 

some degree the fibre will be effectively embedded in the stationary soil to 

either side of the failure surface. In this circumstance, the confining stress 

conditions at either end of the fibre will be comparable, and tensile strains 

resulting from the soil displacing with the trapdoor will be developed towards the 

centre of the fibre. In this case the forces acting at either end of the fibre will be 

reduced and consequentially the bonding between areas of soil at either side of 

the shear surface will reduce.  
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In order to maintain the constant height to structure width ratio, H/B =1.66 the 

height of the soil layer, H, must be 50 mm at the B = 30 mm model scale. In 

small model scale tests the number of fibres, n, located in the areas actively 

involved in the high deformation region is significantly less.  

If, for explanation purposes, this active area is roughly defined as the triangular 

region above the trapdoor, defined by approximating the initial dilation angle,  , 

in order to calculate the geometry, then n varies from ~150 for    = 20 mm to 

~400 for    = 8 mm lengths of fibre. In the fibre content tests, n is ~160 at    = 

0.25% and n is ~500 for    = 1% (   = 12 mm). For the large, B = 105 mm, 

trapdoor, n is increased roughly by a factor of 3.5, giving a much larger number 

of fibre-soil interactions across the critical high deformation areas of soil.       

Although the fibre concentrations are the same at different trapdoor scales, with 

a small trapdoor a relatively low number of fibres are actively involved in high 

deformation areas, it may be expected that discrete effects, due to the relatively 

non-homogenous nature of the composite, may present themselves as 

significant variations between test results. 

It appears that composites with high fibre factor (   >0.32%) are less effective 

(in terms of reducing composite displacements,      ) in tests using the small 

trapdoor setup.  

The results suggest that, at the small trapdoor scale, high fibre factor tests 

which are achieved either by increase in length (n is small) or by increasing 

content (n is large) show the same trend towards reduced effectiveness. 

Therefore the number of fibres, n, is sufficient to produce results which reflect 

the expected behaviour, in tests where    < 20 mm, where strength of the 

composite is increased as a function of fibre factor,   .  

It is reasonable to expect that in tests with high   /B ratios tensile forces 

developed across the fibre will be somewhat reduced.  

As the spread of the fibre across the inclusion is increased above a limit, the 

tensile mobilisation of the fibre is reduced. The general expectation is that fibres 

are less effective if they cross shear zones, in the B = 30 mm trapdoor case for 
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   = 20 mm a significant number of fibres will intersect both shear zones and 

span a larger width of the failure surface than at larger trapdoor scales.   

A general observation made when preparing the tests was that for longer fibres, 

which were visible through the Perspex front window, there appeared to be 

more voids around the perimeter of the fibre. Therefore, the efficiency of the 

compaction method may be lessened with larger fibres causing localised 

discrete variations in density in the achieved composite. The voids around the 

fibre may lead to detrimental effects in terms of fibre effectiveness. As longer 

fibres deform, voids around the fibre become more significant, reducing the 

interaction between particle and fibre. It is reasonable to suggest that this effect 

will bear some relation to   /B ratio as a larger proportion of the failure surface 

is spanned by the influenced fibre.    

Visvanadham et al (2009) reported a similar result where longer fibres were less 

effective in reducing heave in centrifuge tests of expansive soils. Compaction 

efficiency was also found to be lessened for longer fibres in the tests reported 

by Visvanadham et al (2009).  

The expected variation in estimates of reinforced composite strength using the 

macroscopic friction angle method of Michalowski and Cermak (2003) and the 

discrete framework method proposed by Zornberg (2002) is of the order of ~5-

7º for the range of composites tested. It is to be expected then that due to the 

inherent structural differences within the composite, significant variations in 

composite strength will arise and behavioural trends within this small range will 

be difficult to discern; particularly, for small trapdoor case where the number of 

fibres in the affected zone is reduced.   

5.6 Discussion of FRS applicability  

5.6.1 Reduced model scale test considerations  

As described in Section 5.3, the shear band thickness of the soil is related to 

particle size. In small trapdoor tests, where the ratio;    /B is relatively large, full 

shearing behaviour does not emerge, and shear strains are lower throughout 

compared to the larger trapdoor tests. This significantly affects the strength 

behaviour of the soil as shear strains consistent with reduced residual soil 
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strength,   , do not fully develop. Therefore trapdoor width, B, plays a 

significant role in defining the minimum scale which the full arching strength 

envelope can be tested. Since the effects of fibre reinforcement are reduced at 

peak strengths, it follows that this should be taken into consideration when 

modelling representative prototype scales.  

From a practical viewpoint, the ratio, t/B, should be sufficiently small enough to 

effectively induce conditions representative of prototype scales considered 

herein, where the relative thickness t/BP, (at prototype trapdoor width, BP = 3 m) 

is around two orders of magnitude smaller. This direct scaling is misleading 

however, as the general premise of the scaling laws considered in Section 3.2.1 

is that representative soil behaviour emerges at large grain to structure ratios, 

   /B, as are generally considered in reduced scale centrifuge model tests.  

In general, the relative thickness of the shear band, t/B appears to be related to 

the strength of the formed arch, as the observed deformations above small 

trapdoor tests are consistent with higher strength behaviour.   

The model trapdoor width should be large enough such that particle scale and 

consequent shear band size effects are not encountered. This is an important 

point since the strength envelope of the soil in the small trapdoor tests 

increased at trapdoor relative displacements compared to larger scale trapdoor 

tests, and subsequent approximated behaviour will likely overestimate the 

strength of the soil in a practical prototype situation. 

The ratio of fibre length to trapdoor width,     , can be used to determine if the 

relative length is small enough to avoid length scaling effects, mentioned in 

Section 5.5. The results suggest that, in general, the smaller this ratio, the 

greater the tendency for the results to show predictable improvements based on 

the composite properties of fibre length and content,    and   . For example, 

for large trapdoor tests (B = 105 mm) the increase in improvement is directly 

proportional to fibre length; where long length fibres;    = 20 mm, are most 

effective at reducing settlements and volume losses. For trapdoors of smaller 

scale, the long fibres were found to be less effective than medium fibres (where, 

in this context, ‘medium’ fibres are defined as fibres in the range:    = 12 -16 

mm).  
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The tension developed over an individual fibre is related to the relative 

orientation of the fibre with the preferential plane of shear. Longer fibres cover a 

larger proportion of the failure surface in the soil, and therefore are subjected to 

a larger range of shear strain. As fibre length,   , is increased towards 

equivalent model trapdoor scales, significantly less of the total fibre length is 

orientated in preferential directions, coincident with the shear plane. The fibres 

spanning a critical length of the high deformation region are less active; making 

the fibre reinforcement less effective as the tension developed within it is 

reduced. 

5.6.2 Field applications 

Fibre reinforcement has been shown to be most effective where relatively large 

scale displacements and strains are induced, at strains where the residual 

strength of the unreinforced soil is significantly less than the peak.  

This should be taken into account in the design of reinforcement schemes 

above yielding buried structures. If relatively large strains cannot be tolerated, 

then the fibre tension cannot be fully mobilised and equivalent performance is 

achieved, in terms of displacements as with unreinforced soil. 

This behaviour makes application of FRS more suited to foundations where 

significant inclusions are expected to occur in the soil; such as above landfill 

and potentially above mine-works and sinkhole type structures. FRSs have 

found general application across a broad range of scenarios where the peak 

strength of the unreinforced soil was found to be significantly increased with 

fibre inclusion. Soils which exhibit a significant loss of post peak strength will 

benefit considerably from fibre inclusion as generally fibre increases the ductile 

behaviour of the soil, and no significant post peak loss of strength is 

encountered.    

The results reported herein show that generally the effectiveness of the fibre is 

a relative function of the fibre factor,   , of the composite. In the general case, 

significantly smaller material amounts of long fibre are required to produce the 

equivalent effect of high concentrations of short fibre. This could significantly 

impact the cost in large scale applications.          
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CHAPTER 6 CONCLUSIONS AND FURTHER WORK 

6.1 General conclusions 

A trapdoor apparatus has been developed to model the arching in sands and 

sand-fibre composites, resulting from loss of support, in a geotechnical 

centrifuge.  

The width of the trapdoor was varied in order to investigate a range of fibre 

length to trapdoor width and determine the suitability of the use of fibre 

reinforced composites in reduced scale centrifuge model testing. The sand 

height and scale factor (test g-level) were adjusted accordingly to maintain a 

constant sand height to trapdoor width, H/B, ratio of ~1.66 and normal stress of 

~85 kPa at trapdoor depth.  

Leighton Buzzard fraction C soil with an average particle size, ~0.5 mm was 

used in the tests. The relative density of the material for each test was above 

90%.   

To test the effects of fibre concentration on fibre-soil composite performance 

composites were tested with a fixed fibre aspect ratio and fibre content by dry 

soil mass,   , of 0.25%, 0.5% and 1% and compared to an unreinforced 0% 

fibre case. 

The fibre aspect ratio,   of 0.5 mm diameter polypropylene fibres was varied 

from 4-24, corresponding to a range of fibre length,   , from 8 to 20 mm, whilst 

fibre content by mass,    was fixed at 0.5%.   

Trapdoor loads in unreinforced soil tests show good overall agreement with 

theoretically estimated loading based on: H/B ratio, soil friction angle,  , and 

   .   

The average increase in loading across the support structure is consistent with 

the expected vertical stress behaviour during arching. The increase in loading 

on the support structure decays in a broadly exponential relation with distance 

from the trapdoor.   
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The volumetric and shear strains are consistent with failure mechanisms 

reported in the literature in trapdoor tests of unreinforced soil. Marked signs of 

surface failure are observed in unreinforced soil tests at large trapdoor 

displacements, such as; vertically extending shear bands, low angle of dilation, 

rigid-body displacements and low volume change in the soil above the trapdoor. 

For trapdoor displacements less than 20% of the trapdoor width and fibre 

composites in the range of aspect ratio and concentrations considered herein 

the following general conclusions can be drawn from the obtained results:  

 No discernible differences were observed between unreinforced and 

composite loading responses on the trapdoor or across the support 

structure. 

 For all tests conducted, fibre inclusion significantly reduced the 

magnitude of displacements at the surface and shallow depths for 

trapdoor displacements greater than 10% of the width. 

 Fibre inclusion significantly reduces the volume loss induced in the soil 

compared to the inclusion volume created by trapdoor displacement at 

displacements greater than ~1% of the trapdoor width. Changes in soil 

volume are evident at large displacements.   

 Generally lower levels of shear strain are observed at comparable 

displacements, indicating increased composite strength compared to 

unreinforced soil.  

 Large deformations are observed throughout the soil at large 

displacements with no evidence of vertical shear displacements apparent 

at the surface.  

 The failure surface maintains an arched shape over the trapdoor that is 

contained within the soil mass and does not extend to the soil surface at 

any displacement. 

 Comparatively high dilation angles, consistent with pre-failure 

deformations and volume changes in the soil, are apparent at large 

displacements. 

For the range of soil composites tested the effects of fibre inclusion are, in 

general terms, proportional to the ‘fibre factor’ defined as the product of the 
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composite aspect ratio and volumetric fibre content,   . This is in good 

agreement with the reported behaviour effects of increasing composite fibre 

factor in the literature. 

Some differences in fibre performance were found to be evident between 

different trapdoor widths. The fibre composite effectiveness was highest in the 

large scale trapdoor tests (B = 105 mm) where displacements at the ultimate 

stage of the test were reduced by up to 70% compared to the unreinforced 

case. The FRS effectiveness appears to reduce proportionally with trapdoor 

width. In small trapdoor tests (B = 30 mm), fibre composites were found to be 

roughly ~25% less effective (in terms of surface displacements) than in tests 

conducted with the large trapdoor. 

The general strain response for the small trapdoor shows significant differences 

to that for the larger trapdoors. 

Higher levels of shear strain are observed in unreinforced tests with the medium 

and large scale trapdoors. At large relative trapdoor displacements, the strains 

and general mechanism is consistent with residual soil strength behaviour.  

The corresponding strength envelope for small trapdoor tests, inferred from the 

lower levels of shear strain and general absence of surface failure, is closer to 

the peak strength behaviour of the soil.  

It is well-documented that fibre composites are found to be most effective at 

post-peak strain levels, where the tension in the fibre can be fully mobilised. 

Therefore, the effectiveness of fibre composites in small trapdoor tests is 

reduced in proportion to the difference between the residual and peak strength 

behaviours observed between large and small trapdoor tests, respectively. 

Some exceptions to the general trend in increasing effectiveness with 

increasing fibre factor are noted from the tests: 

 Fibres appear to be less effective in small and medium trapdoor tests 

when the fibre length is increased beyond a critical level.  

 Fibres appear to be less effective in small trapdoor tests when the fibre 

content, by mass, is relatively high (~1%).  
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For the small trapdoor, the loss of fibre effectiveness can be characterised by 

the fibre factor, as this value increases beyond ~0.32% the effectiveness of the 

fibre was found to be reduced.  

This general effect can be attributed to the loss of fibre contact and interaction 

with the soil as the fibre is deformed along the fibre length. The degree to which 

an individual fibre is deformed increases with the ratio of fibre length to trapdoor 

width. This ratio is essentially a measure of the coverage of the high 

deformation area above the trapdoor by an individual fibre. 

As the fibre length exceeds a critical length, relative to B, it is postulated that it 

will become less effective as the net tensile forces developed along its length 

will be lower due to the loss of interaction caused by the increased bending and 

twisting deformations the fibre is subjected to across the area of high 

deformation. 

6.2 Further work 

In order to fully investigate the soil-fibre interaction in a ground loss scenario, 

trapdoor tests varying the ratio of    /B should be conducted. If the average 

grain size of the material used is reduced to ~0.1 mm this ratio is significantly 

reduced for all the trapdoor widths considered in this study. The shear band 

thickness will be accordingly reduced to values of the order of ~1 mm, giving a 

thickness to trapdoor width ratio, t/B, of 1/30 for the small trapdoor, an order of 

magnitude smaller than that reported in this study.  

At small relative shear band thicknesses, it is to be expected that higher shear-

strains will develop with relative displacement (as reported for the larger 

trapdoor widths) and lower strength behaviour of the unreinforced soil will 

emerge at large displacements. If a similar unreinforced soil strength envelope 

is tested for each trapdoor scale, it is to be expected that the general 

effectiveness of the fibre will be similar across the trapdoor scales. 

The scaling effects reported in this study could be investigated further by 

conducting tests with longer fibres to investigate further the critical length where 

the fibre effectiveness is reduced and to determine the corresponding minimum 
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structure width that can be used, such that scaling related limitations are 

avoided in small scale model tests. 

The use of X-ray scanning techniques could be employed to investigate the 

variability of samples produced using typical soil compaction methods, and 

further determine the effect of fibre orientation and dispersal on composite 

strength through soil testing. 

The ratio of soil cover height to structure width, H/B, was maintained at ~1.66 

throughout in the tests reported herein. This ratio is thought to be in the 

transitional region between shallow and deep behaviour. As the ratio is reduced 

further it is expected that arching effects in the soil will lessen (trapdoor loading 

will reduce to a lesser extent), and displacements and shear strains at the 

surface will be increased. Whereas increasing the H/B ratio is reported to have 

little effect on the formed arch shape over the trapdoor, or the loading response, 

but significantly reduces the surface settlement.       

The effectiveness of the fibre composite in the extreme conditions could be 

assessed by conducting centrifuge tests over a variety of H/B ratios. 

In this study only a single polypropylene fibre type has been used. Similar 

trapdoor tests could be conducted in which other fibre types of differing 

strength, stiffness and dimension could be used in order to determine the effect 

on settlement response and gain a better insight into the fibre-soil interactions 

taking place. The range of fibre factor,   , considered in this study is relatively 

low (~0 to 0.48%) further work could be done to investigate higher ratios by 

changing the aspect ratio and increasing the concentration of the fibre. Smaller 

diameter fibres of similar lengths could achieve this if a reliable method of 

mixing and evenly distributing finer polypropylene fibres (typically of diameter 

~10-100  m) can be found.      

A potential application for fibre-soil reinforcement is reducing heave 

displacement in expansive soils where passive arching is taking place. The 

methods employed herein to study active arching displacements could easily be 

adapted to model this scenario. The trapdoor setup can be used to study 
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passive arching situations whereby a trapdoor mechanism is simply raised 

rather than lowered.     
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