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Abstract 

 

i 
 

ABSTRACT 

 

As a norm, most design engineers typically resort to theoretical and empirical approaches 

in order to determine the pullout resistance of soils while designing soil nailed retaining 

walls. The tendency to design based on actual field tests are minimal due to the time and 

cost involved while implementing such tests. Though results obtained through pull out 

tests done within the laboratory have been used to perform design calculations, the 

outcome of such test results are questionable, as such tests do not replicate precise site 

conditions.  

This research primarily juxtaposes and establishes a relationship between the theoretical 

and on field practical pullout resistance of soil nails in unsaturated conditions with the 

use of information extracted from an extensive literature review and data obtained 

through an actual pull out test conducted on a set of soil nails installed in predetermined 

locations of a 25ft high embankment spanning 70ft.  

This research also attempts to explore the effects of over burden pressure on the pull out 

resistance of the soil nails and the behavior of the actual failure surface of the soil nail, 

which has also been mentioned as the effective diameter in this report.  
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1.0 Introduction 
 

Soil nailing is a widely used slope stabilization technique utilizing passive elements 

(referred to as nails) for retaining soils and enhancing stability. The soil nails are 

typically subjected to tension when the retained soil moves. The fundamental design 

principle of soil nails consists of transferring the resisting tensile forces generated in the 

soil nails into the ground behind the moving mass through friction, mobilized at the 

grout/soil interface. The load transfer mechanism and the ultimate pull-out capacity of 

soil nails depends primarily on; strength characteristics of soil, tensile strength of 

reinforcements, installation technique, geometry of drilled hole and the grouting method. 

The soil nailing technique has been found to be suitable for supporting excavations, 

tunnel portals, slope stabilization, bridge abutments and several other civil engineering 

applications.  

 

Soil nails have been utilized increasingly in recent years due to its technical and 

economic advantages. The equipment used for soil nailing facilitates quick and easy 

construction and contribute to significant savings (Powell and Watkins, 1990). Soil 

nailing applications are best suited for placement above the ground water table, where 

the soil is in a state of unsaturated condition. Approximately 33% of the earth's surface 

constitute of arid or semi-arid regions where the soils are typically unsaturated 

compacted soils and soils in regions other than arid and semi-arid regions are also found 

in a state of unsaturated condition. When the ground water table is deep, the stresses 

associated with the constructed infrastructures are distributed in the zone above the 

ground water table (Vanapalli and Oh, 2010). Shallow foundations, retaining walls and 

pavement structures are typical examples that fall in to this category. Classical soil 

mechanics theories applicable to saturated soils are conventionally used in the design of 

such geotechnical structures, including soil nails without considering the contribution of 

suction or the negative pore-water pressures in the vadose zone (i.e., the zone above the 

ground water table) to the capacity. The key reason for this approach can be attributed to 

the lack of a simple framework for the analysis and design of geotechnical structures 

using the mechanics of unsaturated soils (Fredlund and Rahardjo, 1993; Vanapalli and 

Oh, 2010). In most cases, soil nail structures do not become saturated during their design 

service life and hence it is more appropriate to use the mechanics of unsaturated soils for 

the design of these structures. 

Soil nailing techniques have been widely used to stabilize slopes and retain excavations. 

The safety of a soil nailing system depends on the pullout shear stress mobilized at the 

nail-soil interface. Several critical factors affect shear stress on the soil-reinforcement 

interface including soil type, drilling method, characteristics of grout, overburden 

pressure, soil density, soil dialatancy, and degree of saturation (Lazarte et al., 2003; 

Burland, 2002).   

 

Previous theoretical and experimental investigations have indicated that constrained 

stress due to soil dilation plays a significant role in mobilizing shear stress on the soil-
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reinforcement interface (Schlosser, 1982; Schlosser et al., 1983; 1993; Tei, 1993; Chai 

and Hayashi, 2004). In addition, experimental studies have demonstrated that grouting 

pressure significantly strengthens the soil-nail pullout resistance while the effect of 

overburden pressure on pullout resistance of a soil-nail is not clearly understood 

(Pradhan et al., 2006; Su et al., 2008). The influences of these critical parameters on the 

maximum shear stress at the soil-reinforcement interface are complex and poorly 

understood. Therefore additional theoretical and experimental investigations are needed.  

 

The pull-out capacity is a key parameter for the design of soil nails. Limit equilibrium 

methods are typically used to estimate the total soil nail force required to achieve a 

specified factor of safety (Junaideen et al., 2004). There are no specific design 

procedures or method of estimation for the pull-out capacity of soil nails. However, the 

manual (FHWA-SA-96-069R) specifies that the allowable load for soil anchors should 

be reduced by a factor of 1.35 based on the estimated capacity. The estimated pull-out 

capacity of soil nails is commonly verified by field pull-out tests during the early 

construction stage. Several research studies have been conducted to investigate the 

behavior of the soil/nail interface during pull-out (Chai et al., 2004; Junaideen et al., 

2004; Chu et al., 2005; Yin et al., 2006; Pradhan et al., 2006; 2008, Sivakumar and 

Singh, 2010). It was reported by Zhang et al. (2009) that matric suction is a key factor 

that contributes to the uncertainties in the estimation of the pull-out capacity of soil nails. 

Gurpersaud (2010) studied the influence of the matric suction on pullout capacity of soil 

nailing with laboratory model studies on a compacted sandy soil. 

 

There were no significant experiments done in the past in South Asia or South East Asia 

to find the pull out capacity for the tropical soils. This research is carried out under the 

actual site condition with an unsaturated/saturated soil interface. Soil nails were installed 

in the embankment on a vertical line. Separate undisturbed soil samples were taken from 

the corresponding location of the soil nails. Actual pullout resistance and grouted 

perimeters were measured. Meanwhile the pull out resistance was estimated from various 

theoretical approaches to make comparisons with the observed values.  

 

1.2 Objectives of the thesis 

 

The key objectives of this research study are as follows: 

 

i. To verify the suitability of the proposed theoretical approaches published in 

literatures to find the pull-out resistance for the local ground conditions and 

hence establish the most appropriate approach. 

 

ii. To define a basic co-relation for the measured pullout resistance and the 

calculated value respect to each design methods. 

 

iii. To verify the effect of overburden pressure on pull out resistance. 

 

iv. To identify the behavior of nail (grouted body) /soil interface at failure. 
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1.3 Scope of the thesis 

 

i. A comprehensive experimental program was undertaken at actual site conditions 

to evaluate the pull-out capacity of soil nails. The test nails were installed at 15° 

to the horizontal in the soil surface with a horizontal spacing of 1.5m.  

ii. Undisturbed soil samples were taken from the natural ground adjacent test nails, 

to find the shear strength parameters of the soil under laboratory condition.  

iii. The results obtained from the laboratory experimental program were used to 

compare the pull-out capacity of soil nails with the theoretical estimates based on 

shear strength parameters. 

 

1.4 Outline of the thesis 

 

The research program undertaken is summarized in this thesis under seven main 

chapters. These chapters are organized as follows: 

Literature review forms the second chapter in which a detailed review of soil nail pull-

out capacity, interface behavior and the mechanics of unsaturated soils are succinctly 

summarized. General background of soil nailing technique, applications, behavior, 

mechanism and factors influencing the pull-out capacity are also included in this chapter. 

Additionally, methods used to estimate the pull-out capacity of soil nails and previous 

research pertaining to the pullout capacity are also summarized.  

 

The third chapter explains the procedures involved to obtain the pullout capacity of nails 

and present the result of the pull out tests. 

  

The fourth chapter presents the laboratory testing procedures along with the results 

obtained.  

 

The fifth chapter discusses the pullout test results, where a detailed evaluation of the 

results is provided. The measured pulls out resistance are compared with the estimated 

values from the different methods of estimation currently in use.  

 

Chapter six presents the discussion of the results of the research program, conclusion 

made and recommendations for future research. 

 



Chapter 2   Literature Review     
 

4 
 

2.0     Literature Review – Pullout Resistance of Soil Nails and Design 

2.1 Concept of Soil nailing 

 

The basic concept of soil nailing is to reinforce and strengthen the existing ground by 

installing closely spaced steel bars, called "nails," into a slope or excavation as 

construction proceeds from the "top down." This process creates a reinforced section that 

is itself stable and able to retain the ground behind it. The reinforcements are passive and 

develop their reinforcing action through nail-ground interactions as the ground deforms 

both during and following construction.  

 

A small movement of the active zone in a soil nail structure will result in both axial and 

lateral displacement. The bond strength that mobilizes with these movements will result 

in an axial force (tension force) in the nail. The mobilization of the axial stresses will 

occur in a progressive manner. Axial stresses in the nail will be limited by the maximum 

shear capacity which can be developed between the natural soil and the grouted body of 

the nail. 

 

Nails work predominantly in tension, but are considered by some to also work in 

bending/shear under certain circumstances. But large deformations are required to 

mobilize bending and shear. Generally, the soil nails significantly increase the apparent 

cohesion of the soil through their ability to carry tensile loads. A construction facing is 

also usually required. Typically shotcrete facing reinforced by welded wire mesh 

followed by a cast-in-place concrete facing was used in the early development. In recent 

times more aesthetically pleasing facing types involving vegetation and erosion 

protection netting and wire mesh of high tensile strength that combines the nail head are 

developed. Grid beams are also used to combine the nail heads with vegetation cover 

being used in the space between the beams. 

 

The soil nailing technique was developed as an extension of the New Austrian Tunneling 

Method (Rabcewicz, 1964, 1965). The first recorded application of soil nailing was 

completed in France in 1972 . The soil nailing projects were completed in shorter periods 

of construction compared to conventional methods and proven to be cost-effective. Some 

of the pioneering work in this research field was conducted in Germany from 1975 to 

1981 by the University of Karlsruhe and Bauer Construction Company (Lazarte et al., 

2003). The French engineers have also significantly contributed to this field through a 

major experimental program called "Clouterre" between 1986 and 1990. The main 

objectives of the Clouterre program were to provide better understanding of the soil nail 

walls behavior and their limitations in addition to providing elaborate design 

recommendations including dimensioning (Plumelle et al., 1990). 

 

The first documented application of soil nailing in North America was the support of a 

13.7 m deep foundation excavation in dense silty Lacustrine sand for a project in 

Portland, Oregon, USA in 1976 (Bryne et al., 1998). This project was completed 
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approximately in half the time while contributing to a 15% of savings in comparison to 

the cost of conventional support systems. 

The main features of soil nails are as follows: 

 

 Provides an increase in the normal force along potential slip surfaces in frictional 

soils and hence the shear resistance of the soil is also increased. 

 The driving force along potential slip surfaces is reduced in both frictional and 

cohesive soils. 

 

Soil nails are installed horizontally or sub-horizontally in the excavated soil or the slope.  

 

Soil nailing technique has been extensively used in recent years in many geotechnical 

projects such as excavations support, slopes and retaining walls stabilization and bridge 

abutments. The success stories of different projects have encouraged several research 

studies in various parts of the world to explore the use of soil nails for addressing other 

geotechnical problems (Sivakumar et al., 2010). 

 

2.2 Construction Sequence 

In soil nailing the passive reinforcement may be driven into the cut facing or installed in 

drilled holes and grouted. Figure 2.1 shows typical details of soil nailing. Typical 

construction sequence is illustrated in Figure 2.2. 

 

Step 1. Excavation. 

Initial excavation is carried out to a depth for which the face of the excavation has the 

ability to remain unsupported for a short period of time, typically in the order of 24 to 48 

hours. The depth of the excavation lift is usually between 1 and 2 m and would be 

slightly below the elevation where nails will be installed. The width of the excavated 

platform or bench must be sufficient to provide access to the installation equipment. 

 

Step 2. Drilling Nail Holes.  

Drill holes are drilled to a specified length, diameter, inclination, and horizontal spacing 

from this excavated platform. Hole diameter would be in the range 100 mm to 150mm. 

The length up to 16m is normally used in practice. 

 

Step 3. Nail Installation and Grouting. 

 Nail bars are placed in the pre-drilled hole. The bars are most commonly solid, 

Centralizers are placed around the nails prior to insertion to help maintain alignment 

within the hole and allow sufficient protective grout coverage over the nail bar. A grout 

pipe (tremie) is also inserted in the drill hole at this time. The drill hole is then filled with 

cement grout through the tremie pipe. The grout is commonly placed under gravity or 

low pressure. Prior to Step 4 (facing placement), geocomposite drainage strips are 

installed on the excavation face approximately midway between each set of adjacent 

nails. The drainage strips are then unrolled to the next wall lift. The drainage strips 

extend to the bottom of the excavation where collected water is conveyed via a toe drain 

away from the soil nail wall. Alternatively, short drains (1.5 long) in the perforated pipes 
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can be installed in a grid (1.5m X1.5 m) into the shotcrete facing to facilitate drainage of 

any water trapped behind. 

 

Step 4. Construction of Temporary Shotcrete Facing. 

A temporary facing system is then constructed to support the open-cut soil section before 

the next lift of soil is excavated. The most typical temporary facing consists of a lightly 

reinforced shotcrete layer commonly 100 mm thick. Following appropriate curing time 

for the temporary facing, a steel bearing plate is placed over the nail head protruding 

from the drill hole. The bar is then lightly pressed into the first layer of fresh shotcrete.  

 

 

 

 

 

 

 

 

 
 

 

 Figure 2.1 – Components of soil nailing 

(After Geotechnical Engineering Circular No 7 – Soil Nail Walls-FHWA-2003) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 – Construction Sequence of Soil Nailing 

(After Geotechnical Engineering Circular No 7 – Soil Nail Walls-FHWA-2003) 
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2.3 Applications of soil nailing 

The soil nailing technique is well suited for several applications that require vertical or 

near vertical cuts. The following are some common applications where soil nail retaining 

walls have been successfully used. 

 

 Roadway cut excavations  

 Widening under an existing bridge 

 Tunnel portal cut stabilization 

 Repair and construction of existing retaining structures 

 Temporary or permanent excavations in an urban environment 

 Slope stabilizations 

 Bridge abutments 

 

2.4 Ground conditions suitable for soil nails 

 

The technique used for the construction of soil nails is dependent on the existing ground 

conditions at the site. In certain cases, a conventional method may be more appropriate 

and economical in comparison to soil nailing technique. For the economical 

implementation of soil nailing projects, the excavated ground should have the capacity to 

remain unsupported in a vertical or sloped cut of 1 to 2 m depth for a period of 1 to 2 

days (Bryne et al., 1998). Soil nails are generally located above the ground water table to 

prevent sloughing and have a stable face after excavation. Therefore, the slopes in most 

soil nailing projects are predominantly placed in a state of unsaturated condition that has 

apparent cohesion from the contribution of matric suction.  

 

The following ground types are considered favorable for soil nailing applications 

(FHWA, 1991; Bryne et al., 1998; Lazarte et al., 2003 ). 

 

 Stiff to hard fine-grained soils: Fine grained soils include stiff to hard clays, 

clayey silts, sandy clays and sandy silts. 

 Dense to very dense granular soils with some apparent cohesion: These soils 

include sand and gravel with SPT - W values greater than 30 with some fines or 

with weak natural cementation that provide cohesion. 

 Residual soils and weathered rock without zones of low strength structure. 

 Glacial soils: Glacial outwash and glacial till materials are typically suitable for 

soil nailing applications as these soils are typically dense, well graded material 

with a limited amount of fines. 

 Soil nailing can also be utilized in the following intermediate soil conditions: 

 Engineered fill: Soil nails can be installed in engineered fill consisting of a 

mixture of well graded granular material and fine grained soil with low plasticity. 

 Residual soils: Residual soils can also be considered as acceptable material for 

soil nailing. 
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Soil nailing is generally not recommended for areas below the ground water table unless 

dewatering measures are assured both during construction and for the service life of the 

structure (FHWA, 1991). Stability problems will occur if soil nailing is performed below the 

ground water table due to flow of water through the structure. A detailed subsurface 

investigation is necessary to identify any lenses or pockets of granular soil filled with water, 

which can also lead to instability. 

 

2.5 Analysis and Design of Soil Nailing 

 

2.5.1 Analysis with limit equilibrium approach 

In the analysis and design of soil nailing ideally both limiting conditions; strength limit 

state and service limit state should be used. However, in most designs done with limit 

equilibrium approach only the strength limit state is used. 

 

The strength limit state is assessed by considering external failure modes and internal 

failure modes. External failure modes refer to the development of failure surfaces 

passing through or behind the nails installed. The failure modes that need to be 

considered are; 

 Global failure modes 

 Sliding failure modes (shear at base) and 

 Bearing failure modes (basal heave) 

 

External failure modes 

The global stability of the soil nail wall is commonly evaluated using two dimensional 

limit equilibrium analyses. As with traditional slope stability analyses various potential 

failure surfaces are evaluated to identify the most critical failure surface. Different 

assumptions and numerical procedures have resulted in different methods of analysis. 

 

Some of the earlier methods include; 

 Planer (Sheahan and Oral 2002) 

 Bi-linear with a two wedge sliding mass (German method – Stocker et al 1979, 

Caltrans 1999 

 Parabolic (Shen et al 1981) 

 Log spiral (Juran et al 1990) 

 Circular (Golder 1993) 

 

Comparisons among different methods show that the differences in the geometry of the 

failure surfaces do not result in significant differences in the factor of safety. (Long et al 

1990). Simple methods of analysis consider only force equilibrium. More rigorous 

analyses consider both force and moment equilibrium simultaneously. 

 

Limit equilibrium methods do not predict deformations. Hence service limit state cannot 

be considered with that approach.  Numerical methods such as finite element method are 
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required to get information on deformations. Semi empirical methods based on previous 

experience are also used to assess the deformations. 

 

Two commonly used programs in the design of soil nailing are SNAIL and GOLDNAIL. 

SNAIL considers a two part planer wedge mechanism. GOLDNAIL uses a circular 

failure mechanism. 

 

The acceptable Factor of Safety values for soil nailing are selected based on the nature of 

the structure. In general recommended factor of safety values are comparable with those 

used in the conventional stability analysis. 

 

Sliding failure mechanism along the base of the retained system in response to lateral 

pressure behind the nails is also to be considered in principle. Bearing capacity failure is 

not normally a concern when soil nailing walls designs. However, since the wall facing 

is not extended below the base of the excavation (as in a sheet pile wall), the unbalanced 

loads may lead to some heaving. 

 

It is noted that if limit equilibrium based computer programs are used in the design of 

soil nail walls, the explicit consideration of sliding and bearing capacity modes may not 

be necessary. In selecting the most critical failure surfaces computer programs routinely 

consider failure surfaces that result from sliding and bearing capacity failure modes. 

 

Internal failure modes 

Failure mechanisms in the load transfer mechanism between the soil the nail and the 

ground are referred to as internal failure mechanisms. The bond strength mobilizes 

progressively along the entire soil nail as the excavation proceeds. As the bond strength 

mobilizes, the tensile forces in the nails are developed. Typical internal failure modes 

are; 

 Nail pullout failure – pullout of the nail along the soil-grout interface 

 Slippage of the bar at bar-grout interface – use of threaded bars prevents this 

 Tensile failure of the soil nail 

 Bending and Shear failure of the soil nail- mobilizes only after relatively large 

deformations. Not normally considered in the designs 

 

2.5.2 Formulation of limit equilibrium analysis with soil nailing 

 

Mettananda and Kulathilaka (1998) developed analytical models based on the limit 

equilibrium approach extending the Bishop’s simplified method and Janbu’s method for 

slope stability analysis. Method based on Bishop’s simplified method can be used in 

analyzing circular failure surfaces and method based on Janbu’s simplified method could 

be used for possible non-circular failure surfaces. 
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Model based on Bishop's simplified method 

 

Bishop's assumption to neglect inter slice shear forces was used in the derivation, and the 

model would be applicable to circular failure surfaces only. All the nails crossing a 

failure arc of a particular slice, and are available within a unit width, are represented by a 

single nail passing through the center of the failure arc of that particular slice (Figure 

2.3). The final equation for factor of safety is given by; 
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In these equations xi, Wi, Qi and ui represents the slice width, the weight of the slice, 

surcharge on the particular slice, and the pore water pressure respectively.  denotes the 

nail angle to the horizontal. 

 

In this model, the mobilized tension in the nail (TN) is taken into account. Hence, 
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Parameters used above are illustrated in Figure 2.3 

 
 
 
 

 Model based on Janbu's simplified method 

Janbu's assumption was also to neglect inter slice shear forces in the derivation (see 

Figure 2.3), but the model can be applied to either circular or non-circular failure 

surfaces. In order to perform a plane stress analysis, all the nails, applicable to a 

particular slice over a unit width are represented by a single nail, as done in the Bishop's 

model. The final equation is given by; 

      

Figure 2.3 Forces acting on a slice (Bishop's method and Janbu’s Method) 
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Parameters has the usual meanings  

After obtaining F0 from the above equations, the modification factor F0 is obtained from 

the charts derived by Janbu, and the final factor of safety is given by, 

 

F = f0 F0  ………………….(6) 
 

The above equations clearly illustrate the factor of safety increase with the TN and Soil 

Nailing is a practical and cost-effective technique to stabilize slopes and excavations 

through the introduction of reinforcements into the soil mass 

 

Excel spread sheets were developed to perform the analysis for a selected trial failure 

surface. A procedure was developed to draw the trial failure surface in an AutoCAD 

drawing and extract the necessary geometric data. This procedure of extracting data 

relevant to the selected trial failure surface had to be repeated manually. 

 

The experimental studies in this project confirmed to suitability of circular or non 

circular failure mechanisms rather than the wedge type failures. 

 

2.5.3 Design of Soil Nailing Using GEOSLOPE/SLOPEW Software 

 

GEOSLOPE SLOPE/W software has incorporated the soil nails into the analysis of the 

stability of a slope. The diameter of the drill hole, the length of the nail and the tensile 

capacity of the nail has to be inputted.  A unit pullout resistance has to be entered for 

each nail in the system. Appropriate factors of safety for the pullout resistance and 

tensile strength are also to be entered. The software estimates the resisting force 

available in each nail, based on the length of the nail outside the failure surface and its 

tensile capacity. (GEOSLOPE 2004). Analysis is done in the framework of conventional 

slope stability analysis based on limit equilibrium approach with methods of analysis 

such as; Bishop’s method, Morgenstern and Price method, Spencer’s method etc. 

Morgenstern and Price method and Spencer’s method consider both force and moment 

equilibrium and can be used to analyze both circular and non circular failure surfaces. 

 

2.6 Pull-out behavior of soil nails 

 

Pullout failure at the soil-grouted nail body interface is one of the most critical 

considerations in a soil nail design. In most cases, the pull-out capacity of a soil nail is 

estimated based on previous experience with similar soil conditions using appropriate 
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analytical or empirical approaches and verified by pull-out test during the construction 

phase. 

 

Numerous field and laboratory tests have been performed to investigate the pullout 

behavior of soil nails by several investigators. These tests were fully instrumented and 

involved full scale models, modified direct shear box tests or pull-out tests. Pull-out 

testing studies on grouted soil nails were also conducted to investigate the interface shear 

strength (Sivakumar and Singh, 2010). 

 

Design charts were proposed to estimate the pull-out capacity of gravity grouted and 

driven nails in various types of soils based on a number of field pull-out test results 

performed during the French National Research Project - "Clouterre" (FHWA, 1993). 

Several researchers also conducted studies to evaluate soil-nail interaction by using a 

large direct shear box ( Chu and Yin, 2005; Sivakumar and Singh, 2010).  

 

Milligan et al. (1997) attempted to study the effects of initial stress in the soil, grouting 

pressure and stress changes during the pull-out test. Franzen (1998) used a large scale 

laboratory setup to study the pull-out capacity of driven nails in dry, poorly graded, fine 

sand. Junaideen (2004) studied the behaviour of different types of embedded steel bars in 

completely decomposed granite soil and provided a framework for further investigation 

of grouted soil nails. 

 

2.6.1 Empirical approaches for evaluation of pullout resistance 

 

Several attempts have been made by researchers to correlate the pull-out capacity of soil 

nails with soil properties obtained from in-situ tests. A correlation between pullout 

capacity and standard penetration test (N values) was done for soil nails in Brazil. 

Heymann (1992) contended that the shear stress between nail and residual soil can be 

limited to 2N kPa. A correlation with pressure meter tests was done for grouted and 

driven nails in various soils by Schlosser et al. (1983). Design charts were developed 

during the Clouterre program to provide preliminary estimates of the pull-out capacity of 

soil nails (FHWA, 1993). 

 

2.6.2 Analytical approaches for evaluation of pullout resistance 

 

A number of researchers have suggested different approaches to analytically estimate the 

pull-out capacity of soil nails (Table 2.1). There are differences in the equations outlined 

in Table 2.1 but they are all based on four main variables: the normal stress acting on the 

nail surface n
/ coefficient of friction between nail and soil μ, adhesion between nail and 

soil ca  and nail perimeter. 
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2.7 Factors affecting pullout resistance 

 

2.7.1 Effect of dilatancy 

 

The normal stress acting on a soil nail is dependent on several factors such as soil 

properties, nail properties and time factors. Dilation occurs in dense sand during shearing 

which can result in an increase in normal stress acting on soil nails during pull-out. If 

dilation is partly restrained by surrounding soils, the effect is referred to as restrained 

dilatancy and results in normal stress increase up to four times the initial stress. 

 

Pradhan (2003) showed that the soil particles around the nail will dilate when the shear 

stress is applied on the soil nail interface during pull-out. This phenomenon leads to an 

Table 2.1 the pull-out capacity of soil nails according to various researchers 



Chapter 2   Literature Review     
 

14 
 

increase in the normal stress. Numerical simulation of the effects of dilatancy on soil nail 

pull-out resistance was performed by Su et al. (2008). The results suggest that soil 

dilatancy has a significant influence on the soil nail pull-out resistance. 

 

The dilation angle was added to the interface friction angle of the soil according to 

Coulomb's Model. Figure 2.4 shows the relationship of the average pull-out stress with 

(a) pull-out displacement and (b) dilation angle(ψ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Above results clearly show that the pull-out resistance initially increases quickly with the 

dilation angle. For dilation angles(ψ) greater than 10°, the pull-out resistance increases 

and then remains constant. 

 

2.7.2 Effect of matric suction-pore water pressure 

 

Soil nails are typically placed in a zone where the soil is in a state of unsaturated 

condition. Therefore, the influence of matric suction on the engineering behavior of soil 

nails is significantly important and has received the attention of researchers in recent 

times. 

Figure 2.4  Relationship of the average pull-out stress with  (a) pull-out displacement 

and (b) dilation angle (Su et al 2008) 
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Potyondy (1961) showed that interface angle of friction,  between smooth concrete and 

sand decreased by about 5° when the water content was increased from completely dry to 

full saturation. Soil comprising cohesion and friction components was highly influenced 

by the variation in degree of saturation (i.e. variation in matric suction values). Schlosser 

et al. (1983) reported a reduction of 50% if the pull-out capacity on ribbed strips in 

clayey gravel when the water content was increased from optimum water content to full 

saturation. This increase in the pull-out capacity at the optimum water content can be 

attributed to the contribution of matric suction. 

  

Some researchers suggest that the pull-out force of a soil nail is not constant over time. 

The variation of pull-out force with time can be attributed to the changes of pore- water 

pressure (i.e. variation in matric suction), chemical bonding, stress relaxation, aging and 

greater normal stress caused by slope movement. 

 

The variation in the degree of saturation associated with the changes in matric suction 

plays a major role towards the pull-out capacity of soil nails. A series of laboratory pull-

out tests were performed by Su et al., 2008 in completely decomposed granite (CDG) at 

different degrees of saturation. The test results showed that the peak pullout strength of 

the soil nails was strongly influenced by the degree of saturation of the soil. Peak pull-

out shear strength values were obtained between degrees of saturation of 50% and 75% 

(Su et al., 2008). These results indirectly show a relationship to the shear strength of 

unsaturated soils where the peak shear strength values typically occurs within the 

transition zone (Vanapalli et al. 1996). A degree of saturation of approximately 50% 

typically falls within the transition zone for many unsaturated soils.  

 

The decrease in the pull-out capacity with an increase in the degree of saturation (i.e. 

associated with a decrease in matric suction) from optimum moisture content to the 

saturated condition was also observed by Pradhan (2003) and by Chu and Yin (2005) for 

CDG. The shearing plane also migrated from the nail-soil interface to further into the 

CDG as the degree of saturation increases. Displacements at peak pull-out shear strength 

for soils under saturated conditions were higher than that for unsaturated conditions. 

Figure 2.5 illustrates the relationship between peak pull-out shear resistance and degrees 

of saturation for CDG with overburden pressure at (a) 40 kPa, (b) 120 kPa, (c) 200 kPa, 

and (d) 300 kPa. The degrees of saturation at which pull-out tests were performed are 

98%, 75%, 50% and 38% with corresponding matric suction values of 0, 6, 68 and 87 

kPa respectively. 
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In order to study the uncertainties in the measured and actual pull-out capacity of soil 

nails, Zhang et al. (2009) analyzed a large number of in-situ pull-out tests data in 

completely decomposed granite (CDG) in Hong Kong. The field measurements were 

compared with estimated values and the effects of overburden pressure, grout length, soil 

suction and soil dilatancy. The grouted length of the soil nail was considered as the most 

important parameter that governs the pull-out capacity. The second most important factor 

is the matric suction. 

 

Studies performed by Su et al., (2008) indicated that the effect of the degree of saturation 

(hence matric suction) on soil nail pull-out capacity is significant and should be carefully 

addressed in the design of soil nailing system. The peak pull-out shear strength for tests 

 
Figure 2.5  Relationship between peak pull-out shear resistance and degree of saturation 

for CDG with overburden pressure (a) 40kPa  (b) 120 kPa  (c) 200 kPa  (d)300 kPa  
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at matric suction of 6 kPa was found to be two times that for saturated tests for CDG. 

Matric suction influences the unsaturated soil interface for numerous civil engineering 

applications, including piles and soil nails (Vanapalli et al. 2010). All the above discussions 

support the use of mechanics of unsaturated soils in the design of soil nail. 

 

The parameters governing the pull-out capacity of soil nails are similar to that of friction 

piles; which are normal stress, surface area and friction parameters. The influence of 

matric suction on the shaft capacity of piles was investigated by Vanapalli et al. (2010). 

A test program was performed to evaluate the shaft resistance of jacked open end pipe 

piles under saturated and unsaturated conditions in sandy soils. The contribution of 

matric suction was found to be 50% of the shaft capacity of piles installed in silty sand 

under unsaturated conditions for both compression and tension. Vanapalli et al. (2010) 

also proposed a method to estimate the shaft resistance of piles in unsaturated soils. This 

method incorporates the influence of matric suction into the conventional  method. 

 

Following the said study on shaft resistance of piles Gurpersaud (2010) studied the 

influence of matric suction on the pullout capacity of soil nails installed in compacted 

sand. The test results indicated that the post-peak pull-out capacity declines at a much 

faster rate as the degree of saturation of the soil increases. The decrease in the pull-out 

capacity was found to be a direct result of the reduction in matric suction. The peak pull-

out capacity in tests at average suction of 5.3 kPa was approximately 1.7 times that 

higher than that of the saturated case. The pull-out capacity increased with the increase in 

matric suction of the soil. The displacement at the peak pull-out capacity in tests at 

average suction of 5.3 kPa was about 40% less than the saturated case. These results 

showed similar trends to results presented in FHWA (1993) which showed that the 

maximum pull-out force was increased by two times when the moisture content was 

decreased from saturation to the optimum water content and the displacement 

corresponding to this maximum force was increased by three times.  

 

Gurpersaud (2010) plotted the SWCC on an arithmetic scale together with the variation of 

the pull-out capacity as shown in Figure 2.6. This relationship demonstrates that there is 

a linear increase in the pull-out capacity up to the air-entry value, followed by a non-

linear increase. There is a significant increase in the pull-out capacity of the nails due to 

the contribution of matric suction in the range from 1 to 5.3 kPa (i.e., the analysis is 

based on the average suction value in the proximity of the nail) for the tested coarse-

grained soil. A gradual increase in the pull-out capacity is evident from a low suction 

value (i.e. 1 kPa) up to 5.3 kPa followed by a decline at an average suction value of 7 

kPa (i.e. soil approaching residual conditions). The behavior of the pull-out capacity 

matches the different phases of the SWCC where a gradual increase in strength occurs in 

the boundary effect zone and the transition zones (i.e. primary and secondary), followed 

by a decline in the residual zone (i.e. average suction of 7 kPa). The behavior of the pull-out 

capacity of soil nails with suction resembles the behavior of the shear strength of unsaturated 

soil during the different phases. 
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2.7.3 Effects of method of installation 

 

The normal stress acting on soil nails is greatly influenced by the method of installation. 

The profile of the drilled hole for grouted nails will also influence the normal stress 

acting on the nail. A smooth cylindrical borehole will have normal stress equal to the 

stress prevailing during drilling (almost zero) and the resulting pull-out capacity will be 

low. An irregular drilled hole will develop a rib effect during grouting and mobilize 

restrained dilatancy effect, causing an increase in normal stress (Plumelle et al., 1990 ). 

Heymann (1992) showed that the normal stress acting on the nail surface depends on the 

initial stress and the stress increase is based on the soil stiffness and particle size. 

 

 

Figure 2.6 Variation of the pull out capacity with matric suction (after Gurpersaud 

2010) 
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2.7.4 Effect of angle of internal friction of soil 

 

Soil-nail interface coefficient depends on the properties of soil and nail surface 

characteristics. Franzen (1998) stated that an increase in the angle of internal friction,  / 

 of the soil will result in greater mobilized friction between the nail-soil interface and 

hence results in an increase the normal stress during pull-out. An increase in the 

coefficient of uniformity of the soil will generally result in an increase in the angle of 

internal friction  /. The relative density is another factor affecting the angle of internal 

friction  /
. Soils with a higher value of relative density have a greater tendency to dilate 

and contribute to an increase in the angle of internal friction (Franzen, 1998). 

 

Schlosser et al. (1983) showed that ultimate internal friction angle F'cv will be obtained 

from direct shear box test (since no volume change occurs) at failure. However, during 

pull-out tests some volume change occurs contributing to dilatancy and the mobilized 

angle of internal friction, F’ will be greater than F'cv. Studies from direct shear box tests 

by Jewell and Wroth (1987) shows that the maximum interface angle of friction in direct 

shear, “δ” between a rough reinforcement and sand is limited by the angle of internal 

friction of soil in direct shear,  /ds. 

 

The texture of the soil nail surface will also influence the interface friction angle,  /. An 

extremely rough surface will fail by pull-out within the soil outside the nail and the angle 

of the internal friction, / for the soil, will be the governing parameter. A completely 

smooth nail will fail at the soil-nail interface and the angle of internal friction,  / for the 

soil is governed by soil-nail interface friction, δ. Pull-out failure for most soil nails can 

be expected to occur partly as soil/soil and partly as soil/nail interface and the actual 

interface friction angle varies between and    tan δ and tan /. Potyondy (1961) showed 

that the interface friction angle is greatly influenced by the type of construction material 

and the results indicated that the roughness played a major role. 

 

2.7.5 Effect of grout characteristics on pullout resistance 

 

The soil nail surface area is required for the estimation of pull-out capacity of nails. The 

nail surface area is treated as area of inclusion for driven nails and borehole surface area 

for grouted nails. Grout characteristic will have a strong influence on the surface area of 

the nail. 

 

Penetration of grout into the soil depends on the relation between the soil and grout 

particle sizes. Grout with high water/cement ratio spreads easily and fills all irregularities 

in boreholes and grout with low water/cement ratio will produce stiff mortar, which will 

not fill all the voids. The water/cement ratio is often recommended to be 0.4-0.6 to 

obtain an economical and good quality soil nail. 
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2.7.6  Influence of overburden pressure on Pull out resistance  

Figure 2.7 presents the measured pullout resistance in the tests in which the nails were 

pulled out. It showed that the measured pullout resistance is essentially independent of 

the effective overburden pressure. Extensive research studies Cartier and Gigan 1983; 

Heymann et al. 1992; Byrne et al. 1998; Franzen 1998; Franzen and Jendeby 2001 

showed that the pullout resistance was independent of the embedded depth of soil nails. 

According to a recent discussion by Li and Lo (2007), after a drillhole is formed, the 

radial stress in the vicinity of the soil face of the nail hole is close to zero. After 

installation of steel bar and grouting, a small effective radial stress is introduced. When a 

pullout test is conducted, the pullout resistance is developed mostly because of soil 

shearing dilatancy, interface dilation from rough drill hole face, and physical bonding at 

the soil-grout interface (Yeo et al. 2007) investigated the local stresses near the nail-soil 

interface by a numerical study. In the analysis, the construction procedures including 

drilling of the nail hole, insertion of the nail, grouting, and pullout of the nail were 

simulated. The numerical results showed that the radial stress along the nail-soil interface 

is initially very small due to the nail installation procedure and increases with pullout 

displacement. The radial stress generated by the pullout displacement is found to be 

strongly dependent on the dilation angle of the soil. 

 

  

 

 

2.8  Direct shear test comparison with pull-out test 

 

The shear strength failure envelopes for pull-out tests and interface shear tests show 

trends similar to soil-soil direct shear test. The peak interface friction angle, δ from the 

soil-grout interface shear tests is generally close to that of the soil nail pull-out tests. 

Based on results obtained by Chu and Yin (2005), the interface friction angle δ, of 

grouted nails can be estimated by using soil-grout interface shear tests. The direct shear 

box test is considered as a simple and reliable method to measure the interface shear 

strength parameters. Pradhan et al., 2006 observed that the mobilization of shear stress in 

the direct shear test is similar to that of the laboratory pull-out test until the first slip 

occurs for completely decomposed granite (CDG). Figure 2.8 shows a comparison of 

results obtained from pull-out tests and direct shear test for CDG. 

Figure 2.7  Variation of measured pullout resistance for test in which nails were pulled out 
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2.9 Different proposed techniques and other equations in the literature 

 

A comparison between the commonly used equations in the literature for the estimation 

of pullout resistance is presented here. 

 

2.9.1 Equation proposed by Schlosser and Guilloux (1982) and others 

 

The following equation proposed by Schlosser and Guilloux (1982) has been adopted in 

Hong Kong to estimate the ultimate pull-out resistance of grouted soil nails (Watkins and 

Powell, 1990). 

 
  vult DcDP 2  

 
Where: 

 Pult   =  ultimate pull-out resistance (kN/m) 

 c'   =  effective cohesion of the soil 

v    =  effective vertical stress calculated at the mid-point of the nail in the 

resistance zone 

µ*   =  coefficient of apparent friction of the soil (for granular soils, µ* is 

usually taken to be equal to tan Φ’, the coefficient µ* takes the effects of dilation into account 

This equation does not take the effects of matric suction into account for the evaluation 

of the pull-out capacity of soil nails. 

 

 

 

 

2.9.2 Equation proposed by Chu and Yin (2005)  

Figure 2.8 Comparison of pull-out test and direct shear box test results 
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The following equation was proposed by Chu (2005) to estimate the pull-out capacity of 

soil nails: 

 

  tan2 va DcDT  

 

Where: 

ac    = soil adhesion at the interface 

     = interface friction angle for the normal stress on a strip 

 

The equation do not account for the effects of matric suction on the pull-out capacity of 

soil nails. The above equation proposed by Chu and Yin (2005) is an extension of 

equation proposed by Schlosser and Guilloux (1982). 

 

2.9.3 Equation proposed by Zhang et al. (2009) 

 

The equation proposed by Schlosser and Guilloux (1982) was also extended by Zhang et 

al. (2009) to incorporate the effects of soil suction and soil dilatancy. The following 

equation was proposed by Zhang et al. (2009) to estimate the ultimate pull-out resistance 

of soil nails by incorporating the effects of soil suction and soil dilatancy. 

 

 

 

Where: 

 

D   = diameter of grouted nail 

(ua - uw) = matric suction 

Φ
b    = internal friction angle with respect to soil suction 

v  = Poisson's ratio 

  = dilation angle 

ko  = coefficient of earth pressure at rest 

 

The contribution due to matric suction in above equation is taken into account by 

considering an increase of soil shear strength as part of the apparent soil cohesion as 

shown below: 
 

  b

wa uucc tan  

 

Where 

c  =  apparent cohesion 
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In this equation, the angle of shearing resistance with respect to suction, Φb is required to 

estimate the contribution due to matric suction. However, Φb is a variable for soils with 

non-linear shear behavior (Vanapalli et al., 1996). 

 

2.9.4  Proposed method by Gurpersaud (2010) and model testing for confirmation 

This method to estimate the pull-out capacity of soil nails in unsaturated soils is an 

extension of the β method used to estimate the shaft capacity of piles (Vanapalli et al. 

2010).  

zs cf    

 Bjerrum-Burland coefficient  

    tank
 

Where: 

ke = coefficient of lateral earth pressure with respect to soil nail inclination 

d = interface friction angle at residual state 

= dilation angle.
 

The dilation angle () can be defined as a measure of the change in volumetric strain 

with respect to the change in shear strain. 

The ultimate capacity of soil nails placed in saturated condition 

  dLcAfQ zasurfacesf     

 

 

 

Above equation can be extended to include the contribution of matric suction, and will 

then yield a general equation for estimating pull-out capacity of grouted soil nails in 

unsaturated soils (Gurpersaud 2010). The fitting parameter K value equal to 1 can be 

used for non-plastic soils such as sands (Vanapalli & Fredlund, 2000).  

           dLSuucQ wazausf    tan
 

The  used in equation is intended for vertical piles or soil nails, and can be expressed as 

follows: 

 

b= Ks tan  

S= Degree of saturation       K= Fitting parameter 



 
,

2

L
z





 In which   is effective unit weight  

ac Soil adhesion at the grout – soil interface 
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The influence of soil nail inclination on the K value is taken into account by using an 

earth pressure coefficient K which is a function of the inclination of the nail. The 

coefficient of earth pressure, KS is influenced by the angle of shearing resistance, the 

method of installation, the compressibility, degree of over consolidation and original 

stress in the ground, as well as the material size and shape of the pile. The Canadian 

Foundation Engineering Manual - CFEM (2006) recommends that the value of K for 

bored piles can be assumed to be equal to the coefficient of earth pressure at rest K0. The 

lateral earth pressure coefficient at rest K0 is the ratio of the horizontal stress to the 

vertical stress, and can be substituted for K to yield reasonably accurate results for the 

case of vertical nails (CFEM). 

 

Ko = h /v 

For the case of a vertical soil nail: 

K = KO, where  = 0, therefore K/K0 = 1 

For the case of inclined soil nail at an angle , the coefficient K0 can be expressed as: 

K/K0 = 1 + (1 - K)/2K0 x (1 - cos 2) 

 

The value of interface angle,  is based on the surface roughness of the nail, the mean 

particle size of the soil, the normal stress at the gout-soil interface and the method of 

installation. Direct shear tests are commonly used to obtain the interface friction angle, . 

The value of  ranges from 0.5 to 1.0  /as outlined in the Canadian Foundation 

Engineering Manual (CFEM, 2006). 

 

Gurpersaud (2010)  specially designed a test box and a comprehensive test program was 

undertaken to check the validity and limitations of the proposed approach. The 

equipment that was specially designed and constructed to determine the pull-out capacity 

of prototype grouted soil nails placed in inclined, vertical and horizontal orientations 

under both saturated and unsaturated conditions. 

 
 

 
Figure 2.9  Schematic of the test box used (after Gurpersaud (2010)) 
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Figure 2.10 Set-up used for testing of nails inclined at 15 degrees 

 

Grout was injected using the tremie method by attaching a grout tube to the bottom of 

the nail. Grout tubes are typically attached to the central reinforcement and left in placed 

upon completion of grouting. The grout injection was done in one continuous operation 

to fill the annular space between the nail and soil without any voids or gaps. The pull-out 

capacity of the soil nail is heavily dependent on the soil-grout contact surface therefore 

care was taken in the selection of the grout mix for installation of nail. 

 

The applied force and displacement of the nail were recorded during the pull-out test 

through a data acquisition system. Matric suction measurements were also taken during 

each pull-out test at various depths, relative to the location of the water table using 

tensiometers. The pull-out force was measured with an ANCLO load cell located 

between the hollow core hydraulic jack and the restraining plate. Two linear variable 

displacement transducers (LVDT) were installed at the nail head to measure the pull-out 

displacement.  
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3  Experimental Evaluation of Pull out Resistance 

The pullout resistance of a soil nail could be estimated with the use of different analytical 

and empirical approaches. It is the normal practice to conduct pullout tests at early stages 

of a construction to verify these estimates. This chapter extensively discusses the pullout 

tests conducted and the results obtained.  

3.1 Selection of the site and test nails 

A slope in the premises of the Kegalle hospital is to be stabilized by the installation of 

soil nailing. Along with the project, it was decided to have eight test nails for the 

determination of the pullout resistance.  The test nails are not a part of the original design 

need for stabilization. Therefore it is possible to load the nails up to failure. 

The slope under consideration was a cut slope making 750  with horizontal and of width 

about 24m and there were some indications of instability. The natural terrain above this 

was with a 300 `slope with the horizontal an was in a stable state. A soil nailing design was 

done to enhance the stability of the slope.  There were eighty four nails in the design. The 

inclinations of the nails were 150 with horizontal. Nails were of lengths 7 m and 9 m and 

reinforcement bars are of diameter 25 mm. The nominal diameter of the drill hole is 116 

mm. The nails locations and the arrangements are present in Figure 3.1 and Figure 3.2.  

 

Figure 3.1 Cross Sectional View of the Design Soil Nailing Arrangement 
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Test nails were installed in drill holes of diameter 116mm done to a length of 5m. The 

grouting was done only over the last 2.5m. The arrangement is present in Figure 3.3 

Figure 3.2 Locations and dimensions of design/ test nails  
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Since the residual soil formations are generally of highly variable nature, it was decided 

to take representative samples from each test nail location for the determining of 

engineering parameters. Locations where box samples are obtained are present in Figure 

3.4. Box samples were obtained from all locations. 

  

 

Figure 3.3 Details of a grouted test nail  

 

Figure 3.4  Locations of box samples 
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3.2 Installation of soil nails 

Upon selecting a location, a stable platform, in which both machinery and workers could 

safely carry out the work, was erected with the use of GI pipes connected to each other to 

form a grid both parallel to the ground and the soil nailing surface. (Figure 3.5) 

 

Figure 3.5 GI pipes connected to each other to form a grid both parallel to the ground and 

the soil nailing surface 

 

A rotary drilling machine was placed adjacent to the test nail location, and the drilling 

process commenced by placing the shaft of the drill perpendicular to the surface (Figure 

3.6). This procedure was carried out until the shaft reached the desired depth.  
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Figure 3.6 Shaft of the drilling machine 

The soil nails placed within the drilled holes were galvanized (BS729) with a minimum 

coat thickness of 85microns or 610g/m2 on 25mm diameter tor steel reinforcement (BS 

4449). Grade 500 QST high yield deformed bars of appropriate length with a cold rolled 

thread of at least 150mm (as such that a significant length would be protruding beyond 

the soil surface) were used. The soil nail to be grouted required a cover of 50mm. Thus, it 

was supported by 4// diameter centralizers as shown in Figure 3.7 and Figure 3.8 to 

ensure 50mm cover from the bored surface. 

                            

 

 

 

 

 

 

 

 

 

 
Figure 3.7 Galvanized soil nail with the PVC 

cover 
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The grouting procedure initiated, after the soil nail was placed in the bored hole up to the 

2.5 m length. The liquidated grout (comply with the provisions of BS12) included 

ordinary Portland cement mixed with Al powder 0.005 percent by weight of cement to 

prevent shrinkage (Figure 3.9 to Figure 3.12). Grouting was done from the bottom end of 

the hole with  around 2bar pressure to maintain slow flow rate. 

 

 

 

        

 

 

 

 

                            

 

 

  

Figure 3.8 Preparing the 50mm cover with the use of 4” dia. centralizer 

Figure 3.9 Cement and anti shrinkage grout being mixed in a barrel  
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Figure 3.10 -  Grouting machine placed on the platform 

Figure 3.11 Grouting the holes 
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3.3 Pull Out Tests  

There were eight test nails installed in 5m long bore holes, but the grouted length was 

only 2.5m. (Figure 3.3). Grouting of short lengths was done following the guidance in 

Hong Kong Guide for Soil Nailing to ensure that the nails can be pulled out without 

causing tensile failure. In the pullout test the resistance would develop over the full 

length of the nail and with long nails, the pullout capacity would exceed the tensile 

strength. 

The overburden heights at the centre of the grouted length at test locations are illustrated 

in Figure 3.13 and values are summarized in Table 3.1. The undisturbed samples for the 

evaluation of properties of the soil are also obtained at close proximity to the test nails. 

This is to ensure that appropriate parameters can be used in the evaluation of the pullout 

resistance. 

 

 

Figure 3.12 Grouted nail  

Figure 3.13 Respective test nail locations 
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Table 3.1 The overburden heights at center of each test nails 

Test Nail Average overburden height 

A1 , A2 4.57m 

B1 , B2 6.46m 

C1 , C2 9.00m 

D1 , D2 10.92m 

 

3.3.1 Testing procedure of the Pullout Test 

The field test involved performing the soil nail pulling out  at the selected test  locations. 

A steady platform was constructed adjacent to the test nail locations, with the use of 

horizontally placed GI pipes. Two thick timber planks were placed at either sides of the 

soil nail to restrict lateral movement and to support the pulling system that was about to 

be installed. (Figure 3.14)  

 

Figure 3.14 Establishment of the platform and placing planks beside the soil nail  

Two “I” beam sections (or metal plates) were placed above the timber planks (Figure 

3.14) and a third and fourth “I” beam (or metal plates) were placed horizontally above the 

aforesaid “I” beams, thereby isolating the soil nail protruding out of the soil surface and 

providing a solid platform for the nail pulling apparatus to be fixed.  
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The jack used to pull the test nail was fixed to the nail as shown in Figure 3.15; the 

threads cut in the nails were used to tighten the grip of the loads supporting the apparatus, 

with the use of nuts. A dial gauge was then connected along the axis of nail to the 

apparatus in order to measure the amount of pullout and the dial gauge mounted to the 

jack was used to monitor load applied. 

 

 

 

 

 

 

Figure 3.15  Apparatus used to pull the test nails 
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Taking an average pullout resistance of 100kN/m2 ,the pullout load over the grouted nail 

length (2.5m) was estimated to be around 100kN (Design Load DL). Pressure was 

gradually applied on the jack as shown in Figure 3.16, until the dial reached the required 

load. Test were carried out in four loading cycle (with reference to the Publication No 

FHWA-CFL/TD-10-001,May 2010 of FHWA)  having loading sequence of 0.5DL 

(51kN),0.75DL(75kN),1.0DL(99kN) and 1.25DL(122kN). Ultimately the nail was loaded 

to failure. Due to safety reasons, the dial gauge was removed in this final cycle loaded to 

failure. In this final cycle, the pullout load on the nail was gradually increased as in the 

previous cycles until the load transferred started to decrease. This release of load signifies 

that the nail has reached the pullout capacity as illustrated in Figure 3.17. 

 

        Figure 3.17  General behavior of the ultimate loading cycle. 
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Figure 3.15 Apparatus used to pull the test nail  

 

Figure 3.16  Application of pressure to the soil nail through the apparatus 
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Displacements at different levels of loading in the initial cycles of the pullout loading are 

presented in Table 3.2 and are presented graphically in Figure 3.18, Figure 3.19, Figure 

3.20 and Figure 3.21. 

The measured pullout capacity in the ultimate cycle that was done to determine the 

ultimate pullout load is summarized in Table 3.3 

                                                        

 

Load 

(kN) 

Displacement Due to Loading & Unloading of Pullout Test    (mm) 

Level A Level B Level C Level D 

Nail A1 Nail A2 Nail B1 Nail B2 Nail C1 Nail C2 Nail D1 Nail D2 

.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

51.00 0.78 1.03 1.03 0.80 0.65 0.82 0.45 0.42 

51.00 0.90 1.25 1.03 0.82 0.87 0.83 0.46 0.46 

0.00 0.77 0.65 0.01 0.02 0.11 0.14 0.01 0.03 

75.00 2.27 2.61 1.65 2.56 1.84 2.49 0.90 1.11 

75.00 2.27 2.61 1.65 2.70 1.84 2.49 0.90 1.11 

0.00 0.83 0.78 0.20 0.66 0.55 0.43 0.02 0.10 

99.00 5.27 4.01 2.76 5.95 3.21 3.04 1.37 1.65 

99.00 5.30 4.12 2.76 6.90 3.21 3.04 1.37 1.65 

0.00 0.96 1.37 0.54 2.03 0.96 0.84 0.04 0.20 

122.00 5.96 6.21 5.18 - 6.71 7.29 1.93 2.28 

122.00 5.97 7.87 5.18 - 6.77 7.30 1.99 2.29 

0.00 2.01 2.12 2.16 - 1.47 4.78 0.05 0.45 

 

Table 3.2 Displacement of nails in initial loading cycles 
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Figure  3.18  Displacement due to loading and unloading in level -A 

Failure Load-126kN 

 

Failure Load-106kN 

Figure  3.19  Displacement due to loading and unloading in level -B 

Failure Load-137kN 
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Figure  3.20  Displacement due to loading and unloading in level -C 

Figure  3.21  Displacement due to loading and unloading in level -D 
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Location Depth of 

overburden(m) 

Measured Pull Out 

Capacity(kN) 

A1 2.25 126 

A2 2.25 126 

B1 4.5 106 

B2 4.5 137 

C1 7.5 152 

C2 7.5 141 

D1 9.25 202 

D2 9.25 202 

 

3.3.2 Complete Pulling out the Test Nail 

After the completion of this final cycle, the test nails were completely pullout out of the 

hole. A 25mm thick MS plate was connected to the tip of the soil nail, with the use of 

nuts on both sides and cable of the tractor (Portland Major) and a mobile crane was used 

to pull the nail. A thick timber plank was supported by jacks, was used to ensure that the 

tension exerted by the vehicle acted perpendicular to the soil nail surface. After that force 

was exerted both in a gradually increasing manner as well as in an impulsive manner to 

remove the grouted nail. After extraction of the nails, the perimeter of the grouted body 

was obtained by direct measurements.  

 

 

 

T

h

e

 

p

e 

 

 

Figure 3.22 Extracted soil nails  

 

Table 3.3 Measured pull out capacity in the ultimate cycle 
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The perimeters of the nails pulled out were measured to estimate the diameter. The 

results are summarized in Table 3.5. During the drilling operation the intended drill hole 

diameter was 116mm.Thus the perimeter would be 364.4mm. The measured perimeters 

are much larger and as summarized in Table 3.5, there is a general increase of the order 

of 22%. 

 

 

Diameter of the grouted nail    (mm) 

% 

Increase Nail No 

Diameter 

of drill 

hall 

Average measured perimeter 

of grouted nail 

Estimated  diameter  

of grouted nail 

A 

A1 116 440 140 21 

A2 116 446 142 22 

B 

B1 116 450 143 23 

B2 116 452 144 24 

C 

C1 116 447 142 22 

C2 116 454 144 24 

D 

D1 - - -   

D2 - - -   

Average 22.6 

 

 

 

Table 3.5 Measured perimeter / calculated diameter of the soil nail 
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4 Determination of engineering properties of the soil forming the slope  

4.1 Obtaining Representative Samples  

The experimentally determined pullout resistances should be compared with the 

theoretical estimates made with currently used methods of estimation. Therefore it is 

necessary to obtain relevant shear strength parameters. Considering the variability of 

residual soils attempts were made to obtain undisturbed samples from all four test nail 

heights. Under these conditions the box sampling would be the most appropriate 

technique. Hence 300mmX300mmX300mm box samples were obtained from all four 

test height. At each height two pullout tests had been performed. Sampling locations 

A,B,C& D and test nail locations A1,A2,B1,B2,C1,C2,D1and D2 are illustrated in 

Figure 4.1. The process of sampling is illustrated in Figure 4.2. 

 

Figure 4.1 – Locations of test nails and undisturbed sampling 
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Procedure followed to acquire an undisturbed soil sample:  

A location adjacent to the test nail location - assuring it also coincided with the effective 

height of the test nail (Figure 4.2), was selected. The external hard earth surface above 

the selected location was then excavated to form working space in order to obtain the 

undisturbed box sample. The inner dimensions of plywood boxes, custom made to obtain 

the samples were measured, and marked on the soil surface. The surrounding earth was 

trimmed with the use of tools such as crow bars for excavation and table knives for fine 

cuts to form sharp edges.  

The sample boxes were steadily shoved down the partially cut soil surface, upon 

extracting five faces of the sample cube (Figure. 4.3) 

Figure 4.2  The process of obtaining undisturbed sample 
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Figure 4.3 Five faces of the soil sample extracted 

The final face of the sample was extracted by trimming the surface beyond the required 

limit and tilting the box sideways in order to remove the sample box from the location 

with only one face exposed with an irregular surface (due to excess earth). 

The sample box was then placed in such a way that the irregular surface faced upwards. 

Then the irregular surface was trimmed with the use of table knives to obtain a smooth 

top layer. The top layer of the sample was subsequently coated with a layer of malted 

wax in order to seal the surface from the surrounding atmosphere (Figure 4.4).  

 

Figure 4.4 Sealing the surface of the undisturbed soil sample 

The sealed surface was enclosed by riveting a plywood lid to the edges of the exposed 

face, as the heated wax solidified. The undisturbed soil sample was eventually tagged, 

packed, loaded and delicately transported to the laboratory (Figure 4.5). However, the 

box sample A was found have got disturbed and was not used for the laboratory testing. 
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Figure 4.5 Tagged, packed undisturbed soil sample ready to be transported to the lab 

4.2 Laboratory Tests. 

After receiving box samples at the laboratory a series of tests were conducted. There 

were tests to determine the basic index properties and the effective shear strength 

parameters. Tests conducted are summarized along with the relevant testing standards 

Atterberg Limit 

Hydrometer Test and Sieve Analysis 

Moisture Content 

Bulk Density 

Direct Shear Test-Natural Condition 

 

 

4.2.1 Results of Basic Index Tests  

Atterberg limit 

 

The Atterberg limits are a basic measure of the critical water contents showing changes 

of consistency of a fine-grained soil, namely; shrinkage limit, plastic limit, and liquid 

limit. As a dry clayey soil takes on increasing amounts of water, it undergoes dramatic 

and distinct changes in behavior and consistency. Depending on the water content of the 

soil, it may appear in four states: solid, semi-solid, plastic and liquid. In each state, the 

consistency and behavior of a soil is different and consequently so are its engineering 

properties. Thus, the boundary between each state can be defined based on a change in 

the soil's behavior. The Atterberg limits can be used to distinguish between silt and clay, 

and it can distinguish between different types of silts and clays. The results of the 

Atterberg limit tests are summarized in Table 4.1 

The experiments compiled 

with the following 

standards 

ASTM C900-15 

ASTM D 4318 

ASTM D 421 

ASTM D 422 

ASTM D 2216 

BS1377 Part 7: 1990 

Disturbed 

Sample 

Undisturbed 

Sample 
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Test Sample-B Sample-C Sample-D 

Natural Moisture Content (MC)% 28.9 47.8 14.1 

Liquid Limit (LL) % 65 77 Non Plastic 

Plastic Limit (PL) % 39 40 Non Plastic 

Plasticity Index (PI) % 26 37 - 

 

 Sieve-analysis test and Hydrometer test 

Sieve-analysis is used to determine the size distribution of large particles. Hydrometer 

test is used to determine the particle size distribution of very fine particles such as silt 

and clay. As the soils contained a significant amount of fine particles both tests were 

performed and the results are presented in Table 4.2 and Figure 4.6. 

 

 

Sieve Size or 

Particle diameter 

(mm) 

Total Percentage of passing 

sample of location -B sample of location -C sample of location -D 

12.50 - - 100.00 

9.50 100.00 - 98.98 

4.75 99.93 100.00 97.70 

2.36 98.84 99.82 95.62 

1.18 94.81 98.40 88.93 

0.60 90.31 96.71 71.86 

0.30 84.43 93.07 47.62 

0.15 78.04 91.68 27.04 

0.08 73.78 87.54 16.84 

0.03 46.48 46.02 4.09 

0.02 37.97 39.02 3.28 

0.01 33.04 31.76 2.72 

0.008 28.89 27.08 2.17 

0.006 25.02 24.27 1.89 

0.003 20.14 18.45 0.70 

0.001 14.18 13.3 0.01 

Table 4.1 Result of the Atterberg limits tests 

Table 4.2 Results of Sieve-analysis/Hydrometer analysis 
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Table 4.3 presents percentages of different soil fractions and classification symbol 

assigned according to the Unified Classification System. Sample B and C are silts of 

high plasticity and Sample D was a silty sand.  

 

Name of Index Sample-B Sample-C Sample-D 

Percentage fines  % 73.78 87.54 16.84 

Percentage Sand  % 26.22 12.46 80.16 

Percentage Gravel % 0.00 0.00 3.00 

Classification Symbol MH MH SM 
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Figure   4.6 Particle size distribution curves for sample B, C and D 

Table 4.3 Percentages of different soil types and Classification of the Samples 
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Bulk density 

Bulk density is obtained by dividing the mass of the soil by the volume it occupies. It can 

be used to estimate the dry density of the soil which can be correlated to strength and 

stiffness characteristics of the soil. From each box sample B, C and D three tests of bulk 

density was performed. Test procedure is illustrated in Figure 4.7 and test results are 

summarized in Table 4.4. 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Bulk density test 

Table - 4.4  Results of Bulk density test 

Bulk density data  of samples  ( Mg/m3) 

Sample  

Results for unsaturated samples 

Results for saturated samples (before 

saturated) 

specim

en-1 

specim

en-2 

specim

en-3 

Avera

ge 

specim

en-1 

specim

en-2 

specim

en-3 

Avera

ge 

Sample -B 1.58 1.56 1.58 1.57 1.64 1.63 1.63 1.63 

Sample -C 1.54 1.51 1.49 1.51 1.52 1.57 1.53 1.54 

Sample-D 1.96 2.01 1.82 1.93 1.98 1.84 1.92 1.91 
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4.2.2 Direct shear test 

To evaluate the theoretical pull out resistance of the nail it is essential to have the 

effective parameters of cohesion c/ and Friction angle  / of the relevant soil. The direct 

shear test is one of the laboratory test used by geotechnical engineers to measure the 

shear strength properties of soil . 

The test is performed on three or four identical specimens from an undisturbed soil 

sample. A specimen is placed in a shear box which has two stacked rings to hold the 

sample; the contact between the two rings is at approximately the mid-height of the 

sample. A confining stress is applied vertically to the specimen, and the upper ring is 

pulled laterally until the sample fails, or through a specified strain. The load applied and 

the strain induced is recorded at frequent intervals to determine a stress–strain curve for 

each confining stress. Several specimens are tested at varying confining stresses to 

determine the shear strength parameters, the soil cohesion (c/ ) and the angle of internal 

friction ( / ).  

Direct shear test was selected over the more sophisticated triaxial test in this research due 

to the difficulties in extruding undisturbed test specimen from the box samples of hard 

residual soils. The direct shear test specimens are much smaller and easy to extrude. 

Also, due to the smaller size the drainage paths are shorter and duration of the tests 

would be shorter. In order to obtain the effective shear strength parameters the test has to 

done slowly ensuing drained conditions. (pore pressures are fully dissipated during the 

test). 

Out of the four box samples obtained Sample “A” was damaged while transporting and 

could not be used in direct shear tests. Six sets of direct shear tests were done from box 

samples B, C, and D; three sets at natural moisture content and three sets under saturated 

conditions. The natural sample was brought to a saturated by adding water (submerge in 

water body) and keeping for 24hrs to get the saturation condition before testing. 

For each box sample tests were done at three different confining normal stresses and 

stress strain curves for all three tests were obtained. Using the peak shear stress of each 

test the shear strength Vs normal stress graphs were plotted to obtain the shear strength 

parameters. 

Test were done under both unsaturated (the natural existing) condition and the saturated 

condition. The F values obtained from the saturated test were used in the result of the 

unsaturated samples to obtain the cohesion intercept. 

As the sample at location A was disturbed it was not used for Direct Shear tests. A slow 

shearing rate range of 0.5mm/min was to ensure that shearing is done under drained 

conditions. 

 

https://en.wikipedia.org/wiki/Geotechnical_engineering
https://en.wikipedia.org/wiki/Shear_strength
https://en.wikipedia.org/wiki/Soil
https://en.wikipedia.org/wiki/Strain_%28materials_science%29
https://en.wikipedia.org/wiki/Stress%E2%80%93strain_curve
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 Evaluation of Effective Shear Strength Parameters c/ and / of sample B 

(Saturated Condition) 

The basic characteristics of the three test specimens obtained from Sample B before 

saturation are presented in Table 4.5. The bulk density of the saturated soil was estimated 

using the relationship between bulk density (g), specific gravity of soil particle (Gs), 

degree of saturation (Sr), void ratio (e) and unit weight of water (gw). Assuming sample 

was fully saturated, the degree of saturation (Sr) was taken as 1. The stress strain curves 

obtained from the three specimens are presented in Figure 4.8. The plots of shear stress 

Vs normal stress at failure for the three specimens are presented in Figure 4.9. The shear 

strength parameters are summarized in Table 4.6. 

 

Specimen data  of sample B (saturated) 

Description specimen-1 specimen-2 specimen-3 Average 

Moisture content Measured                  (%) 28.90 28.90 28.90 28.90 

Bulk Density                              ( Mg/m3) 1.64 1.63 1.63 1.63 

Dry Density                                ( Mg/m3) 1.27 1.26 1.26 1.26 

Void Ratio 1.15 1.16 1.16 1.16 

 Initial  Degree of Saturation             (%) 68.78 67.74 68.04 68.19 

Specific gravity of soil particle 2.73 

Estimated average Bulk Density    At 100% saturated            (  kN/m3) 17.68 
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Table 4.5 Specimen data of sample B (saturated) 

Figure 4.8 Shear stress Vs horizontal displacement- sample B (saturated) 
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Test No         1 2 3 

Normal Stress                                                        kN/m2 81.75 109.00 54.50 

Peak Shear Stress                                                  kN/m2 61.83 82.36 46.17 

Rate of Stain                                                          mm/min 0.06 0.05 0.04 

Stain  of Peak Shear Stress                                    % 8.10 7.50 8.80 

Sample Preparation                                   Undisturbed 

Peak Shear Strength Parameters                                         

Angle of Internal Friction (in degree)  33o 

Cohesion Intercept (C) kN/m2 9 
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Table 4.6 Specimen results of sample B (saturated) 

Figure 4.9 Shear stress Vs Normal Stress- sample B (saturated)  
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Evaluation of Effective Shear Strength Parameters c/ and  / of sample B  

(Natural Unsaturated Condition) 

The basic characteristics of the three test specimen obtained from Sample B of natural 

conditions (unsaturated) are presented in Table 4.7. The stress strain curves obtained 

from the three specimens are presented in Figure 4.10. The plots of shear stress Vs 

normal stress at failure for the three specimens are presented in Figure 4.11. The shear 

strength parameters are summarized in Table 4.8. 

 

Specimen data  of sample B (un-saturated) 

Description specimen-1 specimen-2 specimen-3 Average 

Moisture content Measured                    (%) 28.90 28.90 28.90 28.90 

Bulk Density                                      ( Mg/m3) 1.58 1.56 1.58 1.57 

Dry Density                                        ( Mg/m3) 1.23 1.21 1.23 1.22 

Void Ratio 1.23 1.25 1.23 1.236 

Degree of Saturation                                (%) 64.41 63.08 64.33 63.94 
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Figure 4.10 Shear stress Vs horizontal displacement- sample B (un-saturated) 
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Test No         1 2 3 

Normal Stress                                                        kN/m2 81.75 109.00 136.25 

Peak Shear Stress                                                  kN/m2 67.78 94.44 115.10 

Rate of Stain                                                          mm/min 0.04 0.03 0.05 

Stain  of Peak Shear Stress                                    % 6.03 3.25 8.30 

Sample Preparation                                   Undisturbed 

Peak Shear Strength Parameters                                         

Angle of Internal Friction (in degree)  33o 

Cohesion Intercept (C) kN/m2 20 
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Table 4.8 Specimen results of sample B (Unsaturated) 
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Evaluation of Effective Shear Strength Parameters c/ and / of sample C 

(Saturated Condition) 

The basic characteristics of the three test specimen obtained from Sample C after 

saturation are presented in Table 4.9. The bulk density of saturated soil was estimated 

using Table 4.9 results and relationship between bulk density (g), specific gravity of soil 

particle (Gs), degree of saturation (Sr), void ratio (e) and unit weight of water (gw). 

Assuming sample was fully saturated, the degree of saturation (Sr) was taken as 1.The 

stress strain curves obtained from the three specimens are presented in Figure 4.12. The 

plots of shear stress Vs normal stress at failure for the three specimens are presented in 

Figure 4.13. The shear strength parameters are summarized in Table 4.10. 

 

Specimen data  of sample C (saturated) 

Description specimen-1 specimen-2 specimen-3 Average 

Moisture content Measured                    (%) 47.78 47.78 47.78 47.78 

Bulk Density                                      ( Mg/m3) 1.52 1.57 1.53 1.54 

Dry Density                                        ( Mg/m3) 1.03 1.06 1.04 1.04 

Void Ratio 1.58 1.51 1.57 1.55 

Initial Degree of Saturation                 (%) 80.36 84.43 80.97 81.92 

Specific gravity of soil particle 2.66 

Estimated average Bulk Density    At 100%  saturated            (  kN/m3) 16.20 
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Table 4.9 Specimen data of sample C (Saturated) 
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Test No         1 2 3 

Normal Stress                                                        kN/m2 81.75 109.00 54.50 

Peak Shear Stress                                                  kN/m2 50.26 52.57 37.02 

Rate of Stain                                                          mm/min 0.03 0.05 0.07 

Stain  of Peak Shear Stress                                    % 4.40 5.82 1.52 

Sample Preparation                                   Undisturbed 

Peak Shear Strength Parameters                                         

Angle of Internal Friction (in degree)  16o 

Cohesion Intercept (C) kN/m2 23 
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Figure 4.13 Shear stress Vs Normal Stress- sample C (Saturated) 

Table 4.10 Specimen results of sample C (saturated) 
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Evaluation of Effective Shear Strength Parameters c/ and / of sample C (Natural 

Unsaturated Condition) 

The basic characteristics of the three test specimen obtained from Sample C of natural 

conditions (unsaturated) are presented in Table 4.11. The stress strain curves obtained 

from the three specimens are presented in Figure 4.14. The plots of shear stress Vs 

normal stress at failure for the three specimens are presented in Figure 4.15. The shear 

strength parameters are summarized in Table 4.12. 

 

Specimen data  of sample C (un saturated) 

Description specimen-1 specimen-2 specimen-3 Average 

moisture content Measured                    (%) 47.78 47.78 47.78 47.78 

Bulk Density                                      ( Mg/m3) 1.54 1.51 1.49 1.51 

Dry Density                                        ( Mg/m3) 1.04 1.02 1.01 1.02 

Void Ratio 1.56 1.61 1.64 1.60 

Degree of Saturation                                (%) 81.70 78.95 77.44 79.36 
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Table 4.11 Specimen data of sample C (un-saturated) 

Figure 4.14 Shear stress Vs horizontal displacement- sample C (un-saturated) 
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Test No         1 2 3 

Normal Stress                                                        kN/m2 54.50 81.75 109.00 

Peak Shear Stress                                                  kN/m2 59.00 71.15 99.19 

Rate of Stain                                                          mm/min 0.04 0.05 0.02 

Stain  of Peak Shear Stress                                    % 2.58 6.70 5.50 

Sample Preparation                                   Undisturbed 

Peak Shear Strength Parameters                                         

Angle of Internal Friction (in degree)  16o 

Cohesion Intercept (C) kN/m2 48 
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 Figure 4.15 Shear stress () Vs Normal Stress ()-sample C (un-saturated) 

Table 4.12 Specimen results of sample C (Unsaturated) 



Chapter 4 Determination of engineering properties of the soil forming the slope 
 

58 
 

Evaluation of Effective Shear Strength Parameters c/ and / of sample D   

(Saturated Condition) 

The basic characteristics of the three test specimens obtained from Sample D after 

saturation are presented in Table 4.13. The bulk density of saturated soil was estimated 

using Table 4.13 results and relationship between bulk density (g), specific gravity of 

soil particle (Gs), degree of saturation (Sr), void ratio (e) and unit weight of water (gw). 

Assuming sample was fully saturated, the degree of saturation (Sr) was taken as 1.The 

stress strain curves obtained from the three specimens are presented in Figure 4.16. The 

plots of shear stress Vs normal stress at failure for the three specimens are presented in 

Figure 4.17. The shear strength parameters are summarized in Table 4.14. 

 

Specimen data  of sample D (saturated) 
Description specimen-1 specimen-2 specimen-3 Average 

Moisture content Measured                    (%) 14.07 14.07 14.07 14.07 

Bulk Density                                      ( Mg/m3) 1.98 1.84 1.92 1.91 

Dry Density                                        ( Mg/m3) 1.74 1.61 1.68 1.68 

Void Ratio 0.64 0.76 0.69 0.70 

Degree of Saturation                                (%) 62.87 52.62 57.82 57.77 

Specific gravity of soil particle 2.84 

Estimated average Bulk Density    At 100% saturated            (  kN/m3) 20.44 
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Table 4.13 Specimen data of sample D (saturated) 

Figure 4.16 Shear stress Vs horizontal displacement- sample D (saturated) 
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Test No         1 2 3 

Normal Stress                                                        kN/m2 27.25 54.5 81.75 

Peak Shear Stress                                                  kN/m2 58.22 74.01 111.91 

Rate of Stain                                                          mm/min 0.01 0.01 0.03 

Stain  of Peak Shear Stress                                    % 5.17 3.53 3.68 

Sample Preparation                                   Undisturbed 

Peak Shear Strength Parameters                                         

Angle of Internal Friction (in degree)  44o 

Cohesion Intercept (C) kN/m2 27 
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Table 4.14 Specimen results of sample D (saturated) 

Figure 4.17 Shear stress Vs Normal Stress- sample D (saturated) 
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Evaluation of Effective Shear Strength Parameters c/ and  / of sample D 

(Natural Unsaturated Condition) 

The basic characteristics of the three test specimen obtained from Sample D of natural 

conditions (unsaturated) are presented in Table 4.15. The stress strain curves obtained 

from the three specimens are presented in Figure 4.18. The plots of shear stress Vs 

normal stress at failure for the three specimens are presented in Figure 4.19. The shear 

strength parameters are summarized in Table 4.16. 

 

Specimen data  of sample D (un-saturated) 

Description specimen-1 specimen-2 specimen-3 Average 

Moisture content Measured                   (%) 14.07 14.07 14.07 14.07 

Bulk Density                                     ( Mg/m3) 1.96 2.01 1.82 1.93 

Dry Density                                      ( Mg/m3) 1.72 1.76 1.6 1.69 

Void Ratio 0.65 0.61 0.78 0.68 

Degree of Saturation                               (%) 61.52 64.98 51.40 59.30 
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Table 4.15 Specimen data of sample D (un-saturated) 

Figure 4.18 Shear stress Vs horizontal displacement- sample D (un-saturated) 
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Test No         1 2 3 

Normal Stress                                                        kN/m2 27.25 54.50 81.75 

Peak Shear Stress                                                  kN/m2 57.96 62.61 77.14 

Rate of Stain                                                          mm/min 0.01 0.01 0.01 

Stain  of Peak Shear Stress                                    % 3.17 9.83 8.67 

Sample Preparation                                   Undisturbed 

Peak Shear Strength Parameters                                         

Angle of Internal Friction (in degree)  44o 

Cohesion Intercept (C) kN/m2 10 
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Figure 4.19 Shear stress () Vs Normal Stress()-sample D (un-saturated) 

Table 4.16 Specimen results of sample D (Unsaturated) 
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The Table 4.17 shows the summarized Shear Strength parameters which required to 

estimation of pullout resistance 

 

Nail Location A B C D 

C'    (kN/m2)—Unsaturated(Natural) 20 20 48 10 

C'    (kN/m2)--Saturated 9 9 23 27 

F'---Unsaturated(Natural) 33 33 16 44 

F'---Saturated 33 33 16 44 

 

 

Table 4.17 Summery of test result were obtained from direct shear test 
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5. Estimate of pullout resistance and comparison with field test results.  

5.1 Data and Formulae for estimation of pullout resistance 

The literature survey conducted provided information on number of different methods 

used at present by design engineers for the estimation of pullout resistance in soil nailing 

designs. Five of those methods were used in this study to estimate the pullout resistance. 

The methods are summarized in Table 5.1. The mathematical formulae used for the 

estimation of pullout resistance under different methods are given in the table. 

Methods 1 to 4 did not account for the presence of matric suction. They did not made 

any specific comment on the nature of shear strength parameters, i.e. whether they are 

saturated parameters or unsaturated parameters. Method 5, based on more recent research 

has accounted for the matric suctions and allowed for dilation effects as well.  

During the laboratory testing shear strength parameters were obtained both under the 

insitu unsaturated condition and under the saturated conditions from three undisturbed 

box samples. The next task is to assign an appropriate set of parameters to different test 

locations. From the four box samples obtained tests could be conducted only on three; B, 

C and D.  

It is necessary to have an estimate of matric suction to be used with Method 5. In the 

absence of any measured matric suction values a profile was assumed taking a maximum 

negative value of 100 kN/m2. The assumed profile is presented in Figure 5.1. The matric 

suction values for the different test nail locations are presented in Table 5.2 also. 

 

 

 

Figure 5.1  Assumed matric Suction variations with ground elevation 
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Table 5.1 Different methods for Estimation of pullout resistance 

Method 01 

Schlosser and Guilloux 

Method 02 

Heymann et al.(1992) 

Method 03 

Hansmann (1992) 

Method 04 

According to HA 6894 

Method 05 

Gurpersaud(2010) 

 
 

 

'tan2'   vL DKDCT 

 'tan''  NL CPT 

*'2'  eqCL DPT 

           dLSuucQ wazausf    tan

)tan(  np CDT 
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Table 5.2 Computed matric suction values for each nail level 

Location Depth(m) Matric suction         (kN/m2) 
A 4.6 95.9 

B 6.5 91.6 

C 9.0 79.6 

D 10.9 63.6 

 

The undisturbed box samples were located at same depth of each test nail centre. The 

Table 5.3 is presented required measurement of test nails and sample locations. 

Table 5.3 Location of test nails and sampling  

Test Nail  depth to nail at slope 

(m) 

depth to nail centre (m) depth to sample location (m) 

A1 2.25 4.6 4.6 

A2 2.25 4.6 4.6 

B1 4.50 6.5 6.5 

B2 4.50 6.5 6.5 

C1 7.50 9.0 9.0 

C2 7.50 9.0 9.0 

D1 9.75 10.9 10.9 

D2 9.75 10.9 10.9 

 

As methods 1 to 4 did not made any reference to matric suction values, the pullout 

resistance values were estimated with two sets; unsaturated parameters and saturated 

parameters. The numerical values of parameters used with reference do different nail 

locations are presented in Table 5.4. 

 

Table 5.4 Shear Strength Parameters Used for Estimation of pullout resistance 

Test Nail Location Lab test Saturated parameters 

used 

Unsaturated parameters used 

A1 Test-B c/ = 9 kN/m2,  /= 33o c/ = 20 kN/m2,  /= 33o 

A2 Test-B c/ = 9 kN/m2,  /= 33o c/ = 20 kN/m2,  /= 33o 

B1 Test-B c/ = 9 kN/m2,  /= 33o c/ = 20 kN/m2,  /= 33o 

B2 Test-B c/ = 9 kN/m2,  /= 33o c/ = 20 kN/m2,  /= 33o 

C1 Test-C c/ = 23 kN/m2,  /= 16o c/ = 48 kN/m2,  /= 16o 

C2 Test-C c/ = 23 kN/m2,  /= 16o c/ = 48 kN/m2,  /= 16o 

D1 Test-D c/ = 27 kN/m2,  /= 44o c/ = 10 kN/m2,  /= 44o 

D2 Test-D c/ = 27 kN/m2,  /= 44o c/ = 10 kN/m2,  /= 44o 

 

With the different method, separate calculations were done with both saturated and 

unsaturated parameters as applicable. Average pullout capacity over 1m length was 

calculated from the measured pullout capacities obtained over 2.5m grouted length. The 

pullout resistances estimated under different conditions were compared with the 

experimental values. 
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5.2 Estimation of pullout capacity with unsaturated and saturated shear strength 

parameters 

Method 1 to Method 4 for the estimation of pullout resistance used shear strength 

parameters without specifying whether they are saturated or unsaturated parameters. 

However, according to the prevailing site conditions all the test nails were under 

unsaturated conditions. As such, the pullout resistance was estimated using Methods 1 to 

Method 4 using unsaturated shear strength parameters in the equations. Method 5 

accounts for matric suction as well as dilation effects. The shear strength parameters C 

and  corresponding the expression of Method 5 are therefore saturated parameters. 

Hence, pullout resistance values were estimated by method 5 using the saturated 

parameters and estimated matric suction and angle of dilation. The values obtained are 

summarized in Table 5.5 and graphically presented in Figure 5.2. 

The estimated values as a percentage of corresponding experimentally observed values 

are presented in Table 5.6. 

If saturated shear strength parameters were used in the estimate of pullout resistance, 

Method 1 to Method 4 would result in values presented in Table 5.7. The estimated 

values as a percentage of corresponding experimentally observed values are presented in 

Table 5.8. Obviously, these values are much lower than the values computed under 

unsaturated condition and are much lower than the actual observations. 

 

 

Pull out capacity  kN/m 

Overburden 
height (m) 

Measured  
Method 

01 
Method 

02 
Method 

03 
Method 

04 

Method 05 

for  
=100 

for  
=200 

4.57 50.40 17.91 23.98 16.95 21.03 31.24 37.38 

4.57 50.40 17.91 23.98 16.95 21.03 31.24 37.38 

6.46 54.80 22.32 30.89 20.95 26.73 34.76 40.62 

6.46 42.40 22.32 30.89 20.95 26.73 34.76 40.62 

9.00 60.80 26.38 31.45 25.97 29.94 34.15 40.05 

9.00 56.40 26.38 31.45 25.97 29.94 34.15 40.05 

10.92 80.80 49.96 76.40 44.59 54.53 57.76 64.10 

10.92 80.80 49.96 76.40 44.59 54.53 57.76 64.10 

Table 5.5 Measured and Estimated Pullout capacity  
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Percentage of estimated pull out capacity as a measured capacity  

Overburden 
height (m) 

Method 01 Method 02 Method 03 Method 04 

Method 05 

for  
=100 for  =200 

4.57 35.54 47.57 33.62 41.73 61.98 74.17 

4.57 35.54 47.58 33.62 41.73 61.98 74.17 

6.46 40.72 56.37 38.23 48.77 63.43 74.12 

6.46 52.64 72.85 49.41 63.04 81.98 95.80 

9.00 43.39 51.73 42.71 49.25 56.17 65.87 

9.00 46.77 55.76 46.04 53.09 60.55 71.01 

10.92 61.83 94.55 55.19 67.49 71.49 79.33 

10.92 61.83 94.55 55.19 67.49 71.49 79.33 
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Figure 5.2 Comparison of theoretical and measured pullout capacity. 

Table 5.6 Percentage of Deviation –Theoretical & Measured Pullout Capacity 
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Pull out capacity for saturated condition kN/m 

Location Depth (m) Method 01 Method 02 Method 03 Method 04 

A1 4.57 15.45 22.40 14.35 19.02 

A2 4.57 15.45 22.40 14.35 19.02 

B1 6.46 20.50 30.33 18.93 25.55 

B2 6.46 20.50 30.33 18.93 25.55 

C1 9.00 18.08 23.62 17.64 21.97 

C2 9.00 18.08 23.62 17.64 21.97 

D1 10.92 59.86 88.41 54.05 66.25 

D2 10.92 59.86 88.41 54.05 66.25 

 

 

Percentage of estimated pull out capacity as a measured capacity 

Location Depth (m) Method 01 Method 02 Method 03 Method 04 

A1 4.57 30.7 44.4 28.5 37.7 

A2 4.57 30.7 44.4 28.5 37.7 

B1 6.46 37.4 55.3 34.5 46.6 

B2 6.46 48.3 71.5 44.6 60.3 

C1 9.00 29.7 38.8 29.0 36.1 

C2 9.00 32.1 41.9 31.3 39.0 

D1 10.92 74.1 109.0 66.9 82.0 

D2 10.92 74.1 109.0 66.9 82.0 

 

5.3 Variation of measured pullout capacity with overburden height  

The ultimate pull out capacity obtained by testing was tabulated with respect to 

overburden pressure to study behavior of pullout capacity with the depth 

 

Depth(m) Measured Pull Out Capacity(kN) 

2.25 126 

2.25 126 

4.5 106 

4.5 137 

7.5 141 

7.5 152 

9.25 202 

9.25 202 

Table 5.9 Measured pull out capacity 

Table 5.7 Estimates Pullout capacity for saturated condition 

Table 5.8 Percentage of estimates pullout capacity for saturated condition as a measured 

capacity 
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5.4 Effective diameter of the soil nail. 

 

Nominal drill hall diameter used in the drilling process was lower than the diameter 

calculated using measured perimeter.  The comparison is presented in Table 5.10. 

 

 

Diameter of the grouted nail /(mm) 
Nail No Drill hole 

diameter 
Average measured perimeter 

of grouted nail 
Average diameter  of 

grouted nail 
% of 

increase 

A 

A1 116 440 140 21 

A2 116 446 142 22 

B 

B1 116 450 143 23 

B2 116 452 144 24 

C 

C1 116 447 142 22 

C2 116 454 144 24 

D 

D1 116 - -   

D2 116 Average percentage of increase 22.6 
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Table 5.10 Effective diameter of the soil nail 
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Therefore, the general increase of the perimeter from the normal vales is 22.6%.  If all 

the estimates made under the unsaturated conditions were increased by 22.6%, it would 

provide values as presented in Table 5.11. The estimated values as a percentage of 

corresponding experimentally observed values are presented in Table 5.12. However, 

with the comparison it is evident that even these values are lower than the measured 

pullout resistance except last nail level of method 02. 

  

 

Pull out capacity  kN/m 

Overburd
en height 

(m) 

Measured  
Method 

01 
Method 

02 
Method 

03 
Method 

04 

Method 05 

for  
=100 

for  
=200 

4.57 50.40 21.96 29.40 20.78 25.78 38.30 45.83 

4.57 50.40 21.96 29.40 20.78 25.78 38.30 45.83 

6.46 54.80 27.36 37.87 25.68 32.77 42.62 49.80 

6.46 42.40 27.36 37.87 25.68 32.77 42.62 49.80 

9.00 60.80 32.34 38.56 31.83 36.71 41.87 49.10 

9.00 56.40 32.34 38.56 31.83 36.71 41.87 49.10 

10.92 80.80 61.25 93.67 54.67 66.85 70.81 78.59 

10.92 80.80 61.25 93.67 54.67 66.85 70.81 78.59 

 

 

 

Percentage of estimated pull out capacity as a measured capacity 

Overburden 
height (m) Measured  

Method 
01 

Method 
02 

Method 
03 

Method 
04 

Method 05 

for  
=100 

for  
=200 

4.57 50.4 43.6 58.3 41.2 51.2 76.0 90.9 

4.57 50.4 43.6 58.3 41.2 51.2 76.0 90.9 

6.46 54.8 49.9 69.1 46.9 59.8 77.8 90.9 

6.46 42.4 64.5 89.3 60.6 77.3 100.5 117.5 

9.00 60.8 53.2 63.4 52.4 60.4 68.9 80.8 

9.00 56.4 57.3 68.4 56.4 65.1 74.2 87.1 

10.92 80.8 75.8 115.9 67.7 82.7 87.6 97.3 

10.92 80.8 75.8 115.9 67.7 82.7 87.6 97.3 

 

 

Table 5.11 Estimated pullout capacities considering measured Effective diameter of nails 

Table 5.12 Percentage of Deviation Theoretical & Measured Pullout Capacity 
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5.5 Concluding Comment on the comparison of pullout resistance 

The comparison of the measured pullout resistance with the predictions done with 

different methods currently in use clearly indicated that all the current methods 

underestimate the pullout capacity. By accounting for the; 

 Unsaturated condition that prevail 

 Possible dilation during pullout 

 Possible increase of drill hole diameter due to grout pressure 

Values much closer to the experimentally determined values can be obtained. In here the 

matric suction values were assumed as it could not be measured. If much higher matric 

suction values have prevailed and used in the analysis the computed pullout resistance 

values would be increased. 

5.6 Comparison of pullout test and direct shear test results  

Both direct shear test and pullout test mechanisms are having similar behavior where 

shear resistance was mobilizing gradually with the shear displacement. Hence a direct 

comparison of shear stress Vs displacement behavior during tests could provide some 

insight into the pullout mechanisms. As such, it was decided plot the two test results 

together. Since it was not obtained dial gauge reading at the failure load, 10mm 

displacement was assumed to plot aforesaid graphs.  Similar comparison was done by 

Chu and Yin (2005). The loads at different stages in the pullout tests were converted to 

shear stresses dividing by the effective nail surface area. The converted pullout test 

results are presented in Table 5.13a and Table 5.13b.  

Table 5.13a– Pullout Test Results (converted to unit shear resistance) 

Pull Out Test Result 

Pull Out Resistance- Normal stress 73.0 kN/m2 
(nail level A) 

Pull Out Resistance- Normal stress 103.35 

kN/m2 (nail level B) 

Nail A1 Nail A2 Nail B1 Nail B2 

Displace
ment 
(mm) 

pullout 
stress at 
loading 
(kN/m2) 

Displace
ment 
(mm) 

pullout 
stress at 
loading 
(kN/m2) 

Displacem
ent (mm) 

pullout 
stress at 
loading 
(kN/m2) 

Displace
ment 
(mm) 

pullout 
stress at 
loading 
(kN/m2) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.90 55.98 1.25 55.98 1.03 55.98 0.82 55.98 

2.27 82.32 2.61 82.32 1.65 82.32 2.70 82.32 

5.30 108.66 4.12 108.66 2.76 108.66 6.90 108.66 

5.97 133.91 7.87 133.91 5.18 133.91 8.65 133.91 

10.00 138.30 10.00 138.30 10.00 116.35 10.00 150.37 
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Table 5.13b– Pullout Test Results (converted to unit shear resistance) 

Pull Out Test Result 
Pull Out Resistance- Normal stress 135.9 

kN/m2 (nail level C) 
Pull Out Resistance- Normal stress 164.9 

kN/m2 (nail level D) 

Nail C1 Nail C2 Nail D1 Nail D2 

Displace
ment 
(mm) 

pullout 
stress at 
loading 
(kN/m2) 

Displace
ment 
(mm) 

pullout 
stress at 
loading 
(kN/m2) 

Displace
ment 
(mm) 

pullout 
stress at 
loading 
(kN/m2) 

Displace
ment 
(mm) 

pullout 
stress at 
loading 
(kN/m2) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.87 55.98 0.83 55.98 0.10 55.98 0.46 55.98 

1.84 82.32 2.49 82.32 0.90 82.32 1.11 82.32 

3.21 108.66 3.04 108.66 1.37 108.66 1.65 108.66 

6.75 133.91 7.30 133.91 1.99 133.91 2.29 133.91 

10.00 166.84 10.00 154.76 10.00 221.72 10.00 221.72 

 

5.6.1 Comparison of pullout test and direct shear test results of sample test B 

The test results presented in Table 5.13a and Table 5.13b were compared with direct 

shear test B (saturated) test results presented in Table 5.14 and graphically presented in 

Figure 5.4. Thereafter the pullout test results were compared with the results of Test B 

(unsaturated) in Table 5.15. The results are compared graphically in Figure 5.5. 

Table 5.14– Direct Shear Test Results – Test B Saturated  

Direct Shear Test Result  
Direct Shear- Normal stress 

54.5 kN/m2 
Direct Shear- Normal stress 

81.75 kN/m2 
Direct Shear -Normal stress 

109 kN/m2 
Displacement 

(mm) 
shear stress 

(kN/m2) 
Displacement 

(mm) 
shear stress 

(kN/m2) 
Displacement 

(mm) 

shear stress 

(kN/m2) 

0.00 5.03 0.00 5.03 0.00 5.03 
0.12 20.41 0.20 24.92 0.08 15.92 
0.44 29.44 0.50 34.49 0.23 33.98 
1.00 40.06 1.10 48.22 0.51 55.39 
1.60 42.10 1.89 55.91 0.91 70.89 
2.45 43.12 2.60 59.51 1.41 77.66 
3.00 44.13 3.30 61.06 1.96 80.79 
3.60 45.15 4.10 61.57 2.39 81.32 
4.10 45.66 4.86 61.83 2.92 81.58 
4.60 45.66 5.60 61.32 3.40 81.84 
5.30 46.17     3.95 82.10 
6.00 46.17     4.50 82.36 
6.50 46.17     5.39 82.26 
7.20 45.66     6.30 81.84 
7.75 45.15     7.50 81.06 
8.30 45.15         
8.80 44.64         
9.65 44.13         
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Table 5.15– Direct Shear Test Results – Test B Unsaturated (natural condition) 

Direct Shear Test Result 

Direct Shear- Normal stress 
54.5 kN/m2 

Direct Shear- Normal stress 
81.75 kN/m2 

Direct Shear -Normal stress 
109 kN/m2 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

0.00 5.03 0.00 5.03 0.00 5.03 

0.11 15.923 0.05 6.015 0.25 13.44 

0.31 22.91 0.07 8.978 0.45 33.48 

0.74 36.00 0.09 13.934 0.66 49.75 

1.14 47.20 0.12 18.414 1.95 62.61 

1.6 55.91 0.15 23.413 2.43 79.23 

2.04 63.64 0.27 38.033 2.80 94.44 

2.53 66.74 0.35 47.706 3.30 108.72 

3.04 67.78 0.57 61.574 3.62 112.97 

3.69 67.26 0.79 72.973 4.30 114.57 

    0.91 78.183 4.98 115.10 

    1.24 87.602 5.55 115.10 

    1.63 93.385 6.13 114.57 

    1.95 94.438 6.83 114.04 

    2.34 94.438 8.10 111.91 

    3.16 94.438     

    3.54 94.438     
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Figure 5.4 Comparison of pullout test and direct shear test result –Test B (saturated) 
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The shear stress-displacement graphs presented in the figures are drawn for different 

normal stresses or different overburden stresses. However, even under comparable 

normal stresses and overburden stresses, the pullout resistance values generally plotted 

above the direct shear test values. 

In order to obtain a direct comparison of two types of plots, both the direct shear test 

results and the pullout resistance test results were normalized by the dividing by the 

applied normal stress or dividing by the overburden stress. The values obtained are 

presented in Table 5.16, Table 5.17, Table 5.18a and Table 5.18b. 

The values are compared graphically in Figure 5.6 and Figure 5.7. 
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Figure 5.5  Comparison of pullout test and direct shear test result (Test B-unsaturated) 



Chapter 5 Estimate of pullout resistance and comparison with field test results   
 

75 
 

Table 5.16– Normalized Direct Shear Test Results – Test B  (Saturated)  

Direct Shear Test Result 

Direct Shear- Normal stress 
54.5 kN/m2 

Direct Shear- Normal 
stress 81.75 kN/m2 

Direct Shear -Normal stress 
109 kN/m2 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

0.00 0.09 0.00 0.06 0.00 0.05 

0.12 0.37 0.20 0.30 0.08 0.15 

0.44 0.54 0.50 0.42 0.23 0.31 

1.00 0.74 1.10 0.59 0.51 0.51 

1.60 0.77 1.89 0.68 0.91 0.65 

2.45 0.79 2.60 0.73 1.41 0.71 

3.00 0.81 3.30 0.75 1.96 0.74 

3.60 0.83 4.10 0.75 2.39 0.75 

4.10 0.84 4.86 0.76 2.92 0.75 

4.60 0.84 5.60 0.75 3.40 0.75 

5.30 0.85     3.95 0.75 

6.00 0.85     4.50 0.76 

6.50 0.85     5.39 0.75 

7.20 0.84     6.30 0.75 

7.75 0.83     7.50 0.74 

8.30 0.83         

8.80 0.82         

9.65 0.81         

 

Table 5.17– Normalized Direct Shear Test Results – Test B (Unsaturated)  

Direct Shear Test Result 
Direct Shear- Normal stress 

54.5 kN/m2 
Direct Shear- Normal stress 

81.75 kN/m2 
Direct Shear -Normal stress 

109 kN/m2 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

0.00 0.09 0.00 0.06 0.00 0.05 

0.11 0.29 0.05 0.07 0.25 0.12 

0.31 0.42 0.07 0.11 0.45 0.31 

0.74 0.66 0.09 0.17 0.66 0.46 

1.14 0.87 0.12 0.23 1.95 0.57 

1.6 1.03 0.15 0.29 2.43 0.73 

2.04 1.17 0.27 0.47 2.80 0.87 

2.53 1.22 0.35 0.58 3.30 1.00 

3.04 1.24 0.57 0.75 3.62 1.04 

3.69 1.23 0.79 0.89 4.30 1.05 

    0.91 0.96 4.98 1.06 

    1.24 1.07 5.55 1.06 

    1.63 1.14 6.13 1.05 

    1.95 1.16 6.83 1.05 

    2.34 1.16 8.10 1.03 

    3.16 1.16     

    3.54 1.16     
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Table 5.18a– Normalized Pullout Test Results ( unit  shear stress) 

Pull Out Test Result 

Pull Out Resistance- Normal stress 73.0 kN/m2 
(nail level A) 

Pull Out Resistance- Normal stress 103.35 kN/m2  
(nail level B) 

Nail A1 Nail A2 Nail B1 Nail B2 

Displacem
ent (mm) 

pullout 
stress at 
loading 
(kN/m2) 

Displacem
ent (mm) 

pullout 
stress at 
loading 
(kN/m2) 

Displaceme
nt (mm) 

pullout 
stress at 
loading 
(kN/m2) 

Displacem
ent (mm) 

pullout 
stress at 
loading 
(kN/m2) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.90 0.77 1.25 0.77 1.03 0.54 0.82 0.54 

2.27 1.13 2.61 1.13 1.65 0.79 2.70 0.79 

5.30 1.49 4.12 1.49 2.76 1.05 6.90 1.05 

5.97 1.83 7.87 1.83 5.18 1.29 8.65 1.29 

10.00 1.89 10.00 1.89 10.00 1.13 10.00 1.45 

 

 

Table 5.18b– Normalized Pullout Test Results (unit shear stress) 

Pull Out Test Result 

Pull Out Resistance- Normal stress 135.9 kN/m2 
(nail level C) 

Pull Out Resistance- Normal stress 164.9 

kN/m2 (nail level D) 

Nail C1 Nail C2 Nail D1 Nail D2 

Displace
ment 
(mm) 

pullout 
stress at 
loading 
(kN/m2) 

Displacem
ent (mm) 

pullout 
stress at 
loading 
(kN/m2) 

Displacem
ent (mm) 

pullout 
stress at 
loading 
(kN/m2) 

Displacem
ent (mm) 

pullout 
stress at 
loading 
(kN/m2) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.87 0.41 0.83 0.41 0.10 0.34 0.46 0.34 

1.84 0.61 2.49 0.61 0.90 0.50 1.11 0.50 

3.21 0.80 3.04 0.80 1.37 0.66 1.65 0.66 

6.75 0.98 7.30 0.98 1.99 0.81 2.29 0.81 

10.00 1.23 10.00 1.14 10.00 1.34 10.00 1.34 
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Figure  5.6 Comparison of normalized stresses of pullout  and direct shear test result Test B - Saturated 

Figure  5.7 Comparison of normalized stresses of pullout  and direct shear test result – Test B unsaturated 
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Even after the normalizing all the pullout test results plotted above the direct shear test 

results. Most of the pullout test results are showing a strain hardening effect. In contrast, 

the direct shear test results show a flatter shape after reaching the peak value. This strain 

hardening effect indicates that at the pullout of a nail it may not be subjected to a simple 

interface failure. There may be other effects such as dilation that contributes to the 

pullout resistance. 

5.6.2 Comparison of pullout test and direct shear test results of sample test C 

The test results presented in above Table 5.13a and Table 5.13b were compared with 

Test C (saturated) test results presented in Table 5.19 and graphically presented in Figure 

5.8. Thereafter the pullout test results were compared with Test C (unsaturated) test 

results presented in Table 5.20. The results are compared graphically in Figure 5.9. 

Table 5.19– Direct Shear Test Results – Test C Saturated  

Direct Shear Test Result 

Direct Shear- Normal stress 
54.5 kN/m2 

Direct Shear- Normal stress 
81.75 kN/m2 

Direct Shear -Normal stress 
109 kN/m2 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

0.00 5.03 0.00 5.03 0.00 5.03 

0.03 14.43 0.01 9.97 0.03 17.42 

0.13 22.41 0.03 16.42 0.11 24.42 

0.27 27.93 0.07 21.41 0.20 30.45 

0.41 31.46 0.13 24.92 0.31 34.49 

0.55 33.48 0.19 27.93 0.41 38.04 

0.74 36.01 0.24 30.95 0.63 42.61 

0.91 37.02 0.29 33.98 0.76 44.13 

1.09 37.02 0.35 36.51 1.00 46.68 

1.26 37.02 0.41 39.05 1.24 48.22 

1.42 37.02 0.47 40.57 1.74 49.75 

2.40 36.51 0.82 46.69 2.27 51.29 

    1.18 48.22 2.86 52.31 

    1.55 49.24 3.49 52.57 

    1.94 49.75 4.15 52.57 

    2.64 50.26 4.54 52.57 

    3.42 50.26 4.76 52.57 

    4.34 50.26 5.40 52.57 

    5.14 50.01 6.50 51.80 
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The following figure represents the behavior of pull out test and direct shear test results 

respect to the different normal stress conditions. 
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Figure 5.8 Comparison of pullout test and direct shear test result ( Test C - saturated) 
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Table 5.20– Direct Shear Test Results – Test C Unsaturated (natural condition) 

Direct Shear Test Result 

Direct Shear- Normal stress 
54.5 kN/m2 

Direct Shear- Normal stress 
81.75 kN/m2 

Direct Shear -Normal stress 
109 kN/m2 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

0.00 5.03 0.00 5.03 0.00 5.03 

0.02 8.48 0.08 12.44 0.00 5.52 

0.07 14.93 0.18 17.91 0.01 9.97 

0.13 20.91 0.29 27.93 0.03 14.93 

0.20 24.92 0.41 28.18 0.08 16.92 

0.29 29.44 0.50 31.96 0.16 16.92 

0.35 32.97 0.61 34.99 0.18 18.41 

0.43 36.01 0.72 39.05 0.18 20.41 

0.50 39.56 0.83 42.61 0.20 22.91 

0.58 43.12 0.94 45.66 0.22 24.92 

0.66 45.15 1.02 48.73 0.24 27.18 

1.07 55.39 1.61 58.99 0.36 39.56 

1.55 59.00 2.20 65.71 0.52 55.91 

2.06 58.22 2.78 69.08 0.70 69.86 

2.29 57.45 3.10 69.86 0.86 78.18 

    3.42 70.63 1.09 82.10 

    4.02 71.15 1.30 88.92 

    4.62 71.15 1.76 94.70 

    5.23 70.89 2.26 97.87 

        2.52 98.13 

        2.75 98.66 

        3.30 99.19 

        3.48 99.19 
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The shear stress-displacement graphs presented in the figures are drawn for different 

normal stresses or different overburden stresses. However, even under comparable 

normal stresses and overburden stresses, the pullout resistance values generally plotted 

above the direct shear test values. 

In order to obtain a direct comparison of two types of plots, both the direct shear test 

results and the pullout resistance test results were normalized by the dividing by the 

applied normal stress or dividing by the overburden stress. The values obtained are 

presented in Table 5.21, Table 5.22, and above Table 5.18a and Table 5.18b. 

The values are compared graphically in Figure 5.10 and Figure 5.11. 
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Figure 5.9 Comparison of pullout test and direct shear test result (Test C - unsaturated) 
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Table 5.21– Normalized Direct Shear Test Results – Test C Saturated  

Direct Shear Test Result 
Direct Shear- Normal stress   

54.5 kN/m2 
Direct Shear- Normal stress 

81.75 kN/m2 
Direct Shear -Normal stress    

109 kN/m2 

Displacement 
(mm) 

Normalized shear 
stress (kN/m2) 

Displacement 
(mm) 

Normalized shear 
stress (kN/m2) 

Displacement 
(mm) 

Normalized shear 
stress (kN/m2) 

0.00 0.09 0.00 0.06 0.00 0.05 

0.03 0.26 0.01 0.12 0.03 0.16 

0.13 0.41 0.03 0.20 0.11 0.22 

0.27 0.51 0.07 0.26 0.20 0.28 

0.41 0.58 0.13 0.30 0.31 0.32 

0.55 0.61 0.19 0.34 0.41 0.35 

0.74 0.66 0.24 0.38 0.63 0.39 

0.91 0.68 0.29 0.42 0.76 0.40 

1.09 0.68 0.35 0.45 1.00 0.43 

1.26 0.68 0.41 0.48 1.24 0.44 

1.42 0.68 0.47 0.50 1.74 0.46 

2.40 0.67 0.82 0.57 2.27 0.47 

    1.18 0.59 2.86 0.48 

    1.55 0.60 3.49 0.48 

    1.94 0.61 4.15 0.48 

    2.64 0.61 4.54 0.48 

    3.42 0.61 4.76 0.48 

    4.34 0.61 5.40 0.48 

    5.14 0.61 6.50 0.48 

 

Table 5.22– Normalized Direct Shear Test Results – Test C Unsaturated  

Direct Shear Test Result 
Direct Shear- Normal stress    

54.5 kN/m2 
Direct Shear- Normal stress      

81.75 kN/m2 
Direct Shear -Normal stress 

109 kN/m2 
Displacement 

(mm) 
shear stress 

(kN/m2) Displacement (mm) 
shear stress 

(kN/m2) 
Displacement 

(mm) 
shear stress 

(kN/m2) 

0.00 0.09 0.00 0.06 0.00 0.05 

0.02 0.16 0.08 0.15 0.00 0.05 

0.07 0.27 0.18 0.22 0.01 0.09 

0.13 0.38 0.29 0.34 0.03 0.14 

0.20 0.46 0.41 0.34 0.08 0.16 

0.29 0.54 0.50 0.39 0.16 0.16 

0.35 0.60 0.61 0.43 0.18 0.17 

0.43 0.66 0.72 0.48 0.18 0.19 

0.50 0.73 0.83 0.52 0.20 0.21 

0.58 0.79 0.94 0.56 0.22 0.23 

0.66 0.83 1.02 0.60 0.24 0.25 

1.07 1.02 1.61 0.72 0.36 0.36 

1.55 1.08 2.20 0.80 0.52 0.51 

2.06 1.07 2.78 0.84 0.70 0.64 

2.29 1.05 3.10 0.85 0.86 0.72 

    3.42 0.86 1.09 0.75 

    4.02 0.87 1.30 0.82 

    4.62 0.87 1.76 0.87 

    5.23 0.87 2.26 0.90 

        2.52 0.90 

        2.75 0.91 

        3.30 0.91 

        3.48 0.91 
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Figure 5.10 Comparison of normalized stresses of pullout and direct shear test result -Test C -Saturated 

Figure 5.11 Comparison of normalized stresses of pullout and direct shear test result - Test C - unsaturated 
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Even after the normalizing all the pullout test results plotted above the direct shear test 

results. All the pullout test results are showing a strain hardening effect. In contrast, the 

direct shear test results show a flatter shape after reaching the peak value. This strain 

hardening effect indicates that at the pullout of a nail it may not be subjected to a simple 

interface failure. There may be other effects such as dilation that contributes to the 

pullout resistance. 

5.6.3 Comparison of pullout test and direct shear test results of sample test D 

The test results presented in above Table 5.13a and Table 5.13b were compared with 

Test D (saturated) test results presented in Table 5.23 and graphically presented in Figure 

5.12. Thereafter the pullout test results were compared with Test D (unsaturated) test 

results presented in Table 5.24. The results are compared graphically in Figure 5.22. 

Table 5.23– Direct Shear Test Results – Test D Saturated  

Direct Shear Test Result 
Direct Shear- Normal stress 

27.25 kN/m2 
Direct Shear- Normal stress 

54.5 kN/m2 
Direct Shear -Normal stress 

81.75 kN/m2 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

0.00 5.03 0.00 5.03 0.00 5.03 

0.04 7.50 0.02 9.47 0.04 9.97 

0.12 9.47 0.10 16.92 0.11 24.92 

0.22 12.45 0.20 21.91 0.34 45.15 

0.32 13.93 0.31 24.42 0.65 65.70 

0.44 15.43 0.41 26.93 0.86 83.41 

0.56 17.42 0.53 28.94 1.14 97.60 

0.68 18.91 0.64 30.95 1.48 107.10 

0.78 19.91 0.74 32.97 1.84 110.80 

0.90 21.91 0.92 39.56 2.21 111.90 

1.00 23.92 1.08 47.20 2.60 109.78 

1.12 26.42 1.27 54.88     

1.21 27.93 1.51 57.97     

1.35 30.95 1.87 71.93     

1.45 32.97 2.12 74.01     

1.67 37.78 2.69 70.89     

1.75 40.06         

1.87 43.62         

1.98 46.17         

2.08 48.73         

2.18 50.78         

2.28 52.83         

2.40 54.37         

2.51 55.39         

2.64 56.94         

2.76 57.45         

2.87 57.97         

2.98 57.97         

3.10 58.22         

3.21 58.22         

3.45 57.45         

 



Chapter 5 Estimate of pullout resistance and comparison with field test results   
 

85 
 

 

 

 

0

50

100

150

200

250

0.00 2.00 4.00 6.00 8.00 10.00 12.00

Sh
e

ar
 o

r 
P

u
llo

u
t 

R
e

si
st

an
ce

 (
kN

/m
2

)

Displacement (mm)

Comparison of Pull Out Test and Direct Shear Test Result (saturated)

Nail A1 at normal stress =73kN/m2

Nail A2 at normal stress-73kN/m2

Nail B1 at normal stress=103.35kN/m2

Nail B2 at normal stress=103.35kN/m2

Nail C1 at normal stress=135.9kN/m2

Nail C2 at normal stress=135.9kN/m2

Nail D1 at normal stress=164.9kN/m2

Nail D2 at normal stress=164.9kN/m2

Direct Shear- Normal stress 27.25kN/m2

Direct Shear- Normal stress 54.5kN/m2

Direct Shear -Normal stress 81.75kN/m2

Figure 5.12 Comparison of pullout test and direct shear test result ( Test D - saturated) 
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Table 5.24– Direct Shear Test Results – Test D Unsaturated (natural condition) 

Direct Shear Test Result 
Direct Shear- Normal stress 

27.25 kN/m2 
Direct Shear- Normal stress 

54.5 kN/m2 
Direct Shear -Normal stress 

81.75 kN/m2 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

0.00 5.03 0.00 5.03 0.00 5.03 

0.01 7.00 0.05 5.03 0.01 5.03 

0.04 10.46 0.08 7.49 0.05 6.51 

0.12 14.93 0.10 14.93 0.09 8.98 

0.21 18.41 0.15 19.90 0.19 14.93 

0.33 21.41 0.25 22.40 0.27 18.41 

0.42 24.92 0.50 27.43 0.39 20.91 

0.52 27.93 0.70 31.96 0.50 24.91 

0.62 29.95 0.90 34.49 0.56 27.43 

0.73 33.98 1.10 37.50 0.70 29.90 

0.82 36.51 1.36 41.08 0.80 32.46 

0.91 39.55 1.65 44.10 0.85 34.99 

1.02 43.62 2.28 51.30 0.98 37.02 

1.13 46.17 3.76 54.37 1.10 40.06 

1.23 49.24 4.70 60.02 1.23 42.09 

1.47 54.36 5.30 59.76 1.35 44.64 

1.90 57.96 5.50 62.35 1.45 46.17 

2.00 57.96 5.56 62.35 1.53 47.70 

2.14 56.42 5.90 62.60 1.63 50.26 

    6.90 61.50 1.75 51.80 

    7.29 61.05 1.85 53.34 

        1.98 54.88 

        2.09 56.42 

        2.19 57.96 

        2.43 60.54 

        2.65 62.60 

        2.84 64.67 

        3.10 67.26 

        3.29 68.80 

        3.55 70.89 

        4.50 74.01 

        5.20 77.10 

        5.74 77.10 

        6.15 77.10 

        6.65 77.10 

        6.88 76.88 
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The shear stress-displacement graphs presented in the figures are drawn for different 

normal stresses or different overburden stresses. However, even under comparable 

normal stresses and overburden stresses, the pullout resistance values generally plotted 

above the direct shear test values. 

In order to obtain a direct comparison of two types of plots, both the direct shear test 

results and the pullout resistance test results were normalized by the dividing by the 

applied normal stress or dividing by the overburden stress. The values obtained are 

presented in Table 5.25, Table 5.26, and above Table 5.18a and Table 5.18b. 

The values are compared graphically in Figure 5.14 and Figure 5.15. In the normalized 

plots the direct shear test results plotted above the pullout test results. The sample at 

location D had a very high friction angle. 
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Figure 5.13 Comparison of pullout test and direct shear test result ( Test D - unsaturated) 
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Table 5.25– Normalized Direct Shear Test Results – Test D Saturated  

Direct Shear Test Result 

Direct Shear- Normal stress 
27.25 kN/m2 

Direct Shear- Normal stress 
54.5 kN/m2 

Direct Shear -Normal stress 
81.75 kN/m2 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacemen
t (mm) 

shear stress 
(kN/m2) 

0.00 0.18 0.00 0.09 0.00 0.06 

0.04 0.28 0.02 0.17 0.04 0.12 

0.12 0.35 0.10 0.31 0.11 0.30 

0.22 0.46 0.20 0.40 0.34 0.55 

0.32 0.51 0.31 0.45 0.65 0.80 

0.44 0.57 0.41 0.49 0.86 1.02 

0.56 0.64 0.53 0.53 1.14 1.19 

0.68 0.69 0.64 0.57 1.48 1.31 

0.78 0.73 0.74 0.60 1.84 1.36 

0.90 0.80 0.92 0.73 2.21 1.37 

1.00 0.88 1.08 0.87 2.60 1.34 

1.12 0.97 1.27 1.01     

1.21 1.02 1.51 1.06     

1.35 1.14 1.87 1.32     

1.45 1.21 2.12 1.36     

1.67 1.39 2.69 1.30     

1.75 1.47         

1.87 1.60         

1.98 1.69         

2.08 1.79         

2.18 1.86         

2.28 1.94         

2.40 2.00         

2.51 2.03         

2.64 2.09         

2.76 2.11         

2.87 2.13         

2.98 2.13         

3.10 2.14         

3.21 2.14         

3.45 2.11         
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Table 5.26– Normalized Direct Shear Test Results – Test D Unsaturated  

Direct Shear Test Result 

Direct Shear- Normal stress 
27.25 kN/m2 

Direct Shear- Normal stress 
54.5 kN/m2 

Direct Shear -Normal stress 
81.75 kN/m2 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

Displacement 
(mm) 

shear stress 
(kN/m2) 

0.00 0.18 0.00 0.09 0.00 0.06 

0.01 0.26 0.05 0.09 0.01 0.06 

0.04 0.38 0.08 0.14 0.05 0.08 

0.12 0.55 0.10 0.27 0.09 0.11 

0.21 0.68 0.15 0.37 0.19 0.18 

0.33 0.79 0.25 0.41 0.27 0.23 

0.42 0.91 0.50 0.50 0.39 0.26 

0.52 1.02 0.70 0.59 0.50 0.30 

0.62 1.10 0.90 0.63 0.56 0.34 

0.73 1.25 1.10 0.69 0.70 0.37 

0.82 1.34 1.36 0.75 0.80 0.40 

0.91 1.45 1.65 0.81 0.85 0.43 

1.02 1.60 2.28 0.94 0.98 0.45 

1.13 1.69 3.76 1.00 1.10 0.49 

1.23 1.81 4.70 1.10 1.23 0.51 

1.47 1.99 5.30 1.10 1.35 0.55 

1.90 2.13 5.50 1.14 1.45 0.56 

2.00 2.13 5.56 1.14 1.53 0.58 

2.14 2.07 5.90 1.15 1.63 0.61 

    6.90 1.13 1.75 0.63 

    7.29 1.12 1.85 0.65 

        1.98 0.67 

        2.09 0.69 

        2.19 0.71 

        2.43 0.74 

        2.65 0.77 

        2.84 0.79 

        3.10 0.82 

        3.29 0.84 

        3.55 0.87 

        4.50 0.91 

        5.20 0.94 

        5.74 0.94 

        6.15 0.94 

        6.65 0.94 

        6.88 0.94 
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Figure 5.14 Comparison of normalized stresses of pullout and direct shear test result Test D -saturated 

Figure 5.15 Comparison of normalized stresses of pullout and direct shear test result Test D unsaturated 
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5.7 Concluding comments on the comparison of stress-strain curves of 

direct shear tests and pullout tests 

In both the direct shear test and the pullout test shear resistance is mobilized along a 

failure surface as the induced deformation increases. As such, the stress strain curves of 

the two tests are comparable. 

The test results were initially compared directly and thereafter compared after 

normalizing with the normal stress or overburden stress. Pullout tests were compared 

separately with the direct shear tests done with undisturbed samples obtained from 

locations B, C and D.  

When the comparisons were done with direct shear test results of samples B and C all the 

normalized pullout test were above the direct shear tests. The stress-strain curves of 

pullout test showed a strain hardening type effect whereas the direct shear test results 

showed a reduction in stress after reaching the peak value. 

The undisturbed sample D was more granular with a high angle on internal friction. 

When the normalized pullout test results were compared with the normalized direct shear 

test results of sample D, the direct shear test results were plotted above the pullout test 

results. 

The undisturbed samples B, C and D were obtained at the face of the nailed slope. The 

test nails were installed over the last 2.5 m length of the hole drilled for a 5m length. 

The change in the soil properties further into the slope over this 5m perhaps to a less 

weathered condition could cause an increase in the pullout resistance from the computed 

values. Therefore, to make an accurate prediction of the pullout resistance it is necessary 

to test samples obtained further inside the slope closer to the resistant zones in the nails. 
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6 Summary, Conclusion & Recommendations for Further Research 

6.1 Summary and Conclusions  

The surface of the selected embankment was divided in to four levels, namely A, B, C, 

and D. Eight soil nails (A1, A2, B1, B2, C1, C2, D1 and D2) were installed in to the soil 

surface by ensuring each level had two nailed locations. 

Separate undisturbed soil samples were obtained from levels A, B, C and D with the use 

of a 300mm X 300mm X 300mm custom made sample box, in order to find important 

soil parameters to calculate the theoretical pullout capacity of soil nails.  The sample A 

was disturbed and could not be used. Shear strength parameters, both under saturated and 

unsaturated conditions were obtained from other sample B, C and D. 

Pullout resistance values were obtained experimentally and compared with the 

predictions made with five methods that are currently in use. The relevant shear strength 

parameters for the estimation of pullout resistance at each test nail location were obtained 

from the closest undisturbed sample.  

Variation of pull out capacity with depth  

It is evident that the measured pull out capacity that it increases with the depth. 

Nevertheless, some researchers have commented that pullout resistance is independent 

with the depth. 

All equations used for the estimation of pull out capacity suggest that it is directly 

proportional to the overburden pressure (which is a dependent variable of depth).  

Effective diameter of soil nails  

The diameters of the cross sections of the grouted areas deduced by measuring their 

respective circumferences after complete physical pullout indicate that the diameters of 

the failed sections are greater than nominal diameter of the drilled hole shaft. The average 

increase is about 22.6%. This could be due to anomalies in drilling or penetration of grout 

into the soil under the grouting pressure. Nevertheless very high grouting pressures are 

not normally used in soil nailing. This is an area that needs further studies.  

Comparison of the estimated and measured pullout resistance 

Five different methods were used to estimate the pullout resistance. Method 1 to method 

4 has shear strength parameters and overburden stress as main parameters in addition to 

the nail dimensions. These four methods do not specify whether the shear strength 

parameters correspond to saturated or unsaturated conditions. In the field all the test nails 

were under unsaturated conditions. 
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When the pullout resistance was estimated with the saturated shear strength parameters 

the predictions were much lower than the observations. Even when the pullout resistance 

was estimated with the unsaturated parameters, the predictions were lower than the 

observations. 

The fifth method by Gurpersaud (2010) accounts for matric suction and dilation. When 

the predictions were done accounting for both matric suction (using an assumed suction 

profile) and dilation the predictions were much closer although still lower than the 

experimental observations. 

For the predictions at respective test nail locations shear strength parameters obtained 

from the closest undisturbed sample were used. Sample D had a greater sand content and 

incidentally a higher angle of internal friction. When comparisons were done for the 

deeper nails (nails D 1 and D 2) using shear strength parameters of sample D, the values 

were much closer. 

Comparison of stress- strain curves of pull out and the direct shear tests 

In the comparison of stress-stain curves for the direct shear tests and pullout tests after 

normalizing, the pullout test results were lying above the direct shear test results of 

undisturbed samples B and C.  But when compared with the test results of sample D 

(which is highly frictional) direct shear test results were above the pullout test results.  

The stress –strain curves of pullout tests showed a strain hardening effect. The direct 

shear test results showed a lowered or constant resistance after reaching the peak. 

Concluding comment on the comparisons 

All the comparisons indicate that the matric suction and dilation have a contribution to 

the pullout resistance.  

The variability of the soil should also be accounted. The test samples used for the 

laboratory tests were at the face of the slope and much less weathered (or more frictional) 

soils could be encountered further into the slope where pullout resistances of the nails are 

mobilized.  

As such, it is necessary to get sufficient samples to get a good assessment of special 

variability of the shear strength. However, there are practical limitations on this. 

 

 

 



Chapter 6                                               Summary, Conclusion & Recommendations 

94 
 

6. 2 Recommendations for further research 

The influence of matric suction on the pullout resistance should be established. In a 

identified test slope, pullout resistance measurements should be under highly unsaturated 

conditions as well as under induced saturated conditions. (may be with an artificial 

rainfall or sprinkling of water). These tests should be done along with the matric suction 

measurements in the resistant zone closer to the nail locations. 

The variability of the soil conditions over the length of the nail should be well established 

by taking sufficient number of samples. This could be done initially as a large laboratory 

model to be followed by a instrumented field study. 

With such studies, the contribution of matric suction to the pullout resistance and the 

reduction of the pullout resistance with the loss of matric suction could be established. 

After studying the rainfall pattern in a given location a design rainfall (say 100 year) 

could be established and incorporating that into an infiltration analysis a design matric 

suction profile could be derived. This matric suction profile could be used in the 

estimation of pullout resistance. The formula proposed by Gurpersaud (2010) could be 

further developed with these data.  
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