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ABSTRACT 

Nowadays geo-synthetic reinforcement is widely used as a soil improvement 

technique to increase the bearing capacity and stability of soil foundations. The 

shearing behavior of the interface between soil and geo-synthetics is important for the 

analysis of reinforced soil foundation. In the past, many researchers published study 

about the interface tests for the geo-material reinforcement. In this project, a series of 

direct shear tests were carried out for the interface between dry sand and metal strip 

metal strip with different aperture sizes (i.e. 0.250, .422, 0.955 and 2.032 mm). Firstly, 

soil basic property tests, such as sieve analysis, relative density and specific gravity 

were conducted. Secondly, different normal stress were applied, i.e. -20, 40, 60, 80 

and120 kPa. Initial density of the soil samples was carefully controlled and the initial 

vertical settlement due to applied normal stress was recorded. Thirdly, interface direct 

shear tests were carried out under different normal stresses for the metal strip with 

different aperture sizes. Stress-strain relationships, vertical displacement-horizontal 

displacement curves, and soil failure envelope are obtained and analyzed. Further 

discussion on the relationship between the soil shear strength, soil particle sizes and 

the metal strip aperture sizes were discussed and presented. 
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Soil improvement is one of the important topics in soil mechanic, in the world, most 

civil works are correlated to the soil, thus, to consider any improvement is required 

before the civil works, the strength, soil properties should be determined in advanced. 

In the soil improvement, one of the methods is the reinforcement is inserted into the 

soil strata, two common types of reinforcements are metal strips and geo-synthetic 

materials. And the main objective is to increase the shear strength of the soil to resist 

the design loading from the embankment or superstructure. 

 

1.2 Objectives of the project 

For the reinforced soil, judgement should be made whether the soil is strengthened or 

not, even probability is existence that the soil is weakened. As a matter of that, some 

approaches should be used to determine, any improvement to the soil after the process. 

Most likely, the soil shear strength is one of the common metrics, to determine the 

shear strength of the soil; direct shear test is commonly used in the worldwide because 

of the convenience and the cost. 

 

In the project, it is the simulation of reinforcement is inserted into the dry sand layer, 

direct shear test was chosen to determine the soil shear strength, and the experiment 

works are according to the ASTM (American Standard Testing Method), dry sand 

with the grain sizes less than 2 mm and different aperture sizes reinforcements are 

chosen. 



2 

 

The relationship between soil shear strength and reinforcement aperture sizes are 

generally represented by the soil stress-strain behaviors and failure envelopes. For the 

stress-strain curves, the major concerns are the peak, ultimate stress with the 

horizontal displacement in the dense sand state and the ultimate stress with the 

horizontal displacement in the loose sand state. In the soil failure envelopes, the 

contributions of cohesion, adhesion and friction angle are the factors in focus. 

 

1.3 Organization of report 

In the report, it is divided into several chapters, 

1. Literature review, included the specifications, recommendations for the 

interface direct shear test by ASTM, also, information about the 

relationships between testing methods, reinforcements, soil samples, 

mechanical behaviors  and the soil shear strength. 

2. Specimen and Apparatus, in this chapter, dimensions, capacities of the 

materials, apparatus were used in the direct shear tests to determine the 

soil properties and shear strength are introduced. 

3. Soil properties results, the procedures and the corresponding results of 

soil particle size distribution, classification, density and the relative 

density change in the interface direct shear test, also, the soil specific 

gravity test was also performed. 

4. Interface direct shear test results, stress-strain, vertical displacement-

horizontal curves under different normal stresses, reinforcement aperture 

sizes are discussed, the relationships between the soil shear strength, the 

apertures sizes and the contribution of cohesion, adhesion and friction 

angle according to the soil failure envelopes. 
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5. Conclusions and recommendations, a brief summary of the project such 

as the materials were used, the phenomenon, and tendency according to 

the interface direct shear test results, and recommendations of apparatus, 

soil types, and reinforcement aperture sizes. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Introduction 

Experiment is the simulation of reality; inaccurate test results will lead to the failure, 

for the experiment accuracy, specifications, notifications should be concerned in order 

to make the results valuable. One of the credible testing methods is the ASTM. Good 

quality experiment works should be followed the classifications, interpretations of the 

results; meaningful knowledge is converted from the results. 

 

2.2 American standard testing method for direct shear test 

Papers and reports of the relationship between the reinforcement and the soil had been 

published in advance; although the reinforcement was used in this project is different 

from the reports. Significant information is existed in the reports, can be referred to 

ASTM (2008), D 5321 Standard Test Method for Determining the Coefficient of Soil 

and Geo-synthetic or Geo-synthetic and Geo-synthetic Friction by the Direct Shear 

Method. 

 

From the Report, the main scope is to determine the behaviors of soil against geo-

synthetic, geo-synthetic and geo-synthetic. All the direct shear tests are under the 

constant rate of deformation. Definitions of some important soil properties are also 

given such as Adhesion, the shear resistance between materials under normal stress, 

angle of friction, which is the limiting value that resists slippage. And a point is raised 

up that the atmosphere of the soil and the reinforcement would be one of the factors to 

cause error in the experiments. 
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Difference from the report, in the project, the reinforcement is metal strip and not the 

geo-synthetic, it is obvious the developed strength will be much difference to the geo-

synthetic, and two main definitions of the geo-synthetics are existed, one is non-

biodegradable and other one is biodegradable, for the brass sieves were used in the 

project, they were manufactured by weaving, for the openings in the sieves, are in 

square pattern, whatever the differences between the properties of the reinforcement, 

in the project, the tests are under the same manners according to ASTM. To define the 

shear strength of the reinforced earth, there are two main parts, one is the soil 

cohesion or combination of soil cohesion with the adhesion between soil and 

reinforcement, another one is the angle of friction, is an important parameter to define 

the shear strength of the soil because the shear strength is contributed by it and 

combining with the normal stress applied. Since the soil sample was used in the 

project is sea sand, which is completely in dry state, it is normally assumed no soil 

shear strength is contributed by soil cohesion. 

 

For the test results in the report, the stress displacement curves, it is divided into three 

main regions, which are peak, post peak and residual stress, it is in the dense sand 

conditions. For the peak value, which is the greatest stress value in the curves, for the 

post peak, the range after the peak value is over, and before the reach of residual stress. 

For the residual stress, a constant or a little fluctuation for the stress with the 

displacement kept increased in the curves. 
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2.3 Specification of apparatus and data record 

2.3.1 Direct shear box 

To have accurate results, which are recommended by ASTM that the size of shear box 

is 300 mm x 300 mm, for other options, 15 times of d85 for the coarse soil, or 5 times 

the maximum opening size, the height of shear box is 50 mm. In the project, the size 

of shear box is limited by the machine, which is 100 mm X 100 mm, the height is 20 

mm, which is much less than the recommended size. 

 

For the Direct shear tests, the size of shear box will be the source of signification error. 

Since the upper and lower shear boxes have relative displacement between each other 

during the tests, for the shear box which similar to the one was used in this project, the 

sizes of upper and lower box are the same, 100 mm x 100 mm, the contact area no 

longer be the constant during the tests. To maintain the shear area, seniors had 

developed some modified shear boxes. Like the one shown in Fig. 2.1, which is the 

Fig. 2 presented in Lok and Jian (2005). 

 
 

Fig. 2.1 Modified shear box (From Lok and Jian 2005) 
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In the same Figure, apparatus are used in the direct shear tests can be defined, the 

main apparatus is the shear box, with two parts, upper and lower shear boxs, 

allowance for the relative movement, case by case, two manners for the movement, 

movement of upper one or the lower one. A gauge is attached to the movable shear 

box to monitor displacement of the shear box, load cell is attached the other part and 

recorded the horizontal load is induced, Inside the upper shear box, a rigid plate is 

placed to provide a uniform loading to the soil, and a gauge is attached to the upper 

shear box to monitor the vertical displacement of the soil. 

 

In the project, the shear box was used is a movable lower shear box, a gauge and load 

cell were attached to the base and the upper shear box respectively, to detected the 

horizontal displacement and shear force induced during the experiment, a bronze plate 

was placed on the soil layer inside the upper shear box, a top cap was used to induced 

the load through the load arm with a ratio 1:10 to the soil, a gauge was attached to the 

top cap to monitor the vertical displacement. For the horizontal dial gauge, the unit per 

division is 0.01 mm, for the vertical dial gauge, the unit per division is 0.002 mm, for 

the load cell, the loading factor is 0.002 kN per division. 

 

From the same report, the shear box was used have different size for upper and lower 

part, as a result, the contact area will be constant, unlike the one was used in the 

project, the contact area is decreased with the time and the normal stress applied will 

be varied during the experiment. Also, with the limit of the apparatus, the soil in the 

upper shear box will be leaked out, as a result, the relatively density could not keep as 

the one which is chosen in the experiment. Moreover, the vertical displacement is also 

related to the volume of soil used and the shear area, the value will be influenced. 
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2.3.2 Displacement rate and data points 

According to the ASTM, for the displacement rate, the accuracy should be ± 10%, and 

the rate at least 6.35 mm / min to 0.025 mm / min. And the indications are 75 mm for 

horizontal and 25 mm for vertical, sensitivity of the horizontal indication should be 

0.02 mm. In the project, the rate is 1mm / min, indication of horizontal and vertical is 

12 mm, and sensitivity of horizontal dial gauge is 0.01 mm. 

 

For the record, the shear force value is 50 mm for horizontal displacement, the reading 

is 2.5 mm per interval, for the variation which greater than 25% of average value, is 

defined as damage situation. In the displacement recording, 50 data point is required 

per test. In the project, gauges and load cell were used, and the reading are 20 

intervals per time for horizontal, in the moment, vertical displacement and shear force 

value were recorded, and 60 data point which equal to 1200 intervals are recorded for 

the horizontal displacement. 

 

2.4 Relationship between testing method and failure envelope. 

Besides the shear box, results can be influenced by other factors, such as the testing 

method, the surface roughness, compaction of the soil. Such information is mentioned 

in Yildiz (2000). The report rose that the result will be influenced by the testing 

method for rough and smooth surface. Fig. 2.2 shown the results that are presented in 

the journal, for the solid dot line, results from direct shear test is presented, and 

inclined board test is presented by the hidden dot line. For the project, one soil sample 

was used, with difference aperture size of brass sieve, thus, influence of the roughness 

in the experiment is much less than other factors, for the compaction, in the 
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experiment, height of soil was placed inside the upper shear box is fixed to 10 mm, 

and 70% was chosen for the relative density , as a result, the control of the height 

should be considered for each test, and , before the tests were started, loading was 

applied on the soil, since the soil is not fully compacted state, the actual condition 

isn’t completely consisted to the ideal case. 

 

 
 

Fig. 2.2 Comparison of inclined board and direct shear box test result: 60 mm x 60 

mm geo-membrane (A)-geo-textile (A) interfaces (From Yildiz 2000) 

 

2.5 Relationship between reinforced soil and reinforcement. 

For the reinforcement, some criteria are existed, information is provided in Chia et al. 

(2009). Some considerations are provided that the reinforcement, such as the tensile 

strength of the reinforcement, percentage of the open area and aperture patterns. 

Information is presented in Table 2.1 and Fig. 2.3. It is observed that the efficacy of 

reinforcement will much depend on the limit state, when the reinforcement had 
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already developed the plastic limit strength, the efficacy of the reinforcement will be 

decreased, also, when the opening area is increased, more and more soil particles are 

interacted to each other, as a result, the result will be tended to act like pure soil layer 

interaction, vice versa, when open area is decreased, it will be the interaction between 

the soil and reinforcement, as a result, balance between the open area and the material 

being used should be considered, to manufactured the suitable reinforcement. 

 

The resistance occurred during the direct shear test is also provided, two main 

resistances are existed, one is resistance between the soil and reinforcement, and the 

other one is resistance between soil and soil in aperture. For the former one, it is the 

purpose for insert reinforcement into the soil layer. Which govern the efficacy of the 

shear strength is developed for the interaction between soil particles and 

reinforcement; the latter one is the original shear resistance between the soil particles. 

However, the reinforcement was used in the project is brass sieve, if the boundary 

condition of the reinforcement isn’t fixed, tensile strength for the reinforcement will 

not be developed, the purpose of project will be deviated. 

 

Table 2.1 The characteristics of the geo-synthetics (From Chia et al. 2009) 
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Fig. 2.3 Geo-synthetic specimen (From Chia et al. 2009) 

 

2.6 Mechanical behavior of reinforced soil. 

For the previous reports, preparation of soil, reinforcement, the criteria and the testing 

method are much concerned. Besides that, information is presented in the Tuna and 

Altun (2012), Conclusions have been made that the surface properties and 

affordability of geo-textiles, the resultant shear strength of the soil-reinforcement is 

varied by the index properties of soil. Also, the tensile capacity of the reinforced soil 

will be greater than the pure soil layer. Since the soil is weak in tension, tensile 

capacity of the soil is provided by the reinforcement. Parameters are also listed that 

affect the results, such as interaction of geo-material and geo-synthetics, physical 
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properties of soil, such as density, grain shape, size and distribution, for the 

mechanical, tensile peak strength, geometry and surface properties of geo-synthetics. 

For the possible factors, such as decreasing the friction angle, increase of normal 

stress and shear stress may be attributed to it, another will be, increasing the normal 

stress isn’t equal to increase the shear stress, the contact area may also be increased, as 

a result, the resultant normal stress will not consisted to the applied. Also, when a 

critical stress point reaches, end point of contact area is also trend; as a result, soil 

particles are more difficult displaced. 

 

2.7 Interpretation of stress- strain, ultimate and serviceability limit state 

From the introduction, two limit states have been cited, they are ultimate and 

serviceability limit state respectively, referred to the ASTM publish, it is the dense 

sand conditions, a peak, post peak and residual stress regions are existed in the stress 

displacement curves, the reinforced soil develops the fully shear resistance, after that, 

soil loses the strength with the displacement keep on increasing, and the decrease of 

the strength will be much depend on the soil and the reinforcement properties, such as 

the cohesion and adhesion, or any failure of the reinforcement which result in the 

decrease of reinforcement strength, but in the loose sand condition, visible peak value 

isn’t exist with a relative large displacement. Which is reflected the reinforced soil 

isn’t develop the fully capacity, however, because of a large deflection occurred, even 

though the peak strength isn’t reach yet, at that time, the serviceability should be the 

one which the curve results be governed. 

 

Another important factor in the Direct shear test is the Coefficient of friction, which is 

a complex parameter relate to the normal stress is applied in the test, material 
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properties, soil gradation plasticity, density, moisture content, drainage condition and 

the displacement rate. 

 

2.8 Summary 

In the project, the experiment is according to the ASTM; however, due to the 

limitation of apparatus, criteria can’t be completely fulfilled, the size of direct shear 

box is 100 mm x 100 mm, the displacement rate is 1mm / min, 60 data points are 

recorded for the horizontal displacement, vertical displacement and shear force 

between the interfaces. Besides that, the test results are correlated to the testing 

method, soil, reinforcement properties and mechanical behavior. For testing method, 

e.g. comparison between direct shear and inclined board test. Reinforcement 

properties are tensile capacity, aperture size and opening pattern. Mechanical 

behaviors are the soil density, drainage condition, soil shape and size, the surface of 

reinforcement. 

 

According to the experiment works, the interpretation of the shear strength parameters, 

and test results, mainly the soil cohesion, friction angle, stress-strain and vertical 

displacement-horizontal displacement curves can be done. Contributions of cohesion 

and friction angle in the soil shear strength. Peak, post peak and residual stress regions 

in the stress-strain curves, compaction, and dilation processes in the vertical 

displacement-horizontal displacement curves. 
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CHAPTER 3 SPECIMEN AND APPARATUS 

3.1 Introduction 

Specifications, information and comparisons for the apparatus, material, data recorded 

were discussed in the previous chapter, in the following, detail information for those 

soil samples, reinforcements; major apparatus in the project are presented. 

 

3.2 Materials 

For the soil sample was used in the project, it was obtained from the sea-shore, thus, 

drying process was required before the work, also, the soil is composed by various 

grain sizes, after the drying process, the sample was sieved by using 2 mm opening 

sieve, the sieved sample is the soil sample was used in the direct shear test. For the 

soil sample before and after the sieving, it can be referred in the following Figure 3.1 

and 3.2. 

 

 
 

Fig. 3.1 Dry soil sample of various grain sizes. 
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Fig. 3.2 Dry soil sample of grain sizes less than 2 mm. 

 

For the reinforcements were used in the project, they were woven metal sieves with 

various square pattern openings and are shown in the Fig. 3.3 to 3.6. For the 

interpretation, terms are assigned to those soil reinforced conditions in the direct shear 

tests; can be referred to the table 3.1. 

 

Table 3.1 Various soil reinforced conditions and the corresponding assigned terms. 

Reinforced condition Assigned terms 

Pure sand R-0 

0.250 mm opening R-1 

0.422 mm opening R-2 

0.955 mm opening R-3 

2.032 mm opening R-4 
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Fig. 3.3 0.250 mm opening square pattern reinforcement. 

 

 
 

Fig. 3.4 0.422 mm opening square pattern reinforcement. 
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Fig. 3.5 0.955 mm opening square pattern reinforcement. 

 

 
 

Fig. 3.6 2.032 mm opening square pattern reinforcement. 
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3.3 Apparatus  

3.3.1 Apparatus for relative density 

To find out the required density were used in the experiment, maximum and minimum 

dry density should be found out in advance. Those apparatus were used in the test are 

shown in Fig. 3.7. 

 

 
 

Fig. 3.7 Apparatus were used for determining relative density. 

 

The apparatus include a proctor, tray, shovel, bowl, brush, funnel, ruler, hammer and 

foot level. For the proctor, is composited by two parts and can be locked by a pair of 

screw and bolt, before the work, the upper part should be fixed. Tray was used to hold 

the leaked soil, the shovel was used to pick up the soil sample from a barrel, and the 

bowl was used to hold part of the soil sample for the experiment, the brush was used 

to clean the soil sample that wasn’t required on the proctor, the funnel was used when 
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determining the minimum dry sand density, the soil was placed into the proctor 

through the funnel, the ruler was used to determine the dimensions of the proctor, 

which are used to calculate the density of the soil sample, the hammer was used when 

determining the maximum dry sand condition density, the soil was placed into the 

proctor by five portions, for each portion, the proctor was hammered by twenty to 

twenty-five times. The foot level was used to level the soil in the bottom part of the 

proctor. 

 

The balance is shown in the Fig. 3.8, the accuracy is ± 0.1 g, to protect the apparatus; 

heavy weight should be prohibited. 

 

 
 

Fig. 3.8 Balance for mass measurement 
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3.3.2 Apparatus for sieve analysis 

For those sieves are shown in the Fig. 3.9, which are according to the specification of 

ASTM, and the sieve sizes are 2 mm, 850 µm, 425µm, 250µm, 106µm, 75µm and the 

base. In the Fig. 3.10 and 3.11, the sieve shaker, the vibration was generated to 

increase the efficiency for the sieving.  And the oven, was used to dry the soil sample 

that in the sieve analysis and the specific gravity. 

 

 
 

Fig. 3.9 Sieves according to the specification of ASTM 
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Fig. 3.10 Mechanical sieve shaker 

 

 
 

Fig. 3.11 Oven in the geotechnical laboratory 
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3.3.3 Apparatus for specific gravity 

The main apparatus, which were used to determine the specific gravity, are listed in 

the Fig. 3.12, 3.13 and 3.14. 

Volumetric flasks with 100 mL marking and quantity of soil were used to determine 

the specific gravity of soil sample. Hot plate was used to heat the volumetric flasks 

with soil sample, soil was boiled and the organisms was outflowed through the 

evaporation of water, pure water bottle was used to pour water inside the flasks, 

evaporating dishes were used to contain the soil sample. And thermometer was used to 

determine the water temperature in the flasks. 

 

 
 

Fig. 3.12 Volumetric flasks and soil sample 
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Fig. 3.13 Evaporating dishes, hot plate and pure water bottle 

 

 
 

Fig. 3.14 Thermometer used for determining specific gravity 
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3.3.4 Apparatus for interface direct shear test 

Full view of the direct shear machine is shown in Fig. 3.15, control panel, which was 

used to control the movement of the base, shear displacement could be set, in the 

project, is equal to 1 mm / min, the forward and backward movement, stop and run 

setting. For the base, the shear box were inserted into it, and two base screws were 

used to fixed the shear box inside the base, an rotating arm with a screw were used to 

fixed the top cap of the shear box, with the additional function to transited the load 

form hanger, a ratio of 1: 10 to the specimen, and the vertical dial gauge were attached 

to the screw for the reference datum. A horizontal dial gauge were attached to the base, 

were used to monitor the displacement of the base, and it is the reference for the data 

points, a load cell were attached to the senior which related to the upper shear box, 

whenever a displacement was occurred in the upper shear box, it were reflected from 

the load cell. And represented induced load was occurred in the upper shear box. 

 

 
 

Fig. 3.15 Direct shear machine 
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The direct shear box was used in the project is shown in the Fig. 3.16, it is composed 

by several elements, the upper and lower shear box, for the lower one, was fixed in the 

direct shear machine by the base screw, the upper one was attached to an inductor to 

determine the shear stress induced. Besides, two fix and space screws, the fix screws 

were used to prevent soil leak out from the shear box before the tests, space screw 

were used to create gap between the upper and lower shear boxs, as a result, the 

contact between two shear boxes could be minimized, otherwise, additional resistance 

was developed between the interface of two shear boxes. The last component is the 

top cap, was used to transfer the loading from loading point, also, and was attached to 

the vertical dial gauge to monitor the vertical displacement. 

 

 
 

Fig. 3.16 Direct shear box 

 

The horizontal dial gauge is shown in Fig. 3.17, was attached to the base, which was 

used to monitor the displacement of the base with the lower shear box, for clockwise 

rotation, rightward movement is occurred, vice versa, leftward movement is occurred 
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and the unit transition is 0.01 mm per division. The vertical dial gauge is shown in Fig. 

3.18, was attached to the top cap of the shear box, which was used to monitor the 

vertical displacement, for clockwise rotation, upward movement is occurred, vice 

versa, downward movement is occurred and the unit transition is 0.002 mm per 

division. 

 

 
 

Fig. 3.17 Horizontal dial gauge. 

 

 
 

Fig. 3.18 Vertical dial gauge 



27 

 

An inductor was attached to the upper shear box, and the load cell is shown in the Fig. 

3.19, was attached to a inductor, which was used to monitor the horizontal 

displacement of inductor, when an induced movement of upper shear box is existed, 

due to the shearing process between soil, soil, reinforcement and the soil, for 

clockwise rotation, leftward movement is occurred, vice versa, rightward movement is 

occurred or the decrease of leftward movement is occurred, the unit transition is 0.002 

kN per division. 

 
 

Fig. 3.19 Load cell for determining interface shear force 

 

3.4 Summary 

In the project, soil with particle size less than 2 mm and four types aperture size 

reinforcement were used;  proctor, hammer, level, funnel are the major apparatus were 

used in relative density, sieves with different opening sizes and the mechanical shaker 

were used for the sieve analysis, volumetric flasks, thermometer, hot plate, distilled 

water for the soil specific gravity. Direct shear box, machine, dial gauges and load cell 

were used in the interface direct shear test. 
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CHAPTER 4 SOIL PROPERTIES RESULTS 

4.1 Introduction 

Soil properties is the basic information to consider the composition, the strength, the 

classification of soil, sieve analysis, which defines the particle size distribution and 

soil classification; relative density, correlated to the soil density, and specific gravity, 

is the index whether the soil is heavier than the water or not under 20 
o
C, are the 

common tests to determine the corresponding index for cohesiveness soil. 

 

4.2 Soil relative density 

4.2.1 Procedures 

For the procedures to determine the maximum dry soil density, the information can be 

referred to Lo et al. (1992), for the minimum dry sand condition density, which can be 

referred to ASTM (2006), D 4254 Standard Test Methods for Minimum Index Density 

and Unit Weight of Soils and Calculation of Relative Density. 

 

To determine the maximum dry sand density, the procedures in this project were: 

1. The soil sample was placed into the proctor must higher than the connection part of 

the proctor, thus, an approximated mass of soil should be determined. 

2. The estimated mass was divided by five, which was the mass of soil be placed into 

the proctor per times. 

3. To determine the maximum density, the soil should be placed into the proctor with 

five portions. 
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4. The upper part of the proctor should be fixed to the bottom part of the proctor, mass 

of soil sample was picked from the barrel by using the shovel to the bowl, and a 

balance was used to determine the mass of soil sample. 

5. The soil was place into the proctor, top cap and the weight were placed in sequence, 

which the loading was transferred to the soil, as a result, soil surface should be leveled 

to have a distributed loading on the soil, otherwise, part of the soil wasn’t be loaded, 

which efficiency is decreased when vibration was generated.  

6. The vibration was generated by the manner that the proctor was harmed by five to 

six times, and five hits per times, to increase the efficiency, the proctor should be 

harmed in difference directions. 

7. Second portion was placed; procedures were repeated that was mentioned 

previously.  

8. When the required soil was placed and compacted. The screws were released, and 

the top part of proctor was picked up. 

9. The soil was leveled to the height of the bottom part of proctor; any soil that 

remained on the surface of bottom part of proctor should be brushed away. 

10. The proctor with the dense soil was balanced, and the mass was subtracted by the 

net mass of proctor, the resultant mass was the maximum dry soil mass. 

11. With the volume of proctor, the maximum dry sand condition density could be 

calculated.  

12. Procedures 1 - 11 were repeated for times. 

13. The greatest one was chosen as the design maximum dry sand condition density. 

 

For the minimum, the procedures had some differences from the maximum: 
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1. The soil sample was placed into the proctor should be higher than the connection 

part of the proctor. 

2. To determine the minimum density, the soil should be placed into the proctor 

through the funnel. 

3. The upper part of the proctor should be fixed to the bottom part of the proctor; an 

approximated mass of soil sample was picked from the barrel by using the shovel to 

the bowl. 

4. The spout of funnel should be at a height of half inch over the soil surface. 

5. The funnel should be move circular when the soil was placed into the proctor. 

6. Vibration was prohibited that soil sample wasn’t be densified. 

6. When the required soil was placed. The screws were released, and the top part of 

proctor was picked up. 

7. The soil was leveled to the height of the bottom part of proctor; any soil that 

remained on the surface of bottom part of proctor should be brushed away. 

8. The proctor with the loose soil was balanced, and the mass was subtracted by the 

net mass of proctor, the resultant mass was the minimum dry soil mass. 

9. With the volume of proctor, the minimum dry sand condition density could be 

calculated.  

10. Procedures 1 - 9 were repeated for times. 

11. The smallest one was chosen as the design minimum dry sand condition density. 

 

4.2.2 Dimension of proctor 

As mentioned that relative density is related to the maximum and minimum dry 

density, moreover, mass of soil in the unit volume is required, besides the maximum 

and minimum dry soil mass, information of proctor is presented in Table 4.1. 
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Table 4.1 Dimension of the proctor 

Empty weight of lower proctor 4390.6 g 

Diameter of proctor 105 mm 

Height of proctor 115.5 mm 

Volume of proctor 1000116 mm
3
 

 

The next thing is required to Figure out is the corresponding mass of soil in the unit 

volume. Trial information of maximum and minimum dry soil mass is shown in the 

Table 4.2, with the known proctor mass and volume, the corresponding soil density 

can be calculated. 

 

4.2.3 Maximum, minimum dry sand density and relative density 

Table 4.2 Maximum and minimum dry sand density 

Maximum dry sand condition density 

Trial Weight of lower 

proctor with dry 

sand (g) 

Weight of dry sand 

(g) 

Density of dry 

sand ( g/cm
3
) 

1 5933.1 1542.5 1.54 

2 5923.4 1532.8 1.53 

3 5944.3 1553.7 1.55 

4 5964.2 1573.6 1.57 

5 5973.3 1582.7 1.58 

6 5999.3 1608.7 1.61 

7 601608 1626.2 1.63 

8 6021.7 1631.1 1.63 

Minimum dry sand condition density 

Trial Weight of lower 

proctor with dry 

sand (g) 

Weight of dry sand 

(g) 

Density of dry 

sand ( g/cm
3
) 

1 5992.70 1602.10 1.60 

2 5981.70 1591.10 1.59 

3 5906.80 1516.20 1.52 

4 5971.30 1580.70 1.58 

5 5904.50 1513.90 1.51 

6 5891.10 1500.50 1.50 

7 5889.90 1499.30 1.50 

8 5880.80 1490.20 1.49 
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To calculate the required density was used in the experiment, the following E.q. (4.1) 

can be applied, which can have detailed information from the ASTM (2006), D 4254 

Standard Test Methods for Minimum Index Density and Unit Weight of Soils and 

Calculation of Relative Density. 

 

𝐷𝑟 =  
𝛾𝑓 − 𝛾𝑚𝑖𝑛

𝛾𝑚𝑎𝑥 − 𝛾𝑚𝑖𝑛
 ×

𝛾𝑚𝑎𝑥

𝛾𝑓
× 100%                                                                                (4.1) 

where 𝛾𝑓 is the defined soil density, g/cm
3
 

 𝛾𝑚𝑎𝑥 is the maximum soil density, g/cm
3
 

 𝛾𝑚𝑖𝑛 is the minimum soil density g/cm
3
 

 𝐷𝑟  is the relative density, % 

 

For E.q. (4.1), it is composed by four parameters, 𝛾𝑓 is the defined soil density,  𝛾𝑚𝑎𝑥 

is the maximum soil density, 𝛾𝑚𝑖𝑛 is the minimum soil density and 𝐷𝑟 is the relative 

density, for maximum and minimum dry sand condition density, can be found out by 

the proctor test, to define the relative density, the defined soil density should be 

considered, vice versa, if the relative density is determined, the defined soil density 

can be obtained. For the project, 70% relative density was chosen, with the maximum 

and minimum soil density, the defined density can be calculated, and the value should 

between the maximum and minimum dry sand density. 

 

For the maximum dry sand condition density, the greatest value was chosen, thus, the 

maximum weight of the dry sand is 1631.10 g, and the minimum dry sand condition 

density, the smallest value was chosen, as a result, the minimum weight of dry sand is 

1490.20 g. With the volume of the lower proctor, which is 1000116 m
3
, the maximum 
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and minimum dry sand condition density of dry sand can be calculated. Thus, the 

maximum dry sand condition density of dry sand is 1.63 g/cm
3
 and minimum is 1.49 

g/cm
3
. According to the Eq. (4.1), with the 70% relative density, the defined density in 

the project is 1.59 g/cm
3
. 

 

4.2.4 Correction of relative density 

However, the relative density of soil layer was changed due to the applied normal 

stress before the direct shear tests; as a result, correction of the initial soil relative 

density should be made. The corrections are based on the reduction of soil layer 

thickness under same normal stress condition, in the project; the least one is 20 kPa. 

With the cooperation of vertical dial gauge, unit transition is 0.002 mm per division. 

Detailed information is shown in Table 4.3. 

 

Column 1 is the corresponding normal stress applied in the direct shear test, column 2 

is the reinforced conditions, can be referred to section 3.2, column 3 is the soil density 

chosen in the project, column 4 and 5 are the corresponding vertical displacement of 

soil layer under the same stress, which is the 20 kPa condition. The column 6 is the 

actual soil density in the experiment and the last column is the corresponding relative 

density in the experiment. 
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Table 4.3 Corresponding vertical displacement reduction and the relative density. 

Normal 

stress 

condition 

(kPa) 

Reinforced 

condition 

Initial 

defined 

density 

(g/cm
3)

 

Dial 

gauge 

reading 

(Div) 

Reduction in 

vertical 

displacement 

(mm) 

Defined 

density 

before 

interface 

direct shear 

(g/cm
3)

 

Relative 

density 

before 

interface 

direct shear 

test 

(%) 

20 R-1 1.59 200 0.4 1.60 77.59 

40 R-1 1.59 100 0.2 1.59 75.41 

60 R-1 1.59 210 0.42 1.60 77.81 

80 R-1 1.59 250 0.5 1.60 78.68 

120 R-1 1.59 200 0.4 1.60 77.59 

20 R-2 1.59 300 0.6 1.60 79.77 

40 R-2 1.59 300 0.6 1.60 79.77 

60 R-2 1.59 300 0.6 1.60 79.77 

80 R-2 1.59 200 0.4 1.60 77.59 

120 R-2 1.59 210 0.42 1.60 77.81 

20 R-3 1.59 350 0.7 1.60 80.86 

40 R-3 1.59 200 0.4 1.60 77.59 

60 R-3 1.59 240 0.48 1.60 78.46 

80 R-3 1.59 300 0.6 1.60 79.77 

120 R-3 1.59 250 0.5 1.60 78.68 

20 R-4 1.59 250 0.5 1.60 78.68 

40 R-4 1.59 350 0.7 1.60 80.86 

60 R-4 1.59 260 0.52 1.60 78.90 

80 R-4 1.59 200 0.4 1.60 77.59 

120 R-4 1.59 280 0.56 1.60 79.34 

20 R-5 1.59 350 0.7 1.60 80.86 

40 R-5 1.59 200 0.4 1.60 77.59 

60 R-5 1.59 300 0.6 1.60 79.77 

80 R-5 1.59 220 0.44 1.60 78.03 

120 R-5 1.59 290 0.58 1.60 79.55 

 

From the fourth column in Table 4.3, it is observed that the reduction of soil thickness 

normally between 0.4 mm and 0.7 mm. And the soil relative density is increased about 

10%. 
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4.3 Sieve analysis 

4.3.1 Procedures 

Grain size distribution and grading of the soil sample is defined by sieve analysis, 

more detail information can be referred to the ASTM (2006), C 136 Standard Test 

Method for Sieve Analysis of Fine and Coarse Aggregates, the soil sample is used 

should be coarse aggregate, fine aggregate or the mix of coarse and fine aggregate, the 

apparatus can be referred to the Fig. 3.5, Fig. 3.8, Fig. 3.9 and Fig. 3.10. For the 

balance, an accuracy of ± 0.5 g for the coarse aggregate and ± 0.1 g for fine aggregate, 

the oven should have a capable to maintain a uniform temperature of 110 
o
C ± 5 

o
C. 

 

The procedures for the sieve analysis in the project were: 

1. Soil sample was dried to constant mass at a temp. of 110 ± 5ºC. 

2. A series of suitable sieve were selected as required by the specification for the 

material to be tested. 

3. The sieves were arranged in the descending order of opening size, and then the 

sample was placed on the top of sieve. 

4. The mass of retained soil sample for individual sieve was balanced and should be 

recorded to the nearest 0.1% of the total original dry sample mass. 

5. Total retained mass of sample is the sum of each individual, and should not differ 

by more than 0.3% of the original dry sample; otherwise, the result is not acceptable.  

 

However, there are some notes, which the purpose is to prevent the sieve be 

overloaded, such as an intermediate sieve can be added between the major sieve, when 

the mass of soil sample is to large, the sample can be splitted, but the specification 
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should be right to all the individual splitted sample, which 0.1% accuracy for 

individual and 0.3% for combined mass, or a larger frame size sieve can be used. 

In the project, the mass of soil sample used in the sieve analysis is 300.00 g, according 

to the mass difference limit mentioned in advanced, 0.3% of the original dry sample, 

the corresponding mass difference is 0.9 g. 

 

4.3.2 Particle size distribution 

For those retained weight on the corresponding sieve were measured, the Table 4.4 

can be determined, column 1 is the corresponding sieve number, column 2 is the sieve 

size, column 3 is the retained weight measured, column 4 is the retained weight of 

defined sieve in percentage, the ratio between the retained weight on each sieve and 

the total weight after the sieve analysis, and then multiple 100%, column 5 is the 

cumulative percentage, the total mass retained on the define and those with greater 

sieve size, and the last column, percentage finer, which is equal to 100% minus the 

cumulative percentage. For those values are calculated, the grain size distribution 

curve can be plotted, is shown in the Fig. 4.1. 

 

Table 4.4 Retained weight and the corresponding values. 

Sieve # 

Sieve 

size 

(mm) 

Mass of 

retained soil, 

Wn (g) 

Percentage on 

each sieve, Rn 

Wn/Wt x 100 

Cumulative 

percentage, 

∑Rn 

Percentage 

finer, 100 - 

∑Rn 

10 2.000  0.140  0.047  0.047  99.953  

20 0.850  89.530  29.843  29.890  70.110  

40 0.425  118.090  39.363  69.253  30.747  

60 0.250  68.170  22.723  91.977  8.023  

140 0.106  22.560  7.520  99.497  0.503  

200 0.075  0.650  0.217  99.713  0.287  
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Fig. 4.1 Particle Size Distribution Test (Sieve Analysis). 

 

In the particle size distribution curve, some parameters can be obtained, D10, D30 and 

D60, which are the diameter in the particle-size distribution curve corresponding to 

10%, 30% and 60% finer. With those parameters, the uniformity coefficient (Cu) and 

the coefficient of gradation (Cc) can be calculated; the corresponding equations and 

results are shown in the E.q. (4.2), E.q. (4.3) and the Table 4.5. 

 

𝑐𝑢 =  
𝐷60

𝐷10
                                                                                                                                 (4.2) 

𝑐𝑐 =  
(𝐷30)2

𝐷60 × 𝐷10
                                                                                                                     (4.3) 

where 𝑐𝑢 is the uniformity coefficient 

 𝑐𝑐 is the coefficient of gradation 

 D10, D30 and D60 are the diameter in the particle-size distribution curve 

corresponding to 10%, 30% and 60% finer, mm 
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Table 4.5 The diameter of corresponding percentage finer, uniformity coefficient and 

coefficient of gradation. 

D10 0.28 mm 

D30 0.42 mm 

D60 0.70 mm 

Cu 2.50 

Cc 0.90 

 

4.3.3 Soil classification 

According to the Unified Soil Classification System (USCS), the information is 

shown in the Table 4.6, can be referred to ASTM (2006), D 2487 Standard Practice 

for Classification of Soils for Engineering Purposes. And the values of uniformity 

coefficient and coefficient of gradation, the soil classification can be determined, for 

typical well graded sand, the range is 1 < Cc < 3 and Cu ≥ 6. 

 

Table 4.6 Soil Classification Chart (From American book of standard) 
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Continued 

 
 

According to the USCS, since more than 50 % soil sample retained on or above No. 

200 sieve, and 50 % or more of coarse fraction passes No. 4 sieve, with less than 5 % 

fines and values of uniformity coefficient and coefficient of gradation, which are 2.50 

and 0.90 respectively, in the range that ,  Cu < 6 and/or 1 < Cc < 3 and. Thus, the 

soil sample used in the project is poorly graded sand. 

 

4.4 Soil specific gravity 

4.4.1 Procedures 

Referred to the ASTM (2014), D 854 Standard Test Methods for Specific Gravity of 

Soil Solids by Water Pycnometer. Specific gravity is a ratio between the weights of 
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solid substance to the weight of water (at 20°C) in an equal volume. Normally, the 

specific gravity applied to the soil that passes through the No. 4 sieve, which the sieve 

opening equal to 4.75 mm. Whether the substance is heavier or lighter than the water 

can be reflected, for the specific gravity of soil, is depended on the composition of the 

density of mineral for individual particle. Some typical values of specific gravity 

listed in the following: 

 The specific gravity of most inorganic soil varies between 2.60 and 2.80. 

 Sand particles composed of quartz normally vary between 2.65 and 2.67. 

 Inorganic clays vary between 2.70 and 2.80. 

 

The procedures to determine the soil specific gravity in the project were: 

1. 100 mL Flasks were prepared and the weights were measured (Mp). 

2. Flasks were filled by water up to the 100 mL mark and the weights (M1), 

temperature 𝜌0 were measured. 

3. Water was poured up to the neck of the flask. 

4. Soil sample was filled and the volume ratio will be 3: 2 for the height of neck to the 

water level. 

5. The soil sample was boiled by using hot plate for 10 minutes. 

6. Soil sample was cooled. 

7. Flasks were filled by water up to the 100 mL mark and the weights (M2t), 

temperature 𝜌𝑡  were measured. 

8. The empty weights of evaporating dishes were measured (Me). 

9. Cooled soil sample was poured into the evaporating dishes; any remaining soil 

sample should be washed to the dishes. 

10. Evaporating dishes were placed into the oven. 
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11. Weights of Evaporating dishes were measured (Md). 

 

4.4.2 Dimension of volumetric flasks and evaporating dishes 

In the Table 4.7 and 4.8, dimensions of volumetric flasks and evaporating dishes are 

presented. 

 

Table 4.7 The empty weight of flasks. 

Test Empty weight of flask (g) 

1 63.28 

2 64.02 

3 62.99 
 

Table 4.8 The empty weight of evaporating dishes. 

Test Empty weight of evaporating dish (g) 

1 571.49 

2 157.50 

3 531.61 
 

4.4.3 Typical weight measurement under different stages 

In the Table 4.9 and 4.10, the parameter M1 and M2t are presented, which the weights 

of flasks with water and soil accordingly. Besides that, the weights of evaporating 

dishes with the dry soil sample are presented in the Table 4.11. 

 

Table 4.9 The weight of flasks with water up to 100 mL mark and the corresponding 

water temperature. 

Test Weight of flask (g) Temperature (
o
C) 

1 162.91 15.8 

2 163.41 16.0 

3 162.75 15.9 
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Table 4.10 The weight of flasks with water up to 100 mL mark and the corresponding 

water temperature after the boiling and cooling process. 

Test Weight of flask (g) Temperature (
o
C) 

1 168.32 15.25 

2 169.29 15.25 

3 168.12 15.25 
 

Table 4.11 The weight of evaporating dishes with the dry soil sample. 

Test Weight of evaporating dish (g) 

1 580.25 

2 166.95 

3 540.25 
 

4.4.4 Specific gravity 

For those weights cited in the procedures are determined, the net weight of the soil 

sample can be obtained by subtract the Me from Md, and is defined as Ms, shown in 

E.q. (4.2) and the corresponding weights of dry soil sample are presented in the Table 

4.12. 

𝑀𝑠 =  𝑀𝑑 −  𝑀𝑒                                                                                                                     (4.2) 

where 𝑀𝑠 is the net weight of soil, g 

 𝑀𝑑 is the weight of soil with the evaporating dish, g 

 𝑀𝑒 is the net weight of evaporating dish, g 

 

Table 4.12 The weight of dry soil sample. 

Test Weight of dry soil sample (g) 

1 8.76 

2 9.45 

3 8.64 

 

Another parameter, which is defined as M1t, shown in the E.q. (4.3), related to the 

empty weight of flask, the flask with water up to 100 mL mark and water density. The 

corresponding results are presented in the Table 4.14 
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𝑀1𝑡 =  
𝜌𝑡

𝜌0
 × (𝑀1 −  𝑀𝑝) + 𝑀𝑝                                                                                        (4.3) 

where 𝑀1𝑡 is the corrected weight of flask before the soil is poured, , g 

 𝑀1  is the weight of flask before the soil is poured, , g 

 𝑀𝑝 is the net weight of flask, , g 

 𝜌𝑡 is the water relative density after cooling process 

 𝜌0 is the water relative density before the soil is poured 

 

For the detailed information of the relationship between the temperature and density 

of water, it can be referred to the Table 4.13, which is presented in ASTM (2014), D 

854 Standard Test Methods for Specific Gravity of Soil Solids by Water Pycnometer. 

 

Table 4.13 Relative density of water and correction factor (K) at various temperatures 

(From American book of standard) 
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However, the water temperature was measured is below 18
 o
C, for the temperature less 

than listed in the Table, the values are obtained by linear approximation. 

 

Table 4.14 The corrected weight (𝑀1𝑡) 

Test corrected weight 𝑀1𝑡 (g) 

1 162.9265 

2 163.4324 

3 162.7695 

 

Lastly, the specific gravity is related to those weights and parameters are determined, 

shown in the E.q. (4.4), and the results are presented in the Table 4.15. 

 

𝐺𝑠 =  
𝐾 × 𝑀𝑠

(𝑀𝑠 +  𝑀1𝑡 − 𝑀2𝑡)
                                                                                                    (4.4) 

where 𝐺𝑠 is the specific gravity 

 𝐾  is the correction factor related to the temperature 

 𝑀𝑠 is the net weight of soil, g 

 𝑀1𝑡 is the corrected weight of flask before the soil is poured, g 

 𝑀2𝑡 is the weight of flask after the cooling process, g 

 

For the detailed information of the relation between the temperature and correction 

factor, it can be referred to the Table 4.13. 

However, the water temperature was measured is below 18
 o
C, for the temperature less 

than that, the values are obtained by linear approximation. 

 

Table 4.15 The specific gravity (Gs) 

Test corrected weight Gs 

1 2.603765 

2 2.632202 

3 2.628197 
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As mentioned before, the specific gravity of sand particles composed of quartz 

normally vary between 2.65 and 2.67. 

Which the test 2 is the most propinquity one, thus, rather than take average of the 

three tests, the value of the test 2 is decided in the project, which the specific gravity 

(Gs) equal to 2.63. 

 

4.5 Summary 

In the project, soil with particle size less than 2 mm and 70% relative density are 

chosen, the main particle distribution is within 0.250 mm to 0.850 mm, according to 

USCS, it is poorly graded sand; with the maximum and minimum density are 1.63 

g/cm
3
 and 1.49 g/cm

3
, the define density in the project is about 1.59 g/cm

3
. Moreover, 

the soil relative density should be corrected due to the applied normal stress before the 

direct shear test. Lastly, the specific gravity is 2.63, which reflected that the soil is 

heavier than the water under 20 
o
C. 
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CHAPTER 5 INTERFACE DIRECT SHEAR TEST RESULTS 

5.1 Introduction  

Interface direct shear test is one of the common methods to determine the soil shear 

strength. Stress-strain curves, vertical displacement-horizontal displacement curves 

and soil failure envelope are the major results in the tests. 

 

5.2 Interface direct shear  

5.2.1 Procedures 

For interface direct shear test, the procedures and notifications in the project were 

listed in the following. And the apparatus can be referred to the Fig. 3.15, Fig. 3.16, 

Fig. 3.17, Fig. 3.18 and Fig. 3.19. 

1. The reinforcement was fixed to the bronze plate, which is shown in Fig. 5.1. 

 
Fig. 5.1 Reinforced bronze plate (left) and unreinforced bronze plate (right). 
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2. One bronze and plastic box were inserted into the lower shear box, stability should 

be confirmed. 

3. Reinforced bronze plate was inserted into the shear box, fix boundary condition 

should be confirmed. 

4. Upper shear box was fixed to the lower shear box by screws. 

5. Space screws were fixed. 

6. With the defined relative density, maximum, minimum dry sand density, the 

required soil density can be defined, also, area of the shear box and the defined height 

of soil sample was placed into the shear box is determined, the required mass of soil 

can be defined. 

7. The required mass was measured. 

8. The soil was poured into the upper shear box, after the soil was placed up to one 

third of the required height; wood hammer was used to spread the soil. 

9. Procedures 8 was repeated until all the soil sample was placed into the upper shear 

box, the height of the soil sample should be consist to the defined soil height be placed 

into the shear box. 

10. A bronzed plate was placed on the top of the soil. 

11. Top cap was put on the bronze plate. 

12. The shear box was inserted into the direct shear machine. 

13. Shear box was fixed Base screw. 

14. Top cap was fixed and the vertical dial gauge which is 0.002 mm accuracy was 

attached to the top cap. 

15. The stress in the experiment are 20, 40, 60, 80 and 120 kPa. 
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16. 2, 4, 6, 8 and 12 kg were placed on the hanger, with a lever ratio from hanger to 

specimen of 1 : 10, with the addition of weight of top cap and bronze plate, was the 

total weight acting on the specimen. 

17. Recalculate the stress base on the weight from hanger, top cap and bronze plate, 

detailed information is shown in below, Table 5.1. 

18. The load cell and the horizontal dial gauge which is 0.002 kN and 0.01 mm 

accuracy was inserted and attached respectively. 

19. The screws on the shear box were released. 

20. For the space screw on the shear box, half cycle screwed down, then 3 – 4 cycles 

screwed up. 

21. Reading on the gauges were set to the zero. 

22. Horizontal velocity was set 1 mm / min. 

23. 1200 division is decided for the horizontal dial gauge. 

24. Failure mode of reinforcements are observed and recorded. 

 

Mass summation of bronze plate and top cap is equal to 1.6652 kg, with the gravity 

and area equal to 9.81 m/s
2
 and 0.01 m

2
 respectively, the initial normal stress can be 

recalculated. For the interpretation convenience, in the following, design normal 

stresses are chosen rather than the corrected normal stresses. 

Table 5.1 Correction of normal stress 

Design normal stress (kPa) Corrected normal stress (kPa) 

20 21.25356 

40 40.87356 

60 60.49356 

80 80.11356 

120 119.3536 
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In the procedures, important considerations should be concerned, are the fix end 

boundary and position for the reinforcement, in the project, it is the simulation of real 

situation; reinforcement is inserted into the soil layer. As a result, to consist the 

condition, in the project, the reinforcement was fixed tightly on the bronze plate, then 

the bronze plate was inserted in to the lower shear box, however, for the greatest 

aperture size reinforcement, it is difficult to follow the same manner, thus, the 

reinforcement was fixed tightly on the lower shear box. Besides the fix end boundary, 

position of reinforcement is also important, for the case that the reinforcement in a 

relative low position in the shear box, it is similar to the pure soil condition. 

 

5.2.2 Definition of normal, shear stress 

After the procedures have been discussed, further discussion on the interface direct 

shear test. Most of the information can be found in the BRAJA (1985). First, the 

definition of the normal and shear stress are existed in the test, Eq. 5.1 and 5.2 are the 

definition of normal stress and shear stress. 

 

σ = Normal stress =
𝑁𝑜𝑟𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝐶𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛
                                         (5.1)                

 

τ = Shear stress =
𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔 𝑠ℎ𝑒𝑎𝑟 𝑓𝑜𝑟𝑐𝑒

𝐶𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛
                                             (5.2)                 

where σ is the normal stress, N/m
2
 

 τ is the shear stress, N/m
2
 

 

In the project, the cross-section area of the specimen is the area of the soil be sheared, 

which is equal to the area of the shear box, 100 mm x 100 mm. For the normal force, 

it is the weight act on the top cap of shear box, which is the ratio 1:10 from loading 
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point through the hanger and the weights of top cap and bronze plate. For the resisting 

shear force, it is measured by load cell that is attached to the upper shear box, with the 

unit translation, which is equal to 0.002 kN per division. Thus, the normal stress 

applied on the soil and the shear stress developed in the soil layer can be determined. 

 

5.2.3 Definition of soil shear strength 

Other than the basic definition of the normal and the shear stress, more detailed 

information of the soil shear strength is presented in the following. 

 

τ = c +  σ tan(∅)                                                                                                                 (5.3) 

τ𝑟 = c𝑎 +  σ tan(∅)                                                                                                             (5.4) 

where τ is the shear strength of soil, N/m
2
 

 τ𝑟 is the shear strength of reinforced soil, N/m
2
 

 c is the cohesion of soil, N/m
2
 

 c𝑎 is the adhesion between soil and reinforcement, N/m
2
 

 σ is the normal stress, N/m
2
 

 ∅  is the angle of friction, 
o
 

 

Soil shear strength is governed by several factors, shown in the E.q. (5.3) and E.q. 

(5.4), cohesion or adhesion of soil, normal stress and the angle of friction. For the 

cohesion, it can be separated into two kinds of cohesion; the first one is the true 

cohesion, which can be the electrostatic forces between the stiff over consolidated 

clay or by the chemical cementation. The other one is the apparent cohesion, such as 

the negative capillary pressure; also, with high normal stress acting on the soil layer, 

the soil particles are much compacted and difficult to separate during the shear 
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process. Normal stress, which is mentioned previously, and the last one, angle of 

friction, measurement of the ability of the soil or rock to resist a shear stress. It is an 

angle measured between the normal force applied and the resultant force. 

 

After the interpretation of the normal, shear stress and soil shear strength, the 

correlation between the definition and the test data can’t be ignored, in general, the 

parameters in the previous equations can’t be presented directly by the test data, thus, 

the following part focuses the data recorded in the interface direct shear test, Table 5.2 

which is the data recorded and unit translation in the direct shear test.  

In the Table 5.2, column 1, 3 and 5 are the corresponding data recoded by the 

horizontal, vertical dial gauge and the load cell, for the column 2, 4 and 6 are the 

corresponding unit translation, which are 0.01 mm for horizontal dial gauge, 0.002 

mm for vertical dial gauge and 0.002 kN for the load cell. The last column is the 

induced shear stress in the soil interface, is the induced horizontal force divided by the 

corrected shear area. 

 

Table 5.2 Corresponding displacement and shear stress for applied normal stress equal 

to 20kPa and aperture size equal to 0.955 mm. 

Horizontal 

dial gauge 

(div) 

Horizontal 

displacement 

(mm) 

Vertical 

dial gauge 

(div) 

Vertical 

displacement 

(mm) 

Load cell 

reading 

(div) 

Horizontal 

load (kN) 

Shear stress 

(kN /m
2
) 

0 0 0 0 0 0 0 

20 0.2 -9 -0.018 30.5 0.061 6.1 

40 0.4 -15 -0.03 45 0.09 9.01803607 

60 0.6 -16 -0.032 59 0.118 11.8473896 

80 0.8 -16 -0.032 70.5 0.141 14.1851107 

100 1 -14 -0.028 77.5 0.155 15.625 

120 1.2 -10 -0.02 82.5 0.165 16.6666667 

140 1.4 -3 -0.006 87 0.174 17.611336 

160 1.6 6 0.012 87 0.174 17.6470588 

180 1.8 8.5 0.017 88 0.176 17.8861789 
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Continued 

200 2 21 0.042 90 0.18 18.3299389 

220 2.2 30 0.06 90 0.18 18.3673469 

240 2.4 37.5 0.075 90 0.18 18.404908 

260 2.6 45 0.09 92.5 0.185 18.954918 

280 2.8 54 0.108 96 0.192 19.7125257 

300 3 62 0.124 96.5 0.193 19.8559671 

320 3.2 71 0.142 94 0.188 19.3814433 

340 3.4 80 0.16 96 0.192 19.8347107 

360 3.6 88 0.176 98.5 0.197 20.3933747 

380 3.8 93 0.186 98.5 0.197 20.4356846 

400 4 99.5 0.199 97 0.194 20.1663202 

420 4.2 105 0.21 95 0.19 19.7916667 

440 4.4 109.5 0.219 91.5 0.183 19.1022965 

460 4.6 115 0.23 91 0.182 19.0376569 

480 4.8 123 0.246 90.5 0.181 18.9727463 

500 5 128 0.256 91.5 0.183 19.2226891 

520 5.2 131 0.262 89.5 0.179 18.8421053 

540 5.4 134.5 0.269 89 0.178 18.7763713 

560 5.6 137 0.274 84 0.168 17.7589852 

580 5.8 140 0.28 84 0.168 17.7966102 

600 6 141 0.282 82 0.164 17.4097665 

620 6.2 142 0.284 80.5 0.161 17.1276596 

640 6.4 143 0.286 80.5 0.161 17.1641791 

660 6.6 144 0.288 81 0.162 17.3076923 

680 6.8 145 0.29 81.5 0.163 17.4518201 

700 7 146 0.292 82 0.164 17.5965665 

720 7.2 148.5 0.297 85 0.17 18.2795699 

740 7.4 149.5 0.299 85 0.17 18.3189655 

760 7.6 149.5 0.299 85 0.17 18.3585313 

780 7.8 149.5 0.299 84 0.168 18.1818182 

800 8 149.5 0.299 84.5 0.169 18.329718 

820 8.2 144 0.288 85.5 0.171 18.5869565 

840 8.4 141 0.282 78.5 0.157 17.1023965 

860 8.6 141 0.282 70 0.14 15.2838428 

880 8.8 141 0.282 75 0.15 16.4113786 

900 9 141 0.282 78 0.156 17.1052632 

920 9.2 141 0.282 79 0.158 17.3626374 

940 9.4 139 0.278 78.5 0.157 17.2907489 

960 9.6 137 0.274 77 0.154 16.9977925 

980 9.8 131.5 0.263 78.5 0.157 17.3672566 
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Continued 

1000 10 129 0.258 79.5 0.159 17.6274945 

1020 10.2 128 0.256 79 0.158 17.5555556 

1040 10.4 127 0.254 80.5 0.161 17.9287305 

1060 10.6 126.5 0.253 78.5 0.157 17.5223214 

1080 10.8 126 0.252 79 0.158 17.6733781 

1100 11 122.5 0.245 80 0.16 17.9372197 

1120 11.2 115.5 0.231 80 0.16 17.9775281 

1140 11.4 114.5 0.229 82 0.164 18.4684685 

1160 11.6 113.5 0.227 82.5 0.165 18.6230248 

1180 11.8 112 0.224 83 0.166 18.7782805 

1200 12 111 0.222 81.5 0.163 18.4807256 

 

5.2.4 Typical result of stress-strain curve 

For the interface test, the main purpose is to determine the shear strength of soil-soil, 

and the soil-reinforcement, in the following part, one of the shear stress-horizontal 

displacement curve and vertical displacement-horizontal displacement curve are 

discussed, furthermore, curves that different normal stresses applied on the same 

reinforced condition, same normal stress with different reinforced conditions. Another 

main criteria is the failure envelopes of the reinforced conditions, which the cohesion, 

adhesion and the friction angle. Besides that, a ratio called interfaced shear strength 

coefficient is discussed, which is the peak shear strength of the reinforced soil divided 

by the peak shear strength of pure sand. 

 

In the Fig. 5.2, shear stress-horizontal displacement curve is shown, within 2 mm 

displacement, rapid shear stress has been developed, after that, a peak shear stress 

developed about 3 mm horizontal displacement, when the displacement kept on 

increased,  post peak region are appeared, from the Figure, the region is within 3 to 

6mm, finally, a residual shear stress is existed, in optimum condition, a horizontal line 
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is developed, compare to the Figure, the residual stress within 12 to 13kPa, which 

have fluctuations as the horizontal displacement kept increased. 

 

 
 

Fig. 5.2 Shear stress vs. horizontal displacement of aperture size equal to 0.250 mm 

and normal stress equal to 20 kPa. 

 

From the Figure, notifications should be considered, in the hardening process, the 

shear stress kept increased as the displacement increased, after the peak stress 

developed, softening process occurred, however, compare to the hardening process, 

the post peak stress and the residual stress, the shear stress is slightly decreased or 

even no longer decreased with the displacement kept increased, fluctuation is existed, 

it is due to the soil properties, first of all, soil is not homogenous, on the other hand, 

during the shearing process, the soil particles' contact surface is changed with the 

displacement kept increased, also, the results are different from each other with the 

same aperture size and normal stress, as a result, several tests may be required to get a 

more accurate stress-strain curve of an identified aperture size, second, with the 

limitation of the machine, the shear area is decreased during the experiment, thus, area 
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correction is required, and the shear stress is calculated based on the load cell reading 

and the corrected area. 

 

5.2.5 Typical result of vertical displacement-horizontal displacement curve 

In the Fig. 5.3, vertical -horizontal displacement curve is shown, in the experiment, 70% 

relative density was chosen, thus, the soil sample in the tests were used is much tend 

to the dense state, in other words, the behavior is tend to as dense sand, which a 

visible phenomenon, compaction is occurred in the beginning, after that, dilation 

process is occurred with the horizontal displacement kept increased.  

 

 
 

Fig. 5.3 Vertical displacement vs. horizontal displacement of aperture size equal to 

0.250 mm and normal stress equal to 20 kPa. 

 

From Fig. 5.2 and 5.3, compaction process is occurred between 0 to 1.4 mm 

horizontal displacements, which a rapid increased of shear strength has been 

developed in the reinforced soil. Afterward, a rapid dilation process occurred between 
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1.5 to 4.5 mm horizontal displacement, which is corresponding to the peak shear 

strength and post peak shear strength region have been developed in the reinforced 

soil. After the 4.5 mm horizontal displacement, slightly dilation process is occurred 

and even compaction process is occurred once again at the end of the test, which the 

fluctuation in the residual strength of the reinforced soil is presented in the Fig. 5.2. 

 

5.3 Stress-strain curves  

Combined shear stress-horizontal displacement curves under different reinforced 

conditions with the corresponding reinforcement aperture sizes and normal stress, 20, 

40, 60, 80 and 120 kPa have been shown in the Fig. 5.4 to 5.13. A visible 

phenomenon is the shear stress directly proportional to the normal stress. Similar to 

the Fig. 5.2, rapid shear strength in the soil is normally has been developed in the first 

2 mm horizontal displacement, in most conditions, the peak shear strength locates 

around 3 mm. 

 

5.3.1 Pure sand condition 

For the curves in pure sand condition are shown in Fig. 5.4, it is observed in the 

curves which normal stress equal to 60, 80 and 120 kPa, sudden drop in the shear 

strength of soil. In the 20 and 40 kPa, slightly drop in the shear strength after the peak 

value, and stabilize with the horizontal displacement kept increased.  
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Fig. 5.4 Shear stress vs. horizontal displacement of pure sand with the Corresponding 

normal stress. 

 

5.3.2 Different reinforcement aperture sizes 

In the Fig. 5.5, which aperture size equals to 0.250 mm, besides the 20 kPa, all the 

stress-strain curves have visible peak and post peak stress, for the 20 kPa, when the 

displacement greater than 2 m, no rapid drop in the shear stress, also, it is observed 

that the peak value occurred in the 60 kPa is around 6 m, which is different to the 

others, it may due to the distribution of the sand in the upper shear box and crumples 

existed in the reinforcement, which is the constraint to the sand due to the shearing 

process. 
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Fig. 5.5 Shear stress vs. horizontal displacement of aperture size equal to 0.250 mm 

with the Corresponding normal stress. 

 

With the curves that aperture size increase to 0.422 mm are shown in Fig. 5.6, normal 

stress equal to 20, 40 kPa, no peak and post peak region are visible, for the 60, 80 and 

120 kPa, visible peak and post peak region, most likely, the visible greatest shear 

stress locate when the horizontal displacement around 2 m, except the one of normal 

stress equal to 80 kPa. Further increased in the aperture size up to 0.955 mm shown in 

Fig. 5.7, curves with stress 40 and 80 kPa have visible peak and a flat curve are shown 

when the peak stress is developed in 20 kPa, a continuous development of shear 

strength show in 60 and 120 kPa with the displacement kept increased. This may due 

to the limitation of the direct shear box, which the top cap will be tilted when the 

lower shear box kept moving. For the greatest aperture size in the project, which is 

equal to 2.032 mm, compare to those Figures of shear stress vs. horizontal 

displacement in the previously, no visible peak and post peak region of curves shown 

in Fig. 5.8, normally, the greatest shear stress developed in the horizontal 
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displacement equal to 2 mm for the 20, 40 and 60 kPa. For the 80 and 120 kPa, which 

are located at the 6 and 7 mm respectively.  

 

 
 

Fig. 5.6 Shear stress vs. horizontal displacement of aperture size equal to 0.422 mm 

with the Corresponding normal stress. 

 

 
 

Fig. 5.7 Shear stress vs. horizontal displacement of aperture size equal to 0.955 mm 

with the Corresponding normal stress. 
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Fig. 5.8 Shear stress vs. horizontal displacement of aperture size equal to 2.032 mm 

with the Corresponding normal stress. 

 

Curves of shear stress, horizontal displacement under same reinforced condition, with 

different normal stresses are presented in the Fig. 5.3 to 5.8. Besides to compare those 

curves in same reinforced condition with different normal stresses, curves of different 

reinforced conditions with the same normal stress can be used to present the increase 

of shear strength in the soil under different reinforced conditions, mainly depending 

on the aperture size. In the Fig. 5.9 to 12, more detailed information is presented. But 

the development and tendency of shear stress, the peak and post peak, and the residual 

stress aren’t discussed detail. 

 

5.3.3 Different normal stress conditions 

In Fig. 5.9, peak and the residual shear strength of the reinforced soil which the 

reinforcement has an aperture size equal to 0.250 mm is close to pure sand condition, 

represented the soil is not strengthened. On the other hand, for the aperture size equal 
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to 0.422 mm or even greater, both peak and the residual strength of the reinforced soil 

are greater than the pure sand condition; the soil is strengthened under the normal 

stress equal to 20 kPa. Moreover, it can be observed that the peak shear strength of 

aperture size equal to 0.422 and 2.032 mm are less than the one of 0.955 mm aperture 

size. 

 

 
 

Fig. 5.9 Shear stress vs. horizontal displacement of normal stress equal to 20 kPa with 

the pure sand and Corresponding aperture size. 

 

For the curves which normal stress equal to 40 kPa shown in the Fig. 5.10, different 

from the Fig. 5.9, the peak shear strength of reinforced soil with aperture size 0.250 

mm is greater than the pure sand condition, but the residual strength is similar to each 

other, for the rest, it is very resemble to the result shown in Fig. 5.9, and the highest 

shear stress is in 0.955 mm aperture size. 
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Fig. 5.10 Shear stress vs. horizontal displacement of normal stress equal to 40 kPa 

with the pure sand and Corresponding aperture size. 

 

In the Fig. 5.11, typical shear stress-horizontal displacement curves of reinforced 

condition is shown under 60 kPa normal stress, which the aperture size 0.250 mm 

close to the pure sand condition, with the increased in the aperture size, the shear 

stress is increased up to a typical point, the shear strength startes to decrease after a 

typical aperture size is reach. In the Fig. 5.12, which is 80 kPa normal stress, much 

similar to the previous, which the aperture size 0.250 mm close to the pure sand 

condition, also, the shear stress of aperture size 0.422 and 0.955 mm are similar to 

each other, lastly, the greatest aperture size has a drop in the shear stress and much 

tend to the pure sand condition. In the Fig. 5.13, under 120 kPa normal stress 

condition, as usual, the peak shear strength of pure sand and aperture size 0.250 mm 

are close to each other, but the residual strength, which the latter one has a higher 

strength, Similarity, the greatest shear strength is occurred of the aperture size 0.955 

mm.  
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Fig. 5.11 Shear stress vs. horizontal displacement of normal stress equal to 60 kPa 

with the pure sand and Corresponding aperture size. 

 

 
 

Fig. 5.12 Shear stress vs. horizontal displacement of normal stress equal to 80 kPa 

with the pure sand and Corresponding aperture size. 
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Fig. 5.13 Shear stress vs. horizontal displacement of normal stress equal to 120 kPa 

with the pure sand and Corresponding aperture size. 

 

Base on the curves under same normal stress with different reinforced conditions, 

further discussion can be correlated to the particle size distribution curve. For the one 

has greatest shear stress in the curves, 0.955 mm aperture size, the corresponding 

percentage finer is about 70% in the particle size distribution curve. Meaning that the 

opening can be filled by 70% soil particles. For the other sizes, 0.250mm, 0.422 mm 

and 2.032 mm, the corresponding percentage finer is about 7%, 30% and 100% 

respectively. Similarity, meaning that the opening can be filled by 7%, 30% and 100% 

soil particles. As mentioned in the previously, the objective for the reinforcement 

inserted into the soil layer is to provide shear and tensile strength capacity, as a result, 

the matching between reinforcement aperture size and soil particles sizes should be 

considered. 
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5.4 Vertical displacement-horizontal displacement curves. 

Vertical displacement and horizontal displacement curve has been shown in the Fig. 

5.14 to 5.23, with the corresponding reinforcement aperture sizes and normal stresses. 

As mentioned previously, the relatively density was chosen is 70%, thus, the soil 

behavior should be much tend to dense state. 

 

5.4.1 Pure sand condition 

From the Figure 8.13, the pure sand condition, curves with the normal stress 40, 60, 

80 and 120 kPa, compaction processes are occurred in the beginning, afterward, 

dilation processes occurred. Difference from the others, the curve with normal stress 

20, only dilation process is existed. Besides viable compaction and dilation process, 

the magnitude of the compaction and dilation should also be considered. In the 40, 60 

and 80 kPa, the peak compaction displacement are similar to each other, but for the 

120 kPa, greater compacting displacement occurred, it is obvious that the soil 

compaction related to the normal stress applied on the soil, thus, the existing result is 

more or less matched to the phenomenon, besides that, the dilation presented another 

phenomenon, the greatest dilating displacement existed in the 20 and 40 kPa, which 

also shown that dilation process related to the normal stress applied on the soil. 
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Fig. 5.14 Vertical displacement vs. horizontal displacement of pure sand with the 

Corresponding normal stress. 

 

5.4.2 Different reinforcement aperture sizes 

In Fig. 5.15, aperture size equal to 0.250 mm, compaction processes occurred in all 

the curves, which the magnitude is greater with higher normal stress applied, with the 

horizontal displacement kept increased, dilation processes appear in all curves, and the 

locations of deflection point are about 1~ 2 m, the greatest dilation appears in the 

normal stress equal 40 kPa, different from the curves presented in the Fig. 5.14, 

greatest dilation have fluctuation of normal stress equal to 60, 80, 120 kPa, but the end 

vertical displacement are similar to each other, besides that, the curve of 20 kPa 

behave violation, the ultimate and the end dilation are even smaller than the others, 

which violate the tendency of dilation process with the applied normal stress, it may 

due to the soil distribution in the shear box, such as the grain size located at the level 

of shear process occurred. 
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Fig. 5.15 Vertical displacement vs. horizontal displacement of aperture size equal to 

0.250 mm with the Corresponding normal stress. 

 

The curves presented in the Fig. 5.16, which opening equal to 0.422mm, compaction 

processes occurred in all the stresses, however, large gap between the deflection 

points which the range are about 1 to 3 m, with the displacement kept increased, 

dilation processes occurred, but curves shown an irregular arrangement, the location 

of greatest dilation of curves are separated into two regions, the greatest dilation locate 

at the curves of stress 40, 60, and 120 kPa, for the ultimate dilation, 20, 60 and 80 kPa 

are similar to each other, with a lower end dilation, 40 and 120 kPa are the upper one. 
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Fig. 5.16 Vertical displacement vs. horizontal displacement of aperture size equal to 

0.422 mm with the Corresponding normal stress. 

 

For Fig. 5.17, the aperture size equal to 0.955 mm, an irregular arrangement of the 

curves in the dilation region, the greatest dilation locates in the 20 kPa, and the lowest 

in the 60 kPa, for the 40, 80 and 120 kPa, which are similar to each other in the 

greatest dilation, besides that, the highest ultimate dilation is also locates in the 20 kPa, 

for 40 and 120 kPa conditions are similar to each other, and the lowest end dilation are 

the 60 and 80 kPa. As usual, dilation process is followed by the compaction process in 

all the normal stress conditions. 
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Fig. 5.17 Vertical displacement vs. horizontal displacement of aperture size equal to 

0.955 mm with the Corresponding normal stress. 

 

In the Fig. 5.18, the greatest aperture size 2.032 mm, typical arrangement of the 

vertical displacement-horizontal displacement curves are shown, the highest peak 

dilation occurred in 20 and 40 kPa, the latter one has a higher value, for the 80 and 

120 kPa, have the smallest peak dilation. In the end dilation, the arrangement is 

similar to the peak dilation, which presented the magnitude of dilation related to the 

normal stress applied. Besides the dilation, there is no compaction process existed in 

the normal stress equal to 20 kPa. Which shown that the soil sample obey the loose 

condition. Contradicting the defined relative density 70%, normally tend to as dense 

condition. 
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Fig. 5.18 Vertical displacement vs. horizontal displacement of aperture size equal to 

2.032 mm with the Corresponding normal stress. 

 

Curves of vertical displacement, horizontal displacement under same reinforced 

condition, with different normal stresses are presented in the Fig. 5.14 to 5.18. Besides 

to compare those curves in same reinforced condition with different normal stresses, 

curves of different reinforced conditions with the same normal stress are shown in the 

Fig. 5.19 to 5.23. 

 

5.4.3 Different normal stress conditions 

In the Fig. 5.19, which normal stress equal to 20 kPa, the ultimate compaction 

occurred in the condition of aperture size equal to 0.422 mm, and the corresponding 

ultimate dilation occurred in the condition of pure sand. Moreover, the trend of 

compaction and dilation should be focused, under the same normal stress condition,  

in general, the behavior of the soil, whether reinforced or not, consistent to each other, 
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the contradicting of basic phenomenon due to the properties of soil, which is not 

homogenous and anisotropic. 

 

 
 

Fig. 5.19 Vertical displacement vs. horizontal displacement of normal stress equal to 

20 kPa with the pure sand and Corresponding aperture size. 

 

Under the 40 kPa normal stress, As mentioned previously, under the same normal 

stress condition, the behaviors of soil tend to similar to each other, in the Fig. 5.20, 

Besides the one of aperture size 0.955 mm, has the smallest soil dilation, for the rest,  

soil behaviors are close to each other, 4 to 5 mm soil dilation occurred. For the curves 

shown in the Fig. 5.21, which the normal stress equal to 60 kPa, dense sand behavior 

occurred in all the trials. Besides the aperture size 0.422 and 0.955 mm, the behaviors 

are close to each other. Also, for the 0.250, 0.422 and 0.955 mm, visible compaction 

process followed by the dilation process. 
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Fig. 5.20 Vertical displacement vs. horizontal displacement of normal stress equal to 

40 kPa with the pure sand and Corresponding aperture size. 

 

 
 

Fig. 5.21 Vertical displacement vs. horizontal displacement of normal stress equal to 

60 kPa with the pure sand and Corresponding aperture size. 

 

Curves shown in the Fig. 5.22, which the normal stress equal to 80 kPa, all the curves 

represented that the soil in the trial are in dense state, with the dilation followed by the 

compaction process. Besides the aperture size 0.955 and 2.032 mm, the behaviors are 

close to each other. Moreover, a compaction process appeared once again after the 

ultimate dilation reached. For Curves shown in the Fig. 5.23, which the normal stress 
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equal to 120 kPa, an irregular arrangement of the vertical displacement vs. horizontal 

displacement curves, pure sand and aperture size of 0.250 mm are closed each other, 

the greatest dilation existed in the aperture size 0.422 mm, a compaction process 

appeared once again after the ultimate dilation reached for the size 0.955 mm. 

 

 
 

Fig. 5.22 Vertical displacement vs. horizontal displacement of normal stress equal to 

80 kPa with the pure sand and Corresponding aperture size. 

 

 
 

Fig. 5.23 Vertical displacement vs. horizontal displacement of normal stress equal to 

120 kPa with the pure sand and Corresponding aperture size. 
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5.5 Failure envelopes of soil sample in various reinforced conditions 

Failure envelope of pure sand and corresponding reinforcement conditions are shown 

in the Fig. 5.24, the values of cohesion, adhesion and the friction angle are shown in 

Table 5.3. For those points in the Figure, because of the 70% relative density, the 

stress-strain curves normally in the dense behavior, as a result, is considered by the 

ultimate limit state, which is the soil’s peak shear stress in the stress-strain curves 

under different normal stresses and reinforced conditions. However, loose behavior is 

also existed; thus, no visible peak shear stress is occurred, as mentioned in advanced, 

the limit condition is set as 5 mm, any greater values besides the 5 mm horizontal 

displacement aren’t considered. 

 

According to the basic definition, the dry sand cohesion, which the reinforced 

condition R-0, should not less than zero, otherwise, sand particle repulse each other.  

For the results, the cohesion and adhesion are -1.71 and -0.77 for the condition R-0, 

R-1, which are close to the zero, thus, to obey the basic definition, the resulted 

cohesion and adhesion in those conditions will be set to zero, the modified failure 

envelope and the cohesion, adhesion and the friction angle shown in the Fig. 5.24 and 

Table 5.3. After the modification of failure envelope for R-0, R-1 reinforced condition, 

the cohesion, adhesion become zero, with small fluctuation to the values of friction 

angle. 
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Fig. 5.24 Failure envelopes of pure sand and corresponding aperture sizes. 

 

Table 5.3 Cohesion, adhesion and the friction angle of corresponding reinforced 

condition. 

Reinforced Condition Cohesion / adhesion (kPa) Friction angle (degree) 

R-0 0.00 36.13 

R-1 0.00 37.32 

R-2 4.12 37.65 

R-4 4.31 40.43 

R-3 2.89 38.17 

 

As mentioned in methodology, the shear strength of soil is depended on the cohesion, 

adhesion, normal stress applied and the friction angle, most likely, the cohesion or 

adhesion for the dry sand sample normally be zero, also, the cohesion and the 

adhesion in all the reinforced conditions tend to reach zero. In this moment, the 

cohesion or adhesion in all the reinforced conditions aren’t be discussed detailed, 

Rather than that, the changes of friction angle are considered detail that the most shear 

strength of soil is contributed by the friction angle. 
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From the Table 5.3, the friction angle of R-0 condition, corresponding to the pure dry 

sand state, smallest values of friction angle is obtained in the tests, by inserted the 

reinforcement, the soil friction angle is increased. Moreover, for the reinforced 

conditions, it is obvious that, the friction angle of R-3 condition, corresponding to 

0.955 mm, is higher than the R-1, R-2 and R-4 condition, 0.250 mm, 0.422 mm and 

2.032 mm respectively. This show a phenomenon that, for the soil sample was used in 

the project, which is dry sand with the grain size less than or equal to 2 mm, the soil 

isn’t be strengthened by small aperture size of reinforcement, as the aperture size 

increase, the shear strength of soil is also be increased, however, once the critical 

aperture size is reach, the shear strength of soil will be decreased with the aperture 

size kept increased. Thus, to reinforce the soil efficiently, the aperture size of 

reinforcement should match the grain size of the soil. 

 

5.6 Interpretation of shear strength at actual reinforcement failure phenomenon. 

Besides from the values presented in advance to discuss the relationship between the 

shear strength, aperture sizes and the grain sizes. Failure conditions of the 

reinforcement after interface direct shear tests are shown in the Fig. 5.25 to 5.29, the 

normal stress condition is in 120 kPa except the one shown in Fig. 5.28. 

For the Fig. 5.25, which aperture size equal to 0.250 mm, failure of the reinforcement 

existed, however, no visible shearing process of the reinforcement occurred, in Fig. 

5.26, the corresponding aperture size 0.422 mm, a visible shearing process is occurred, 

the reinforcement has a relative movement and deformation, it is due the to the 

increasing aperture size, More and more soil particles fall into the opening, 

reinforcement is bended due to the movement of soil particles in the shearing process. 

However, due to the grain size distribution, lacking of suitable size of grains is existed, 
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as a result, shearing process rather than the tensile capacity development in the 

reinforcement occurred. 

 

 
 

Fig. 5.25 Photo of 0.250 mm reinforcement aperture size after interface direct shear 

test  

 

 
 

Fig. 5.26 Photo of 0.422 mm reinforcement aperture size after interface direct shear 

test  
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For the Fig. 5.27, no outstanding failure of the reinforcement for 0.955 mm opening, 

rather than that, a conspicuous failure of aperture size equal to 0.955 mm under 60 

kPa normal stress shown in Fig. 5.28, a severe deformation of reinforcement occurred, 

this phenomenon due to the matching of grain sizes and the aperture size, once the 

suitable soil particles fall into the opening, the gap between the soil particles and 

boundary of opening is much less than during the shearing process, the reinforcement 

is deformed while the soil particles are moved. Tensile capacity is developed in the 

reinforcement due to the shearing process. For the Fig. 5.29, which the greatest 

aperture size 2.032 mm, no visible failure in the reinforcement, due to the greatest 

opening and the grain size that less 2 mm, most of the grains aren’t fixed in the 

opening, as a result, the grains are moved in a relative free boundary during the shear 

process. 

 

 
 

Fig. 5.27 Photo I of 0.955 mm reinforcement aperture size after interface direct shear 

test  
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Fig. 5.28 Photo II of 0.955 mm reinforcement aperture size after interface direct shear 

test 

 

 
 

Fig. 5.29 Photo of 2.032 mm reinforcement aperture size after interface direct shear 

test 

 

Furthermore, from the figures, it can be observed that the greatest aperture size 

reinforcement, the boundary condition is different from the others and also the one 
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mentioned in the 5.2 Interface direct shear, because of the reinforcement thickness, 

after the reinforcement is fixed on the bronze plate, it is difficult to insert into the 

lower direct shear box, as a result, the reinforcement is fixed on the outer sides of the 

shear box. 

 

In the predominant direction, fix boundary condition  is provided to the reinforcement, 

however, in the project,  two types of manners are applied, as a result, to obtained 

more accurate results, same manners should be applied, or comparing the results 

obtained from  two manners to make further discussion.  
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5.7 Interface shear strength coefficient 

After reviewing many shear stress-horizontal displacement diagrams, region of peak, 

post peak and the residual stress are clear out, in additional, the location of peak shear 

stress most likely locates about 3 mm horizontal displacement, which is a relative 

small deformation. Indeed, peak shear strength of the soil may be focused on. 

Compare to review quite number of shear stress-horizontal displacement diagrams, 

those peak shear stress may be simplified by using a parameter, defined it as interface 

shear strength coefficient (η), similar to the E.q. (1) shown in the Chia (2009), which 

is the ratio of soil/metal strip shear strength 𝜏𝑠𝑜𝑖𝑙/𝑚𝑒𝑡𝑎𝑙  to the internal soil shear 

strength 𝜏𝑠𝑜𝑖𝑙 , shown in the E.q. (8.1) and the corresponding interface coefficient 

values with different aperture size are shown in the Fig. 5.30. 

 

η =  
𝜏𝑠𝑜𝑖𝑙/𝑚𝑒𝑡𝑎𝑙 

𝜏𝑠𝑜𝑖𝑙
                                                                                                                      (8.1) 

where η is the interface coefficient 

 𝜏𝑠𝑜𝑖𝑙/𝑚𝑒𝑡𝑎𝑙  is the shear strength in the reinforced condition, N/m
2
 

 𝜏𝑠𝑜𝑖𝑙 is the shear strength in the pure sand condition, N/m
2
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Fig. 5.30 Correlation between Interface shear strength coefficient and aperture size. 

 

In the Fig. 5.30, it is obvious that, for most reinforcement aperture sizes under 

different normal stress conditions, the interface coefficients are greater than one 

except the aperture size equal to 0.250 mm at the 20 kPa normal stress, this Figure 

present that, in most of the conditions, the soil is strengthened, or at least, has a close 

shear strength compare to pure sand condition, it also shows the relationship between 

the peak shear strength of soil is developed with the aperture size. Moreover, it may 

predict that, for the aperture size less than 0.250 mm, an opportunity that the interface 

coefficient will be less than one, which means that the soil will be weakened for 

inserting reinforcement into the soil. However, for the aperture size greater than 2.032 

mm, interface coefficient may tend to reduce to one, as the opening kept increased, it 

will tend to close to the pure sand condition. 
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5.8 Summary 

A brief summary can be concluded for those stress-strain, vertical displacement and 

horizontal displacement curves. 

For the stress-strain curves, several points can be generalize: 

1. Under the same soil reinforced condition, soil cohesion and friction angle are more 

or less the same, as a result, the shear stress is directly proportional to the applied 

normal stress. 

2. Dense and loose sand behaviors are existed, to get more accurate result, the relative 

density control should be considered. Moreover, with two different stress-strain 

behaviors, especially for the loose sand state, no visible peak shear stress occurred. As 

a result, a limit condition should be applied in order to match the consideration in the 

failure envelope, Due to the observation, the peak shear stress in those dense behavior 

curves normally locate at the horizontal displacement within 2 to 4 mm, thus, the limit 

condition is set as 5 mm, any greater values besides the 5 mm horizontal displacement 

aren’t considered. 

3. For the stress-strain curves under same normal stress with different reinforcement 

aperture sizes, curve for the 0.250 mm aperture size condition similar to the pure sand 

condition, with the aperture size increased, the corresponding shear stress is also 

increased up to a critical reinforcement opening, any further increased in the aperture 

size, result in the reduction of shear stress. 

4. Matching between reinforcement aperture size and the soil particles should be 

concerned, otherwise, the efficiency will be reduced. 

5. High fluctuation occurred in the curves under relative low normal stress, with the 

increased in applied normal stress, the fluctuation is decreased. In high normal stress 

conditions, the soil particles are compacted tightly and the void between soil particles 
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is lesser. Thus, soil contact surface is normally constant, result in the low fluctuation 

in the curves. 

 

Different from the stress-strain results, few points of vertical displacement-horizontal 

displacement curves can be concluded: 

1. Soil is not homogenous material, as a matter of fact; the behaviors of vertical 

displacement-horizontal displacement curves are different from each other, even the 

soil layer under the same reinforcement aperture size with different normal stress. 

2. Similar to the point 1, even the soil layer under the same normal stress with 

different reinforcement aperture sizes, the behaviors are not close to each other’s. 

3. Dense sand behavior is the major phenomenon, with several curves presented in the 

loose sand behavior. These can be correlated to the stress-strain curves presented in 

previously. 

4. Dilation process is followed by the compaction process in the dense sand behavior, 

in few cases; compaction processes are occurred once again after the dilation 

processes. Without the compaction process, only dilation process is occurred in the 

loose sand state. 

 

Lastly, for the soil failure envelope: 

1. The y- intercept of the failure envelope represented the soil cohesion or adhesion, in 

general, all the results are consist the definition of cohesiveness soil, which the soil 

cohesion is close to zero. 

2. Reinforced soil shear strength is increased as aperture size increased up to a critical 

point, whatever the apertures sizes greater than the critical one, reduction in the shear 

strength. 
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3.  The major contribution of soil shear strength is the increasing in the friction angle, 

which provided by the tensile capacity of the reinforcement. 
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Summary and conclusions 

In the project, the objectives are to determine the shear stress developed in the soil 

layer under different reinforced conditions, failure envelopes, friction angle of soil 

layer under different reinforced conditions and the relationship between the shear 

strength of soil and reinforced conditions. 

 

From the experiment results, several points can be concluded 

1. The soil shear strength is increased due to the process of reinforcement inserted into 

the soil layer. However, soil is not homogenous material, as a matter of fact; the 

stress-strain behaviors are different case by case. To apply in the actual situation, 

ultimate and serviceability limit state should be considered. Such as the peak shear 

stress can be resisted, or minimum stress required in the whole allowable soil 

movement. 

2. The soil shear strength is much depends on the combination of reinforcement 

aperture sizes and the soil particles. In the project, soil particle size is less than 2 mm, 

and the reinforcement sizes are 0.250, 0.422, 0.955 and 2.032 mm. which can be filled 

by 7%, 30%, 70% and 100% soil particles respectively. And the maximum reinforced 

soil shear strength is achieved by applying 0.955 mm aperture size reinforcement.   

3. According to the basic definition of soil shear strength, it is the combination of soil 

cohesion, applied normal stress and friction angle. In the project, cohesiveness soil 

was chosen; as a result, soil cohesion isn’t the major factor for the soil shear strength, 

positive value of cohesion, adhesion in high normal stress condition is represented that 
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apparent cohesion is existed between soil particles. And the increased soil shear 

strength is mainly contributed by the increased in the soil friction angle.  

 

6.2 Recommendations for future work 

1. In the project, the apparatus can’t reach the specification of ASTM, thus, the 

dimension of the apparatus should be concerned. 

2. As concluded in the project, to achieve the highest efficiency, the matching between 

soil particle sizes and the reinforcement aperture sizes, different combination of 

particle sizes and reinforcement aperture sizes can be done; results can be used to 

compare the existing information. 

3. For different types of soil sample, the displacement rate should be attended, in 

cohesive soil, besides the friction angle, soil cohesion is the major contribution in 

shear strength. With fine particle size, friction between the particles can be neglected. 

As a result, low displacement rate should be used to monitor the change in soil 

cohesion under the shearing process. 

4. In the project, the relationship between the soil shear strength, particle sizes and 

reinforcement aperture sizes are discussed, however, more information can be 

determined or tested out, such as the tensile capacity, friction coefficient of the 

reinforcement. And further discussion can be made between soil shear strength and 

those reinforcement characteristics. 
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