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The objective of this study is to determine the mechanical performance of 

cement seal in exploration borehole of rock salt formation. Three cement seal mixtures 

have been used in this study including pure cement, cement-sand, and cement-sludge. 

The commercial grade Portland cement type V is selected due to its sulfate resistance. 

Two mixing ratios (1:1 and 1:0.5) of cement-to-sand and cement-to-sludge are 

prepared. The cement seal mixtures have been mixed with NaCl saturated brine using 

brine-to-cement ratios of 0.6:1, 0.8:1 and 1:1 by weight. All specimens are cured under 

saturated brine for 28 days. The mechanical properties of the samples have been 

examined by preforming the four-point bending, uniaxial and triaxial tests. The results 

indicate that the compressive strength and elastic modulus decrease and Poisson’s ratio 

increases with increasing brine-to-cement ratio.  The increasing of brine-to-cement 

ratio slightly decreases the cohesion and internal friction angle. The highest 

compressive strength and elastic modulus are 24.25 MPa and 19.01 GPa obtained from 

the cement-sand mixture with brine-to-cement ratio of 0.6:1. The bending tensile 

strengths ranging from 2.36 to 3.61 MPa.  They tend to decreases with increasing brine-

to-cement ratio for all cement seal mixtures.  Cement-sand mixture gives higher tensile 

strengths than those of pure cement and cement-sludge mixture.  The Coulomb and 

strain energy criteria are applied to determine the factors of safety of the materials in 
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CHAPTER I 

INTRODUCTION 

1.1 Background and rationale  

 The penetrations of geological formations for the purpose of salt and potash 

exploration in the Maha Sarakham formation can have a detrimental impact on the 

environment.  Boreholes that penetrate aquitards may allow migration and mixing of 

groundwater of different qualities, and may contaminate aquifers.  Open boreholes 

may allow premature and unnecessary depressurization of formations, and may result 

in wasting of natural resources.  The sealing method can be used to prevent or 

minimize the detrimental effects that may result from leaving geological penetrations 

open.  Sealing abandoned exploratory drill hole is a partial important.  The seals will 

ensure that the water protection layer (Middle Salt member) will remain impervious, 

and that the portions of the drill hole penetration the Lower Salt member will not 

become flow path of water or brine from the Lower Clastic Member into the mine 

openings.  More important the borehole seal must be specifically designed to suite the 

site-specific for conditions where formation subsidence, may occur due to the 

underground excavations.  The seals should be able to sustain the deformation and 

movement of the subsiding overburden formations due to the underground 

excavation. 
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1.2 Research Objective 

 The objective of this study is to assess the mechanical performance of the 

commercial grade cement mixtures seal in borehole. Their results are compared in 

terms of compressive and tensile strengths, elastic modulus and Poisson’s ratio. The 

sealing materials should be able to sustain the deformation and movement of the 

subsiding overburden formations due to the underground excavations. The results are 

necessary for stability analysis of the cement seals in borehole to prevent water 

inflows into or through a main access in a salt mine.  

1.3 Research Methodology 

The research methodology shown in Figure 1.1 comprises 6 steps; including 

literature review, sample preparation, laboratory testing, Potential Application, 

discussions and conclusions and thesis writing.  
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Figure 1.1 Research methodology. 

1.3.1 Literature review  

Literature review is carried out to study the previous researches and 

case studies to improve on understanding of sealing in salt and potash mines. The 

sources of information are from text books, journals, technical reports and conference 

papers. A summary of the literature review is given in the thesis.  

Literature Review 

 

Sample Preparation 

 

Laboratory Test 

 

Uniaxial compressive 

strength test 

 

Triaxial compressive 

strength test 

 

Four point bending 

 

Potential Application 

 

Discussions and Conclusions 

 

Thesis Writing 
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1.3.2 Sample preparation 

The grouting materials used in this research are 

1) commercial grade Portland cement type V 

2) sand with particle sizes less than 1 mm  

3) water treatment sludge with particle sizes less than 75 µm 

The mixing ratios of the cement-to-sand (C:S) of 1:1 and cement-

tosludge (C:SL) of 1:0.5 by weight. The ratios of brine to cement (B/C) vary from 1, 

0.8 and 0.6. The brine is prepared from pure halite mixed with distilled water in 

plastic tank and stirred continuously. The grout preparation follows the API American 

Petroleum Institute No.10 (American Petroleum Institute, 1986). The cement slurry 

mixtures are poured and cured in 54 mm diameter PVC pipes for use in the 

mechanical testing. The specimens are cured in PVC pipe under saturated brine at 

room temperature before testing. A total of 135 specimens are prepared for the basic 

mechanical properties. 

1.3.3  Laboratory tests 

Characterization testing provides the compressive strength (σc), Elastic 

Modulus (E), Poisson’s ratio (ν) and Tensile strength (σt) of cement grout.  

1.3.3.1 Uniaxial compressive strength test 

 The procedures follow, as much as practical, the ASTM 

standards (D7012). During test, the axial and lateral deformations are monitored.  The 

failure load is recorded 
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  1.3.3.2 Triaxial compressive strength tests 

     The tests are performed in accordance with the ASTM standard 

(D7012). The load is applied along specimen axis with confining pressures of 0.35, 

0.70, 1.05, 1.40, and 1.75 MPa until failure occurred. 

1.3.3.3 Four point bending test 

 The tensile strength test is performed in accordance with 

ASTM standard (D6272) in the bending configurations. 

1.3.4  Potential Application 

 The results can be compared with the Coulomb and the tensile strain 

energy can be used to assume the borehole stability.   

1.3.5 Discussions and conclusion  

Discussions are made on the reliability and adequacies of the 

approaches used here. Future research needs are identified. All research activities, 

methods, and results are documented and complied in the thesis. The research or 

findings are published in the conference proceedings or journals.  

1.3.6  Thesis writing  

All study activities, methods, and results are documented and complied 

in the thesis. 

1.4  Scope and limitations 

 The scope and limitations of the research include as follows 

1. The cement grout is prepared from the commercial grade Portland cement 

type V following ASTM (C150) standard practice, the NaCl saturated brine is used as 

mixing fluid. 



6 
 

2. Three cement mixtures are tested including:  

1) Cement:Brine 

2) Cement:Sand:Brine 

3) Cement:Sludge:Brine 

3. Uniaxial compression testing specimen length and diameter ratio (L/D) of 

2.5. Up to 45 samples have been tested. 

4. Triaxial compression test following specimen length and diameter ratio 

(L/D) of 2.0 with confining pressures of 0.35, 0.70, 1.05, 1.40, and 1.75 MPa. Up to 

45 samples have been tested. 

5. Four point blending test with specimen length and diameter ratio (L/D) of 

4 are performed with applied loading rate of 4x10-4 MPa/s.  A tested of 45 samples 

have been tested.  

6. All specimens are cured for 28 days before testing. 

7. All tests are conducted under ambient temperature. 

8. The cement slurry mixtures follow API standard practice. 

1.5  Thesis contents  

Chapter I describes the background and rationale, the objectives, the 

methodology and scope and limitations of the research. Chapter II summarizes results 

of the literature review. Chapter III describes the sample preparation. Chapter IV 

describes the laboratory testing and test results. Chapter V describes the application of 

this research. Chapter VI summarizes the research results, and provides 

recommendations for future research studies. 



CHAPTER II 

LITERATURE REVIEW 

2.1 Introduction  

This chapter gives the results of literature review carried out to improve an 

understanding of cement seal in boreholes in salt and potash mines.  Study the 

experimental researches on the rock salt in northeast region of Thailand, subsidence 

influence on underground borehole, borehole sealing and mechanical properties sealing 

materials.  Information is from books, journals, technical reports and conference papers. 

2.2 Rock salt in northeast region of Thailand 

 Rock salt formation in Thailand is located in the Khorat plateau as shown in 

Figure 2.1.  The Khorat plateau covers 150,000 square kilometers, from 14 to 

19 northern latitude and 101 to 106 eastern longitude.  The northern and eastern 

edges of the plateau lie close to Laos and the southern one close to Cambodia (Utha-

aroon, 1993).  

 Rock salt is separated into 2 basins: Sakon Nakhon Basin and Khorat Basin.  

The Sakon Nakhon Basin in the north has an area about 17,000 square kilometers.  It 

covers the area of Nong Khai, Udon Thani, Sakon Nakhon, Nakhon Phanom, and 

Mukdahan provinces and extends to some part of Laos.  The Khorat Basin is in the 

south, which has about 33,000 square kilometers.  The basin covers the area of 

Nakhon Ratchasima, Chaiyaphum, Khon Kaen, Maha Sarakham, Roi Et, Kalasin, 
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Yasothon, Ubon Ratchathani provinces and the north of Burirum, Surin, and Sisaket 

provinces (Suwanich, 1986). 

 

Figure 2.1 Sakon Nakhon and Khorat Basins containing rock salt in the northeast of 

Thailand (modified from Rattanajarurak, 1990 and Utha-aroon, 1993 

adapted from Geological Map of Thailand, scale 1:2,500,000). 



    9 
 

 The Department of Mineral Resources has drill 194 drilled holes between 

1976 and 1977 for the exploration of potash (Japakasetr, 1985; Japakasetr and 

Workman, 1981; Sattayarak, 1983, 1985; Japakasetr, 1992; Japakasetr and Suwanich, 

1982).  Some holes are drilled through rock salt layers to the Khok Kruat Formation 

(Yumuang et al., 1986; Supajanya et al., 1992; Utha-aroon, 1993; Warren, 1999).  The 

sequences of rock layers from the bottom of this formation up to the top of the Maha 

Sarakham Formation are as follows.  

 1) Red bed sandstone or dense greenish gray siltstone sometime intercalate 

with reddish-brown shale.  

 2) Basal anhydrite with white to gray color, dense, lies beneath the lower rock 

salt and lies on the underlying Khok Kruat Formation.  

 3) Lower rock salt, the thickest and cleanest rock salt layer, except in the lower 

part which contains organic substance. The thickness exceeds 400 meters in some 

areas and form salt domes with the thickness up to 1,000 meters, with the average 

thickness of 134 meters.  

 4) Potash, 3 types were found; carnallite (KClMgCl26H2O) with orange, red 

and pink color, sylvinite (KCl) rarely found, white and pale orange color, an alteration 

of carnallite around salt domes, and techydrite (CaCl22MgCl212H2O) often found 

and mixed with carnallite, orange to yellow color caused by magnesium, the dissolved 

mineral occurred in place.  

 5) Rock salt, thin layers with average thickness of 3 meters, red, orange, 

brown, gray and clear white colors.  

 6) Lower clastic, clay and shale, relatively pale reddish-brown color and 

mixed with salt ore and carnallite ore.  
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 7) Middle salt, argillaceous salt, pale brown to smoky color, thicker than the 

upper salt layer with average thickness of 70 meters, carnallite and sylvite may be 

found at the bottom part.  

 8) Middle clastic, clay and shale, relatively pale reddish brown color and 

intercalated with white gypsum.  

 9) Upper salt, dirty, mixed with carbon sediment, pale brown to smoky color 

or orange color when mixed with clay and 3 to 65 meters thick.  

 10) Upper anhydrite, thin layer and white to gray color.  

 11) Clay and claystone, reddish brown color, occurrence of siltstone and 

sandstone in some places.  

 12) Upper sediment, brownish gray clay and soil in the upper part, and sandy 

soil and clay mixed with brown, pink and orange sandy soil in the lower part.  

2.3 Subsidence influence on underground borehole 

 The subsidence is an inevitable consequence of underground mining.  

Whenever a cavity is created underground, due to the mining of minerals or for any 

other reason, the stress field in the surrounding strata is disturbed (Bozeman, 2002; 

Bell et al., 2000; Johnson, 2005; Chrzanowski et al., 1997; Mancini et al., 2009).  

These stress changes produce deformations and displacements of the strata, the extent 

of which depends on the magnitude of the stresses and the cavity dimensions (Sahu 

and Lokhande, 2015).  With time, supporting structures deteriorate and the cavity 

enlarges, resulting in instability.  This induces the superjacent strata to move into the 

void. Gradually, these movements work up to the surface, manifesting them as a 

depression.  This is commonly referred to as subsidence.  Thus mine subsidence may 
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be defined as ground movements that occur due to the collapse of overlying strata into 

mine voids.  Surface subsidence generally entails both vertical and lateral movements 

(Hartman, 1992). 

 Singh (1992) states that the subsidence consists of five major components, 

which influence damage to surface structure and renewable resources are vertical 

displacement, horizontal displacement, slope, vertical strain and vertical curvature.  

The maximum surface slope of 310-3 to ensure that the subsidence slope will not 

impact the engineering structures and natural resources on the surface within mine 

area (Table 2.1). 

Table 2.1 Slope surface subsidence. 

Type of Damage Slope Limit 

(10-3) 

References 

Functional (undulations and water 

accumulation) 
5 

Kratzsch (1983) 

Large scale cracking affecting 

base/subgrade; severe 
10 

Sowers(1962) 

local gradient; potholes 10-20 Kratzsch (1983) 

Risk of derailment and rider 

discomfort 

12.5 Kratzsch (1983) 

10 Saxena and Singh (1980) 

Moderately reduced productively 2-3 Inferred 

Severely reduced productively 6 Pierce et al., (1983) 

6-8 Fehrenbacher et al., (1978) 

5-8 Annon (1951) 

Railroad 10 
 

Road 5 Singh (1992) 

Farmland 2-3 
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2.4 Borehole sealing 

 The sealing of mine openings and boreholes divided into permanent, 

temporary, and semi-permanent sealing (Gray and Gray, 1992) as well as the sealing 

of groundwater wells into three categories: temporary sealing, sealing actively used 

boreholes, and sealing for permanent decommissioning (Smith, 1994). 

Fuenkajorn and Daemen (1996) classify borehole sealing into two main 

categories: 

  1) Sealing actively used boreholes  

 2) Sealing unused boreholes    

Sealing actively used boreholes involves sealing of the annular zone between casing 

or pipe and the host rock and sealing of open boreholes that will be used in the future.  

The reasons for sealing of actively used boreholes are to protect the casing from 

corrosion, to prevent blowouts by quickly forming a seal, to protect the casing from 

shock loads in drilling deeper, and to seal off zones of circulation or thief zones 

(Economides et al., 1998).  Sealing unused boreholes represent permanent sealing, 

which mainly involves sealing of any abandoned boreholes or wells.  The primary 

function of seals for unused boreholes is to isolate zones of gas or liquid, which 

mainly emphasizes on environmental protection (Fuenkajorn and Daemen, 1996).  

The reasons for sealing of unused boreholes are to prevent groundwater 

contamination, to prevent poor aquifer groundwater from moving between water-

bearing zones, to conserve aquifer yield and artesian pressure, and to remove any 

physical hazard (Smith, 1993).  Sealing of borehole in rock has been developed 

approximately 20 years ago.  The intensive research and development of this 

technology have been done by Prof. Jaak J.K. Daemen (Fuenkajorn and Daemen, 
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1996).  Most of the research has been emphasized on the mechanical, hydrological 

and chemical properties of sealing materials.  Parts of research have involved with 

design of borehole sealing in rock. 

 Fuenkajorn (2007) designs methodology and process for sealing of boreholes 

in rock mass have been derived.  The design criteria present from relevant 

experimental researches are used to select the sealing materials for each rock unit, and 

to develop the seal specifications.  The results of selecting appropriate sealing 

materials, which include mixtures of cement, bentonite, and granular materials.  The 

seal system performance (seal, host rock and their interface) is evaluated in terms of 

the mechanical stability, containment integrity and chemical compatibility, while 

considering the economic constraints and the local resources. 

 The length of cementitious seals should be sufficient such that they can 

maintain their mechanical stability.  Based on the results from laboratory testing and 

numerical analyses on the shearing strength of borehole seal in rock, Akgun and 

Daemen (1991c) conclude that permanent abandonment borehole seals should be 

designed with a length-to-diameter ratio of four or greater.  

2.5  Mechanical properties sealing materials  

 Sealing materials should be selected for specific seal locations considering the 

borehole conditions and in situ stresses and their subsequent changes, as well as the 

geomechanical and chemical properties of the surrounding rock mass.  For permanent 

sealing, the physical and chemical compatibility among seals, backfill and 

surrounding rock should be taken into account so that the originally intended seal 
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functions are maintained.  Sealing materials will ensure flow path of water or brine 

into the mine openings where formation subsidence. 

 2.5.1 Pure cement 

Akgun (1997) conducts series of the bond strength between cement 

grout and host rock.  Two types of expandable cement grout formulation are Self-

Stress I grout slurry is prepared by mixing 659 g of Self-Stress I cement formulation 

with 493 g of NaCl-saturated brine and Saltbond II grout slurry is prepared by mixing 

1000 g of Class H cement, 450 g of NaCl-saturated brine, 64 g of D604 (a liquid 

additive) and 4.4 g of M45 (an anti-foam agent).  The results of push-out tests on 

cement grout plugs in salt average interface shear strengths ranged from 2 to 12 MPa.  

Hence, bonding between rock salt and Saltbond II cement grout plugs is better than 

for Self-Stress I cement grout.  

Akgun and Daemen (2002) study the degrees of saturation of the 

cement plugged cylinder that affected strength of the expansive cement by conducting 

push-out test.  The study factor includes the relationship between the degree of 

saturation versus the strength of cement, as well as the radius of sealing sample versus 

the strength of cement.  Rock specimen is a cylinder shaped tuff with hollowed out at 

the center.  Radiuses of the hollows are 6.35, 12.70, 25.40 and 50.80 mm.  The outer 

radius ranges between 38.10 and 93.66 mm.  Degree of saturation of the test samples 

are divided into three levels 1) completely dry, 2) low saturated degree, and 3) 

medium saturated degree.  The tests reveal that the axial strength (friction between 

cement and rock) and the shear strength are high in the sample with higher degree of 

saturation, and are lower in the smaller specimen diameter.  The results from the test 
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indicate that in order to obtain low permeability and high strength seals, the location 

of cement sealing should be submersed in groundwater. 

Akgun and Daemen (2004) study an expansive cementitious borehole 

plug emplaced in an underground opening in the vicinity which generate radial 

stresses on the walls of the opening due to an axial stress apply to the borehole plug 

due to plug swelling.  As these radial stresses might lead to the tensile fracturing of 

the rock, minimizing or preferably eliminating tensile stresses in rock was particularly 

important to preserve waste containment.  Presents the theoretical radial (normal) 

stress distribution and tensile strength in a borehole plug-rock system due to combine 

axial, thermal and lateral loading, along with analysis indicate that the mean tensile 

strength of rock exceed the tensile strength of in-situ borehole plugs, and suggest that 

the rock hosting in-situ borehole plugs is fairly stable against tensile fracturing.  The 

tensile strengths of rock measured in this study represent low bounds due to the 

absence of confining pressure. 

Samaiklang and Fuenkajorn (2013) study the mechanical and hydraulic 

performance of commercial grade cement grouts in rock fracture.  The results are 

compared in terms of compressive strength, tensile strength, bond strength and push-

out strength for against rock fracture.  All grouts are prepared by mixing at the water-

cement ratio of 0.60.  The compressive strength after 28 day curing times is 

25.77±2.54 MPa and the average tensile strength is 2.80±0.27 MPa.  The bond 

strength test and push-out test results indicate that the bond strength between the 

cured grout and Phu Kradung sandstone fractures is varying from 1.03 to 2.53 MPa, 

and the push-out strength varying from 4.06 to 5.55 MPa. 
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Pattani and Tepnarong (2015) study the cement seals in the rock salt to 

minimize brine circulation and potential leakage along a main access of salt mine.  

Weight composition of grouting cement slurry is commercial grade Portland cement 

with chloride resistant agent 1000 g mix saturated brine (NaCl) 670 g, anti-form agent 

10 g and a liquid additive including expansion10 g.  After 28 day curing times the 

uniaxial compressive and Brazilian tensile strengths are 20.06±3.82 MPa and 

2.89±0.19 MPa, respectively.  The direct shear tests results indicate the frictional 

resistance at cement-salt interface with a friction angle of 44 degrees and a cohesion 

of 2.12 MPa.  The normal stiffness is 7.67 GPa/m.  The shear stiffness is 6.60 GPa/m.  

The push-out test results show significantly the higher frictional resistance at the 

interface than does the direct shear testing.  The axial shear strength of the borehole 

cement seal is 5.05 MPa.  

2.5.2 Cement mixed with sand 

 Sand is a major component of concrete and without the sand, concrete 

will not function as intended.  The properties of a specific concrete mix will be 

determined by the proportion and type of sand used to formulate the concrete.  In 

general, aggregate used for concrete must be well-graded to produce a dense mass 

with minimum voids.  Aggregate that is not well-graded may reduce the strength of 

finished concrete and increase the cost of the mix because of the additional paste 

required to fill voids. The cement mixed with sand shows higher compressive 

strength, tensile strength, elastic modulus modulus (Yang et al., 1997; Donza et al., 

2002; Güneyisi et al., 2004; Olugbenga, 2007; Moghadam and Khoshbin, 2012; 

Rahmani et al., 2012; Bumanisa and Bajarea, 2017).  This section summarizes 
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compressive and tensile strength of cementatious seals obtained by various 

researchers (Table 2.2). 

Table 2.2 Compressive and tensile strengths of cement seals. 

Mix proportion 

cement:fine:coarse 

Brine/ 

cement 

ratio 

Compressive 

strength 

(MPa) 

Tensile 

strength 

(MPa) 

References  

1: 3: 0 0.39 41.60 - 
Kaushik and Islam 

(1995) 
1: 1.37: 1.86 0.40 49.50 - 

1: 1.48: 2.22 0.48 39.50 - 

1: 1.51: 4.01 0.47 33.47 8.08 
Mbadike and Elinwab 

(2011) 
1: 1.66: 4.24 0.50 32.22 3.39 

1: 1.61: 4.03 0.55 31.38 8.18 

1: 1.5: 3 
0.40 29.27 - 

Kaushik and Islam 

(1995) 

0.45 26.80 - 

1: 2: 4 
0.40 22.91 - 

0.45 19.98 - 

1: 1.66: 2.49  65.63 4.83  

1: 1.74: 2.61 0.40 78.77 4.88 
Anwar and Roushdi 

(2013) 

1: 1.83: 2.75  80.34 4.96  

1: 2: 4 0.60 21.93 - Olutoge et al., (2014) 

1: 1.41: 2.69 0.41 42.14 6.56 Raju et al., (2014) 

1: 1.5: 2.83 0.43 40.98 6.00  

1: 1.8: 3.31 0.45 41.34 - Tiwari et al., (2014) 

1: 1.78: 2.83 0.47 31.10-33.18 - Maniyal and Patil 

(2015) 1: 1.43: 2.47 0.41 35.67-37.63 - 

1: 1.5: 4 0.47 33.50 8.10 Elinwa et al., (2016) 

1: 1.5: 3 0.55 22.91 5.39 
Premchand et al., 

(2016) 

1: 1.22: 2.54 0.42 36.00 8.50 
Karthikeyan and 

Nagarajan (2016) 

1: 1.5: 3 
0.30 

23.51 3.82 Agrawal and 

Chandak (2017) 1: 4: 0 10.83 0.42 

1: 2.96: 0 0.50 34.00 5.20 Caronge et al., (2017) 

1: 2.09: 4.04 0.45 37.04 5.83 
Gawande et al., 

(2017) 

1: 2: 4 0.50 46.46 - Guo et al., (2018) 
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 Hashemi et al. (2015) study the behavior of these materials, thick wall 

hollow cylinder (TWHC) and solid cylindrical synthetic specimens are designed and 

prepare by adding Portland cement and water to sand grains.  The effect of borehole 

size on TWHC specimens reveal that with the increasing borehole size, the ductility 

of the specimen decreases, however, the axial and lateral stiffness of the TWHC 

specimen remain unchange.  Under different confining pressures the lateral strain at 

the initiation point of borehole breakout is considerably lower in a larger size 

borehole (20 mm) compare to that in a smaller one (10 mm).  Also, it is observed that 

the level of peak strength increment in TWHC specimens decreases with increasing 

confining pressure. 

2.5.3 Cement mixed with sludge 

Kuo et al. (2007) study the feasibility of sludge as a substitute for a 

portion of fine aggregates in cement mortars.  The compressive strengths of cement 

mortars with various percentages of organo-modified reservoir sludge (OMRS) 

particles were measured and then compared to those of plain cement mortars. The 

experimental results indicate that it could be possible to replace up to 30% by weight 

of fine aggregates by OMRS particles in a cement mortar for normal practice.  

Deethouw and Tepnarong (2014) assess the performance of sludge-

mixed cement grouts for sealing boreholes in rock salt.  The results indicate that the 

viscosity of grout slurry tends to increase as the sludge-mixed cement (S:C) ratio 

increases.  The compressive strength after 28 day curing times is 9.58±0.52 MPa.  The 

highest compressive strength is from S:C = 5:10.  The average tensile strength is 

1.99±0.14 MPa.  The highest ability of cement grouts decreases.  Similarities and 
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discrepancies of the grouting performance in terms of mechanical and hydraulic 

properties are compared. 

Chatveera et al. (2006) determine the mechanical and durability of 

mortar to replace cement with dry sludge ash.  This research studies the chemical 

compositions and physical properties of the dry sludge ash, including the compressive 

strength and modulus of elasticity.  The durability aspects, such as drying shrinkage 

and weight loss due to acid attack, were investigated. Binder materials containing 

various proportions between the sludge ash and Portland cement 0% to 100% by 

weight are prepared with the water to the binder material ratios of 0.5, 0.6, and 0.7.  

The results indicate when increasing the percentage of sludge water in mixing water, 

the drying shrinkage and weight loss due to acid attacks increased, and the slump and 

strength decreased.  

Mun (2007) studies the physical properties and compared to those of a 

commercial sintered lightweight aggregate for nonstructural concrete.  Portland 

cement (OPC) is mixed four types of lightweight coarse aggregate with the ratios of 

clay: sewage sludge ratio of 1:1, 1:3, and 1:5.  In cases of the aggregate with higher 

mixing ratios of sewage sludge, the compressive strength is over 15 MPa and the 

flexural strength is over 3 MPa.  The density ranges from 1,400 to 1,500 kg/m3 at a 

curing time of 14 days.  

Valls et al. (2004) study the concrete consisting of Portland cement 

with dry sludge, four percentages of sludge in the cement mix: reference concrete or 

0, 2.5, 5 and 10%.  The results indicate that compressive and flexural strength 

increase with increasing of curing time and they decrease with increasing sludge 

content (Figure 2.2). 
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(a)                                                           (b) 

Figure 2.2 Compressive strength according to the sludge content with different     

curing times (a) and Flexural strength according to the sludge content 

with different curing times (b)  (Valls et al., 2004). 

Wetchasat (2013) assesses the performance of sludge mixed with the 

commercial grade Portland cement type I for reducing permeability of fractures in 

sandstone.  The results indicate that the suitable mixing ratios for sludge:cement (S:C) 

are 1:10, 3:10, 5:10 with water-cement ratio of 1:1 by weight.  For S:C = 3:10, the 

highest compressive strength are 1.22 MPa (Figure 2.3). The shear strength of grouted 

fractures varies from 0.22 to 0.90 MPa under normal stresses ranging from 0.25 to 1.25 

MPa (Figure 2.4). 

 

 

 



    21 
 

 

Figure 2.3 Uniaxial compressive strengths for B:C and S:C mixtures with W:C  

10:10, 8:10, 12.5:10, 40:10 at 3 days of curing (Wetchasat, 2013). 

 

 

Figure 2.4 Normal stress and peak shear stress of grouting material in sandstone 

fracture (Wetchasat, 2013). 

 



 CHAPTER III  

SEAL MATERIAL PREPARATION 

 

3.1  Introduction 

This chapter describes basic characteristics of materials test.  Materials uses in 

this experiment are Portland cement, sand, sludge and saturated brine. Nine mixing 

proportions of sealing materials are made for basic mechanical property tests.  

Preparation of these samples follows, as much as practicable, the ASTM standard 

practice (ASTM D7012). 

3.2 Material preparation 

  3.2.1 Portland cement type V  

   Portland-pozzolan cement is selected due to its low brine demand, 

sulfate resistance and widely used in construction industry (Figure 3.1).  The chemical 

compositions of these materials are given in Table 3.1.  

 

Figure 3.1 Portland-pozzolan used in this study. 
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Table 3.1 Typical chemical compositions of ordinary Portland cement type V  

(ASTM   C150). 

Compositions (% weight) 

Tricalcium Silicate (C3S) 38.0 

Dicalcium Silicate (C2S) 43.0 

Tricalcium aluminate (C3A) 4.6 

Tetracalcium alumino ferrite (C4AF) 9.0 

Magnesium oxide (MgO) 1.9 

Sulfur trioxide (SO3) 1.8 

Ignition loss 0.9 

Calcium oxide (CaO) 0.8 

  

 3.2.2 Sand 

Sand is an important building material.  It abundantly occurs in nature 

and is formed by the decomposition of rocks.  The most important factor concerning 

sand used in concrete is that it must be clean.  Figure 3.2 shows particle size 

distribution of the sand.  The particle sizes less than 1 mm is used in this study. 

3.2.3 Sludge  

  Sludge is collected from the dewatering plant of Bang Khen Water 

Treatment Plant located in Bangkok Metropolis.  The grain size distribution curve is 

shown in Figure 3.3. The dried sludge is sieved through a mesh no. 200 with particle 

sizes less than 75 µm used in this research.  Tables 3.2 and 3.3 show chemical 

compositions and the Atterberg’s limits are index properties of the sludge. The 

chemical compositions are determined by X-Ray Fluorescence (XRF). 
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Figure 3.2 Particle size distribution of sand. 

 

 

 

Figure 3.3 Particle size distribution of sludge. 
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Table 3.2 Results of oxide concentrations in the sludge samples. 

Oxide 

Concentration (% weight) 

SUT TU 2 

Na2O 0.22 0.37 

MgO 0.96 1.43 

Al2O3 23.47 25.76 

SiO2 52.37 59.44 

P2O5 0.34 0.30 

SO3 0.55 0.37 

Cl 0.07 - 

K2O 1.55 2.39 

CaO 0.79 0.91 

TiO2 0.79 0.83 

V2O5 0.02 - 

Cr2O3 0.02 - 

MnO 0.22 - 

Fe2O3 6.33 7.84 

CuO 0.01 - 

Rb2O 0.01 - 

SrO 0.01 - 

Y2O3 <0.01 - 

ZrO2 0.03 - 

Nb2O5 <0.01 - 

BaO 0.01 - 

CeO2 N/D - 

LOI. at 1,025 °C 12.20 3.06 

Total 100 - 

Note:  1SUT = Suranaree University of Technology Laboratory (Wetchasat, 2013) 

 2TU = Tummasart University Laboratory (after Hadsanan et al., 2006) 

 3N/D = Not detectable 
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Table 3.3 Atterberg’s limits and specific gravity of sludge.  

Atterberg Limits 
Sludge (%weight) 

SUT1 KU2 

Liquid limit 55 69 

Plastic limit 22 42 

Plasticity index 23 28 

Specific gravity 2.56 - 

Note: 1SUT = Suranaree University of Technology Laboratory (Wetchasat, 2013) 

 2KU = Kasetsart University Laboratory after (Kanchanamai, 2003) 

3.2.4 Saturated brine  

  Saturated brine is prepared by mixing pure salt (NaCl) with distilled 

water in plastic tank. It is stirred continuously for 30 minutes. The proportion of salt 

to water is about 39.1% by weight. The SG of the saturated brine in this study is 1.211 

at 21 C. The specific gravity of saturated brine can be calculated by:  

SGBrine = Brine/water (3.1) 

Where SGBrine is specific gravity of saturated brine  

 Brine is density of saturated brine (measured with a hydrometer (kg/m3)  

 water is density of water equal 1,000 kg/m3 

3.3 Cement slurry preparation  

 The components of cement slurry are commercial grade Portland cement 

mixed with sludge, sand and saturated brine.  The mixing weight ratio of cement-to-

sand (C:S) and cement-to-sludge (C:SL) are 1:1 and 1:0.5 respectively.  The ratios of 
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brine-to-cement (B/C) vary from 1, 0.8 to 0.6.  The cement slurry is performed 

according to American Petroleum Institute (1986) and Akgun and Daemen (1997).  

The saturated brine is poured into the mixing container (Figure 3.4) at a low mixture 

speed, and all components are added to the materials within 15 seconds.  After all the 

cement is added, the slurry is mixed at high speed for additional 35 seconds.  The 

cement slurry mixtures are poured and cured in 54 mm diameter PVC pipes for use in 

the mechanical testing.  Figure 3.5 shows the specimens are cured in PVC pipe under 

saturated brine at room temperature (ASTM C192) for 28 days before testing.   

 

 

Figure 3.4 The mixing container used to prepare cement slurry. 
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Figure 3.5 PVC molds with curing cement mixture. 

3.4 Sample preparation 

The specimens preparation used for compression test follow the applicable 

ASTM standard practice (D7012) and the ISRM suggested methods, as much as 

practical.  The cylindrical specimens with a diameter of 54 mm.  The L/D ratios of 

specimens are 2.5 for the uniaxial compression test and 2.0 for the triaxial 

compression test.  The ratio of specimen for the four point bending test length to 

specimen diameter (L/D) is 4.0. A strain gage (TML, PFL-20-11-1L, 20 mm) is 

installed to measure tensile strains at the center of the specimen in horizontal.  The 

main axis of the specimen is parallel.  Gage length is 20 mm. and gage factor is 

2.13±1%.  A total of 135 specimens are prepared for basic mechanical properties 

testing.  Some specimens are shown in Figure 3.6. Table 3.4 summarizes the 

specimen number, dimensions, and density 
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Figure 3.6 Some specimens prepared for uniaxial compression test (UCS) (a), triaxial   

compression test (TRI) (b) and four point bending test (FPB) (c). 
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Table 3.4 Specimen dimensions after preparation. 

Specimen No. Diameter (mm) Height (mm) Density (g/cc) 

C-UCS-1.0-1 54.80 136.96 1.70 

C-UCS-1.0-2 54.34 136.12 1.68 

C-UCS-1.0-3 54.56 135.98 1.73 

C-UCS-1.0-4 55.02 136.84 1.71 

C-UCS-1.0-5 54.46 137.00 1.78 

C-UCS-0.8-1 54.90 136.80 1.80 

C-UCS-0.8-2 54.80 137.10 1.81 

C-UCS-0.8-3 55.00 137.18 1.80 

C-UCS-0.8-4 54.98 137.37 1.82 

C-UCS-0.8-5 54.16 137.46 1.83 

C-UCS-0.6-1 55.12 138.00 1.85 

C-UCS-0.6-2 54.74 137.88 1.84 

C-UCS-0.6-3 55.08 138.48 1.88 

C-UCS-0.6-4 54.20 136.10 1.90 

C-UCS-0.6-5 54.66 136.24 1.86 

CS-UCS-1.0-1 55.10 137.68 1.85 

CS-UCS-1.0-2 55.14 138.00 1.88 

CS-UCS-1.0-3 54.98 137.90 1.89 

CS-UCS-1.0-4 54.88 138.14 1.87 

CS-UCS-1.0-5 55.12 138.66 1.86 

CS-UCS-0.8-1 54.78 137.40 1.98 

CS-UCS-0.8-2 55.04 138.22 1.97 

CS-UCS-0.8-3 54.86 137.92 1.99 

CS-UCS-0.8-4 54.98 137.64 1.95 

CS-UCS-0.8-5 55.02 138.28 2.00 

CS-UCS-0.6-1 54.84 137.40 2.13 

CS-UCS-0.6-2 55.40 138.24 2.15 

CS-UCS-0.6-3 55.14 138.46 2.20 

CS-UCS-0.6-4 54.40 136.26 2.17 

CS-UCS-0.6-5 55.68 138.88 2.18 



31 

Table 3.4 Specimen dimensions after preparation (continue). 

Specimen No. Diameter (mm) Height (mm) Density (g/cc) 

CSL-UCS-1.0-1 54.32 136.00 1.68 

CSL-UCS-1.0-2 54.66 136.50 1.66 

CSL-UCS-1.0-3 54.80 137.12 1.70 

CSL-UCS-1.0-4 54.74 137.24 1.64 

CSL-UCS-1.0-5 55.02 138.28 1.62 

CSL-UCS-0.8-1 54.98 137.88 1.74 

CSL-UCS-0.8-2 55.12 138.90 1.72 

CSL-UCS-0.8-3 54.70 137.16 1.75 

CSL-UCS-0.8-4 54.56 137.40 1.74 

CSL-UCS-0.8-5 55.14 138.58 1.71 

CSL-UCS-0.6-1 55.20 138.14 1.83 

CSL-UCS-0.6-2 54.90 137.64 1.80 

CSL-UCS-0.6-3 55.12 138.66 1.77 

CSL-UCS-0.6-4 55.04 138.20 1.76 

CSL-UCS-0.6-5 55.18 138.72 1.79 

C-TRI-1.0-1 53.82 107.28 1.71 

C-TRI-1.0-2 53.54 107.40 1.70 

C-TRI-1.0-3 54.00 107.18 1.73 

C-TRI-1.0-4 53.46 107.20 1.71 

C-TRI-1.0-5 53.32 107.06 1.72 

C-TRI-0.8-1 53.54 107.00 1.79 

C-TRI-0.8-2 53.80 106.48 1.80 

C-TRI-0.8-3 53.10 107.24 1.80 

C-TRI-0.8-4 53.34 106.96 1.81 

C-TRI-0.8-5 53.52 106.90 1.84 

C-TRI-0.6-1 53.08 106.78 1.88 

C-TRI-0.6-2 53.38 107.00 1.86 

C-TRI-0.6-3 53.82 107.42 1.88 

C-TRI-0.6-4 54.00 107.46 1.90 

C-TRI-0.6-5 53.54 107.50 1.89 
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Table 3.4 Specimen dimensions after preparation (continue). 

Specimen No. Diameter (mm) Height (mm) Density (g/cc) 

CS-TRI-1.0-1 53.52 108.00 1.86 

CS-TRI-1.0-2 53.28 107.90 1.87 

CS-TRI-1.0-3 53.74 107.94 1.88 

CS-TRI-1.0-4 53.16 107.88 1.87 

CS-TRI-1.0-5 53.60 107.86 1.88 

CS-TRI-0.8-1 53.28 107.54 1.96 

CS-TRI-0.8-2 53.14 107.56 1.95 

CS-TRI-0.8-3 54.02 108.14 1.99 

CS-TRI-0.8-4 53.72 107.90 1.97 

CS-TRI-0.8-5 53.66 107.76 2.10 

CS-TRI-0.6-1 53.48 107.40 2.14 

CS-TRI-0.6-2 53.80 107.74 2.18 

CS-TRI-0.6-3 53.12 107.00 2.20 

CS-TRI-0.6-4 53.20 107.14 2.19 

CS-TRI-0.6-5 53.54 107.22 2.21 

CSL-TRI-1.0-1 53.86 108.10 1.67 

CSL-TRI-1.0-2 54.02 108.56 1.68 

CSL-TRI-1.0-3 53.44 108.04 1.70 

CSL-TRI-1.0-4 53.50 107.90 1.66 

CSL-TRI-1.0-5 53.72 107.94 1.64 

CSL-TRI-0.8-1 53.66 107.82 1.75 

CSL-TRI-0.8-2 53.36 107.74 1.76 

CSL-TRI-0.8-3 53.40 107.66 1.75 

CSL-TRI-0.8-4 53.86 107.84 1.74 

CSL-TRI-0.8-5 53.92 107.56 1.77 

CSL-TRI-0.6-1 53.24 107.40 1.83 

CSL-TRI-0.6-2 53.84 107.44 1.80 

CSL-TRI-0.6-3 54.04 108.04 1.84 

CSL-TRI-0.6-4 53.28 107.76 1.86 

CSL-TRI-0.6-5 53.48 107.42 1.81 
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Table 3.4 Specimen dimensions after preparation (continue). 

Specimen No. Diameter (mm) Height (mm) Density (g/cc) 

C-FPB-1.0-1 54.12 221.68 1.70 

C-FPB-1.0-2 54.00 221.74 1.70 

C-FPB-1.0-3 54.06 220.98 1.72 

C-FPB-1.0-4 54.10 220.90 1.71 

C-FPB-1.0-5 54.96 221.00 1.71 

C-FPB-0.8-1 54.80 220.88 1.80 

C-FPB-0.8-2 53.90 220.70 1.80 

C-FPB-0.8-3 55.00 221.18 1.81 

C-FPB-0.8-4 54.02 220.86 1.82 

C-FPB-0.8-5 54.54 220.90 1.85 

C-FPB-0.6-1 55.12 221.48 1.90 

C-FPB-0.6-2 54.26 220.84 1.89 

C-FPB-0.6-3 54.08 220.58 1.88 

C-FPB-0.6-4 54.20 220.64 1.90 

C-FPB-0.6-5 55.16 221.28 2.00 

CS-FPB-1.0-1 55.00 221.76 1.87 

CS-FPB-1.0-2 54.92 221.92 1.87 

CS-FPB-1.0-3 54.70 221.56 1.88 

CS-FPB-1.0-4 54.88 222.02 1.87 

CS-FPB-1.0-5 55.20 222.28 1.90 

CS-FPB-0.8-1 54.45 221.78 1.94 

CS-FPB-0.8-2 54.62 221.84 1.96 

CS-FPB-0.8-3 54.10 221.64 2.00 

CS-FPB-0.8-4 54.72 221.44 1.99 

CS-FPB-0.8-5 54.68 221.80 2.11 

CS-FPB-0.6-1 54.70 221.92 2.18 

CS-FPB-0.6-2 54.86 221.48 2.20 

CS-FPB-0.6-3 54.82 221.36 2.22 

CS-FPB-0.6-4 54.90 221.30 2.21 

CS-FPB-0.6-5 55.04 221.98 2.25 
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Table 3.4 Specimen dimensions after preparation (continue). 

Specimen No. Diameter (mm) Height (mm) Density (g/cc) 

CSL-FPB-1.0-1 54.92 222.14 1.70 

CSL-FPB-1.0-2 54.66 221.20 1.68 

CSL-FPB-1.0-3 54.78 221.18 1.71 

CSL-FPB-1.0-4 54.64 221.70 1.69 

CSL-FPB-1.0-5 54.28 221.46 1.64 

CSL-FPB-0.8-1 54.40 221.52 1.75 

CSL-FPB-0.8-2 54.96 221.66 1.77 

CSL-FPB-0.8-3 54.42 221.26 1.78 

CSL-FPB-0.8-4 54.68 221.90 1.79 

CSL-FPB-0.8-5 54.52 222.00 1.80 

CSL-FPB-0.6-1 54.84 221.74 1.85 

CSL-FPB-0.6-2 54.28 221.00 1.88 

CSL-FPB-0.6-3 54.44 221.60 1.89 

CSL-FPB-0.6-4 54.56 221.48 1.82 

CSL-FPB-0.6-5 54.92 222.74 1.85 

 



 

 

CHAPTER IV 

LABORATORY TESTING 

 

4.1  Introduction 

 This chapter describes the methods and results of laboratory tests.  The tests 

are divided into three groups; i.e. uniaxial compression test, triaxial compression test 

and four-point bending test.   

4.2 Test methods 

  4.2.1 Compression test  

  The sample preparation and test procedure for the compression testing 

follow the applicable ASTM standard practice (D7012) and the ISRM suggested 

methods, as much as practical.  The compressive strengths of the mixtures after curing 

for 28 days are measured from cylindrical specimens with no mind diameters of 54 

mm.  The L/D ratio of the specimens is 2.5 for the uniaxial compression test. The 

axial and lateral deformations are monitored during the test (Figure 4.1).  The L/D 

ratio for the triaxial compression test is 2.0.  The test apparatus of triaxial 

compression test is shown in Figure 4.2.  The hydraulic pump is used as for the 

application of confining pressure.  The confining pressures are from 0.34, 0.68, 1.02, 

1.36 to 1.70 MPa.  The axial stress is applied at a constant rate of 0.1-0.5 MPa/second 

until failure.  The failure occurs within 5-15 minutes of loading under each confining 

pressure.  The post-failure characteristics are observed.  Based on the Coulomb’s 

criterion the shear strength is represented by Jaeger et al., (2007);  
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 = c + ntan (4.1) 

where  is shear strength (MPa), c is cohesion (MPa), n is normal stress (MPa) and  

is internal friction angle (degrees).  

 

Figure 4.1 Uniaxial compression test apparatus. 

 

Figure 4.2 Triaxial compression test apparatus. 
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 4.2.2 Four point bending test 

  The test method and calculation for the four point bending test follow 

the ASTM standard practice (D6272).  A data logger (TC-32K) connected a switching 

box (Type B-2760) is used to monitor the induced tensile strains while loading.  The 

tensile stress at the crack initiation point can be calculated by ASTM D6272-10:  

 T = 16PL/3d3 (4.2) 

where T is tensile stress (MPa), P is applied load (N), L is support span (220 mm), 

and d is specimen diameter (54 mm).  The load is applied under constant rate which is 

equivalent to the induced stress rate of 410-4 MPa/s at the center of the specimens.  

The specimen deformations are monitored and used to calculate the principal strains 

during loading.  The readings are recorded every 50 N of load increment until failure 

(Figure 4.3). 

 

 

Figure 4.3 Four point bending test apparatus. 
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4.3 Test results 

 4.3.1  Compression test results 

  Some post-test specimens obtained from the uniaxial compression test 

are shown in Figure 4.4.  Extensile like splitting parallel to the core axis is observed.  

Pores and micro-cracks in the specimen have been attributed as the cause of axial 

splitting.  The results of uniaxial compressive strength test are shown in Table 4.1.  

Figure 4.5 plots the uniaxial compressive strength as a function of brine-to-cement 

ratio.  The compressive strength increases as B/C ratio decreases.  Under the same 

B/C ratio, the cement-sand mixtures show higher strengths than those of the pure 

cement and cement-sludge mixtures.  The elastic moduli decrease and Poisson’s ratios 

increase with increasing B/C ratio, as shown in Figures 4.6 and 4.7, respectively.  The 

specimens mixed with sand tend to show higher elastic modulus and lower Poisson’s 

ratio than those mixed with sludge.   

 

 

Figure 4.4 Examples of post-test specimens from uniaxial compression strength test. 
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Table 4.1 Results of the uniaxial compression test. 

Mixtures 

Brine-to-

cement 

ratios 

Uniaxial compressive 

strength (Pa) 

Elastic 

modulus 

(GPa) 

Poisson’s 

ratio 

Cement 

1.0 7.80 12.13 0.16 

0.8 15.23 13.77 0.13 

0.6 16.50 16.33 0.12 

Cement-to-

sand 

1.0 12.39 14.17 0.15 

0.8 21.85 15.50 0.11 

0.6 24.25 19.01 0.10 

Cement-to-

sludge 

1.0 7.14 10.31 0.18 

0.8 13.42 12.19 0.14 

0.6 15.39 14.98 0.13 
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Figure 4.5 Uniaxial compressive strength (C) as a function of brine-to-cement ratio. 
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Figure 4.6 Elastic modulus (E) as a function of brine-to-cement ratio. 
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Figure 4.7 Poisson’s ratio () as a function of brine-to-cement ratio. 
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Figure 4.8 shows some post-test specimens obtained from the triaxial 

compression test under various confining pressures (3).  Shearing failure is observed 

under high confining pressure while extension failure is found in low confining 

pressure specimens.  Figures 4.9 to 4.17 show the stress-strain curves under different 

confining pressures and B/C ratios.  The diagrams show that higher confining 

pressures result in higher stresses and strains at failure.  The compressive strength 

increases as B/C ratio decreases.  Under the same B/C ratio, the cement-sand mixture 

shows higher strengths than those of the cement pure and cement-sludge mixtures.  

The elastic modulus and Poisson’s ratio are determined from the tangent of the stress-

strain curves at about 50% of the failure stress.  Figures 4.18 through 4.26 show the 

Mohr circles of the results with shear stress as ordinates and normal stress as 

abscissas.  The cohesion and internal friction angle are summarized in Table 4.2.  It 

suggests that increasing the B/C ratio slightly decreases the cohesions and friction 

angles of the mixtures are shown in Figure 4.27 and Figure 4.28 respectively.  The 

average cohesion and friction angle of the mixtures range from 2.33 to 3.38 MPa and 

44 to 55 degrees. 

 

Figure 4.8 Examples of post-test specimens from triaxial compressive strength tests. 
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Figure 4.9 Stress-strain curves for cement: brine = 1:1. 

 

 

Figure 4.10 Stress-strain curves for cement: brine = 1:0.8. 
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Figure 4.11 Stress-strain curves for cement: brine = 1:0.6. 

 

 

Figure 4.12 Stress-strain curves for cement: sand: brine = 1:1:1. 
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Figure 4.13 Stress-strain curves for cement: sand: brine = 1:1:0.8. 

 

 

Figure 4.14 Stress-strain curves for cement: sand: brine = 1:1:0.6. 
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Figure 4.15 Stress-strain curves for cement: sludge: brine = 1:1:1. 

 

 

Figure 4.16 Stress-strain curves for cement: sludge: brine = 1:1:0.8. 
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Figure 4.17 Stress-strain curves for cement: sludge: brine = 1:1:0.6. 

 

 

Figure 4.18 Triaxial compressive strength tests results for cement: brine = 1:1 in form 

of Mohr’s circles and Coulomb criterion. 
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Figure 4.19 Triaxial compressive strength tests results for cement: brine = 1:0.8 in 

form of Mohr’s circles and Coulomb criterion. 

 

Figure 4.20 Triaxial compressive strength tests results for cement: brine = 1:0.6 in 

form of Mohr’s circles and Coulomb criterion. 
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Figure 4.21 Triaxial compressive strength tests results for cement: sand: brine = 1:1:1 

in form of Mohr’s circles and Coulomb criterion. 

 

Figure 4.22 Triaxial compressive strength tests results for cement: sand: brine = 

1:1:0.8 in form of Mohr’s circles and Coulomb criterion. 
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Figure 4.23 Triaxial compressive strength tests results for cement: sand: brine = 

1:1:0.6 in form of Mohr’s circles and Coulomb criterion. 

 

Figure 4.24 Triaxial compressive strength tests results for cement: sludge: brine = 

1:0.5:1 in form of Mohr’s circles and Coulomb criterion. 
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 Figure 4.25 Triaxial compressive strength tests results for cement: sludge: brine = 

1:0.5:0.8 in form of Mohr’s circles and Coulomb criterion. 

 

Figure 4.26 Triaxial compressive strength tests results for cement: sludge: brine = 

1:0.5:0.6 in form of Mohr’s circles and Coulomb criterion. 
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Table 4.2 Cohesions and friction angles of cement mixtures. 

Mixtures 
Brine-to-

cement ratios 
Friction angles (degrees) Cohesions (MPa) 

Cement 

1 46 2.45 

0.8 49 2.69 

0.6 50 3.03 

Cement-to-sand 

1 47 2.67 

0.8 50 3.35 

0.6 55 3.38 

Cement-to-sludge 

1 44 2.33 

0.8 47 2.62 

0.6 50 2.85 
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Figure 4.27 Cohesion (MPa) as function of brine-to-cement ratio. 
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Figure 4.28 Friction angles (degrees) as function of brine-to-cement ratio. 

 4.3.2  Four point bending test results   

  Figure 4.29 shows some post-test specimens from the four point 

bending test under different cement mixtures.  The fractures are induced at the center 

of specimen for all testing.  The compressive and tensile moduli (EC and ET) can be 

calculated from the linear portion of the stress-strain curves.  Table 4.3 summarizes 

the tensile stresses and strains at failure and the elastic moduli obtained from the four 

point bending test.  It is found that the tensile strengths, compressive strengths, strains 

and deformation moduli decrease with ratios (Figures 4.30 to 4.32).  This is probably 

due to that the increase of liquid can lower the bonding strength of the cement 

mixtures.  The compressive modulus is slightly higher than tensile modulus.  

Numerical analysis is used the relationship between compressive strength at the end 

of four-point bending test and uniaxial compressive strength.  The proposed criterion 
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fits well to the test data with polynomial equations are shown in Figure A.1 in 

Appendix A. The maximum compressive strength are cement mix with sand. 

 

Figure 4.29 Examples of pre-test and post-test specimens from four-point bending 

test. 

Table 4.3 Four-point bending test results of cement mixtures. 

Mixtures B/C T (MPa) T 

(milli-strains) 

C 

(milli-

strains) 

ET 

(GPa) 

EC 

(GPa) 

Cement 

1 2.53 -0.234 0.174 8.80 11.00 

0.8 2.92 -0.269 0.165 10.10 11.90 

0.6 3.36 -0.348 0.154 12.53 14.19 

Cement-to-sand 

1 2.99 -0.312 0.220 9.96 13.65 

0.8 3.35 -0.336 0.183 11.68 14.66 

0.6 3.61 -0.382 0.136 14.18 17.30 

Cement-to-sludge 

1 2.36 -0.214 0.187 8.47 10.57 

0.8 2.73 -0.247 0.176 9.98 11.40 

0.6 3.14 -0.333 0.170 11.95 13.13 
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Figure 4.30 Tensile stress-strain curves of cement mixture. 

 

 

Figure 4.31 Tensile stress-strain curves of cement-to-sand mixture. 
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Figure 4.32 Tensile stress-strain curves of cement-to-sludge mixture. 

 

 

Figure 4.33 Compressive stress-strain curves of cement mixture. 
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Figure 4.34 Compressive stress-strain curves of cement-to-sand mixture. 

 

 

Figure 4.35 Compressive stress-strain curves of cement-to-sludge mixture. 
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Figure 4.36 Tensile strength (T) as a function of brine-to-cement ratio. 
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Figure 4.37 Tensile strain (T) as a function of brine-to-cement ratio. 
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Figure 4.38 Compressive modulus (EC) as a function of brine-to-cement ratio. 
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Figure 4.39 Tensile modulus (ET) as a function of brine-to-cement ratio. 
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4.4 Discussions and Conclusions 

  The compression and four-point bending tests have been performed to obtain 

the mechanical properties of cement-aggregate mixtures for use as sealing materials in 

and nearby boreholes drilled in and nearby subsidence area.  The results indicate that 

the cement mixed with sand shows higher strength and elastic modulus and lower 

Poisson’s ratio than other materials do.  This observation agrees well with the results 

obtained elsewhere (Akgun, 1997; Yang et al., 1997; Olugbenga, 2007; Moghadam 

and Khoshbin, 2012; Rahmani et al., 2012; Pattani and Tepnarong, 2015; Bumanis 

and Bajarea, 2017).  The compressive and tensile strengths are used to develop 

criteria in the form of the Coulomb and the tensile strain energy.  The two criteria are 

used to determine the factor of safety of sealing materials in boreholes.   

 



CHAPTER V 

POTENTIAL APPLICATION 

5.1 Introduction  

 The purpose of this chapter is to determine the factor of safety (FS) for cement 

seal in borehole considers the strain energy under tension and the Coulomb’s criterion 

under shear stress.  The sealing materials should be able to sustain the deformation 

and movement of the subsiding overburden formations due to the underground 

excavations. 

5.2 Strain Energy Density 

 The strain energy density principle is applied here to describe tensile strengths 

and deformability of the cement mixtures.  Assuming that the crack initiation point is 

under uniaxial tensile stress condition, the total strain energy density (WT) can be 

calculated from the tensile stress and strain at failure using the relation prepared by 

Jaeger (2007):  

WT = 1/2(TT) (5.1) 

where T and T are the tensile stress and strain at failure.  Table 5.1 summarizes the 

tensile stress and strain results.  

To develop a strength criterion based on the strain energy density principle, 

the total strain energy that the specimen can sustain before tensile failure occurs can 
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be presented as a function of brine-to-cement ratio (B/C).  Figure 5.1 plots the 

WT as a function of the ratio.  A linear trend is obtained which can be described by:  

WT = (B/C) +  (5.2) 

where  and  are empirical parameters.   

Table 5.1 Summary of the tensile stresses and strains. 

Mixtures brine to cement ratios T (MPa) T  (milli-strains) 

Cement 

1.0 2.53 0.234 

0.8 2.92 0.269 

0.6 3.36 0.348 

Cement-to-sand 

1.0 2.99 0.312 

0.8 3.35 0.336 

0.6 3.61 0.382 

Cement-to-sludge 

1.0 2.36 0.214 

0.8 2.73 0.247 

0.6 3.14 0.333 
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Figure 5.1 Total strain energy densities (WT) as a function of brine to cement ratios 

(B/C). 

Their numerical values are given in Figure 5.1.  Regression analyses are performed to 

determine the parameters in Equations (5.2).  The proposed criterion fits well to the 

test data with the correlation coefficients (R2) greater than 0.9.  The results show that 

the strain energy densities of the mixtures decrease with increasing ratio.  The 

cement-sand mixture shows higher strain energy than those of the pure cement and 

cement-sludge mixtures.  This depends on the tensile strength of the mixtures 

(represented by T).  Higher tensile strengths lead to higher total strain energy. 

5.3 Strain Energy Applications  

 Borehole drilled in or nearby subsidence areas may be subjected to large 

strains under tension and shear forces.  The stability of sealing material is necessary to 
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prevent water inflows into the salt and potash mine openings underneath.  The strain-

energy equation proposed above and the Coulomb’s criterion can be applied to 

determine the factors of safety of the cement seal in the borehole.  The tensile strain 

energy (WT, i) of the mixtures in borehole can be induced by the formation movement 

above the mine horizon, which can be determined as Jaeger et al. (2007): 

WT,i = 1/2(T,i T,i )  (5.3) 

where T,i is the maximum induced tensile stresses, and T,i is the induced tensile 

strains occurred in borehole which can be calculated from Pytel and Kiusalaas (2003) 

as follows: 

T,i = MC/I (5.4) 

T,i = T,i/E (5.5) 

where M is bending moment (Nm), C is horizontal distance away from the borehole 

axis (m) and I is the moment of inertia: (m4). 

M = l2/2  (5.6) 

 = 6EI/3  (5.7) 

I = /4r4 (5.8) 

where  is uniform distributed load (N/m), l is borehole depth (m),  is the slope 

angle induced at the top of borehole and r is borehole radius (m).  The uniform 

distributed load is assumed here primarily to induce the bending of the cement 
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column to obtain the maximum inclination angle of 0.172 degrees.  In this study  is 

taken as 0.172 degrees which is equivalent to the surface slope of 310-3 (Figure 5.2).  

This maximum value is suggested by Singh (1992) to ensure that the subsidence slope 

will not impact the engineering structures and natural resources on the surface within 

mine area.  

To determine the factor of safety based on the Coulomb’s criterion, the maximum 

shear stress at fix end (bottom) of the borehole can be determined as:  

i = 4V/3A (5.9) 

where V is shear force: V= l (N) and A is cross section area of borehole (m2).(5.10) 

5.4 Factor of Safety 

The factor of safety (FS) for cement seal in borehole considers the strain 

energy under tension and the Coulomb’s criterion under shear stress. 

Tensile strain energy criterion: FS = WT/WT,i (5.11) 

Coulomb’s shear criterion: FS = /i (5.12) 

where WT, i and i are the induced tensile strain energy and shear stress.  Figure 5.3 (a) 

shows the factors of safety calculated from tensile energy as a function of depths for 

the surface slope of 310-3.  The factors of safety increase with depths.  If the 

boreholes are over 250 m depth, their cement seal should be stable (no tensile failure 

occurs).  For shallow boreholes (less than 250 m) it is possible that tensile failure may 

occur particularly for the subsidence slopes of 310-3or greater.  Figure 5.3 (b) shows 
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the factors of safety against the shear stress based on the Coulomb’s criterion.  They 

also increase with depth.  All cement mixtures can sustain the shear stresses induced 

by the formation movement even at the point where the maximum surface slope is 

allowed (310-3). Factor of safety of the tensile stresses and shear stresses in borehole 

are illustrated in Appendix B.   

 

 

Figure 5.2 Cement seal in borehole under bending with maximum slope of 310-3. 
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              (a) 

 

 
               (b) 

Figure 5.3 Factors of safety as a function of depth calculated by tensile strain energy 

(a) and the Coulomb’s criterion (b).  
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5.5 Discussions and Conclusions 

 The compressive and tensile strengths are used to develop criteria in the form 

of the Coulomb and the tensile strain energy.  The two criteria are used to determine 

the factor of safety of sealing materials in boreholes under various depths.  The results 

show that the factors of safety increase when the depths increase.  All mixtures tested 

here show similar factors of safety against shearing and tensile bending.  The tensile 

bending strength of the cement in borehole tends to be sensitive to the borehole 

depths.  Tensile failure may occur at the bottom of the cement seals in the Lower salt, 

particularly in shallow boreholes that are subjected to the large subsidence magnitude 

(large surface and formation slopes). 

 



 
 

CHAPTER VI 

DISCUSSIONS AND CONCLUSIONS 

6.1 Discussions 

This section discusses the key issues relevant to the reliability of the test 

schemes and the adequacies of the test results.  Comparisons of the results and findings 

from this study with those obtained elsewhere under similar test conditions have also 

been made. 

The mechanical properties for the cement seal prepared with different sources 

of aggregates providing a better understanding of which aggregate characteristics have 

an impact on the concrete mechanical performance. 

Stress and viscosity increase with increasing size of aggregate because the 

effect of coarse aggregate friction might counteract with the effect of coating thickness 

on aggregate. An increase of aggregate size used in present study generally results in 

higher friction angle. As a result, the friction of aggregate in concrete might be stronger 

because of the increase of aggregate size which agrees with the results obtained by 

Anwar and Roushdi (2013) and Agrawal and Chandak (2017).  Finer aggregate 

normally provides concrete with lower workability because of the increase of surface 

area and thus the need for more paste to coat the aggregate particle. On the other hand, 

graded aggregate can considerably improve the workability of concrete because the 

optimized packing of aggregate particles results in fewer voids that need to be filled 

by cement paste to provide the same flow.
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The effect of aggregate mixtures on tensile result strength follows the same 

trend as the compressive strength.  The tensile strengths ranges are lower than those 

obtained for the compressive strengths.  The compressive strength is higher than tensile 

strength because concrete is brittle in tension, but relatively tough in compression as 

described by Elinwa et al. (2016), Premchand et al. (2016), Caronge et al. (2017) and 

Sugar et al. (2017).   

When increasing brine-to-cement ratio, the uniaxial compressive strength and 

elastic modulus decrease but Poisson’s ratio increases.  This is probably due to that the 

increase of liquid can lower the bonding strength of the cement mixtures when there is 

decrease in amount of mixing water at the same consistency lead to be higher 

compressive strength.  Adding more water creates the weakness zones and increase 

susceptibility to crack.  When there is a large excess of water, the water bleeds out onto 

the surface. The void and passages created inside the concrete to allow the water flow 

become weak zones and micro-cracks.  This is because of less number of air voids in 

the concrete volume.  The higher the water/cement ratio, the greater the initial spacing 

between the cement grains and the greater the volume of residual voids not filled as 

explained by Mbadike and Elinwab (2011) and Raju et al. (2014).   

6.2 Conclusions 

All objectives and requirements of this study have been met.  The results of the 

laboratory testing and analyses can be concluded as follows. 

 The compressive strength increases as brine-to-cement ratio (B/C) decreases.  

Under the same B/C ratio, the cement-sand mixtures show higher strength than those 

of the cement pure and cement-sludge mixtures.  The higher confining pressures result 
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in higher stresses and strains at failure.  The elastic parameters are determined from the 

tangent of the stress-strain curves at about 50% of the failure stress.  The elastic moduli 

decrease and Poisson’s ratios increase with increasing B/C ratio.  The specimens mixed 

with sand tend to show higher elastic modulus and lower Poisson’s ratio than those 

mixed with sludge.  The cohesion and internal friction angle are summarized in Table 

4.2.  It suggests that increasing the B/C ratio slightly decreases the cohesions and 

friction angles of the mixtures.  The average cohesion and friction angle of the mixtures 

range from 2.33 to 3.38 MPa and 44 to 55 degrees. 

 The highest tensile strengths are observed for cement mix with sand which 

equals to 3.61 MPa, and tensile strains equals to 0.382 mill-strain. Tensile stress and 

strain and deformation moduli decrease with these ratios. This is probably due to that 

the increase of liquid can lower the bonding strength of the cement mixtures.  The 

compressive modulus is slightly higher than tensile modulus.  The compressive 

modulus obtained here is comparable to those obtained from the compression tests. 

 The compression and four point bending tests have been performed to obtain 

the mechanical properties of cement-aggregate mixtures for use as sealing materials in 

boreholes drilled in and nearby subsidence area.  The results indicate that the cement 

mixed with sand shows higher strength and elastic modulus and lower Poisson’s ratio 

than other materials do. The compressive and tensile strengths are used to develop 

criteria in the form of the Coulomb and the tensile strain energy.  The two criteria are 

used to determine the factor of safety of sealing materials in boreholes under various 

depths.  The results show that the factors of safety increase when the depths increase.  

All mixtures tested here show similar factors of safety against shearing and tensile 

bending.  The tensile bending strength of the cement in borehole tends to be sensitive 
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to the borehole depths.  Tensile failure may occur at the bottom of the cement seals in 

the Lower salt, particularly in shallow boreholes that are subjected to the large 

subsidence magnitude (large surface and formation slopes). 

6.3 Recommendations for future studies 

 Recognizing that the numbers of the specimens and the test parameters used 

here are limited, more testing and measurements are recommended, as follows: 

(1) More testing is required on a variety of cement types with different 

components. 

(2) More cement mixtures are needed for long-term performance testing and 

under in-situ condition. 

(3) Increasing the number of the test specimens would statistically enhance 

the reliability of the test results. 
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Figure A.1 Uniaxial compressive strength as a function of compressive strength at the 

end of four point bending test. 

 



 

 

 

 

 

 

 

 

 

APPENDIX B 

FACTOR OF SAFETY   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



86 
 

Table B.1 Tensile strain energy (WT, i) of the pure cement in borehole as brine to 

cement ratio = 0.6. 

L 

(m) 
 

(N/m) 

M 

(Nm) 

T 

(MPa) 

T 

(mm-strain) 

WT,i 

(MPa) 

WT 

(MPa) 

FS 

50 18.07 22,582.43 19.26 1.537 14.81 0.58 0.04 

10 2.26 11,291.22 9.63 0.769 3.70 0.58 0.16 

15 0.67 7,527.48 6.42 0.512 1.65 0.58 0.36 

20 0.28 5,645.61 4.82 0.384 0.93 0.58 0.63 

25 0.14 4,516.49 3.85 0.307 0.59 0.58 0.99 

30 0.08 3,763.74 3.21 0.256 0.41 0.58 1.42 

 

Table B.2 Tensile strain energy (WT, i) of the cement mixed with sand in borehole as 

brine to cement ratio = 0.6. 

L 

(m) 
 

(N/m) 

M 

(Nm) 

T 

(MPa) 

T 

(mm-strain) 

WT,i 

(MPa) 

WT 

(MPa) 

FS 

50 21.03 26,288.55 22.42 1.58 17.73 0.69 0.04 

10 2.63 13,144.27 11.21 0.79 4.43 0.69 0.16 

15 0.78 8,762.85 7.47 0.53 1.97 0.69 0.35 

20 0.33 6,572.14 5.61 0.40 1.11 0.69 0.62 

25 0.17 5,257.71 4.48 0.32 0.71 0.69 0.97 

30 0.10 4,381.42 3.74 0.26 0.49 0.69 1.40 
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Table B.3 Tensile strain energy (WT, i) of the cement mixed with sludge in borehole 

as brine to cement ratio = 0.6. 

L 

(m) 
 

(N/m) 

M 

(Nm) 

T 

(MPa) 

T 

(mm-strain) 

WT,i 

(MPa) 

WT 

(MPa) 

FS 

50 16.57 20,715.54 17.67 1.48 13.06 0.52 0.04 

10 2.07 10,357.77 8.84 0.74 3.27 0.52 0.16 

15 0.61 6,905.18 5.89 0.49 1.45 0.52 0.36 

20 0.26 5,178.89 4.42 0.37 0.82 0.52 0.64 

25 0.13 4,143.11 3.53 0.30 0.52 0.52 1.00 

30 0.08 3,452.59 2.95 0.25 0.36 0.52 1.44 

 

 

 

Figure B.1 Factors of safety as a function of depth calculated by tensile strain energy 

(B/C = 0.6). 



88 
 

Table B.4 Tensile strain energy (WT, i) of the pure cement in borehole as brine to 

cement ratio = 0.8. 

L 

(m) 
 

(N/m) 

M 

(Nm) 

T 

(MPa) 

T 

(mm-strain) 

WT,i 

(MPa) 

WT 

(MPa) 

FS 

50 15.23 19,042.26 16.24 1.61 13.06 0.39 0.03 

100 1.90 9,521.13 8.12 0.80 3.27 0.39 0.12 

150 0.56 6,347.42 5.41 0.54 1.45 0.39 0.27 

200 0.24 4,760.56 4.06 0.40 0.82 0.39 0.48 

250 0.12 3,808.45 3.25 0.32 0.52 0.39 0.75 

300 0.07 3,173.71 2.71 0.27 0.36 0.39 1.07 

 

Table B.5 Tensile strain energy (WT, i) of the cement mixed with sand in borehole as 

brine to cement ratio = 0.8. 

L 

(m) 
 

(N/m) 

M 

(Nm) 

T 

(MPa) 

T 

(mm-strain) 

WT,i 

(MPa) 

WT 

(MPa) 

FS 

50 17.15 21,434.64 18.28 1.57 14.31 0.56 0.04 

100 2.14 10,717.32 9.14 0.78 3.58 0.56 0.16 

150 0.64 7,144.88 6.09 0.52 1.59 0.56 0.35 

200 0.27 5,358.66 4.57 0.39 0.89 0.56 0.63 

250 0.14 4,286.93 3.66 0.31 0.57 0.56 0.98 

300 0.08 3,572.44 3.05 0.26 0.40 0.56 1.41 
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Table B.6 Tensile strain energy (WT, i) of the cement mixed with sludge in borehole 

as brine to cement ratio = 0.8. 

L 

(m) 
 

(N/m) 

M 

(Nm) 

T 

(MPa) 

T 

(mm-strain) 

WT,i 

(MPa) 

WT 

(MPa) 

FS 

50 13.49 16,857.31 14.38 1.44 10.36 0.34 0.03 

100 1.69 8,428.65 7.19 0.72 2.59 0.34 0.13 

150 0.50 5,619.10 4.79 0.48 1.15 0.34 0.30 

200 0.21 4,214.33 3.59 0.36 0.65 0.34 0.53 

250 0.11 3,371.46 2.88 0.29 0.41 0.34 0.82 

300 0.06 2,809.55 2.40 0.24 0.29 0.34 1.18 

 

 

 

Figure B.2 Factors of safety as a function of depth calculated by tensile strain energy 

(B/C = 0.8). 
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Table B.7 Tensile strain energy (WT, i) of the pure cement in borehole as brine to 

cement ratio = 1.0. 

L 

(m) 
 

(N/m) 

M 

(Nm) 

T 

(MPa) 

T 

(mm-strain) 

WT,i 

(MPa) 

WT 

(MPa) 

FS 

50 13.42 16,774.33 14.31 1.63 11.63 0.30 0.03 

100 1.68 8,387.17 7.15 0.81 2.91 0.30 0.10 

150 0.50 5,591.44 4.77 0.54 1.29 0.30 0.23 

200 0.21 4,193.58 3.58 0.41 0.73 0.30 0.41 

250 0.11 3,354.87 2.86 0.33 0.47 0.30 0.64 

300 0.06 2,795.72 2.38 0.27 0.32 0.30 0.93 

 

Table B.8 Tensile strain energy (WT, i) of the cement mixed with sand in borehole as 

brine to cement ratio = 1.0. 

L 

(m) 
 

(N/m) 

M 

(Nm) 

T 

(MPa) 

T 

(mm-strain) 

WT,i 

(MPa) 

WT 

(MPa) 

FS 

50 15.68 19,595.41 16.71 1.68 14.02 0.47 0.03 

100 1.96 9,797.70 8.36 0.84 3.51 0.47 0.13 

150 0.58 6,531.80 5.57 0.56 1.56 0.47 0.30 

200 0.24 4,898.85 4.18 0.42 0.88 0.47 0.54 

250 0.13 3,919.08 3.34 0.34 0.56 0.47 0.84 

300 0.07 3,265.90 2.79 0.28 0.39 0.47 1.21 
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Table B.9 Tensile strain energy (WT, i) of the cement mixed with sludge in borehole 

as brine to cement ratio = 1.0. 

L 

(m) 
 

(N/m) 

M 

(Nm) 

T 

(MPa) 

T 

(mm-strain) 

WT,i 

(MPa) 

WT 

(MPa) 

FS 

50 11.41 14257.49 12.16 1.44 8.73 0.25 0.03 

100 1.43 7128.75 6.08 0.72 2.18 0.25 0.11 

150 0.42 4752.50 4.05 0.48 0.97 0.25 0.26 

200 0.18 3564.37 3.04 0.36 0.55 0.25 0.46 

250 0.09 2851.50 2.43 0.29 0.35 0.25 0.72 

300 0.05 2376.25 2.03 0.24 0.24 0.25 1.03 

 

 

 

Figure B.3 Factors of safety as a function of depth calculated by tensile strain energy 

(B/C = 1.0). 
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Table B.10 Maximum shear stress (i) of the pure cement in borehole as brine to 

cement ratio = 0.6. 

L (m)   (N/m)  V (N)  i (MPa)  (MPa) FS 

50 18.07 903,297.22 29.34 3.03 0.10 

100 2.26 225,824.30 7.33 3.03 0.41 

150 0.67 100,366.36 3.26 3.03 0.93 

200 0.28 56,456.08 1.83 3.03 1.65 

250 0.14 36,131.89 1.17 3.03 2.58 

300 0.08 25,091.59 0.81 3.03 3.72 

 

Table B.11 Maximum shear stress (i) of the cement mixed with sand in borehole as 

brine to cement ratio = 0.6. 

L (m)   (N/m)  V (N)  i (MPa)  (MPa) FS 

50 21.03 1,051,541.95 34.15 3.47 0.10 

100 2.63 262,885.49 8.54 3.47 0.41 

150 0.78 116,837.99 3.79 3.47 0.91 

200 0.33 65,721.37 2.13 3.47 1.63 

250 0.17 42,061.68 1.37 3.47 2.54 

300 0.10 29,209.50 0.95 3.47 3.66 
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Table B.12 Maximum shear stress (i) of the cement mixed with sludge in borehole as 

brine to cement ratio = 0.6. 

L (m)   (N/m)  V (N)  i (MPa)  (MPa) FS 

50 16.57 828,621.70 26.91 2.84 0.11 

100 2.07 207,155.42 6.73 2.84 0.42 

150 0.61 92,069.08 2.99 2.84 0.95 

200 0.26 51,788.86 1.68 2.84 1.69 

250 0.13 33,144.87 1.08 2.84 2.64 

300 0.08 23,017.27 0.75 2.84 3.80 

 

 

 

Figure B.4 Factors of safety as a function of depth calculated by the Coulomb’s 

criterion (B/C = 0.6). 
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Table B.13 Maximum shear stress (i) of the pure cement in borehole as brine to 

cement ratio = 0.8. 

L (m)   (N/m)  V (N)  i (MPa)  (MPa) FS 

50 15.23 761,690.30 24.74 3.03 0.12 

100 1.90 190,422.58 6.18 3.03 0.49 

150 0.56 84,632.26 2.75 3.03 1.10 

200 0.24 47,605.64 1.55 3.03 1.96 

250 0.12 30,467.61 0.99 3.03 3.06 

300 0.07 21,158.06 0.69 3.03 4.41 

 

Table B.14 Maximum shear stress (i) of the cement mixed with sand in borehole as 

brine to cement ratio = 0.8. 

L (m)   (N/m)  V (N)  i (MPa)  (MPa) FS 

50 17.15 857,385.60 27.85 3.47 0.12 

100 2.14 214,346.40 6.96 3.47 0.50 

150 0.64 95,265.07 3.09 3.47 1.12 

200 0.27 53,586.60 1.74 3.47 1.99 

250 0.14 34,295.42 1.11 3.47 3.12 

300 0.08 23,816.27 0.77 3.47 4.49 
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Table B.15 Maximum shear stress (i) of the cement mixed with sludge in borehole as 

brine to cement ratio = 0.8. 

L (m)   (N/m)  V (N)  i (MPa)  (MPa) FS 

50 13.49 674,292.29 21.90 2.84 0.13 

100 1.69 168,573.07 5.47 2.84 0.52 

150 0.50 74,921.37 2.43 2.84 1.17 

200 0.21 42,143.27 1.37 2.84 2.07 

250 0.11 26,971.69 0.88 2.84 3.24 

300 0.06 18,730.34 0.61 2.84 4.67 

 

 

 

Figure B.5 Factors of safety as a function of depth calculated by the Coulomb’s 

criterion (B/C = 0.8). 
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Table B.16 Maximum shear stress (i) of the pure cement in borehole as brine to 

cement ratio = 1.0. 

L (m)   (N/m)  V (N)  i (MPa)  (MPa) FS 

50 13.42 670,973.38 21.79 3.03 0.14 

100 1.68 167,743.34 5.45 3.03 0.56 

150 0.50 74,552.60 2.42 3.03 1.25 

200 0.21 41,935.84 1.36 3.03 2.22 

250 0.11 26,838.94 0.87 3.03 3.48 

300 0.06 18,638.15 0.61 3.03 5.01 

 

Table B.17 Maximum shear stress (i) of the cement mixed with sand in borehole as 

brine to cement ratio = 1.0. 

L (m)   (N/m)  V (N)  i (MPa)  (MPa) FS 

50 15.68 783,816.38 25.46 3.47 0.14 

100 1.96 195,954.10 6.36 3.47 0.55 

150 0.58 87,090.71 2.83 3.47 1.23 

200 0.24 48,988.52 1.59 3.47 2.18 

250 0.13 31,352.66 1.02 3.47 3.41 

300 0.07 21,772.68 0.71 3.47 4.91 
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Table B.18 Maximum shear stress (i) of the cement mixed with sludge in borehole as   

brine to cement ratio = 1.0. 

L (m)   (N/m)  V (N)  i (MPa)  (MPa) FS 

50 11.41 570,299.71 18.52 2.84 0.15 

100 1.43 142,574.93 4.63 2.84 0.61 

150 0.42 63,366.63 2.06 2.84 1.38 

200 0.18 35,643.73 1.16 2.84 2.45 

250 0.09 22,811.99 0.74 2.84 3.83 

300 0.05 15,841.66 0.51 2.84 5.52 

 

 

 

Figure B.6 Factors of safety as a function of depth calculated by the Coulomb’s 

criterion (B/C = 1.0). 
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