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Abstract 

Rocki is differenti from otheritype of engineeringimaterialiavailable. Thatiis whyidesigningiand 

buildingistructureiin rockiis a difficultipractice.  A detailediliterature reviewon unlikei aspects of 

jointedi rock massi show that the jointedirock massi behaviours effectedi by numerous factors 

such as jointsilocations, jointi frequency, andiorientation of jointsi and strengthsiof joints. Inithe 

present itudy, aniapproach has beenimade toisetup empiricalirelation toi express the jointedi rock 

propertiesi as a functioniof propertiesiof intactirock and jointi factor (Jf).  Jointifactor is an 

importantiparameter in jointedirock massiand the influenceiof jointsiin theijointed rockimass is 

takeniinto accountiby the jointifactor in theijointed rockimass. Theregare followingisupreme 

significanti factors,  wh ich i are responsibleifor thei strength ofi rock massiare presenceiof cracks 

inirock, presenceiof fault,ifissures, rocksitype, beddingiplanes, Jointisurface type,  andiminerals 

presenceiin the beddingiplanes etc. Allithese factorsialso playia significantirole in theistrength and 

deformationi behaviour of jointedirock mass. As in-situicomputation of jointedirock massiis very 

timeiconsuming and verygexpensive. An effortihas beengmade to predictithe strengthiand 

deformationiof rockimass throughithe testiconducted on modelimaterial testiin laboratory 

conditions. 

In rockiEngineering andidesign of rockistructure, rockimass classificationisystems haveibeen 

populariand are rapidlyiused. All of theseiRock classificationisystems haveitheir ownilimitations, 

butican be usedias approximationiwith the care, as they are very usefulitools. Different type ofijoint 

arrangementsihas beeniintroduced to seeithe mosticommon typesiof failureioccur in jointedirock 

mass. Plasteriof parisiand plasteriof paris-sand mix has been used as modelimaterial. Theispecimen 

haveibeen preparediby usingimodel materials, plasteriof parisiand sand-plasteriof Parisimix. In 

specimen, differentidegrees of anisotropy have been introduced by creating joints in specimen from 

zero degree to ninety degree (0◦ to 90◦). There are two type of test performed on the specimen: (i) 

Directishearitest, (ii) Uniaxialicompressionitest, has beeniperformed in order toiclassify theisingle 

jointediand doubleijointed rockimass, artificiallyimade of plasteriof paris andiplaster ofiparis-sand 

mix.  Theseitests haveibeen performedito findiout theinumerous parametersisuch as modulusiratio, 

strengthiratio, uniaxialicompressive strengthietc. Thisiclassification canithereafter giveiaiprobable 

directioniof Rockiengineering designiconcept.    
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Jf = Jointifactor 

 

Jn = Numberiof jointsiper metreilength.  

 

n = Jointiinclinationiparameter 

 

r = Roughnessiparameter. 

 

β = orientationiofijoint. 

 

i = Inclinationiof theiasperity  

 

σj = Uniaxialicompressive strengthiof jointedirock  

 

σi = Uniaxialicompressive strengthiof intactirock  

 

σcr = Uniaxialicompressive strengthiration. 

 

Ej = Tangentimodulus of jointedirocki  

 

Ei = Tangentimodulus of intactirocki  

 

Er = Elasticimodulusiratioi 

 

τ  = Shearistrengthi 

 

σn= Normalistress 

 

ϕ= angleiofifriction 

• NOTATIONS 
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Chapter-1  

Introduction 

 

Common geographical conditions are normally very complicated. IniIndia, the geology is diverse 

andicomplex. Rock held asia different fieldiof engineeringiand effective fromiengineering 

geography. It is not manages onlyiwith rock mass as buildingimaterials as well as managesichanges 

inimechanical behaviouriinirocks, for example,istress,istrain andimovements inirocks broughtiin 

dueito designingiactivities. Itiis alsoiassociated withidesign andistability ofiundergroundistructures 

inirocks. Rocksi are noti as closelyi homogeneous andi isotropic as, manyiotheriengineering 

materialsi. Rocks areidiscontinuous mediumiwith theifaults,ifractures,i joints,ifolds,ifissures, 

beddingi planes, sheari zones and manyi other structurali features,  w h i c h  may exerti significant 

influencei on theiri engineeringi responses. Theidiscontinuities suchiasifaults,ifractures,i joints, 

foldsi,ifissures,  beddingi planes, sheari zone, etc may be existi with or withoutigougeimaterial. 

Theistrength ofirock massesimainly dependsion theibehaviour ofithese discontinuitiesior planes 

ofiweaknesses. Theifrequency ofijoints presentiin theirock massiand theiriorientation with respect 

toithe engineeringistructures, and theiroughness ofithe jointihave a importantisignificance from 

theistability pointiof view. Reliableiclassification of theistrength and deformationibehaviour of 

jointedirocks mass is essential  for safedesign of civil structuresisuch asidams,ibuildings,imetro 

and roadi tunnels, bridgeipiers, etc. Intactirock massiproperties, discontinuitiesiin jointedirock 

massiand thei properties of thei joints cani be determinedi in thei laboratory wherei as direct 

physicalimeasurements of theiproperties ofithe rock imass are veryicostly asicompared to 

laboratoryistudy. Artificialianisotropy haveibeen introduceiand studiedimainly asi they havei the 

advantageiof beingi re-create. Theianisotropic strengthibehaviour ofi slates,igypsum andi shale 

hasibeen studiediby a largeinumber ofi investigators. Laboratoryistudies carriediby many 

researcherishows thatimany differentifailure modesiare possibleiin jointedi rock and thati the 

internali distribution of stressesi within a jointedi rock mass cani be extremelyi complex. 

 

A fairiassessment of strengthibehaviour of jointedirock massiis essentialifor theidesign ofislope 

foundations,i underground openingsi and anchoringi systems. Thei problems ofi making 

predictionsi of thei engineering responsesi of rock masses derive largely from their discontinuous 

and variableinature. Theistrength behaviouriof rockimass isi governed byicouple of thingsisuch 

asi intact rockiproperties andiproperties ofidiscontinuities. Theistrength ofirock and rockimass 

dependsion numerousifactors asifollows: 

1. Theiangle madeiby theijoint withithe principalistressidirection. 

2. Theidegree of jointiseparation. 

3. Openingiof theijoint 

4. Numberiof jointsiin a givenidirection 

5. Strengthialong theijoint  

6. Jointiroughness 

7. Jointifrequency 
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Theicurrent studyiaims to linkirelation betweenithe ratiosiof intactiand jointi rock massistrength 

withi joint factoriJf andialso withiotherifactors. Theisignificantifactors, whichiinfluenceithe 

modulusivalue andistrength ofijointed rockimass are asifollow:  

 

(i) Jointi frequency, Jn, 

(ii) Jointistrength. 

(iii) Jointiorientation, β, withirespect toimajor principalistress directioniand  

 

Theseieffects canibe incorporatediinto aiJoint factoriby Arorai(1987) as, 

 

                                          
 

Where,  

Jni is theinumber of jointsiper meteridepth, 

'r' isia roughnessiparameter dependingion theijoint condition,iand 

'n' isian inclinationiparameter dependingion theiorientation ofitheijoint β,   

 

Theivalue of 'n' isi found byi taking thei ratio ofi log (strengthi reduction) at β = 90° toi log 

(strengthi reduction) ati the desiredi value ofiβ. This inclinationi parameter isi independenti on 

jointi frequency. Thei values of inclinationiparameter 'n' arei given for variousi orientation 

anglesi in tabulari form in table 1.1 (iRamamurthy,i1994). Theijoint strengthiparameter 'r' is 

obtainedifrom theishear testialong thei joint.   

 

        Table 1.1: Theivalue ofiinclinationiparameter, n (Ramamurty,i1993): 

Orientationiof jointiβ ◦ Inclinationiparameterin 

0i 0.8100 

10i 0.460 

20i 0.1050 

30i 0.0460 

40i 0.0710 

50i 0.3060 

60i 0.4650 

70i 0.6340 

80i 0.8140 

90i 1.000 

 

RamamurthyiandiArora (1993) classifyiintact rockimass onithe basisiof uniaxialicompressive 

strengthi(table 1.2) andielastic modulusi(table 1.3) ofiintact rockimass. 

Jf = Jn/(n. r) 
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Table 1.2: Strengthiof jointediand intactirock massi(RamamurthyiandiArora, 1993) 

Class  Description UCS, MPa 

Ai Veryihighistrength >250i 

Bi Highistrength 100-2500 

Ci Moderateistrength 50-1000 

Di Mediumistrength 25-500 

Ei Lowistrength 5-250 

Fi Veryilowistrength <5i 

 

Table 1.3: Modulusiratio classificationiof intactiand jointedirocks (RamamurthyiandiArora, 1993)            

Class Description Modulus ratio 

Ai Veryihigh modulusiratio >5000 

Bi Highimodulusiratio 200-5000 

Ci Mediumimodulusiratio 100-2000 

Di Lowimodulusiratio 50-1000 

Ei Veryilow modulusiratio <500 

 

1.1 Objective of work: 

      Iniorder toiunderstand theibehaviour ofijointed rockimasses, iti is necessaryi to haveia clear 

understandingiof strengthiand deformationibehaviour ofijointed rockimass. Aifair assessmentiof 

strengthibehaviour ofijointed rockimass isiessential forithe designiof slopei foundations, 

undergroundi openings andi anchoringi systems. Thei problems ofi making predictionsi of the 

engineeringi responses ofi rock massesi derive largelyi from theiri discontinuous andivariable 

nature. So by noticing the importance of jointed rockimass for a geotechnical engineer, an effort 

has been madeito predictithe strengthiand deformationibehaviour of jointedirockimass, by 

conducting tests on joints made up of model material in laboratory conditions. The objectives of 

present study are as follows:  

(i)   Material property of plasteriofiparis and plasteriofiparis-sandimix 

(ii)  Preparation of joint 

(iii) Conduct of experiment test 

(iv)  Study of effect of joint orientation onistrength andideformation behaviouriof jointedirock. 

(v)  Comparison of experimental result with the empirical formulae 

(vi) Development of prediction model. 

 

1.2 Organizationiofithesis:  

(i) Chapter-1 Introduction: Aibrief introductionihas been given of jointed rock mass. Factors which 

influence the strengthiand deformationibehaviour ofijointed rockimass discussed. Objective of 

work also explained in this chapter. 

 

(ii) Chapter-2 Literature review: A detailed literature review has been done to see the effect of 
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jointifrequency andijoint orientationiangle on jointedirockimass. 

 

(iii) Chapter-3 Laboratory investigation: Specimen of model material plasteriof parisiandiplaster 

ofiparis-sand mix has been prepared and test under direct shear test and loading frame. 

 

 

(iv) Chapter-4 Results and discussion: Jointed and intact specimen of model material tested under 

direct shear test and loading frame to obtain shear parameter and uniaxial compressive strength. 

Graph has been plotted between joint factor and uniaxialicompressiveistrengthiratio and also, 

between jointifactor and elasticimodulusiratio. 

 

(v) Chapter-5 Development of prediction model: Regression analysis has been done and equation 

for weak rock mass has been proposed. 

 

 

(vi) Conclusion: Conclusion of present study has been presented in this chapter 

 

(vii) Scope of future work: Different parameter and unlike aspects of jointed rock mass which can 

be study in future are presented in this chapter 

 

 

(viii) Reference: This study used many researcher literatures, the reference of them provided in 

this chapter 
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Chapter-2 

Literature Review 

 

Intactirock massiproperties, discontinuitiesiin jointedirock massiand thei properties of thei joints 

cani be determinedi in thei laboratory wherei as directi physical measurementsiof theiproperties 

ofithe rockimass areivery costlyias comparedito laboratoryistudy. Artificial anisotropy have been 

introduceiand studiedimainly as theyihave thei advantage of beingieasily madeiand  re-create. 

Theianisotropic strengthibehaviour ofirock massias slates,igypsum andishale has ibeen    

studiediby a largeinumber ofi investigators. Laboratoryistudies carriediby manyiresearcher shows 

thatimany differentifailure modesiare possibleiin jointedi rock andi that thei internal distribution 

ofi stresses withini a jointedi rock massi can be extremelyi complex.  

 

Joint frequency: 

Thaweeboon et al. (2016) determineithe strengthiand deformabilityiby makingismall-scaleirock 

massimodels andiintroduced differentitypes ofianisotropy withimultiple jointisets andifrequencies 

undericonfining stressesiup to 12 MPa. Thaweeboon et al. (2016) use sand stone as a model 

material. Thaweeboon et al. (2016) carried out experimental work and performed triaxial test and 

uniaxial compressive strength test with model material (sand stone). It is found from the 

experimental data that the strength decrease with the increasing in joint frequency. It is also found 

that forione-joint setispecimens theideformation moduliiparallel toithe jointsishow theihighest 

valuesicompared toithose thatiare normalito theijoints. This research has a limitation such asiall 

strengthicriteria usedican onlyipredicted theistrengths of theirock massispecimens underithe 

confiningistresses upito 12 MPa. Tiwari and Rao (2006) carriediout numberiof experimentiof 

uniaxial,triaxial anditrue triaxialion aijointed specimeniof modelimaterials made by sand andilime,  

testicriteria wasivarious angleiof orientationijoint. Fromithe experimentithey foundithat the 

deformationimodulus ofirock massiis influencedidue toiintermediate principalistress similarito 

enhancementiin triaxialicompressiveistrength. Theimodulus enhancementiin rockimass withijoint 

geometriesicorresponding to Ф=400and 60idegreeis more thaniin caseiof jointigeometries of Ф=0, 

20,080 and090idegree. Thus, weakirocks areisubjected toimore modulusienhancementithan 

comparativelyiharder rocks.Singh and Rao (2005) ailarge number of uniaxial compressive strength 

(UCS) testsiwere conductedion theispecimens of jointediblock massihaving variousicombinations 

ofiorientations andidifferent levels of interlocking of joints. Four dominating modes of failure were 

observed. Theifindings ofithe studyihave beeniverified byiapplying it toiestimate the ultimateirock 

mass strength of nine rock types fromifew damisites inithe loweriHimalayas. The ultimateistrength 

obtainediby theipresent methodologyiis comparediwith thatiobtained throughithe Qiclassification 

system. Itiis concludedithat reasonablyigood estimatesion fieldistrength ofijointed rocksiare 

possibleiby usingithe correlationsisuggested inithis study. Arora (1987) found that with increasing 

joint frequency strength of the material decreases. Lama (1974) performed many test toidetermine 

theiinfluence ofithe numberiof the number of horizontal and vertical joints on strength. Lama (1974) 

conductediextensive testsion modelimaterial ofidifferent strength. Lama (1974) proposed the 

followingiequation basedion hisiresults: σc  = K (L/l)v  Where, σc =compressive strength; K= 

strength of the specimen containing more than 150 joints; v = constant; L = length of the 

specimen; and l = length of the element. 

 

Joint orientation angle: 

Xin and Zhihong (2012) studied the deformation behaviour of jointed rock masses in uniaxial 
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compression byimodel materialsiwith a setiof pre-existing openijoints. It was found that the two 

joint geometrical parameters, i.e., jointiinclination angleiand jointicontinuityifactor, had great 

influence onithe deformationibehaviour ofirockimass. It is also found by Xin and Zhihong (2012) 

that the ratio of residual strength to the maximum peak strength adopted a ductility index, and the 

first and the last peak strain were used as auxiliary parameters to investigate brittleness of the 

specimens. Singh et al. (2002) developedia linkibetween strengthiand deformabilityiof jointed 

blockimasses withithe propertiesiof intact specimens, obtained from simple laboratory tests, taking 

intoiaccount theiinfluence ofithe propertiesiof theijoints. Singh et al. (2002) have done the 

experimental work and performed uniaxial compression test with the model material. Singh et al. 

(2002) use sand- lime brick as a model material. Singh et al. (2002) found that Strengthiand 

deformationibehaviour of aijointed rockimass is aicomplicated phenomenonidue toicombinations 

ofimodes ofifailure. Singh et al. (2002) have given some empirical relation of strength of jointed 

specimen with the intact specimen (σcj = σci e (a.j
f
) ) and also jointed modulus with the intact modulus 

(Ej = Ei e ( b.j
f
 ) ). Jade and Sitharam (2003) studiedistatistical analysisiof theiuniaxialicompressive 

strengthiand ofithe elasticimodulus ofijointed rockimasses underidifferent confiningipressures. 

Propertiesiof theirock massesiwith differentijointifabric, withiand withoutigouge haveibeen 

considerediin theianalysis. Ailarge amountiof experimentalidata ofijointed rockimasses fromithe 

literatureihas beenicompiled andiused forithis statisticalianalysis. Theiuniaxial compressive 

strengthiof a rockimass hasibeen representediin ainon-dimensionaliform asithe ratioiof the 

compressiveistrength ofithe jointedirock toithe intactirock. Inithe caseiof theielastic modulus, the 

ratioiof elasticimodulus of jointedirock to that of intact rock at different confining pressures isiused 

initheianalysis. Theieffect ofithe jointsiin the rockimass isitaken intoiaccount byia jointifactor. The 

jointifactor isidefined asia functioniof jointifrequency, jointiorientation, and jointistrength. Several 

empiricalirelationships betweenithe strengthiand deformationiproperties ofijointed rockiand the 

jointifactor haveibeen arrivediat viaistatistical analysisiof theiexperimentalidata. Aicomparative 

studyiof theseirelationships isipresented. Theieffect oficonfining pressureion theielastic modulus 

ofithe jointedirock massiis alsoiconsidered inithe analysis. The study conclude that the jointed rock 

massiwill actiboth asian elasticimaterial andia discontinuousimass. Theiresults obtainediby the 

modeliwith equivalent properties of the jointed rock mass predict fairly well the behavior of jointed 

rockimass.. Arora and Ramamurthy (1994) found that minimum strength of jointed rock mass 

found at 30◦ to 40◦. Arora (1987) conducted uniaxialicompressive strengthitest and triaxialitest on 

intacti and jointedi specimens of rockimass. Arora (1987) used plasteri ofi Paris,i Jamarani 

sandstonei, andiAgra sandstoneias model materials. Arora (1987)) conducted a large number of 

laboratoryitesting ofiintact specimeniand jointed specimens to disclosed that the significant factors 

whichiinfluence thei strength andi modulus valuesi of the jointedi rock arei frequency ofijoint, 

orientationiof jointsi with respectito majoriprincipal stressidirection, andistrength ofijoint. Onithe 

based of results Arora (1987) gives a parameter which is called as joint factor (Jf) and it is defined 

as, Jf=Jn/(n. r)Where, Jn = numberi of jointsi per meteri depth; n = inclinationi parameter 

dependingi on theiorientation of theijoint ; r = roughnessiparameter dependingion theijoint 

condition. Yaji (1984) performeditriaxial testsion intactiand singleijointedispecimens. Yaji 
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(1984) used plasteriofiParis,i sandstone, andigranite the model materials. Yaji (1984) hasialso 

conducteditests onistep-shapediandiberm-shapedijoints ini plaster ofiParis. Yaji (1984) presented 

theiresults inithe formiof  failurei envelopes  and stressistrain curvesifor differenticonfining 

pressures. Theimodulusiexponent (n) as well as modulus number (k) can be is determined by t h e  

plotsi of modulusi of elasticityiversus confiningipressure. Thei results ofi these experimentsiwere 

analysedifor strengthiand deformationipurposes. Itiwasifound from the test results that the type 

of failure is dependent on couples of parameter such asiconfiningistress andiorientation ofithe 

joints. There are three mode of failure observed inithe jointi specimens withirough jointisurface 

are: (i) Byishearing acrossitheijoint, (ii) byitensileisplitting (iii) byi a combinationiofithereof.  

 

Failure modes in rock mass  

Singh et al. (2002) theifailure modesiwere identifiedibased onithe visualiobservations atithe time 

ofifailure. Theifailure modesiobtained are: 

(i)   Splittingiof intactimaterial ofithe elementaliblocks, 

(ii)  Shearingiof intactiblockimaterial, 

(iii) Rotationiof theiblocks, and 

(iv) Slidingialong theicriticalijoints. 

 

Theseimodes wereiobserved toidepend onithe combinationiof orientationin anditheistepping. The 

angleiθ in thisistudy representsithe angleibetween theinormal toithe jointiplane anditheiloading 

direction,iwhereas theistepping representsithe level/extentiof interlockingiof theimass. The 

followingiobservations wereimade onithe effectiof theiorientation ofithe jointsianditheir 

interlockingion theifailureimodes. Theseiobservations mayibe usedias roughiguidelines toiassess 

theiprobable modesiof failureiunder aiuniaxial loadingicondition initheifield.

 
                                           Figure 2.1: Splittingiand shearingimodes ofifailure (Singh et al.,2002) 

(i) Splitting 

Splitting failure is a type of failure in which materialifails dueito tensileistresses developediinside 
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theielementaliblocks. Theicracks areiroughly verticaliwith noisign ofishearing. Thisitype ofifailure 

isiobserved inispecimen  whenijoints areieither horizontalior verticaliand are tightly interlocked due 

toistepping. 

 

 

(ii) Shearing 

Inishearing mode of failure, theispecimen failsidue toishearing of theielemental blockimaterial. In 

this mode of failure, The failureiplanes are inclined and are markediwith signsiof displacementsiand 

formationiof fracturedimaterial alongithe shearedizones. This type of failureimode occursiwhenithe 

continuousijoints areiclose toihorizontal (i.e., θ<= 10º) andithe massiis moderatelyiinterlocked. 

Theitendency toifail inishearing canibe reduceiby increaseithe anglein, andisliding takesiplace. For 

θ≈ 30º, shearingioccurs onlyiif theimass is highlyiinterlocked dueitoistepping. 

 
                                 Figure 2.2: Rotationiand slidingimodes ofifailure (Singhiet al., 2002) 

 

(iii) Sliding 

In this mode of failure, theispecimen failsidue toisliding onithe continuousijoints. Theimode is 

associatediwith largeideformations, stick–slipiphenomenon, andipoorly definedipeak inistress–

strainicurves. Thisimode ofifailure occursiin theispecimen withijoints inclinedibetween θ≈ 20º– 30º 

ifithe interlockingiis nilior low. Foriorientations, θ= 35º– 65º slidingioccurs invariablyifor allithe 

interlockingiconditions. 

 

(iv) Rotation 

In this mode of failure the rockimass failsidue toirotation of theielementaliblocks. Itioccurs foriall 

interlockingiconditions ifithe continuousijoints have θ > 70º, except for θ equal to 90º when splitting 

isithe mostipossible wayifailureimode. 
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Chapter-3                                                                       

Laboratory investigation    

3.1 Experimental Programme 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Flow chat of experimental programme  

 

0◦ 10◦ 20◦ 30◦ 40◦ 50◦ 60◦ 70◦ 80◦ 90◦ 

10◦ 20◦ 30◦ 40◦ 50◦ 60◦ 70◦ 80◦ 90◦ 

Experiment 

           Model material 

Plaster of paris 
Plaster of paris-sand 

mix 

Type of specimen 

Intact Single jointed Double jointed 

UCS test Direct shear test 
 

Variation 
of water 
content 
(%) 

UCS 
intact 

Number of Specimen 
tested 

Number of 
specimen test 
at each water 
content (%) 

Physical test 

UCS test UCS test 

Joint orientation 
angle 

Joint orientation 
angle 

Number 
of 
specimen 
tested 

3 3 3 
Number of specimen tested at 

each joint orientation angle 

3 
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Experimentaliprogramme has been shown in the form of flow chart in figure 1.1. In thisistudy, 

specimensiwere testedito obtainitheir uniaxialicompressiveistrength, deformationi behaviouriand 

sheariparameters. The testsiconducted to obtain these parameter were direct shear test and uniaxial 

compressioni test.  Thesei tests werei carried asi per IS codes IS: 12634:1989 and IS: 9143:1979 

   

3.1.1 Direct shear test: 

Theidirect shearitest wasiperformed toidetermine (roughnessifactor) jointistrength r = tan ϕj in 

orderito predictithe jointifactor Jf (Arora 1987). Directishear testiwas conductedion specimeni of 

plasteriof parisiand plasteriofiparis – sandimix to know Cj and ϕj valuesiat 0.1iMPa, 0.2iMPa, and 

0.3iMPairespectively. Theseitests wereicarried o u t i on conventionali direct sheari test apparatus 

shown in figure 3.1.1 as per IS code (IS: 1 2 6 3 4 : 1 9 8 9 ).  

 

     

 
 

                                                Figure 3.1.1: Direct shear test 

 

3.1.2 Uniaxialicompressive strengthitest: 

IniUniaxial CompressiveiStrength testithe cylindricalispecimens wereisubjected toimajor 

principalistress tilli the rockimass specimenifailure. Inithis testi the samplesi was fixedi to 

cylindricalin shape,i length in theiratio of 2 to 3i times thei diameter t h e i ends maintainediflat 

withini0.02mm. Perpendicularityiof theiaxis wereinot deviatedibyi0.001radian. Theiprepared 

specimensihavingidimension L=76 mm & D=38 mm werei put ini between thei two steel 

platesi of thei testing machinei and loadi applied ati the predeterminedi rate alongithe axisiof 

theisample tilli the sampleifails. 
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Theideformation ofi the specimeni was measuredi with thei help of ai separate diali gauge. 

Duringi thei test, loadi versus deformationi readings werei taken andi a graph isi plotted.i When 

ai brittle t y p e iof failurei occurs, thei proving ringi dial indicatesi a definitei maximumi load 

whichi drops quicklyi with thei further increaseiofistrain. Atifailure theiapplied loadiwasinoted.  

Theiload isidivided byithe bearingisurface ofIthe specimeniwhich gives the uniaxial compressive 

strengthiof thei specimen.  

Uniaxial compressive strength testsiwere conductedion intactispecimens, jointedispecimensiwith 

singleiandidouble jointsito knowithe strengthias wellias theideformation behaviouriof intactiand 

jointedirocks. Failureiof intact specimen under compression shown in the figure 3.1.4. The 

specimensiwere testedifor differentiorientation anglesisuch as 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 

degreesiand for intactispecimens (shown in figure 3.1.5 and 3.1.6). Forieach orientationiofijoints, 

threeiU.C.S testsiwere conducted as shown in the table 3.1.1 and table 3.1.2. The jointed specimens 

wereiplaced insideia rubberimembrane beforeitesting ofiU.C.S toiavoid slippageialong theijoints 

justiafter applicationiof theiload (shown in figure 3.1.3). These tests were carried o u t  on 

conventional loading frame (CBR test machine) shown in figure 3.1.2 as per IS code ( IS: 9143: 

1979) 
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                                  Figure 3.1.2:  Uniaxial compression test for intact rock specimen 
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           Figure 3.1.3: Uniaxial compression test for jointed rock specimen 
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Figure 3.1.4: Failure of intact specimen                                                  

                                   

Table 3.1.1: Uniaxialicompression testi(single joint) 

 

Typesiofijoints 1J-0◦ 1J-10◦ 1J-20◦ 1J-30◦ 1J-40◦ 1J-50◦ 1J-60◦ 1J-70◦ 1J-80◦ 1J-90◦ 

No. of jointed 

specimen tested 

30 30 30 300 30 30 30 30 30 30 
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Fig. 3.1.5: Typesiof jointsistudied iniplaster ofiparis specimensiandisand- plasteriof parisimix 

specimensi(singleijointed specimensiare shownihere)  
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Table 3.1.2: Uniaxialicompressionitest (double joint): 

 

Typesiofijoints 2J-0◦ 2J-10◦ 2J-20◦ 2J-30◦ 2J-40◦ 2J-50◦ 2J-60◦ 2J-70◦ 2J-80◦ 2J-90◦ 

No. of jointed 

specimen tested 

0 30 30 30 30 30 30 30 30 30 
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Figure 3.1.6: Typesiof jointsistudied iniplaster ofiparis specimensiand sand- plasteriof parisimix 

specimensi(doubleijointed specimensiare shownihere) 
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3.2 Materialsiused: 

Experimentsihave beeniconducted onimodel materialsito getiuniform, identicalior homogenous 

specimeniin orderito understandithe failureimechanism, strengthiand deformationi behaviour of 

jointedirockimass. Itiis observedithat plasteriof parisihas beeniused asimodel materialito simulate 

weaki rock massi in thei field. Manyi investigators  havei used plasteri of parisi because ofi its 

easei in casting,i flexibility, instantihardening, lowicost , easyiavailability andijoint canibe easily 

create. Numerousitype ofianisotropy canibe introduceiplaster ofiParis. Andiin theifield sandiis the 

oneiof theicomposition ofimany softirockimaterials .Toiobtained strengthiand deformediabilities 

inirelation toiactual rocksihas madeiby Plasteriof Parisiand sandiis oneiof theisuitable materialifor 

preparationia softirock modeliin geotechnicaliengineering andihence itiis usedito prepareimodels 

forithisiinvestigation. 

 

 

3.3 Modeliof theispecimens: 

Twoitypes ofimodel materialsi(specimen) iprepared. 

1) Plasteriofiparis 

2) Plasteriof parisiand sandimix 

I. Typeiof mouldiisicylindrical (L/D ratio=2) 

II. Onithe basisiof trialiproportion ofiPOP and fineisand byiweight willibeiconsidered 

areiasifollows. 

III. Theiratio ofiplaster ofiparis andisand is 8:2 (POP:isand = 8:2) 

IV. Sizeiof eachispecimen (L/D = 2:1) D = 38 mmiand L = 76 mm. 

V. Wateriquantity hasibeen consideredias perithe OMCideterminations. 

 

                                           
                                     Figure 3.3.1: Dimension of specimen 
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3.4 Preparation of specimens 

 

Plasteriof Parisiis procuredifrom theilocal marketiand Yamunaisand wereiused. PlasteriofiParis 

powderiis producediby pulverizingipartially burntigypsum whichiis dulyiwhite inicolor with 

smoothifeel oficement. Theiwater contentiat whichimaximum densityiis toibe achievediis found 

outiby conductinginumber ofitrial testsiwith differentipercentage ofiwater. Theioptimumimoisture 

contentiwas foundiout toibe 30% and 29% byiweight foriPOP & iPOP-sand mixispecimens 

respectively.Foripreparation ofiPlaster OfiParisispecimen, 132 gmiof plasteriof Parisiisimixed 

thoroughlyiwith 39.6 cc (30% byiweight) wateriand foriPlaster OfiParis-sandimixtureispecimen, 

1351gm ofimaterials (sand-29 gm. +POP-106 gm.) isimixed thoroughlyiwith 39.15 cc (29% by 

weight) waterito formia uniformipaste. Theispecimens areiprepared byipouring theiplaster mixiin 

theimould andivibrating foriapproximately 2 min foriproper compactioniand toiavoid presenceiof 

airigaps. Afterithat itiis allowedito setifor 5 min. andiafterihardening, theispecimen wasiextruded 

manuallyifrom theimould byiusing aniextruder. Theispecimens areipolished byiusing sandipaper. 

Theipolished specimensiare then ikept  for    airidry     for 7idays. 

 

3.5 Curingi  

Specimeniis air dry for 7 days. Beforeitesting eachispecimen ofiPlaster ofiParis obtainingiconstant 

weightidimensioned to L/D = 2:1, at L = 76 mm, D = 38 mm. 

 

3.6 Makingijoints inispecimens  

 

Thereiare followingiinstruments whichiare usediin makingijoints inispecimen  

1) Lightiweightihammer  

2) Blade  

3) Scalei  

4) Pencili  

5) Protractori  

 

Twoilongitudinal linesiare drawnion theispecimen justiopposite to eachiother. Atithe centeriof the 

lineithe desirediorientation angleiis markediwith theihelp of aiprotractor. Thenithisimarked 

specimeniis placedion theitable andiwith theihelp bladeicutting alongithe drawniline, hammered 

continuouslyito breakialong theiline. Itiis observedithat theijoints thusiformed comesiunder a 

categoryiof roughijoint. Theiuniaxial compressiveistrength testiand directishear testiare performed 

onithe intactispecimens, jointedispecimens withisingle andidouble jointsito knowithe strengthias 

wellias deformationibehaviour ofiintact andijointed rocksiand theisheariparametersirespectively. 

 

 

 

 



 

20 | P a g e   

Chapter - 4 

Results and discussions 

 

4.1 Direct shear test results: 

 

Theiroughness parameteri(r) whichiis theitangent valueiof the frictioniangle (Фj) wasifound from 

theidirectishear testiperformediat differentinormalistresses. Theivariation ofishear stressi with 

normali stress forirock massi specimens testedi in directi shear testsi arei illustratedi in thei fig.: 

4.1.1 andi their correspondingi values arei given ini thei table 4.1.1. Thei value ofi cohesion (Cj) 

fori jointed specimensi of Plasteri of Parisihas beeni found as 0.1780 MPaiand foriplaster ofiparis 

andisand mixtureiit hasibeen foundias 0.182.  Valuei of frictioni angle (Фj) foriplaster ofiparisiand 

plasteriofiparis-sandi foundias 139º and 141◦ respectively.  The roughnessiparameteri(r = tanФj) 

foundito be 0.8090 forithe specimensi of  Plasteriof Parisi(P.O.P) testediand foriplaster ofiparis-

sandimix itiis foundito be 0.8690. 

 

Table 4.1.1: Valuesiof shearistress foridifferent valuesiof normalistress on ispecimensiofiplaster 

ofiparis inidirect shearistressitest. 

Crossisectional areaiofisamples = 3600mm2 

 

Normalistress, σn (MPa) Shearistress, τ(MPa) 

0.0490 0.2980 

0.0980 0.4170 

0.1470 0.5370 

                     

 
 

                                 Figure 4.1.1: Normal stress vs shear stress (Plasteriofiparis) 
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Table 4.1.2: Valuesiof shearistress foridifferent valuesiof normalistress on ispecimensiofiplaster 

ofiparis-sand mixture inidirect shearistressitest. 

Crossisectional areaiofisamples = 3600mm2 

 Normalistress, σn (MPa) Shearistress, τ(MPa) 

0.0490 0.3280 

0.0980 0.4620 

0.1470 0.5810 
 

 

                               Figure 4.1.2: Normalistress vs shearistress (Plaster of paris-sandimix) 

 

4.2 Uniaxialicompressionitestiresults: 

 

4.2.1 Intact Specimen of plaster of paris 

Theivariation ofistress asiobtained iniuniaxial compressionitest forithe intactispecimeniofiPlaster 

ofiParis foridifferent valuesiof watericontent isiillustratedibelow: 

 

Table 4.2.1: Uniaxial compressive strength (MPa) values against water content (%) for plaster   

of paris. 

Water Content (%) 25 27 28 30 32 34 35 

Uniaxial compressive 

strength(MPa) 

8.52 9.10 9.57 10.12 9.60 9.20 8.55 
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                  Figure 4.2.1 Watericontent Vs Uniaxialicompressiveistrength (plaster of paris) 

 

Theioptimum valueiof uniaxialicompressiveistrength (σ ci) evaluatedifrom theiabove testiwas 

founditoibe 10.12 MPa. 

 

Intact specimen 

Theivariation ofistress asiobtained iniuniaxial compressionitest forithe intactispecimeniofiPlaster 

ofiParis-sandimix foridifferent valuesiof watericontent isiillustratedibelow: 

 

Table 4.2.2: Uniaxial compressive strength (MPa) values against water content (%) for plaster of 

paris- sand mix 

 

Water content 

(%) 

24 26 27 29 31 33 34 

Uniaxial 

compressive 

strength(MPa) 

9.10 9.52 10.20 10.87 10.16 9.20 8.10 
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  Figure 4.2.2: Watericontent (%) Vs uniaxialicompressiveistrength (MPa) (plasteriofiparis-sand   

mix) 

 

For intactispecimens:  

 

Plaster of paris: 

Theivariations ofithe stressiwith strainias obtainediin uniaxialicompression testifor theiintact 

specimeniof plasteriof parisiis illustratediin theifig.4.2.3  andiits correspondingistress vsistrain 

valuesiare presentediin table 4.2.3Theivalue ofiuniaxial compression strength (σci) evaluated 

fromithe aboveitests wasifound toibe 10.12 MPa. Theimodulus ofielasticity ofiintactispecimen 

(Eti) hasibeen calculatediat 50% ofithe σi valueito accountithe tangentimodulus. Theivalue of 

Eti wasifound as 0.340 * 103 MPa. 

 

Table 4.2.3: Valuesiof stressiand strainifor intactispecimens: 

  

Lengthiofispecimen =176mm  

Diameteriofispecimen =138mm 

Crossisectional areaiof theispecimen =11134 mm2 

Strain rate = 0.5 mm/minute 
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Axialistrain, εa(%) Uniaxialicompressiveistrength, σci (MPa) 

00 00 

0.6580 2.53 

1.3160 4.46 

1.9740 5.95 

2.6310 8.31 

3.2890 9.91 

3.4210 10.12 

4.6050 10.02 

 

 

 

 

 
 

                                     Figure 4.2.3: Stress-strain curve (Plaster of paris) 
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Plaster of paris-sand mix: 

Theivariations ofithe stressiwith strainias obtainediin uniaxialicompression testifor theiintact 

specimeniof plasteriof parisiis illustratediin the fig. 4.2.4 andiits correspondingistress vsistrain 

valuesiare presentediin table 4.2.4.Theivalue ofiuniaxial compression strength (σci) 

evaluated fromithe aboveitests wasifound toibe 10.87 MPa. Theimodulus ofielasticity 

ofiintactispecimen (Eti) hasibeen calculatediat 50% ofithe σi valueito accountithe 

tangentimodulus. Theivalue of Eti wasifound as 0.360 * 103 MPa. 

 

Table 4.2.4: Uniaxial Compressive strength (MPa) and axial strain (%) 

 

Axialistrain, εa(%) Uniaxialicompressiveistrength, σci (MPa) 

00 00 

0.6580 2.75 

1.3160 4.24 

1.9740 6.167 

2.6310 8.31 

3.2890 9.91 

3.4210 10.87 

4.6050 10.77 

5.2630 10.56 
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                   Figure 4.2.4: stress-strain curve (Plaster of paris- sand mixture) 

 

Table: 4.2.5 Orientationiangle (β˚) vs uniaxialicompressiveistrength, σcj (MPa) ofiplaster Of 
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30 2.420 

40 3.810 

50 6.920 

60 7.560 
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80 8.090 
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                   Figure 4.2.5: Joint orientationiangle β vs uniaxialicompressiveistrength (MPa) 

 

 

 

 

 

 

Table: 4.2.6 Orientationiangle (β˚) vs uniaxialicompressiveistrength, σcj (MPa) ofiplasteriof 

paris- sandimix jointedispecimen: 

 

Orientationiangle (β˚) Uniaxialicompressiveistrength, σcj(MPa) 

0 8.53 

10 7.73 

20 4.46 

30 2.64 
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            Figure 4.2.6: Jointiorientationiangle β vs uniaxialicompressiveistrength(MPa) 

 

4.3 ParameteriStudied: 

 

 Table 4.3.1 Physicaliand engineeringiproperties ofiplaster of parisi used for jointsistudied: 

S. No. Property/Parameteri Valuesi 

1 Uniaxialicompressiveistrength, σci (MPa) 10.120 

2 Tangentimodulus, (Eti) (MPa) 3400 

3 Cohesioniintercept, Cj (MPa) 0.1780 

4 Angleiofifriction, Фj (degree) 39˚0 

 

Table 4.3.2 Physicaliand engineeringiproperties ofiplaster of paris – sandimix usediforijoints 

studied: 

S. No. Property/Parameteri Values 

1 Uniaxialicompressiveistrength, σci (MPa) 10.870 

2 Tangentimodulus, (Eti) (MPa) 3600 

3 Cohesioniintercept, Cj (MPa) 0.1820 

4 Angleiofifriction, Фj (degree) 41˚0 
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4.4 Comparison of results with the empirical formulae forijointed specimeniof plasteriof paris 

andisand-plasteriof parisimix 

 

Strength criteria 

Theiuniaxial compressiveistrength (UCS) ofiintact specimensiobtained fromithe testiresultsihas 

beenifoundiout. Also, theiuniaxial compressiveistrength (σcj) asiwell asimodulus ofielasticity (Etj) 

forithe jointedispecimens wasicalculated afteritesting theijointedispecimens. For testing of jointed 

specimen, theijointed specimensiare placediinside airubber membraneibeforeitesting, toiavoid 

slippageialong the criticalijoints. Afteriobtaining theivalues of (σcj) and Eti foridifferent 

orientationsi(β) ofijoints, itiwas perceivedithat theijointed specimensishow minimumistrength 

whenithe jointiorientation angleiwas at 30º andimaximum wheniangle was 90° Theivaluesiof (σcr) 

foridifferent orientationiangle (β) wereiobtained withithe helpiof theifollowingirelationship: 

                                          

                                                   σcr=σcj/σci  

 

Theivalues ofijointifactor (Jf) wereievaluated byiusing theirelationship: 

                                                  Jf = Jn / (n*r)  

Arora (1987) hasisuggested theifollowing relationshipibetween Jf and σcr as, 

                                                  σcr = e-0.008*J
f                              

Arora (1987) hasisuggested theifollowing relationshipibetween Jf and Er as, 

                                                    Er = e-0.0115*J
f
 

Padhy (2005) hasisuggested theifollowing relationshipibetween Jf and σcr as, 

                                                  σcr = e-0.09*J
f                              

Padhy (2005) hasisuggested theifollowing relationshipibetween Jf and Er as, 

                                                  Er = e-0.0125*J
f 
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Table 4.4.1: Values of Jn, Jf, σcj, σcr for jointed specimen of plaster of paris (Single joint): 

 

Joint 

type in 

degrees 

Jn n r = 

tanΦj 

Jf = 

Jn/(n*r) 
       

σcj 

(MPa) 

Present 

study 

σcr= 

σcj/σci 

Predicted 

Arora(1987) 

σcr =  

e-0.008*J
f 

Predicted  

Padhy (2005) 

σcr = 

 e
-0.09 *J

f 

0 13 0.810 0.809 19.839 7.730 0.764 0.853 0.168 

10 13 0.460 0.809 34.933 7.410 0.731 0.756 0.043 

20 13 0.105 0.809 153.040 4.670 0.460 0.294 10-06 

30 13 0.046 0.809 349.331 2.420 0.398 0.061 0000 

40 13 0.071 0.809 226.327 3.810 0.375 0.163 0000 

50 13 0.306 0.809 52.514 6.920 0.684 0.656 0.009 

60 13 0.465 0.809 34.557 7.560 0.746 0.756 0.045 

70 13 0.634 0.809 25.346 7.880 0.779 0.816 0.102 

80 13 0.814 0.809 19.741 8.090 0.798 0.854 0.169 

90 13 1.000 0.809 16.069 9.160 0.904 0.878 0.235 

 

 
                           Figure 4.4.1: Joint factor, Jf vs strength ratio σcr  (single jointed) 
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Table 4.4.2: Values of Etj , Er, Jn, and Jf for jointed specimens of plaster of paris (Single joint) 

 

Joint 

type in 

degrees 

Jn n r = 

tanΦj 

Jf = 

Jn/(n*r) 
       

Etj  

(MPa) 

Present 

study 

Er=Etj/Eti 

Predicted 

Arora(1987) 

Er =  e-0.0115*J
f 

Predicted  

Padhy (2005) 

Er = e
-0.0125*J

f 

0 13 0.810 0.809 19.839 271 0.797 0.796 0.780 

10 13 0.460 0.809 34.933 267.3 0.785 0.668 0.646 

20 13 0.105 0.809 153.040 102.3 0.300 0.172 0.148 

30 13 0.046 0.809 349.331 21.4 0.050 0.018 0.013 

40 13 0.071 0.809 226.327 68 0.200 0.074 0.059 

50 13 0.306 0.809 52.514 183 0.538 0.545 0.519 

60 13 0.465 0.809 34.557 209 0.614 0.672 0.649 

70 13 0.634 0.809 25.346 214 0.629 0.747 0.727 

80 13 0.814 0.809 19.741 242 0.712 0.797 0.781 

90 13 1.000 0.809 16.069 292.96 0.850 0.831 0.818 

 

                   

 
 

                    Figure 4.4.2: Joint factor, Jf vs modulus ratio Er  (single jointed) 
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Table 4.4.3: Values OF Jn, Jf, σcj, σcr for plaster of paris jointed specimens (double joint) 

 

Joint 

type in 

degrees 

Jn n r = 

tanΦj 

Jf = 

Jn/(n*r) 
       

σcj 

(MPa) 

Present 

study 

σcr=σcj/σci 

Predicted 

Arora(1987) 

σcr = e-0.008*J
f 

Predicted  

Padhy 

(2005) 

σcr = e
-0.09 *J

f 

10 26 0.460 0.809 69.866 6.130 0.606 0.572 0.002 

20 26 0.105 0.809 306.080 2.750 0.272 0.085 0 

30 26 0.046 0.809 698.662 1.140 0.113 0.004 0 

40 26 0.071 0.809 452.654 2.210 0.217 0.027 0 

50 26 0.306 0.809 105.028 5.310 0.525 0.432 8E-05 

60 26 0.465 0.809 69.115 6.170 0.609 0.574 0.002 

70 26 0.634 0.809 50.692 7.340 0.724 0.667 0.01 

80 26 0.814 0.809 39.482 7.560 0.746 0.728 0.029 

90 26 1.000 0.809 32.138 8.310 0.820 0.772 0.055 

 

  

 

                     

 
 

 

                           Figure 4.4.3: Joint factor, Jf vs strength ratio σcr (double jointed) 
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Table 4.4.4: Values OF Etj , Er, Jn and Jf for plaster of paris jointed specimens (double joints) 

 

Joint 

type in 

degrees 

Jn n r = 

tanΦj 

Jf = 

Jn/(n*r) 
       

Etj 

(MPa) 

Present 

study 

Er=Etj/E

ti 

Predicted 

Arora(1987) 

Er = e-1.15*10-2 

*J
f 

Predicted  

Padhy (2005) 

Er = e
-1.25*10-2 *J

f 

10 26 0.460 0.809 69.866 225 0.623 0.448 0.418 

20 26 0.105 0.809 306.080 63 0.174 0.03 0.022 

30 26 0.046 0.809 698.662 18.46 0.051 3E-04 2E-04 

40 26 0.071 0.809 452.654 27.44 0.076 0.006 0.004 

50 26 0.306 0.809 105.028 96.73 0.268 0.299 0.269 

60 26 0.465 0.809 69.115 171.13 0.474 0.452 0.422 

70 26 0.634 0.809 50.692 196 0.543 0.558 0.531 

80 26 0.814 0.809 39.482 199 0.551 0.635 0.611 

90 26 1.000 0.809 32.138 269 0.745 0.691 0.669 

 

 
 

                          Figure 4.4.4: Joint factor, Jf vs modulus ratio Er (double jointed) 
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Figure 4.4.5: Comparison of single jointed and double jointed orientation angle β  (plaster of   
paris) 
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Table 4.4.5: Values of Jn, Jf, σcj, σcr for jointed specimens of sand- plaster of paris mixture 

(Single joint) 

 

Joint 

type in 

degrees 

Jn n r = 

tanΦj 

Jf = 

Jn/(n*r) 
       

σcj (MPa) Present 

Study 

σcr=σcj/σci 

Predicted 

Arora(1987) 

σcr = e-0.008*J
f 

Predicted  

Padhy 

(2005) 

σcr = e
-0.09 *J

f 

0 13 0.810 0.869 18.469 8.53 0.785 0.863 0.190 

10 13 0.460 0.869 32.521 7.73 0.710 0.753 0.041 

20 13 0.105 0.869 142.474 4.46 0.410 0.319 0000 

30 13 0.046 0.869 325.211 2.64 0.243 0.073 0000 

40 13 0.071 0.869 210.700 4.24 0.390 0.184 0000 

50 13 0.306 0.869 48.888 6.6 0.606 0.675 0.012 

60 13 0.465 0.869 32.171 7.56 0.694 0.772 0.055 

70 13 0.634 0.869 23.596 8.95 0.822 0.828 0.120 

80 13 0.814 0.869 18.378 9.59 0.915 0.862 0.191 

90 13 1.000 0.869 14.960 10.02 0.922 0.886 0.260 

 

                            

 
                         Figure 4.4.6: Joint factor Jf vs strength ratio σr  (single jointed) 
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Table 4.4.6: Values OF Etj , Er, Jn and Jf for jointed specimens of sand – plaster of paris mixture 

(single joint) 

 

 

 

 
                           Figure 4.4.7: Joint factor Jf vs elastic modulus Er  (Single jointed) 
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Joint 

type in 

degrees 

Jn n r = 

tanΦj 

Jf = 

Jn/(n*r) 
       

Etj  

(MP

a) 

Present 

study 

Er= Etj/Eti 

Predicted 

Arora(1987) 

Er = e-0.0115*J
f 

Predicted  

Padhy (2005) 

Er = e
-0.0125 *J

f 

0 13 0.810 0.869 18.469 279 0.775 0.809 0.794 

10 13 0.460 0.869 32.521 256 0.710 0.688 0.666 

20 13 0.105 0.869 142.474 85 0.237 0.193 0.167 

30 13 0.046 0.869 325.211 24 0.05 0.024 0.016 

40 13 0.071 0.869 210.700 70 0.067 0.089 0.072 

50 13 0.306 0.869 48.888 181 0.503 0.569 0.543 

60 13 0.465 0.869 32.171 219 0.607 0.691 0.669 

70 13 0.634 0.869 23.596 247 0.685 0.761 0.744 

80 13 0.814 0.869 18.378 284 0.789 0.808 0.795 

90 13 1.000 0.869 14.960 305 0.846 0.842 0.828 



 

37 | P a g e   

Table 4.4.7: Values of Jn, Jf, σcj, σcr for jointed specimen of sand- plaster of paris mix (double 

joint) 

 

 

Joint 

type in 

degrees 

Jn n r = 

tanΦj 

Jf = 

Jn/(n*r) 
       

σcj (MPa) Present 

Study 

σcr= 

σcj/σci 

Predicted 

Arora(1987) 

σcr =  

e-0.008*J
f 

Predicted  

Padhy 

(2005) 

σcr = 

 e
-0.09 *J

f 

10 26 0.460 0.869 65.042 6.62 0.608 0.593 0.003 

20 26 0.105 0.869 284.947 2.64 0.243 0.101 0000 

30 26 0.046 0.869 650.423 2.1 0.192 0.005 0000 

40 26 0.071 0.869 421.401 2.75 0.253 0.033 0000 

50 26 0.306 0.869 97.776 5.41 0.498 0.456 1E-04 

60 26 0.465 0.869 64.776 6.17 0.568 0.595 0.003 

70 26 0.634 0.869 47.192 7.56 0.694 0.685 0.014 

80 26 0.814 0.869 36.756 8.52 0.784 0.744 0.037 

90 26 1.000 0.869 29.919 8.84 0.812 0.786 0.068 

 

   

 
 

                         Figure 4.4.8: Joint Factor Jf vs Strength ratio  σr  (double Jointed) 
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Table 4.4.8: Values of Etj , Er, Jn and Jf for specimen of sand-plaster of paris mix (double joints) 

 

Joint 

type in 

degrees 

Jn n r = 

tanΦj 

Jf = 

Jn/(n*r) 
       

Etj  

(MPa) 

Present 

Study 

Er= 

Etj/Eti 

Predicted 

Arora(1987) 

Er = e-0.0115 *J
f 

Predicted  

Padhy (2005) 

Er = e
-0.0125*J

f 

10 26 0.460 0.869 65.042 250.86 0.623 0.473 0.444 

20 26 0.105 0.869 284.947 53.37 0.132 0.038 0.028 

30 26 0.046 0.869 650.423 24.16 0.060 0.001 0.000 

40 26 0.071 0.869 421.401 49.62 0.123 0.008 0.005 

50 26 0.306 0.869 97.776 155.76 0.387 0.325 0.295 

60 26 0.465 0.869 64.776 191.93 0.476 0.477 0.447 

70 26 0.634 0.869 47.192 223.07 0.554 0.581 0.554 

80 26 0.814 0.869 36.756 277.89 0.690 0.655 0.632 

90 26 1.000 0.869 29.919 296.98 0.737 0.709 0.688 

 

 
 

                       Figure 4.4.9: Joint factor Jf  vs modulus ratio Er  (double jointed) 
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Figure 4.4.10: Comparison of Orientation Angleβ  of single and double Jointed specimen of 

Sand- plaster of paris mix 
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Chapter-5 

Development of prediction model 

 

Theiuniaxial compressiveistrength andielasticimodulus (Eti) ofiintact specimeniof plasteriofiParis 

isifound toibe 10.12 MPa and 0.340 *103 MPairespectively. Therefore,ias periISRM (1979) 

classificationiof intactirocks, theiplaster ofiparis testediin thisistudy isiclassified as lowistrength 

rock. Andiaccording toiDeere andiMiller (1966) classificationias EL depictingivery lowistrength 

andilow modulusiratio. Also, Theiuniaxial compressiveistrength andielasticimodulus (Eti) 

ofiintact specimeniof plasteriofiParis-sandimix isifound toibe 10.87 MPa and 0.360 *103 MPa 

respectively. Hence,ias periISRM (1979) classificationiof intactirocks, theiplaster ofiparis-

sandimix testediin thisistudy isiclassified as lowistrength rock. Andiaccording toiDeere andiMiller 

(1966) classificationias EL depictingivery lowistrength andilow modulusiratio.Both the specimen 

plasteriof parisiand plasteriof parisisand mix classify as very low strength rock.  

 

Based on the basis of experimental results regression analysis has been done. And it is observed 

that uniaxial compressive strength ratio vary exponentially with joint factor, for both plasteriof 

parisiand plasteriofiparis-sand mix specimen. The variation of uniaxialicompressive strengthiratio 

with joint factor for both the sample are presented in equation (i) and (ii) 

                                   σcr  = 0.815 e -0.003*Jf          (equation for plaster of paris specimen) …(i) 

                                   σcr  = 0.819 e -0.003*Jf          (equation for plaster of paris-sand specimen)…(ii) 

 

These two equation is approximately same. Graph between joint factor and uniaxial compressive 

strength ratio for the single jointed specimen of plasteriof parisiand plasteriof paris-sandimix and 

also, for doubleijointed specimeniof plaster ofiparis andiplaster ofiparis-sandimix shows that 0.815 

and -0.003 is a constant factor with some approximation. 

 

So, with some approximation we suggest this equation for low strength rock: 

                                      σcr  = a e b*Jf                                                                                  ….(iii) 

                                         

where, a and b are constants. 

Jf  is joint factor 

σcr is Uniaxial compressive strength ratio 

a = 0.815 

b = -0.003 

 

Basedionithe basis of experimentaliresults regression analysis has been done. And it is observed 

that elastic modulus ratio vary exponentially with joint factor, for both plasteriof parisiand plaster 

ofiparis-sandimix specimen. The variation of uniaxialicompressive strengthiratio with joint factor 

for both the sample are presented in equation (iv) and (v) 
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                                 Er = 0.8919 e -0.008*Jf           (equation for plaster of paris specimen)…(iv) 

                                                  Er = 0.8922 e -0.008*Jf            (equation for plaster of paris-sand specimen)…(v) 

 

These two equation is approximately same. Graph between joint factor and elastic modulus ratio 

for the single jointed specimen of plasteriof parisiand plasteriofiparis-sandimix andialso foridouble 

jointedispecimen ofiplaster ofiparis andiplaster ofiparis-sandimix shows that 0.892 and  -0.008 is 

a constant factor with some approximation. 

 

So, with some approximation we suggest this equation for low strength rock: 

                                    Er  = a e b*Jf                                                                                                                        …(vi) 

Where, a and b are constants. 

Jf  is joint factor 

Er is elastic modulus ratio 

a = 0.892 

b = -0.008 

 

 

Table 5.1:  Comparison of uniaxial compressive strength ratio of prediction model with present 

study and empirical formulae (jointed specimen of plaster of paris, Single joint): 

 

Joint 

factor, Jf 
       

Present 

study 

σcr= σcj/σci 

Predicted 

Arora(1987) 

σcr = e-0.008*J
f 

Predicted  

Padhy (2005) 

σcr = e
-0.09 *J

f 

Prediction  

model 

σcr = 0.815e
-0.003 *J

f 

19.839 0.764 0.853 0.168 0.768 

34.933 0.731 0.756 0.043 0.734 

153.040 0.460 0.294 10-6 0.515 

349.331 0.398 0.061 0 0.286 

226.327 0.375 0.163 0 0.413 

52.514 0.684 0.656 0.009 0.696 

34.557 0.746 0.756 0.045 0.735 

25.346 0.779 0.816 0.102 0.755 

19.741 0.798 0.854 0.169 0.768 

16.069 0.904 0.878 0.235 0.777 
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Figure 5.1: Comparison of uniaxial compressive strength ratio of prediction model with present 

study and empirical formulae (jointedispecimeniof plasteriofiparis, Single joint) 

 

 

Table 5.2: Comparison of elastic modulus ratio of prediction model with present study and 

empirical formulae (   jointed specimen of plaster of paris, Single joint): 

 

Joint 

factor, 

Jf 
       

Present study 

Er=Etj/Eti 

Predicted 

Arora(1987) 

Er =  e-

0.0115*J
f 

Predicted  

Padhy (2005) 

Er = e
-0.0125*J

f 

Prediction 

model 

Er = 0.892e
-0.008*J

f 

19.839 0.797 0.796 0.780 0.761 

34.933 0.785 0.668 0.646 0.674 

153.040 0.3 0.172 0.148 0.262 

349.331 0.05 0.018 0.013 0.055 

226.327 0.2 0.074 0.059 0.146 

52.514 0.538 0.545 0.519 0.586 

34.557 0.614 0.672 0.649 0.676 

25.346 0.629 0.747 0.727 0.728 

19.741 0.712 0.797 0.781 0.762 

16.069 0.85 0.831 0.818 0.784 
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 Figure 5.2: Comparison of elastic modulus ratio of prediction model with present study and 

empirical formulae (   jointedispecimeniof plasteriofiparis, Single joint) 

 

 

Table 5.3: Comparison of uniaxial compressive strength ratio of prediction model with present 

study and empirical formulae (jointed specimen of plaster of paris, double joint): 

 

Joint 

factor, Jf 
       

Present 

study 

σcr=σcj/σci 

Predicted 

Arora(1987) 

σcr = e-0.008*J
f 

Predicted  

Padhy (2005) 

σcr = e
-0.09 *J

f 

Prediction  

model 

σcr = 0.815e
-0.003 *J

f 

69.866 0.606 0.572 0.002 0.667 

306.080 0.272 0.085 0000 0.205 

698.662 0.113 0.004 0000 0.029 

452.654 0.217 0.027 0000 0.098 

105.028 0.525 0.432 8*10-05 0.559 

69.115 0.609 0.574 0.002 0.669 

50.692 0.724 0.667 0.010 0.736 

39.482 0.746 0.728 0.029 0.776 

32.138 0.820 0.772 0.055 0.805 
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 Figure 5.3: Comparison of uniaxial compressive strength ratio of prediction model with present 

study and empirical formulae (jointed specimen of plaster of paris, double joint) 

 

 

 

Table 5.4: Comparison of elastic modulus ratio of prediction model with present study and 

empirical formulae ( jointed specimen of plaster of paris, double joint): 

 

Joint 

factor, 

Jf 
       

Present 

study 

Er=Etj/Eti 

Predicted 

Arora(1987) 

Er = e-1.15*10-2 

*J
f 

Predicted  

Padhy (2005) 

Er = e
-1.25*10-2 *J

f 

Prediction model 

Er = 0.892e
-0.008*J

f 

69.866 0.623 0.448 0.418 0.452 

306.080 0.174 0.030 0.022 0.176 

698.662 0.051 3*10-4 2*10-4 0.037 

452.654 0.076 0.006 0.004 0.098 

105.028 0.268 0.299 0.269 0.393 

69.115 0.474 0.452 0.422 0.453 

50.692 0.543 0.558 0.531 0.488 

39.482 0.551 0.635 0.611 0.510 

32.138 0.745 0.691 0.669 0.526 
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Figure 5.4: Comparison of elastic modulus ratio of prediction model with present study and 

empirical formulae (jointedispecimeniof plasteriofiparis, double joint) 

 

 

Table 5.5: Comparison of uniaxial compressive strength ratio of prediction model with present 

study and empirical formulae (jointed specimen of plaster of paris-sand mix, single joint): 

 

Joint 

factor, Jf 
       

Present 

Study 

σcr=σcj/σci 

Predicted 

Arora(1987) 

σcr = e-0.008*J
f 

Predicted  

Padhy (2005) 

σcr = e
-0.09 *J

f 

Prediction model 

σcr = 0.815e
-0.003 *J

f 

18.469 0.785 0.863 0.190 0.793 

32.521 0.710 0.753 0.041 0.750 

142.474 0.410 0.319 0000 0.483 

325.211 0.243 0.073 0000 0.233 

210.700 0.390 0.184 0000 0.368 

48.888 0.606 0.675 0.012 0.702 

32.171 0.694 0.772 0.055 0.751 

23.596 0.822 0.828 0.120 0.777 

18.378 0.915 0.862 0.191 0.793 

14.960 0.922 0.886 0.190 0.804 
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Figure 5.5: Comparison of uniaxial compressive strength ratio of prediction model with present 

study and empirical formulae (jointed specimen of plaster of paris-sand mix, single joint) 

 

Table 5.6: Comparison of elastic modulus ratio of prediction model with present study and 

empirical formulae (jointed specimen of plaster of paris-sand mix,  single joint): 
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Joint 

factor, 

Jf 
       

Present study 

Er= Etj/Eti 

Predicted 

Arora(1987) 

Er = e-0.0115*J
f 

Predicted  

Padhy (2005) 

Er = e
-0.0125 *J

f 

Prediction model 

Er = 0.892e
-0.008*J

f 

18.469 0.775 0.809 0.794 0.692 

32.521 0.710 0.688 0.666 0.602 

142.474 0.237 0.193 0.167 0.2 

325.211 0.05 0.024 0.016 0.032 

210.700 0.067 0.089 0.072 0.101 

48.888 0.503 0.569 0.543 0.511 

32.171 0.607 0.691 0.669 0.604 

23.596 0.685 0.761 0.744 0.658 

18.378 0.789 0.808 0.795 0.693 

14.960 0.846 0.842 0.828 0.717 
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Figure 5.6: Comparison of elastic modulus ratio of prediction model with present study and 

empirical formulae (jointed specimen of plaster of paris-sand mix,  single joint) 

 

 

 

Table 5.7: Comparison of uniaxial compressive strength ratio of prediction model with present 

study and empirical formulae (jointed specimen of plaster of paris-sand mix,  double joint): 

 

Joint 

factor, Jf 
       

Present 

Study 

σcr=σcj/σci 

Predicted 

Arora(1987) 

σcr = e-0.008*J
f 

Predicted  

Padhy (2005) 

σcr =e
-0.09 *J

f 

Prediction 

model 

σcr = 0.815e
-0.003 *J

f 

65.042 0.608 0.593 0.003 0.59 

284.947 0.243 0.101 0 0.305 

650.423 0.192 0.005 0 0.102 

421.401 0.253 0.033 0 0.203 

97.776 0.498 0.456 1*10-4 0.535 

64.776 0.568 0.595 0.003 0.59 

47.192 0.694 0.685 0.014 0.622 

36.756 0.784 0.744 0.037 0.642 

29.919 0.812 0.786 0.068 0.655 
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Figure 5.7: Comparison of uniaxial compressive strength ratio of prediction model with present 

study and empirical formulae (jointed specimen of plaster of paris-sand mix,  double joint) 

 

 

Table 5.8: Comparison of elastic modulus ratio of prediction model with present study and 

empirical formulae (jointed specimen of plaster of paris-sand mix,  double joint): 

 

Joint 

factor, 

Jf 
       

Present 

Study 

Er=Etj/Eti 

Predicted 

Arora(1987) 

Er = e-0.0115 *J
f 

Predicted  

Padhy (2005) 

Er = e
-0.0125*J

f 

Prediction model 

Er = 0.892e
-0.008*J

f 

65.042 0.623 0.473 0.444 0.461 

284.947 0.132 0.038 0.028 0.191 

650.423 0.060 0.001 0.000 0.044 

421.401 0.123 0.008 0.005 0.111 

97.776 0.387 0.325 0.295 0.405 

64.776 0.476 0.477 0.447 0.46 

47.192 0.554 0.581 0.554 0.5 

36.756 0.690 0.655 0.632 0.52 

29.919 0.737 0.709 0.688 0.531 
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Figure 5.8: Comparison of elastic modulus ratio of prediction model with present study and 

empirical formulae (jointed specimen of plaster of paris-sand mix,  double joint): 
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Conclusion 

 

Onithe basisiof presentiexperimental studyion theiintact andijointed specimeniof plasteriofiParis 

andiplaster ofiparis- sandimix theifollowingiconclusions areidrawn 

 

 

 Theistrength ofijointed specimen depends on the joint orientation β with respect to the direction 

ofimajor principalistress. Theistrength at β =30º is foundito be minimumiand theistrength atiβ= 

90º isifound toibeimaximum.  

 Asithe numberiof jointsiincreases, theiuniaxial compressiveistrengthidecreases.  

 Theivalues ofiModulusiratio (Er) alsoidepends onithe jointiorientation β. Theimodulus ratioiis 

leastiat 30º.  

 Average variation between proposed prediction model and present study found to be within 

5%. 

 Average variation between prediction model and predicted Arora (1987) found to be within 

5%. 

 Average variation between proposed prediction model and predicted Padhy (2005) for uniaxial 

compressive strength ratio found to be within 40% and for elastic modulus ratio average 

variation found to be within 5% 

 Uniaxialicompressive strengthiof Plasteriof paris – Sandimix is foundito more than uniaxial 

compressiveistrength ofiPlaster ofiparis for intactispecimen as well as for jointed specimen. 

 Also, elastic modulus (Eti) of Plaster of paris – sand mix is more than Elastic modulus (Eti) of 

plaster of paris for intact specimen as well as for jointed specimen 
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Scope of future work: 

  

1. Studiesican beimade on different model material to find the value of constant a and b in equation 

(iii) and (vi) 

 

2. Theieffect ofitemperature, confiningipressure andirate ofiloading onithe strengthicharacteristics 

canibeistudied.  

 

 

2. Studiesican beimade by introducing multiple joints in varying orientation.  

 

3. Strengthiand deformationibehaviour ofijointed specimensican beistudied underitriaxial 

conditionsifor theisamples withinumber ofijoints.  

 

4. Strengthiand deformationibehaviour ofijointed specimensiunder triaxialiconditions canibe 

studiediwith gouge-filledijoints.  

 

5. Predictioniof strengthiand deformationibehaviour ofispecimens withiany arbitraryiorientation 

andiat anyinumber ofijoints canibe doneiby usingiartificial neuralinetwork withithe helpiof these 

data’sias wellias data’sifrom theiliterature alsoican beitaken.  

 

6. Numericalimodels canibe developediby usingidifferent theoriesiand theiresults can be compared 

withithe experimentaliresults toireach atithe bestipossible NumericaliModel.  

 

7. Differentisoftware’sican beiused toianalyses theiexperimentaliresults. 
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