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Outline

• Method of analysis
– Analytical Method
– Empirical Method
– Numerical Method

• Empirical Method
– Rock Mass Rating (RMR)
– Q-system



• 해석적방법 (Analytical method)
– 알려져있는수학적해를이용하여응력과변위를계산

– 커쉬해 (Kirsch solution): 원형공동주위의응력상태를알려주는
대표적인수학적해임.

• 경험적방법 (Empirical method)
– 축적된경험을이용하여여러범주에점수를부여하여해석

– 암반분류법이대표적인예 (RMR (Rock Mass Rating), Q-system) 
• 수치해석적방법 (Numerical Method)

– 주어진경계조건과형상에서컴퓨터시뮬레이션을이용하여
응력과변위를계산 (편미분방정식을푸는것임)

– 복잡한형상에서효과적임

– 유한요소법 (Finite Element Method, FEM), 유한차분법 (Finite 
Difference Method, FDM), 개별요소법 (Discrete Element Method, DEM) 

Methods of Rock Engineering analysis
Method of analysis

Stress distribution around a 
circular opening 



Methods of Rock Engineering analysis
Method of analysis – Analytical method

• Numerous analytical solutions exist – fast evaluation & still powerful
• However, 1) complex geometry, 2) multiple formation, 3) complex 

boundary condition, 4) complex process cannot be handled accurately, 
5) obtaining input parameters are often very difficult.

Kirsch solution Diametral compression

Courtesy of Kwon S



Numerical Analysis
Introduction

• 수치해석적방법

– 유한요소법 (Finite Element Method), 유한차분법 (Finite 
Difference Method), 경계요소법 (Boundary Element Method)
등의방법사용

– 암반의변위, 응력등을수학식(편미분방정식)으로
표현하여이의근사해를푸는방법

• 연속체해석

– 암반절리의영향을고려하지않음

• 불연속체해석

– 암반절리의영향이클때이용 (개별요소법, Discrete 
Element Method)



Vertical displacement by 
FEM (Sun & Wang, 2006)

FDM produce similar results

Effect of stress on fluid flow, 
DEM (Min et al., 2004)

Force distribution in rock 
grains, DEM (Min et al., 2008)

Numerical Analysis
Introduction



Numerical Analysis
Introduction

• When geometry is not simply circular

• When fractures around rock is considered

vertical displacement

vertical displacement



Numerical Analysis
Introduction – example (1)

• Underground ice hockey stadium in Norway – discontinuum 
method was used for design

노르웨이여빅지하아이스하키경기장 (Barton et al., 
1994)



절리면마찰각 25도 절리면마찰각 35도

Numerical Analysis
Introduction – example (2)



Numerical Analysis
Introduction – example (2)

– Computer simulation of rock failure using discrete element 
method (개별요소법에의한파괴모사 (컴퓨터로만든
돌?))

2D 3D



Empirical Analysis
Introduction

Forsmark, Sweden, 2004

Forsmark, Sweden, www.skb.se



Empirical Analysis
Introduction

• RQD (Rock Quality Designation) – Deere (1964)

• RMR (Rock Mass Rating) – Bieniawski (1973)

• Q-system (Barton 등, 1974)



Empirical Analysis
RQD

– RQD (Rock Quality Designation): 전체코어길이중길이가
10cm 이상되는코어길이의합을백분율로나타낸값. 

35

RQD 암질
25> 매우불량
25-50 불량
50-75 보통
75-90 양호
90-100 매우양호



Rock Mass Rating (RMR) system (Bieniawski, 1989)

Full mark: 100  very good rock mass

RMR(100) = 무결암강도(15) + RQD(20) + 절리간격(20) + 절리상태(30) + 지하수(15)

Empirical Analysis
Rock Mass Rating (RMR, Bieniawski, 1989)



암반구조물해석방법
경험적방법– RMR (Rock Mass Rating) by 
Bieniawski, 1989)

Rock Mass Rating (RMR) system (Bieniawski, 1989)



보정

등급

의미

Empirical Analysis
Rock Mass Rating (RMR, Bieniawski, 1989)



RMR 암반분류등급에대한자립시간과폭사이의상관관계: 검은사각형은채광, 빈
사각형은터널굴착시천장붕괴사례를나타낸다. 실선의곡선은적용한계이다. 

Ex) 천장폭 5 m, RMR 50 자립시간약 1주일

Empirical Analysis
Rock Mass Rating (RMR, Bieniawski, 1989)



Empirical Analysis
Rock Mass Rating (RMR, Bieniawski, 1989)



Empirical Analysis
Rock Mass Rating (RMR, Bieniawski, 1989)



Rock Support

• 록볼트 (Rockbolts)
– 암반을붙잡아주는강철봉 (철근)
– 탈락가능성이있는암반을붙잡아줌

• 숏크리트 (Shotcrete)
– 뿌리는콘크리트, 
공기식(pneumatically)으로뿜어주고
고속으로벽면에뿌려지면서다짐이발생

– 굴착에따른하중을분담

• 콘크리트라이닝 (Concrete Lining)
• 강지보 Steel bar/beam
• 와이어매쉬 (wire mesh)
• 뒷채움 (Backfill)

쇼크리트코어채취, 
1994



Q-system (Barton, 2002)

Jn = 절리군에관련된변수. 0.5(괴상) – 20(흙)
Jr = 절리면의거칠기변수. 0.5(매우평탄)-4 (불연속적)
Ja = 절리면의변질변수. 0.75  (매우견고)- 20(점토질)
Jw = 출수에관련된변수. 0.05 (과도한출수)-1.0 (건조)
SRF = 응력저감계수. 0.5-20 (연약대, 응력/강도비율등)

Mark: 0.001 ~ 1000

블록의크기 절리면
전단강도

활동성응력

Empirical Analysis
Q-system (Barton, 2002)









Empirical Analysis
Q-system (Barton, 2002)

ESR: excavation support ratio



Empirical Analysis
Q-system (Barton, 2002)



Empirical Analysis
Q-system (Barton, 2002)

• 터널종류에따른 ESR (Excavation Support Ratio) 변화



Empirical Analysis
RMR & Q-system

• From lecture note by Prof Eric Eberhardt (Univ British Columbia)



Stress-Strain Relationship (Hooke’s Law)-보충
Relationship with Vp and Vs

• In reality, Dynamic E ≠ Static E. Typically Dynamic E > Static E.
• Difference decrease with stronger, larger confinement
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Dry red Wildmoor sandstone (Fjaer et al., 2008)
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