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Introduction 
This paper documents the calculations used in RocPlane to determine the factor of safety for planar 
failures formed in slopes. This involves the following series of steps: 

1. Determine the plane geometry using trigonometry 
2. Determine all of the individual forces acting on the failure plane, and then calculate the resultant 

active and passive force vectors for the failure plane 
3. Determine the normal forces on each wedge  
4. Compute the resisting forces due to joint shear strength 
5. Calculate the safety factor 
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1. Failure Plane Geometry 

1.1. No Tension Crack 

 

Known Parameters: 

𝐻𝐻  is the slope height 

𝛽𝛽  is the slope dip 

𝛼𝛼  is the failure plane dip 

𝜓𝜓  is the upper bench dip 

𝑂𝑂  is the origin (0,0) 

𝛾𝛾  is the rock unit weight 

 

Unknown Parameters: 

𝐵𝐵  is the intersection point, slope & bench 

𝐶𝐶  is the intersection point, failure plane & bench 

𝑁𝑁  is the slope length, origin to 𝐵𝐵 

𝑀𝑀  is the bench length, 𝐵𝐵 to 𝐶𝐶 

𝐿𝐿  is the failure plane length, origin to 𝐶𝐶 

𝐴𝐴  is the wedge area 

𝑊𝑊  is the wedge weight 

1.1.1. Flow Chart 

1. Solve for 𝑁𝑁 (eq. (1)) 
2. Solve for 𝐵𝐵 (eq. (2)) 
3. Solve for 𝐿𝐿 (eq. (6)) 
4. Solve for 𝑀𝑀 (eq. (7)) 
5. Solve for 𝐶𝐶 (eq. (8)) 
6. Solve for 𝐴𝐴 (eq. (9)) 
7. Solve for 𝑊𝑊 (eq. (10)) 

1.1.2. Points and Lengths Calculation 

𝑁𝑁 =
𝐻𝐻

sin𝛽𝛽
 

 

(1) 

𝐵𝐵 = {𝑁𝑁 cos𝛽𝛽 ,𝐻𝐻} = {𝐻𝐻 cot𝛽𝛽 ,𝐻𝐻} (2) 
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To solve for distances 𝐿𝐿 & 𝑀𝑀, use vector addition: 

𝑂𝑂𝐵𝐵�⎯� + 𝐵𝐵𝐶𝐶�⎯� = 𝑂𝑂𝐶𝐶�⎯� 

�𝐻𝐻 cot𝛽𝛽
𝐻𝐻 � + �𝑀𝑀 cos𝜓𝜓

𝑀𝑀 sin𝜓𝜓� = �𝐿𝐿 cos𝛼𝛼
𝐿𝐿 sin𝛼𝛼� 

This gives two equations: 

𝐻𝐻 cot𝛽𝛽 + 𝑀𝑀 cos𝜓𝜓 = 𝐿𝐿 cos𝛼𝛼 

 

(3) 

𝐻𝐻 + 𝑀𝑀 sin𝜓𝜓 = 𝐿𝐿 sin𝛼𝛼 (4) 

 

From equations (4): 

𝑀𝑀 =
𝐿𝐿 sin𝛼𝛼 − 𝐻𝐻

sin𝜓𝜓
 (5) 

Substituting (5) into (3): 

𝐻𝐻 cot𝛽𝛽 + (𝐿𝐿 sin𝛼𝛼 − 𝐻𝐻) cot𝜓𝜓 = 𝐿𝐿 cos𝛼𝛼 

𝐻𝐻(cot𝛽𝛽 − cot𝜓𝜓) = 𝐿𝐿(cos𝛼𝛼 − sin𝛼𝛼 cot𝜓𝜓) 

𝐿𝐿 =
𝐻𝐻(1 − cot𝛽𝛽 tan𝜓𝜓)
sin𝛼𝛼 − cos𝛼𝛼 tan𝜓𝜓

 (6) 

From equation (3): 

𝑀𝑀 =
𝐿𝐿 cos𝛼𝛼 − 𝐻𝐻 cot𝛽𝛽

cos𝜓𝜓
 

 

(7) 

To calculate 𝐿𝐿 and 𝑀𝑀, use equations (6) & (7).  Do not use equation (5) because 𝜓𝜓 = 0 is common & 𝑀𝑀 is 
irresolvable using (5). 

𝐶𝐶 = {𝐿𝐿 cos𝛼𝛼 , 𝐿𝐿 sin𝛼𝛼} 

 

(8) 

1.1.3. Area Calculation 

𝐴𝐴 =
1
2
‖𝐵𝐵 × 𝐶𝐶‖ 

𝐴𝐴 =
1
2
�𝐵𝐵𝑥𝑥𝐶𝐶𝑦𝑦 − 𝐵𝐵𝑦𝑦𝐶𝐶𝑥𝑥� 

     

(9) 

1.1.4. Weight Calculation 
𝑊𝑊 = 𝐴𝐴 ⋅ 𝛾𝛾 

 

(10) 
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1.2. Tension Crack 
 

 

Known Parameters: 

𝐻𝐻  is the slope height 

𝛽𝛽  slope dip 

𝛼𝛼  failure plane dip 

𝜓𝜓  upper bench dip 

𝑇𝑇  tension crack distance 

𝜃𝜃  tension crack dip 

𝑂𝑂  origin (0,0) 

𝛾𝛾  rock unit weight 

Unknown Parameters: 

𝐵𝐵  is the slope/bench intersection point 

𝐶𝐶  is the tension crack/bench intersection point 

𝐷𝐷  is the failure plane/tension  

crack intersection point 

𝑁𝑁  is the slope length, 𝑂𝑂 to 𝐵𝐵 

𝑀𝑀  is the bench length, 𝐵𝐵 to 𝐶𝐶 

𝐿𝐿  is the failure plane length, 𝑂𝑂 to 𝐷𝐷 

𝑄𝑄  is the tension crack length, 𝐷𝐷 to 𝐶𝐶 

𝐴𝐴  is the wedge area 

𝑊𝑊  is the wedge weight 
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1.2.1. Flow Chart 
1. Solve for 𝑁𝑁 (eq. (1)) 
2. Solve for 𝐵𝐵 (eq. (2)) 
3. Solve for 𝐶𝐶 (eq. (11)) 
4. Solve for 𝑀𝑀 (eq. (12)) 
5. Solve for 𝑄𝑄 (eq. (17)) 
6. Solve for 𝐿𝐿 (eq. (15)) 
7. Solve for 𝐷𝐷 (eq. (14)) 
8. Solve for 𝐴𝐴 (eq. (18)) 
9. Solve for 𝑊𝑊 (eq. (10)) 

1.2.2. Points and Lengths Calculation 
As in the no tension crack case: 

𝑁𝑁 =
𝐻𝐻

sin𝛽𝛽
 

𝐵𝐵 = {𝐻𝐻 cot𝛽𝛽 ,𝐻𝐻} 

Now, 

𝐶𝐶 = 𝐵𝐵 + {𝑇𝑇,𝑇𝑇 tan𝜓𝜓} 

 

(11) 

𝑀𝑀 =
𝑇𝑇

cos𝜓𝜓
 

 

(12) 

  

Let’s solve for 𝐷𝐷,𝑄𝑄,𝐿𝐿: 

𝐷𝐷 = 𝐶𝐶 − {𝑄𝑄 cos𝜃𝜃 ,𝑄𝑄 sin𝜃𝜃} 

 

(13) 

𝐷𝐷 = {𝐿𝐿 cos𝛼𝛼 , 𝐿𝐿 sin𝛼𝛼} 

 

(14) 

 

Equate equations (13) & (14): 

�𝐶𝐶𝑥𝑥,𝐶𝐶𝑦𝑦� − {𝑄𝑄 cos𝜃𝜃 ,𝑄𝑄 sin𝜃𝜃} = {𝐿𝐿 cos𝛼𝛼 , 𝐿𝐿 sin𝛼𝛼} 

or 𝐿𝐿 =
𝐶𝐶𝑥𝑥 − 𝑄𝑄 cos𝜃𝜃

cos𝛼𝛼
 

 

(15) 

and 
𝐿𝐿 =

𝐶𝐶𝑦𝑦 − 𝑄𝑄 sin𝜃𝜃
sin𝛼𝛼

 

 

(16) 
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Equate equations (15) & (16) and solve for 𝑄𝑄: 

𝑄𝑄 =
𝐶𝐶𝑦𝑦 cot𝛼𝛼 − 𝐶𝐶𝑥𝑥

sin𝜃𝜃 cot𝛼𝛼 − cos𝜃𝜃
 

 

(17) 

1.2.3. Area Calculation 

𝐴𝐴 =
1
2
‖𝐵𝐵 × 𝐷𝐷‖ +

1
2
‖(𝐷𝐷 − 𝐵𝐵) × (𝐶𝐶 − 𝐵𝐵)‖ 

𝐴𝐴 =
1
2
�𝐵𝐵𝑥𝑥𝐷𝐷𝑦𝑦 − 𝐵𝐵𝑦𝑦𝐷𝐷𝑥𝑥� +

1
2
�(𝐷𝐷𝑥𝑥 − 𝐵𝐵𝑥𝑥)(𝐶𝐶𝑦𝑦 − 𝐵𝐵𝑦𝑦) − (𝐷𝐷𝑦𝑦 − 𝐵𝐵𝑦𝑦)(𝐶𝐶𝑥𝑥 − 𝐵𝐵𝑥𝑥)� 

(18) 

1.2.4. Weight Calculation 
𝑊𝑊 = 𝐴𝐴 ⋅ 𝛾𝛾 
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2. Failure Plane Forces 

2.1. Water Forces 
In RocPlane, water pressure can be applied as Plane Water Pressure (acting on the failure plane and 
tension crack) and/or Ponded Water Pressure (acting on the slopes).  

2.1.1. Ponded Water Force 
In RocPlane it is assumed that the ponded water surface is a horizontal planar surface at some specified 
depth above the base of the slope. RocPlane allows definition of a ponded water depth greater than or 
equal to zero. 

The water pressure is assumed to be zero along the ponded water surface. The magnitude of the 
pressure is determined based on the vertical distance from the ponded surface. The maximum water 
pressure has a value of 𝛾𝛾𝑤𝑤𝐻𝐻𝑤𝑤. In this case, 𝐻𝐻𝑤𝑤 is the vertical distance between the wedge toe and the 
ponded water surface. The pressure and force along the slope face is computed as: 

Case 1: Slope Face Partially Wetted by Ponded Water (0 ≤ 𝐻𝐻𝑤𝑤 < 𝐵𝐵𝑦𝑦) 

𝑃𝑃1 = 𝛾𝛾𝑤𝑤𝐻𝐻𝑤𝑤 

𝑃𝑃2 = 0 

 

𝐿𝐿𝑤𝑤1 =
𝐻𝐻𝑤𝑤

sin𝛽𝛽
 

 

𝑈𝑈𝑥𝑥
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

𝑃𝑃1 + 𝑃𝑃2
2

𝐿𝐿𝑤𝑤1 sin𝛽𝛽 

𝑈𝑈𝑦𝑦
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = −

𝑃𝑃1 + 𝑃𝑃2
2

𝐿𝐿𝑤𝑤1 cos𝛽𝛽 

 

Case 2: Upper Face Partially Wetted by Ponded Water (𝐵𝐵𝑦𝑦 ≤ 𝐻𝐻𝑤𝑤 < 𝐶𝐶𝑦𝑦) 

𝑃𝑃1 = 𝛾𝛾𝑤𝑤𝐻𝐻𝑤𝑤 

𝑃𝑃2 = 𝛾𝛾𝑤𝑤�𝐻𝐻𝑤𝑤 − 𝐵𝐵𝑦𝑦� 

𝑃𝑃3 = 0 

 

𝐿𝐿𝑤𝑤1 =
𝐵𝐵𝑦𝑦

sin𝛽𝛽
 

𝐿𝐿𝑤𝑤2 =
𝐻𝐻𝑤𝑤 − 𝐵𝐵𝑦𝑦

sin𝜓𝜓
 

 

𝑈𝑈𝑥𝑥
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

𝑃𝑃1 + 𝑃𝑃2
2

𝐿𝐿𝑤𝑤1 sin𝛽𝛽 +
𝑃𝑃2 + 𝑃𝑃3

2
𝐿𝐿𝑤𝑤2 sin𝜓𝜓 

𝑈𝑈𝑦𝑦
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = −

𝑃𝑃1 + 𝑃𝑃2
2

𝐿𝐿𝑤𝑤1 cos𝛽𝛽 −
𝑃𝑃2 + 𝑃𝑃3

2
𝐿𝐿𝑤𝑤2 cos𝜓𝜓 
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Case 3: Upper Face Fully Submerged by Ponded Water (𝐻𝐻𝑤𝑤 ≥ 𝐶𝐶𝑦𝑦) 

𝑃𝑃1 = 𝛾𝛾𝑤𝑤𝐻𝐻𝑤𝑤 

𝑃𝑃2 = 𝛾𝛾𝑤𝑤�𝐶𝐶𝑦𝑦 − 𝐵𝐵𝑦𝑦� 

𝑃𝑃3 = 𝛾𝛾𝑤𝑤�𝐻𝐻𝑤𝑤 − 𝐶𝐶𝑦𝑦� 

 

𝐿𝐿𝑤𝑤1 =
𝐵𝐵𝑦𝑦

sin𝛽𝛽
 

𝐿𝐿𝑤𝑤2 =
𝐶𝐶𝑦𝑦 − 𝐵𝐵𝑦𝑦

sin𝜓𝜓
 

 

𝑈𝑈𝑥𝑥
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

𝑃𝑃1 + 𝑃𝑃2
2

𝐿𝐿𝑤𝑤1 sin𝛽𝛽 +
𝑃𝑃2 + 𝑃𝑃3

2
𝐿𝐿𝑤𝑤2 sin𝜓𝜓 

𝑈𝑈𝑦𝑦
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = −

𝑃𝑃1 + 𝑃𝑃2
2

𝐿𝐿𝑤𝑤1 cos𝛽𝛽 −
𝑃𝑃2 + 𝑃𝑃3

2
𝐿𝐿𝑤𝑤2 cos𝜓𝜓 

 

Where: 

𝑃𝑃1,𝑃𝑃2,𝑃𝑃3 are the ponded water pressures along the slope 

𝛾𝛾𝑤𝑤  is the unit weight of ponded water 

𝐻𝐻𝑤𝑤   is the depth of ponded water above the toe 

𝐿𝐿𝑤𝑤  is the wetted length 

𝑈𝑈𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  is the slope plane ponded water force 

𝐵𝐵𝑦𝑦  is the vertical coordinate of the intersection point, slope & bench 

𝐶𝐶𝑦𝑦   is the vertical coordinate of the intersection point, failure plane & bench 

 

2.1.2. Plane Water Force – No Tension Crack 
Case 1: Maximum Pressure Mid Height 

 

0 ≤  𝑍𝑍𝑤𝑤 ≤ 𝐿𝐿 sin𝛼𝛼 

𝐿𝐿𝑤𝑤 =
𝑍𝑍𝑍𝑍
𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼

 

𝑃𝑃 =
1
2
𝑍𝑍𝑤𝑤𝛾𝛾𝑤𝑤 

 

 

𝑈𝑈 =
1
2
𝑃𝑃 ⋅ 𝐿𝐿𝑤𝑤 =

1
2
�

1
2
𝑍𝑍𝑤𝑤 ⋅ 𝛾𝛾𝑤𝑤� �

𝑍𝑍𝑤𝑤
sin𝛼𝛼

�

=  
𝑍𝑍𝑤𝑤2 ⋅ 𝛾𝛾𝑤𝑤
4 𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼

 

 

(19) 
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Where: 

𝑍𝑍𝑤𝑤  is the height of water on the failure plane 

𝐿𝐿𝑤𝑤 is the wetted length 

𝑃𝑃 is the maximum water pressure 

𝑈𝑈 is the failure plane water force 

 
Case 2: Maximum Pressure at Toe 

 

 

𝐿𝐿𝑤𝑤 =
𝑍𝑍𝑤𝑤

sin𝛼𝛼
 

𝑃𝑃 = 𝛾𝛾𝑍𝑍𝑤𝑤 

 

 

𝑈𝑈 =
1
2
𝑃𝑃 ⋅ 𝐿𝐿𝑤𝑤 =

1
2

(𝛾𝛾 ⋅ 𝑍𝑍𝑤𝑤) �
𝑍𝑍𝑤𝑤

sin𝛼𝛼
� 

𝑈𝑈 =
𝑍𝑍𝑤𝑤2 ⋅ 𝛾𝛾𝑤𝑤
2 sin𝛼𝛼

 

 

(20) 

2.1.3. Plane Water Force – Tension Crack 
Case 1: Maximum Pressure Mid Height 

 

𝑍𝑍𝑡𝑡 = 𝑍𝑍𝑤𝑤 − 𝑍𝑍𝑓𝑓 

𝑍𝑍𝑓𝑓 = 𝐷𝐷𝑦𝑦 = 𝐿𝐿 sin𝛼𝛼 
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Where: 

𝑍𝑍𝑡𝑡 is the height of water on the tension crack 

𝑍𝑍𝑓𝑓  is the height of water on the failure plane 

𝐿𝐿 is the failure plane length 

𝑈𝑈 is the failure plane water force 

𝑉𝑉 is the tension crack water force 

 
Type A:  If 𝑍𝑍𝑤𝑤 ≤ 𝑍𝑍𝑓𝑓 

𝑈𝑈 =
𝑍𝑍𝑤𝑤2 ⋅ 𝛾𝛾𝑤𝑤
4 sin𝛼𝛼

 

𝑉𝑉 = 0 

(21) 

Type B:  If 𝑍𝑍𝑤𝑤 > 𝑍𝑍𝑓𝑓 and 𝑍𝑍𝑤𝑤
2

< 𝑍𝑍𝑓𝑓 

𝐿𝐿1 =
𝑍𝑍𝑤𝑤

2 sin𝛼𝛼
 

𝐿𝐿2 = 𝐿𝐿 − 𝐿𝐿1 

𝑃𝑃1 =
1
2
𝑍𝑍𝑤𝑤 ⋅ 𝛾𝛾𝑤𝑤 

𝑃𝑃2 = 𝛾𝛾𝑤𝑤 ⋅ 𝑍𝑍𝑡𝑡 

𝑈𝑈 =
1
2
𝑃𝑃1 ⋅ 𝐿𝐿1 +

1
2

(𝑃𝑃1 + 𝑃𝑃2)𝐿𝐿2 

𝑉𝑉 =
𝑍𝑍𝑡𝑡2 ⋅ 𝛾𝛾𝑤𝑤
2 sin𝜃𝜃

 

 

𝐿𝐿2 = 𝐿𝐿 − 𝐿𝐿1 

 

(22) 

Type C:  If 𝑍𝑍𝑤𝑤 > 𝑍𝑍𝑓𝑓 and 𝑍𝑍𝑤𝑤
2
≥ 𝑍𝑍𝑓𝑓 

 

𝑃𝑃3 = 𝛾𝛾 ⋅ 𝑍𝑍𝑓𝑓 

𝑃𝑃4 =
1
2
𝛾𝛾 ⋅ 𝑍𝑍𝑤𝑤 

 

𝐿𝐿3 =
�𝑍𝑍𝑤𝑤2 − 𝑍𝑍𝑓𝑓�

sin𝜃𝜃
 

𝐿𝐿4 =
𝑍𝑍𝑤𝑤

2 sin𝜃𝜃
 

 

𝑈𝑈 =
1
2
𝐿𝐿 ⋅ 𝑃𝑃3 

(23) 
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𝑉𝑉 =
1
2

(𝑃𝑃3 + 𝑃𝑃4)𝐿𝐿3 +
1
2
𝑃𝑃4𝐿𝐿4 

 

Case 2: Maximum Pressure at Toe 

 

𝑃𝑃5 = 𝛾𝛾 ⋅ 𝑍𝑍𝑡𝑡 

𝑃𝑃6 = 𝛾𝛾 ⋅ 𝑍𝑍𝑤𝑤 

 

𝐿𝐿5 =
𝑍𝑍𝑡𝑡

sin𝜃𝜃
 

 

𝑈𝑈 =
1
2

(𝑃𝑃5 + 𝑃𝑃6)𝐿𝐿 

𝑉𝑉 =
1
2
𝑃𝑃5 ⋅ 𝐿𝐿5 

 

(24) 

Case 3: Maximum Pressure at Base of Tension Crack 

 

𝑍𝑍𝑡𝑡 = 𝑍𝑍𝑤𝑤 − 𝑍𝑍𝑓𝑓 

 

 

𝑃𝑃7 = 𝛾𝛾 ⋅ 𝑍𝑍𝑡𝑡 

 

𝐿𝐿7 =
𝑍𝑍𝑡𝑡

sin𝜃𝜃
 

 

𝑈𝑈 =
1
2
𝑃𝑃7 ⋅ 𝐿𝐿 

𝑉𝑉 =
1
2
𝑃𝑃7 ⋅ 𝐿𝐿7 

 

(25) 

Note: The above applies to cases where either no ponded water exists or ponded water exists, 
but Slope Surface Type is set to Impervious. The plane water pressure is computed independent 
of the ponded water surface.  

In RocPlane, when both ponded water and plane water exists and the Slope Surface Type is set to 
Pervious, the water table is defined by a combination of water surface planes consisting of the plane 
water surfaces and the ponded water surface. The plane water surface is defined by a plane parallel to 
the upper face and a plane coinciding with the slope face.  

Where the elevations of the wetted plane extents are below the ponded water elevation, water pressure 
magnitudes are computed based on the vertical distance from the ponded water elevation. Where the 
elevations of the wetted joint extents are above the ponded water elevation, water pressure magnitudes 
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are computed based on the vertical distance from the plane water surfaces. The plane water pressure is 
computed wherever the depth of water does not vary linearly, at: 

• At the toe of the wedge 
• Directly below where the ponded water surface intersects the slope or upper face 
• Directly below the slope crest 
• At the top of the wedge 
• At the base of the tension crack (if applicable) 

2.2. External Force 

 
 

𝐸𝐸𝑥𝑥 = 𝐸𝐸 ⋅ cos 𝛿𝛿 
𝐸𝐸𝑦𝑦 = 𝐸𝐸 ⋅ sin 𝛿𝛿 

2.3. Seismic Force 

 

𝑆𝑆 = 𝑊𝑊𝑦𝑦 ⋅ 𝛼𝛼𝑠𝑠 

 
𝑊𝑊𝑦𝑦 = −𝑊𝑊 

𝑆𝑆𝑥𝑥 = 𝑆𝑆 ⋅ cos𝛺𝛺 

𝑆𝑆𝑦𝑦 = 𝑆𝑆 ⋅ sin𝛺𝛺 

 

Where: 

𝑆𝑆  is the seismic force 

𝛼𝛼𝑠𝑠  is the seismic coefficient 

𝑊𝑊  is the weight of wedge 

𝑊𝑊𝑦𝑦  is the directional weight component 
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2.4. Bolt Force 

 

Active Bolt Force: 

𝐽𝐽𝑥𝑥 = 𝐽𝐽 ⋅ cos𝛥𝛥𝑎𝑎 

𝐽𝐽𝑦𝑦 = −𝐽𝐽 ⋅ sin𝛥𝛥𝑎𝑎 

Passive Bolt Force: 

𝐾𝐾𝑥𝑥 = 𝐾𝐾 ⋅ cos𝛥𝛥𝑝𝑝 

𝐾𝐾𝑦𝑦 = −𝐾𝐾 ⋅ sin𝛥𝛥𝑝𝑝 

Where: 

𝐽𝐽 is the active bolt force 

𝛥𝛥𝑎𝑎 is the active bolt angle 

𝐾𝐾 is the passive bolt force 

𝛥𝛥𝑝𝑝 is the passive bolt angle 

 
2.5. Active Water Force (Tension Crack Water Force) 

𝑉𝑉𝑥𝑥 = −𝑉𝑉 ⋅ sin𝜃𝜃 

𝑉𝑉𝑦𝑦 = 𝑉𝑉 ⋅ cos𝜃𝜃 

Where: 

𝑉𝑉 is the tension crack water force 

2.6. Normal Force and Shear Force on Failure Plane 

 

𝑊𝑊𝑦𝑦 = −𝑊𝑊 

Where: 

𝑊𝑊 is the wedge weight 

 
Active Forces Only: 
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�𝐹𝐹𝑦𝑦 ↑+ 𝐹𝐹𝑦𝑦 = 𝑊𝑊𝑦𝑦 + 𝐸𝐸𝑦𝑦 + 𝑆𝑆𝑦𝑦 + 𝐽𝐽𝑦𝑦 + 𝑉𝑉𝑦𝑦 + 𝑈𝑈𝑦𝑦
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

𝐹𝐹𝑦𝑦 = −𝐴𝐴 ⋅ 𝛾𝛾 − 𝐸𝐸 ⋅ sin 𝛿𝛿 − 𝑆𝑆 ⋅ sin𝛺𝛺 − 𝐽𝐽 ⋅ sin𝛥𝛥𝑎𝑎 + 𝑉𝑉 ⋅ cos𝜃𝜃 + 𝑈𝑈𝑦𝑦
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

(26) 

�𝐹𝐹𝑥𝑥 →+ 𝐹𝐹𝑥𝑥 = 𝐸𝐸𝑥𝑥 + 𝑆𝑆𝑥𝑥 + 𝐽𝐽𝑥𝑥 + 𝑉𝑉𝑥𝑥 + 𝑈𝑈𝑥𝑥
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

𝐹𝐹𝑥𝑥 = 𝐸𝐸 ⋅ 𝑐𝑐𝑐𝑐𝑠𝑠 𝛿𝛿 − 𝑆𝑆 ⋅ 𝑐𝑐𝑐𝑐𝑠𝑠 𝛺𝛺 + 𝐽𝐽 ⋅ 𝑐𝑐𝑐𝑐𝑠𝑠 𝛥𝛥𝑎𝑎 − 𝑉𝑉 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 + 𝑈𝑈𝑥𝑥
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

(27) 

 
𝑁𝑁 = −�𝐹𝐹𝑦𝑦 + 𝐾𝐾𝑦𝑦� cos𝛼𝛼 + (𝐹𝐹𝑥𝑥 + 𝐾𝐾𝑥𝑥) sin𝛼𝛼 − 𝑈𝑈 

 

(28) 

𝑆𝑆 = −𝐹𝐹𝑦𝑦 ⋅ sin𝛼𝛼 − 𝐹𝐹𝑥𝑥 ⋅ cos𝛼𝛼 

 

(29) 

2.7. Shear Strength on Failure Plane 

 

Strength Criterion: Mohr Coulomb 

𝜏𝜏 = 𝑐𝑐 ⋅ 𝐿𝐿 + 𝑁𝑁 ⋅ tan𝜙𝜙 + 𝐾𝐾𝑥𝑥 ⋅ cos𝛼𝛼 + 𝐾𝐾𝑦𝑦 ⋅ sin𝛼𝛼���������������
𝑝𝑝𝑎𝑎𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝 𝑏𝑏𝑝𝑝𝑏𝑏𝑡𝑡

 (30) 

Where: 

𝑐𝑐  is the cohesion 

𝑁𝑁  is the normal force 

𝜙𝜙  is the friction angle 

𝐿𝐿  is the length of failure surface 
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3. Factor of Safety 
 

FS =
𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠𝑠𝑠𝑟𝑟 𝑓𝑓𝑐𝑐𝑟𝑟𝑐𝑐𝑟𝑟𝑠𝑠
𝑑𝑑𝑟𝑟𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝑟𝑟 𝑓𝑓𝑐𝑐𝑟𝑟𝑐𝑐𝑟𝑟𝑠𝑠

 

 

FS =
𝑠𝑠ℎ𝑟𝑟𝑒𝑒𝑟𝑟 𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑟𝑟ℎ
𝑠𝑠ℎ𝑟𝑟𝑒𝑒𝑟𝑟 𝑓𝑓𝑐𝑐𝑟𝑟𝑐𝑐𝑟𝑟

=
𝜏𝜏
𝑆𝑆
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