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Geotechnical analysis: procedure & calculations

The design of a mechanically stabilized earth (MSE) wall includes two types of calculations: sizing for (1) external stability and (2) internal stability. The general calculation procedure, which is described by Koerner (1998), among others, is as follows:

( A reinforcement length is assumed, which in turn determines the width of the wall (a preliminary pullout analysis for a reinforcement level at wall mid-height may be necessary for giving some idea of an average required reinforcement length). 

( The calculations for external stability (sliding, overturning, bearing capacity, general stability) are performed to determine whether the assumed wall width is adequate; if not, calculations are repeated to determine the minimum required wall width (and hence reinforcement length).

( A reinforcement vertical spacing is assumed. The calculations for internal stability-tension failure are performed at each reinforcement level for the minimum required length to determine the required tensional resistance and whether vertical spacing is adequate. Hence, the results from tension analysis will guide the selection of the specific reinforcement product. Calculations for internal stability-pullout failure are performed to determine the required length at each elevation behind the wall. 

For all the above calculations, it is necessary to determine first the earth pressures on the wall. Depending on the emphasis of the course, the instructor can focus on reinforcement-related calculations (internal stability) or retaining wall calculations (external stability).
[6]
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Calculation of earth pressures & weights

Analyses were carried out for the cross section where the height of the MSE Wall is the maximum (12.0m). An average slope inclination of δi=12( from the top of the wall was assumed for the embankment, since the embankment has a finite length. The solid body considered, consisting of the wall facing and the reinforced mass, is shown on Figure 2. It is a rectangle with dimensions 6.5m by 12m, tilted inwards at an angle of 5(. Whereas final reinforcement lengths vary along the height of the wall, wall width was assumed equal to a representative length of Lo = 6.5 m.


[image: image36.wmf]
Figure 2. Hand sketch of the wall and the forces considered for the calculations of external stability, including earth pressures (part of the calculations included in the appendix of the project report).

The values for the parallel- and perpendicular-to-the-wall-base weight components are:

W1per = 1554 kN/m, W1par = 136 kN/m, W2per = 199 kN/m, W2par = 17 kN/m

The forces resulting from earth pressures and exerted on the back of the wall are as follows: 
PA1:

the thrust of the backfill material over a height of H1+H2 (2m embankment + 5m backfill), 

PA2+PA3:
the thrust of siltstone over a height of H3=7m, and 

PA4:
the thrust of traffic load q = 20kN/m2, which is assumed to be transferred only through the backfill material. 

Static case

One of the most basic steps in an analysis of a reinforced earth retaining wall is the calculation of the lateral earth pressures. The two textbooks consulted with sections on reinforced retaining structures (Das 1998; Koerner, 1998) provide examples where lateral earth pressures are calculated for the assumption of a smooth wall (Rankine’s theory). This conservative assumption is not realistic for a reinforced earth wall, but simplifies the calculations of both the earth pressure coefficients and the resulting forces, which act perpendicular to the wall back.

1) Calculation of backfill (b) earth pressures

Summary of assumptions

( coefficient of active earth pressure calculated according to Coulomb’s theory for the thrust of a cohesionless material against a rough wall (backfill’s cohesion was neglected)

( backfill pressure is inclined at an angle equal to the slope for the top soil, δb =12ο
The coefficient of active earth pressure for the backfill (PA1, PA4 in Figure 2) is calculated as [e.g., Equation 11.10 in Kramer (1996)]:
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(1)

where:

φb = 28ο
θ = 5ο (inclination of wall from the vertical axis)

β = δi = 12ο (assumed slope of soil on top of wall)

Note on assumption. Lateral earth thrusts PA1 and PA4 were assumed to be inclined at an angle δi (equal to the assumed slope for the embankment) from the normal to the back of the wall, due to the presence of the embankment on top of the wall (Bowles, 1996, p. 599; Elias & Christopher, 1997).  This assumption corresponds to a more conservative analysis, since it results in a larger horizontal coefficient of lateral earth thrust acting on the wall (compared to the usual assumption that the lateral earth pressure is inclined at the angle of friction between the soil and the wall).

2) Calculation of siltstone (s) earth pressures

Summary of assumptions

( coefficient of active earth pressure calculated according to Rankine’s theory

( siltstone was treated as an equivalent frictional material with a friction angle of φseq=40° (considering the Mohr circles for the siltstone and for this cohesionless equivalent material, both materials exhibit the same shearing resistance for the stress level at the wall base) 

( the embankment on top of the wall and the inclination of the wall towards the vertical axis do not affect the lateral earth thrusts from the siltstone

( siltstone pressure is inclined at an angle δs = 2φseq/3  [a common estimate, see Bowles (1996), p.  599, Example 11-1], despite smooth-wall assumption of Rankine’s theory

The coefficient of active earth pressure for the siltstone (PA2, PA3 in Figure 2) was calculated as: 

KAs=tan2(45-φseq/2) 






(2)

3) Calculations of forces acting on the wall

Summary of assumptions

( The influence of the traffic load q was only considered through its corresponding thrust (PA4), but neglected in the calculations of the forces that act perpendicular (and parallel) to the wall base. This is a conservative approach recommended for live loads by Mitchell and Villet (1987). 

( The passive earth pressure at the toe (see Figure 1) and the increased shear strength of the sliding gabions (relatively to the shear strength of the sliding soil) were ignored.

Therefore, the lateral earth thrusts acting on the MSE wall are (results are presented in the directions perpendicular and parallel to the base of the wall):

PA1 = ½ · KAb · γb · (H1+H2)2
(backfill soil, 
PA1par = 167 kN/m, PA1per = 36 kN/m)
PA2 = KAs · [γb · (H1+H2)] xH3 (siltstone, 
PA2par = 190 kN/m, PA2per = 96 kN/m)

PA3 = ½ · KAs · γs · H32 
(siltstone, 
PA3par = 114 kN/m, PA3per = 58 kN/m)

PA4 = KAb · q · (H1+H2)] 
(traffic load, 
PA4par = 48 kN/m, PA4per = 10 kN/m)

Seismic case

The active earth pressures for seismic stability were calculated with the Mononobe-Okabe method, which considers additional pseudostatic horizontal and vertical forces, with magnitudes related to the mass of the failing soil and pseudostatic accelerations αh=khg and αv=kvg, thus introducing an additional angle in Coulomb’s equation:

 ψ = tan-1[kh/(1-kv)] 








(3)

[e.g., Equation 11.16 in Kramer (1996)]. The maximum seismic acceleration is expressed as α=kg. According to the Greek Seismic Code, for the Metsovo area, k = 0.16. The code further specifies a coefficient qw=1.5 for a flexible structure such as a reinforced soil wall. With this information, the coefficients of the Mononobe-Okabe method are as follows: kh=k/qw =0.107 and kv= 0.3k =0.048. 
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1) Coefficient of seismic earth pressure for backfill (b)
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2) Coefficient of seismic earth pressure for siltstone (s)
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where:

φs = φseq= 40ο
δs = 2φseq/3= 26.7ο (soil to wall friction angle)

As in the static case, for siltstone it is assumed that θ = β = 0(. Introducing further conservatism, it was also assumed that δs = 0(.

3) Calculation of forces

According to the Greek Seismic Code (EAK), in case of an earthquake the weight of the wall is analyzed in a horizontal and a vertical component:

W1H = W1·kh  = 166 kN/m

W1v = W1· (1-kv)  = 1485 kN/m

W2H = W2·kh  = 21 kN/m

W2v = W2· (1-kv) = 190 kN/m

The seismic lateral earth thrusts acting on the MSE wall are:

PAE1 = ½ · KAEb ·γb · (H1+H2)2 · (1-kv) 
( PAE1par = 212 kN/m, PAE1per = 45 kN/m 

PAE2 = KAEs · [γb · (H1+H2)] ·H3 · (1-kv)   
( PAE2par = 229 kN/m, PAE2per = 115 kN/m
PAE3 = ½ · KAEs · γs · H32 · (1-kv)   

( PAE3par = 138 kN/m, PAE3per = 69 kN/m
PAE4 = KAEb · q · (H1+H2)] · (1-kv) (q = 10kPa for earthquake) 









( PAE4par = 30 kN/m, PAE4per = 6 kN/m
External stability

As mentioned, analyses were carried out for the cross section where the height of the MSE Wall is the maximum (12.0m). The solid body considered, consisting of the wall facing and the reinforced mass, is shown on Figure 2. It is a rectangle with dimensions 6.5m by 12m, tilted inwards at an angle of 5(. Whereas final reinforcement lengths vary along the height of the wall, wall width was assumed equal to a representative length of B = Lo = 6.5 m.

Sliding

Static case

The calculated factor of safety for sliding along the wall base is 
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where the symbols in the above equation are as listed below:

ΣPR: forces resisting sliding along the wall base

ΣPD: forces driving sliding along the wall base

cb: cohesion of the backfill material

B: width of wall = 6.50m

N: the sum of the forces acting perpendicular to the wall base

δsl:  angle of friction along the wall base, assumed to be equal to 2φb /3*
Fsl: the parallel-to-the-base component of the thrust on the back of the wall (PA1, PA2, PA3, PA4) minus the same component of the wall weight (W1, W2).

* Note on assumption
Das (1998) recommends a value equal to 2φb/3, Koerner (1998) mentions that δsl will be smaller than φb and considers it a given in a solved example, whereas Mitchell & Villet (1987) recommend the lower friction angle of the two sliding surfaces.
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F.S.sl = 1.89>1.50

Seismic case
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F.S.EQsl = 1.05>1.00

Overturning
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(7)

ΣMresisting: sum of moments at the toe of the wall that contribute to its stability (from the weight of the wall, the soil on the top of the wall and the vertical component of the active earth pressure at the back of the wall)

ΣMoverturning: sum of moments at the toe of the wall that tend to cause overturning (from the horizontal component of the active earth pressure)

Static case
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where x: the horizontal distance of W2 from the toe of the wall


y: the vertical distance of W2 from the crest of the wall

F.S.over = 2.73>2.00

Seismic case
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F.S.EQover = 1.73>1.50

Bearing capacity

The bearing capacity of rock was calculated from the Buisman-Terzaghi equation:
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(8)

Nc, Nq, Nγ: bearing capacity factors (as a function of friction angle, φ΄)
Cc, Cγ: shape factors 

γ1΄, γ2΄: unit weight of soil above and below foundation level

B: width of foundation (=length of reinforcement = 6.50m)

The 2nd term of the equation was ignored since D=0 (foundation depth).

The eccentricity of the foundation was calculated as follows:
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(9)

N: vertical force at the base of the wall

ΣMresisting, ΣMoverturning are the same with the check against overturning (paragraph ii). 

The vertical stress at the base (assuming a Meyerhof distribution) is:

For e < B/6, 
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For e ( B/6, 
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The factor of safety for bearing capacity is:
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Static case
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F.S.B.C. = 3.40>2.00
Seismic case
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F.S.EQB.C. = 2.66>1.50

Overall stability

Overall stability was determined using rotational analyses using Bishop’s slope stability analysis method. The calculations were done using the “Slide v.5.0” computer software from Rocscience, Toronto.

The MSE wall was considered as a rigid body with a width equal to the length of the reinforcements. Failure surfaces were considered for outside the wall and also for inside the wall, since there were changes in geogrids inside the wall.

It should be mentioned that for conservatism, the tensional strength of the geogrids was considered as 50 kN/m (for the first five rows) and 130 kN/m for the rest (it is noted that internal stability analyses indicated a maximum required strength of 113.3 kN/m, while the final product chosen for the entire wall has a tensile strength of 150 kN/m).

Summary of analyses for external stability

Table 4. Factors of safety, FS, from the calculations for external stability.

	
	Static FS
	Seismic FS

	
	Needed
	Actual
	Needed
	Actual

	Sliding
	1.5
	1.89
	1
	1.05

	Over-turning
	2
	2.73
	1.5
	1.73

	Bearing capacity
	3
	5.29
	2
	2.66

	Overall stability*
	1.4
	3.51a 1.41b
	1
	2.91a 1.28b


*for surface failure 
a beneath the toe wall

 


b crossing the reinforcements

Internal stability

Tension analysis

The tensional strength of the reinforcement (expressed in kN/m) should be greater than the tensional force per meter (FH) applied to it, which is calculated as follows:
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where the symbols in Eq. 13 are as listed below:

σh: horizontal stress at the reinforcement level

Sv: vertical spacing of reinforcements

Rc: horizontal coverage ratio of reinforcements (equal to 1 for continuous placement of the geogrid).

Static Case

The horizontal stress at the reinforcement level is calculated in reference to the vertical stress σv as:
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(14)

where KA is the active earth pressure coefficient. Note that Equation 14 is a simplified version of the active coefficient of earth pressures, which assumes (i) no wall friction, (ii) β = 0 and (iii) θ < 10( (see Elias & Christopher, 1997, p. 115-116). [Note that if θ > 10(, a simplified form of the Coulomb equation is used (equation 38, p. 116 in Elias & Christopher, 1997)].

The vertical stress is in turn calculated in reference to the sketch shown on Figure 3 (backfill).
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Figure 3. Forces acting on reinforced soil element next to backfill.

The forces acting on the reinforcement are:

PA1 = ½ · KAb · γb · z22 
PA4 = KAb · q · z2

(traffic load)

W1 = γb·Lo·( z2-H1)  

W2 = same as in the external stability analysis, since it is constant for each level

where 0< z2 ≤ H1+H2 (for the backfill).

Note on assumption

It is worth noting that according to calculations in textbooks (e.g., Koerner, 1998) the vertical stress at the reinforcement is simply: σv = γz+q. For the more conservative approach followed herein, which takes into account that the vertical stress is greater than the overburden pressure due to the eccentricity introduced by the lateral earth pressures (Mitchell and Villet, 1987), σv at each reinforcement level is calculated as:
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where the symbols in Eq. 15 are as listed below:

NR: vertical force acting on the reinforcement (this is the sum of the vertical components of forces shown on Figure 3)

Lo: length of reinforcement (= 6.5 m)

e: eccentricity, for e=Σ Mv/NR, and Mv = moments over the vertical axis of symmetry of the reinforcement.

A similar analysis was performed for siltstone, for reinforcement levels below level z3, where H1+H2< z3 ≤ H1+H2+H3 and the forces acting on each reinforcement were (see Figure 4):
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Figure 4. Forces acting on reinforced soil element next to siltstone.

PA2 = KAs · [γb · (H1+H2)] · z3 

PA3 = ½ · KAs · γs · (z3/2)2 

W1 = γb·Lo·( z3+H2)

W2 = same as in the external stability analysis, since it is constant for each level

Seismic Case

The horizontal stress at the reinforcement level is calculated in reference to the vertical stress σv as:

 
σh = ΚΑΕ·σv 







(16)

where KAΕ is the dynamic active earth pressure coefficient from the Mononobe – Okabe Method. The vertical stress is in turn calculated in reference to the sketch shown on Figure 5.
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Figure 5. Forces acting on reinforced soil element next to backfill (seismic case).

The seismic lateral earth thrusts acting on each reinforcement level are:

PAE1 = ½ · KAEb ·γb · z22 · (1-kv)
  (backfill)

PAE2 = KAEs · [γb · (H1+H2)] ·z3 · (1-kv) (siltstone)   

PAE3 = ½ · KAEs · γs · z32 · (1-kv)
  (siltstone)      

PAE4 = KAEb · q · z2 · (1-kv)

  (traffic load)

The weight of the wall is analyzed in a horizontal and a vertical component, similar to the external stability analysis:

W1H = W1·kh 
W1v = W1· (1-kv) 
W2H = W2·kh 
W2v = W2· (1-kv) 
The vertical stress σv at each reinforcement level is calculated using Eq. (15).

Pullout analysis

The minimum length of the reinforcement should be [Koerner, 1998, equation (3.4) and example (3.10]:
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(17)

FSP.O. = 1.5 (factor of safety against pullout)

Ci = dimensionless interaction coefficient between reinforcement and soil (assumed to be equal to 0.8)

φb = friction angle of backfill 

Rc = coverage ratio (=1)

γZp = overburden pressure = γbZp
Le = length of embedment in the resisting zone

Note that in pullout analysis, the friction of the soil between the reinforcements is used in order to calculate the length of the reinforcements. The soil between the reinforcements is the same material with the backfill material, therefore we use φb in equation (17).

The total length of each reinforcement required for internal stability is:

Ltot = Le + La

  




(18)

where the length inside the active zone La =  H tan(45o – φb/2), H is the distance between the base of the wall and the level of the reinforcement in question.

Static case

(h is calculated from (v as in tensional analysis for Lo = 6.5m.

Seismic case

(h is calculated from (v as in tensional analysis. In addition, the friction resistance is multiplied in the seismic case by 0.8 (Elias & Christopher, 1997).

Internal stability calculations and results

The calculations for internal stability were performed in an Excel spreadsheet because they must be repeated for every reinforcement depth and until a suitable spacing Sv is determined. The calculations for tensile failure under static conditions indicated that reinforcement was necessary below an elevation of 6.5m from the top of the wall; above that elevation the tensional strength of the wire mesh was adequate (see 5_Construction-design considerations). The calculations for seismic stability in addition indicated the need to place reinforcement every 0.5m below the elevation of 8.5m from the top of the wall (for a total of six rows). The maximum tensile force was calculated at the elevation of 8.5m from the top of the wall and was equal to 113.3kN/m. This requirement is met with ParaGrid( 150/15, which has a longitudinal tensile strength of 150kN/m. 

Table 5 summarizes the results of the analyses for internal stability for the seismic case. According to the results shown on this table, ParaGrid( 100/15 would be adequate for the reinforcements at 7.5, 10.5, 11 and 11.5m and ParaGrid( 80/15 for the remaining elevations, even without taking into account the contribution of the wire mesh. As a result, the average factor of safety against tensile failure for the entire wall is above 1.5. For ease of construction, the same reinforcement product was placed in all elevations. The results of pullout analysis indicated that reinforcements were also needed close to the top of wall (although not required from a tensional strength perspective).



Table 5. Summary of calculation results for internal stability (seismic case).

	Reinforcement level from

top of wall

(m)
	Total length

of reinforcement,

Ltot*
(m)
	Tensional strength

   required**
(kN/m)

	0.5
	8.5
	16.3

	1.5
	8.5
	22.6

	2.5
	8.5
	28.5

	3.5
	8.5
	37.5

	4.5
	8.5
	47.5

	5.5
	6.5
	64.1

	6.5
	6.5
	78.4

	7.5
	6.5
	94.7

	8.5
	6.5
	113.3

	9.0
	6.5
	61.9

	9.5
	5.0
	67.5

	10.0
	5.0
	73.6

	10.5
	5.0
	80.4

	11.0
	5.0
	87.8

	11.5
	5.0
	96.0


* From pullout analysis

** From tension analysis, for Lo = 6.5m
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