EMBANKMENTS FOR THE LIMERICK TUNNEL APPROACH ROADS: Calculations and Comments

(to be read in conjunction with the narrative of the case study “Highway embankments in installments”, which is given in three parts, A, B and C)
Part A – Cara’s calculations using some parameters from the literature: The parameters used in this part are Cara’s choices from Table 1 of Buggy and Curran (2011), part of which is reproduced as Table A1 on the last page of the case narrative, plus some values picked from the literature. In other words, the instructor does not need to suggest any values to the students, apart from directing them to choose values from Table 1 of Buggy and Curran (2011); all other required values (e.g. unit weights) are embedded in the case narrative.

(Ia) SETTLEMENT CALCULATIONS

Table S1. Values assumed for a first attempt of settlement calculations, using information from the site investigation (SI) or from nearby locations (NL) reported by Buggy and Curran (2011) (B&C 2011), unless otherwise noted.

	Parameter
	Source of the parameter 
	Range of values given in the source
	Value chosen

	Alluvium

	Unit weight, γa
	B&C (2011), SI, Figure 2
	11.8-19.6 kN/m2, average = 15.6 kN/m2
	16 kN/m3

	Moisture content, w%
	B&C (2011), SI, Figure 2
	20-200%, average = 83.9%
	100%


	Specific gravity, Gs
	B&C (2011), SI, Figure 2
	average = 2.63
	2.63

	Void ratio, eo
	Calculated assuming 100% saturation from γa and Gs
	1.59

	Compression index, Cc
	B&C (2011), NL, Table 1 (Limerick Ring Road)
	[Cc /(1+ eo)]=0.1-0.4( for w=40 to 120%
	[Cc /(1+ eo)]= 0.3   (for w=100%)

	Coefficient of volume change, mv
	B&C (2011), NL, Table 1 (Mallow St Bridge, Limerick)
	0.8-1.5 m2/MN
	1 m2/MN = 10-3 m2/kN

	Coefficient of consolidation, cv
	B&C (2011), NL, Table 1 (Limerick Ring Road)
	0.5-4 m2/y
	2 m2/y

	Fill

	Unit weight, γf
	Hypothesized as reasonable value for fill
	20 kN/m2


( Table 1 in B&C (2011) gives Cc =0.1-0.4, i.e. not divided by (1+ eo), but this is clearly an oversight when comparing with Figure 6 from the same article, which gives the virgin compression ratio, Cc /(1+ eo), as a function of moisture content, w.

Calculate initial σo' and final σ1' effective stresses at the middle of the 3-meter alluvial layer, due to a stress increase of Δσ' = 20kN/m3 ( 8.75m = 175kN/m2. The water table is at -1 m.

σo'= 16kN/m3 ( 1m + (16-9.81)kN/m3 ( 0.5m = 19.1kN/m2

σ1'= 19.1kN/m2 + 20kN/m3 ( 8.75m = 194.1kN/m2

AMOUNT OF SETTLEMENT

Settlement calculation using mv
mv = (Ho(H1)/(Ho ( Δσ') ( H1 = Ho ( ( 1– mv ( Δσ') ( H1 = 2.48m ( ΔH = 0.52m
Settlement calculation using Cc
ΔH = [Cc /(1+ eo)]( log (σ1'/ σo')(Ho = [0.3 ]( log (194.1/ 19.1)(3 ( ΔH = 0.91m

The discrepancy between the two values may be due to the fact that mv varies with stress level, whereas Cc is calculated as an average over the stress range covered by the consolidation tests. Order of magnitude of settlement is one meter. Perhaps it can be OK if it doesn’t take too much time to be completed, at which point about another 1m will have to be added for the embankment to have the required height (resulting in some additional settlement of the alluvium).

TIME FOR SETTLEMENT COMPLETION

Regarding drainage conditions for the two faces of the alluvium layer, the glacial till will be considered impermeable. The upper face could provide free drainage, provided that a drainage layer, natural or geosynthetic, is added between the alluvium and the fill. 

Tv = (cv t )/ d2 ( t = (Tv d2)/ cv = (Tv ( 32m2)/ 2 m2/y

From Figure 4.14, pg 120, Knappett & Craig (2012):

for Uv=90% consolidation, Tv = 0.9 ( t = 4.05 y

for Uv=95% consolidation, Tv = 1.05 ( t = 4.73 y

So, the rate of settlement is too slow to fit in an acceptable construction schedule. If some settlement is tolerated (Cara wonders what this limit would be for a highway embankment), then perhaps the settlement time may not be a problem. Cara checks a lower degree of consolidation, Uv=80%, corresponding to a sizeable remaining settlement of 20cm (20% of 1m), which corresponds to Tv = 0.57 ( t = 2.56 y, i.e. still sizeable for a highway construction schedule.

(Ic and Id) SLOPE STABILITY CALCULATIONS 

Cara works at home and uses the free student version of Geo-Studio (GEO-SLOPE, 2004) for her calculations. This version allows the user to define only two different materials (which is adequate for uniform fill and alluvium) and circular failure surfaces. (Note: the user is only allowed to give information on circular surfaces, but the program allows for a planar portion if the arc of the circle encounters an impenetrable layer, e.g. see Figure S3. However, in the student version, the user is not free to define planar failure surfaces related to specified blocks within the failing soil mass, e.g. see Figure S7).

Table S2. Values assumed for a first attempt of slope stability calculations, using information from the site investigation (SI) reported by Buggy and Curran (2011) (B&C 2011) or hypothesized.

	Parameter
	Source of the parameter 
	Value chosen

	Alluvium

	Unit weight, γa
	B&C (2011), SI, Figure 2
	16 kN/m3

	Undrained shear strength
	B&C (2011), SI, Table 1 (Limerick Ring Road)
	From cu/ σo'= 0.3 ( at the middle of the 3m layer (σo'= 19.1kN/m2), cu = 6kN/m2

	Fill

	Unit weight, γf
	Hypothesized as reasonable value for fill
	20 kN/m3

	Shear strength parameters
	Ad hoc effective stress strength parameters obtained from a problem in a textbook found on the Internet
	c( = 25kN/m2, φ(=20(


(Ic) For the stability analysis of the embankment slope, the unfactored shear strength parameters from Table S2 give a factor of safety FoS =2.51. Cara is happy that the FoS is high for the values she has chosen.
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(Id) Instability of the composite cross section (fill and alluvium): the shear strength parameters from Table S2 give an FoS=0.21 !!


[image: image2.wmf] 


Fearing that she may have used an overly low cu, Cara decides to try another value and increases the shear strength of the alluvium to cu=20kN/m2 (Cara chose this value because Buggy and Curran (2011) happen to mention it as a upper bound for the “very soft silts” in Section “Construction & Design Risks, page 12), while keeping the same parameters for the fill (c(=25kN/m2, φ(=20() and gets an FoS=0.99. This marginal factor of safety makes sense to Cara, for a material she was warned that would have problems supporting the embankments, so she decides to stop her trials and show her work to Ms Moran.
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Part A – Comments by Ms Moran: The parameters used in this part were found from a combination of sources: 
(a) Buggy and Curran (2011),

(b) The literature (see references), 
(c) The Design Report by Roughan & O'Donovan FaberMaunsell Alliance (2006) [or Alliance (2006) for short], Volume 2, for the design unit where cross section 4+150 belongs,

and were supplemented by clarifications provided by Buggy (2012). In other words, students cannot on their own find all the parameters required for the calculations in this part.
(Ia) SETTLEMENT CALCULATIONS

• Regarding Cara’s question concerning the allowable settlements for embankments, Ms Moran stresses that differential settlements must be kept very low. Differential settlements are much more significant close to structures, such as bridges, and, hence, the criteria are stricter there (e.g. ( 10mm). Also it is important that settlements do not cause the road gradient to change by too much. 
• As a side exercise, the anticipated small settlement of the 3-m thick glacial till is calculated, assuming it is a fine grained soil, using the value of mv =0.11 m2/MN = 1.1 (10-4 m2/kN [Alliance (2006), page 10] and bulk densities for the fill, the alluvium and the glacial till equal to 21 kN/m3, 17 kN/m3, 21 kN/m3, respectively, for a stress increase of Δσ' = 21kN/m3 ( 8.75m = 183.8kN/m2.
mv = (Ho(H1)/(Ho ( Δσ') ( H1 = Ho ( ( 1– mv ( Δσ') ( H1 = 2.94m ( ΔH = 0.06m

• In order to be comprehensive, Cara should also calculate the secondary compression or creep due to the rearrangement of the soil particles rather than the dissipation of excess pore water pressures. Ms Moran clarifies that it is mainly for calculation purposes that we separate primary consolidation from secondary compression (while in reality they initially overlap) and makes an estimate for Cara’s sake. 

Computation of secondary compression, ΔΗsec (for further details on secondary compression calculations, see write up “On practical matters of calculating secondary compression & reduction by surcharging”)
Table 1 on page 19 of Buggy & Curran (2011), B&C (2011) for short, gives the following correlation for the coefficient of secondary compression, defined in terms of strain, as a function of water content, w: Cα=0.00018w, which for w=100% gives Cα=0.018. This value corresponds to a coefficient of secondary compression, defined in terms of void ratio, Cαe = Cα ( (1+eo) =  0.018 ( (1+1.59) =  0.05. A slightly smaller value is determined for the site-specific correlation given in Figure 6 of B&C (2011). For these values of Cαe, the ratio of Cαe/Cc is equal to or less than 0.06, which falls within the range given in Knappett and Craig (2012) (Table 4.3, Cαe/Cc = 0.03(0.08 for clays and silts). According to Mesri and Castro (1987), Cαe/Cc falls in a range of 0.02(0.1, while for a majority of inorganic soft clays Cαe/Cc = 0.04 ( 0.01 and for highly organic plastic clays Cαe/Cc = 0.05 ( 0.01.
 Secondary compression is calculated as:


ΔΗsec = Cα  ( Ho ( log (t1/ to),

where Ho= initial thickness of the silt/clay layer, t1= time after start of embankment construction,  to= time after 95% of primary consolidation (recall that, earlier in Part A, Cara has found to=4.73yr).

( at a time of t1=35 years (the design life of the highway),

ΔΗsec (Ca = 0.018) = 0.018 ( 3m ( log (35/ 4.73) = 0.046m 

According to Buggy & Curran (2011), the projected secondary compression values fall within the range of 0.02 – 0.05 m (page 6), i.e. the calculated secondary compression is close to the upper limit. If stricter criteria are applicable, then surcharge should be applied to reduce the secondary compression even further. Buggy (2012) clarified that additional strict criteria for long-term embankment settlement performance may be desired for certain construction methods, such as for semi-rigid pavement construction.
(Ib) BEARING CAPACITY

• Ms Moran confirms Cara’s intuition that bearing capacity is not a issue, due to the geometry of the cross section. This geometry does not allow for a typical bearing capacity failure, whereby a more or less intact area loaded by the embankment “sinks” into the failing mass of the alluvium: it is difficult to think of any such geometry (i.e. for an upper bound analysis) that does not involve failure of (movement through) the embankment material itself.
(Id) SLOPE STABILITY CALCULATIONS

• Regarding the shear strength parameters Cara chose for the fill (c( = 25 kPa and φ( = 20(), Ms Moran comments that they imply a fine grained fill, probably with a high clay content. Such a material would not be appropriate for use as fill because clay soils are generally difficult to compact as they tend to be in the form of large clumps when excavated and become difficult to work if they become wet. She notes that the fill material generally used in Ireland is glacial till with a wide range of particle sizes and a low plasticity index, Ip, usually less than 20%. The actual fill material used for the Limerick embankments was described as a stoney cohesive material, for which a better choice of shear strength parameters would be c' = 0 and φ' = 35(; this is a more appropriate fill material for the construction of an embankment.
• Ms Moran comments on the cu/po’ ratio [Reminder: Cara did not have any shear strength data, so she chose a cu value using the cu/po’ = 0.3 correlation, which gave a very low value of cu,  much lower than the design values given in Table S3 of Part A, which were determined on the basis of CPT results (these design values were obtained from Figure 4.3.4 of the design report (Alliance, 2006) for the highway segment where 4+150 belongs – see last slide of PowerPoint presentation)]. Skempton’s equation for the cu/po’ value for NC clay is 0.11 + 0.0037Ip, where Ip is the plasticity index in %. Hence for the Limerick alluvium in Table 1 of Buggy and Curran (2011) an average Ip value is about 50%, giving cu/po’ = 0.3. Thus, Skempton’s equation confirms the cautious mean value of 0.3 obtained from Figure 5 in Buggy and Curran (2011). The high Ko values from the triaxial tests in Figure 5 seem out of line. However, close to the surface, the alluvium is slightly overconsolidated, having a higher cu than a NC soil and, hence, requires a higher overburden than an NC soil to experience the same increase in shear strength. 
• Ms Moran gives Cara the actual shear strength parameters used in the design (Table S3) and suggests she first tries a uniform cu value for the alluvium, before she attempts to account for the variability in the initial shear strength. For these calculations, Ms Moran suggests that a partial factor of 1.4 is applied to the undrained shear strength, i.e. the partial factor recommended by Eurocode 7 (EC7) (CEN, 2004) for the undrained shear strength. In order to be consistent with EC7, results will be reported in terms of an over-design factor (ODF) (Frank et al., 2004), which gives the margin of safety greater than that required by EC7 (see also Part A – Conclusions on page 9).
Table S3. Design values for unit weight and the undrained shear strength of the alluvium (based mainly on CPT measurements) and the fill (class 2C).

	Parameter
	Extent (measured from the alluvium/till interface)
	Value

	Fill

	Unit weight, γf
	3-11.75m
	21 kN/m3

	Undrained shear strength, cu
	3-11.75m
	75kN/m2

	Alluvium

	Unit weight, γa
	0-3m
	17 kN/m3

	Undrained shear strength, cu
	2.4-3m
	30kN/m2

	
	1.5-2.4m
	15kN/m2

	
	0.8-1.5m
	23kN/m2

	
	0-0.8m
	35kN/m2


The design undrained shear strength of the alluvium, equal to the conservative average shear strength over the 3m, is cu =20kN/m2/1.4=14.3 kN/m2, and for the fill cu =75kN/m2/1.4=53.6 kN/m2. For these values, the overall over-design factor (ODF) calculated using Geo-Studio is ODF =1.02. 
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Based on the cu values given for the four sub-layers of the alluvium, the depth-weighted average for the cross section is 25kN/m2: Cara also tries this average value for the shear strength over the 3m of the alluvium of cu =25kN/m2/1.4=17.9 kN/m2, keeping the same design undrained shear strength value for the fill cu =75kN/m2/1.4=53.6 kN/m2. The Geo-Studio calculated overall over-design factor is now ODF=1.1.
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Then Cara switches to the paid version of Geo-Studio and models all four layers of the alluvium, using the cu values from Table S3 and applying to all layers the partial factor 1.4, and she gets ODF=1.16.
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• Noticing that often the failure surface coincides with the alluvium/till interface, she also tries planar failure surfaces (which are specified by two blocks of points in Geo-Studio).

Attempt No 1 with a planar surface gives ODF = 1.06.
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Cara then tries different options for defining the edges of the blocks, fearing that her choices of defining the blocks/points have an impact on the computed ODF. 

Attempt No 2 with a first set of planar surfaces gives ODF = 0.99.
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Attempt No 3 with a second set of planar surfaces also gives ODF=0.99.
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After three attempts, Cara feels confident that she has found the most likely failure mode.
It appears that for the geometry of the cross section 4+150, planar surfaces give a lower over-design factor and hence are more critical compared to circular failure surfaces. 

Part A – CONCLUSIONS

· Primary consolidation settlement takes too long to be completed. Vertical drains will be needed to accelerate the consolidation, perhaps requiring a surcharge as well.

•    Secondary compression may be an issue.

•  Short-term stability for the required embankment height (8.75m) at the cross section considered is marginally adequate as shown by the over-design factor (ODF) (Frank et al., 2004) calculated with soil strength parameters and loads factored by the Eurocode 7 (CEN, 2004) partial factors, as appropriate. An ODF greater than unity indicates that the available margin of safety is greater than that required by Eurocode 7. If the loads are not factored, then for an undrained analysis, the FoS is equal to the partial factor on cu when the ODF = 1.0. Using the cu for the fill from Table 1 of the narrative with a partial factor of 1.4 applied to cu gives the marginally adequate ODF = 0.99. If a lower partial factor, cu = 1.25, were considered acceptable for short-term loading, then a slightly higher embankment could be built for an ODF close to 1. In either case, the extra amount of surcharge that can be applied is either nil (forcu=1.4) or minimal (forcu=1.25), necessitating construction of the embankment in stages.

Part B – Final calculations using site-specific design parameters for the analyzed cross section 

REPEAT SETTLEMENT CALCULATIONS USING SITE-SPECIFIC PARAMETERS

Table S4. Site-specific parameters values from the project’s design report (Alliance, 2006) or reported by Buggy and Curran (2011) (B&C 2011).

	Parameter
	Source of the parameter 
	Design value

	Alluvium

	Unit weight, γa
	Design report
	17 kN/m3

	Moisture content, w%
	Design report, cross section average
	100%

	Specific gravity, Gs
	B&C (2011), SI, Figure 2, average
	2.63

	Void ratio, eo
	Calculated assuming 100% saturation from γa and Gs
	1.23

	Compression index, Cc
	B&C (2011), Figure 6
	[Cc /(1+ eo)]= 0.33   (for w=100%)

	Coefficient of consolidation, cv = ch 
	Design report and B&C (2011), page 4
	1 m2/y

	Fill

	Unit weight, γf
	Design report
	21 kN/m3


The initial σo' and final σ1' effective stresses calculated at the middle of the 3-meter alluvial layer, due to a stress increase of Δσ' = 21kN/m3 ( 8.75m = 183.8kN/m2

σo'= 17kN/m3 ( 1m + (17-9.81)kN/m3 ( 0.5m = 20.6kN/m2

σ1'= 20.6kN/m2 + 21kN/m3 ( 8.75m = 204.4kN/m2

AMOUNT OF SETTLEMENT

Settlement calculation using Cc
ΔH = [Cc /(1+ eo)]( log (σ1'/ σo')(Ho = [0.33 ]( log (204.4/ 20.6)(3 ( ΔH = 0.99m
TIME FOR 95% PRIMARY CONSOLIDATION SETTLEMENT OF ALLUVIUM
Tv = (cv t )/ d2 ( t = (Tv d2)/ cv = (Tv ( 32m2)/ 1 m2/y

for Uv=95% consolidation, Tv = 1.05 ( t = 9.45 y

This time of about 9.5 years will be compared with the time required for 95% consolidation when vertical drains are used.

CALCULATIONS RELATED TO THE PREFABRICATED VERTICAL DRAIN (PVD) SPACING

(Step 1 of narrative)

The basis of the earthwork design was that the schedule allowed for a maximum 2-year holding period for the surcharge [Alliance (2006), page 9]. Installing PVDs in a triangular pattern and a center-to-center spacing S=1.3m fit this time schedule, as explained below. As mentioned in the narrative, the prefabricated drains used (Mebradrain MD7007) have dimensions of a=10cm by b=3mm.

Assuming only horizontal drainage, the degree of consolidation, Ur, is calculated as a function of the time factor for radial drainage, Tr, expressed as:

Tr= (ch( t)/4R2







(1)

where the radial drainage path R is equal to R = 0.5255 ( S = 0.6832 m for a triangular pattern (Knappett and Craig, 2012: Figure 4.25, page 137).

The theory for horizontal drainage consolidation via drainage towards vertical drains was initially developed for circular drains, and solutions are expressed as a function of the ratio: 

n = R/rd, 







(2)

where rd is the radius of the circular drain. For the flat, rectangular shape of PVDs with sides a and b, the following expression for an equivalent diameter has been proposed, dequiv= 2rd = [2(a+b)]/π = 6.56cm (Knappett and Craig, 2012: page 136). For a ratio of a/b ( 50, numerical analyses refined the aforementioned relationship to dequiv= (a+b)/2 = 5.15cm (USDOT, 1986: page 23). Since a/b = 33.33 ( 50, both values are considered in the calculations, giving ratios of n = 20.8 and 26.53. 
The degree of radial consolidation only, Ur, is given by the simplified expression  (Knappett and Craig, 2012, page 138):
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where μ ( ln n  ( ¾

For Ur = 95%, the simplified expression above gives Tr=0.85 and 0.94 (for the two values of  μ = 2.28 and 2.53 and corresponding to the two equivalent diameters) and for a coefficient of ch = 0.083 m2/month, we get 19 and 21 months, respectively. In other words, for both assumptions for the equivalent diameter of the flat drain, the time for 95% consolidation is below the scheduled limit of 2 years, and is significantly lower than the 9.5 years needed without vertical drains.

CALCULATE SURCHARGE NEEDED FOR SECONDARY COMPRESSION REDUCTION

(Step 2 from narrative)

As mentioned in the narrative, the amount of surcharge needed for each representative cross section was determined on the basis of the reduction of secondary compression achieved. The approach of creating an overconsolidated soil by surcharging, and hence, in this way, reducing a soil’s compressibility from Cc to Cs (the swelling index), is well established. In contrast, reducing C by overconsolidation may be a confusing issue, considering (i) that a surcharge is typically used to accelerate primary consolidation, without or with drains, and (ii) statements found in textbooks, such as (Knappett and Craig, 2012, page 137): “It should be realized that the rate of secondary compression cannot be controlled by vertical drains”. Alonso et al. (2000) have presented a model that explicitly accounts for the simultaneous contribution of primary consolidation and secondary compression to the total settlement as a function of time (Figure 15 in Alonso et al., 2000). The same authors remark cautiously on the approach to relating overconsolidation ratio (OCR) to C reduction: “such an approach has some limitations from a theoretical point of view, but it provides a good base for achieving results in practice”. Perhaps it would be worth modifying the statement from Knappett and Craig (2012) to read: “It should be realized that the rate of secondary compression cannot be controlled by vertical drains alone, i.e. without surcharge”.  It is clear that if only surcharge were used in the Limerick embankment case, i.e. without drains, it would have been impossible to achieve the required secondary compression reduction in the required timeframe of 2 years.

Relationships between reduced values of C and OCR may be obtained from the literature or determined specifically for the project soils. The former approach was followed for the Limerick project (Buggy and Curran, 2011: Figure 13) and later confirmed by tests on the site soils (Conroy et al., 2010). The specific expression used to calculate the reduced C was obtained by correlating the ratio of C before surcharging to C( after surcharge removal with a quantity named the Adjusted Amount of Surcharge, AAOS (Equation 1 in the narrative):

AAOS = (σs’-σf’)/σ’f (expressed as percentage) = 
(OCR (expressed as a ratio) – 1)
( 100
(4)

where σs( is the maximum vertical effective stress experienced by the soil during the hold period for the surcharge and σf( is the final vertical effective stress after surcharge removal. For a length of the embankment being designed of about 700m that includes cross section 4+150, the calculated AAOS values ranged from 20% to 40% [Alliance (2006): page 9], corresponding for the majority of cross sections to a surcharge of 2.5m. 
For a surcharge of 2.5 m, the maximum embankment height at cross section 4+150 is 11.25m, hence the vertical effective stresses at the middle of the alluvium layer are:

σs'= 20.6kN/m2 + 21kN/m3 ( 11.25m = 256.9kN/m2

After surcharge removal: σf'= σ1'= 20.6kN/m2 + 21kN/m3 ( 8.75m = 204.4kN/m2

Then, AAOS = (σs(-σf()/σ(f = (256.9-204.4)/204.4 = 26%

For a surcharge of 2.75m, the maximum embankment height is 11.5m, hence: 

σs'= 20.6kN/m2 + 21kN/m3 ( 11.5m = 262.1kN/m2
and AAOS = (σs(-σf()/σ(f = (262.1-204.4)/204.4 = 28%

From Figure 13 of Buggy and Curran (2011) (and, easier, using Equation 2 in the narrative), the AAOS values of 26% and 28% correspond to C'/C ratios of 0.31 and 0.27, respectively. By selecting a surcharge of 2.75 m and C' = 0.27 C, the reduced value for secondary compression is calculated as:

ΔΗsec = C' ( Ho ( log (t1/ to)

where Ho= initial thickness of the silt/clay layer, t1= time after start of embankment construction,  to= time after 95% of primary consolidation. For to = 19 months = 1.58 years [Note: when using drains, 95% of primary consolidation is completed in 19 months] and after t1 = 35 years, the secondary compression is:

ΔΗsec = (0.27( 0.018) ( 3m ( log (35/ 1.58) = 0.02m, which is acceptable.
UNDRAINED SLOPE STABILITY ANALYSES FOR VARIOUS EMBANKMENT HEIGHTS

(Steps 3a to 3c of the narrative)

Step 3a

In Part A, it was determined that an embankment height of 8.75m can be constructed with a marginally acceptable margin of safety when cu is somewhat less (20kN/m2) than the weighted average of 25kN/m2. Therefore, it is decided to start with a maximum height of h1 = 8m for Stage 1.

LOADING STAGE 1 Using the undrained shear strength parameters in the fill and in the different depths in the alluvial soil from Table S3, divided by a partial factor of 1.4, and with a failure mechanism involving planar failure surfaces, gives  ODF=1.10.
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The calculations for circular failure surface give a higher ODF=1.24.
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To simplify the calculations, from now on, slope stability analyses will be performed for the depth-averaged uniform shear strength value for the alluvium cu= 25 kN/m2, and planar failure surfaces (i.e. with the paid version of Geo-Studio).

LOADING STAGE 1 The analysis is repeated for a uniform alluvium layer, with cu= 25 kN/m2/1.4 = 17.8 kN/m2, giving ODF=1.03 (which is not too different from the value calculated considering the variation in the cu of the alluvium, i.e. ODF=1.10). 
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Step 3b

For an embankment of height 8m, the max Δσ( (at Ur=100%) due to the fill is equal to 168kN/m2. The increase in vertical effective stress at the middle of the 3m alluvium layer (which has an initial vertical effective stress σo(= 20.6kN/m2) is assumed to be proportional to the degree of consolidation due to radial drainage only. For this assumption, the vertical effective stress, po(, at the middle of the layer as consolidation proceeds is:
po( = poi(+  [Ur(th1)/100] ( max Δσ(





(5)

where Ur(th1) is the degree of consolidation considering only radial drainage at Stage 1 hold time th1.

The assumption used in (5) is equivalent to assuming that excess pore pressure dissipate uniformly during radial drainage, as depicted in Figure S11.
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Equation (5) gives the results shown in Table S5 for the increase in the undrained shear strength, cu, with time. Equation (5) can be improved upon by considering the combined degree of consolidation, including both radial and vertical drainage. 
Table S5. Undrained shear strength values for the alluvium for various hold times of an 8-meter high fill.

	Stage 1 hold time, th1

(months)
	Time factor for radial drainage, Tr  
	Degree of consolidation for radial drainage, Ur(th1)
	Vertical effective stress, po’ (kN/m2)
	Undrained shear strength, cu (kN/m2)=0.3 po’

	2
	0.09
	0.27
	65.6
	20

	4 
	0.18
	0.47
	100
	30

	6
	0.27
	0.61
	123.1
	37

	9.4 
	0.42
	0.77
	150
	45


Step 3c

The shear strength increase after 6 months provides a margin of safety that does not satisfy Eurocode 7 since ODF=0.9 for cu=37 kN/m2/1.4=26.4 kN/m2.

The search for the adequate cu yields:  cu=45 kN/m2/1.4=32.1 kN/m2 giving a satisfactory ODF = 1.07. 
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The critical circular failure surface gives ODF=1.18, i.e. again a higher value compared to the critical planar failure surface.
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DRAINED SLOPE STABILITY ANALYSIS FOR THE FINAL EMBANKMENT HEIGHT

Step 3d 
Note: this calculation is shown in two ways, first (i) the classic way and then (ii) the EC7-compatible way.

(i) Drained analysis for the final embankment height of 8.75m, using the drained shear strength parameters in Table 1 of the case narrative (alluvium: φ(=28(, fill: φ(=35() and the ground water level at 1m below the fill-alluvium interface (from Figure 1 of the narrative) gives a factor of safety of FoS=1.67, which is very adequate considering that EC7 requires FoS=1 for partial factors of 1.25.
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(ii) For an EC7-compatible analysis, the drained shear strength parameters tanφ( should be divided by the partial factor 1.25. Then, a reduced φr( value corresponding to tanφr(=(tanφ(/1.25) should be given as input parameter. Hence, (tan28()/1.25 = 0.425 ( arctan(0.425)=22.4( and (tan35()/1.25 = 0.56 ( arctan(0.56)=29.2(. These values give an ODF=1.31.
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Part B – CONCLUSIONS

· The required surcharge height was calculated on the basis of some hypothesized low desired value for secondary compression. This surcharge was equal to 2.75 m, on top of an 8.75m embankment.

· Based on the initial undrained shear strength of the alluvium (determined on the basis of CPT results), a height of 8m is safe for Stage 1 construction. This result remains to be confirmed by monitoring measurements during construction.
•
Based on undrained slope stability analyses and considering the improvement in the undrained shear strength (obtained using a correlation with the vertical effective stress), after about 9.5 months of hold time for Stage 1, the remaining 3.5 m of fill can be added in Stage 2. This result remains to be confirmed by monitoring measurements during construction. In addition, these calculations need to be refined to take into account the filling rate of Stage 1, projected to be around 1m per week.
PART C – COMMENTS

The conclusions reached in Part B (Stage 1: 8m & 9.4 months, Stage 2: 11.5m) do not agree with how the embankment was actually constructed. A similar disagreement is found between how the embankment was intended to be constructed according to the design report (Alliance, 2006) with Stage 1: 10m & 6.4 months, Stage 2: about 11.5m & 24 months, then remove surcharge, and how it was actually constructed [(Buggy and Curran, 2010), Fig. 22(a)] with Stage 1: 4m & 5.5 months, Stage 2: 10m & 7.5 months, Stage 3: 11.5m & 7 months, then surcharge is removed. The discrepancy between the Stage 1 heights calculated herein and in the design report are due mainly to the higher margin of safety adopted in the calculations herein through using the Eurocode 7 partial factor of 1.4 for the undrained shear strength compared to the overall FoS=1.25 for undrained analyses used in the design report (which was completed before the implementation of Eurocode 7). The discrepancy between the as-designed and as-constructed heights were due to (a) earthworks logistics and materials supply and (b) adjustments necessitated by the monitoring results (Buggy, 2012), in the context of the observational method which was adopted in this project. For example, Buggy and Curran (2011) report that the ratio of the lateral toe movement to embankment crest settlement, ΔΥ/ΔS, for cross section 4+150 rose rapidly to the local maximum value of 0.4 during Stage 1 filling.
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Figure S1: Results of Geo-Studio analysis for the data in Table S2, considering failure through the fill material only. 


Geo-Studio input file in supporting material:


Part_A_Embankment.gsz





Figure S2: Results of Geo-Studio analysis for the data in Table S2 for the fill-alluvium cross section. 


Geo-Studio input file in supporting material:


Part_A_Trial1_Undrained.gsz





Figure S3: Same as in Figure S2, but with a higher value for the lower soil unit. 


Geo-Studio input file in supporting material:


Part_A_Trial2_Undrained.gsz





Figure S4: Results of Geo-Studio analysis for the data in Table S3 and an average cu =20kN/m2 for the alluvium (cu values are divided by 1.4).


Geo-Studio input file in supporting material:


Part_A_Trial3_Undrained.gsz





Figure S5: Results of Geo-Studio analysis for the data in Table S3 and an average cu =25kN/m2 for the alluvium (cu values are divided by 1.4).


Geo-Studio input file in supporting material:


Part_A_Trial4_Undrained.gsz





Figure S6: Results of Geo-Studio analysis for the data in Table S3 (cu values are divided by 1.4).


Geo-Studio input file in supporting material:


Part_A_Undrained4LayerAlluviumCircle.gsz





Figure S7: Results of Geo-Studio analysis for the data in Table S3 (cu values are divided by 1.4).


Geo-Studio input file in supporting material:


Part_A_Undrained4LayerAlluviumBlock.gsz





Figure S8:  Slope stability analysis for 1st loading stage. 


Geo-Studio input file in supporting material:


Part_B_StageI_4LayerAlluvium.gsz





Figure S9:  Same material properties as in Figure S8, different prescribed geometry for failure surface. Geo-Studio input file in supporting material:


Part_B_StageI_4LayerAlluviumCircle.gsz





Figure S10:  An 8-meter high embankment over an alluvium layer of 3m at its initial undrained shear strength. 


Geo-Studio input file in supporting material:


Part_B_StageI_UniformAlluvium.gsz





Figure S11:  Assumption of an average excess pore water pressure employed in Equation (5).








Figure S12:  An 11.5-meter high embankment over an alluvium layer of 3m at the undrained shear strength it has acquired after being loaded by a 8-meter high fill for 9.4 months.


Geo-Studio input file in supporting material:


Part_B_StageII_UniformAlluvium.gsz








Figure S13:  Same material parameters as in Figure S12, different prescribed geometry for the failure surface.


Geo-Studio input file in supporting material:


Part_B_StageII_UniformAlluviumCircle.gsz





Figure S14:  Long-term, drained analysis of an 8.75m high embankment over an alluvium layer of 3m. 


Geo-Studio input file in supporting material:


Part_Bi_DrainedCircle.gsz





FoS=2.51





FoS=0.21





FoS=0.99





ODF=1.02





ODF=1.1
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ODF=1.24
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Figure S15:  Long-term, drained analysis of an 8.75m high embankment over an alluvium layer of 3m. 


Geo-Studio input file in supporting material:


Part_Bii_DrainedCircle.gsz





ODF=1.31
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