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Summary and Conclusions

The project site in Nardo is underlain by a thick sequence of soft clays. An evaluation of site in-

vestigation data alongside a thorough review of the site history has produced a strong geological

and geotechnical model. The study site is located at the base of a shallow slope, underlain by

Dry Crust, Landslide Deposits, Quick Clay, and Marine Clay. The top of the slope is capped with

river deposits.

A combination of laboratory and insitu testing has provided parameters for the back-analysis

of a prefabricated vertical drain system using settlement and pore pressure observations for

verification.

Use of prefabricated vertical drains was analysed by back calculation of consolidation param-

eters and inserted into closed-form analytical solutions, before more sophisticated numerical

methods were utilised to model the drain system using non-linear parameters and a staged con-

struction sequence.

A soft soil creep model was utilised for the analysis that was able to calculate settlements mostly

to within ± 8mm, equating to an average percentage error of ± 15%. The calculated pore pres-

sures aligned closely with measured values also although initial excess pore pressures were

slightly under-estimated.

A good understanding of the stress history enabled the creep model to be used confidently, al-

though some inaccuracies were introduced when averaging previous overburden pressure along

the sloping ground.

It is concluded that the drains provided a good means of accelerating consolidation and provid-

ing additional stability to foundation soils. An interesting observation that the drains increased

groundwater to a close to hydrostatic condition highlighting that care must be taken when de-

signing a deep drainage system if pore pressures are significantly greater than hydrostatic, as a

decrease in stability may result.
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Chapter 1

Introduction

Prefabricated vertical drains (PVD) are a common method to accelerate the consolidation pro-

cess by exploiting the faster rate of radial consolidation, as compared to vertical consolidation.

This is particularly useful at sites underlain by deep, soft, fine-grained soils. This report aims to

compare and evaluate the various calculation methods based on a study of observations from

a site in Nardo, Trondheim. At this site, PVD were installed beneath a crushed rock fill which

was constructed to serve as both a slope stabilisation measure and foundation of a medium rise

student accommodation block.

1.1 Background

The project site is located in Nardo, Trondheim at the base of a shallow slope. This slope com-

prises marine clay, capped with sand and gravel deposits and is located in an area containing

quick clays and where landsliding has occured historically. The general slope is approximately

11◦ with some localised cuttings related to previous construction works e.g. retail facilities and

car parking.

The author has previously undertaken an analysis of slope stability, in which a factor of safety

was below the required 1.4 in the total stress situation, and as such it was necessary to improve

stability to enable future construction works. The most appropriate means of stabilising the

slope was with a counter-fill with PVD to accelerate settlement and provide additional stability

to the foundation soils.

An analysis of the filling and consolidation has been undertaken, initially using one-dimensional

radial consolidation theory to model a single drain. This has then been developed into two,

one-dimensional, finite element models in axisymmetry, and equivalent plane-strain. Finally

1



CHAPTER 1. INTRODUCTION 2

a two-dimensional, plane-strain model was used to model the performance of the multi-drain

system.

1.2 Objectives

The main objectives of this project are

1. Review site history and all relevant test data for evaluation of soil behaviour

2. Literature study of pre-compression with prefabricated vertical drains

3. Develop appropriate axisymmetric and plane-strain models that are able to reproduce the

geometry, loading, and measured pore pressures and settlements at the project site

4. Compare the results to measured values and conclude on the performance of the model

1.3 Limitations

The field values of settlement and pore pressure are available for the respective periods of 267

days and 179 days following the final fill level being reached. Pore pressures have largely dissi-

pated, though some settlement appears to continue.

Considerable uncertainty exists about the exact loading sequence during the construction works

as very vague timings were provided by the contractor. A ’best fit’ of the sequence of works has

been produced from pore pressure readings from three piezometers at one end of the site. Mov-

ing away from this position creates greater uncertainty about when each stage of construction

was carried out.

All the settlement plates, and the piezoemeters on one slope profile, were read at a relatively

large time intervals therefore initial settlement curves, and initial excess pore pressures were

not recorded. Verification of the calculation results is therefore limited in some areas.

1.4 Approach

A thorough background study of the project area will be carried out using available data sources

in order to determine the stress history.

A site investigation report will be considered, and soil parameters will be derived from inter-

preted laboratory test reports.
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A literature review of pre-loading and prefabricated vertical drains will be carried out and an an-

alytical solution for site project site will be created. Consideration will be give to the merits and

limitations of such a model and ways to improve it using numerical methods will be described.

A numerical model incorporating non-linear soil behaviour will be used to model the project

site when subjected to a staged construction, the results of which shall be critiqued.

1.5 Structure of the Report

The rest of the report is structured as follows:

Chapter 2 - Description of the site area and local geological history

Chapter 3 - Site investigation data and interpretation

Chapter 4 - Literature review and theory for prefabricated vertical drains, pre-loading, and sur-

charging including relevant soil mechanics theory

Chapter 5 - Construction sequence and monitoring data is presented and described

Chapter 6 - Modelling of a single drain using closed form and numerical methods

Chapter 7 - Description of the 2D numerical model, input parameters, geometry, and loading

Chapter 8 - Results of the 2D numerical model

Chapter 9 - Discussion of the results of the numerical analysis, conclusions, and recommenda-

tions for further work



Chapter 2

Site Context

This chapter serves to give a context to the study site by reviewing the local geological history and

topography. The stress history is considered to be one of the most important factors affecting rates

of consolidation therefore attention shall be paid to it.

2.1 Site Location and Description

The study site is located in Nardo, Trondheim within a valley with a hills to the east and west.

The valley base forms a shallow decline trending to the north and along the road, Torbjørn Bratts

Veg.

Figure 2.1: Areal photo of project site

The area shown in red in Figure 2.1 is a car park to the rear of a Kiwi store. Development works

require the re-profiling of this area and placement of a crushed rock fill that will act to stabilise
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the shallow slope to the west and act as the foundation of a mid-rise student accommodation

block.

2.2 Geology and Topography

The quaternary geology of the Trondheim region is relatively well studied. The Fennoscandian

ice sheet laid down morraines over Greenstone bedrock some 13,000 years ago (Reite et al.,

1982). As the icesheet began to retreat some 10,000 years ago, the lower lying areas of Trondheim

remained below the marine limit with the melting ice sheet providing a source of sediment al-

lowing for the deposition of thick marine clays (Reite et al., 1999). Simultaneous to deposition,

stress relief from the glacial retreat caused isostatic uplift resulting in a land rise on the order of

several hundred meters (NGU, 2013).

The previous marine limit was approximately 175m above existing sea level, whilst Nardo is at

+60moh, indicating this area was located in a maximum water depth of some 115m.

Figure 2.2: Geology map of Trondheim Figure 2.3: Geology map of the site

Figures 2.2 and 2.3 show the quaternary geology (with the study site shown as a red boundary).

Thick marine clays are mapped as the predominant geology of the area, with the hill to the west

being capped with sand river deposits from the former course of the Nidelva. Grey shading

indicates anthropogenic deposits, i.e. filling in relation to construction of buildings/roads. Ad-

ditionally, quick clay hazard mapping shows the site to lie within a quick clay susceptible zone.

Figure 2.3 shows flow channels in the surrounding area. These channels correlate very strongly

to the present day topography which comprises hills to the west and east of the site, and a valley

that trends on a north western direction.
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2.3 Landslides in the Local Area

Work by Sand (1999) has traced the history of landsliding across Trondheim. The key findings of

his study, as well as interpretation with respect to the Nardo study site have been summarised

in this section.

Some 4000 to 4500 years ago the Nidelva was located to the east of its present day location. River

erosion caused several short duration landslide events in the area between Sluppen Ridge and

Stavne Leangen Bridge (south of Nardo). Approximately 10m of historic slide debris has been

proven in this area and dating of the slide material indicated the slides happened ca.2200 years

ago. In Othilienborg (immediately south east of Nardo), some 2.5m of slide material is present

from slide events ca.600 to 700 years ago.

Between Sundlandskrenten and Gloshaugen (north of the Nardo) there is a valley causing a

break in plateau. At the base of the valley, 3.5m of slide debris was proven in one location,

dated to some 1800 years ago. Original ground level is thought to have been 55moh to 75moh in

Gloshaugen and Sundlandskrenten respectively, with the present day valley bottom at 40moh.

Figure 2.4: Landslide event in Othilienborg, reproduced

from Sand (1999)

Figure 2.5: Landslide event in Lerkendal, reproduced

from Sand (1999)

Figures 2.4 and 2.5 show that slope failures occurred around Nardo and the resulting debris

flowed out to the north and west. Quick clay slides have extremely long run-out distances

(Strand et al., 2017); transporting and depositing material over large distances. Therefore Nardo

may be underlain by landslide debris of not only unknown thickness, but also unknown com-

position.
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2.4 Stress History

Ground level contours have been traced from the 1951 survey of Trondheim. It is noted that

elevations on the 1951 map had to be increased by 0.76m due to a change of datum. The map

shows a general fall in gradient across the site in a north eastern direction. The south west of

the PVD area is at approximately 64moh, and the north east at approximately 61moh. The fall

of approx 4m is consistent along the approx 30m width of the site, giving a slope angle of some

8◦ and continues as such for a further approx 50m to the base of the valley, coincident with

Torbjorn Brats Vegen.

Contemporary mapping shows that a cut was made into the slope for the construction of Kiwi

to a level of 58moh to 59moh.

The contours traced from the 1951 map were imported into the computer programme Surfer

along with contemporary surveys undertaken prior to construction activities. The change in

ground level has been contoured, showing little to no change on the south western boundary,

increasing to -3.5m to -4m, i.e. cut on the north eastern boundary of the study site.

Across the Kiwi building footprint, some 0m to 3.5m excavation was also noted. The cut created

a maximum slope angle of approximately 15◦ within the study site.

Figure 2.6: Change in ground level between 1951 and 2018

The 1951 map has a contour interval of 2m, whereas the contemporary survey is 1m. Slight dis-

crepancies in road positions were noted when re-scaling and overlaying the two maps, thought

to be caused by inaccuracies in mapping. However, the overlay way centred around Nardo and
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so the error introduced for this purpose is minimal.

Comparison of the pre and post construction surveys the net change in ground level across the

PVD area can be seen to range from 1.3m to 3.3m. It must be noted that benching was used in

order to construct on the hillside, therefore the change in ground level is not equivalent to the

thickness of fill placed.

The net ground level change has also been contoured from the 1951 map and post construction

survey. It shows that change in terrain is an net decrease in the north east of some -1m to -1.8m,

and a net increase in the south west of some 0.6m to 1.4m. The centre line of the long section of

the filled area has little net change in terrain level.

2.4.1 Inferred Over-consolidation

The site history suggests that the Marine Clay initially formed a plateau across the whole area

at approximately 70moh and was subsequently eroded to level less than the present day (i.e.

below 59moh) by the Nidelva. A landslide event then occurred, and an accumulation of debris

has created the existing local topography which was locally re-profiled for development. This

gives evidence for a normally consolidated layer of Landslide Debris, underlain by a moderately

over-consolidated Marine Clay.

Previous overburden pressure (POP) for the Landslide Debris might vary in the range of 20kPa

to 70kPa due to gravity loading. POP in the deeper Marine Clay may be up to 200kPa, though

this will depend in some extent to the amount of pre-landslide erosion.



Chapter 3

Nardobakken Site Conditions

The purpose of this chapter is to set out the ground conditions of the study site and to describe and

quantify the pertinent geotechnical properties and soil behaviour.

3.1 Data Sources

A site investigation completed by Rambøll in May 2017 is the main source of site-specific data.

In addition, several historic ground investigations both on and off-site have been incorporated

where necessary. An overview plan showing the locations of site investigation points referenced

within this report is given in Figure 3.1. An enlarged version of this plan along with the three

slope profiles, A, B, and C has been enclosed in Appendix A for greater clarity.

The geotechnical parameters have been obtained based on all available and relevant data for

the site. The interpreted laboratory test results and CPTU profiles are enclosed in Appendix B.
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Figure 3.1: Investigation points referenced within this report

3.2 Soil Layering

It was identified that study site is underlain by the following sequence of soils:

• (S) Sand/gravelly sand - river deposits strata dipping to the west

• (DC) Dry Crust - desiccated Marine Clay, maximum 2m thickness

• (LD) Landslide Debris (marine clay) - ’young’ marine clay deposited onto lower levels from

landslide events several hundred to several thousand years ago

• (QC) Quick Clay - very high sensitivity clay within the lower half of the Marine Clay (land-

slide debris) unit

• (MC) Marine clay (undisturbed) - ’older’ marine clay, not affected by previous landslides

The contact between S and LD was identified at an elevation of ca. 65moh, above the foundation

level of the fill.

The distinction between the LD and QC was based on profiles of undrained shear strength and

sensitivity.
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The distinction between LD/QC and MC is based on compressibility and void index as a mea-

sure of soil structure and ageing.

The depth to bedrock was not proven beneath the site. Soundings in the surround areas have

recorded bedrock elevation to range drastically between 52.8moh and 23.8moh. The on-site

soundings extended below the levels of nearby shallow bedrock and therefore a deeper level has

been assumed for the site. For the purposes of this study, a level of 20moh will be assumed,

giving a total thickness of some 40m of clay.

3.3 Index Tests

Index tests comprising moisture content, Atterberg Limits, and unit weight were performed on

clay soils retrieved using a 54mm piston sampler. The inital voids ratio (e0) was computed from

the moisture content (w) and unit weight (γ). Grain specific gravity (Gs)was assumed to be 2.75.
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Figure 3.2: Moisture content and Atterberg limits Figure 3.3: Unit weight

Figure 3.4: Plasticity and liquidity indices Figure 3.5: Inital void ratio

The profiles shown in Figures 3.2 to 3.5 show a large scatter of in all data within the Dry Crust and

Landslide Deposits. Both w and e0 are seen to be fairly consistent with depth within the Quick

Clay, and decreasing with depth within the Marine Clay, suggesting a less open structure. Atter-

berg Limits within the Quick Clay and Marine Clay all show a low plasticity clay, and moisture

contents always above the liquid limit.
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Particle size distribution from investigations approximately 100m east of the project site Kom-

mune (1988) identified clays at between 0.2m and 7m depth comprised of 0-1% gravel, 3-12%

sand, 66-72% silt and 21-25% clay.

3.4 Oedometer Stiffness

The oedometer stiffness parameters have been obtained based on five continuous rate of strain

(CRS) tests. The strain rate generally ranged 0.4 %/hr to 1.2%/hr, and pore pressure ratio was

generally <0.15.

The oedometer modulus is taken as:

M = dσ′

dε
(3.1)

Where:

σ′ =σ− 2
3 ub

Depth (m) Elevation (moh) σ′
v0 (kPa) e0 p ′

c (kPa) Moc (kPa) moc mnc Cv (m2/yr)

5.40 58.10 72.5 1.307 120 2500 33.06 13.61 1.4
6.35 57.15 79.5 1.274 132 4300 47.62 17.24 6.5
7.40 56.10 88 1.313 100 2700 31.05 15.38 3.3

10.30 53.20 112 1.130 165 6300 76.32 15.15 25
11.40 52.10 121 1.209 210 6800 42.34 15.04 7

Table 3.1: Parameters derived from the CRS oedometers

Table 3.1 shows the consolidation parameters determined from the CRS, with the interpreta-

tions enclosed in Appendix B.

It was identified that yielding of the sample typically coincides with a large, sudden increase in

pore pressure, ub , suggesting that yielding occurs with brittle, contractant soil behaviour. This

is further evidenced by the large deformations occuring at p ′
c showing that destructuring of the

soil occurs.
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Figure 3.6: Oedometers plotted as effective stress - void index

Figure 3.6 shows the void index as a function of vertical effective stress. Void index is a measure

of the structure/ageing of a soil as a result of geological processes with greater void ratio indicat-

ing greater structural resistance (Burland, 1990). It is clear that the resistance is greater within

samples taken at 10.3m and 11.4m and thus the structure and ageing is greater at these depths.

3.4.1 Permeability

Permeability has been interpreted from CRS tests according to:

k = ∂H

∂t

Hγw

2ub
(3.2)

Where ∂H
∂t is an imposed constant.

Due to the change in compressibility and deformation of the assumed pore pressure isochrone,

Equation 3.2 does not reliably predict vertical permeability. The calculated value will represent

the lower-bound of the true value (Tavenas et al., 1983a). This effect is pronounced particularly

at stress levels close to yield due to destructuring of the clay.
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Figure 3.7: Vertical permeability from CRS oedometers

Figure 3.7 shows vertical permeability of 5x10−10 m/s is a reasonable average value. However,

significantly higher initial permeabilities are seen, as well significantly lower values at stresses

beyond p ′
c . No obvious trend between vertical permeability and depth is observed.

3.5 Shear Strength

Shear strength parameters have been interpreted from both triaxial testing and CPTU profiles.

The test results, included in full in Appendix B, show an initial small dilatency followed contrac-

tion and softening to failure. A post-peak, residual strength can be observed, though this con-

trast in strength would probably be greater in samples of higher quality (Karlsrud and Hernandez-

Martinez, 2013). That is to say that peak in-situ shear strength is likely to be greater than that

measured in the triaxial cell. Sample disturbance is greatest in the quick clay samples where

the change in void ratio during consolidation corresponds to ’poor’ sample quality Lunne et al.

(1997). The remaining samples of lower sensitivity Marine Clay and Landslide deposits are all

characterised as ’good’ to ’very good’ sample quality.
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Depth (m) Type Su (kPa) c’ (kPa) φ de/e0 Quality Strata

6.45 CAUC 28 3 28 0.021 VGOOD LD

6.6 CAUC 26 3 28 0.025 VGOOD LD

7.5 CAUC 30 4 23 0.058 POOR QC

7.6 CAUC 35 4 22 0.055 POOR QC

10.4 CAUC 36 6 26 0.08 POOR MC

10.55 CAUP 20 5 21 0.024 VGOOD MC

11.5 CAUC 48 5 27 0.034 GOOD MC

11.6 CAUC 50 5 26 0.033 GOOD MC

CAUC - anisotropically consolidated undrained compression

CAUP - anisotropically consolidated undrained passive (extension)

Table 3.2: Summary of triaxial test results

3.6 Landslide Hazard and Proposed Remediation

The author has previously studied the slope stability for the site. Both limit equilibrium and

finite element methods calculated critical safety factors of safety of 1.26 in the undrained con-

dition and 1,54 in the drained condition.

The undrained analysis identified that sliding would occur at the contact between QC and MC.

The rupture surface would follow the boundary between an upper softer layer and lower firmer

layer, suggesting that reactivation of previously failed material by retrogressive failure was the

mechanism to be considered. The likely trigger is shear stress changes within the sensitive ma-

terial caused by construction activities e.g. unloading from basement excavation.

The analysis revealed a requirement to increase the safety factor in accordance with current

code of practice (NVE, 2014). The proposed methodology is to place rockfill counterfill at the toe

of the slope, thereby increasing the restoring moments within the slope. Subsequent analysis of

this revealed an increase the safety factor to 1.44. Additionally, consolidation beneath the fill

would result in an increased shear strength on the passive side of the failure surface, though this

was not accounted for in the analysis.



Chapter 4

Literature Review for Precompression and

Prefabricated Vertical Drains

In this chapter, relevant theory for the study of consolidation under an applied load with radial

drainage is compiled. It is intended to give background to the issues associated with consolidation

analyses, and introduce methods of analysis.

4.1 Introduction

Pre-compression is a common ground improvement technique whereby post-construction set-

tlements are partially or fully compensated prior to construction by applying load to the foun-

dation soils and allowing consolidation to take place. This approach is particularly beneficial for

thick deposits of soft clay are present which prohibit deep foundation solutions. However, load-

ing of soft clays will create prohibitively long consolidation times of the order of several years, or

even more. For this reason pre-loading is often combined with installation of vertical drainage

which creates a reduced drainage path length. Additionally, since the consolidation now occurs

with radial drainage, the typically higher rate of horizontal permeability of sedimentary clays is

exploited.

This chapter is a summary of previous work on pre-compression and vertical drains in soft clays.

4.2 Primary Consolidation

Primary consolidation is driven by dissipation of excess pore pressures that are generated by

application of load. The dissipation leads to an increase in effective stress, volumetric strain of
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the soil and settlement of the overlying structure. The strain at any time is therefore controlled

by the hydraulic conductivity of the soil.

Within typical engineering problems, for example embankments on soft ground, soft soils with

high compressibility and low permeability may lead to settlements spanning several years to

tens of years or even more Bjerrum (1972).

4.3 Secondary Consolidation/Creep

Secondary consolidation under constant effective stress occurs as a result of a redistribution

of internal forces within a soil’s structure. The strains occuring from primary and secondary

consolidation occur simultaneously and cannot be separated (Terzaghi et al., 1996). However, in

the initial period following a change in effective stress, the contribution of creep to total strains

is relatively small with the creep contribution increasing with time.

Bjerrum (1972) proposed that creep strains develop due to void ratio, overburden pressure in

logarithmic time cycles as in Figure 4.1.
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Figure 4.1: Principe of secondary consolidation (Bjerrum, 1972)

There are two main hypotheses for when creep strains develop, as pointed out by (Ladd et al.,

1977). Hypothesis A says that creep occurs at the end of primary consolidation, whereas hypoth-

esis B states that it occurs during primary consolidation due to a structural viscosity. Hypothesis

A is considered to be an empirical criterion and a pragmatic solution for routine design.

Hypothesis A is untrue for soils stressed beyond preconsolidation stresses, and there is a wealth

of data to demonstrate that Hypothesis B is true in the general case Degago et al. (2011). This

futher highlights the importance of understanding stress history and soil structure when apply-

ing creep models.
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4.4 Consolidation under surcharge

The process of consolidation by pre and surcharge loading is explained in this section. What is

considered is the application of a pre-load to the ground surface with an additional surcharge

applied with the intention of accelerating compression and compensating secondary compres-

sion.

Johnson (1970), defined the degree of consolidation in the one dimensional case at the time of

surcharge removal for normally consolidated soils:

U f +s =

(
1− cαlog tsc

tp

)
log

(
1+ p f

p0

)
+ cα

Cc
(1+e0)l og tsc

tp

l og
(
1+ ps

p0

(
1+ ps

p f

)) (4.1)

Where

Cc is the coefficient of primary compression in logσ′ stress

Cα is the coefficient of secondary compression in logσ′ stress

p0 is the inital stress level

p f is the final stress level

ps is the surcharge stress level

This gives the degree of consolidation under the centre-line of a loaded area which gives a con-

servative estimate as the edges will consolidate more rapidly.

Using this theory it is possible to predict rate of consolidation in the one-dimensional case for a

normally consolidated soil. However, the weakness of this method is that it does not account for

pc of a normally consolidated soil and thus engineering judgement and previous experienced is

required for the selection of appropriate input parameters.

Some account of geological influence factors is made when using drainage path length to deter-

mine tp . In this way, intermediate drainage layers can be accounted for.

4.5 Radial Drainage due to Prefabricated Vertical Drains

Prefabricated vertical drains (PVD) are typically 3mm to 5mm thickness and 100mm width and

can be installed into foundation soils to great depth. They are installed by various methods,

most typically by a closed-end steel mandrel which may be driven into the soil by hydraulic

rams (static) or vibratory/drop weight (dynamic).



CHAPTER 4. LITERATURE REVIEW FOR PRECOMPRESSION AND PREFABRICATED VERTICAL DRAINS 21

Barron (1948) and Kjellman (1948) were the first to develop equations for the consolidation of

soils with vertical drains. The former compared both the free-strain and equal strain cases and

found the difference in results between these two methods to be of little practical importance.

The free strain solution was then further developed by Hansbo (1981) to include the effects of

smear zone and well resistance and it was proven that the average degree of consolidation can

be found by:

Ū = 1− ū

ū0
= 1−e−8Th /µs (4.2)

Where:

Th = Ch t
D2 is the time factor in radial drainage

Ch = kh M
γw

is the coefficient of consolidation for horizontal flow

D = 1.05 ·S is the diameter of the influence zone of the drain based on the field spacing, S

µ= n2

n2−1
ln(n)−0.75+ 1

n2 − 1
4n2 smear and well resistance not accounted for

µs = v +πz(2l − z) kh
qw

(1− 1
n2 ) smear zone and well resistance accounted for

v = n2

n2−s2 ln n
s − 3

4 + s2

4n2 + kh
k ′

h

n2−s2

n2 ln(s)

n = D
dw

is the ratio of the diameter of the influence zone to the diameter of the well

s = ds
dw

is the ratio of the diameter of the smear zone to the diameter of the well

kh and k ′
h are the horizontal permeability in undisturbed and remoulded zones, respectively

qw is the discharge capacity of the drain

This allows for a systematic review of the effect of smear and well resistance, but only linear soil

properties are used, therefore seprate calculations must be undertaken when soil properties

vary spatially o temporally.

4.6 Design Considerations for Vertical Drains

There are several factors which must be considered for the design of vertical drains, most signif-

icant of which are the installation effects.

Pore pressures generated by installing PVD are not well studied. Studies on cone penetration

testing indicate that the ratio of excess pore pressure to initial vertical effective stress would be

greater than unity at a radial distance of 2dm (Levadoux and Baligh, 1980).
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Installing PVD generates high octahedral strains which generates a remoulded ’smear’ zone sur-

rounding the drain. The strain may descrease to less than 2% at a distance greater 2dm , where

dm is the diameter of the mandrel (Levadoux and Baligh, 1980). Empirical evidence indicates

the diameter of the smear zone ranges 1.5 - 3dm Jamiolkowski et al. (1983), Holtz et al. (1991),

Indraratna and Redana (2000) which is dependant installation methods, and soil plasticity.

The effect of well resistance must also be considered as a soil element draining horizontally to

a boundary condition where excess pore pressure during consolidation process is zero cannot

happen in a saturated well. Additionally, the drain itself has a finite discharge capacity, however

the effect of this is negligible for discharge capacities greater than 100m3/year (Holtz, 1987)

4.6.1 Other Considerations

The selection of filter sleeve must consider the soil retention (piping resistance), soil filtration

(clogging resistance), as well as permeability of the filter. Siltation/clogging of the drain and

filter sleeve will reduce the performance of the drain system over time. Additionally, the well

discharge may be reduced due a reduction in core volume from lateral earth pressures (Holtz,

1987).

Biological/chemical degradation may also be of concern in particularly problematic ground.

Bjerrum (1972) showed that increasing the drainage of the soil will increase the rate of primary

consolidation, however it does not affect the magnitude of total long-term settlements.

4.7 Plane-Strain Permeability Equivalence

In order to maintain an equivalent continuity of flow as in the axisymmetric (radial flow) case,

then the horizontal permeability in the plane-strain case must be factored. This principle is

shown diagrammatically in Figure 4.2.
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Figure 4.2: Principle of conversion between radial flow and plane flow permeability; from Indraratna and Redana

(2000)

The basic assumption is that the dimensionless time, permeability, and shape functions must

all share the same eqivalence. That is:

Thp

Th
= khp

kh

R2

B 2
= µp

µ
(4.3)

Where subscript p denoted a plane-strain parameter, and R and B are the radius and width of

the axisymmetric and plane-strain unit cell respectively, as shown in Figure 4.2.

Indraratna and Redana (1997; 2000) proposed a solution in which the drain spacings and time

factors in both the axisymetric and plane-strain models are equal and the permeability adjusted

for the plane-strain case to represent radial drainage. The method incorporates a defined smear

zone with separate permeability to the undisturbed soil.

The horizontal permeability in plane strain is derived as:

khp =
kh

(
α+βkhp

k ′
hp

+θ(2l z − z2)
)

ln
(

n
s

)
+ kh

k ′
h

ln(s)−0.75+π(2l z − z2) kh
qw

(4.4)

Where
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α= 2
3 − 2bs

B

(
1− bs

B + b2
s

3B 2

)
β= 1

B 2 (bs −bw )2 + bs
3B 3 (3b2

w −b2
s )

θ = 2k2
hp

k ′
hp B qz

(
1− bw

B

)
And

qz = 2
πB qw

And

The dimensions of the unit cell, i.e. R and B are kept constant between the two cases.

It can be seen that Equation 4.4 does not explicitly define the permeability parameters khp and

k ′
hp , thus the parameters obtained from analytical solutions are used as an input. An initial

value of plane strain horizontal permeability is calculated from:

khp

kh
= 0.67

ln(n)−0.75
(4.5)

Which is a special case of equation 4.4 where the effect of smear and well resistance are omitted.

This value is then used as a starting point for iteration.
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Construction Sequence and Monitoring

The sequence of construction works and monitoring shall be described in this section. Where some

uncertainty exists, the sequence of events is considered as the most likely with respect to relative

timings.

5.1 Sequence of Events

Exact dates of when fill was placed across the site are not available. The sequence of events has

been determined based on broad timescales provided by the contractor, supported by evidence

from pore pressure and settlement monitoring.

The sequence of events known to have been carried out are as follows:

1. Site clearance, topsoil strip, excavate to foundation - 07/05/18 to 11/05/18. Pore pressure

data indicates this to have occurred on 08/05/18

2. Placement of working platform - ca. 50cm of crushed stone - 14/05/18 to 18/05/18. Pore

pressure data indicates this to have occurred on 15/05/18

3. Installation of PVD to 25m below terrain by static, closed-end, steel mandrel - 04/06/18 to

08/06/18. Pore pressure data indicates this to have occurred on 08/06/18

4. Placement of ca. 3m of fill 25/06/18 to 06/07/18. Pore pressure data indicates this to have

occurred on 21/06/18

5. Monitoring of pore pressures and surface settlements - data until 17/12/18 and 15/03/19

respectively

At the time of reporting the surcharge load is understood to be the top 1m of fill and will be

removed in late 2019/2020, (some months after this study).
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Site Clearance

In order to enable construction, the top ca.0.2m of topsoil was removed and benches cut into

the slope to provide a level surface on which heavy plant can operate.

Working Platform

A working platform was placed over the site to create sufficient bearing capacity for the PVD

installation plant. The platform was composed of crushed rock of grain size 2mm to 32mm and

ranged in thickness from 0.5m to 1m.

5.2 PVD Installation and Specification

MembraDrain MD 88H PVD were installed by BAT Cofra. The drains are composed of a polypropy-

lene core wrapped in a non-woven geotextile filter sleeve. The installation method was with

closed-end, static, rectangular-section, steel mandrel, and driven to 25m below terrain. The

specifications of the drains and mandrel are given in Figure 5.1 and Table 5.1.

Figure 5.1: Cross section of PVD and mandrel

Drain properties

Width (mm) 100

Thickness (mm) 4

Discharge capacity (m3/day) 3

Filter Properties

Opening size (µm) 79

Permeability (m/day) 3400

Mandrel Dimensions

Width (mm) 120

Thickness (mm) 60

Wall thickness (mm) 10

Table 5.1: Properties and dimensions of

PVD and mandrel
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5.3 Filling

The fill is understood to comprise a well-compacted crushed rock of grain size 22mm to 120mm

with <1% fine grained material. Unit weight is assumed to be γ = 20kN/m3.

The fill was placed and compacted in layers, and based on pore pressure readings, appears to

have been placed in less than one week. The exact timings of fill placement has been interpreted

from pore pressure measurements and as such, some uncertainty exists when discussing the site

as a whole.

5.4 Pore Pressure Monitoring

The pore pressure in five vibrating wire piezometers was monitored between May 2018 and De-

cember 2018. The resolution of the data obtained during the construction phase is given in

Table 5.2. Note that the installation depths refer to meters below the initial terrain i.e. at site

investigation stage.

Series no. Position Depth (mbgl) Elevation (moh) Start date End date Data resolution

6011 A2 6 56.2 08/05/2018 04/02/2019 Monthly1

6012 A2 10 52.2 08/05/2018 04/02/2019 Monthly1

11058 C1 6 53 08/05/2018 17/12/2018 2hr

9936 C2 8 55.5 08/05/2018 17/12/2018 2hr

11059 C2 12 51.5 13/02/2018 17/12/2018 2hr2

1 Piezometer was read manually
2 Data resolution was 1hr between 13/02/2018 and 07/06/2018

Table 5.2: Summary of piezometer readings during construction

The supplied piezometer data was uncorrected for barometric pressure and no air pressure

measurement was taken during the monitoring period. The data was therefore corrected for

changing pressure conditions using the nearest available weather station at Voll (approx 1.4km

east of the site and at 127m elevation). Air pressure was obtained relative to sea level and cor-

rected to the average level of installed piezometers. It is noted that this averaging of piezometer

levels leads to an error of approximately ±0.1%. This translates to a possible error in barometric

pressure in the range of ±1kPa which is not considered to be significant.

Pore pressure measurements at location A2 were only taken at monthly intervals, therefore the

initial ’spike’ due to undrained loading was not measured.

Figures 5.2 and 5.3 show an increase in pore pressure due to installation of PVD. Both at posi-

tions A2 and C2, an under-hydrostatic pore pressure profile is noted prior to any construction
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Figure 5.2: Piezometer pore pressures before and af-
ter PVD installation with corresponding hydrostatic pro-
files

Figure 5.3: Piezometer pore pressures before, during
and after PVD installation

activities. Following the installation of PVD and completion of primary consolidation, all pore

pressures remained at a higher level, conforming very closely to a hydrostatic profile.

At approximately 07/06/18, a sudden increase followed by rapid decay is measured at both C1

and C2. This is probably caused by PVD installation. The magnitude of excess pore pressure is

between 15kPa and 45kPa.

5.5 Ground Settlement Monitoring

A total of eight settlement plates (TP1 to TP8) were installed at original ground level prior to fill-

ing and one additional plate (TP9) installed close to the western corner of Kiwi. The locations

of these plates is shown in Figure 3.1. Figure 5.4 shows the cross-section of a single plate. Settle-

ment of the plate was monitored on a weekly basis for the first six weeks after placement of the

fill, and monthly thereafter. Measurements were to the nearest millimetre.

Between 24/05/18 and 15/06/18 levels were noted to fluctuate by -0.007m and +0.04m. This

change in levels occurred after site clearance and placement of the working platform but with

no clear pattern between ground movements and site works. Due to this problem the data be-

tween these dates has been discounted as unreliable and settlement has been assessed from

the movement measured from 22/06/18 onwards, at which time all plates registered net move-

ments of +0.001m to -0.003m. It seems likely that ground movement before 22/06/18 were due

to movement of machinery and PVD installation causing ground disturbance and deflection of

the plates.

At the time of reporting, recorded settlements at positions TP1 to TP8 range from 0.036m to

0.116m. No heave has been recorded following these settlements as the surcharge load has not
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yet been removed.
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Figure 5.4: Principle sketch of settlement plate used



Chapter 6

Modelling of a Single Drain

In this section the simple case of one-dimensional compression of a single drain will be considered.

An analytical, closed form solution as well as finite element methods for axisymmetric and plane-

strain conditions will be compared The purpose of this section is to show how installation effects

can be accounted for and compare the results of different analysis techniques.

6.1 Parameters

Initial modelling of the drains is carried out with a linear elastic model, assuming one-dimensional

compression. The elastic parameters are typical average values for the entire drain length but

the lack of stress-dependant stiffness will limit the applicability with respect to real strain devel-

opment.

E’ (kPa) ν kh (m/s) k ′
h (m/s)

6000 0.2 1.50E-09 5.00E-10

Table 6.1: Parameters for unit cell analysis

In all cases, a single unit cell has been modelled with a uniform surface load of 60kPa.

In all cases it has been assumed that the smear zone radius is equal to twice the mandrel equiv-

alent radius, rs = 2rm . k ′
h within the smear zone is assumed to be constant and equal to the

vertical permeability. In reality the disturbance within the smear zone will reach a maximum

at the drain boundary, decreasing to zero at the edge of the undisturbed zone, and following

a non-linear distribution. Additionally, withdrawal of the mandrel will leave an air-gap along

the drain length which retards inital saturation and flow into the drain. This effect will not be

directly modelled and is instead accounted for by selection of an appropriate k ′
h value.

31
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kh is assumed to be 3k ′
h .

6.2 Back-Calculation of Horizontal Coefficient of Consolidation, Ch

6.2.1 Ch from Settlement Data

The coefficient of horizontal consolidation can be back analysed using the average change in

measured settlement (Asaoka, 1978). A time interval of∆t = 10 days was selected and the settle-

ment at four time intervals was interpolated from the data.

Figure 6.1: caption Figure 6.2: caption

Figure 6.1 shows a back calculation of Ch in two time periods, the first is between 20 and 50

days after filling, and the second is between 50 and 150 days after filling. Figure 6.2 shows the

interpolated change in settlement for the normalised time for both time periods.

Ch is then found according to (Asaoka, 1978):

Ch =−D2µl n(β)

8∆t
(6.1)

Where:

D is the diameter of the influence zone

µ is a function of the well spacing according to Equation 4.2

β is the inclination ∆δtn/∆δtn−1
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β 20 to 50 days β 50 to 150 days

TP1 0.7857 0.6818
TP2 0.8012 0.7185
TP3 0.5120 0.4936
TP4 0.7434 0.6908
TP5 0.6939 0.6604
TP6 0.5507 0.2692
TP7 0.5663 0.4412
TP8 0.8978 0.9167

Average 0.6939 0.6090
Average (centre-line only) 0.6250 0.5285

Ch (m2/yr) 10.0 6.8
Ch (m2/yr)(centre-line only) 12.9 8.8

Table 6.2: Ch back calculated from settlement data

It is noted that the settlement contribution from soils beneath the base of the drains is not

known. The error arising from not accounting for this is considered to be negligible over the first

30 day timescale as it will account for a very small proportion of measured settlement. However,

this effect may be more significant at the second, 100 day timescale.

6.2.2 Ch from Pore Pressure Data

The equal strain solution for the dissipation of pore pressure with time at any radial distance,

r, from the centre of a radially drained area is found to yield the following partial differential

equation Jamiolkowski et al. (1983):

∂ū

∂t
=Ch

(1

r
· ∂u

∂r
+ ∂2u

∂r 2

)
(6.2)

Substitution of the µ term from Equation 4.2 and rearrange to find Ch , the solution becomes:

Ch = µR2

−8 ·4∆t
ln

(
ut

ut−1
R2µ

(R2ln( r
rw

− r 2−r 2
w

2 )

)
(6.3)

Where

∆t is the time interval between excess pore pressure measurements ut−1 and ut

The calculated values in Table 6.3 represent the average value, i.e. no differentiation between

the undisturbed and smear zones.

The result is a clear trend of decreasing Ch with decreasing u.
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Piezometer Time (days) u (kPa) Ch (m2/yr)

C1 6m u0 = 44.5 kPa

2 36.2 41.6
6 23.6 36.0

10 17.9 25.6
14 14 23.5
22 9.1 18.1
30 6.4 15.4

C2 8m u0 = 27.3 kPa

2 23.7 32.7
6 17.4 27.8

10 13.7 23.0
14 11.1 21.1
22 7.2 18.2
30 4.8 17.2

C2 12m u0 = 23 kPa

2 17.5 50.8
6 9.2 50.7

10 6.0 35.9
14 4.0 34.4
22 2.0 27.1
30 1.0 27.1

Table 6.3: Ch back-calculated from pore pressure readings

6.3 Single Drain Analytical Solution

The average degree of consolidation at any given time has been defined according to equation

4.2.

The smear zone is defined as annulus of reduced permeability soil of radius rs surrounding the

PVD, of radius rw . The outer, undisturbed zone extends to the outer boundary of the unit cell at

a radial distance R. The numerical values of these distances are given below:

rw = tw +ww

π
= 0.0331m (6.4)

rs = 2rm = 2
tm +wm

π
= 0.1146m (6.5)

R = 0.525S = 0.7875m (6.6)

Where subscript w and m refer to dimensions of the PVD and mandrel respectively, given in

Table 5.1.

Using the parameters in Table 6.1, Ch in the undisturbed zone and C ′
h in the smear zone can be

calculated. Normalising these values over the radial dimensions gives an average value within



CHAPTER 6. MODELLING OF A SINGLE DRAIN 35

the influence zone of C̄h = 28.6 m2/yr. This is approximately equal to the average value of each

piezometer over the monitoring perios from Table 6.3 which ranged from 23.3 m2/yr to 37.7

m2/yr.

The time to 90% consolidation found by rearranging gives t90=49.5 days.

This is the theoretical value for the centre of a uniformly, vertically loaded area. A limitation of

this method is in the selection of a value of Ch which of course varies between the undisturbed

and smear zones.

6.4 Finite Element Solution

An axisymmetric consolidation calculation was undertaken using PLAXIS finite element code.

The geometry of the problem and soil properties are kept the same as Hansbo’s solution for the

purposes of comparison. The centre line of the drain is the line of symmetry. This is shown in

Figure 6.3.

Figure 6.3: Unit cell finite element geometry

PLAXIS divides pore pressures into steady-state and excess pore pressure, with the former be-

ing assigned from a input hydrostatic condition, and the later calculated from a changing load

condition.
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6.4.1 Boundary Conditions

The circumference of the unit cell is specified as closed to hydraulic flow and normally fixed with

respect to deformations. The base of the unit cell is also closed to hydraulic flow and fully fixed

to deformations. The top surface (where load is applied) is specified as a seepage boundary and

free to deform in one dimension. Thus an oedometer condition is simulated, comparable to

both the analytical solution and to 1-D consolidation beneath the centre-line of a loaded area.

6.4.2 Mesh

PLAXIS automatically generates a finite element mesh based on discretisation of the input ge-

ometry. Each element consists of a 15-noded triangle.

The mesh is refined based on an input of relative element size, by way of selection of a de-

sired coarseness. Additional automatic refinement is carried out by the programme by the local

geometry which applied an implicit coarseness factor from the pint/line spacing and angles be-

tween intersecting lines. In this case the mesh is refined within the drain, and coarsened within

the drain influence zone.

6.4.3 Governing Theory

The consolidation calculation in PLAXIS is carried out on the excess pore pressures. The excess

pore pressure, u, is calculated based on force vector nodal values multiplied by interpolation

functions, N (or shape functions). In this case, relevant shape functions for 15-noded triangles

are used.

Strain, ε, is calculated from force vector nodal values multiplied by the strain interpolation ma-

trix, B which contains the spatial derivatives of the interpolation functions.

[
K −L

−LT ∆tH

][
∆v

∆pn

]
=

[
0 0

0 −∆tH

][
v0

pn0

]
+

[
∆fn

∆t (qn0 +∆qn)

]
(6.7)

The stiffness matrix is:

K =
∫

v
BT De BdV (6.8)

The coupling matrix is:

L =
∫

v
BT mNdV (6.9)
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The permeability matrix is:

H =
∫

v
(∇N)T k∇N/γw dV (6.10)

It can be seen that at values of ∆t approaching zero, so too will the diagonal term in Equation

6.7, leading to instability in the of the solution for small time intervals. Therefore time intervals

must be selected with care and are dependant element size.

6.4.4 Plane-Strain Finite Element Formulation

Conversion of axisymmetric permeability to equivalent plane strain permeability is discussed

in Chapter 4. This iterative method has been applied including well resistance and reduced

permeability in the smear zone. The equivalent plane strain permeabilities are given below:

kh (m/s) 1.50E-09

khp (m/s) 6.50E-10

k ′
h (m/s) 5.00E-10

k ′
hp (m/s) 7.85E-11

Table 6.4: Equivalent plane strain permeability values

It is necessary to factor horizontal permeability as the plane-strain model will not consider out

of plane flow and as such it cannot contribute to pore pressure dissipation/consolidation. An

implicit function is therefore used to determine an equivalent horizontal permeability which

will replicate the effect of radial drainage, based on principles of continuity of flow.

6.5 Comparison of Axisymmetric and Plane Strain Formulations

A stress point at the edge of the unit cell at depth of half the drain length is compared for the

three calculation methods. Additionally, settlement at the surface is also compared.
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Figure 6.4: Pore pressure dissipation for analytical, axisymmetric FE, and plane-strain FE methods

Figure 6.5: Settlements for analytical, axisymmetric FE, and plane-strain FE methods

The time taken to reach 90% consolidation, U90 = 1−u/u0, can be seen to match very closely

between all three methods, with there being a range of just 2.9 days between the methods.

In the plane-strain case, the initial pore pressure response is not a sudden ’spike’ as would be

expected, but rather reduced more rounded curve is produced, with a reduced initial excess pore

pressure level. The reason for this is shown when considering the critical time step, as defined

below:

∆tcr i t i cal =
l 2

αCh
(6.11)

Where:
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l = element length

α = 80 for a 15-noded element

Thus, the decrease of Ch in the plane-strain case results in an increase in∆tcr i t i cal and therefore

at time steps below this critical value, the pore pressure response is dampened.

6.6 Limitations of Analytical Method

The analytical solution is limited to linear elastic soil behaviour with a simple loading sequence

with small total deformations.

By not including the non-linear behaviour of soil, the degree of consolidation in terms settle-

ment is equal to the degree of consolidation in terms of pore pressure. In reality, rapid pore

pressure changes occur for loading below p’c and generate little settlement, whereas beyond

p’c , small changes in pore pressure generate large settlements. The significance of this becomes

greater in structured clays, where collapse of the structure generates large strains.
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Figure 6.6: Comparison of analytical solution and field measurements

Figure 6.7: Comparison of analytical solution and field measurements, optimised paramters

Figures 6.6 and 6.7 show how optimisation of the parameters based on observed behaviour and

soil layering can result in a more accurate model.

However the analytical solution does not account for non-linearity. The measured values show

a higher rate of pore pressure dissipation in the initial phase and a lower rate towards the end of

consolidation.

A numerical method would be better able to predict compression of these soft soils where sig-

nificant non-linearity of permeability and stiffness is observed.



Chapter 7

Numerical Models

This chapter will show the methods and rationale for selection of an appropriate numerical model

for the study site in order to overcome the problems of non-linearity discussed previously.

7.1 Geometry

The geometry of the problem has been determined from cross sections of the slope enclosed

in Appendix A. The soil layering is based on re-interpretation of the Rambøll site investigations

data contained in Appendix B including CTPU profiles and results of the laboratory testing as

discussed in previous sections.

Profiles A, B and C used in the PLAXIS model are shown in Figures 7.1 to 7.6. Appropriate sim-

plifications of the soil layering have been made, for example combining all sand and gravel soils

into a single stratum. The depth to bedrock has been assumed as a horizontal, incompressible,

impermeable boundary at 20moh.

The PVD, smear zone, and undisturbed soil around drains has been delineated for each PVD.

The final fill level has been taken from post-construction surveys.

7.2 Mesh

A normal mesh was generated, with a refined mesh within the PVD zone. There large range

within the geometry of the size of soil units, as the smear zones are very narrow in comparison

to the distance between model boundaries. Without refining the mesh in these zones a very

large ratio of element length to element area is generated causing inaccuracy of the calculated

result, or in the extreme, failure to converge as the stiffness matrix approaches zero.

41
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Profile No. elements No. nodes Max. model

dimension

(m)

A 14159 113949 160

B 13220 106363 162

C 12893 104010 157

Table 7.1: Summary of generated meshes

7.3 Loading

The construction phases used in the numerical models are given in Table 7.2. They fit generally

with the interpretation of site activities based on the available information. Completion of filling

is believed to have happened earlier on Profile A.

Profile A (days) Profiles B + C (days)
Phase Loading Time End Time End

0 Initial 0 0 0 0
1 Plastic null step 0 0 0 0
2 Site clearance 21 21 7 7
3 Working platform 4 25 25 32
4 Install PVD 6 31 11 43
5 Filling 365 396 365 408
6 Unloading 365 761 365 773

Table 7.2: Staged construction summary

With the exception of Phases 0 and 1, all were carried out as staged-construction consolidation

calculations. Loads were increased linearly to the specific value across the initial time step for

each stage.

The plastic null step was carried out as a drained, plastic calculation in order for the stress field

to reach equilibrium which models the actual slope stresses.

7.4 Groundwater Calculations

In the initial phase, groundwater pressures is calculated by steady-state seepage with boundary

conditions set on the model boundaries and positions of installed piezometers and the head set

to the observed value.

When PVD are installed, groundwater pressures are re-calculated by a new hydrostatic level

based on piezomters measurements
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7.5 Mohr-Coulomb Soil Parameters

A Mohr-Coulomb model was selected for soils not subject to creep deformations. The selected

strength, deformation and state parameters are:

Stratum γ (kN/m3) e0 c’ (kPa) phi E (kPa) nu

Fill 20 0.5 0 42 50000 0.3
Sand 19 0.5 0 35 35000 0.3

Dry Crust 18 1.3 5 26 7500 0.2

Table 7.3: Mohr-Coulomb paramters for soils not subject to creep

7.6 Soft Soil Creep Model

The soft soil creep model (SSC) was selecetd for the Landslide Deposits (LD), Quick Clay (QC)

and Marine Clay (MC) due to its ability to replicate overconsolidated and normally consolidated

strains.

SSC uses a linear relationship between stress-state and stiffness to predict soil hardening be-

haviour. It is best suited to soils where there is a high contrast between oedometer and triaxial

stiffness (typically where E50 > 2Eoed ) and thus display significant contractant behaviour at fail-

ure typical of problems related to deformations in normally consolidated to lightly overconsoli-

dated soils.

The main benefit SSC is the use of modified compression index,λ∗, and swelling index,κ∗ which

are defined as:

λ∗ = λ

1+e
= Cc

2.3(1+e)
= 1

mnc
(7.1)

κ∗ = κ

1+e
≈ 2Cs

2.3(1+e)
= 1

moc
(7.2)

And the time-dependant stiffness parameter, µ∗ which is defined as:

µ∗ = 1

rs
(7.3)

Where λ and κ are the Cam-Clay flexibility parameters in natural-log stress, The void ratio is

taken as the average void ratio over the stress range over which λ∗ and κ∗ are to be determined.
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Figure 7.7: The reference surface and equivalent mean stresses after (Stolle et al., 1999)

The dimensionless time resistance number should be selected based on the soils’ stress history

as creep rate is far lower in the overconsolidated stress range.

The ratio λ∗/κ∗ is usually in the range of 2.5 to 7, and the ratio µ∗/λ∗ in the range of 0.03 to 0.07

(PLAXIS, 2018).

The Poisson’s ratio in this model is a pure elastic constant, found from the ratio of horizontal to

vertical stress increments:

νur

1−νur
= ∆σxx

∆σy y
(7.4)

The creep deformations are calculated according to (Stolle et al., 1999):

ε̇vol =
µ∗
τ

(peq

peq
p

)λ∗−κ∗
µ∗ = µ∗

τ

( 1

OC R

)λ∗−κ∗
µ∗

(7.5)

Where:

peq and peq
p are the equivalent mean stresses at equivalent mean stress at pc .

The critical-state parameter, Mc s, is determined by the friction angle. M is a model parameter

determined by kNC
0 which controls the elipse in Figure 7.7.

Failure is still defined according to a Mohr-Coulomb criterion and so perfect plastic strains are
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generated when the failure criterion is met.

Destructuring of the soil is not accounted for as such strain softening in finite element analysis

results in mesh dependency Schädlich and Schweiger (2012) with inaccuracies increasing at

finer mesh sizes.

7.7 SSC Compression Parameters

Parametersκ* andλ* have been selected based on the laboratory test data, and adjusted in order

to match the measured settlements.

The creep parameter, µ* has been selected based on typical values of time resistance, rs for the

site area.

Stratum γ (kN/m3) e0 κ* λ* µ* POP (kPa)

Lanslide Deposits 18 1.3 0.016 0.075 0.0015 52
Quick Clay 18 1.3 0.016 0.075 0.0015 52

Marine Clay 19 1.1 0.012 0.05 0.0008 150

Table 7.4: Compression parameters for SSC model
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Figure 7.8: Oedometer test and simulation C2 5.4m Figure 7.9: Oedometer test and simulation C2 6.35m

Figure 7.10: Oedometer test and simulation C2 7.4m Figure 7.11: Oedometer test and simulation C2 10.3m

Figure 7.12: Oedometer test and simulation C2 11.4m

Validation of the parameters by simulation of CRS oedometer tests shown in Figures 7.8 to 7.12

shows a tendancy for strains to be overestimated before p’c and underestimated after p’c as the

effects of destructuring are not replicated.

7.8 SSC Strength

Strength is defined according to drained parameters according to effective stress parameters

determined from the laboratory testing discussed in Chapter 3.

Stratum phi c’ (kPa)

Dry Crust 26 5
Landslide Deposits 26 2

Quick Clay 24 5
Marine Clay 26 2

Table 7.5: Strength parameters for SSC model



CHAPTER 7. NUMERICAL MODELS 48

Figure 7.13: CAUC triaxial test simulation and labora-

tory results C2, 6.45m and 6.6m

Figure 7.14: CAUC and CAUP triaxial test simulation and

laboratory results C2, 10.4m and 10.55m

Figure 7.15: CAUC triaxial test simulation and labora-

tory results C2, 11.5m and 11.6m

Figure 7.16: CAUC triaxial test simulation and labora-

tory results for Quick Clay C2, 7.5m and 7.6m

The selected strength parameters have been verified with the PLAXIS soil test function and com-

pared to laboratory test data in Figures 7.13 to 7.16.

7.9 Permeability Parameters

Permeability has been selected based on the findings in Chapter 6. Equivalent plane strain per-

meabilities for the PVD zone have been calculated based on the procedure described earlier,

using iteration of Equation 4.4. Stress dependency has been defined according to Tavenas et al.

(1983b):

Ck = 0.5e0 (7.6)

PVD discharge capacity in plane-strain, qz = 4.3E-10m/s according to Equation 4.4, and there-

fore plane-strain permeability of:

kv = kh = qz

2bw
= 4.3E −5m/s (7.7)
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e0 Ck kv (m/s) kh (m/s) khp (m/s) k ′
hp (m/s)

Fill 0.5 - 5.00E-05 5.00E-05 - -
Sand 0.5 - 5.00E-05 5.00E-05 - -

DC, LD, QC 1.3 0.65
6.00E-10 1.80E-09 6.81E-10 1.00E-10Marine Clay 1.1 0.55

Table 7.6: Permeability parameters



Chapter 8

Numerical Analysis Results

In this chapter the results of the PLAXIS model are presented and discussed. The settlement and

pore pressures are compared to the observed field measurements.

8.1 Initial Loads

A plastic null step was used in order to create stress equilibrium in the slope. Drained con-

ditions were selected so that no excess pore pressures could be generated and pore pressures

were calculated from steady-state groundwater flow. Total displacements remained < 0.1m.

50
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Figure 8.1: Principal stresses, K0 calculation

Figure 8.2: Principal stresses, drained null step

Figures 8.1 and 8.2 show before and after the plastic step, which resulted in a rotation of princi-

pal stress planes.

8.2 Pore Pressure Dissipation

The pore pressured calculated by SSC model are compared to measured values from piezome-

ters installed at depths ranging from 6m to 12m below original terrain level. Piezometers at

locations C1 and C2 have a very good data resolution and so it is possible to determine specific

construction activities which are shown in Figures 8.3 to 8.5 as follows:

1. Site clearance and excavation to foundation level

2. Placement of working platform layer

3. installation of PVD
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4. Placement of final height of fill

The SSC model can be seen to over-predict inital pore pressures at the piezometers at 10m and

12m below terrain by some 5kPa to 10kPa throughout stages 1 and 2. This error is then removed

when pore pressures are recalculated in stage 3. It can be seen that piezometers at positions C1

and C2 all slightly under-predict pore pressures at the start of stage 4. The SSC model does not

replicate the gradual rise in groundwater pressure observed in C2 at 8m between stages 3 and

4. All piezometers replicate the final hydrostatic pore pressure condition observed at the end of

stage 4.

8.2.1 Comparison of Pore Pressure Dissipation with and without PVD

Profile C has been used as to demonstrate the effect of PVD on excess pore pressures. Figures

8.6 to 8.9 show Profile C immediately after filling and at 267 day after filling. In both cases,

immediately after filling is complete, maximum excess pore pressures are 85.5kPa. After 267

days, without PVD maximum pore pressure of 33.8kPa are within the centre of the soil mass,

whereas with PVD in the centre of the soil mass u = 0.6 kPa.

8.3 Settlements

Total predicted settlements were calculated to be up to 125mm. In the case of loading without

PVD, the time to 90% consolidation was calculated as 4.8 years to 6.3 years.

Settlement of the original terrain level was calculated for the period of 267 day after completion

filling. The field settlement plates have been compared the calculated results in Figures 8.10 to

8.12. The final filling level was reached rapidly, such that relatively little consolidation occurred

during placement.

Figures 8.10 to 8.12 show that the SSC model is generally able to produce similar results to the

measured data, though accuracy is diminished at stress levels exceeding p ′
c at which point the

total settlement is usually under-estimated. The destructuring and softening of the clay is not

replicated.

8.4 Lateral Displacements

Lateral displacements have been calculated for cross-sections beneath the fill area. These have

been reported for various distances from the centreline of the fill with negative distances being

the decreasing x-ordinate (up slope) and positive values being increases in the x-ordinate (down
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Figure 8.6: Excess pore pressures after filling without
PVD

Figure 8.7: Excess pore pressures after 267 days consoli-
dation without PVD

Figure 8.8: Excess pore pressures after filling with PVD
installed

Figure 8.9: Excess pore pressures after 265 days consoli-
dation with PVD installed

slope). The calculated displacements have been normalised are given for the end of the settle-

ment monitoring period, i.e. 267 days after fill placement. The have been normalised over both

the settlement, and height of placed fill.

No monitoring data is available to verify the calculated values.

All plots show increasing displacements in the up-slope direction; and as expected, the displace-

ments area greatest at -15m from the centre-line, close to the maximum up-slope extent of the

fill. Displacements beneath Profile A are greatest as a rapid decrease in fill height exists on the

left side of the model, creating stress concentrations in this location. Profile B is noted to have

much more gradual decrease in fill height, particularly on the down-slope side where the ge-

ometry is similar to a berm which results in a much closer grouping of lateral deformation and
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Figure 8.14: Settlement along Profile A, with and without PVD

increasing stability.

8.5 Safety

The lateral displacements for the case of with and without PVD at the end of consolidation

shows how by increasing the rate of consolidation stability of the embankment is increased

Figure 8.18: Comparison of lateral displacements at 15m from the fill centre-line, with and without PVD
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An additional c’-φ reduction calculation was carried out, with and without PVD. in all cases the

material safety factor was shown to increase with the introduction of PVD.

Profile FoS no drains FoS PVD

A 1.21 1.42
B 1.23 1.58
C 1.24 1.57

Table 8.1: Factor of safety against base failure
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Figure 8.15: Normalised lateral displacements along Profile A

Figure 8.16: Normalised lateral displacements along Profile B

Figure 8.17: Normalised lateral displacements along Profile C



Chapter 9

Conclusions and Discussion

9.1 Summary and Conclusions

Results clearly show the benefit of PVD of decreasing the primary consolidation time by, on aver-

age, over 4 years. Additionally, PVD provide the benefit of increasing stability of the foundation

by decreasing lateral strains.

A very good fit between predicted and observed pore-pressure response was achieved through

matching permeability values, although the intial excess pore pressure was always slightly un-

derestimated. Including the e-log k relationship of Ck =0.5e0 proposed by Tavenas et al. (1983b)

provides an increase in precision for predicting pore pressure decay. However, the most signifi-

cant increase is to be found by using a stress dependant stiffness.

A potential problem with the PVD application to slope stability has been identified. It was ob-

served that pore pressures in all piezometers reached equilibrium at an increased pressure after

installation of PVD. This increase gives cause for consideration, given the context of a slope sta-

bilisation scheme. These identified effects on steady pore pressure should be considered when

PVD are to be installed in a situation with large over-hydrostatic pore pressures.

9.2 Discussion of Results

9.2.1 Uncertainty of the Ground Conditions

The ratio kh/kv was assumed to be 3 and the ratio k ′
h/kv was assumed to be unity which achieved

results which closely matched observed behaviour. However, it is possible that CRS derived kv

was an under estimate, and therefore kh/kv =3 may be too high; indeed there is evidence to sug-
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gest the ratio may range from close to unity ((Bergado et al., 1991), (Tavenas et al., 1983a)) to as

high as 15Jamiolkowski et al. (1983).

Consolidation rates have been shown to be more sensitive to permeability within the smear

zone, rather than the dimensions of the smear zone itself. Notwithstanding this, the diameter of

the smear zone is not know and is another potential source of error.

The reasons for slightly under-hydrostatic pore pressures at positions A2 and C2 were not fully

identified. The most probable cause would be under-drainage from a more permeable layer,

although the site investigation does not give strong evidence for this. A very close to hydrostatic

condition was created following the installation of deep PVD, suggesting under-drainage did

not effect soils to a great depth and therefore extrapolating the initial condition to soils above or

below may give unrealistic estimates of pore pressure.

9.2.2 Accuracy of the Numerical Model

The numerical analysis has shown that PVD have significantly reduced the time of consolidation

and increased stability beneath the fill as expected.

The settlements calculated by SSC were within ± 8mm of measured values, a normalised error

of ± 15%. The pore pressures were also slightly underestimated.

Excess pore pressures appear to have largely dissipated with an excess of <1kPa remaining within

the PVD influence zone at the end of consolidation period. Some 15kPa of excess porepressure

remains below the PVDs.

Some inaacuracy was introduced by averaging POP over along the slope profile which results in

a slight misrepresentation of yield stress and reduced accuracy of strains created for a given load

increment.

9.2.3 Efficacy as a Slope Stabilisation Technique

The increasing lateral stresses down-slope act to increase confinement the the soils downslope

resulting in a decreased lateral strains for an applied load. The PVD have acted to decrease

lateral strains within the soil mass, further stabilising it. Additionally, the reduced time for con-

solidation creates a faster increase in effective normal stresses and shear strength, so there is

less time for shear strains to develop.

Rise in groundwater may in fact decrease slope stability in the drained case.

When considering the increase in restoring moments and increase, a considerable increase in

safety is calculated, satisfying the design codes.
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9.3 Recommendations for Future Work

The installation effects of the PVD have not been fully considered in this study and there is evi-

dence to show that excess pore pressures of up to 45 kPa, or possibly more, are generated due to

drain installation. Further study of this effect is needed to better understand what implications

there are for installing a PVD array (comprising several thousand drains) close to a slope.

It would be interesting to undertake constant head permeability tests on cores of vertical and

horizontal orientation, as well as remoulded samples, as the plane-strain model is particularly

sensitive to input permeability values within the smear zone and ratio khp /k ′
hp .

At the time of this study, the surcharge load has not yet been removed. Verification of with field

data of SSC ability to predict pore pressure changes and heave as a result of unloading would

futher verify the model.
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Acronyms

CAUC Consolidated Anisotropic Undrained Compression triaxial test

CAUP Consolidated Anisotropic Undrained Passive triaxial test

CPT Cone Penetration Test

CRS Constant Rate of Strain

moh Meters above sea level (Norwegian: meter over havet)

POP Previous Overburden Pressure

PSD Particle Size Distribution

PVD Prefabricated Vertical Drain

SSC Soft Soil Creep model
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Appendix B

Interpreted Site Investigation Data
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Reference Current SI? /
On site?

Sounding type Max depth (m) Lab testing

A1 Y Y RP 15

A2 Y Y RP, 54, PZ 18.5 w, γ, FC, UC

A3 Y Y RP, CPTU 31

A4 Y Y RP 30

B1 Y Y RP 21

B2 Y Y RP 14

C1 Y Y RP, CPTU, PZ 30

C2 Y Y RP, 54, CPTU, PZ 23 w, Att, γ, FC, UC, CAUC, CAUP, Oed

C3 Y Y RP, CPTU 25.5

C4 Y Y RP 30

1 (NGI 67/11) N Y RS 21

2 (NGI 67/11) N Y RS 21

3 (NGI 67/11) N Y RS 21

4 (NGI 67/11) N Y RS 12

5 (NGI 67/11) N Y RS 28

6 (NGI 67/11) N Y RS 28

7 (NGI 67/11) N Y RS 21

8 (NGI 67/11) N Y RS 14

III (NGI 67/11) N Y RS 11

IV (ngi 67/11) N Y RS 25

2 (R 5227) N N RP, 54 18 w, γ, FC, UC, Oed

4 (R 5227) N N RP, 54 11 w, γ, FC, UC, CIUC

1 (TK R.732) N N RP 11

2 (TK R.732) N N RP, 54 10 w, γ, PSD, FC, UC, CAUC, Oed

4 (TK R.732) N N RP 15

6 (TK R.732) N N RP, 54 10 w, γ, PSD, FC, UC

1 (R 6060049-1A) N N TS 46

RP = rotary pressure, 54 = 54mm piston, PZ = piezometer, CPTU = cone penetration test with pore
pressure measurement, RS = rotary sounding, TS = total sounding

w = moisture content, Att = atterberg limits, γ = bulk density, FC = fall cone shear strength, UC
= uniaxial compression, C(A/I)U(C/P) = consolidated (anisotropic/isotropic) undrained (compres-
sion/passive), PSD = particle size distribution

Table B.1: Summary of soundings referenced within this study
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Konsolideringsspenninger
PRØVE SYMBOL PUNKT LAB DYBDE TYPE w(vekt%) dV (%) de/e0 p0' (kPa) pa' (kPa) pr' (kPa) KOMMENTAR

1 Δ C2 1 6,45m CAUc 58,5 1,5 0,021 77 50 28 Leire

2 ◊ C2 1 6,60m CAUc 48,9 1,5 0,025 77 50 28 Leire
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Konsolideringsspenninger
PRØVE SYMBOL PUNKT LAB DYBDE TYPE w(vekt%) dV (%) de/e0 p0' (kPa) pa' (kPa) pr' (kPa) KOMMENTAR

1 Δ C2 3 10,40m CAUc 33,2 3,8 0,080 109 102 56 Leire

2 ◊ C2 3 10,55m CAUp 41,7 1,3 0,024 109 73 39 Leire
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PRØVE SYMBOL PUNKT LAB DYBDE TYPE w(vekt%) dV (%) de/e0 p0' (kPa) pa' (kPa) pr' (kPa) KOMMENTAR

1 Δ 4 4 7,50m CAUc 42,5 3,2 0,058 85 87 53 Kvikkleire

2 ◊ 4 4 7,60m CAUc 46,1 3,1 0,055 85 100 59 Kvikkleire
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Konsolideringsspenninger
PRØVE SYMBOL PUNKT LAB DYBDE TYPE w(vekt%) dV (%) de/e0 p0' (kPa) pa' (kPa) pr' (kPa) KOMMENTAR

1 Δ 4 5 11,50m CAUc 43,8 1,9 0,034 112 114 69 Leire

2 ◊ 4 5 11,60m CAUc 43,6 1,8 0,033 112 133 79 Leire
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