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Design and Monitoring of an Embankment on Alluvium

Un Remblai Construit sur Terrain Alluvionnaire

G.A. JONES Van N iekerk, Kleyn &  Edw ards, Silverton, South Africa 

E. RUST

SYNOPSIS The construction of a freeway along the Natal Coast, South Africa necessitated an embankment 400 m
long and 5 m high, crossing the Umgababa River and flood plain. The subsoil consisted of loose sands and soft silty 

clay to a depth of 23 m. Analyses indicated that stability and settlement problems were to be expected. Since the 

planning had allowed time to overcome these potential problems, it was not necessary to provide expensive subsoil 
drainage systems. However, extensive instrumentation was required to control the rate of construction and to monitor 

the embankment performance. This showed that surcharging had to be provided to minimize differential settlements 

between the structure and the embankment, but nevertheless, provision had to be made for negative skin friction and 

lateral loads on the piles.
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The traffic growth in the area required the opening of 

the highway about 3 years after the start of construction. 
One of the principle objectives of the site investigation 

was to enable times for settlements to be predicted with 

sufficient confidence to devise a suitable construction 
programme.

SITE DESCRIPTION AND GEOLOGY

The road crosses the Umgababa River flood plain in a 

north-south direction.

As shown in Figure 1, the Site Plan and Geological 

Section, the length of the embankment is about 400 m.
The width at road level is 41 m and the height varies 

from about 5 m in the centre to 8 m at the ends. At the 

southern end there will be a secondary road underpass, 

and in the centre, the main river bridge. At present the 
river runs along the northern edge of the flood plain.
It will be realigned to provide a less skew crossing at 

the proposed bridge, and also to improve the alignment of 
the river at the existing main road bridge some 200 m 

downstream. This part of the coast has a recent history 
of bridges, and approach embankments to these bridges, 

being washed out at times of extreme flooding.

The flood plain is very flat and about 2.6 m above mean 

sea level; the sea is about 1.5 km to the east and causes 

tidal variations in the river level of about a metre, at 

the embankment position.

PROPOSED RIVER
POSITION .UMGABABA

Fig.l Site Plan and Geological Section

The geology consists of alluvial deposits overlying shale 

bedrock at about 23 m depth. The alluvium is variable, 

comprising both sands and very soft organic silty clays 
containing shells. The rock is a dark grey soft to 

medium hard, well bedded and jointed argillaceous shale. 

The shale generally dips towards the east at about 10° to 

15° and this has given many problems in the stability of 

cuttings, particularly on the east facing cut slopes.
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The shale is frequently intruded by diabase dykes and TABLE ]
sills, and since in many cases these weather at a

different rate to the shale, river courses are often Laboratory Test Results
determined by these intrusions.

SITE INVESTIGATION

The investigation was carried out in two phases. During 

the first, the overall geology was established and the 
strata at the bridge sites determined for structural 

design purposes, by carrying out Cone Penetration Testing 
(CPT) and NX diameter boreholes (see Figure 2). 
Undisturbed samples 50 mm diameter were taken using thin 

wall Shelby Tubes, and laboratory tested for preliminary 

assessment of strength and compressibility. Standard 

Penetration Tests (SPT) generally gave very low values 

(N = 1) in the dominant soft clay layer.

Depth m Effective Stress kPa
Sample dia. mm 14-28 28-56 56-112 112-224 224-392

3.1 c mVyr 1.7 1.6
50 mVr»7*N 0.44

4.3 c 5.0 6.0
50 IDV 0.70

3.1 c 256 50 12 0.9 0.8
150 mV 0.50 0.31 0.67 1.49 0.51

4.3 c 377 21 9 5 0.5
150 mV 1.94 0.48 0.67 1.40 0.80
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The first phase of the investigation indicated that 
severe potential problems existed and therefore a second 

phase was necessary. This consisted of further boreholes 

with 150 mm diameter piston sampling.

Undrained quick triaxials, drained triaxials, 50 mm 

diameter conventional consolidometers and 150 mm diameter 

Rowe Cell consolidation tests, permitting both vertical 

and horizontal drainage, were carried out.

Typical results are given in Table 1, and Figure 2.
In-situ constant head permeability tests were carried out 

using twin tube porous ceramic piezometers carefully 
installed in sand pockets of controlled dimensions. 

Coefficients of consolidation, cv, calculated from these,

together with laboratory cv's from both small and large

diameter samples, are shown in Figure 3, plotted against 

effective stress.

Fig.3 Coefficients of consolidation 

versus effective stress

ANALYSIS

The stability and settlement analyses were carried out 

following each of the two phases of the investigation.

First Phase Stability

Total stress analyses were carried out using the Bishop 

Method of Slices and also from stability charts, (Pilot 
and Moreau, 1973) with shear strengths derived from Cone 

Penetration Testing and from quick undrained triaxial 
tests. These showed that the embankment height was 
limited to 3 m for a factor of safety of 1.2.

The mean cone reading, q , was 392 kPa, the standard
c

deviation was 43.9 kPa and the coefficient of variation, 
Vqc was 11%.
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The undrained shear strength was calculated from (Lunne, 
Eide and de Ruiter, 1977)

qc - Nk Tf + Yz

where N, = cone factor 
k

= undrained shear strength

Y = soil unit weight 

z = depth

From the above, c = 20 kPa if N, =15, which is a 
v k

commonly accepted value for this type of normally consol
idated soft clay.

The laboratory tests showed c^ to be lower, but this was 

assumed to be due to sample disturbance.

First Phase Settlement

Settlement calculations were based on the CPT results, 
using the Buisman - de Beer approach, (de Beer and 

Martens, 1957), but modified as shown below, (Bachelier 

and Parez, 1965; Gielly Larel and Sanglerat, 1970; Jones, 
1975).

a

where

ÔH =

C =

2.3 H / z + <SaN
-r- l°8l0 (-----)

ao a

w h e re  ao factor dependent on subsoil type, 

assessed from CPT friction ratios 

and sample description.

The calculations showed that settlements of about 0.9 -
1.2 could be expected for an embankment height of 5 m.

These preliminary analyses indicated that significant 

stability problems could be expected, and that unaccep

table differential settlements between the embankment and 

the structures would occur.

Probability calculations using normal and beta distri

butions of the subsoil parameters (Harr, 1977), indicate 

probabilities of failure of 0.096 and 0.104 at a factor 

of safety of 1.2, i.e. the construction limit. If, how

ever, the factor of safety increases to 1.6 after some 
dissipation of excess pore pressures, then the probabil

ity of failure is less than 0.01. It must be emphasised 

that the estimation of probabilities of failure, was to 
give a basis for comparing the relative safety of situa

tions represented by conventionally calculated factors of 

safety. Since all the assumptions are pessimistic the 
calculated probabilities are also pessimistic. For 

instance the variation of tan 0' is expected, on the 
basis of the CPT results, to be small and if this is 

taken as say 10%, instead of 20%, then the probabilities 
of failure for the normal and beta distributions reduce 

from 0.096 and 0.104 to 0.005 and 0.0006 at a factor of 
safety of 1.2.

Construction control stability charts were drawn up (as 

shown in Figure 4), using conservative assumptions with 
a simplified subsoil model consisting of a single clay 
layer.

In order to plan a construction programme to minimize 

these problems, it was necessary to determine with more 

precision, the subsoil strength and consolidation 
characteristics and their variations.

Fig.4 Site Stability Control Charts

Second Phase Stability

Although the emphasis of the second phase of the investi

gation was on determining the consolidation parameters, 

laboratory tests also provided effective stress 
parameters for more detailed stability analyses.

The mean values of the laboratory effective stress para

meters were c' = 5 kPa and = 25* . However contrary to 

the very small variation shown by the CPT's, the 

laboratory tests were highly variable, i.e. V = 40% and

tan 0
=  20%.

For the purpose of analysis, c' was conservatively taken 

as zero throughout, since it was small and variable. 

Although the factor of safety is not very sensitive to 

changes in the fill parameters, these were taken also

conservatively, as "c* = 5  kPa and = 35 with V * 10%
c

and V ^ = 5%, for the selected compacted soft rock 
tan 0

shale fill.

The allowable rate of construction was expected to be a 

function of the pore pressure dissipation and a provis
ional programme was drawn up based on the predicted 

dissipation rates from consolidation tests and in-situ 
permeability measurements.

The time for construction was arrived at by modelling the 

embankment as a series of instantaneous 0.5 m lifts, with 

each increment being added after the previous excess pore 
pressure had dissipated sufficiently to allow the next 

increment. A number of calculations were carried out 
with different assumptions regarding the pore pressure 
response, ^u , for additional loading, <$0v, i.e.

6u = and for 6u = 0.8 6a and 0.6 6a . 
e v e v v

These

resulted in considerably different predicted construction 

times. On the basis of these results, tempered with 

judgement, it was concluded that the required time would 
be from about 6 months to 1 year.
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Second Phase Settlement

Settlements were predicted from CPT's, as described 

earlier, and from coefficients of volume change, m^, from

large and small diameter consolidometers. The estimated 
settlements, for a 5 m embankment, were 0.9 - 1.2 m from 

the CPT’s and 1.2 - 1.5 m from the laboratory results.

It will be seen from the Geological Section, Figure 1, 
that the bridge at the southern end could be founded on 

footings - eventually this bridge was moved some 10 m 

further south to minimize the foundation depth - and 

settlement of the embankment would therefore only create 
the problem of a distortion at the interface of the 

embankment and the structure. However, for the river 

bridge at the centre, post construction settlements would 
not only do this, but also induce additional stresses in 

the piles due to negative skin friction and lateral 
loading.

Heavy flooding may cause scour, estimated at up to 10 m 

deep, at the piles, and therefore stiff, large diameter 

bored piles are preferable to smaller diameter driven 
piles.

In order to minimize post construction differential 
settlement between the embankment and the structure, the 

bridge position was preloaded by building the embankment 

across the future river position. To obtain the maximum 

benefit from this, the river diversion across this 
section was delayed for as long as possible and this had 

the added advantage of allowing construction of the 
bridge in the dry. The delayed filling in at the initial 

river position was expected to cause differential settle

ments along this section of the embankment, but since 

these would not be adjacent to structures, they were 
considered to be acceptable.

A number of different schedules were examined before 

deciding on the one described above. An important factor 
in evaluating the alternatives was that this section of 

freeway would be completed before the adjacent section to 
the south, so a temporary link to the existing main road 
was to be constructed about 1 km to the south of the 

embankment. It was therefore valuable to have the option 
of constructing the embankment with temporary pavement 
and surfacing, which could be completed later, after most 
of the settlement will have occurred. This allowed more 

than usual flexibility in the overall planning and was 

instrumental in the adoption of the proposed programme. 

Nevertheless it was important to predict rates of settle

ment for the various operations.

The rate of settlement is essentially governed by the 

dissipation of excess pore pressures in the clay layer 
from about k m to 18 m deep. The Rowe Cell tests had 

indicated little difference in the horizontal and vertical 

permeabilities and vertical double drainage was assumed.

The time for 90% consolidation, ts0 , can be taken as :

The more realistic c 's obtained from the large diameter
v

testing - and later confirmed by the embankment perfor

mance - more than justified the special provision of the 

sampling and testing equipment for this project.

It was estimated that the 5 m embankment would take 

approximately 7 years to achieve 90% consolidation (see 

Figure 5). Alternatively, that after 2 years, only about 
70% of consolidation will have taken place, so that about 

300 mm of settlement would occur subsequent to starting 

the river bridge construction, and a further 200 mm after 

opening the road. Despite the advantage of the proposed 
temporary surfacing, this residual amount of settlement 

was considered to be excessive at the river bridge.
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Fig. 5 Predicted and Measured Settlements

At the design stage it was therefore decided to make 
provision for the option of surcharging the centre 

section by adding about 2 m of fill. If the surcharge 
was used then after 2 years about 950 mm of settlement 

would have occurred - see the 7 m line on Figure 5. The 

surcharge could then be removed, leaving an acceptable 
amount of consolidation settlement - about 100 mm - to 

occur after completion of the bridge in a further year.

It may be noted however, that without recourse to subsoil 
drainage systems, not enough consolidation could be 

achieved before piling, for negative skin friction to be 
discounted.

. , . 0.B5 x 7! 42
t9o (years)--------j-T/ . —  years

cv (nr/year) c^ J

Figure 3 however, shows ^ ’s to vary from about 15 to

3 m2/year for the range of final effective stress between 
top and bottom of the clay. The higher values, at lower 

stresses, tend to be confirmed by the c !s obtained from 
the in-situ permeability tests. v

It will be noted in Figure 3, that the c^’s obtained from

the small diameter consolidation tests appeared to be 

much less dependent on the effective stress, and generally 
gave lower cvfs in the relevant stress range.

MONITORING

It was clear from the various analyses, that despite 
considerable care in obtaining the basic data, a high 

level of confidence could not be placed on the rate of 

settlement predictions due to the variability in cv,s»

By implication it was necessary to monitor the perfor- 

mace of the embankment to control the rate of construc

tion and also so that should the settlement be slower 
than predicted or should anything unexpected occur, 

appropriate steps could be taken.
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The instrumentation was confined to three lines across 

the embankment (see Figure 1). Two of the lines were 

adjacent to the river bridge position and placed so that 

they would not be affected by the removal of fill and 

construction of the bridge. The third line was about 
100 m south of the bridge where the embankment height 
increased to about 6 m.

The instruments consisted of six inclinometers taken into 
the shale bedrock, i.e. one at the end of each line, at 

the toes of the embankment; five pneumatic remote reading 
mercury head settlement sensors placed symmetrically in 

each line about 0.5 m below initial ground level and 

seventeen pneumatic piezometers were installed in the 

three lines at depths of 3 m and 0 m; the instrument 

leads were taken to brick built gauges houses at the 

eastern end of each line. Fifteen standpipe piezometers 
were installed later, five in each of three boreholes (as 

shown in Figure 6). Typical results from the instruments 
are shown in Figures 5, 6 and 7.

_____________HORIZONTAL DISPLACEMENT mm

------------  PORE PRESSURE K Pa

Fig.6 Typical Piezometer and Inclinometer Results

TIM E DAYS

F ig .7 Pore P re ssu re  Response

DISCUSSION

Two distinct steps occurred during construction (as 

shown in Figure 7). The first of these was quite short, 
at a height of about 3 m, and was due to adverse weather 

and the requirement to use the earth moving equipment 

elsewhere. The second step, at about 5 m height, was 
primarily for geotechnical reasons.

The typical result (see Figure 7), shows that the rise 

of excess pore pressure in the clay at 8 m depth, 

follows immediately on loading; that it is practically 

100% of the additional stress and furthermore, that no 

dissipation was discernible. In contrast, the excess 
pore pressure at 3 m depth, in the upper sand layer, was 

small and reflected only the settlement of the piezo

meters. Settlement followed the loading quite closely 

and, with the inclinometers, gave expected values of 
deformation. These deformations were plotted as 

recommended by Matsuo and Kawamura (1977), i.e. vertical 

deformation against the ratio of horizontal to vertical 
deformation.

These deformation measurements gave no cause for alarm, 
yet according to the initial single layer stability 

charts (Figure 4), the factor of safety was below the 

construction limit of 1.2. This was unexpected, and 

unlike the performance of a similar embankment on the 
same project, which was constructed first because more 
severe problems had been expected (Jones et al, 1980).

In vis-w of these developments the situation was 

re-analysed. The later stability analysis used a two 
layer subsoil model to take cognizance of the undoubted 
benefit of the upper sand layer. The distribution of 

excess pore pressures under the embankment was modified 

from a simple system into a multi layered - both 

vertically and horizontally - model to fit the measured 

response.

Modified stability charts were drawn up, and one of 

these, for a fill height of 5 m, is shown on Figure 4.

The modified charts are less conservative and presumably 

more realistic. For example, for a typical embankment 
say 5 m high, a u^ in the clay of 60 kPa, and in the

sand of 10 kPa, gives a factor of safety of 1.23

compared with 1.08 if the single layer chart is used
with u of 60 kPa. 

e

The highest excess pore pressures were measured at the 

centre line of the embankment at a depth of about 10 m.

In practice the failure surface is not likely to be as 

deep as this, although the circular arc analytical method 
does indicate that it could be up to 8 m deep. The use 

of pore pressures from the deeper piezometers is there

fore pessimistic.

In addition to the measured data indicating that 

stability was a potential problem, the lack of pore 

pressure dissipation also suggested that the rate of 
settlement could be adversely affected, which would 
necessitate a change to the programme. It was decided 

to instal further instrumentation to check the 

performance. Fifteen standpipe piezometers were put in 

at various depths in the clay layer, as well as into the 
upper and lower sand strata. These piezometers consisted 

of ceramic filters attached to 10 mm diameter semi rigid 

black plastic pipes, with valves at the top to which a 

pressure gauge could be connected. These proved to be 

remarkably effective although most embarrassingly 
unsophisticated in appearance.
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Immediate response was not necessary, since these 

piezometers were intended both as a check on the existing 

pneumatic system, and also to give a more complete 

picture of pore pressure distribution within the subsoil. 

This is shown in Figure 6. It can be seen that the 

assumed double drainage model is valid for the clay 

layer. In addition to this extra instrumentation, 

in-situ pore pressure measureraents were also later 

carried out using a CPT probe equipped with a piezometer, 

which confirmed the standpipe piezometer measurements, 

(Jones and van Zyl, 1981).

The measured settlements were compared with the predicted 

(as shown in Figure 5). This showed that the actual 

settlement lagged behind the predicted. It was therefore 

necessary to proceed with the designed surcharge as soon 

as possible to minimize post construction settlements.

Final design of the river bridge foundations had not been 

completed since the option was kept open of neglecting 

negative skin friction had full consolidation occurred. 

This was clearly not the case, and the piles had to be 

designed to include negative skin friction which, for the 

0.9 m piles was about 15% of the working load. The 

problem of lateral loads on the piles due to the embank

ment was examined using the semi-emphirical method 

described by de Beer and Wallays, (1972).

A major consideration is the presence of the sand layer 

in the upper 3 m to 4 m. If this can be considered as 

dense, then the piles may be modelled as being fixed at 

both ends; on the other hand, if the layer is loose, then 

the piles must be taken as free at the top and this 

dramatically increases the bending moments. However, 

because the inclinometers showed significant lateral 

displacements in the upper sand (as shown in Figure 6), 

and also since excavation for the new river channel would 

remove most of the sand layer in front of the abutments, 

the piles were considered as fixed only at the bottom. 

This resulted in excessive bending moments, so a system 

of near horizontal anchoring of the pile cap has been 

designed using cables through the fill, attached to 

deadman concrete anchor blocks cast in the fill, some 

30 m behind the abutments. A monitoring system consis

ting of measuring the anchor cable stresses, the move

ments o f  the pile cap and anchor block, and soil 

deformations by inclinometers close to the piles, will 

be installed.
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REFEREN CES

CONCLUSIONS

This case history demonstrates the value of adopting a 

philosophy of flexibility both in the design and 

construction in problematical areas.

The investigation showed that there was a reasonable 

probability that the embankment could be built without 

the installation of extensive subsoil drainage measures. 

Since forward planning had provided some scheduling 

options, and since the temporary pavement link to the 

existing road permitted some post construction 

settlement, it was decided to proceed without subsoil 

improvement other than surcharging at the bridge.

ACKNOWLEDGEMENTS

Gratitude is expressed for the encouragement and 

co-operation of engineers of the Department of Transport 

and the Natal Provincial Administration during the design 

and construction of this project.

156


