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ABSTRACT
Cuttings and embankment structures form an important component of the infrastructure for waterways, railway and highway transport
networks. In the United Kingdom many of these structures were constructed over 100 years ago and over time, as a result of the effect
of long term changes in effective stress, the stability and, hence, the serviceability of some of these structures has reduced.  Soil nail-
ing is an earth reinforcement technique that can be used to stabilise such cuttings and embankments. A study, centred on a series of
centrifuge model experiments, was conducted to investigate the serviceability performance under both short and long term conditions
of earth structures that have been stabilised using the technique of soil nailing. The experiments showed that the nail loads can in-
crease significantly when an earth structure is subjected to a reduction in effective stress resulting from an increase in pore water pres-
sure. In addition, the cyclic applications of changes in effective stress increases nail loads and slope displacements. 

RÉSUMÉ
Les découpages et les structures de remblai forment un composant important de l'infrastructure pour des voies d'eau, réseaux de trans-
port de chemin de fer et de route. Au Royaume-Uni plusieurs de ces structures ont été construites sur il y a 100 ans et avec le temps,
en raison de l'effet des changements à long terme de l'effort efficace, la stabilité et, par conséquent, l'utilité de certaines de ces structu-
res a réduit.  Le clouement de sol est une technique de renfort de la terre qui peut être employée pour stabiliser de tels découpages et
remblais. Une étude, porté sur une série de centrifugeuse modelez les expériences, a été conduit pour étudier l'exécution d'utilité dans 
des états courts et à long terme des structures de la terre qui ont été stabilisées en utilisant la technique du clouement de sol. Les expé-
riences ont prouvé que les charges d'ongle peuvent augmenter de manière significative quand une structure de la terre est soumise à 
une réduction d'effort efficace résultant d'une augmentation de pression d'eau interstitielle. En outre, les applications cycliques des 
changements de l'effort efficace augmente des charges d'ongle et des déplacements de pente. 

1 INTRODUCTION 

Efficient transport networks are an essential part of a country's 
infrastructure and, historically, in the United Kingdom the three 
major land transport means have been the waterways, railways 
and highways. A common factor between all three of the major 
historical networks is the necessity for cuttings and embank-
ments which exist to keep the gradients low enough for traffic 
to make efficient progress. At the time of construction, particu-
larly of the waterways and railways, the geotechnical designs 
used were largely empirical. Over time some of these empirical 
designs have proved inferior and some are now either failing or 
prone to failure in the future. 

Economy in excavating and transporting material, and the 
expense of land take in urbanised areas, dictates that designs are 
made with the maximum tolerable slope angle. As a conse-
quence of this, earthworks associated with the transport net-
works were often cut at a slope angle, which though sustainable 
in the short term, was eventually too steep to maintain slope 
stability within limit states in the long term. This is because 
temporal change in soil strength - which can lead to excessive 
deformations, resulting in serviceability limit state being 
reached, or, in the extreme, failure of the system at ultimate 
limit state - was not taken into account. In particular, the effects 
of changes in pore water pressures in a slope on soil strength 
and stiffness were not fully understood. Limit state failures oc-
cur due to a long term reduction in soil strength caused by a va-
riety of factors, including dissipation of negative excess pore 
water pressures generated during excavation and changes in hy-
drological conditions, e.g. Vaughan and Walbanche (1973). 
Such failures of earthworks are of concern to the agencies 
which run the various transport networks who find it necessary 

to implement regular condition monitoring and, if necessary, 
remedial action, e.g. Perry et al. (2001).  

One of the techniques that, in appropriate circumstances, 
may be used to stabilise slopes is soil nailing. In addition to its 
application in stabilising existing slopes, soil nailing is also be-
ing used increasingly for the construction of new cuttings, e.g. 
Johnson and Card (1998). Such new soil nailed slopes may also 
be subjected to changes in effective stress following construc-
tion – such as from increased rainfall intensity as a result of 
climate change, Hadley Centre (1998). There is a requirement, 
therefore, to establish the response of soil nailed systems to 
variations in effective stress in order to assess the long term ser-
viceability of both existing slopes strengthened using soil nails 
and newly excavated soil nailed retaining structures.  

To address this, a series of centrifuge model tests has been 
undertaken at the Dundee Geotechnical Centrifuge Centre to in-
vestigate the effect on a soil nailed slope of varying drainage 
boundary conditions following construction, including the cy-
clic application of changes in effective stress.  

2 CENTRIFUGE MODELLING 

2.1 Model geometry 

Centrifuge modelling laws permit small scale models of full 
scale prototypes to be to be investigated under highly controlled 
boundary conditions and under the correct in situ stress condi-
tions, Taylor (1995). In the study described herein centrifuge 
tests were conducted with 1/20th scale models (i.e. at a centri-
fuge acceleration level of 20g and N = 20) of a prototype exca-
vation 6.0 m high with slope angles of 50º, 60º and 70º. The 
slopes were supported by four rows of 7.0 m (prototype scale) 
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long grouted nails with a prototype diameter of 160 mm spaced, 
both vertically and horizontally, 1.5 m apart and installed at an
angle of 15º from the horizontal, as shown in the diagram of the
section through a typical model in Fig. 1. This resulted in model
slope of height, H, 300 mm reinforced by four rows of 350 mm
long, 8 mm diameter nails at a spacing of 75 mm. The bottom
row of nails was located at an elevation, h, 37.5 mm above the 
base of the slope and the top row was located the same distance
below the elevation of the crest of the slope (N.B. the elevation
of each row of nails is identified by the normalized elevation
h/H). The prototype was designed according to BS8006 (1995)
to provide a high factor of safety when the ground water table 
was at an elevation below the toe of the slope. The effect of 
variation in pore water pressures in the slope on the calculated
factor of safety is discussed below. To prevent local failure oc-
curring between reinforcements a woven geofabric was placed
over the slope, held in place by the nails, to form a flexible fac-
ing.

Figure 1 Geometry of centrifuge models indicating the location of each 
row of nails

2.2 Apparatus and instrumentation 

Plane strain models were made to represent part of a constant 
cross section of an earth structure. The soil used for the models
was a fine Leighton Buzzard Sand, D50 = 0.18 mm, c' = 0 and
φ' = 41.2º. This was placed in the centrifuge strong box (internal
dimensions: 0.5 m wide, 0.8 m long, 0.6 m high) by pluviation
to form a specimen with a uniform density of 17.3 kN/m3. It 
was considered too difficult to construct and reliably instrument 
a model nail which was an exact replica of the prototype. In-
stead, an instrumented model nail (fabricated from 8 mm diame-
ter acrylic rod) which had a modulus of elasticity selected to
represent the axial stiffness of the prototype nail was used 
(Gammage, 1997). The model nails were coated with fine sand 
to replicate the soil/nail interface properties.

Since the slope was modelled in plane strain, any introduc-
tion of water into the model must have only two-dimensional
flow characteristics. To achieve this, a gravel drain was in-
stalled at each side of the model along its full width; using a
perforated stainless steel sheet backed with filter paper as an in-
terface with the sand (Fig. 1). Each of the gravel drains was
connected to an external reservoir. The water level in the gravel
drain at the base of the slope was maintained at the elevation of 
the toe whilst the water level in the gravel drain located in the
retained soil could be raised or lowered, as required, by altering
the level of the overflow on its external reservoir.

The front and rear faces of the strong box are fabricated from 
thick Perspex to permit observation of the model during testing.
LVDTs were used to measure lateral movement of the slope and
vertical displacement of the upper ground surface. The lateral 
movement transducers were installed after each layer had been
excavated. Three instrumented nails were included in each test
in the column of nails on the centreline of the model. Limita-

tions on data channels restricted the number of instrumented
nails that could be used in each experiment and the location of
these nails was varied between tests to obtain nail forces at dif-
ferent elevations in the model. The nails were instrumented with
strain gauges on their upper and lower faces at six locations
along the rod. These enabled both axial and bending strains to
be measured, from which the axial force and bending moment 
distribution along the nail could be obtained (although only ax-
ial forces are considered in this paper). Changes in pore water
pressure were measured by both commercially available minia-
ture pore water pressure transducers and miniature tensiometers
developed for this project (Morgan, 2002).

2.3 Testing procedure

Each test consisted of two phases. The nailed slope was con-
structed in the first and the model was subjected to changes in
drainage boundary conditions - modifying the effective stresses 
in the slope - in the second. During both phases instrumentation
was monitored to provide information about the development of
slope displacements and forces in the nails. When constructing a
soil nailed retaining structure the normal procedure is excava-
tion, nail installation and application of the facing. This was
modelled during four sequential centrifuge runs. The model was 
prepared with the nails and facing in location. The sand to be
excavated was also in place. Each construction stage consisted
of excavating a 75 mm layer of soil and then accelerating the
model in the centrifuge. During this process the water table was 
located at the elevation of the toe of the slope.

On the completion of construction, the long term serviceabil-
ity experiments were conducted by changing the drainage 
boundary conditions of the centrifuge models to examine the ef-
fects of both the increase and the cycling of pore water pressure
in the slope. During and immediately following construction the
water table was maintained at the level of the toe of the slope –
stage 1. The capillary rise in the sand used in the models has 
been measured to be approximately 450 mm (Burkhart et al., 
2000); therefore, prior to starting the centrifuge capillary action
resulted in the entire zone above the water table being partially
or fully saturated. Bukhart et al. (2000) also measured capillary
rise at varying acceleration levels and observed that for this soil
at 20g it may be assumed that capillary rise reduces linearly
with g level (i.e. 1/N scale factor). This means that at the test
acceleration capillary rise would be approximately 23 mm
above the water table. Thus only a small proportion of the 
300 mm high retained soil would be subject to negative pore 
water pressures. To reduce the effective stress in the model, in
stages 2 and 4 of the test the water level was raised in the gravel
drain to the elevation of the top of the slope. In stage 3 the water
level was returned to the same elevation as in stage 1. Finally, in
stage 5 the model was subjected to a rise in ground water level
combined with inundation from the top surface, achieved by
forming a 1 cm high bund at the crown of the slope to impound 
water introduced to the top of the slope (Fig. 1). Stages 1 to 5
were applied to all the models except one in which an extra cy-
cle of water table fall and rise was applied (i.e. repeat of stages
3 and 4). This phase of the experiment was completed without
stopping the centrifuge.

3 RESULTS AND DISCUSSION

As indicated above, the centrifuge modelling programme con-
sidered models with three different slope angles. Changes in ef-
fective stress resulted in similar general modes of behaviour for
slopes of different slope angle – although, clearly, slope dis-
placements and nail forces developed in the nails were a func-
tion of slope angle. In this paper, therefore, results from a selec-
tion of slope geometries from the experimental programme are 
presented to illustrate the influence of changing effective stress
on the performance of soil nailed slopes. 
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3.1 Nail forces
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Typical variation in axial force distribution along a nail during
the experiments is shown in Fig. 2. Immediately after
construction (stage 1) the peak axial force in the nail is
17.65 kN, representing 19% of the predicted pullout capacity of 
the length of the nail located in the resistive zone of the slope.
With the rise in water table in the upslope gravel drain in the
model in stage 2 of the experiment, resulting in a reduction in
effective stress in the slope, the force in the nail rose by 19%.
However, on lowering of the water table to its original level – 
stage 3 – there was hardly any change in the force distribution
in the nail, implying negligible rebound or settlement of the soil
of the soil in response to the increase in effective stress re-
loading of the soil.

Figure 4 Peak axial forces in nails following cycles of water table rise in 
model (50º slope)

Figure 2 Axial forces along nail at elevation 0.375 at the end of each
experimental stage 

Repeating the rise in water table (stage 4) resulted in extra
forces being generated in the nail – the maximum change during
this stage being 7% of the original loading. Finally, inundation
from the top surface of the slope resulted in a further decrease in
effective stresses resulting in additional forces (8%) being taken
by the nail. Trends in changes in bending moments in the nail 
showed similar behaviour to the axial forces. The change in
peak axial force, T, in each of the four nails reinforcing a 60º
slope during an experiment are shown in Fig. 3, from which it 
can be seen that all the nails in the slope were subjected to sig-
nificant increases in axial load when water was permitted to
flow through the slope.

Figure 3 Peak axial forces (T) at each experimental stage (60º slope) 

The development of axial load in two nails in a 50º slope that
was subjected to three cycles of effective stress reduction and
increase, shown in Fig. 4, indicates an increase in axial force
with number of cycles. In common with all the other tests in the
programme of experiments, the largest percentage change (i.e.
increase) in axial force was induced during the first decrease in
effective stress. Subsequent effective stress cycles increased the
axial force in the nails.

3.2 Slope displacements

Examples of surface displacements measured on a 60º slope de-
veloped following stage 1 of an experiment are shown in Fig. 5.
Both sets of data show the same trends. As can be seen in
Fig. 5, the slope displaced following the reduction of effective
stress during stages 2, 4 and 5 of the experiment, but showed
negligible displacement during the lowering of the phreatic sur-
face in stage 3 - indicating a stiff response on re-loading. Since
soil nails are passive inclusions, in order for forces to develop
they have to be subjected to soil displacements and these meas-
urements explain the sequence of axial force change in the nails
presented above, i.e. when there are negligible displacements in
the soil there is, similarly, negligible development of axial force
in the nails. Similarly, for the 50º slope, Fig. 6, surface settle-
ment increased with each cycle of effective stress reduction and
increase within the slope. It is well established that cyclic shear
loading of soils can result in the accumulation of deformation
which can lead to serviceability limit state failure, such as in
pavements, e.g. O'Reilly & Brown (1991). The results of the
experiments indicated that there is the possibility that cyclic
loading of soil nailed systems could lead to serviceability fail-
ure; however, this would depend on the number and amplitude 
of the cycles together with the geometry of and soil type form-
ing the slope.

Figure 5 Vertical displacements at the top of the slope (0.7 m from the 
slope crest) and horizontal displacements measured adjacent to the head 
of a nail at a elevation of 0.625 (60º slope)

3.3 Nail pullout capacity

Since pore water pressures were measured in the experiments it
is possible to assess the influence of change in effective stresses
in the model on the pullout capacity of the nails. This may be 
achieved by comparing the measured maximum axial force in a
nail, T, with the predicted pullout capacity of the length of nail 
located in the resistive zone of the slope, Tp'. Values of Tp' 
were calculated using values of pore water pressure interpolated
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4 CONCLUSIONSfrom the spot values measured at the appropriate stage in the
experiments. Values of T/Tp' for the four nails in the 60º slope 
at each stage of a test are shown in Fig. 7, from which it may be
seen that T/Tp' increased at all levels in the experiment during
stages 2, 4 and 5. Fig. 7 indicates that the ratio increased at all
levels with each decrease in effective stress and that the axial
force in the nail in the row nearest the top of the slope was 
approaching its pullout capacity.

Variations in effective stress within a soil nailed slope may re-
sult from dissipation of excess pore water pressures following 
excavation or through temporary or permanent – both natural
and anthropogenic - changes in hydrological conditions.

The results of the centrifuge model experiments indicate that
the axial force developed in the nails may increase significantly
to maintain stability of an excavation when effective stresses are
decreased. This increase in nail load is caused by movement of 
the soil in the slope that could lead to serviceability conditions
being exceeded or, in the extreme, ultimate limit state condi-
tions being reached. The results indicate, therefore, that the
level of possible reduced effective stresses within a soil nailed
structure needs to be considered to assess any long-term effects
on the structure, although initially a design may appear conser-
vative.

Cycling of effective stresses within the model slopes led to
an increase in axial forces in the nails resulting from accumu-
lated deformations. The findings of the experiments indicate 
that repeated cycling of effective stress could lead to service-
ability failure. In this experimental programme only a limited
number of cycles of effective stress were applied to the model 
slopes and to assess the effects of a larger number of cycles and
variations in boundary conditions this aspect is currently the
subject of further investigation. 
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Figure 6 Vertical displacement at the top of the slope - 0.7 m from the 
slope crest - following cycles of water table rise in model (50º slope)
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Figure 8 Predicted factor of safety (MR/MO) at each experimental stage 
(60º slope)Figure 7 Comparison of measured peak axial forces (T) to theoretical

pullout values (Tp')

3.4 Stability analysis REFERENCES
The effect of excess pore water pressure on the predicted stabil-
ity of the model slopes was assessed in a limit equilibrium
analysis, using a method of slices in which the critical slip sur-
face was a log spiral, and partial factors recommended in
BS8006 (1995). Pore pressures, measured at each stage of the
experiments, were applied at the base of the slices and the cal-
culation was carried out to determine the out of balance mo-
ment, MO. The resisting moment, MR, was determined from the
tension in the nails. Although the analysis follows the general
principles of BS8006, since the stabilising component of shear
is generally considered to be small, in common with most inter-
national design practice, its contribution to the resisting moment 
was ignored for these calculations. The factor of safety is de-
fined as MR/MO. The predicted factor of safety for the 60º slope 
is plotted for each experimental stage in Fig. 8 from which it 
can be seen that, as should be expected, increase of pore water
pressure in the slope leads to a reduction in the factor of safety;
in this case by stage 5 the predicted factor of safety has almost
halved. This analysis demonstrates the requirement to take into
account in the design of soil nailed systems possible variations
in pore water pressure within a slope, as monotonically increas-
ing or cyclically changing pore water pressures might result in 
excessive deformations leading to serviceability failure.
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