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ABSTRACT: A method to predict settlements o f vibratory compacted granular soils is proposed, which is based on the tangent modulus
approach taking into account change o f lateral effective stress and results o f cone penetration tests. The change o f lateral effective stress
affects significantly the settlements in granular soils. The accuracy o f predicted settlements has been checked by field tests. Vertical soil
nails are proposed to reduce the total and differential settlements in granular soils with compressible layers. A design concept is proposed
to determine the settlements o f foundations on soils nails. Vibrated, conical concrete nails have been tested in a granular fill.
RESUME: Une methode pour la prediction des tassements dans des sols granulaires est proposee. Cette methode est basee sur la theorie
du module tangent, qui prend en compte le changement des tensions effectives et le resultat des sondages par cone de penetration. La
precision de la prediction des tassements est effectuee par des essais sur chantier. Le changement permanent des tensions effectives a la
suite de compactage par vibration est discute ainsi que sa grande importance pour la determination des tassements dans des sols
granulaires, pour la reduction des tassements dans des sols granulaires et des sols avec des couches molles. L'utilisation de clous vibres
est proposees. Une methode de calcul des tassements est exposee, cette methode pouvant etre utilisee pour des fondations sur des clous
vibres dans des conditions differents.

1 INTRODUCTION

calculated from

One o f the main limitations of presently used soil improvement
methods is the difficulty to estimate reliably the total and
differential settlements o f granular soils, particularly compacted
sand fills. Another important factor is that granular soil deposits
often contain layers or seams o f softer material such as silt and
clay. In that case, soil compaction must be combined with other
reinforcement methods such as stone columns or soil nailing. In
the present paper, a simple method to predict the settlements o f
granular soils is presented, which is based on the tangent modulus
concept and where the tangent modulus is estimated from cone
penetration tests (Massarsch, 1994).
In the present paper, a simple concept is presented which takes
into account the overconsolidation o f granular soils and the
increase o f lateral earth pressure during '.ompaction. A new
foundation solution using vertical soil nails to reduce the
settlements o f foundations on granular soils containing soft layers
and seams is also presented. The practical application o f the
method is demonstrated by a case history.

A s = {[(cr0 ' + A a )/< J r] i - [ c r 0 '/c r T] } } / ( m j )

2 TANGENT MODULUS APPROACH
Settlements in cohesive and cohesionless soils can be analysed
using the tangent modulus method, which takes into account the
non-linearity o f the load-deformation relationship o f most soils.
Janbu (1963) has shown that the tangent modulus Mx can be

(2)

where cr0 is the initial vertical effective overburden stress and
Act' is the increase o f the vertical effective stress. For cohesive
soils, values o f the modulus number m and the stress exponent j
can be determined by conventional laboratory tests. For
cohesionless soils, however, it is often difficult to obtain
undisturbed soil samples and the results from laboratory tests are
therefore uncertain. Thus, empirical values are often used to
estimate the modulus number and the stress exponent, cf.
Canadian Foundation Engineering Manual (1985), Table 1.

Table 1. Typical Values for the Stress Exponent j and the
Modulus Number m for granular soils, (after Canadian
Foundation Engineering Manual, 1985)
Soil Type
Gravel
Dense Sand
Compact Sand
Loose Sand
Dense Silt
Compact Silt
Loose Silt

Stress Exponent, j
0,5
0,5
0,5
0,5
0,5
0,5
0,5

Modulus Number, m
40 - 400
250 - 400
150 - 250
100- 150
80 - 200
6 0 -8 0
4 0 -6 0

defined by the following relationship,
3 DETERMINATION OF SOIL MODULUS FROM CPT
Mt = m crT ( a ' / cr^K1 ' j)

(I)

where m is a dimensionless modulus number, err is an arbitrarily
chosen reference stress (100 kPa), d is the vertical effective
stress and j is a stress exponent. The strain increase o f a soil layer
Ae caused by an increase o f the vertical effective stress A d can be
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The cone penetration test (CPT) is widely used to investigate
granular soils and several authors have proposed empirical
correlations between the cone penetration resistance and the
tangent modulus, (Robertson and Campanella 1983, 1986).
However, the results from cone penetration tests are influenced by

many factors, the two most important are the relative density and
the stress level, especially the effective horizontal stresses,
(Jamiolkowski et al., 1988). Attempts have been made to correlate
directly the tangent modulus M l to the cone penetration resistance

predicted by 30 to 50%. Revised values for the modulus
parameter a, which are used in the present paper, are given in
Table 2.

qc, but with limited success, (Robertson and Campanella, 1986;
Jamiolkowski el al., 1988).
Massarsch (1994) has proposed a method to estimate the
modulus number m based on CPT, where the cone resistance qc is

Table 2. Revised modulus factor a for different soil types
Modulus Parameter, a
Soil Type
1
Silt, organic soft
12
Silt, loose
15
Silt, compact
20
Silt, dense
20
Sand, silty loose
22
Sand, loose
28
Sand, compact
35
Sand, dense
35
Gravel, loose
45
Gravel, dense

corrected with respect to the mean effective stress. Jamiolkowski
et al. (1988) have found that for normally consolidated and
overconsolidated granular soils, the cone penetration resistance qc
can be correlated to the relative density Ip and the mean effective
stress a m',
9 c = Q j (° m

• ^d )

(3)

where C0 = 205, C] = 0,51 and C2 = 2,93 are empirically
determined parameters from pressure chamber tests. From Equ.
(3) the reference cone resistance qco for a mean effective stress

4 TEST EMBANKMENT AT LULEA, SWEDEN

(rm'= 100 kPa can be calculated. If the ratio o f the cone resistance

A test embankment was constructed at the port o f Lule& in
Northern Sweden, to determine the settlement behaviour o f a sand
fill, Lagging and Eresund (1973). The 9 m thick fill consisted
mainly o f fine to medium sand (£> 10 ® 0,1 mm), overlying dense
till. The ground water level was located about 1 m below the
ground surface. The surface layer (qc: 6 to 8 MPa) above the
ground water level was medium dense. The soil was silty below
the ground water level with an average cone resistance o f 1,6
MPa. Below 4 m depth, the soil was more coarse-grained and the
cone resistance varied between 2,5 and 6 MPa. In the dense
bottom layer (till) the cone resistance exceeded 20 MPa.
Laboratory compression tests were performed on reconstituted
samples at different dry densities ( ^ = 1,46 - 1,52 t/m3), which

qco at 100 kPa and the measured cone resistance qc is defined by
CM — £/co / 9c
and if the exponent C i= 0,5 is assumed, a simple expression for
the correction factor C m is obtained,
CM = ( 1 0 0 / a m )°.5°

(5)

which is similar to the correction factor CN proposed by Seed
(1976). However, Seed uses the vertical effective stress, instead o f
the mean effective stress in the present method. The normalised
cone penetration resistance qco can be calculated from the

correspond to those o f loose to very loose sand. The value o f the
modulus parameter a for the loose sand was 22. The modulus
number m determined from laboratory tests varied between 125
and 169, and that calculated from field CPT between 109 and 148.
The results from the laboratory tests on reconstituted samples are
thus in good agreement with the values estimated from CPT.
The settlement calculation method presented in the previous
section has been used to estimate the settlements in the sand fill at
different depths below the test embankment. The test load was
increased in three steps to 28,5, 52,5 and 75 kPa. A comparison of
the calculated, Equ. (2), and the measured settlements o f the
ground surface and at different depths (2, 4 and 6 m, respectively
is shown in Figure 1. The agreement between measured and
observed values is good.

measured cone penetration value, qc taking into account the mean
effective stress
9 co = 9c ’ C m

®

The normalised cone penetration resistance qco is mainly a
measure o f the strength properties o f the soil. Janbu (1974) has
proposed the following theoretical relationship between the cone
resistance and the tangent modulus Mx
Mt = mp (9p • CTr)0’5

(7)

where mp is a dimensionless number and qp is the net cone
resistance (qc - erv). However, the cone penetration resistance is

5 EFFECTS OF SOIL COMPACTION ON IN SITU STRESSES

generally not corrected with respect to the effective confining
pressure. Janbu also suggested that mp would not change
substantially with porosity. Massarsch (1994) has proposed the
following correlation, which is similar to that introduced by Janbu
(1974), but the normalised cone resistance qco is used instead o f

Man-made sand fills are usually normally consolidated prior to
compaction. However, a pre-consolidation effect is obtained as a
result o f vibratory soil compaction, which causes the fill to
become overconsolidated. Leonards and Frost (1988) have
pointed out the importance o f the stress history in order to assess
realistically the settlements o f compacted granular fills. Figure 2
shows the stress path for a soil element before, during and after
compaction.

the net cone resistance qp,

™ = a ' ( 9co / ° r ) 0,5

^

The initial state o f stress for a normally consolidated sand fill is
indicated by point A. During vibratory compaction, high
centrifugal forces are generated (up to 4.000 kN) and thus the
vertical and the horizontal effective stress are increased
temporarily along the AT0-line to point B. However, as a result of

In this equation, a is an empirical modulus factor, which mainly
depends on soil type and varies within a relatively narrow range.
Experience from several case histories has shown that the values
o f the modulus number, as proposed initially by Massarsch
(1994), are conservative and that the settlements are over

soil densification, the inclination o f the A^-line is changed and the
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stresses as proposed by Massarsch (1994) and that the sleeve
friction, f s is affected by changes o f the horizontal effective stress.
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If the sleeve friction value before compaction f s\ and after
compaction f s2 are compared, an improvement value n can be
determined, which reflects the change in lateral stress,
" =

/ s 2 // s l

=

hD /

hA

(9 )

where c r '^ and
correspond to the stress conditions at Points
A and D in Figure 2, respectively. Massarsch (1994) has proposed
a method to estimate the overconsolidation effect from the friction
sleeve measurements.

6 SETTLEMENT REDUCTION BY VERTICAL SOIL
NAILING
Soil compaction is in many cases an economical alternative to a
conventional pile foundation. However, if the estimated
settlements are excessive, other foundation methods must be
considered. In the following section, the behaviour o f vertical soil
nails is discussed, which can be combined with soil compaction.
The design principle is shown in Figure 3.

m
Figure 1. Measured and
uncompacted sand fill, Lulea
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Figure 2. Stress Path for a soil element before (A), during (C) and
after compaction (D)

The load Q is transmitted partly to the soil at the bottom of the
footing Acrsoji j, and partly along the perimeter o f the stabilised

stress point C is actually reached instead o f B. After compaction,
the vertical stress is reduced (at zero lateral strain), and the stress
conditions correspond to D. It is important to note that the soil has
not only been densified but also been pre-loaded, resulting in a
permanent increase o f lateral effective stress. The degree o f preconsolidation depends mainly on the compaction method. At
predominantly horizontal vibrations, the compaction effect will
thus be lower than if the soil is subjected to both vertical and
horizontal stress cycles.
The modulus is increased as a result of soil densification
(reduced void ratio), but also the stress conditions have changed
(from A to D), cf. Figure 2. As point D is located further away
from the failure line, the settlements for a load increase at D will
be smaller than for a similar load increase at A.
An increase o f lateral stress by compaction has been observed
on many soil compaction projects, e.g. Frost and Leonards (1988)
and Massarsch (1991). This change o f the lateral effective stress,
which is presently not taken into account is especially important
for compacted, man-made sand fills.
It should be noted that the sleeve resistance o f CPT can provide
quantitative information on the increase o f lateral effective

block which is governed by the shear resistance, Zf soji o f the soil.
The compression properties o f the vertical soil nails and the soil
between the nails are governed by the geometry and the number
o f soil nails, as well as by the settlement characteristics o f the soil
between the nails. If a vibratory method is used to install the nails
in granular soils, and if the spacing o f the nails is smaller than 5d
to 10d, then the stiffness o f the soil between the nails will also be
improved significantly. It has been assumed in Figure 3 that a stiff
soil layer exists at depth. At
above the tip o f the nail, the load
carried by the nails (Acrnaji) is gradually transferred to the
surrounding soil by the shear resistance r^ nA\\ along the lower part
o f the nails.
The total settlement o f a structure can be calculated as the sum
o f the settlement o f the composite material (soil and nails) and the
settlements o f the soil below the bottom o f the stabilised block.
The stress increase below the reinforced soil block Acrsoj| a can be
estimated from the following expression, cf. Figure 3,
A°soil,a = [Q - 2 rf soil (A + B) L] / (A ■B)
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(10)

where A and B are the length and width of the reinforced block,
respectively and L is the length o f the nails. In the design it is
assumed that the shaft and the tip resistances are fully mobilised
at the working load (i.e. the geotechnical safety factor is equal to
unity). However, the axial structural strength o f the nails and the
total factor o f safety for the structure must o f course be satisfied.
Figure 4 shows how the load Q is shared between the soil and
the vertical soil nails. The load distribution is governed by the
compressibility o f the soil below the footing, the number and the
spacing o f the vertical soil nails and by the stiffness o f the soil
below the nails. The confining pressure in the soil around the top
o f the nails is increased due to the applied pressure below the
footing. This aspect is o f particular importance for horizontally
loaded structures, as the high confining pressure increases the
lateral stiffness o f the soil. It should be noted that it is not
necessary that the nails are rigidly connected with the footing, if
the soil between the footing and the upper part o f the nails is
properly compacted so that the load can be transferred to the
upper part o f the nails.

The geotechnical design o f the vertical soil nails is based on the
allowable total and differential settlements o f the structure to be
supported. A value o f the allowable settlements is first chosen, cf.
Figure 5. The corresponding load can be calculated based on the
tangent modulus approach discussed above. The next step is to
calculate the shaft resistance o f the nails so that the number of
nails can be determined. It can be assumed that the shaft
resistance is fully mobilised at a relative displacement o f about 5
mm. For simplicity it is suggested not to include the tip resistance
o f the nails.
The total settlement o f the structure depends on the settlements
o f the reinforced, upper layer, as well as on the settlements below
the nails. By increasing the number o f nails, or by increasing their
length, the settlements can be reduced. It should be noted that the
vertical soil nails can be designed with a factor of safety o f 1,0
since a very small displacement is required to mobilise the
geotechnical bearing capacity o f the nails.
If a clay layer exists within a sand deposit, soil nailing can be
used effectively and economically to reduce both the total and
differential settlements as shown in Figure 6.

Q
Q

Figure 4. Load distribution between soil and vertical soil nails

Figure 5 shows in principle the load-deformation characteristics
for a footing and the soil nails, respectively. The settlements
below the footing (without nails) will be governed by the
compressibility o f the soil layer, extending to a depth of
approximately 1,5-fl below the footing, where B is the width of
the footing.
The soil resistance will be gradually mobilised as the load
increases. The nails will initially carry most of the load by shaft
friction. The axial displacement, which is required to mobilise the
shaft resistance o f the nails is approximately 4 - 6 mm and almost
independent o f soil type and nail diameter. The tip resistance o f
the nails is usually fully mobilised at a deformation which
corresponds to about 10% o f the nail diameter.

LOAD

Figure 6. Load transfer across a soft clay layer, using soil nails

The following simplified and conservative method is proposed to
estimate the settlements where it is assumed that the total applied
load is transferred by the vertical soil nails through the soft layer.
Alternatively, a more rigorous analysis can be used, taking into
account the interaction (load-sharing) between the nails and the
soft soil. The applied load Q is distributed between the nails,
2 1nail and the surface layer (Q - 2 | naii) according to the
previously discussed concept. At distance AZ.a above the soft layer
(level I) the nails are displaced together with the surrounding soil
(no relative displacement). Below this level the load in the soil is
gradually transferred to the stiffer nails (along AZa) and the load
carried by the nails is gradually increased to £?2nail- ^ the axial
load in the soft soil is neglected, the axial load carried by the nails
corresponds to the total applied load.
Below the soft layer, part o f the load is carried by the nails, and
is again gradually transferred from the nails back to the soil. At
level II, the relative displacement between the nail and the soil is
again equal to zero. The location o f levels / and II depends on the
mobilised shaft resistance along the nails. Below level II, the total
axial load carried by the nails £?3nail is again reduced and at the
tip the load is assumed to be fully transferred to the soil.

Figure 5. Load - settlement relationship for a footing and soil nails
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Table 3. Variation o f modulus number m with depth, determined
from normalised cone penetration resistance, qcq

7 APPLICATION OF VIBRATED SOIL NAILS
The reduction o f differential settlements using soil nails was
investigated at a project in Halle, Germany, where an industrial
building was extended into an area where sand and a mixture o f
industrial waste (by-products from the brick industry) had been
deposited almost randomly. The fill consisted generally of
medium dense sand with occasional layers o f soft silty material.
Below the fill there was a thick deposit with stiff, heavily
overconsolidated organic clay (lignite). The ground water level
was located 4 m below the ground surface. The results from a
typical cone penetration test are shown in Figure 7. The friction
ratio was low and varied in the upper 3 m, indicating that the soil
consisted o f alternating layers o f sand, silt and clay. Between 3
and 6 m, a medium dense to dense sand layer was found above the
overconsolidated stiff clay.

Layer depth

<7c

CM

Qco

m

(m)

(MPa)

-

(MPa)

m

0 ,2 5
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3 ,0 0
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Figure 7. Cone penetration test with sleeve friction measurements
(also indicated is the normalised cone resistance qco)
6

The settlement o f a footing (4,5 m x 4,5 m) was calculated
according to the tangent modulus method for a unit load o f 225
kPa. Soil conditions based on CPT as shown in Figure 7 were
used for the settlement analysis according to the procedure
discussed above. From the measured cone resistance qc and the

8

calculated stress correction factor C ^ , the normalised cone
resistance qco and the modulus number m were calculated
according to the method outlined above, Table 3.
The results o f the settlement analysis are shown in Figure 8.
The total and differential settlements were found to be excessive.
Several foundation alternatives were investigated in order to
reduce the settlements, such as large diameter bored piles, driven
concrete piles, ground improvement by stone columns etc. The
foundation work had to be executed with great care and minimum
environmental impact since an existing office building was
located about 5 to 25 m from the construction site. Because o f the
erratic nature o f the fill, and the high costs for a conventional pile
foundation it was decided to test a new type of conical concrete
nails. The advantages o f this solution were the relatively low cost,
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10 1 /_____ I______ I______ I______ I______ |
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Figure 8. Settlement analysis for a surface load o f 225 kPa, and
the normalised cone resistance qco shown in Figure 6
the flexibility o f the method with respect to variable soil
conditions and that the nails could be installed with low vibration
and noise levels. The nails were installed with a vibrator o f type
Muller MS 100, with variable operating frequency (0 - 30 Hz) and
adjustable static moment (max. 1000 Nm). The maximum
centrifugal force is 2500 kN. The vibrator was mounted on a
crawler crane with a specially designed leader. An axial force o f
up to 300 kN was applied during the installation o f the soil nails.

Figure 11 shows the installation o f a conical concrete nail with the
variable frequency vibrator. Typically, only 30 to 60 seconds were
required to drive a conical nail down to 9 m depth. An important
aspect o f the vibratory installation of the concrete nails is the
applied axial force. Especially during the final phase o f nail
installation, the vertical force was used to pre-load the soil. With
the aid o f the variable frequency vibrator and the electronic
process control system, the vibration level could be monitored
closely.

The vibrator was controlled and monitored by a computerised
process control system, cf. Figure 9 (Massarsch, 1994). Sensors
were installed in the hydraulic and mechanical system o f the
piling rig to monitor the hydraulic pressure, vibrator frequency,
depth and speed o f nail penetration. Sensors were also placed on
the ground surface in order to monitor the ground vibration
velocity. The installation o f the individual nails was documented
in detail to assess the penetration resistance in variable soil
conditions. To avoid excessive vibrations in vibration-sensitive
areas, geophones were placed on the foundations o f adjacent
structures. The vibration frequency was controlled in order to
avoid resonance effects and thus excessive ground or structural
vibrations.

a) start o f installation
Figure 9. Electronic process control system for vibratory
installation o f piles and vertical soil nails

b) during vibratory driving

Figure 11. Installation o f conical concrete nail

Extensive field tests were performed to determine the load
carrying capacity o f the nails. Typical test results are shown in
Figure 12 for a cylindrical steel tube and a conical concrete nail.

The bearing capacity o f conical concrete nails was tested and
compared with that o f a conventional open steel tube. The
geometric dimensions of the two nails which were tested are
shown in Figure 10.

LO AD, kN

200

rr

200

n

Figure 12. Load test results o f a cylindrical steel tube and a
conical concrete nail
9000
The load tests clearly show that the bearing capacity of the conical
concrete nail was much higher than that o f the steel tube. The
steel tube failed suddenly at a load o f 35 kN, while the settlements
o f the conical concrete nail were very small up to 300 kN (the
maximum reaction force). This load exceeded significantly the
calculated shaft resistance o f the conical nail, (about 150 kN),
which was based on the friction sleeve measurements.

U
150

8 SUMMARY AND CONCLUSIONS
a) Open steel tube

b) Conical concrete nail
The tangent modulus method can be used to determine the
settlements in granular soils. However, the accuracy o f the results
is strongly affected by the chosen modulus number m. In the

Figure 10. Dimensions (in mm) o f the two soil nails tested at
Halle
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present paper a method to determine the modulus number is
presented, which is based on a corrected penetration resistance
</cq . The accuracy o f the method has been checked against field
load tests.
It can be shown that during vibratory compaction, not only do
the density and the stiffness o f the soil increase, but also the soil
becomes overconsolidated (higher lateral earth pressure). This
increase o f the lateral pressure is usually not taken into account
and can explain the discrepancy between predicted and observed
settlements.
A new type o f reinforcement for granular soils using vertical
soil nails is proposed. The total settlement of a footing founded on
vertical soil nails is composed o f the settlement o f the reinforced
soil block and o f the soil located below the nails. The main
advantage o f this foundation concept is that the geotechnical
bearing capacity o f the soil nails can be fully utilised. The sharing
of load between the soil and the soil nails has several advantages,
such as increased lateral stiffness and reduced differential
settlements. Vertical soil nails can also be used to reduce the
settlements o f compressible layers in the soil.
The behaviour o f vertical soil nails is demonstrated by field
load tests. A new type o f conical concrete nail, which is installed
by vibratory hammer, combines a high load bearing capacity with
small settlements.
Vibratory compaction and vibratory installation o f soil nails
can be monitored by an electronic process control system. The
operating frequency o f the vibrator can be controlled, thereby
assuring that a predetermined ground vibration level in the
vicinity o f a structure will not be exceeded. Monitoring o f the nail
installation o f soil nails also provides valuable information about
the bearing capacity o f the nails, which can be correlated to the
geotechnical conditions o f the site.
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