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Abstract.
A possibility of in-situ mechanical improvement for reducing the liquefaction potential of silty sands
was investigated by using three different techniques: Vibratory Roller Compaction, Rapid Impact
Compaction (RIC) and Soil Mixing. Material properties at all test sites were investigated before and
after improvement with the laboratory and the in situ tests (CPT, SDMT, DPSH B, static and dynamic
load plate test, geohydraulic tests). Correlation between the results obtained by different test methods
gave inconclusive answers.
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1. Introduction
The term ground improvement refers to any technique
or process that improves the engineering properties
of the treated soil mass in order to fulfil the pur-
pose intended. Usually, the modified properties are
strength, stiffness, permeability, workability (willing-
ness for compaction), resistance to frost, etc. [1–4].
The type of ground improvement/soil treatment de-
pends on the demands of the structure to be built,
the soil type, the available materials and tools, and
the local tradition and experience.
The efficiency of a specific improvement technique

may be measured by using different testings and
instrumentation. Whenever a laboratory or field
test/measuring device is used as part of the data
collection process, the validity and the reliability of
the test/device is important. Just as we would not
use a test for the determination of particle size dis-
tribution to assess the activity of clay, we would not
want to use any measuring device not capable of mea-
suring properties which are of the design or QA – QC
interest.
This paper focuses on the validity and sensitiv-

ity of the laboratory and field tests used to assess
the efficiency of the mechanical improvement of silty-
sandy soils. Special attention is given to the use of
Kozeny-Carman equation for the estimation of the
soil permeability.

Analysis presented in the paper refers to the investi-
gation performed at the location of Hydropower plant
(HPP) Brežice, SE Slovenia, where the top layer of
the foundation ground indicates properties of liquefi-
able soil. The main goal of the ground improvement
is to increase the soil liquefaction resistance and to
assure the required permeability of the fill material
to be used for app. 14 km long dikes along the HPP
reservoir.

2. Background
2.1. Site description
The reservoir of the HPP Brežice requires the con-
struction of app. 7 km long and up to 10 m high dikes
on both sides of the river Sava. The top layer of the
foundation ground consists of loose silty sands, prone
to liquefaction.
HPP Brežice is the 5th in the chain of the lower

Sava river HPPs (Figure 1) and is situated in the
influential area of Nucler Power plant Krško (NPP).

Tectonically, the wider area belongs to the tectonic
unit named “Krško basin”, which is considered a poten-
tially active structure [5]. A well-documented earth-
quake with a magnitude of 5.7 and intensity of VIII
EMS occurred in January 1917 [6].

The so called “Zagreb earthquake” in 1880 triggered
liquefaction along the river bank between Brežice and
Zagreb (Croatia) [7, 8]. The design ground accel-
erations in the Krško basin for different earthquake
return periods are presented in Table 1.

2.2. Geological profile
The geological profile is quite uniform over the entire
area of the HPP (Figure 2). The top layer is up to
5 m thick, made of very loose sandy silts and sands
(ML, SM, SP), deposited by recent floods. The top
soil layer contains fine coal particles that origin from
the flotation processes from the area around 60 km
upstream where the coal mines have operated for the
last 300 years. Coal particles confirm the very young
origin of the sediments. Poplar tree roots appear up
to 4 m deep and also prove the development of the
“paleo” ground between the larger flood events.

Beneath the top layer the medium dense to dense
Quaternary gravels are deposited. The gravel is clas-
sified as silty sandy gravel (GM) to poorly graded
gravel (GP) and consists mainly of limestone grains.
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Table 1. Design ground accelerations for different earthquake return periods [9–11]

Figure 1. Location of the HPP Brežice.

The thickness of gravel deposits varies between 8 and
12 m.

The pre-quaternary bedrock below the gravel con-
sist of Miocene sediments, represented by over-
consolidated, not cemented silts and marls, with some
inclusions of the weak, soft limestones.

The ground water (GW) level is controlled by the
Sava River. During most of the year, the GW level
appears app. 4 – 6 m below the ground surface, inside
the gravel layer. During the floods, the GW may rise
up to 2 m above the ground and may stay there for
days.

When the HPP Brežice is put into operation, the
existing ground surface and silty/sandy layers will be
permanently flooded in the area between the dikes on
the left and the right river bank. The permanent rise
of the GW level is forecast also at the influential area
from Brežice to Krško, on the dry sides of the dikes.

2.3. Soil properties
2.3.1. Index properties
The grain size distribution of the Quaternary soils is
not uniform. In the top layer they may vary from
sandy silt to poorly graded sand (Figure 3). According
to empirical data [12, 13], the top layer soils belong
to the groups of most liquefiable and potentially liq-
uefiable soils. Index properties of typical soils from
the top layer are given in Table 2.
Laboratory Proctor compaction tests show that

due to the presence of coal particles, unfavourable
grading and uneven water content distribution, the top
layer soils willingness to compaction is poor. Different
compaction curves (Figure 4) confirm heterogeneity
of different strata, deposited inside the top layer.

2.3.2. Liquefaction potential
The SPT testsperformed in top soil layer shown the
modified blow count (N1)60 between 2 and 8. Seed and
Idriss [14] proposed an empirical method for assessing
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Figure 2. Schematic geological profile (left) and schematic cross section of the valley after the HPP construction
(right). Not in scale.

Figure 3. Relationship between grading and liquefaction potential [13], with the boundaries of the grading of top
layer and quaternary gravel at the HPP Brežice. Grading curves *Nova Loza and *Moj dvor, reported by Veinović et
al. [7] belong to the area, where liquefaction appeared in 1880.

Figure 4. Proctor curves for three typical groups of soils from the top layer.
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Table 2. Properties of three typical groups of soils from the top layer.

the likelihood of liquefaction of level sites (Figure 5,
left). The Cyclic Stress Ratio (CSR) is calculated
from Eq.1 [9].

(CSR)M=7,5 = CSR

MSF
= β

(
σv0 · amax

σ′v0

)
· rd

MSF
(1)

MSF = 6.9 exp
(−M

4

)
− 0.058 MSF ≤ 1.8 (2)

where β is a ratio between real maximum and equiv-
alent seismic stresses (0.65) [15], amax is the maximum
ground surface acceleration on the foundation ground,
rd is stress reduction factor that drops from 1 at the
surface to about 0.9 at 10 m depth. MSF is a factor
to account for the varying number of cycles associated
with different magnitude events and has values shown
in Table 1.

The Seismic Dilatometer Tests (SDMT) in top lay-
ers gave the shear wave velocities (vs) of 160-300 m/s,
while the seismic refraction test indicates the vs of
90-110 m/s. Seed and Idris [14], Youd et al. [16]
and Andrus [17] proposed an empirical relation for
assessing the likelihood of liquefaction of level sites,
based on relationship between the CSR and vs (Figure
5, right).

The Cyclic Simple Shear Test (CSST) was used to
study the influence of the density on the liquefaction
potential (Figures 6,7). The tests were carried out on
soil samples with properties given in Table 2. Spec-
imens were prepared at different initial void ratios,
saturated, consolidated at 75 kPa of effective stress
and then loaded with horizontal sinusoidal load at
desired stress ratio in undrained condition. The be-
ginning of liquefaction was defined when the increase
of pore water pressure was equal to 95 % of effective
vertical stress before cyclic loading. The reference
number of cycles was defined after Kramer [18], for
an earthquake of magnitude 7.5.

Results of the laboratory tests are given in Figure
7 and confirm that the top layer soil are prone to
liquefaction. The compacted soil samples at 95 % of
maximum Proctor density (DPR) will very probably
resist the 475 year return period earthquakes and will
very probably liquefy at stronger earthquakes.

2.4. Preliminary conclusions
The grain size distribution, the SPT, the seismic re-
fraction as well as CSST indicate the same ranges of
liquefaction potential and can be estimated as valid
and reliable. The test results can also be confirmed by
the historical data from the 1880’ Zagreb earthquake.
The SDMT test gave the shear wave velocities (vs)
in a range of 160 – 300 m/s. Comparing the SDMT
test results with other tests as well as with calcula-
tion, using the empirical equation 3 and 4, explained
in chapter 4, we may conclude, that the SDMT test
values are too high for the top soil layer - probably
affected by field site heterogeneity or by the influence
of other men activities.

Based on other tests the conclusions are clear: the
top layer represents a very unfavourable foundation
ground and must be improved or removed from the
influential area of the dikes.

3. Discussion on Improvement
Technique

Several options were discussed to improve the liquefac-
tion resistance of the foundation ground, as follows:
• Loose material from the top layer shall be removed

and replaced with compacted gravel material. The
idea was recognized as the most promising and
reliable choice as large quantities of good quality
gravel material are available at the location. How-
ever, due to the large volumes of top soil to be
replaced (length of app. 14 km, depth up to 5 m,
width that locally exceeded 50 m) the decision was
made to investigate other options too.
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Figure 5. Relationship between cyclic stress ratios causing liquefaction and (N1)60 (after Seed and Idriss [14]) and
the position of the top soil in it (left). Relationship between cyclic stress ratios causing liquefaction and shear wave
velocity values (after Seed and Idris [14], Youd et al. [16] and Andrus [17]) and the position of the top soil in it
(right). BC – before compaction, FC – fines content, TS – top soil layer.

Figure 6. The Seiken cyclic simple shear apparatus, used for the laboratory tests (left) and the cell (right).

Figure 7. The relationship between the number of cycles needed for liquefaction and the cyclic stress ratio (CSR)
for top soils at different void ratios.
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• Option 1 (ES 1): Static and vibratory roller com-
paction. The main attention was paid to the fol-
lowing questions: (a) is the 95 % of max. Proctor
density attained on site, (b) what is the effective
depth of the roller compaction and (c) what are
the potentially harmful effects of coal particles and
roots to the soil compaction behaviour? The four
test fields were made to study the compaction ef-
ficiency of the foundation ground and up to 2.5 m
high test embankment was constructed to study the
roller compaction efficiency above the soft subgrade,
the vertical and horizontal movements, the internal
erosion and to analyse the sensitivity of different
test methods, like Cone Penetration Test (CPT),
Flat Dilatometer Test (DMT, SDMT), Dynamic
Probing Super Heavy (DPSH B), etc. The test field
was made in September and October 2009.

• Option 2 (ES 2): Rapid Impact Compaction (RIC).
To avoid the shortcomings of the shallow effects of
roller compaction, the RIC technique was proposed.
Two test sites were made in February 2011. A
comprehensive investigation was made on site before
and after compaction [19, 20].

• Option 3 (ES 3): Soil mixing on site to achieve
liquefaction resistance, low permeability and better
willingness to compaction. The idea was to excavate
top soil and mix it with Quaternary gravel in such
proportion that it would fulfil three criteria: (a)
resistance against liquefaction, (b) the designed
permeability to eliminate the need for additional
sealing of the dike and (c) improved willingness
to compaction with reduced influence of seasonal
water content changes on stiffness. The trial tests
were made in April and May 2014, and the roller
with the Roller Integrated Continuous Compaction
Control (CCC) was used for compaction. As the
trial fields showed promising results, the temporary,
app. 1.2 km long dike was constructed in order
to protect the deep excavation for the powerhouse
against the floods, as well as to get more data about
the homogeneity, permeability and the resistance
against liquefaction of the dike. Figure 8 shows the
locations of the field trial tests ES 1 to ES 3 and
the temporary dike.

4. Results from the experimental
sites

4.1. Experimental site ES 1: Roller
compaction trial field

4.1.1. Site description
The soil profile and the soil properties were the same as
presented in Figure 2 and Table 2. The thickness of the
top layer was 4 m, the roots appeared in dense network
to the depth up to 3.5 m. Figure 9 shows the depth of
the roots (left) and the size of the first of four test fields
prepared to study the roller compaction efficiency of
the foundation ground – subgrade (right). Figure

Figure 8. Location of the field trial tests: ES 1: roller
compaction; ES 2: RIC; ES 3 and temporary dike:
soil mixing.

10 shows the test embankment (left), constructed
by using the silty sands from the top layer and the
amount of coal particles (right) that floated up after
the layer wetting. During compaction different modes
of roller operation, layer thickness, drying and wetting
of compacted layers were studied.
The efficiency of the roller compaction was mea-

sured by using the nuclear gauge and by the calibrated
cylinders to measure the water content and the density.
Stiffness of compacted layers was measured by static
and dynamic plate load test. Undisturbed samples
were taken to check the liquefaction potential in the
CSST. The SPT, CPT and the SDMT tests, planned
to be realised at the test sites, were not possible, as the
flood destroyed the trial sites soon after construction.

4.1.2. Results and discussion
At the foundation ground, the roller compaction was
found not effective due to the influence of soft sublay-
ers, coal particles and roots. The average achieved
DP R, expressed as ratio ρd/ρd,max, was 88 % and the
average stiffness, measured by the dynamic load plate
test (ZORN) was Evd < 7 MPa.

The efficiency of compaction on embankment layers
strongly depended on the layer position above the
ground level, as the influence of the soft subgrade
decreases with the embankment height. At the level
of 2 m above the subgrade, the average compaction
of DP R = 94 % was achieved (Figure 11), while the
average stiffness of the embankment layers remained at
the same average ranges as measured on the subgrade,
Evd = 5 − 10 MPa.

Figure 12 compares the results of dry densities (left)
and water content (right), achieved by using the nu-
clear gauge and the calibrated cylinders. The nuclear
gauge gives significantly higher values of water con-
tent, which can be explained by the presence of coal
particles and the nuclear gauge water content mea-
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Figure 9. Depth of the roots (left) and the size of the first of four test fields prepared to study the roller compaction
efficiency (right).

Figure 10. Finished test embankment (left) and the amount of coal particles (right).

suring principles. Figure 7 (red diamonds) shows the
CSST results on the undisturbed samples from the
test field. The data conform well to the preliminary
forecast.

4.1.3. Experimental site ES 1 conclusions
With the use of roller compaction, it is not possible
to improve the top soil layer in order to reduce its
liquefaction potential. The dynamic and static load
plate test results strongly depend on saturation/water
content and therefore do not measure parameters,
which are decisive for the intended purpose.

4.2. Experimental site ES 2: Rapid
Impact Compaction (RIC) test
fields

4.2.1. Background
The HPP Brežice test sites represented the first at-
tempt to introduce the RIC in Slovenia. The detailed
description of the RIC test site is given in Vukadin
[20]. To highlight the importance of the test method
validity and reliability, we will focus our discussion
on the results of the DMT and SDMT tests, not re-
ported in Vukadin [20], as well as on the results of the
CPT and DPSH B test, interpreted from a standpoint
differing from that of Vukadin [20].

4.2.2. RIC test site description
The locations of the test sites are shown in Figure 8,
while a view to the RIC during operation and the test

site layout is given on Figure 13. Rough dimensions
of each test field were 18 × 25 m.

Before the RIC was put in operation, the vegetation
layer of app. 1 m had been removed from the test site.
The thickness of the top layer was from 3.8 to 4.0 m,
with the fines content between 21 and 66 %, water
content between 16 and 21 % and the dry densities
of 1.2 – 1.6 t/m3 [20]. The GW table was in the
Quaternary gravel.

At each test field, a comprehensive program of field
tests (CPT, DMT, SDMT, DPSH B and Dynamic
Cone Penetrometer (DCP) Panda) was performed
before and after compaction. The filed measurements
were complemented by samplings from trial pits and
laboratory tests.

Each test field was divided in 4 sections (P1 to P4,
Figure 13) in order to study the influence of different
compaction modes on the compaction efficiency. The
compaction point raster density increased from section
P1 to section P4 and the compaction was executed in
one, two or three passes. After each compaction pass
the ground was levelled by filling the holes created
during compaction with the locally available sand.
The decision about the end of the compaction at
each point was made considering two criteria: (a) the
accumulated total settlement per pas of 800 mm, or
(b) the minimal depth of settlement per blow less than
10 mm. The average energy per unit cell area was 800
(P1), 1160 (P2), 1000 (P3), and 1230 kJ/m2 (P4).
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Figure 11. Comparison of standard Proctor test curve (SPP) and dry density achieved during trial embankment
compaction.

Figure 12. Comparison between nuclear gauge and laboratory measurements of water content and dry density.

4.2.3. Results and discussion
The efficiency of RIC was controlled by using different
field test methods. This paper will focus primarily on
the interpretation of the CPT, SDMT and DPSH B
results.

CPT test
Figure 14 shows the soil behaviour type (SBTn),

the normalized cone resistance (Qtn) and the sleeve
friction resistance (fs) evaluated from the CPT test.
The Qtn is a non-dimensional parameter taking into
account the in-situ vertical effective stress and the soil
type and is not depth dependent. The fs depends on
friction between soil and metal sleeve and horizontal
effective stress. The horizontal stress increases with
vertical effective stress (σ′v) and could be calculated
by multiplying σ′v with horizontal stress coefficient
during the CPT testing. The influence of compaction
on the fs is given in two diagrams, as the relationship
fs – depth and fs/σ′v - depth. The fs/σ′v diagram
presents the increase of horizontal stress coefficient
during the CPT testing due to compaction.
Due to the impact of levelling of ground surface,

the uppermost 1 m of the test field is excluded from
the evaluation of the results.

Figure 14 shows that classification based on SBTn

was not changed due to compaction (5: sand mixtures
– silty sand to sandy silt and 6: sands – clean sand to
silty sand).

The Qtn increases from the initial 40 to 60-160 after
the RIC. In natural ground the fs is increasing with
the depth. After compaction the fs increases slightly
to the depth of 1.5 m. At the depth of 1.5 m the
sharp increase of fs is detected towards the value of
100 kPa. The fs/σ′v is constant with the depth before
RIC, thus indicating homogeneous ground conditions.
After the RIC the highest increase of fs/σ′v is observed
at the depth of 1.6 m and then decreases with the
depth towards the initial value at the depth of 4 m.
The CPT test did not recognize effects of different
compaction energies on the increase of Qtn and the
fs.

Figure 15 compares the Qtn and the fs before and
after RIC. After compaction the Qtn is 2 to 4 times
higher and the fs is 2 to 6 times higher than before
compaction. Below the depth of 3 m the effect of RIC
is decreased. No influence of different compaction
energies used for the compaction can be recognized.

(S)DMT test
The results of the DMT test are presented as inter-

mediate parameters: material index (ID), horizontal
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Figure 13. RIC during compaction (left) and the test site ES 2 layout (right – adapted from Vukadin, [20]).

Figure 14. Results of CPT tests. CPT 1 and CPT 2 before RIC, CPT P1 to CPT P4 after RIC performed on
sub-fields P1 to P4 (tests performed by IRGO, [19]).

Figure 15. Results of CPT after RIC compared to those before RIC (tests performed by IRGO, [19]).
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stress index (KD), and dilatometer modulus (ED)
(Figure 16). The ID and KD are effective vertical
stress independent. The value of ED is presented
also in relationship with the vertical effective stress
(ED/σ′v) [21].

Results show that the classification based on ID

changed a little due to compaction (mostly sandy
silt and silty sand). The general soil behaviour type
remains the same.

Below the depth of 1 m, theKD was around 5 before
compaction. This value was higher than expected for
normally consolidated soils [22]. After compaction
the KD first increases and then, below the depth of 2
m, decreases; however, it remains slightly higher than
recorded before compaction. The KD is related to fs

[23], as the first one gives a ratio between horizontal
and vertical effective stress during the driving of DMT,
and the second one reflects the friction between soil
and metal sleeve induced by horizontal effective stress
during the driving of the CPT probe. Therefore, the
development trend of the KD with the depth should
be of the same range as the developing of fs/σ′v.

The ED increases with the depth before compaction,
as expected, and results in higher values after com-
paction. The ED/σ′v exhibits nearly constant values
with the depth before compaction and clearly increases
after compaction.

To estimate the RIC efficiency with the depth, the
values of KD and ED before and after compaction are
compared (Figure 17). The KD increases by 2 to 3
times and the ED increases by 2 to 4 times. The DMT
tests after compaction exhibit almost no increase of
KD and ED at the depth of 2 to 2.5 m. At the depth
of 3 m both parameters start to decrease towards
the values measured before compaction; however, the
decrease is not as clear as in case of CPT. Contrary
to the CPT results, the DMT shows clear influence of
compaction energy on the increase of the measured
values.

The SDMT enables measurements of shear wave
velocity (vs). Shear wave velocity depends on void
ratio, effective vertical stress, stress history, cemen-
tation and over-consolidation (OCR) ratio [24]. The
increase of all parameters with the exception of void
ratio increases the vs. During compaction the void
ratio decreases and the OCR increases. Thus, the
increase of vs is expected.
Figure 18 compares the constrained moduli

(MV /CPT and MD/DMT ) and the vs before and
after RIC. The right graph gives also the lines of vs,
calculated by using the empirical equation (3) given
by Hardin and Drnevich [25].

Gmax = 1230 · (2.973 − e)2

(1 + e) · (OCR)K · p′
1
2 (3)

Gmax = ρ · v2
s (4)

where Gmax is shear modulus at small deformations,
ρ is density, e is void ratio, OCR overconsolidation

ratio, K is empirical material factor (depends on plas-
ticity index) and p′ is mean effective stress.
Figure 18 shows that before compaction, the vs,

calculated after Hardin and Drnevich [25], is lower
than measured and after compaction the calculated
vs is close to the measured. When comparing the
measured values of vs before and after compaction,
no improvement and no influence of the compaction
energy can be detected.
CPT and DMT show the increase of constrained

modulus (MV and MD) after compaction. The range
of measured values after compaction is similar. This
is not in accordance with the findings reported by
Schmertmann [26], Lee et al. [27], among others, who
found the increase of DMT constrained modulus (MD)
higher than that of CPT (MV ).

Dynamic Probing Super Heavy (DPSH B)
DPSH B raw results are presented in Figure 19

(upper line). Before compaction the number of blows
(N20SB) increases slightly with the depth. The N20SB

values are lower than minimum required (5) accord-
ing to EN ISO 22476-2. After compaction the N20SB

values are higher and nearly constant with the depth,
but the scatter of the result is high. From the N20SB

the equivalent SPT blow-count (N1)60 was calculated
using the empirical equation (5) adapted after Mac-
Robert et al. [28] and using corrections given by EC
7.2.

Equivalent NSP T = N20SB

0.02 ·N20SB + 0.53 (5)

DPSH B clearly indicates the efficiency of RIC and
the influence of compaction energy on the increase
of the measured values. From this point of view, the
sensitivity of the DPSH B test could be estimated
as more indicative for the intended purpose than the
sensitivity of CPT, DMT and SDMT methods. Con-
trary to CPT and SDMT, the DPSH B confirms the
compaction efficiency along the whole depth of the
top layer, which was not observed by using the CPT
and SDMT. The question for the discussion is: which
method could be estimated as decisive? Can we esti-
mate the efficiency of the improvement by preferring
optimistic test results (DPSH B) and neglecting less
optimistic (CPT, SDMT) results?

Experimental site ES 2, conclusions
The analysis of the test results confirm that the

RIC technique is an effective tool for improving the
geotechnical properties of silty and sandy soils, as it
was already reported by Adam and Paulmichl [29].

However, the decision about the use of the RIC tech-
nique to reduce the liquefaction potential must rely
on the test results which are consistent and confirm
without any doubts the efficiency of the improvement.
As it was shown in the graphs, the scattering of the
collected data raises serious questions about the va-
lidity, sensitivity and reliability of the test methods
used to confirm the RIC efficiency as well as questions
about the homogeneity of the improvement. Analysis
of the results shows:
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Figure 16. Intermediate DMT results. DMT 1 before RIC, DMT P1 and DMT P4 after RIC performed on sub-fields
P1 and P4.

Figure 17. Results of SDMT after RIC compared to those before RIC.

Figure 18. Constrained modulus (MV-CPT and MD-DMT)and measured/calculated vs (SDMT)
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Figure 19. Comparison of N20SB and calculated (N1)60 values before and after compaction (tests per-
formed by IRGO, [19]).

• the CPT and the DMT do not confirm the com-
paction efficiency along the whole depth of the top
layer, while the DPSH B does

• the CPT does not recognize the effect of compaction
energy on the interpreted values, while the DMT
and the DPSH B do

• the SDMT (vs) does not recognize any improvement
after compaction

• the CPT and the DMT clearly recognize the less
effective compaction at the depth of 2 m, while the
DPSH B does not.

Although the DPSH B tests clearly show the effi-
ciency of RIC, the achieved improvement does not
satisfy the criteria needed to reduce the liquefaction
potential (Figure 19).
Due to lack of previous experiences with the RIC

technique in Slovenia and inconsistency of the test
results, the RIC technique was not recognized as a
promising method for reducing the liquefaction poten-
tial. However, the authors of the paper believe that
by preparing more test fields and by using slightly
modified execution of RIC and field testing, the results

would be different and very probably more promising,
too.

4.3. Experimental site ES 3: Soil mixing
4.3.1. Background
The idea of soil mixing arose by joining three demands:
(a) to reduce the liquefaction potential of silty-sandy
soils, (b) to assure low enough permeability to avoid
any additional sealing of the dikes, and (c) to improve
the mixture willingness to compaction.

4.3.2. Soil mixing test site description
Figure 8 shows the location of the test site and Figure
20 gives a view to one of the test sites during test
compaction and calibration of roller with CCC.
As the results from the test fields were promising,

an app. 1.2 km long temporary dike was constructed
to protect the up to 70 m deep excavation and to gain
additional data necessary to support the decision for
the construction of 14 km long dikes (Figure 21).

4.3.3. Soil mixture demands
Before the soil mixing tests started, the designer pre-
pared the requirement for the soil mixture, as follows:
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• hydraulic conductivity lower than 1 × 10−6 m/s
• shear strength must assure stable slopes at 1:1.75
(β = 30°)

• homogeneity and good willingness to compaction
• resistance to liquefaction, as already explained in
previous chapters.

4.3.4. Test program
The test program was divided in five steps, i.e.:

• mixture design, using the Kozeny-Carman equation
• laboratory mixture preparation and testing
• test fields on site to define the mixing and com-
paction procedures and to correct the laboratory
mixture design, if necessary

• construction of temporary dike with the QA-QC
control tests during construction, using the CCC
and conventional field test methods: the nuclear
gauge, the dynamic and static load plate test and
the double ring infiltrometer test

• field testing on the temporary dike by using the
SDMT, DPSH B and geohydraulic tests in bore-
holes.

4.3.5. The laboratory mixture design
The mixture was proposed by using the
Kozeny–Carman semi-empirical equation [30]
[31] [32]. The equation relates the hydraulic conduc-
tivity to specific surface area, porosity and tortuosity.
The main obstacle to wider use of the Kozeny–Carman
equation is the specific surface area (SSA) of soil
particles [33]. Carrier [34], among others, proposed
the estimation of SSA based on grain size distribution.
The derived hydraulic conductivity based on the
Kozeny–Carman equation and estimation of the SSA
area based on grain size distribution is:

k = 1.99×104

 100 %∑ fi

D0.404
i−1 ·D0.595

i

 ·
( 1
SF

)2
·
(

e3

1 + e

)
(6)

where k is hydraulic conductivity at 20 ◦C (cm/s),
SF shape factor (6 for rounded grains), Di particle
size at sieve size i (cm), fi fraction between sieve i
and i-1, e void ratio (%).
The problem of the above equation is the determi-

nation of the finest fraction. Based on Chapuis in
Legare [35], 1/3 of the smallest measured grain size
could be used for the estimation of an equivalent grain
size of this fraction.

fi

D0.404
i−1 ·D0.595

i

= fi

1
3Di−1

(7)

There are some limitations to the use of the
Kozeny–Carman equation:
• not valid for clays

• valid for laminar flow of water (Darcy law) and
therefore not valid for clean, coarse gravel with
pore size greater than 3 mm and large hydraulic
gradients

• the grains should be rounded or cubic (blocky)
• soils with a long tail of small fractions (soils which

are subject to internal erosion and segregation) can
make problems. Particles from the tail of small
fractions are not in soil matrix but rather on larger
grains. In this case the grain size distribution could
be corrected by using 20 % of the increase of passing
by 10 times of the increase of the grain size [33].

• anisotropy of hydraulic conductivity. It is assumed
that the calculated value relates to the vertical
hydraulic conductivity.
The grading ranges of the available soils are given

in Figure 3. Based on the Kozeny–Carman equation
the mixture of sandy and gravely soil was proposed
in mass ratio of 20:80 to 25:75 (Figure 22).

4.3.6. Laboratory testing
The hydraulic conductivity of sands was measured
in the triaxial cell and in variable head permeame-
ters, while gravel and mixtures were tested in a large
constant head permeameter. The diameter (D) of
the large constant head permeameter was 304 mm
and its height (h) was approximately 600 mm (Figure
23). There were 9 piezometers on 3 levels to measure
the local hydraulic head (total potential). The disad-
vantage of large constant head permeameter is poor
compaction due to thin plastic walls. The smaller con-
stant head permeameter (D = 150 mm h = 125 mm)
enabled proper compaction of soils with maximum
grain size of 31.5 mm.
During the gravel tests in large permeameter a

non-linear decline of hydraulic head in piezometers
was observed. Three hydraulic conductivities were
calculated (average, maximum and minimum). This
problem indicates possible segregation and anisotropy
of compacted gravels.
The results of the tests are presented in Figure

24. The calculated hydraulic conductivity using the
Kozeny-Carman equation are in agreement with the
laboratory test results. The measured value on dif-
ferent mixtures was up to 10 times different than
calculated. The reason for this is very probably in
material segregation and imperfect saturation. In
general, the laboratory tests confirmed predictions of
the Kozeny-Carman equation and the suitability of
proposed mixture.

4.3.7. Test fields
The dimension of the test field was app. 50 m × 10 m.
Each test field was made of two 55 cm thick layers of
mixture.

At the beginning, due to the rainy weather, it was
difficult to assure the homogeneity due to the high
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Figure 20. Vibratory roller during compaction on one of the test fields (left) and a view to the control pit in one of
the test layers (right).

Figure 21. A view to the temporary dike, constructed
from soil mixture and used as part of the large scale
test embankment.

Figure 22. Calculated ranges of soil mixture to
achieve the required hydraulic conductivity (k <
10−6m/s) and stiffness.

water content of the silty sandy soils. The achieved
dry density and stiffness of the mixture were in di-
rect relationship with the water content and the fines
content, detected at each controlling point (Figure
25). On mixtures with higher content of fines the
achieved layer stiffness after compaction was lower.
The difference in stiffness on different test tracks was
clearly observed by CCC (Figure 26). Later on, the
weather improved and the mixing processes and the
compaction ran according to expectations. The deci-
sion was accepted to construct a temporary dike by
using the soil mixture.

4.3.8. Temporary dike construction control
During the construction of the temporary dike, a
comprehensive program of control test was realised,
including the 61 sieve analyses and water content tests,
13 double ring infiltrometer tests, 325 spot tests – nu-
clear gauge. The CCC was used to control the stiffness
and homogeneity. 53 gradation curves were inside the
required area and 8 samples contained app. 1% lower
content of fines than required. Results of all hydraulic
conductivity tests were inside the design requirements
(Figure 27). The average achieved density was 98 % of
the modified Proctor (MPT) maximum dry density.

4.3.9. Temporary dike post construction
control

Two years after the construction control tests were
made from the dike crown. In three bore holes field wa-
ter permeability (variable head) tests were performed
at different depths. Two tests (at depths of 2-4 m and
4-6 m) were performed in the dike and one test (at a
depth of 6-8 m) in the foundation ground (Figure 27).
Four tests in the dike met the design requirements
(1 × 10−6 m/s) and two tests indicated k higher than
required.

Results from four DPSH B probing are presented in
Figure 28. As the crown has been used as a temporary
unsealed road for the needs of construction site for
2 years, higher N20SB values were observed at the
depths up to 2 m below the crown. At greater depths
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Figure 23. A view to the permeameter cell (left) and a view to the surface of gravel and mixture (right).

Figure 24. Comparison of calculated (KC) and mea-
sured hydraulic conductivity (k).

the N20SB values were higher than recorded at the
RIC test sites.

Three SDMT probings were performed. Before the
test started, the boreholes were filled with dry uniform
sand. Therefore, a greater variation in result can be
expected due to the effects of backfill. The third probe
(SDMT3b) was repeated to check the repeatability of
the results due to the difficulties during the test in
probe SDMT3. The vs results in all probes at the dike
were around 200 to 450 m/s and were significantly
higher than those measured in the top layer before
compaction and after the RIC compaction. The mea-
sured shear wave velocities are close to the values
calculated by using Hardin and Drnevich equation
[25] (Figure 28).

4.3.10. Experimental site ES 3 conclusions

The Kozeny-Carman equation was found to be an
effective tool for the design of the mixture with the
given hydraulic conductivity - considering the equa-
tion limitations. The laboratory test and the field
double ring infiltrometer test results were in good
agreement with the calculation. However, two of six
tests in the borehole using open systems gave by a
decade higher value of k.
The CCC test results show that the compaction

behaviour and layer stiffness of sandy gravel mixtures
containing app. 10 - 20 % of fines are mainly controlled
by the water content of fines. This means that even
though the mixture is classified as silty gravel, its
compaction behaviour is typical for less permeable
soil mixtures.
The achieved dry density after compaction, the

SDMT (vs) and the DPSH B tests show that the
mixture has properties of gravel. Figure 29 shows
that for a given CSR the mixing of locally available
soil is a promising method to reduce the liquefaction
potential.

However, the decision was made not to use the soil
mixing for the construction of the dikes. All the soils
from the top layer were removed and replaced by clean
gravel. Gravel was also used as fill material for all
dikes and the sealing of the dikes was achieved by the
geosynthetic bentonite barriers.
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Figure 25. Results from the first test section. High water content in silty part of the mixture control the achieved
stiffness and density. Evd – dynamic deformation modulus measured by dynamic load plate test; Evib – dynamic
elasticity modulus of soil beneath drum (Terrameter CCC system).

Figure 26. CCC record from one of the first test sections showing heterogeneity of the compaction.

Figure 27. Comparison of hydraulic conductivity
predicted after Kozeny-Carman equation (upper limit,
lower limit) and measured values in laboratory and on
site.

5. Conclusion
Mechanical stabilisation for ground improvement has
become a widely accepted system to support founda-
tions for a wide variety of structures as well as for the
construction of embankments and embankment dams.
The use of mechanically stabilized locally available
soils is also one of the top priorities of the philosophy
generally understood as “sustainable development”
[36].

The paper focuses on the interpretation of the re-
sults of the tests used for the control of the efficiency
of some of the stabilisation techniques. The analysis
of the tests shows inconclusive results. In foundation
ground, where the requirements are different than
those given for regular earthworks and the safety de-
mands are higher, the use of different test methods
is necessary. Due to the lack of experiences, the use
of different methods may lead to inconsistent results
and often raises more questions than gives answers.
Understanding the local conditions and mechanisms
that may influence the test results in different soil
types/stabilisation techniques is important for engi-
neering judgement and leads to the ability to make
tough decision. However, past experiences are also
important and sometimes a lot of time and energy
are needed before a new method/ technique becomes
widely accepted.
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Figure 28. Temporary dike. Shear wave velocity, hydraulic conductivity, and results of DPSH B (from left to right).

Figure 29. Diagrams for evaluation of liquefaction
potential based on (N1)60 (upper) and vs1 (lower).
BC – before compaction, FC – fines content, MIX –
soil mixture, RIC – Rapid Impact Compaction, TS –
top soil layer.
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