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Abstract: Soil liquefaction is one of the most important and complex phenomena of soil
dynamics. Itis aloss of résistance of loose granular soils under a seismic shock.

The aim of this work is to study the improvement made on a liquefiable soil using a stone
column solution by several methods namely observational, static and dynamic solutions.
The site used for this application is located in a terminal port container in Algiers. The
analysis was carried out using the test results of standard penetration and cone
penetrometer tests completed during a site investigation.

A comparative study between the methods was carried out to determine the most suitable
method. The results of the 3 methods showed that the sizing by taking into account the
earthquake, the mesh of stone columns is denser. It was deduced that it is important to
analyze by the dynamic method in seismic zones and by static or observational techniques in
areas of no or low risk of liquefaction. Recommendation for further research was put
forward to develop new tools in order to improve current design methods.
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1. Introduction

Ports are works that are built to create zones of extension on the seas and rivers. Most of these
are natural deposits of sand and gravels. This type of material is likely to liquefy because of its
grain size and due to the high and variable hydraulic gradient depending on the mechanical and
hydraulic load. These are already two favorable conditions for triggering the liquefaction
phenomenon when a cyclic or monotonous solicitation manifests itself (Seed and Idriss, 1971).

Limited availability of adequate land for construction has prompted engineers to consider
improvement techniques for strengthening weak soils. Techniques such as dynamic
compaction, vibro-compaction, preloading, vibro replacement, compaction grouting, permeation
and jet grouting have been used (Sarker and Abedin, 2015). Stone columns have had a proven
record of success due to their easy use and economy. They have been used in many areas such
as increasing the bearing capacity of soils, reducing settlement of structures, accelerating the
rate of consolidation (Han and Ye, 2002) and to increase the resistance to liquefaction (Kumari
etal, 2018).

The method of construction of stone columns consists of replacing the weak material with
compacted granular material. This creates a flexible structure compared to concrete piles and
allows the draining of groundwater and dissipation of water pressure and increasing the bearing
capacity of the weak soils which improves the resistance to liquefaction (Babu et al, 2013).
Several types of granular fill were studied (Samuel Thanaraj et al, 2019). The many applications
of stone columns have allowed this solution to be chosen as a primary alternative to other
mitigation measures.

Following the evolution of international trade at port level near Algiers, development work has
begun with the construction of a container terminal. Earthworks comprised placing of a
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hydraulic embankment from Oued El-Harrach during the 1990s. This material was placed in a
loose state.

An extensive program of laboratory and in situ tests indicated the fill needed stabilization prior
to letting the site being used as a vital terminal port container. In particular in situ tests showed
that the liquefaction potential was high and therefore improvement of the site with stone
column method was analyzed. Several methods of designing a stone column solution were
assessed and the more appropriate was recommended.

2. Investigation Works

The container terminal of the port of Algiers covers an area of almost 18 hectares, located west
of the bay of Algiers and in the south-eastern part of Algiers port on the Mediterranean Sea.

Different boreholes and in situ tests (Figure 1) carried out on the site have revealed an
anthropogenic soil, composed of a granular fill up to 12 meters thick, above marls and marly clay
surmounted in places by a layer of fractured sandstone (Figure 2).

T C e o= T
- = _V: -
et
s = = e T = T (Wharf 31
s =R, R S E oy
ST e TG S S e ST
H:_:;_;:}'i:_::’é: 3.'-_:_:
R s S e o g s e e
A e e e = e s e O (WhaiT32
[~ = Toeae — S T ey LT g T \'-\
o i . SR LR i
« cPT ~ = 7 mole el hadjar =
“%- SURVEY | - Container . » .
" sPT -7~ terminal P S S S
Fig. 1. Location of boreholes and field tests.
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Fig. 2. Layers encountered on site




Messafer et al., J. Build. Mater. Struct. (2020) 7: 19-31 21

Laboratory tests on samples of granular fill have shown that the amount of fine contents vary
between 9 and 43%. The grading curves are within the grading zones delimiting the area of
most liquefiable soils (Faccioli and Resendiz, 1976).

3. Mechanical characteristics of the anthropic soil

Standard penetration (SPT) and static cone penetration tests (CPT) results carried out are
plotted on Figures 3 and 4 below:
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Fig. 4. CPT test results (anthropic soil)

The results show that the fill is in a loose state and the natural soil beneath the fill is denser.
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4. Mechanical characteristic of the bedrock (Marl)

SPT) and CPT results carried out are plotted on the bedrock are summarized on Figures 5 and 6

below:
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Fig. 5. SPT test results in the Marl layer
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Fig. 6. CPT test results in the Marl layer

Analysis of the geotechnical properties obtained from the laboratory and in situ tests of the
embankment material and the layer of marl make it possible to highlight the following points:
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e Embankment materiel is loose, compressible with low density. In addition the water
table was detected at around 2.3m depth.

e The marl layer located between 7.65 and 15m depth has very good geotechnical
characteristics

5. Analysis of the liquefaction potential by empirical methods

Liquefaction potential is assessed by comparing the rate of shear resistance (CRR) calculated for
a site with the rate of shear stress (CSR) induced by the earthquake. The safety factor Fs being
the ratio between CRR and CSR.

The empirical equation of Seed and Idriss (Seed and Idriss, 1971) is used to estimate CSR. The
maximum acceleration is taken as 0.4g according to the recommendations of the Algerian
seismic regulation (RPA, 2003) and the coefficient Rd is determined by the expression of Blake
(Blake, 1997).

5.1. Analysis based on SPT tests

The CRR indices were calculated by the method of Idriss and Boulanger (Idriss and Boulanger,
2006). The results obtained (Figure 7) show that the risk of liquefaction is high in the zone up to
10 to 12 meters in depth as the values of Fs are low and do not exceed the limit (1.25).
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Fig. 7. Variation of Fs with depth

5.2. Analysis based on CPT tests

The CRR indices were calculated using the method developed by Robertson and Wride
(Robertson and Wride, 1998).

The results obtained (Figure 8) show a risk of liquefaction up to 10 to 12 meters depth, the
values of Fs are low and do not exceed the limit (1.25). A modified CPT based method for the
liquefaction assessment which is a function of the modified cone bearing and the mean grain size
can also be used to predict the cyclic stress ratio (1i/6’v.), (Robertson and Campanella, 1985).
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Fig. 8. Variation of Fs with depth
6. Analysis of liquefaction potential with numerical methods
SHAKE 2000 software [Ordonez, 2012] was used to calculate the safety factor for liquefaction Fs
with the SPT and CPT test data.
6.1. Comparison based on SPT results

The results obtained show that the study area is exposed to the risk of liquefaction from the
surface up to 10m depth.
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6.2. Comparison based on CPT tests

It is clearly shown that the risk of liquefaction is highly probable by both calculation methods,
especially in the two zones whose depth varies from 2 to about 12m.

Through the results obtained, we have shown that empirical results are in accordance with the
results obtained by the SHAKE2000 software (Ordonez, 2012).
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7. Simulation

During the evaluation process, we designed an application by Excel. This application is used to
calculate the safety factor Fs, by selecting the method of calculation and the principal values of
the data entry (Z, Nspt, qc, 0v). The following flow chart summarizes the operating steps :
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X
evaluatl.on of the llquefactlon potential

Fig. 11. Operating steps of the application




26 Messafer et al,, J. Build. Mater. Struct. (2020) 7: 19-31

Empirical and numerical methods predict liquefaction with similar safety factors.
8. Stabilization with stone columns

Stone columns are one of the methods used for stabilizing soft soils. Their use makes it possible
to increase the bearing capacity of the soil, reduce its compressibility and also accelerate the
consolidation by reducing the drainage path. In addition they have shown that they can reduce
the liquefaction potential of the soil during the earthquakes.

Several types of materials exist to form the stone columns such as sand, gravel, fly ash, recycled
aggregates, tire chips, etc... (Zukri and Nazir, 2018), some of these applications are still at the
research stage but the materials generally used are aggregates.

Despite the widespread use of these columns, current design methods are largely empirical. In
what follows we will calculate the diameter and spacing of the columns following 3 simplified
approaches, namely Keller's method, static method and dynamic method. Conclusions and
recommendations will be developed from the results.

8.1. Keller’s method (CFMS, 2011)

The method used by Keller is based on experience and site testing and control. Keller installed
the stone columns using the wet method to a depth of 7 to 12 m. A diameter of 80 cm of the
columns was chosen with a triangular mesh. The implantation of the columns is hexagonal with
a desired substitution rate of 18.7%.

A total of six (6) test zones were made in the site to define the final conditions of implementation
in order to achieve the expected results. The positions of the test are shown in Figure 12.
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Fig. 12. Location of test benches in the areas to be stabilized
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8.1.1. Control during installation

a) Control of materiel supplied

The constituent material of the stone columns comes from the quarry of El M'hir (Bordj Bou
Arreridj). The control is done by laboratory tests to confirm the criteria of the CFMS (2011) and
the results are as follows:

Table 1. Results of tests realized in the laboratory on the ballast

Tests Granular class Results
Wet Microdeval (%) 25-50 5.25%
Los Angles (%) 25-50 30.56 %
Flatness coefficient (%) 25-50 0.93 %

These values meet the recommendation criteria of the CFMS (2011).

b) System execution parameters (diameter, depth)

From the volumes of gravel introduced, the equivalent diameter obtained in each of the columns
is determined. For its determination, a reduction factor of 1.4 on the volume of the materials
incorporated is considered to take into account the losses at the execution, as well as the
compaction of the material in the column according to the recommendations of the CFMS
(2011). The results obtained in the test zones are as follows:

Table 2. Results of control checks in the tests areas

Test Column Average Equivalent | Average | Corrected Spaci Substituti
Area | bench1 no depth (m) | average volume volume bpacmg ubstituti
. etween on rate
No diameter (m3) o
(m) axes (m) (%)
4 1 28 7,45 0,86 5,87 4,28 1,7 18,7
1 2 23 12,17 0,92 11,47 8,2 1,85 19,1
1 3 27 11,84 0,92 10,5 7,5 1,85 19,1
2 4 28 13,22 0,86 11 7,5 1,85 18,7
3 5 27 8,97 0,80 6,5 4,5 1,8 18
2 6 25 12,07 0,92 11,5 8 1,85 18,7

8.1.2. Control after treatment

The controls shown in Figure 13 are performed in the test zones after treatment.
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Fig. 13. Location of controls carried out after treatment
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a) Loading tests

Load tests were performed using 4 comparators. A service load (Qs) was applied on the column,
whose value will vary according to the mesh adopted, and it will be necessary to reach a value of
1,5Qs.

The measured settlement curves have shown that column settlements for service loads are
generally smaller than 5 cm, which is the permissible limit value (Table 3).

Table 3. Loading test results

Loading tests 65.9
Load Qs (bars) 86,40
Measured
settlement (cm) 0,6-1,58

b) Control of soil density and column continuity

The objective of the CPT test between columns is the control of soil densification due to the
inclusion of gravel columns, while the test on the columns is for the control of the column
continuity and density. Most of the stone columns showed shallow refusal at the top of columns

with peak resistances greater than 10 MPa.

The results obtained from CPT tests between columns before and after treatment were
compared and a marked improvement of the resistance at the tip (Figure 14) was obtained.
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Fig. 14. Variation of qc with depth - Comparison between treated and untreated soils

8.2. Analysis with static method (Balaam and Booker, 1981)

The container terminal area has been divided into four areas (Figure 13). In our case the
construction of the columns is supposed to be by the wet method and a column diameter of

80cm was assumed.

The substitution rate is given by:
a=ADr(%) =Dr; - Dry
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According to the results of the CPT test, the curves show an average value of qc of the order of
2.5 MPa, with an average effective stress of 100 kPa on the entire container terminal.

Table 4. Results of relative densities

qc average o’'v average o Substitution
(MPa) (kPa) Di1 (%) rate
2,5 100 20 20

Relative densities indicate that the embankment material is loose. Since we want to obtain a
relative density Dr2 = 40% for the material to become compact, the desired substitution rate is
given in Table 4.

Table 5. Results of stone column analysis in the areas 1, 2, 3 and 4 with static method

Area Mesh a 0] Ac Am E De szr(‘)ft;(}e Column | Depth
(%) (m) | (m2) | (m2) | (m) | (m) (m?) no (m)
1 Triangular 20 0,8 0,5 2,5 2,41 2,53 35625 14250 12
2 Triangular 15 0,8 0,5 3,35 2,78 | 2,92 | 27500 8209 12
3 Triangular 15 0,8 0,5 3,35 2,78 | 2,92 19000 5672 10
4 Triangular 15 0,8 0,5 3,35 2,78 | 2,92 | 34125 10187 8

The arrangement of the columns is shown in the figure below.
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Fig. 15. Stone column details with static method

8.3. Analysis with dynamic method (Seed and Booker, 1977)

Data for the Boumerdes earthquake were considered (Mw = 6.8) and therefore the equivalent
number of uniform stress (Ns) of 30, the number of cyclic stress application cycles (Ni) of 12 and
a duration of the earthquake (td) of 46s were assumed.

The properties of the surface layer, namely the coefficient of permeability in the horizontal
directions (Kh) of 2.10-5 (m/s), a volume compressibility coefficient (m.3) of 3.105 (m2/KN) and
an average ratio of interstitial pressure of 0.6 were considered. The normalized time factor (Tad)
is:

Kh ty

Tag=— ———
ad Yw mv3-rd2

After calculation, we get Taq = 19.54
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For Ns /Ni = 2.5, we obtain Rd / Re = 0.27, with Rd: Radius of the column. Re: Spacing between
the columns. As a column diameter of 0.8 m was chosen, a mean Re of 1.5m can be adopted
(Figure 16).

Table 6. Results of stone column analysis in the areas 1, 2, 3 and 4 with dynamic method

0] Ac Am Re Total Column | Depth
Area Mesh (m) (m2) | (m?) | (m) surface | no (m)
(m?)

1 Triangular 0,8 0,5 0,97 1,5 35625 36727 12

2 Triangular 0,8 0,5 0,97 1,5 27500 28351 12

3 Triangular 0,8 0,5 0,97 1,5 19000 19588 10

4 Triangular 0,8 0,5 0,97 1,5 34125 35180 8
E=15m

©O=08m

Am = 0,97 m~

Fig. 16. Stone column details with dynamic method

9. Comparison between the results

The results showed that the spacing between the columns obtained by Keller's method and the
static method is higher than the spacing obtained by the dynamic method. As a result, the
number of columns obtained by the dynamic method is greater. This is predictable because the
dynamic method takes into account the seismic loading. This highlights the error made by
certain companies that uses observational techniques to design stone columns in areas at risk of
liquefaction. In such areas dynamic method are required.

The above results are based on simple empirical analysis methods and need to be confirmed by
methods based either on small scale models and/or develop numerical models that take into
account the heterogeneity of materials, dissipation of interstitial pressures and dynamic
stresses.

10. Conclusions

Diameter and spacing of stone columns were assessed using 3 methods and it was noticed a
difference between the results.

The method used by Keller is mainly observational. It clearly showed that the soil was improved
and compacted based on post-treatment trials. However it has been used to reduce the
settlement problem only while the soil has been confirmed to be potentially liquefiable as well.

The results of the 3 methods have shown that if we size by taking into account the dynamic
solicitations, the mesh of stone columns is denser. Therefore it is recommended to analyze by
the dynamic method in seismic zones and by static or observational techniques in areas of low
or no risk of liquefaction.

However, it is useful that stabilization results be confirmed by methods based on small scale
models to verify the findings of the empirical dynamic method.
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