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ABSTRACT: The purpose of Ground Improvement (GI) works is to create usable grounds whose original properties are
too weak to meet the design conditions required by the specific construction project. Well-designed ground improvement
schemes are being increasingly applied as an alternative to conventional foundation solutions in order to lower construction
costs, shorten construction time and reduce CO, emissions. The current Eurocode 7 does not cover ground improvement.
This will change significantly with the introduction of the second generation of Eurocode 7, which includes a new clause
for the design of such geotechnical works. One of the main difficulties of including ground improvement works in the
standard was the wide variety of techniques used for this purpose and considering their specific features. Some of them
involve soil densification or drainage, while others require installation of various inclusions or treatment of the soil in place
using binders. Therefore, it was necessary to establish a comprehensive design methodology that aligns with the philosophy
of partial factors in Eurocode 7 and accommodates this versatility. This article presents the adopted concept and highlights
the main challenges encountered.

RESUME: L’objectif des travaux d’amélioration du sol est de rendre constructibles des terrains dont les propriétés d’origine
sont trop faibles pour étre utilisés dans les conditions de conception requises par un projet de construction spécifique. Des
projets d'amélioration de sol bien congus sont de plus en plus utilisés comme alternative aux solutions de fondations con-
ventionnelles afin de réduire les colts de construction, de raccourcir les délais de construction et de réduire les émissions de
CO,. L'Eurocode 7 actuel ne couvre pas l'amélioration du sol. Cette situation changera de maniére significative avec l'intro-
duction de la deuxiéme génération de 1'Eurocode 7, qui comprend une nouvelle clause pour la conception de ces travaux
géotechniques. L'une des principales difficultés pour inclure les travaux d'amélioration du sol dans la norme était la grande
variété des techniques utilisées a cette fin et la prise en compte de leurs spécificités. Certaines d'entre elles impliquent la
densification ou le drainage du sol, tandis que d'autres nécessitent l'installation d’inclusions ou le traitement du sol en place
a l'aide de liants. II était donc nécessaire d’établir une méthodologie de dimensionnement globale conforme a la philosophie
des facteurs partiels de I’Eurocode 7 qui s’adapte a cette polyvalence. Cet article présente le concept adopté et souligne les
principaux défis rencontrés.
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techniques used for carrying out the works. However,
such a breakdown is not useful regarding the design of
ground improvement. A new classification scheme
had to be developed taking into account how the
ground improvement is applied and also modelled. Ac-
cording to prEN 1997-3, ground improvement shall be
classified according to Table 1 considering the dif-
fused or discrete character of the GI and the possibility
to measure the unconfined compressive strength
(UCS) of the improved ground.

1  GROUND IMPROVEMENT (GI)
CLASSIFICATION AND DEFINITIONS

A wide range of different ground improvement meth-
ods are used in practice. An exemplary classification
of them was presented by Mitchel (1981), among oth-
ers. A more recent proposal was also elaborated by
TC211 of the ISSMGE (Chu et al., 2009). Both of
these and similar classifications take into account exe-
cutional aspects only and concentrate on the specific
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Very important is the definition of rigid inclusions,
which represent structural elements with stiffness and
strength both significantly higher than the ground in
which they are installed. In order to clearly distinguish
them from conventional piles, one of the following
conditions should be satisfied for Class BII applica-
tions, as illustrated in Figure 1:
e structural loads are transferred from the slab and
spread foundations or embankment through a
Load Transfer Platform (LTP) into the im-
proved ground;
e in absence of a LTP, there is no structural con-
nection between the rigid inclusions and the slab
or spread foundation.

2 SELECTION OF THE GROUND
IMPROVEMENT TECHNIQUE

The ground improvement technique should be selected
considering the following:
o the design situation and load variation;
e thickness and properties of the ground or fill
material;
e water pressure in the various strata;
e nature, size and position of the structure to be
supported by the ground;
e prevention of damage to adjacent structures or
services during execution;
e whether the ground improvement is temporary
or permanent;
e in terms of anticipated deformations, the rela-
tionship between the ground improvement tech-
nique and the construction sequence;

e the effects on the environment including pollu-
tion by deleterious substances or changes in
groundwater level or properties;

o the durability of the improved ground; and

e any long-term deterioration of the ground.

The actions and ground model shall be assessed
according to Parts 1 and 2 of Eurocode 7, respectively:
prEN 1997-1 and prEN 1997-2.

3 GROUND INVESTIGATION

The second generation of Eurocode 7 includes a con-
cept of the zone of influence, where construction
works or the geotechnical structure can adversely af-
fect the safety, serviceability, robustness, durability or
sustainability of the geotechnical structure to be built,
other structures, utilities, ground, or groundwater. The
depth and horizontal extent of ground investigation
shall be sufficient to determine the ground conditions
within this zone. The maximum spacing and the mini-
mum number of investigation locations for different
types of structures are given in Annex H of EN 1997-
2. Unless the National Annex (NA) gives another
value, the minimum depth of field investigation below
treatment depth is set to 5 m for GI Classes Al and AlI,
and to the maximum value of 5 m or three times the
equivalent diameter of the non-rigid/rigid inclusion for
Classes BI and BII. prEN1997-2 specifies that this
value should be increased in the case of unfavourable
ground conditions and may be reduced in competent
ground if sufficient comparable experience exists to al-
low the determination of its properties throughout the
zone of influence.

Table 1. Classification of ground improvement adopted in the second generation of Eurocode 7 (prEN 1997-3).

Class A-Diffused

B-Discrete

| Al — Diffused with no measurable unconfined com-

pressive strength (UCS)

The improved ground has an increased shear strength
or stiffness higher than that of the original ground.
The improved ground can be modelled as a ground
with improved properties. e.g., deep vibration, dyna-
mic compaction, vertical drains and surcharge, com-
paction grouting, soil replacement, mass soil mixing.

II AII — Ground improvement zone with measurable

unconfined compressive strength

The improved ground is modified from its original
natural state, has a measurable unconfined compres-
sive strength and is significantly stiffer than the sur-
rounding ground. Usually, it comprises a composite
of a binder and ground. e.g., permeation grouting, jet

grouting, ground freezing, mass soil mixing with
measurable UCS.

BI — Discrete with non-rigid inclusions

Inclusions, installed in the ground, with higher shear
capacity and stiffness compared to the surrounding
ground. The unconfined compressive strength of the
inclusion is not measurable. e.g., stone or sand col-
umns, dynamic replacement, geosynthetic encased
columns.

BII - Discrete with rigid inclusions

Rigid inclusions, installed in the ground, with uncon-
fined compressive strength and significantly higher
stiffness than the surrounding ground. The inclusions
can be an engineered material such as timber, con-
crete/grout or steel or a composite of a binder and
ground. e.g., jet grouting and soil mixing col-
umns/panels, concrete or grout columns, steel or tim-
ber inclusions.
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Figure 1. Class BII concepts: a) embankment, b) slab or spread foundation with a LTP, c) slab or spread foundation
without a LTP. Key: 1 — rigid inclusions, 2 — optional caps, 3 — optional basal reinforcement, 4 — Load Transfer Platform
(LTP), 5 — embankment, 6 — load, 7 — working platform, 8 — weak soil, 9 — load bearing ground, 10 — slab or spread
foundation, 11 — no structural connection between 1 and 10 (Figure Ic).

4 GEOMERICAL PROPERTIES
AND EXECUTION TOLERANCES

A challenging aspect of the design methodology of the
second generation of Eurocode 7 was the consideration
of geometrical properties in relation to various GI
techniques. According to EN 1990, the design value of
a geometrical property (a dimension) is its value in-
cluding any possible deviation from a predetermined
nominal value. Further to what EN 1990 states, ac-
ceptable deviations of the geometrical properties shall
be considered in GI design.

In geotechnical practice, construction deviations
often result from execution tolerances. These are the
geometrical imperfections that can occur during the
works even with the highest standards of workman-
ship, corresponding to the best execution practice for
a given GI technique. In other words, they are inherent
to the construction process selected, and can be main-
tained by a competent contractor adhering to the state
of practice. Moreover, they should not be arbitrarily
adjusted to meet specific design requirements, and
subsequently enforced on the contractor. Conse-
quently, if consideration of execution tolerances does
not allow the design requirements to be met, the extent
of works should be increased or a different GI tech-
nique or foundation method should be considered.

In accordance with the prEN1997-3, acceptable de-
viations of the geometrical properties of the GI shall
be as specified in the relevant execution standards. In
the absence of a relevant execution standard, accepta-
ble deviations of the geometrical properties can be
specified in the National Annex. When no national
choices are made, the values of these acceptable devi-
ations can be specified by a relevant authority.

For verification of limit states using the partial
factor method, the deviation of a geometrical property
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that is within a specified tolerance is assumed to be ca-
tered for by the partial factors yr, yu, ¥z, and yr (cf. EN
1990).

5 GEOTECHNICAL ANALYSES
AND DESIGN VERIFICATIONS

Analyses of the interaction between a structure, im-
proved ground and ground should be carried out to ver-
ify that the ultimate and serviceability limit states
(ULS, SLS) are not exceeded, and should take into ac-
count the stiffness ratio of discrete inclusions to the
surrounding ground.

For ground improvement the following ULS shall
be verified in particular:

e failure of the ground improvement inclusion or
zone in compression, tension, bending, buckling
or shear;

e failure in the ground due to transverse loading
of the improved ground zone;

e uplift or insufficient tensile resistance of the
ground improvement zone;

e combined failure in the ground and in the
ground improvement inclusion or zone;

e Dbearing resistance failure below the ground
improvement inclusion or zone;

e limit states caused by changes in groundwater
conditions or groundwater pressure;

o failure at the edges of the improved ground
zone.

Design of Class A ground improvement is similar
to the design of structures without the use of any
ground improvement technique, and the resulting im-
proved ground or material properties are used in the
verification of limit states for the corresponding ge-
otechnical structure. The behaviour of the improved
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ground can be conveniently modelled by conventional
ground models.

Where Class B ground improvement is used to support
or retain a structure, the calculation model shall in-
clude:

e the consideration of the interaction effects be-
tween the ground, discrete inclusions, and the
overlying structure, embankment, or LTP; and

e for Class BII ground improvement a verification
of the structural resistance of the individual in-
clusions.

Interaction effets for Class BII ground
improvement are similar to those relevant for a piled
raft, whereby a LTP additionally impacts the load
distribution between rigid inclusions and supporting
ground, leading to the development of negative skin
friction in the upper part of the inclusions (Figure 2).
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Figure 2. Interaction effects of a ground improvement with
rigid inclusions. Key: X1 — settlement, X2 — inclusion axial
force, Y — depth, 1 — embankment, 2 — load transmitted to
the inclusion, 3 — load transmitted to the ground, 4 —nega-
tive skin friction, 5 — differential settlement, 6 — settlement
of the ground, 7 — neutral plane, 8 — settlement of the inclu-
sion, 9 — positive skin friction, 10 — inclusion, 11 — load
transfer platform, 12 — structure (e.g. slab or spread foun-
dation), o; — mobilised shaft friction along inclusion, o, —
mobilised tip resistance of the inclusion.

5.1  Design resistance of Class B ground im-
provement

The design resistance of a Class BI ground
improvement R,,s may be determined from the
representative value of the total resistance of the
ground improvement system with inclusions Ry rep
using a partial factor yr 5s and a model factor yzq s, 1.€.:
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RS s,re
RSyS'd - VR,sy:VR:sys (1)
For Class BII applications, the design resistance Ryyq
may be determined by adding two components:

e the sum of the representative values of the
vertical resistance of the i-th rigid inclusion Ry
with a model factor jzq, and a partial resistance
factor for the rigid inclusion system yz,; and

e the representative value of the vertical
resistance of the ground after installation of
inclusions R, with a partial factor yz,, i.€.:

X7 R + Rg Q)

R =
sys,d YRdriYRri  YRg

The representative resistance of a rigid inclusion R,
shall be determined as for piles, depending on the
installation technique and taking into account group
and further interaction effects, as shown in Figure 2.
Consequently, the ultimate geotechnical resistance of
a group of rigid inclusions is not the same as the sum
of that of the individual inclusions.

The verification of geotechnical limit states for
individual inclusions may be omitted provided it is
verified that the system is able to redistribute loads
without itself exceeding an ultimate or serviceability
limit state.

Serviceability limit states of geotechnical struc-
tures on improved ground shall be verified according
to other relevant clauses of prEN1997-3.

5.2 Unconfined compressive strength (UCS)
of Class II ground improvement material

The representative values of the properties of concrete,
steel, and timber inclusions shall be determined in ac-
cordance with EN 1992-1-1, EN 1993-1-1, and EN
1995-1-1, respectively.

For the treated ground material (e.g. with jet grout-
ing, soil mixing...), provided that at least N samples of
the material are tested, the representative value of the
unconfined compressive strength guimprep Shall be de-
termined from:

Qu,imp,rep = NcMeQu,imp,k 3)

where: ¢ is a reduction factor accounting for long-
term effects, 1) is a factor accounting for the difference
in time between testing (typically 28 days) and when
the material is exposed to the design stresses and
Quimpx 18 the characteristic value of the UCS of the
Class II ground improvement material.

Quimpx should be determined, according to prEN
1997-1, as the P fractile of the dataset of the relevant
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statistical distribution (where recommended values for
the parameters N and P are 10 and 10%, respectively,
unless the National Annex gives different values).
Soils treated with binders typically correlate with the
lognormal distribution (Topolnicki and Pandrea,
2012). The P fractile can also be determined from the
cumulative frequency curve of the dataset.

If fewer than N samples are tested, qu,imp,p Shall be
determined from:

Qu,imp,rep = 7767715qu,imp,nom (4)

where qu,imp,nom, the nominal value of the UCS, should
be determined, after execution, as the minimum of the
following values:

e the minimum value of all the UCS test results;

e the arithmetic average value of all the UCS test

results multiplied by a reduction value k;

e a maximum value gy max.

Before execution, nominal value can be taken as a
cautious estimate of the UCS based on comparable ex-
perience, cf. prEN1997-1.

The recommended values of £ and gy max are 0.7 and
12 MPa, respectively, unless the National Annex gives
different values.

For hydraulic binders and cement-based materials,
the value of #.= 0.85 for geotechnical structures and
1.0 for temporary geotechnical structures (cf. prEN
1997-1) unless the National Annex gives a different
value.

The value of #; should be determined directly from
testing for the specific type of Class II ground im-
provement material, for the specific ground and the
specific hydraulic binder or cement-based material. An
indicative range of 7, for curing periods ¢ < 28 days is
given in the Annex I to prEN1997-3 (Figure 3).

It is noted that stabilised soils often exhibit signifi-
cant strength increase with extended curing time over
28 days. This property can also be accounted for in the
design by taking n;>1. For example, UCS after 60 days
is commonly used in practice. Recommended values
for n; can be found in Topolnicki (2021) with 7 in the
range of 1.15 to 1.25.

The design value of the UCS of Class II ground im-
provement material shall be determined from the rep-
resentative value as follows:

— Qu,imp,rep (5)

Qua Ym

where yy = 1.5 is a partial material factor for persistent
and transient design situations.
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Figure 3. Indicative range for the strength development of
Class II ground improvement material over time.

Key: 1— loam-cement (BBRI/SBRCURnet, 2017), 2— sand-
cement (BBRI/SBRCURnet, 2017), 3—prEN 1992-1-1 Class
CS cement fo < 35 MPa, 4— prEN 1992-1-1 Class CN ce-
ment fo < 35 MPa, 5— prEN 1992-1-1 Class CR cement f
< 35 MPa, 6— FHWA Design Manual 2013

5.3 Structural resistance of rigid inclusions

The structural resistance of rigid inclusions shall be
verified according to the relevant standard for the ma-
terial installed. If no such standard exists, for materials
of Class II ground improvement, ultimate limit states
shall be verified by demonstrating that design effects
of actions do not exceed the stress envelope of the ma-
terial used (Figure 4). When normal stresses and shear
stresses are verified separately, the design value of the
normal stresses and of the shear stresses shall not ex-
ceed 0.7¢uq and 0.2quq, respectively.

Range of the simplified stress verlficat|on|

@4 (ground improvement material) = @'y (unimproved ground)
tan @y =tan @, /v,

Figure 4. Allowable stresses in ground improved material
with UCS.

Key: 1 — envelope for allowed states of stress, 2 — examples
for allowed states of stress o, 03, 3 — state of stress in uni-
axial compression test: 63=0, 6; = qud.

For rigid inclusions subject to compression,
buckling shall be verified. When one of the following
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conditions is met, verification of buckling of Class BII
inclusions may be omitted:

e inclusion diameter By > Bret;

e thickness of the soft layers, where cu < cyyef, 1S

smaller than /yer.

The reference values are: Ber =0.3m,
Curef = 15 kPa and /.= 1.0 m, unless other values are
given in National Annex.

5.4 Load transfer platform

The Load Transfer Platform (LTP) and the possible re-
inforcing elements are designed to transfer the load
from the structure or the embankment to the improved
ground. ULS verification may be omitted for a LTP
where it can be demonstrated that the loads can be
redistributed within the confined system, provided that
the load transfer platform does not fail at its edges. A
confined system can be assumed inside a grid of
inclusions in a GI zone (ASIRI, 2012; Bohn, 2016).
The tensile resistance of the reinforcements possibly
installed in the LTP should be verified according to
Clause 9 of prEN 1997-3. In the absence of a LTP,
additional verifications may be considered during the
design, such as verifications of the stress
concentrations at the top of the inclusions and internal
forces within the slab or spread foundation.

6 TESTING OF GROUND IMPROVEMENT

The types of testing should be determined according to
the GI technique. The minimum frequency and type of
control test should be given by the relevant execution
standard or, when no relevant execution standard is
available, by the relevant authority or, where not spec-
ified, as agreed by the relevant parties for a specific
project. Typical control tests may include for:

e C(lass Al: investigations of treated ground as for
the original ground in accordance with
prEN1997-2, with possible field and laboratory
tests and monitoring where relevant (for exam-
ple, for preloading and vertical drains);

o C(lass All: tests on extracted samples of treated
ground to verify UCS and other properties;

e C(Class BI: field testing inside and/or in between
inclusions, dummy foundation test on improved
ground (individual inclusion and surrounding
ground), zone load test on a group of inclusions
(group of inclusions and surrounding ground);

e (lass BII: load test on isolated rigid inclusions,
zone load test on a group of inclusions (group of
rigid inclusions and surrounding ground), UCS
test of inclusion material.

Material control tests shall be performed to verify

that the determined representative values of the
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improved ground are achieved. The minimum number
of control test should be determined based on local
experience, ground conditions and the applied ground
improvement technique. Sampling should be per-
formed according to relevant execution standard. If
undisturbed sampling is impractical, the strength may
be determined from documented correlations with
other in-situ tests. The stiffness of ground
improvement materials should be determined either
from laboratory tests on undisturbed samples,
documented correlations, or by monitoring of
deformations.

The unconfined compressive strength should be de-
termined on undisturbed cylindrical samples with a
height to diameter ratio of two. After conducting all
UCS tests on suitable samples, the results of the test
specimens with unmixed soil inclusions larger than
one-sixth of the diameter of the test specimen may be
excluded. In addition, no more than 15% of the UCS
results of the tested specimens from one specific site
may be excluded. In absence of a material standard and
unless the National Annex gives different values, the
recommended testing frequency is:

o for Class All ground improvement, 1 test per
125 m* (minimum of 4 tests) per treated ge-
otechnical unit (volume of ground defined as a
single material), conducted on samples repre-
sentative of the whole treatment depth;

e for Class BII ground improvement, 1 test per
125 m® (minimum of 4 tests) of rigid inclusion
volume, conducted on samples representative of
the whole treatment depth.
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