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Ground improvement as a means for allowing the replacement of piled foundations
with shallow footings is systematically being used by engineers for many decades. Some
ground improvement techniques that are installed by piling rigs and include cementituous
columnar rigid inclusions makes it difficult to distinguish where ground improvement ends
and deep piled foundations commence. This paper assists the geotechnical engineer by
reviewing the concepts of rigid inclusions, how they differ with piles, and presenting of
case studies of very deep applications of rigid inclusions.
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1. Introduction

The best ground conditions for a project can be envisaged to be when the ground is competent
and loads can be applied to shallow footings. In this scenario construction time and costs are both
minimal. Terzaghi et al. [1] define a shallow footing as a footing that has a width equal to or greater
than the foundation depth, which is the distance from the level of the ground surface to the base of
the footing, and a pile as a very slender pier that transfers a load through its lower end onto a firm
stratum or else through side friction onto the surrounding soil. Bowles [2] defines shallow founda-
tions as bases, footings, spread footings or mats with the ratio of depth of footing to its width being
equal to or less than 1, and deep foundations as piles, drilled piers or caisson with ratio of length to
width (or diameter) being equal to or greater than 4. On the other hand, Das [3] states that studies
show that the ratio of footing depth to width of shallow footings can be as large as 3 or 4.

While it could be advantageous to have concise definitions for various concepts and behav-
iours to avoid confusion and to allow clear communication, it is not possible to simply set an in-
teger as the boundary between two foundation systems. The concept of shallow versus deep
foundation is only a simplification for explaining the mechanisms of load transfer to the ground.
Bearing of shallow foundations are generally expressed by shear theories originally developed by
Prandtl [4], Terzaghi [5], Meyerhof [6] and Hansen [7]. Skin resistance (Tomlinson [8], Vijay-
vergiya and Focht [9], Burland [10]) may become a major contributor as the ratio of footing
height to width begins to increase. At the same time, while a large based footing may be catego-
rised as a shallow foundation system due to its depth to width ratio, the depth of soil within the
system may be very deep indeed.

To further complicate this simplification, it is possible to convert deep loose or soft soils to
adequately competent ground by soil improvement, and to safely dissipate the loads without en-
gaging piles for transferring loads to firm ground. Chu et al. [11] have classified and described
the various ground improvement techniques that are commonly practiced. Some of these tech-
niques are developed to improve the physical and mechanical properties of in-situ soils without
the introduction of imported material, and the outcome will remain as what is classically referred
to as a shallow foundation. On the other hand, in other ground improvement techniques higher
quality materials are added to the ground as inclusions. Some inclusions may be very long, and
can form deep foundations that are composed of classical shallow footings and deep soil masses
that are improved by the inclusions. These types of foundations cannot be expressed by the clas-
sical shallow foundation approaches and require further understanding, analysis and design of the
improved ground as part of the foundation system.

The complication in the categorisation can turn into confusion when piling rigs are used to
install cementitious columnar inclusions. One very efficient, beneficial and affordable type of
such rigid inclusions is the controlled modulus column (CMC).

2. Controlled Modulus columns
2.1. Construction of CMC-Type Rigid Inclusions

As shown in Figure 1, a controlled modulus column is installed in soft ground using a spe-
cially designed auger that is composed of a helical tip and a cylindrical hollow stem follow-up

section. As the auger is thrust and screwed into the soil, the cylindrical extension displaces the
soil laterally and reduces the amount of spoil that is generated to negligible amounts compared to
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cast in-situ piling solutions such as continuous flight auger (CFA) or bored piles. During the au-
ger extraction, grout is pumped through the hollow stem and auger to form a columnar inclusion
with a diameter that is usually 250 to 450 mm.

Fig. 1. CMC auger

The CMC rig should be able to provide a continuous down pull with a high torque in rota-
tion. Further enhancements to the equipment can include a radio control unit to allow the rig op-
erator to directly command the concrete pump from his control panel. The control panel displays
torque, speed, depth, down pull force, grout pressure and volume of pumped grout.

2.2. Advantages of Controlled Modulus Columns

Stone column stability is reliant on the horizontal containment of the soil (Barksdale and
Bachus [12]), deep soil mixing column strength is dependent on the in-situ soil properties (Navin
[13]); however, similar to piles, CMCs do not rely on soil parameters for lateral stability nor are
their strengths affected by the surrounding soil.

As any concrete product, CMC modulus of deformation is a function of the concrete strength
(American Concrete Institute [14]). Masse et al. [15] state that the deformation moduli of CMCs are
typically 50 to 3,000 times that of the weakest soil stratum; hence, this type of inclusion reduces
settlements more efficiently than other techniques in which inclusions are of stone or a mixture of
added material and in-situ soil. Alternatively, with a different perspective, it is possible to reduce
ground settlements using a lower replacement ratio (Murayama [16]; Aboshi et al. [17]).

Reaching the required size, mix or strength of ground improvement techniques with addi-
tives or inclusions is usually timely compared to CMCs. For example, introducing and compact-
ing stone for the construction of stone columns must be carried out in numerous lifts, and suffi-
cient time must be allocated to enlarge the column size and appropriately compact the stones in
each lift. Similarly, grout that is produced for jet grouting or deep soil mixing must be progres-
sively mixed with in-situ soil, which results in lesser quantities of placed inclusions per unit time.
However, concrete for installing CMCs is produced in a factory (batching plant), and placing ma-
terial is performed with the same speed as CFA piling.

The amount of vibration that is generated by CMC installation is comparable with CFA piling as
the installation process itself is vibration free and the rig is essentially the same for both techniques.

The main advantages of CMCs can thus be summarised as:
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2.3. Pile versus CMC

Whilst CMC’s and piles may look very similar in appearance, there design concepts are very
different. As shown in Figure 2 (a), in piled foundations, it is typically assumed that loads are al-
most entirely transferred to competent ground layers through the piles and pile caps. However, it
can be seen in Figure 2 (b) that in foundations with inclusions the loads are distributed by arching
(Hamidi et al. [18]) between the in-situ soft soil and inclusions through a well compacted granu-
lar transition layer, which is also called the load transfer platform (LTP).

Whilst the concept, behaviour, design, requirements and functionality of CMCs are not the
same as piling, with consideration that the scope of most standards do not cover CMCs, the au-
thors have come across many cases where engineers erroneously attempt to extend piling code
requirements to CMCs. This will usually result in poor engineering that defies the advantages of
ground improvement and reverts the concept and design back into piles.
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Fig. 2. Load transfer in (a) piled foundations and (b) ground improved by rigid inclusions

2.4. CMC Concept

Combarieu [19] studied the behaviour of rigid inclusions in soft ground. Figure 3 shows that
a compressible ground with thickness H that is subjected to an embankment load with intensity g,
will ultimately undergo a settlement on the surface that can be denoted by W; (0). Similarly, set-
tlement at any depth, z, can be denoted by W; (z). The soil conditions at distances away from the
single inclusion are identical to untreated ground after complete stabilisation. However, the stress
and deformations change around the immediate vicinity of the inclusion. The inclusion settles by
an amount equal to ¥, (z) due to the load it has been subjected to and by a small amount due to
its own compression. The settlement is higher when the rigid inclusion terminates in soft soil
(Figure 4) compared to when it is rests on hard soil (Figure 5).

If A is the depth where the inclusion and soil settle equally, at the lower part of the inclusion
where z > A, the settlement of the soil is less than the inclusion settlement and its compression;
however, the opposite is true in the upper portion where z < ..

Ultimately, as shown in Figure 6, the four forces acting on the inclusion at equilibrium are:

¢ Driving forces: The vertical load Q acts on the head of the inclusion and the resultant
negative friction, F,, acts along the inclusion segment with length ...

e Resisting forces: Positive friction, F,, is mobilised in the lower part of the inclusion and
along a segment with length L — 4., and O, acts at the base of the inclusion. The balance of the
forcesis O+ F,=F, + O,.
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Fig. 3. Ground section without rigid inclusion (Combarieu, 1988)
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Fig. 5. Ground section with rigid inclusion supported by hard ground (Combarieu [19])
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The behaviour of rigid inclusions, inclusive of CMCs, without rigid connections to the
structure has been the subject of an extensive French national research programme called
ASIRI (Améliorations de Sols par Inclusions Rlgides, which translates to Soil Improvement by
Rigid Inclusions) (IREX [20]).

2.4.1. Behaviour of the Load Transfer Platform and Failure Mechanisms

As shown in Figure 7, it is assumed that CMCs with diameter D = 2r, are installed in a
square grid with centre to centre spacing s. LTP thickness is denoted by Hy, and is defined by its
characteristics (cohesion c’, friction angle ¢’ and volumetric weight y). The uniformly distributed
external load ¢, is applied to the LTP.
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Fig. 7. Section showing ground improved by rigid inclusions,
LTP and uniform loading (IREX [20])

ASIRI has shown that whilst the actual equilibrium diagram is dependent on the geometry
and nature of the loading, as shown in Figure 8, failure can be by two mechanisms; i.e. Prandtl’s
failure mechanism [4] or punching shear.
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Fig. 8. (@) Prandtl failure mechanism for slabs on grade, rafts, footings and thick embankments
and (b) punching shear failure mechanism for thin embankments (IREX [20])
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2.4.1.1. Prandtl’s Failure Mechanism

Prandtl’s failure mechanism [4] occurs when the LTP is covered by a rigid structural element
such as a slab on grade, raft or footings, or when the embankment is sufficiently thick to avoid
punching failure, which corresponds to the formation of shear cones in the LTP’s surface. ASIRI
implies that an embankment is considered thin when:

H, <0,7(s—D) (1)

Figure 8 (a) shows that Prandtl’s failure diagram includes a Rankine active limit state do-
main (I) above the inclusion head that is delimited by a logarithmic spiral arc domain (II) and a
Rankine passive limit state domain (III), which is located beyond the inclusion head. g, is the
stress at the inclusion head and qs+ is the stress on the in-situ soil.

ASIRI has been developed in line with Eurocode. The maximum load that can be applied to
the inclusion head g, is therefore calculated in ULS (Ultimate Limit State) condition. This verifi-
cation is performed by implementing Eurocode 7 Design Approach 2 (European Standard [21])
with the combination of partial factors being A7 + M1 + R2 (A for Action, M for Material and R for
Resistance). This means that load factors on dead and live loads are respectively 1.35 and 1.50 and
that no partial factor is applied to the materials. According the Prandtl’s diagram, g, can be deter-
mined from the stress applied on the supporting soil and the intrinsic parameters of the LTP:

+ + c'
q, =5,N.q, +SCNCy——syNyrpyl (2)
c' Y

Ny, N. and N, are coefficients that are functions of the friction angle of the LTP, and can be
calculated from Equations 3 to 5:

37 .
N =tan’ E+¢ ><em{%‘°'j (3)

! 4 2

- — ?'

N, =(N, l)cot(ﬁj 4)
- _ ?'

N,=2(N,-1) tan(ApJ (%)

Y, Yo', and v, are material partial factors and equal to 1.

The LTP’s weight is typically neglected for a relatively thin platform, and the superficial
(third) term in Equation 2 is omitted.

For purely granular LTP, there is no cohesion, and the related term becomes null. Hence,
Equation 2 becomes:

4, =5,N,q, (6)

For axisymmetric or plane-strain conditions, s,= 1, and a relationship that is only a function
of ¢’ is established in the form of Equation 7 between ¢, and g;.

q," =N,q, (7)
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Solving the problem and determining the values of g, and g, requires a second equation.
Using load conservation:

ag, +(1-a)q" =g, )
o, = replacement ratio
A
) )
A.= area of inclusion
A= area of soil
From Equations 7 and 8:
q, =Lq : (10)
? o l+a(N,-1)
+ 1 +
q, = mqn (11)

Research on Prandtl’s failure mechanism has been further carried out by centrifugal testing
with various LTP thicknesses, rigid inclusion spacing and replacement ratios within the ASIRI
programme (Okyay [22]). Centrifuge test results are compared with limiting pressures calculated
from Prandtl’s theory in Figure 9. It can be seen that a very good agreement exists between
measured and theoretical values.
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Fig. 9. Comparison of measured limiting pressures with theoretical
values calculated from Prandtl’s theory (IREX [20])

Prandtl’s approach was also investigated by performing finite element calculations for vari-
ous uniformly distributed loads. Figure 10 shows the pressures acting on the soil and on the in-
clusion head respectively on the abscissa and ordinate. The blue curve shows Equation 7, the
slanted black lines correspond to Equation 8, and the pink line is derived from finite element cal-
culations. This figure also shows the stresses on the soil and inclusion and the value that can be
mobilised at the head of the inclusion.

During the investigation, the Young modulus of the compressive soil was reduced for each
uniform loading until the LTP failed. It was observed that at the last step prior to failure the stress

113



Varaksin S. /
Construction and Geotechnics, vol. 11, no. 4 (2020), 106-125

at the inclusion head approached Prandtl’s limit, but did not intersect it. Prandtl’s failure mecha-
nism can also be visualised by the distribution of the plastic points that are shown as red dots
in Figure 10.
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Fig. 10. Comparison of limiting pressures calculated from finite element
analyses and Prandtl’s theory (IREX [20])

2.4.1.2. Punching Shear Failure Mechanism

Figure 8 (b) shows that the second failure mechanism can be modelled by a vertical cone
within the LTP layer. This mechanism exists only for thin LTPs that are not covered by rigid
structural elements, and is associated with the peak friction angle of the material.

According to Eurocode 7 Design Approach 2 and from the shear cone geometry, the limit
stress at the inclusion head is determined using the applied external load, ¢,, the LTP’s thickness,
and the platform parameters.

In Figure 11:

R =R, +H, tan[yiJ (12)
”

R=— (13)

Jn

Y, Yo', and v, are material partial factors and equal to 1.
If, as shown in Figure 11 (a), the shear cones do not overlap if Hy, < H., where:

R—r
H, = B (14)
tan @'
Then g," = weight of the cone plus the external load applied on the top circular side of the
cone. Thus:
R’ R R’ R’ '
qp*:ﬂ(—”z+l+ CJl+ Sq+ ! '( < —l]c— (15)
3\r, oY, tang'| r, Yo
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Fig. 11. (a) Non-overlapping failure cones and (») Overlapping failure cones (IREX [20])
As shown in Figure 11 (b), the shear cones overlap if Hy, > H,, where:

" R.—r,
° tang'

(16)

R.=R
g, = weight of the cone, weight of the soil cylinder above it and the external load multiplied
by the unit cell area; therefore:

. | H, R R R |y R 1 (R c'
qp :liTM(r—z-l—l-i-r—J‘f‘(HM—Hc)r—2:|y—+r—2qo+ tan(p' ?—1 Y— (17)
" .

p j2 j2 Y j2 c

2.4.2. Ultimate Limit State (ULS) Stress Domain

When failure is by Prandtl’s mechanism, regardless of the load level, the stress domain in the
LTP is firstly limited by the Prandtl line, which was presented in Equation 7. The stress on the in-
situ soil, qs+, is limited at ULS by the allowable stress o, s, which can be determined with the ap-
propriate partial factors from Py, the limit pressure of Menard pressuremeter test. g,  is also
limited by the load-bearing capacity of the inclusion and the allowable stress in the inclusion ma-
terial. The first limitation is the load bearing capacity as per Eurocode 7. The second limitation,
fea, 1s the allowable stress in the material as per Eurocode 2 (European Standard [23]). The stress
domain is graphically shown in Figure 12.

y | Jy | R R/
0 = min Vs YR,;R . Vs Vra £ | =min l.37iR _ 1.375 o (18)
Gv_d _ kaLM _ kaM _ kpf)LM (19)

e Yre LAx12 1,68

When the LTP is not covered by a rigid structural element, this domain may be partially
limited. For example, as shown in Figure 13, if the LTP is thin, there are not any rigid struc-
tural elements, and failure cones do not overlap, then the stress domain is further limited by
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the dashed blue line that corresponds to Equation 15. As a second example that is shown as
dashed red lines in Figure 14, further limitations of Equation 17 are applied when the failure
cones overlap.
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Fig. 12. ULS stress domain (IREX [20])
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Fig. 13. ULS stress domain when LTP is thin, without rigid structural elements
and with non-overlapping failure cones (IREX [20])
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Fig. 14. ULS stress domain when LTP is thin, without a rigid structural element,
and failure cones overlap (IREX [20])
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To satisfy the load conservation equation, ¢, and ¢,  must be on the diagonal blue lines that
are shown in Figure 15. Therefore, for a given load ¢, the permissible domain will reduce to these
segments. The calculated design limit g, is calculated by solving simultaneous equations of
Prandtl and load conservation.
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se.Ne.€™/ye’

CIDIAN [1.2eeieesiiimens S engeseessnsesssmnssnsesssnmsnsssssssnsassssessnsesnsssssssessrinmensmastoatensssssans

q.5*/(m.r?)

(2)
qp:d b Slialalaialalebebald bl

Allowable doma

se.N..c'/ye”

q U\;d q QS

Fig. 15. ULS stress domain with consideration of the load conservation equation when LTP
is thin, without a rigid structural element, and failure cones overlap (IREX [20])

dpa is a function on g, the system geometry (CMC grid size and thickness of LTP) and the
LTP parameters, but is independent of the deformability of the various soil layers. Whilst the
intersection of Prandl’s line (Equation 15) and the load conservation line (Equation 8) is g4,
the stress pair (¢, , ¢s') that is actually mobilised can be anywhere on this diagonal segment,
and its actual position will depend on the compressibility of the various soil layers directly be-
low the LTP. In soft soil the mobilised pair will be close to g, , and in dense soil it will be
away from the limit.

It is important to understand that, as shown in Figure 16, changes of the external load move
the equilibrium in the plane (g,", ¢;') along a curve that tends towards an asymptote for large
loads; i.e. an increase in loading also increases the efficiency towards its maximum value, but is
never able to create an internal failure of the LTP by intersecting with Prandtl’s line.

+
qp‘

squ. Gv;d ts N - — — Y ————
T e e e e s A, = Min (qp max, SNqOyg TSN L)

q.8* /(..

Increase inq

Allowable domain
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Fig. 16. ¢,4 and deformability of various soil layers (IREX [20])
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2.4.3. Edge Behaviour

Stress distribution at the edge of the loading zone, where Prandtl’s failure mechanism does not
fully develop is somewhat different. The horizontal length of the Prandtl curve, L, is formulated
in Equation 20. Figure 17 (a) shows that Prandtl’s mechanism can fully develop in the LTP, and the
limit pressure at the CMC head will be as discussed in the earlier sections if the overhang length of
the footing, L, is greater than L. In the extreme case that is shown in Figure 17 (b), the edge of
the CMC corresponds to the edge of the footing; i.e. the overhang is zero, and the load applied to
the footing is nearly fully transmitted on the CMC head. The vertical stress on the peripheral soil,
which is due to the surrounding ground is equal to y/. IREX details the calculation process of N,*
with consideration of a LTP that is limited to the footing footprint. N,* is assessed based on the
friction angle at critical state of both the LTP (with ¢;) and the surrounding soil (with ¢,). N,* val-
ues that are based on LTP and surrounding soil friction angles are shown in Table.

Ceos(m-%)

. (20)
cos( +(P/)
Ng* values based on LTP and surrounding soil friction angles
Soil @, = 15° Soil @, = 20° Soil @, = 25° Soil @, = 30°
k
LTP (p] Nq ((Pl) Nq* Nq* Nq* Nq*
30 18.4 6.98 9.45 13.08 18.43
33 26.1 7.86 10.64 14.71 20.88
35 333 8.52 11.53 16.01 22.67
38 48.9 9.68 13.05 18.11 25.80
40 64.2 10.54 14.29 19.71 28.04

Figure 17 (c) shows that when the footing overhang is between 0 and L.x, the limiting pres-
sure at the CMC head can be estimated using a linear interpolation between these two extreme
values. This is shown in Figure 18.

Generally, when more than one CMC is installed beneath the footing, the edge effect that has
been described is applicable to only a fraction of the CMC depending on whether the CMC is at
the footing corner or side (see Figure 19). The edge limit stress, g, (L), is applicable only to the
exterior portion of the perimeter, the limit stress calculated from Prandtl’s failure mechanism, g,
(P), applies to the inner portion of the inclusion, and the resulting value must be a weighted aver-
age of these two terms.

By analogy with the distribution of negative friction within a group of piles, IREX proposes
that limit stress values on the inclusion heads under the footing be determined using the weight-
ing relationships shown in Equations 21 to 25.

For single row inclusions that are shown in Figure 20 (a):

q,. =<4, (P)+<q, (L) (21)

+ 2 + +
9, =34, (P)+34,"(L) (22)
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Fig. 17. Ground section at edge of rigid structural element (IREX [20])
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Fig. 18. Ground section at edge of rigid structural element (IREX [20])

Fig. 19. Edge effect combination, modified from ASIRI (IREX [20])

119



Varaksin S. /
Construction and Geotechnics, vol. 11, no. 4 (2020), 106-125

Fig. 20. (a) Edge effect combination for single row of CMCs, (b) Edge effect
combination for multiple rows of CMCs (IREX [20])

For multiple rows of inclusions that are shown in Figure 20 (b):

4,/ =4,"(P) (23)
+ 7 + 5 +
4p.a :Eqp (P)+Eqp (L) (24)
+ 5 + 1 +
9pe =, (P)rea, (L) (25)

2.5. Numerical Modelling

Whilst numerical methods are possibly the most popular analysis techniques that are cur-
rently practiced, their results are only as good as the model and the input parameters. Blind im-
plementation of these calculation tools without in-depth understanding of the modelling process
and suitability of the characteristic parameters may lead to unforeseen disastrous consequences.

Schweiger [24] has carried out a study on the outcomes of geotechnical problems that were
numerically solved by a group of German engineers in his research programme. The first problem
was the undrained analysis of a shield tunnel excavation for three conditions of elastic behaviour
with no lining, elastic-perfectly plastic behaviour with no lining, and elastic-perfectly plastic be-
haviour with segmental lining. The problem was deliberately chosen to be very simple with con-
stant undrained shear strength. Material parameters were also provided for all analyses. Review
of results showed that in the elastic case there was a 20 % difference in maximum settlement of
the ground surface above the tunnel, which was entirely due to the different lateral boundary con-
dition assumptions. In the plastic solution the differences were significantly larger than the elastic
case (76 to 159 mm), and the choice of the failure criterion being Von-Mises or Tresca had a no-
table impact. The results of this study suggested that, even for simple problems, the choice of the
failure criterion is essential in non-linear analyses. The scatter in results was even larger in the
third case, and surface settlement above the tunnel axis and at the crown ranged respectively from
1 to 25 mm and from 17 to 45 mm. In a second study Schweiger [24] studied the results of the
analyses of a deep excavation problem in which the specifications, properties, stiffness, strength
parameters and computational stages were given. Some of the engineers made extremely unreal-
istic assumptions for the material parameters, and were excluded. Scatter of results was also ob-
served in this research, and review of the outcomes suggested that not only did the assumption of
the constitutive model and the parameters have a significant influence on the results, but so did
the manner in which the groundwater lowering was simulated.

Based on the review of a number of bored and driven piles and Menard pressuremeter test
data (PMT) Frank and Zhao [25] have developed a method in which shaft friction mobilisation
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curves and end load — end displacement curves are used to predict the load settlement curve of
single piles under axial loading. These tri-linear curves are shown in Figure 21.

q T
qh _______ qs _______
q,/2 | _ 7k, /5 g2 — k. /S
k, ke
s s
a b

Fig. 21. (a) Pile toe stress versus settlement, (b) skin friction versus relative
pile-soil displacement (Frank and Zhao [25])

The stiffnesses of the curves are:

e For fine grained soils: 4= 2E,/B ky=11Ew/B

e For granular soils: ke=0.8 Ev/B  ky,=4.8 Ex/B

Where Ev= PMT modulus and B = Pile diameter

Racinais [26] notes that classical finite element input parameters are often very conservative
for modelling CMCs. He has therefore made a study on calibrating soil parameters to Frank and
Zhao [25] curves for numerical modelling of rigid inclusions using Plaxis software., and observed
that increasing the cohesion and internal friction angle of the surrounding soil increased the ordi-
nate of the curve’s asymptote. Also, increasing the modulus of elasticity increased the slope of
the elastic portion of the curve. Racinais was able to closely match Frank and Zhao curves by us-
ing soil parameters that necessarily do not have a physical interpretation. Initially, the value of
skin fiction stress in the upper layers and 1/9 of base stress in the anchoring layer were assigned
for cohesion, and null for the internal friction angle of the soils. Then the elastic modulus was
trialled at various values, and it was observed that the closest match was achieved if the elasticity
modulus was taken as 1.5E)/a, where a is the PMT rheological factor.

2.6. CMC Inclusion Case Histories

Depth of CMC installation is practically limited by the equipment that are available. Whilst
most rigs are capable of drilling to maximum depths ranging from approximately 20 to 28 m,
CMC:s have been installed to depths exceeding 30 m in Australia and the United States.

2.6.1. Previous World Record

CMCs have been installed to support five 12.8 m high steel oil tanks of an oil terminal that is
located on the banks of the Mississippi River in New Orleans. Buschmeier et al. [27] have re-
ported the installation depth to be 34 m, which to the knowledge of the authors makes these
CMCs the world record for depth installation at the time of the project.

The diameters of three tanks are 39.6 m and two tanks are 45.7 m. The maximum pressure
that the tanks exert on the ground is 130 kPa, and elevating the ground level to tank level has im-
posed an additional 16 kPa of pressure.

121



Varaksin S. /
Construction and Geotechnics, vol. 11, no. 4 (2020), 106-125

The superficial fill layer that is approximately 0.15 to 1.2 m thick is underlain by soft to me-
dium stiff silty clays with some traces of organic matter and localised sand pockets, which extend
down to depths of 4 to 6 m. This layer is followed by very soft clay with silt and sand that reach
depths of 20 to 24 m. A thin sand layer was also identified at approximately 21 m depth. Medium
stiff to stiff clay with fine sand pockets and shell fragments were observed to depths of up to
32 m followed by stiff to very stiff silty to sandy clays over a very dense layer of silty sands at
depth of about 34 m. Groundwater level depth was less than 1 m below ground level.

Project specification stipulated that the tanks’ maximum and central settlements be limited to
respectively 200 and 100 mm and additionally 50 % of settlements allowed by American Petro-
leum Institute [28] three years after hydro-testing.

CMC were installed with a higher replacement ratio down to the depth of about 21 m where
a sand layer with reduced compressibility was identified, and with a lower displacement ratio
down to the maximum treatment depth at about 34 m.
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Fig. 22. Three-dimensional modelling of a quarter of a tank
and a thin slice of the tank (Buschmeier et al [27])

Due to the variations in the soil profile it was necessary to design each tank individually. As
shown in Figure 22, analyses included three-dimensional modelling of a quarter of a tank, three-
dimensional modelling of a thin slice of the tank and manual calculations of rafts on floating piles.

CMC diameters for columns installed to approximately 21 m and 34 m were respectively
318 and 470 mm. Installation depth was variable for each tank due to variations in the site’s
soil profile.

2.6.2. Current World Record

Hamidi et al. [29] have reported the installation of 42 m long CMCs that to the knowledge of
the authors are the world’s deepest CMCs. This project is also located near New Orleans, and in-
cludes 4 oil tanks a water tank, two shop and maintenance buildings and ancillary structures. The
diameter and height of the oil tanks are respectively 43.3 m and 11 m, and each tank will be filled
with a product that will apply a design pressure of 120 kPa to the bottom of the tank.

Prior to construction, the site was relatively level and approximately at elevation £0 m RL
(reduced level). Initially, the uppermost 0.3 m of the ground was treated and modified to ce-
ment-stabilised clay. The site was then elevated with sand to +1.2 m RL. The tanks were built
on 0.3 m thick pads.
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Fig. 23. CPT and soil profile of one of the tanks (note: units in empirical system)

The upper 1.5 to 3 m thick layer of ground consisted of a crust of desiccated over consoli-
dated clay with an over consolidation ratio (OCR) of 4. Below this layer was a very soft clay
layer that extended to depths of approximately 33.5 m. The OCR for this layer was assumed to
decrease with depth from 3 in the upper part to 1.2 in the lower layers. A sand layer was present
at depths of approximately 33 m to 36 m in some areas, but in other areas this layer was replaced
by a stiff to medium stiff layer of clay roughly up to depths of 51 to 57 m. This lower clay was
understood to have an OCR of 1.1. Cone Penetration Test (CPT) profiles at the location of the
four tanks showed that the cone resistance was almost consistently very low and negligible in the
soft clay. The CPT and soil profile of one of the tanks in shown in Figure 23.

Initial calculations indicated that the tanks were susceptible of undergoing settlements in the
magnitude of 1.5 m to 1.8 m without implementation of an improved foundation system.

Since expected settlements exceeded the tank’s design criteria that limited long term settle-
ments under the tanks to 300 mm and differential settlements of values specified by American
Petroleum Institute [28], specific geotechnical measures had to be implemented. The ground im-
provement contractor who was awarded the project proposed that three oil tanks be supported at
the edge by a concrete slab and a geotextile-reinforced gravel ring wall while the fourth tank was
designed to be supported by a load transfer platform and a geotextile-reinforced gravel ring wall.
All structures were to be supported by CMCs installed in square grids that typically had 1.7 to
2.5 m spacing. Column diameters were 396 mm.

The design included an iterative approach and finite element analyses using a combination of
three different modelling techniques; i.e. axi-symmetrical modelling, three-dimensional strip
modelling, and three-dimensional global modelling. The calculation process was iterative as pa-
rameters needed to be adjusted in such a way that the various types of models yielded similar re-
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sults. This approach led to approximately 280 mm of long term settlement under the centre of the
tank, of which, 75 % occurred rather uniformly below the toes of the CMCs.

More than 2,600 CMCs were installed under the structures to an average depth of 36.5 m
during a period of approximately 4 months.

Conclusion

Deep rigid inclusions have complicated the classical definitions of shallow and deep founda-
tion systems. CMCs are a type of cementitious rigid inclusion that resemble piles, but their design
concept is very different. They have many advantages, including independence of column
strength from in-situ soil parameters, non-reliance of column lateral stability on in-situ soil pa-
rameters, significant reduction of the magnitude of settlements, vibration-less installation process,
negligible amounts of spoil, and high production rates.

This technology utilises a load transfer platform to distribute the loads between the columns
and the in-situ ground. Column loads can be determined by numerous methods. IREX proposes
the analyses of ground behaviour and load distribution for grounds improved with columnar in-
clusions in a variety of cases.

Numerical methods are commonly used for the analysis of CMCs, but a deep insight is re-
quired for modelling and assigning input parameters in these methods. Research suggests that
classical input parameters may over estimate settlements, and more accurate results may be pos-
sible if input parameters are calibrated. Racinais [26] has proposed a calibration method that is
based on the pressuremeter test and matching the curves of Frank and Zhao [25].

CMCs have been successfully used for improvement of ground to depths of 42 m for highly
strategic structures such as oil tanks.
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