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Abstract

The objective of the present paper is to analyse, by means of combined experimental investigations and numerical simula-
tions the load settlement response of axially loaded jet grouting columns with the aim of defining a theoretical methodolo-
gy for the design of jet grouting reinforced foundations. The results of awell documented experimental campaign including
full scale axial loading and pull-out tests on different jet grouting columns are first presented together with preliminary
investigations. Interpretation of the load settlement response is then performed by aback analysis with afinite element code.
Adopted model allows interpretation of interaction between columns and surrounding soil and aback analysis of the load
transfer mechanisms taking place along the shaft and the base of columns. This analysis has been conducted by focusing
on the role of the characteristics of jet grouting columns.

Streszczenie

Przedmiotem artykulu jest przedstawienie wynikow analiz numerycznych, wykonanych dla kolumn iniekcyjnych
obciazonych osiowo. Wyniki analiz numerycznych przedstawiono w polaczeniu z wynikami prébnych obcigzen kolumn,
w celu zdefiniowania teoretycznej metodologii dla projektowania zbrojonych fundamentéw z kolumn iniekcyjnych.
W pierwszej kolejnosci przedstawiono wyniki dobrze udokumentowanych doswiadczen wciskania i wyciagania kolumn iniek-
cyjnych wraz z wstepnymi badaniami. Interpretacje krzywej ,,obciazenie — osiadanie” przeprowadzono wykorzystujac ana-
lize¢ wsteczng z zastosowaniem elementéw skonczonych. Zaadoptowany model pozwala na interpretacje wspolpracy kolumn
iniekcyjnych z otaczajacym je gruntem oraz analize¢ wsteczna mechanizmu przekazywania obciazenia przez pobocznice
i podstawe kolumn. Analize numeryczna przeprowadzono z uwzglednieniem rzeczywistych wartoSci parametréw mate-
rialowych kolumn iniekcyjnych.

Keywords: Jet grouting column; Field trial test; Numerical simulations.

1. INTRODUCTION lapped columns [8], particularly effective where the
required performance consists in a strong reduction of
settlements and in improving the resistance to hori-
zontal loads. The second most frequently adopted
solution consists of regularly spaced arrays of isolated
columns, forming a support system similar in principle
to a piled foundation. In both cases steel bars, casing
or H piles can be inserted in fresh or hardened

Jet grouting columns are frequently adopted in foun-
dation engineering as an alternative to piles with the
aim of strengthening weak subsoil and transferring
loads to deeper and more competent strata. In some
cases treatments are spanned very close to each other,
in order to form a unique massive body made of over-
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cemented soil (soilcrete) to provide columns with
tensile and flexural strength or additional compres-
sive resistance. Arrays of isolated columns have been
adopted in a large number of cases both for founda-
tion of new structures ([12], [21], [23]) or for under-
pinning of pre-existing ones ([13], [17], [24]).

In order to effectively dimension these foundation
systems, geometry and stress-strain properties of the
cemented soil portions must be known in advance
together with the interaction between columns and
surrounding soil. Concerning the former aspect
empirical relations ([11], [16]) and theoretical formu-
lations [19] have been produced to predict dimen-
sions and mechanical properties of columns for
assigned soil properties and injection system.

Concerning the interaction with the surrounding soil
several authors ([4], [7], [17]) have presented full
scale experiments where excellent performances are
shown by jet grouting columns subjected to axial
loading and pull-out tests. In particular Garassino
[14] and Maertens and Maekelberg [17] back calcu-
lated unit resistances similar or larger than those
given by standards on driven piles in similar subsoil
conditions. The same conclusions were derived by
Bustamante [4] who collected a large number of
results from axial load tests performed on jet grout-
ing columns instrumented with removable exten-
someters. His back analysis showed that axial loads
are preferably transferred to the surrounding soil by
the shaft friction with ultimate tangential stresses
almost twice as those reported in literature on bored
piles [22].

While those results are indicative for failure analyses,
the knowledge of stress mobilisation at the column
boundaries and particularly along the shaft, is a fun-
damental step for prediction of foundation settle-
ments. On this issue Maertens and Maekelberg [17]
generally noticed that displacements necessary to
mobilise lateral stress on axially loaded jet grouting
columns are larger than for displacement piles.

In spite of these experimental evidences, there is lack
of analytical models able to predict the load settle-
ment response of jet grouting columns under general
conditions. The present work is aimed to analyse the
mechanisms of load transfer from axially loaded
columns to the surrounding soil. Quantification of
load transfer functions at the shaft and lower base of
axially loaded jet grouting columns is here obtained
by back analysing the results of field trial tests with a
finite element model.
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2. FIELD TRIAL LOAD TESTS

Presented experimental campaign has been carried
out in the municipality of Bojszowy — Poland ([5], [6])
on four trial jet grouting columns, each of them 7.0 m
long, located at the corner of a 5.0 m side square
array. Nine anchoring steel reinforced jet grouting
columns, each of them 11.5 m long, have been creat-
ed at the corner of a larger array to provide reaction
to the applied loads (Fig. 1).
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Figure 1.
Layout of the test site with location of CPTU, DMT and
SDMT tests [6]

The subsoil has been investigated up to a depth of 15

m from the ground level by means of static CPTU

penetration tests, dilatometer DMT and SDMT tests

(Fig. 1). In an attempt to evaluate possible modifica-

tions induced on the subsoil by the injection of

columns and by the axial loading, these tests have
been repeated in the proximity of columns shafts
before and after operations (I. before columns injec-
tion; II. after columns injection; III. after trial load-
ing). The following conclusions can be drawn based
on observation of a sample of in situ test results

(Fig. 2):

* according to both CPTU and DMT indexes, the
soil can be classified as a sand with water table
located at a depth of about 2.5 m from the ground
level;

* compared with the lower profile, higher tip resis-
tance . and higher KD and ED indexes are

obtained in the top 3 m, probably as an effect of
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Figure 2.
Sample of in situ test results a) CPTU test; b) DMT test [6]

past water table oscillations;

* profiles retrieved at different stages are quite
repeatable without remarkable effects of columns
injection and trial loading.

The trial columns (identified as P in Fig. 1) were cre-
ated by adopting the set of injection parameters list-
ed in Table 1. In order to provide additional com-
pressive strength or tensile resistance necessary for
the uplift tests, three of these columns (P1, P2 and
P4) were equipped with a HEB 240 reinforcing steel
bar inserted soon after injection.

The mechanical properties of soilcrete were investi-
gated by performing a large number of uniaxial com-
pression tests on samples cored from the trial
columns and equipped with lateral strain gauges. The
tests gave the following average values of uniaxial
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compressive resistance, Young’s modulus and
Poisson ratio:

0. =21.12 MPa; Es)= 9888 MPa; v=0.186 (1)

It is, however, widely recognised that, even when
accurate control of the injection parameters is pur-
sued, the mechanical properties of cemented soil pre-
sent significant random variations within a single col-
umn. A collection of data from different field trials
reported in Table 2 shows that relatively high values
are typically obtained of soilcrete strength from labo-
ratory tests, although coefficient of variation as large
as 0.5 must be expected depending on the original
soil type [10]. The coefficient of variation estimated
by means of statistical analysis of the tests of the pre-
sent case is equal to 0.19.

Table 1.
Injection parameters adopted for the trial columns at Bojszowy Nowe [6]
Grout density | Injection pressure Number Nozzle diameter | Monitor lifting Reinforcement
Cement type 3 for columns
(kg/m”) (MPa) of nozzles (mm) speed (m/s) P1. P2 and P4
CEM II BS 32.5R 1500 35 2.5 0.0166 HEB 240
3/2010 ARCHITECTURE CIVIL ENGINEERING ENVIRONMENT 71
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Table 2.
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Variation of uniaxial compressive strength of cemented soil from different field trials [20]

. Number of Aver.age value of uni-
Case study Soil type tests axial compressive | CV(oc) Reference
strength (MPa)
Vesuvius silty sand 26 8.14 0.40 Croce and Flora (1999)
Polcevera sandy gravel 26 10.49 0.36 Croce et al. (1994)
Fadalto clean gravel 71 12.34 - 13.78 0.42 Croce et al. (1994)
Japan clay 50 10.77 - 11.04 0.49 Ichihashi et al. (1992)
Bojszowy sand 30 21.12 0.19 Bzowka (2009)
Table 3.
Variation of columns diameter obtained from different field trials [20]

Case study N(E)Tﬁiisf A;?rrl?g_exﬁinzﬁ]t;: r I:I)lflgl;zr CV(D) Soil type References
Vesuvius 6 0.71 - 1.11 71 0.06 silty sand Croce and Flora (1999)
Polcevera 4 1.06 - 1.20 50 0.19 sandy gravel Croce et al. (1994)
Barcelona 37 0.35-0.064 97 0.18 clay Arroyo et al. (2007)

Amsterdam 4 0.72-1.37 72 0.16 clay-sand Langhorst et al. (2007)

The cross sectional dimensions of columns were mea- Calumn diameter (m)
sured in the top 2 m by discovering the upper part of . ¢ 03 ! = :
P1 and P3 columns. Unluckily it was not possibleto | 7777777
extend this measurement to the lower part due to the 1
presence of buildings close to the test area. However,
the measured range of diameters, depicted with the )
shaded area of Fig. 3, is in a good accordance with )
the values given by a theoretical model proposed for = 4]
single fluid jet grouting [19]. This model relating the %
average diameter of columns to the initial soil prop- £ .
erties (unit weight and strength parameters) and to £
the adopted injection system (quantified by the num- § : |
ber and diameter of nozzles, injection velocity, mon-
itor lifting speed) shows a typical shape of columns 6 |
injected in sandy soils. As an effect of the soil
strength increase with depth, a systematic reduction .1 — predicted (Modoni et al, 2006)
of diameters is in fact seen giving a funnel shape to _ _
= = 'measurad ranges
the columns. sl
Together with this systematic effect, a random varia-
tion of cross section is frequently seen on jet grouting Figure 3.

columns as a consequence of erratic local changes of
soil properties. A statistical analysis performed on
data collected from different case histories [10] shows
that column diameters typically follow normal distri-
butions with larger standard deviations for coarser
soils compared with finer ones (Table 3).

The trial loading program for the four columns
P1-+-P4 was conceived to alternate axial compression
with pull out. Tests were in fact carried out as report-
ed in Table 4 with two subsequent phases, the latter
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Column diameter profile

carried out ten months after the end of the former
one. The loads were applied on the top of columns by
a system (Fig. 4) of transverse beams and anchoring
jet grouting columns designed to provide maximum
capacities of 4000 and 1500 kN respectively for down-
ward loading and uplift tests.
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Table 4.
Sequences of loading phases carried on the trial columns ([5], [6])
Column P1 P2 P3 P4
I phase Compression Pull-out Compression Pull-out
II phase Pull-out Compression Compression Compression

P1

P2

P3

Figure 4.
Stands for compressive load (a) and pull-out (b) tests ([5],
[61)

P4

The total load settlement experimental curves of the
four columns, reported in Fig. 5 by adjoining the
results of the two subsequent phases, raise the fol-
lowing observations:

* independently on their previous loading histories,
columns are able to sustain upward loads larger
than 1200 kN, downward loads larger than 3200
kN; this latter value is 20-30% larger than the limit
axial loads calculated for replacement piles with lit-
erature methods [25];

* the similarity between the two curves obtained on
P1 and P3 columns during primary loading shows

3/2010 ARCHITECTURE CIVIL ENGINEERING
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Experimental results of axial load tests and numerical simu-
lations (downward movements and loads are assumed as
positive)
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that the inclusion of the steel reinforcement (in P1
column) is not particularly effective in reducing the
foundation settlements. Negligible deformations
can be in fact obtained within unreinforced
columns P3 by looking at the settlements recorded
at different depths (Fig. 6);

pull-out tests performed on P2 and P4 columns
show a similar stiff initial response, followed by a
sudden uplift caused by slippage of the steel rein-
forcement within the columns;

in the second phase of tests on columns P1 and P2,
when the load is reversed, a particularly soft
response is obtained as an effect of the damage
caused to the surrounding soil by the initial loading
in the opposite direction.
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Figure 6.
Settlement at different depth of column P3 versus load
applied on column’s top

3. NUMERICAL SIMULATIONS

The numerical simulations have been conducted with
a FEM code [3] by assuming an axially symmetric col-
umn’s profile (Fig. 3) and by calculating the soil prop-
erties with in situ tests results. The subsoil has been
subdivided in different layers, each of them 0.5 m
thick, whose mechanical response has been simulated
with a linear elastic perfectly plastic model (Mohr-
Coulomb). According to the laboratory tests natural
unit weights equal to 18.4 kN/m? and 19.2 kN/m?
have been assigned to the soil layers respectively
above and below water table. The friction angle &’
(Fig. 7a) has been calculated by considering the
dependency on relative density expressed for a medi-
um uniform sand by the Hilf [15]:

¢'(°)=27+13-D, (2)

The relative density Dr has been calculated as a func-

Bzowka, J.
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tion of q. with the following relation proposed by
Baldi et al. [1].

_ 1 q.
b= cl[cw)cj ©)

with Cp = 0.55, C; = 181, C; = 2.61 and q. expressing
the measured tip resistance (in kPa) of CPT test.

The dilatancy angle  (Fig. 7a) has been calculated
as:

siny = sm'qo — 511.1 Q. )
I-sing"sin¢',,

where ¢’ =¢'-3-[D, -(10-Inp', )1 [2]
and p', = o"v'(l - 2Asin (0').

The Young’s modulus (Fig. 7b) has been calculated
with the procedure suggested by Marchetti [18], i.e.
by calculating a constrained modulus Mpwmr with the
following relation based on the measured DMT
indexes, and by assuming a Poisson ratio equal to 0.3
as typical for sandy soils:

Mpyr= Ry Ep 5)
where Ry = Rwmo + (2.5 - RM(]) : log Kp
and Ryg = 0.14 + 0.15 - (Ip - 0.6)

Jet grouting columns production is simulated by sim-
ply substituting the original soil with cemented mate-
rial, i.e. without introducing any modification at the
interface. A Mohr-Coulomb model with the proper-
ties reported in eq.1 has been adopted to reproduce
behaviour of cemented material. In Fig. 8 the entire
experimental load settlement curve of test P3 is com-
pared with its numerical simulation, this latter calcu-
lated by assigning the sequence of displacements
measured at the columns top during the test. The
comparison between the two curves shows a quite
satisfactory capability of the model to reproduce the
load settlement response of column. Possibility of
improving simulations by adopting more advanced
soil models able to better capture complexity of soil
responses (non linearity, dependency of strength and
dilatancy on the mean effective stress) has been dis-
carded in the present case due to the lack of labora-
tory tests and to the arbitrary calibration of parame-
ters based on in situ tests.

A classical question on foundation reinforcements
regards the mechanical interaction with the sur-
rounding soil, which is known to be deeply affected
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Profiles of friction and dilatancy angles (a) and Young’s
modulus (b)

by the executive technology. For foundation piles the
relative weight between the loads transferred at the
base (P) and along the lateral surface (S) and their
development with settlements has been widely stud-
ied topic. Several experimental campaigns have
focused on the distribution of axial loads along the
pile axis indirectly obtained from measurement of
vertical deformations at different depths. Similar
experiments are not usual on jet grouting basically
due to the difficulties in quantifying with enough con-
fidence, cross sectional dimensions and mechanical
properties of columns.

The evolution with settlements of the loads at the base
and the side surface for axially loaded jet grouting col-
umn is here calculated with the previously described
numerical model (Fig. 9). A clearly evident result of
this analysis is that both load fractions require rela-
tively increasingly larger displacements to be
mobilised with the consequence that serviceability rep-
resents the most restrictive condition for the design of

3/2010

Load (kN)

0 500 1000 1500 2000 2500 3000 3500 4000

‘ —O— experimental — numerical simulation

Figure 8.
Comparison between experimental and calculated load set-
tlement curves (test P3)

jet grouted foundation. Following a procedure typical-
ly adopted for large diameter piles, the limit loads
(Piim and Sjim) are thus defined as those correspond-
ing to a prescribed settlements (w = 0.05D).

P, S (kH}
] a00 1000 1500 2000 2500 000 500

Figure 9.
Mobilisation of loads at the base and lateral surface of jet
grouting column

When considering the column’s profile in Fig. 3 (giv-
ing a base diameter Dp= 0.65 m and a variable diam-

eter along column depth), the two limit loads Pji, and
Siim reported in Table 5 can be obtained from Fig. 9.

It is worth noting that these values are similar to the
ones calculated with the following equations:

2

D
P =p. ;- =b (6a)
lim pllm 7 4
Sim z.[ﬂ-ﬁ-slim -dz (6b)
L

where the unit values pjim and sjjy are given in Fig.
10 as functions of unit CPT tip resistance from liter-

ARCHITECTURE CIVIL ENGINEERING ENVIRONMENT 75



G. Modoni, J.

Table 5.
Sequences of loading phases carried on the trial columns
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Plim (kN)

Stim (kN)

FEM calculation

2954

eq.6

2930

ature (respectively piim from Wright & Reese, 1977,
Slim from Bustamante, 2002). In particular, pjim

represents the unit limit base load of bored piles
[25], while sjim is the unit side resistance of jet grout-

ing columns injected in sandy soils [4].

P tim (hlpa)
S (0Pa)

0 20 A0 i ik 100 s
B 15 24 32 40 ge (Mpa)

Figure 10.
Limit unit load at the base and lateral surface of columns

The mobilisation of the two load fractions is studied
by plotting normalised curves in Figs. 11.a and b.
Settlements in each plot are scaled by the column
diameter (D= 0.65 m for the base, the average val-
ues D = 0.92 m for the side surface) and loads are
scaled by previously calculated limit values (Pjim and
Siim). In both figures two shaded areas are also
reported representing the ranges of mobilisation
curves experimentally observed on large diameter
piles bored in cohesionless soils [22]. The comparison
of the curves obtained with the FEM calculation for
jet grouting column with these latter clearly shows
that, while for the column base the load transfer
mechanisms are similar to those typically activated on
bored piles, significant differences appear in the
transfer mechanisms on the lateral surface. In partic-
ular, for this latter a more ductile response is seen on
jet grouting columns compared with piles. A possible
explanation consists in the irregular shape of jet
grouting column, which promotes transfer of load
based on compressive more than on tangential stress-
es in the surrounding soil.

P /Py,
0,00 0,20 0,40 0,60 0,80 1,00 1,20

0,02

w/D

0,03

0,04

Figure 11.

Mobilisation of the column base (a) and side (b) resistance
calculated with the FEM model (the shaded areas represent
mobilisation for bored piles [22]

To better explore this issue a further analysis is devel-
oped in Fig. 12 where the load fraction transferred by
the side shaft is plotted versus the settlement ratio
w/D. Three different columns have been considered
in this analysis each of them with a different shape
but with the same average diameter calculated for the
field trial ( D = 0.92 m). The first case represents a
column shape in Fig. 3, where a diameter reduction is
deterministically assigned with depth (funnel). The
second case represents a perfectly cylindrical column
(constant diameter), while the third is representative
of a column with randomly variable diameters.
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Diameters in this latter case have been calculated
with Monte Carlo method by assigning a normal dis-
tribution and a coefficient of variation equal to 0.2.

The plot shows that for all cases a larger part of loads
is applied to the surrounding soil by the column side.
Furthermore, variation of diameters, either if caused
by a systematic reduction with depth or by a random
variation, is responsible for an increase of load trans-
ferred from the column side. S is in fact equal to
about 80% of the total amount for columns with vari-
able diameters, equal to 65% for cylindrical column.
It is worth noting that this latter value becomes even
lower if a reducing factor is introduced at the inter-
face strength, as is necessary to simulate soil distur-
bance induced by bored piles installation.

21 (3+F)

0,00 0,20 0,40 0,50 0,80 1,00
0o ~Cr eylindrical
Tuneel
0oz L tumme
o
El +2 random
pL=
0,04
0os
Figure 12.

Load settlement simulations for different column shape

A comment is finally devoted to the variation of
mechanical properties of cemented soil, which has
not been considered in the above presented analysis.
A comparison not reported in the paper shows that
random variations of strength and stiffness of
cemented soil (as shown in Table 2) produce negligi-
ble effects on the load settlement response. This
result can be attributed to the relatively higher stiff-
ness of the cemented material compared with the sur-
rounding soil. It is, however, recalled that a reduction
of cemented soil strength, associated with random
variations of column diameter, may determine weak-
er sections where structural collapse becomes possi-
ble [10].

4. CONCLUSIONS

Despite large use of jet grouting for foundation engi-
neering, design predictions are still based on simple
assumptions, often derived from piled foundations
practice. Experimental investigations able to charac-
terise the response of columns, with particular refer-
ence to the interaction with the surrounding soil, are
cumbersome mainly due to the difficulties in estab-
lishing dimensions and mechanical properties of
columns. Quantitative observations are thus limited
and not clearly interpreted. In the present case a field
trial campaign consisting of alternated axial load and
pull out tests has been presented together with its
interpretation by means of a numerical analysis.
Experimental results show that deformation of
columns plays a limited role to the relatively higher
stiffness of soilcrete compared with the deformability
of surrounding soil. Failure during pull-out tests is
caused by the slippage of internal steel reinforce-
ment. Independently on their previous loading histo-
ries, jet grouting columns are able to sustain axial
loads 20-30% larger than expected for bored piles of
similar average dimensions.

According to the numerical back-analysis the differ-
ence arises from irregular shape of columns, which
enhances more effective transfer of loads from the
column shaft compared with perfectly cylindrical
ones. It has, however, been observed that mobilisa-
tion of lateral stresses follows a trend similar to the
lower base, i.e. its activation require relatively large
displacements. This result implies that serviceability
is the most restrictive limit condition to be consid-
ered in the foundation design. Following a procedure
already adopted for large diameter piles, a simple
limit serviceability analysis has been suggested based
on a maximum tolerable settlement (w/D = 0.05).
Corresponding limit loads have been calculated from
the numerical back analysis and in a good agreement
with those provided by the literature.
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