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SYNOPSIS: Facing the difficuities in evaluating the group and nctwork effects for different types of micropiles, soils and site conditions and
the absence of sufficient field data, no specifications have yet been estabhished to take into account the growp and network ¢ffects which are

commonly neglected in micropile design practice. This paper summarizes the micropile state of practice assessment (D. A Bruce and 1. Jutan.

obtamed by different investigators on the engineering behavior of micropile group systems and reticulated micropile networks under different
loading conditions. Prel iminary conclusions are presented along with proposed design swidehnes for micropite group systems

L INTRODUCTION

The destgn of micropile systems partcularly for underpinning
applications usuaily dictates the need for groups of closely spaced
piles. With conventional piles, there is usvallv a compromise 10 be
resolved between the desire 10 select a close micropile spacing,
thus misimizing the size and cost of the pile cap and, on the other
hand, the need to maintain a certain minimum inter-pile spacing so
as to avond the “sroup cffect” necessitating a reduction in the
nominal capacity of cach pilc Depending on pile spacing, the
loading capacity of 2 group of piles can be significantly smaller
and its ‘movement larger than (he loading capacity and the
movement of a single pile under the same average foad per pile in
the group Yo account for the group cffect on the loading capacity
and the pile movement, different design codes (e.g AASHTO,
1992, CCTG, 1993, BOCA, 1990) specifv minimum spocing
between piles and Jor relevant reduction factors {es. NAVFAC.-
DM 702, 1982: Canadian Geotechnical Society CGS, 1992;
ASCE. Committce on Deep Foundations CDF 1984). Ultimately,
when piles are closcly spaced, interaction between these piles has
10 be considered.

Several analytical approaches have been proposed to ¢valuate the
group cffect in pile systems including the comtinuum elastic
methods (e.g. Poulos, 1968; Poulos and Hewitt, 1986; Poulos and
Davis, 1980: Yamashita et al, 1987; Bancrjee, 1978, Buterfield
and Banerjee, 1971; Banegee and Davices, 1977) and load-wransfer
models (¢.g O'Neilf et al , 1982; Maleki and Frank, 1994) as well
as cprical correlations derived from available data base relating
the movement of a pile eroup to the movement of smgle piles (e.g.
Skempton , 1953; Vesic, 1969; Meyerhof, 1976, Flemng ¢t al.,
1983, However, for given loading conditions, the group offect that
may develop in the micropile-soil system  appears to be highly
dependent on a varietv of paramcters including in particular (i)
sotl tvpe (i.e. cohesianless, cohesive, rocks. water table). (if) pile
installation technique (16, effect of dniling disturbanco, type and
pressure of grouting) that can significantly modify the mechanical
charactenstics of the in-sitn soil, and the sotlpile interface
propertics. (1) geomeuy of the micropile system (e.g. spacing to

diameter ratio, slendemess ratio and micropile inclinanon )} ()
loading mode (1 . loading applicd dircetly to the micropiles versus
loading applied to the coherent, composite micropile reinforced,
soil structure) (v) related boundart loading conditions at the ptle-
cap connecnion and (vi) refative suffness of the cap to the soil-piic
system The difficulties involved in (he gppropriate determingtion
of thesc parameters and particularly in evaluating the effect of the
pile installation rtechnigque on the loading ecapacity and the
movement response of the pile group svstem. create major
limitations with rcgard to the application of (the available
anulytical models sn micropilc design practice

Two basically different design concepts which are illustrated m
figurc 1 have been developed (Bruce and Juran, 1995) for
engmeenng practice of micropiles, namely:

Casg | referring 1o micropiles which arc designed 10 transfer
strucrural loads through soft or weak soils to more competent
strata. These mucropiles are gencrally used as structural support to
resist direetly the applicd loads

Case 2 referring to Lizzi's (1978) onginal "root pile” desige
concept, relics primoanly on using a three dimensional network of
reuculated friction micropiles o create in-sitc o coherent,
composite, reinforced soil system.
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Figure 1. Design Concept of Micropile Systems




For convenijonal pilcs, avatlable design codes (AASHTO, 1992;
CCTG, 1993) specify minimum Spacing between piles and /or
relevant reduction factors (NAVFAC, 1982: CGS, 1992) for the
determination of the pile group avial loading capacity AASHTO
(1992), following Terzaghi and Peck (1948), recommends the
axial group capacity to be computed as the lesser of (i) The sum
of the ultimate capacities of the individual pilc in the group, or (i1}
The avia} loading capacity of an cquivalent composite pier
circumsenibing the group, for a block falure of the group. Ar
present, several design codes such ag the French CCTG (1993)
and the AASHTO {1992) Bndge Specifications stil] suggest the
use of the Converse-Labarre group efficiency equation for friction
ples inciuding (in the French code)} micropiles in different tvpes
of soils.

It s noted that the Converse-Labarre formula rehes only on
assumed relationships between the Piie group geometry and the
group efficiency factor with practically no relevant tesy data
svaslable for its justification. In particular, i docs not allow for
any considerations with regard 1o differst paramoters such asg
installation technique cffect, slendemness ratio and coi) type. The
companson between experimental and predicted values of the
group efficiency factor for driven pifes in sand and specifically for
the micropile 1eais conducted by Lizzi (1978) strongly suggests
that the Converse-Labarre formula should not be used in micropile
design practice

In the absence of sufficient field data, the FBWA study (Bruce
and Juran, 1995) suggests that the French CCTG (1993)
recommendations can be adapted for preliminary conservative
asscssment of the group efficiency factor in micropile systems

3 MICROPILE GROUP MOVEMENT ESTIMATE

Depending on pile spaang, the movement of a group of piles can
be significantly larger than the movemen: of g single pile under
the same average load per pile ia the group. Due to the group
cffect, the contiguous pile creates an increased movement to its
neighbors as compared to single mile under an equal ioading.
Several approaches have been devcloped in order 10 predict the
movement of group of pues, including: (3). Empincal correlations
relsting the movement of pile groups to the movement of a single
pilc(cg Skempton, 1053; Vesie, 1969: Meyerhof. 1976, Fleming
et al, 1985), (i) Continuum elastic methods based on Mindlin
(1936) equations (¢ g Poulos, 1968; Poulos and Davis, 1980,
Poulos and Hewitt, 1986: Poulos (1989), Poulos and Davies,
1990, Yamashita et al, 1987; Banegjes, 1978, Butterfield and
Banegee, 197, Banetjec and Davics, 1978, Randolph and Wroth,
1979), (i1} Load transfar models and “hybrid solurions" (O'Neill
et al 1977 and 1980; Maleki and Frank, 1994; Chow, 1986,
19872 and 10R7b, Lee, 1993q) combining charactenstic load
bransfer “1-2" curves for cach pile with continuum elastic solutions
to assess interaction factors for estimating the group effect. (v}
Pure shear interface model developed by Randolph and Wrath
(1979) assuming that the verveal loading produces purc shear
with negligible radial movement,

The group movement can be expressed by the group reduction
factor, Rg. defined as

R = Avenigs group movement [2]
8 Movemcnt of simgle pilc &f sama tota) load us tho group

Figure 3 shows the comparisons between empirical correlations of

group  settlement reduction factor versus group breadth 1o

diameter ratio proposed by Skempton (1953), F leming et af.

(1585), the continuum efastic analysis and the pure sheas interface

model for various pije groups.

According 16 Fleming et al. (1985);

Ry=n®"} (3}
where 1 is the number of piles and for practical cases, the value of
the cxponent « lies in the range of 0.4 10 0.6. This simplificd

empirical refationship is recommended by the Hong Kong
Department of Transpornation (1994) for pile group design,

Frgure 3 illustrates that for the wpicai case of & spacing to pilc
diameter ratio of $/D=3, with an exponent value o within the
range of 0.6 to 0.7, the cmpincal cosrclations proposed by
Fleming et a1 ( 1985) yield Rg values which are consisteny with

those predicted by Skempton formuia and the ¢lasnce solution.

Raandolph aad Wroth's {1579) purc shear interface mode! has
been used by Bruce and Juran {1995) 1o evaluate the group effoct
vielding for axsally loaded micropile systems:

n-~f

D in(24/)

= Rs 5 = 1=t
Rg—;—"\llh R,—ﬂ—‘—lnm)——. [4]

where n is the number of piles in the proup, L/D pile length to
diameter ratio, 1; the distance of cach pile 5 from the pile under

consideration and =25 p( - V) where p s the ratio between the
soil shear modulug Gyi;at depth 2=L/2and the soil shear
modulus Gy atdepth 21, _and v is the poisson cocfficient,

As illustrated in figure 3. Equation [4], welds slightly more
conscrvative group settlement reduction Rg values as compared
with the empirical correlations and the elastic solutiong
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Figure 3. Comparisons Berwern Empiricat Correlations of Group .
Settlement Reduction Factor Versus Group Breadth to Diameter '
Ratio Proposed by Skempton ( 1953), Fleming et al. (1983)
[Eq 3), Pure Shear Interface Model Predictions [Eq 4} and Elastic
Continmum Analysis Predictions.
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4. NETWORK EFFECT

( Q‘=l6 Q') where Q, ia the load applied on the single micropile

2t the same movement than the reference micropile group,
indicates that apparently s negative group effect develops due to
the sail disturbance induced by the pile hammering into the soi],
This apparent negative group effect results in
decrease of the loading capacity of the group and a significant
1 1 that of a single pile
per pile in the group.

It 1s of particular interest 1o note that for the test resuits reported
by Plumelle (n=16, s/D=8, L/D=94), and for the loading leve}
of 50 percent of the ultimate loading capacity of the reference
group, Equation [3), with an xponent value of 0.7 and equation
[4] yretd approximately the same calculated value of R,=7 which
4 ees faurly well wath the experimental results,
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Figure 4. Bffect of Micropile inclination on the Load-Movement

Curves of Micropile Group Systems.

Figure 5 illustrates the comparison between the experimenta)

interaction factor values u obtained for these tests and the

numerical predictions obtained by Maleki and Frank (1994)

with the GOUPEG hybrid model and the CESAR Finite

Element method. The normalized interaction factor 4 for a

group of n micropiles (n=16 for Plumeile's tast) is definag by
R,-1

& =0

=R is1

The experimental valueg of i; are obviously highly dependent
upon the loading level. The &, values indicated in figure 5 are
obtained for a loading level for Qw=16 KN corresponding

loading capacity of

approximately to 50 percent of the ultimate
the reference group. While any quantitative comparison between
the experimental results obtained by Plumelle for group of 16
nclined driven micropiles and the numerical predictions

\59 Fovd

Intesaction factor, §.

ON3 TIAID HO3LATOd

Figure 5. Comparison between the expenimental interaction
factor values oy obtained for by Plumcile (1984) and the
tumerical predictions with the GOUPEG hybrid mode] and the
CESAR Finite Element method

5. CONCLUSION

The broad conclusion to be drawn from this study is that the
group cfficiency factor in micropile systems js highly dependent
on a variaty of factors and in patticular the pile inclination and
installation techniques. The group effect in gravity grouted
micropile systems can significantly increase pile movement
while pile inclination wili significantly reduce the group effect
on pile movement. The experimental results are consistent with
empirical pile design correlations proposed by Flemng et al.
(1985) and Skempton (1953), as well as the load transfer hybrid
models. A pure shear interface modei is propased for cvalugting
the group effect in micropile design practice. Both the madcl
test results veported by Lizzi (1978) and the full-scale test
results reported by Plumelle (1984) demonstrated that the
inclination of the micropile results in a network effect that
increases the axial loading capacity and significantly decreases
the mavement of the soil-micropile group system. However,
with the present state of Practice, no specifications have yet
been established to take into account this network effect in
micropile design practice.,
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