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Cyclic performance of driven minipile group system

1n sand

Performance cyclique d’un systéme dirigé par un groupe de
micropieux dans le sable

M. M. Disfani
The University of Melbourne, Melbourne, Australia

A. Mehdizadeh, C. F. Tsang
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ABSTRACT: A new concrete-free footing system has been developed recently in Australia as an alternative to
shallow foundations with certain advantages such as cost-effectiveness; quick installation and versatile
arrangement. Number and embedment depth of minipiles and their configuration are varied to meet the design
requirement. While the field performance of this new system under monotonic compression and pullout loadings
in cohesive and non-cohesive material has been studied, its field performance under cyclic loads especially in
non-cohesive material has not been thoroughly investigated. This is in particular important since the risk of loss
of soil/pile interaction can be significant in granular soils. This paper reports on the field test results under cyclic
compression and pullout loadings for two different footing configurations and embedment depths in a relatively
medium to dense sandy material. The field test results are discussed in terms of force-deformation curves,
accumulation of plastic deformations and change in soil/system stiffness. It was understood that although
soil/system stiffness decreased to some extent, no considerable degradation in bearing and pullout capacities was
observed. The permanent deformation was also found to be less than four mm if the applied cyclic loading is
kept below the back-calculated ultimate capacity.

RESUME: Un nouveau systéme de base sans béton a récemment été mis au point en Australie. Il constitue une
alternative aux fondations peu profondes offrant des avantages certains, tels que la rentabilité, une installation
rapide et un agencement polyvalent. Le nombre et la profondeur d'ancrage des minipiles ainsi que leurs
configurations varient en fonction des exigences de conception. Bien que les performances sur le terrain de ce
nouveau systéme sous compression monotone et charges de retrait dans des matériaux cohésifs et non cohésifs
aient été étudiées ; ses performances sur le terrain sous charges cycliques, en particulier dans des matériaux non
cohésifs, n'ont pas fait I'objet d'études approfondies. Ceci est particulierement important car le risque de perte
d'interaction sol / pieu peut étre significatif dans les sols granulaires. Ce document présente donc les résultats des
essais sur le terrain du systéme sous compression cyclique et charges de retrait pour deux configurations
différentes de base ainsi que leur profondeur d'encastrement dans un matériau moyennement a fortement sableux.
Les résultats des tests sur le terrain sont discutés en termes de courbes de force-déformation, d'accumulation de
déformations plastiques et de modification de la rigidité sol / systéme. Il a été entendu que, bien que la rigidité
sol / systéme ait diminué dans une certaine mesure, aucune dégradation considérable des capacités de charge et
de traction n’a été observée. La déformation permanente s’est également avérée inférieure a quatre mm si la
charge cyclique appliquée est maintenue au-dessous de la capacité finale calculée préalablement.
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1 INTRODUCTION

A new driven minipile group system is getting
attraction because of its time- and cost
advantages. This new footing system consists of
a series of steel hollow piles (small diameter of
40 mm and typical thickness of 2.6 mm) driven
into the ground at the angle of 25 degrees to the
vertical direction using a handheld jackhammer
through a steel top plate and its guiding sleeves.
The embedment depth of minipiles varies from
1200 mm to 2500 mm depending on the soil
condition and the required capacity (Figure 1).

CONNECTION TO

. // SUPERSTRUCTURE
a
:EE‘ ~——— ADJUSTABLE BASE
i

i — SUREFOOT
,\’ PILE CAP

_——INCIVIDUAL
P MICROPILE
{CHS SECTION)

_~— SURROUNDING
b soL

\

\.

,/)-.

Figure 1. Installed footing in the ground (After Me-
hdizadeh et al., 2016)

Monitoring of the this new battered minipile
group under monotonic pullout and compression
loadings (Mehdizadeh et al., 2018 and Disfani et
al., 2018) confirmed that it can be used as an
alternative to shallow footings considering the
achievable capacity with minimal installation
effort and soil disturbance. However, the impact
of cyclic loading specially in non-cohesive
materials on its performance has yet to be fully
understood as cyclic behaviour of deep
foundations has been a topic of controversy. For
instance, Schwarz (2000) reported that for five m
long micropiles with diameter of 130 mm,
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installed in sand, the cyclic loading tends to
reduce the bearing capacity when compared with
monotonic loading. This reduction was also
found to be dependent on the number and
amplitude of load cycles. This finding was in
agreement with research conducted by Chan and
Hanna (1980), Briaud and Felio (1986) and
Turner and Kulhawy (1990). In another research
conducted by Cavey et al. (2000), pressure-
grouted minipiles were installed in a cohesionless
soil and subjected to reversal loads with
increasing amplitude. It was found that there was
a critical level of repeat loading which was well
below the wultimate capacity under static
conditions. This trend was also observed by
Turner and Kulhawy (1990). El Naggar and Wei
(2000) established characteristics of cyclic
response of tapered piles from experimental
investigation. A steel chamber was filled with
soil and pressurized using an air bladder to
simulate the confining pressure. Piles were
subjected to two-way cyclic axial loads and the
result indicated that the pile stiffness increased
under cyclic loading due to the densification of
sand surrounding the pile. Cyclic performance of
open-ended steel pile (0.5 m in diameter and 1 m
in length) was investigated by Thomassen et al.
(2016). To minimize the scaling effects in the
laboratory tests, a large circular sand box with a
diameter of 2.5 m and a height of 1.5 m was used.
The tests result showed that the shaft capacity
increased with cyclic loading with small
amplitudes. However, increase of the cyclic
amplitude can lead to large accumulated
displacements and a decrease in cyclic reloading
stiffness. Cyclic performance of single and group
micropiles in loose sand was also studied by
Matos et al. (2015) and (2017) using a cylindrical
soil container with 2.5 m diameter and 3.5 m
height. The test results indicated that micropiles
that experienced cyclic loading showed much
higher post-cyclic stiffness. It is evident that there
is no clear conclusion on impact of cyclic loading
on the performance of deep foundations in the
literature. It mainly depends on the soil condition,
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number and amplitude of load cycles and type of
the footing. Since this new driven minipile group
cannot be classified as a micropile group or a
traditional pile group as it is concrete-free and it
has small diameter, the field load test helps to
determine its performance under cyclic loading.
Therefore, it was decided to conduct cyclic
pullout and compressive tests on two group
footings with two different embedment depths.

2 SITE DESCRIPTION

The test site was located in Fingal; Victoria;
Australia. To classify the soil condition, a series
of in-situ geotechnical tests including Standard
Penetration Test (SPT), Cone Penetration test
(CPT) and Plate Load Test (PLT) were
conducted. Test results indicated that the soil
consisted of loose to medium silty sand with
organic root matters in the first 400 mm. The soil
density and relative density were found to vary
between 16.3 to 18.7 kKN/m? and between 45 to 77
percent, respectively, from the ground surface
down to 3 m. Water table was not observed down
to the bottom of the deepest borehole (10 m
deep). Back-calculated soil parameters from in-
situ tests are shown in Tables 1 and 2.

Table 1. Variation of internal friction with depth

Depth
9' () Es (MPa)
(mm)
Test SPT' | CPT? SPT? CPT* PLT
0-500 - 37 - 9 10
500-1000 - 36 - 11 -
1000-1500 - 38 - 15 -
1500-2000 32 39 10 24 -
2000-3000 38 42 25 52 -
: Dunham (1954)
: Kulhawy and Mayne (1990)

B w0 =

: Gallanan and Kulhawy (1985)
: Robertson and Cabal (2015)

3 TESTS PROGRAM

The cyclic performance of this new driven
minipile footing system under pullout and
compression was monitored according to
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procedures G and F suggested by ASTM-D1143
(ASTM 1994) and D3689 (ASTM 1990),
respectively with some modifications. Two group
configurations with four and six piles with two
embedment depths of 1200 and 1500 mm were
selected for the field testing. Table 2 and Figure
2 show the footings specification studied in this
research.

Table 2. Specification of tested footings

Footing Number of Embedment Depth Top Plate
Type Minipile (mm) Width (mm)
$250-1200 4 1200 260
$250-1500 4 1500 260
S400-1200 6 1200 380
S400-1500 6 1500 380

®)
Figure 2. Top plate and piles configuration (a) S250
and (b) §400

Four reaction footings (S500 with 9 piles of
2000 mm embedment depth of much higher
capacity) were used to provide enough reaction
for compression tests. The impact of organic root
matters in top 400 mm was eliminated by
installing the footings at the bottom of a 400 mm
deep excavated trench. Footings were subjected
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to 50, 100, 150 and 200 percent of the anticipated
design load for 5 minutes and then were fully
unloaded. After removing each maximum
applied load, the next proceeding load was
applied. At the end of the last cycle of loading,
test was continued to fail the footing and get the
ultimate capacity. Continuous jacking to

maintain the applied load was considered as
failure and termination criteria. Figure 3 shows
setup of a pullout test on S400.

Figure 3. Pullout tests setup

4 TESTS RESULT AND DISCUSSION

Load-settlement diagrams of tested footings
under cyclic pullout and compressive loadings
are shown in Figures 4 and 5. As expected,
footings with greater embedment depths showed
higher capacities except S250 under the
compressive load (Figure 4 (b)) which might be
due to non-uniformity in the soil condition. The
failure load is defined as the load which the load-
displacement curve reaches a slope of 0.15 mm
per kN of applied load according to GCP-18
(GCP 2015). Table 3 indicates the ultimate
capacity extracted from the field tests. It can be
seen that apart from S250-1500, ratio of pullout
failure load to compressive failure load in a loose
to medium sand varies between 0.21-0.35 with an
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average value of 0.28. The same ratio was
reported by Mehdizadeh et al. (2018). Comparing
Table 3 with the field tests result presented by
Mehdizadeh et al. (2018) on the same footings in
the same soil but under monotonic pullout and
compressive loads does not show any noticeable
decrease in the failure load due to cyclic loadings.

Table 3. Ultimate capacity of footings under cyclic
pullout and compressive loadings

Pullout Failure Compressive Failure
Footing Type
Load (kN) Load (kN)
S250-1200 9 43
S250-1500 20 40
S400-1200 19 54
S400-1500 34 114

60

——S5400-1500-Cyelic-Pullout
— —S5400-1200-Cyclic-Pullout

(a)

Axial Load (kN)

Displacement (mm)

40
——8250-1500-Cyclic-Pullout (k)

— —8250-1200-Cyclic-Pullout

Axial Load (kN)

Displacement (mm)
Figure 4. Load-settlement diagram for tested footings
under cyclic pullout loadings (a) S400 and (b) S250
with 1200 and 1500 embedment depths
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Figure 5. Load-settlement diagram for tested footings
under cyclic compressive loadings (a) S400 and (b)
S§250 with 1200 and 1500 embedment depths

Accumulation of plastic  (permanent)
deformations of each footing under cyclic
compressive and pullout loadings is shown in
Figures 6 and 7, respectively. Both elastic and
plastic deformations increased by an increase in
the applied load. However, if the applied pullout
loads are kept below the back-calculated failure
loads (suggested in Table 3), elastic and plastic
deformations will be less than 1 mm and 4 mm,
respectively. Same plastic deformation range but
larger elastic deformations (< 3 mm) were
observed for footings under compressive loads
except for S400-1500 under compressive loads
with plastic deformation of 7 mm.
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Figure 6. Permanent and elastic displacements vs.
applied cyclic compressive loading
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Figure 7. Permanent and elastic displacements vs.
applied cyclic pullout loading
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To investigate variation of footings stiffness
under cyclic loading, two stiffness parameters
were defined for unloading (K.) and reloading
(K) steps which were the ratio of the applied load
over elastic deformation during unloading and
induced  deformation  during reloading,
respectively (Figure 8). Figures 9 and 10 show
variation of K, and K, with applied compressive
loads for S250 and S400. It was found that the
defined stiffness varied between 20x10° to
40x10° (kN/m) for all footings under the
compressive loads. It is evident that cyclic
compressive loading decreased the footing
stiffness regardless of embedment depth and the
footing configuration. However, this reduction in
stiffness was between 5 to 20 percent as long as
the applied loads were kept below the back-
calculated failure loads (Table 3). Figures 11 and
12 indicate variation of K, and K, with applied
pullout loads for S250 and S400. Similar to the
performance of the footings under compressive
loads, the pullout stiffness also decreased under
cyclic loadings although it did not show any clear
trend. This reduction was found to be as high as
50 to 60 percent for some loading steps. It can
also be understood from Figures 9-12 that in
contrast with K,, K, constantly decreased with
cycles of loading which is in agreement with the
finding reported by Thomassen et al. (2016). It is
believed this reduction in the reloading stiffness
is due to development of plastic points in the soil
surrounding the minipiles.

o1

Axial Load (kN)

el

[ 2 4 6

Displacement (mm)

Figure 8. Definition of the footing stiffness during
unloading and reloading
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Figure 9. Variation of unloading/reloading stiffness
with applied compressive load for §250
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Figure 10. Variation of unloading/reloading stiffness
with applied compressive load for S400
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with applied pullout load for S400
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5 CONCLUSIONS

Performance of a new driven minipile group
footing under cyclic compressive and pullout
loading in a non-cohesive soil formation was
investigated through field load testing. Tests
result in terms of accumulation of plastic
deformations and reduction of footing stiffness
was discussed. It was wunderstood that
accumulation of plastic deformations were
always less than 4 mm if the applied load was
kept below the ultimate capacity. These
permanent deformations fell below 1 mm if the
safety factor of 2 was considered for the design
load. The footing stiffness decreased gradually
under cyclic loading. However, this reduction
was found to be normally less than 15 percent if
the applied load was kept less than 50 percent of
the failure load.

6 ACKNOWLEDGEMENTS

This research was funded by Australian Research
Council Linkage scheme (project ID
LP160100828). In addition, the authors
acknowledge the financial and in-kind support
provided by Surefoot Pandoe Pty Ltd. Camilo
Pineda, senior structural engineer at Surefoot is
acknowledged for his contribution to this
research.

7 REFERENCES

ASTM-D3689. 1990. Standard test method for
individual piles under static axial tensile load.
ASTM International.

ASTM-D1143. 1994. Standard test method for piles
under static axial compression load. ASTM
International.

Briaud, J., Felio, G. 1986. Cyclic Axial Loads on
Piles: Analysis of Existing Data, Can. Geotech.
J.,23(3), 362-371.

Cavey, J., Lambert, D., Miller, S., Krhounek, R.
2000. Observations of Minipile under Cyclic
Loading Conditions, Proc. Inst. Civ. Eng.
Ground Improv., 4(1), 23-29.

ECSMGE-2019 - Proceedings



B.3 - Ground reinforcement and ground improvement

Chan, S., Hanna, T. 1980. Repeated Loading on Single
Piles in Sand, J. Geotech. Eng. Div., 6(2), 171—
187.

Disfani, M.M., Evans, R.P., Gad, E., Mehdizadeh, A.,
Jennings, W. 2018. Performance of Battered
Micropile Group System in Basaltic Clays: Field
Testing and Numerical Modelling, Australian
Geomechanics Journal, 53(2), 77-86.

Dunham, J.W. 1954. Pile foundation for buildings,
Proc. Of ASCE, Soil Mechanics and Foundation
Division.

El Naggar, M.H., Wei, J.Q. 2000. Cyclic response of
axially loaded tapered piles, Geotech. Test.
J., 23(1), 100-115.

Callanan, J.F. Kulhawy, F.H. 1985. Evaluation of
Procedures for Predicting Foundation Uplift
Movements. Report EL-4107, Electric Power
Research Institute, Palo Alto, C.A.

Geotechnical Control Procedure (GCP-18). 2015.
Static Pile Load Tests Manual, Department of
Transportation,  Geotechnical =~ Engineering
Bureau, State of New York.

Kulhawy, F.H., Mayne, P.H., 1990. Manual on
estimating soil properties for foundation design,
Report EL-6800 Electric Power Research
Institute, EPRI, August 1990.

Matos, R.P., Pinto, P.L., Rebelo, C.S., da Silva, L.S.,
Veljkovic, M. 2015. Cyclic performance of single
and group micropiles on loose sand. In IFCEE
2015, 1751-1763.

Matos, R., Pinto, P., Rebelo, C., Veljkovic, M.,
Simoes da Silva, L. 2017. Axial Monotonic and
Cyclic Testing of Micropiles in Loose
Sand, Geotech. Test. J., 41(3).

Mehdizadeh, A., Disfani, M.M., Evans, R., Gad, E.,
Escobar, A. Jennings, W. 2016. Static Load
Testing of Concrete Free Reticulated Micropiles
System, 5th Int. Conf. on Geotechnical and
Geophysical Site Characterization, Gold Coast,
Australia.

Mehdizadeh, A., Disfani, M.M., Tsang, C.F., Narsilio,
G.A., Evans, R., Gad, E. 2018. Performance of a
new driven battered micropiles system in sand,
International Conference on Deep Foundations
and Ground Improvement, Rome Italy.

Robertson, P.K., Cabal, K.L. 2015. Guide to cone
penetration testing for geotechnical
engineering. Gregg Drilling & Testing.

Schwarz, P. 2000. Axial Cyclic Loading of Small
Diameter Injection Piles in Sand, the Third

ECSMGE-2019 — Proceedings

International Workshop on Micropiles, Tiirkii,
Finland, International Society for Micropiles,
Eighty Four, PA, 1-7.

Thomassen, K., Andersen, L.V., Ibsen, L.B. 2016.
Axial Cyclic Loading Tests on Pile Segments in
Sand, International Journal of Offshore and
Polar Engineering, 26(4), 348-354.

Turner, J. Kulhawy, F. 1990. Drained Uplift Capacity
of Drilled Shafts under Repeated Axial Loading,
J. Geotech. Eng., 116(3), 470-492.

IGS



