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SUMMARY

This paper presents the results of a series af statl dynamic centrifuge tests carried out to stigate the stabili-
sation of shallow landslides by rigid shafts. TRpeximental campaign was aimed at creating a ds¢adia the ba-
sis of which calibrating an advanced numerical mtalbe used as a tool for design.

The centrifuge models reproduced a shallow lanelshid a rock slope 32° steep, reinforced by 3.5 amdter

shafts. Three models were tested, both under staticdynamic loading conditions: the unreinforaatklide and
the landslide reinforced with one or three aligpéats. During the tests one model shafts was im&tnied with

strain gauges to measure bending moments.

In the static tests, the shallow landslide wagytigd by a displacement-controlled piston whicthpdsdown the
top of the slope through a rigid slab which imposedorm displacements along the slope directiounrify the

tests the displacements of the sliding mass wergtaned through a series of potentiometers. Thecefif the in-
sertion of one or three pier was estimated comgdtia displacement field of the landslide with avithout the

reinforcing shafts.

In the dynamic tests a real, properly-scaled timstoty was applied to the models using a one-degféeedom

shaking table installed in the centrifuge. Fiveedemmeters were embedded into the physical madetseasure
the seismic excitation and response. The reinfostaguk resulted stable under the earthquake loadliilg the test
results clearly showed evidence of ground amptificewithin the soil mass.
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1. INTRODUCTION

Due to its relief and its geomorphological and dtital characteristics, Italy is a country in whitie
landslide risk is particularly high: 470.000 larides have been reckoned in 20.000%K8% of na-
tional territory) and 5.596 among to 8.101 Italannicipalities are concerned by landslides. Thenmai
types of movement are represented by rotationadtational slides, slow earth flows, rapid debidsvf
and complex landslides. About 45% of the surveyettislides are classified as active, reactivated or
suspended; a significant rate of the total areaxésted by landslides is affected by shallow dligihe-
nomena. The triggering mechanisms have mainly naogical, hydrogeological and anthropic nature
(ISPRA 2008).

To reduce the risk associated with landslidesouaristabilisation methods can be adopted, depending
on the type of landslide, the size and speed gbtiemomenon, etc. The stabilisation by drilled tshiafa
widely accepted practice. Due to the high seisgnimita large part of the Italian territory, anylstza-

tion method has to be designed to withstand thvgaatke loading.

With the aim of developing a simplified methodoldgy the seismic design of landslides stabilisation
with large diameter shafts (LDS), the Italian Depent of Civil Protection has commissioned to
EUCENTRE (European Centre for Training and Resear&arthquake Engineering) a research project
which involves the combined use of advanced phlyaiwa numerical modelling. The former is aimed to
identify the mechanisms controlling the response stabilized slope under both static and dynamic
loading and to calibrate an advanced numerical hmafdbe system. The latter was aimed at performing
parametric analyses at a prototype scale in oaddevelop a simplified methodology for the desifin o
large diameter shaft systems to reinforce unstlbses under various geological and geotechniaal co
ditions.



A series of physical tests were performed usingisngc centrifuge. Among the possible types of {and
slides surveyed in ltaly, it was decided to repoedexperimentally a shallow landslide on a rockelo
inclined by 32° from the horizontal, reinforced layge diameter shafts well embedded in the firm sub
stratum. The shallow landslides was reproducedyusidry, very fine sand characterised by a shear re
sistance angle at critical staj&.,=33°. The rock substratum was modelled by a lighgisteconcrete
block. The soil-subsoil interface was rough anddpoed an interface friction angl&,almost equal to
¢’cv, as it was deduced from interface direct sheds.t@be reinforcing LDS were modelled by hollow
aluminium alloy cylinders.

Both static and dynamic centrifuge tests were eeecwith the aim of creating an experimental data-
base for the validation of the numerical model.€Ehmodels were tested: the unreinforced landstide a
the landslide reinforced with 1 and 3 aligned shaft

In the static tests the sandy layer representingnatable, shallow slope was instabilized usiniseop
that triggered a sliding failure mechanism throagfigid slab imposing a uniform displacement fiatd
the top of the slope. The increment of stabilitg da the insertion of one or three piers was estidha
comparing the displacement field of the sandy lay#r and without the reinforcing structures.

In the dynamic tests the models were excited bgeadegree-of-freedom shaking table installed in the
geotechnical centrifuge. Monitoring of the testduded measurements of the acceleration time fastor
within the soil mass and the bending moments ofdheorcing shafts. The input motion was seleeted

a real and properly scaled accelerogram recorddteaiutcropping rock. The ground motion was cho-
sen from a suite of 7 spectrum-compatible recopgsified for the Garfagnana territory, in Tuscaey r
gion, Italy, where the seismic hazard and landslgleare moderate to high.

This paper presents some of the results of thie statl dynamic centrifuge tests performed durirgy th
experimental campaign highlighting some peculipeats exhibited by the tests.

It is worth recalling the similarity relationshigmetween a centrifuge model and the prototype. In a
physical model geometrically scaled by a factom subjected to a centrifuge acceleration of Ng¢h bo
stresses and strains are scaled 1-to-1. Time iandignprocesses is scaled by a factor N whereaacthe
celeration is amplified by a factor N (Schofield09. The main similarity relationships between phys
cal model and prototype scale are shown in Table 1.

Table 1. Similarity relationships convert quantities fraine physical model to a prototype scale.

Quantity Prototype Model Quantity Prototypdodel
Length, L N 1 Stress; 1 1
Velocity (projectile), v 1 1 Strair, 1 1
Acceleration, a 1 N Mass Density, 1 1
Mass, m N 1 Time (dynamic),i¢ N 1
Force, F N 1 Frequency, f 1 N

2. EXPERIMENTAL SET-UP

The model tests were performed using the ISMGE@Utis Sperimentale Modelli Geotecnici, Seriate —
BG — Italy) geotechnical centrifuge, herein simgdjled IGC. The IGC is a beam centrifuge made up of
a symmetrical rotating arm with a diameter of 6anfieight of 2 m and a width of 1 m. The arm holds
two swinging platforms, one used to carry the madeitainer and the other the counterweight; during
the test, the platforms lock horizontally to thendo prevent transmitting the working loads toltasket
suspensions. An outer fairing covers the arm; theand the cover concurrently rotate to reduceeair
sistance and perturbation during flight; furthetaile can be found in Baldi et al. (1988).

The IGC houses a single degree of freedom sha&big,twhich is able to reproduce real strong motion
events at the model scale. The axis of motion efstiaker is parallel to the centrifuge rotationds,a
thus problems related to Coriolis’s acceleratiod fmces are avoided. The shaker is not integrated
the swinging platform, but is directly connectedotigh a rigid arm. At about 5g of acceleration, the
platform which holds the model container is mova icontact with the table in flight and released b
fore dynamic excitation starts. The shaker excitais transferred from the slip table to the mambsi-
tainer entirely through mechanical coupling. Thakstg table works under an acceleration field up to
100g. It can provide excitations at frequenciesouUgO0 Hz and acceleration up to 50g.



The adopted geometrical scaling factor of the medels N=50. All the models were tested under an ac-
celeration field of 50g, which was reached in cgpandence of the centre of gravity of the modelsmas
The centrifuge model reproduced a shallow sandyslate, 4 m thick, 20 m wide and 22 m long, resting
on a rock substratum and reinforced with 1 or @datiameter shafts. The sliding surface at thefade
between rock and sand was inclined by 32° to thizdatal.

Three static and three dynamic tests were perforametdthree models were tested: the unreinforced
sandy landslide (tests TO.S — static — and TO.rawhic) and the landslide reinforced with 1, cdntra
(tests T1.S and T1.D) and 3, aligned shafts (&3tS and T3.D). The model and the prototype geomet-
rical dimensions are listed in Table 2. Figuresd 2 show the general layout of the static and shjna
tests, respectively (all measures refer to the hsbde). The rock slope was modelled through lat-ig
weight concrete block fixed to the centrifuge strdmox (shear wave velocitys\e 950 m/s as deduced
with reference to linear elasticity from the Youmghodulus and Poisson’s ratio measured in uniaxial
cylindrical tests with local strain measurementdje sandy landslide was modelled by a very fine and
uniform silica powder, derived by grinding and &mevpit rocks, named FF sand (FFS). It mainly con-
sists of sub angular particles and it is made a2%®8quartz, 1.3% feldspar and 0.5% mica. The main
characteristic of FFS are: maximum and minimum density, Yqmax = 14.78 KN/, Yd,min =11.58
kN/m® maximum and minimum void ratiogg = 1.211, g, = 0.732; specific density,{& 2.61; mean
particle size, By = 0.093 mm; uniformity coefficient, 4= 1.88. The critical state parameters are: shear-
ing resistance angle at critical statg, = 33°; critical stress ratio, M = 1.35; void ratibp’= 1 kPa, g=
1.15; slope of the critical state line in the glhplane,X = 0.026. The sand layer was reconstituted by
tamping the sand, with a moisture content of 5%oum horizontal layers 20 mm thick, having inctihe
the box -32° to the horizontal, so that the stvegtge parallel to the rock slope. The average weaten-

sity achieved at the end of the 50g in—flight cdidstion was R ~ 40%. The soil-concrete interface was
rough and produced an interface friction anglequal to¢’.,, as deduced from several interface direct
shear tests. The model container was designedrigithwalls to confine the model in the y direction
perpendicular to the shaking axis, x (Figs. 1 andBe side friction between the soil and the cioeta
walls was minimised by lubricating the lateral aeds. The reinforcing shafts were modelled by 70 mm
external diameter, 3.5 m at the prototype scale) aluminium alloyireygrs. The shaft spacing in the
tests with 3 reinforcing piers was equal to 1.5[105 mm (5.25 m at the prototype scale). Thektigss

of the cylinder was chosen to properly scale tieuital rigidity of the shaft: (Hp) = N*En 1) (see Fio-
ravante, 2008). Referring to a prototype concrietdt<E, = 35 GPa) with an external diameter of 3.5 m
and an internal diameter of about 2.6 m=15.12 nf), the prototype flexural rigidity is Hp = 179
GNn?. Since the aluminium alloy has,E 70 GPa, the inertia momentl4.1-10 m* can be repro-
duced by a hollow cylindrical solid with externaacheter of 70 mm and internal diameter 63 mm. One
model pier (shaft 1 in Figs. 1 and 2) was instruenvith 5 pairs of strain gauges, as shown inféigu
3, to measure the induced bending moments of tié ahvarious height. The strain gauges were glued
to the external surface and properly calibrateadthHaodel was prepared at 1g, then it was embarked
into the centrifuge, accelerated to 50g and allotwezbnsolidate due to the self-weight. In theictaists

the landslide was triggered by a displacement-otiett piston which pushed down the top of the slope
through a rigid slab connected to a hydraulic aotuahich imposed a displacement field (Figure 1).
The raft was allowed to slide parallel to the stiferface and produced a uniform displacement field
The force applied by the actuator was graduallye@sed up to the sliding condition was reached.

Table 2. Geometrical dimensions at the model and the pyjo¢oscale.

Dimension Model scale [mm]  Prototype scale [m]
@ thickness, t 80 4
- B .
=N Elevation 235 11.75
» 2 Length, L 444 22.2
< )
= slope, i 32°
external diameter, D 70 35
E high, H 200 10
»)  average embedment, b 80.4 4

shaft spacing, s (si>1.5) 105 5.25
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Figure 1. Layout of the static tests (model scale): cressien and plane view of (a) the unreinforced mofis|
the reinforced model. All dimensions are in mm.
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Figure 2. Layout of the dynamic tests (model scale): ceesdion and plane of (a) the unreinforced modéglthg
stabilised model. All dimensions are in mm.

H=200

Figure 3. Shaft model (model scale). All dimensions arem.



In the dynamic tests the models were excited byeadegree of freedom shaking table installed iméo t
centrifuge. As input motion a real, properly scadedelerogram recorded on outcropping rock was. used
The motion was selected from a set of 7 spectrumpatible spectrum specified for Garfagnana terri-
tory, in Tuscany region, Italy (Lai et al. 2008)heTl time history of acceleration and the pseudo-
acceleration spectrum of the input motion are igareed in Figure 4 (a) and (b), respectively. Tlagnm
characteristics of the motion are given in TableBere PGA, PGV and PGD = peak ground accelera-
tion, velocity and displacementy,c= significant duration; = Arias Intensity and s = Housner Spec-
trum Intensity evaluated on the pseudo-accelerapectrum PSA. The peak acceleration is PGA =
0.178g; the predominant period is 0.1 s. In thecstasts (Figure 1) the instrumentation consisted

- N. 3 vertical displacement and rotational transchite measure the sliding mass displacements
along the centre line of the model at three tapgatts: the first placed at the upper portion & th
slope (POT1), the second at mid-height or altevabtiat the top of the reinforcing shaft (POT2),
the third at the lower portion of the slope (POT3);

- N. 1 loading cell to measure the load applied éstab;

- N. 2 vertical displacement transducers (POTA, POibBheasure the slab displacements.

The quantities measured by the instruments wemgded at a frequency of 1 Hz.

In the dynamic tests (Figure 2) the instrumentatiomsisted of:

- N. 5 accelerometers to measure the accelerationg #he centre line of the model: ACC1 and 4 in
the upper portion of the sliding mass - verticaAGC2 and 5 in the lower portion of the sliding
mass - vertical 2.; the accelerometer ACC3 wasepldetween ACC1 and 4 in the model without
the reinforcing shafts, or at the top of the cepier in the reinforced models; the accelerometers
were arrange to measure acceleration in the xtiinec

- N. 1 accelerometer to measure the acceleratiohenxtdirection at the rigid base of the model
(ACCB).

The quantities measured by the instruments wergded at a frequency of 5000 Hz.

3.STATICTEST RESULTS

All the results discussed hereinafter are refetoetthe prototype scale; T0.S (unreinforced slopeds-
sumed as reference test.

Figures 5, 6 and 7 report the results of the fEBIS, T1.S, T3.S, respectively. In these Figutas,the
direction of the slope. The displacements of theldandslide at the target points measured by ¢he p
tentiometers (POT1, POT2, POT3) and projected atpfy, (i = 1, 2, 3) are plotted against of the dis-
placement imposed by the slab in gairection, Rap:. The R: values are plotted at a semi-log scale to
amplify the first part of the curves.

As to the unreinforced landslide (Figure 5), theptlicements of the sand are small up to a sldb-sett
ment Ria: = 40 cm, after which a pronounced knee can be obdeamd the displacements start to in-
crease with a greater gradient at the crest thtoedoe.

Table 3. Characteristic of the input motion. Prototypelsca

PGA[g] PGV[gs] PGD [952] doo[S] lamad9'S] So1-05[M]  Sos15[M]

0.178 0.167 0.073 29.17 0.008 0.172 0.121

020 14 [g] @ 09 1 PSA [g] ®
0.15 1
0.10 +
0.05 1
0.00 +
-0.05 (<
-0.10 +

-0.15 4

0.0 ‘ ‘ ‘ Ts))
20204 0.0 05 10 15 20

Figure4. Input motion of the dynamic tests: (a) time higtof accelerations; (b) pseudo-acceleration spectr
Prototype scale.



In the slope reinforced with 1 pier (test T1.S, Bee 6), the sand movements are concentratedeapstr

of the shaft: the displacements measured by POd 3egligible, while those measured by POT1 in-
crease at a significant rate after a slab displacéR.,: ~ 50 cm. The sand displacements cause a mod-
est displacement of the top of the pier, lower tBdhcm, as measured by POT2. Similar results have
been obtained by the test with 3 reinforcing sh@&S, see Figure 7); the sand at the upstreamns sba
move significantly in correspondence of a slab ldisgment Ra,: ~ 60 cm, causing a displacement of
the top of the piers lower than 1.5 cm. The effettthe displacements of the slab at the crestaio n
propagate downstream of the piers.

If the slab displacements,g: = 40, 50 and 60 cm are assumed as the displacemeicts trigger large
plastic deformations of the sand landslide (slijlitige reinforcing effect of the shafts can be eatdd

in terms of increment of the “sliding threshold&.iincrement of the slab displacement requiredde

ger the sliding of the sandy layer. These incremeat be quantified as follows: () r1.d(Rsiabs)t0.s =
50/40 = 1.25 and @ﬁbg)T&S](Rslabé)TO.S: 60/40 = 1.5.

This reinforcing effect of the shafts is graphigakpresented by Figures 8 and 9. Figure 8 skettiees
resultant vectors, Rf the displacements of the target points meashyeHOT1, 2, 3 for all the three
tests TO.S, T1.S and T3.S: thaxes represents the free surface of the slope imideformed configu-
ration. Each vectors is subdivided in two parts:fttst from the beginning of the test up to thggering

of the sliding, the second from the sliding comglitup to a displacement imposed by the slab equal t
100 cm. The insertion of 1 and 3 piers yields: grastic reduction of the movement of the sandhat t
downstream of the hafts, as measured by POT3sigrdficant decrease of the displacements at phe u
stream (POT1), and iii) the increment of the skidihreshold. In the unreinforced slope the targattp

at the crest moves almost parallel to the slopection, while in presence of the piers it tendsntive
almost horizontally. In Figure 9, the displacemeRts R and R, measured in correspondence of
three values of the displacement imposed by theRaf,: = 25, 50 and 100 cm are compared for tests
T0.S, T1.S and T3.S. The effect of the shaftsduceng the sand displacements is shown.

In Figure 10 two pictures taken at the end of #&stT.1S and T3.S are shown. They evidence the fai
ure surfaces and the soil flowed around the pigmns. presence of three shafts concentrates théeesolil
formations upstream.

The values of the bending moment measured;at R 100 cm by the strain gauges attached on shaft 1
during the tests T1.S and T3.S are plotted in Eidur as a function of the distance from the tothef
shaft.

In the Figure are also shown the values of theibhgndoment at the end of the in-flight consolidafio
which are due to the earth pressure at rest. Tkémmaen moment always occurs in correspondence of
the sand-rock interface and it is about 3 timebdrighan that due the earth pressure at rest.ig tise

to the partial mobilisation of the passive resistaof the soil mass pushed down toward the pidrs. T
centre pier of T3.S has slightly lower bending motaghan the single pier of T1.S, consistentlyhi t
lower top displacement.

4. DYNAMIC TEST RESULTS

The pseudo-acceleration spectra PSA of the moteeessured during the tests T0.D, T1.D, T3.D are
plotted at the prototype scale in the Figures B2ardd 14. In each Figure the PSA of the appliethear
quake, measured by the accelerometer ACCB (aigltesubstratum), is compared with the PSA of the
record measured within the sand downstream (AC@&uastream (ACC4). On the Figures are also re-
ported the amplification factors FA and FH, computéth egs. 1-4, and the main characteristics ef th
measured motions.

_ %1.05(PSAucai) _ S5-15( PSAncqi )
FAoros = 1) Fhysis = (2)
oo S.1-05( PSPaces) i S.5-1.5( PSAaccr )
FHo105 = %205 PSVacci ) A3) FHos 15 = S5-15( PVacci ) 4)

5
%.1-0.5( PSVACCB ) %.5-1.5( F’S\/ACCB )



where: i = 4, 5; §.05= IS the Housner intensity of the pseudo-accetargor pseudo-velocity) spectrum
between the periods 0.1 s — 0.5 515 = is the Housnher intensity of pseudo-accelerafrpseudo-
velocity) spectrum between the periods 0.5ss1.5

The earthquakes applied by the shaking table inlyhamic tests slightly differ each other and fribve
reference motion (see Table 3 and Figure 4). Degfdithese differences, the test results indidate t
tendency of the sandy layer to amplify the inputiomoespecially in the range of periods from 0.0

S.

In the tests without reinforcing shafts the amgdifion phenomena are larger upstream than downstrea
possibly due to the focalisation of the seismic @gmear the crest. Despite of the significant diogli
tion of the motion within the sand layer, the slégeatable during shaking and no sliding surfaceswe
recorded at the end the tests. This is confirmethbydistribution of excess bending moments of the
shaft, respect to the values at rest, shown inr€i@s, where the measured moments are plotted as a
function of the distance from the top of the pRuring shaking the shaft experiences only a small i
crement of the bending, i.e. the earth pressurenment is modest. The shaft behaves like a sirgle d
gree of freedom system with a natural perigéED.12 s, very close to the predominant periothefin-

put motions (0.1 s). As a matter of fact the shafteriences significant amplification of the inpuation

as shown in Figure 16 where the response spectine @icceleration at the top of shaft 1 measurdkin
tests T1.D and T3.D are compared. A peak amplidinaif 2.3-3 at T= 0.12 s can be observed.
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Figureb. Test TO.S: displacement of the measuring poistefthe displacement of the slab (values progeicte
the direction of the slopé).
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Figure6. Test T1.S: displacement of the measuring poistefthe displacement of the slab (values progeicte
the direction of the slopé).
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Figure7. Test T3.S: displacement of the measuring poisteithe displacement of the slab (values progeicte
the direction of the slopé).
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Figure8. Tests T0.S-T1.S-T3.S: resultant of the measurgdatiements.

Figure 10. Tests T1.S-T3.S: pictures of the failure surfaces
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Figure1l. Tests T1.S and T3.S: values of the bending momeasured on shaft 1.
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Figure 12. Test TO.D: pseudo-acceleration response spectra.
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Figure 14. Test T3.D: pseudo-acceleration response spectra.
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Figure 15. Tests T1.D and T3.D: bending moment measuredhaft $ during shaking (maximum acceleration)
and at the end of tests.
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Figure 16. Tests T1.D and T3.D: pseudo-acceleration respgpegtra at the top of shaft 1.

5. CONCLUSIONS

This paper presented some of the results of caegérifests performed to investigate the stabilisatio
shallow landslides by rigid shafts. The experimemse aimed at identifying the mechanisms control-
ling the response of a stabilized slope under sia@itic and dynamic loading and to calibrate an iacke
numerical model of the system. The numerical sitrarla are ongoing and are conducted using the fi-
nite difference-based solver FLAC Some preliminary results of the numerical simatat of the ex-
periments are given in a companion paper.
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