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ABSTRACT: Liquefaction mitigation in silty sands is a major challenge for geotechnical
engineers, specialty contractors, and owners. An extensive literature is available for studying
densification of vibratory methods whose effectiveness decrease as the fines content increases,
while few information are known on the increment of lateral pressure and of the composite
stiffening response of piers. In this respect, a full-scale testing was performed in Bondeno (Fer-
rara, Italy) where liquefaction was observed in the 2012 Emilia earthquake. In this study,
ground improvement in silty sand, produced by a group of 16 Rammed Aggregate Piers
(RAP), was tested using in situ tests and controlled blasting. An adjacent untreated test area
with no RAPs, which experienced liquefaction and significant settlement (70 to 100 mm) fol-
lowing controlled blasting, was also characterized for useful comparison. Relatively high
excess pore pressure ratios were recorded in both the panels, while the measured settlement
(20 to 40 mm) in the improved panel was significantly lower than in the unimproved panel
and sand boils did not develop.

1 INTRODUCTION

Liquefaction mitigation in silty sands is a major challenge for geotechnical engineers, specialty
contractors, and owners. As the fines content increases, vibratory methods for densification
become progressively less effective and more expensive approaches, such as soil mixing or
deep foundations, may be required. However, liquefaction evaluation techniques typically
ignore potential increases in liquefaction resistance produced by increased lateral pressure
during Rammed Aggregate Pier (RAP) installation, as well as potential increases in stiffness
from composite response. In an effort, to investigate the influence of these factors on liquefac-
tion resistance, field scale liquefaction tests, under controlled conditions, are therefore import-
ant for a correct quantification of these phenomena.
Previous experiences in the United States and New Zealand (e.g. Ashford et al. 2004, Wentz

et al. 2015, Wissmann et al. 2015) show that liquefaction can be induced and monitored in
clean sands with controlled blasting. Blast tests make it possible to compare pore pressure gen-
eration and settlement in natural and improved soils relative to their geotechnical properties.
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Some efforts have also recently focused on studying the soil behavior of siltier deposits during
blast-liquefaction test in Italy (Amoroso et. al. 2017, Fontana et al. 2019, Passeri et. al. 2018,
Pesci et al. 2018). However, relatively little research is actually available to demonstrate RAP
effectiveness in mitigating liquefaction in sandy silts and silty sands. Nevertheless, preliminary
results from a case history in Ecuador suggest that RAP ground improvement elements
installed beneath a 700 m-long bridge embankment prevented lateral spreading and settlement
during the 2016, Mw 7.8 Muisne earthquake (Smith & Wissmann 2018).

In this context, a full-scale test was performed at a silty sand site in Bondeno (Ferrara,
Italy) where liquefaction was observed in the 2012 Emilia earthquake (Emergeo Working
Group 2013). In this study, 16 RAPs were installed to a depth of 10 m in a 4x4 grid pattern
with a pier diameter of 500 mm and a center-to-center spacing of 2 m between piers. Piezocone
penetration tests (CPTU) and seismic dilatometer tests (SDMT) were performed before and
after installation to evaluate improvement in relative density and at-rest earth pressure pro-
duced by the RAP installation. An adjacent test area with no RAPs was also characterized by
CPTU and SDMT testing for comparison purposes. To evaluate relative liquefaction resist-
ance after RAP installation, controlled blasting tests were performed on the improved and
unimproved test areas (herein referred to as ‘panels’) using an array of explosive charges det-
onated sequentially. Excess pore pressure ratios, settlements and accelerations were recorded
at both panels. This paper describes the testing program and presents some preliminary results
of the blast tests on both the treated and untreated test sites.

2 DESCRIPTION OF FIELD ACTIVITIES

The blast test activities were conducted over a period of one year (November 2017-October
2018), as listed in Table 1.
From November 2017 to January 2018 a preliminary site investigation campaign was aimed

at identifying the most suitable blast-experiment site. This choice was guided by the necessity
to select a shallow liquefiable layer of silty sands, and to limit the level of vibrations generated
by the detonation to an acceptable threshold for people and buildings. In this respect, six sites
were initially investigated through CPTUs within the Bondeno municipality (Ferrara, Italy)
before to eventually select the trial site, located in a rural area at 1.5 km from the center of the
village. The selected test site fulfils the above requirements, having experienced extensive
liquefaction phenomena (about 4 to 6 meters long and 1.5 meters large) during the 2012
Emilia seismic sequence (ML 5.9 and ML 5.8 on May 20 and 29, 2012, respectively) and being
more than 300 m far from a few isolated farms (sometimes ruins) or warehouses.

Table 1. Activities associated with blast tests at Bondeno site.

Phase Activity Period

I Preliminary site campaign for site selection November 2017-January 2018

II Geotechnical and geophysical tests for characterization of blast

trial site

February-March 2018

III RAP column installation March 2018

IV Geotechnical and geophysical tests one month after RAP

installation

April 2018

V Installation of blast holes, profilometers, accelerometers pore

pressure transducers

May 2018

VI Blast test 4 June 2018

VII Geotechnical and geophysical tests soon after blasting June 2018

VIII Geotechnical and geophysical tests one month and a half after

blasting

July 2018

IX Geotechnical and geophysical tests three month after blasting September-October 2018
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Therefore, from February to March 2018 an intensive geotechnical and geophysical cam-
paign was carried out to characterize the subsoil at the blast site and to design the RAP col-
umns and the blast experiment. These surveys identified a relatively homogeneous area (60 m
x 40 m), which consequently became the focus of further investigations on two blast panels,
one for testing the natural soil and one for the improved soil as shown in Figure 1.
Between the end of March and the beginning of April 2018, a 4x4 quadrangular grid (2 m

spacing) of RAP columns was installed to a depth of approximately 10 m. RAP impact elem-
ents are constructed using displacement techniques with an excavator mounted mobile ram
base machine fitted with a high frequency (30 to 40 Hz) vibratory hammer as illustrated in
Figure 2. The base machine drives a 250 to 300 mm outside diameter open-ended pipe mandrel
fitted with a unique specially-designed 350 to 400 mm diameter tamper foot into the ground.
The method uses hydraulic crowd pressure and vertical vibratory hammer energy to displace
and densify the liquefiable soils. Crushed gravel (typically graded at 20 to 40 mm in particle
size) is fed through the mandrel from a top mounted hopper and compacted in the displaced
cavities to create approximately 500 mm diameter, dense, stiff, aggregate pier elements. The
construction methodology has been described in detail by Majchrzak et al. (2009) and Saftner
et al. (2018).

Figure 1. Layout of RAP columns and blast holes for natural and improved panel blast tests.

Figure 2. Illustration of the RAP column installation scheme with vibratory hammer and hopper/man-

drel for gravel installation (https://www.geopier.com/Geopier-Systems/Rammed-Aggregate-Pier-Systems/

Impact-System).
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At the end of April 2018 supplementary geotechnical and geophysical tests were performed
to evaluate the RAP effectiveness one month after the construction. During May 2018 blast
holes, profilometers, accelerometers, pore pressure transducers were installed in preparation
for the blast experiment that took place on June 4th, 2018.

Three post-blast site campaigns were then performed in June, July and September 2018,
with the aim of comparing the variation with time of the geotechnical and geophysical param-
eters before and after the blast experiment in both the improved and unimproved areas.

3 SITE INVESTIGATIONS

The geotechnical characterization of the blast trial area consisted of piezocone tests, seismic
dilatometers tests, boreholes and standard penetration tests, with retrieval of disturbed and
undisturbed samples, reaching on average 15 m of depth. As an example, Figure 3 shows the
profiles of a CPTU test carried out prior to the RAP installation, in terms of corrected cone
resistance qt, pore pressure u2, and classification results provided by the well-known Soil
Behaviour Type (SBT) approach (Robertson 2009). The piezocone interpretation revealed the
following stratigraphic units:

i. clay and silty clay from ground level to 2 m in depth;
ii. intermediate soils (silts, clayey silts and sandy silts) from 2 to 3.5 m;
iii. sands and silty sands from 3.5 to 17 m, with occasional lenses of intermediate soils.

Estimates of the fine content (FC) calculated from CPTU according to Robertson & Wride
(1998) have been reported as well. It is worth observing that, in these sediments, the computed
FC values appear to be generally underestimated in comparison with those obtained from
laboratory tests, which typically vary in the range 20-40% (García Martínez et al. 2018).
The CPTU profile of Figure 3 may be undoubtedly assumed as representative of the strati-

graphic arrangement of the whole area, where a very limited horizontal spatial variability has
been detected.

Figure 3. Typical CPTU profile at Bondeno test site along with interpreted relative density (DR) and

factor of safety (FSL) against liquefaction before and after RAP treatment.
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By applying the well-established CPTU-based procedure proposed by Idriss & Boulanger
(2008) for the assessment of liquefaction susceptibility and preliminarily estimating the fines
content FC by Robertson & Wride (1998), a potential liquefiable layer has been identified
from 3 to 8 m in depth. Results, expressed in terms of safety factor against liquefaction, FSL,
are shown in Figure 3. A moment magnitude Mw = 6.14 and peak ground acceleration amax =
0.22g have been adopted in the calculation, according to the ongoing seismic microzonation
study on the Bondeno municipality.
For useful comparison, the qt profile from a post-RAP CPTU, carried out close to the pre-

RAP one, is also shown in the figure. As can be clearly observed, cone resistance increases from 3
to 9 m in depth after piers installation, being particularly evident from 5.5 to 8.5 m. The post-
RAP profile for FSL, also included in the figure, allows capturing very clearly the densification
effect caused by the pier installation from 5.5 to 8.5 m in depth. Furthermore, profiles of the rela-
tive density (DR) computed with the correlation proposed by Jamiolkowski et al. (2003) show, at
the same depth interval, an increase in DR of approximately 10 % after piers installation.

Following such soil features, for each test panel blast charges of 0.5 and 2 kg were designed
for depths of 3.5 and 6.5 m, respectively, with a minimum of eight blast holes equally distrib-
uted around a 5 m-radius ring.

4 PRELIMINARY RESULTS

The blast experiment involved two sequences of blast charges, one in the natural and one in
the improved panel, that were detonated separately with a time delay of three hours. Pore
pressure transducers, settlement profilometers and accelerometers measured response, during
and after the detonations, to document the generation and subsequent dissipation of the
excess pore pressure, the vertical ground deformations, and the blast-induced ground motions,
respectively. Topographical surveys were carried out to measure ground surface settlements
using a variety of different techniques.
Figure 4 provides an aerial photo taken by a drone after both the blasts. It can be easily

observed that liquefaction has been induced in the natural panel, as clearly indicated by the

Figure 4. Aerial photo showing liquefaction-induced sand boils within the natural panel but no sand

ejecta within the margins of the RAP group in the improved panel after completion of both blast tests.
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sand ejecta. In contrast, no liquefaction features are observed within the improved panel.
Limited sand ejecta is visible on the blast ring, where the charges were located, but this is
beyond the limits of the RAP group and likely developed within unimproved soils. The
observed reduction in sand ejecta is significant considering that ejecta was a major source of
settlement and building damage in the Christchurch, New Zealand earthquake sequence in
2010-2011 (van Ballegooy et al. 2014).
Excess pore pressures measured by the transducers were used to compute excess pore pres-

sure ratios (Ru= Δu/σ’o) in the untreated and treated panels, where Δu is the measured excess
pore pressure and σ’o is the initial vertical effective stress prior to the blast. Soil unit weights
were interpreted from the SDMT tests. In the untreated panel, Ru values reached 1.0, indicat-
ing liquefaction, from a depth of 4 to 9 m. Plots of Ru versus time after blasting are presented
in Figure 5 for transducers at a depth of 5 m in the treated and untreated panels. In the
untreated panel, the blasting sequence produced Ru values near 1.0 which persisted for 15 to
30 seconds and then dissipated to near static levels in about 4 minutes. In the improved panel,
peak Ru values were somewhat lower (Ru = 0.75) than in the untreated panel, but dissipated at
a similar rate.
Settlement profilometers indicate that liquefaction and subsequent reconsolidation occurred

within a zone from about 3 to 10 m below the ground surface which is consistent with the
expected zone of liquefiable sediments. In the unimproved panel, volumetric strains were simi-
lar to what would be expected using prediction equations proposed by Zhang et al. (2002).
Volumetric strains in the improved panel were on the order of 20% of those measured for the
unimproved panel, despite excess pore water pressure values that resulted in Ru values of
about 0.7.
Topographical surveys performed using both conventional and drone photogrammetry,

indicate that settlement within the unimproved panel was between 70 and 100 mm after both
blasts. In contrast, settlement within the improved panel was between 20 and 40 mm. Lique-
faction induced settlements in the unimproved panel would likely be excessive for many struc-
tures, whereas the reduced settlements in the improved panel would likely be tolerable for
many structures.
The mechanisms responsible for the reduced settlement in the panel treated with RAP col-

umns are presently the subject of on-going research.

Figure 5. Comparison of preliminary measured excess pore pressure vs. time curves for improved and

unimproved panels at a depth of 5 m below the ground surface.
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5 SUMMARY AND CONCLUSIONS

Full-scale blast-induced liquefaction tests were recently carried out in Italy to evaluate the
effectiveness of Rammed Aggregate Piers (RAP) in mitigating liquefaction hazards in silty
sands. Tests were performed on treated and untreated panels at a profile where silty sands
liquefied and produced numerous sand boils during the 2012 Mw 6.1 Emilia earthquake. The
controlled blasting experiment induced liquefaction in natural untreated soils composed of
silty sands from 3 to 9 m below ground and produced surface settlements of 70 to 100 mm.
Numerous boils were observed and volumetric strains within the liquefied layers were similar
to those that would be expected from earthquake-induced liquefaction. Within the improved
panel, excess pore pressure ratios were somewhat lower than in the unimproved panel, but
still greater than 75 %. Despite these relatively high excess pore pressure ratios, the measured
settlement (20 to 40 mm) was significantly lower than in the unimproved panel and sand boils
did not develop within the treated panel. In this case, RAP treatment was effective in reducing
liquefaction-induced settlement to acceptable levels for many structures in comparison with
the untreated soil.
Because data analyses are still ongoing, the presented results represent preliminary evalu-

ations that will be refined to develop more in-depth studies that will illustrate, compare and
integrate the information derived from the different instrumentation and observations. Add-
itional research is necessary to understand the fundamental mechanisms leading to the reduc-
tion in settlement within the treated panel.
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