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ABSTRACT: Large-scale field testing was conducted to investigate the effectiveness of
injected expanding resin for mitigation of liquefaction potential beneath existing structures. This
method densifies sands and non-plastic silts hence reducing or eliminating the triggering of
liquefaction. The stiffness of the injected soil mass is increased not only as a result of an increase
in soil density, but through the formation of hard veins and sheets of resin. Test panels were
constructed at three sites located within the Christchurch “Red Zone” which liquefied exten-
sively during the 2010-2011 Canterbury earthquakes. The soils were assessed using CPT, VS/VP,
and DMT to assess the effects of the resin on the density and stiffness of the soils. This paper
describes the construction of the test panels and the testing methodology, and presents the test
results which show that significant improvements in both soil density and stiffness, along with a
corresponding reduction in liquefaction triggering potential, were achieved.

1 INTRODUCTION

There are only a few practical methods available to mitigate liquefaction potential beneath
existing structures; particularly buildings that must remain occupied and operational during
any mitigation. Injection of expanding resin into the ground at relatively shallow depths has
long been used to relevel structures. The injection and expansion process induces ground
heave, which also results in compaction or densification of the ground. Therefore, it was rec-
ognised that resin injection might also potentially be used to mitigate liquefaction potential.
The aim of this study was to use large-scale field testing to examine whether resin injection

is a viable form of ground improvement for liquefaction mitigation. The test program con-
sisted of constructing full-size resin injection panels at three sites located in Christchurch, New
Zealand within the residential ‘Red Zone.’ Surface manifestation of liquefaction was docu-
mented at the three test sites during at least two of the largest events during the 2010-2011
Canterbury earthquakes. Pre- and post-injection soil density and stiffness at each test site
were evaluated using cone penetration testing (CPT), invasive seismic testing (crosshole VS

and VP), and dilatometer testing (DMT).

2 INJECTION METHODOLOGY AND GROUND IMPROVEMENT MECHANISM

Injection points are located at regular intervals (e.g., a grid pattern). An injection tube is
driven into the ground at each point and an injection nozzle is attached to the injection tube.
Low viscosity composite resin material is pumped under pressure through the tube and into
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the soil matrix. In a typical ‘bottom up’ installation the tube is withdrawn either on a continu-
ous basis with set volumes of material being injected per unit length, or in pre-determined
intervals with set volumes of material injected at each interval.
The resin penetrates the soil mass along pre-existing planes of weakness and by fracturing

the soil mass. The resin mixture reacts chemically soon after injection; changing from a fluid
to an (inert) solid. The mixture is “tack free” within seconds, and is 90% cured within an hour
of being injected. At the onset of the reaction, the mixture rapidly expands up to several times
its original volume. The degree of expansion can be in the order of 3 to 15 times the injected
volume, and depends on the soil density, confinement pressure, and the resin material selected.
The expansion process results in compaction of the surrounding soils as a result of new mater-
ial being introduced into a relatively constant soil volume. The ground improvement mechan-
ism is primarily densification of the soil, however, secondary effects including cementation of
soil particles and an increase in soil stiffness (i.e., the ‘composite’ stiffness of the soil/resin
structure) also occur.
During the field tests, the resin was observed to penetrate the soil mass as dykes, sills or

networks of sheets or plates typically tens of millimetres thick as shown in Figure 1.

3 TEST SITE SELECTION AND SOIL CHARACTERIZATION

In 2013, the New Zealand Earthquake Commission (EQC) carried out a series of ground
improvement field trials in the abandoned Christchurch ‘Red Zone’ suburbs of Avondale and
Bexley EQC (in press). The three sites used in this study were located adjacent to the areas
used in the EQC field trials (test sites 3, 4, and 6). The new sites were located outside of the
areas which had been disturbed by the installation and testing of ground improvements; par-
ticularly the areas affected by the liquefaction-inducing blasting trials that were carried out in
the 2013 study.
The soils at sites 3 and 4 were broadly similar; generally consisting of fine silty sand and

sandy silt (with some interbedded thin silt layers) to a depth of about 3 to 4.5m, overlying
very clean fine to coarse sand. Fines contents (% passing 75µ sieve) at sites 3 and 4 ranged
from approximately 40 to 90% in the upper silty soils, and 1 to 3% in the lower sands. The
soils at site 6 consisted of interbedded sand and silty sand (fines content approximately 20%)
in the upper 1.4m then clean fine to coarse sand (fines content ≤ 7%). The depth to ground-
water at the three test sites ranged between 0.7m and 1.2m below ground level. Pre-injection
CPT qc values within the test panels ranged from about 2 to 5 MPa in the upper 3 to 4m of
the soil profile, and 5 to 14 MPa between 4 and 8m depth. Pre-injection VS values ranged
from approximately 125 to 150 m/s in the upper 2.5 to 4m of the profile, and 150 to 170 m/s
below 4m.

Figure 1. Hand-excavated resin veins (left) and hydro-excavated resin veins (right).
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Table 1 summarizes the laboratory test results for each test panel. The particle size distribu-
tions for the cleaner sands below a depth of about 4 m are shown in Figure 2.

4 TEST PANEL CONSTRUCTION AND TESTING PROGRAM

4.1 Test panel construction

A single 8 m x 8 m test panel was constructed at each test site. A typical panel layout is shown
in Figure 3. To construct the test panels, 20mm thick plywood sheets were laid on the ground
over a layer of compacted gravel to provide a uniform bearing surface. Concrete blocks were
then placed across the panel to impart a uniform 14 kPa surcharge load. This load was
intended to approximate a floor/slab load within a typical commercial building – or a load
that could reasonably be applied by the ground improvement contractor to provide additional
confining pressure. Steel plate was placed over the blocks to provide a stable working plat-
form. Additional concrete blocks were then laid across the centre of the test panel to superim-
pose a 28 kPa strip footing load. The resin injection points were located on a 1.2m triangular

Table 1. Summary of laboratory test results for each test injection panel.

Depth
(m) Description

Fines Content
(%)

Water Content
(%) Plasticity Index

Site 3

1.3 SILT with some sand and minor clay 91 27.4 8

1.75 Silty SAND 39 30.6 -

3.5 SAND with minor gravel and trace of silt 2 20.5 -

6.7 SAND with trace of gravel & trace of silt 1 22.9 -

Site 4

2.0 Sandy SILT with some clay 78 36.4 19

4.2 Silty SAND 45 26.7 non-plastic

6.5 SAND with trace of gravel & trace of silt 2 22.5 -

Site 6

1.5 SAND with some silt 21 27.7 -

4.8 – 6.0 SAND 1 26.7 -

7.0 SAND 0 23.4 -

Figure 2. Particle size distribution of clean sand found below a depth of about 4m.
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grid (Figure 3). Pilot holes were drilled and cored through the steel plate, concrete blocks, and
plywood to allow the installation of the grout tubes into the ground. A photograph of a test
panel being constructed is shown in Figure 4.

Figure 3. Typical test panel installation and testing layout.

Figure 4. Aerial view of resin injection test panel.
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The ground treatment began by first injecting a ‘capping layer’ of resin between a depth of
0.5 and 1.5m, and then injecting resin on a ‘bottom up’ basis beginning at the target treatment
depth of 6m. Ground heave was measured by measuring the surface of the steel plates pre-
and post-injection. After a “rest period” of two weeks the concrete blocks were removed, and
post-injection testing was carried out.

4.2 Pre- and post-injection soil testing

Pre- and post-injection testing of the soils within each test panel consisted of CPT, direct push
crosshole VS/VP, and DMT. A single borehole was also drilled within each test panel, and rep-
resentative samples collected for laboratory testing of fines content and plasticity. The test
and borehole locations are shown in Figure 3. Table 2 provides a summary of the types and
quantities of field and laboratory tests carried out within each test panel.
After the post-injection testing was completed, the test panel at site 3 was partially exhumed

by hand and with a hydro-excavator to expose the resin veins in the ground (Figure 1).

5 TEST RESULTS

5.1 General

The results of the large-scale testing of resin injection indicate a clear improvement (increase)
in both soil density and soil stiffness within all three test panels. The level of increase is great-
est in relatively clean sand (i.e., CPT IC ≤ 1.8-2.0), but noticeable improvement was also
achieved in the siltier sands. The depth of improvement in the soils extended up to a metre
below the base of treatment. Table 3 provides a summary of results across all three sites.
The averaged pre- and post-injection CPT, crosshole VS/VP, DMT and plate load test

results from the three test sites are shown in Figures 5a through c. Figure 6 provides a sum-
mary of pre- and post-injection qc1Ncs at each of the three test sites.
As shown in Figure 6, there is variability in the amount of increase in qc1Ncs at each site

with the cleaner sands having the greatest improvement in qc1Ncs. On average, there is a 65 to
75% increase across all three sites – approximately 50 atm at sites 3 and 4 (the “siltier” sites),

Table 2. Type and number of pre- and post-injection tests conducted in each test panel.

Test Number pre-injection Number post-injection

CPT 4 7

Direct-push crosshole (VS/VP) 2 4

DMT 2 2

Machine-drilled borehole 1 -

Fines content 3-4 -

Particle size distribution 1 -

Atterberg limits 2* -

Natural water content 4-5 -

* 2 tests at sites 3 and 4, site 6 all non-plastic soils.

Table 3. Average increase in soil parameters within 6m thick treatment zone at three

test sites.

Site qc qc1Ncs DR VS KD ksb

3 88% 68% 32% 35% 47% 57%

4 81% 64% 34% 43% 74% 90%

6 101% 76% 27% 51% 150% 52%
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Figure 5. Average pre- and post-injection test results at: a) test site 3, b) test site 4, and c) test site 6.
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and 100 atm at site 6 which has noticeably less silt in the upper 3 to 4m of the soil profile. The
greater increase of qc1Ncs in sandier soil is consistent for a treatment method where the pri-
mary mechanism of improvement is densification.

5.2 Calculated liquefaction settlement and liquefaction severity number (LSN)

The pre- and post-injection liquefaction triggering potential was assessed for three Christ-
church design earthquake scenarios (25-, 100- and 500-year return periods) using the CPT-
based simplified procedures by Boulanger & Idriss (2014). The liquefaction-induced free-field
settlements were computed using the methodology of Zhang et al. (2002). The results for site 3
are presented in Figure 7. Significant reductions in both total settlement and liquefaction
severity number (LSN) van Ballegooy et al. (2014) are indicated. At the 25-year return period,
the reduction in settlement and LSN is approximately 90%. As the return period (and there-
fore level of ground shaking) increases, the reduction is still greater than 70%. Across the

Figure 6. Pre- and post-injection qc1Ncs data from all three test sites.

Figure 7. Calculated pre- and post-injection free-field ground surface settlements and LSN for test site 3.
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three test sites, calculated post-injection liquefaction settlements and LSN values decreased by
50 to 80% relative to the untreated ground. The magnitude of reduction in these values sug-
gests that the implied surface damage potential at these sites from liquefaction is significantly
reduced.

5.3 Ground surface heave

There was no attempt made to control ground heave during the resin injection process (given
there was no adverse consequence to this). The recorded ground heave averaged 40 to 70mm
across the three test panels. Seventy percent of the ground heave occurred during the injection
of the capping layer in the upper 1 to 1.5m of the ground profile. Ground heave and general
surface disturbance from injection was observed to be noticeably less than that typically
experienced with other ground improvement methods such as stone columns, compaction
grouting and driven piles. Commercial experience in Christchurch, New Zealand has shown
that well-controlled ground heave can be beneficial when a building requires level correction
in addition to ground improvement. In other cases, allowances need to be made so that the
building can accommodate some changes in final floor level. For heavy buildings, or on sites
where the resin injection (including the capping layer) is maintained below a depth of about
2m, significant ground heave may not occur.

6 MATERIAL PROPERTIES OF THE INJECTED RESIN

Laboratory testing of the same resin material as that used in the field tests described in this
paper was conducted by the University of Padua, at a range of densities. In addition, ten sam-
ples of the injected resin were recovered from the excavated test panel at site 3 (from a depth
of approximately 2.5 m), and the densities of the samples (excluding the soil “coating” cover-
ing the resin) measured. The results of the laboratory testing are proprietary and cannot be
fully reproduced here. However, Table 4 summarizes the average measured densities of the
resin samples recovered from the test panel, and their corresponding average strength and
stiffness values inferred from the results of the laboratory strength testing.
Table 4. Estimated material properties of the resin recovered from test panel at site 3.

7 CONCLUSIONS

The results of the large-scale field testing indicate that resin injection can be an effective
ground improvement method for mitigation of liquefaction potential in sandy soils with CPT
IC values up to about 2.0. Significant improvements in soil density and stiffness have been
demonstrated. It has been noted that decreasing fines content, and increasing confining pres-
sures lead to better densification effects in treated soils. As with any ground improvement
method that relies primarily on densification, the fines content of a soil deposit may constrain
the applicability of resin injection at any particular site. However the confining pressure can
often be increased through the use of portable kentledge if necessary.
This study (as well as commercial application of the technology in New Zealand) have

shown that the resin injection ground improvement methodology can be successfully applied

Table 4. Estimated material properties of the resin recovered from test

panel at site 3.

Average density 200 – 300 kg/m3

Unconfined compressive strength1 1.8 – 2.8 MPa

Modulus of elasticity, E 58 - 92 MPa

1 At reference strain of 3%.
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for liquefaction mitigation beneath existing structures including buildings and infrastructure
assets (for which there are currently few viable options). The methodology will also work on
cleared sites though it may not be the most cost effective as some other ground improvement
methods in that situation.
A comprehensive research report on these trials (Traylen, 2017) is available through the

New Zealand Geotechnical Society (NZGS) website (www.nzgs.org).
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