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ABSTRACT

Following the 2010-2011 Canterbury Earthquake Sequence (CES), the vulnerability of residential
houses in some areas of Christchurch to liquefaction-induced damage was realised. As a result of the
ground surface subsidence caused by the CES, the liquefaction vulnerability has also increased in
some parts of Christchurch (Russell et al. 2015). The liquefaction-induced damage resulted in a large
number of residential houses in Christchurch that were uneconomic to repair. They are being
demolished and rebuilt on stiffer and stronger foundation systems and in some areas which are
particularly vulnerable to liquefaction, the stiffer and stronger foundation systems are being used in
conjunction with shallow ground improvements. There are also a large number of houses that have
liquefaction-induced damage, but are economic to repair. Until recently there was no practical ground
improvement solution that could be economically constructed beneath existing repairable residential
houses to decrease their liquefaction vulnerability. However, during a shallow ground improvement
trial research project, commissioned by the New Zealand Earthquake Commission (EQC) in 2013, a
method was developed to improve ground beneath residential houses, known as Horizontal Soil
Mixing (HSM). HSM involves the mechanical mixing of injected grout into in-situ soils using a modified
directional drill and a specifically designed soil mixing tool to construct a series of HSM beams to
improve the thickness and stiffness of the non-liquefying crust and decrease the vulnerability of the
existing house to future liquefaction-induced damage. This paper describes the development of the
HSM construction methodology, including constraints and issues that were encountered and
overcome.
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1 INTRODUCTION

The Canterbury region of New Zealand (NZ) has been affected by a series of earthquakes and
aftershocks with the four most significant earthquakes occurring on 4 September 2010 (M,, 7.1), 22
February 2011 (M,, 6.2), 13 June 2011 (M,, 5.6 and 6.0 separated by 80 minutes), and 23 December
2011 (M,, 5.8 and 5.9 separated by 80 minutes). The earthquake shaking from these events triggered
localised-to-widespread minor-to-severe liquefaction in Canterbury. The damage caused by the
liquefaction was severe in several Christchurch suburbs. Liquefaction ejecta, liquefaction-induced
differential settlement, and lateral spreading were the principal ground deformation modes that
damaged residential dwellings in the Canterbury region. The liquefaction-induced damage is well
documented in Cubrinovski and Green (2010), Cubrinovski et al. (2011), Wotherspoon et al. (2011),
Green et al. (2012), Tonkin & Taylor (2013), van Ballegooy et al. (2014b) and van Ballegooy et al.
(2015), among others.

Between 6,000 and 10,000 residential houses on the flat land, in the areas that are being repaired and
rebuilt, have been assessed by the private insurers as uneconomic to repair due to the liquefaction
related damage and are likely to be rebuilt. In the aftermath of the CES, greater consideration was
given to the importance of supporting houses on robust, stiffened foundations capable of resisting the
damaging effects of liquefaction (i.e., angular distortion, lateral stretch, loss of ground support). In
some areas which are particularly vulnerable to liquefaction damage the stiffer and stronger
foundation systems are being used in conjunction with shallow ground improvements (MBIE, 2012).

As a result of the CES the land has subsided due to tectonic subsidence, liquefaction-induced
volumetric densification, ejection of liquefied material and lateral spreading. However, the groundwater
elevations across Christchurch have generally not changed (van Ballegooy et al. 2014a). Hence, in
some areas the groundwater levels are now closer to the ground surface and for some areas of



Christchurch, the shallower groundwater surface results in increased liquefaction vulnerability in future
moderate to strong earthquakes (Russell, et al. 2015). EQC has determined that the Increased
Liquefaction Vulnerability (ILV), as a result of ground subsidence caused by the CES, at 100 year
return period levels of earthquake shaking, is a form of land damage covered by its insurance.
Approximately 5,000 properties in the areas that are being repaired and rebuilt, are likely to qualify for
the ILV land damage compensation. Settlement of the insurance liabilities for the ILV land damage on
each property is based on the cost to repair the land damage on an individual property basis, or
damage based valuation methodology, whichever is least, up to the capped maximum liability
provided for by the 1993 EQC Act.

Therefore, EQC funded two work streams of ground improvement trials; (1) to evaluate the efficacy
(science) of shallow ground improvement methods; and (2) to determine the cost of the shallow
ground improvement methods by undertaking full scale construction frials on residential properties.
The aim the trials was to investigate and determine the efficacy, construction practicality and cost of
various shallow ground improvement methods which are effective in reducing liquefaction vulnerability
and which can be also be used for repairing ILV land damage. This is both for “cleared land” cases
where the damaged houses are uneconomic to repair and hence will be rebuilt, as well as “repair
cases” where the damaged houses are economic to repair and hence will not be rebuilt.

While there were a number of cleared land shallow ground improvement methods available for testing,
there were limited options available for improving the soils underneath existing and repairable houses
without requiring either the removal or demolition of a house which is otherwise considered
economically repairable. Permeation grouting using cement grout was initially trialled, which then lead
to the development of a new and novel approach to shallow ground improvement, known as
Horizontal Soil Mixing (HSM). The method involves the mechanical mixing of injected grout into in-situ
soils using a modified directional drill and specifically designed soil mixing tool to construct a series of
HSM beams to improve the thickness and stiffness of the non-liquefying crust beneath an existing
house, decreasing the vulnerability to future liquefaction-induced damage (Ishihara, 1985).

Extensive field testing was undertaken on the HSM beam ground improvement method to prove the
efficacy, including CPT, crosshole V¢/V, geophysical testing, truck mounted vibroseis (T-Rex) shake
testing and blast-induced liquefaction testing, supplemented by numerical modelling. Following the
ground improvement trials, a ground improvement pilot project was undertaken to construct full scale
shallow ground improvements on a number of residential sites across Christchurch including three
repair case properties where HSM beams were constructed beneath three existing houses. The
development, testing, observations, results, implementation and areas of potential improvement for
the HSM beam method are discussed in this paper.

2 DEVELOPMENT OF THE HSM GROUND IMPROVEMENT METHOD

The concept of the HSM beam ground improvement method was developed by Contract Landscapes
Limited (CLL). The concept is relatively straightforward; using a directional drill, drill a horizontal pilot
hole underneath an existing house (refer to step 1 in Figure 1), dig a trench on the opposite side of the
house, attach a soil mixing tool to the end of the drill string (refer to step 2 in Figure 1) and pull the soil
mixing tool back underneath the house while injecting cement grout to form a non-liquefying horizontal
soil-cement ‘beam’ (refer to step 3 in Figure 1). This process can then be repeated to construct a
number of horizontal beams in an arrangement that sufficiently stiffens and thickens the non-liquefying
crust (refer to step 4 in Figure 1), increasing the potential for the house to suffer less liquefaction
induced damage and be more readily repairable.

Developing the HSM ground improvement methodology involved the refinement of a number of
elements, such as:

e  The tracking of the drilling head in the pilot hole beneath a house;

e  The development of a suitable soil mixing tool;

e  Soil mixing methodology including the rate of drill rotation and linear pull back speed (and how
this needs to vary in different soil conditions);

e A suitable grout mixture including the required additives;

e Cement dosage rates to achieve the required target strength of the HSM beams and a process
for monitoring the volume of injected grout while constructing the HSM beams;

e Configuration and vertical positioning in the ground of the HSM beams; and;



° The order in which to best construct the beams.

While the majority of these elements were determined during the initial stages of the ground
improvement trials in 2013, refinements continued during the ground improvement pilot project
undertaken in 2014. A brief summary of the development of these elements is discussed below.
Further refinements to optimise the process are discussed in Section 4.

1. 2.
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Figure 1. Step by step process of constructing HSM beams beneath a residential house

21 Directional Drilling and Locating and Tracking the Drill Head

During the construction of the first four test panels in the ground improvement trials, a 65 hp (48 kW)
Vermeer D16x20A directional drill was used. Based on initial results it was evident that this directional
drill was underpowered and accordingly an 85-hp (63 kW) Ditch Witch JT2020 mach 1 was used for
the construction of remaining test panels and HSM Beams under the houses. This rig performed
adequately in the ground improvement trial and pilot programme, however additional power would be
beneficial in denser or variable ground where soil mixing becomes more difficult. Experience showed
that, in general, the denser sandier soils and stiffer silt soils result in more strain on the directional drill
rig and engine, compared to the looser sandier soils and softer siltier soils.

Working in the residential setting provided challenges in terms of the limited amount of space
available. As a result of these limitations, high performance drill rods with high spec joints and threads
were utilised to enable steep entry and exit angles from the ground. These rods were capable of
bending though 33 degrees per 3 m length of rod and are also capable of tolerating the increased
torque that was applied as a result of pulling the mixing tool through the soil, which generally does not
occur during conventional directional drilling.

Initially a DigiTrak F2 System was used for tracking the drill head position beneath the ground surface
during the directional drilling phase of the horizontal pilot hole (refer to step 1 in Figure 1). This system
of operation required two people, one to operate the drill rig and another to use a locating device at
the ground surface to locate and track the drill head as it progressed, while communicating with the
drill rig operator through a portable radio headset so that he could steer the drill head. While this
system was suitable for the construction of test panels (discussed later), it was not practical for
locating drilling underneath the houses where the locating positions was limited to either end of the
house. For this reason, a F5 DigiTrak System was adopted, which enabled the drill operator to locate
and steer the drill head independently by positioning the locator box on the ground at the target
location, which would send signals of the drill head position to a screen mounted on the drill rig. This
system, along with a highly experienced dill operator, enabled drilling to occur within the £ 50 mm
tolerances required. This tolerance was verified by exhuming the HSM beams in the ground
improvement trials and confirming location by survey. Experience has shown that a competent drill rig
operator is key factor in ensuring correctly positioned HSM beams are constructed. When less



experienced operators were used the location of HSM beams was more variable and sometimes lay
outside the required tolerances.

2.2 Grout Mixtures and Target Cement Dose Rates

Experimentation of grout mixtures was undertaken in a field laboratory to determine appropriate grout
mixtures. The materials and quantities that were used varied. They included variations in the use of
ordinary Portland cement (OPC), flyash, plasticisers and the volume of water. For each mixture, the
specific gravity, bleed and viscosity was measured.

The grout mixer and pump unit used during the ground improvement trials and the pilot programme
was an STA 5M3 + T12. Batching grout began with the addition of the required ingredients into an
agitated mixing bowl, before being sucked through a turbo mixing unit and into an agitated storage
tank. From here the grout was pumped through grout lines and the drill string (drill rods) exiting from
orifice ports on the mixing tool. The pump was capable of pumping 60 L/min at a maximum of 45 bar.
For the ground improvement trials and pilot project, typical grout flow rates ranged between 30-40
L/min, while maintaining a pressure ranging between 2-10 bar at the pump.

During the initial development phase of the HSM beams construction methodology, grout with a water
cement ratio of 2:1 was used. An initial HSM beam with varying cement content was constructed,
ranging between 5 to 15% cement (by estimated dry density of the in-situ soil). During this process
‘hydraulic lock’ was experienced for the portion of the beam constructed with 15% cement content.
This is where the volume of grout being injected was sufficiently large to increase the pressure in the
HSM beam annulus to a point where the drill was unable to turn the mixing tool any further. On this
occasion, an excavation pit was required to release the pressure to free the mixing tool. The
importance of injecting small volume of grout became apparent to prevent hydraulic lock from
occurring. This process also significantly reduced any potential ground heave. Further laboratory
batching led to the development of a grout mixture with a 0.35:1 water cement ratio including the
addition of 3% plasticiser by volume, which would enable smaller volumes of grout to be injected. This
grout mixture has proven to be satisfactory and typically requires between 30-40 L of grout to be
injected per 1 m length of HSM beam to give a cement dosage of approximately 15% by dry density of
the in-situ soil.

The target dose rate of 15% cement (by dry density of the in-situ soil) was more than sufficient to
achieve a minimum target strength of 1 MPa (equivalent to weak rock), based on unconfined
compressive strength testing (discussed in Section 3). While a lower dose rate of 10% cement (by dry
density of the in-situ soil) could be used to achieve the minimum 1 MPa target strength, the target
dose rate was set higher than required because grout injection rates and drill pull back speeds were
manually controlled, resulting in a varying cement dosage rate along the length of each HSM beam
between + 5%. Improvements to reduce the variability of the cement dosage rate along the length of
the HSM beams are further discussed in Section 4.

2.3 Soil-Cement Mixing

The soil mixing tool that was used to construct the HSM beams in both the ground improvement trial
and pilot projects, consisted of six mixing blades at three graduated intervals with a 0.5 m diameter.
Initially the mixing tool had four orifice ports for the grout to exit from, however this was later reduced
to two. The reduction from four to two orifice ports increased the pressure and velocity in which the
grout exited and improved the consistency of grout being mixed through the soil.

Creating well mixed soil-cement beams is important to ensure that the HSM beams have adequate
strength. As part of the ground improvement trial test programme a number of HSM beams were
exposed using a 5 tonne excavator, supplemented by hand digging between the beams. Figure 2
shows the photo of some exposed HSM beams which were constructed beneath one of the houses. In
the initial stages of the development of the HSM beam construction methodology, the exposing of the
HSM beams allowed them to be dissected to reveal if the grout was mixing suitably through the entire
diameter of the beam. These observations enabled suitable linear pull back speeds as well as
rotational mixing tool speeds to be optimised for different soil types. Typical rotation speeds varied
between 150 and 250 rpm with pull back speeds ranging from 0.5 to 1 m per minute, depending if the
soil is silty or sandy, soft or stiff, or loose or dense.



The quality assurance procedure used in the ground improvement pilot for the three houses was to
first construct one of the HSM beams outside of the house footprint, then excavate down to the beams
to undertake an inspection of mixing quality and recover samples (for UCS laboratory testing) to asses
if a suitable standard of soil mixing was achieved. If the HSM beams were found to have an unsuitable
standard of mixing, changes were made to the rotation speeds and/or the linear pullback speeds until
a suitable level of soil mixing was achieved at each site before the HSM beams were then constructed
beneath the house footprint.

Figure 2. Exposed HSM beams which were constructed beneath one of the houses at the ground
improvement trial site. The HSM beams were exposed after the blast-induced liquefaction testing was
completed

Experience showed that a more consistent mixing of grout into the soil through the full diameter of the
HSM beams occurred in sandier soils, compared to silty soils. When soil mixing in siltier soils a slower
pull back speed was used to ensure consistent mixing. Pull back speeds through sandy soils were
typically 1 m per minute at 150 rpm, while in siltier soils this was slowed to approximately 0.5 to 0.75
meters per minute at 250 rpm.

2.4 HSM Beam Layout, Configuration and Vertical Positioning in the Ground

As part of the ground improvement trials, the effectiveness of both single rows of HSM beams and
double rows of HSM beams was examined through extensive in-situ testing and supplemented with
numerical modelling (refer to Section 3). The single row configuration did not significantly reduce the
liquefaction vulnerability because of the relatively small increase in the non-liquefying crust thickness,
whereas the double row of HSM beams was effective in reducing liquefaction vulnerability by
thickening and stiffening the non-liquefying crust. Figure 3 shows a long-section and cross-section of
the typical layout, configuration and vertical positioning in the ground of the HSM beams that were
constructed in the ground improvement pilot project.

The depth that HSM beams were positioned in the ground was dependent on the depth of the soils
which were assessed to liquefy at the ultimate limit state levels of earthquake shaking (defined in the
MBIE, 2012 guidelines). This depth typically coincides with the depth to the groundwater surface in the
areas in Christchurch that were severely affected by moderate to severe liquefaction-induced damage
from the CES. It is noted that the depth to the groundwater fluctuates throughout the year (van
Ballegooy et al, 2014a). For the ground improvement trials and pilot project, the centre of the top row
of HSM beams were positioned at the 85 percentile water table elevation, which is typically between 1-
2 m below the ground surface.
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Figure 3. Long-section and cross-section showing the typical layout, configuration and vertical
positioning in the ground of the HSM beams beneath an existing house

2.5 Ground Surface Heave

Ground surface heave directly above the areas where the HSM beam construction was undertaken
was not visually observed and neither was it measured using a laser level accurate to £ 5 mm on bare
earth during the ground improvement trials. However, during the ground improvement pilot project,
cracking of brittle concrete surfacing occurred at the first property while constructing the HSM beams.
Prior to commencing HSM construction works on each property, eight surveying nails were installed
into the perimeter concrete ring beams of the existing house. These were surveyed to + 0.4 mm
accuracy prior to commencing and also at the end of the HSM construction works, as well as when
mixing tool passed beneath each survey location. Results show that the perimeter concrete ring
beams typically heaved by 2-5 mm while the soil mixing tool passed beneath the survey locations.
Post construction surveying showed that the perimeter concrete ring beams settled back down to their
original elevations = 1 mm. As a result of this heave, hairline cracks to internal wall lining and ceilings
also occurred.

3 HSM BEAM GROUND IMPROVEMENT EFFICACY TESTING

The ground improvement trial testing programme for the HSM beam ground improvement method
included the construction of two 7 m by 7 m test panels at three different sites in residential areas that
are not being repaired or rebuilt in Christchurch. Each site had different soil conditions. At each site a
test panel with a single row of HSM beams and another panel with a double row of HSM beams was
constructed. In addition, a single layer and a double layer of beams were constructed under two
residential houses that will not be repaired or rebuilt. The testing included crosshole geophysical
testing, Scala Penetrometer testing, exhuming, sampling and unconfined compressive strength (UCS)
testing as well as truck mounted vibroseis (T-Rex) testing and blast-induced liquefaction testing.

Soil-cement samples from HSM beams were collected from the different test sites for UCS testing.
The results showed that 1-5 MPa strengths were achieved after 28 days for the beams with 15%
cement (by in-situ dry soil density) when the soil was suitably mixed. It is noted that laboratory batched
soil-cement samples, also of 15% cement by in-situ dry soil density, achieved UCS strengths ranging
between 3-6 MPa after 28 days, showing that the in-situ mixing is more variable. Scala Penetrometer
testing on the HSM beams commonly resulted in penetration resistances greater than 20 blows per
100 mm penetration after 7 days, and refusal after 28 days. The Scala Penetration testing was found
to be a useful cost effective verification test method to confirm that the HSM beams were constructed
in the correct locations and were also a useful proxy to confirm that the HSM beams were achieving
their minimum target strength of 1 MPa.



The T-Rex shaker was used to examine the dynamic effectiveness of the HSM beams to evaluate
whether they provide sufficient stiffness to reduce the cyclic shear strains, caused by earthquake
shaking, in the ground between the HSM beams. By reducing the cyclic shear strains, the potential for
development of excess pore water pressure and liquefaction is reduced, thereby increasing the
thickness of the non-liquefying crust. In addition, blast-induced liquefaction testing was undertaken on
the HSM beam ground improvement test panels and houses as a practical means of undertaking
large-scale trial evaluation of their performance in the absence of an actual earthquake. While it is
recognised that blast-induced liquefaction is somewhat different mechanistically from liquefaction
induced by earthquake ground shaking, the behaviour of the liquefied soil is believed to be sufficiently
similar to allow a suitable assessment of the performance of the HSM beam ground improvement. The
results from the T-Rex shake testing and blast-induced liquefaction testing as well as the
supplementary numerical modelling will be published in the near future. The preliminary conclusions
are:

e  The double row of HSM beams limited development of cyclic shear strain in the soil between the
beams at low to moderate levels of shaking (PGA = 0.1-0.3g) based on the results of the T-Rex
shake testing as well as 2-D dynamic numerical modelling. Conversely, the single row of beams
did not appear limit the development of cyclic shear strain in the soil between the beams at low to
moderate levels of shaking. At strong levels of shaking (PGA >0.3g), the cyclic shear strain
between the beams became larger and excess pore water pressures developed, causing the soil
in between the beams to liquefy.

e The results from the blast-induced liquefaction testing indicate that the house with the double row
of HSM beams beneath it had less differential settlement / flexural distortion than the house with
a single row of beams as well as the two adjacent houses on natural (unimproved) ground.

e The double row of HSM beams appeared to have prevented ejecta from coming up within the
beam footprint. The mechanism for this is not yet been ascertained but may be due to the
stiffening of the non-liquefying crust and also the disruption of pre-formed ejecta pathways
through existing defects in the upper non-liquefying soil layers. This disruption which may have
occurred during the soil mixing stage of the HSM beam construction.

e By extending the HSM beams beyond the perimeter of the house footprint, the formation of sand
ejecta pathways was forced further away from the house, reducing the potential for ground loss
beneath the house, resulting in a reduction in potential for differential settlement over the building
footprint.

e Based on the results of 3-D numerical modelling, the amount that the HSM beams reduce the
magnitude of differential ground surface settlement is dependent upon the orientation of the
beams relative to the soil conditions which are likely to cause the differential settlement and
flexural distortion. Compared to a 1.6 m thick compacted gravel raft, the 3-D numerical modelling
indicates that the HSM beams are typically 50-60% as effective at reducing the relative
magnitude of differential settlement and flexural distortion. For particularly favourable beam
orientations, where differential ground surface settlement occurs along the long axis of the
beams, performance may be better than the compacted gravel raft, whereas for particularly
unfavourable beam orientations, where differential ground surface settlement occurs
perpendicular to the long axis of the beams, performance is likely to be as low as 10% of the 1.6
m thick compacted gravel raft.

4 FUTURE POTENTIAL IMPROVEMENTS TO THE HSM CONSTRUCTION METHODOLOGY

At the time of writing this paper, a trial with a new retractable soil mixing tool is being undertaken. If
successful in its intended functionality, the soil mixing blades can be opened up underground and this
will eliminate the need for the receiving trench to attach the soil mixing tool to the drill string (shown in
Figure 1 and 3). Currently the flow of grout is manually controlled and requires practised
communication and control between the drill rig operator, grout pump operator and quality assurance
technician recording data. Further investment and development of a computer controlled system could
allow for the grout to be injected automatically depending on the linear pull back rate and rotation of
the soil mixing tool. This system would allow for a higher level of quality assurance, reduce the
required labour and may also allow the cement dosage rates to be reduced. In addition, technical
improvements that may provide better performance of the HSM beams could include; reinforcement of
the beams, tying the ends of the beams together and constructing the bottom and top rows of beams
at right angles to one another. Some of these improvements may also provide lateral stretch
resistance of the building footprint in areas with lateral spreading potential.



5 CONCLUSION AND APPLICATION

HSM beams as a shallow ground improvement method under existing houses is a novel approach that
has been developed and shown to improve the performance of the ground by improving the thickness
and stiffness of the non-liquefying crust, thereby decreasing the vulnerability of the existing houses to
future liquefaction-induced damage. The HSM beams have been successfully constructed beneath
three repairable houses as part of a ground improvement pilot project. The pilot project has proven
that this method can be successfully implemented as a shallow ground improvement method provided
there is sufficient working area around the house and that the house foundations do not extend down
in the zone of the HSM beams. After the HSM beams are constructed some reinstatement works are
required when using the current methodology. There are various improvements to the rig and
methodology that could occur to improve the productivity and effectiveness of the HSM beams, and to
reduce the amount of reinstatement works at the site. It is also noted that although the purpose of
developing the HSM beam ground improvement method was to reduce the vulnerability of existing
houses to liquefaction-induced damage from future earthquakes, HSM beams also have potential for
the remediation of commercial sites and for geotechnical purposes other than liquefaction mitigation,
for example; house re-levelling, settlement control and temporary retention.
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