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PARTIAL IMPROVEMENT SCHEME FOR LIQUEFACTION
MITIGATION
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ABSTRACT

Liquefaction under seismic loading is an important design issue that has to be carefully dealt with when foundation is sitting
on loose or medium dense sand. Loss of bearing capacity or excessive settlement as a result of liquefaction can be detrimental to
the integrity of structure even for high rise buildings with relatively rigid raft foundation. Though local seismic design code allows
the use of reduction factors on bearing capacity and modulus of subgrade reaction to incorporate the effect of liquefaction in
foundation design, it is sometime required to implement certain improvement schemes to eliminate the liquefaction potential if the
subgrade is in a very loose or loose state. In urban area where noise and vibration are of main construction concerns, jet grouting
and deep mixing that create circular improvement piles are perhaps the only viable schemes for liquefaction mitigation. The
liquefiable subgrade is often partially improved as a result of budget constraint, and the improvement ratio generally falls in the
range of 10% to 20%. MASW technique is used to measure the shear wave velocity of the improved ground, and it is required that
the shear wave velocity of the improved ground exceed a threshold value of 215 m/sec to eliminate the liquefaction potential.
Design example is presented in this paper to delineate the logic in implementing the partial improvement scheme for liquefaction

mitigation.
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1. INTRODUCTION

Taiwan is situated in a seismic active zone, structures often ex-
perienced earthquakes of significant magnitude. One foundation is-
sue as aresult of earthquake is liquefaction, as cyclic seismic loading
may weaken the shear strength of loose material to a state that it
offers little or no support to the foundation sitting on top of it.

In urban area, relatively rigid mat or raft foundation is often
used as the foundation system for high rise buildings, but these
rigid foundation systems are not immune to the detrimental effects
of liquefaction if the subgrade has the potential to liquefy under
seismic loading. As stipulated in local seismic design code (MOI
2022), the peak ground acceleration (4) adopted for liquefaction
analysis is in the vicinity of 240 gals, which is a typical design
number for cities in Taiwan with loose or medium dense sandy
deposits. No matter which liquefaction analysis model is used, ei-
ther it is NCEER (Youd and Idriss 2001) or HBF method (Hwang
et al. 2012), the loose or medium dense sandy materials encoun-
tered in urban area is very likely to have a factor of safety against
liquefaction (£1) lower or much lower than 1.0. In current seismic
or foundation design code (MOI 2022; MOI 2023), the liquefied
soil is allowed to have a residual strength which is characterized
by applying a reduction factor (Dr) on the pre-liquefied modulus
of subgrade reaction and the pre-liquefied ultimate bearing capac-
ity. However, the reduction factor is in general very low, resulting
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in low allowable bearing capacity that the raft foundation may not
have adequate capacity to support the structure in the event of lig-
uefaction. Other than resorting to expensive pile foundation, the
designers have the alternative of using a certain ground improve-
ment scheme to strengthen the subgrade and eliminate the detri-
mental effects of liquefaction on raft foundation.

However, in urban area, less expensive improvement schemes,
such as dynamic compaction or sand compaction piles, are not al-
lowed as these schemes generate noise and vibration that generally
exceed acceptable limits. Jet grouting or deep mixing (Xanthakos et
al. 1994) are the obvious alternative scheme, though at a much higher
price tag. Since construction cost, especially the cost for foundation
under ground level, is always a concern, the client’s expectation is to
keep the cost of jet grouting or deep mixing under a tolerable limit.
As aresult, the liquefiable subgrade under raft foundation is only par-
tially improved, and the effect of partial improvement has to be care-
fully assessed. A balance has to be reached between the cost of im-
provement and the effect of liquefaction mitigation.

This paper presents a systematic approach in designing and ver-
ifying the effect of partial improvement. The effect of partial im-
provement on liquefaction mitigation is to be verified by performing
on-site shear wave velocity measurement of the improved ground. In
theory, the shear wave velocity of the improved ground is required to
exceed a threshold value of about 215 m/sec to ensure that there is no
liquefaction potential for subgrade under seismic loadings.

2. PARTIAL IMPROVEMENT BY DEEP
MIXING OR JET GROUTING

Using either jet grouting or deep mixing technique to create
circular shape improvement piles, partial improvement design is
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characterized by three parameters, which are the improvement ra-
tio (1), the unconfined compressive strength (g.) and the depth or
length of the improvement piles. As shown in Fig. 1, the improve-
ment ratio /- is defined as the area ratio occupied by the improve-
ment piles. For example, if 0.8 m diameter improvement piles (d)
in a square layout (Fig. 1(a)) with a center to center spacing (s) of
2 m are used, the improvement ratio 7, is 12.5%. The unconfined
compressive strength of the improved pile is obtained by labora-
tory testing on core samples from the completed piles. As a general
guide, a ¢, value of 2 MPa is often specified in the design, though
in-situ g» may exceed 10 MPa when cement grout is well mixed
with sandy materials. The third design parameter is the improve-
ment depth. It is straightforward that the improvement piles should
cover the liquefiable soil strata underneath the foundation level, or
be extended from the foundation level to a suitable depth where
the reduced bearing capacity is adequate to support the structural
loading.

Partial improvement of the ground is often used in deep ex-
cavation project to strengthen the ground on the passive side, that
leads to better overall excavation stability and less deformation of
the retaining wall. Partial improvement underneath the foundation
level also increases the bearing capacity and reduce the differential
settlement of the raft foundation. These beneficial effects on exca-
vation and foundation design can be maximized if the ground is
fully improved with an improvement ratio of 100%. However,
with a limited construction budget, the optimal improvement ratio
generally falls within the range of 12.5% to 19.6% (1 m diameter
piles at 2 m center to center spacing). Table 1 shows the relation-
ship between pile diameter, spacing and improvement ratio for
general application of partial improvement. As for now, the same
partial improvement scheme for deep excavation and foundation
can also be used for liquefaction mitigation, that makes the partial
improvement more cost effective and more financially appealing
to developers of construction projects.
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Fig. 1 Typical layout of improvement piles

Table 1 Improvement ratio of various layouts

Dimeter of Center to center | Rectangular layout | Triangular layout
improvement pile | spacing of pile Improvement Improvement
(m) (m) ratio ratio
2.2 5.8 % 6.7 %
0.6 2.0 7.1% 82 %
1.5 12.6 % 14.5 %
2.2 10.4 % 12.0 %
0.8 2.0 12.6 % 14.5%
1.5 223 % 25.8 %
2.2 16.2 % 18.7 %
1.0 2.0 19.6 % 22.7%
1.5 34.9 % 40.3 %

3. ASSESSMENT OF LIQUEFACTION
POTENTIAL

Liquefaction potential of in-situ ground can be evaluated by
well-developed methods using Standard Penetration Test N value
(SPT N), cone penetration resistance (q.), or shear wave velocity
(Vs) as key parameters (Youd and Idriss 2001). Almost all site in-
vestigations carried out on-site SPTs, and therefore N values are
readily available as the basic parameter for foundation, excavation
and liquefaction analyses. As a result, geotechnical engineers
mainly focus on using SPT N values in conjunction with HBF
(Hwang et al. 2012), NCEER (Youd and Idriss 2001) or Architec-
tural Institute of Japan (AIJ 2001) methods to assess the liquefac-
tion potential of a project site. The current seismic and foundation
design codes require that at least two seismic levels, the small/me-
dium earthquake and design earthquake, be considered in evaluat-
ing the liquefaction potential of a specific site. The small/medium
earthquake corresponds to a return period of 30-year, and the as-
sociated peak ground acceleration (4) for a typical site in urban
area is generally in the vicinity of 70 gals. On the other hand, the
design earthquake corresponds to a return period of 475-year, and
the associated peak ground acceleration (4) for a typical site in
urban area is generally in the vicinity of 240 gals. The exact value
of peak ground acceleration for seismic design is to follow equa-
tions outlined in seismic design code, the 70 gals and 240 gals
mentioned above are just typical values.

HBF, NCEER and AIJ methods provides slightly different
factor of safety against liquefaction (F.), but with a typical peak
ground acceleration of 240 gals, all these methods predict high
possibility of liquefaction (F. < 1.0) for loose to medium dense
sandy materials in urban area. That is to say, under current design
code, almost all building construction projects have to deal with
liquefaction problem if loose or medium dense sandy materials are
found underneath foundation level.

If partial improvement is adopted as a counter measure
against the possible liquefaction, the shear wave velocity approach
(Andrus and Stokoe 2000) has to be used instead to verify the ef-
fectiveness of partial improvement. This approach uses shear wave
velocity as the main parameter in evaluating the liquefaction po-
tential of the ground. Based upon field data (Andrus and Stokoe
2000), if the normalized shear wave velocity (Vs1) of the sandy
material exceeds a threshold value of about 215 m/sec, the sandy
material is unlikely to liquefy under almost any seismic events.
Another study that incorporated Taiwan local seismic events
(Hwang et al. 2005) suggested that the threshold shear wave ve-
locity with extremely low possibility of liquefaction is around 230
m/sec, which is a slightly conservative value than the 215 m/sec
suggested by Andrus and Stokoe. The goal of partial improvement
design is to create a composite material with a combined shear
wave velocity higher than the threshold value, either it is 215
m/sec or 230 m/sec, to eliminate altogether the possibility of lig-
uefaction underneath the foundation level.

To be precise, the threshold shear wave velocities mentioned
above were normalized or corrected against effective overburden
pressure to 1 atm (100 KPa) via the following equation:

Va=V,x(P,/6)"% (1

where P, is one atmospheric pressure (100 KPa); and o is the
effective overburden pressure.
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Fig.2 Relationship between Vs and liquefaction events
(Hwang et al. 2005)

It has to be pointed out that often-used SPT N or cone pene-
tration resistance (gc) approach is not suitable for evaluating the
liquefaction potential of a partially improved ground as these more
conventional approaches are unable to assess the combined lique-
faction resistance of a composite ground.

4. SHEAR WAVE VELOCITY OF THE IN-SITU
GROUND

The shear wave velocity of the in-situ untreated ground is
now an important parameter for liquefaction resistance design if a
partial improvement scheme is to be adopted. For in-situ measure-
ment of the shear wave velocity, various methods such as MASW
(Multichannel Analysis of Surface Waves) technique (Park et al.
1999), seismic cross-hole survey, seismic down-hole survey, or
suspension logging are available. However, it has to be empha-
sized that MASW is perhaps the only suitable method for shear
wave velocity measurement of the improved composite ground, as
cross-hole/down-hole prospecting or suspension logging only pro-

vides Vs value at specific points or at sections with limited intervals.

On the other hand, if shear wave velocity measurement is appro-
priately conducted by using MASW technique, the measured Vs
represents the combined dynamic response of the improvement
piles and the untreated soil sandwiched in between the improve-
ment piles.

For most site investigation projects, in-situ shear wave veloc-
ity measurement is rarely carried out for various reasons such as
budget constraints or other technical issues. Without the field
measurement data, the geotechnical engineers are still required to
estimate the average shear wave velocity of the site ground within
a depth of 30 m (Vs30) for all building construction projects. This
Vis0 value is important for seismic design as it is the parameter
used to determine if the project site is classified as a soft site (V3o
< 180 m/sec), a medium site (180 m/sec < Vizo < 270 m/sec), or a
hard site (Vs30 = 270 m/sec). On most occasions when field data
are not available, the shear wave velocity of clayey or sandy ma-
terials can be estimated via the use of empirical equations as stip-
ulated in the seismic design code (MOI 2022). For sandy material,

Hsieh et al.: Partial Improvement Scheme for Liquefaction Mitigation 177

an empirical equation in the following form is used:

V,=80xN"; 1< N<50 )

where N is the SPT blow count of the sandy material, which is not
to exceed 50 even if for very dense materials.

For a few site investigations with field measurement of shear
wave velocity, it appears that there are obvious discrepancies be-
tween the field data and the empirical values (Table 2), but the
empirical equation nonetheless serves as an adequate approxima-
tion from a design point of view. The shear wave velocity of sandy
material is supposed to increase with its denseness or SPT N value,
and Eq. (2) does provide a Vs prediction that increases with N value.

Table 2 Comparison of field measurement and empirical value

of Vs for silty sands

Case Location Nvalue Measured V, V,=80 N3
No (m/sec) (m/sec)

1 Yunlin 7 ~40(18) 206.6 217.5

2 Tainan 5~38(19) 201.9 207.5

3 Tainan 3~31(9) 206.5 166.4

4 Kaohsiung 4~17 (1) 197.8 177.0

5 Kaohsiung 8 ~22(13) 190.8 188.1

5. LIQUEFACTION MITIGATION DESIGN

The design concept of using partial improvement for lique-
faction mitigation is to increase the shear wave velocity of the im-
proved ground to a level above the threshold value of 215 m/sec
or 230 m/sec. A simple design approach based upon fundamental
soil dynamics in conjunction with field experience is outlined in
this section. Though it is theoretical possible to design a partial
improvement scheme to eliminate liquefaction potential, the effect
of partial improvement has to be verified on site by the application
of MASW technique.

As depicted in soil dynamics textbook (Das 1983), shear
wave velocity of soil (¥5) is function of shear modulus (G) and soil
density (p), and it is written in the following form:

V,=yG/p 3)

Another equation relates the Young’s modulus of soil (£) to
shear modulus and Poisson’s ratio (1) is as follow:

G=E/(2(1+W) 4)

Combining Egs. (3) and (4), shear wave velocity of the
ground is proportional to the square root of Young’s modulus, i.e.,

V,<NE (5)

The next step for the partial improvement design is to esti-
mate the equivalent Young’s modulus (£*) of the improved ground.
A major assumption was made here that the equivalent Young’s
modulus can be reasonably calculated via the weighted approach
in the following form:

E'=Ex(1-1)+EpxI, (6)

where Ep is the Young’s modulus of the improvement pile, and Epr
can be obtained by conducting unconfined compression test on
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core samples taken from the improvement piles. On the design
stage, there is yet to have core samples for testing, and empirical
equation is used instead as a preliminary estimate of the Ep value.
One often used empirical equation (Fang et al. 2004) is in the fol-
lowing form:

E,=100~300xgq, %)

where q. is the unconfined compressive strength of the improve-
ment pile, which is acquired by conducting unconfined compres-
sion test on core samples from the improvement pile.

With a typical g. value of 2 MPa, the Young’s modulus of the
improvement pile (Ep) falls in the range of 200 ~ 600 MPa. These
Ep values are compatible with the numbers listed in current foun-
dation design code (MOI 2023), that allows the design engineers
to use Eq. (7) with confidence. It has to be noted that the field gu
is perhaps much higher than the typical design value of 2 MPa
when cement slurry is well-mixed with the in-situ sandy soil under
good workmanship. However, using a design strength of 2 MPa is
regarded as a conservative and prudent approach at this early the-
ory development stage.

As for the Young’s modulus of in-situ untreated sandy soil
(E), one can resort to another empirical equation that relates E to
the blow count N of that specific sandy layer. Though there are
several empirical equations listed in one of the foundation text-
books (Bowles 1996) for the designer to choose from, a more
straightforward relationship between E (MPa) and N is in the fol-
lowing form:

E=2~3%xN ®)

Admittedly, Eq. (8) is just a rough estimate on the Young’s
modulus of typical sandy materials, but Eq. (8) at least captures
the essence of Young’s modulus as E is intuitively proportional to
the denseness of a sandy material as shown in Eq. (8).

With the above relationships established, the designer can
now devise a partial improvement scheme that increases the shear
wave velocity of the improved ground to a level of no liquefaction.
For example, if a loose sandy ground with N value equals to 10 is
to be partially improved, the designer can first estimate the shear
wave velocity and Young’s modulus of the original ground via Eqgs.
(2) and (8), which are Vs = 80 x 10" = 172 m/sec and E = 2.5 X
10 = 25 MPa, respectively. If the designer selects a typical im-
provement ratio of 12.5% together with an unconfined compres-
sive strength of 2 MPa as the improvement scheme, then the
Young’s modulus of the improvement pile is Ep = 200 x 2 = 400
MPa, and the weighted average Young’s modulus of the improved
ground is E" =25 x (1 —0.125) + 400 x 0.125 = 53.125 MPa based

upon Eq. (6), which is an increment 2.125 times (53.125/25 =
2.125) of the original ground. Further referring to Eq. (5), shear
wave velocity of the improved ground is now increased by a factor
of 1.46 (+/2.125 =1.46), and that in turn leads to a composite
shear wave velocity of about 250 m/sec for the improved ground.
Assuming the effective overburden correction factor is about 1.0,
the corrected shear wave velocity of the improved ground is higher
than the threshold value of either 215 m/sec or 230 m/sec, and it is
very likely that the improved ground is not going to liquefy under
the design earthquake loading.

As a final design step, on-site MASW prospecting has to be
performed following the completion of improvement piles to as-
certain that shear wave velocity of the improved ground indeed
exceeds the threshold values. If not, additional improvement piles
can be installed as a contingency plan to further increase the com-
posite shear wave velocity.

6. A PARTIAL IMPROVEMENT CASE

This section presents a design/construction/verification case
that adopted partial improvement scheme to eliminate liquefaction
potential altogether of loose materials encountered at shallow
depth of a project site.

A 40,000-seat stadium that occupies a site area of 189,000 m?
was built in Kaohsiung City (Jou et al. 2010) in 2009. Site inves-
tigation revealed that the subsurface comprises mainly of loose to
medium dense silty sand layers to a depth of 16 m (Table 3). Main
structure of the stadium was sitting on a pile/raft foundation sys-
tem (Fig. 3) that uses piles together with raft foundation to share
the structural weight. Piles adopted in this project are pre-drilled
PC piles 0.8 m in diameter and 28 m in depth. Pile loading test
results showed that the ultimate capacity of a single pile can reach
up to 6,000 KN, and side friction contributes about 90% of the
ultimate capacity.

Since this stadium is for public use, both design and maxi-
mum credible earthquakes had to be considered for liquefaction
potential analysis. As required by the seismic design code, the
peak ground acceleration for design and maximum credible earth-
quakes are 330 gals and 400 gals, respectively. With seismic load-
ings of these magnitudes, the loose to medium dense silty sand
layers within a depth of 16 m are very likely to liquefy, resulting
in significant loss of bearing capacity of the raft foundation. The
capacity of pre-drilled PC pile relies heavily on the side friction as
revealed by the pile loading test, and liquefaction of the loose
sandy materials would seriously reduce the capacity of the pre-
drilled PC pile. In short, though the stadium structure is sitting on

Table 3 Ground condition of Kaohsiung site

Depth . Average Su c
Layer (rrri) Soil Type SPT-ng (kNW;L#) (KN/m?) (KN/m?) (d:)g,) C &

i 0.0~8.0 SM 10 20.0 - 0 30 - -
I 8.0~ 16.0 sM 14 20.0 - 0 32 - -
11 16.0 ~20.0 ML 12 19.5 - 0 31 - -
v 20.0~24.0 ML/CL 9 19.5 40 0 30 0.238 0.026
v 24.0 ~30.0 50 0 30
VI 30.0 ~35.0 CL/ML 9 19.8 60 0 30 0214 0.027

VIl 35.0 ~ 40.0 70 0 30
VI 40.0 ~ 46.0 CL/ML 13 20.1 80 0 31 0.185 0.021
X >46.0 ROCK >50 22.8 - 0 - - -
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Fig. 3 Typical foundation profile of the stadium

a relatively rigid pile/raft foundation, the stadium is not immune
from the effect of liquefaction. This conclusion is perhaps against
common sense that foundation with piles should be able to counter
detrimental effects from seismic loadings, but in the context of
seismic and foundation design codes, liquefaction remains an issue
that has to be carefully dealt with.

The final decision from the client was to eliminate altogether
the liquefaction potential of the loose to medium dense sandy layer
(GL.0 m ~ GL.—16 m). As a result, partial improvement scheme
was implemented. Improvement piles 0.8 in diameter with center
to center spacing of 2.25 m were installed from foundation level
to a depth of 16 m (GL.—5 m ~ GL.—16 m), covering the entire
loose sandy materials encountered within a depth of 16 m. The
typical plan layout of improvement piles shown in Fig. 4 is equiv-
alent to an improvement ratio of about 10%. A compressive
strength of 2 MPa for the improvement pile was specified in the
design. Based upon the equations listed in the previous sections,
the followings are obtained: Young’s modulus of the in-situ loose
sand (Layer 1) E = 2.5 x N = 25 MPa; Young’s modulus of the
improvement pile E, = 200 X g, = 400 MPa; equivalent Young’s
modulus of the improved ground E* =25 x (1 —0.1) + 400 x 0.1 =
62.5 MPa; shear wave velocity of the in-situ ground Vs =80 x 10'3
= 172 m/sec; equivalent shear wave velocity of the improved
ground V. =172x+/62.5/25 =272 m/sec . If corrected with the
effective overburden pressure at mid-level of the improved loose
sandy layer (GL.—6.5 m), the corrected shear wave velocity of the
improved ground is about Vs = 272 X (100/115)*% = 263 m/sec.
The V1 value is higher than the threshold value of 230 m/sec,

2250
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M Improvement piles 80cm@

P1 P2
2

Fig. 4 Plan layout of improvement piles for the stadium project
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implying a 10% improvement ratio for this project may suffice in
eliminating liquefaction potential of the loose silty sand under-
neath the raft foundation to a depth of 8 m. As for Layer 2 materi-
als (GL.—8 m ~ GL.—16 m) with an SPT N value of 14, the same
calculations can be carried out to conclude that the Vs value is
also higher than 230 m/sec.

In the field, deep mixing technique was adopted to construct
the improvement piles. In addition to proper site supervision on
improvement pile construction, 14-day core samples were taken
from designated piles for laboratory unconfined compression tests.
It was found the unconfined compressive strength (g.) of the core
samples vary from 4 MPa to 32 MPa with an average value of 17
MPa. Though there was a discrepancy on g. values, test results
nevertheless showed that the improvement piles did have strength
much higher than the design requirement of 2 MPa.

The effect of partial improvement was further verified by
conducting on-sitt MASW prospecting. The MASW prospecting
result was shown in Fig. 5, indicating that the shear wave velocity
of the improved ground is in general higher than 300 m/sec with
an average value of 350 m/sec. The field measured shear wave ve-
locity is about 30% higher than the design value. The discrepancy
between measured and design shear wave velocity can be at-
tributed to several factors. An apparent reason is the strength of
the improvement pile is much higher than the value used in the
design, however, a ceiling value of 2 MPa is considered a con-
servative design parameter as the design approach of partial im-
provement to counter liquefaction is in an early stage of develop-
ment. There is also uncertainty in estimating the shear wave ve-
locity of the original ground, as Eq. (2) is only an empirical equa-
tion acquired by best-fitting of limited laboratory data. All consid-
ered, there is no surprise that the design shear wave velocity is
lower than the measured value, and the authors consider it is a
good design practice to have the key parameters fall on the con-
servative side.

260 250 SC'IO 350 40IO 450
F-1(1){ApproxVs).GRD S-Velocity

Surface Location (Station Number)
0 5 10 15 20 25 30 35 40 45 50
h L

Fig. 5 MASW prospecting result of the stadium project

7. DISCUSSIONS

There is no denial that the partial improvement design scheme
is in an early stage of development. The design framework was
devised based on limited field observation (Martin et. al. 2004) in
conjunction with basic soil dynamic and foundation engineering
concepts. In theory, the partially improved ground is supposed to
have a combined shear modulus much higher than that of the orig-
inal liquefiable ground, which in turn reducing the shear strain of
the improved ground during a seismic event and suppressing the
possibility of liquefaction to a minimal. Young’s moduli of soil
and improvement piles were used in the design process, which
were both estimated by empirical equations. However, these
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empirical equations were aimed to estimate the secant moduli for
foundation design at finite strain level (Es0 and Epso), not exactly
the moduli required for shear wave velocity calculation at very
small strain or initial level (Eo and Ero). There could be a threefold
difference between secant and initial Young’s moduli, that may
add further inaccuracy to the design scheme. On the other hand,
this shortfall in estimating Young’s moduli may not be serious as
ratio of Young’s moduli E*/E was used in estimating the increase
in shear wave velocity, the ratio E'/E is less sensitive to how
Young’s moduli were calculated as long as they were compared at
the same strain level.

Another issue regarding the overall effectiveness of partial
improvement is about the liquefaction potential of untreated soils
between the improvement piles. In theory, the denseness or SPT N
value of untreated soil in between improvement piles remains
about the same after partial improvement is carried out, therefore
it is possible that these untreated soils could still liquefy under
seismic loading. If SPT N approach is adopted, there is virtually
no difference on the liquefaction potential of these untreated soil
prior and after improvement, unless the ground is fully treated with
a financially impossible improvement ratio of 100%. At this stage,
information is rare regarding the behavior of the untreated soil un-
der seismic loading. It is hypothesized that overall shear strain of
the improved ground is reduced to a level that does not allow the
development of liquefaction, and since the untreated soils are mov-
ing together with the improvement piles as a whole, there is no
liquefaction in these materials as a result. A less technical precise
description on this issue was once addressed by an expert on
MASW prospecting (Xia 2010), who said” the shear wave has a
low resolution to distinguish between improvement piles and un-
treated soil as it passes through the improved ground, as the wave-
length of shear wave is long compared to the distance between im-
provement piles”. Further verification on this issue is needed, ei-
ther by numerical studies or laboratory simulations on shaking ta-
ble or centrifuge device.

What is the minimal improvement ratio required to eliminate
liquefaction potential? This is the main concern of the clients, as it
is tied to the cost of improvement. In the field case (Martin et al.
2004), an improvement ratio of 7% is reported, which is equivalent
to a layout of 0.6 m diameter improvement piles at a center to cen-
ter spacing of 2 m. The partial improvement scheme for deep ex-
cavation projects often uses an improvement ratio of 12.5%, which
is probably the optimal improvement ratio after years of field ex-
periments, and 7% improvement ratio is below the confidence
level of most design engineers even if it is just for the purpose of
liquefaction mitigation. At this stage, it is suggested that an im-
provement ratio of at least 10% be adopted for liquefaction miti-
gation design, merely for peace of mind. Asides from improve-
ment ratio, the clients also argue about the maximum strength of
improvement pile that can be used in the design. Obviously, a high
qu value will lead to a smaller improvement ratio, meaning the
number of improvement piles can be reduced, so as the total cost
of improvement. If a higher g. value is used instead of the often
used 2 MPa, the improvement ratio may be dropped to a low value
of 3% or an unrealistic value of 1%. For a 3% improvement ratio,
the improvement piles are sparsely distributed (0.6 m diameter im-
provement piles 3 m apart). Though a 3% improvement may per-
haps be still effective in mitigating liquefaction, it does exceed the
mentally acceptable ceiling of most design engineers. As a result,
the maximum ¢. should have a ceiling value of only 2 MPa, no

matter what number can actually be achieved in the field or
claimed by the improvement contractor.

Though partial improvement is considered much less expen-
sive than pile foundation to counter the detrimental effect of lig-
uefaction, there is an alternative that may be even more cost effec-
tive. The authors observed in quite a few urban renewal projects
that footings of demolished buildings were often strengthened with
timber piles about 0.1 m (4-inch) in diameter and less than 3 m in
length (Fig. 6). These timber piles were installed at least 5 decades
ago when deep mixing or jet grouting techniques were rarely used.
Another interesting field observation following the 1999 Chi-Chi
earthquake is that the low-rise buildings supported by these short
timber piles showed no signs of liquefaction induced damages.
Once again, these observations were neither well documented or
fully verified by numerical or full-scale model studies, but timber
piles do have the potential of replacing partial improvement piles
as an inexpensive alternative to eliminate liquefaction potential
underneath the footings.

Fig. 6 Timber piles underneath old footings in loose sand

8. CONCLUSIONS

This paper serves as a succinct outline on the use of partial
improvement scheme to minimize liquefaction potential. The es-
sence of this scheme is to increase the shear wave velocity of the
loose ground to exceed a threshold value that the liquefaction po-
tential is a very unlikely event under severe seismic loadings.
Threshold shear wave velocity, if corrected with respect to the ef-
fective overburden pressure, is about 215 m/sec or 230 m/sec. For
typical loose to medium dense sandy materials, the shear wave ve-
locity may have to be increased by 20% to 40% in order to reach
the threshold value.

Three parameters are imperative to the design of partial im-
provement scheme, namely, the improvement ratio, improvement
depth, and unconfined compressive strength of improvement pile.
The authors’ suggestion at this moment is to use an improvement
ratio of at least 10% together with an unconfined compressive
strength of 2 MPa as a basis for liquefaction mitigation design. The
design shear wave velocity as a result may barely exceed the
threshold value, while field measured shear wave velocity of the
improved ground could be a lot higher than the design value, this



is a favorable scenario as the primitive partial improvement
scheme is on the conservative side that guarantees a non-liquefac-
tion situation. Finally, the improvement depth is to cover the layers
with liquefaction potential under seismic loading, but can be ad-
justed based upon engineering judgment of the design engineer.

On-site MASW prospecting is required to ensure that the
shear wave velocity of the improved ground does exceed the
threshold value. In case the measured shear wave velocity fails to
meet the design requirement, additional improvement piles can be
installed to further increase the shear stiffness of the site ground
before the foundation of building is in service.

The partial improvement scheme is conjured up by the au-
thors based upon limited field information. Though its effect is yet
to be thoroughly verified by numerical simulations or laboratory
model tests, partial improvement scheme is nevertheless a cost-
effective plan for liquefaction mitigation. Further refinement on
the design approach as well as related researches on issue like the
use of timber piles are imperative, especially when liquefaction is
now an inevitable design issue that has to be carefully dealt with.

NOTATIONS
A peak ground acceleration
d diameter of improvement pile (m)
Dk reduction factor

E Young’s modulus of soil (MPa)

Eo initial Young’s modulus of soil (MPa)

Eso secant Young’s modulus of soil (MPa)

Ep Young’s modulus of improvement pile (MPa)

Epo initial Young’s modulus of improvement pile (MPa)
Epso secant Young’s modulus of improvement pile (MPa)

E equivalent Young’s modulus of the improved ground
(MPa)

Fr factor of safety against liquefaction

G shear modulus of soil (MPa)

I improvement ratio

N blow counts of standard penetration test

P atmospheric pressure (100 KPa) (MPa)

qu unconfined compressive strength of improvement pile
(MPa)

K center to center spacing of improvement piles (m)

Vs shear wave velocity of soil (m/sec)

Vs equivalent shear wave velocity of the improved ground
(m/sec)

Vii shear wave velocity corrected to the effective overbur-
den pressure (m/sec)

Vil equivalent shear wave velocity corrected to the effec-

tive overburden pressure (m/sec)
V3o average shear wave velocity of the top 30 m (m/sec)
z depth below ground surface (m)
v} Poisson’s ratio
G effective overburden pressure (MPa)
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