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1 INTRODUCTION

1.1 Origin of the studied soil deposit 

Parts of the Western and Southern Taiwan are cov-
ered by a thick deposit of alluvial material. The allu-
vial material originated from the central mountain 
range that lies on the east side of Taiwan in a north-
south direction as shown in Figure 1. The central 
mountain range was created by the collision between 
the Philippine Sea plate and Eurasian plate. The plate 
movements were also responsible for frequent and 
strong earthquakes in this region. Typhoon is another 
form of natural hazards that brought in heavy rain-
falls. Earthquakes weakened the rock formations in 
the central mountain range which were mostly sedi-
mentary and metamorphic in nature. Rainfalls created 
landslides and debris flows, the eroded soil eventually 
deposited and formed the land on the west side of Tai-
wan. The process of transportation by rapidly flowing 
streams ground the fractured rock into sand and silt 
particles before deposition on the west plain, to a 
thickness of several hundred meters. The island of 
Taiwan has one of the highest density of population 
in the world. The continued industrial, agricultural 

and infrastructure developments created constant 
struggles for more land and water resources. 

Because of the above reasons, the author had the 
opportunities to conduct research and consulting ac-
tivities that relate to the characterization of the soil 
deposits in this region. The activities included: 

1. Calibration of cone penetration tests (CPT) for a 
land reclamation project in Mai Liao (see Figure 
1) in the mid-1990’s. The original goal was to 
develop guidelines for the interpretation of CPT 
in M/S soil for quality assurance of field densi-
fication.

2. Dynamic soil property characterization after the 
Chi Chi earthquake in 1999. Cyclic triaxial tests 
were performed on reconstituted and natural 
M/S soils.  

3. The design and construction of various infra-
structure projects that demanded undisturbed 
M/S soil samples be taken with reasonable costs. 

4. Evaluation of the mechanisms of ground subsid-
ence along the west coast of Taiwan. 

5. Development of geotechnical design parameters 
for the Fu Hai offshore wind farm.  
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Figure 1. The central mountain range and west plain of Taiwan 

(from Google)  

The above activities provided the opportunities for 
various aspects of laboratory and field tests to be un-
dertaken that eventually lead to a more comprehen-
sive study on the M/S soils in this region. 

1.2 Physical properties of the silt/sand soils studied 

Mai Liao Sand (MLS) represents a typical alluvial 
soil deposit in Central Western Taiwan (see Figure 1). 
The term Mai Liao Sand is used loosely as most of 
the tests to be reported in the paper involve mixture 
of sand and silt. A few metric tons of MLS was ac-
quired from a land reclamation site. Figure 2 shows 
the typical grain size distribution curves of MLS sam-
ples taken from the land reclamation site. The natural 
soil deposit in the field could have a much wider var-
iation of fines contents. The sand retrieved from the 
reclamation site was washed and sieved through a 
#200 sieve to separate the fines (particles passing the 
#200 sieve) from the sand particles. The specific 
gravity of clean MLS sand particles had an average 
value of 2.69 and the fines had an average specific 
gravity of 2.71. X-ray diffraction analysis of MLS 
showed significant amounts of muscovite and chlo-
rite, in addition to quartz, as indicated in Table 1. The 
sand particles retained on #200 sieve were angular 
and platy as indicated in the scanning electron micro-
scope photograph shown in Figure 3. The grain char-
acteristics are apparently affected by the parental 
rocks which included shale, slate and schist, in addi-
tion to sandstone. The fines passing #200 sieve had a 
liquid limit of 32 and a plasticity index less than 8. 
Figure 4 shows the variation of minimum ( mine ) and 
maximum ( maxe ) void ratios of MLS as the fines con-

tents changed from 0 to 80%.  Details on the deter-
mination of mine  and maxe  are described in Huang 
et al. (2004).    

Table 1 Mineral contents of MLS (Huang et al., 2004)  

Mineral Coarse, % Fines, % 

Quartz 75.4 20.0 

Clinochlore 10.9 29.4 

Muscovite 8.6 48.1 

Feldspar 5.1 2.5 

Figure 2. Grain size distribution of MLS (Huang and Chuang, 
2011) 

Figure 3. Scanning electron microscope photograph of MLS par-
ticles retained on #200 sieve (Huang and Chuang, 2011) 

Affected by its mineral contents, MLS was signifi-
cantly more compressible then typical clean quartz 
sand reported in literature (Huang et al., 1999 and 
2004). Studies on the effects of fines on engineering 
properties of granular soils have included a wide 
spectrum of gradations that span from clean sand, 
silty sand, clayey sand, sandy silt to pure silt. The uni-
fied soil classification of these soils can vary from SP, 
SW-SM, SM, SM-SC to ML, depending on the 
amounts and characteristics of the fines. The term 
silt/sand (M/S) is proposed to serve as an abbreviated 

4



term to describe inclusively, granular soils with a pos-
sibility of some cohesion and wide range of grada-
tions.

Figure 4. Minimum and maximum void ratios versus fines con-
tents (Huang and Chuang, 2011)

2 LABORATORY TESTS ON 
RECONSTITUTED M/S SPECIMENS 

2.1 M/S soil as a binary packing 

There is still a lack of consensus as to what role the 
fines content plays in relation to cyclic strength. Some 
studies showed that the fines content has a stabilizing 
effect, while others indicate no effect, and still others 
claim a destabilizing effect. The available studies 
have mostly been concentrated on laboratory tests us-
ing reconstituted specimens. The reconstituted M/S 
specimens were often made of mixtures of clean 
quartz (e.g., Ottawa) sand with crushed silica, kaolin 
or other types of natural silt. These mixtures of sand 
and fines, or gap graded artificial soils have been 
compared to those of coarse and fine spherical grains 
(Lade et al., 1998), or a binary packing. For M/S soils 
under the same void ratio, and fines content below a 
threshold value, cyclic strength decreases with fines 
content. This trend is reversed when fines content ex-
ceeds the threshold. As the diameter ratio, Dratio of the 
coarse grains over that of the fine grains exceeded ap-
proximately 7, one can expect a bilinear correlation 
between the minimum void ratio (emin) and fines con-
tent. The emin reaches its lowest value as the fines con-
tent approaches 30%, as conceptually described in 
Figure 5.   

Figure 5 implies that as fines content approaches 
30%, the binary packing becomes unstable unless the 
grain mixture is in a denser state (hence lower void 
ratio). Thus the threshold fines content should corre-
spond to that when the packing is at its least stable 
state, provided the M/S soil gradation is close to bi-

nary. Some of the studies on artificial silty sand spec-
imens, mostly of silica in nature, have demonstrated 
that the threshold fines content, generally ranged 
from 25 to 45% (Koester, 1994; Polito, 1999; and Xe-
naki & Athanasopoulos, 2003). The concept of binary 
packing provided a scientific basis to describe the po-
tential trend of M/S soil behaviors and their relation-
ship with fines contents.  

The distinct element method (DEM) simulations 
reported by Ng et al. (2016) showed that the trough of 
the e-fines content relationship became less obvious 
as the Dratio decreased to 5. For MLS, with its Dratio

slightly larger than 3, the existence of a threshold 
fines content was even less obvious as shown in Fig-
ure 5.   

Figure 5. Effects of fines on void ratios (after Ng et al., 2016) 

Based on the binary packing model, a series of void 
ratio indices that relate the active grain contacts (i.e., 
the soil skeleton) to fines contents have been pro-
posed and evolved in the past (Thevanayagam et al., 
2002). The intergranular contact index void ratio, e* 
(Thevanayagam, 2000) or simply the equivalent gran-
ular void ratio defined as: �∗ � ������������������              (1) 

where
e = void ratio 
b = parameter reflects fraction of fines participating 
in the force structure of the solid skeleton  
FC = fines content in decimal 

The value of b ranges from 0 to 1. A higher b cor-

responds to an increase of contribution of fines in the 

force structure of the soil skeleton. The value of b is 

believed to be mostly related to grain size ratio (χ)

between the lower 10% fractile of the coarse (D10)

and medium size (d50) of fine particles (i.e., χ ���� ���� ), and fines content of the M/S soil. The value 
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of b can be determined empirically or semi-empiri-

cally (Rahman et al., 2008). 
Rahman et al. (2008) reported that for certain M/S 

soils, a series of void ratio (e) based critical state lines 
that correspond to various fines contents can be col-
lapsed into one by replacing e with e*. This unified 
e* based critical state line should be close to or the 
same as that of zero fines content where e* = e.  

2.2 Element tests on reconstituted MLS specimens 

A series of isotropically consolidated undrained mon-

otonic and cyclic triaxial tests on reconstituted MLS 

specimens have been conducted by the author. The 

monotonic triaxial tests were performed on speci-

mens prepared by moist tamping (MT) method. The 

MT method can be used to create specimens with a 

wide range of initial densities. This series of isotrop-

ically consolidated, undrained monotonic axial com-

pression tests (CIU) provided data to establish the 

critical state loci and hence the critical state lines.  

Figure 6 depicts selected isotropic consolidation 

curves from this series of CIU tests. The initial void 

ratio (��) marked in Figure 6 represents the void ratio 

when the specimen was prepared, prior to saturation 

and consolidation. The void ratios (e) included in Fig-

ure 6 are back calculated, based on the post-consoli-

dation void ratios determined from the water content 

of the specimen, after the test was completed. Details 

of obtaining post-consolidation void ratio for triaxial 

specimens are given in Huang et al. (2004).  
The ���� and ���� are marked on the figure. In 

general, the compressibility increased with fines con-
tent and ��, and decreased as the specimen became 
denser. The void ratio after applying the initial con-
solidation stress 10 kPa could be significantly less 
than ��. When the fines contents reached 50%, the 
application of initial confining stress and the satura-
tion process caused enough compression that the con-
solidation curves were almost indistinguishable 
among specimens with different �� values. It is thus 
imperative that the post-consolidation void ratio be 
used in presenting M/S data that involve density 
states. 

For the monotonic shearing tests performed, the 
critical state friction angle (∅����� � ranged from 30.2o

to 30.9o regardless of the fines content, indicating that 
the coarse and fine MLS particles had similar grain to 
grain frictional behavior. 

Figure 6. Isotropic consolidation curves of MLS with various 

fines contents (after Huang et al., 2004). 

Figure 7 shows the void ratio, e based critical state 

loci that correspond to fines contents of 0, 15 and 

30%. The critical state loci for each of the three types 

of fines contents were more or less parallel to each 

other but moved downward as the fines content in-

creased. Similar phenomenon has also been reported 

by Kikumoto et al. (2009). No meaningful critical 

state line could be obtained from the monotonic triax-

ial tests for FC�50%, therefore it is not reported in 

Figure 7. 

Figure 7. The e based and e* based critical state loci under dif-
ferent fines contents (Huang & Chuang, 2011) 

 Soil element tests also included cyclic triaxial tests 
where the specimen was consolidated under an iso-
tropic effective confining stress ��  and then sub-
jected to a cyclic deviator stress, �� in axial direc-
tion. Three to five cyclic triaxial tests were performed 
with various amplitude of ������ . The cyclic re-
sistance ratio (CRR) is used to represent the cyclic 
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strength. CRR is defined as the ������  that pro-
duced an axial strain of 5% in double amplitude in 20 
cycles of uniform load application. For cyclic triaxial 
tests, the specimens were made by water sedimenta-
tion (WS) and dry deposition (DD), in addition to MT 
method. The additional specimen preparation meth-
ods were chosen to evaluate the effects of soil fabric. 
Readers are referred to Huang et al. (2004) and Huang 
& Chuang (2011) for details of the specimen prepara-
tion and triaxial test procedures for this series of la-
boratory tests. It should be noted that as fines contents 
exceed 15%, the above described axial strain of 5% 
in double amplitude does not necessarily correspond 
to soil flow failure (i.e., the effective confining stress 
becomes zero as the applied �� is completely offset 
by the cyclic stress induced pore pressure). In other 
words, the soil specimen was softened under the cy-
clic loading conditions but the applied ��  was not 
completely offset by the developed pore pressure.  

The e-CRR and e*-CRR correlations for specimens 

prepared by WS method are presented in Figures 8. 

Due to high compressibility of the fines, post consol-

idation void ratio higher than 0.75 would be exces-

sively loose and very difficult to make for specimens 

with FC larger than 15%. On the other hand, speci-

mens with FC less than 15% are significantly less 

compressible, a void ratio less than 0.75 would be ra-

ther dense. Because of these reasons, only a narrow 

window of common void ratios can be found in Fig-

ure 8 where comparison of the cyclic strength with 

different fines contents can be made. The results in-

cluded in Figure 8 show that, for void ratios around 

0.75, CRR decreases with FC. Similar trend was also 

noticed for MLS specimens prepared by other meth-

ods (i.e., MT and DD methods) and when FC ex-

tended beyond 50%.  

Figure 8. Correlating CRR with e and e* (Huang & Chuang, 

2011) 

For specimens with the same FC, lower void ratio 
corresponds to a denser state and hence higher CRR. 
However, there are apparently separate e-CRR corre-

lations for different fines contents as indicated in Fig-
ure 8. An important value of the equivalent void ratio 
would be to achieve a single and unified e*-CRR cor-
relation. For MLS, the ratio of D10 (= 0.08mm) over
d50 (= 0.044mm) (χ) was 1.82. Huang & Chuang 
(2011) used a trial and error procedure to optimize the 
b parameter of Equation (1). For a b parameter of ap-
proximately 0.6, a unified and consistent e*-CRR cor-
relation can be obtained for the three types of fines 
contents as shown in Figure 8. Note that for FC = 0%, 
e=e*. It is interesting to note that the e* based critical 
state loci also tend to collapse into a single correlation 
close to that of zero fines content where e* = e as 
shown in Figure 7. For the set of data in Figure 7, the 
e* was calculated using the same b parameter deter-
mined earlier. 
 Figure 9 shows a plot of CRR versus state parameter 
(Ψ� for MLS with FC = 0, 15 and 30% reported by 
Huang & Chuang (2011). The state parameter is de-
fined as the difference between the current void ratio 
(e) and that on the critical state line for a given effec-
tive mean normal stress (��). It reflects the dilatancy 
of a given soil that considers the effects of density and 
confining stress. The results depicted in Figure 9 have 
similar trend but with a much more scattered Ψ���� correlation when compared to those reported by 
Jefferies and Been (2006) for clean quartz sands 
where CRR increases as Ψ  becomes increasingly 
negative.  

Figure 9. Correlation between cyclic strength and state parame-

ter  for MLS test data (Huang & Chuang, 2011) 

The state parameters of MLS extend into the posi-
tive side (Ψ>0) much more so than those reported by 
Jefferies and Been (2006). This is a reflection of the 
compressive nature of MLS grains and more contrac-
tive behavior during shear. For specimens with the 
same state parameter, the cyclic resistance ratio 
(CRR) of MT specimens are the highest and those of 
DD specimens are the lowest. This is consistent with 
the earlier findings reported by Huang et al. (2004) 
which indicated that for specimens with the same 
void ratio, CRR from MT specimens are the highest 
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and those from DD specimens are the lowest. For data 
of the same specimen preparation group, those with 
high fines contents are clustered further towards the 
positive side of the state parameter axis and lower 
CRR values. This is again a reflection of the higher 
compressibility associated with M/S mixtures with 
higher fines contents.  

To use the state parameter derived from void ratio, 
e would require a separate critical state line for the 
M/S mixtures with different fines contents. For the 
tests on MLS reported herein, only three types of 
fines contents are involved. For natural M/S soils, 
there can be numerous possibilities of fines contents. 
Thus, it is conceivable that an impractically large 
number of laboratory tests are required to provide the 
series of critical state lines that correspond to all given 
fines contents unless a fines content based interpola-
tion scheme can be effectively used to determine 
these critical state lines. This drawback may be re-
duced or minimized by invoking the equivalent gran-
ular void ratio e* in the determination of critical state 
line. Figure 7 shows the void ratio, e based critical 
state loci that correspond to each of the three types of 
fines contents along with those computed based on 
e*. The state parameter determined based on e* of the 
soil specimen and the unified e*-�� critical state line 
is referred to as the equivalent granular state parame-
ter (*). A plot of * versus CRR for specimens pre-
pared by the three methods are shown in Figure 10. 
Similar trend between CRR and * as those observed 
in Figure 9 can be found in Figure 10. The CRR-*
data show much improved R2 values in fitting with 
the corresponding exponential curves. Apparently, 
the determination of * based on e* and a single, uni-
fied e*-�� critical state line is much less noisy than 
deriving  using e and separate e-��  critical state 
lines for each type of fines content.

Many important lessons can be learned from the se-
ries of soil element tests on reconstituted MLS speci-
mens, these include: 
 For M/S soils, the density state should be refer-

enced in terms of void ratio, rather than relative 
density as the relative density can often exceed 
100%.

 The post consolidation void ratio, or the void ra-
tio just prior to the shearing test should be used 
to represent the density state of the specimen. 

 The method of reconstituting the specimen does 
affect the shear strength measurements. For a 
given state parameter, the moist tamping (MT) 
method seemed to yield the highest CRR while 
dry deposition (DD) method provides the lowest 
CRR. It is conceivable however, that this se-
quence may vary for soils with different origin. 

 The use of e* and * can help in streamlining 
the critical state lines and correlations among e*, 
* and cyclic strength. 

Figure 10. Correlation between cyclic strength and equivalent 

granular state parameter Ψ∗ for MLS test data (Huang & 

Chuang, 2011)

2.3 CPT calibration tests in MLS 

An advantage of calibration chamber tests is that uni-
form, repeatable soil specimens can be created under 
known density and stress states. Figure 11 shows a 
schematic view of the calibration chamber used to 
calibrate CPT in MLS. It was designed for 525 mm 
diameter and 760 - 815 mm high specimens. The rel-
atively small chamber size was utilized for ease of 
specimen saturation, back-pressuring and handling. 
The chamber was designed to provide constant stress 
lateral boundary conditions only. The piston at the 
bottom of the specimen controlled vertical stress. The 
main interest in performing CPT calibration tests in 
M/S soils such as MLS is to evaluate the effects of 
soil compressibility and partial drainage on test re-
sults. 

A series of CPT was performed in MLS using the 
calibration chamber system shown in Figure 11. The 
chamber specimens were prepared by dry deposition 
(DD) method. A comparison of cone tip resistance 
with pore pressure effect correction (��) from CPT 
performed in dry and saturated specimens with fines 
contents of 15, 30 and 50% are presented in Figure 
12. Other than saturation, the test pairs had the same 
density and stress conditions. When FC = 15%, the �� in dry and saturated specimens agreed within 6%, 
after reaching a penetration depth of 300 mm. We can 
conclude that CPT performed in MLS with fines con-
tents less than 15% may be considered a drained test. 
When FC   30%, �� in a dry specimen could be 
more than twice the value as in a saturated specimen. 
It is apparent that as fines content exceeded 30%, the 
CPT could no longer be considered a drained test.   
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Figure 11. Schematic view of the calibration chamber 

Figure 12. CPT in dry and saturated MLS with different fines 
contents 

Where the CPT in saturated specimens was inter-
rupted for excess pore pressure dissipation, the time 
required to dissipate 50% of the excess pore pressure 
measured at u2 position, or ��� changed from a few 
seconds to a few minutes as the fines contents in-
creased from 15 to 50%. As depicted in Figure 12, 
immediately upon resumption of cone penetration, 
there was a sudden increase of �� in saturated spec-
imens with FC = 30 and 50%. For CPT under partially 
drained conditions, the penetration induced pore pres-
sure was significant enough to lower the �� values.  
The pore pressure dissipation after interruption of the 
cone penetration densified the surrounding soil.  
Within a short period when the cone penetration re-
sumed, the induced pore pressure was not fully devel-
oped and that caused an increase of �� above those 
prior to the interruption. McNeilan & Bugno (1984) 
reported similar experience of CPT in offshore Cali-
fornia silts. The increases in �� and sleeve friction, 

��	were referred to as setups by McNeilan & Bugno 
(1984). The setup generally diminished with further 
penetration.   

The effects of compressibility on drained CPT in 
MLS can best be demonstrated when compared with 
the general trend of cone tip resistance, �� – relative 
density, ��  correlations in normally consolidated 
clean quartz sands with different compressibility as 
shown in Figure 13. The MLS data points clustered 
around the correlations for high compressibility clean 
quartz sand. For CPT in overconsolidated MLS with 
FC=15%, some of the data had relative densities ex-
ceeding 100%. As explained earlier, the high relative 
density was due to high compressibility of MLS with 
FC=15% and therefore significant void ratio reduc-
tion after application of the confining stress.   

Figure 13. Comparison of normalized �� with those in nor-
mally consolidated clean quartz sands (after Mayne, 2006) 

Figure 14 shows a comparison of cone tip resistance 
in MLS with FC ranged from 0 to 50% and those in 
clean quartz sands (i.e., Ticino and Da Nang sands) 
as well as a calcareous (Quiou) sand. The MLS spec-
imens were saturated when FC = 30 and 50%. There-
fore, Figure 14 enables the combined effects of soil 
compressibility and partial drainage be evaluated by 
comparing with the test results of those in clean 
quartz sand and crushable sand. The comparison 
shows that under similar void ratio, the cone tip re-
sistance in MLS with FC = 30 and 50% can be signif-
icantly lower than those in Ticino and Da Nang sands. 
Although with generally lower void ratio, the cone tip 
resistances in MLS with FC = 0 and 15% (drained 
CPT) are comparable with those in crushable Quiou 
sand.
 In general �� in MLS is significantly more stress 
dependent than density dependent. Because of this 
reason, the normalized cone tip resistance has a rather 
poor correlation with the state parameter. 
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Figure 14. Comparison of normalized �� with other sands  

2.4 Specimen preparation by mist pluviation 

Kuerbis & Vaid (1988) stated that an ideal specimen 
reconstitution technique for cohesionless soils must 
be able to (1) produce all density ranges of the in situ 
deposits, (2) have a uniform packing throughout, (3) 
be saturated for undrained tests, (4) prevent particle 
segregation, and (5) simulate the deposition process. 
Studies (e.g., Høeg et al., 2000) have suggested that 
the water sedimentation (WS) method is the most 
promising in reproducing the soil fabric of a natural 
silty sand deposit but particle segregation must be 
avoided. In the water sedimentation method, dry soil 
particles are pluviated into deaired water. The WS 
simulates the process of alluvial deposition, or that of 
hydraulic fills. To minimize particle segregation, the 
WS soil specimens are usually prepared in thin layers 
and the process can be time consuming. To adopt any 
of the three specimen reconstitution techniques (i.e., 
MT, DD and WS) described above for preparation of 
calibration chamber specimens would be time con-
suming and prone to create non-uniformity. 

Huang et al. (2015) developed a mist pluviation 
method that can be used to reconstitute silty sand 
specimens for soil element as well as calibration 
chamber (or physical modeling) tests. The mist pluvi-
ation (MP) method retains parts of the WS processes, 
but with an addition of a mist zone that mixes soil 
particles with water droplets while falling through air. 
The mist pluviation method is named after the process 
of soil placement and the medium in which the soil 
falls through. A schematic diagram of this approach 
is shown in Figure 15. 

To initiate specimen preparation, dry soil in the 
storage compartment is continuously released by 
gravity. The soil particles are dropped into a cloud of 
water droplets (with rated diameter of 130 m, about 
the same as the mean diameter of MLS sand grains) 
or mist zone generated by a series of water spray noz-
zles. Soil particles with different sizes and water 
droplets mixed into aggregates with similar diameters 
in the mist zone, before falling to the thin water film 
on the surface of the deposited soils. Adjustment can 

be made to change the size of water droplets and dry 
soil drop rates. Segregation is minimized because the 
similar diameters of the soil/water aggregates. To cre-
ate a uniform deposition, a steady rate of dry soil dis-
charge is required. The soil specimen is extremely 
loose immediately after pluviation. Consolidation is 
required to reach a higher density. 

Figure 15. Laboratory setup for mist pluviation  

Figure 16 shows the isotropically consolidated un-
drained compression (CIU) test results of MLS spec-
imens with two different FC’s prepared by MP and 
MT methods under an effective consolidation 
stress	��� of 100 kPa. The results reveal that the MP 
specimens clearly showed a more dilatant and strain-
hardening behavior in comparison with those of MT 
specimens. The homogeneity of MP specimens with 
regard to void ratio (or w) and FC was evaluated with 
measurements of the layering slices and annular por-
tions for each layer. The results show that both verti-
cal and lateral variations of FC or w were small and 
randomly distributed, indicating that the MP method 
can produce homogeneous specimens, regardless of 
the FC and particle gradations (Huang et al., 2015).  

3 FIELD SAMPLING AND LAB TESTS  

Taking undisturbed or high quality samples in low co-
hesion soils has always been a difficult task. The 
available reports on the undisturbed sampling in clean 
sand below ground water table have mostly been lim-
ited to the ground freezing method. By freezing the 
ground water, the sand particles and their matrix were 
fixed in the frozen ground. The sand samples were 
taken by coring and remained frozen until laboratory 
shearing test. Experience has indicated that the cyclic 
strength of undisturbed specimens taken by ground 
freezing method can be significantly higher than that 
of reconstituted specimens with similar densities 
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(Ishihara, 1993). The process of ground freezing how-
ever, is time consuming and prohibitively expensive. 
Høeg et al. (2000) had limited success in their attempt 
to obtain natural silt samples at 3m below ground sur-
face using a 50 mm inside diameter Swedish Ge-
otechnical Institute piston sampler under ambient 
temperature, in the capillary zone right above the 
ground water table. The vibration during transporta-
tion and specimen extrusion from the sampling tube 
can cause disturbance to the silty soil samples as in-
dicated by Høeg et al. (2000). Konrad et al. (1995) 
reported their success in obtaining undisturbed sand 
samples using Laval sampler, from below the ground 
water table without freezing. A 200mm diameter and 
500mm high sample can be obtained with the Laval 
sampler. In order to prevent soil structure damage 
during transportation for low cohesion sand, Konrad 
et al. (1995) developed a method to freeze the Laval 
sample above ground. 

Figure 16. Comparison of monotonic undrained response be-

tween MP and MT methods (Huang et al., 2015) 

Huang & Huang (2007) reported the use of Laval 
sampler to take undisturbed samples in M/S soil at a 
test site in Yuan Lin (see Figure 1) in Central Taiwan. 
The Laval sampler as schematically described in Fig-
ure 17 was developed at Laval University (La Ro-
chelle et al., 1981), originally for taking high quality 
samples in sensitive clay. The boreholes were ex-
tended by a 330 mm diameter fishtail device using a 
mixture of bentonite and barite as the drill mud. To 
take a sample, the drill rig pushes the sampling tube 
into the bottom of the borehole while rotating the 
overcoring tube. The steel teeth and cutters were lo-
cated at 20mm behind the bottom of the sampling 
tube. During penetration, the head valve was kept 
open to allow drill mud circulation and thus removal 
of soil cuttings.   
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Figure 17. Schematic view of the Laval sampler (after La Ro-
chelle et al., 1981) 

Samples taken from soil layers expected to have me-
dium or high fines contents (FC close or exceeds 
50%) were extruded on site, cut into 120 to 180mm 
long segments and placed on a pre-waxed wooden 
board. The sealed samples were kept in a moisturized 
container during transportation and laboratory stor-
age. Samples taken from soil layers expected to have 
low fines contents (FC < 50%) remained in the sam-
pling tube and kept vertical until it was completely 
frozen above ground. A procedure referred to as the 
unidirectional freezing reported by Konrad et al. 
(1995) was followed to solidify the sample without 
causing volume change. The soil along with the sam-
pling tube was placed in a Styrofoam lined wooden 
box and gradually frozen from top of the sample by 
dry ice at -80oC. A backpressure equal to the water 
head within the sample was applied by means of a ny-
lon tubing connected to the bottom of the sample to 
ensure that no water can drain under gravity. The bot-
tom drainage and backpressure assured pore water 
drainage only due to water volume expansion during 
freezing. The amount of expelled water and tempera-
ture at the bottom of the soil sample were monitored 
as the freezing progressed. The freezing process took 
15 to 24 hours, upon which the temperature at the bot-
tom reached below 0oC. Figure 18 depicts a record of 
time versus expelled water volume and temperature 
measured at the bottom of soil sample with FC = 18%.  
The frozen samples were stored in a freezer during 
shipping and laboratory storage until the time of 
shearing test. 
 Four, 70 mm diameter specimens could be cored 
from a 170mm long section of Laval sample therefore 
assuring all four specimens came from the same depth 
in ground; a rather desirable feature for cyclic triaxial 
tests. The specimen was kept frozen during this prep-
aration stage. Thawing took place after the specimen 
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was seated in the triaxial cell following a slow thaw-
ing procedure reported by Hofmann (1997) under a 
confining stress of 20 kPa and a cell water tempera-
ture of 5oC. The amount of water absorbed by the 
specimen and the change of specimen height were 
monitored during the thawing process. 

Figure 18. Water volume expelled and temperature variation 

with time (Huang et al., 2009) 

Figure 19 shows a comparison of shear wave velocity, 

Vs taken from the cyclic triaxial test specimens and 

those from different field measurements, normalized 

with respect to v   or Vs1. Vs1 is computed as de-

scribed by Andrus & Stokoe (2000) where ��� � ������� ���� �� ��            (2) 

where ���� is the reference atmospheric pressure of 
100 kPa. The field shear wave velocity measurements 
included P-S logging and seismic piezo-cone penetra-
tion tests (SCPTU). The depths of the ��� from La-
val samples (LS) are in reference to those where the 
samples were taken. For laboratory measurements us-
ing bender elements, ��=��� as the specimens were 
under an effective confining stress ( c  ) of 100 kPa, 
which is also isotropic ( c = v  ). Although there were 
some scattering among the field measurements, the 
laboratory ���values are comparable to those of field 
measurements. The discrepancies of ��� values from 
different sources may well be due to differences in 
shearing modes and applied lateral stress for the case 
of bender element tests. 

The gel-push sampler developed in Japan (Tani & 
Kaneko, 2006; Lee et al., 2006) as schematically 
shown in Figure 20 is a modified version from a 
75mm Osterberg piston sampler (also known as a Jap-
anese sampler). Sand sample was taken by pushing 
the gel-push sampler as typically done for piston sam-
pling in clays. Because of the high frictional re-
sistance in granular soils, it is usually difficult to re-
trieve sand sample by pushing. The gel-push sampler 

injects a water soluble polymeric lubricant (the gel) 
from the sampler shoe to facilitate push sampling. A 
shutter located at the tip of the sampler remained open 
during pushing. A slight reverse motion by injecting 
water into the gel chamber triggers the closure of the 
shutter before the sample is retrieved. The closed 
shutter prevents the sample from falling during with-
drawal. Upon withdrawal of the sampling tube above 
ground, the ends of the tube were sealed with 
Styrofoam plugs. No freezing was conducted for the 
samples. The sampling tubes were stored in a well 
cushioned container for transportation. An accel-
erometer was attached to the sampling tube where the 
acceleration readings were continuously recorded 
during shipping. 
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Figure 19. Comparison of laboratory and field Vs1 measurements 
in YLS. 

Pushing            Withdrawal 

Figure 20. Schematic views of the gel-push sampler (after Lee 
et al., 2006). 

The soil sample extruded out of the gel-push sampler 
was trimmed to a diameter of 70mm to fit the triaxial 
testing device and remove a shell of soil that was im-
pregnated by the gel during field sampling. The 
trimmed soil specimen was inserted directly into a 
rubber membrane lined sample holder. A layer of 
sponge was placed between the rubber membrane and 
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the metal split mold. The sponge was compressed in-
itially by the application of vacuum to give room for 
insertion of the soil specimen. Upon release of vac-
uum, the sponge expansion provides a confining 
stress on the granular soil specimen until the speci-
men is seated in the triaxial cell and vacuum resumed 
through the drainage lines. By maintaining the con-
fining stress the sample holder minimizes the chance 
of disturbance during triaxial test set up. 

Figure 21 shows the comparison between the Vs

measurements taken in the gel push specimens in a 

triaxial cell using bender elements and those from the 

field seismic cone penetration tests (SCPTU). The 

specimens were then used for cyclic triaxial tests 

(CTX) or Ko consolidation undrained, axial compres-

sion (CKoU-AC) triaxial tests. All triaxial specimens 

were consolidated to ’v comparable to the in situ 

overburden stress prior to shearing. For the most part, 

the laboratory Vs falls within or close to the range of 

those from SCPTU at comparable depths.  
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Figure 21. Comparison of Vs between the bender element and 

SCPTU measurements (Huang et al., 2008).

4 CORRELATING CRR WITH �� AND ��
Due to the cost and difficulties involved in undis-
turbed sampling in cohesionless soils, the cyclic re-
sistance ratio (CRR) required for liquefaction poten-
tial assessment has been inferred from empirical 
correlations between CRR and field test results under 
the framework of simplified procedure (Youd et al., 
2001). The simplified procedure using CPT has been 
based on ��  normalized to an effective vertical 
stress, ���  as follows: ���� � ��� ����� ������ ���� ��        (3) 

where���� = atmospheric pressure of 100 kPa 

n     = exponent that varies with soil type 

The exponent n = 1.0 in the case of clayey soils (soil 
behavior type index, Ic > 2.60), n = 0.5 for clean sands 

(Ic = 1.64), and intermediate values of n apply for 
mixtures of sand and silt. Some iteration may be re-
quired for the selection of n and computation of Ic. In 
any case, � � �. Readers are referred to Robertson 
(2009) for details on the determination of Ic and n. 

The CRR-����  correlations have generally been 
established empirically according to field observa-
tions. Although different in magnitude and/or format, 
most available CRR-���� correlations for sands that 
contain fines suggest that a given CRR should corre-
spond to a lower ����  as fines content increases 
(e.g., Stark & Olson, 1995; Robertson & Wride, 
1998). Thus, an adjustment of ����  is required 
when CPT is used for liquefaction potential assess-
ment in silty sand under the simplified procedure. De-
spite of the significant impact of fines content adjust-
ment on the outcome of liquefaction potential 
assessment, little explanation has been offered to jus-
tify such adjustment (Ishihara, 1993; Youd et al., 
2001).   

By comparing the CRR and ���� from CPT cali-
bration tests in reconstituted specimens with compa-
rable fines contents, density and stress states, it was 
possible to verify the CRR-���� correlation by direct 
comparisons for MLS as shown in Figure 22. The 
CRR values were determined based on cyclic strength 
obtained from a series of cyclic triaxial tests. The in-
ference of CRR under anisotropic stress conditions 
from isotropically consolidated cyclic triaxial tests 
(CRRCTX) followed the procedure by Ishihara (1996) 
as,��� � ������ �����              (4) 

Where K = ratio of effective horizontal stress, σ′�
over effective vertical stress, σ′�

All laboratory cyclic triaxial and CPT calibration 

tests involving MLS used well mixed homogeneous 

specimens. The results as shown in Figure 22 indicate 

that the fines content adjustment becomes significant 

only when the fines start affecting the drainage con-

ditions in CPT and thus result in a group of data points 

with distinctly lower ����. The laboratory study in 

MLS seems to suggest that a more effective ����
adjustment scheme should be based on CPT drainage 

conditions rather than fines content. Cyclic shearing 

is always undrained regardless of fines contents.  

CPT can be drained or partially drained depending on 

the soil conditions. It is understandable that some ad-

justment is applied before entering the CRR-����
correlation when CPT changes from drained to par-

tially drained. However, the adjustment should be re-

lated to drainage conditions in CPT and not directly 

to fines contents.  

13



Figure 22. Laboratory and field calibrations of CRR-����
correlations. 

Considering the importance of drainage during cone 
penetration in an M/S deposit, attempts were made in 
the field tests to ascertain the drainage conditions as-
sociated with CPTU. A series of CPTU using a stand-
ard cone (cone cross sectional area=10cm2) penetrat-
ing at 20mm/sec (the standard CPTU), a large cone 
(cone cross sectional area=15cm2) penetrating at 
20mm/sec (the large CPTU), and a standard cone pen-
etrating at 1mm/sec (the slow CPTU) were conducted 
at the Yuan Lin test site. The pore pressure element 
was located immediately behind the cone face, at the 
u2 position. Profiles of fines contents according to 
SPT specimens, CTPU results that include friction ra-
tio, Rf (=fs/�� x100%) from tests at Yuan Lin site are 
shown in Figure 23. The results indicated no signifi-
cant differences in �� among three types of CPTU, 
considering drastic differences in cone size and/or 
penetration rate. Because of the time consuming na-
ture, slow CPTU was conducted only in depth levels 
where Laval samples were taken. The u2 values from 
large CPTU were mostly identical to those from the 
standard CPTU. The u2 in slow CPTU matched well 
with the hydrostatic pressure uo, indicating that 
1mm/sec was slow enough to allow the penetration 
induced pore pressure to fully dissipate and reach 
equilibrium in most part with the surrounding hydro-
static pressure. The Rf values from slow CPTU were 
consistently higher than those of standard and large 
CPTU. No consistent correlation between the in-
crease in Rf and soil fines contents could be identified. 
During CPTU, the soil element ahead of the cone tip 
experiences an increase in mean normal stress as the 
cone tip approaches. This increased stress is released 
as the soil element passes the base of the cone face 
and thus a reduction in lateral stress against the fric-
tion sleeve immediately behind the cone tip. In a slow 
CPTU, more time is allowed for the soil element to 
creep towards the friction sleeve and develop higher 
lateral stress against the friction sleeve and thus 
higher fs. This creeping is believed to be the main 
cause of the increase in fs or Rf when cone penetration 

rate was reduced from 20 to 1 mm/sec as the change 
in penetration rate did not have significant effects on ��.   

Figure 23. CPTU profiles from Yuan Lin site (after Huang, 

2009). 

Profiles of fines contents according to gel-push sam-
ples and results from standard and slow CPTU per-
formed at a Kao Hsiung test site (see Figure 1) are 
shown in Figure 24. The slow CPTU was conducted 
from 9.8 to 25m, the same depth range where gel-
push samples were taken at Kao Hsiung site. The re-
sults in terms of ��, u2 and Rf and their relationship 
with penetration rates are very similar to those from 
Yuan Lin site. No significant differences in �� and
u2 were noticed from CPTU with a 20 times differ-
ence in penetration rate.  

At Yuan Lin site, the standard CPTU was coupled 
with pore pressure dissipation tests from 3.5 to 12.5m, 
at 1m intervals. The same was included in the stand-
ard CPTU at Kao Hsiung site from 9.8 to 20.8m. In a 
pore pressure dissipation test, the cone penetration 
was suspended while u2 was continuously recorded 
until it reached equilibrium with uo. Figures 25 and 
26 compare parts of the ��, fs profiles obtained from 
the field CPTU at two test sites and those from CPTU 
in reconstituted MLS specimens in a calibration 
chamber. The field data are the enlarged segments of 
the corresponding profiles included in Figures 23 and 
24. This enlargement allows the change in �� and fs

and its relationship with pore pressure dissipation 
tests to be visualized. The MLS specimens with fines 
contents at 30 and 50% were prepared by MT method 
where the sand and fines were fully mixed. The MLS 
specimen was saturated under a back pressure of 300 
kPa during CPTU calibration test. A pore pressure 
dissipation test was conducted in MLS at 0.3-0.4m 
depth in the calibration chamber. For CPTU in MLS, 
there were distinct setups as referred to by McNeilan 
and Bugno (1984) or significant increase in �� and 
fs immediately following the pore pressure dissipation 
test or the start of the subsequent push. For the field 
CPTU where the fines contents could exceed 50%, 
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the pore pressure dissipation tests were basically evi-
denced by a sharp decrease (due to suspension of the 
cone penetration) and regain of �� and fs values as 
penetration resumed, without significant setups. 

Figure 24. CPTU profiles from Kao Hsiung site (after Huang, 

2009). 

Figure 25. Setup in ��  following pore pressure dissipation  

(Huang et al., 2009) 

Figure 26. Setup in fs following pore pressure dissipation  

(Huang et al., 2009)  

Figure 27 compares the t50 values among the field and 
laboratory CPTU and their relationships with fines 
contents. The t50 was defined as the time required for 
u2 to change from its initial value immediately upon 
penetration suspension to gain 50% of its full range 

of variation until a plateau in u2 was reached. For la-
boratory CPTU in MLS, t50 increased significantly as 
fines content changed from 0 to 50%.  No clear trend 
between t50 and fines contents could be identified 
from field tests, even where the fines contents reached 
as high as 89%.   

Figure 27. t50 versus fines contents (Huang et al., 2009) 

The laboratory CPTU in MLS presented above indi-
cated that at fines contents above 30%, CPTU be-
haved as a partially drained test. The effects of partial 
drainage were demonstrated by the presence of sig-
nificant setups following a pore pressure dissipation 
test and clear trend between fines contents and t50 as 
shown in Figure 27. The field CPTU at both test sites 
were close to drained conditions even when the over-
all fines contents reached as high as 100%. The dras-
tic differences in the effects of fines contents on t50

between CPTU in laboratory prepared, well mixed 
silty sand and natural silt/sand in the field are likely 
due to the heterogeneity existed in natural soil. It is 
believed that the presence of closely spaced free 
draining sand layers made the field CPTU behave as 
a drained test in a silty soil mass, thus resulted in low 
t50 even when the overall fines contents were high. 

Cyclic triaxial tests using specimens from Laval 
samples from Yuan Lin site (YLS) were conducted to 
determine their CRR. Similarly, CRR values were 
measured using the gel push samples from Kao 
Hsiung site (KHS). The CRR from the natural soil 
specimens were then compared with field CPTU data 
to establish their CRR-���� correlations. A K value 
of 0.5 was used to infer the field CRR values. At 
much wider range of fines contents, the lateral spread 
of CRR-���� data points based on tests in YLS and 
KHS shown in Figure 22 was less than those sug-
gested by the available CRR-���� correlations.  

Using bender elements, the Vs can be measured on 
the same soil specimen of cyclic shearing test. The 
CRR-Vs1 correlation can thus be conveniently cali-
brated completely based on laboratory tests (Huang et 
al., 2004 and Baxter et al., 2008). Figure 28 shows 
CRR-Vs1 data points from reconstituted MLS speci-
mens and Laval samples of YLS. A K value of 0.5 
was used to infer the field CRR values from cyclic 

15



triaxial tests as previously described. Again, there 
was no evidence of separate CRR-Vs1 correlations 
due to differences in fines contents as suggested by 
Andrus & Stokoe (2000). It should be noted that 
drainage should have no effects on small strain shear 
wave velocity measurement. 

Figure 28. The CRR-��� correlations. 

5 SUBSIDENCE DUE TO REPEATED 
COMPRESSION   

Ground subsidence from excessive groundwater 
pumping has been a serious problem in many parts of 
the world. In the alluvial fan of Central Western Tai-
wan, the ground subsidence has reached as much as 2 
m in the past few decades. The ground subsidence 
threatens the operation of the high speed rail, induces 
prolonged flooding, and causes sea water intrusion in 
the region. As described earlier, the compressible 
M/S soils are the predominant deposit in this region. 
Based on field monitoring, Hung et al. (2012) re-
ported that the major compression was observed in 
the soil or aquifer layer at depths from 52 to 153 m, 
where the accumulated compression of 63.4 cm oc-
curred from 1990 to 2010. This compression corre-
sponds to an average vertical strain of approximately 
0.6%. Figure 29 shows the soil compression from 
multi-point borehole extensometer readings and 
ground water level fluctuations according to an open 
end piezometer installed at a depth of 150m. The 
ground water level albeit fluctuated on a short term 
basis, had actually risen by approximately 10 m in 
that period of 20 years shown in Figure 29. The fluc-
tuation was believed to be caused by tidal variations 
and ground water pumping for irrigation and indus-
trial purposes which were temporal and repeated 
mostly on a daily basis. The ground water pumping 
was not excessive enough to permanently lower the 
ground water table. 

Figure 29. History of soil compression and ground water level 

variations (Chang et al., 2016) 

The M/S soil layer or aquifer within the depth range 
shown in Figure 29 consisted mostly of fine to coarse 
sand with occasional layers of gravel with practically 
no clays. The change in effective stress associated 
with the ground water level fluctuation was not suffi-
cient to cause the measured soil compression consid-
ering the typical compressibility of granular soils in 
this region, if the compression was solely induced by 
static soil consolidation. Thus, the conventional 
thinking of ground subsidence associated with soft 
soil consolidation induced by static stress increase 
due to the lowering of ground water table is not able 
to explain the phenomenon of excessive ground sub-
sidence in this region.  

Chang et al. (2016) postulated that the ground sub-
sidence could be a result of repeated loading/unload-
ing induced by the continuous and long term fluctua-
tion of pore water pressure. The phenomenon would 
be similar to deformation of a pavement subgrade due 
to repeated traffic loading. A shakedown theory (e.g., 
Koiter, 1960) has been used to describe this elasto-
plastic soil behavior under repeated loading. For 
ground subsidence, however, the loading was be-
lieved to be caused by pore pressure (i.e., effective 
stress) fluctuation instead of surface loading.  

A �  triaxial consolidation system was setup to 
study the ground subsidence due to pore pressure 
fluctuations. Figure 30 shows the stress strain rela-
tionship from a test on an M/S specimen made of 
quartz sand mixed with 20 % mica (by weight). A si-
nusoidal pore pressure variation from an initial back 
pressure of 150 kPa was applied while maintain a 
constant total vertical stress of 350 kPa to the soil 
specimen under �  conditions. The amplitude of 
pore pressure and thus vertical effective stress fluctu-
ation ranged from 10 to a maximum of 95 kPa. Figure 
30 shows that as predicted by the shakedown theory, 
the accumulated axial strains from repeated load-
ing/unloading are much more significant than those 
from a single loop of stress increase. The rate of strain 
accumulation reduced significantly as the number of 
repeated load cycle increased, again as predicted by 
the shakedown theory. As depicted in Figure 31, with 
20% of mica content (MC), the strain accumulation in 
the M/S specimen is much more significant than that 
in clean quartz sand (MC = 0%). Also, for the tested 
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soil specimen, a 0.6% axial strain can be easily 
reached with an amplitude of approximately 20 kPa 
pore pressure fluctuation as shown in Figure 31.  

Figure 30. Repeated loading induced axial strain accumulation 

(Chang et al., 2016) 

Figure 31. Effects of fines content on strain accumulation 

(Chang et al., 2016)

6 CONCLUDING REMARKS 

Based on the series of studies described above, the 
following conclusions can be drawn: 
 For M/S soils, good quality soil samples can be 

taken with reasonable costs. As such, undis-
turbed soil samples should be taken on a more 
regular basis when necessary. 

 In reporting the test data of laboratory soil ele-
ment or physical model tests, the post consoli-
dation void ratio �� should be used to repre-
sent the density state of the specimen. The use 
of relative density for M/S soils can be miss-
leading and should be avoided. 

 The fines and grain characteristics of the coarse 
particles can make the M/S soil much more 
compressible than typical clean quartz sands. 
For CPT in well mixed homogeneous M/S 
soils, the effects of partial drainage can make 
the cone tip resistance significantly less than 
those in clean quartz sand under similar density 
and stress states.    

 For field CPTU, partial drainage should not be 
assumed simply because of the overall soil fines 

contents or soil behavior type index. Due to soil 
heterogeneity and closely spaced free draining 
soil layers, the CPTU can be drained in soils 
with high overall fines contents. The drainage 
conditions should be verified with simple proce-
dures such as the pore pressure dissipation tests. 
In assessing the liquefaction potential using the 
simplified procedure, the fines content adjust-
ment should not be used unless it is verified that 
the cone penetration is indeed partially drained. 
Or we should consider drainage adjustment, not 
fines content adjustment. 

 The use of equivalent granular void ratio, e* and 
equivalent granular state parameter, * can be 
very helpful in streamlining the effects of fines 
on various engineering properties of M/S soils. 
A single critical state line that is based on e* can 
be applied for a wide range of fines contents. 
The number of tests required to establish e* 
based critical state line is much less than that 
needed to determine a series of critical state lines 
for the individual fines contents involved.  

 The correlation between CRR and  or * ap-
pears promising. To integrate CRR- correla-
tion into the simplified procedure for liquefac-
tion potential assessment would require a 
reliable correlation between or *and an in 
situ test method which is still lacking.  

 Mist pluviation demonstrated its potential as a 
means to reconstitute specimens for soil element 
as well as physical model tests. Homogeneous 
M/S specimens with more dilatant behavior than 
those of MT specimens can be made in a contin-
uous process and with efficiency.  

 The effects of high compressibility can also be 
responsible for ground subsidence. Initial test re-
sults have indicated that repeated pore pressure 
fluctuation can induce significant strain accumu-
lation.
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