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ABSTRACT

This paper presents a case study on evaluating liquefaction potential for foundations supporting two Liquefied Natural
Gas (LNG) storage tanks and designing a ground improvement scheme using Sand Compaction Piles (SCPs).
Liquefaction potential was assessed using the US National Center for Earthquake Engineering Research (NCEER)
procedures. Results indicated a Factor of Safety (FL) against liquefaction ranging from 0.2 to 0.8, suggesting a
significant risk under the Safe Shutdown Earthquake (SSE) scenario. A preliminary design utilizing a replacement
area ratio (as) of 17% was adopted, with field trials and quality control using standard penetration test N values from
boreholes validating the design to ensure the required liquefaction resistance. This case study outlines key
methodologies in liquefaction evaluation, SCP design rationale, field trial details, and post-installation quality control
programs. The results are also discussed in this paper.

Keywords: Soil liquefaction, Sand Compaction Piles, LNG storage tanks, Seismic design, Ground improvement,
Cyclic Stress Ratio, Replacement area ratio (as)

1 INTRODUCTION The borehole locations (NH-13 to NH-17, NH-19 to NH-

This paper presents a case study of ground 21) are shown in Figure 1.

improvement project for LNG storage tanks executed by

Bechtel Corporation. The project involved constructing ‘a”’ O L gl 2

two LNG storage tanks on a coastal site in Taiwan,

characterized by sandy soils prone to liquefaction during fi-13 £

seismic events. The site stratigraphy primarily consists | I A | o . =
of fine and silty sand with occasional silt and clay, L

typical of reclaimed land. The groundwater table lies at o Bi-20

a depth of 4 meters below the finished grade. The LNG

tank is approximately 91 meters in diameter and 56

meters in height (measured to the tank roof apex). The
anticipated imposed pressure is about 280 kPa during the

hydro-loading test and 250 kPa under operating The site stratigraphy consists predominantly of loose
conditions. silty sand (SM, SP-SM) to a depth of approximately 6

The tanks were Supported on Fu”-Casing Piles meters, followed by medium dense to dense sand (SM,
installed through 20 meters of improved soil (to mitigate ~ SP-SM) extending to about 20 meters. Below 20 meters,
liquefaction) embedding into a dense bearing sand layer. the soil is primarily sandy with occasional clay layers.
Given the site's high seismicity, liquefaction evaluation ~ The SPT N-values range from 4 to 30 in the upper 20
was conducted following standard design practices, and ~ Mmeters, with fines content varying between 6% and 43%.

Figure 1. Location of soil borings within Tank area.

appropriate mitigation measures were implemented. Figures 2 and 3 present the variation in SPT N-values
and fines content, respectively, while Table 1 provides a
2 SUBSURFACE CONDITIONS simplified soil profile. The finished grade is at El. +7.75

. . _ . . m (CDL).
Soil conditions at the site were investigated through

26 soil borings and 5 groundwater monitoring wells,
with 8 boreholes located near the two LNG storage tanks.
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Figure 2. SPT N values versus Elevation
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Figure 3. Percentage of fines versus Elevation

Table 1. Simplified Soil Profile

Elevation, m Fc (%) In situ SPT N T.U.W (t/m3)
6.7100.7 SM 20 11 1.92
0.7t0-3.3SM 19 15 1.90
-3.3t0-8.3SM 25 16 1.94

-8.310-11.3 SM 30 16 1.93
-11.3t0-14 SM 23 13 1.93

Note: Fc=Fine content (%), T.U.W=Total Unit Weight

3 SEISMIC CONDTION

As per NFPA 59A, LNG storage tanks must be
designed for two earthquake scenarios: the Operating
Basis Earthquake (OBE) and the Safe Shutdown
Earthquake (SSE). The tanks must remain operational
after an OBE and shall be able to safely shut down
following an SSE event. The SSE corresponds to an
earthquake with a 2,475-year return period, while the
OBE represents a 450-year return event. Given the
significantly higher ground acceleration during SSE,
ground improvement was designed primarily to prevent
liquefaction under SSE conditions, ensuring it also
performs adequately under OBE.

The design earthquake magnitude (Mw) for the
project site is 7.3 for SSE conditions (per Table C-11 of
NCREE, 2022), with a Peak Ground Acceleration (PGA)
of 0.451 g used for liquefaction potential evaluation.

4 LIQUEFACTION POTENTIAL EVALUATION

Liquefaction potential is assessed by comparing
earthquake-induced loading (expressed as the Cyclic
Stress Ratio, CSR) with soil liquefaction resistance

(expressed as the Cyclic Resistance Ratio, CRR). The
CRR is generally derived from in-situ tests such as
Standard Penetration Tests (SPT), Cone Penetration
Tests (CPT), or shear wave velocity (Vs) measurements.
In this case study, SPT N-values were used which are the
most adopted method.

The factor of safety against liquefaction, FL, is
calculated as FL = CRR/CSR. If FL is less than 1,
liguefaction is expected. In this case study, the
evaluation followed the simplified NCEER (2001)
method, based on the Seed and Idriss (1998) procedure.
The calculated FL values for each borehole are shown in
Figure 4.
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Figure 4. Percentage of fines versus Elevation

Results indicated FL values ranging from 0.2 to 0.8,
confirming that liquefaction is expected beneath the
LNG storage tanks during an SSE event. Therefore,
ground improvement measures were necessary for the
upper 20 meters of soil.

5 GROUND IMPROVEMENT SELECTION

Several ground improvement techniques, including
stone columns, deep mixing methods, and sand compaction
piles, were evaluated for liquefaction mitigation. Given
their availability and maturity in Taiwan, sand compaction
piles (SCPs) were selected.

6 SCP DESIGN

6.1 Theoretical Replacement Ratio

Sand Compaction Pile (SCP) method is used as a
countermeasure against liquefaction by densifying the
site to produce a desirable soil cyclic resistance
measured by SPT N values. The SPT N values required
to resist liquefaction (Neoreq) are determined at each
depth of interest below groundwater using NCEER
procedure. The required SPT Neo values with depth are
shown on Figure 5.

Calculated Neoreq then were used to calculate the SCP
design parameter, called replacement area ratio (as) of
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SCP to improve the ground using the simplified
procedure described by Kitazume (2005). The
calculated as is about 14%, as shown in Table 2.

Required SPTN60 Value-NCEER Method, SSE Ag=0.451g
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Depth below existing ground (m)

——Required SPTN60-NCEER 2001]

Figure 5. Neoreq Versus Elevation

Table 2. Replacement Area Ratio (as)

Target N-Value, Total Unit
Depth  Initial NGO, Ni~ Nf FC Weight OV emac emn AN pri e Df ef Re RR

(m)  (blows/0.3m) (blows/0.3m) (%) (kN/m3)  KPA

15 Above Ground water Level
3 Above Ground water Level

45 1 16 20 188 798 14 076 8 7% 0.9382% 087 0.45 0.07
6 15 19 19 186 934 138 075 7.8 78% 09 85% 0.85 0.46 0.05
75 15 2 19 186 106.6 138 0.75 7.8 76% 09 87% 0.84 0.46 0.08
9 16 2% 25 19 1198 15 08 85 7% 1 88% 0.88 041 010
105 16 26 % 19 13318 15 08 85 75% 1 8% 0.88 041 0.12
2 u 26 2% 189 146.98 15 08 85 71% 1 87% 0.89 041 013
B5 14 2 25 189 16063 15 08 85 70% 1 86% 090 041 0.14
15 16 27 30 189 17428 16 084 9 72% 11 85% 0.95 037 0.13
165 16 2 30 189 187.93 16 084 9 71% 11 83% 0.97 0.37 012
B 1 28 23 189 20158 146 078 83 65% 1 81% 091 042 0.13
195 13 2 23 189 21523 146 0.78 83 65% 1 81% 0.92 042 013
0 1 29 23 189 219.78 146 078 83 64% 1 81% 091 042 013

6.2 Preliminary SCP Spacing

The SCP diameter of 700-mm in triangular pattern
was selected by subcontractor based on their experience
in the region. Once as is determined, it is converted to
the SCP spacing for the preferred SCP diameter (700-
mm) and triangular SCP arrangement. For triangular
SCP pattern, the relationship between the SCP diameter,
center to center spacing and as is expressed as follow
(Kitazume, 2005):

_ |2 As
5= |

Where, S= center to center spacing
As= Area of a SCP
as= Replacement Area Ratio = (As1 +
A52 + As3)/A

For 700mm sand pile, the as values for different
spacing will be as follows in Table 3:

Table 3. Replacement Area Ratio (as)
Center to Center Spacing

Replacement Ratio for

(m) 700mm Sand Pile
1.0 44%

11 36.6%

1.2 30.8%

13 26.2%

14 22%

15 19.6%

16 17.1%

6.3 SCP Field Trial

The theoretical as of 14% is calculated based on the
average fine content presented in Table 1. To envelope
the lower boundary of the fine content, which would
yield a higher as value, we selected an as of 17.1% as our
basis. This corresponds to an SCP spacing of 1.6
meters in a triangular pattern, as shown in Table 3.
Furthermore, based on the experience of the local
subcontractors, it would be challenging to achieve target
Nregeo With 1.6-m spacing as the SCP installation moves
deeper below ground level; therefore, field SCP trial was
conducted to further verify the best spacing options.
The field SCP trial pad measures 100 m by 30 m and is
divided into three sub-pads, each 10 m by 10 m. These
sub-pads were constructed to reflect as of 30.8%, 22%,
and 17.1%, with corresponding center-to-center
spacings of 1.2 m, 1.4 m, and 1.6 m, respectively. For
each sub-pad, two pre-improvement and post-
improvement boreholes were drilled at the center of the
SCP-formed triangular grid to obtain SPT Neo values.
Refer to Figure 6 for details on the SCP trial sub-pad
layout.
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Figure 6. SCP Trial scheme

6.4 Ground Improvement Acceptance Criteria
Post-improvement SPT boring shall be drilled at the
center of the grid after the installation of sand column
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piles in triangular patterns as shown in Figure 7.
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Figure 7. Post-improvement/Quality Control Borehole

BORING AT CENTER OF
SCP GRID/QUALITY
CONTROL TEST
LOCATION COORDINATE

The resulting SPT N values along the borehole depth
was converted to equivalent Ngo values and then
compared with the required SPT Neo.

If the SCP ground improvement meet the two (2)
criteria below, then LNG Tank ground improvement is
considered acceptable.

(1) For upper 10-m soil, regardless of whether the

target Neoreq Values are met, FL will be calculated
following NCEER method layer by layer at 1.5-
m interval using measured fine content from
each sample for every post-improvement
borehole. This process will ensure the FL>=1 of
upper 10-m is met.
For 10- to 20-m soil, if resulted Neo >Nsgoreq at
each sampled depth, the SCP ground
improvement for LNG tanks is considered
acceptable. If the Ngo value at a depth does not
meet the Target Neoreq, three Nego values over any
continuous 3-meter depth including the failing
value can be compared to the Target Neoreq
average values over the same interval for
checking purposes. If the average values
satisfy the required SPT Neo average values, then
the ground improvement shall still be considered
acceptable. If the averaged SPT Nego value at a
certain depth still does not meet the target Neoreq
values, the SPT-Ngo value and the specific soil
properties for each sample shall be used to
calculate the anti-liquefaction safety factor FL,
and, if the FL is equal or greater than 1, it is still
considered qualified.

)

6.5 SCP Trial Results

For each sub-pads, two (2) post-improvement SPT
boreholes were conducted at the center of selected
triangle grid to verify the ground improvement
effectiveness of each tested spacing. Presented in the
Table 4 to Table 9 are the comparison between the
measured SPT N values and Target SPT Neoreq Values
and FL values for upper 10-m soil.

Based on results summarized in Table 4 to Table 9
above, the following conclusions are made:

. The results of Post-BH-1 and Post-BH-3
indicate that 1.6-m SCP spacing trial area did not meet
ground improvement requirement denoted in section 4.4.

Every sample of Post-BH-3 failed to meet design target
while 70% samples of Post-BH-1 passed, which showed
discrepancy in trial results.

. The result of Post-BH-5, Post-BH-7 indicate
that 1.4-m SCP spacing trial area did not meet ground
improvement requirement denoted in section 4.4. The
sample passing rate for Post-BH-5 is 30% while the
passing rate for Post-BH-7 is 73%, which showed
discrepancy in trial results.

. Based on results indicated by Post-BH-12, 1.2-
m SCP spacing trial area met ground improvement
requirement denoted in section 4.4. However, the results
of Post-BH-10 did not meet FL>=1 at one (1) sampled
depth (10.05-10.5m).

. The ground improvement enhanced when SCP
spacing was reduced to 1.2-m SCP spacing; however, it
failed to produce satisfactory results in one of the post-
improvements boreholes (Post-BH-10).

Table 4. Post-Improv. SPTN value -1.6 m Spacing -Post-BH-1

Depth, m Post-BH-1
Measured N 3m Target N60 Meet
From To Neo Target FL Results
value AverageNgy ~ value NG0?
4.05 45 21 23 23 16 Yes 11 Pass
5.55 6 21 23 2 19 Yes 16 Pass
7.05 75 24 27 27 22 Yes 09 Failed
855 9 2 26 26 24 Yes 07 Failed
10.05 105 30 34 34 26 Yes 11 Pass
11.55 12 26 29 29 26 Yes Meet Target N Pass
13.05 135 22 25 29 27 Yes Meet Target N Pass
1455 15 20 22 26 27 No 0.77 Failed
16.05 165 25 28 28 2 Yes Meet Target N Pass
17.55 18 25 28 28 28 Yes Meet Target N Pass
19.05 195 24 27 27 28 No 1 Pass

Table 5. Post-Improv. SPTN value -1.6 m Spacing -Post-BH-3

Depth, m Post-BH-3
Measure N 3-m Average  Target N60 Meet
From To value B Ny value Target FL Results
N60?
4.05 45 13 15 15 16 No 08 Failed
555 6 11 12 13 19 No 0.6 Failed
7.05 15 12 13 15 22 No 0.5 Failed
855 9 13 15 16 24 No 05 Failed
10.05 105 15 17 18 26 No 07 Failed
1155 12 15 17 19 26 No 0.4 Failed
13.05 135 18 20 2 27 No 0.6 Failed
1455 15 18 20 2 27 No 05 Failed
16.05 165 22 2 26 21 No 08 Failed
17555 18 2 2 26 28 No 09 Failed
19.05 195 24 27 21 28 No 09 Failed

Table 6. Post-Improv. SPTN value -1.4 m Spacing -Post-BH-
5

Depth, m Post-BH-5

Measured 3-m Target  Meet

From To N value N60 Average N60  Target FL Results
N60 value  N60?
4.05 45 21 23 2 16 Yes 15 Pass
5.55 6 20 22 2 19 Yes 09 Failed
7.05 75 20 22 24 22 Yes 07 Failed
8.55 9 22 25 25 24 Yes 07 Failed
10.05 105 22 25 25 26 No 07 Failed
11.55 12 22 25 25 26 No 08 Failed
Meet

13.05 135 24 27 27 27 Yes Target N Pass
1455 15 21 23 23 21 No nla Pass, Not Sand
16.05 165 15 17 20 27 No 053 Failed
17.55 18 17 19 19 28 No 055 Failed
19.05 195 18 20 20 28 No nla Pass, Not Sand
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Table 7. Post-Improv. SPTN value -1.4m Spacing -Post-BH-7

Depth, m Post-BH-7
Measure N 3-m Target Meet
From To value NGO Average N60 Target FL Results
N60 value N60?
4.05 45 17 19 21 16 Yes 13 Pass
5.55 6 19 21 21 19 Yes 13 Pass
7.05 75 21 23 23 22 Yes 13 Pass
8.55 9 21 23 24 24 Yes 0.7 Failed

10.05
11.55
13.05
14.55
16.05
17.55
19.05

105
12
135
15
165
18
195

21
23
21
24
24
25
33

23
26
23
27
27
28
37

24
26
27
27
27
31
37

26
26
27
27
27
28
28

No
Yes
No
Yes
Yes
No
Yes

0.7

Meet Target N

0.61

Meet Target N
Meet Target N

1.02

Meet Target N

Failed

Pass

Failed

Pass
Pass
Pass
Pass

Table 8. Post-Improv. SPTN value -1.2m Spacing -Post-BH-10
Depth, m Post-BH-10
Measured 3-m Target Meet
From To N value N60  Average  N60 Target FL Resu
N60 value N60?
4.05 45 16 18 18 16 yes 11 Pass
5.55 6 17 19 21 19 yes 13 Pass
7.05 75 24 27 27 22 yes 10 Pass
8.55 9 25 28 28 24 yes 10 Pass
10.05 10.5 23 26 26 26 yes 0.7 Faile
11.55 12 23 26 26 26 yes Meet Target N~ Pass
13.05 135 25 28 28 21 yes Meet Target N Pass
1455 15 24 27 21 21 yes Meet Target N Pass
16.05 16.5 25 28 28 27 yes Meet Target N Pass
17.55 18 25 28 31 28 yes Meet Target N~ Pass
19.05 19.5 33 37 37 28 yes Meet Target N Pass

Table 9. Post-Improv. SPTN value -1.2m Spacing -Post-BH-12

Depth, m Post-BH-12

Target  Meet
N6O  Target
value  N60?

16 Yes
19 Yes
22 Yes
24 Yes
26 No
26 Yes
27 Yes
27 Yes
27 Yes
28 Yes
28 Yes

3-m
Average
N60

19
56
33
25
25
26
27
27
28
28
37

Measure N

To
value

From N60 FL Results

4.05 4.5
5.55 6
7.05 75
8.55 9
10.05 105
1155 12
13.05 135
1455 15
16.05 16.5
1755 18
19.05 195

19
56
20
23
25
26
26
27
28
28
37

17
50
18
21
22
23
23
24
25

1.0
Not Liquefiable
Not Liquefiable
Not Liquefiable
11
Meet Target N
Meet Target N
Meet Target N
Meet Target N
25 Meet Target N
33 Meet Target N

Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass

Note: Not-liquefiable™ definition: when (N1)60cs is greater than 30, the soil
can be classified as too dense to liquefy (Youd&Idriss,2001)

6.6 Limitation of SCP Trial Program and Final SCP
Design

The inconsistency and discrepancy in SCP trial
results may be due to following variables:

. Insufficient waiting time after the SCP
installation before conducting SPT tests. 20-m deep SCP
might require more waiting time, especially for the
deeper depths.  Post-improvement boreholes for this
SCP trial were mostly drilled 7-10 days after the
installation of SCP, which might have been too soon.
Based on the data from other area, post-improvement
boreholes drilled after more than 2 weeks of SCP
installation generally produced higher SPT N values.
This may be one of the factors that contributed to the
divergence in the results of post-improvement boreholes
within the same SCP spaced trial area.

. The size of the SCP trial pad is limited. The
total SCP trial size is 10 m wide and 30 m long. The

benefits of ground improvement on the trial pads may be
limited compared to that of actual large-scale
improvement area.  In addition, it was expected that the
installation of Full-Casing Piles under the tank would
densify the soils.

. 1.2-m SCP spacing is considered conservative
based on theoretical calculations and is expected to
provide adequate ground improvement based on the
Subcontractor’s local experience, however, this is
contradicted by unfavorable results from the 1.2-m
spacing SCP trial.

For above reasons, it was concluded that the
reliability and accuracy of SCP trial outcome are
debatable and 1.4-m SCP spacing was selected with the
understanding that the effectiveness of ground
improvement using SCP at 1.4-m spacing shall be further
evaluated using the results of Quality Control (QC)
boreholes from SCP production installation.  The
results of QC boreholes shall overrule the results of SCP
Trial if the QC results meet ground improvement
requirement denoted in section 8.2, and 20-m deep SCP
at 1.4-m spacing will provide adequate ground
improvement.

7 GROUND IMPROVEMENT ACCEPTANCE
FOR SCP PRODUCTION

For SCPT production, 700-m diameter SCP with 1.4-
m spacing at triangular pattern is the final executed SCP
design for this LNG storage tank foundation soil
improvement case.

QC boreholes to verify the effectiveness of ground
improvement were assigned at the frequency of 1 per
2500 m2. There were in total 7 QC boreholes within the
tank footprint, as shown in Figure 8. For each
borehole, samples were taken at 1.5-m interval to 20-m
depth to obtain SPT N blow counts and fine content
necessary for FL calculation.

\
\\ ® SPT-R1-1

[ ]
SPT-R2

L]
SPT-R3

Figure 8. Location of QC Boreholes

7.1 QC SPT Borehole Test Results

The ground improvement is considered acceptable if
the results meet the acceptance criteria listed in Section
4.4, The measured SPT N blow counts from all seven
(7) post-improvement quality control SPT boreholes are
plotted in Figure 9 in comparison with pre-improvement
condition based on the eight (8) tank boreholes drilled
prior to SCP installation (Figure 2).

As shown in Figure 9, the FL under pre-improvement
condition and post-improvement condition indicated by
QC boreholes were plotted. Not only all resulted FL
after ground improvement by SCP met design
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requirement of FL>=1 for upper 10-m, FL>=1 is also
achieved for depth between 10-m to 20-m, with
exception of 1 data point in QC borehole R3 (FL=0.9 at
depth of 16.5 m), which should not be a concern. Note
that FL>2 or are classified as non-liquefiable are not
plotted and therefore there are areas where data points
are less dense than the others.

It is evident in Figure 10 that the SPTNeo value
increased after the improvement. In addition, all
SPTNeo exceeded requirement described in section 4.4
item (2).

Factor of safety against liquefaction (FL)
Pre and Post improvement
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FL=1 Line
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A QC-R1-1 AQC-R2 QC-R3 A QC-R4
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Figure 9. FL value comparison Pre-improvement vs. post-
improvement

SPT N values
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Figure 10. SPT N value comparison Pre-improvement vs. post-
improvement

8 CONCLUSIONS

This case study presents a comprehensive approach
to evaluating and mitigating liquefaction risks for LNG
storage tanks constructed on seismically vulnerable

sites. By employing advanced assessment techniques,
including the U.S. NCEER methodologies, the study
identified significant liquefaction potential under Safe
Shutdown Earthquake (SSE) conditions, necessitating
robust ground improvement measures.

It also illustrates an effective strategy for mitigating
liquefaction risks in seismically active regions. The
implementation of Sand Compaction Piles (SCPs)
proved to be a reliable solution, with theoretical
calculations and empirical validations confirming its
effectiveness. The final design, incorporating 20-meter-
deep SCPs arranged in a 1.4-meter triangular spacing,
successfully achieved the required soil strength and
liquefaction resistance. Post-improvement assessments
verified that the adopted measures exceeded design
requirements, providing a solid foundation capable of
withstanding anticipated seismic loads.

This study highlights the importance of integrating
advanced liquefaction analysis techniques with practical
ground improvement strategies to address geotechnical
challenges in critical infrastructure projects.
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