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Abstract: Subsurface gas is widely found in coastal areas all over the world at a shallow depth (about tens to one hundred meters). 
The main content of subsurface shallow gas is methane (>95%). Therefore, the presence of shallow gas may lead to a significant risk 
for underground construction and offshore engineering. Currently, there is no scientific and quantitative method in engineering 
practice for planning of site investigation for gas pressure. To address this issue, this paper presents a smart sampling strategy for 
planning of site investigation using innovative data analytic methods (e.g., Bayesian compressive sampling, BCS, and information 
entropy). The smart sampling strategy automatically determines the minimal number of investigation points (e.g., modified CPTs) 
and their optimal locations. Simulated non-Gaussian and non-stationary gas pressure data are used to illustrate and validate the smart 
sampling strategy, and the method is shown to perform reasonably well.  
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1. Introduction 
Subsurface gas is widely found in coastal areas all over 
the world at a shallow depth (about tens to one hundred 
meters) (e.g., Li and Lin 2010). The main content of 
subsurface shallow gas is methane (>95%). Therefore, 
the presence of shallow gas may lead to a significant risk 
for underground construction and offshore engineering, 
such as the potential occurrence of explosion and fire 
accident during tunnel construction when using tunneling 
boring machine (e.g., Wang et al. 2018). The high gas 
pressure leads to an increasing possibility of explosion 
and risk for geotechnical construction. Therefore, the 
spatial distribution of shallow gas pressure (i.e., shallow 
gas pressure profile along horizontal direction) should be 
properly delineated during site investigation for 
subsequent hazard analysis and mitigation. In 
geotechnical engineering practice, cone penetration test 
(CPT) equipment incorporated with a gas pressure 
transducer, namely modified CPT is commonly used for 
measuring gas pressure (e.g., Li et al. 2009). As a rule of 
thumb, a large number of modified CPT soundings 
provides an increasing reliability of the interpreted 
shallow gas pressure profile. However, increasing the 
number of modified CPT soundings also significantly 
increases the time and cost of site investigation. The 
tradeoff between the expenditures of site investigation 
and reliability of interpreted gas pressure profile suggests 
a need to develop a scientific method for properly 
planning a site investigation for gas pressure (i.e., 
determine the minimal number of modified CPTs and 
their optimal locations for achieving a target level of 
reliability).  

Although the importance of planning of site 
investigation is widely recognized, quantitative or 

scientific method is not available for sampling strategy in 
geotechnical engineering practice. Current geotechnical 
design codes and manuals around the world only provide 
some empirical guidelines for the planning of site 
investigation. For example, 15-40m, 20-200m, and 
25-75m of spacing of investigation points for high-rise 
buildings, roads, and dams are suggested in Eurocode 7-2 
(CEN 2007). However, little scientific evidence is 
available to support these guidelines. Another key issue 
for these guidelines is that the number of investigation 
points is determined in advance. However, little 
information is available for a certain site to predetermine 
the proper number of investigation points.  

This paper presents a smart sampling strategy for 
planning of site investigation for subsurface gas pressure 
based on the work by Guan et al. (2020). The sampling 
strategy is goal-oriented and progressive that gradually 
increase the number of modified CPTs until the reliability 
of interpreted shallow gas pressure profile achieves the 
target level. The presented smart sampling strategy uses 
information from previously conducted modified CPT 
soundings to wisely choose the next optimal location of 
modified CPT. Thus, even without the prior knowledge 
about a certain site, the smart sampling strategy can 
efficiently and adaptively determine the minimal number 
of modified CPT soundings and their corresponding 
optimal locations. The presented sampling strategy is 
illustrated and validated using simulated non-Gaussian 
and non-stationary gas pressure data. 

2. Methodology 
The overall philosophy of the smart sampling strategy is 
to progressively increase the number of modified CPTs 
until achieving the target reliability level of interpreted 
shallow gas pressure profile. Bayesian compressive 
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sampling (BCS) method is used in this study to interpret 
a complete gas pressure from sparse modified CPT 
measurements, and the reliability of the interpreted gas 
pressure profile is quantified in terms of coefficient of 
variation. Note that BCS is a non-parametric method, and 
it can rationally and effectively deal with non-Gaussian 
and non-stationary gas pressure data, which are 
commonly encountered in geotechnical practice (e.g., 
Wang and Zhao 2017; Montoya-Noguera et al. 2019; 
Wang et al. 2019). 

The preliminary modified CPTs might be far apart 
because the target reliability level is achieved by 
conducting additional modified CPTs in a progressive 
manner. Such a strategy is also consistent with the 
geotechnical engineering experience. Note that 
investigation points are generally sparse during the phase 
of preliminary design. If the results of preliminary 
investigation results show that the subsurface condition is 
significantly uncertain, additional investigation points are 
performed subsequently. After the starting point of 
sampling strategy is determined, the initial number of 
modified CPTs with the optimal locations is performed 
for interpreting the gas pressure profile. Then, if the 
reliability of the interpretation result does not satisfy the 
target level, additional modified CPTs are iteratively 
performed one by one until the target level of reliability 
is achieved. In other words, for each iteration, only one 
modified CPT is conducted at an optimal location, which 
is selected based on information from previously 
conducted modified CPT soundings, and the new gas 
pressure measurement, together with previously 
measured gas pressure, are used for re-interpreting the 
gas pressure profile. The iteration process stops when the 
target reliability level of interpretation results achieves.  

2.1 Framework of smart sampling strategy  
As shown in Fig. 1, the framework of the smart sampling 
strategy involves five steps. In Step 1, the target 
reliability level (i.e., target coefficient of variation, 
COVT) shall be first determined depending on the 
tolerable risk level of the project, expected variability of 
subsurface conditions, and other project-specific 
consideration. Then, an initial number, M of modified 
CPTs is obtained based on engineering experience and 
existing geotechnical guidelines (e.g., Look 2007; Rix et 
al., 2018) in Step 2. After that, M modified CPTs are 
conducted for interpreting a complete gas pressure 
profile using BCS method, and the reliability level in 
terms of COVM is obtained from the interpretation result 
in Step 3.  

In the context of BCS method, a N-length 
vector 1 2 N

ˆ ˆ ˆ ˆ[ , ,..., ]X X XX   represents the mean gas 
pressure profile interpreted from sparse modified CPT 
measurements, and the vector 1 2 N[ , ,..., ]    
indicates the corresponding standard deviation. The 
reliability of the interpreted gas pressure profile (e.g., the 
coefficient of variation, COVM) is defined as: 

 1 2 N
M

ˆ

max( , ,..., )
COV 100%

X

  


   (1) 

where 
X̂

  represents the mean value of the interpreted 

gas pressure profile.  
When COVM is larger than COVT, the reliability of 

interpretation result is smaller than the allowable level, 
and thus an additional modified CPT is performed at an 
optimal location for further improving the reliability of 
interpretation result in Step 4. Note that the optimal 
location is selected wisely based on previously conducted 
modified CPT soundings using information 
entropy-based method. Subsequently, a new 
measurement from the additional conducted modified 
CPT together with previous modified CPT measurements 
are used to re-interpret the complete gas pressure profile. 
Steps 3-4 are repeatedly performed until the 
interpretation result achieves the target level (i.e., COVM 

≤ COVT), leading to the minimal number of modified 
CPTs, M, and their corresponding optimal locations in 
Step 5. 

 

Figure 1. Framework of smart sampling strategy 

The determination of the optimal modified CPT 
locations is a key element in smart sampling strategy, as 
described in the following subsection.  

2.2 Determination of optimal modified CPT locations 
using information entropy  
The gas pressure is varying and correlated along 
horizontal direction due to complex geological and 
biological process during the formation of shallow gas, 
and thus a random process might be used to model the 

NO 

Step 1: Determine the target coefficient of variation, 
COVT  

Step 2: Determine the preliminary number of 
modified CPTs, M  

Step 3: Obtain the coefficient of variation, 
COVM of gas pressure profile interpreted from 
M modified CPTs using Bayesian compressive 
sampling (BCS) method 

COVM≤COVT 

Step 4: Conduct an additional modified 
CPT at the optimal location  

Step 5: Obtain the minimal number of modified 
CPTs, M, and their corresponding optimal 
locations required for achieving COVT 

YES 

M=M+1 
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variation of gas pressure along the horizontal direction 
(e.g., Vanmarcke 1977). Information entropy is 
commonly used to quantify the uncertainty of a random 
process (e.g., Cover and Thomas 2012). The information 
entropy H of an interpreted gas pressure profile, X̂  is 
expressed as (e.g., MacKay 2003):  

 ˆ ˆ ˆ ˆ( ) ( ) ln[ ( )]H p p dX X X X   (2) 

where ˆ( )p X  indicates the probability density function 
of X̂ . Using information entropy, the optimal location 
for an additional modified CPT is the one that maximizes 
the reduction of current information entropy ˆ( )H X  to 
an updated information entropy ˆ( )H newX  after adding 
an extra modified CPT measurement. 

When there are no pre-existing modified CPT 
measurements, the reduction of information entropy is 
approximately equal to the information entropy of 
measurements y, and expressed as: 

 new
ˆ ˆ( ) ( ) ( )H H HX X y     (3) 

For such a case, Zhao and Wang (2019) show that when 
the measurement data are equally spaced, the reduction 
reaches the maximum value. This indicates that the 
optimal sampling strategy for the preliminary modified 
CPTs is equally spaced along the horizontal direction.  

Note that BCS provides the full probability 
distribution of interpreted gas pressure profile. Detailed 
equations and derivations of BCS are referred to Wang 
and Zhao (2017). Combining the results of BCS and Eq. 
(2), when one additional modified CPT measurement is 
taken at the location with the maximum variance, the 
information entropy reduction reaches the maximum 
value (Zhao and Wang 2019). In other words, the optimal 
location of an additional modified CPT is the one with 
maximum variance along the gas pressure profile 
interpreted from previous modified CPT measurements. 
The result is also consistent with common sense in 
geotechnical site investigation, which indicates that 
additional investigation points should be performed at the 
locations with the largest uncertainty. In the next section, 
a set of simulated gas pressure data is used to illustrate 
and validate the smart sampling strategy.  

3. Simulated data example 
In geotechnical engineering practice, gas pressure data 
are usually non-Gaussian and non-stationary (e.g., Guan 
et al. 2020). Therefore, the smart sampling strategy is 
illustrated and validated using a set of gas pressure Pg 
data along the horizontal direction, which is generated 
from a non-Gaussian and non-stationary 1D random 
field. Consider, for example, a lognormal random field 
with a quadratic trend in mean, 

6 2 31.8 10 1.8 10 0.2x x        (MPa) together with 
constant standard deviation σ=0.1MPa and exponential 
correlation function with correlation length λ =50m is 
used to simulate non-Gaussian and non-stationary gas 
pressure Pg random field. These random field parameters 
values are consistent with the real gas pressure data 

reported in literature (e.g., Li et al. 2009; Wang et al. 
2018). The simulated Pg profile is ranging from 0m to 
1023m with a resolution of 1m along the horizontal 
direction, as shown in Fig. 2. 
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Figure 2. Simulated gas pressure Pg data 

Consider, for example, characterization of the spatial 
variation of this gas pressure Pg profile using the smart 
sampling strategy. As shown in Fig. 1, the target 
coefficient of variation, COVT, shall be first determined. 
Suppose that COVT is determined as 15% based on the 
tolerable risk level of the project (i.e., Step 1). In Step 2, 
an initial spacing of modified CPT is taken as 60m based 
on the geotechnical design codes and guidelines (e.g., 
Rix et al., 2018). In total, 1023 / 60 1 18   modified 
CPTs are first performed with equal interval along the 
horizontal direction. To mimic the conduction and 
interpretation procedure of these 18 modified CPTs, 18 
Pg data are taken from the original gas pressure profile 
and used as the input to BCS for interpreting the 
complete gas pressure profile. The interpretation result is 
shown in Fig. 3(a). In this figure, the dashed line and 
solid line represent the mean Pg profile interpreted from 
18 Pg measurement data and original Pg profile 
respectively, together with the modified CPT 
measurement data y denoted by open circles. The 
reliability of the interpreted Pg profile is also shown in 
this figure by two dotted lines, i.e., mean Pg profile  . 
The coefficient of variation, COVM is calculated as 
24.8% for M=18, which is larger than the COVT=15% 
(i.e., Step 3). Therefore, additional modified CPTs 
should be carried out to further improve the reliability of 
the interpretation result. 

In Step 4, one additional modified CPT is conducted 
at the corresponding optimal location. As discussed in 
subsection 2.2, the optimal location is the one with the 
maximum variance along with the interpreted Pg profile. 
The standard deviation of the interpreted Pg profile is 
shown in Fig. 3(b), it is found from this figure that the 
maximum standard deviation is located at the 333m. 
Therefore, an additional modified CPT should be 
conducted at the location of 333m. Then, the Pg data at 
the location of 333m is taken from the original Pg profile 
and used together with the initial 18 Pg data to 
re-interpret the complete Pg profile. The Pg profile 
interpreted from M=18+1=19 is shown in Fig. 4 using 
similar legends in Fig. 3. Fig. 4 shows that the interval 
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between two dotted lines becomes smaller, which 
suggests the increasing reliability of the interpretation 
result. In addition, the mean Pg profile also increasingly 
converges to the true one. After adding one additional 
CPT measurement, the COVM is reduced from 24.8% to 
22.0%, which is still larger than the target value, and thus 
additional modified CPT measurements is required. 
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Figure 3. Gas pressure Pg profile interpreted from 18 initial 
modified CPT measurements 
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Figure 4. Gas pressure Pg profile interpreted from 19 modified 

CPT measurements 

Steps 3-4 are repeatedly performed until the target 
coefficient of variation is achieved. The evolution of 
COVM with the number of additional modified CPT 
measurements is summarized in Fig. 5 by open circles. It 
is found from Fig. 5 that COVM generally decreases as 
the number of additional modified CPT increases. When 
the number of additional modified CPT increases to 8 
(i.e., M=18+8=26), the COVM decreases to 14.5%, which 
is smaller than COVT=15%. In other words, the total 
number, M=26 of modified CPTs is required for 
achieving the target reliability level. The Pg profile 
interpreted from 26 modified CPT measurements is 
shown in Fig 6. It is observed that the interval between 
two dotted line in Fig. 6 is significantly smaller than the 
one interpreted from 18 Pg data. It indicates that the 
reliability of interpreted Pg profile is greatly improved 
after performing extra modified CPTs. Using the smart 
sampling strategy, the minimal number of modified CPTs 
and their optimal locations are wisely determined for this 
non-Gaussian and non-stationary gas pressure data.  
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Figure 5. Variation of COVM with the number of additional 
modified CPT measurements  
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Figure 6. Gas pressure Pg profile interpreted from 26 modified 
CPT measurements 
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4. Conclusions 
This paper presented a smart sampling strategy for 
planning of site investigation for subsurface gas pressure. 
The smart sampling strategy is goal-oriented and 
progressive that gradually increases the number of 
modified CPTs until the reliability of interpretation 
results achieves the target level. After a target reliability 
level is determined, the minimal number of modified 
CPTs and their corresponding optimal locations are 
automatically obtained using the smart sampling strategy. 
Simulated non-Gaussian and non-stationary gas pressure 
data are used to illustrate and validate the smart sampling 
strategy. The results show the method is rational and 
effective. 
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