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Abstract: Reservoir porosity is a critical parameter in the process of unconventional oil and gas resources assessment. It is difficult to 

determine the porosity of gas shale reservoir, so the large deviation will directly reduce the credibility of shale gas resources evaluation. 

However, there is no quantitative explanation for the accuracy of porosity measurement. In this paper, measurement uncertainty, an 

internationally recognized index, was used to evaluate the results of porosity measurement of gas shale plugs, and its impact on the 

credibility of shale gas resources was determined. The following conclusions are drawn: (1) the measurement uncertainty of porosity of 

shale plug is 1.76% ~ 3.12% in current measurement methods, part of which is too large to be acceptable. It is suggested that the 

measurement uncertainty should be added in the standard of helium gas injection porosity determine experiment, and the uncertainty 

should be less than 2.00% by using high-precision pressure gauge; (2) in order to reduce the risk of exploration and decision-making, 

attention should be paid to the large uncertainty (30% at least) of shale gas resources assessment results, sometimes corrections should be 

made base on the practicalities；(3) The pressure gauge with accuracy of 0.25% F.S. cannot meet the requirements of porosity 

measurement, and high-precision plug cutting method or high-precision bulk volume measurement method like 3D scanning method are 

recommended to effectively reduce the uncertainty of porosity; (4) The method and process for evaluating the measurement uncertainty of 

gas shale porosity could be referred for experiment quality assessment by other laboratories.  
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1 Introduction 

 

In recent years, unconventional petroleum exploration, especially shale gas, has drawn the interests of researchers all over 
the world (Curtis, 2002; Ewing, 2006; Hill et al., 2007; Li et al., 2013; Zou, 2014; Dong et al., 2018). Shale gas resource 
assessment has carried out by many institutions. As the huge amount of shale gas resources not only relates to the 
formulation of national energy development strategy, but also directly affects the exploration work of oil companies (Li 
Jianzhong et al., 2009; Zou et al., 2010, 2018; Ma et al., 2018). For basins with little drilling，the volumetric method is a 
commonly used resource assessment method, in which effective porosity (abbreviated as porosity) is the dominant 
parameter. Comparing with conventional reservoirs, there are a lot of nano-scale pore in tight reservoirs, which has complex 
pore-throat networks (Li Yanjun et al., 2013; Mahmood et al., 2018). One of the main characteristics of tight reservoirs is 
low porosity (less than 10% generally). Porosity of shale reservoirs is even less than 5%. The deviation of porosity 
measurement (Curtis et al., 2010; Hartmann et al., 2008, Xu Hao et al., 2015; Tang Xianglu, et al., 2016) will directly reduce 
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the credibility of shale gas resource assessment. In addition, the lower limit of porosity is also an important parameter for 
calculating shale gas reserves, which directly affects the productivity construction of oil companies, and this problem has 
gradually attracted the attention of researchers. How to evaluate he porosity measurement uncertainty of shale reservoir 
accurately has become an important problem. The conventional reservoir porosity testing methods (Bowker, 2007; Loucks 
et al., 2007; Sondergeld et al., 2010; Bustin et al., 2008) are used in the experiments. However, the measurement deviation 
caused by the particularity of shale is neglected and the quantitative description of the accuracy of porosity measurement is 
lacking, which seriously restricts the evaluation of the accuracy of shale resource. 

Measurement errors are usually used to represent the difference between measured values and true values (Tian Hua et al., 
2012; Chen Siyu et al., 2016), but true value itself is a quantity that needs to be recognized but cannot be accurately 
measured because of the existence of errors, which leads to logical confusion and quantitative difficulties in practical 
operation. Therefore, the concept of uncertainty is proposed to replace the concept of error. In 1993, seven international 
organizations, such as the International Organization for Standardization (ISO), jointly released the Guidelines for the 
Representation of Uncertainty in Measurement, which unified the concept of uncertainty and its mathematical processing 
methods. This standard was issued and recommended worldwide practice in 2005. Several scholars used uncertainty to 
evaluate the uncertainty of adsorption capacity of coal bed methane and shale gas (Goodman et al., 2004; Gensterblum et al., 
2009; Gasparik et al., 2014). Uncertainty analysis was carried out by Ke Shizhen et al. (2007) on a sandstone samples with 
porosity of 17.3%. However, the uncertainty is less estimated as the high porosity of sandstone is different from that of shale 
reservoir samples. In this study, the uncertainty components under different experimental conditions are evaluated, and its 
influence on shale gas resource evaluation is quantitatively explained. 

 

2 Geological Settings 

 

The Lower Silurian Longmaxi Formation shale, with an area of about 12.82×10
4
km

2
, is well developed and distributed in 

the eastern and southern parts of Sichuan basin, and the thickness is between 50 and 250m. This shale is lost because of 
erosion occurred in Leshan-Longnusi paleo-uplift in the western part of the basin (Ran Bo et al., 2016; Chen Fangwen et al., 
2018; Zhang Yuanyin et al., 2018). The thickness of black shale in the whole basin is as much as 160m to 260 m, which 
increases gradually from west to east. The maximum thickness of black shale is about 260 m in Yibin city in the south of the 
basin (Fig. 1). The top burial depth of Longmaxi Formation is generally between 2000m and 3000m. In the northern part of 
Weiyuan area, the top boundary is nearly 4000m, and in the eastern part of the basin, the burial depth is more than 4000m. 

 

Fig. 1. Black shale thickness odistribution of Longmaxi Formation in southwest Sichuan basin. 

 

 
This article is protected by copyright. All rights reserved. 



 

3 Samples and Methods 

 

3.1 Samples 

Typical marine shale samples were selected from the shale gas reservoir in Sichuan basin, SW China. The samples are 
downhole core plugs of Lower Silurian Longmaxi Formation. 

 

3.2 Helium injection method of porosity measurement  

 

The process of measuring effective porosity of core plugs includes: (a) input helium at a certain pressure in the reference 
chamber, open the valves of the reference chamber and the sample chamber. (b) Fill the reference chamber gas into the 
sample chamber with known volume samples, measure the equilibrium pressure. (c) Measure the sample pore volume 
according to the variation of gas pressure (Fig. 2), and calculate the porosity (API, 1998；Tian Hua et al., 2012). 

 

 

Fig. 2. Diagram of porosity measurement by helium injection method. 

 

The specific steps of core plug porosity measurement are as follows: 

Step 1: Measure the diameter D and length L of core plug with vernier calipers, and calculate the bulk volume Vy (Eq. 1): 

Vy=
𝜋×𝐷2×𝐿

4
                                                                                      (1) 

Step 2: Empty the reference chamber, sample chamber and pipeline. The reference chamber is filled with standard blocks. 

Step 3: Put the core plug into the sample chamber, record the volume of the standard block taken out (Vb0). Step 4: Close 
valve 1, valve 2, and valve 3.  

Step 5: Open valve 1 and inject air into the reference chamber. The initial pressure is between 0.1 MPa and 0.9 MPa. 

Step 6: Close valve 1 and record Pc and Py after the pressure gauge is stable. 

Step 7: Open valve 2, and record Pcy after the pressure gauge is stable. 
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Step 8: Open valve 3, and the experiment is ended. 

 

The bulk volume of core plug is Vy and the pore volume is Vk, which can be obtained from the Eq. of state of ideal gas. 

  𝑃𝑐 × 𝑉1 + 𝑃𝑦(𝑉2 + 𝑉𝑏0 − 𝑉𝑦 + 𝑉𝑘) = 𝑃𝑐𝑦(𝑉1 + 𝑉2 + 𝑉𝑏0 − 𝑉𝑦 + 𝑉𝑘)                                         (2) 

 

Then, 

𝑉k =
V1(Pc−Pcy)

Pcy−Py
− 𝑉2 − 𝑉b0 + 𝑉y                                                                     (3) 

According to the definition of sample porosity, porosity is: 

                      

𝜙 =
𝑉𝑘

𝑉𝑦
× 100%                                                                                  (4) 

From Eq. 3 and 4,  

𝜙 = (
𝑉1
(𝑃𝑐−𝑃𝑐𝑦)

(𝑃𝑐𝑦−𝑃𝑦)
−𝑉2−𝑉𝑏0+𝑉𝑦

𝑉𝑦
) × 100%                                                                  (5) 

                

D = diameter of core plug 

L = length of core plug  

Vb0 = volume of standard block taken out 

Pc = equilibrium helium pressure in reference chamber after closing valve 1 

Py = equilibrium atmospheric pressure in sample chamber after closing valve 1 

Pcy = equilibrium helium pressure in sample chamber after closing valve 2 

V1 = volume of sample chamber 

V2 = volume of reference chamber 

Vk = pore volume of core plug 

Vy = bulk volume of core plug 

  = porosity of core plug 

 

3.3 Measurement uncertainty 

Uncertainty refers to the degree to which the measured value cannot be determined due to the existence of measurement 
errors in the experimental measurement results, indicating that the true value of the measured value exists in the evaluation 
of a certain range of values (Taylor et al., 1999; Ke Shizhen et al., 2007). Uncertainty reflects the reliability of measurement 
results. It can be understood as the error limit of a certain probability. Specifically, the error distribution associated with a 
certain confidence probability is a definite value, and the expression of uncertainty is more reasonable than the error. 
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The true value of measurement is objective, but it is uncertain. The measured results are usually expressed by the agreed 
true value; the true value is distributed in a certain confidence interval with a certain confidence probability (e.g. 95%); the 
half width of the confidence interval is the uncertainty of the measured results. The smaller the uncertainty is, the greater the 
reliability of measurement results. 

 

3.3.1 Type A standard uncertainty 

Uncertainty components that can be assessed by statistical methods (i.e. type A components) are named type A standard 
uncertainties. Type A uncertainty assessment is only applicable to statistical analysis of observation data obtained by 
laboratories, which is expressed by uA. 

 

3.3.2 Relative standard uncertainty 

The quotient of standard uncertainty divided by the absolute value of the measurement result is relative standard 
uncertainty, which is dimensionless and expressed by urel. 

 

3.3.3 Type B standard uncertainty 

Uncertainty components that cannot be evaluated by statistical methods (i.e. type B components) are named type B 
standard uncertainties. Standard uncertainties are assessed using a different method from statistical analysis of observation 
data, which is usually expressed by uB. 

 

3.3.4 Combined standard uncertainty 

The arithmetic square root obtained by adding the uncertainties of type A and type B, which is expressed by uc. 

 

3.3.5 Expanded Uncertainty 

Expanded uncertainty refers to the interval width in which the measured value exists with a certain confidence probability. 
The Expanded uncertainty U can be obtained by multiplying the combined standard uncertainty by a factor (called inclusion 
factor). Uncertainty evaluation is closely related to measurement process. The goal of uncertainty measurement is to 
determine the value of measurement and give the uncertainty of the value, which includes the following five steps (Fig. 3): 

(1) Overview of measurement methods: Clear and accurate description of measurement process, including method name, 
sample decomposition and measuring instruments and measurement parameters, etc. It is closely related to the evaluation of 
parameters and measurement uncertainty, which give a clear understanding of the source of measurement uncertainty. 

(2) Establishing mathematical models: according to measurement methods, establish the functional relationship between 
output (measured y) and input (Xi), that is, the calculation Eq. of measured y is listed, and the quantitative relationship 
between Y and input (Xi) is clarified. 

(3) Identification of measurement uncertainty sources: the sources of measurement uncertainty are analyzed and the main 
influencing factors are found according to measurement methods and measurement conditions. The influence of uncertainty 
is not only directly related to the input (xi), but also to the indirect factors that affect the input. 

(4) Assessment of standard uncertainty: the uncertainty of the output (measured Y) depends on the uncertainty of the 
input (Xi) estimates. For this reason, the type A and type B standard uncertainties are evaluated respectively, and the 
expanded uncertainty is finally obtained. 

(5) Report of measurement uncertainty. 
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Fig. 3. The general steps of standard uncertainty assessment. 

 

4 Results 

 

Each uncertainty component of the analysis is quantified and transformed into standard uncertainty. The uncertainties of 
each identified potential source are estimated by direct measurement data or derived from theoretical analysis. The 
evaluation includes type A uncertainty component and type B uncertainty component, and then calculates the combined 
uncertainty and expanded uncertainty. 

The type A uncertainty component is affected by the variation of sample diameter, length, pressure, atmospheric pressure 
and temperature in repetitive measurement (Fig. 4). These factors can be evaluated by repetitive test. Type B uncertainty 
components include pressure gauge, sample volume, standard block volume, volume of reference chamber, volume of 
sample chamber, etc. 

 

Fig. 4. Causality diagram of uncertainty in porosity measurement. 
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4.1 Type A uncertainty assessment 

The type A uncertainty was assessed based on the standard deviation calculated by Bessel's formula. Three shale samples 
were selected to measure porosity independently for ten times, and the condition of repeatability was: (1) the same 
measuring procedure; (2) the same measuring personnel; (3) the same measuring equipment under the same conditions; (4) 
the same measurement equipment; (4) the same location; (5) Repeated measurement in a short time. The standard deviation 
sj of each group of experiments is: 
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s                                                                    (6) 

 

Due to the independent measurement of three groups of samples (Table 1), the standard uncertainty of measurement (uA) 
equals to the standard deviation (sP). The type A uncertainty (uA) of porosity measurement is 0.218%, according to Eq. 7. 





3

2

3

1

ij
jp ss                                                                                  (7) 

Table 1 Repeated measurement results and standard deviations 

xi Sample b0(%) Shale b5 (%) Shale J-3 (%) 

x1 

x2 

x3 

X4 

x5 

x6 

x7 

x8 

x9 

-0.04 

-0.18 

-0.01 

0.00 

5.83 1.10 

6.33 1.05 

6.12 1.05 

5.71 0.84 

-0.16 

-0.23 

-0.17 

-0.18 

-0.18 

5.77 0.91 

5.33 0.93 

5.74 0.97 

5.25 0.95 

5.82 1.04 

x10 -0.16 6.25 1.02 

Standard deviation sj 0.093 0.353 0.098 

Note: Sample b0 is a solid stainless steel cylinder with theoretical porosity of 0%. 

 

4.2 Type B uncertainty assessment 

Type B uncertainty assessment is usually conducted based on previous observation data, relevant information or data, 
include: (a) data from previous measurements or assessments; (b) knowledge of relevant technical data and characteristics 
of measuring instruments; (c) technical documentation provided by manufacturers; (d) data from calibration and verification 
certificates, grade or level of accuracy; (e) uncertainty from manuals or references; (f) the repeatability limit or 
reproducibility limit R given by standards. The standard uncertainties of pressure gauge, bulk volume of core plug, standard 
block volume, reference chamber volume and sample chamber volume are calculated. 
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4.2.1 Pressure gauge 

The standard uncertainty components introduced by the pressure gauge are reference chamber pressure uB(Pc) and sample 
chamber equilibrium pressure uB (Pcy). The pressure gauge accuracy in laboratories is commonly 0.25% or 0.1% of the full 
scale. Few laboratories use high accuracy pressure gauge with the accuracy of 0.03% of the full scale. As the standard 
deviations follow uniform distribution, so the standard uncertainties of pressure gauge with different accuracy are 
0.0025/3=0.00144MPa, 0.0010/3=0.00058MPa and 0.0003/3=0.00017 MPa respectively.  

The standard uncertainty component introduced by barometer for measuring atmospheric pressure in sample chamber is 
uB(Py). According to the verification certificate of barometer, its maximum allowable error is ±0.0002 MPa, which is 
considered to follow uniform distribution. The standard uncertainty of uB(Py) is 0.0002/√3=0.00012MPa. 

 

4.2.2 Bulk volume of core plug 

The bulk volume of core plug is usually measured by vernier calipers, and the error mainly comes from core plug cutting 
process and vernier caliper measurement.  

Shale core plugs are usually difficult to be cut into ideal cylinders while measuring the bulk volume, which brings 
measurement uncertainties. Like the upper and lower sections are not parallel, the height of the cylinder is not uniform, the 
cylinder is not straight, the cylinder surface of the sample is incomplete, uneven, cracked, and the upper and lower ends are 
uneven (Fig. 5). The error limits of length and diameter were counted as ±0.025 cm and ±0.013 cm repectively (Chen Siyu 
et al., 2016). According to uniform distribution, the standard uncertainty of length and diameter are 
u(L)1=0.013/√3=0.0075cm and u(D)1=0.025/√3=0.0144cm respectively. Besides, diameter (and length) is measured by 
vernier calipers, and its maximum allowable error of vernier calipers is ±0.0020 cm. According to uniform distribution, its 
standard uncertainty u(d)1 is 0.0020/3=0.0012 cm. The key laboratory of basin structure and hydrocarbon accumulation of 
CNPC has developed a high-precision 3D scanning method for measuring sample volume (Chen Siyu et. al., 2016). The 
volume measurement error produced by this method is independent of the cutting accuracy of the sample, but only related to 
the accuracy of the instrument itself. Statistical results show that the error limit is ±0.105 cm3. According to uniform 
distribution, the standard uncertainty is uB (Vy)=0.105/√3=0.060cm

3
. 

 In summary, the uncertainty component of sample diameter measurement is u(D)=√ 2(𝑑)1 +  
2(𝐷)1

 
 =0.0144cm, 

and the uncertainty component of sample length measurement is u(L)= √ 2(𝑑)1 +  
2(𝐿)1

 
=0.0075cm. According to Eq. 1, 

the uncertainty component of bulk volume measurement is uB(Vy) =√2 2(𝐷) +  2(𝐿)
 
=0.121 cm

3
. 

 

 

Fig. 5. Main types of shape defects while core plug cutting (Chen Siyu et al., 2016). 

 

4.2.3 Standard block volume taken out 

The standard block taken out is a solid stainless steel cylinder. The uncertainty component mainly comes from 
measurement of diameter and length with vernier caliper. The maximum allowable error of the vernier caliper is (±0.0020 
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cm). According to uniform distribution, its standard uncertainty u(d)1 is 0.0020/3=0.0012 cm. According to Eq. 1, the 
uncertainty component of standard block volume taken out measurement is uB (Vb0)= √2 2(𝑑)1 +  

2(𝑑)1 =0.0147 cm
3

. 

 

4.2.4 Volume of reference chamber and sample chamber 

According to the instrument instructions, the volume accuracy of reference chamber and sample chamber is 0.005cm
3
 and 

0.015cm
3
 respectively. Referring to uniform distribution, the standard uncertainty of the volume of reference chamber and 

sample chamber is uB (V1) =0.005/√3=0.003cm
3
 and

 
uB (V1) =0.005/√3=0.003cm

3 
respectively. 

 

4.2.5 Type B standard uncertainty 

Porosity measurement was conducted on the sl-2 black shale collected from Longmaxi Formation. The porosity 
measurement result is 2.14%. The pressure gauge accuracy is 0.1% of the full scale. The bulk volume is measured by 
vernier caliper. The uncertainty components are shown in Table 2. According to Eq. 3, the calculation process of Type B 
standard uncertainty of pore volume Vk is as follows: 

 

uB(Vk)=uB(𝑉1
𝑃c−𝑃cy

𝑃cy−𝑃y
− 𝑉2 − 𝑉b0+𝑉y)= √  

2 (V1
Pc-Pcy

Pcy-Py
)   

2  V2    
2  Vb0     

2  Vy   
                                              

(8) 

where, 

uB(𝑉1
𝑃c−𝑃cy

𝑃cy−𝑃y
)= urel(𝑉1

𝑃c−𝑃cy

𝑃cy−𝑃y
)×𝑉1

𝑃c−𝑃cy

𝑃cy−𝑃y
                                                                (9) 

urel(𝑉1
𝑃c−𝑃cy

𝑃cy−𝑃y
)=√    

2 (𝑃c − 𝑃cy) +     
2 (𝑃cy − 𝑃y) +     

2 (𝑉1)
                                                                      

(10) 

urel(𝑃c − 𝑃cy)= 
  (𝑃c−𝑃cy)

(𝑃c−𝑃cy)
                                                                          (11) 

urel(𝑃cy − 𝑃y)= 
  (𝑃cy−𝑃y)

(𝑃cy−𝑃y)
                                                                          (12) 

urel(𝑉1)= 
  (𝑉1)

(𝑉1)
                                                                                  (13) 

uB(𝑃c − 𝑃cy)= √ 2(𝑃c) +  
2(𝑃cy)     

                                                                                                
(14)

 

uB(𝑃cy − 𝑃y)= √ 2(𝑃cy) +  
2(𝑃y) 

                                                                                                      
(15)

 

From Eq. 5, Type B standard uncertainty of porosity 𝜙 is: 

urel (𝜙)= √    
2(𝑉k) +     

2(𝑉y)
                                                                                                       

(16) 

Where, 

urel(𝑉k)=
  (𝑉k)

(𝑉k)
                                                                                   (17) 
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urel(𝑉y)= 
  (𝑉y)

(𝑉y)
                                                                                  (18) 

So, 

uB (𝜙)=urel (𝜙)×𝜙                                                                               (19) 

 

Table 2 Summary of uncertainty components 

Uncertainty component (u)  V2 V1 Vb0 Vy Pc Py Pcy Vk 𝜙 

Unit cm
3
 cm

3
 cm

3
 cm

3
 MPa MPa MPa cm

3
 % 

Standard uncertainty (uB) 0.009 0.003 0.0147 0.121 0.00058 0.00012 0.00058 0.132 0.92 

Value 15.347 13.366 19.306 14.32 0.963 0.098 0.438 0.306 2.14 

Relative uncertainty (urel) 0.00059 0.00022 0.00076 0.00848 0.00060 0.00122 0.00132 0.431 0.43 

 

4.3 Combined standard uncertainty and expanded uncertainty 

Combined standard uncertainty is calculated through type A standard uncertainty and type B standard uncertainty (Eq. 
20). 

uc(𝜙)=√  
2 +   

2                                                                                                                              
(20) 

In the 95% confidence interval, the expanded uncertainty is 

U=k×u (𝜙)=2uc (𝜙) =1.90%                                                                     
   

(21) 

Where k is inclusion factor, k = 2. 

  

The porosity value of this sample considering uncertainty is 2.14%±1.90% (Table 3). The expanded uncertainty is as high 
as 1.90%, which almost equals to the measured value. The measured value is in the range of 0.24%~4.04% with 95% 
probability. The high expanded uncertainty causes the low reliability of the porosity measurement although the type A 
uncertainty is low (0.22%). 

 

Table 3 Summary of porosity measurement uncertainty  

Porosity measurement uncertainty Unit Value 

Type A standard uncertainty (uA) % 0.22 

Type A standard uncertainty (uB) % 0.92 

Combined uncertainty (uc) % 0.95 

Expanded uncertain ( U ) % 1.90 

 

4.4 Method validity 

In order to verify the validity of uncertainty assessment, twelve more times experiments were made on the same sample 
(sl-2). Unlike the type A uncertainty repeatability measurement, several experimenters were selected to do the 
measurements in different times. The statistical results show that (Table 4), the mathematical average is 2.17%, and the 
maximum deviation is as large as 1.65%, which is close to the result of expanded uncertainty assessment. The tested result 
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is slightly lower than that of expanded uncertainty that is on the hypothesis of infinite measurement, which confirms the 
validity of this uncertainty assessment method. 

 

Table 4 Shale porosity measurement of sl-2 sample 

No. 1 2 3 4 5 6 7 8 9 10 11 12 

Value (%) 0.52 0.86 0.98 1.39 1.73 1.97 2.34 2.65 2.97 3.23 3.56 3.82 

 

5 Discussions 

 

In order to quantitatively evaluate the expanded uncertainty of porosity under different measurement conditions, and 
improve the accuracy of shale porosity measurement, it is necessary to quantitatively analyze the influence factors, such as 
rock compactness (i.e. porosity scale), bulk volume and pressure gauge accuracy. The influence of expanded uncertainty on 
the shale gas resources credibility was also analyzed. 

 

5.1. Influencing factors on porosity uncertainty 

Porosity measurements were carried out on four shales with different porosity (0.59%~6.02%), and each sample was 
tested under five different conditions. Twenty experiments are conducted and the expanded uncertainty under 95% 
confidence interval is evaluated (Table 5). The expanded uncertainty ranges between 0.88% and 3.12%, which is mainly 
affected by measuring instruments. It is shown that the uncertainty of the same instrument almost invariable. With the 
decrease of porosity, the maximum uncertainty can reach nearly two times of the measured value (198%), leading to the 
serious low credibility of porosity measurement of tight reservoir samples (Fig. 6). 

 

Fig. 6. Expanded uncertainty of shales with different porosity. 

 

The accuracy of pressure gauge has a great influence on expanded uncertainty, which range from 2.26% to 3.12% by 
using the pressure gauge with accuracy of 0.25% F.S. The expanded uncertainty of sl-3 sample is the smallest (2.26%) , 
which accounts for 127% of the measured value, larger than the measured porosity(1.78%). It is found that the uncertainty 
caused by the pressure gauge with accuracy of 0.25% F.S. is too large to meet the requirements of shale porosity 
measurement. Compared with the pressure gauge with accuracy of 0.25% F.S., the pressure gauge with accuracy of 0.1% 
F.S. has significant advantages, and the expanded uncertainty is greatly reduced to 1.00%~2.00%.   The uncertainty 
decreases slightly while pressure gauge accuracy is 0.03%F.S. compared with the pressure gauge measurement with 
accuracy 0.1%F.S., which indicates that improving the pressure gauge accuracy alone cannot effectively reduce the 
expanded uncertainty (Fig. 7). 
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Fig. 7. The influence of pressure gauge accuracy on expanded uncertainty. 

 

The uncertainty of porosity measurement can be significantly reduced by using 3D scanning method to test sample bulk 
volume compared with vernier caliper method for the pressure gauge accuracy both of 0.1% F.S. and 0.03% F.S. For 
example, the expanded uncertainty of porosity measurement is 1.50%~2.00% when using vernier caliper to measure sample 
bulk volume, whereas most expanded uncertainty decrease to less than 1.14% when using 3D scanning method to measure 
sample bulk volume (Fig. 8). In order to obtain the most reliable porosity data, it is necessary to further develop 3D 
scanning method for sample bulk volume measurement while using the highest precision pressure gauge as possible. 

 

Fig. 8. Comparison of porosity measurement expanded uncertainty between 3D scanning method and vernier caliper method. 

(a) Pressure gauge accuracy is 0.1%F.S; (b) Pressure gauge accuracy is 0.03%F.S. 

 

5.2 Influence of porosity uncertainty on resource assessment  

The volumetric gas resource assessment method is most commonly used in low exploration basins. Shale gas is composed 
of free gas and adsorbed gas (Zhao Wenzhi et al., 2016). Porosity mainly affects free gas content. The volumetric method is 
mainly based on the following formulas for calculating the amount of shale gas geological resources: 

𝐺 = 𝐺f + 𝐺s =
0.01·𝐴·ℎ·Ф·𝑆g

𝐵g
+ 0.01 · 𝐴 · ℎ · 𝜌 · 𝐶s                                                       (22) 

Where, 
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G = shale gas geological resources,10
8
×m

3； 

Gf = free gas geological resource,10
8
×m

3； 

Gs = adsorbed gas geological resource, 10
8
×m

3； 

A = shale reservoir area, km
2； 

h = shale reservoir thickness, m； 

S = shale gas saturation, 60%； 

Φ = shale reservoir porosity, %； 

Bg = formation factor, 0.0046, dimensionless； 

ρ= shale reservoir density, 2.5g/m
3； 

Cs = adsorbed gas content, 1.05m
3
/t.
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Table 5 Shale porosity expanded uncertainty under five different measurement conditions 

No. Sample L (cm) D (cm) Vy (cm
3
) Pc (MPa) Py (MPa) Pcy (MPa) 

Sample bulk volume  

measure method 

Pressure gauge accuarcy(MPa) 𝜙 (%)                          uC (%) 

1 sl-1 3.232 2.526 16.197 0.991 0.098 0.472 vernier caliper 0.0025 2.53 2.34 

2 sl-1 3.232 2.526 16.197 0.953 0.098 0.456 vernier caliper 0.0010 0.62 1.84 

3 sl-1 3.232 2.526 16.197 0.9964 0.098 0.4356 vernier caliper 0.0003 1.06 1.76 

4 sl-1 / / 16.763 0.9583 0.098 0.4269 3D scanning 0.0003 1.12 0.88 

5 sl-1 / / 16.763 0.964 0.098 0.466 3D scanning 0.0010 1.18 1.00 

6 sl-2 2.853 2.536 14.411 0.958 0.098 0.445 vernier caliper 0.0025 0.59 2.60 

7 sl-2 2.853 2.536 14.411 0.963 0.098 0.438 vernier caliper 0.0010 2.14 1.90 

8 sl-2 2.853 2.536 14.411 0.9623 0.098 0.4046 vernier caliper 0.0003 2.06 1.80 

9 sl-2 / / 14.468 0.9253 0.098 0.3920 3D scanning 0.0003 2.03 1.00 

10 sl-2 / / 14.468 0.956 0.098 0.437 3D scanning 0.0010 1.93 1.18 

11 sl-3 3.353 2.537 16.950 0.978 0.098 0.475 vernier caliper 0.0025 1.78 2.26 

12 sl-3 3.353 2.537 16.950 0.965 0.098 0.464 vernier caliper 0.0010 3.50 1.82 

13 sl-3 3.353 2.537 16.950 0.9675 0.098 0.4287 vernier caliper 0.0003 3.18 1.76 

14 sl-3 / / 16.909 0.9432 0.098 0.4194 3D scanning 0.0003 2.98 0.88 

15 sl-3 / / 16.909 0.987 0.098 0.474 3D scanning 0.0010 2.91 1.00 

16 sl-4 2.569 2.518 12.793 0.908 0.098 0.407 vernier caliper 0.0025 6.02 3.12 

17 sl-4 2.569 2.518 12.793 0.935 0.098 0.411 vernier caliper 0.0010 4.01 2.00 

18 sl-4 2.569 2.518 12.793 0.916 0.098 0.4790 vernier caliper 0.0003 5.37 1.82 
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19 sl-4 / / 12.808 0.894 0.098 0.4690 3D scanning 0.0003 5.29 1.12 

20 sl-4 / / 12.808 0.854 0.098 0.3800 3D scanning 0.0010 4.85 1.44 
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The Longmaxi Formation is mainly a set of shallow-deep water shelf faces deposits, consisting of deep gray, black silt 
shale, organic shale, siliceous shale and argillaceous siltstone, etc (Dong Dazhong et al., 2018). The Longmaxi Formation 
distributes continuously except for the strata erosion in the western part of the basin. Changning area in southern Sichuan 
basin is a successful shale gas production area (Cao Taotao et al., 2015; Jiao Kun et al., 2017), the exploration area of which 
is about 1.42×10

4
km

2
 with the thickness of black shale of 80 m in average. The burial depth of Longmaxi shale is 2500m in 

average. The shale reservoir density is 2.5g/m
3
, and adsorbed gas content is 1.05 m

3
/t. 

The shale gas content of Longmaxi shale in south Sichuan basin is 3.40m
3
/t, in which the free gas content is 2.35m

3
/t. The 

shale gas geological resource assessment result is 9.65×10
12

m
3
, and the gas concentration is 6.8×10

8
m

3
/km

2
(Eq. 22). 

According to the porosity measurement expanded uncertainty (±1.90%), the uncertainty of shale gas geological resource in 
this area is ±2.81×10

12
m

3
, accounting for 30% of the total geological resources (Fig. 9), which is a large proportion of shale 

gas resources with a low level of confidence. This resource assessment result will bring great risks if it is used as the basis 
of gas field exploration and development. 

It is assessed that the geological resource of shale gas in China is 134.42×10
8
m

3
 and the recoverable resources is 

25.08×10
8
m

3
 by the ministry of land and resources. The uncertainty of porosity directly leads to the low reliability of shale 

gas resources assessment. The uncertain amount of geological resources and exploitable resources are 40×10
8
m

3
 and 

7.5×10
8
m

3 
respectively, accounts for about 30% of their original amount. In order to reduce the risk of exploration and 

decision-making, attention should be paid to the large uncertainty (30% at least) of shale gas resources assessment results. It 
is all known that the potential of shale gas resources in China is huge, although the results released by different institutions 
are inconsistent (Jarvie et al., 2007; Zou Caineng et al., 2016; Li Yufeng et al., 2018; Zhai Gangyi et al., 2018). It is 
suggested that the reservoir porosity uncertainty should be taken into account in the application of shale gas resources 
evaluation, and sometimes corrections should be made base on the practicalities. 

 

 

Fig. 9. Shale gas geological resource assessment results of Changning area, south Sichuan basin. 

 

6 Conclusions 

 

(1) This paper establishes a method for evaluating the uncertainty of porosity, which could be referred for experiment 
quality assessment by other laboratories. 

(2) The expanded uncertainty of shale plug porosity measurement between 1.76% and 3.12% in current measurement 
methods, part of which is too large to be acceptable. It is unreasonable to use repetitive measurement only to express data 
quality. It is suggested that the measurement uncertainty should be added in the standard of helium gas injection porosity 
determine experiment, and the uncertainty should be less than 2.00% by using high-precision pressure gauge. 

(3) The pressure gauge accuracy, the regularity of core plug bulk volume of, and its measurement method are the key 
factors affecting the uncertainty of porosity measurement. The pressure gauge with accuracy of 0.25% F.S. cannot meet the 
requirements of porosity measurement. When the pressure gauge accuracy is higher than 0.1% F.S., plug bulk volume is the 
dominant factor affecting the expanded uncertainty, which decrease to less than 1.14% when using 3D scanning method to 
measure sample bulk volume. it is necessary to further develop 3D scanning method for sample bulk volume measurement 
or high-precision bulk volume cutting method, which can effectively reduce the uncertainty of porosity measurement. 
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(4) The large uncertainty of shale reservoir porosity caused low credibility of shale gas geological resource assessment. In 
order to reduce the risk of exploration and decision-making, attention should be paid to the large uncertainty (30% at least) 
of shale gas resources assessment results, sometimes corrections should be made base on the practicalities. 
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