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1. Introduction 
 

Although the development of computational techniques 

facilitated wide-ranging analysis research in the 

geotechnical and mining engineering fields, physical 

modeling continues to play an indispensable role (Liu et al. 

2003, Sterpi et al. 2004, Manzella et al. 2008). It is difficult 

to conduct large-scale complex projects in fields such as 

mine tunnels, and such projects can be investigated through 

theoretical analysis and numerical modeling. However, 

most of these modeling projects are performed using ground 

dynamic simulations using similar materials (Kim et al. 

1998, Chapman et al. 2006, Lemaitre et al. 1985, He et al. 

2010). This is a more economical and intuitive method to 

perform scaled physical model tests using similar materials 

because full-scale tests are costly and difficult to perform 

repeatedly (Harris and Sabnis 1999). However, selecting 

appropriate modeling materials to simulate rocks can be a 

challenging problem in the scaled physical model tests 

because the geometric simulation test expresses and tests 

real physical objects according to a certain proportional 

relationship with the prototype (similarity law). The 

modeling materials must have all or most of the major  
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properties of the prototype and allow experimentation for a 

shorter time with a lower cost. Therefore, the selected 

modeling materials must have physical and mechanical 

properties similar to those of the prototype to obtain more 

reliable results (Huang et al. 2013).  

To this end, various studies have been conducted for the 

development of materials such as concrete, plaster, gypsum, 

cork, rubber, plastics, and gelatins (Stimpson 1970, He et 

al. 2010, Dong et al. 2012, Huang et al. 2013, Zhang et al. 

2008, Ma et al. 2004). For example, a synthetic soft rock 

was developed by Johnston and Choi (1986). A soft 

sedimentary rock composed of gypsum cement, fine sand, 

and water was also reported (Indraratna 1990). 

Subsequently, materials similar to rocks were developed for 

physical modeling by combining a material composed of 

quartz sand and barite and materials such as cement, 

gypsum, or lime. Ratios of sand, fly ash, and plaster 

gypsum comprising similar materials and their influencing 

factors were investigated (Chen et al. 2015). Scaled model 

tests of rocks often use mixed materials of gypsum and sand 

because gypsum is a homogeneous and isotropic soft 

synthetic rock; each batch in the laboratory conditions can 

easily reproduce the unchanging properties (Conley and 

Bundy 1958, Karni 1970). The raw materials (hydrated lime 

and fine sand) used for producing gypsum have the 

advantages of being easily available and economical, their 

properties change little after curing, and they are insensitive 

to room temperature and humidity changes. Furthermore, 

gypsum mixed with sand at an appropriate ratio provides 

highly reliable and convincing evidence for the adequacy of 
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various ground and rock dynamic modeling, which includes 

the model joints of sedimentary rock, soft rock, hard rock, 

and bedrock (Seo et al. 2021, Chung et al. 2013, Coquard 

and Boisetelle 1994, Hobbs 1968, Jung and Kim 2006, Lee 

and Jeong 2016, Indraratna et al. 1998 Yang and Chiang 

2000, Jiang et al. 2004, Seol et al. 2008, Goodman et al. 

1972, Kim and Kim 2013). The modeling materials must 

simultaneously satisfy the required strength and Young’s 

modulus values converted by the reduction rate because 

they must faithfully represent the physical properties of 

rocks in the field. However, it is highly difficult to find 

materials that simultaneously satisfy the required strength 

and Young’s modulus values according to the reduction rate 

(Kim and Kim 2013). Further, it is difficult to create the 

desired similar materials by referring to existing studies 

because the target properties to be reproduced in a scaled 

model test differ based on the object and purpose of the 

experiments. Therefore, we need a method to easily 

reproduce the target properties using materials that are used 

often. 

The mixing ratio of gypsum and sand has a significant 

effect on the physical properties of the model, which is 

critical for the success of a simulation test. Hence, the 

mixing ratio must be determined by testing the target 

properties at various ratios of gypsum and sand, and many 

laboratory sample tests should be performed to select a 

suitable similar material. To this end, this study investigated 

the physical properties of similar materials by conducting a 

series of laboratory tests at various mixing ratios of the 

gypsum, sand, and water as the similar materials of rock. A 

polynomial model was proposed by configuring a dataset 

based on the experimental results, and the properties of the 

gypsum-sand mixture (GSM) were predicted. The proposed 

polynomial model will help us determine the unconfined 

compressive strength (UCS), elastic modulus(E), and 

density, which are important properties of rock modeling 

materials. Further, the sensitivity of the model to the 

application range and major influencing factors are 

evaluated through a statistical analysis of the proposed 

model. 

 

 

2. Materials and methods 
 

2.1 Gypsum 

 

Gypsum is a critical material that determines the 

physical properties of a mixture. Gypsum plaster is a 

universal material that is inexpensive and readily available. 

Commercial gypsum contains chemical-bonded water of 1/2 

mol and it is produced through hydration hardening to 

CaSO4∙2H2O by bonding with water. Gypsum can be mixed 

with water to form any shape, and its long-term strength is 

not affected by the completion of the chemical hydration 

(Coquard and Boisetelle 1994). The initial setting time of 

gypsum mixed with 60 wt% is approximately 25 min. The 

hardened gypsum is appropriate for simulating the 

behaviors of rocks such as limestone, shale, mudstone, and 

soft rock because it shows consistent UCS and Young’s 

modulus (Hobbs 1968). This study used gypsum  

 

Fig. 1 Physical form of gypsum at the laboratory condition 

 

 
Fig. 2 Particle size distribution curve of sand used 

(Jumunjin sand) 

 

Table 1 Chemical composition of gypsum plaster (ASTM 

C471, 1991) 

Ingredient (%) Gypsum 

CaO 38.8 

SO3 54.3 

Fe2O3 0.01 

Water of hydration 6.0 

Purity 99.11 

 

 

(CaSO4∙2H2O, purity 99%) from Mungyo Plaster Co., Ltd. 

(Fig. 1). The chemical compositions of the gypsum used in 

this study are listed in Table 1. 

 

2.2 Sand 

 

In this study, Jumunjin sand (KSL 5100) was used, 

which is the most widely adopted sand in South Korea 

(Chang et al. 2015, Park et al. 2008, Min and Huy 2010). 

Jumunjin sand is based on quartz (SiO2) and it is 

appropriate for a mixture of modeling materials because it 

has a constant particle size distribution curve and it is 

readily available in South Korea. Jumunjin sand is 

classified as poorly graded sand (SP, ASTM D 2487, 2017)  
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with a uniformity coefficient (Cu) and coefficient of 

gradation (Cc) of 1.35 and 1.14, respectively. Jumunjin sand 

has a structural composition between emin = 0.64 and emax = 

0.89. The particle size distribution curve of Jumunjin sand 

is shown in Fig. 2. 

 

2.3 Experimental design and test method 

 

T h i s  s t u d y used a multidisciplinary approach that 

included laboratory tests, statistical analysis, and computer 

programming. The UCS was measured after curing for 3, 7, 

10, 15, 20, and 28 days at an oven temperature of 50 °C for 

a wide range of mixing ratios for gypsum, sand, and water  

 

 

 

to determine the curing time of the sample for laboratory 

testing. The results confirmed the expression of a constant 

strength regardless of the mixing ratio after 10 days of 

curing (Fig. 3). where GW is the ratio of water to gypsum 

and GS is the ratio of sand to gypsum. The number after the 

ratio is the content (%). For example, GS30 means that the 

percentage of gypsum/sand is 30% 

 Therefore, the basic properties of the model materials 

used in this study were determined by measuring the UCS 

and elastic modulus (where elastic modulus refers to the 

initial tangent modulus) in accordance with the standard test 

method of ASTM D 2166 (2016) and ASTM D3148-96 

(2002) after curing for two weeks at an oven temperature of 

50 °C for cylindrical samples with a diameter of 50 mm and 

a height of 100 mm. Further, the density of the sand in this 

study indicates the full dry density of GSM. Before loading, 

the sample was weighed with an accuracy of 0.01 g and the 

diameter and height were measured with an accuracy of 1 

 
Fig. 3 Variation of UCS with curing period (where GW is the ratio of water to gypsum and GS is the ratio of sand to 

gypsum. The number after the ratio is the content (%). For example, GS30 means that the percentage of gypsum/sand is 

30%) 

 

Fig. 4 Case description of laboratory tests 

Table 2 Properties of Jumunjin sand 

emax emin D50 (mm) Cu Cc Gs USCS 

0.892 0.644 0.52 1.35 1.14 2.65 SP 
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mm. The data of all experiments were taken as the average 

value of three replicates. 
For the mixing methods for gypsum, sand, and water, 

the component materials for the GSM, four cases are set, as 
shown in Fig. 4. The total weight is set to 300 g in 
accordance with the mold volume used. For cases 1, 2, and 
3, the ratio of gypsum and sand was changed at fixed 
intervals, whereas the water weight was fixed at 100 g, 75 
g, and 50 g. For Case 4, only the mixed amount of sand was 
changed, while the weights of the gypsum and water were 
fixed at 100 g. Therefore, Cases 1, 2, and 3 were designed 
to examine the changes in the properties of the mixture 
according to the mixing ratio of gypsum and water and the 
mixing ratio of gypsum and sand. In other words, gypsum is 
a gypsum hydrate, and the amount of water it needs to 
develop strength is chemically determined. Therefore, we 
want to see how the water reacts with the gypsum and, if 
excess is added, how it reacts with the sand and affects the 
overall GSM. Case 4 was designed to examine the changes 
in the properties of the mixture according to the sand 
content in a condition of water content with which gypsum 
can sufficiently react. For the dataset used in this study, the 
values of UCS, elastic modulus, and density according to 
the mixing ratio of gypsum, sand, and water were 
determined by experimenting with 459 cylindrical samples 
in total using the above method. Further, a polynomial 
model that can predict the values of physical properties 
according to the ratio of the mixing materials was proposed 
using a polynomial approach, and the accuracy of the model 
was tested using statistical parameters. 

 
2.4 Modeling using polynomial approach 
 
The polynomial model has been applied to many 

geotechnical problems over the past few years and has 
achieved successful results to some extent. In the 
geotechnical field, the polynomial model has been applied 
to predict the undrain shear strength of clays, pile bearing 
capacity, liquefaction-induced lateral displacement, shear 
wave velocity, shear wave velocity, and recompression 
index of consolidation based on the soil characteristics 
(Kalantary et al. 2009, Ardalan et al. 2009, Mola-Abasi et 
al. 2015, Kordnaeij et al. 2015). Therefore, this approach 
can be applied to the empirical correlation of UCS, E, and 
density of the GSM. 

The basic assumption is that a pair of input parameters 

can be connected through a polynomial function to the 

outputs. Such a representation can be used for input–output 

mapping. The formal explanation of the identification 

problem is to find a function F that can be approximately 

used instead of the observed one f to predict output Y for a 

given input vector X = (x1, x2, x3, …, xn) as close as 

possible to its observed output y. Therefore, for M 

observations of input data, the single output data pairs are 

 1 2 3, , , ,i i i i iny f x x x x       1,2,3, ,i M  (1) 

It is possible to use a polynomial model to predict the 

output values yi for any given input vector X (xi1, xi2, xi3,…, 

xin ), that is 

 1 2 3, , , ,i i i i inY F x x x x        1,2,3, ,i M  (2) 

The problem is now to determine a polynomial model 

such that the square of the differences between the observed 

and predicted outputs is minimized. Hence 

 
2

1 2 3, , , , mini i i in iSum F x x x x y     (3) 

The general connection between input and output 

variables can be expressed by a complicated discrete form 

of the Volterra functional series known as the Kolmogorov–

Gabor polynomial (Jamali et al. 2008). This full-form 

mathematical description can be represented by a system of 

partial quadratic polynomials comprising only two variables 

in the arrangement of 

  2 2

0 1 2 3 4 5,i i i i i i i iY F x y a a x a y a x a y a x y        (4) 

Thus, the partial quadratic description is recursively 

used to build a general mathematical relationship between 

the inputs and outputs. The coefficients ai in Eq. (4) are 

calculated using regression techniques such that the input 

data are correctly related to the physical properties of the 

GSM. 

 

 

3. Test results 
 

3.1 Test results of UCS and E with density 

 

Fig. 5 shows the UCS and E for the density of each 

sample as a result of the experiment in Cases 1, 2, and 3. 

The UCS and E showed similar patterns according to the 

mixing ratio of gypsum, sand, and water set in each case. A 

UCS in the range of approximately 0–45 MPa and an E in 

the range of approximately 0–18 GPa can be reproduced 

with the dihydrate gypsum and sand of the particle size 

distribution similar to the Jumunjin sand used in this study. 

Furthermore, materials with various densities can be 

produced for the same UCS and E. Fig. 6(a) shows the 

relationship between UCS and E in Cases 1, 2, and 3. In 

Fig. 6(b) the E value of the GSM increases with the UCS, 

and they show a linear relationship similar to the 

relationship between the UCS and E of the rock mass 

(Kumar et al. 2017, Sachpazis 1990, Horsrud 2001). 

Therefore, the GSM in this paper can be considered to have 

similar physical properties to real rock mass. 
 

 

 
Fig. 5 Effect of uniaxial compressive strength and elastic 

modulus with density of GSM 
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3.2 Effect of mixing ratio on UCS 
 
The physical properties of the GSM vary with the 

mixing ratio of gypsum, sand, and water. Fig. 7 shows the 
change in the UCS according to the weight ratio of the 
mixing materials of the GSM. Here, regarding the ratio of 
the mixing materials, GW denotes the weight ratio of 
gypsum to water (G/W), GS the weight ratio of gypsum to 
sand (G/S), and SG the weight ratio of sand to gypsum 
(S/G). The UCS shows a slightly decreasing trend when the 
GW ratio exceeds approximately 300 (Fig. 7(a)). Although, 
the amount of injected water varies by case, and the UCS 
result is similar if the GW ratio is the same. The UCS may 
decrease if the weight of gypsum is significantly larger than 
that of water. Thus, if the amount of water reacting with the 
gypsum is insufficient, the strength of the gypsum mixture 
may not be fully developed. The UCS result according to 
the GS ratio shows that the GS ratio at which the UCS is 
expressed varies by case (Fig. 7(b)). Overall, the UCS 
tended to increase with the GS ratio.  

In Cases 1, 2, and 3, the UCS shows irregularly 
changing patterns after the GS ratios of approximately 500, 
400, and 150, respectively. Similar to Fig. 7(a), when the 
GS ratio increases (the amount of gypsum increases), an 

 
 
insufficient amount of water reacting with gypsum can 
affect the UCS value because of the nonuniform mixing. If 
the amount of gypsum increases when the amount of water 
is small, as in Case 3, the UCS may decrease. The density 
changes according to the SG ratio showed the same pattern 
in every case; the higher the SG ratio, the smaller is the 
UCS (Fig. 7(c)). The amount of sand and UCS were 
negatively correlated. Case 3 exhibited a high SG ratio 
owing to the small ratio of water. The reason that the UCS 
appeared differently even at the same SG ratio is that the 
amount of injected water varies by case. Therefore, the 
decrease in UCS with increasing SG ratio is because of the 
relative decrease in the amount of gypsum. In summary, 
gypsum and water have an important role in the variation of 
UCS. An increase in sand content relative to gypsum was 
found to have a decreasing effect on UCS. Therefore, it 
would be reasonable to set GW and SG ratio as predictors 
of UCS in GSM. 

 
3.3 Effect of mixing ratio on E 
 

Fig. 8 shows changes in E according to the weight ratio 

of the mixing materials of the GSM. The change pattern of 

the properties according to the mixing ratio of materials is  

 
(a) Experimental data from this study 

 
(b) Comparisons with previous studies 

Fig. 6 Relationship between uniaxial compressive strength and elastic modulus 
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(a) 

 
(b) 

 
(c) 

Fig. 7 Effect of mixing ratio of gypsum, sand and water 

on unconfined compressive strength (UCS) and: (a) the 

weight ratio of gypsum to water (GW), (b) the weight 

ratio of gypsum to sand (GS), and (c) the weight ratio of 

sand to gypsum (SG) 

 

 

the same as the pattern of UCS because the UCS and E have 

a linear relationship, as shown in Fig. 6. Further, E shows a 

decreasing trend when the GW ratio becomes larger than 

approximately 300, and it is influenced by the GW, as in the 

UCS (Fig. 8(a)). If the materials are mixed at the same GW 

ratio, the E value becomes similar in every case. Further, E 

increased with the GS ratio, and after reaching the peak, and 

it showed an irregular change pattern (Fig. 8(b)). Likewise, 

because of the different mixing amounts of water by case, it 

appears to have an adverse effect on the properties if the 

amount of water is unnecessarily large for a reaction with 

gypsum. The E value showed a negative correlation with 

the SG ratio (Fig. 8(c)). The higher the SG ratio, the smaller  

 
(a) 

 
(b) 

 
(c) 

Fig. 8 Effect of mixing ratio of gypsum, sand and water 

on elastic modulus (E) and: (a) the weight ratio of 

gypsum to water (GW), (b) the weight ratio of gypsum to 

sand (GS), and (c) the weight ratio of sand to gypsum 

(SG) 

 

 

is the value of E because the amount of gypsum decreases 

relatively. In the final analysis, similar to UCS, the amount 

of sand did not significantly affect the expression of E. In 

the case of E of GSM, GW and SG ratio were set as 

predictors to express both the increase and decrease of 

physical properties. 

 

3.4 Effect of mixing ratio on density 

 

The change in the density of the GSM according to the 

mixing ratio shows a different pattern from that of the UCS 

and E. Fig. 9 shows the change in the density of the GSM 

according to the mixing ratio. The density shows an  

430



 

Polynomial model controlling the physical properties of a gypsum-sand mixture (GSM) 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 9 Effect of mixing ratio of gypsum, sand and water 

on density and: (a) the weight ratio of gypsum to water 

(GW), (b) the weight ratio of gypsum to sand (GS), and 

(c) the weight ratio of sand to gypsum (SG) 

 
 

increasing trend according to the GW ratio (Fig. 9(a)), and 
the increasing amount according to the GW ratio is similar 
in Cases 1–3. In Case 3, the density shows a change up to a 
high GW ratio because of the large amount of water; 
however, the density decreases when the GW ratio becomes 
larger than approximately 350 because of the insufficient 
amount of water. The density increases with the GS ratio 
and gradually stabilizes (Fig. 9(b)). In Cases 1–3, the 
density increased until the GS ratio became approximately 
200 and changed slightly after that. At a GS ratio below 
200, the increase in density is different in each case. This 
suggests that when the gypsum sufficiently reacts with 
water, the added gypsum does not influence the density.  

In contrast, the larger the SG ratio, the smaller is the 

density (Fig. 9(c)). The effect of density can be observed  

 
(a) 

 
(b) 

Fig. 10 Effect of sand content on physical properties with 

(a) GS ratio and (b) ST ratio 

 

 

clearly in the results of Case 4. Fig. 10 shows the result of 

Case 4, where only the mixing amount of sand is different 

for the same mixing amounts of gypsum and water. Even if 

the GS ratio increased, the UCS and E were almost constant 

without significant changes; however, the density showed a 

decreasing trend (Fig. 10(a)). The decrease in density is a 

result of the increasing amount of sand. Fig. 10(b) shows 

the weight ratio of the sand to the total input amount (ST 

ratio). Because the amounts of gypsum and water are 

constant, it was represented by the ST ratio to highlight the 

effect on sand. Thus, the UCS and E remained constant 

without significant changes as the sand content increased; 

however, the density increased steadily This suggests that 

the effect of the GW ratio on the density of the GSM is 

dominant within the range where the sand content and the 

characteristics of the UCS and E are expressed. Hence, the 

GW and SG ratios were set as the variables to consider 

positive and negative effects for predicting the density of 

GSM. 
 

 
4. Prediction model and statistical analysis 

 
4.1 Prediction model using polynomial approach 
 

In this study, a polynomial model was configured using 

a dataset with 459 data points with the mixing ratios of 

materials that comprise the gypsum–sand mixture as the  

431



 

Seunghwan Seo and Moonkyung Chung 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 11 Response surface plot of physical properties for 

GSM: (a) UCS, (b) E and (c) Density 

 

 

input; the measurements of UCS, E, and density were used 

as the output. To generate a predictive model using the 

polynomial approach, we utilized only 75% of the total 

experimental data, while the remaining 25% was used to 

validate the proposed model. In this case, the data was 

equally extracted for each case to prepare a dataset for 

validation. In this data set, the weight ratios of gypsum, 

sand, and water expressed as the GW and SG ratios were 

used as parameters. The correlation between the mixing 

ratio of the materials and the properties of the GSM can be 

expressed appropriately by a polynomial model (Volterra 

series). The corresponding polynomial representations for 

predicting the UCS, E, and density of the GSM are 

respectively expressed as 

𝑈𝐶𝑆 =  −28.1 + 42.646𝐺𝑊 − 6.821𝐺𝑊2 + 3.876𝑆𝐺
− 2.31𝐺𝑊 ∙ 𝑆𝐺 − 0.1468𝑆𝐺2 (5) 

𝐸 = 0.772 + 0.357𝐺𝑊 − 0.027𝐺𝑊2 + 0.0513𝑆𝐺
+ 0.12𝐺𝑊 ∙ 𝑆𝐺 − 0.00284𝑆𝐺2 (6) 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 0.772 + 0.3576GW − 0.027𝐺𝑊2

+ 0.051𝑆𝐺 + 0.12𝐺𝑊 ∙ 𝑆𝐺
− 0.0028𝑆𝐺2 

(7) 

 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 12 Polynomial model predicted physical properties 

against observed data: (a) UCS, (b) E and (c) density 
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where GW and SG are the ratios of gypsum to water, sand 

to gypsum, and gypsum to sand, respectively. From Eqs. 

(5)-(7), we can estimate the properties of GSM (UCS, E, 

and Density) as two variables, GW and SG. Fig. 11 shows 

the response surface plot for each property of GSM. It can 

be seen that UCS and E show similar trends, and as GW 

increases, the physical properties also increase and decrease 

at some level, which also depends on the change in SG. For 

density, the magnitude of the increase is more affected by 

SG than GW. Fig. 12 shows the relationship between the 

predicted values obtained using the polynomial model and 

the observed values for validation data sets. The models for 

predicting the UCS, E, and density showed good 

correlations close to the equality line and appeared to 

successfully predict the observed values. According to the 

reliability-based concept of statistical analysis, the predicted 

and observed values must match completely; however, the 

accuracy and performance of the model must be evaluated 

using statistical indices. 

 
4.2 Evaluation of the performance of the model 
 
The performance of polynomial model was estimated by 

the following measures. 

Root mean square error (RMSE) 

 
2

1

1 M

i

i

RMSE h h
M 

   (8) 
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(9) 

Mean absolute deviation (MAD) 

1

M

i i

i

h t
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M




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 (10) 

Mean absolute percentage error (MAPE) 

1

1

100
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i

M
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i

h t
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




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(11) 

where M, hi, ℎ̅, ti, and t denote the number of observations, 

ith observed value, mean h value, ith predicted value, and 

mean t value, respectively. Table 3 summarizes the 

predicted performance of the polynomial model using the 

above statistical indices. Lower values for RMSE, MAD, 

and MAPE provided better performance. In fact, for a 

precise error-free model, one can expect R2 equal to one, 

RMSE, MAD, and MAPE equal to zero. In other words, the 

lower the RMSE, MAPE, and MAD, the higher is the 

performance of the model. 

The result of modeling UCS, E, and density using the 

polynomial model and coefficients of determination (R2)  

Table 3 Statistical results for the polynomial model of 

physical properties 

Model for physical 

properties 
MAPE RMSE MAD R2 

UCS 10.61 2.73 2.10 0.987 

E 14.44 1.22 1,00 0.979 

Density 2.03 0.04 0.03 0.999 

 

 
Fig. 13 Effect of measured error of input parameters on 

the MAPE of the predicted physical properties 

 

 

were 0.987, 0.979, and 0.999, respectively. The parameters 

of the model showed good correlations with the target 

properties. The MAPE, RMSE, and MAD of the prediction 

model for the properties of the GSM were mostly low, 

which indicates a satisfactory performance. 

 

4.3 Sensitivity analysis 

 

In this study, various input parameters were changed at a 

constant rate for the prediction model for the properties of 

the GSM; their effects on the error of the output values 

were examined. To that end, the MAPE data of the observed 

and predicted values were calculated using Eq. (11) while 

changing each parameter of the sample in the range of 

±20% and maintaining other parameters constant; the 

results are shown in Fig. 13. The UCS and E of GSM show 

high MAPEs according to the change in the GW ratio, and 

these errors significantly affect the results. For example, if 

the GW ratio is measured and used inaccurately with a -

10% error, an error of approximately 30% can occur in the 

prediction of UCS. One notable thing is that the results are 

affected differently depending on whether the input changes 

in a positive or negative direction. In the case of UCS, the 

impact is greater when the GW ratio changes in the negative 

direction. However, a positive change will have a relatively 

small impact. The MAPE changed very little when the SG 

ratio was changed, which indicates an insignificant effect 

on the UCS and E values of the GSM. The resulting density 

of the GSM was affected by the change in the input 

parameters. For instance, if the GW ratio has a 10% error, 

the predicted density can have a mean error of 4.35%. 

A sensitivity analysis was used to identify the 

significance of each input parameter on the objective 

(output) parameter in the model. The cosine amplitude 

method (CAM) is a sensitivity analysis method used to  
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Fig. 14 Strength of relation (Rij) between physical 

property and input parameters 

 

 

obtain express similarity relations between the related 

parameters (Yang and Zhang 1997, Vu-Bac et al. 2014). All 

data pairs were expressed in the common X-space to apply 

this method. The data pairs used to construct a data array X 

are defined as 

 1 2 3, , , , mX x x x x  (12) 

where xi denotes a vector with a length of m, which is 

shown as 

 1 2 3, , , ,i i i i imX x x x x  (13) 

Thus, each of the data pairs can be thought of as a point 

in the m-dimensional space, where each point requires m 

coordinates for a full description. Each element of a 

relation, Rij, results in a pairwise comparison of two data 

pairs. Therefore, the strength of the relation between the 

data pairs xi and xj is given by 

1

2 2

1 1

m

ik jk

k
ij

m m

ik jk

k k

x x

R

x x



 




 

 
(14) 

The strengths of the relations (Rij values) between the 

physical property (output) and input parameters using the 

CAM method are shown in Fig. 14. Fig. 14 shows the 

strength of the relation of each parameter for the properties 

of the GSM. This sensitivity analysis was conducted based 

on the experimental dataset used in this study. The GW ratio 

has the largest effect on the UCS, E, and density of GSM in 

the evaluated data range. The SG ratio is highly correlated 

with density, and relatively low for UCS and E. Similar to 

the previous experimental results, for UCS and E, the GW 

ratio is more highly correlated than the SG ratio, and 

density is highly correlated with both GW and SG. 

 

 

5. Conclusions 
 

In this study, the UCS, E, and density of 459 GSM 

samples were measured through laboratory tests, and based 

on these data, a polynomial model was developed with the 

mixing ratio of gypsum, sand, and water as the parameter to 

enable the prediction of the properties of the GSM. The 

findings of this study can be summarized as follows. 

 The target properties of the GSM desired by the user 

can be reproduced by adjusting the weight ratio of the 

mixing materials, that is, gypsum, sand, and water, 

which can be used as modeling materials for simulating 

rocks or complex substance. 

 The parameter that has the largest effect on the 

properties of GSM is the GW ratio (ratio of gypsum to 

water), and a sufficient amount of gypsum is required 

for the reaction with water. If the amount of gypsum is 

greater than the amount required for the reaction, the 

UCS and E values tended to decrease. Hence, the GW 

ratio must be adjusted to an appropriate level. The 

density of GSM is affected by the content of sand, and if 

the added amount of gypsum is larger than the amount 

required for the reaction, the density of GSM is affected 

to some degree. On the other hand, higher sand content 

has a negative impact on UCS and E properties, so this 

should also be considered. Therefore, the UCS and E of 

the GSM can be predicted using the GW and SG ratios 

as parameters; the density using GW and SG ratios as 

the parameters.  

 The error bias of the polynomial model that can 

predict the properties of GSM was less than 3%, and the 

R2 values between the observed and predicted values of 

the prediction model for the UCS, E, and density of 

GSM based on the experimental data for validation were 

0.987, 0.979, and 0.999, respectively. These results 

suggest excellent correlations between the model 

parameters and target properties. 

 The results of the sensitivity analysis that examined 

the effects of output on the input of the prediction model 

for the properties of GSM showed that the UCS and E 

of the GSM were significantly affected by the GW ratio, 

whereas the effect of change in input values on the 

density was insignificant.  

 The results of the analysis of the parameters using 

the CAM method showed that the factor that had the 

largest effect on the properties of the GSM was the GW 

ratio, whereas the SG ratio had a relatively low effect. 

 The polynomial model in this study has an excellent 

ability to predict the UCS, E, and density of the GSM 

more simply and economically than expensive 

laboratory procedures. Therefore, it will provide great 

assistance in inversely determining the weight ratio of 

mixing materials for the target properties and using 

them as modeling materials.  
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