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To accurately evaluate the modulus of elasticity in static bending (MOE) 
of wooden components in ancient timberwork buildings under the 
"minimum intervention principle,” the nondestructive testing of physical 
and mechanical properties were conducted on larch. Using moisture 
content (MC), density (ρ), the stress wave propagation velocity (𝒗), the 
modulus of elasticity in dynamic bending (Ed), the rotational resistance 
value of the drilling needle (fdrill), and the resistance value of the feeding 
needle (ffeed) as the main parameters, the correlation between several 
parameters and MOE was firstly calculated using the Gray Relation 
Analysis (GRA) and ranked according to the strength of the correlation. 
Six combinations were selected according to the ranking, and the Gene 
Expression Programming algorithm (GEP) was used to build models for 
predicting MOE. The results showed that the correlation between several 
parameters and MOE was good (between 0.5 and 0.8), and the prediction 
model established with combination 6 was the best, which indicated that 
the prediction model established based on GRA-GEP algorithm had a 
certain feasibility and effectiveness, and the combined effect of the six 
parameters to evaluate the MOE of wooden components of ancient 
buildings was better in the field inspection. 
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INTRODUCTION 
 

Wood is the main building material of ancient timberwork buildings, so it plays an 

important supporting role in the whole building system (Ni et al. 2019). The effective, 

rapid, and accurate detection of wood properties in the field without destroying the material 

itself and the original structure of ancient buildings has become one of the important 

objectives of wood research in the context of preventive conservation of ancient buildings 

(Li 2020). Among the wood properties, the modulus of elasticity (MOE) is one of the most 

important indicators, reflecting the wood’s reversible changes in dimensions when 

subjected to specified loads (Tian et al. 2017; Cavalheiro et al. 2018). Therefore, accurate 

prediction of the MOE of wood is of great practical importance. The traditional method of 
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elastic modulus testing is carried out by mechanical experiments, but it is destructive and 

not suitable for ancient buildings. With the importance of assessing the timber properties 

of wooden components of ancient buildings and the special characteristics of testing 

methods, nondestructive testing (NDT) techniques have been widely applied to the field of 

wood timber properties in recent years (Biechele et al. 2011; Ming et al. 2013). The main 

NDT methods applied to the determination of wood’s elastic modulus are the ultrasonic 

method (Chan et al. 2011), the stress wave method (Menezzi et al. 2014), the SilviScan 

determination method (Dahlen et al. 2018), and the microdrill resistance meter detection 

method (Sun et al. 2012). These techniques have been applied extensively in the detection 

of wood property indicators (Haseli et al. 2020). 

Based on the relevant research results on wood timber properties in recent years, 

there is a correlation between the MOE of wood and the NDT index. For example, Zhang, 

Zhu, et al. (2011) established the correlation analysis of the stress wave-drag modulus and 

the mechanical index. Yang et al. (2015) used NDT results to predict the MOE determined 

using ASTM tests with linear regression R2 values ranging from 0.77 to 0.86. Chen and 

Guo (2017) evaluated the mechanical performance of fir ancient wood based on NDT and 

reliability analysis; they found that there was a significant linear correlation between the 

resistance values of specimens and the MOE and the modulus of elasticity in dynamic 

bending (Ed). The prediction of the MOE can be carried out by nondestructive testing 

technology, which will provide important significance for the accurate evaluation of the 

load-bearing capacity of wooden elements of ancient buildings under the “principle of 

minimum intervention” and preventive conservation. 

Gray relation analysis (GRA) is a multifactorial statistical analysis. It is based on 

the sample data of each factor and uses the gray correlation degree to describe the strength, 

magnitude, and order of the relationship between the factors (Zhang et al. 2011). Generally, 

if the correlation degree is greater than or equal to 0.8, it is considered to have good 

correlation. If the correlation degree is between 0.5 and 0.8, it is considered to have 

correlation. If the correlation degree is less than 0.5, it is basically irrelevant (Chen et al. 

2016). Li et al. (2020) discriminated the residual damage area of the specimens under the 

stress wave method, applied the GRA method, combined with the stepwise discrimination 

method to establish the model, and finally obtained a high discrimination accuracy. 

Gene expression programming (GEP) is a newly developed evolutionary method. 

It is developed from genetic algorithm (GAS) and genetic programming (GP). Gene 

expression programming overcomes the complex functions in the GAS system and the 

difficulty of genetic operations in the GP system. Gene expression programming also has 

stronger function discovery ability and higher search efficiency, which can realize data 

mining in multidimensional space. It is currently the most effective analysis method for 

complex nonlinear problems (Ferreira 2001). Currently, GEP has been studied in relation 

to the dynamic modulus of asphalt mixes (Yan et al. 2015), concrete bond strength (Zhang 

and Xue 2021), subway civil engineering cost estimation (Wang and Lu 2019), and 

abrasive jet cutting depth (Wang et al. 2015). In addition, more desirable prediction models 

have been established to improve the prediction accuracy.  

Therefore, in order to quickly and accurately predict the static bending (MOE) of 

ancient wood structures, gray relation analysis (GRA) and gene expression programming 

(GEP) were introduced to establish a predictive model of the modulus of elasticity in static 

bending (MOE) of larch wood based on nondestructive testing. To be specific, this study 

took larch as the research object. Firstly, the moisture content (MC), density (ρ), stress 

wave propagation velocity (𝑣), the modulus of elasticity in dynamic bending (Ed), the 
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rotational resistance value of the drilling needle (fdrill), and the resistance value of the 

feeding needle (ffeed) were obtained by means of stress wave detection method, microdrill 

resistance meter detection method, and standard experiments. Secondly, the correlation 

degree between these six parameters and MOE of wood were calculated by using GRA, 

respectively. Six combinations were selected according to the strength of correlation 

degree. Finally, GEP was used to establish the predictive model of the modulus of elasticity 

in static bending (MOE) of larch wood. The prediction results show that this method can 

predict quickly and accurately the MOE of ancient wooden structure, which provides a new 

method for the safety evaluation of ancient wooden building. 

 

 

EXPERIMENTAL 
 

Materials 
The experimental material was larch, whose scientific name is Larix gmelinii. The 

experimental material was purchased from Qing Dongling Wood Factory in Zunhua City, 

Hebei Province. The diameters of the base and the top were 50 cm and 40 cm, respectively. 

The height was 400 cm. In order to facilitate the production of the specimen, the wood was 

divided into 8 equal sections which included sections A, B, C, D, E, F, G, and H. The length 

of each section was 50 cm. In addition, in order to ensure that the test piece could cover 

the whole wood, the specimens were selected from 10 annual rings of depth in each cross-

section, as shown in Fig. 1. 

    

 
Fig. 1. Specimen sawing pattern 

 

According to the determination requirements of MOE in "Method of sample logs 

sawing and test specimens selection for physical and mechanical tests of wood (GB/T 

1929-2009)”, the standard specimen size should be 2 cm × 2 cm × 36 cm (transverse × 

radial × longitudinal). In order to ensure that the moisture content (MC), density (ρ), stress 

wave propagation velocity (𝑣), the rotational resistance value of the drilling needle (fdrill), 

and the resistance value of the feeding needle (ffeed) were obtained from the same specimen, 

we finally selected a specimen with a size of 2 cm × 2 cm × 45 cm (transverse × radial × 

longitudinal). Each specimen was marked with moisture content testing area, density 

testing area, stress wave testing area, impedance meter testing area, and MOE testing area, 

as shown in Fig. 2. 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Cheng et al. (2022). “Predictive MOE in larch wood,” BioResources 17(1), 445-459.  448 

 

Fig. 2. Experimental specimen partition (unit: mm) 
 

Methods and Steps 
The size of the specimens was measured with vernier calipers (Guilin Guanglu 

Measuring Instrument Co., Guilin, China), so that the volume (V) of the sample could be 

calculated. The mass (m) of the specimens was measured with a precision electronic 

balance (Shanghai Lichen Electronic Technology Co., Shanghai, China). Then, the density 

(ρ) of the sample could be calculated according to Eq. 1, 

𝜌 =
𝑚

𝑉
                                                                       (1) 

The propagation time of the stress wave in the wood was measured with a stress 

wave tester (FAKOPP Enterprise Bt., Ágfalva, Hungary). Two transducers were coupled 

in the specimens’ ends, and measurements were made along the direction parallel to the 

fibers of the specimens. The angle between the two transducers and the length of the 

specimens was not less than 45°, and the distance between the two measurement points 

was measured. During the measurement, the reading of the propagation time of the first tap 

was invalid. From the second measurement, the average value of the propagation time 

obtained by continuously measuring three times was used as the final test result. 

The micro-drilling resistance instrument 200/5000 (the feed speed was 200 cm/min, 

needle speed was 5000 r/min) was used to measure both ends of the specimens, and the 

resistance value of the material inside the wood was tested. A transducer was drilled into 

the surface of the processed specimen at a uniform speed and perpendicular to the direction 

of the annual ring, and the test data was imported into the computer to calculate the 

resistance value. The resistance value included the fdrill and ffeed values. 

In accordance with the location shown in Fig. 2, a small specimen of 3 cm × 2 × 

cm × 2 cm (longitudinal, transverse, and radial) was sawed at one end of the specimen, and 

the MC of the specimen was measured according to “Method for determination of the 

moisture content of wood (GB/T1931-2009)”. According to "Method for determination of 

the modulus of elasticity in static bending of wood (GB/T 1936.2-2009)", the universal 

mechanical testing machine produced by Jinan Rima Machinery Equipment Co., Ltd. was 

used to measure the MOE of wood. 

The theoretical Ed of wood can be calculated according to Eq. 2,  

𝑬𝒅 = 𝝆 𝒗𝟐                                             (2) 

(Ross et al. 2004). 

So the theoretical Ed of wood can be calculated by substituting Eq. 1 into Eq. 2, 
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𝑬𝒅 =
𝒎𝒗𝟐

𝑽
                               (3) 

 
Gray Relation Analysis 

In order to determine the degree of influence of the parameters on the MOE, the 

GRA algorithm was used for the analysis, and its calculation steps can be seen below. 

(1) Determine the analysis sequence. In this paper, the MOE was used as the parent 

sequence Y=Y(k), MC, ρ, 𝑣 , Ed, fdrill, and ffeed. Six parameters were the subsequence, 

Xi=Xi(k), where i=1, 2, 3, 4, 5, 6；k=1, 2, …152. 

(2) Dimensionless processing of sequences (normalization). The commonly used 

methods include the mean value method and the initialization method. This paper adopted 

initialization method, which can be calculated according to Eq. 4, 

𝑥𝑖(𝑘) =
𝑋𝑖(𝑘)

𝑋𝑖(1)
                                                                                                 (4) 

where i=1, 2, …n. 

(3) The difference series, the maximum difference, and the minimum difference 

can be obtained by Eq. 5, Eq. 6 and Eq. 7, respectively. 

|𝒙𝟎(𝒌) − 𝒙𝒊(𝒌)|                                                                                            (5) 

𝒎𝒊𝒏

𝒊=𝟏
𝒏

𝒎𝒊𝒏

𝒌=𝟏
𝒎

|𝒙𝟎(𝒌) − 𝒙𝒊(𝒌)|                                                                   (6) 

𝒎𝒂𝒙
𝒊=𝟏

𝒏

𝒎𝒂𝒙
𝒌=𝟏

𝒎
|𝒙𝟎(𝒌) − 𝒙𝒊(𝒌)|                                                                                 (7) 

where, k=1, 2, m; i=1, 2, …n. 

(4) The number of correlation coefficients can be calculated according to Eq. 8, 

𝝃𝒊(𝒌) =
𝒎𝒊𝒏

𝒊
𝒎𝒊𝒏

𝒌
|𝒙𝟎(𝒌)−𝒙𝒊(𝒌)|+𝝆∙

𝒎𝒂𝒙
𝒊

𝒎𝒂𝒙
𝒌

|𝒙𝟎(𝒌)−𝒙𝒊(𝒌)|

|𝒙𝟎(𝒌)−𝒙𝒊(𝒌)|+𝝆∙
𝒎𝒂𝒙

𝒊
𝒎𝒂𝒙

𝒌
|𝒙𝟎(𝒌)−𝒙𝒊(𝒌)|

             (8) 

where, the resolution factor was ρ equal to 0.5. 

(5) The correlation can be calculated according to Eq. 9, 

 𝒓𝒊 =
𝟏

𝒏
∑ 𝝃𝒊

𝒏
𝒌=𝟏 (𝒌)                                                                      (9) 

(6) Sorted by relevance. The correlation between the comparison sequence and the 

reference sequence was sorted from largest to smallest. 

 

 

RESULTS AND DISCUSSION 
 

Establish the MOE Prediction Model based on GRA-GEP 
Experimental data analysis and processing 

The MC, ρ, 𝒗, Ed, fdrill, and ffeed values were obtained according to the stress wave 

detection method, microdrill resistance meter detection method, and standard experiments. 

There were 152 groups of experimental data. Statistical parameters are shown in Table 1.  
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Table 1. Statistical Parameters of Experimental Data 

Parameters MC/% ρ/g/cm3 𝒗/m/s Ed/GPa fdrill/resi ffeed/resi MOE/GPa 

Minimum Value 4.19 0.37 3461.54 5.27 14.44 24.39 5.21 

Maximum Value 6.42 0.70 5232.56 16.51 28.46 72.70 18.15 

Average Value 5.54 0.55 4586.19 11.60 22.09 50.10 12.47 

Median 5.54 0.55 4607.51 11.68 22.05 49.00 12.74 

Standard Deviation 0.37 0.06 374.48 2.33 2.84 10.12 2.77 

 

      
 

     
 

  
 

a) b) 

c) 
d) 

e) f) 
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Fig. 3. The trends of the a) MOE, b) MC, c) ρ, d) Ed, e) 𝑣, f) fdrill, and g) ffeed values with the annual 

rotation depth  

In order to reduce the absolute value of the data and facilitate the calculation, the 

logarithms of the original data were treated preliminarily. Figure 3 shows that the variation 

trend of MOE, MC, ρ, 𝒗, Ed, fdrill and ffeed at different ring depths. It can be seen from Fig. 

3 that the other six parameters except 𝒗 all showed certain regularity with different tree 

ring depth. 

Similarly, Fig. 4 shows that the variation trend between six parameters and MOE. 

Formulae fitting was carried out on these variation trend graphs. The fitting results are 

listed in Table 2. The fitting results showed that MOE had certain correlation with other 5 

parameters except MC, among which MOE has relatively good correlation with Ed and ρ. 

 

    
 

    
 

a) b) 

c) d) 

g) 
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Fig. 4. Fitting relationship between the MOE and the a) MC, b) ρ, c) Ed, d) 𝑣, e) fdrill, and f) ffeed 

values 

From the experimental procedure and results, the six parameters have some 

correlation. In order to determine the degree of influence of the six parameters on the MOE, 

the GRA was used for analyzing the 152 data. The correlation ranking of the MOE is shown 

in Table 3. That is, the correlations of the six parameters with the MOE were ranked from 

strongest to weakest as follows: Ed ＞ ffeed ＞ ρ＞ fdrill ＞ 𝑣 ＞ MC. 

 

Table 2. Relationship Between the MOE and MC, ρ, 𝑣, Ed, fdrill, and ffeed 

Name Relationship Correlation Coefficient (R) 

MOE and MC y = 0.0137x2 − 0.0304x + 1.6985 0.127 

MOE and ρ y = −0.0195x2 + 0.3937x − 1.4702 0.656 

MOE and 𝑣 y = −0.0502x2 + 0.4099x + 7.7207 0.521 

MOE and Ed y = −0.12x2 + 1.2134x + 0.1558 0.736 

MOE and fdrill y = −0.3186x2 + 1.7079x + 0.8288 0.451 

MOE and ffeed y = −0.4977x2 + 2.6775x + 0.3423 0.453 

 

Table 3. Relevance Ranking 

Parameters Ed ffeed ρ fdrill 𝑣 MC 

Relevance 0.78629 0.68149 0.67421 0.67013 0.60235 0.59693 

 

Establishing the GRA-GEP models 

The GeneXproTools 5.0 software (Bristol, UK) was used to establish a more accurate 

prediction model for the MOE of the larch wood. It was derived by varying various 

parameters such as gene number, chromosome number and linkage function, and selecting 

the number of evolutionary generations. The optimal parameters obtained from the tests 

are shown in Table 4.  

 

  

e) f) 
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Table 4. Parameter for the GEP Models 

Parameter Name Value Parameter Name Value 

Fitness Function RMSE Two-Point Recombination 0.00277 

Number of Genes 3 Gene Recombination 0.00277 

Number of Chromosomes 30 IS Transposition 0.00546 

Head Size 8 RIS Transposition 0.00546 

Linking Functions × Gene Transposition 0.00277 

One-Point Recombination 0.00277 Mutation 0.00138 

 

The set of functions chosen was F= {+, -, *, /, exp(x), ln(x), x2, 1/x, x1/3}. The set of 

variables was T= {d0, d1, d2, d3, d4, d5}, where d0~d5 were MC, ρ, V, Ed, fdrill, and ffeed, and 

the output value was the MOE. The flow chart of the GEP algorithm is shown in Fig. 5. 

Six combinations were selected for the GEP models according to the ranking of the 

correlations. The comparison results are shown in Table 5. 

 

Table 5. Combination Approach and Model Results 

Combination Name Combination Content Coefficient of Determination (R2) R 

Combination 1 Ed 0.550 0.742 

Combination 2 Ed, ffeed 0.575 0.758 

Combination 3 Ed, ffeed, ρ 0.572 0.756 

 Combination 4 Ed, ffeed, ρ, fdrill 0.569 0.754 

Combination 5 Ed, ffeed, ρ, fdrill, 𝒗 0.574 0.758 

Combination 6 Ed, ffeed, ρ, fdrill, 𝒗, MC 0.600 0.775 

 

 
 

Fig. 5. The GEP algorithm flow chart 
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Fig. 6. The expression tree for a) Sub-ET 1, b) Sub-ET 2, and c) Sub-ET 3 of combination 6 

 

From the R2 and R values for the six combinations, the optimal prediction model 

was obtained for combination 6. That is, all six parameters had some effect on the 

prediction of the MOE. The prediction model was obtained using the GeneXproTools 5.0 

software as follows: 

G1C4 = −4.55449079866939; 

G2C2 = 6.51335825678274; 

G3C1 = −8.75511671485119; 

 

y = 0.0; 

y = (1.0/((gep3Rt(((1.0/(d(5)))*(G1C4−d(4))))+d(5)))); 

y = y * (d(5)+((1.0/(((d(4)−d(2))−G2C2)))−(1.0/((d(2)^2))))); 

y = y * (d(4)−(1.0/((d(4)*(1.0/((reallog(d(5))*G3C1))))))); 

result = y; 

 

function result = gep3Rt(x) 

if (x < 0.0), 

    result = −((-x)^(1.0/3.0)); 

else 

    result = x^(1.0/3.0); 

end 

 

The expression tree for the corresponding combination 6 is shown in Fig. 6. 

a) b) 

c) 
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Analysis of the GRA-GEP Models 
The coefficient of determination (R2), Mean Squared Error (MSE), Residual 

Standard Error (RSE), Root Mean Squared Error (RMSE), and Mean Absolute Error 

(MAE) were used to test the feasibility and accuracy of the prediction model. The formulas 

for the R2, the MSE, the RSE, the RMSE, and the MAE values can be seen in Eqs. 10, 11, 

12, 13, and 14, respectively, 

𝑅2 = 1 −
∑ (𝑦𝑖

∧
−𝑦𝑖)2

𝑖

∑ (𝑦𝑖
−

−𝑦𝑖)2
𝑖

                                                                             (10) 

𝑀𝑆𝐸 =
1

𝑚
∑ (𝑦𝑖 − 𝑦

∧

𝑖) 𝑚
𝑖=1

2

                                                                 (11) 

𝑅𝑆𝐸 = √
1

𝑛−𝑝−1
∑(𝑦𝑖 − 𝑦

∧

𝑖)2                                                       (12) 

𝑅𝑀𝑆𝐸 = √
1

𝑚
∑ (𝑦𝑖 − 𝑦𝑖

∧
)2𝑚

𝑖=1                                                             (13) 

𝑀𝐴𝐸 =
1

𝑚
∑ |(𝑦𝑖 − 𝑦𝑖

∧
)|𝑚

𝑖=1                                                                      (14) 

where, 𝑦𝑖 − 𝑦𝑖

∧
 is the difference between the true value and the predicted value, n-p-1 is the 

degree of freedom, and p is the number of features.  

The results of the evaluation index calculation for the six combinations are shown 

in Table 6. The results in Table 6 showed that combination 6 was superior to the other 

combinations in all the evaluation indicators. This indicated that combination 6 was better 

again. 

 

Table 6. Evaluation Metrics for the Six Combinations 

Combination Name R2 MSE RSE RMSE MAE 

Combination 1 0.55 3.43 0.45 1.85 1.41 

Combination 2 0.575 3.28 0.43 1.81 1.38 

Combination 3 0.572 3.26 0.43 1.81 1.39 

Combination 4 0.569 3.33 0.44 1.82 1.36 

Combination 5 0.574 3.25 0.43 1.80 1.40 

Combination 6 0.6 3.04 0.40 1.74 1.38 

 

To select the optimal prediction model, the above five indicators were normalized 

to obtain the expression for the comprehensive evaluation accuracy, as seen in Eq. 15 

(Wang et al. 2020), 

𝐾𝑖 =
1

𝑛
∑ 𝑚𝑖𝑛( 𝑀𝑗)/𝑀𝑖𝑗  𝑛

𝑗=1                                                                       (15) 
 

where Ki is the comprehensive evaluation of the i-th combination, i=1, 2,…6, Mij is the j-th 

index of the i-th combination, j=1, 2,…, and min (Mj) is the minimum value among the j-

th index of the six combinations. A higher Ki value indicates a better combination. 
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Fig. 7. Comprehensive evaluation accuracy of the six combinations 

 

Figure 7 shows that the evaluation accuracy value of combination 6 was 

significantly better than the other five combinations. This indicated that the prediction 

model built using the six parameters can improve the prediction accuracy of the MOE. The 

K-values of the six combination prediction models were compared and analyzed, and the 

K-value of the combination 6 prediction model was 98.04%, which was the largest among 

all the combination prediction models. In summary, the prediction model established by 

combination 6 was the optimal model, followed by combinations 3, 5, 2, 4, and 1. The 

prediction model indicated that the data of the six parameters should be integrated to assess 

the MOE values of wooden elements of ancient buildings in the field of testing. 

 

LIMITATIONS 
 

This study has certain limitations. Only one test material, which is larch wood, was 

used to predict the modulus of elasticity in static bending. Since different tree species have 

different wood properties, more tree species samples (such as fir, cypress, nanmu, etc.) 

need to be considered in the follow-up research. In addition, because the material properties 

of wood are also affected by damage conditions (such as decay, cracks, insect attacks, etc.), 

the influence of these factors need to be considered in the follow-up research. In this way, 

a more complete database can be established to enhance the applicability of the model. 

 
 
CONCLUSIONS 
 
1. The Gray Relation Analysis – Genetic Expression Programming (GRA-GEP) 

algorithm was introduced to predict the modulus of elasticity (MOE) of wood, and the 

experimental demonstration revealed that the constructed prediction model was highly 

accurate, feasible, and effective. 

2. Through gray correlation analysis, it was found that the correlation between the six 

parameters and the MOE was ranked from strongest to weakest as follows: Ed > ffeed > 

ρ > fdrill > 𝑣 > MC. 
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3. In comparing the prediction models of six combinations, calculating the statistical 

index values, and normalizing them to calculate the evaluation accuracy, the 

comparison results showed that the prediction accuracy of combination 6 was optimal. 

The prediction model indicated that the six parameters should be integrated to evaluate 

the MOE values of wooden elements of ancient buildings in the field of inspection. 
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