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Abstract: In order to overcome the problem that the existing methods of compiling load spectrum of spindle or machine 

tool mainly aim at the cutting force spectrum, torque spectrum and speed spectrum respectively, which ignore the 

connection between each spectrum, in this paper, a method for compiling drilling load spectrum of motorized spindle in 

CNC machine tool based on the characteristics of drilling force is proposed. Firstly, drilling tests under different pro-

cessing technologies are carried out to measure its load, and the correction coefficient in the empirical formula of 

drilling force is obtained through fitting the measured drilling force, which makes the calculation of the axial force and 

torque more reasonable. Secondly, compared with the extended factor method, the transcendental probability method is 

optimized to solve the ultimate load of the axial force. Then, after setting the axial force as the main load of drilling, an 

eight-stage load spectrum for the main load is compiled. Finally, according to the relationship between the axial force 

and other loads, the eight-stage loading spectrum is transformed into a multi-dimensional drilling load spectrum. 

Keywords: drilling load spectrum; characteristics of drilling force; transcendental probability method; empirical for-

mula; NC machine tools 

1. Introduction 

As the basis of manufacturing industry, the reliability level of CNC machine tool is the key index to measure the 
comprehensive national strength [1]. Motorized spindle is the key functional component of CNC machine tool, and its 
reliability level directly affects the reliability of CNC machine tool. The reliability test of motorized spindle is one of the 
key technology to improve its reliability level. The reliability test can be divided into two types: field reliability test and 
bench reliability test. Due to the limitations of the actual machining condition, in order to ensure the production effi-
ciency, the bench reliability test of motorized spindle becomes an effective test method. The key technology of bench 
reliability test is to simulate the actual machining process of product, in order to trigger its real faults [2]. Therefore, the 
loading conditions of motorized spindle in the actual machining process need to be explored. 

The load spectrum expresses the load time history of components in the real working condition, that is, the statis-
tical law of load and time, which is widely used in aerospace [3-4], automobile [5-6], mechanical engineering [7] and 
other fields. Compiling the load spectrum of motorized spindle provides the basis to simulate the actual working con-
ditions in the laboratory. There are many working conditions of CNC machine tools, and the loads of machine tools vary 
greatly under different processing modes. Even if any process parameter changes under the same processing mode, the 
cutting load will change greatly, thus it is a relatively complex to establish the load spectrum of spindle. Wang [8] took 
the turning parameters collected at the processing site of First Automobile Works as the basic data for compiling a load 
spectrum, calculated the turning torque according to the empirical formula, and established the functional relationship 
between the calculated torque and its frequency, which was regarded as a load spectrum for early machine tool spindles. 
Cheng [9] presented a continuous spectrum of fatigue load by studying the relationship between the power and its 
torque, which overcomes the complex problem in calculating equivalent fatigue load under discrete power and speed 
spectra. Wang [10-11] used the multi-regression method and the maximum likelihood method to estimate parameters of 
distribution models when compiling a load spectrum of machine tools and then optimized the load distribution model by 
a comprehensive evaluation method with a multi-factor model. At the same time, they first proposed the concept of a 
comprehensive load spectrum of NC lathe, established a joint distribution function between the torque and the speed of 
lathe spindles, and compiled load spectra of lathe transmission components theoretically. For improving the typicality 
and versatility of a load spectrum of machine tools, Huang [12] studied the utilization of speed and power in the pro-
cessing site of typical users and then compiled a combined spectrum of speed and power. When compiling a relative 
torque spectrum of milling motorized spindles, Wang [13] divided loads of the relative torque into five levels, optimized 
a distribution model by the K-S test method, and compiled a five-stage load spectrum for its reliability test. 

Recently, in view of the fact that the load data of lathe obeys several distributions such as Weibull, lognormal, 
gamma and beta, Chen [14] proposed a method to optimize the load model, which fused various error information as an 
evaluation index and employed data envelopment analysis (DEA) method. At the same time, laws of load transmission 
of NC lathe were studied for obtaining the load model of each transmission part, which provided the theoretical basis for 



 

the design and optimization of transmission parts. In order to reduce the great difference between the load spectrum and 
its corresponding processing load, Chi [15] subdivided the processing conditions into several parts and then established 
a torque program spectrum by connecting the divided parts which have been compiled as "low-high-low" loading 
blocks. Aiming at the situation that the load on the machine tools in the actual processing is a dynamic load, He [16] 
carried out actual turning tests of typical machining parameter for reappearing dynamic loads in the lab, divided the 
cutting force angle within a small range at equal intervals, extrapolated loads in time domain or solved extreme values, 
and finally compiled a three-dimensional program spectrum including rotational speed, cutting force and its angle, 
which provided a loading basis for reliability tests of NC lathe and its key functional components. In order to overcome 
the difficulty in solving the torque of milling, Zhu [17] introduced milling force model to solve the milling torque and 
compiled a milling load spectrum including rotation speed, three direction force, torque and loading frequency, which 
provided a loading basis for simulating the actual milling condition. 

However, it can be concluded that the existing methods of compiling load spectrum of spindle or machine tool 
mainly aim at the cutting force, torque and speed load of spindle of CNC machine tool, and compile the cutting force 
spectrum, torque spectrum and speed spectrum respectively, which leads to the lack of connection between each spec-
trum. Therefore, in this paper, according to the load characteristics of drilling conditions, the drilling spectrum compi-
lation method is studied. Firstly, the drilling force obtained from the actual test is fitted by empirical formula, and the 
correction coefficient of drilling force is obtained, which provides a theoretical method for more accurate calculation of 
axial force and torque under all drilling processes. On the other hand, according to the characteristics of the measured 
drilling force signal, the drilling in and drilling out process is recorded as a load cycle. Secondly, the transcendental 
probability method is optimized to extrapolate the limit load of drilling axial force. Then, based on the most important 
load axial force in drilling process, the eight level program spectrum is compiled. Finally, according to the relationship 
between axial force and other loads, the eight level program spectrum is added to the drilling load spectrum including 
speed, torque and dynamic load frequency. 

The remainder of this article is organized as follows. Section 2 subdivides drilling processes and elaborates the 
empirical formula for calculating the drilling force. Section 3 analyses the measured drilling signal and calculates the 
correction coefficient of the empirical formula. Section 4 compiles the drilling load spectrum. Finally, the conclusions 
are provided in Section 5. 

2. The classification of drilling 

Drilling technologies mainly include hole drilling, hole expansion, reaming, rounding and threading. Under dif-
ferent technologies, the characteristics of cutting force are different because of the great difference in cutting tools. 

Hole drilling refers to one type of hole processing method that drills a hole on the workpiece which is prepared to 
be processed. And its axial force Fz and torque Mz can be calculated by empirical Eqs. (1)-(2) [21]. 
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where d0 is the diameter of drill bit, f is the feed rate, CF, zF, yF, CM, zM, and yM are the related parameters, which are 
selected according to Table 1. Correction factor kM is equal to kF, which can be estimated according to the axial force 
measured by actual cutting tests. 

Table 1. Parameter of drilling empirical formula. 

Workpiece’s materials Cutter’s materials 
Coefficient and index 

Axial force (N) Torque (Nm) 

Steel High speed steel CF zF yF CM zM yM 

Gray iron 
High speed steel 600 1.0 0.7 0.305 2.0 0.8 

Hard metal 420 1.0 0.8 0.206 2.0 0.8 

Copper or aluminium alloy High speed steel 410 1.2 0.75 0.117 2.2 0.8 

 
Hole expansion is one type of drilling method that enlarges the hole diameter from d0′ to d0 on the basis of existing 

holes. And its axial force and torque can be extrapolated by Eq. (1) and (2) [21] as follows: 
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In addition to hole drilling and hole expansion, drilling technologies include rounding, reaming and threading. 
Rounding is the process to machining rounding at the end of the hole, aiming at removing burrs caused by hole drilling 
and facilitating the subsequent assembly of shaft and holes. When a fillet is rounded, its axial force is generally far less 
than the maximum axial force of hole drilling due to its small cutting width and a large number of cutter teeth involved 
in cutting. Therefore, the load generated by rounding can be regarded as a non-destructive load in the process of com-
piling a drilling load spectrum. 

Reaming is to increase a small amount of aperture based on an existing hole to improve its accuracy, surface 
roughness, and verticality, which helps to meet the requirements of part drawings. Reaming is subordinate to 
semi-finishing or finishing, and its processing allowance is far less than that of hole drilling. Therefore, the load gen-
erated by reaming can also be regarded as a non-destructive load in the process of compiling a drilling load spectrum. 

Threading is used to process internal threads. And its load is small because of a small processing allowance. 
Generally, special machine tools are employed to thread machining, and few machining centers are employed for it. 
Moreover, compared with hole drilling, the threading load is so small that it can be regarded as a non-destructive load in 
the process of compiling a drilling load spectrum. 

The specific processing effects of the five drilling technologies are shown in Fig. 1. 

 

Figure 1. Processing effects of different drilling technologies. 

3. Analysis of drilling load 

3.1. Collection of drilling parameters 

The drilling parameters of a batch of similar NC machine tools are collected, and the loads under rounding, reaming 
and threading are all regarded as non-destructive loads and deleted. Therefore, the machining data of hole drilling and 
hole expansion are mainly recorded. The specific recording format of drilling process data is shown in Table 2, where 
the cutter’s materials is high speed steel (HSS). 

Table 2. Specific recording format of drilling process data. 

No. 
Workpiece’s 

material 

Cutter’s 

materials 

Machining 

times 

d0
′
 

(mm) 

d0 

(mm) 

n 

r/(min) 

vf 

(mm/min) 

Depth 

(mm) 

Time 

(s) 

1 Aluminium  HSS 6000 0 3 1500 20 30 90 

2 Steel HSS 10 0 6 1200 100 50 30 

3 Cast iron HSS 5100 0 12 1500 200 60 18 

…. 

3.2. Drilling signal processing 

During the cutting force measurement test, firstly, the cutting force test system shall be built on the VDL-1000 
vertical machining center in the laboratory, then the process data collected on site shall be reproduced on the machining 
center, and finally the actual cutting force signal shall be measured and recorded. In the actual cutting state, the actual 
cutting force can be measured by dynamometer. The principle of cutting force test system is shown in Figure 2. Firstly, 
the milling force signal is transformed into a weak electrical signal through the piezoelectric sensor in the dynamometer, 
and then the weak signal is amplified proportionally and without distortion through the charge amplifier. After that, the 
amplified signal is converted into a digital signal by the data acquisition system. Finally, the three-dimensional cutting 



 

force signal is displayed on the computer in real time after the conversion by the special software. The physical diagram 
of the measurement system is shown in Fig. 3.  

 

 

Figure 2. Connection diagram of cutting test equipment. 

 

Figure 3. Cutting force tests. 

The drilling signals caused by hole drilling (a) and hole expansion (b) are plotted in Fig. 4. According to the 
analysis of the cutting force signals in Fig. 4, the drilling process is smooth and the fluctuation of its axis force is very 
small. Therefore, the wavelet amplitude of the axis force can be regarded as non-destructive loads in the process of 
compiling the drilling load spectrum, that is, the axial force of the drilling can be regarded as a constant value. Moreover, 
the values of Fx and Fy are so small that they can all be regarded as zero. In summary, the process from drilling in to 
drilling out can be regarded as a load cycle. Therefore, a square wave signal can be employed to simulate the drilling 
load in the reliability bench test of spindles. 

  

(a) hole drilling (b) hole expansion 

Figure 4. Force signals caused by drilling. 

3.3. Calculation of correction coefficient 

Due to the fact that the 9129AA dynamometer can only measure three-dimensional force but can’t directly measure 
torque, the empirical formula of drilling is employed to solve the axial force and torque. In order to solve their values 



 

precisely, the measured drilling force is fitted by the empirical formula to solve its correction coefficient. And then the 
values of axial force and torque under all drilling parameters are calculated. 

For calculating the correction factor, several drilling parameters collected on the spot are randomly selected to 
carry out cutting force tests and the axial force measured by 9129AA dynamometer is shown in Table 3. 

Table 3. Verification of empirical formula for axial force. 

No. 
Workpiece’s 

material 

d0 

(mm) 

N 

(r/min) 

vf 

(mm/min) 

Measured Fz 

(N) 

Calculated Fz 

(N) 

Error 

(%) 

1 Aluminium 3.3 1300 30 75 75 0 

2 Aluminium 5.2 900 30 185 159 14 

3 Aluminium 6.8 500 120 1000 1009 0.9 

4 Aluminium 6.8 2000 480 950 1009 6.2 

5 Aluminium 6.8 1000 500 2060 1816 11.8 

6 Aluminium 20 2000 920 4900 4996 2.0 

…. 
 

Taking kF as a variable, the optimization function of the drilling force is established as follows: 
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where F(kF) is the optimal function, Fzmi the ith measured axial force, Fzei(kF) the ith calculated axial force according to 
the empirical formula, and N the total number of measured axial force. 

Taking the minimum of F(kF) as the optimization objective, the correction coefficient kF is solved as 1.49 by the 
simulated annealing method. Through multiple adjustments and operations, the initial parameters of simulated an-
nealing method are local learning factor 2.25, global learning factor 2.25, inertia weight coefficient 0.35, control pa-
rameter 3.85, cool down factor 0.98, initial temperature 160. The iterative process of solving parameters by simulated 
annealing algorithm is shown in the Figure 5. The errors of axial force between the calculated value and the measured 
one are shown in Table 3. And all errors are not so large that the empirical formula can be acceptable. 

 

Figure 5. Iterative process of simulated annealing algorithm. 

4. Compilation for Drilling Spectrum 

In order to realize program control better, only the continuous cumulative frequency curve can be transformed into 
a stepped cumulative frequency curve. The stepped cumulative frequency curve can be divided into 4 stages, 8 stages, 16 
stages and 32 stages. At present, the stepped cumulative frequency curve of eight-stage program is often used at home 
and abroad [22]. The main idea to compile a drilling spectrum is compiling an eight-stage program spectrum based on 
the main load first and then integrating other loads into the program spectrum according to their relationships. 

4.1. Distribution model of axial force 

Firstly, the frequency histogram of the axial force is drawn, and then an appropriate distribution function, Weibull 
function or kernel function, should be selected according to the frequency histogram. If the Weibull function is selected, 
its parameters need to be estimated by the maximum likelihood method. If the kernel function is selected, the data of axis 



 

force should be fitted with appropriate bandwidth. And then the axis force’s probability density plot and cumulative 
probability density plot are drawn. At the same time, the point estimates of the axial force are plotted in the cumulative 
probability density plot to judge the fitting effect of the fitting function. 

The point estimates of the cumulative probability density, which can be calculated by Eq. (6) [18]. 
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where Fzi is the i-th Fz sorted from small to large, and n is the total number of drilling load cycles. 

4.2. Extrapolation of extreme load 

The extreme load can be solved by extreme value theory (EVT), extended factor method and transcendental 
probability method. EVT mainly involves the statistical laws of the maximum or minimum value in random loads, 
which also includes the distribution of extreme loads. Due to the truth mentioned above that the drilling load under the 
same drilling parameters can be regarded as a constant value, EVT is not applicable to extrapolate the extreme load of 
drilling. Therefore, the extension factor method and the transcendental probability method are introduced to extrapolate 
the ultimate load. 

According to the different types of extrapolation functions, the extended factor method [19] can be divided into two 
categories: straight line extrapolation and curve extrapolation. The two extrapolation methods have the same principle 
and similar effect. The concrete steps of the curve extrapolation are as follows: 

Step1: The cumulative frequency distribution of the actual axial force is transformed into a standard cumulative 
distribution function, which is marked as an original curve shown in Eq. (7). 
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where Fz is the axial force, Fzmax the maximum axial force, H the cumulative frequency of axial force, H0 the total cu-
mulative frequency, and n the total number of stages of load spectrum compiled. 

Step2: Translate the original curve upward for expanding the maximum cumulative frequency to 10
6
(H1), and then 

generate the extrapolated curve shown in Fig. 6. 

 

Figure 6. The schematic diagram of the extended factor method. 

Step3: Solve the extrapolated curve function. 
Firstly, the extrapolated curve is assumed as Eq. (8). 
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where a is the undetermined coefficient, and Fzlim the ultimate load of the axial force. 
Secondly, both sides of Eq. (8) should be taken logarithm: 
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Thirdly, if ln(H)=ln(H1)−ln(H0), Fz=Fzmax, thus a can be calculated as shown in Eq. (10). 
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Fourthly, a in Eq. (9) need to be replaced by Eq. (10) as shown in Eq.(11). 
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Finally, if ln(H) is equal to 0 in Eq. (11), Fzlim can be solved as follows. 
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The transcendental probability method [20] regards the maximum load in 10
6
 load cycles as the ultimate load and 

its calculation principle is shown in Fig.7. 

 

Figure 7. Principle diagram of the transcendental probability method. 

The curve in Fig. 7 is the probability density curve of the axial force. If P=10
-6

, xLIM represents a load that occurs 
once in 10

6
 load cycles, which is also regarded as an ultimate load. Usually, the ultimate load is solved according to the 

cumulative probability density function, which is shown in Eq. (13). 

 (13) 

where F(x) is the cumulative probability density function of the axial force. 

4.4. Compilation of Drilling Load Spectrum 

The process for solving the rotational speed, torque and loading frequency associated with the axial force is as 
follows: 

Step1: According to the upper and lower limits of each level of axial force, the rotational speed, torque and drilling 
time corresponding to the axial force are divided into eight groups, and the average values of rotational speed, torque and 
drilling time of each group are calculated, which are supplemented into the program spectrum. 

Step2: The lacked parts in Table 6 are secondary loads compared with the axial force, which can be divided into 
two categories: calculated value and statistical value. Torque is the calculated value, which can be obtained by enlarging 
or reducing the nearest torque proportionately. Rotational speed and drilling time are statistical values, which can be set 
as the value of the nearest series. For example, the rotational speed and drilling time listed in series 7 and 8 can be set as 
that of the nearest series, that is, their value is the same as that of series 6, and the torque is proportionately amplified on 
the basis of that in series 6. If there is a linear correlation between the secondary loads and the main load, the linear 
relationship can be established to solve the secondary loads. 

The proportion of load cycles P can be calculated by Eq. (14) or (15). 
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where Pi is the ratio of the number of cycles of the ith axial force, Ri and Ri+1 the lower and upper limits of the ith axial 
force respectively, f(x) the probability density function of the axial force, and F(x) the cumulative probability density 
function of the axial force. 

4.5. Acceleration Factor of Drilling Load Spectrum 

When the spindle reliability bench test is carried out according to the drilling load spectrum mentioned above, the 
relationship between the running time of spindles on the test bench and that under actual working conditions can be 
described by acceleration factor: 

1 1 2 2
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k p k p
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where p1 and p2 are the proportion of the working time of hole drilling and hole expansion to the total time of drilling 
respectively, k1 and k2 the ratio of cutting time to machine running time in their own process technology respectively, 
and ad the accelerating factor for eliminating the non-damage load which can be described as Eq. (17). 
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As shown in Eq. (17), the acceleration of the test can be achieved by deleting the low amplitude load. The key is to 
determine the limit boundary of the nondestructive load (excluding the strengthening load). At present, there are two 
general principles in academia. The first principle is regarding all loads less than half of the fatigue limit as 
non-destructive loads, but it only applies to parts that are easy to determine the fatigue limit. The second principle is 
setting the loads less than 0.1~0.125 times of the maximum amplitude as non-destructive loads. Although the second 
principle has high practicability and wide application range, the strengthening effect of low amplitude loads may be 
neglected. And the first principle is not applicable here because the spindle’s fatigue limit can’t be determined because 
of the complex situation. Therefore, the second principle is chosen with optimized parameters. In order to avoid ex-
cessive load deletion leading to neglect the strengthening characteristics of low-amplitude loads, the load less than 
0.0625 times of the maximum amplitude is deleted as non-destructive loads in the paper, which considers the minimum 
proportion of eighth-stage program spectrum. 

5. Case study 

To verify the effectiveness of the proposed compilation method for drilling spectrum, in this section, the spectrum 
is compiled for a batch of drilling processes collected on the VDL or VDF series machining center of an engine parts 
manufacturing company in Guangxi. Firstly, the point estimates of the axial force are plotted in the cumulative proba-
bility density plot to judge the fitting effect of the fitting function, which is shown in Figs. 8 and 9. 

 

(a) Frequency distribution histogram (b) Cumulative probability density 

Figure 8. Fitting result of Weibull function. 



 

 

(a) Frequency distribution histogram (b) Cumulative probability density 

Figure 9. Fitting result of Gaussian kernel function. 

Red asterisks in Figs. 8 and 9 refer to point estimates of the cumulative probability density. Comparing and ana-
lyzing the above two graphs, the Gaussian kernel function has a better fitting effect, regardless of the overall fitting 
effect or local details. Therefore, the Gaussian kernel function is employed to fit the axial force. 
The extended factor method and the transcendental probability method are compared to solve the extreme load of the 
axis force in Table 4. 

Table 4. Comparison of extreme loads in two methods. 

Method Extended factor method 
Transcendental probability 

method 

Maximum load / N 8804 

Extreme load / N 9112 10245 

Enlargement times 1.03 1.16 

 
As shown in Table 4, the extrapolation value of the transcendental probability method is bigger than that of the 

extended factor method, which is also in a reasonable range (less than 1.2 times). Therefore, the transcendental proba-
bility method is employed to extrapolate the extreme load of axial force of drilling. 
According to Conover's research results, the load spectrum can be divided into eight stages to fully reflect its fatigue 
characteristics. The proportions of magnitudes are 0.125, 0.275, 0.425, 0.575, 0.725, 0.85, 0.95 and 1, respectively. 
Thus, the program spectrum of axis force is shown in Table 5. 

Table 5. Program spectrum of axis force. 

Series 1 2 3 4 5 6 7 8 

Proportion 0.125 0.275 0.425 0.575 0.725 0.85 0.95 1 

Fz (N) 1471 3236 5001 6765 8530 10001 11178 11766 

P 0.76675 0.20278 0.01090 0.00710 0.00556 0.00136 0.00012 0.00544 

 
A spindle reliability test bench is shown in Fig.10. In the test bench, the spindles rotate at a certain speed n, the 

loading mechanism with piezoelectric ceramics applies dynamic axial force to the test spindle at a certain frequency f, 
the loading spindle applies torque Mz to the test spindle through the direct torque control. If the eight-level program 
spectrum is employed for loading, the loads such as rotational speed, torque and loading frequency are lacked. There-
fore, it is necessary to supplement the program spectrum into a drilling load spectrum including rotational speed, torque 
and loading frequency. 



 

Test spindle

Loading spindle

Axial force loading mechanism

Loaded unit

 

Figure 10. Spindle reliability test bench. 

According to the upper and lower limits of each level of axial force, the rotational speed, torque and drilling time 
corresponding to the axial force are divided into eight groups, and the average values of rotational speed, torque and 
drilling time of each group are calculated, which are supplemented into the program spectrum as shown in Table 6. 

Table 6. Drilling load spectrum (Incomplete). 

Series 1 2 3 4 5 6 7 8 

Proportion 0.125 0.275 0.425 0.575 0.725 0.85 0.95 1 

Fz (N) 1471 3236 5001 6765 8530 10001 11178 11766 

P 0.76675 0.20278 0.01090 0.00710 0.00556 0.00136 0.00012 0.00544 

n (r/min) 3000 2600 1000 500 400 400   

Mz (Nm) 8.5 12 16.2 76.8 75.2 88.1   

Drilling time (s) 21.23 4.38 13.96 20.87 19.12 15.82   

 
The data in Table 6 is incomplete because some series have no data when grouping (especially series 7 and 8). 

Thus, the rotational speed, torque and drilling time of these series need to be further studied. In summary, the complete 
drilling load spectrum is shown in Table 7. 

Table 7. Drilling load spectrum (Complete). 

Series 1 2 3 4 5 6 7 8 

Proportion 0.125 0.275 0.425 0.575 0.725 0.85 0.95 1 

Fz (N) 1471 3236 5001 6765 8530 10001 11178 11766 

P 0.76675 0.20278 0.01090 0.00710 0.00556 0.00136 0.00012 0.00544 

n (r/min) 3000 2600 1000 500 400 400 400 400 

Mz (Nm) 8.5 12 16.2 76.8 75.2 88.1 98.5 103.7 

Frequency 0.0471 0.2283 0.0716 0.0479 0.0523 0.0632 0.0632 0.0632 

 
It has been proved in References [12, 17] that the ratio of actual cutting time to the total running time of machine 

tools is approximately 0.4, so k1 = k2 = 0.4. At the same time, according to the collected data, p1 = 0.529, p2 = 0, ad = 1.11, 
thus the acceleration factor of the drilling load spectrum is up to 5.25. 
If the load spectrum in Table 7 is applied to the reliability bench test of drilling spindle, in order to better simulate the 
alternation of loads in the actual working conditions, the main load is loaded by the way of "low-high-low" and the other 
loads change following the main load. The loading diagram is shown in Fig. 11. 



 

 
(a) Axial force 

 
(b) Rotational speed 

 
(c) Torque 

Figure 11. Loading schematic. 

5. Conclusions 

Based on the analysis of the characteristics of drilling force, a multi-dimensional drilling load spectrum for relia-
bility bench test is compiled with the idea of "seizing the main load and inducing other loads". The conclusions are as 
follows: 

(1) The drilling signal obtained from the cutting force test shows that the intermediate process of drilling is stable 
and its fluctuation value is small. When compiling a spectrum, the axial force in the intermediate process can be re-
garded as a constant value. Therefore, a single process from drilling in to drilling out can be regarded as a load cycle. 

(2) According to the analysis of drilling force signals, the time of the rising and falling edges of the axial force is 
much shorter than that of the whole drilling process. Therefore, a square wave load can be employed to simulate the 
drilling load in the reliability bench test. 

(3) By comparing the extended factor method with the transcendental probability method, their magnification 
factors are in the reasonable scope which is less than 1.2 times of the maximum value. And the magnification effect of 
the transcendental probability method is better than that of the extended factor method, and its theory is simpler and 
clearer. Therefore, the extreme load of the axial force is solved by the transcendental probability method. 

(4) A multi-dimensional drilling load spectrum for reliability bench test is compiled. It not only compresses the 
load-free time during actual drilling time but also eliminates some low-amplitude loads with non-destructive effect, 
leading to a high acceleration factor about 5.25. 
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