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Abstract 
When cement attachments on the casing inner wall are removed, thick con-
tinuous cement rings can sharply increase scraping resistance and cumulative 
work, and may even suspend the operation. To address this problem, a 7-inch 
spring-loaded casing scraper was studied through blade spring compression 
tests, casing obstacle-removal bench tests, and finite element orthogonal de-
sign. The equivalent stiffness of the spring assembly on a single blade was first 
measured. The axial load and removal ratio of the scraper were then compared 
among burrs, discrete cement blocks with three spacings, and continuous ce-
ment rings with three thicknesses. For 25 structural parameter combinations, 
the average scraping force, material failure volume, and scraping work were 
analyzed, and the schemes were screened by range analysis and equal-weight 
comprehensive scoring. The results show that the equivalent stiffness of the 
spring assembly is about 120.9 N/mm. When the cement block spacing in-
creases from 100 mm to 200 mm, the cumulative scraping work decreases by 
52.48%. When the continuous cement ring thickness increases from 6 mm to 
8 mm, the cumulative scraping work increases by 36.74%; under the 10 mm 
condition, the peak load reaches 180 kN and the operation is suspended. The 
orthogonal results show that the blade body length dominates the average 
scraping force and scraping work, while the cutter wing height dominates the 
failure volume. Among the 25 schemes, T20 ranks first with a comprehensive 
score of 0.9492. This study provides a quantitative basis for optimizing scraper 
blade parameters. 
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1. Introduction 

During oil and gas well completion and workover, residual cement, metal burrs, 
and other deposits on the casing inner wall can reduce the effective drift diameter, 
hinder downhole operations, impair packer sealing, and cause tool sticking. 
Zhang et al. emphasized the importance of removing residual bridge plug debris 
and sand in shale gas horizontal wells [1], while Lei et al. evaluated a negative-
pressure wellbore cleaning tool through numerical simulations and laboratory 
tests [2]. Kiran et al. reviewed the causes of well integrity failure [3], and Vralstad 
et al. highlighted the importance of long-term well barrier integrity [4]. Spring-
loaded casing scrapers remove deposits through contact, compression, and shear-
ing, with spring-supported blades adapting to variations in casing diameter. How-
ever, thick continuous cement attachments may cause excessive scraping re-
sistance, energy consumption, and casing damage. Therefore, understanding the 
scraping mechanism and the influence of structural parameters is essential for im-
proving removal efficiency. 

Previous studies have investigated cement integrity, casing wear, material cut-
ting, and damage modeling. Skorpa and Vralstad examined fluid migration through 
cement cracks and micro-annuli [5], while Osman et al. and Yu et al. investigated 
casing wear under different contact conditions [6] [7]. Bois et al. developed a 
mechanistic model for cement sheath integrity [8]. Regarding cutting mechanics, 
Ulm and James characterized the mechanical properties of oil well cement using 
scratch tests [9], Teale introduced the concept of specific cutting energy [10], and 
Detournay and Defourny established a cutting model incorporating friction [11]. 
Subsequent studies explored the relationships between rock strength and cutting 
response [12], cutting depth and failure modes [13], cutting forces and fragmen-
tation [14], and the effects of cutting and frictional contact on drilling perfor-
mance [15]. For material damage simulation, Hillerborg et al. proposed a fracture-
based cracking model [16], Lubliner et al. developed a concrete plastic-damage 
model [17], Lee and Fenves incorporated damage-induced stiffness degradation 
[18], and Grassl and Jirasek established a coupled damage-plasticity model [19]. 
Although these studies provide a theoretical basis, limited research has addressed 
the mechanical scraping of cement attachments on casing inner walls, particularly 
the influence of scraper structural parameters on removal resistance, efficiency, 
and energy consumption. 

In summary, although wellbore cleaning, contact wear, material cutting, and 
numerical simulation have been widely studied, the relationship between the 
structural parameters of spring-loaded casing scrapers and their obstacle-removal 
performance remains unclear. Discrete cement blocks and continuous cement 
rings differ in contact and failure characteristics, so a single indicator, such as 
scraping force or removal amount alone, cannot fully evaluate tool performance. 
This paper therefore takes a 7-inch mandrel rotary spring scraper as the research 
object and combines laboratory tests with finite element simulation. Spring com-
pression tests and bench obstacle-removal tests under different attachment con-
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ditions are first conducted to obtain the scraping load, cumulative scraping work, 
and removal effect. A finite element model is then built. An L25(55) orthogonal 
design is used to examine how five parameters, namely blade side inclination an-
gle, cutter wing spacing, cutter wing height, body length, and spring equivalent 
parameters, affect the average scraping force, material failure volume, and scrap-
ing work. Range analysis and comprehensive evaluation are applied to screen rea-
sonable parameter combinations. By combining laboratory tests with numerical 
orthogonal optimization, this work establishes a comprehensive evaluation ap-
proach covering scraping resistance, material removal capability, and energy con-
sumption, which provides a reference for the structural optimization of spring-
loaded casing scrapers. 

2. Experiments 
2.1. Test Setup and Scheme 

The tests were conducted using a 7-inch mandrel-type rotary spring-compensated 
casing scraper with an overall length of 2172 mm. The scraper consisted of 12 
blades arranged in four groups, with eight springs beneath each blade, and had a 
working diameter of 146 - 168 mm. The P110 casing specimen was approximately 
2 m long, with an inner diameter of 152.5 mm. The test simulator was 13 m high, 
with an effective stroke of 3.7 m, a rated weight on bit of 20 t, a maximum rota-
tional speed of 83 r/min, and a rated torque of 20,000 N·m. In the spring compres-
sion tests, the eight-spring assembly beneath a single blade was compressed to 11 
mm at loading rates of 5, 10, and 25 mm/min, with three repetitions at each rate. 
The scraping tests included metal burrs, discrete cement blocks with a thickness 
of 8 mm and spacings of 100, 150, and 200 mm, and continuous cement rings with 
thicknesses of 6, 8, and 10 mm. The cement specimens were prepared using API 
Class G oil-well cement at a water-cement ratio of 0.40 and cured for 7 days at 20 
± 2 °C and a relative humidity of at least 95%. The scraping tests were performed 
at an axial feed rate of 300 mm/min and a rotational speed of 30 r/min, with three 
independent specimens for each condition. Axial force and displacement data 
were synchronously recorded at a sampling frequency of at least 100 Hz. A 250 
mm unobstructed lead-in section was provided before each specimen. The posi-
tion of initial contact between the scraper and the obstacle was defined as the dis-
placement origin, and axial force and displacement data were recorded over an 
effective scraping travel of 0 - 1400 mm, excluding the lead-in section. 

Axial scraping work excludes rotary work and is calculated from resisting axial 
force Rz in N and travel s in mm: 

 [ ] ( )
1

0

310 d
s

z z
s

W J R s s−= ∫  (1) 

where Wz is the axial scraping work, J; Rz(s) is the axial resistance as a function of 
axial displacement, N; and S0 and S1 are the initial and final positions of integra-
tion, respectively, mm. 
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2.2. Test Results 
2.2.1. Equivalent Spring Stiffness 
To study the mechanical response of the blade springs at different compression 
rates, the loads at different compression displacements were recorded. The results 
under the same conditions were averaged, and the influence of compression rate 
on the bearing characteristics and equivalent stiffness of the springs was analyzed. 
 

 

Figure 1. Load-displacement curves of the blade spring assembly 
at different loading rates. 

 

As shown in Figure 1, the average load at each rate increases nearly linearly 
with compression displacement. At the 11 mm stroke, the average loads at 5, 10, 
and 25 mm/min are 1279.33, 1307.67, and 1307.00 N, respectively. The values at 
10 and 25 mm/min differ by less than 0.1% and are 2.2% higher than that at 5 
mm/min. The corresponding equivalent stiffness is about 119.0 N/mm at 5 
mm/min, and 120.9 and 120.8 N/mm at 10 and 25 mm/min, respectively. Except 
for slight fluctuations in the three groups at 5 mm/min, the equivalent stiffness 
remains stable at about 120.9 N/mm, showing good mechanical consistency. 

The maximum working stroke of the spring is about 11 mm, and the measured 
load-displacement curve conforms to Hooke’s law within the elastic range, show-
ing good linear response characteristics. In the full-stroke loading test, the spring 
showed no plastic deformation or curvature inflection point, indicating that its 
stress always remained within the elastic limit, the probability of failure is low, 
and the test results are highly reliable. 

2.2.2. Load Response to Different Obstacle Morphologies 
As shown in Figure 2, the peak load is the smallest when the attachment is burrs, 
at 1.66 kN. When the spacing of discrete cement blocks is 100, 150, and 200 mm, 
the peak loads are 11.27, 9.26, and 6.36 kN, respectively. When the spacing in-
creases from 100 mm to 200 mm, the peak value decreases by 43.57%. This differ-
ence is related to the number of contacts per unit length, single local fragmenta-
tion, and cutter re-engagement; however, the number of cement blocks also varies 
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with spacing, so the load difference cannot be entirely attributed to spacing. 
 

 

Figure 2. Axial peak load under different attachment 
conditions. 

 

Continuous cement rings produce much higher resistance than discrete cement 
blocks. At thicknesses of 6 and 8 mm, the peak loads are about 100.5 and 107.2 
kN, respectively, i.e., 8.92 and 9.51 times the peak value of the discrete block con-
dition at 100 mm spacing. Unlike discrete blocks, which can be peeled off by local 
shearing, a continuous annular layer forms a relatively complete obstructed con-
tact zone in both the circumferential and axial directions. The blade therefore 
stays in contact with the cement longer, and debris extrusion, local crushing, and 
friction may jointly raise the axial load. At a thickness of 10 mm, the axial re-
sistance rose to 180 kN, reached the upper limit of the instrument, and the test 
was stopped before full-section removal was completed. The 6 and 8 mm condi-
tions were completed, while the 10 mm condition was not. Therefore, 8 - 10 mm 
should be regarded as a transition interval that needs further verification under 
the present bench and specimen conditions, rather than a universal limit thickness 
for all well conditions. 

2.2.3. Cumulative Scraping Work and Removal Ratio (Table 1) 
Scraping work is a key indicator of obstacle-removal energy consumption and 
is jointly affected by axial load, attachment distribution, and scraping stroke. As 
shown in Figure 3, the cumulative scraping work decreases markedly as the ce-
ment block spacing increases. At spacings of 100, 150, and 200 mm, the cumu-
lative scraping work is 8.821, 5.962, and 4.192 kJ, respectively. Increasing the 
spacing from 100 to 150 mm reduces the work by 32.41%, and further increasing 
it to 200 mm reduces it by another 29.69%, i.e., 52.48% lower than the 100 mm 
condition in total. The reason is that a larger spacing means fewer attachments 
per unit length and hence less frequent extrusion, shearing, and crushing be-
tween the blades and the blocks. The removed cement masses in the three con-
ditions are 997.5, 662.4, and 605.0 g, corresponding to an energy consumption 
per unit mass of 8.84, 9.00, and 6.93 kJ/kg. The 200 mm condition is 21.65% 
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lower than the 100 mm condition, while the 150 mm condition is slightly higher, 
so the energy consumption per unit mass does not decrease monotonically with 
spacing. Thus, the reduction of cumulative scraping work depends not only on 
the total amount of attachments but also on their distribution and the local 
crushing process. 
 
Table 1. Scraping work and variability under different conditions. 

Scraping condition Scraping work (kJ) Standard deviation (kJ) CV (%) 

Burr 1.062 0.049 4.6 

100 mm spacing 8.821 0.335 3.8 

150 mm spaci 5.962 0.304 5.1 

200 mm spaci 4.192 0.184 4.4 

6 mm 82.987 5.145 6.2 

8 mm 113.473 6.354 5.6 

10 mm 148.447 10.836 7.3 
 

 

Figure 3. Cumulative scraping work and removal ratio under 
different obstacle conditions. 

 

Continuous cement rings require much more scraping work than discrete ce-
ment blocks. At thicknesses of 6, 8, and 10 mm, the cumulative scraping work is 
82.987, 113.473, and 148.447 kJ, respectively, with the 8 mm condition 36.74% 
higher than the 6 mm condition. Thicker rings intensify the contact and crushing 
between the blades and the cement, which markedly raises the energy consump-
tion. At 10 mm, although full-section scraping was not completed, the recorded 
cumulative work was still 30.82% higher than that of the 8 mm condition, reflect-
ing severe high-resistance energy consumption under thick ring conditions. How-
ever, because the effective scraping strokes differ, a nonlinear energy growth rela-
tionship at equal stroke cannot be established directly from these data. 

In terms of removal effect, the burr condition consumed only 1.062 kJ of cu-
mulative work and achieved a cross-sectional removal ratio of about 90%. For the 
three block conditions with spacings of 100, 150, and 200 mm, the cumulative 
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work ranged from 4.192 to 8.821 kJ, and the removal ratio reached about 99% in 
all cases. The 6 and 8 mm cement rings also achieved about 99% removal, but at 
a much higher cost of 82.987 and 113.473 kJ, respectively. This indicates that once 
the obstacle changes from discrete to continuous distribution, far more mechani-
cal work is needed for a similar removal effect. At a thickness of 10 mm, the ex-
cessive axial resistance suspended the operation, and full-section removal could 
not be guaranteed. 

In summary, the scraper has the characteristics of low energy consumption and 
high removal ratio for discrete obstacles, while continuous thick cement rings sig-
nificantly increase scraping resistance and energy consumption, and may even 
cause sticking. Therefore, reducing scraping resistance and cumulative scraping 
work while ensuring the removal effect is the key objective of scraper structural 
optimization. 

3. Numerical Simulation 
3.1. Geometric Modeling and Mesh Generation 

Based on the geometric design parameters of the scraper, a fully parameterized 
three-dimensional finite element model consisting of the blade and the cement-
lined pipe was built. The blade material is 20CrNiMo alloy structural steel, with a 
Young’s modulus of 210 GPa, a Poisson’s ratio of 0.3, and a density of 7850 kg/m3 
[20]. The cement ring material is API Class G high-sulfate-resistant oil well ce-
ment. According to uniaxial compression tests, its Young’s modulus, Poisson’s 
ratio, and density are taken as 30 GPa, 0.2, and 2400 kg/m3, respectively [21]. 

The blade was modeled as a rigid body and meshed with tetrahedral elements 
using the free meshing technique to accommodate its complex geometry. The ce-
ment semi-ring was modeled as a deformable body and meshed with hexahedral 
elements using the sweep meshing technique to better capture the stress distribu-
tion and local failure under compression and shear. This meshing strategy bal-
anced geometric adaptability and computational efficiency, as shown in Figure 4. 
 

 

Figure 4. Mesh generation: (a) scraper mesh; (b) cement ring mesh. 
 

The cement material was modeled using the Concrete Damaged Plasticity 
(CDP) model to describe its nonlinear mechanical behavior under scraping loads 
through plastic deformation and stiffness degradation. The specific parameters 
are listed in Table 2. 
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Table 2. Concrete damaged plasticity (CDP) model. 

Compressive yield  
strength/MPa 

Compressive  
strength/MPa 

Tensile  
strength/MPa 

Dilation 
angle 

Eccentricity 
Fracture  

energy/(N/m) 
Kc 

19.8 23.6 1.65 30 0.1 25 0.667 

 

To characterize the nonlinear response of cement material under scraping 
loads, the concrete damaged plasticity (CDP) model was adopted to describe ten-
sile cracking, compressive plastic deformation, and stiffness degradation. The 
compressive constitutive behavior was defined using a piecewise linear stress-in-
elastic strain relationship, with a compressive yield strength of 19.8 MPa and a 
peak compressive strength of 23.6 MPa. Post-peak stiffness degradation was char-
acterized by the compressive damage variable. Tensile softening was described us-
ing a fracture energy-based linear stress-cracking displacement relationship, with 
a tensile strength of 1.65 MPa and a fracture energy of 25 N/m, corresponding to 
a complete cracking displacement of 0.0303 mm. Material failure was character-
ized by tensile cracking displacement and compressive inelastic strain criteria. 
Once a material point reached the corresponding failure criterion, its load-bearing 
capacity was considered to be lost, and element deletion was employed to simulate 
localized crushing and detachment of the cement material. The tensile and com-
pressive damage variables were used to characterize stiffness degradation during 
cracking and crushing, respectively, while element deletion following material 
failure was used to represent the numerical removal of cement material. 

3.2. Boundary Conditions and Load Settings 

The outer surface of the cement ring was fully fixed to simulate consolidation on the 
casing inner wall, as shown in Figure 5(a). An axial displacement load was applied 
to the scraper to reproduce its advancement, and a reverse friction force was applied 
on the contact surface to represent the radial force provided by the equivalent spring 
stiffness. The analysis step time was set to 1 s, and the effective scraping period was 
about 0 - 0.52 s. After that, the blade separates from the cement ring and the simu-
lated data turn negative, so they were excluded from the calculation. 

The spring-loaded casing scraper generates radial support force through the com-
pression of springs beneath the blades, thereby affecting the contact load between 
the blades and the cement deposits. According to the spring compression tests, the 
equivalent stiffness of the eight-spring assembly beneath a single blade was 120.9 
N/mm. Within the linear elastic range, the radial support force is determined by the 
initial preload and the elastic restoring force generated by additional radial com-
pression of the blade, expressed as 0n eqF F k δ= + , where F0 is the initial preload, 

eqk  is the equivalent stiffness of the spring assembly, and δ  is the additional radial 
compression displacement. When sliding occurs at the contact interface, the tan-
gential friction force follows Coulomb’s friction law, f nF Fµ= , where µ  is the 
friction coefficient. The spring stiffness affects the tangential frictional resistance by 
changing the radial contact load. For the simplified model considering only axial 
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motion, the corresponding tangential friction force can be used to represent the fric-
tional resistance induced by the spring-generated contact pressure. 
 

 

Figure 5. (a) Boundary conditions; (b) Demonstration of the scraping process. 
 

As shown in Figure 5(b), after the blade enters the cement, the local contact 
area gradually expands, stress concentration appears near the contact, and the ce-
ment material undergoes local crushing and gradually detaches. As the blade con-
tinues to advance, debris and void regions increase, and a continuous scraping 
channel is finally formed. This process shows that scraping is the result of the 
combined action of extrusion, shearing, and local fracture. 

Considering that the actual casing scraper consists of 12 blades arranged in four 
groups, with differences in contact positions and interactions among the blades dur-
ing scraping, a simplified single-blade-semicircular cement ring model was estab-
lished to investigate local contact behavior, material fracture, and the effects of 
structural parameters on scraping performance. Since the overall scraping load is 
also influenced by multiple-blade interactions, repeated cement fracture, and con-
tact friction, the force obtained from the single-blade model cannot be directly mul-
tiplied by 12 to represent the total load of the complete scraper. Therefore, the bench 
tests were primarily used to evaluate the load and energy consumption characteris-
tics during actual obstacle removal, while the numerical simulations were employed 
to compare the relative performance of different blade configurations under identi-
cal boundary conditions, providing a basis for structural parameter optimization. 

3.3. Orthogonal Simulation Experiment Design 

To clarify how the blade structural parameters affect scraping performance, five 
orthogonal test factors were selected based on the scraper structure and the blade-
cement contact characteristics. They are side inclination angle A, cutter wing 
spacing B, cutter wing height C, blade body length D, and spring equivalent stiff-
ness E. The side inclination angle mainly governs the cutting force direction; the 
cutter wing spacing affects the contact distribution on the cement; the cutter wing 
height affects local extrusion and crushing; the body length determines the scrap-
ing contact range; and the spring stiffness reflects the radial pressing force. Five 
levels were set for each factor within its design range: A = 20 - 40 degrees, B = 22 
- 42 mm, C = 8 - 16 mm, D = 156 - 196 mm, and E = 100 - 140 N/mm. Because a 
full factorial test would be too costly, an L25(55) orthogonal design with 25 simu-
lation conditions was adopted. The average scraping force, material failure vol-
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ume, and scraping work were used as evaluation indicators. Range analysis was 
applied to rank the influence of each factor, and comprehensive scoring was used 
to screen reasonable parameter combinations. 

3.4. Orthogonal Test Results and Stress Contours 

Following the L25(55) orthogonal design, finite element simulations were per-
formed for the 25 parameter combinations. The average scraping force, material 
failure volume, and scraping work of each condition were extracted, and a com-
prehensive score was calculated to evaluate the effect of each combination on 
scraping performance. The results are summarized in Table 3. 
 

Table 3. Summary of orthogonal simulation results. 

Test No. A/(˚) B/mm C/mm D/mm E/(N/mm) 
Y1 Scraping  

force F/N 
Y2 Failure  

volume V/mm3 
Y3 Scraping  
work W/J 

Y (comprehensive) 

T1 20 22 8 156 100 2641.9 411,788 893.332 0.4890 

T2 20 27 10 166 110 2989.0 436,789 995.976 0.3391 

T3 20 32 12 176 120 3173.0 443,298 999.883 0.3152 

T4 20 37 14 186 130 3225.5 434,065 999.223 0.2306 

T5 20 42 16 196 140 3415.1 422,772 988.140 0.1052 

T6 25 22 10 176 130 3047.3 440,502 998.931 0.3400 

T7 25 27 12 186 140 3069.7 434,912 974.982 0.3411 

T8 25 32 14 196 100 3204.0 416,978 998.966 0.1130 

T9 25 37 16 156 110 2606.4 417,422 884.605 0.5609 

T10 25 42 8 166 120 2795.0 446,679 903.918 0.6705 

T11 30 22 12 196 110 3117.0 438,492 997.571 0.3040 

T12 30 27 14 156 120 2450.3 434,516 873.310 0.7639 

T13 30 32 16 166 130 2598.7 423,251 867.518 0.6420 

T14 30 37 8 176 140 2809.5 457,033 963.132 0.6182 

T15 30 42 10 186 100 3022.3 457,150 991.008 0.4875 

T16 35 22 14 166 140 2551.1 437,462 889.757 0.7165 

T17 35 27 16 176 100 2508.8 426,528 910.077 0.6085 

T18 35 32 8 186 110 2839.8 452,352 967.393 0.5645 

T19 35 37 10 196 120 2772.2 455,062 997.464 0.5452 

T20 35 42 12 156 130 2488.1 452,010 839.819 0.9492 

T21 40 22 16 186 120 2790.5 431,872 960.168 0.4461 

T22 40 27 8 196 130 3117.7 446,501 997.268 0.3633 

T23 40 32 10 156 140 2712.6 450,830 857.418 0.8263 

T24 40 37 12 166 100 2553.6 443,416 890.985 0.7568 

T25 40 42 14 176 110 2880.2 437,621 951.306 0.4758 

Note: 1. Y1 is the average scraping force, Y2 is the failure volume, and Y3 is the scraping work; 2. The spring stiffness is applied in 
the form of friction force in the simulation settings. 
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To quantitatively evaluate the cement crushing performance of different blade 
configurations, the failed material volume was adopted as an indicator of material 
removal capability. In the numerical simulations, deleted cement elements were 
identified based on their element status, and their initial volumes were summed 
to obtain the cement failure volume under each operating condition. The failed 
volume was calculated as follows: 

 ( )0
1

1 STATUS
N

f e e
e

V V
=

= −∑  (2) 

where Vf is the failed cement volume (mm3); N is the total number of cement 
elements; Ve0 is the initial volume of the e-th element (mm3); and STATUSe is the 
element status variable, where 1 indicates an active element and 0 indicates a de-
leted element. 

Based on this method, the failed cement volumes for the 25 orthogonal simula-
tion cases were calculated. These results, together with the average scraping force 
and axial scraping work, were used to evaluate the effects of blade structural pa-
rameters on cement crushing and scraping performance. The calculated failed ce-
ment volumes ranged from 411,788 to 457,150 mm3, indicating differences in the 
numerically predicted material removal among different combinations of blade 
structural parameters. 

3.5. Range Analysis and Preferred Scheme 

For each factor, the mean response at each level was calculated from its five runs; 
the range R is the difference between the maximum and minimum level means. A 
larger R denotes greater sensitivity within the tested levels. The ranking results for 
F, V, W, and the composite score Y are summarized below. 

For average force, the sensitivity order was D > A > B > E > C. The mean force 
increased from 2579.86 to 3125.20 N when D increased from 156 to 196 mm 
(21.14%). Thus, reducing blade length is favorable for lowering force over the 
tested range. For failure volume, the order was C > A > B > E > D. Cutter-wing 
height C produced the largest range (23697.6 mm3); increasing height from 10 to 
16 mm reduced the corresponding mean removed volume from 448066.6 to 
424369.0 mm3. For scraping work, the order was D > A > C > E > B, consistent 
with the strong influence of blade length on average force. The corresponding D 
range was 126.185 J. For the equal-weight score, the factor order was D > A > E > 
B > C. Although the combination suggested by separate level means need not co-
incide with a tested run, T20 was the best of the 25 simulated schemes: A = 35˚, B 
= 42 mm, C = 12 mm, D = 156 mm, and E = 130 N/mm. It achieved F = 2488.1 N, 
V = 452,010 mm3, W = 839.819 J, and S = 0.9492. Experimental validation is still 
needed before identifying it as an optimal field-ready design. 

4. Conclusions 

In this study, experiments and numerical simulation were combined to analyze 
the scraping load, removal effect, and energy consumption of the casing scraper 
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under different attachment conditions. Orthogonal tests were then used to clarify 
the influence of structural parameters on scraping performance. The main con-
clusions are as follows: 

1) The 8-spring assembly of a single blade exhibits a nearly linear load-displace-
ment response at compression rates of 5 - 25 mm/min. Its equivalent stiffness is 
about 120.9 and 120.8 N/mm at 10 and 25 mm/min, respectively, which can serve 
as an experimental reference for blade preload modeling. 

2) When the cement block spacing increases from 100 mm to 200 mm, the peak 
load decreases from 11.27 kN to 6.36 kN, and the cumulative scraping work de-
creases from 8.821 kJ to 4.192 kJ. Compared with discrete cement blocks, contin-
uous cement rings have higher resistance and energy demand. The cumulative 
work at thicknesses of 6 and 8 mm is 82.987 and 113.473 kJ, respectively, while 
the 10 mm condition reaches the 180 kN range limit and is suspended. 

3) The orthogonal range analysis shows that the body length D has the most 
obvious influence on the average scraping force and scraping work, while the cut-
ter wing height C has the greatest influence on the material failure volume. The 
side inclination angle A also affects multi-indicator performance. Structural opti-
mization should take into account reducing resistance, maintaining removal vol-
ume, and reducing power consumption, and should not take the maximum failure 
volume as the sole criterion. 

4) Among the 25 schemes, T20 achieves the highest equal-weight comprehen-
sive score (0.9492), with an average scraping force of 2488.1 N, a failure volume 
of 452010 mm3, and the lowest scraping work of 839.819 J. T20 is therefore rec-
ommended as the preferred scheme for experimental verification. 
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