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THE VIBROSEIS BASEPLATE VIBRATION DAMAGE FAILURE
MECHANISM AND THE PREDICTION OF FATIGUE LIFE

Summary

The present study investigates the impact of earthquake excitation on vibroseis, which
can lead to fatigue failure and cracking of the welded area of a baseplate. This reduction in
service life adversely affects the quality of geophysical prospecting signals. To mitigate this
issue, the study develops a vibrator-geodetic coupling model. It investigates the calculation
method and loading law for generating baseplate output force, uncovering the underlying
damage mechanisms through macroscopic and micro-morphological analysis. Fatigue tests
using a three-point bending method establish correlations with the observed characteristics. The
method of fitting S-N curves and the model for predicting lifespan significantly improve the
accuracy and efficiency of predicting the baseplate lifespan. The findings support the
enhancement of reliability in vibrators and baseplates, with potential applications in the
research and development of oil and gas exploration technology and engineering equipment.

Key words: vibroseis baseplate; vibration mechanics, damage mechanisms, three-point
bending fatigue test; fatigue life

1. Introduction

Vibroseis is a highly efficient, green, safe, and inexpensive geophysical exploration
technology and is considered a ‘sharp weapon’ in the field of oil and gas exploration. However,
a welded vibroseis baseplate not only suffers a huge load from the vibroseis truck but is also
repeatedly subjected to high and wide frequency vibrations from the vibrator. Such harsh working
conditions can cause fatigue and fracture failure in the welded part of the baseplate, as shown in
Fig. 1. In addition, the strength and fatigue resistance of a defective vibrator baseplate is highly
complex and random due to the continuous high and low frequency shocks. As a result, this type
of fracture always occurs unexpectedly and is very difficult to accurately predict. At present, the
best methods to address fatigue fracture are replacing parts and welding repairs. The total number
of A type vibroseis trucks in service internationally is as high as 34. According to statistical data
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in the field, cracking phenomena exist in 27 vibrator baseplates, accounting for 79 percent of the
total number. Most cracks have an obvious influence on the construction quality of the baseplate
and necessitate its replacement. Such a sudden development of the fracture greatly reduces the
geophysical construction efficiency. Therefore, the early and accurate prediction of baseplate
fatigue life can provide valuable guidance for the use of reinforcement measures, which will
effectively prevent the baseplate’s sudden fracture and prolong its service life.
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Fig. 1 Cracks present on the baseplate surface and pillar

Several studies have been reported in the literature related to the prediction of fatigue life,
and two methods are widely used to predict it. (1) The first is the cumulative damage method
(S-N curve method). Gao Zhentong [1] developed a theoretical formula for determining the
distribution function of fatigue strength using the P-Sa-Sm-N surface. Additionally, Keceeiogfu
[2] used the residual strength life model and cumulative damage model to calculate the
reliability life of structures subjected to different cyclic stress levels. These research results
provided an important early basis for the prediction of fatigue life. Kan Ni [3] developed fatigue
reliability with the two-dimensional probabilistic Miner criterion which suffered from the
random time load. Zhixiao Su [4] carried out a two-dimensional distribution of stress cycles
characteristic analysis with the one-dimensional distribution method, where the fatigue life and
reliability calculation method were both used. The distribution characteristics of stress and the
S-N curve were considered in the life prediction and reliability analysis. Gu Yi [5] discussed
the critical damage and transient cumulative damage characteristics based on the damage
definition. In 2011, Qinhua Wang [6] developed a wind source fatigue reliability analysis,
where the results showed that the random variables of the S-N curve had a great effect on the
failure probability of the failure model. The S-N curve method is a very common and effective
fatigue life and fatigue reliability theory. However, it is highly dependent on the materials
fatigue test for the real S-N curve to obtain accurate reliability results. (2) The other popular
method is the fracture mechanics method (crack propagation method) based on the Paris [7]
and Forman formulas for the fatigue cycle from crack initiation to structural failure. In 1920,
A.A. Griffith [8] developed theoretical and experimental research of the glass brittle fracture,
and proposed an energy theory of crack propagation, which is the foundation of fracture
mechanics. J.A. Bea [9] presented a new model of predicting the fatigue crack propagation life
of metal structural components. In this new model, he took the initial and final crack length, the
crack propagation angle, fracture parameters, elastic parameters, and external load as random
variables. In 2014, Chaoyang Shi [10] adopted the fracture mechanics theory and established
the residual fatigue life assessment model of a bridge crane metal structure under constant
amplitude loading, considering the effect of the stress ratio. In 2010, Xueyin Wang [11] studied
the fatigue life prediction of a welded ball node grid structure based on the fracture mechanics
theory. He deduced two theoretical fatigue life prediction formulas, using the Paris and Forman
crack growth rate formula, respectively. In 2016, B. Alfredsson [12] conducted research on
physically short cracks propagating in bainitic high-strength bearing steel, under the fatigue
load. As mentioned above, predicting fatigue life by the fracture mechanics method reflects the
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loading cycles from the initial crack length to the final fracture. This is an effective way to
obtain the structure of fatigue life and is much closer to engineering reality. However, it has
higher statistical requirements for the microscopic parameters of the baseplate structure (initial
crack, the critical crack size, and so on), and the calculation accuracy of the fatigue reliability
of this method is difficult to control.

Meanwhile, the baseplate damage failure mechanism has not yet been revealed, but it
provides important theoretical support for the analysis of baseplate fatigue behaviour and anti-
fatigue optimisation. Researchers worldwide have mainly adopted the fatigue test method and
cumulative damage theory to analyse the fatigue damage mechanism. Gu Yi [5] used the Miner
damage theory to study the fatigue cumulative damage models associated with structural
elements and discussed critical damage and instantaneous damage characteristics. Cumulative
damage was described as a random process, and a mathematical expression was determined.
Tan Xiaoming [13] analysed the fatigue fracture surface of an aluminium alloy sheet using
scanning electron microscopy (SEM) and revealed the fatigue damage rule for an aluminium
alloy plate subjected to complex loads.

Above all, research has mainly focused on the fatigue life analysis of conventional
mechanical structures by using the methods of the S-N curve and fracture mechanics. Few studies
have been reported on the fatigue life of vibroseis baseplates. Besides, the coupling vibration of
the mechanical behaviour and the internal damage mechanism are unclear. It is very difficult to
predict the baseplate fatigue life due to the significant uncertainties associated with vibrator
excitation. All of this results in great challenges for fatigue resistant design. In the present work,
based on the baseplate structure design and welding process, a coupling vibration analysis of the
vibrator-earth mechanical system was carried out. A macroscopic and microscopic morphology
analysis was conducted to reveal the fatigue damage mechanism of the baseplate under alternating
excitation. In addition, the advanced S-N curve method was developed to predict the baseplate
service life, which greatly improved the accuracy and efficiency of the prediction. The results
will enhance the fatigue resistant performance of the baseplate, reduce the probability of fatigue
failure, and prevent the baseplate from experiencing a sudden fracture.

2. Review of the vibrator baseplate design

The vibrator is the key component of vibroseis and is used to excite the seismic signal. To
obtain a higher-quality signal, the structure and performance of the vibrator has undergone several
changes, and there are many vibrator baseplate structures. In 1978, Western Geophysical, an
American company, proposed a rectangular baseplate composed of I-beam (as shown in Fig. 2)
or T-shaped steel [14]. INOVA, another American company, designed a rectangular baseplate
using square steel beams. In 2010, in an attempt to solve the problems of poor rigidity, uneven
forces and large deformations in the I-beam steel baseplate, a new skeleton baseplate was
introduced by the Bei Ao special vehicle company (Fig. 3). In 2012, INOVA developed a new
baseplate composed of a carbon fibre composite non-metallic baseplate (Fig. 4).
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Fig. 2 I-beam welded baseplate Fig. 3 New skeleton baseplate Fig. 4 Composite non-metallic baseplate
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Presently, due to the high quality, rigidity, and signal precision requirements of the
baseplate, as well as the manufacturing cost, the I-beam and rectangular tube versions are the
most commonly used vibroseis baseplates (Fig. 5). The entire baseplate is group welded side
by side with the rectangular tubes. A mixed steel skeleton structure is applied to support the
bottom of the baseplate and is welded to the adjacent rectangular tube. Rectangular plates are
arranged along the length direction of the baseplate to increase the global stiffness [15].
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Fig. 5 Structure of the vibrator and baseplate

Vibroseis baseplates are most often welded. According to the baseplate design concept,
to improve the excitation energy transfer rate, to decrease the decoupling rate, and to improve
the stress distribution of the baseplate, the baseplate design focuses on enhancing the stiffness
and ignores the welded structure’s fatigue resistance.

3. Analysis of the vibrator dynamic mechanism response

The analysis of the characteristics of the vibrator baseplate dynamic response usually uses
the weighted sum method proposed by Sallas [16]. This method assumes that the baseplate is a
rigid body and that it completely couples to the earth. In this case, the output force is the vector
sum of the hammer and baseplate. However, an absolutely rigid baseplate cannot actually be
produced, and complete coupling between the baseplate and the earth does not exist. In addition,
the coupling adhesion effect of the soil and the baseplate is always neglected. All these factors
reduce the calculation accuracy of the weighted sum method. In this paper, the elastic half space
theory is applied based on the Sallas model and considers the soil adhered to the baseplate as part
of the vibrator [17]. Then, the vibrator can be assumed to act as a mass spring damping system.

3.1 Hypotheses

Due to the complex characteristics and closeness to the earth, it is very difficult to analyse
the stress-strain and output force of the baseplate subjected to a cyclical force. Therefore, the
idealised soil model is chosen according to the soil characteristics and the external load
[18-28]. The hypotheses used here are as follows:

(1) The near surface soil is chosen as an elastic continuum model, and the soil medium
is regarded as an ideal three-dimensional continuous elastic body.

(2) Under the external load, the distributions of the soil displacement, stress and strain
are continuous.

3.2 Determination of parameters

According to the elasticity theory, the elastic and damping coefficient of the near surface
soil medium can be calculated from [28]

G, :%w/pGSS\/g (1)
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where s p is the soil density of 1750 kg/m?, S is the baseplate area of 2.49 m?, E is the modulus
of elasticity of the soil of 5x107 Pa, and v is Poisson’s ratio of 0.4. According to Egs. (1) and
(2), the coefficient of elasticity of the soil medium is Gs=1.061x10%, and the earth damping
coefficient is G,=4.2714x10°. The vibrator parameters are shown in Table 1.

Table 1 Vibrator parameters

Hammer mass Baseplate mass Hydraulic oil elastic Spring coefficient of
Mr (kg) Mb (kg) coefficient k; air spring k»
5.15%10° 1.1x10°
Hydraulic oil damping Air spring damping
3683 1823 coefficient C; coefficient C;,
1.5x10° 8.5%103

3.3 Model establishment

Weight

Fig. 6 3-D model of the vibrator structure Fig. 7 Vibration system model

In the vibrator system model, we assume that the hammer vibrates only in the vertical
direction, the vibration axis is symmetrical and coincides with the centre line of the piston rod,
and there is no torsion movement (Fig. 6). The dynamic model of the vibrator is shown in Fig. 7.

Under the exciting load, the displacement of the piston rod and hammer are X, and the
displacement of the baseplate is X, . The kinematic equations are given by:

MX, +(k + k)X, = X,)+(C + C)(X, - X,) = F, sinor )

(M, +Mb)Xb +GX, + Gva —(k + k)X, - X,)—(C +C2)(Xb _Xr) =F,sinot (3)

3.4 Model solution
The vibration is dominated by a steady state process. The special solutions are:
X, = A sinowt + A, cos wt
X, =B, sinwt + B, cos wt

Substituting X,, X,, X, and X,, X,, X, into equations (3) and (4) results in simplified
versions of the equations:

~(M.@ +k,)A +k,B, +C,wA, —C,oB, =F, 4)
~C,wA +C,oB, —(M & +k,)A, +k,B, =0 (5)
klZAl + (G\ _klz _Mhbwz)Bl _C12Q)A2 + (Clz - Gv)a)Bz = Fm (6)
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C,04, +(G, = Cp)@B, + k4, +(G, —k,, = M,,&")B, =0 (7

Solving equations (5), (6), (7) and (8), we arrive at:
5 _hud=Chob

8
! bc—ad " ®)
C,wa—-k,c
B —=n 12¢ 9
2 bC_ad m ( )
— 2 — J—
Al — (Gs Mhha) ]LBI ZGva)BZ Fm (10)
@
_ 2
A2 — Gva)Bl +(G5 ijhha) )BZ (11)
Mo

where

ki, =k +k,

C,=C+C,

a=k,M.o —(M.&" +k,) (G —M,o")+C,G o
b=(M & +k,)G,o-C,M& +C,(G -M, oo
c=M.&'C, - C,o(G, -~ M, &)~ (Mo +k,)G o
d=C,G0 —(M,0 +k,) G, - M,,0")+k,M o
Substituting equations (9), (10), (11), and (12) into X, and X, results in:
X, =x, cos(wt +a,)

X, =x,cos(wt +a,)
x, =42+ 4 (12)
x, =+/B +B; (13)

3.5 Model solution

For the vibrator, the force transmitted from the baseplate to the earth is the vibrator output
force, which is equal to the sum of the spring and damping forces caused by the relative motion
of the vibrator baseplate:

Fd:Gva +GVX[J (14)
F,=G x, cos(wt +a,)— G wx, sin(wt + ;) (15)

At the initial phase 0.2=0°:

F,=G x, cos(at) — G wx, sin(wt) = J, sin(wt) + J, cos(at) (16)
where

J,=-307G x, (17)

J,=Gx, (18)
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By applying the auxiliary angle formula, the simplified equation is given by:

F,=\J} +J; -sin(ot + ) (19)

7? (20)

~

tangp =

Therefore, the maximum force is given by:

||| =2 +J2 =B} + B2 /G +(G,0) 1)

|F)|=x, \JG* +G? - &’ (22)

where x, =B’ + B} is the baseplate displacement amplitude, Gs=1.061x108, Gv=4.2714x10°,

the frequency of the vibrator hydraulic force is f=15 Hz, and the angular frequency is ®=30n
rad/s. The calculation results show that the peak output force of the vibrator baseplate is
approximately 275 kN. The reaction force of the earth on the baseplate is also 275 kN. The
relationship between the baseplate output force and time, the displacement, and the vibration
frequency are shown in Figs. 8 and 9.

Outout force changes with time

W
b m )"l/

VHH H

Fig. 8 The relationship between the baseplate output force and time
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Fig. 9 The baseplate force changes as a function of frequency and displacement

The analysis results of the baseplate output force during the signal excitation show that:

(1) The loading from the earth to the baseplate changes periodically with time and reaches
as much as 275 kN, which is quite large for the baseplate. As a result, components in the joint
between the baseplate and piston rod are placed into a high stress state. This is an area of
weakness that is susceptible to fatigue failure and high levels of deformation and damage
(Figs. 10 and 11).

TRANSACTIONS OF FAMENA XLVIII-3 (2024) 7



Z. Chen, C. Wei, S. Nie, L. Liu, S. Jing, The Vibroseis Baseplate Vibration Damage Failure
Z. Huang, L. Hao, G. Zhou Mechanism and the Prediction of Fatigue Life

The analysis results of the baseplate output force during the signal excitation show that:

(1) The loading from the earth to the baseplate changes periodically with time and reaches
as much as 275 kN, which is quite large for the baseplate. As a result, components in the joint
between the baseplate and piston rod are placed into a high stress state. This is an area of
weakness that is susceptible to fatigue failure and high levels of deformation and damage
(Figs. 10 and 11).

Fig. 10 Deformation of the baseplate Fig. 11 Damage of the baseplate

(2) The baseplate output force increases with the vibration displacement and frequency.
The broadband excitation characteristics of the vibrator lead to larger uncertainty in the
baseplate output force. All these factors enhance the randomness of crack initiation, expansion
rate, and time of fracture.

4. Analysis of the damage failure mechanism for the baseplate fracture

Through the micro-structure testing of the baseplate cracking position, we performed
morphological analysis and fracture feature recognition at different fracture positions (weld toe
fracture and substrate fracture) from damage formed as a result of certain cyclic loading. Then,
the crack initiation site and crack propagation direction were determined, and routing and
terminal crack morphology microscopic analysis was carried out. Finally, the fracture damage
characteristics, crack propagation law, and the baseplate damage mechanism were revealed.

4.1 Testing equipment

The materials and equipment used for the baseplate fracture micro-morphology testing
include: baseplate crack fracture specimens, a wire cutting machine, a PX50M type optical
microscope (Fig. 12), an FEI Quanta 450 scanning electron microscope (Fig. 13), alcohol,
tweezers, beakers, etc.

Fig. 12 PX50M metallurgical microscope Fig. 13 Environmental scanning electron microscope

4.2 Test procedure

(1) The scrap vibrator baseplate cracked parts and fracture specimens were collected, and
oxidation resistance and rust prevention treatments were developed and applied.
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Baseplate Fracture Specimen Weld Toe Fracture Specimen
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Fig. 14 Numbering the specimens

(2) The typical fracture parts (weld toe fracture and fracture cutting substrate) were cut
into appropriate sizes for analysis using a wire cutting machine. Three specimens were obtained
from the weld toe and substrate fractures. The surface oil and cutting fluid on the specimens
were cleaned using alcohol. Then, the specimens were quickly dried and numbered. The three
weld toe fracture specimens were numbered W1, W2, and W3. The substrate specimens were
numbered B1, B2, and B3 (Fig. 14).

(3) At first, a low magnification PX50M metallographic microscope was used to
observe the specimen fracture, and the outline and location of the crack propagation traces
were determined.

(4) The microstructure of the crack initiation region, crack propagation region, and
fracture failure region of the specimens were analysed using a high-speed FEI Quanta 450
scanning electron microscope [29-31].

4.3 Experimental analysis of the baseplate fatigue damage mechanism

The fatigue failure theory for metals and the micro fracture analysis of the vibrator
baseplate state that the microscopic process of baseplate fatigue failure is a very complicated
process that is divided into three phases: crack initiation, crack propagation, and fracture.

(1) Fatigue crack initiation mechanism for the baseplate

Alternating stress ¢

Alternating stress ¢ Alternating stress ¢

LLLLLLLL ]

| [P 2 Q
ain Boundar 2. .

The effects of
extrusion and
invasion

Alternating stress ¢

Alternating stress ¢ Alternating stress ¢

Fig. 15 Fatigue crack initiation process
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Fig. 16 Microscopic process of fatigue crack initiation in the baseplate
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The fatigue cracks always originate from weld defects, including welding slag, damage,
and other stress concentration sources which cannot be avoided during baseplate
manufacturing and heat treatment. When operated, the baseplate is subjected to a number of
stress cycles, causing some small slip lines to appear in the internal grains of the
microstructure. As the number of stress cycles increases, new slip lines are generated, and
wide slip bands appear. Then, tiny fatigue cracks occur among these wide slip bands. The
effects of the extrusion and invasion of the wide slip bands produce many voids and more
tiny cracks. The tiny cracks gradually coalesce and an initial crack is formed in this region.
The process is shown in Figs. 15 and 16.

(2) The fatigue crack propagation mechanism

Once the fatigue cracks appear near the surface of the baseplate, the tiny cracks grow
trans-granularly along a direction of approximately 45 degrees when subjected to a uniaxial
load. With the continuous action of the cyclic load, the tiny cracks continue to expand or
coalesce to form a large-scale main crack. As the growth direction becomes perpendicular to
the loading plane and the growth rate increases, the contours of the stripes become clearer.
The process is shown in Figs. 17 and 18.

Alternating stress ¢ Alternating stress ¢

NERRARNRERARAN

Grain Boundary 5. Crack propagation II

Intergranular M direction of 0 degree

‘ /‘ Propagatlon along the

Propagation
along the
direction of 45
degrees

Alternating stress ¢ Alternating stress ¢

Fig. 17 Two stages of fatigue crack propagation

oL

~“Crack propagation angle changing. =
. .

Fig. 18 Microscopic process of fatigue crack propagation within the baseplate

(3) Fracture failure stage

As the fatigue crack extends to a certain critical length, the effective section of the
baseplate is gradually reduced. This slowly increases the stress in the baseplate, and the
fatigue portion gradually enters the plastic deformation stage where dimple and tearing
features become obvious on the crack face, as shown in Fig. 19. When the stress exceeds the
material’s ultimate strength, the baseplate structure rapidly fractures. This is the final stage
of the baseplate’s service life.
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Fig. 19 Microstructure of the specimen crack face during fracture

In summary, the damage mechanisms affecting a baseplate subjected to vibration
conditions can be described in three stages: fatigue crack initiation (Stage I), fatigue crack
propagation (Stage II), and fracture failure (Stage III). During the first stage, tiny fatigue cracks
originate from weld defects and among wide slip bands when the baseplate is subjected to an
alternating load. This process forms the initial cracks. In the second stage, the tiny cracks
continue to expand or coalesce to form a large-scale main crack. In the third stage, the large-
scale crack causes a strength reduction of the baseplate fracture zone. The fracture zone
experiences plastic deformation with obvious dimple and tearing features. Finally, the stress
exceeds the ultimate strength of the baseplate material, causing rapid fracture. This is the
mechanism behind the fatigue failure of the vibrator.

5. Analysis of the fatigue life of the baseplate specimen

We have developed an innovative approach to revolutionise the prediction of the fatigue
life for baseplate specimens and enhance the reliability of fatigue-resistant designs. Our
method deviates from the conventional cumulative damage method (S-N method) by
incorporating an advanced parameter correction technique in conjunction with fatigue testing.
Through the implementation of this cutting-edge approach, we have significantly improved
the accuracy and efficiency of baseplate fatigue life forecasting. Furthermore, this innovative
breakthrough minimises the risk of fatigue failure and substantially reduces reliance on
traditional fatigue tests, thus streamlining the design process. The S-N curve fitting process
is shown in Fig. 20.

— | SNCurvefor |
= urve fo - — -
e P —p— Baseplate specimen
. : Sosalhei o [ —
life test IgNs =1gCg —mlg S
S-N Curve for S-N Curve

IgN, =1gC, -mlgS,; K,D=%+——1

Fig. 20 S-N curve fitting process
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Fig. 22 The schematic diagram of the three-point bending fatigue test
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The three-point bending method was used to test the baseplate specimen fatigue life. The
material under the test was placed on the support points and then a force was applied at the
loading point in the centre of the material to produce bending deformation (Figs. 21 and 22).
The loading amplitude was 36 kN and the loading frequency was 8-12 Hz. A sampling rate of
10-20 kHz was used during loading to observe crack growth in the weld toe and substrate. The
crack length was measured by the DIC technique. When all three types of specimens (Figs. 23,
24 and 25) were fractured, the sizes of the cracks and number of cycles to fracture for the weld
toe and substrate failures were obtained. The results are shown in Table 3.
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Fig. 25 Specimen III

The formula for the fatigue crack expanded life of a critical structure is given by:

B (1-R)K, 1) 1 1
T c(YAaT)"(05m-D\a) @) C(Y,AoNT)™ (0.5m—-1.5)ag T al
1.09976x10"(1-R)( 1 1 0.1166x10"( 1 1
= (A0)3,5 a7 - JRE - (A0)2‘5 > - JRED
0 0

c c

(23)
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ao Initial crack size,
ac Critical crack size,

C, m Material constants (obtained from experiments),
R Stress ratio,

Ao Stress range,

K. Material fracture toughness,

Ys Magnification factors of the stress intensity factor.

Table 2 Fracture mechanical parameters of specimens

number C m ap (mm) a. (mm) Ys R Kc
1 11
12 10.5 1
I3 9.5
111 10.5
112 8.2x10°13 3.5 0.5 10 1.1 0.794 50.14
113 9
11 11
12 10 1.16
1113 11
Table 3 Crack length and fatigue life for the three specimen types
Crack sizeon | o b osivein the | Life expectancy
welding L Final number of | Average from the fracture
category | number direction of the . .
consumables substrate (mm) cycles (cycles) |life (cycles) | mechanics method
mm cycles
(mm) (cycles)
11 73 11 6.244x10° 6.053x10°
I 12 63 10.5 5.8x10° 5.815%x10° 6.009x10°
I3 69 9.5 5.4x10° 6.075x10°
111 61 10.5 3.376x10° 2.983x10°
I 112 59 10 3.192x10° 3.196x10° 2.922x103
113 55 9 3.02x10° 2.952x10°
111 51 11 1.854x10° 1.615x10°
111 1112 42 10 1.573%103 1.718x103 1.682x10°
1113 46 11 1.726x10° 1.753%10°

(2) Test fitting of the S-N curve of the plate specimen

The S-N curve of the plate specimen can be obtained by fitting the fatigue life test data
of the plate at a certain stress level. The logarithmic relationship is:

lgN; =1gCs —mlg S, (24)

It can be seen that Ig Ns and Ig Ss form a linear relationship, where both C and m are
constants. For grade 45 steel under normal temperature conditions, the parameter m=7.3144 is
determined from the metal fatigue test specification and structural steel material parameter
selection [32]. According to the fatigue test life data of the three types of specimens and the
corresponding stress level, the size of parameter C can be determined according to the linear
relationship (Table 4).
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Table 4 Statistical table of the S-N curve parameters for the three test pieces

Specimen | Specimen N (I(;;fceles) S (Mpa) lg N I S lg Cs Data
category number test value function
I1 6.244x10° 270 5.7955 24314 23.5797 Fit
Class I 12 5.8x10° 275 5.7634 2.4393 23.6054 Fit
13 5.4x10° 278 5.7324 2.4440 23.6088 Check
111 3.376x10° 295 5.5284 2.4698 23.5935 Fit
Class II 112 3.192x10° 297 5.5041 2.4728 23.5911 Fit
113 3.02x103 300 5.4800 24771 23.5985 Check
11 1.854x10° 320 5.2681 2.5051 23.5914 Fit
Class III 112 1.573x10° 328 5.1967 2.5159 23.5989 Fit
113 1.726x10° 322 5.2370 2.5079 23.5807 Check
Therefore, the logarithmic S-N curve for the three kinds of specimens is:
lg N, =1gC; —7.31441g S (25)

The mean values of the parameters for the three types of test pieces are calculated from

the first two test datasets for each type of test piece using the fitting data from Eq. (26), as

shown in Table 5.

Table 5 S-N curve parameters mean values for the three types of test pieces

SCI; fg;:ljc; Z]\“Zl(f(e:}rjéf:; S (MPa) mean | Ig Nsmean | lgSymean lg Cs mean
Class I 6.022x10° 272.5 5.7794 2.43535 23.5925
Class II 3.284x10° 276 5.5162 24713 23.5923
Class 111 1.7135%10° 324 5.2324 2.5105 23.5951

The mean Et%r;g result of 235933

Under the tested conditions, the logarithmic form of the plate specimen S-N curve

calculated by Table 4 is expressed as (Fig. 26):
g N, =23.5933-7.31441g S (26)

— T T T T T T

T T

:
T e TR T [ — sNauveotthebaseplate |

8

8

Stress S (Mpa)

2 B B 3 B B 8

Fig. 26 S-N curve of the plate specimen

(3) The S-N curve for the plate structure
Once the scale plate specimen S-N curve is experimentally obtained, the specimen’s S-N

curve cannot be directly used for the prediction of plate life because of the differences in the
structural size, stress state, surface roughness, and other factors compared to the full-scale plate
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component. In addition, the S-N curve for the full-scale plate component is usually difficult to
obtain using test methods [33]. The component S-N curve is corrected by the S-N curve of the
material or specimen, as shown in Egs. (28) and (29):

N=co /' 27)
N=cK,, 0,,)" (28)
Among them, K_, = Lo LI
&

Converting Eq. (29) into the logarithmic form, we arrive at:

IlgN =lgc-mlgo ,, —-mlgK_, (29)

Equation (28) describes the S-N curve for the baseplate material, and Eq. (29) defines the
S-N curve for the baseplate component. Among these, o.; is the symmetrical cyclic stress
amplitude of the material or specimen, o-/p is the symmetrical cyclic stress amplitude of the
component, ¢ and m are material constants, Kop is the correction coefficient, K5 is the effective
stress concentration factor, ¢ is the size coefficient, and £ is the coefficient of the surface state,
as shown in Table 6.

Table 6 Correction parameters

Parameters Value Statement
Size coefficient ¢ 0.882 Anti-fatigue design
Th f: f the flat t
Coefficient of surface state 8 1 ¢ surface of the flat adopts

the grinding process

The method for determining the stress
concentration factor of materials in
Zhao Shaobian in the literature

Effective stress concentration
1.175
factor Ko

Thus, Kop is calculated using the following formula:

K,-R 1 (30)
&
In the previous section, the S-N curve was fitted by the plate specimen fatigue test as

follows:
lgN =23.5933-7.31441gS (31)

Thus, the modified plate S-N curve is determined according to Eq. (30) and is shown in
Fig. 27:
lgN =22.6826—7.31441gS (32)

350 T | T T T ! T T T
: : ——S;, SNamve
——S, Modified S-N curve

8
g

Stress S (Mpa)
3
=]

2

an
v

Cycles X106

c

G
<
«

100 i

|
4 ”
i z

Fig. 27 S-N curve before and after the plate correction
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(4) Comparative analysis of life prediction

According to the life prediction formula, the baseplate service life is closely related to the
stress response. The vibrator baseplate’s life is calculated in Table 7.

Table 7 Comparison of the theoretical and experimental fatigue lives of the baseplate

Number 11 2 3 11 2 113 111 112 I3 | Average
Testing life | 0244 5.8 5.4 3376 | 3.192 | 3.02 | 1.854 | 1.573 | 1.726 | 3.576
eSng e | 105 | x105 | x10° | x105 | x105 | x10° | x10° | x10° | x105 | x103
S-N curve | 6.4466x | 5.6370% | 5.2069x | 3.3731x | 3.2105% | 2.9829x | 1.8605x | 1.5531x | 1.7776x | 3.5609
method 10 10° 10° 10° 10° 10 10 10 105 %105
Error (%) | 324 | -2.81 | -3.57 | -0.086 | 0.579 | -1.228 | 0.351 | -1.265 | 2.989 | 1.791
Mean

square 0.11x10°

value
nfgjﬁ;‘:;is 6.053 | 6.009 | 6.075 | 2.983 | 2.922 | 2952 | 1.615 | 1.682 | 1.753 | 3.5604

5 5 5 5 5 5 5 5 5 5

method x10 x10 x10 x10 x10 x10 x10 x10 x10 x10
Error (%) | -3.06 3.6 125 | -11.6 | -845 | 225 | -129 | 693 1.56 | 6.983
Mean

square 0.305x10°

value

To compare the experimental test value and theoretical prediction value intuitively, the
test fatigue life and theoretical prediction life are plotted using a histogram, as shown in Fig. 28.

Cycles

7.00E+05

6.00E+05

5.00E+05

4.00E+05
3.00E+05

2.00E+05

W testife W S-Ncurve W fracture mechanics

Fig. 28 Test and theoretical lives of the three types of specimens via a histogram comparative analysis

According to a comparison of the testing fatigue life and the theoretical calculation life
for the three specimens, the results show that:

1) The testing fatigue lives and the two theoretical values of the nine test specimens are
very close. Among them, the average error when using the S-N curve is 1.791%, and the average
error for the fracture mechanics method is 6.983%, which are both within a reasonable range.
In contrast, the S-N curve method has a relatively small error, and the accuracy is higher than
when using the fracture mechanics method.

2) The average lives calculated by the S-N curve method and the fracture mechanics
method are 3.5609x10° and 3.5604x10°, respectively, which are all less than the test life.
Among these, the error from the S-N curve is mainly associated with the deviation of the S-N
curve. The error in the fracture mechanics method is due to the difficulty when considering the
weld crack length, which leads to a slightly smaller estimate.
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3) The mean value of the fatigue life reflects the deviation between the theoretical life
calculated and the test life. In a comparative analysis, the S-N curve fatigue life average
variance (0.11x10°%) is less than that from the fracture mechanics method (0.305x10°). The
S-N curve deviation is slightly smaller. A further comparison of the average fatigue life
calculated from the two theoretical models shows that the average life calculated by the S-N
curve and fracture mechanics methods is similar, indicating that the accuracy of the S-N method
is slightly higher. However, the calculation accuracies of the two fatigue life theoretical models
are similar.

6. Conclusions

(1) The loading cases for the vibroseis baseplate were determined by a vibration system
dynamics analysis. The reaction force of the baseplate changed with time periodically and
increased with the vibration displacement and frequency. Additionally, the joint between the
baseplate and piston rod exhibited maximum deformation and damage, which enhanced the
randomness of the fatigue crack growth, propagation speed, and fracture failure.

(2) Via the macroscopic and microscopic topography analysis of the baseplate fracture,
the damage mechanism for the baseplate under the vibration conditions is described as having
three stages: fatigue crack initiation (Stage I); fatigue crack propagation (Stage II); and fracture
failure (Stage III). Fatigue cracks originate from defects in the baseplate welding parts. Micro
voids and grooves caused by grain sliding under alternating stress serve as initiation sites for
the micro-cracks. The micro-cracks propagate along the 0° and 45° directions, accompanied by
transgranular and intergranular fracture. Finally, fracture occurs at the weakest parts, resulting
in the instability and rapid fracture of the baseplate structure. This process is the mechanism
underlying the fatigue failure of the vibrator.

(3) The fatigue life test is applied to fit the S-N curve of the baseplate. This method has
the advantages of high efficiency and accuracy. It also has certain accuracy in predicting the
fatigue life of mechanical structures under other complex working conditions. This method can
be used for the fatigue life prediction of mechanical structures under complex loads with high
accuracy and efficiency.

(4) The fatigue life analyses for the baseplate specimens using the S-N curve and fracture
mechanics methods have slightly different accuracy. The fatigue lives calculated from the two
theoretical methods were shorter than the test measured life value, and the accuracy of the
fatigue life calculated by the S-N curve method was slightly higher than the fracture mechanics
method. The accuracy of the S-N curve method depended highly on the accuracy of the S-N
curve for the structural material. The calculation accuracy of the fracture mechanics method
depended more on the selection of the crack propagation parameters for the structural material.
These were the main sources of error for the two models.
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