

  energies-13-06195




energies-13-06195







Energies 2020, 13(23), 6195; doi:10.3390/en13236195




Article



Experimental Studies of the Influence of Dynamic Loading on the Elastic Properties of Sandstone



Mikhail Guzev 1,2, Evgenii Kozhevnikov 1,*, Mikhail Turbakov 1, Evgenii Riabokon 1 and Vladimir Poplygin 1





1



Department of Oil and Gas Technologies, Perm National Research Polytechnic University, 614990 Perm, Russia






2



Institute of Applied Mathematics, Far Eastern Branch of the Russian Academy of Sciences, 690041 Vladivostok, Russia









*



Correspondence: kozhevnikov_evg@mail.ru







Citation: Guzev, M.; Kozhevnikov, E.; Turbakov, M.; Riabokon, E.; Poplygin, V. Experimental Studies of the Influence of Dynamic Loading on the Elastic Properties of Sandstone. Energies 2020, 13, 6195. https://doi.org/10.3390/en13236195



Received: 30 October 2020 / Accepted: 24 November 2020 / Published: 25 November 2020



Abstract


Under dynamic loading, the geomechanical properties of porous clastic rocks differ from those in quasistatic loading. A small experimental rig was built to directly assess the influence of vibrations on the uniaxial compressive strength (UCS), Young modulus, and Poisson’s ratio. A piezoelectric actuator powered by a signal from an oscillator was used in the rig as a generator of vibrations. A laser sensor and eddy current probe measured the longitudinal and transverse deformation. Tinius Hounsfield and Instron Series 4483 installations were used to determine the geomechanical properties of new red sandstone in a quasistatic regime. The boundaries of elastic deformations determined in the quasistatic loading were implemented in the dynamic loading. To perform the experiments in the elastic zone (on the graph of stress (σ)–strain (ε)), small samples with diameters ranging between 7.5 and 24.7 mm were manufactured. The investigation demonstrated that the Young’s modulus of the sandstone increased with increasing values of the dynamic load and frequency.
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1. Introduction


The dynamic geomechanical properties of rocks are a type of physical property that characterizes the ability of rocks to sustain a loading that changes in force amplitude over time. Geomechanical properties alter under dynamic loading at all stages of reservoir engineering, such as the drilling [1,2], completion [3], and treatment [4,5,6,7,8] of wells, as well as reservoir production [9,10,11,12]. In addition, dynamic mechanical properties are widely used in many other fields, such as civil engineering [13,14,15,16,17], medicine [18,19], and marine structures [20,21]. Although these areas use different kinds of mechanical properties, the basic principles are similar.



Determining the dynamic geomechanical properties of rocks in reservoir engineering is crucial in the following examples. First, understanding rock dynamic behavior during well drilling (small-scale) can significantly improve the borehole stability [22] and casing lifetime. Secondly, the amount of additional oil-in-place, produced as a result of hydraulic fracturing, depends on the dynamics of crack propagation and the behavior in time, which is mainly controlled by the rock geomechanics [23,24,25]. Thirdly, during hydrocarbon production and subsequent (large-scale) reservoir depletion, the formation pressure decreases. To maintain the pressure at a constant level, the flooding of reservoirs is utilized. The fluctuating reservoir pressure in these processes affects the rock (especially clastic rocks [26]) and the capillary imbibition rate [7]. Due to the rock stress state, an alteration of its matrix structure and compaction is observed [27,28]. As a result, the porosity and permeability (and thus the hydrocarbon recovery potential) decrease due to their strong reliance on the geomechanical properties [29,30,31,32].



The dynamics of geomechanical properties are studied through one-way (at strain rates from 10−8 to 106 s−1 [33]), multi-stage [34,35], cyclic [36,37], and high-frequency loading (up to 1 MHz) [38]. Under high-frequency loading, the dynamic mechanical properties of the rock are usually measured by non-destructive ultrasonic methods [39]. The study of the dynamic geomechanical properties of rocks at high frequencies began after it was noticed in seismology that the propagation velocity of elastic waves is not constant due to attenuation. Traditional installations were not suitable for studying the behavior of dynamic mechanical properties due to their low frequency of action (below Hz); therefore, it was necessary to use additional sensors.



Using a composite magnetostrictive resonator that generated longitudinal vibrations [40], the authors found that the internal friction of dry granite and quartzite nonlinearly depended on the amplitude of deformation (below 10−5) and frequency. Later, using force and displacement transducers and an electromechanical shaker [41], researchers found that the Young’s moduli of dry Navajo sandstone, Spergen limestone, and Oklahoma granite were independent of frequency between 4 and 400 Hz at strain amplitudes near 10−7. An experimental apparatus [42] with a servo-controlled confining pump [43,44] was used to determine that there was no frequency dependence of dry Fontainebleau sandstone elastic properties in the rage of 4·10−3 to 4·10−1 Hz.



At the same time, Opalinus clay [45] and Mancos shale [46] showed a steady slow growth of Young’s modulus and a decline of Poisson’s ratio as the frequency increased up to a 10−6 strain from 1 to 100 Hz and to an ultrasonic velocity of 500 kHz using an apparatus with a triaxial cell. Using an apparatus with a Hoek triaxial cell [47] the authors found that the Poisson ratio, Young’s modulus, and bulk and shear moduli of dry Donnybrook sandstone were not frequency-dependent in the range of strain amplitudes of 10−8 to 10−6 between 0.1 and 100 Hz. All forced oscillation facilities were generally united by the fact that elastic moduli (Young’s E, bulk K, and shear G moduli) are obtained from the amplitude of the recorded stress and strain signals [48,49]. Some of the rigs (e.g., [50]) represent a good platform for investigating the dynamics of mechanical property behavior.



In all the above works, the experimental facilities allowed the creation of dynamic loading with a maximum stress amplitude of up to 0.2 MPa. However, in practice, rocks can be subjected to higher dynamic loads; for example, when drilling. During drilling, the drill string through the bit acts on the rock with the weight of several tens of tons. The drill string, together with the bit, rotates in a stick–slip manner, as a result of which, when the bit interacts with the bottom, low-frequency vibrations (up to 40 Hz) occur. While the stick–slip action occurs, the change in weight on the bit contributes to high-amplitude (up to 10 MPa) stress fluctuations inside the rock below the contact of the bit cutters with the bottom.



Under the action of loads, the strength properties of rocks increase, which significantly affects the rate of penetration and the efficiency of drilling in general. Thus, it becomes necessary to study the effect of low-frequency high-amplitude dynamic loads on the properties of rocks. When conducting research on standard samples, it is extremely difficult to achieve high-amplitude dynamic loads (more than 0.2 MPa); therefore, we decided to reduce the size of the rock samples. A series of experiments on the quasi-static and dynamic loading of heterogeneous clastic rock was performed. The paper is organized as follows. In Section 2, the static mechanical properties of the manufactured sandstone samples are determined. The experimental methodology for the dynamic loading, experimental facility, and procedure are given in Section 3, followed by the results, discussion, and conclusions in Section 4 and Section 5.




2. Determination of Static Mechanical Parameters


2.1. Sandstone Samples Preparation and Treatment


New red sandstone of the Permian period mined in the Clashach quarry (Elgin, Scotland, UK) was selected for this study. The strength of a sample was determined by the strength of its weakest part (a defect), and the larger the sample volume, the greater the probability of a defect [51]. To assess the scale effect on the strength properties of the rock, and for the subsequent comparison of the strength properties with the data obtained in experiments on dynamic loading, four types of samples of different sizes were prepared in accordance with industry standards [52,53]. The ratio of the specimens’ length to diameter was 2. Small samples (d = 7.5, 9.2, and 11.5 mm) were milled with diamond bits (Figure 1) at a rotation frequency of 500 rpm with constant water flushing.



After coring, small cylindrical specimens were removed from the rock block, washed, and passed through a grinding procedure (Figure 2), where their end surfaces became parallel to each other and perpendicular to the axis of the specimen, which was necessary to ensure the maximum contact density between the plates of the stand in terms of loading and manner, as well as a uniform stress distribution in the sample. Samples on which defects were detected after processing were not used in subsequent experiments. When preparing samples with a diameter of 24.7 mm, a milling machine manufactured by ELE International Core Power Tools, model CX20-C3, was used. After milling, the samples were cut at the Cutrock & Brook Compton installation. Water was used as the washing and cooling liquid.



The samples were washed and dried in an oven for 24 h at a temperature of 90 °C. The reservoir properties of the sandstone were determined on the UltraPoroPerm-500 installation in Perm National Research Polytechnic University (PNRPU) with a porosity of 17.5% and permeability of 0.353 μm2. The samples were then ready to be studied for their static and dynamic uniaxial compressive strength (UCS).




2.2. Static Testing


The experiments to determine the UCS σUCS of samples with diameters ranging from 7.5 to 11.5 mm were conducted on a Tinius Hounsfield instrument, and samples with a diameter of 24.7 mm used an Instron Series 4483 instrument with a loading cell of 150 kN. For each diameter of the samples, nine experiments were performed, making 72 experiments in total. The static loading of the clastic samples was carried out at a speed of 0.05 mm/min. To register the deformations, a video recorder was used. The specimens’ fractures were recorded at a frequency of 240 fps and considered to be standard (Figure 3).



As a result of the static loading of the samples of clastic rock, the average uniaxial compression strength σUCS was reduced by 34% when the diameter of the samples decreased from 24.7 to 7.5 mm (Table 1). This phenomenon contradicts the generally accepted theory that, as the size of the samples decreases, their strength increases—this phenomenon is called the scale effect. This theory is relevant for tight crystalline rocks, in which a decrease in the sample size leads to a decrease in the total number of natural defects. However, in practice, the manufacture of small-sized specimens, even for crystalline rocks, is typically associated with a number of difficulties: it is difficult to ensure the accuracy of specimen shapes, and small mechanical shocks can lead to the appearance of hidden microcracks, etc.



In previous works [54,55], it was shown that both clastic and crystalline rocks are characterized by a decrease in the strength characteristics of the rocks with a decrease in the size of the samples. At the same time, in sedimentary rocks, a decrease in strength was observed in samples with a larger diameter compared with crystalline rocks [55]. This difference in behavior may be due to the fact that crystalline rocks are composed of smaller particles and that the strength of the rock is due to intermolecular interactions. In clastic rocks, the strength is primarily due to the strength of the contact between particles [56]. This is influenced by the ratio of the sample size to the particle size; with a decrease in this ratio, the total strength of the sample tends to decrease.



Using an example of samples with diameters of 7.5 and 11.5 mm, we considered the load–strain dependence obtained in UCS experiments (Figure 4). Changes in deformation due to load for both samples were the same. During the initial period of the static loading of the rock sample, a nonlinear dependence of the strain on the load was observed (compaction zone (zone 1, Figure 4), which was caused by the dislocation (defect) movement—the closing of the initial cracks and voids in the rock sample. With increasing load, the dependence became linear and elastic deformations were observed in the sample (zone 2). Tangent 4, drawn on the straight portion of the graph, describes the dependence of the rock deformation on the load according to Hooke’s law. When the load on the sample exceeded the proportionality limit in the rock, irreversible plastic deformations were observed with subsequent destruction (zone 3). UCS σUCS (MPa) is derived from


   σ  U C S   =  F S  =   4 F   π  d 2     



(1)




where F is force at which a sample is broken in the UCS test, N; S is the sample’s cross-sectional area, mm2; and d is the sample’s diameter, mm.



The results of the uniaxial compression test showed that a decrease in the size of the samples led to a decrease in the calculated strength of the rocks, which was confirmed by other researchers. At the same time, as shown in Figure 4, there were no significant changes in the shape of the curves; the graphs have the same shape and go through the same stages. Based on this, we can assume that, with the dynamic loading of small samples, we can obtain a qualitative idea of how the rock behaves under the influence of high-amplitude low-frequency oscillations.





3. Dynamic Loading


3.1. Experimental Instrument


To studying the effect of dynamic loads on the mechanical properties of rocks, a special instrument was developed at the University of Aberdeen. The dynamic action on rock samples was carried out by an EXTREMA Magnetostrictive Electromechanical Transducer Model 250 µ actuator powered by the signal from a manual oscillator MOS-01 (CompactPower Titan series). The instantaneous force data were provided by the three-axis load sensor KISTLER 9027C. Accompanying data on the specimen’s deformation were recorded longitudinally by an eddy current probe (ECP). Signals from the sensors were directed to a workstation. A close view of a rock sample in the facility is shown in Figure 5.



To ensure a qualitatively generated sinusoidal signal from a generator to an actuator, the signal was also passed to the workstation. To process the incoming data from sensors via analog channels, as well as to synchronize the data acquisition, the interface and appropriate code were prepared in LabVIEW and MATLAB.



The ECP was calibrated using a laser sensor with an error of 1.5 μm in MATLAB. The vertical movement of the layout was performed using a reciprocating mechanism (the sensors were fixed). During the layout movement, the sensor data were registered in LabVIEW and saved as a “.txt” file.



We studied the effect of dynamic loading on the elastic properties of the rock; therefore, under dynamic loading, the sample needed to be in an elastic state. This means that the applied force and the corresponding deformation needed to be in zone 2 (Figure 4). To meet this requirement, a static load Fst needed to be applied to the sample. The Fst value could be chosen in the middle between the load Ftop, which corresponds to the upper boundary of the elastic deformation zone of the sample, and the load Fbot, which determines the lower boundary of the elastic zone of the specimen:


   F  s t   =    F  t o p   −  F  b o t    2   



(2)







Then, the sample was in an elastic state under dynamic loading if the dynamic load amplitude    F  d y n   <  F  s t    .



Due to the limitations (technical characteristics) of the piezoelectric actuator (maximum dynamic load 1100 N), further experimental research was focused on specimens with a diameter of 7.5 mm. The Fst value was determined as follows: from Figure 4b, the lower limit of the elastic zone can be seen to be approximately 450 N and the upper limit was approximately 1800 N, while the limit of the actuator was only 1100 N. Thus, the peak values of the dynamic load needed not to exceed 450 and 1100 N. Then, Fst needed to be in the middle of this interval and equal to 775 N. As the studies were carried out on several samples, to avoid the risk of leaving the elastic zone, the Fst value was overestimated with a margin of +75 N, and, as a result, Fst was equal to 850 N. However, due to the design features of the installation, it was difficult to ensure the exact value of the preload; therefore, Fst was within 700–900 N. The amplitude of the dynamic load Fdyn was 250 N.




3.2. Experimental Procedure


The research procedure was as follows: a 7.5 mm sandstone sample was installed on the bottom plate of the experimental facility (Figure 5). An initial static load of 700–900 N was created on the sample by the upper plate. The static load was necessary for the test sample to be in the elastic deformation zone under dynamic action (Figure 4). Then, using a manual oscillator MOS-01 (CompactPower Titan series), a voltage was applied to the EXTREMA Magnetostrictive Electromechanical Transducer Model 250 µ actuator to create a dynamic load with a certain amplitude and frequency (determined according to the research program as shown in Table 2). The data from the sensors were recorded at the workstation in the LabVIEW program. At each loading step, the exposure mode was held for at least 10 s to stabilize the sensor readings.



Testing of the samples was conducted according to the developed program with boundary conditions in the frequency and voltage (dynamic load) of the supplied current from a generator to an actuator (Table 2).



In total, 270 experiments were performed on nine samples. A specimen was subjected to a static preloading Fst of 850 N and dynamic loading of Fst ± Fdyn. During the experiment, the amplitude of the dynamic load Fdyn varied from 50 to 250 N, and the frequency f varied from 15 to 40 Hz.



The data from the sensors were collected and synchronized at the workstation using a specially developed algorithm in the LabVIEW software. Data processing was done using different filters in MATLAB. The findpeaks function was used to identify local extreme points. An example of the determination of the amplitude of wave signals is given in Figure 6.



Classically, the Young’s modulus characterizes the ratio of the stress arising in the sample to its relative deformation under static and quasi-static loading, but the Young’s modulus determined under dynamic loading is usually called dynamic [57]. In our case, the sample was subject to dynamic action; accordingly, the obtained experimental data were used to calculate the dynamic Young’s modulus. Young’s dynamic modulus is defined as the ratio of stress and strain increments tangential to the strain–stress curve at zone 2 (Figure 4) [38]:


   E  d y n   =   Δ  σ  U C S     Δ  ε l     



(3)




where ΔσUCS is a stress increment during dynamic loading, MPa; and Δεl is a strain increment.



The stress increment ΔσUCS was determined by the formula


  Δ  σ  U C S   =    F  m a x   −  F  m i n    S   



(4)




where Fmax and Fmin are the peak force of load N. This expression is valid only if the peak load values do not exceed the elastic zone of the sample: Fmin > Fbot; Fmax < Ftop. Otherwise, the load-deformation dependence will be non-linear and Equation (4) will not be valid.



Under dynamic loading, the maximum sample displacement lmax corresponds to the maximum load Fmax, and the minimum displacement lmin corresponds to the minimum load Fmin (Figure 6). The difference between these increments is the displacement increment; thus, the sample strain increment is given by the formula


  Δ  ε l  =    l  m a x   −  l  m i n    l   



(5)




where l is the initial sample length, mm.





4. Results and Discussion


The results of the study of the influence of dynamic load on the Young’s modulus are shown in Figure 7; the graph shows the behavior of the normalized dynamic Young’s modulus to the static modulus (Edyn/Est). The static Young’s modulus was determined from the UCS test.



Experimental studies established that with an increase in the stress amplitude and frequency of dynamic action, the dynamic Young’s modulus increases. In this case, the greatest dispersion of Young’s modulus was observed at a stress amplitude from 1 to 3 MPa. At stress amplitudes of more than 3 MPa, the Young’s modulus dependence becomes monotonic. The dependence of Young’s modulus on the frequency of dynamic action (Figure 8b) has a smoother form. Similar results regarding the dispersion behavior of the dynamic Young’s modulus were obtained in [42,46,47].



In these works, dry samples of clastic rocks had an insignificant dispersion of their Young’s modulus under dynamic loading, and saturated samples had a significant dispersion of Young’s modulus with the change in the frequency of dynamic loading. Researchers explained this behavior of Young’s modulus by the internal compaction of the rock material, as well as energy dissipation within the samples. The presence of pore fluid contributed to a change in the properties of the material due to the swelling of clay particles. It was shown in [42] that the samples saturated with glycerol had a greater dispersion of their Young’s modulus in comparison with water-saturated samples, which can be explained by the higher viscosity of glycerol compared to water, which contributes to an increase in energy dissipation.



In the studied samples, in contrast to the works mentioned above [42,46,47] for dry samples, the dispersion of Young’s modulus was higher. This can be explained by the fact that, in our work, we used small-diameter rock samples, which made it possible to create a larger stress amplitude (1–6 MPa) than in [42,46,47], in which, for comparison, the stress amplitude during the loading of the samples did not exceed 0.2 MPa. The dispersion of Young’s modulus could be influenced by the manufacturing process of small specimens; however, the results of the static loading of specimens showed that the pattern of deformation under load remained the same as for standard specimens, which indicates that the strength of small specimens decreases during the manufacturing process, but this does not significantly affect the structure of the material.



An increase in the dynamic Young’s modulus was also noted in studies of the effect of high-impulse dynamic action on various materials [58,59]. Summarizing the extensive research experience of laboratory studies of high-impulse action, in [33], the authors concluded that the main reason for the increase in the Young’s modulus and strength characteristics of materials at high loading rates was the internal inertia of the samples.



We used the ideas presented in [33] to study the behavior of the Young’s modulus under dynamic action on a sample. From the point of view of physics, the inertia of the sample is determined by the rate of the applied stress, the average value of which over the loading cycle can be found by the formula [33]


  R S =    (   F  m a x   −  F  m i n    )  · f · 2  S   



(6)




where RS is the stress rate, MPa/s; and f is the frequency. An explanation of the stress and stress rate behavior is shown in Figure 8. A positive value of the stress rate corresponds to the loading, while a negative value corresponds to unloading (Figure 8b). During loading, the stress rate (Figure 8b) begins to increase from zero when the specimen is subjected to the minimum load (Fmin) (Figure 8a); then, the stress rate (Figure 8b) increases and reaches its maximum values when the dynamic load (Figure 8a) is equal to the preliminary load (Fst). The stress rate (Figure 8b) begins to decrease and reaches zero when the sample is under maximum load (Fmax) (Figure 8a). Then, the unloading cycle begins, which goes through the same stages only in the reverse order. The change in the stress rate occurs smoothly along a sinusoid; therefore, there are no shock loads on the sample.



As a result of the analysis, we obtained the dependence of the normalized Young’s modulus on the rate of the applied stress (Figure 9). By the curve fitting analysis, we found that the change in the normalized Young’s modulus on the stress rate was best described by the power law


     E  d y n      E  s t     = 2.521 ·    ( X )    0.285    



(7)




where X is the ratio (RS/RS0) of the stress rate to the minimum stress rate (at minimum Fdyn) in the study.




5. Conclusions


Sandstone samples were prepared in accordance with the relevant standards. The results of tests for uniaxial compression showed that a decrease in the size of samples led to a decrease in the calculated strength of rocks, which was confirmed by other researchers. At the same time, there were no significant changes in the form of strain–stress curves; they had the same shape and went through the same stages. This allowed us to use small-diameter samples to determine the rock properties under dynamic loading.



The created experimental setup made it possible to study samples under dynamic loading; however, there were limitations, with a maximum load of 1.1 kN. In this regard, before carrying out dynamic tests, it was necessary to test the rock samples under static loading to determine the boundaries of the sample’s elastic deformation zone. A static test was also required to determine the preload value and the maximum dynamic load amplitude. For example, in our case, the preload was 850 N, and the maximum dynamic loading amplitude was 250 N.



Experimental studies of sandstone samples under dynamic loading showed that the dynamic Young’s modulus increased with increasing frequency and amplitude. In our work, the Young’s modulus had a significant dispersion in comparison with similar works from other authors. This can be explained by the fact that, in our work, we used small-diameter rock samples, which made it possible to create a large stress amplitude.



During dynamic action, the stress in the sample is constantly changing with the stress rate. Since the loading and unloading process is constant, we assumed that the stress within the sample occurs with an average stress rate. With an increase in the amplitude and frequency of dynamic loading, the average stress rate increases, which leads to an increase in Young’s modulus. This behavior is explained by internal inertia, which is consistent with the results of other researchers. Using a curve fitting analysis, we found that the change in the Young’s modulus on the stress rate was best described by the power law.
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List of Symbols




	σUCS
	Uniaxial compressive strength (MPa)



	F
	Force at which a sample is broken in the UCS test (N)



	Ftop
	Load corresponding to the upper boundary of the specimen elastic deformation zone (N)



	Fbot
	Load corresponding to the lower boundary of the specimen elastic deformation zone (N)



	Fst
	Preload value (N)



	Est
	Static Young’s modulus (GPa)



	Edyn
	Dynamic Young’s modulus (GPa)



	Fdyn
	Amplitude of dynamic force (N)



	ΔσUCS
	Stress increment in the rock sample during dynamic loading (MPa)



	F
	Load applied to the specimen (N)



	f
	Frequency



	Δεl
	Strain increment



	S
	Specimen’s cross-sectional area (mm2)



	d
	Specimen’s diameter (mm)



	Fmax
	Peak maximum force (N)



	Fmin
	Peak minimum force (N)



	l
	Initial specimen’s length (m)



	Е
	Young’s modulus (MPa)



	lmax
	Peak value of maximum axial displacement (mm)



	lmin
	Peak value of minimum axial displacement (mm)



	RS
	Stress rate (MPa/sec)
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Figure 1. Diamond bits for sample coring. 
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Figure 2. Sample grinding. 
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Figure 3. Fracture propagation in specimens of 24.7 mm in diameter during the UCS test. (a) a specimen without a fracture, (b) the beginning of fracture propagation, (c) a fractured specimen. 
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Figure 4. Diagrams of static loading of samples (a) 11.5 mm diameter, and (b) 7.5 mm diameter. 
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Figure 5. Rock sample in the experimental instruments. ECP: eddy current probe. 
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Figure 6. Synchronized raw data. 
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Figure 7. The normalized dynamic Young’s modulus versus amplitude (a) and frequency (b) of dynamic loading. 
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Figure 8. The stress (a) and stress rate (b) during dynamic loading. 
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Figure 9. The normalized dynamic Young’s modulus versus normalized stress rate of dynamic loading. 
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Table 1. Results of the static compression testing. Uniaxial compressive strength (UCS).
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	Sample Diameter, mm
	Max. Load, kN
	UCS, MPa





	7.5
	1.6
	36.25



	9.2
	2.87
	39.68



	11.5
	3.91
	42.05



	24.7
	26.12
	54.53










 





Table 2. Research program.
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Amplitude of Fdyn, N

	
Frequency f, Hz




	
15

	
20

	
25

	
30

	
35

	
40






	
50

	
1 *

	
2

	
3

	
4

	
5

	
6




	
100

	
7

	
8

	
9

	
10

	
11

	
12




	
150

	
13

	
14

	
15

	
16

	
17

	
18




	
200

	
19

	
20

	
21

	
22

	
23

	
24




	
250

	
25

	
26

	
27

	
28

	
29

	
30








* The number corresponds to the test step.
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