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 ABSTRACT
 In the recent past, various methods and techniques, called as Non-Destructive
 Evaluation (NDE) techniques, are being used for Structural Health Monitoring (SHM).
 These techniques have their own advantages as well as limitations, when compared to
 conventional strength estimation and damage detection tests.
 The recent advent of ‘smart’ & ‘intelligent’ materials and structures concept and
 technologies have ushered a new avenue for the development of new NDE methods.
 Piezoelectric materials fall into the category of ‘smart’ materials and using piezo
 transducers are yet to be employed practically for concrete strength estimation.
 This project has focused on utilizing the underlying PZT-structure electro-
 mechanical interaction for impedance based strength characterization of concrete. The
 technique used is the electromechanical impedance (EMI) technique, which involves a
 simplified empirical method to diagnose structural strength using surface bonded self-
 sensing piezo-impedance transducers.
 In this project, various concrete specimens were prepared, and a PZT patch was
 attached onto each one of them. The terminals of these patches were then connected to a
 Vector Impedance Analyzer and admittance function was recorded and analyzed
 carefully and thoroughly.
 A direct correlation is derived and produced here, between the 2nd and the 3rd peak
 resonant frequencies of the PZT patch with the strength of the concrete specimen. This is
 the first time that anyone has ever tried to correlate the above mentioned parameters. The
 calibration curve and the correlation equation derived can thus be used as a new NDE
 method for compressive strength determination of concrete structures.
 A correlation between rebound number and strength of concrete structure is also
 established, which can be used as well for strength estimation of concrete structures.
 However, calibration curve for strength determination using piezo transducers was found
 to be more reliable than that of the rebound hammer tests.
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 CHAPTER 1
 INTRODUCTION
 1.1 STRUCTURES AND THEIR STRENGTH
 Structures are assemblies of load carrying members capable of safely transferring
 the superimposed loads to the foundations. Their main and most looked after property is
 the strength of the material that they are made of. Concrete, as we all know, is an integral
 material used for construction purposes. Thus, strength of concrete used, is required to be
 ‘known’ before starting with any kind of analysis. Various methods and techniques are
 available for the strength estimation of concrete, ranging from use of universal testing
 machine (UTM) to newly established NDE methods.
 1.2 CONCRETE STRENGTH DETERMINATION USING PIEZO ELECTRIC
 TRANSDUCERS
 1.2.1 Methodology and Technique Employed
 Piezoelectric materials show a peculiar property of their own. When a mechanical
 stress is applied on them, a potential is generated across their ends, and when they are put
 under an electric field, they undergo mechanical deformation. To use this property, for
 estimating concrete strength, concrete cubes are made with varying compressive strength.
 A PZT patch is carefully bonded onto each of their surfaces, and a sinusoidal voltage is
 applied across its ends. The patch undergoes deformation and waves are generated, that
 travels through the specimen and come back to the patch. This time, the patch acts as an
 analyzer. These admittance signatures can be obtained using a Vector Impedance
 Analyzer. Now, every structure has a specific frequency of its own, and when the
 sinusoidal voltage applied corresponds to that particular frequency, a jump is observed in
 those signatures.
 1.2.2 Analysis and Results
 The occurrence of these jumps or peaks can be correlated with that of the
 compressive strength of the concrete specimen on which the piezo patch is bonded.
 Hence, a calibration curve can be plotted between the peak frequency and the
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 compressive strength of concrete obtained by UTM. Also, an equation of the best fit
 curve can be obtained. Such equation will allow determination of compressive strength of
 concrete without having to crush it under compression.
 1.3 PROJECT OBJECTIVES
 The primary objective of this project was to investigate and suitably correlate the
 compressive strength of concrete and the peak frequency displayed, of a PZT patch
 bonded onto the concrete specimen.
 1.4 PROJECT ORIGINALITY AND CONTRIBUTIONS
 (i) A correlation is derived for the rebound hammer tests, between the rebound
 number and the compressive strength of concrete.
 (ii) For the first time, admittance functions were observed at a frequency ranging
 from 0.4MHz to 4 MHz, when PZT patches are bonded onto the surfaces of
 various concrete specimens.
 (iii) While previous studies, on similar guidelines, correlated only the 1st resonance
 frequency, for the first time, 2nd and 3rd peak resonant frequencies observed,
 when a PZT patch is bonded onto a concrete specimen, were correlated with
 the compressive strength of concrete.
 (iv) Finally, a calibration curve and its governing equation are derived, correlating
 peak resonant frequencies with the compressive strength of concrete. Hence,
 the results may emerge as a new technique for concrete strength estimations.
 (v) Further, the calibration charts from the above mentioned techniques (using
 piezo transducers and rebound hammer) were also compared.
 1.5 REPORT ORGANISATION
 This report consists of a total of four chapters including this introductory chapter.
 Chapter 2 provides a theoretical background on various aspects. It provides information
 regarding concrete mix design, introduction to NDE methods and their features, EMI
 technique, introduction of concept of impedance function, admittance signature,
 conductance and susceptance, and finally use of piezo transducers for strength
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 determination. Chapter 3 includes the test results of the rebound hammer technique, using
 EMI technique and using UTM. It discusses the observations, analysis and correlation
 pattern observed between various parameters. Finally, conclusions and recommendations
 are presented in Chapter 4, which is followed by a list of references and appendices.
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 CHAPTER 2
 THEORETICAL BACKGROUND
 2.1 CONCRETE MIX DESIGN
 The method of concrete mix design consists of selection of optimum proportions
 of cement, fine & coarse aggregates and water, so that concrete of specified properties is
 obtained most economically.
 2.1.1 Most Commonly Specified Properties of Concrete
 (i) Compressive strength (at a specified age): A large variation is observed in the
 measured strength of concrete during the progress of work. Therefore, the
 concrete is designed for mean strength which is greater than specified
 characteristic strength. Mean strength is related to characteristics strength by
 fm = fc + kS (2.1)
 where fm = mean strength; fc = characteristic strength; k = constant; S =
 Standard deviation of normal distribution curve of strength of concrete
 (Sinha, 2002)
 (ii) Workability of fresh concrete: The workability of concrete should be
 adequate for placing conditions and proper compaction with the means
 available. It is mainly governed by the water content for a given aggregate
 characteristics.
 (iii)Durability of concrete: The durability of concrete depends upon its resistance
 to deterioration in the environment to which the structure is subjected. The
 main factor influencing this characteristic of concrete is its permeability.
 2.1.2 Factors governing Concrete-Mix Design
 (i) Grade of concrete: The mix design is carried out targeting a mean strength, so
 that the concrete manufactured confirms to the requirement of strength.
 (ii) Type of cement: The type of cement influences the rate of development of the
 strength as well as the durability under aggressive environments. The type of
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 cement is selected, depending upon the requirements of the performance of
 the concrete.
 (iii)Cement content: Concrete mixes having high cement content give rise to
 increased shrinkage. Cracking and creep of concrete also increase with
 increase in cement paste.
 (iv) Aggregate type: Size, shape & grade of aggregate are also deciding factors
 while obtaining concrete mix design.
 2.1.3 Method of Concrete Mix Design
 SP34 provides various instructions, tables & graphs, for designing of concrete
 mix, targeting at required values of specific characteristic properties, in the most
 economical way, taking into account all the given conditions and constraints over the
 performance levels under various environments.
 Common steps involved in designing concrete mix are:
 a) calculation of target mean strength
 b) corresponding water-cement ratio
 c) finding water & sand content and their adjustment under particular conditions
 d) calculating cement content
 e) calculating fine-aggregate content and coarse aggregate content
 f) “coarse aggregate 20 : coarse aggregate 10” ratio
 g) calculating concrete mix proportion in kg/m3 of concrete
 h) adjustments for water absorption and free moisture content, to the values obtained
 in the previous step
 i) final concrete mix proportion in kg/m3 of concrete
 j) calculating amount of cement, fine aggregate, coarse-aggregate (CA20 & CA10)
 and water required for total number of cubes required
 (More details about concrete mix design are covered in Appendix A)
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 2.2 NON DESTRUCTIVE EVALUATION (NDE) METHODS
 2.2.1 Introduction to NDE Methods
 Concrete technologists practice NDE methods for
 (a) Concrete strength determination (b) Concrete damage detection
 (a) Strength determination by NDE methods:
 Strength determination of concrete is important because its elastic behaviour &
 service behaviour can be predicted from its strength characteristics. The conventional
 NDE methods typically measure certain properties of concrete from which an estimate of
 its strength and other characteristics can be made. Hence, they do not directly give the
 absolute values of strength.
 (b) Damage detection by NDE methods:
 Global techniques: These techniques rely on global structural response for
 damage identification. Their main drawback is that since they rely on global response,
 they are not sensitive to localized damages. Thus, it is possible that some damages which
 may be present at various locations remain un-noticed.
 Local techniques: These techniques employ localized structural analysis, for
 damage detection. Their main drawback is that accessories like probes and fixtures are
 required to be physically carried around the test structure for data recording. Thus, it no
 longer remains autonomous application of the technique. These techniques are often
 applied at few selected locations, by the instincts/experience of the engineer coupled with
 visual inspection. Hence, randomness creeps into the resulting data.
 2.2.2 NDE Methods in Practice
 2.2.2.1 Visual inspection: The first stage in the evaluation of a concrete structure is to
 study the condition of concrete, to note any defects in the concrete, to note the presence
 of cracking and the cracking type (crack width, depth, spacing, density), the presence of
 rust marks on the surface, the presence of voids and the presence of apparently poorly
 compacted areas etc. Visual assessment determines whether or not to proceed with
 detailed investigation.
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 2.2.2.2 The Surface hardness method: This is based on the principle that the strength of
 concrete is proportional to its surface hardness. The calibration chart is valid for a
 particular type of cement, aggregates used, moisture content, and the age of the specimen.
 2.2.2.3 The penetration technique: This is basically a hardness test, which provides a
 quick means of determining the relative strength of the concrete. The results of the test
 are influenced by surface smoothness of concrete and the type and hardness of the
 aggregate used. Again, the calibration chart is valid for a particular type of cement,
 aggregates used, moisture content, and age of the specimen. The test may cause damage
 to the specimen which needs to be repaired.
 2.2.2.4 The pull-out test: A pullout test involves casting the enlarged end of a steel rod
 after setting of concrete, to be tested and then measuring the force required to pull it out.
 The test measures the direct shear strength of concrete. This in turn is correlated with the
 compressive strength; thus a measurement of the in-place compressive strength is made.
 The test may cause damage to the specimen which needs to be repaired.
 2.2.2.5 The rebound hammer test: The Schmidt rebound hammer is basically a surface
 hardness test with little apparent theoretical relationship between the strength of concrete
 and the rebound number of the hammer. Rebound hammers test the surface hardness of
 concrete, which cannot be converted directly to compressive strength.
 The method basically measures the modulus of elasticity of the near surface
 concrete. The principle is based on the absorption of part of the stored elastic energy of
 the spring through plastic deformation of the rock surface and the mechanical waves
 propagating through the stone while the remaining elastic energy causes the actual
 rebound of the hammer. The distance travelled by the mass, expressed as a percentage of
 the initial extension of the spring, is called the Rebound number. There is a considerable
 amount of scatter in rebound numbers because of the heterogeneous nature of near
 surface properties (principally due to near-surface aggregate particles).
 There are several factors other than concrete strength that influence rebound
 hammer test results, including surface smoothness and finish, moisture content, coarse
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 aggregate type, and the presence of carbonation. Although rebound hammers can be used
 to estimate concrete strength, the rebound numbers must be correlated with the
 compressive strength of molded specimens or cores taken from the structure.
 However, within certain constraints, the empirical correlation provided by one of
 the researcher Facaoaru (MINT, 2006), is:
 K = a Nb (2.2)
 where N: rebound index; K: compressive strength; a and b are constants depending on
 moisture content of concrete and dosage of cement, age of concrete, and in special cases,
 the type of cement.
 The estimated error in this method is +30%. Again, the calibration equation (2.2)
 is valid for a particular type of cement, aggregates used, moisture content, & age of
 specimen.
 2.2.2.6 Ultra-sonic pulse velocity test: This test involves measuring the velocity of
 sound through concrete for strength determination. Since, concrete is a multi-phase
 material, speed of sound in concrete depends on the relative concentration of its
 constituent materials, degree of compacting, moisture content, and the amount of
 discontinuities present. This technique is applied for measurements of composition (e.g.
 monitor the mixing materials during construction, to estimate the depth of damage caused
 by fire), strength estimation, homogeneity, elastic modulus and age, & to check presence
 of defects, crack depth and thickness measurement. Generally, high pulse velocity
 readings in concrete are indicative of concrete of good quality. The drawback is that this
 test requires large and expensive transducers. In addition, ultrasonic waves cannot be
 induced at right angles to the surface; hence, they cannot detect transverse cracks.
 Table 2.1 lists the criteria for classifying concrete based on measured velocity of
 sound.
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 Table 2.1: Ultra-sonic pulse velocity test: acceptance criteria (MINT, 2006)
 Pulse velocity (m/s) General conditions
 Above 4575
 3660-4575
 3050-3660
 2135-3050
 Below 2135
 Excellent
 Good
 Questionable
 Poor
 Very poor
 2.2.2.7 Acoustic emission technique: This technique utilizes the elastic waves generated
 by plastic deformations, moving dislocations, etc. for the analysis and detection of
 structural defects. However, there can be multiple travel paths available from the source
 to the sensors. Also, electrical interference or other mechanical noises hampers the
 quality of the emission signals.
 2.2.2.8 Impact echo test: In this technique, a stress pulse is introduced at the surface of
 the structure, and as the pulse propagates through the structure, it is reflected by cracks
 and dislocations. Through the analysis of the reflected waves, the locations of the defects
 can be estimated. The main drawback of this technique is that it is insensitive to small
 sized cracks.
 2.3 CONCRETE STRENGTH DETERMINATION USING PIEZO ELECTRIC
 MATERIALS
 2.3.1 Piezoelectric Materials: History and Processing
 Smart materials are materials that undergo transformations through physical
 interactions. An alternate definition is that a smart material is a material that senses a
 change in its environment and through the use of a feedback system adapts to correct or
 eliminates such a change. Piezoelectric materials, shape-memory alloys, electrostrictive
 materials, magnetostrictive materials, electrorheological fluids are some examples of
 currently available smart materials.
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 The term ‘piezoelectricity’ stems from the Greek word ‘piezo’ for pressure. It
 follows that a piezoelectric material develops an electric potential across its boundaries
 when subjected to a mechanical stress (or pressure), and vice versa, when an electric field
 is applied to the material, a mechanical deformation ensues. Piezoelectric materials
 therefore fall in the class of smart materials. Piezoelectricity is a linear effect that is
 related to the microscopic structure of the solid. Some ceramic materials become
 electrically polarized when they are strained. This linear and reversible phenomenon is
 referred to as the ‘direct piezoelectric effect’. The direct piezoelectric effect is always
 accompanied by the ‘converse piezoelectric effect’, where a solid becomes strained when
 placed in an electric field. The microscopic origin of the piezoelectric effect is the
 displacement of ionic charges within a crystal structure. In the absence of external strain,
 the charge distribution within the crystal is symmetric and the net electric dipole moment
 is zero. However, when an external stress is applied, the charges are displaced and the
 charge distribution is no longer symmetric. A net polarization develops and results in an
 internal electric field.
 2.3.2 The Electro-Mechanical Impedance (EMI) technique
 The electromechanical impedance (EMI) technique, which employs piezoelectric–
 ceramic lead–zirconate–titarate (PZT) patches as impedance transducers, has emerged as
 a powerful NDE technique during the last few years.
 This technique is quite similar to the global vibration technique, the difference
 being the frequency range employed (30-400 kHz against less than 100 Hz in global
 vibration technique). Piezoelectric-ceramic (PZT) patch is used for high vibration
 frequency.
 Major features, advantages, disadvantages are summarized below:
 (i) It bridges the gap between global and local damage detection techniques.
 (ii) It can be used for both strength estimation & damage detection of concrete
 structures.
 (iii) It is a more cost effective and hassle free alternative for strength analysis
 and damage detection.
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 (iv) It has far greater sensitivity to structural damages than the conventional
 global vibration techniques.
 (v) The EMI technique doesn’t require large and expensive hardware, and
 also doesn’t require any probe to be physically moved or the structure to
 be placed out-of-service.
 (vi) Data acquisition is simpler.
 2.3.3 Concrete Strength Evaluation using the EMI Technique
 A ‘piezo-patch’ is bonded onto the surface of a concrete specimen, of known
 dimensions but unknown compressive strength (as shown in Fig. 2.1). To ensure conform
 thickness of the bond layer, optical fibers can be used. Then, a sinusoidal voltage is
 applied across the terminals of the patch, with the help of a Vector Impedance Analyzer.
 (a) (b)
 Figure 2.1: Modeling PZT-structure interaction
 (a) A PZT patch bonded to structure under electric excitation
 (b) Interaction model of PZT patch and host structure
 (Bhalla, 2004)
 As shown in Fig. 2.2, the admittance spectra (0-1000 kHz) for a PZT patch
 10x10x0.3mm in size, derived using equation, corresponding to ‘free-free’ (Zs,eff = 0) and
 ‘perfectly clamped’ (Zs,eff = ∞) boundary conditions. As can be inferred from the graph,
 the three resonance peaks corresponding to planar PZT vibrations vanish upon clamping
 the patch. The act of bonding a PZT patch on the surface of any structure tends to
 similarly restrain the patch. However, the level of clamping is intermediate of these two
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 extreme conditions, depending on the stiffness (or strength) of the component and the
 bonding layer.
 (a) (b)
 Figure 2.2: Admittance spectra for a PZT patch in free and fully clamped
 boundary conditions
 (a) Conductance (G) v/s frequency
 (b) Susceptance (B) v/s frequency
 (Bhalla et al, 2005)
 In the EMI technique, the same PZT patch is used as a sensor and an actuator
 simultaneously. When the bonded PZT patch is electrically excited, it produces
 deformations in the local areas (of the structure). This response is then transferred back to
 the PZT wafer in the form of impedance function (magnitude ׀Z׀ and phase ø). From this
 data, admittance function can be obtained (Equation 2.3, 2.4 & 2.5). The admittance
 function has a real part G (the conductance) & the imaginary part B (the susceptance)).
 Electrical impedance, Z= R + Xj; tan ø = X/R; (2.3)
 where R=Resistance; X= Reactance
 Admittance, A = Z-1; A = G + Bj (2.4)
 where, G= Conductance; B=Susceptance
 G = ׀A׀ cos ø; B = ׀A׀- sin ø (2.5)
 The admittance “signatures” of the structure (G vs frequency), provide
 information about the phenomenological nature of the structure.
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 As shown in Fig. 2.3, the admittance signatures have been found to exhibit a
 response similar to that of a parallel spring damper combination for a PZT patch bonded
 to concrete (Bhalla et al, 2005).
 (a) (b)
 Figure 2.3: Impedance plots for concrete cube
 (a) Real component of mechanical impedance (x) vs frequency
 (b) Imaginary component of mechanical impedance (y) vs frequency
 (Bhalla et al, 2005)
 2.3.3.1 Peak resonant frequencies: As every structure has a specific frequency of its
 own, when the applied sinusoidal voltage corresponds to that frequency, a sudden jump is
 observed in the resulting conductance value when plotted against frequency. The
 frequencies, at which such jumps/peak occurs, are referred as the first, second, third and
 so on, peak resonant frequency. As described above, the admittance signatures are
 affected by the extent of ‘clamping’ of the patch; hence, these signatures are affected by
 the strength of the concrete cube, on which the patch is bonded. Thus, the peak frequency
 and the strength of the concrete cube are correlated.
 As shown in Fig. 2.4, the conductance and susceptance plots obtained from the
 PZT patches bonded to concrete cubes of five different strengths. As can be inferred from
 the graph, the first peak frequency (Fig. 2.2) gradually shifts increases with the strength
 of concrete. This shifting is on account of the additional stiffening action due to bonding
 with concrete, the level of stiffening being directly related to the concrete strength.
 Similar shifting is expected for the 2nd and 3rd peaks but concrete results are not repeated.
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 (a) (b)
 Figure 2.4: Effect of concrete strength on peak resonant frequency
 (a) Conductance (G) v/s frequency
 (b) Susceptance (B) v/s frequency
 (Bhalla & Soh 2004)
 2.3.3.2 Monitoring concrete curing using Piezo-Transducers: As shown in Fig. 2.5,
 the effect of ageing on the conductance signatures of the PZT patch bonded to concrete
 cube in the frequency range 100-150 kHz. It is observed that with ageing, the peak shifts
 rightwards and at the same time gets sharper. The shifting of the resonance peak towards
 the right in the present case indicates that the stiffness (and hence the strength) increases
 with time. The phenomenon of peak getting sharper with time suggests that the material
 damping is reducing (concrete was initially ‘soft’). Since, with curing, as moisture
 content drops, concrete damping tends to fall down.
 Figure 2.5: Effect of concrete curing on conductance signatures
 (Bhalla et al 2005)
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 As shown in Fig. 2.6, the relationship between the observed first resonant
 frequency and measured concrete strength. This can be used to non-destructively measure
 concrete strength by bonding a PZT patch on the surface and measuring the first peak
 frequency. However, the strength in this graph corresponds to strength of concrete under
 cyclic loading. No data has been reported for strength under monotonic loading.
 Figure 2.6: Correlation between concrete strength and first resonant
 frequency (Bhalla & Soh, 2005)
 Bhalla & Soh (2005) derived following relation between the first peak frequency
 (f, in kHz) and concrete strength (S, in MPa):
 S = 0.0089 f2 – 2.6657 f + 196.94 (2.6)
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 CHAPTER 3
 TESTS, RESULTS AND ANALYSIS
 3.1 PREPARATION OF SPECIMEN
 27 cubes were cast, with a design mix targeting at different mean strengths.
 Further, the cubes were cured for different number of days to ensure availability of a
 wide range of compressive strength attained by these cubes. Table 3.1 summarizes the
 quantities of various constituents. Details are covered in Appendix A.
 Size of each cube = 150×150×150 mm
 Table 3.1: Amount of contents required to cast 10 cubes of each grade
 Grade
 of
 concrete
 Target
 mean
 strength
 (N/mm2)
 W/C
 ratio
 Water
 Content
 (kg.)
 Cement
 (kg.)
 Fine
 aggregate
 (sand)
 (kg.)
 Coarse
 aggregate
 CA-10
 (kg.)
 Coarse
 aggregate
 CA-20
 (kg.)
 M20 26.6 0.55 6.91 13.93 25.12 25.34 16.89
 M25 31.6 0.5 7.02 15.32 23.15 29.05 19.37
 M30 38.25 0.45 7.02 17.03 22.78 28.04 18.69
 M35 43.25 0.4 7.45 19.57 16.45 30.17 20.12
 M40 48.25 0.35 7.49 23.37 15.21 29.49 19.66
 M45 53.25 0.3 7.53 26.09 14.00 28.63 19.10
 3.2 REBOUND HAMMER TEST
 8 readings (rebound numbers) were obtained for each cube, at different locations
 on the surface of the specimen. Table 3.2 lists the average rebound number (rebound
 index) calculated. Details are covered in Appendix B.
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 Table 3.2: Average rebound number (rebound index)
 Cube Number
 Rebound Index
 1 17.6625 2 17.7 3 16.675 4 16.1375 5 16.975 6 18.0625 7 15.2125 8 17.8125 9 17.175 10 20.3625 11 19.6375 12 19.9 13 19.4125 14 18.55
 3.3 ACQUISITION OF ADMITTANCE SIGNATURES
 3.3.1 Preparation of Specimens
 (i) Due to the limitations to the availability of PZT patches, 9 specimens were
 selected for tests using ‘piezo-patches’ (10mm×10mm×0.3mm). Selection of
 the cubes was made such that widest range of compressive strength is attained
 and on the basis of visual smoothness of surface texture of the cubes.
 (ii) The surface on which piezo-patch was to be bonded was thoroughly cleaned,
 along with all the patches.
 (iii)Optical fibers (diameter=125µm, after peeling off the cover) were laid on the
 surface of the specimen, near the centre, so as to assure constant distance from
 the surface in all the cubes. Thus, any discrepancy creeping into the results
 due to bondage of PZT patches was taken care of. (See Fig. 3.1)
 (iv) With the help of epoxy adhesive (RS 850-940, RS components), PZT patches
 were bonded onto all 9 specimens.
 (v) Wires were soldered, with the help of a regular soldering iron, at the two
 terminal of the PZT patch. (See Fig. 3.1)
 Cube Number
 Rebound Index
 15 20.25 16 20.8375 17 20.8875 18 18.4375 19 23.6625 20 27.7875 21 27.25 22 26.8125 23 25.15 24 23.7625 25 23.2375 26 24.0375 27 27.05
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 Figure 3.1: Bonding of a PZT patch onto the concrete specimen (Bhalla & Soh, 2004)
 3.3.2 Observations and Analysis
 Impedance function (magnitude ׀Z׀ and phase ø).were obtained for each cube, for
 the frequency range of 0.4MHz – 4MHz, with the help of Vector Impedance Meter
 (model number: 4193A; permissible frequency range: 0.4 – 110MHz; manufacturer:
 Hewlett – Packard). The admittance function has a real part G (the conductance) & the
 imaginary part B (the susceptance)), which can also be found mathematically (2.3, 2.4 &
 2.5).
 3.3.2.1 Variation of impedance with frequency:
 As shown in Fig. 3.2, as the frequency is increased (from 400 kHz to 4000 kHz)
 magnitude of impedance function observed, ׀z׀, decreases.
 0
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 Figure 3.2: Variation of ׀z׀ with frequency
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 However, there is no significant variation observed in the plots corresponding to
 various cubes (of different compressive strength). Hence, no correlation can be inferred
 between variations in ׀z׀ and compressive strength of the concrete specimen (Refer
 Appendix C, Table C.1 – C.9).
 3.3.2.2 Variation of admittance with frequency
 As shown in Fig. 3.3, as the frequency is increased (from 400 kHz to 4000 kHz)
 the magnitude of admittance function observed, ׀A׀ , increases gradually and then after
 reaching a peak value, a drop is observed. However, there is no significant variation
 observed in the plots corresponding to various cubes (of different compressive strength).
 Hence, no correlation can be inferred between variations in ׀A׀ and compressive strength
 of the concrete specimen (Refer Appendix C, Table C.1 – C.9).
 0
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 Figure 3.3: Variation of ׀A׀ with frequency
 3.3.2.3 Variation of susceptance with frequency
 As shown in Fig. 3.4 (a), as the frequency is increased (from 400 kHz to 4000
 kHz), peaks are observed in the value of susceptance, B (Refer Appendix C, Table C.1 –
 C.9).
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 Figure 3.4 (a): Variation of Susceptance with Frequency (0.4-4 MHz)
 Further, if we consider a frequency range of 400 kHz – 1000 kHz, as shown in
 Fig. 3.4 (b), the occurrence of these peaks for different cubes are observed to be located
 at different ‘peak’ frequencies. Hence, it can be inferred from this data, that there is a
 correlation between ‘peak frequencies’ and strength of concrete specimen, on which PZT
 patch is bonded. However, further tests and analysis are required to obtain any
 conclusions.
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 Figure 3.4 (b): Variation of Susceptance with Frequency (0.4-1 MHz)
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 3.3.2.4 Variation of conductance with frequency
 As shown in Fig. 3.5 (a), as the frequency is increased (from 400 kHz to 4000
 kHz), peaks are observed in the value of conductance, G. And as in the case of
 susceptance, the locations of these peaks, occurring at ‘peak’ frequencies, are different
 for each cube (Refer Appendix C, Table C.1 – C.9).
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 Figure 3.5 (a): Variation of Conductance with Frequency (0.4-4 MHz)
 For investigating a suitable correlation between ‘peak frequency’ and strength of
 the concrete specimen, 2nd and 3rd peaks (1st and 2nd respectively, within the frequency
 range of 0.4 – 4 GHz) (Soh & Bhalla, 2005) are studied in detail.
 3.3.2.4.1 Second peak resonant frequency
 As shown in Fig. 3.5 (b), each cube has a distinct 2nd peak frequency.
 -0.00002
 -0.00001
 0
 0.00001
 0.00002
 390 410 430 450 470 490 510 530 550 570 590 610 630 650
 Frequency (kHz)
 Con
 duct
 ance
 , G (S
 )
 Cube 3Cube 4Cube 5Cube 11Cube 16Cube 20Cube 23Cube 25
 Figure 3.5 (b): Variation of Conductance with Frequency (0.4-0.65 MHz)
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 3.3.2.4.2 Third peak resonant frequency
 Similarly, each cube has a distinct 3rd peak frequency (as shown in Fig. 3.5 (c)).
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 Figure 3.5 (c): Variation of Conductance with Frequency (0.69-0.82 MHz)
 Hence, further ‘enlargement’ of the curve (Fig.3.5 (a)), enables determination of
 all such peculiar 2nd and 3rd peak frequencies (See Table 3.3)
 Table 3.3: Peak frequency
 Cube
 Number
 2nd peak frequency
 (kHz)
 3rd peak frequency
 (kHz)
 3 504 704 4 475 723.5 5 506 720 11 515 765 13 499.5 727 16 518 795.5 20 614 800 23 602 796.5 25 583 795
 3.4 COMPRESSIVE STRENGTH DETERMINATION USING COMPRESSION
 TESTING MACHINE
 Compression Testing Machine (manufacturer: Avery, Birmingham, England; range
 of loading: 0 – 250,000 kg) was used.
 Table 3.4 summarizes the compressive strength values obtained for each of 27
 cubes (rate of loading was kept constant at 133.331 kg cm-2 min-1).
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 Table 3.4: Compressive Strength
 Cube
 Number
 Strength
 (kg)
 Strength
 (N/mm2)
 1 109000 47.524
 2 110000 47.96
 3 96000 41.856
 4 90000 39.24
 5 97000 42.292
 6 126000 54.936
 7 94000 40.984
 8 112000 48.832
 9 105000 45.78
 10 118000 51.448
 11 116000 50.576
 12 127000 55.372
 13 111000 48.396
 14 127000 55.372
 3.5 CALIBRATION CHARTS AND EMPIRICAL EQUATIONS
 The results obtained, for 9 cubes tested under rebound hammer, vector impedance
 meter and compression testing machine, have been tabulated in Table 3.5.
 Table 3.5: Strength, rebound index, 2nd and 3rd peak frequency for each cube
 Cube No.
 Strength (N/mm2)
 Rebound Index
 2nd peak frequency (kHz)
 3rd peak frequency (kHz)
 3 41.856 16.675 504 704 4 39.24 15.45 475 723.5 5 42.292 16.975 506 720 11 50.576 19.6375 515 765 13 48.396 19.4125 499.5 727 16 51.884 20.8375 518 795.5 20 61.912 27.7875 614 800 23 56.68 25.15 602 796.5 25 54.5 23.2375 583 795
 Cube
 Number
 Strength
 (kg)
 Strength
 (N/mm2)
 15 128000 55.808
 16 119000 51.884
 17 130000 56.68
 18 126000 54.936
 19 129000 56.244
 20 142000 61.912
 21 140000 61.04
 22 138000 60.168
 23 130000 56.68
 24 131000 57.116
 25 125000 54.5
 26 132000 57.552
 27 138000 60.168
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 3.5.1 Rebound Number and Compressive Strength
 A calibration curve is obtained between Rebound number and Compressive
 strength of concrete and hence a correlation is derived between the two parameters (Fig.
 3.6 (a) & (b)).
 y = 7.8807x0.6254 R2 = 0.7432
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 Figure 3.6 (a): Calibration curve (power) between rebound number and
 compressive strength (Refer to Tables 3.2 and 3.4)
 y = 1.4673x + 21.959 R2 = 0.738
 35
 40
 45
 50
 55
 60
 65
 14 16 18 20 22 24 26 28 30
 Rebound Number
 Com
 pres
 sive
 Str
 engt
 h, K
 (N/m
 m^2
 )
 Figure 3.6 (b): Calibration curve (linear) between rebound number and
 compressive strength
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 3.5.2 Peak Frequency and Compressive Strength
 3.5.2.1 Second peak frequency and compressive strength
 As shown in Fig. 3.7, a correlation exists between 2nd peak resonant frequency,
 displayed when a PZT patch is bonded onto the surface of a concrete specimen, and the
 compressive strength of the concrete specimen. The calibration curve is shown in Fig. 3.7
 (a) and Fig. 3.7 (b) with correlating equations appearing in the figure.
 y = 9E-07x4 - 0.002x3 + 1.6099x2 - 575.99x + 77011 R2 = 0.9847
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 Figure 3.7 (a): Calibration curve (polynomial) between 2nd peak frequency and
 compressive strength
 y = 0.1344x - 22.23 R2 = 0.9254
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 Figure 3.7 (b): Calibration curve (linear) between 2nd peak frequency and
 compressive strength
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 3.5.2.2 Third peak frequency and compressive strength
 As shown in Fig. 3.8, a correlation exists between 3rd peak resonant frequency,
 displayed when a PZT patch is bonded onto the surface of a concrete specimen, and the
 compressive strength of the concrete specimen. The calibration curve is shown in Fig. 3.8
 (a) and Fig. 3.8 (b) with correlating equations appearing in the figure.
 y = 0.1712x - 80.152 R2 = 0.8122
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 Figure 3.8 (a): Calibration curve (linear) between 3rd peak frequency and
 compressive strength
 y = 8E-06x4 - 0.0226x3 + 25.35x2 - 12624x + 2E+06R2 = 0.9252
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 Figure 3.8 (b): Calibration curve (polynomial) between 3rd peak frequency and
 compressive strength
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 3.5.3 Peak Frequency and Rebound Number
 Rebound number is correlated to 2nd and 3rd peak resonant frequencies as shown
 in Fig. 3.9 and Fig. 3.10.
 y = 11.643x + 295.63; R2 = 0.9096
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 Figure 3.9: Calibration curve between 2nd peak frequency and rebound number
 y = 8.343x + 586.85; R2 = 0.7568
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 Figure 3.10: Calibration curve between 3rd peak frequency and rebound number

Page 38
                        
                        

37
 CHAPTER 4
 CONCLUSIONS AND RECOMMENDATIONS
 4.1 INTRODUCTION
 This report embodies findings from the project work carried out for NDE using
 structural impedance parameters extracted using surface bonded piezo-impedance
 transducers. Specifically, a major objective of the project was to investigate a correlation
 between peak resonant frequency displayed when a PZT patch is bonded onto the surface
 of any concrete specimen, and the compressive strength of the concrete specimen,
 determined by the compression testing machine.
 The major novelty in this project is that for the first time, 2nd and 3rd peak
 resonant frequencies are correlated with the compressive strength of the structure. The
 resulting calibration curve can be used for strength estimations of any ‘unknown’
 structure, without requiring any prior information governing the phenomenological nature
 of the structure.
 The following sections outline the major conclusions, contributions and
 recommendations stemming out of this project.
 4.2 CONCLUSIONS AND CONTRIBUTIONS
 Major conclusions and contributions of the project can be summarized as follows
 A correlation is derived between rebound number and compressive strength of
 concrete (see (4.1) and (4.2)) (Refer to Fig. 3.6 (a) and 3.6 (b))
 K = 7.8807N0.6254 ; R2 = 0.7432 (4.1)
 K = 1.467N + 21.959; R2 = 0.738 (4.2)
 K: compressive strength (in N/mm2); N: Rebound number
 However, the calibration chart prepared for rebound hammer tests are always
 valid for a particular type of cement, aggregates used, moisture content, & age of
 specimen (Section 2.2.2.5). Hence, the results of the rebound hammer test may
 just provide an estimation of the compressive strength and hence, not precise
 values.
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 Calibration charts and correlating equations ((4.3) and (4.4)) are prepared for 2nd
 peak frequency and compressive strength of concrete (see Fig. 3.7 (a) and 3.7 (b)).
 K = 9×10-7 f24 - 0.002 f2
 3 + 1.6099 f22 - 575.99 f2 + 77011; R2 = 0.9847 (4.3)
 K = 0.1344 f2 - 22.23; R2 = 0.9254 (4.4)
 f2: 2nd peak resonant frequency observed (in kHz)
 Calibration charts and correlating equations ((4.5) and (4.6)) are prepared for 3rd
 peak frequency and compressive strength of concrete (see Fig. 3.8 (a) and 3.8 (b)).
 K = 0.1712f3 - 80.152 R2 = 0.8122 (4.5)
 K = 8×10-6 f3 4 - 0.0226 f3 3 + 25.35 f3 2 - 12624 f3 + 2×106; R2 = 0.9252 (4.6)
 f3: 3rd peak resonant frequency observed (in kHz)
 There is a significant correlation between peak frequency displayed and the
 compressive strength of the structure. The calibration charts prepared (Fig. 3.7
 and Fig. 3.8) can hence, be used for determining compressive strength of the
 structure. Although the tests reported in this project were carried out on 150mm
 cubes, the empirical relationship represented in (4.3) – (4.6) can be conveniently
 used for real life structures also since the zone of influence of the PZT patches is
 usually very small in concrete.
 A correlation pattern (Fig. 3.9 and Fig. 3.10) is also observed between peak
 frequencies displayed and the rebound number, for any concrete specimen.
 f2 = 11.643 N + 295.63; R2 = 0.9096 (4.7)
 f3 = 8.343 N+ 586.85; R2 = 0.7568 (4.8)
 However, such correlation pattern is observed because both the parameters, in
 turn, are directly proportional to the compressive strength (Fig. 3.6, Fig. 3.7 and
 Fig. 3.8) of the specimen.
 4.3 RECOMMENDATIONS
 Calibration curves are obtained correlating rebound number, 2nd peak as well as
 3rd peak frequency, with the compressive strength of the structure. However, the
 calibration of the rebound hammer is specific to various parameters, other than
 compressive strength only. Regarding observations from the tests using EMI
 technique, the shift in 2nd peak, with the increase in the strength of the structure, is
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 found out to be more gradual and properly correlated. Also, for the scattered data
 (Fig. 3.7), linear correlation is advisable. Hence, calibration chart (Fig. 3.7 (b))
 and equation (4.4) are recommended for better results while estimating
 compressive strength.
 For the first time, impedance function, displayed by concrete specimens bonded
 with PZT patches, was observed over a frequency range of over 1 MHz. In future,
 there is enough scope to explore for any correlation pattern observed between
 higher peaks (5th, 6th or 10th) and the compressive strength.
 Also, variation in impedance and admittance function, and hence peak resonant
 frequencies, with variation in type of cement, aggregate and age of structure, can
 be investigated.
 4.4 LIMITATIONS AND SOURCES OF ERROR
 The vector impedance analyzer used was very old. Also, it was not calibrated for
 a long time.
 Due to the limitations to the frequency range of the vector impedance analyzer
 used, the pattern of the 1st peak resonance frequency was not observed.
 In the preparation of the specimens (cubes), only one type of cement and
 aggregates were used.
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 APPENDIX A
 Design of Concrete Mix: Data and Tables Appendix A lists the various instructions, parameters, data and tables followed in calculating
 amount required of each constituent for casting concrete cubes, aiming a target mean strength.
 A.1 Specific Data:
 Max. size of aggregate: 20 mm
 Degree of workability: 0.9 compaction factor
 Degree of quality control: good
 Type of exposure: mild
 Type of Cement: OPC (Vikram Cement; Grade
 53)
 Specific Gravity Water Absorption Free moisture
 Cement 3.15 - -
 Sand 2.62 1.2 4 %
 CA-20 2.63 0.5 -
 CA-10 2.63 0.5 -
 Table A.1: Test data for condition of cement and aggregate
 A.2 Proportion: CA-20: CA-10 = 60:40
 Table A.2: Assumed Standard Deviation
 (IS 456: 2000)
 Percent Defective Value of k
 10 1.28
 5 1.65
 2.5 1.96
 1 2.33
 Table A.3: Variation of k with percent defect
 (Sinha S.N., 2002)
 Concrete Grade Medium Strength Concrete up to M35
 Grade
 High Strength Concrete above M35
 Grade
 Reference Conditions Water/Cement = 0.6
 Workability = 0.8 compacting factor
 Fine Aggregate: Natural Sand of
 Grading Zone II
 Water/Cement = 0.35
 Workability = 0.8 compacting factor
 Fine Aggregate: Natural Sand of
 Grading Zone II
 Maximum Size of
 Aggregate (mm)
 Water Content Fine Aggregate
 as percentage of
 Total Aggregate
 Water Content Fine Aggregate
 as percentage of
 Total Aggregate
 10 208 42 200 26
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 20 186 35 190 23
 40 155 30 -- --
 Table A.4: Approximate water & fine aggregate content (Sinha S.N. “Reinforced Concrete Materials”)
 Adjustments required for Change in conditions
 Water
 content (%)
 Percentage of fine
 aggregate in total aggregate
 Fine aggregate confirming to grading zones:
 I 0 +1.5
 III 0 -1.5
 IV 0 -3.0
 Increase/Decrease in the value of compacting factor
 by 0.1
 +3 0
 Increase/Decrease in the value of water/cement ratio
 by 0.05
 0 +1
 Table A.5: Adjustment for water fine aggregate content (Sinha S.N. “Reinforced Concrete Materials”)
 A.3 With the quantities of water & cement per unit volume of concrete & the % of sand in total aggregate
 known, the content of coarse & fine aggregates per unit volume of concrete are determined by the
 following equations:
 1 - a = ( W + C + 1 fa ) x 1 (A.1) 100 Sc p Sfa 1000
 1 - a = ( W + C + 1 Ca ) x 1 (A.2) 100 Sc 1-p Sca 1000
 where, 1- 0.01a = absolute volume of fresh concrete, also, a=3, 2 or 1, for maximum size of coarse
 aggregate being 10mm, 20mm, or 40 mm, respectively, W = mass of water (kg) per m3 of concrete, C =
 mass of cement (kg) per m3 of concrete, Sc = specific gravity of cement, p = ratio of fine aggregate to total
 aggregate by absolute volume, fa, Ca = total masses of fine & coarse aggregates (kg) per m3 of concrete, Sfa
 , Sca = specific gravities of saturated surface dry (SSD) fine & coarse aggregate, respectively
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 Table A.6: Minimum cement content, maximum water cement ratio, & minimum grade of concrete for
 different exposures with normal weight aggregates of 20 mm nominal maximum size (IS 456: 2000;
 Clauses: 6.1.2., 8.2.4.1., 9.1.2)
 APPENDIX B
 Rebound Hammer Method: Readings & Calculations
 Selected 27 cubes were tested under rebound hammer method (8 reading per cube) and
 average calculated is taken as the Rebound Index for that cube.
 Table B.1: Rebound number data
 Cube No.
 Rebound No.
 Rebound No.
 Rebound No.
 Rebound No.
 ReboundNo.
 ReboundNo.
 Rebound No.
 ReboundNo.
 Average R. Index
 1 19.5 19 18 18.4 17.3 17.1 16.5 15.5 17.6625 2 19 18.9 18.5 16.8 16.5 16.8 18.2 16.9 17.7 3 19 18.5 17 17.8 16.7 15.2 14.8 14.4 16.675 4 17.8 15.5 15.1 14.6 15.7 15.4 14.9 14.6 15.45 5 19 17.8 16.6 18 16.9 14.5 15.8 17.2 16.975 6 19.5 18.8 18.6 18.3 16.8 17 18.9 16.6 18.0625 7 17 14.5 15.1 14.8 15.8 15.2 14.8 14.5 15.2125 8 19 19 18.5 17.8 16.5 16.8 18 16.9 17.8125 9 19 19 18.2 18 15.3 17.9 14.5 15.5 17.175
 10 22 20.5 17.5 17.8 20.7 21.2 20.8 22.4 20.3625 11 21 20.7 19.5 20.5 19.7 19.7 18.5 17.5 19.6375 12 20 19.5 23.1 20.8 19.8 19.2 18.8 18 19.9 13 21.5 19 19 20.4 21.3 18.1 17.5 18.5 19.4125 14 20 19 18.2 18 19.3 17.9 18.5 17.5 18.55 15 24.5 22.5 20.5 19.8 19.5 18.8 17.5 18.9 20.25 16 21 21.5 22.1 19.8 21.8 22.2 19.8 18.5 20.8375 17 24.5 23.9 22.5 20.8 19.5 19.8 18.2 17.9 20.8875 18 23.5 18.8 18.6 1.3 19.8 22 21.9 21.6 18.4375 19 23 24.5 21.7 22.8 21.4 25.7 26.9 23.3 23.6625 20 32 29.5 29 26.3 25.8 26.2 26.3 27.2 27.7875 21 29 29.5 26.7 27.8 27.4 26 26.5 25.1 27.25 22 26 25 26.3 27.2 28.3 28.2 26.9 26.6 26.8125 23 26 26 25 25.5 24.6 24.5 24.1 25.5 25.15 24 27 26 22.7 23.3 23.8 22.2 22.9 22.2 23.7625 25 25 23.5 23.4 22.3 23.3 24.5 22.2 21.7 23.2375 26 25 24.5 22.6 22.7 23.5 24.8 26.9 22.3 24.0375 27 28 26.5 26.7 26.7 27.2 26.7 27.1 27.5 27.05
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 APPENDIX C
 Vector Impedance Meter: Readings & Calculations
 Data observed when a PZT patch is bonded onto the surface a concrete cube and a
 sinusoidal voltage (with varying frequency) is applied across the two terminal of the patch, has
 been tabulated in table C.1 – C.9 for each of 9 cubes.
 Table C.1: Impedance readings for Cube number 3
 F (kHz) |Z| (kΩ) |Z| (Ω) Phase, ø (radians)
 |A| (Siemens) G=|A| cos(ø) B=-|A| sin( ø)
 400 89.7 89700 -79.3 1.11E-05 -8.07926E-06 -7.68177E-06 500 82.8 82800 -74.3 1.21E-05 5.49732E-06 -1.07536E-05 600 68.8 68800 -73.6 1.45E-05 -3.27721E-06 -1.41606E-05 700 55.7 55700 -82.8 1.8E-05 7.84471E-06 1.61488E-05 800 48.5 48500 -80.1 2.06E-05 -2.18814E-07 -2.06174E-05 900 44 44000 -83.3 2.27E-05 -1.08583E-06 2.27013E-05
 1000 38.2 38200 -84.4 2.62E-05 -2.38707E-05 1.07461E-05 1100 34 34000 -83.7 2.94E-05 -1.27347E-05 2.65119E-05 1200 30.4 30400 -83.8 3.29E-05 -1.71318E-05 2.80814E-05 1300 27.3 27300 -83.7 3.66E-05 -1.586E-05 3.30185E-05 1400 24.7 24700 -83 4.05E-05 1.01028E-05 3.9205E-05 1500 22.5 22500 -82.9 4.44E-05 1.53319E-05 4.17162E-05 1600 20.3 20300 -82.9 4.93E-05 1.69935E-05 4.62372E-05 1700 18.5 18500 -82.4 5.41E-05 4.06883E-05 3.55851E-05 1800 16.77 16770 -81.9 5.96E-05 5.82113E-05 1.29311E-05 1900 15.25 15250 -81.2 6.56E-05 5.81209E-05 -3.03625E-05 2000 13.83 13830 -80.4 7.23E-05 2.06338E-05 -6.93E-05 2100 12.51 12510 -79.4 7.99E-05 -5.21421E-05 -6.05885E-05 2200 11.33 11330 -77.7 8.83E-05 -5.89232E-05 6.57123E-05 2300 10.22 10220 -76.7 9.78E-05 2.60065E-05 9.4328E-05 2400 9.13 9130 -75 0.00011 0.000100959 -4.24733E-05 2500 8.19 8190 -72.5 0.000122 -0.000118502 -2.94229E-05 2600 7.28 7280 -69.9 0.000137 9.71724E-05 9.70876E-05 2700 6.39 6390 -66.9 0.000156 -9.39895E-05 -0.000125126 2800 5.64 5640 -63.1 0.000177 0.000170969 4.69761E-05 2900 4.96 4960 -58.2 0.000202 -1.62195E-05 0.000200959 3000 4.38 4380 -52.6 0.000228 -0.000157903 0.000164901 3100 3.85 3850 -45.5 0.00026 1.3784E-05 0.000259374 3200 3.43 3430 -38 0.000292 0.000278447 8.64048E-05 3300 3.01 3010 -28.1 0.000332 -0.00032719 5.76253E-05 3400 2.75 2750 -16.3 0.000364 -0.000301748 -0.000202928 3500 2.65 2650 -3.4 0.000377 -0.00036483 -9.64306E-05
 3600 2.66 2660 11.3 0.000376 0.000112686 0.000358654 3700 2.78 2780 23.6 0.00036 1.36856E-05 0.000359452 3800 3.1 3100 34.3 0.000323 -0.000311943 -8.21556E-05 3900 3.49 3490 42.6 0.000287 5.36919E-05 0.000281457 4000 3.9 3900 49.5 0.000256 0.000184884 0.000177663
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 Table C.2: Impedance readings for Cube number 4
 F (kHz) |Z| (kΩ) |Z| (Ω) Phase, ø (radians)
 |A| (Siemens) G=|A|cos(ø) B=-|A|sin(ø)
 400 90.8 90800 -75.9 1.1E-05 9.66E-06 5.29718E-06 500 81.9 81900 -75.3 1.22E-05 1.22E-05 -1.19738E-06 600 66.4 66400 -77.7 1.51E-05 -1E-05 1.12127E-05 700 62.9 62900 -81 1.59E-05 1.23E-05 -1.00141E-05 800 62.4 62400 -80.9 1.6E-05 1.14E-05 -1.12865E-05 900 43.7 43700 -81.9 2.29E-05 2.23E-05 4.96234E-06
 1000 38.3 38300 -81.9 2.61E-05 2.42E-05 -9.71876E-06 1100 34 34000 -81.3 2.94E-05 2.61E-05 -1.36185E-05 1200 30.9 30900 -81.2 3.24E-05 2.87E-05 -1.49847E-05 1300 27.4 27400 -81.2 3.65E-05 1.72E-05 -3.22124E-05 1400 34.7 34700 -80.6 2.88E-05 -1.2E-05 -2.6423E-05 1500 22.5 22500 -79.7 4.44E-05 -3.2E-05 -3.06246E-05 1600 20.3 20300 -79.3 4.93E-05 -4.8E-05 1.17007E-05 1700 18.4 18400 -78.3 5.43E-05 -1.8E-05 5.13981E-05 1800 16.74 16740 -77.3 5.97E-05 3.71E-05 4.68596E-05 1900 15.13 15130 -76.3 6.61E-05 5.06E-05 -4.2489E-05 2000 13.73 13730 -74.7 7.28E-05 -5.4E-05 -4.92915E-05 2100 12.42 12420 -73 8.05E-05 -4.6E-05 6.58015E-05 2200 11.2 11200 -71.3 8.93E-05 8.87E-05 -1.02486E-05 2300 10.07 10070 -69 9.93E-05 -9E-05 -4.1086E-05 2400 9 9000 -66.4 0.000111 9.58E-05 -5.63479E-05 2500 8.08 8080 -62.3 0.000124 -7.8E-05 9.61925E-05 2600 7.22 7220 -58.8 0.000139 -0.00012 -6.55408E-05 2700 6.51 6510 -53.9 0.000154 8.16E-07 -0.000153608 2800 5.87 5870 -48.7 0.00017 -9.8E-05 -0.000139487 2900 5.33 5330 -41.8 0.000188 -0.00019 1.07856E-05 3000 4.87 4870 -34.5 0.000205 -0.00015 0.000143581 3100 4.45 4450 -27.5 0.000225 0.000179 0.000136076 3200 4.16 4160 -19.5 0.00024 -0.00024 -1.80652E-05 3300 3.94 3940 -9.5 0.000254 0.000137 -0.000213571 3400 3.85 3850 1 0.00026 7.79E-05 0.000247797 3500 3.87 3870 11.3 0.000258 -7.1E-05 -0.00024836 3600 4.05 4050 20.7 0.000247 -0.00011 0.000222853 3700 4.31 4310 29.4 0.000232 9.11E-05 -0.000213382 3800 4.65 4650 26.3 0.000215 -2.5E-06 0.00021504 3900 5.07 5070 42.4 0.000197 -0.00018 7.24468E-05 4000 5.55 5550 47.5 0.00018 0.00018 0
 Table C.3: Impedance readings for Cube number 5
 F (kHz) |Z| (kΩ) |Z| (Ω) Phase, ø (radians)
 |A| (Siemens) G=|A|cos(ø) B=-|A|sin(ø)
 400 89.6 89600 -78.3 1.12E-05 -8.27E-06 2.65094E-06 500 82.5 82500 -75.3 1.21E-05 5.5E-06 -1.18868E-06 600 70 70000 -74.6 1.43E-05 -3.77E-06 -1.02302E-05 700 55.7 55700 -82.2 1.8E-05 1.56E-05 8.89869E-06 800 48.5 48500 -80 2.06E-05 -2.3E-06 -2.04925E-05
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 900 44 44000 -83.3 2.27E-05 -1.1E-06 2.27013E-05 1000 38.2 38200 -84.2 2.62E-05 -2.1E-05 1.52742E-05 1100 34 34000 -83.7 2.94E-05 -1.3E-05 2.65119E-05 1200 30.4 30400 -83.8 3.29E-05 -1.7E-05 2.80814E-05 1300 27.3 27300 -83.7 3.66E-05 -1.6E-05 3.30185E-05 1400 24.7 24700 -83 4.05E-05 1.01E-05 3.9205E-05 1500 22.5 22500 -82.9 4.44E-05 1.53E-05 4.17162E-05 1600 20.3 20300 -82.9 4.93E-05 1.7E-05 4.62372E-05 1700 18.5 18500 -82.4 5.41E-05 4.07E-05 3.55851E-05 1800 16.77 16770 -81.9 5.96E-05 5.82E-05 1.29311E-05 1900 15.25 15250 -81.2 6.56E-05 5.81E-05 -3.03625E-05 2000 13.83 13830 -80.4 7.23E-05 2.06E-05 -6.93E-05 2100 12.51 12510 -79.4 7.99E-05 -5.2E-05 -6.05885E-05 2200 11.33 11330 -77.7 8.83E-05 -5.9E-05 6.57123E-05 2300 10.22 10220 -76.7 9.78E-05 2.6E-05 9.4328E-05 2400 9.13 9130 -75 0.00011 0.000101 -4.24733E-05 2500 8.19 8190 -72.5 0.000122 -0.00012 -2.94229E-05 2600 7.28 7280 -69.9 0.000137 9.72E-05 9.70876E-05 2700 6.39 6390 -66.9 0.000156 -9.4E-05 -0.000125126 2800 5.64 5640 -63.1 0.000177 0.000171 4.69761E-05 2900 4.96 4960 -58.2 0.000202 -1.6E-05 0.000200959 3000 4.38 4380 -52.6 0.000228 -0.00016 0.000164901 3100 3.85 3850 -45.5 0.00026 1.38E-05 0.000259374 3200 3.43 3430 -38 0.000292 0.000278 8.64048E-05 3300 3.01 3010 -28.1 0.000332 -0.00033 5.76253E-05 3400 2.75 2750 -16.3 0.000364 -0.0003 -0.000202928 3500 2.65 2650 -3.4 0.000377 -0.00036 -9.64306E-05 3600 2.66 2660 11.3 0.000376 0.000113 0.000358654 3700 2.78 2780 23.6 0.00036 1.37E-05 0.000359452 3800 3.1 3100 34.3 0.000323 -0.00031 -8.21556E-05 3900 3.49 3490 42.6 0.000287 5.37E-05 0.000281457 4000 3.9 3900 49.5 0.000256 0.000185 0.000177663
 Table C.4: Impedance readings for Cube number 11
 F (kHz) |Z| (kΩ) |Z| (Ω) Phase, ø (radians)
 |A| (Siemens) G=|A|cos(ø) B=-|A|sin(ø)
 400 87.9 87900 -79.9 1.14E-05 -2.4E-06 -1.11252E-05 500 80.2 80200 -69.5 1.25E-05 1.16E-05 4.68234E-06 600 69.4 69400 -80.8 1.44E-05 9.17E-06 -1.11187E-05 700 55.2 55200 -82.5 1.81E-05 1.24E-05 1.3228E-05 800 48.7 48700 -81.7 2.05E-05 2.05E-05 3.81724E-07 900 42.4 42400 -82.9 2.36E-05 8.14E-06 2.21371E-05
 1000 36.9 36900 -83.3 2.71E-05 -1.3E-06 2.70693E-05 1100 33.2 33200 -83.1 3.01E-05 4.57E-06 2.97723E-05 1200 29.6 29600 -83.3 3.38E-05 -1.6E-06 3.37452E-05 1300 26.3 26300 -83.2 3.8E-05 1.98E-06 3.7971E-05 1400 23.6 23600 -83 4.24E-05 1.06E-05 4.10324E-05 1500 21.2 21200 -82.4 4.72E-05 3.55E-05 3.10531E-05 1600 19.03 19030 -82.1 5.25E-05 4.8E-05 2.13596E-05
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 1700 17.1 17100 -81.5 5.85E-05 5.75E-05 -1.05506E-05 1800 15.32 15320 -80.4 6.53E-05 1.86E-05 -6.256E-05 1900 13.73 13730 -79.3 7.28E-05 -5.3E-05 -5.01861E-05 2000 12.27 12270 -78.2 8.15E-05 -7.7E-05 2.7165E-05 2100 10.9 10900 -76.7 9.17E-05 2.44E-05 8.84433E-05 2200 9.6 9600 -74.8 0.000104 8.61E-05 -5.86641E-05 2300 8.46 8460 -72.5 0.000118 -0.00011 -2.84839E-05 2400 7.3 7300 -69.8 0.000137 0.000106 8.66635E-05 2500 6.35 6350 -65.2 0.000157 -0.00011 0.000110017 2600 5.44 5440 -60.8 0.000184 -8.2E-05 -0.000164629 2700 4.59 4590 -54.2 0.000218 -0.00015 -0.000155209 2800 3.96 3960 -45.5 0.000253 1.34E-05 0.000252169 2900 3.42 3420 -34 0.000292 -0.00025 0.000154703 3000 3.14 3140 -21.2 0.000318 -0.00022 0.000226484 3100 2.94 2940 -7.4 0.00034 0.000149 0.000305683 3200 2.92 2920 7.8 0.000342 1.85E-05 -0.000341967 3300 3.11 3110 31.3 0.000322 0.000319 3.7192E-05 3400 3.36 3360 32.4 0.000298 0.000165 -0.000247845 3500 3.84 3840 42 0.00026 -0.0001 0.000238677 3600 4.26 4260 49.6 0.000235 0.000185 0.000144939 3700 4.83 4830 55.2 0.000207 4.56E-05 0.000201953 3800 5.38 5380 59.8 0.000186 -0.00018 2.03568E-05 3900 5.99 5990 63 0.000167 0.000165 -2.79392E-05 4000 6.57 6570 65.7 0.000152 -0.00015 -4.11036E-05
 Table C.5: Impedance readings for Cube number 13
 F (kHz) |Z| (kΩ) |Z| (Ω) Phase, ø (radians)
 |A| (Siemens) G=|A|cos(ø) B=-|A|sin(ø)
 400 89.5 89500 -79.1 1.12E-05 -9.5E-06 -5.93678E-06 500 79.9 79900 -69.8 1.25E-05 9.69E-06 7.91794E-06 600 67.5 67500 -79.3 1.48E-05 -1.1E-05 -1.02082E-05 700 57.4 57400 -81.5 1.74E-05 1.71E-05 -3.14313E-06 800 49.8 49800 -80.9 2.01E-05 1.43E-05 -1.41422E-05 900 43.5 43500 -82.9 2.3E-05 7.93E-06 2.15773E-05
 1000 37.8 37800 -82 2.65E-05 2.51E-05 8.28648E-06 1100 33.8 33800 -81.8 2.96E-05 2.94E-05 3.50039E-06 1200 30.6 30600 -82.3 3.27E-05 2.66E-05 1.89506E-05 1300 27.2 27200 -82 3.68E-05 3.49E-05 1.15158E-05 1400 24.5 24500 -81.4 4.08E-05 3.92E-05 -1.13351E-05 1500 22.2 22200 -80.8 4.5E-05 2.87E-05 -3.47584E-05 1600 20 20000 -80.3 0.00005 9.41E-06 -4.9106E-05 1700 18.1 18100 -79.4 5.52E-05 -3.6E-05 -4.18764E-05 1800 16.42 16420 -78.7 6.09E-05 -6E-05 -9.71373E-06 1900 14.86 14860 -77.5 6.73E-05 -3.4E-05 5.8029E-05 2000 13.47 13470 -76.3 7.42E-05 4.6E-05 5.82353E-05 2100 12.11 12110 -74.8 8.26E-05 6.82E-05 -4.6505E-05 2200 10.87 10870 -72.7 9.2E-05 -8.3E-05 -3.94651E-05 2300 9.87 9870 -71 0.000101 -3.1E-05 9.63581E-05 2400 8.71 8710 -68.5 0.000115 9.38E-05 -6.62445E-05
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 2500 7.74 7740 -65.4 0.000129 -0.00011 7.00943E-05 2600 6.87 6870 -61.4 0.000146 2.02E-05 -0.000144158 2700 6 6000 -57.2 0.000167 0.000133 0.000101041 2800 5.3 5300 -51.4 0.000189 7.97E-05 0.000171006 2900 4.67 4670 -43.7 0.000214 0.000206 -5.96494E-05 3000 4.29 4290 -35 0.000233 -0.00021 -9.98095E-05 3100 3.94 3940 -26.7 0.000254 8.98E-07 0.000253806 3200 3.64 3640 -17.2 0.000275 -2.2E-05 -0.000273874 3300 3.48 3480 -6.6 0.000287 0.000273 8.95234E-05 3400 3.46 3460 5.7 0.000289 0.000241 0.000159158 3500 3.56 3560 16.7 0.000281 -0.00015 0.000235152 3600 3.82 3820 27.3 0.000262 -0.00015 -0.000216578 3700 4.1 4100 35.4 0.000244 -0.00016 0.000182024 3800 4.49 4490 42.5 0.000223 1.97E-05 0.000221846 3900 4.96 4960 47.8 0.000202 -0.00016 0.000126162 4000 5.41 5410 52.9 0.000185 -0.00016 -8.97639E-05
 Table C.6: Impedance readings for Cube number 16
 F (kHz) |Z| (kΩ) |Z| (Ω) Phase, ø (radians)
 |A| (Siemens) G=|A|cos(ø) B=-|A|sin(ø)
 400 87.9 87900 -79.9 1.14E-05 -2.4E-06 -1.11252E-05 500 80.2 80200 -69.5 1.25E-05 1.16E-05 4.68234E-06 600 69.4 69400 -80.8 1.44E-05 9.17E-06 -1.11187E-05 700 55.2 55200 -82.5 1.81E-05 1.24E-05 1.3228E-05 800 48.7 48700 -81.7 2.05E-05 2.05E-05 3.81724E-07 900 42.4 42400 -82.9 2.36E-05 8.14E-06 2.21371E-05
 1000 36.9 36900 -83.3 2.71E-05 -1.3E-06 2.70693E-05 1100 33.2 33200 -83.1 3.01E-05 4.57E-06 2.97723E-05 1200 29.6 29600 -83.3 3.38E-05 -1.6E-06 3.37452E-05 1300 26.3 26300 -83.2 3.8E-05 1.98E-06 3.7971E-05 1400 23.6 23600 -83 4.24E-05 1.06E-05 4.10324E-05 1500 21.2 21200 -82.4 4.72E-05 3.55E-05 3.10531E-05 1600 19.03 19030 -82.1 5.25E-05 4.8E-05 2.13596E-05 1700 17.1 17100 -81.5 5.85E-05 5.75E-05 -1.05506E-05 1800 15.32 15320 -80.4 6.53E-05 1.86E-05 -6.256E-05 1900 13.73 13730 -79.3 7.28E-05 -5.3E-05 -5.01861E-05 2000 12.27 12270 -78.2 8.15E-05 -7.7E-05 2.7165E-05 2100 10.9 10900 -76.7 9.17E-05 2.44E-05 8.84433E-05 2200 9.6 9600 -74.8 0.000104 8.61E-05 -5.86641E-05 2300 8.46 8460 -72.5 0.000118 -0.00011 -2.84839E-05 2400 7.3 7300 -69.8 0.000137 0.000106 8.66635E-05 2500 6.35 6350 -65.2 0.000157 -0.00011 0.000110017 2600 5.44 5440 -60.8 0.000184 -8.2E-05 -0.000164629 2700 4.59 4590 -54.2 0.000218 -0.00015 -0.000155209 2800 3.96 3960 -45.5 0.000253 1.34E-05 0.000252169 2900 3.42 3420 -34 0.000292 -0.00025 0.000154703 3000 3.14 3140 -21.2 0.000318 -0.00022 0.000226484 3100 2.94 2940 -7.4 0.00034 0.000149 0.000305683 3200 2.92 2920 7.8 0.000342 1.85E-05 -0.000341967
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 3300 3.11 3110 31.3 0.000322 0.000319 3.7192E-05 3400 3.36 3360 32.4 0.000298 0.000165 -0.000247845 3500 3.84 3840 42 0.00026 -0.0001 0.000238677 3600 4.26 4260 49.6 0.000235 0.000185 0.000144939 3700 4.83 4830 55.2 0.000207 4.56E-05 0.000201953 3800 5.38 5380 59.8 0.000186 -0.00018 2.03568E-05 3900 5.99 5990 63 0.000167 0.000165 -2.79392E-05 4000 6.57 6570 65.7 0.000152 -0.00015 -4.11036E-05
 Table C.7: Impedance readings for Cube number 20
 F (kHz) |Z| (kΩ) |Z| (Ω) Phase, ø (radians)
 |A| (Siemens) G=|A|cos(ø) B=-|A|sin(ø)
 400 88.3 88300 -78.9 1.13E-05 -1.1E-05 -3.99146E-06 500 81.6 81600 -71.8 1.23E-05 -1.1E-05 5.40351E-06 600 65.9 65900 -81.4 1.52E-05 1.46E-05 -4.2141E-06 700 55.9 55900 -80.6 1.79E-05 8.41E-06 -1.57893E-05 800 46.4 46400 -81.9 2.16E-05 2.1E-05 4.67359E-06 900 42.5 42500 -82.9 2.35E-05 8.12E-06 2.2085E-05
 1000 36.4 36400 -83 2.75E-05 6.86E-06 2.66034E-05 1100 32.4 32400 -82.8 3.09E-05 1.35E-05 2.77619E-05 1200 29.2 29200 -82.5 3.42E-05 2.34E-05 2.50063E-05 1300 26.2 26200 -82.3 3.82E-05 3.11E-05 2.21331E-05 1400 23.4 23400 -82 4.27E-05 4.06E-05 1.33858E-05 1500 21.2 21200 -81.6 4.72E-05 4.7E-05 -3.83581E-06 1600 19 19000 -81 5.26E-05 4.09E-05 -3.3152E-05 1700 17.2 17200 -80.2 5.81E-05 5.19E-06 -5.79074E-05 1800 15.57 15570 -79.1 6.42E-05 -5.4E-05 -3.4126E-05 1900 13.99 13990 -78 7.15E-05 -6.1E-05 3.6739E-05 2000 12.61 12610 -76.9 7.93E-05 5.47E-06 7.91133E-05 2100 11.32 11320 -75.1 8.83E-05 8.44E-05 -2.59561E-05 2200 10.13 10130 -73.1 9.87E-05 -6.6E-05 -7.37303E-05 2300 9.08 9080 -71.1 0.00011 -4.4E-05 0.000100821 2400 8 8000 -68.7 0.000125 0.000114 -5.04031E-05 2500 7.09 7090 -64.9 0.000141 -6.7E-05 0.000123956 2600 6.19 6190 -61 0.000162 -4.2E-05 -0.000156077 2700 5.42 5420 -55.6 0.000185 0.000108 -0.000149934 2800 4.76 4760 -49.5 0.00021 0.000151 -0.000145564 2900 4.24 4240 -41.5 0.000236 -0.00019 -0.000144472 3000 3.82 3820 -32 0.000262 0.000218 0.000144353 3100 3.53 3530 -22.3 0.000283 -0.00027 -8.6109E-05 3200 3.28 3280 -11.7 0.000305 0.000197 -0.000232312 3300 3.2 3200 2.1 0.000313 -0.00016 -0.000269753 3400 3.29 3290 14.1 0.000304 1.13E-05 -0.000303741 3500 3.5 3500 24 0.000286 0.000121 0.000258737 3600 3.73 3730 34.2 0.000268 -0.00025 -9.38207E-05 3700 4.18 4180 42.1 0.000239 -7.3E-05 0.000227721 3800 4.57 4570 47.9 0.000219 -0.00016 0.000153284 3900 5.04 5040 53 0.000198 -0.00018 -7.85566E-05 4000 5.06 5060 56.9 0.000198 0.000186 -6.80136E-05
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 Table C.8: Impedance readings for Cube number 23
 F (kHz) |Z| (kΩ) |Z| (Ω) Phase, ø (radians)
 |A| (Siemens) G=|A|cos(ø) B=-|A|sin(ø)
 400 95.9 95900 -79.7 1.04E-05 -4.2E-06 -9.56076E-06 500 86.8 86800 -73.3 1.15E-05 -5.8E-06 -9.95512E-06 600 71.8 71800 -80.9 1.39E-05 9.89E-06 -9.80892E-06 700 58.2 58200 -83.4 1.72E-05 -2.5E-06 1.69948E-05 800 50.2 50200 -82.2 1.99E-05 1.73E-05 9.87364E-06 900 45.8 45800 -83.8 2.18E-05 -1.1E-05 1.86392E-05
 1000 39.1 39100 -84.2 2.56E-05 -2.1E-05 1.49226E-05 1100 35.5 35500 -82.9 2.82E-05 9.72E-06 2.64398E-05 1200 31.7 31700 -84 3.15E-05 -2.1E-05 2.3129E-05 1300 28.3 28300 -83.9 3.53E-05 -2.1E-05 2.81773E-05 1400 25.7 25700 -83.6 3.89E-05 -1.3E-05 3.65808E-05 1500 23.2 23200 -83.2 4.31E-05 2.25E-06 4.30447E-05 1600 20.9 20900 -83.1 4.78E-05 7.25E-06 4.72937E-05 1700 18.9 18900 -82.4 5.29E-05 3.98E-05 3.4832E-05 1800 17.19 17190 -81.6 5.82E-05 5.8E-05 -4.73061E-06 1900 15.64 15640 -81.1 6.39E-05 5.34E-05 -3.51152E-05 2000 14.19 14190 -80 7.05E-05 -7.8E-06 -7.00415E-05 2100 12.18 12180 -78.8 8.21E-05 -7.9E-05 -2.11213E-05 2200 11.58 11580 -77.4 8.64E-05 -3.6E-05 7.84591E-05 2300 10.38 10380 -76.1 9.63E-05 7.36E-05 6.21941E-05 2400 9.34 9340 -74.5 0.000107 6.67E-05 -8.37496E-05 2500 8.35 8350 -71.6 0.00012 -9.5E-05 7.3108E-05 2600 7.38 7380 -69.7 0.000136 0.000113 7.48194E-05 2700 6.46 6460 -65.3 0.000155 -0.00012 9.65454E-05 2800 5.72 5720 -62 0.000175 0.000118 -0.000129227 2900 5.06 5060 -56.1 0.000198 0.000178 -8.57244E-05 3000 4.57 4570 -50.8 0.000219 0.000188 0.000111472 3100 3.96 3960 -44.8 0.000253 0.000173 0.000184237 3200 3.58 3580 -37.5 0.000279 0.000274 -5.52511E-05 3300 3.1 3100 -28.4 0.000323 -0.00032 -4.04308E-05 3400 2.82 2820 -16.6 0.000355 -0.00022 -0.000276011 3500 2.63 2630 -2.4 0.00038 -0.00028 0.00025683 3600 2.65 2650 12.1 0.000377 0.000337 0.000169678 3700 2.81 2810 26.1 0.000356 0.000202 -0.000293001 3800 3.15 3150 36.5 0.000317 0.000115 0.000295783 3900 3.56 3560 45.5 0.000281 1.49E-05 -0.000280503 4000 4.01 4010 51.6 0.000249 5.84E-05 -0.000242448
 Table C.9: Impedance readings for Cube number 25
 F (kHz) |Z| (kΩ) |Z| (Ω) Phase, ø (radians)
 |A| (Siemens)
 G=|A|cos(ø) B=-|A|sin(ø)
 400 93.9 93900 -79.7 1.06E-05 -4.3E-06 -9.76439E-06 500 84.1 84100 -70 1.19E-05 7.53E-06 9.20203E-06 600 71.8 71800 -82 1.39E-05 1.32E-05 4.36252E-06 700 59.4 59400 -83.6 1.68E-05 -5.7E-06 1.5827E-05 800 49.9 49900 -81 2E-05 1.56E-05 -1.2623E-05
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 900 44.4 44400 -84.5 2.25E-05 -2.1E-05 7.14897E-06 1000 38.5 38500 -84.3 2.6E-05 -2.3E-05 1.29736E-05 1100 34.7 34700 -83.2 2.88E-05 1.5E-06 2.87792E-05 1200 31.3 31300 -83.7 3.19E-05 -1.4E-05 2.87989E-05 1300 28.1 28100 -83.8 3.56E-05 -1.9E-05 3.03799E-05 1400 25.4 25400 -83.3 3.94E-05 -1.9E-06 3.93251E-05 1500 22.9 22900 -83.5 4.37E-05 -1.1E-05 4.23343E-05 1600 20.7 20700 -83.2 4.83E-05 2.52E-06 4.82434E-05 1700 18.8 18800 -82.6 5.32E-05 3.23E-05 4.22738E-05 1800 17.02 17020 -82.3 5.88E-05 4.79E-05 3.4071E-05 1900 15.4 15400 -81.1 6.49E-05 5.43E-05 -3.56625E-05 2000 14.2 14200 -80.5 7.04E-05 2.67E-05 -6.51508E-05 2100 12.63 12630 -79.4 7.92E-05 -5.2E-05 -6.00129E-05 2200 11.43 11430 -78 8.75E-05 -7.5E-05 4.49675E-05 2300 10.3 10300 -76.7 9.71E-05 2.58E-05 9.35953E-05 2400 9.2 9200 -74.8 0.000109 8.98E-05 -6.12147E-05 2500 8.2 8200 -72.3 0.000122 -0.00012 -5.28724E-06 2600 7.3 7300 -69.7 0.000137 0.000114 7.56394E-05 2700 6.43 6430 -65.7 0.000156 -0.00015 4.19986E-05 2800 5.74 5740 -61.5 0.000174 4.12E-05 -0.000169266 2900 5.18 5180 -56.6 0.000193 0.000193 9.90535E-06 3000 4.58 4580 -52 0.000218 -3.6E-05 0.000215421 3100 4.03 4030 -46.3 0.000248 -0.00017 0.000182083 3200 3.52 3520 -38.4 0.000284 0.000217 0.000183209 3300 3.1 3100 -28.9 0.000323 -0.00026 -0.000188915 3400 2.82 2820 -16.3 0.000355 -0.00029 -0.000197891 3500 2.67 2670 -2.6 0.000375 -0.00032 0.000193072 3600 2.7 2700 11.1 0.00037 3.86E-05 0.000368353 3700 2.87 2870 23.9 0.000348 0.000116 0.000328711 3800 3.18 3180 34.4 0.000314 -0.00031 -4.93297E-05 3900 3.52 3520 43.2 0.000284 0.000202 0.000200259 4000 3.99 3990 50.2 0.000251 0.00025 1.63999E-05
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