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A B S T R A C T

Using ultrasonic arrays to detect and characterise surface breaking cracks is important in the non-destructive

evaluation (NDE) field. It can provide early warning of failure and useful information for component integrity

assessment. Typically, cracks are approximated by machined slots and used to examine and assess defect de-

tection and characterisation methods. In this paper, real surface breaking cracks are fabricated in 3-point

bending specimens following ASTM standard E1820 and used to examine the performance of two array defect

characterisation methods: image-based and scattering matrix sizing. In both cases, an array is used to record the

full matrix capture (FMC). In image-based sizing, the total focusing method (TFM) is used to form an image from

which the defect size is measured directly. This approach is shown to work well for cracks greater than two

wavelengths in size. The FMC is also used to extract the defect scattering matrix which is then compared to a pre-

computed smooth-crack scattering matrix database. The best match between experiment and this database is

found by cross-correlation and used to characterise the defect. This approach is shown to work well for defects in

the range of 0.78–1.84 wavelengths. Within these ranges of applicability, both methods show excellent agree-

ment between the known crack length and that measured ultrasonically, with errors less than 19% in all cases.

1. Introduction

Surface breaking cracks (SBCs) resulting from cyclic loading and

harsh operating conditions are common in solid structures such as rail

tracks, gears, pressure vessels and pipelines [1–6]. Using structural

integrity assessment, combined with fracture mechanics calculations,

the measured size of SBCs can be used to estimate the remaining life of

the structure [7]. In non-destructive evaluation (NDE), there various

techniques used to detect the indication of SBCs, for example, dye pe-

netrant inspection, magnetic particle inspection, eddy current testing

and thermography [8]. These techniques allow sizing if SBCs are on the

accessible front surface of the test structure.

For detecting and sizing SBCs on the inaccessible back surface of

components, ultrasonic guided wave or bulk wave inspection can be

used. The guided waves technique is typically used to detect and size

relatively large defects over a long distance [9–12]. Higher resolution,

local inspection can be achieved using ultrasonic bulk wave inspection.

Using these approaches, defect detection and characterisation mea-

surements are often made by placing an oblique incidence bulk wave

transducer or array on the front-wall of a structure to detect defects on

the back-wall [13–29]. Array images can be formed either by tradi-

tional imaging approaches [13,14] or via recording the Full Matrix

Capture (FMC) and application of post-processing techniques, e.g., the

Total Focusing Method (TFM) [15] and its variants [16–18]. An im-

portant benefit of using ultrasonic arrays to detect and characterise

SBCs is that one array transducer allows a given crack to be illuminated

from a wide range of angles. The high resolution images formed in-

crease the chances of detection [15,21] and the data can be further

processed to extract the scattering behaviour which provides valuable

characterisation information via the scattering coefficient matrix (S-

matrix) [20,22]. For a defect with a size greater than approximately

two wavelengths it has been shown that information contained within a

TFM image can be used to measure crack size [13,18,23]. However, to

date this approach has often been shown quantitatively using artifi-

cially machined notches [18], simulated rough defects [24] and large

embedded real cracks [25,26], whose sizes are greater than 2.5mm (2

wavelengths at 5MHz). Alternatively, for cracks less than two wave-

lengths, it has been shown that the extracted S-matrix can be used for

sizing [19,22,23] although this approach has only been experimentally

explored on EDM notches whose sizes range from 1mm to 3mm

(0.8–2.5 wavelength at 5MHz).

In this paper we examine the performance of defect characterisation

using array image-based and S-matrix based sizing techniques. In par-

ticular we explore their applicability to real SBCs grown in aluminium

samples under 3-point bending. We consider inaccessible back-surface

cracks for which bulk wave ultrasonic is the industry standard
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technique [13,14,25]. The motivation is therefore to understand the

measurement limitations of these new techniques on real defects and to

assess if they offer advantages over the best existing techniques. This

investigation on realistic defects therefore provides a further step to-

wards the industrial uptake of these emerging techniques.

2. Modelled structure and S-matrix

2.1. Overview of the hybrid scattering model

In order to understand the performance of ultrasonic imaging of

SBCs and explore methodologies for sizing them, a 2D hybrid scattering

model [16,30] was used to simulate array data sets from a simple plate-

like structure with a SBC. Here, a hybrid model is used to simulate the

ultrasonic waves transmitted from each array element, propagating in a

plate-like structure, interacting with both a planar back-wall surface

and a SBC, and then received by the array elements.

Consider a 2D solid structure with the geometry shown in Fig. 1.

The structure has isotropic material properties defined by the density ρ,

longitudinal wave speed cl and transverse wave speed ct. Cartesian

coordinates, (x, z), represent lateral position and depth with respect to

the center of the 1D linear array. The figure also schematically shows

two possible wave paths from a transmitter element located at ui back

to a receiver element located at uj. One wave path corresponds the

wave reflected from the back-wall and it is reflected at rb with the same

incident and reflected angle γ with respect to the normal of the planar

back-wall. The other wave path represents the scattered wave from the

SBC at rd with the incident angle, α, and the scattered angle, β, with

respect to the normal of the planar back-wall. γ is a function of ui, uj

and rb while α and β are the functions of ui, uj and rd. Note that in this

simulation, only the ultrasonic waves from longitudinal incident, re-

flected and scattered wave modes were considered although the SBC

scattering matrix calculation solved the 2D elastodynamic scattering

problem [10,20].

2.2. The far field defect S-matrix

The interaction between ultrasonic waves and a defect is encoded by

its far field S-matrix which is defined as the far field complex amplitude

of the signals from the crack as a function of the incident and scattered

angles (α β, ) [22,30,31]. When a plane wave of displacement ampli-

tude uin and propagation angle, α, is incident on a 2D SBC of length, a,

the scattered field decays in inverse proportion to the square root of the

distance from the crack in the far field. If the amplitude of the scattered

wave at a distance rsc along the scattered angle, β, is usc, then the far

field S-matrix is given by Refs. [22,30],

= − −S a f α β
u

u

r
exp ik r( , , , )

λ
( ( λ)),sc

in

sc
sc

(1)

where, λ is the wavelength and k is the wavenumber (k= 2π/λ). In this

paper, a numerical method using local FE modelling without absorbing

regions [31] was used to simulate the scattering coefficient matrices (S-

matrices) from various vertical smooth SBCs.

2.3. Hybrid forward model to simulate the scattered signals from a structure

The array data is predicted using the above discussed numerically

calculated scattering matrix in combination with a classic frequency

domain, linear systems model of the wave propagation [16,30]. For a

SBC with a length a and located at rd as shown in Fig. 1, in the fre-

quency domain, the matrix of raw array data from this defect, Gij(f),

received by the array element located at uj when the element transmits

at ui can be written in the following general form [16,30],

=
− + −

− −

G a f

A f D f α D f β S a f α

β exp ik

u u r

u r u r u
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where, the function A(f) represents the combination of the frequency

spectrum of the signal transmitted from the array controller instrument,

D is the directivity of an array element [32].

Also shown in Fig. 1 is the wave path for a specular reflection from

the planar back-wall of the sample occurring at position rb. In the fre-

quency domain, the corresponding expression for the first back-wall

echo is [16,30],

=

−

+ −

− + −
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u u r u u r u r
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2

(3)

where, R is the longitudinal-longitudinal reflection coefficient [33].

Hence, the total array data from a SBC and the first back-wall reflection,

G(f, u u,i j), is,

= +G a f G a f G fu u u u r u u r( , , , ) ( , , , , ) ( , , , ).ij ij
d

ij
b

i j i j d i j b (4)

The time domain data, = +g t g t g t( ) ( ) ( )ij d b , can then be obtained

using an inverse Fast Fourier Transform (IFFT) to build up a full si-

mulated FMC data set for a SBC.

3. Sizing methodology for SBCs

Here, the image-based and S-matrix sizing methods are first ex-

plored on simulated array data using the hybrid model described briefly

in section 2. The TFM [15] was chosen as an example of an ultrasonic

array imaging algorithm for image-based sizing of SBCs. For a large

SBC, the crack tip and crack mouth can be resolved in the ultrasonic

image and hence the crack length can be measured [18]. However, for a

small crack these image features merge and a single high intensity re-

gion close in shape to the point spread function (PSF) of the array

imaging system is observed which is not suitable for sizing.

In the S-matrix sizing technique [22] the S-matrix of the crack is

first extracted from the FMC array data set and then used to compare

with a pre-computed smooth-crack S-matrix database. The best match

between experiment and this database is found by cross-correlation and

used to characterise the defect.

In the simulations, an ultrasonic array (i.e. #1 in Table 1) was

placed on the front-wall of an aluminium plate of thickness 40mm,

longitudinal velocity cl=6400m/s, transverse velocity ct=3100m/s

and density ρ=2700 kg/m3.

3.1. Image-based sizing technique

Fig. 2(a) and (b) compare the simulated TFM images for

Fig. 1. Schematic diagram illustrating the geometry used in the hybrid forward

scattering model.
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a=0.64mm (0.5λ at 5MHz) and a=5.12mm (4λ at 5MHz) long,

SBCs. In the TFM image of the a=0.5λ crack (Fig. 2(a)), the crack tip

and crack mouth are merged while they are separated for the image of

the 4λ crack (Fig. 2(b)). Fig. 2(c) shows the image amplitude along a

slice through the crack location from which amplitude peaks corre-

sponding to the crack tip and crack mouth can be observed for the

larger cracks leading to accurate sizing as seen in Fig. 2(d). However,

for the smaller cracks (a ≤ 2λ), the crack tip is not distinct and this

limits the image-based sizing technique to a>2λ.

3.2. S-matrix sizing method

Fig. 3(a) and (b) show the absolute values of the simulated S-ma-

trices for a=0.64mm (0.5λ at 5MHz) and a=2.56mm (2λ at

5MHz) SBCs respectively. Note that only part of S-matrix can be ex-

tracted from a single FMC data-set due to the angular coverage of the

specific array inspection configuration. Fig. 3(c) and (d) show the

corresponding extracted S-matrices (see Ref. [22] for fuller details) for

array #1 when the crack is located at (x, z) = (40, 40mm). By com-

paring Fig. 3(c) with 3(d), it can be seen that the smaller crack exhibits

more uniform scattered amplitudes over a wider range of angles. The

shape variation of the S-matrices with crack length then forms the basis

of the S-matrix sizing technique.

In the experimental measurement, once the location of the crack

and back-wall are found from the image, the incident and scattered

angles from each element to the crack, as well as the expected arrival

times from each array element to the crack, can be calculated. To ex-

tract the S-matrix from the experimental FMC data we use the sub-array

approach (see Ref. [17] for full details). Each component (i.e. a given

incident and scattered amplitude) in the measured sub-array S-matrix is

the TFM image corresponding to those sub-apertures, (8-element sub-

array apertures used in this paper). It is noted that the sub-array S-

matrix is a “smoothed” version of the true scattering matrix. However,

the key advantage of the sub-array S-matrix is that it provides a route to

spatial selectivity and hence reduces S-matrix contamination from

nearby features and material noise [22]. For best performance, the pre-

computed database of smooth-crack S-matrices is also converted into a

sub-array version. The best match between the experimental

Table 1

Specification of the array transducers used in simulations and experimental

measurements.

Array

label

Number of

elements, N

Central

frequency

(MHz)

Element

width

(mm)

Element

pitch p

(mm)

Element

length

(mm)

#1 64 5 0.5 0.6 10

#2 128 10 0.25 0.3 10

#3 64 2.5 0.35 0.5 15

Fig. 2. TFM images from the simulated FMC data for the

structure shown in Fig. 1 and a SBC with a size of (a) a=0.5λ

and (b) a=4λ. (c) Image amplitude distribution along a slice

through the crack location for SBCs with various sizes. (d)

The measured crack size using the image-based sizing tech-

nique against actual size.

Fig. 3. The absolute values of the simulated S-matrix for a vertical SBC with

length of; (a) a= 0.5λ and (b) a= 2λ. The absolute values of the extracted S-

matrix for the SBC corresponding to; (c-d) (a-b). It is noted that the amplitude in

each figure is normalized to the maximum amplitude.
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measurement and the database is obtained by finding the maximum

cross-correlation coefficient and this match is defined as the measured

crack size [22]. Here, the database includes cracks with sizes ranging

0.2λ - 3λ with 0.05λ increments. It is noted that this S-matrix method is

based on the measured shape of the scattering pattern and hence am-

plitude calibration is not needed [22].

4. Experimental measurements for real fatigue cracks

4.1. Specimen preparation

In the SBC fabrication process, a single-edge notched bend (SENB)

aluminum (2014-T6) specimen of size 342mm×76mm×31.5mm,

as shown in Fig. 4, is first made following ASTM standard E1820 [34].

An EDM starter notch is cut in the center of the sample to a depth of

34.5 mm using a wire of width 0.1mm. A fatigue crack is then propa-

gated from the end of the EDM starter notch by subjecting the specimen

to 3-point bending test in a fatigue testing machine (Instron 8801). The

load is varied from 10% of the maximum load to the maximum load

(i.e. load range 0.1Fmax - Fmax) as a sinusoidal wave with a frequency of

5 Hz. The specimen is finally machined along the dashed line shown in

Fig. 4 to remove the EDM notch and leave the fatigue crack. Therefore,

the length of the SBC depends on the number of load cycles in the

bending test and the remaining thickness of the sample. Using this

method, a range of SBCs with different lengths were manufactured and

used to examine the performance of the characterisation techniques. It

is noted that the maximum load and the load frequency are chosen to

simulate possible load conditions in real structures. For example, the

load frequency of 5 Hz is equivalent to the load condition on a railway

axel when a rail wheel with a diameter 920mm passes through with a

speed of 52 km/h.

4.2. Experimental setup

The three ultrasonic arrays specified in Table 1 (manufactured by

Imasonic, Besancon, France) were used in the experiments. An array

controller (Micropulse MP5PA, Peak NDT, Ltd., Derby, UK) was used to

capture the FMC datasets which were then post-processed on a desktop

PC. It is noted that the collected FMC datasets from the 5MHz and

10MHz array probes (#1 and #2 ultrasonic array probes specified in

Table 1) were used to assess the image-based sizing technique while

those from the 2.5MHz array probe (#3 ultrasonic array probe speci-

fied in Table 1) were used for the S-matrix sizing method.

4.3. Fatigue crack growth monitoring using the image-based sizing technique

In the bending fatigue test (Fmax=7.5 kN), the crack length was

measured every ∼20 k cycles using both the ultrasonic image-based

and surface optical sizing techniques. It is noted that these measure-

ments were taken in the absence of load and a Gaussian band-pass filter

with the same center frequency as the used array probe and 100%

fractional bandwidth was used to post-process the FMC array data set

before image reconstruction. Ultrasonic images obtained at 5MHz and

10MHz are as shown in Figs. 5 and 6 respectively. The higher fre-

quency used in Fig. 6 shows higher image resolution (relative to Fig. 5)

from which the crack length can be measured as the distance between

the EDM notch tip and the crack tip. It is noted that when the crack is

smaller than 2mm, its size is not resolvable from the images obtained

from 5MHz probe but only those from 10MHz, as the examples shown

in Figs. 5(a) and 6(a). Fig. 7(a) shows an optical view of a typical fa-

tigue crack from which its surface breaking length can be measured and

Fig. 7(b) shows how the crack length varies as a function of number of

load cycles. Also shown in Fig. 7(b) are the results of 10MHz image-

based sizing (Fig. 6) from which it can be seen that the ultrasonically

measured values appear 2–3mm longer than those measured from the

optical image of the surface.

4.4. Fatigue crack profile measurement

In order to better understand influence of the fatigue crack profile

on our sizing results, fatigue cracks fabricated using various maximum

loads (Fmax) were completely fractured open under a static load of

Fig. 4. Geometry of the single-edge notched bend (SENB) specimen for 3-point bending test.

Fig. 5. Fatigue growth monitoring using the 5MHz ultrasonic array probe at Fmax=7.5 kN and a load cycle of (a) 50 k, (b) 85 k, (c) 115 k and (d-e) 195 k. Note that

(e) is the TFM image of un-pre-processed data, i.e. without de-noising filter or Hilbert envelope.
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30 kN. Fig. 8 shows an optical image of one such fractured-open sample

in which the regions corresponding to the EDM notch, fatigue crack,

and fracture can be identified. From Fig. 8 it can be seen that the crack

front is curved meaning that there is a length difference, δ, between the

crack center and the crack edge. This difference was measured for

various samples and was found to vary between 2.5 and 3mm which

explains the previously mentioned difference between the ultrasonic

image-based measurement and the optically measured surface crack

lengths. The crack surface roughness was also measured at an early

crack growth stage (a<5mm) using a stylus profilometer (Talysurf,

Taylor Hobson, Leicester, UK) and the measured surface roughness was

found as, Ra=10–20 μm.

4.5. Sizing surface breaking cracks

5 specimens with a fatigue crack of length (measured using the

ultrasonic image-based technique at 10MHz) of around 5mm (gener-

ated under different Fmax and cycles) were machined to remove the

EDM notch and only leave the fatigue crack. Further back-wall material

was then removed in steps to create cracks from 5mm to 1.6 mm in

length. For example, Fig. 9 shows the crack length measured using the

10MHz array as the sample was thinned, from which it can be seen that

the location of the crack tip remains unchanged but the reflection from

the back-wall and crack mouth moves toward the array. Fig. 10(a–c)

show the experimentally measured S-matrices obtained using a 2.5 MHz

array on the same sample. The corresponding FE-simulated S-matrices

from the database that have the highest cross-correlation coefficient are

shown in Fig. 10(d–f). In order to explore the measurement errors, the

true size was assumed to be that from the 10MHz images of the large

Fig. 6. Fatigue growth monitoring using 10MHz ultrasonic array probe at Fmax=7.5 kN and a load cycle of (a) 50 k, (b) 85 k, (c) 115 k and (d-e) 195 k. Note that (e)

is the TFM image of un-pre-processed data, i.e. without de-noising filter or Hilbert envelope.

Fig. 7. (a) An optical image of one of the generated fatigue cracks. (b)

Comparison of the mesured crack length using the optical image-based and

ultrasonic image-based sizing techniques. Note that Fmax=7.5 kN in these tests.

Fig. 8. Optical image of a fatigue crack surface obtained after fracturiug the

sample. The sample was fatigued at Fmax=7.5 kN for 155 k cycles before being

fractured open.

Fig. 9. Experiementally measured 10MHz ultrasonic images from SBCs with various lengths. The sample was made at Fmax=7.5 kN and 100 k load cycles. The

measured crack length is; (a) a=4.6mm (7.19λ at 10MHz), (b) a=3.6mm (5.63λ at 10MHz) and (c) a=2.6mm (4.06λ at 10MHz).
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(5 mm) cracks minus the thickness of the removed material. We note

that this assumption leads to some potential erros in the absolute size

(as this was extracted from an experimental image) but the erros in

measured size change will be small as the material removal is known to

high accuracy (i.e. error< 0.1 mm). Fig. 11 compares the ultrasonically

measured size against the total sample thickness. The high frequency

(10MHz) image-based sizing result is a straight line of 0.988 gradient

(obtained from a least squared fit), strongly suggesting the accurate

sizing. The S-matrix method (2.5MHz) shows only small deviations

(< 0.5mm) from the high frequency image-based results for all cases

except for the smallest manufactured crack which is thought to be

around 1.9 mm in length (or 0.74λ at 2.5MHz).

Fig. 12 summarises the image-based and S-matrix-based sizing

performance for all the manufactured fatigue samples. Note that the

imaging-based sizing technique was also used for the FMC array data

sets captured using 5MHz probe from a few cracks to increase the

sizing examination region. As shown in Fig. 12, the image-based sizing

technique shows excellent accuracy (sizing errors less than 11%) for

SBCs varying in length from 1.95 to 2.81 λ at 5MHz (i.e. 2.50–3.6 mm)

and 2.81–7.34 λ at 10MHz (i.e. 1.80–4.70mm) Note that the image-

based sizing method cannot be applied to smaller cracks as the crack tip

image merges with the crack mouth image at about 2.0λ. However, the

S-matrix method shows good accuracy (sizing errors less than 19%) for

the smaller cracks, i.e. SBCs varying length from 0.78 to 1.84 λ at

2.5 MHz (i.e. 2.0–4.7 mm). From Fig. 12 it can also be seen that the

sizing errors for the very small cracks, i.e.< 0.78λ, becomes very high,

and so this represents the lower limit of this sizing technique.

5. Discussion

The effects of surface roughness, crack front profile and crack clo-

sure condition on the experimental crack size measurement are now

discussed. As mentioned in Section 4.4, the surface roughness of all

fabricated fatigue cracks varied from 10 μm to 20 μm which is

0.39%–3.13% respectively of the wavelength of the 2.5MHz and

10MHz arrays. The good sizing performance shown in Fig. 12 suggests

that this low surface roughness does not significantly affect the crack

sizing, except in contributing to the lower limit on the S-matrix tech-

nique. This finding is in-line with previous studies on scattering from

rough surfaces and sizing of embedded cracks [24–29,35–38]. The

crack front profile variation along the array element length direction, as

shown in Fig. 8, is thought to explain why the measured length using

the ultrasonic image-based sizing technique is around 2.5–3mm longer

than that obtained from the optical images of the specimen surface, i.e.

Fig. 7(a). The crack front profile variation could also lead to errors in

the S-matrix method as the measurement is from a variable length crack

(over the width of the array) and the database assumes a constant crack

length (i.e. it is a 2D model). The magnitude of these errors is hard to

estimate, however, the relatively good agreement between the experi-

mentally measured and known crack lengths suggest it is a relatively

Fig. 10. Comparison of S-matrices obtained from; (a-

c) the experimentally measured FMC data set and (d-

f) an FE model. Note that in each figure, the ampli-

tude is normalized to its own maximum and shown

on a linear scale. The sample was made at

Fmax=7.5 kN and 100 k load cycles. The measured

crack length is; (a,d) a=4.6mm (1.80λ at 2.5MHz),

(b,e) a=3.6mm (1.41λ at 2.5MHz) and (c,f)

a=2.6mm (1.02λ at 2.5MHz). Note that (a-c) were

obtained from the same cracks as used for Fig. 9(a–c).

Fig. 11. Experiementally measured crack size from the specimen fabrication

under Fmax=7.5 kN against the total sample thickness.

Fig. 12. Experiementally measured sizing errors for real SBCs using both the

image-based and the S-matrix sizing techniques.
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small effect for this geometry.

It is known that the fatigue cracks due to bending can be partially

closed due to residual stresses after removal of the loading [7]. The

effect of this crack closure condition was investigated on a crack with

a=3.4mm (1.33λ at 2.5 MHz and 5.31λ at 10MHz) by the application

of static loads, Fs=0–4 kN (varied in 1 kN increments), applied such as

to open the crack. In each static load condition, 10MHz and 2.5MHz

array probes were used to capture the FMC array data sets and sizing

was performed using both approaches. Fig. 13 shows images with the

10MHz array probe and Fig. 14 shows the intensity variation along a

vertical line through the crack. From Figs. 13 and 14, it can be seen that

the image amplitude at the crack tip increases with crack-opening load.

The location of the crack tip image remains unchanged for Fs < 2 kN

and then moves by around 0.6mm for Fs > 2 kN, suggesting the crack

tip is opening. Fig. 15 shows the measured S-matrices for different

crack-opening loads, from which it can be seen that the scattering

amplitude increases with Fs. It is thought that this is due to the higher

static load separating the partial contact along the crack surface,

leading to more energy being reflected from solid-air interface. It can

also be seen from Fig. 15 that the measured shapes of the S-matrices are

relatively unchanged with load which means that the measured crack

length (using the database cross-correlation technique) is similarly re-

latively unchanged as the correlation metric is a measure of shape and

is amplitude invariant.

6. Conclusion

The performance of both the ultrasonic image-based sizing tech-

nique and the S-matrix database correlation method was demonstrated

on real fatigue cracks (length ranging from 0.63λ – 7.34λ). We note

that this level of performance is very similar to that previously achieved

on EDM notches [18,23]. It was shown that for the SBCs with size

greater than 2.0 λ, the image features from the crack tip and mouth

could be used to measure the size accurately. For SBCs with size less

than 2.0 λ these image features merge together rending image-based

Fig. 13. Experiementally measured ultrasonic images for a SBC under a static crack-opening load of Fs= ; (a-e) 0–4 kN (in 1 kN increments). The sample was made at

Fmax=7.5 kN and 125 k load cycles.

Fig. 14. The image intensity (from Fig. 13) along the thickness direction at

x=45mm.

Fig. 15. Experiementally measured S-matrices for the same

SBC corresponding to Fig. 13 under a crack-opening static

load of Fs= ; (a-e) 0–4 kN (in 1 kN increments). Note that the

resultant highest correlation coefficient between the database

and (a-e) is; 0.9712, 0.9783, 0.9799, 0.9797 and 0.9786 re-

spectively, suggesting that a good match was found in the

database in each case.
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sizing inaccurate. However, small cracks of size greater than 0.78λ

could still be sized using the experimentally measured S-matrix and

cross-correlating this with an S-matrix database which corresponds to

smooth SBCs with various sizes, pre-calculated from finite element

models.

This good sizing accuracy suggested that the low roughness of the

real crack surfaces (i.e. Ra=0.39–3.13% of the wavelength) had a

negligible effect on crack sizing by both techniques. The exception

being that the roughness was thought to contribute to the lower limit

observed for the S-matrix sizing technique. The reason is that roughness

could be expected to lead to small differences with respect to the pre-

computed smooth-crack database and these become more significant as

the crack gets smaller and the information content of the S-matrix de-

creases. It is also thought that crack front profile variation can cause

measurement errors particularly for the S-matrix method which as-

sumes a 2D model of the crack profile. It was also shown that crack

closure caused location errors in the crack tip image and hence affects

image-based sizing. The S-matrix method showed measurement ro-

bustness in the crack closed condition as it is a measure of the shape of

the S-matrix and is amplitude invariant. These findings have the po-

tential to contribute to help the industrial uptake of these emerging

array-based crack sizing techniques.
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