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Abstract 
DGS curves for angle beam single element (UT) and phased array probes (PA) are calculated from semi-
analytical model using CIVA. The modelled DGS curves show improved accuracy in near field over the 
universal DGS curves. This is validated by a set of measurements performed with angle beam probes. 
Measurements were done with 2 and 4MHz integral wedge probes with Flat Bottom Hole reflectors 
(FBH). The results show excellent agreement from half of the near field to about 5 times the near field 
distances. The probe’s bandwidth is shown to influence the near field length and the attenuation 
correction in the test sample. For a phased array probe having a broader bandwidth, the near field length 
is slightly shorter than the mono crystal probe having a relatively narrower bandwidth. For the 4MHz 
probes, the attenuation correction in the test sample is bandwidth dependent and is not a constant over the 
sound path. A first order correction of the attenuation is sufficient for the measurement range up to 10 
near field lengths.   
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1.  Introduction 
 
The Distance Gain Size (DGS) technique is used in flaw detection and sizing by 
registering flaw echo amplitude on DGS (AVG) diagrams, a series of curves 
representing various disc size reflectors to sound path and gain. The first use of DGS 
diagrams was reported by J.Krautkramer where he used FBH perpendicular to the beam 
axis as the reference sizing echo [ 1]. The method was quickly used worldwide and the 
diagrams are now supplied by the manufacturers to various types of probes [ 2] 
including angle beam, straight beam and dual straight beam probes. The DGS curves 
starts from the minimum detectable distance and ends at several near field lengths of the 
probe. For mono crystal probes, the structure of the curve in the far field is solely 
dependent on the FBH and probe size. The echo sensitivity from FBH in the far field 
follows a simple relation [ 1], 
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where a, b, z, and N are the probe diameter, FBH diameter, distance of FBH to the 

probe surface, and the near field length of the probe, respectively. 
Parameter 0A characterizes the probe’s sensitivity. For a particular probe type, the DGS 

curves plot 0/ AAFBH  over z for various FBH size b. When the probe’s diameter a and 

the near field length N are known, the DGS curves can be plotted simply by 
renormalizing a set of universal DGS curves which plots 0/ AAFBH over Nz / for various 

b/a. The universal DGS curves are based on the work of Krautkramer [ 1] and were 
introduced in Germany around 1970s to be used for weld inspection. As its name 
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implies, these curves are assumed to be representative for any probe type, regardless of 
its size, shape, frequency or whether it is a normal or an angle beam probe. While this is 
true in the far field, it is inaccurate within the near field of the probe. If the reflector is 
inside near field zone of the probe, its response varies according to the amplitude 
variation of the incident beam, which is influenced by the probe’s size, shape, frequency 
and bandwidth. Especially for angle beam probes, the refraction of the sound beam in 
the interface changes the effective probe size and the near field length which could leads 
to uncertainties in the application of universal DGS curves. A recent investigation by 
GE Sensing & Inspection Technologies in Huerth, Germany has shown that the near 
field response from DGS diagram tends to underestimate the FBH amplitude compared 
to measurement results with single element angle beam probes [ 3]. This is also proved 
to be true in our model and measurement results shown later. 

 
It is therefore difficult to characterize an applicable “Universal” near field curves. It 
should be noted that in Krautkramer’s original work, the near field curves are obtained 
based on a compromise derived from measurements and calculations for normal 
incident and angle beam probes of various shape, size and frequencies. According to 
European standard EN583, an empirical accepting sizing range is set to be greater than 
0.7N with N been the near field length of the particular probe [ 4]. Although sizing is 
problematic within near field, it is preferable to have more accurate and extended near 
field DGS curves for many applications.  
 
Basically there is no simple relation as Eq (1) within N of any type of probe. Kimura 
et.al have shown analytical results to calculate the near field structure of the curves for 
both normal and angle beam probes [ 5, 6, 7]. The result of normal probes has been 
adopted in NIDS 2411-1980 (the standard of ultrasonic testing of steel forgings) [ 6]. 
Even though probe’s bandwidth and modal conversions are neglected, the results are 
very complicated and show the explicit dependence on the probe type. While a closed 
form expression for normal probes can be obtained, the results for angle beam probes 
have to be calculated numerically [ 7]. When commercial modelling software is 
available, calculations are made handy and can be easily adapted for different probe 
types. For example, calculations of pulse echo responses from FBH for angle beam 
probes are possible with CIVA, an ultrasound modelling software developed by French 
Atomic Energy Commission. In CIVA, the probe size, shape, frequency and bandwidth 
are input parameters. For an angle beam probe, the wedge geometry, velocity and 
attenuation are wedge input parameters. The flaws—FBH in particular—can be 
positioned arbitrarily within the test sample. It is possible to model the pulse echo 
response that includes modal conversions and sample attenuation. The receiving echo 
can be displayed as an A-scan waveform. CIVA utilizes a semi-analytical method based 
on Kirchhoff integral theory and the reciprocity principle. Semi-analytical approach 
makes calculation much faster than Finite Element Model without loss of accuracy. A 
two-way calculation from a FBH takes less than 1 second. In this paper, the echoes from 
FBHs with 0.125 in. diameter are calculated with angle beam probes, and the results are 
compared to the measurement data. The DGS curves generated from the model for FBH 
are compared to those normalized from universal DGS curves. It is seen that in general, 
the CIVA model results match the measurements within 1dB difference from 0.5N ~ 
5N.   

 



With the capability of modelling phased array probes, DGS curves can also be 
calculated for PA. The PA probes 4L16-DGS and 2L8-DGS (OlympusNDT Inc.) have 
electronically steered refractive angles from 35° to 70° in steel. With a phase array 
control instrument, such as OmniScan MX, S-scan and A-scan with specified angle can 
be displayed on the same screen. As seen in Fig. 1, sizing can be performed on the A-
scan while 2D visualization of the S-scan enhances the detection. DGS sizing with PA 
reduces the need to use a number of UT probes and improves application flexibility.  

 
 

 
Fig. 1 OmniScan MX display of DGS sizing with phased array probe 4L16-DGS. A-scan displays sizing 
diagram with 60°  refractive angle.  

 
 
2. Model and measurement results 
 
Three UT probes AM4R-8x9-45, -60, and -70 (OlympusNDT Inc.) and one PA probe 
4L16-DGS are used for calculation and measurements at 4MHz. Three UT probes 
AM2R-8x9-45, -60, and -70 (OlympusNDT Inc.) and one PA probe 2L8-DGS are used 
for calculation and measurements at 2MHz. The control instruments are EPOCH XT 
and OmniScan MX for UT and PA, respectively. Probes and instruments are calibrated 
according to their standard procedures. The crystal dimensions for both UT and PA 
probes are 8mm x 9mm. The bandwidths are 45% for UT and 87% for PA. The 
refractive angles for UT are 45°, 60°, and 70°, respectively for model -45, -60, and -70. 
For comparison, 4L16-DGS and 2L8-DGS are steered at these refractive angles. The 
sample material is 4340 steel block with several FBH inserts oriented at 45°, 60°. and 
70°. The FBH has a diameter of 0.125 in. and is oriented perpendicular to the incident 
beam at various distances ranging from 0.5N~5N. The velocity of the steel is measured 
to be 3.23mm/µS during calibration. CIVA calculates the refractive shear wave 
propagation in the steel that takes into account the modal conversions at wedge/steel 
interfaces and at flaw boundaries. For every FBH position, the reflected echo is 
displayed in the A-scan. The rectified max amplitude of the waveform is used as the 
sizing amplitude.  
 
2.1 UT model 
 



The DGS curves (dashed lines) of the FBH calculated by CIVA for 2MHz and 4MHz 
probes are shown in Fig. 2(a) and Fig. 2(b). These curves are compared to their 
universal DGS curves shown as solid lines. In universal DGS curves the equivalent 
diameter of the probe is 9.575mm. The near field lengths for 4MHz probes are 31mm, 
28mm, and 25mm for model -45, -60, and -70, respectively. The corresponding near 
field lengths for 2MHz probes are 17mm, 15mm, and 15mm. In the calculation, the 
attenuation of the test sample is neglected. Clearly, when z>N, the two curves perfectly 
match. When z<N, universal DGS curves are lower by as much as 5dB compared to the 
model prediction. The closer the distance to the probe surfaces the bigger the amplitude 
differences. The differences also increase as the refractive angle increases. The 
universal DGS curves assume the probe has infinitely small bandwidth. In CIVA, the 
bandwidth of the probe is intrinsically taken into account by using frequency dependent 
coefficients. In addition, the near field structure in universal DGS curves does not 
reflect particular probe type, its deviations from model outputs is expected.  

 

 
Fig. 2  Comparison of universal DGS curves (solid line) with CIVA model curves (dashed line). The 
target is 0.125 in. diameter FBH.  (a): AM2R8x9-45, -60, -70.  (b): AM4R8x9-45, -60, -70. 

 
In Fig. 3, CIVA recalculates the DGS curves including the sample attenuation 
(0.014dB/mm at 2MHz and 0.05dB/mm at 4MHz). The attenuation coefficient is 
obtained by best fit of calculated curves with backwall measurement. All flaw echoes 
are normalized to the backwall echo which is immediately in front of the probe/steel 
interfaces [ 1]. As seen in the figure, the model agrees with the measurements very well.  
Except 2dB difference is found from measured amplitude to the model within near field 
length of AM2R-8x9-45 and -60, the remaining measurements of the amplitude differ 
from model within 1dB.  



 

 
Fig. 3  Comparison of measured FBH responses with the CIVA model curves (a): AM2R8x9-45°, -60°, -
70°. (b): AM4R8x9-45°, -60°, -70°. 

 
2.2 PA model 
 
The probes used are 4L16-DGS at 4MHz with 16 elements and 2L8-DGS at 2MHz with 
8 elements. Their bandwidths are 87%. The delay laws are calculated to provide 
refractive angles of 45°, 60°, and 70° in steel. The calculated curves and the universal 
DGS curves for 0.125 in. FBH are shown in Fig. 4. The universal DGS curves has an 
equivalent diameter a=9.575mm. The near filed lengths for the 4MHz probe are 28mm, 
25mm, and 21mm for refractive angles of 45°, 60°, and 70°, respectively. The 
corresponding near field length for the 2MHz probe are 16mm, 14mm, and 13mm. The 
near field lengths of  PA probe are 3mm shorter than those of UT probes at 4MHz and 
about 1~2mm shorter at 2MHz. This is due to the broader bandwidth of the PA probe. It 
is seen from Fig. 4 that the universal DGS curves coincide with the model in the far 
field. In the near field, universal DGS curves underestimate the FBH amplitudes by as 
much as 6dB. In Fehler! Verweisquelle konnte nicht gefunden werden., CIVA 
recalculates the FBH responses by taken into account the attenuation of the steel 
(0.014dB/mm at 2MHz and 0.05dB/mmm at 4MHz). The results, again, agree with the 
measurements very well. The differences in amplitudes over the whole measurement 
range are about 1dB.  



 
Fig. 4  Comparison of universal DGS curves (solid line) with CIVA model curves (dashed line). The flaw 
is 0.125 in. diameter FBH.  (a): 2L8-DGS, (b): 4L16-DGS. 

 

 
Fig. 5  Comparison of measured FBH responses with the CIVA model curves for 45°, 60° and 70° 
refractive angles with probes  (a): 2L8-DGS and (b): 4L16-DGS. 



From the FBH measurements, it is seen that for angle beam probes, CIVA can be used 
to generate their individual DGS curves with improved near field accuracy. It also 
shows that the sizing curves in the far field range (at least z>3N) are independent on 
probe type. In this range, the DGS curves for any unknown diameter FBH r(k) can be 
obtained from the curves of known FBHs with diameters r(m) and r(m+1) following the 
relation: 
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where r(k), r(m) and r(m+1) represent the diameters of the FBHs with the relation 
r(m)<r(k)<r(m+1). DGSk, DGSm, and DGSm+1 represent the DGS curves for FBH with 
size r(k), r(m), and r(m+1), respectively. For flaws with different geometry other than 
FBH in the range z>3N, the DGS curves can be referred to Ermolov’s equation [ 8].  In 
the range z<3N, the DGS curves are completed from model calculations for any 
particular case.  

 
 

3. Attenuation effect 
 
In sizing flaws, material attenuation is applied to the DGS curves. The attenuation is 
assumed to be linear over the sound path. This only applies to the probes with infinitely 
narrow bandwidth. The attenuation for high frequency wideband probes is expected to 
decrease over distance due to the shift of its spectrum toward the low frequency range. 
In CIVA, the reflections echoes from FBH are calculated with and without sample 
attenuation. The differences in echo amplitudes are the attenuation corrections. The 
steel attenuation is 0.014dB/mm for 2MHz and 0.05dB/mm for 4MHz, which follows a 
frequency square law [ 9]. The attenuation correction for UT and PA at 2 and 4MHz are 
shown in Fig. 6. At 2MHz, the attenuation corrections are in close agreement with the 
steel attenuation. At 4MHz, the attenuation correction is smaller than steel attenuation 
and is not linear over the sound path. The larger the probe’s bandwidth, the smaller the 
attenuation at long sound path. A first order polynomial is found to better fit the data for 
UT and PA.  

 

( )dB/mm 0.00006 0.05PA zα = − +      (3) 

( )dB/mm 0.00002 0.05UT zα = − +      (4) 

 
where z represents the two-way sound path. The coefficients of z represent the 
bandwidth effect on attenuation while the constants represent the steel attenuation. 
When sizing range is within 3N, the correction factor from bandwidth is small and only 
accounts about 1dB difference. For sizing at 6N, it accounts for more than 3dB for UT 
and more than 5dB for PA, the bandwidth effect on attenuation can not be neglected.  



 
Fig. 6  Attenuation correction over the sound path for sizing with UT (45% bandwidth) and with PA (87% 
bandwidth).  (a): 2MHz, (b): 4MHz. 

 
 
4. Conslusion  
 
We have demonstrated that the semi-analytical model is able to predict responses with 
improved accuracy from disk type reflectors for both angle beam UT and PA probes. 
This provides a theoretical basis for extending the sizing range of DGS curves closer to 
the probe surface than what is now specified in EN583, whose sizing is based on 
universal DGS curves. However, expanding the useful sizing range should be based on 
extensive filed measurement on different type of reflectors. In this paper, we see that the 
universal DGS curves could underestimate the FBH response in the near field. The 
errors, however, may decrease as the frequency and refractive angle decrease. Probes of 
4MHz with 60deg or 70deg angle give the biggest discrepancy.  

 
The effects of bandwidth of the probe are also considered in the paper. First, the PA 
probe which has 87% bandwidth has a shorter near field length than that of UT probes 
which has 45% bandwidth. This effect is more pronounced at 4MHz than at 2MHz. 
Model also shows that the bandwidth affects the attenuation correction. It is more 
pronounced at higher frequencies and with a wider bandwidth probe. At 2MHz, 
bandwidth of the probe can be neglected. At 4MHz, within 3N the bandwidth effect can 
be neglected with only 1dB error introduced. As sizing range increases beyond 3N, the 
bandwidth of the probe should be taken into account.  
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