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INTRODUCTION

This paper presents some of the data on crack detection and monitoring by DMI and Northrop 
Grumman under a contract between DARPA and Northrop Grumman for the Structural Integrity 
Prognosis System (SIPS).  While several other sensors and vendors are involved in SIPS, this
paper focuses on the direct measurements of strain using the DMI technology.  For crack 
detection a baseline reading is made at one point in time, and then subsequent readings of strain 
are acquired.  Crack initiation, detection and crack monitoring are accomplished by taking strain 
readings periodically over time.  An imbalance in strain readings around a hole containing a 
fastener indicates the presence of cracking, and increasing strain readings can indicate crack 
growth.  Further crack initiation in the barrel of the hole with a fastener is possible prior to the 
appearance of a surface crack.  In either case the theory of the DMI technology is based on the 
same fundamentals of engineering mechanics.  This theory is reviewed and then test results using 
a two-hole coupon are presented.

THEORY OF DMI MEASUREMENT TECHNOLOGY

First consider that uniform surface strain can be represented as shown by the figure below.
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Next consider that non-uniform surface strain can be represented by the figure below.

In this latter case (Figure 2) imbalances in strain indicate an anomaly such as crack initiation 
and/or a crack, and a subsequently increasing imbalance indicates crack growth.  Translating the 
theory as illustrated pictorially and by the equations into a functioning technology is 
accomplished by representing the elements pictured by a gage in Figure 2 as the set of  equations 
shown in the right-hand side of Figure 2..  Figure 3 shows two views of the DMI gage to 
illustrate that strain measurements can be made on the outer and inner boundaries of the gage.  
Further, each gage has a unique number contained in the code between and the inner and outer 
boundaries.  Thus, serialization of DMI gages is possible and they can be numbered from 0 to as 
high as 4 billion.

The DMI gage is applied to the surface and the gage deforms locally as the surface changes in 
response to loading.  These changes are recorded by the reader, and the data are analyzed by the 
DMI software to quantify strain.  Residual strain represents inelastic deformation.  The hardware 
and software integration for the DMI gage is illustrated in Figure 4.  The gage shown in Figure 4 
is 10 mm x 10 mm and is scalable to meet application requirements; the handheld reader can also 
be sized and configured to meet a particular requirement.  The verification of the DMI 
technology to measure strain is based on tests comparing electrical strain gage measurements 
with DMI strain measurements.
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LAB-BASED CRACK DETECTION TESTS

OVERVIEW

DMI has been involved in coupon testing, in support of full scale fatigue tests of two outer wing 
panels, with Northrop Grumman under the DAPRA SIPS contract cited in the introduction.  The 
material for the coupon testing of holes containing fasteners has been the same as the alloy in the 
outer wing panels.  Specifically, the coupon testing has been conducted at Northrop Grumman 
using loads and the cyclic loading spectrum very similar to that used on the outer wing panel to 
provide insight on the full scale fatigue tests.  The coupon testing was stopped periodically and 
strain measurements were made at 40% maximum load to correlate with the procedure 
associated with the outer wing panel.  The coupon tests, while limited in number, provide 
important insight into the outer wing panel data.  Data are not presented on the wing panel tests 
at this time.

As noted earlier the DMI gage can be queried to yield 
strain data at the inner and outer boundaries.  This is 
important when using the DMI gage around a hole with 
or without a fastener.  The theory is based on classical 
mechanics.  For example, Timoshenko & Goodier [1] 
present in the 1951 edition of “Theory of Elasticity” a 
discussion on the classical solution of the effect of 
circular holes on stress distribution in plates.  The 
figure to the right presented in [1] illustrates that “the 
effect of a hole is of a very localized charter.”  The 
authors show from Saint-Venant’s principle that the change in stress distribution “is negligible at 
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distances which are large compared with a, the radius of the hole.”  Thus, the strain near the edge 
of the hole drops quickly as the distance transverse to the applied load increases.  This is an 
important point, suggesting that strain measurements of the effect of the hole should be made as 
close to the edge of the hole as possible.  This is the requirement for the DMI technology to 
measure elastic and plastic strain on opposing sides at the edge of a straight-through non-
chamfered hole without a fastener.  One concludes from theory that a differential in the 
measurements of strain (if any) on each side of a hole parallel to a load suggests crack initiation, 
and as the crack grows (on the interior lateral surface of the hole) the differential strain should 
grow as well.  The DMI gage also permits determination of the strain gradient over the distance 
between the inner and outer boundary of the gage.  This provides considerably more strain data 
to support crack detection.  The DMI technology is a practical technique for in-the-field 
applications as well as research.  In this paper, data are presented for the inner and outer 
boundary of a gage.  However, it is interesting to note that the presence of a fastener in a 
chamfered hole often results in the outer boundary readings of strain being greater than the inner 
boundary readings.  The analytical model for the straight-through hole is different from that for 
the chamfered hole with a fastener.

COUPON TESTS

DMI conducted tests with Northrop Grumman on a 
coupon containing two parallel holes.  The test 
coupon was mounted in the cyclic fatigue apparatus 
with DMI Gage 90 on the left hole and DMI Gage 
91 on the right hole in the coupon (Figure 5).  Each 
hole had a fastener.  The coupon was subjected to 
the cyclic loading spectrum used in the later outer 
wing panel tests.  At periodic intervals the cycling 
was stopped and strain measurements were made on 
the inner and outer boundaries of each gage.  The 
strain on each boundary is given an alphanumeric 
identity as shown in Figure 3.  The picture on the right depicts the coupon without the fasteners 
in place prior to testing.  The test plan developed by Northrop Grumman and DMI was followed.
                
GAGE 91:  Figure 6 shows data collected with the DMI SR-2 technology for DMI Gage 91.  
The data are seen to be around 1500 microstrain at 40% of the load, corresponding to 40% of the 
maximum load on the outer wing panel.  The data were collected with a fastener in the hole.  
Data collection from the coupon was stopped at 52,800 cycles because DMI Gage 90 indicated 
cracks on both sides of the ‘left’ hole (as described under GAGE 90 results below); however, at 
this point, Gage 91 was not indicating any cracks in the ‘right’ hole.  When the fatiguing was 
stopped, the coupon fastener in the ‘right’ hole was removed, and the Hirox microscope was 
used to inspect the hole.  No cracks were observed.  After all testing was completed the coupon 
was statically overloaded and fractured in half along the diameter of the hole; the fracture picture 
for Gage 91, shown in Figure 7, supported the findings from the Hirox microscope and the data 
from Gage 91.  The absence of cracks was expected based on previous experience with test 
coupons, as the data for DMI Gage 91 in Figure 6 show little deviation between the inner and 
outer boundary readings of strain over time.  Thus, there was anticipation as to the indication of 
cracks from data taken with DMI Gage 90.  
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GAGE 90:  The data in Figure 8, taken with a fastener in the hole at DMI Gage 90 show 
considerable deviation in the strain at the inner boundaries of the gage and in the strain at the 
outer boundaries of the gage between 26,400 cycles and 52,800 cycles.  The data at 13,200 
cycles and 26,400 cycles show strain around 1500 microstrain which is close to the values 
measured at Gage 91 up to 52,000 cycles.  The deviations in strain for Gage 90 between 26,400 
and 52,800 cycles indicated that cracks occurred in the lateral surface area of the hole on both the 
left-hand and right-hand sides of the hole under Gage 91.  This interpretation of data was 
supported by Hirox observation and fracture pictures.  After the strain readings were made at 
52,800 cycles, the fastener was removed from the hole under Gage 90 and the Hirox microscope 
was used to observe the internal lateral surface area.  Cracks were seen on both sides of the hole, 
which supported the indications of the DMI measurements made during testing.  The photograph 
of the fractured coupon is displayed in Figure 9, which clearly shows a characteristic fracture on 
each side of the hole.  The crack initiation in the 26,400 to 52,800 range was not expected based 
on experience and analyses.  The data demonstrated that crack growth could be observed when 
the strain level exceeded 1500 microstrain.

This conclusion is based on previous data collected by DMI showing that crack initiation can be 
inferred when the strain readings around a hole are constant and then begin increasing almost 
linearly from the point of crack initiation.  The coupon test provides the strain level beyond 
which one would anticipate cracking to be observed by this sensor for the material of the outer 
wing panel of the same alloy, in this case 1500 microstrain.  



AIAC-13 Thirteenth Australian International Aerospace Congress

Sixth DSTO International Conference on Health & Usage Monitoring

CONCLUSION

One can postulate the following, based on coupon testing:

1. Deviations in strain readings between the left- and right-hand sides of the DMI gage parallel 
to the direction of the load, as a function of time, indicate crack initiation in the barrel of the 
hole on the side with the larger strain reading; e.g. if the strain is larger on the right-hand side 
than the left-hand size of the gage as a function of time, then crack initiation is found to be on 
the right-hand side of the internal lateral surface of the hole. 

2. When cracks form on both sides of the internal lateral surface of a hole with a fastener, the 
strain readings on both the left-hand and right-hand sides of the DMI gage, parallel to the 
load, increase compared to data acquired earlier in the measurement.  

3. The DMI SR-2 technology can detect crack formation on the internal lateral surface of a hole 
with a fastener prior to the crack appearing on the external surface adjacent to the hole.  

Further, to these conclusions one  can also postulate that strain readings on each side, or one 
side, of the hole may exceed a threshold strain reading for detecting an actual crack, and this 
would indicate crack initiation in the plastic zone. 
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INTRODUCTION


This paper presents some of the data on crack detection and monitoring by DMI and Northrop Grumman under a contract between DARPA and Northrop Grumman for the Structural Integrity Prognosis System (SIPS).  While several other sensors and vendors are involved in SIPS, this paper focuses on the direct measurements of strain using the DMI technology.  For crack detection a baseline reading is made at one point in time, and then subsequent readings of strain are acquired.  Crack initiation, detection and crack monitoring are accomplished by taking strain readings periodically over time.  An imbalance in strain readings around a hole containing a fastener indicates the presence of cracking, and increasing strain readings can indicate crack growth.  Further crack initiation in the barrel of the hole with a fastener is possible prior to the appearance of a surface crack.  In either case the theory of the DMI technology is based on the same fundamentals of engineering mechanics.  This theory is reviewed and then test results using a two-hole coupon are presented.


THEORY OF DMI MEASUREMENT TECHNOLOGY


First consider that uniform surface strain can be represented as shown by the figure below.
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Next consider that non-uniform surface strain can be represented by the figure below.
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FIGURE 2. NON-UNIFORM SURFACE STRAIN, WITH STRAINS ALONG EACH SIDE






In this latter case (Figure 2) imbalances in strain indicate an anomaly such as crack initiation and/or a crack, and a subsequently increasing imbalance indicates crack growth.  Translating the theory as illustrated pictorially and by the equations into a functioning technology is accomplished by representing the elements pictured by a gage in Figure 2 as the set of  equations shown in the right-hand side of Figure 2..  Figure 3 shows two views of the DMI gage to illustrate that strain measurements can be made on the outer and inner boundaries of the gage.  Further, each gage has a unique number contained in the code between and the inner and outer boundaries.  Thus, serialization of DMI gages is possible and they can be numbered from 0 to as high as 4 billion.
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The DMI gage is applied to the surface and the gage deforms locally as the surface changes in response to loading.  These changes are recorded by the reader, and the data are analyzed by the DMI software to quantify strain.  Residual strain represents inelastic deformation.  The hardware and software integration for the DMI gage is illustrated in Figure 4.  The gage shown in Figure 4 is 10 mm x 10 mm and is scalable to meet application requirements; the handheld reader can also be sized and configured to meet a particular requirement.  The verification of the DMI technology to measure strain is based on tests comparing electrical strain gage measurements with DMI strain measurements.
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FIGURE 4. DMI TECHNOLGY FOR MEASURING STRAIN






LAB-BASED CRACK DETECTION TESTS


OVERVIEW


DMI has been involved in coupon testing, in support of full scale fatigue tests of two outer wing panels, with Northrop Grumman under the DAPRA SIPS contract cited in the introduction.  The material for the coupon testing of holes containing fasteners has been the same as the alloy in the outer wing panels.  Specifically, the coupon testing has been conducted at Northrop Grumman using loads and the cyclic loading spectrum very similar to that used on the outer wing panel to provide insight on the full scale fatigue tests.  The coupon testing was stopped periodically and strain measurements were made at 40% maximum load to correlate with the procedure associated with the outer wing panel.  The coupon tests, while limited in number, provide important insight into the outer wing panel data.  Data are not presented on the wing panel tests at this time.
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FIGURE 1. UNIFORM SURFACE STRAIN, WITH ORTHOGONAL AND SHEAR STRAINS




As noted earlier the DMI gage can be queried to yield strain data at the inner and outer boundaries.  This is important when using the DMI gage around a hole with or without a fastener.  The theory is based on classical mechanics.  For example, Timoshenko & Goodier [1] present in the 1951 edition of “Theory of Elasticity” a discussion on the classical solution of the effect of circular holes on stress distribution in plates.  The figure to the right presented in [1] illustrates that “the effect of a hole is of a very localized charter.”  The authors show from Saint-Venant’s principle that the change in stress distribution “is negligible at distances which are large compared with a, the radius of the hole.”  Thus, the strain near the edge of the hole drops quickly as the distance transverse to the applied load increases.  This is an important point, suggesting that strain measurements of the effect of the hole should be made as close to the edge of the hole as possible.  This is the requirement for the DMI technology to measure elastic and plastic strain on opposing sides at the edge of a straight-through non-chamfered hole without a fastener.  One concludes from theory that a differential in the measurements of strain (if any) on each side of a hole parallel to a load suggests crack initiation, and as the crack grows (on the interior lateral surface of the hole) the differential strain should grow as well.  The DMI gage also permits determination of the strain gradient over the distance between the inner and outer boundary of the gage.  This provides considerably more strain data to support crack detection.  The DMI technology is a practical technique for in-the-field applications as well as research.  In this paper, data are presented for the inner and outer boundary of a gage.  However, it is interesting to note that the presence of a fastener in a chamfered hole often results in the outer boundary readings of strain being greater than the inner boundary readings.  The analytical model for the straight-through hole is different from that for the chamfered hole with a fastener.
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COUPON TESTS


DMI conducted tests with Northrop Grumman on a coupon containing two parallel holes.  The test coupon was mounted in the cyclic fatigue apparatus with DMI Gage 90 on the left hole and DMI Gage 91 on the right hole in the coupon (Figure 5).  Each hole had a fastener.  The coupon was subjected to the cyclic loading spectrum used in the later outer wing panel tests.  At periodic intervals the cycling was stopped and strain measurements were made on the inner and outer boundaries of each gage.  The strain on each boundary is given an alphanumeric identity as shown in Figure 3.  The picture on the right depicts the coupon without the fasteners in place prior to testing.  The test plan developed by Northrop Grumman and DMI was followed.


GAGE 91:  Figure 6 shows data collected with the DMI SR-2 technology for DMI Gage 91.  The data are seen to be around 1500 microstrain at 40% of the load, corresponding to 40% of the maximum load on the outer wing panel.  The data were collected with a fastener in the hole.  Data collection from the coupon was stopped at 52,800 cycles because DMI Gage 90 indicated cracks on both sides of the ‘left’ hole (as described under GAGE 90 results below); however, at this point, Gage 91 was not indicating any cracks in the ‘right’ hole.  When the fatiguing was stopped, the coupon fastener in the ‘right’ hole was removed, and the Hirox microscope was used to inspect the hole.  No cracks were observed.  After all testing was completed the coupon was statically overloaded and fractured in half along the diameter of the hole; the fracture picture for Gage 91, shown in Figure 7, supported the findings from the Hirox microscope and the data from Gage 91.  The absence of cracks was expected based on previous experience with test coupons, as the data for DMI Gage 91 in Figure 6 show little deviation between the inner and outer boundary readings of strain over time.  Thus, there was anticipation as to the indication of cracks from data taken with DMI Gage 90.  
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GAGE 90:  The data in Figure 8, taken with a fastener in the hole at DMI Gage 90 show considerable deviation in the strain at the inner boundaries of the gage and in the strain at the outer boundaries of the gage between 26,400 cycles and 52,800 cycles.  The data at 13,200 cycles and 26,400 cycles show strain around 1500 microstrain which is close to the values measured at Gage 91 up to 52,000 cycles.  The deviations in strain for Gage 90 between 26,400 and 52,800 cycles indicated that cracks occurred in the lateral surface area of the hole on both the left-hand and right-hand sides of the hole under Gage 91.  This interpretation of data was supported by Hirox observation and fracture pictures.  After the strain readings were made at 52,800 cycles, the fastener was removed from the hole under Gage 90 and the Hirox microscope was used to observe the internal lateral surface area.  Cracks were seen on both sides of the hole, which supported the indications of the DMI measurements made during testing.  The photograph of the fractured coupon is displayed in Figure 9, which clearly shows a characteristic fracture on each side of the hole.  The crack initiation in the 26,400 to 52,800 range was not expected based on experience and analyses.  The data demonstrated that crack growth could be observed when the strain level exceeded 1500 microstrain.


This conclusion is based on previous data collected by DMI showing that crack initiation can be inferred when the strain readings around a hole are constant and then begin increasing almost linearly from the point of crack initiation.  The coupon test provides the strain level beyond which one would anticipate cracking to be observed by this sensor for the material of the outer wing panel of the same alloy, in this case 1500 microstrain.  
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CONCLUSION


One can postulate the following, based on coupon testing:


1.
Deviations in strain readings between the left- and right-hand sides of the DMI gage parallel to the direction of the load, as a function of time, indicate crack initiation in the barrel of the hole on the side with the larger strain reading; e.g. if the strain is larger on the right-hand side than the left-hand size of the gage as a function of time, then crack initiation is found to be on the right-hand side of the internal lateral surface of the hole. 


2.
When cracks form on both sides of the internal lateral surface of a hole with a fastener, the strain readings on both the left-hand and right-hand sides of the DMI gage, parallel to the load, increase compared to data acquired earlier in the measurement.  


3.
The DMI SR-2 technology can detect crack formation on the internal lateral surface of a hole with a fastener prior to the crack appearing on the external surface adjacent to the hole.  


Further, to these conclusions one  can also postulate  that strain readings on each side, or one side, of the hole may exceed a threshold strain reading for detecting an actual crack, and this would indicate crack initiation in the plastic zone. 
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