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TECHNICAL MEMORANDUM

THE EFFECT OF IMPACT DAMAGE NEXT TO HOLES ON THE BEARING 
STRENGTH OF CARBON FIBER LAMINATES

1.  INTRODUCTION

	 This study was undertaken as a follow-on to a previous study that examined the effect of hole 
quality in the bearing strength of carbon fiber laminates.1 After the author of that previous study 
had established that hole quality had little effect on the ultimate bearing strength for carbon fiber 
laminates, the question was raised as to the effects of impact damage next to a hole on the bearing 
strength of that hole. While this is an unlikely scenario, it is still possible that this may occur on 
a launch vehicle structure and thus warranted study. After a literature review, results of a few stud-
ies on the hole-impact interaction with respect to resulting damage for carbon fiber laminates were 
found,2,3 but none that specifically addressed the resulting bearing strength.

	 In reference 2, it was found that the holes and impact could interact to develop matrix splits. 
However, the lay-ups used in this study consisted of clumped plies [04/904]S, which are much more 
prone to matrix splitting than a laminate that would actually be used in practice (such as a lay-up of 
[0/90]4S). This study also focused on the analytical aspects of the problem rather than the experimen-
tal results.

	 Reference 3 also used [04/904]S laminates (clumped plies) and examined the damage mor-
phology, determining that, as the impact damage neared the hole, the damage zone became more  
asymmetrical. The effect this would have on bearing strength was not addressed.

	 The experimental work presented in this study was to develop empirical data relating hole-
impact damage effects on the resulting bearing strength of a commonly used (quasi-isotropic) lay-up 
of carbon fiber laminate. The emphasis was not on the morphology of the resulting damage, as it 
was in references 2 and 3, but rather on the practical aspects of how this damage affected the bearing 
strength and how this compared to the companion study1 on the effect of hole quality on the bearing 
strength of the laminate.
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2.  EXPERIMENTAL

	 All specimens used in this test program consisted of 16-ply quasi-isotropic IM7/8552 carbon/
epoxy laminates with a layup of [+45/90/–45/0]2S. The specimens were machined from a large panel 
manufactured via automatic tape placement at NASA Marshall Space Flight Center. The nominal 
thickness of the laminate was 0.111 in.

2.1  Preparation of Holes

	 In this study, holes of a ‘good’ quality were used with good being defined in reference 1 and 
consisting of small amounts of back face break out with no delaminations through the thickness.

	 The good holes were made with a high quality 6-flute square diamond-coated end mill rotat-
ing at a fast speed and fed very slowly through the laminate. No backing plate was used. This quality 
hole was intended to mimic field drilling conditions where sometimes a backing plate cannot be used 
due to inaccessibility.

	 The visual appearance of the back side (drill bit exit side) of a typical hole is shown in  
figure 1.

Area of View 
in Figure 2

0° Direction

Figure 1.  Photograph of hole quality used in this study (view of drill bit exit side).
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	 A cross-sectional photomicrograph of the hole quality is shown in figure 2. The specimen was 
sectioned through the center of the holes in the 0° direction (as shown in fig. 1). Only one edge of the 
hole is shown, since the other side had a similar appearance.

0.1 inch

Hole Edge

Figure 2.  Cross-Sectional micrograph of the hole quality used in this study.

	 A drop weight instrumented impact tower was used to inflict damage to the specimens. The 
impactor had a diameter of 0.5 in, and the specimens were sandwiched between two steel plates 
with holes to allow the tup to pass through (top plate) and to allow some transverse flexing of the 
laminate (bottom plate), which would produce more damage than if  the laminate rested on a rigid 
surface. A schematic and photograph of the specimen clamping apparatus is shown in figure 3.
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Top Plate

Impactor

Specimen

Top View Bottom View

Bottom Plate Thumb Screw (4)

Figure 3.  Schematic and photographs of impact test set-up.

	 A series of impact tests with increasing impact energies were performed on laminates to assess 
the “Barely Visible Impact Detectability” (BVID) level. Table 1 lists the impacts, and figure 4 shows 
a close-up of the visual results.

Table 1.  List of impacts performed to determine BVID.

Neptune Label Units Value
Gravitational Parameter GM km3/s2 6835099.5
Mean Equatorial Radius Re km 24764.0
Mean Polar Radius Rp km 24341.0
J2 harmonic J2  3411e-6
Period s 57996.0
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Figure 4.  Visual indications of the impacts in table 1.

	 As a conservative measure, hit number 8 (5.6 ft•lb) was used in the remainder of this study.

	 A cross-section through the damage zone of a specimen (without a hole) impacted at 5.6  ft•lb 
is shown in figure 5 to give the reader an indication of the amount of damage formed within the 
laminate due to an impact of that severity. 

Figure 5.  Cross-section of damage used in this study (without hole).
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2.2  Impact Damage With Holes

	 The first set of tests consisted of imparting impact damage and then drilling a hole 0.25 in 
away from the top section of the visible impact dent. The alignment of the hole and impact damage 
was such that a worst case scenario was represented. This would occur if  the impact damage was 
below the loaded hole, since the material below the hole carries all of the bearing load. This is shown 
schematically in figure 6. A photograph of a hole near impact damage is shown in figure 7.

0.25 inch

Visible Dent

Direction 
of Loading

Figure 6.  Schematic of hole/impact damage locations on specimens.

0.25 inch

Figure 7.  Photograph of hole/impact damage locations on specimens.
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	 A cross-section of a specimen with impact damage near the hole is shown in figure 8 and, as 
expected, looks like figure 5 only with material removed due to the hole.

Hole Edge That 
Bolt Will Load

Direction 
of Loading Area of View Shown Below

Figure 8.  Cross-section of damage (with hole).

	 As can be seen, there is significant delamination at the hole edge due to the impact damage 
which looks somewhat like the ‘bad’ quality drilled holes in reference 1, though not quite as severely 
damaged.

2.3  Bearing Tests

	 The bearing test used was patterned after ASTM D5961 Procedure A, double shear in ten-
sion.4 The holes in the specimen measured 0.245 +0.001/–0.000, and the bolt diameter measured 
0.245 +0.000/–0.001, giving a light interference fit. The bolts were torqued at 25 in•lb as suggested by 
reference 4. A photograph of a specimen undergoing a bearing test and a typical load-displacement 
plot are shown in figure 9. It should be noted that the displacement values presented in this study 
are crosshead displacement and do not represent the true elongation of the hole. The displacement 
values presented are not used in this study in any calculations, thus a more precise measurement of 
hole elongation was not attempted. This study focused on two areas of the load-displacement curve: 
1) the initial load drop (denoted as Pi), which may be of interest to applications in which small dis-
placements of the bolted part may be critical, and 2) the ultimate load (denoted as Pu), which is of 
interest if  the goal of the bolted joint is to simply have the part not fall off  the vehicle. In this study, 
the ‘initial load drop’ was defined to be at least 1% of the load at which the drop began.
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Figure 9.  Photograph of (a) bearing test used in this study with (b) typical load-displacement curve

	 The two values used for bearing strength are shown on the load-displacement plot in figure  9. 
Both of these values will be reported throughout this manuscript for completeness.
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3.  RESULTS

3.1  Bearing Strength of Control Samples

	 As a control, 12 specimens with a hole were tested without impact damage. The results gave an 
average initial load drop (Pi) as 3552 ± 415 psi and ultimate bearing strength (Pu) as 4580 ± 489 psi. 
For holes similar in quality to those in reference 1, the values of bearing strength were similar with 
Pi being measured as 3513 ± 365 psi and Pu being measured as 4810 ± 181 psi.

3.2  Bearing Strength of Specimens With Impact Damage Imparted Near the Hole

	 Fourteen specimens with impact damage imparted near the hole, as outlined in section 2.3, 
were tested for bearing strength. The results gave an average initial load drop (Pi) as 3282 ± 235 psi 
and ultimate strength (Pu) as 4730 ± 183 psi. These values are similar to the “bad” quality holes 
tested in reference 1, which is not surprising given the amount of damage seen in figure 8, which, as 
mentioned, looked similar to the damage at the hole edge of the cross-sections of the ‘bad’ holes (see 
fig. 5 in reference 1).

3.3  Bearing Strength of Specimens With Hole Drilled Near Impact Damage

	 As a check to see if  there was any difference in bearing strength due to the hole being drilled 
after an impact versus the hole being drilled before the impact event, 12 specimens had impact dam-
age imparted to them and then a hole drilled near the impact damage such that the distance between 
the impact and hole was the same as in figure 6. The results gave an average initial load drop (Pi) 
as 3366 ± 252 psi and ultimate bearing strength (Pu) as 4954 ± 151 psi, which is similar to the values 
found for the specimens that had the hole drilled after the impact damage.
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4.  CONCLUSIONS

	 From the data obtained in this study, it is evident that impact damage near a hole will decrease 
the initial load drop of bearing strength but have no effect on the ultimate bearing strength. These 
results are similar to those of ‘poorly’ drilled holes in which the load at initial drop was slightly 
decreased due to poor hole quality, but the ultimate bearing strength was unaffected. The results are 
summarized graphically in figure 10.
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Figure 10.  Bar graph summary of results from this study and those from reference 1.
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