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INTRODUCTION   
 

eferences included in previous paper [1] describe in sufficient detail the relevance and importance of experimental 
studies related to the assessment of the impact damage on the residual strength of composite structures, which are 
made from carbon fibre reinforced polymers (CFRP). In the same place, a new approach to the selection of a design R 
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parameter, which can be used for a direct relationship between the impact energy and the damage degree of the composite 
material, is proposed and implemented.  
To date, a wide range of non-destructive methods have been used to characterize the external shape and internal structure 
of defects in composite materials [2–3]. Over the past six years, a number of papers have appeared, in which various 
parameters connected with impact damages of composite materials are determined based on advanced experimental 
methods. These techniques are: ultrasound, computed tomography, infrared thermography, high-speed optical imaging, and 
shearography [4-10]. The data obtained is then used to assess the residual strength of various composite structures [11-19]. 
The common feature of all above-mentioned techniques resides in the fact that measurement output consists of undirect 
parameters, such as a number of transverse matrix cracks, degree of delamination through the thickness of impacted 
specimens, as well as a level of fiber breakages. This fact means that non-destructive methods are not capable to provide 
quantitative parameters, which can be reliably used as design criteria for impact resistance of composite materials of any 
stacking sequence. Obtained data cannot be used for reliable prediction of residual strength. Experimental information, 
required for this procedure, is not available. 
Previously obtained data clearly evidence that residual stresses inherent in contact interaction area can be reliably used as 
design criteria for impact resistance of composite materials [1]. These criteria are essential to establish a correlation between 
the results of residual strength tests of damaged structures and the quantitative characteristics of the residual stress field 
caused by an impact influence. Quantitative data related to residual stress values and distributions over contact interaction 
zone might be used, firstly, as reliable indicator of damage level and area. Secondary, such information is the link essential 
for numerical simulation of damaged composite structures and further prediction of both static strength and durability. To 
confirm the reality of the above statements, it is necessary to increase the amount of data related to the effect of contact 
interaction parameters on the residual stress values in the damaged area. 
The paper presents new data that quantify the effect of the thickness of samples with longitudinally-transversely stacked 
layers and the impact energy on the residual stresses in the contact interaction zone. Contact dimples arise after both slaw 
indentation of steel ball of 16 mm diameter and dynamic impact by steel impactor with hemispherical tip of 20 mm and 25 
mm diameter. The experimental approach is based on drilling probe holes and subsequent measurements of the local 
deformation response using the electronic speckle-pattern interferometry (ESPI) method [21-22]. The problem of the first 
priority consists of obtaining high-quality interference fringe patterns generated by residual stress energy release due to local 
material removal, which are capable of providing reliable acquisition of initial experimental data. This problem has been 
successfully overcome for the studied samples. On this base the values of residual stresses that occur with the same 
parameters of static indentation of a steel sphere of the same diameter into samples with the same layer arrangement, but 
of different thicknesses, are compared. The values of residual stresses corresponding to the same impact energy but different 
diameters of the hemisphere of the impact instrument are also analyzed. All residual stress values inherent in damaged area 
of composite coupons are obtained for the first time. 
This paper is only the second publication devoted to the quantitative determination of residual stresses that occur in the 
area of impact damage to composite structures. The global trend over the past 20 years has been aimed at the technical 
improvement of non-destructive testing methods for characterization of contact damage of composite materials. This 
process has brought certain achievements. In particular, the effectiveness of methods based on computed/infrared 
tomography has significantly increased, which made it possible to visualize impact damage throughout the thickness of 
composite coupons. Despite this, reliable quantitative criteria have not yet been obtained that make it possible to link residual 
strength with impact energy for composite structures of different thicknesses with different stacking sequences. There is 
every reason to believe that the results of determining the values and distributions of the residual stresses components in 
samples of different thicknesses and different impact energies obtained in this work using a destructive approach have 
significant potential to create the necessary criteria. 
 
 
OBJECTS OF INVESTIGATIONS 
 

he powerfulness of the developed approach by using CRFP coupons of cross-ply stacking sequence  60 / 90 /
S

 

and dimensions of 180×30×4.8 mm has been firstly demonstrated in work [1]. Present paper concerns enlarging 
data collection by obtaining residual stress values for more thick specimens of the same stacking sequence and plane 

dimensions. The elements of this collection include, firstly, the magnitudes and distributions of the principal residual stress 
components, which are obtained, as in a thin sample, by static indentation of a steel sphere with a diameter of 16 mm with 
a force of 3.0 kN. Secondly, data were obtained on the values and distributions of the principal residual stress components 
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in the vicinity of the contact dimple, which is caused by an impact damage with an energy of 55 J and an indenter with an 
outer hemisphere diameter of 20 mm. The previous results for a 20 mm impactor were obtained at an impact energy of 40 
J for a 4.8 mm thick coupon [1]. Thirdly, the values and distributions of residual stresses corresponding to the impact 
damage of a sample of 6.4 mm thick by an impactor with a hemisphere diameter of 25 mm and an impact energy of 55 J 
are obtained.  
To obtain the above-declared results, three specimens of dimensions 180×30×6.4 mm having cross-ply stacking sequence 
 60 / 90 /

S
 , which are manufactured from carbon fibre reinforced polymer (CFRP), serve as the objects of investigations. 

All coupons are cut from a single initial blank with dimensions in plane of 320 x 320 mm using a milling process. Generalized 
elastic properties of orthotropic composite plates are: Longitudinal modulus 1E  = 73.1 GPa; Transverse modulus. 2E  = 

73.1 GPa; Shear modulus 12G  = 5.3 GPa; Poisson’s ratio 12 21    0.25. These characteristics follow from the results of 
impact-induced vibration mode analysis as it is described in work [21]. 
 All samples contain a pair of contact dimples, each of which is located at 65 mm distance from end face of all specimens 
as it is shown in Fig. 1. The slow indentation of a hardened steel ball with a diameter of 16 mm serves to realize the static 
case (CP_S coupon). Two other coupons are undergone to impact influence through the use of a Instron/Dynatup 9250HV 
drop weight impact testing machine. Impact damages were inflicted according to the standard ASTM methodology (ASTM 
D7137–17 Standard) with an impactor mass of 15 kg and a hemispherical tip 20 mm (CP_D-20 coupon) and 25 mm (CP_D-
25 coupon) in diameter. The test specimens were rigidly clamped in a horizontal position on a massive steel plate located at 
the bottom of the vertical tower of impact drop tower. The designations of the samples, the magnitude of the external static 
pressure and the values of the impact energy are listed in Tab. 1. 
 

Sample External load P, kN Energy of impact E, J 
Diameter of contact dimple 

2 0R , mm 
CP_S  3.0  6.0 

CP_D-20  55 6.4 
CP_D-25  55 8.2 

Table 1: Designation of samples, static pressure load and conditions of contact interaction. 
 

 
Figure 1: Location of two contact dimples on the coupon’s face. 
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Mutual location of contact dimple borders and probe hole contours is shown in Fig. 2, 3 and 4. Fig. 2b depicts local 
coordinate system used (y –axis coincides with the vertical symmetry axis of each individual probe hole). Through holes, 
essential for residual stress deriving, are of 2.0 mm diameter. Hole number increase corresponds to the drilling order. The 
impact of 20 mm hemispherical tip (CP_D-20 coupon) leads to revealing the image of the dimple contour due to visible 
surface layers damages as it is shown in Fig. 3a. 
 

 
 

 

 
 

 
(a) Real image (b) Scheme 

Figure 2: Mutual location of contact dimple border and probe hole edges in CP_S coupon. 
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(a) Real image (b) Scheme 
Figure 3: Mutual location of contact dimple border and probe hole edges in CP_D-20 coupon. 
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(a) Real image (b) Scheme 

Figure 4: Mutual location of contact dimple border and probe hole edges in CP_D-25 coupon. 
 
INITIAL EXPERIMENTAL INFORMATION 
 
Statically induced dimple 

nitial experimental information has a form of interference fringe patterns (so-called interferograms or interference 
images), a source of which is the release of intrinsic energy from residual stresses due to through hole drilling. Obtained 
interference images reflect distributions of in-plane displacement component u (along horizontal direction) and v (along I 
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vertical direction) for each individual hole. Detailed description of the experimental procedure is presented in works [20–
21]. Interference fringe patterns obtained as a result of probe hole drilling at point 1 of CP-S coupon are shown in Fig. 5. 
The hole looks slightly blurred due to damage to the surface layers of the material. Nevertheless, this circumstance does not 
prevent good resolution of interference fringes in the immediate vicinity of its contour. 
 

    
                                      (a) Component u,  uN = –17.5                                              (b) Component v, vN = –22.0 

Figure 5: Specimen CP_S. Interferograms referred to point 1. 
 
Interference fringe patterns, visualized at various points in the vicinity of the contact dimple after drilling a through hole, 
are shown in Fig. 6.  
 

                   
                                      (a) Component u, uN = –13.5                                              (b) Component v, vN = +7.5 
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                                      (c) Component u, uN = +27.0                                              (d) Component v, vN = –20.5 
 

    
(e) Component u, uN = –23.0                                      (f) Component v, vN = +15.0 

Figure 6: Specimen CP_S. Interferograms referred to point 2 (a), (b); point 4 (c), (d) and point 5 (e), (f). 
 
Interferograms marked by letters (a) and (b), which are obtained for point located relatively far from the dimple edge, 
demonstrate high quality, which provides reliable resolution of fringes over the hole edge. Interference images, obtained for 
points 4 (Fig. 6(c, d)) and 5 (Fig. 6(e, f)), reveal quite high quality, which provides reliable resolution of high-density fringes 
over the hole edge. Centers of probe holes drilled at point 4 and point 5 are located very close to contact dimple border. 
This is a reason of high-density fringe arising in both horizontal and vertical direction. Maximal value of absolute fringe 

order difference, which is counted in horizontal direction for point 4, equals to uN = +27.0 fringes. This value, related to 
the hole of 2.0 mm diameter, is close to the resolution limit of ESPI technique.  
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Impact dimple induced by hemispherical tip of 20 mm diameter 
The size of the hemispherical impactor and the impact energy were chosen so as to obtain a contact dimple with a diameter 
that is close in magnitude to that of a static indentation of a steel ball with diameter of 16 mm. Interference images visualized 
after probe hole drilling at point 1 of CP_D-20 coupon are presented in Fig. 7. The quality of the fringes leaves much to be 
desired, due to the significant degree of damage to the surface layers of the material. Thus, values of absolute fringe order 
differences can be only approximately counted as it is illustrated in Fig. 7. Note, however, that these differences have a 
negative physical sign as it takes place in statically induced case (see Fig. 5). 
 

    
         (a) Component u, uN   –9.0                                  (b) Component v, vN   –14.0 

Figure 7: Specimen CP_D-20. Interferograms referred to point 1. 
 
Interference images, obtained at various points in the vicinity of the contact dimple after drilling a through hole, are shown 
in Fig. 8  

    
                                                  (a) Component u, uN = –9.0                                  (b) Component v, vN = +9.5 
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                  (c) Component u, uN = –10.0                                  (d) Component v, vN = +8.5 

 

    
                    (e) Component u, uN = +20.0                        (f) Component v, vN = –12.5 

Figure 8: Specimen CP_D-20. Interferograms referred to point 2 (a), (b); point 8 (c), (d) and point 5 (e), (f). 
 
Involved points are located both close to the contour of the dimple and some distance from its boundary. Figs. 8(a, b) and 
8(c, d) include interference fringe patterns inherent in point 2 and point 8, respectively, which are located out of contact 
dimple area. This fact considerably increases the fringe quality comparing with images presented in Fig. 7. The quality of 
the fringes visualized at point 5 (Fig 8(e, f)) is quite satisfactory for quantitative processing, despite the fact that the probe 
hole partially overlaps the damaged contour of the contact dimple.  
 



 
 
 

V. Pisarev et alii, Fracture and Structural Integrity, 73 (2025) 108-130; DOI: 10.3221/IGF-ESIS.73.08 
 

118 
 

 
Impact dimple induced by hemispherical tip of 25 mm diameter 
There are two ways to reduce the degree of destruction of the surface layers of the composite material and, thereby, ensure 
reliable obtaining of the values of the principal residual stress components in the center of the contact dimple. The first one 
is to reduce the energy impact. The second way is to increase the impact surface area at the same energy. In this work, the 
second approach was chosen, namely, a tool with a hemispherical tip of 12.5 mm radius was used. The images shown in 
Fig. 4a confirm the correctness of this choice. Interference images visualized after drilling of probe hole at point 1 of CP_D-
25 coupon are presented in Fig. 9. Fringe patterns shown in this figure, as opposed to images in Fig. 7, demonstrate a fairly 
high fringe quality and are quite suitable for a quantitative interpretation in terms of absolute fringe order differences. 
 
 
 

    
                             (a) Component u, uN = –5.0                                                    (b) Component v,  uN = –19.5 

Figure 9: Specimen CP_D-25. Interferograms referred to point 1. 
 

 

Interference fringe patterns, a source of which is deformation response to through hole drilling at the vicinity of contact 
dimple at point 5 and point 6 caused by impact influence on CP_D-25 coupon, are shown in Fig. 10. These interferograms 
reveal quite high quality, which provides reliable resolution of high-density fringes over the hole edge. Centers of probe 
holes drilled at point 5 and point 6 are located very close to contact dimple border. This is a reason of high-density fringes 
arising in both horizontal (point 6) and vertical (point 5) direction. Maximal value of absolute fringe order difference, which 

is counted in horizontal direction for point 6, equals to uN = +27.0 fringes. Note again that this value, related to the hole 
of 2.0 mm diameter, is close to the resolution limit of ESPI technique.  
Interference fringe patterns, a source of which is deformation response to through hole drilling at the vicinity of contact 
dimple at point 4 and point 7 caused by impact influence on CP_D-25 coupon, are shown in Fig. 11. The fact that probe 
holes are located out of contact dimple area provides very good fringe quality. 
 

 



 
 
 

V. Pisarev et alii, Fracture and Structural Integrity, 73 (2025) 108-130; DOI: 10.3221/IGF-ESIS.73.08 
 

119 
 

    
(a) Component u, uN = –11.0                                         (b) Component v, vN = +19.5 

 
 

    
         (c) Component u, uN = +27.0                                                  (d) Component v, vN = –9.0 

Figure 10:  Specimen CP_D-25. Interferograms referred to point 5 (a), (b) and point 6 (c), (d). 
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(a) Component u, uN = +20.0                                           (b) Component v, vN = –11.0 

 
 

    
(c) Component u, uN = –5.0                                         (d) Component v, vN = +10.0 

Figure 11:  Specimen CP_D-25. Interferograms referred to point 4 (a), (b) and point 7 (c), (d). 
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Experimental characterization of residual stresses in composite material, which is based on local material removal and 
subsequent measurements of deformation response by ESPI, always includes technical issue to be addressed. The point is 
that for carrying out optical interference experiments the initial (black) surface of the coupons must be coated with a thin 
layer of mat white enamel. Naturally, this fact exerts negative influence on a quality of interference fringe patterns caused 
by local material removal even though these interferograms are related to undamaged surface area. External surfaces of all 
coupons are coated by minimally thick paint layer through which the initial cross-ply structure appears. However, most of 
obtained interference fringe patterns demonstrate a fairly high quality and quite suitable for a quantitative interpretation in 
terms of fringe order differences. This fact is of great importance from the viewpoint of clarifying the boundaries of the 
field of application of the developed experimental method. The matter is that previously high-quality interference fringe 
patterns were obtained for an impact energy of 40 J [1]. The possibility of obtaining interferograms of the same qualitative 
level for an impact energy of 55 J (27% increase) was completely unobvious until the presented studies have been performed. 
Visual analysis of interferograms presented in Fig. 5–6 and interference images shown in Fig. 7–11 clearly evidences that 
two sets of high-quality interferograms, which offer a reliable resolution of interference fringes to quantify hole diameter 
increments along principal anisotropy directions, have been acquired for both static and dynamic case. This fact, along with 
the results obtained earlier in work [1], indicates the high reliability and prospects of the developed experimental approach 
to determining residual stresses in the contact damage zone of composite plates. 
 
 
DETERMINATION OF PRINCIPAL RESIDUAL STRESS COMPONENTS 
 

he interference fringe patterns shown in Fig. 5–11 have a pronounced symmetrical character with respect to both 
axes of the local coordinate system (x, y), the origin of which coincides with the centre of each probing hole. 
Moreover, these axes coincide with the principal axes of anisotropy of the composite material. This fact means that 

the principal components of the residual stresses 1σ  and 2σ , whose directions coincide with the principal anisotropy axes 

1E  and 2E , respectively, can be determined according to the approach described in [1, 20-21]. The values of residual stress 
components, referred to the middle plane of thin orthotropic plate, can be obtained as:  
 

212
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,                                  (1) 

 
where 1σ  is directed along the first principal anisotropy axes that coincides with the direction of the greater elasticity 

modulus 1E ; 2σ  is directed along the second principal anisotropy axes that coincides with the direction of the lesser elasticity 

modulus 2E ; 0r  denotes through hole radius; 1

2

E
k

E
 ,  2 1n k  ; u  and v  are the increments of real hole of 2

0r  diameter caused by residual stress release in principal anisotropy directions 1E  and 2E ,  respectively.  
All coupons are made from layered fiber-reinforced material with cross-ply stacking sequence. The thickness of each coupon 
is equal to t = 6.40 mm. Generalized mechanical characteristics of orthotropic composite plates are: Longitudinal modulus 

1E  = 73.1 GPa; Transverse modulus. 2E  = 73.1 GPa; Shear modulus 12G  = 5.3 GPa; Poisson’s ratio 12 21    0.25; k 
= 1; n = 2. Impact-induced vibration mode analysis is implemented for a determination of generalized mechanical properties 
of orthotropic material. Details of the technique involved are presented in work [21]. 
Values of hole diameter increment Δu  and Δv  in principal stress directions, which are essential for residual stress 
determination, follow from the relations inherent in speckle-pattern interferometry method [22]: 
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where  = 532 nm is the wavelength of laser illumination; Ψ / 4  is the angle between inclined illumination and normal 

observation directions; uN  and vN  represent differences in absolute fringe orders counted over the solitary fringe 
pattern between two basic points corresponding to the directions of principal stresses 1σ  and 2σ , respectively. Two basic 
points corresponding to each fringe pattern are defined as the intersection points of the hole diameter coinciding with a 
specific principal stress direction and the edge of the probe hole. The horizontal and vertical diameters are related to the 

uN  ( 1σ -direction) and vN  ( 2σ -direction) absolute fringe order difference, respectively. Illustrations of fringe count 

way to determine uN  and vN  parameters as well as identification procedure of physical sign of in-plane displacement 
components are thoroughly presented in works [20, 23]. 
Initial experimental data extracted from the fringe patterns and the calculated values of the principal residual stress 
components, which are obtained using formulae (1) and relations (2), are listed in Tab. 2, Tab. 3 and Tab.4 for specimen 
CP_S, CP_D-20 and CP_D-25, respectively. 
 

Point/ 
Dimple 

Distance from dimple center 
to probe hole center x/y, mm 

uN , 
fringes 

vN , 
fringes 

Δu , μm Δv , μm 1σ , MPa 2σ , MPa 

1/A 1x = 0, 1y = 0 –17.5 –22.0 –6.65 –8.36 –208.2 –230.9 

2/A 2x = 7.0, 2y = 0 –13.5 +7.5 –5.13 +2.85 –86.4 +18.5 

3/A 3x = 0, 3y = 7.0 +10.0 –13.0 +3.80 –4.94 +41.4 –70.3 

4/B 4x = 0, 4y = 3.7 +27.0 –20.5 +10.26 –7.79 +146.8 –77.9 

5/B 5x = 3.9, 5y = 0 –23.0 +15.0 –7.03 +3.04 –140.4 +51.6 

6/B 6x = 6.8, 6y = 0 –18.5 +8.0 –2.85 +2.85 –125.3 +5.9 

7/B 7x = 0, 7y = 10.3 +10.0 –12.0 +3.80 –4.56 +44.4 –65.6 

8/B 8x = 0, 8y = 15.8 +10.0 –4.0 +3.80 –1.52 +68.7 –2.0 
 

Table 2: The results of fringe patterns interpretation and values of principal residual stress components near contact dimple in CP_S 
coupon. 

 
Point/ 
Dimple 

Distance from dimple center to 
probe hole center x/y, mm 

uN , 
fringes 

vN , 
fringes 

Δu , μm Δv , μm 1σ , MPa 2σ , MPa 

1 1x  = 1y = 0 –9.0 –14.0 –3.42 –5.32 –115.5 –140.6 

6 6x  =4.2, 6y = 0 –8.0 +12.5 –3.04 +4.75 –26.8 +76.8 

2 2x  =7.2, 2y = 0 –9.0 +9.5 –3.42 +3.61 –43.9 +49.5 

8 8x  =9.6, 8y = 0 –10.0 +8.5 –3.80 +3.23 –55.1 +38.4 

5 5x  =0, 5y = 3.8 +20.0 –12.5 +7.60 –4.75 +123.8 –40.5 

7 7x  =0, 7y = 6.8 +13.5 –12.5 +5.13 –4.75 +71.3 –60.1 

3 3x  =0, 3y = 7.2 +17.0 –9.5 +6.46 –3.61 +108.6 –25.2 

4 4x  =0, 4y = 11.1 +12.5 –10.5 +4.75 –3.99 +69.2 –47.2 

9 9x  =0, 9y = 10.0 +14.0 –6.0 +5.32 –2.26 +92.9 –6.8 

(3+7)/2 
( 3 7)/2x  = 0, 

( 3 7)/2y  = 7.0 
    +90.0 –42.7 

(4+9)/2 
( 4 9)/2x  = 0, 

( 4 9)/2y  = 10.5 
    +81.1 –27.0 

 

Table 3: The results of fringe patterns interpretation and values of principal residual stress components near contact dimple in CP_D-
20 coupon. 
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Point/ 
Dimple 

Distance from dimple center 
to probe hole center x/y, mm 

uN , 
fringes 

vN , 
fringes 

Δu , μm Δv , μm 1σ , MPa 2σ , MPa 

1 1x  = 1y = 0 –5.0 –19.5 –1.90 –7.41 –99.6 –173.0 

5 5x  = 4.2, 5y = 0 –11.0 +19.5 –4.18 +7.41 –30.0 +124.3 

7 7x  = 6.1, 7y = 0 –5.0 +10.5 –1.90 +3.80 –10.1 +65.7 

2 2x  = 8.0, 2y = 0 0.0 +5.5 0.0 +2.08 +16.6 +44.3 

6 6x  = 0, 6y = 5.2 +27.0 –9.9 +10.26 –3.42 +191.0 +9.1 

8 8x  = 0, 8y = 6.8 +27.0 –12.0 +10.26 –4.56 +181.9 –15.2 

4 4x  = 0, 4y = 7.2 +20.0 –11.0 +7.60 –4.18 +128.4 –28.3 

3 3x  = 0, 3y = 9.8 +13.5 –7.5 +5.13 –4.18 +86.4 –19.7 
 

Table 4: The results of fringe patterns interpretation and values of principal residual stress components near contact dimple in CP_D-
25 coupon. 

 
Data collections, presented in Tab. 2, Tab. 3 and Tab. 4, provide a possibility of constructing distributions of principal 
residual stress components over horizontal and vertical cross-section referred to the dimple center. To do this experimental 
information, obtained for two dimples in each coupon, has to be involved thus minimizing a degree of interaction between 
neighboring probe holes and its influence on the final result. Properly arranged data, extracted from Tab. 2, Tab. 3 and Tab. 
4, allow us to construct dependencies of the values of principal residual stress components from the dimple center distance 
in two orthogonal directions, which are presented in Figs. 12–14. 
 
 

  
(a) (b) 

 

Figure 12: The principal residual stress components 1σ  and 2σ  along horizontal symmetry axis y = 0 (a) and vertical symmetry axis x 
= 0 (b) of CP_S specimen as functions of distance from the dimple center. 
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(a) (b) 

Figure 13: The principal residual stress components 1σ  and 2σ  along horizontal symmetry axis y = 0 (a) and vertical symmetry axis x 
= 0 (b) of CP_D-20 specimen as functions of distance from the dimple center. 
 

  
(a) (b) 

 

Figure 14: The principal residual stress components 1σ  and 2σ  along horizontal symmetry axis y = 0 (a) and vertical symmetry axis x 
= 0 (b) of CP_D-25 specimen as functions of distance from the dimple center. 
 
 
ANALYSIS OF THE RESULTS 
 

onsideration of the results obtained should begin by answering the question for what purpose the case of static 
indentation is being investigated. Indeed, the effect of this kind of contact interaction on the residual strength of 
damaged composite structures is practically not analyzed. However, the chosen two-step procedure is necessary 

from a methodological point of view. The point is that the possibility of obtaining interference fringe patterns, the quality 
of which is high enough for reliable quantitative processing, when drilling a hole in the contact interaction zone located in 
the surface of a composite plate painted with a thin layer of white matte enamel, was completely unobvious. For this reason, 
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starting experiments in case of impact damage would be a very risky step. That is why reliable visualization of high-quality 
interferograms in static contact interaction zone is the essential link in the course of undertaken investigations. 
It should be firstly noted that coupons, considered in present paper, already contain technological residual stresses [21]. The 
values of these stresses, obtained by averaging the results of 10 measurement points, equal to 1σ = +13.9 MPa; 2σ
= + 48.6 MPa. The consequence of initial internal stresses availability is that the character of residual stress distributions 
along the dimple contour in relation to its center does not have perfect radial symmetrical configuration.  
The tangential with respect to the dimple contour residual stress component is tensile stress both for static indentation 
(CP_S, point 4 – 2σ = +146.8 MPa; point 5 – 2σ = +51.6 MPa), and impact influence (CP_D-20, point 5 – 2σ = 

+123.8 MPa; point 6 – 1σ = +76.8 MPa; CP_D-25, point 6 – 1σ = +191.0 MPa; point 8 – 1σ = +181.9 MPa; point 5 – 2σ
= +124.3 MPa). Radial components along the dimple edge are compressive stresses for static indentation (CP_S, point 5 – 

1σ = –140.4 MPa; point 4 – 2σ = –77.9 MPa) and dynamic influence in CP_D-25 coupon (point 6 – 1σ = –26.8 MPa; point 

5 – 2σ = –40.5 MPa). More complex situation takes place for impact damage in CP_D-25 coupon, namely, 1σ = –30.0 MPa 

at point 5 and 2σ = +9.1 MPa at point 6. The last value is explained by superposition of radial compressive stress component 

arising due to impact and tensile residual stress component 2σ = + 48.6 MPa initially existing in the specimen material. 
In the following considerations, it is assumed that the tests of damaged samples will be carried out under uniaxial either 
tension or compression, and the direction of the applied load coincides with the vertical symmetry axis. Firstly, it is necessary 
to pay attention to the level of 2σ  tensile residual stress component at the point of intersection of the contact dimple 

contour and horizontal cross-section in CP_D-25 coupon. This value is equal to 2σ = +123.8 MPa. The fact is that the 

static strength of the coupons without damage during tensile tests is characterized by ultimate stress σB = 750↔800 MPa. 

Thus, the value 2σ = +123.8 MPa equals to 15.5% of the limit value. This circumstance should be took into account, 
especially for fatigue tests.  
The second factor, which undoubtedly negatively affects the residual strength, both in tension and compression, is the 
transition of the component 2σ  sign from "minus" to "plus", which occurs within the contact dimple, as shown in Fig. 12, 
13 and 14. It is important to note that such a transition is accompanied by the presence of a significant stress gradient, and 
all the parameters of 2σ  component distribution can be described quantitatively. 
Residual stress components referred to the dimple center are of special interest. The point is that these parameters in                
y-direction are compressive stress components of considerable value, namely, 2σ = –230.9 MPa and 2σ = –173.0 MPa for 
CP_S and CP_D-25 coupon, respectively. This is an evident explanation of the loss of bearing capacity of dynamically 
damaged plates during compression tests. A comparison of the residual stress component  2σ -values obtained for static 
and two impact dimples is shown in Fig. 15. 
 

   
Figure 15: Distributions of principal residual stress component 2σ  for coupons with static and two dynamic contact dimples along 
vertical symmetry axis x = 0. 
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The graphs shown in Fig. 15 clearly illustrate the mechanism by which contact damage affects the residual strength of the 
plates during the most common compression tests. It should be noted that the form of dependencies matches well. The 
maximum absolute values of the compressive component were obtained for static indentation. However, the nature of the 
component distributions indicates that with an increase in the impact energy, the same level of residual stresses can be 
achieved. The question remains to be answered: what is the maximum value of this energy for a specific stalking sequence 
of the composite material and the thickness of the coupon? The results show that for a hemispherical impactor with a 
diameter of 20 mm and the impact energy of 55 J, the destruction of the surface fibers of the material makes it difficult to 
reliably assess the residual stresses in the center of the dimple. However, this procedure can be reliably implemented on the 
contour of the dimple. When using a hemispherical impactor with a diameter of 25 mm and the impact energy of 55 J, 
reliable results were obtained both inside and outside the contact dimple. This means that the impact energy can be further 
increased.  
Evaluation of the influence of coupon’s thickness as well as an indentation type and parameters on the results of residual 
stress determination in the vicinity of contact dimple can initially be based on comparative analysis of present data and 
residual stress distributions obtained in paper [1]. Information, related to static indentation of steel ball of 16 mm diameter 
in composite plates of different thickness by force P  = 3 kN, is presented in Tab. 5.  
 

Coupon/ Point 
Contact dimple 
diameter. mm 

Distance from dimple center 
to probe hole center x/y, 
mm 

1σ , MPa 2σ , MPa 

CP_S /1 6.0 1x = 0, 1y = 0 –208.2 –230.9  

S_3/P1  [1] 6.1 1x =0, 1y =0  –336.6  –336.6 

CP_S /4 6.0 4x = 0, 4y = 3.7   +146.8 –77.9 

S_2 /P1  [1] 6.0 1x =0, 1y =3.63   +135.1 –88.3 

CP_S /5 6.0 5x = 3.9, 5y = 0   –140.4 +51.6 

S_1/P1  [1] 5.9 1x =4.05, 1y =0 –162.0 +106.0 
 

Table 5: The values of principal residual stress components near statically induced contact dimple in coupons of different thickness. 
 
In work [1], three identical coupons S1, S2, and S3 with a thickness of 4.8 mm were used to determine residual stresses. The 
thickness of the CP_S sample studied in this work is 6.4 mm. The coordinates of the centers of the probe holes for coupons 
of both types in the coordinate system, the center of which is located in the center of the contact dimple, are given in Tab. 
5. The diameters of the contact dimples are also indicated here. The data from Tab. 5 show that the coordinates of the 
corresponding holes match well, as do the diameters of the contact dimples that occur with the same indentation force. All 
these facts mean that ideal conditions exist for assessing the effect of specimen thickness on residual stresses. An increase 
in thickness leads to a significant decrease in both compressive components of the residual stresses. The principal 
components of the residual stresses, which relate to the horizontal axis y  = 0, practically coincide. The principal 

components of the residual stresses, both compressive 1  and tensile 2 , which are obtained on the vertical axis x  = 0, 
decrease by 14 and 51 percent, respectively, with increasing sample thickness.  
Information, related to the dynamic indentation of the impactor with hemispherical tip of 20 mm diameter in composite 
plates of different thickness, is presented in Tab. 6.  
 

Coupon/ Point 
Contact dimple diameter. 

mm 

Distance from dimple 
center to probe hole center 

x/y, mm 
1σ , MPa 2σ , MPa 

CP_D-20 /6 6.4 6x  =4.2, 6y = 0 –26.8 +76.8 

D_1/P1 [1] 6.1 1x =4.05, 1y =0 –82.4 +49.0 

CP_D-20 /5 6.4 5x  =0, 5y = 3.8 +123.8 –40.5 

D_2/P1 [1] 6.1 1x =0, 1y =4.05 +192.1 –58.1 
 

Table 6: The values of principal residual stress components near dynamically induced contact dimple in coupons of different thickness. 
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The increase in the diameter of the contact dimple in the CP_D-20 coupon is due to an increase in the impact energy from 
40 J to 55 J. The data from Tab. 6 show that, despite the increase in impact energy, the principal residual stress components, 
defined along the horizontal axis y = 0, decrease with increasing coupon thickness. 
Information, related to the impact of the indenter with hemispherical tip of 20 mm and 25 mm diameter in composite plates 
of equal thickness, is presented in Tab. 7.  
 

Coupon/ Point 
Contact dimple diameter. 

mm 

Distance from dimple 
center to probe hole center 

x/y, mm 
1σ , MPa 2σ , MPa 

CP_D-25 /5 8.4 5x  = 4.2, 5y = 0 –30.0 +124.3 

CP_D-20 /6 6.4 6x  =4.2, 6y = 0 –26.8 +76.8 

CP_D-25 /6 8.4 6x  = 0, 6y = 5.2 +191.0 +9.1 

CP_D-20 /5 6.4 5x  =0, 5y = 3.8 +123.8 –40.5 
 

Table 7: The values of principal residual stress components near contact dimple in coupons after impact by semispherical indenter with 
different tip diameter. 
 
It is almost impossible to compare the values of residual stresses in the contact dimple centers due to the unreliability of the 
data obtained for the CP_D-20 coupon. A comparison of the values of the tensile components 2σ  at points located near 
the intersection of the horizontal axis y = 0 and the contour of the contact dimple reveals an increase of 38 percent with an 
increase in the diameter of the impactor tip from 20 to 25 mm. A similar increase in the value of the tensile component 2σ  
at points located near the intersection of the vertical axis x = 0 and the contour of the contact dimple is 35 percent. 
One of the subjects of the performed research is to identify ways to use the values of residual stresses occurring in the 
vicinity of the contact dimple to predict the residual strength of damaged composite structures.  
A comparison of the data presented in Tab. 5-7 shows an ambiguous effect of changes in both the sample thickness and 
the impact energy on the residual stress values. This fact indicates the need of further research in this direction. The output 
of this research should include the results of determining the values of residual stresses obtained for a significant array of 
coupons of different thickness and stacking sequence for different impact energy levels. However, even at the initial stage, 
it can be argued that the presence of residual stresses in the vicinity of the contact dimple is a factor that has a significant 
effect on reducing the residual strength of specimens made of CFRP. This statement is valid both for tensile tests and for 
stability under the action of compressive loads.  
In addition, the values of the residual stress components can be obtained at various stages of cyclic loading of coupons and 
used as current damage indicators. The evolution of these indicators over the lifetime is an essential link for the quantitative 
analysis of fatigue damage accumulation inherent in dynamically damaged zone of a composite material. The following 
section illustrates the realism of this approach. 
 
 
RESIDUAL STRESS EVOLUTION 
 

he specimen used in this study (CP_S@) is cut from the panel of dimension 320×320×6.4 mm and cross-ply 
 90 / 90

S
 stacking sequence. It has dimensions 180×30×6.4 mm and the single contact dimple located at the 

coupon’s center. The dimple is caused by static indentation of hardened steel ball of 16 mm diameter with pressing 
force P = 3.0 kN. CP_S@ coupon was subjected to uniaxial push-pull loading with stress range Δσ = 318 MPa 

and stress ratio: R = −0.5 during N = 1100000 cycles. After this residual stress components were determined at the centre 
of contact dimple by the procedure described above. Interference fringe patterns, caused by through hole drilling, are shown 
in Fig. 16. The quality of interference fringes is quite suitable for reliable quantitative interpretation. 
The results of fringe patterns interpretation and the values of principal residual stress components in CP_S@ coupon are 
listed in the second row of Tab. 8. The third row contains analogous data obtained for CP_S coupon. Comparing 2σ  
component values acting along load direction reveals considerable relaxation. Quantitative characteristic of this process 
consists of [(230.9-48.1)/230.9] = 79.2 per cent. This estimation gives some reason to believe that considered parameter 
might be used as current damage indicator for deriving an explicit form of damage accumulation function by the approach 
developed in work [24].  
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               (a) Component u, uN = –10.5                                                  (b) Component v, vN = –2.0 

 

Figure 16: Specimen CP_S@. Interferograms referred to the central point of contact dimple. 
 
 

Point/ 
Dimple 

Distance from dimple 
center to probe hole center 

x/y, mm 

uN , 
fringes 

vN , 
fringes 

Δu , μm Δv , μm 1σ , MPa 2σ , MPa 

CP_S@/1 
1x = 0, 1y = 0 

(center of the dimple and 
probe hole coincides) 

–10.5 –2.0 –3.99 –0.76 –91.2 –48.1 

CP_S/1 
1x = 0, 1y = 0 

(center of the dimple and 
probe hole coincides) 

–17.5 –22.0 –6.65 –8.36 –208.2 –230.9 

 

Table 8: The results of fringe patterns interpretation and values of principal residual stress components at center of contact dimple in 
CP_S@ and CP_S coupon. 
 
 
CONCLUSIONS 
 

ovel approach developed in paper [1] has been implemented to determine the principal residual stress components 
that arise as a result of both static and dynamic contact interaction of a steel spherical indenter and a flat surface 
of more thick composite plates of the same geometrical dimensions and cross-ply stacking sequence. Availability 

of significant residual stresses that occur in the zone of contact interaction between the steel spherical indenter and the 
surface of the composite plate has been established both for static influence and impact. It is shown that high-quality 
interference fringe patterns and, hence, residual stress values can be reliably obtained by drilling probe holes both inside and 
outside the boundaries of the contact dimple caused by impact with an energy of 55 J.    
The distributions of residual stresses obtained during static and dynamic contact interaction, which leads to the appearance 
of dimples of almost the same diameter, are compared. A comparison of the values of the principal residual stress 
components corresponding to the contact interaction of a composite plate with an impactor of different diameters for the 
same impact energy is presented.  
A number of factors have been identified that obviously reduce the residual strength of damaged specimens. In tensile tests, 
such a factor is the value of the residual tensile component, which occurs at the boundary of the contact dimple located in 
the horizontal cross-section of the coupon. The value of this component is 15.5% of the ultimate tensile strength of the 
material. The second parameter, which undoubtedly negatively affects the residual strength, both in tension and 
compression, is the transition of the component 2σ  sign from "minus" to "plus", which occurs inside the contact dimple. 
This process is burdened by the presence of a significant stress gradient. The third factor is associated with the occurrence 
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of a significant negative component of residual stresses in the center of the impact dimple 2σ = –173.0 MPa directed along 
the vertical symmetry axis of the specimen. This is an evident reason of the loss of bearing capacity of dynamically damaged 
plates during compression tests. It should be borne in mind that this value is significantly “softened” due to the presence 
of initial tensile residual stress in the coupon 2σ = + 48.6 MPa. 
Evaluation of the influence of coupon’s thickness as well as an indentation type and parameters on the results of residual 
stress determination in the vicinity of contact dimple is presented. 
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