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STATIC COMPRESSION OF GFRP PLATE WITH HOLE -
3D SCANNING COMPARATIVE EVALUATION

A wide range of non-contact measurement methods is used in many fields of industry. 3D scanning technology is one of
the modern techniques of geometry registration for reverse engineering, inspection or structure deformation analysis. The
aim of the study is a comparative evaluation of square composites plates with holes under compression loading. The evalua-
tion was performed on the basis of results from hand-held 3D laser scanner measurements. An essential element of the
presented evaluation is analysis of the wall thickness of the plates. The range of this paper covers: presentation of 3D laser
scanning measurement methodology, experimental tests and 3D scanning comparative evaluation of the specimens. The
geometry of the composite plates with two kinds of holes: elliptical and cylindrical are compared. Higher values of wall thick-
ness deformations for the plates with the elliptical holes were observed.

Keywords: 3D laser measuring scanners, composite plates with holes, static compression, deformations, failure

SCISKANIE STATYCZNE PLYTY Z OTWOREM - OCENA POROWNAWCZA
Z UZYCIEM SKANINGU 3D

Szeroki zakres bezkontaktowych metod pomiarowych jest uzywany w wielu dziedzinach przemystu. Technologia skanin-
gu 3D jest jedna z nowoczesnych technik rejestracji geometrii do celow inzynierii odwrotnej, inspekeji lub tez analizy defor-
macji struktury. Celem prezentowanej pracy jest analiza poréwnawcza kwadratowych plyt kompozytowych z otworami,
poddanym obcigzeniom $ciskajacym. Ocena zostala dokonana na podstawie wynikéw pomiaréw wykonanych przeno$nym
skanerem laserowym 3D. Zasadniczym elementem analizy jest porownanie zmiany grubos$ci uSrednionych modeli plyt. Zakres
pracy obejmuje: przedstawienie technologii pomiaréw skanerem laserowym 3D, testy eksperymentalne i analiz¢ poréwnawcza
prébek w oparciu o skanowanie 3D. Poréwnano plyty kompozytowe z dwoma typami ksztaltow otwor6éw: cylindrycznymi
i eliptycznymi. Zaobserwowano wyzsze warto$ci deformacji w kierunku z dla plyt z otworami eliptycznymi.

Stowa kluczowe: laserowe skanery pomiarowe 3D, plyty kompozytowe z otworami, statyczne S$ciskanie, deformacje,

zniszczenie

INTRODUCTION

Nowadays, laminated composite structures are fre-
quently used in many fields of industry. Due to their
properties (e.g. high stiffness, wear resistance, strength-
to-weight ratios etc.), composite plates are widely used
among others in mechanical, civil and aerospace engi-
neering applications. Especially glass reinforced com-
posites have become more popular in civil applications
(e.g. parts of composite covers for ice sledges) because
of their price. Additionally, composite plates often have
cut-outs of different shapes due to practical engineering
requirements, for example in mechanical joints. How-
ever, holes in composite plates drastically reduce the
mechanical properties of the laminate. Therefore, com-
posite plates with holes are more widely analyzed by
researchers, especially their buckling behaviour and
optimization [1-4]. The heterogeneous properties of

composite materials and the wide range of their rein-
forcements and matrices are the reasons that experimen-
tal tests play a significant role in the analysis of com-
posite structures. Although, analytical and numerical
models are useful guides for the experiment planning,
nevertheless, these calculations might omit important
elements of the structure behavior. On the one hand,
experimental tests play a significant validation role of
the numerical calculations. On the other hand, particu-
larly in the engineering applications of thin walled
structures, experiments enable observation of the com-
bined effects of all the imperfections that affect the
results [5]. One of the popular approaches to composite
experimental tests is structure deformation registration
using strain gauges, extensometers and other systems
of deformation measuring techniques. Additionally, in
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the compression experimental tests of thin walled struc-
tures, especially those prone to buckling failure in real
conditions, optical measurement techniques are often
used to observe buckling behavior, such as an auto-
mated laser scanning system [6].

Currently, the development of measurement solu-
tions which can be used in laboratory testing as well as
in commercial applications can be observed. An exam-
ple of the rapid development of the technology is the
3D optical scanning method [7]. The broad spectrum of
technical solutions of structural light and laser scanners
gives new possibilities for a variety of applications
(deformation analysis, data acquisition, rapid prototyp-
ing, reverse engineering, quality inspections) [8, 9].
Hand-held laser scanners give the opportunity to regis-
ter the shape of the structure changes without contact.
There are several advantages which have led to the
more common use of 3D laser scanning technology,
such as the possibility to obtain high density acquisi-
tion in a single scan, non-contact measurement, self-
positioning on the target location etc. [9]. The number,
kind and shape of light sources (from single point to
many lines) have an influence on the parameters of the
3D scanning measurement, e.g. data acquisition speed,
spatial resolution and accuracy [10, 11].

In the present paper, the possibility to observe the
deformations of composite plates with different cut-outs
is investigated.

3D LASER SCANNING MEASUREMENT
METHODOLOGY

Changes in the composite plate shape can be regis-
tered by optical measurements in order to observe struc-
ture deformations defined as changes in the shape of the
analyzed structure under loading. Structure surfaces are
registered in the form of measurement points by devices
such a hand-held 3D laser scanner. In contrast to 3D
structural light scanners, 3D laser scanners require posi-
tioning markers. The base of the positioning targets
allows for the registration of all the points in form of
“measurement point clouds” in one coordinate system.
On the basis of this shape registration, the virtual model
of the structure is created. However, registration of the
points causes irregularities in 3D data scans, which
make the use of additional software dedicated for data
processing necessary. The set of measurement points is
registered in the form of range image z = f(x,y), where
z is the object depth for a location with (x,)) coordinates
in the sensor image plane. Parameter z is specified
according to the triangulation rule [10]. The data from
the 3D scanning measurement are independent of the
complex shapes of the measured structures. Simplifica-
tions of scanning data processing algorithms have
been developed in several studies [11].

In the present analysis, the 3D scanning measure-
ments were performed using a hand-held 3D laser scan-
ner REVscan manufactured by the Creaform company

[11]. The correct 3D laser scanning procedure covered
several stages: sensor calibration, preparation of the
scanned structure, implementing the scanning process,
cleaning noise data and redundant measurement points,
model translation to STL format, and data analysis [11].

There are two ways of placing the positioning tar-
gets, shown in Figure 1. In the most popular method
positioning targets are placed on the structure. The
second technique, called “black box”, relies on sticking
the positioning targets in the area of the measured struc-
ture. It enables registration of the 3D shape of plates
without any contact. In the present paper, the “black
box” technique is used for placing positioning targets.
The model in form of an editable polygon mesh (facet
mesh) is helpful to determine the thickness, compare
the shape, obtain the deformation or inspect the quality.

Fig. 1. Placing positioning target: a) on structure, b) “black box”

Rys. 1. Umiejscowienie bazy znacznikow: a) na powierzchni struktury,
b) ,,black box”

MATERIALS AND METHODS

The research examined composite plates with holes
under compression loading. The investigated structures
are composed of 8 layers of plain woven 0/90 glass
fabric and manufactured by means of the vacuum bag
method. The nominal geometries of the specimens are
shown in Figure 2.
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Fig. 2. Geometries of plates with holes: a) circular, b) elliptical
Rys. 2. Geometrie ptyt z otworami: a) okragltymi, b) eliptycznymi

The material properties of the considered composite
structure are given in Table 1. The cut-out shapes were
obtained using a milling machine with numerical con-
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trol after the manufacturing process. Although 10
specimens of each type of geometry were prepared,
only the composite plates with the highest quality were
tested.

TABLE 1. Mechanical properties of composite plates [12]
TABELA 1. Wlasciwo$ci materialowe plyt kompozytowych [12]

N N . , Minimum
Young's | Young's Shear Ponss9n S | Densi ty | thickness
modulus | modulus | modulus ratio

of layer
E, £ G 14
[GPa] | [GPa] | [GPa] viz [g/em’] [mm]
38.6 8.27 4.14 0.26 1.8 0.125

Composite plates with different shapes of holes were
measured after proper preparation with the use of the
3D laser scanner in order to receive the virtual models.
Next, selected specimens with compatible dimensions
(Fig. 3a) were placed in a special holder (Fig. 3b) in
order to achieve uniform distribution of loading.

Fig. 3. Composite plate with hole: a) wall thickness distribution,
b) encased in special holder

Rys. 3. Plyta kompozytowa z otworem: a) rozklad grubosci, b) w spe-
cjalnym uchwycie

The compression strength test was performed with
the use of a universal testing machine (MTS Land-
mark). Rectangular composite plates with cut-outs were
placed between the top and bottom base in the universal
testing machine (Fig. 4). The crosshead speed was

a) before failure b) after failure
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1 mm/min. Additionally, in order to register the struc-
ture buckling mode values, the displacement sensor was
placed perpendicular to the middle of the structure in
the vicinity of the hole.

Fig. 4. Experimental testing stand for plates with holes
Rys. 4. Stanowisko do badan ptyt z otworami

The geometry and failure modes of the tested com-
posite specimens with different cut-outs are presented
in Figure 5.

¢) before failure d) after failure
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Fig. 5. Composite specimens before and after failure with: a, b) circular holes, c, d) elliptical holes

Rys. 5. Plyty kompozytowe przed i po zniszczeniu z otworami: a, b) okragtymi, c, d) eliptycznymi
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Figure 6 presents the compression behavior of the
selected composite plates with circular and elliptical
holes. For each of the examined composite plates with
cut-outs, the received force-displacement curves are
characterized by stable growth at the beginning of the
compression test. Until exceeding the yield point, the
force increases in time in a stable manner with only
slight differences. The load, which causes the force-
displacement curves to deviate from linearity, deter-
mines the critical buckling load. Further compression of
the composite structures causes the force to increase at
a definitely slower pace. Critical stress causes a drastic
decrease in the force and load carrying properties [13].
The achieved average critical loading for the composite
plates with circular cut-outs was 103.6 kN, and for the
specimens with elliptical holes it was 101.1 kN.
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Fig. 6. Force-displacement curve of composite plates with cut-outs:
a) circular, b) elliptical

Rys. 6. Wykres sita-przemieszczenie dla ptyt kompozytowych z otwo-
rem: a) okragtym, b) eliptycznym

The scanning measurements were done for the tested
types of plates after failure. The 3D scan was prepared
with a resolution of 0.7 mm. The used 3D scanning
method allowed the processing of data point clouds
with the accuracy determined by the user. The redun-
dant points were removed and from the remaining ones
the surface was created. Finally, the 3D scanning
data were analyzed in Geomagic Qualify 2014 software
[14].

After filling holes and performing noise reduction,
the virtual models in the form of points and facets were
obtained. Next, the virtual models were used to analyze
the deformation of the loaded structure and to compare
the structure with circular and elliptical holes. During
the scanning measurements of failure specimens, models
of the external surfaces of the plates were produced.

RESULTS

In the 3D comparing analysis the virtual models
were created from 500 000 triangular facets each. The
data after processing were redefined as the distance
between the two external surfaces of the composite
plates. The comparison of the average wall thickness of
the plates with circular and elliptical holes is presented
in Figure 7. One can observe higher values of the wall
thickness in the central part of the specimens.
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Fig. 7. Comparison of deformations as wall thickness of analyzed
structures: a) with circular hole, b) with elliptical hole

Rys. 7. Poréwnanie deformacji analizowanych struktur: a) z otworem
okragtym, b) z otworem eliptycznym

The comparison of the wall thickness at selected
points of the composite plates with different shaped cut-
outs is presented in Table 2. Points 1 and 2 (denoted as
W/T1 and W/T2) are located in the undamaged area in
contrast to points 3 and 4 (denoted as W/T3 and W/T)
which are within the damaged region in the middle of
the laminate. It should also be noted that point 4 is
situated in the neighborhood of the hole. These discrep-
ancies result from the manufacturing process and dam-
age caused by static loads.

TABLE 2. Average values of wall thickness of composite plates
at selected points [mm|
TABELA 2. UsSrednione warto$ci grubosci plyt kompozytowych
w wybranych punktach [mm]

Cut-out shape W/T1 W/T2 W/T3 W/T4
circular 4.6 4.8 5.6 72
elliptical 5.0 4.7 6.0 6.6

CONCLUSIONS

On the basis of the presented experimental test and
3D laser scanning measurements, it may be stated that:
The virtual models registered by the 3D laser scanner
can be useful in obtaining the structure thickness dis-
tribution. Moreover, 3D scanning measurements of
composite plates with different type cut-outs after fail-
ure enabled comparison of the deformations. The manu-
facturing quality of the composite structures as well as
the different shapes of holes in plates determine the
behavior under compression.
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Higher values of critical loads were obtained for the
rectangular GFRP plates with the circular holes than for
the same plates with the elliptical cut-outs.

In future works, determination of the influence of
the shape and the area of the cut-outs in the composite
plates on fatigue limits is planned. For this purpose, the
measurement methodology presented herein will be
used.

Acknowledgment

The research project was funded by the National
Science Centre in Poland conferred on the basis of
decision UMO-2013/09/B/ST8/00178.

REFERENCES

[1] Barski M., Static and fatigue strength of composite plates
with holes, Composites Theory and Practice 2014, 1, 3-7.

[2] Barski M., Muc A., Pastuszak P.D., Bondyra A., Numerical
and experimental buckling and post - buckling analysis of
composite cylindrical panel with delamination, Applied Me-
chanics and Materials 2014, 477-478, 39-42.

[3] Lin C.C., Kuo C.S., Buckling of laminated plates with
holes, Journal of Composite Materials 23(6) 536-553.

[4] Yazici M., Influence of cut-out variables on buckling behav-
ior of composite plates, Journal of Reinforced Plastics and
Composites 2009, October, 28, 19, 2325-2339.

[5] Singer J., Arbocz J., Weller T., Basic Concepts, Columns,
Beams and Plates, Volume 1, Buckling Experiments:

Composites Theory and Practice 16: 4 (2016) All rights reserved

Experimental Methods in Buckling of Thin-Walled Struc-
tures, 1998.

[6] Elghazouli A.Y., Chryssanthopoulos M.K., Spagnoli A.,
Experimental response of glass-reinforced plastic cylinders
under axial compression, Marine Structures 1998, 11, 9,
347-371.

[7]1 Jeci¢ S., Drvar N., The assessment of structured light and
laser scanning methods in 3D shape measurements, 4th In-
ternational Congress of Croatian Society of Mechanics,
Bizovac, Croatia 2003.

[8] Bondyra A., Chwal M., Pastuszak P.D., Prospects of laser
measuring scanners applications for analysis of the defor-
mation of composite structures, Przetwdrstwo Tworzyw
Sztucznych 2014, 20, 4-11.

[9] Brajlih T., Tasic T., Drstvensek 1., Valentan B., Hadzistevic M.,
Pogacar V., Balic, J., Acko B., Possibilities of using three-
dimensional optical scanning in complex geometrical in-
spection, Strojniski Vestnik - Journal of Mechanical Engi-
neering 2011, 57, 826-833.

[10] El-Hakim S.F., Beraldin J.-A., Blais F., A Comparative
Evaluation of Passive and Active 3-D Vision Systems, Proc.
Dig. Photogram., St-Petersburg 1995, 25-30.

[11] Bondyra A., Chwal M., Pastuszak P.D., Stawiarski A.,
Analysis of composite structure deformations based on 3D
laser scanner measurements, Composites Theory and Prac-
tice 2014, 1, 38-42.

[12] Muc A., Kedziora P., Barski M., Konstrukcje i materiaty
kompozytowe, Politechnika Krakowska, Krakow 2011.

[13] M Mohan K., Colins V.J., Lakshminarayana N., Puneeth
B.M., Nagabhushana M., Buckling analysis of woven glass
epoxy laminated composite plate, American Journal of
Engineering Research 2013, 2, 33-40.

[14] Geomagic Qualify 2013 Interactive User Guide 2013.



