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Experimental Research on Over-laminated Steel Sandwich
Panel Connection to Determine the Form of Fatigue Failure
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Abstract. The novel means of transport need to meet rising both the economic and ecologic requirements. In recent years
the International Maritime Organization (IMO) introduced new measure of ship energy efficiency (the EEDI index), as
well as new regulations regarding higher quality of fuel (so called Tier limits). It resulted in much higher interest of the
technological development of ships. One of the solution having great potential is the reduction of structural mass. It has at
least two positive consequences. The first is the reduction of fuel consumption, the second is possibility if increasing of a
ship payload. Both aspect are very beneficious considering the need of meeting the EEDI requirements. The one very
lightweight form of structure which is in use in many different branches are sandwich type structures. In a shipbuilding
industry this solutions is also being constantly developed. One of the major issue for these thin walled structures is
connection between panels and between panels and an ordinary ship structure. For rising fatigue resistance of the
connection the over-laminated joint concept was introduced. In this article results of fatigue research on sandwich panels
joint with the CFRP overlays are presented. The experimental research was performed in a full scale to identify the form
of fatigue failure. On the basis of the research three characteristic stages of fatigue damage were identified.

1. INTRODUCTION

The steel sandwich panels find application in advanced ship structures. Particularly the solution was applied in a
construction of ro-ro type ships (mid-decks, platforms, ramps, walls etc.). However the sandwich panels are relatively
new form of structure being a good compromise between material properties and fabrication costs. The panels are
produced from relatively cost effective material (high strength steel), but arranged in a very thoughtful way giving the
structure a considerable stiffness at a low weight. This is because of the use of the sandwich structure concept. Similar
approach can be seen in many other branches like aviation, yacht industry. However, it should be kept in mind that
design regulations in a shipbuilding industry does not allow for the use of non-metallic materials for structural
members of hulls. This is due to fire resistance requirements of the SOLAS convention. Thus the sandwich panels for
ship applications need to be fabricated of steel or aluminum alloy’s. The one of major problem which limits wider
application of metallic sandwich structures in shipbuilding is lack of adequate knowledge and experience in
determining of fatigue durability. A particular issue is the connection between the panels having insufficient fatigue
durability of welds. The fatigue assessment of such connection cannot be performed with standard approach due to
too low thickness of structural members (2-3mm) and uncommon weld geometry. In recent years several works
investigated the fatigue life of such structures [1-7].

One of the noteworthy ways to increase the fatigue life of steel joints is the over-lamination — covering plate surface
with Fiber Reinforced Plastics (FRP). In recent years several papers regarding the influence of application the
composite reinforcements on fatigue resistance were published. The paper [9] investigated over-laminated steel plates
and found that it was possible to increase the fatigue resistance by 1.2 times up to 7.9 times depending on the
configurations of the overlapping composite structure. Also two modes of failure were observed: debonding for normal
modulus CFRP and fiber breakage for a high modulus CFRP. Two sided over-lamination raised the fatigue life by
2.2-2.7 time for normal modulus CFRP and 4.7-7.9 times for high modulus CFRP sheet plates. The increase of fatigue
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life resulting from reinforcing steel structure by adding laminate reinforcements was also reported by [10]. Authors
performed experimental research on scaled steel beams and found straightening steel by additional composite layers
beneficial. The paper [11] investigated possibility of reinforcing aged steel bridges to increase its fatigue life. It was
found that by application of the CFRP the lifetime of the structure can be extended as much as 10 times. In [12] authors
proposed a concept of over-laminated connection of aluminum sandwich panels and found significant improvement
of the fatigue strength. Also different failure modes were found: laminate debonding; balsa core failure. However the
typical destruction form was the aluminum structure shear failure due to significantly increased strength of the over-
laminated connection. Over the recent years also many other works were published proofing the huge potential of
rising the fatigue life on metallic thin-walled structures by composite over-lamination, i.e. [13-18].

In this article the application of a composite consisting of carbon fibers reinforcement in an epoxy resin matrix,
noted as Carbon Fiber Reinforced Plastic (CFRP) was investigated. The goal of presented research was to determine
the form of fatigue destruction of the connection between the I-core type steel sandwich panels strengthened by the
CFRP overlays. The full scale fatigue experimental testing was conducted at the Laboratory of Technology and
Strength of Ship and Offshore Structures, Gdansk University of Technology.

2. SAMPLES OF THE SANDWICH PANELS

The experimental research was conducted in a full scale with the use of samples cut from the all steel I-core type
sandwich panels. Samples were taken from panels manufactured in one series and constituted a representative part of
the structure. Each of the sample was prepared for lamination by sandblasting and then cleaning from dust and
degreasing. Next the samples were over-laminated by 3mm of the CFRP composite and left for curing in a room
temperature (22°C, 2 weeks). Each sample was laminated on two sides of the sandwich panel. The number of samples
was 5 for the purpose of presented study. The material properties of the composite connection was described in Table
1. The geometry and dimensions of samples are shown in Fig.1.
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FIGURE 1. Geometry and dimensions of I-core steel sandwich panel with schematically shown CFRP overlays (dashed lines)
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TABLE 1. Material properties of steel used for I-core panel fabrication and calculated properties of CFRP overlay

Property Value Unit

Steel RAEX 355  Young Modulus E 2e5 MPa

MC LASER Poisson ratio v 0.3 -
Yield Point Re 355 MPa
Ultimate Strength Rm  430-510 MPa

CFRP overlay Young Modulus E; 125 GPa
Young Modulus E» 8 GPa
Poisson ratio vi2 0.25 -
Poisson ratio v23 0.45 -
Shear Modulus Gi2 5.0 GPa
Shear Modulus G23 32 GPa

3. RESEARCH PROGRAM

The fatigue research were conducted according to the standard ISO 1099:2006 [8]. Samples were tested for cyclic
loading with constant amplitude of sinusoidal function with a frequency of 5 Hz and the cycle asymmetry factor equal
R=0. The loading was in x-axis direction shown in Fig.1. The testing was stopped until the complete failure of the
samples occurred, which was defined as physical separation of the investigated composite joints into two or more
pieces.

4. RESULTS

The effect of presented fatigue tests was identification of the form of fatigue failure for analyzed composite
connection. All investigated samples had similar form of damage. On the basis of recorded measurement data the three
stages of fatigue damage were identified, see Fig 2. In Fig 3 schematic drawing of the damage process was shown for
clarification.
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FIGURE 2. The fatigue damage process of the connection of sandwich panels with composite CFRP overlays
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FIGURE 3. Schematic drawing of the damage process of the connection of I-core sandwich panel with composite

CFRP overlays
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The fatigue damage process took place in three stages, consecutively (see Fig. 2 and Fig. 3):

e STAGE 1 — Initialization of the fatigue crack at the geometric notch placed at the corner of internal stiffener.
e STAGE 2 — Fatigue crack propagation in a steel plate towards free edge of the panel and perpendicularly to

the load direction.

e STAGE 3 — Delamination of composite overlay starting from free edge of the panel toward x-axis direction
(parallel to the load direction). Next, progressing delamination of composite overlay from free edge of the

panel toward y-axis direction (perpendicularly to the load direction) until the total fracture.

The fatigue failure form of examined samples was separation into two pieces resulting from a fatigue crack of steel
plate and then debonding of composite CFRP overlays at the border of materials, see Fig. 4. In the propagation phase
of the steel structure cracking, the composite overlays were able to fully carry the applied load. After the steel structure
was completely cracked the debonding process started from a free edge of the sample. This resulted in significant
improved lifetime of the structure. The average value of fatigue life was increased by 1.8 times in comparison with a
reference samples without the CFRP overlays. Considering the real-life deck structure that usually does not have free

edges and increase of fatigue life most probably would be higher.

Fatigue fracture
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FIGURE 4. The form of fatigue failure of the connection of I-core panels with the CFRP overlays
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5. SUMMARY

The welds of steel sandwich panels connect outer plates with internal stiffeners and are crucial members
ensuring the structural integrity and ability to carry loads. Fatigue resistance of such connections cannot be calculated
on the basis of any standard design approach because of a very thin plates (below Smm) and nonstandard weld
geometry and material properties. However the individual fatigue assessment can be performed by an experimental
research.

In presented article the experimental fatigue research on the connection of steel sandwich I-core type panels
with the composite CFRP overlays was presented. The research was conducted to identify the fatigue damage process
of the analyzed composite connection. The full scale testing performed with the use of 5 samples proved the
repeatability of the results. The fatigue damage process was described in three stages. The average increase of the
fatigue life by 1.8 times was observed due to the use of composite overlays. The increase of fatigue resistance of a
sandwich type connections is of great practical importance. In future it may contribute to their wider use in a ship
construction and other means of transport for which the reduction of its own weight is crucial (i.e. road transport, rail
transport).

On the basis of presented research some important observations have been made which can be used in a
continuation of the research. Most probably the improvement of an adhesion between the composite CFRP overlay
and steel plate can be achieved. Detailed investigation of the influence of special surface treatment on fatigue life can
be performed. It is expected to significantly improve the adhesion of the CFRP overlays if the steel plates would have
dedicated parameters, i.e. surface roughness.
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