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Abstract

This paper addresses the design of a structuraijeintdnvolving a composite sandwich panel. In the context of composite
sandwich panels, ensuring a robust connectiorbétween the panel and other structural elements is essential. Typically,
these components are secured to the compasite panelshrough bolted joint, making the bolted joint between the composite
panel and the structural structure the focus @f.this paper. The primary focus here is on the design methodology of a pass-
through insert with a hot bonded joint.
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1. Introduction

For composite sandwich pamels,"ensuring the connection between the panel itself and other structural elements is
crucial. These components aféprinarily attached to the composite panel through bolts. The mechanics of composite joints
constitute a complex disgipline,and a dedicated study is necessary for designing specific joints. The central research
question revolves araundidgsigning a bolted joint with a sandwich composite panel for selected material combinations.

This study delvés info the intricate world of designing and assessing the integrity of these connections, which play a
pivotal role in aerospate, construction, and various high-performance applications. While analytical calculations serve as
a fundamental tool fortinitial design and estimation, their accuracy can be limited, particularly for complex material
combinations. FHe,incorporation of experimental measurements becomes essential to validate and refine these designs,
ensuring they meet rigorous safety and performance standards. [1], [2].

By gainifigha Detter understanding of the strengths and interplay between these two approaches, the main goal is to
enhanee theyeliability and precision of bolted joints in composite sandwich panels. The insights gleaned from this analysis
hold the pramise of advancing engineering practices and, in the long run, contributing to the development of safer and
moreetficient designs across various industries. [2], [3].

A fungamental challenge with bolted joints involving composite sandwich panels is the compressive strength of the
paneleore. When a bolted joint is preloaded, the core can locally collapse, leading to joint failure (figure 1).
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Fig. 1. Local core collapse in the bolted joint of a composite sandwich pane@

Therefore, such joints are inadequate without additional reinforcing elements. In place Ited joint, an insert

(Fig. 2) with high compressive strength must replace the core. Various materials are avai r theyinsert, which must
meet several essential criteria, including temperature resistance during panel curing, ad e compressive strength for

preloading the joint, good adhesive properties, and more [4], [5], [6].

[

Fig. 2. Left bolted joint without insert; right bolted joint with insert
Inserts are categorized into two main types, depending on the @ ent method within the sandwich panel:
e Hot-glued inserts are produced concurrentl%panel, with the skin/insert and core/insert bonded during

the curing cycle of the skin.
0% the insert after panel fabrication.

e Cold-bonded inserts involve additional
Other critical factors include whether the insert i -through or non-pass-through and the adhesive surface of the
insert. Some standard insert types are iIIustrate(%j
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%mnded joint | Cold bonded joint
i Simultaneously ; Overlapping

with the panel wall | panel wall

Insert partia

s ) r_ﬁ'ﬂ iy

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

70

Q) s o
52~ I 0r

core [___1] E ( E [_,_j]

amma| a s
Insert pass-through I — I i m E ; m Tl E
. \Q bonded to the core : ; |
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e design of a bolted joint with an insert is a highly intricate task influenced by various factors, including the
aterials of the sandwich panel, insert type and size, adhesive used, stress type, joint reliability, and more. Detailed
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guidelines for designing a bolted joint with a bonded insert are provided in the publication "Space Engineering — Insert
design handbook from the European Cooperation for space standardization™ [8]. Another publication, "Validity check G
an analytical dimensioning approach for potted insert load introductions in honeycomb sandwich panels” [6], comp@ses
analytical calculations with experimentally determined values for the design of a pass-through joint with an insert,
revealing significant discrepancies. This underscores the necessity of supporting the fundamental designwith
experimental measurements for a given material combination. The knowledge derived from these publicationsvas
applied in designing the bolted connection with an insert, as discussed in the following section.

2. Analytical calculation of bolted join with insert

Given the complexity of this structural aspect, this paper exclusively focuses on the design methadology of the pass-
through with a hot-glue bonded joint. This calculation deals with two design states for uniaxial tensile |0ads conditions:

1. Maximum stiffness condition, where there is no permanent deformation or compositepdiielfailure.

The analytical calculation for the maximum allowable tensile load of the insert (equétion A) applies under several
assumptions, such as neglecting the flexibility of inserts and adhesive, the elastic modulus of the skin being significantly
greater than that of the core; Ef « Ec, the skin thickness t is several times smallefthan the core thickness ¢; t < ¢,
the distance between the edge of the insert and the embedded part of the pasekis uniform (itis a circular sample).
[9],[10]. Based on the aforementioned assumptions and the ECSS publication [7],the highest shear stress occurs at the
insert/adhesive/core interface, as depicted in the figure 4.
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Fig. 4. Shear:Stress distribution in the panel section with insert
F.; = 2mh;dt, 1

where F_,; is the critical load at which a failure occurs at the boundary between the insert and the core (N), b; is the
diameter of the insert including th€“adhesive layer (m), d is the mean distance of the skin (m), . is the allowable shear
load of the core (MPa).

2. Maximum tensile strength, Where there is permanent deformation or composite panel failure (figure 5).

Shear failure of the,skiil ofcurs when the allowable shear stress of the skin is exceeded, as described in equation 2.
The experimental fieastirement value of F,,.;_; was lower than the calculated value because there is no ideal simultaneous
failure of the outer anélinner skin, as explained in equation 2.

Fepi—s = (mwhft ﬂbpt)rfmz (2)

where F_,, “aislie critical load at which the shear failure of the skin occurs when loading the bolted connection with
the insertin‘tgpsion (N), b; is the diameter of the insert including the adhesive layer (m), b,, is the diameter of the washer
(M), Trhn- 1S the shear strength of the skin perpendicular to the plane of the skin (MPa).

The skin shear strength perpendicular to the plane of the skin is not a catalogue value and must be determined
gxpegirmentally.
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Shear failure of the skin

Fig. 5. Shear failure of the skin
3. Experimental measurement of skin shear strength

Experimental measurement of the shear strength of the skin in the direction perpendicularto the plane of the skin was
conducted on 12 test specimens using various material combinations. Carbon fabricil@gay 3K 200 Twill 2x2 was used
for the skin material, while two different cores with different cell sizes were utilized fok the core material. The 100x100
mm samples were produced via a two-cycle curing process in an autoclave, with IIMP380FHC Black adhesive film used
for the adhesive bond between the skin and core 250 g.m2.

Specimen Mater.ial No._ of Ia_lyers Cofe C_:ore cell - Panel

of skin in skin size (mm) | height (mm)
Shear_P[4]_C[3,2/72] | Toray 4 PAMG-XR:4,5-1/8%10-P-5056 3.2 21.8
Shear_P[4] C[4.8/32] | 3K 200 PAMG-XR-210-3/16-07-P-5056 4.8 21.6
Shear_P[5]_C[3,2/72] | Twill 5 PAMG->R-4.5-1/8-10-P-5056 3.2 22.2
Shear_P[5] C[4.8/32] 2X2 PAMG-XR-2:0-3/16-07-P-5056 4.8 22.0

Table 1. List of test specimens for determining the shear strength of the skin

The shear strength tests were carried out under quasisstatic loading at a speed of 5 mm.mint on a Zwick/Roell Z050
test rig, using a 25 mm push-through mandrel. A sghematic,of the test specimen arrangement is shown in the figure 6.
The maximum shear strength of the skin perpendiculano the skin plane was determined from the maximum achieved
load at the failure of the outer skin layer, as defimed by/equation 3.

1 S—max
T = 3
fmz Tdyysnt )

where F;_pq,is the maximum measuled load during the test (N), d,,sp, is the diameter of the shear mandrel (m), ¢ is
the thickness of the skin (m), 74, is the shear strength of the skin perpendicular to the plane of the skin (MPa).

R Push-through
/ mandrel
Specimen
Support plate
P /
ﬁ» 232 Ay

Fig. 6. Schematic of the specimen placement during the skin shear strength test

The results of the measurements were recorded in table 1. For each group of samples, the average value of the
maximumg, load and the shear strength z.,,,, were calculated. Deviation in single specimen measurements is within 5% in
mast eases, except for Shear_P[4]_C[4.8/32], where the deviation is 7.3 %. It was evident from the measured values that
the limit shear strength is significantly influenced by the core's stiffness, which provides support for the skin during
testing.
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. Deviation of . Ultimate
Maximum Average Thickness
. . measured values from - shear
sSpecimen measured maximum the average of the skin strength
load (N) load (N) (%) (mm) (MPa)
Shear_P[4]_C[3,2/72]_S[1] 6118.9
Shear _P[4]_C[3,2/72]_S[2] 6011.4 6101.8 2.7 1.04 e

Shear _P[4]_C[3,2/72]_S[3] 6175.0
Shear _P[4]_C[4,8/32]_S[1] 4968.6
Shear _P[4]_C[4,8/32]_S[2] 4618.1 4787.6 7.3 1.04 53,61
Shear _P[4]_C[4,8/32]_S[3] 4776.1
Shear _P[5]_C[3,2/72]_S[1] 7171.1
Shear _P[5]_C[3,2/72]_S[2] 7414.2 7243.6 3.7 3 70.94
Shear _P[5]_C[3,2/72]_S[3] 7145.4
Shear _P[5]_C[4,8/32]_S[1] 5435.8
Shear _P[5]_C[4,8/32]_S[2] 5452.7 5493.3 2.8 13 53.80
Shear _P[5]_C[4,8/32]_S[3] 5591.4

Table 2. Resulting measured values with specified sheafstrength
4. Experimental measurement of the strength of a pass-through bolted joint with insert

For the experimental measurement of the strength of the pass=throuah bolted joint with the insert, twelve test
specimens were created. These specimens were identical to the ones ysed for shear strength measurements as shown in
table 1. The sample dimensions were 120x120 mm, produced tisaugh a two-cycle curing process in an autoclave.
IMP380FHC Black adhesive film was used to bond the skin4nd core, with an adhesive mass of 250 g.m2. The inserts
were made of TECAPEEK CF30, with outer dimensions of 20 mmy height of 20 mm, and an inner diameter of 8 mm.
Strength tests for the bolted joint with inserts were conducted under quasi-static loading conditions at a speed of 1
mm.min~t using a Zwick/Roell test rig Z050. The test$ufdllowed the ECSS standard as per ECSS-E-HB-32-22A. The
schematic of specimen placement during the tensile strerigtiintest is presented in figure 7.

@70

- Loadcell

Support plate
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Fig7. Schematic of specimen placement during the tensile strength test of the insert

The recordeds, experimental measurement of the strength of the insert bolted connection for specimens
Insert_P[4]_C[8,2/72}is shown in Graph 1. To determine the maximum stiffness, the dF/dy curve was plotted on graph
1. The meagtited Torce values at maximum stiffness for these specimens were approximately 60 % to 70 % of the proposed
value aof F,ybased on equation 1.
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Graph 1. Experimental measurement of the strength of d@bolted joint with an insert

The measured values are presented in table 3. The deviatigh of the measured values of the individual sample groups
from the calculated average ranged from 5.9 % to 23.9 %. Theterm Zuncertainty” refers to measurement deviation. [11]
The deviation of the average critical load at the interface from the analytical calculation ranged from -17.2 % to -2.4 %.
Using this deviation from the analytical calculation and the/@eyiation from the measurement, a value was established for
Fexriso.7 according to equation 4.

Fcri—50,7 = 0'7 Fcri—s (4)
where F,;_s- IS 70 % of the value F,.;_; (N), F-y_s is the critical load at which the shear failure of the skin occurs
when loading the bolted connection with the insert indension (N).

- I Deviation Deviation
Critical Deviation of
Average F.i_s from F.i_s from
loads at » measured
. . efitical load F.i_s | theaverage the average
Specimen ultimate . values from
at ultimate (N) measured measured
strefigth the average . .
strength (N) o critical load critical load
(9) (%) (N) (%)
Insert_P[4]_C[3,2/72]_S[1],=6808.7
Insert_P[4]_C[3,2/72]_S[2]| "\ 7/14.2 7277.8 12.4 8786 - 1508.2 -17.2
Insert_P[4]_C[3,2/72]_S[3] |» 7310.4
Insert_P[4]_C[4,8/32]S[1}"| 6838.7
Insert_P[4]_C[4,8/82] S[2] | 7270.6 6725.9 17.9 6894 -168.1 -2.4
Insert_P[4]_C[4,8/32]_S[3] | 6068.3
Insert_P[5]_C[3,2/#2]_S[1] | 9169.9
Insert P[5]™€l3,2/72] S[2] | 9179.2 8999.6 5.9 10430 - 1430.4 -13.7
Insert” PI5hC[3,2/72]_S[3] | 8649.7
Insert! P[5]»C[4,8/32]_S[1] | 6571.9
Ingert R[5]_C[4,8/32]_S[2] | 8286.0 7182.5 23.9 7910 - 7275 -9.2
Insent, P[5]_C[4,8/32]_S[3] | 6689.7

Tdbie 3. Final measured values of the critical load at the ultimate strength with deviation from the analytical calculation
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The values of the specimens with the insert at maximum stiffness are provided in table 4. The deviation of the
measured load concerning the load Fci when failure occurs at the core-insert boundary was calculated, with deviatiofis
reaching up to 49.2 %.

Average Deviation Fy,; Deviation Fy,; ffom
Load at
. load at from average average measured
. maximum - Fopi 4
Specimen ; maximum measured load at load at maximum
stiffness iff (N) . . :
N) stiffness maximum stiffness stiffpess

(N) (N) (¢0)
Insert_P[4]_C[3,2/72]_S[1] 2261.3
Insert_P[4]_C[3,2/72]_S[2] 2149.7 2336.4 | 3648.3 -1342.0 +36.5
Insert_P[4]_C[3,2/72]_S][3] 2598.0
Insert_P[4]_C[4,8/32]_S[1] 952.4
Insert_P[4]_C[4,8/32]_S[2] 1061.1 981.3 872 102.9 11.7
Insert_P[4]_C[4,8/32]_S][3] 930.4
Insert_P[5]_C[3,2/72]_S[1] 1912.8
Insert_P[5]_C[3,2/72]_S[2] 1685.3 1879.5 3676.6 -1823v7 -49.2
Insert_P[5]_CJ3,2/72]_S[3] 2040.4
Insert_P[5]_C[4,8/32]_S[1] 978.5
Insert_P[5]_C[4,8/32]_S[2] 1015.4 971.6 880.1 81?2 9.9
Insert_P[5]_CJ4,8/32]_S[3] 921.0

Table 4. Final measured load values at maximum stiffness with/deviation from the analytical calculation
5. Conclusion

This paper discusses the comparison of analytic calculations and experimental measurements of bolted joints with
inserts in composite sandwich panels. The design of a baltéd joint is a complex process influenced by various factors. To
calculate the bolted joint with an insert, the shear strength, rating of the skin was determined through experimental
measurements, and these values are presented in tahle 2.

Experimental measurements were also conducted to'agsess the strength of the bolted joint with the insert perpendicular
to the plane of the skin. The load values of specigrens With insert at maximum stiffness are shown in Table 4. The deviation
of the measured load with respect to the load &ciiWhen failure occurs at the core-insert boundary was calculated. This
deviation amounts to a total of 49.2 %. This is due tosthe insufficient understanding of the deformation of the core at the
boundary with the insert and the difficultyyin determining the first core and skin failure. The resulting deviation was
directly dependent on the shear stiffness of the'gore, with respect to the measured parameters.

Based on the presented results, it is evidentithat relying solely on analytical calculations is insufficient when designing
bolted joint with inserts. For the optimaldeSign of bolted joint with composite sandwich panels, it is imperative to
incorporate experimental measuremgnts of tensile properties and the specific insert joint. Without this experimental
foundation, the precision of design based solely on analytical calculations would not meet the required standards.

The insights presented in thig paper have led to a better understanding of the issues surrounding bolted joint with
composite sandwich panels for speCific material combinations. These findings enable the design of bolted joint for these
specific material combinations with greater accuracy than could be achieved through analytical calculations alone.

In the future, these insightsywill be leveraged for the design of specific bolted joint with composite sandwich panels,
followed by a retrospectiye yerifigation through experimental measurements.
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