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Abstract
Primary design requirements for joints in sandwich structures are weight efficiency and often a remov-
ability to serve assembly, repair and replacement demands. Bolted local load introductions on sandwich
structures using insert elements provide an excellent load carrying capability. Nowadays a variety of
standard insert elements is available, offering a reliable performance even though they are often not op-
timized in terms of net weight. In the optimization process there is a lack on standard sizing procedures
to generate adapted basic insert shapes helping to design lightweight local load introductions. Aim of
this work is to investigate fundamental statements which are required for a reliable basis for the tool.
This paper presents a study of the mathematical formulation provided by [1] and an investigation of its
occasionally large differences compared to experimental results. The uncertainty factors in determining
maximal carrying forces are discussed and methods for more precise prediction are presented.

1. Introduction

Sandwich panel structures exhibits an excellent bending stiffness and bending strength to weight ratio.
Further benefits are good thermal and acoustic insulation. However, the application of sandwich panels
suffers from disadvantages like manufacturing and material costs as well as from higher engineering
effort. Therefore, its current application is mostly limited to particular domains such as small series or
prototypes of space vehicles, racing cars and military ship super structures [1–10]. The high engineering
effort is mainly due to complex failure mechanism and the inability to carry local loads without further
construction elements. For this, the aim of this work is to provide an easy to use sizing tool, generate
adapted, initial insert geometries as optimal basis for lightweight local load introductions in sandwich
panels.
Like in any other mechanical construction, the need to join different parts is necessary in sandwich
structures, too. Multiple connection designs are common, ranging from permanent connections by di-
rect [2, 11, 12] or indirect [1, 13] bonding to releasable screw connections [1, 8, 14–17] of sandwich
panels (Fig.1). The advantage of removable joints is the ability to meet assembly, rework, repair and dis-
posal demands. Furthermore, an increase of function integration into sandwich elements (like structural
supports, cables, pipes, antennas, lighting, grounding and health monitoring systems) can be observed,
demanding an easy changeability in case of malfunctions [18–20].
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Direct, permanent bonded
mortise-and-tenon joint.

Indirect, permanent connection with a
bonded plastic or aluminum profile.

Removable, screwed T-connection.

Figure 1. Examples of common permanent and removable sandwich joining methods [21–23])

However, due to the weak core as well as the thin and flexible face sheets, the ability of sandwich ele-
ments to carry local loads is very limited. Neither screw clamping nor structural forces can be transferred
into the sandwich element directly without causing damage (Fig. 2, top). Hence, unsupported load ap-
plications can fail far before the sandwich structure itself, causing an overall weight inefficient structure.
For this, multiple supporting methods are common (Fig. 2, down).

Joint face sheets 
(JFS) 

Onsert on surface Stabilization by 
elements  

Local reinforcement 
with potting resin 

Reinforcement by local insert elements  

Local face and core damage through 
necessary screw clamping force  

Local damage through face sheet 
intrusion 

Figure 2. Supporting elements for load introductions on sandwich elements, (top left by [15]).

In insert load introductions, the cylindrical formed, metallic or plastic insert element stabilizes the core
from crushing and introduce the load in the surrounding sandwich structure in a distributed manner.
Common insert types feature a wide range of different shapes and integration methods. Insert load
introductions can be classified regarding the insert position to the face sheet surfaces (recessed, flush,
protruding), the indentation depth of insert and potting resin in the sandwich core (partial, fully, through-
the-thickness), (Fig. 3, right side).
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Figure 3. Notations of an insert load introduction (left), classification of insert types (right).
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Nowadays, standard insert elements are commonly used due to the fact that they are commercially avail-
able for a wide bandwidth of different applications. Though, in the design process, standardized insert
elements are selected only on basis of empirical data, which minimizes the engineering effort, but means
no improvement in terms of mass reduction of the insert load introduction [24–27]. With respect to large
constructions like airplane construction or space vehicles with insert connection numbers up to 25,000
units [28], this can make a significant influence to weight and costs, since e. g. launching costs of space
vehicles can reach $10K - $50K/kg [15, 29, 30]. Unfortunately, especially for large projects, a further,
time consuming engineering effort per particular insert type often cannot be justified. Consequently,
there is an urgent need in a standard, straight forward and fast procedure for a basic insert dimension
process for lightweight connections.

2. Dimensioning methods for insert elements

For structural applications, [31–33] recommend the use of protruding, through-the-thickness insert types
due to their excellent performance in load introductions (Fig. 3, right column). Hence this insert shape
will be used as basis for the optimization process exclusively within this work. To allow tolerance
compensation in normal direction (respectively a setting of the correct face sheet bonding thickness) and
a reduced installation time demand, this basic insert shape embodies a two-component design (Fig. 4).

tfs,1 

tfs,2 

PST 

rins 
hc dsw 

rfsf 

rpot (φ) 

rsrwat 
hsrwat 

Figure 4. Basic trough-the-thickness insert geometry for the sizing approach.

Recent literature shows three optimization approaches as there are phenomenological approaches, relay-
ing on empirical data generated with tests or numerical methods (finite element analysis) [10, 16, 24, 34–
40]), analytic-numeric approaches like the higher order sandwich plate theory (HSAPT) [32, 37, 41–44]
or using equations derived from simple analytic-mechanical models refer to the classic sandwich the-
ory [21, 31, 45–47]. Empirical methods and HSAPT methods require sophisticated mathematical effort
to optimize individual applications. Therefore, these methods are rather unsuitable in optimizing large
numbers of different insert geometries. In contrast, the analytic-mechanical approach provides simple,
strait forward analytic relations and therefore is selected for further investigations in this work.
From a mechanical point of view, mass can be saved by reducing the central cylinder radius rins, the
face sheet range radius r f s f and the volume of the screw attachment hsrwat, rsrwat to their inevitable min-
ima. Analytic algorithms to determine r f s f ,min and rins,min are provided by [8, 21, 31] respectively by
[34, 46, 48]. Within this paper, the focus is on the way to determination the minimal central cylinder
radius rins.

3. Mechanical-analytic determination of the minimal insert central cylinder radius rins

The initial failure mode of insert load introductions which are subjected to transverse load is char-
acterized by shear buckling of single cell-walls next to the potting, see Fig. 5, right. According to
[21, 23, 24, 32, 33, 37, 42, 47, 49, 50] and [51], this behavior can be specially observed in sandwich
elements with thin (resp. flexural) face sheets.
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Datum: 11.04.2016 

Figure 5. Failure process of an transversely loaded insert (images by [8, 48]).

An initially reversible cell wall buckling can be determined near the first local maximum of the force-
deflection curve, becoming irreversible with further increasing force. This failure mechanism affects the
core as well as the face sheets, Fig. 6:

𝑃𝑃𝑇𝑇𝑇𝑇,𝑐𝑐
= 𝜏𝜏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑟𝑟)
∙ 𝐴𝐴𝑐𝑐,𝑠𝑠𝑠𝑐𝑐𝑠𝑠𝑐𝑐(𝑟𝑟) 

PTS,fs1 

PTS,fs2 

PTS 

r 

Figure 6. Load paths of a local insert load
introduction subjected to transverse load.

𝑃𝑇𝑆 𝑟 

𝜏 

𝜏𝑐𝑜𝑟𝑒(𝑟) 

𝜏ℎ𝑐,𝑐𝑟𝑖𝑡,𝑡𝑦𝑝  

𝜏𝑝𝑜𝑡,𝑐𝑟𝑖𝑡  

𝑟𝑖𝑛𝑠,𝑚𝑖𝑛  

𝑟ℎ𝑐,𝑚𝑖𝑛 = 

𝑟𝑝𝑜𝑡,𝑚𝑖𝑛 

Figure 7. Minimal potting and insert radii de-
pending on core and potting shear strength.

And therefore can be written as:

PTS = PTS ,c + PTS , f s1 + PTS , f s2 (1)

Considering only thin, flexural face sheets, their influence of their bending stiffness can be neglected [32].
Hence, the core carries almost the entire transverse load PTS . For investigations regarding sandwich
elements with thick, e. g. stiff face sheets see [34, 52, 53].

PTS , f s1 + PTS , f s2 � PTS ,c → PTS , f s1, PTS , f s2 ≈ 0 → PTS ≈ PTS ,c. (2)

According to [21, 34, 48, 54], the core shear tension τcore(r) is a function of the distance r, or in other
words, on the ratio between the transverse load PTS ,c and the cylindrical area Ac,shear(r) = 2π · r · dsw

(with dsw =
t f s1
2 +

t f s2
2 + hc) where the shear forces acts in the sandwich core (Fig. 6, Fig. 7):

τcore(r) =
PTS ,c

2π · r · dsw
(3)

In order to prevent shear failure, the acting shear strength τcore(r) must be smaller or at least equal than
the shear strength of the core material τhc,crit,typ:

τcore(r = rpot,otr,min) ≤ τhc,crit,typ (4)

Solving Eq. (3) on condition of Eq. (4), the minimum required outer potting radius rpot,otr,min can be
calculated:

rpot,otr,min =
PTS ,c

τhc,crit,typ · 2π · dsw
(5)
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For τhc,crit,typ, ESA [31] recommends to multiply the average shear strength of the honeycomb core
material in W-direction, τW,typ, by a factor of 1.36:

τhc,crit,typ = τW,typ · 1.36 (6)

In this way the approximately 72% higher number of single cell walls in L- than in W-direction of
honeycomb materials is recognized which is caused by the manufacturing process (Fig. 8, left). Also,
the number of cells which are filled with potting resin depends on the center point position of the circular
insert hole regarding to the hexagonal cells (Fig. 8, right).

Double  
(or: ribbon) 
cell wall 

Single  
(or: free)  
cell wall 

W 

L SC 

𝐹𝐹𝑐𝑐 

bi 

𝑟𝑟𝑐𝑐𝑚𝑚𝑠𝑠  

W 

L 

𝑟𝑟𝑝𝑝𝑐𝑐𝑐𝑐  

Figure 8. Unequal cell walls due to manufacturing process, parameters of the effective potting radius.

Both influencing parameters are taken into account in the effective potting radius rpot,e f f , which is an
analytic dimension, describing the radial influence zone of the potting as well as the adjacent double
walls. For the minimum and average rpot,e f f , ESA [31] provides equations based on empirical data,
considering the honeycomb cell size S c as well as the insert radius rins, Eq. (7), (8). As rpot,otr,min and
rpot,e f f ,min refer to the same geometry, they can be equated (Fig. 7):

rpot,otr,min = rpot,e f f ,min = 0.9 · rins,min + 0.7 · S c (7)

rpot,e f f ,avg = rins + 0.8 · S c (8)

Using Eq. (5), (6) and (7) delivers the minimum insert radius rins,min:

rins,min =
PTS ,c

1.224 · τW,typ · π · dsw
−

7
9
· S c (9)

4. Comparison of analytic and experimental results

To proof the radius minimizing approach provided with Eq. 9, the first attempt has to be a validation of
all previous presented equations. By rearranging Eq. 9, the theoretical transverse load strength PTS ,th can
be calculated:

PTS ,th = 2π · rpot,e f f ,min · dsw · τhc,crit,typ

= (π · dsw · τW,typ) · (2.45 rins,min + 1.9 S c) (10)

Experimental data has been taken for comparison from references [10, 45, 51, 55, 56], which include
different insert load introduction shapes with different geometrical (dsw, rins) and material parameter
(E f s, τW,typ) values. The selection criteria for the reference data to be considered are, regarding the sand-
wich elements, thin face sheets (≤ 1.5 mm) made of FRP with quasi-isotropic properties in combination
with aluminum or aramid honeycomb material. The involved insert types are restricted to through-the-
thickness inserts without protruding face sheet flanges (Fig. 3), table right, right column, middle type). A
minimal volume of five test samples per set is accepted. For a more detailed description of the reference
data see [57]. The resulting values of PTS ,th are compared to the experimental generated transverse load
strengths PTS ,exp of the named references, offering partly high derivations up to 40%, Fig. 9.
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Figure 9. Comparison between analytic and experimental results.

The differences between PTS ,th and PTS ,exp show a high level of inaccuracy of Eq. (10). An analysis
showed that the differences cannot be assigned to one particular of dsw, rins, E f s, τW,typ parameters [57].
Therefore, the remaining theoretical as well experimental factors of influence will be discussed in the
following.

4.1. Factors influencing the analytic results: Calculation methods for rpot,e f f ,min and τhc,crit,typ

ESA [31] provides a guideline to determine the effective potting radius rpot,e f f , Eq. 7. In order to in-
vestigate the stochastic behaviour of rpot,e f f , a simulation was developed. In determining rpot,e f f , the
center point cr of the potting bore-hole with respect to the honeycomb cells plays an important role
as it affects the effective potting geometry [EPG] (Fig. 8, right). Due to the random behavior of cr

caused by manufacturing, its position must be considered uncertain. A Monte Carlo approach was ap-
plied in order to simulate this particular phenomenon, with the aim to determine the statistical behavior
of rpot,e f f as a function of the cell size S c, the potting radii bi and the random center point cr, that is
rpot,e f f = f (S c, bi, cr). An uniform distribution was applied on cr = U(a, b) within the limits a and
b. While rpot,e f f may be interpreted in many ways, two different approaches were applied in this work,
based on reference [31], Eq. (11) and Eq. (12). With the first approach, having the EPG, a vector bi is
constructed which spans from the center cr to each node of the EPG. Then, rpot,v is the mean value of all
vectors bi, [31]:

bp =
1
N

N∑
i=1

bi (11)

In contrast, the real potting radius rpot,R is a function of the area of one cell Fc and the number of
all removed or broached cells Npc (Fig. 8). The entire area of removed or broached cells is given by
At = Fc · Npc. Mapping At to a circle shape means At = π · bR, with bR as real potting radius, thus the
real potting radius reads:

bR =

√
Npc Fc

π
. (12)

The statistical result of the two parameters rpot,v and rpot,R shows for each insert radius ri a different
effective distribution-range:
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Figure 10. Statistical analyses of the simulation results for both methods rpot,v and rpot,R.

The weighted mean x̄ =
∑n

i=1 wi bi(v/R) with normalized weights wi was used for the determination of the
mean value of each method, rpot,v and rpot,R respectively. In order to obtain a statistical meaningful result
for each insert radius rins, n = 10000 simulations were carried out with parameter S c = 3.2 mm. A pre-
vious study showed convergence with n ≥ 1000 simulations for each insert radius. A linear interpolation
of the maximal, typical and minimal values of rpot,v and rpot,R distributions was applied to compare the
data with the ESA results [31] shows a good fit in the typical range (Fig. 11, orange area and ”ESA typ”).
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Figure 11. Comparison of DLR simulation and ESA data of the effective potting radius.

From DLR data (Fig. 11), two important linear regression function can be derived. For typical val-
ues of rpot,typ the interpolated data rpot,v and rpot,R (Fig. 11, orange area, ”data type interpolated”) can
be described with rpot,typ,DLR (Tab. 1). The regression function with respect to the minimum values is
rpot,min,DLR. In here, only the smallest occurring values were considered. That refers to the statistical
results of Eq. 12.

Table 1. Linear regression functions of the simulation data for rpot,min and rpot,typ

ESA, nonperforated core DLR simulation

min rpot,min,ES A = 0.9 rins + 0.7 S c rpot,min,DLR = 1.07 rins + 0.4 S c

typ rpot,typ,ES A = rins + 0.8 S c rpot,typ,DLR = 1.05 rins + 0.78 S c

The numerical results agree in the typical value range with a tendency of the lower limit (Fig. 11, data min
interpolated). In lower range, the ESA bvmin values (Fig.11, abs. min) show higher differences compared
to experimental results, due to the more conservative approach of the ESA estimation of rpot,e f f .
Regarding the calculation of the typical shear strength of honeycomb material τhc,crit,typ, Eq. (6) by
ESA [31] is not trusted due to a lack of derivations of the factor 1.36 as well as why to use τW,typ.
To prove whether the results match best with the different shear strength values in L- and W-direction,
τL,typ, τL,min, τW,typ or τW,min, the theoretical core shear strength τtyp,theo is calculated by merging Eq. (3)
and (6) and comparing the results, Eq. (13) resp. Fig. 12. The factor 1.36 as well as the usage of τW,typ
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fits well and therefore Eq. (6) can be recommended.

τtyp,theo =
PTS ,exp

2π · rpot,e f f ,min · dsw · 1.36
(13)

5 10 15 20 25 30
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6

8

10

12

14

τ 
 [N

/m
m

²]

τtyp,theo

τW,min

τW,typ

τL,min

τL,typ

Figure 12. Comparison of honeycomb shear strength values of recalculated and experimental data.

Considering the negligence of face sheet influence, Eq. (2), no literature is familiar to the authors defining
the maximal bending stiffness of the face sheets whether the influence of the face sheets is no more
negligible. However, the stiffer the face sheets, the more load is transported by them, discharging the
honeycomb core.

4.2. Factors influencing the experimental results: Test and evaluation methods for τW,typ and PTS ,exp

Values of honeycomb shear buckling strength in W-direction, τW,typ depends highly on the testing method
used (ASTM C 273, DIN 53294, double lap shear test as well as three-point beam shear test, [58, 59]).
Unfortunately, the information in data sheets [60–62] are limited as they contain neither information
about the used shear test method nor sample number. Therefore, own honeycomb shear tests, applying
statistically meaningful sample sizes, are evident for a precise determination of τW,typ.
Due to no existing testing standards for insert load introductions, the considered literature references used
various test rig arrangements ranging from rigs with twosided, straight lined bearing supports [8, 56], to
circular bearing supports with divergent diameters (dbrng = 35 − 140 mm), (Fig. 5 left), [11, 16,
21, 23, 24, 30, 35, 47, 49–51]. Regarding the derivation of PTS ,exp from experimental raw data, the
considered literature references provide four different methods: Either using the first peak value of the
load-displacement curve (Fig. 5, right, PTS , f p, [8, 10, 23, 45, 48, 50]), an intersection with a 0.2 or
5% straight line (PTS ,sli,0.2, [47, 63]), an intersection with a regression line (PTS ,rl, [49]) as well as a
determination by a hysteresis procedure (PTS ,hy, [24, 35]). The hysteresis test approach is recommended
for providing the most precise values and may be extended by acoustical determination.

5. Conclusions

The overall objective of this work is to generate a fast sizing tool, adapting the shape of insert elements
to the respective mechanical conditions as basis for lightweight load introductions in sandwich elements.
For the determination of the minimal radius of the inserts central cylinder, an analytic equation, given
by [21, 34, 48, 54] is used. Within a first validation attempt, experimental data was taken from various
literature references and compared to the equation results, yielding occasional high differences. The
reason can be addressed to a large quantity of uncertainty factors, in particular to geometrical and material
parameters as well as testing- and evaluation methods. By an elimination of the uncertainty of the
minimal potting radius with a Monte Carlo simulation, the scatter of the theoretical influence factors
could be reduced. For further reduction, investigations will focus on own, standardized tests as well
as data evaluation methods and the integration of the bending stiffness of the facings into the equation.
In progress of uncertainty quantification not only the test values, but also their statistic distribution is
important.
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