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Avian eggshells may break easily when impacted at a localized point;

however, they exhibit impressive resistance when subjected to a well-

distributed compressive load. For example, a common demonstration of

material strength is firmly squeezing a chicken egg along its major axis

between one’s hands without breaking it. This research provides insight into

the underlying mechanics by evaluating both macroscopic and microstructu-

ral features. Eggs of different size, varying from quail (30 mm) to ostrich

(150 mm), are investigated. Compression experiments were conducted along

the major axis of the egg using force-distributing rubber cushions between

steel plates and the egg. The force at failure increases with egg size, reaching

loads upwards of 5000 N for ostrich eggs. The corresponding strength,

however, decreases with increasing shell thickness (intimately related to egg

size); this is rationalized by a micro-defects model. Failure occurs by axial

splitting parallel to the loading direction—the result of hoop tensile stresses

due to the applied compressive load. Finite-element analysis is successfully

employed to correlate the applied compressive force to tensile breaking

strength for the eggs, and the influence of geometric ratio and microstructural

heterogeneities on the shell’s strength and fracture toughness is established.
1. Background
The function of an eggshell is to protect its contents from mechanical and

microbial attack while controlling the exchange of gasses through its porous

structure. The strength of an eggshell may be measured as the resistance to

impact, puncturing or crushing, and has large repercussions on the ultimate

survivability and hatchability of eggs. The eggshell is a multi-layered

bioceramic composite comprising a mineral constituent (CaCO3 in the poly-

morphic form of calcite in most cases [1]) which is intimately associated with

an organic matrix [2]. The mineral component is composed of several layers

and the prevailing theory is that eggshell thickness is the main variable contri-

buting to the mechanical properties of the shell. There is some evidence that the

shell microstructure may also influence mechanical properties [1].

A review of the structure and function of chicken (Gallus gallus domesticus)

eggshells is given by Hincke et al. [3]. The microstructural formation is the

result of directed growth exerted by the organic matrix components affecting

the size and morphology of growing crystals. The competitive growth process,

illustrated in figure 1, results in a columnar microstructure [4–6]. It initiates in

the mammillary layer (internal), which is initially composed of discrete aggre-

gations of organic matrix cores surrounded by crystalline material. These cores

are suggested as the loci of crystalline formation. There is an observed corre-

lation between the density of this layer and the thickness of the shell which

suggests that this layer is intimately related with mineral deposition [4,7].

The mammillary layer lies on top of a thin fibrillar organic membrane that

acts as an elastic container for the egg contents.
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Figure 1. (a – d ) Schematic of the spherulitic growth process that takes place during eggshell formation. Growth initiates at core sites in the mammillary layer
(a) and develops isotropically as calcite precipitates (b). Once lateral advancement is blocked by other neighbouring sites (c), the process continues vertically and
results in more columnar structures (d ). (e) Scanning electron micrograph of the overall structure of a white chicken eggshell. (Online version in colour.)
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The palisades comprise the primary layer and are com-

posed of integrated organic and inorganic components. The

organic component accounts for 2–5% of the layer. Crystals,

nucleated at discrete points, fan out as columns anchored to

the mammillary layer. Upon reaching neighbouring crystals,

lateral growth is arrested (figure 1a–d). Thus, palisade for-

mation is governed by the geometry of the nucleation sites,

crystal growth rate and interactions between the growing

crystals. From the centre to near the surface, the mineral

develops a cross-hatched crystallographic texture. There are

also porous channels that extend through the shell up to

the cuticle, a protein compound barrier which covers the

entire surface. This outer layer is regular and has thickness

variation as a consequence of the cracks and flaws which

delineate boundaries of the shell pores emanating from the

palisades [2,5].

The first well-documented studies of egg shell strength

were reviewed in 1961 by Tyler [8] and Tyler & Geake [9].

The United States Department of Agriculture totals the

number of ‘table eggs’ produced in 2015 at 83.1 billion [10].

Of these eggs, it is expected that approximately 6.4% will

be damaged or broken between production and reaching

the consumer [11,12]. According to the 2015 Consumer

Price Index, the average cost for a dozen eggs is $2.47 [13];

this results in an estimated monetary loss of just over 1 billion

dollars annually. It is not surprising that within the field of

poultry science a significant share of research has been

directed towards eggs with the ultimate goal of delivering

them to kitchens intact [14–18].

Ar et al. [19] evaluated the breaking force of 48 eggshell

varieties as a function of weight, finding the force to increase

nonlinearly with increasing weight (and thus increasing shell

thickness). This and other studies primarily employed flat

and rigid plate compression. It has been shown that micro-

fractures at the contact surface significantly reduce the ulti-

mate force at failure [20]. Since the contact area between the

plate and the eggshell is small, the loading configuration

can be approximated by point loads applied at the poles

[20]. With this experimental technique crack initiation is

highly localized and the shell fails (at the mammillary

layer) [21] after local fracturing of the cap, a mechanism

also described as ‘polar dimpling’ [22]. Other studies of
geese (Anserini) [23] and ostrich (Struthio camelus) eggs

[24–26] use compressive testing with flat plates to evaluate

the stiffness of larger shells. While the elastic modulus was

assessed, the ultimate strength of the eggs was left undeter-

mined and only the breaking force was evaluated. Because

the failure is unstable, the accuracy with which the breaking

strength can be determined is indeed questionable.

The compression of eggs by flat plates mimics the popular-

ized ring compression test as a means to evaluate brittle tensile

failure. The ring test is an extrapolation of the Brazilian disc

test, operating under the principal assumptions that the maxi-

mum tensile stress occurs on the surface plane along the

vertical diametric line, or in simpler terms, the equator.

Other adaptations to this test have improved its reproducibility

such as the implementation of curved plates or rubber as

contacts [27]. This method provides a technique for determin-

ing the tensile strength indirectly by evaluating the stress

concentration, a factor that increases for a disc with a central

hole (a ring) and further increases as the radius of the hole

approaches the outer radius. It is straightforward to imagine

that the simple stress concentration evaluated in this manner

has limitations as the inner radius approaches the outer

radius—as in the present case for thin egg shells.

Entwistle & Reddy [28] and Nedomová et al. [29] took an

alternate approach to study failure by using a hypodermic

needle to increase the internal pressure of the egg until frac-

ture. Overall, these studies suggest that the radius of

curvature strongly influences the breaking force, adding a

layer of complexity to earlier studies which conclude that

shell thickness is the primary factor affecting the force at

which eggs fail under mechanical loading. Interestingly,

two recent studies using Hopkinson split pressure bar have

shown that the rupture force is independent of the eggshell

curvature during dynamic loading [30,31].

Eggshells resemble structural domes, a predominant

architectural design element. The principal applied load

includes the weight of the structure and the distributed

load from objects the dome supports, such as a bridge and

accumulated snowfall. The primary difference between an

architectural dome and an eggshell is that the former is

anchored at its base such that transverse motion is limited.

There exists a dearth of information on tensile failure of
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Figure 2. Egg species in order of increasing height/volume: quail, pullet chicken, white-AA chicken, organic-AA chicken, jumbo chicken, goose and ostrich. (Online
version in colour.)
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hollow spheres under compressive loads. The present

research may provide unique insights into the failure of archi-

tectural structures, porous granular solids and foams through

the study of a structure tailored by nature: the avian eggshell.

Furthermore, the applicability of allometric scaling laws in

nature is questioned: eggs from different species and thus

sizes were tested. Answers are provided on whether the

size ratio dictates their mechanical properties.
2a

2c

Figure 3. Mechanical testing fixture with organic chicken egg specimen.
(a) Distributed load configuration: the applied normal load is transferred
to the egg through rubber pads with a spherical cut removed from the
centre. This increases the load distribution and also reduces sliding/slipping
during the experiment. (b) Point load configuration. (Online version in
colour.)
2. Material and methods
2.1. Egg specimens
Eggshells from several bird species were obtained from multiple

vendors. Jumbo chicken eggs were obtained from Hilliker’s

Ranch Fresh Eggs in Lakeside, CA, USA. Chicken, pullet chicken,

goose and quail (Coturnix coturnix) eggs were obtained from local

farmers’ market vendors in La Jolla and Escondido, CA, USA.

Ostrich eggs were obtained from OstrichLand USA in Buellton,

CA, USA. AA organic and regular chicken eggs were also

obtained from the local supermarket. Figure 2 shows scale

comparison of the sizes of these eggs.

Prior to mechanical testing, measurements of the long and

short axes were taken with Mitutoyo calipers with an accuracy

of +0.02 mm and a resolution of 0.01 mm. Measurements of egg-

shell thickness were taken at the blunt end of the egg after

fracture. This portion of the egg was consistently recoverable

and has a low degree of curvature, reducing error in measure-

ment. Prior studies [32,33] indicate that the global variation of

eggshell thicknesses is small.

2.2. Mechanical testing
An Instron 3140 equipped with a 30 kN load cell was used to com-

press eggs along their major axis in the two shown loading

configurations: figure 3a, with rubber pads to distribute the load

around the pole of the egg; and figure 3b, with no cushion such

that point loading occurs at the poles. The load cell is calibrated

and balanced using Instron’s Bluehill 3 software. The major axis is

loaded because symmetry along it is greater than along the minor

axis, and this improves our ability to use an ellipsoidal model to

compare the deformation using finite-element analysis (FEA).

In the loading configuration shown in figure 3a, the rubber

distributes the load across the surface of the egg and maintains

a predetermined contact angle as will be discussed in greater

detail in the following sections. A nominal strain rate of

1023 s21 was applied, as determined from the speed of the
cross head and the length of the major egg axis. In reality,

the strain rate is lower due to the compressibility of the rubber

cushions. Previous evaluations of the strain-rate sensitivity

by Voisey & Hunt [34] showed that loading velocities of

20 cm min21 (estimated approximately 5.7 � 1022 s21) or lower

minimize the effects of strain-rate sensitivity in chicken eggs.

The experiment was imaged using a Phantom v.120 capturing

18 000 frames per second at a resolution of 512 � 512, and the

scale of the images is calibrated using a known measurement

(the diameter of the egg measured using the above-mentioned

calipers) at the focal plane, which can be adjusted by the lens

system. Owing to the rapid failure, the eggs were tested inside

plastic bags to contain the broken shell and fluid. We refer to

tests conducted with rubber as distributed load experiments.

In order to determine the effect the inner fluid of the egg has

on the strength of an egg, a set of white-AA chicken eggs were
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Figure 4. Finite-element analysis of maximum principal stress as a function of egg shape, thickness and loading area. (a) Boundary conditions are indicated at
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highest tensile stresses are located below the loading area of the egg. (Online version in colour.)
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hollowed and tested in an equivalent scheme. A small hole

was first drilled in the top of each egg. Each egg was then

inverted and exposed to vacuum to empty the contents. This

set of hollow eggs was tested against a control set of identical

white-AA chicken eggs.

Chicken eggs were also compressed to failure between parallel

flat metal plates to replicate the deformation and failure mechanisms

observed by Macleod et al. [20]. As in the tests with the rubber cush-

ions, the major axis of the eggs was aligned with the direction of

compression. Two sets of eggs were compressed at strain rates ( _1)

of 1.5 � 1023 s21 and 1.5 � 1026 s21. A stop condition of 90% maxi-

mum force drop was enforced to prevent complete fracture. The first

set ( _1 ¼ 1:5� 10�3 s�1) approximately replicated the rate used by

Macleod [20], 5 mm min21 applied to chicken eggs approximately

55 mm tall. The second set ( _1 ¼ 1:5� 10�6 s�1) was tested with an

extension rate of 50 mm min21. We refer to tests conducted with

plates as point load experiments.

2.3. Finite-element analysis
The FEA of both loading configurations allows for a more

accurate evaluation of stress concentration and deformation

for varying macroscopic egg parameters and applied forces.

Models were generated with the aid of the commercially

available FEA modelling software ABAQUS CAE v. 6.12.

Dimensions taken from tested eggshells (radius a, half-height c
and thickness t) were used to model the geometry. Eggshells were

modelled here as hollow spheroidal shells made out of a linear-

elastic homogeneous-isotropic material. The layered structure of

the eggshell, as described in §1, was not taken into account

because the elastic deformation is primarily a function of the stiff-

ness of the mineral properties, and not the thin underlying

membrane or the outer cuticle. This is a simplification of the

inhomogeneous and anisotropic egg shell structure that allows

for a solution with a reduced number of variables, and provides

an appropriate estimation of the global behaviour of the shell in

compression. We assume that the shell deforms elastically until

the nucleation of the first crack, after which brittle failure occurs.

Therefore, FEA is limited to the elastic regime and is used to
determine the relationship between the macro-geometry and

applied load. Although the highly mineralized shell exhibits

brittle failure, a corresponding failure model is not necessary as

only the appearance of the first crack is studied and not its propa-

gation. We hypothesize that the crack forms when the principal

maximal stress reaches the failure strength of the material. Using

the model, the principal maximal stress for a given load can be

calculated and thus failure strength can be estimated.

To reduce computation time, only one-eighth of an eggshell

was represented by taking advantage of the structural sym-

metries (figure 4). Adapted boundary conditions were applied

on symmetry planes. In both cases, three-dimensional tetrahedral

quadratic elements (C3D10) mesh the structure, with a minimum

of four elements through the thickness to avoid locking (and an

apparent increase in bending stiffness). An adaptive meshing

rule ensures the convergence of the computation within a 5%

margin of error in terms of stresses. Three-dimensional conti-

nuum elements were preferred to shell elements in order to

distinguish and visualize stresses throughout the eggshell thick-

ness and minimize problems related to surface bending due

to a discontinuity at the edge of the applied load (i.e. the load

transitions instantaneously from the applied value to zero).

For the point load experiment, an analytical rigid plate repre-

senting the plate displaces towards the cap of the shell and the

resulting reaction force is then measured to match it with exper-

imental data. A hard frictionless contact models the interaction

between the two solids. Distributed load experiments were simu-

lated by applying a uniformly distributed normal pressure over a

surface portion of the cap, defined by an angle a ¼ 308. The total

magnitude of the applied load equals the experimental breaking

force for each egg.
3. Results and discussion
3.1. Compression tests
Representative force versus displacement curves are given for

the distributed load (figure 5) and point load (figure 6)
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configurations. For flat plate point load tests, our findings

align with those of previous researchers [20]. Failure by

stresses at the caps causes the shell of the egg to crack locally,

but a resulting increase in contact area provides stress relief

and limits the growth of the initial cracks. The experimental

set-up has a stop condition of 90% load drop and the mem-

brane fully survives. Figure 6 shows a top projection

highlighting the local failure of a chicken egg subjected to a

pseudo-point load. Here pseudo refers to the fact that as

the egg shell fails, the contact area is increased. Local failure

and crack suppression by stress release can be identified at

the load drops seen in figure 5.

The failure for the distributed load configuration is con-

fined to the shell that is not in contact with the rubber.

Figure 7 presents an image of a preserved egg cap recovered

from a distributed load test. An interesting breaking mechan-

ism is indeed observed as a first crack appears at a certain

offset from one of the rubber pads and propagates vertically.

Then, additional evenly spaced vertical cracks form around

the egg and the resulting strips fracture horizontally. This

process has been observed in detail by high-speed imaging

of the compression tests for chicken, goose and ostrich eggs

and is illustrated in figure 8 for the latter. The electronic sup-

plementary material contains videos of failure. The measured

velocity of the first vertical crack in ostrich eggs is 610+
40 m s21.

The breaking forces with the distributed load configur-

ation of all tested egg types are presented figure 9 and

appear to show a linear relationship with eggshell radius,

chosen here as a representative parameter for egg size. This

obtained data are further used to estimate failure strength.
3.2. Determining failure strength
The appearance of vertical cracks during distributed load

tests confirms that failure occurs due to tensile hoop stresses

in the distributed loading configuration. The eggshells’ fail-

ure strength was estimated analytically and fed into

experimental parameters for FEA. The eggshells are assumed

to be prolate spheroids with radius a and half-height c (c . a).

We make a first order approximation that eggshells can be

represented as homogeneous-isotropic linear-elastic materials

with a Poisson ratio of 0.3. We hypothesize that failure occurs

at the location of maximum tensile stress.

For the distributed load experiments with rubber pads,

we consider the vertical load applied by the Instron to be

fully transferred via the pads to the shell. The result is a uni-

formly distributed normal pressure over the surface of the

shell delineated by a cone of opening angle 2a.

In order to determine the failure strength, the maximum

value of the hoop stress suu is determined at the measured

breaking force F. Membrane theory [35] is applied in order

to determine the stress resultant, Nu, which is defined as a

force per unit length:

Nu ¼
1

2pr1 sin2 f

ðf
0

pr cosf ð2pr0Þr1 df ð3:1Þ

and

Nu ¼
ðt=2

�t=2

suu dr, ð3:2Þ

where r1 ¼ dr0/cos f df is the local radius of curvature of an

infinitesimal portion of the membrane, r0 is the projection of



Figure 8. Vertical crack spacing during dynamic fracture. The high-speed
photography captures a projection which is related to a radial spacing
through the projection shown above. (Online version in colour.)
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the mean radius on the axis of revolution, f is the latitude

and t is the shell thickness. The normal pressure pr corre-

sponds to the force F divided by the surface S of the cap on

which it is being applied.

Finally, an approximated expression of suu is obtained by

neglecting its variation throughout the thickness:

suu ¼
Nu

t
¼ Nu

Rextð1� rÞ : ð3:3Þ

Both membrane theory and FEA can be used to predict

the maximum tensile stress based on geometric para-

meters and breaking force. For the sake of simplicity,

the example of hollow spherical shells (r1¼ r, r0¼ r sin f;

r ¼ Rext2 t/12) under uniform axisymmetric loads over a

portion of the caps delimited by a cone of half-angle a ¼ 308
is provided here.

Membrane theory yields the following equation for the

hoop resultant:

Nu ¼ �
pr

2
if 0 � f � a

and Nu ¼
pr sin2a

2sin2f
if a , f � p

2
,

9>>=
>>;

ð3:4Þ

with p ¼ F/S and S ¼ 2pR2
extð1� cosaÞ.
Figure 10 presents the calculated hoop stresses as a func-

tion of the latitude angle, w, for spheres of varying

thicknesses (with thickness to radius ratios comparable with

experimental values measured for different types of egg-

shells) estimated with both membrane theory and FEA.

Owing to the discontinuity in load, the analytical approach

results in a piecewise function defining the hoop stresses

(see equations (3.3)–(3.4)). Although estimated stresses have

comparable values away from the discontinuity, the analyti-

cal method overestimates the maximum tensile stress and

places it at the edge of the applied load. FEA show that stres-

ses are continuous due to local bending of the shell and the

maximum value is obtained at a few degrees away from

the loaded region, as seen during testing of eggs.

Bending moments occurring in thin shells of revolution

undergoing localized loads have been extensively discussed

in the literature [35,36] and calculating them can become

very intricate. It also introduces additional variables in the

analytical expression of the hoop stresses, such as the Poisson

ratio, which has a notable influence on the estimated value.

Thus, the FEA is recommended to palliate this problem.

The finite-element model (figure 4) was, therefore, pre-

ferred to calculate the maximum stress using measured

experimental values of the radius, half-height, thickness, con-

tact angle a (kept constant at 308), and an assumed Poisson

ratio of 0.3. As shown by Reissner [37], no influence of the

Young’s modulus, E, is observed for the determination of

the stresses; it was therefore kept constant at 10 GPa.

Figure 11 presents the results obtained in this fashion.

They suggest a trend of decrease in strength as eggs increase

in size, ranging from 30.9 MPa for pullet chicken eggs down

to 8.5 MPa for ostrich eggs. Binning data by thickness

(0.05 mm bin size) the power regression is calculated, obtain-

ing a relationship of smax ¼14.38t20.55 with r2 ¼ 0.95. Quail

eggs (25.6 MPa) appear to be an exception to this trend,

which may be due to differences in the cuticle layer and an

apparent increase of porosity. The strength values are in

reasonable agreement with what has been observed for lime-

stone (primarily composed of calcite) and reported by

Fuenkajorn et al. [38], where mean strengths of 10.9 MPa

for the Brazilian test and 23.2 MPa for the ring tensile test

were obtained.

Interestingly, simulations of point load tests indicate that

such stresses are reached much earlier during compression,

yet often no crack initiation is observed under the cap. The

shell yields when a sufficient portion of the cap is deflected

and circumferential cracks form around this region. This is

consistent with observations made by ourselves and Macleod

et al. [20]. An explanation for this can be imputed due to the

symmetry of revolution of the structure which prevents

cracks from forming and propagating along their axis of sym-

metry. As a result, assessments of failure strength based on

point load type experiments can potentially lead to erroneous

values when referring to force–displacement curves.
3.3. Weibull analysis
Testing of hollowed (interior fluid removed) chicken eggs and

comparing them to the whole chicken eggs showed no sig-

nificant difference in strength or failure distribution based

on a Scheffé analysis (Scheffé p ¼ 0.65). This indicates that

the fluid inside the egg neither adds nor subtracts from the

structural strength of the eggshell; this is likely, in part, due
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decreases as the egg size increases. (Online version in colour.)
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to a compressible air sac within the egg. Thus, this claim

enables us to justify neglecting internal fluids during FEA.

Weibull distributions are used for strength analysis

because of the brittle nature of eggshells as well as the natural

variability of biological materials. The failure probability (F )

at a given stress (s) for a brittle material is

F ¼ 1� exp � s

s0

� �m� �
, ð3:5Þ

where s0 is the characteristic strength and m is the Weibull

modulus. The Weibull modulus is a measure of how reliable

a material is. A high value indicates that there is low variance

from the characteristic strength. Typical Weibull moduli for

traditional ceramics such as clay or rock are typically below

3, and engineered ‘technical’ ceramics are defined by a Wei-

bull modulus in the range of 5–10 [39]. Figure 12 shows

the results of the Weibull analysis of hollow and whole

eggs; the Weibull moduli are 8.9 and 7.3, respectively, and

thus eggshells qualify as a ‘technical’ ceramic.
Our assumptions thus far have treated the eggshell as a

homogeneous and isotropic. If this were truly the case, scal-

ing the egg would have no effect on strength as long as the

curvature and relative thickness of the egg remained
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Figure 14. Scanning electron microscopy images of cross-sections of a quail
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spherulitic structures formed in the mammillary region of the shell lie
between a thin fibrous organic membrane near the inner layer and a
denser and compact region called the palisades. A thin cuticle forms the outer-
most layer. Varying palisade heights, spacing and porosities can be observed
among egg types.
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constant. Our analysis, although limited to the pre-stated

assumptions, has identified that the strength of the eggshells

is not entirely dictated by its geometry/size. This is despite

the fact that force at failure increases with egg size (and

thus shell thickness), a trend that relates primarily to the

dimensional relationship between force and stress.

3.4. Influence of microstructural flaws on failure
strength

The tensile strengths show, with the exception of the quail

eggs, a gradual decrease with increasing size. This can be

rationalized in terms of pre-existing microstructural flaws,

which are observed principally in the larger eggs. The ‘pali-

sade’ portion with parallel calcium carbonate crystals

occupies a fraction between 0.2 and 0.4 of the egg thickness.

It is easy to envisage imperfect bonding at the interface

between adjacent spherulitic nucleation and growth sites, as

shown in the sequence of figure 1. Application of fracture

mechanics can yield a dependence of smax on ac, the crack

size (for a surface penny-shaped geometry):

Kc ¼ Ysmax
ffiffiffiffiffiffiffiffi
pac
p

, ð3:6Þ

where Kc is the fracture toughness. For the geometry closely

resembling the one in eggs, one can approximate Y � 1.12. A

recent study by Taylor et al. [40] reports Kc � 0:3 MPa
ffiffiffiffi
m
p

for chicken eggs. By setting ac ¼ ft, with t being the eggshell

thickness we can estimate a portion of it, f, that is pre-cracked.

As defined, f , 1. Thus, the experimental results are compared

with the predictions of equation (3.6) for three values of f : 0.2,

0.3 and 0.4. It can be seen that fracture mechanics predicts

results that are compatible with our data (figure 13). The

t20.55 in the fit from §3.2 (smax ¼ 14.38t20.55) shows close

agreement with this micro-defects model that has a t20.5

relationship with strength. It should also be mentioned that

porosity, not directly considered here, can affect the strength.

There are also intrinsic differences between eggs of differ-

ent species related to diet and other sources. Micrographs

presented in figure 14 reveal that the cuticle of the quail

egg is significantly more defined and tortuous than other

eggshells (white chicken and ostrich), resembling dried and

cracked mud. Therefore, a plausible explanation for the

lower strength of the quail egg is the abundance of these

pre-existing crack nucleation sites.
The decay of strength with increasing size can also be

explained by a stochastic micro-defects model. It appears

that the density of defects is relatively constant, and therefore,

the larger shells contain a much greater total quantity of

defects. A solution for defect dominated failure has been

evaluated for a number of materials including failure of

quasi-brittle cement [41]. Experimental evidence of stochastic

flaw-governed failure can be evaluated by comparing

Weibull moduli between specimen types. If the process is

governed by flaw quantity, then larger samples should

have steeper Weibull moduli and smaller standard devi-

ations. This is in agreement with our measurements (table 1).
3.5. Elastic properties of avian eggshells
The compression of hollow axisymmetric elastic membranes

was first analysed by Timoshenko [36] and has been widely

discussed in the literature. While analytical solutions are pro-

vided for some specific loading cases, the case of a point load

is more complex. Such loading configuration induces a high

concentration of stresses near the load points, and therefore,

the resulting maximum tensile stress cannot be estimated

by analytical methods due to singularities. Nonetheless,

FEA methods can be applied.

Reissner [22] provides the following equation to obtain

the Young’s modulus, E, of a spheroidal shell under point

load from a force–displacement curve:

E ¼ F
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12ð1� n2Þ

p
8cð1� rÞ2y

, ð3:7Þ



Table 1. Average thickness, strength and Weibull modulus for different avian eggs.

bird/egg type samples tested thickness (mm) strength (MPa) Weibull modulus

quail 4 220 25.6 3.5

chicken (white-pullet) 6 440 30.9 3.6

chicken (white-AA) 20 350 28.8 7.0

chicken (hollow) (white-AA) 12 340 29.9 7.9

chicken (organic-AA) 10 410 25.6 6.3

chicken (white-jumbo) 18 400 18.3 2.0

goose 2 670 17.9 —

ostrich 4 2550 8.5 8.7

Table 2. Summary of reported values for the Young’s modulus of chicken eggs.

author test method E (GPa)

Bain [42] non-destructive distributed

external load

26.3 – 34.1

Dhanoa et al. [43] compressed circular ring 19.0

Lin et al. [44] compressed circular ring 35.7

Manceau &

Henderson [45]

distributed external load 17.7

Rehkugler [46] compressed circular ring 10.5 – 20.7

Tung et al. [47] compressed whole eggs 45.7 – 46.9

Kemps et al. [48] vibration measurements 28.6

present study flat plate compression tests 27.5
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Figure 15. Young’s moduli evaluated for eggshells. Results are ordered by egg
size and error bars represent standard deviations. (Online version in colour.)
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where F is the applied load, v is the Poisson ratio, c
is the half-height of the spheroid, r is the thickness ratio

(r ¼ Rint/Rext ¼ 1 2 t/Rext) and y is the vertical displacement

of the loaded point.

Applying equation (3.7) to experimental values (as the

curve presented figure 5) along with FEA of point load exper-

iments enabled the calculation of the Young’s modulus

of white-AA chicken eggs. An average value of 27.5 GPa

was obtained, which is consistent with other reported

measurements, summarized in table 2.

In order to determine Young’s modulus for other types of

tested eggshells, asymptotical slopes of force–displacement

curves for distributed load tests were compared to an average

slope for white chicken eggs. The ratio between slopes

was then considered as a proportionality factor to multiply

with the previously calculated value of E of chicken eggs

(white-AA). Indeed, it was postulated that nonlinearity in

the curves is introduced by the deformation of the rubber;

hence the normalized slopes provide information on the elas-

ticity of the eggshell. According to Hertz contact theory, a

hollow sphere deforms linearly when in contact with a con-

cave surface [49]; this was extended to our compression

experiments on eggshells.

Calculated Young’s moduli are presented figure 15. The

results do not show a trend according to egg size, but highlight

the fact that chicken white standard eggs are statistically the most

rigid (Scheffé p , 0.01) as compared to all others, with the excep-

tion of jumbo eggs (Scheffé p¼ 0.76). Interestingly, organic

chicken eggs, which are highly comparable in geometry, are
significantly more compliant. Curtis et al. [50] observed higher

densities of organic content in brown eggs (more often encoun-

tered among organic or cage free eggs), which may contribute to

their compliance and reduced brittleness.

An average Young’s modulus of 6.6 GPa was found for

ostrich eggs, which is in high contradiction with the

100 GPa value obtained by Nedomová et al. [26]. Nonethe-

less, the reported force–displacement curves for point load

tests on ostrich eggs [26] were input into equation (3.7) and

give a value of 6.5 GPa, which is remarkably close to the

modulus calculated herein.
4. Conclusion
We have demonstrated that eggshells are excellent examples

of technical ceramics developed by natural evolution. Sub-

jected to loads focused at the pole of the egg (point

loading), failure occurs by local fracture along the inner sur-

face of the egg. The local deformation increases the contact

area and multiple fracture events continue to occur without

total egg failure, even to relatively large strains. On the

other hand, as loading becomes dispersed (by using load-dis-

tributing pads) the failure mode shifts to tensile failure by

axial splitting, followed by fracturing of the segments. Failure

initiates at an angle offset from the distributed load, influ-

enced by the overall geometry of the shell. This loading

configuration facilitates the assessment of the ultimate tensile

strength, although analytical methods fail to provide an exact

estimate. The strength of eggshells decreases with increasing

egg size, whereas the force required to break the egg
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increases. The quantity and size of defects, in addition to

protein content may have important consequences regarding

the evolution of avian eggs. Resistance to compression and

the amount of defects are closely related to the survivability

and hatchability of the egg, but this topic is beyond the

scope of the present work. The reduced strength of larger

eggs can be justified from a microstructural perspective,

taking into account an increased quantity and size of flaws

for larger eggshells.
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