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Table 1 Geometric data of five types of dinosaur eggs (cm)

HEfA 51
Egg type

A B C D E

ERIREE
Drameter at the pointed end

23 38 34 kAL 20

EYusRerE
Diameter at the blunt end

ERNEH
Long axis of the epp

24 200 1.0 14.5 12.0

EEEE
Eggshell thickness

00— 02 ; 0.14— QI8 Qld— 017 | 012— 014 | Q07— D@
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Table 2 Representative parameters of different types of dinosaur eggshells

EEA A B e b E
Egg type
I
el 9.4 200 18.0 4.5 120
Long axis {cm}
"
e 295 4.10 3.9 3.40 2,25
Conversion radis {cm)
= A
= 0.24 0.14 0.14 0.12 0.07
Eggshell thickness (cm)
AR 0.081 0034 0.035 0.035 0.031
LR 1.5 244 27 213 2.67
K, 0.46 017 0.175 0.19 0.15
P, 1BV =10 kv 211 2.3 252 1.55
{a,., /B x 1Y 399.0 61.9 56.0 716 49.8
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1. XTFENFRRIMEEROIERENTE

tERZR S5 A0 5 B ag T R BR ST A1 ok ) 2 S0 A8 B R Ea (I al ) o b 3
Prees BIHHE A A

Pres =K K, K EG [R)?, (4)

A h AREE, R AR, K HHERES B AHE F 5 Timoshenko & Gere.
1961):

K,=2//30=-47) ., (5)
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Fig.2 Variations in X, with the A /R Fig.3 Variations in X, with 1 and 4
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Table 3 Representative parameters at the blunt end of different types of dinosaur eggshells

5 40 R
ERA A 3 c D E
Egg type
I 4 R’
e 31 4.4 45 38 15
Conversion radius (crn)
EEh
=R 0.2 0.18 017 0.4 0.09
Egpshelt thickness (cm)
hiR 0.084 0.041 0038 0.037 0.03%
K, 0.9 0.82 a7 0,75 076
i 6.32 9,05 942 9.54 49,65
J 0.61 .77 0.50 0.81 0.82
e /B 2 10¢ M1 12.6 108 10.2 9.63
(g,.., [E) < 10* 586 8 285 27 267

2. XTEAOPBSHMELRERESHSIEREATH

Eim b E#RB, ﬂﬂﬁ%*ﬁﬂ%ﬁ%iﬁﬁﬁ%&%ﬁﬁﬁﬂ%@ﬁ%~ HAEEhm#
5.3 1 Weingarten et af.. 1963) 4

CP.=MmK hiweyE. (9)
Heh:

. I _ _1 [R Ry

HEE RIS A }
P =2K h | R cos £ (11

=B

R 7
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Table 4 Representative parameters of the egg’s middle portion
of five types of dinosaur eggshells

: 1
B B A 3 c b E
Egg type
Iy
4 295 410 3.9 3.40 2.5
Canversion radius {cm)
2H A
o2 0.24 0. 014 0.12 0.07
Egghsell thickness (cm)
K, 0.439 0.440 0.442 0.442 0.433
(P, !E}Yx1D? 17.1 540 54 4.00 L3
P, FE} < 10 64.7 103 110 11.0 8.4
lg,., [ EVx10° 398 150 156 15 135
WE2 BIREFIPFIEHOARLRHNBEEN P R o SHEENRKETUE ‘

i, B, C. D, E¥MHXMREENLRBED RS OFLENEEREED L
B, N R A YD b E AR AR R R

M. BEERBEDLFTHEZ a6

NMREBDEEHBIED T 5, XMEHRKMSRERS A, LHRIHED

pa=psing {13)
T4 1 50 7 B A
py=pcosf . (14)
B HERIE. p, FEHHIRN A
7, =p R [(2h) =pRsinf /(2h), (15)
Po TR IR RE N
do=py R [h=pRcosf | k. (16)
T pa AE3 T RUI BERZ A B AR R ) Y 1
G =P R JQRY =K hEcosy | R, {(17)
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Fig-4 Variations in the critical pressure with the angle 5 R BREIAFEM f AEEEY
£ in four types of dinosaur eggshells tTHmIERN . TEEEF T
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Table 5 Values of break pressure caculated from different
inclination of five types of dinosaur eggs

E}féiﬁﬂ'l A B C D E
Egg type
Couver:i'féus {em) 2.95 4.10 3.9 3.40 25
FIE A .02 0.14 14 012 0.07
Eggshell thickness [cm} :
K, . .49 0.440 U442 0.442 0.433
K, 0.46 0.7 U175 0.19 0.15
G/ 2.3 95.0 BLY g2 142.3
H/l0 ' 0.4 27 1837 1569 a1
0° 23 1l 233 2352 1.55
15° 133 219 a1 261 1.60
. %0° 360 242 267 289 178
-EL x 10 452 411 293 i) 148 215
&0 49.0 1.98 4.38 4.60 295
75° %.1 6.48 T.08 7.40 4.93
90" 6.7 2.3 .00 11.00 8.40,
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Nanhsiungoolithus . Prismatoolithus W EF. HBEFMNHEM. NREENF R
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Wi R, RIEE S RS AW L b (Horner, 1984 B¥ZE,
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BIOMECHANICAL PROPERTIES OF DINOSAUR EGGSHELLS(VD
—— THE STABILITY OF DINOSAUR EGGSHELL
UNDER EXTERNAL PRESSURE

ZHAO Zikui
Unstisule of Vertebratz Paleomtofogy and Palecanthropolegy. Chincse Academy of Sciences  Beijing  100044)

MA Hezhong
(Being Uniwersity of Aeromautics and Astronqutics Beijing 100083}

Key words Dinosaur egg, Thin Shell. Critical pressure, Crntical siress,
Instability. Breaking strength

Summary

It is well known that the patterns of dinosaur egg arrangement within the cluich
differ from group to group (Young., 1965 Zhao, 1975, 1979 Zhao and Li, 1993).
Some types such as elongatoolithid and hypsilophodontid eggs were laid regularly in
nest. The long axis of these eggs forms certain angle with the ground (Plate I). But
as for others, they were disorderly arranged in the nest.

Zhao er al. (1994) advanced that dinosaur eggshells could be considered as
rotational thin shell. When the dinosaur cggs were laid. and buried in sand for
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mmcubation, they were subjected to distributive pressure. Once the pressure comes to
the critical value p_ ., the eggshell will subside and then break. Here p_ is called the
critical pressure of instability. It has been demonstrated that Variation between p. of
different kinds of dinosaur eggshells existed (Ma and Zhao, 1994). This suggests that
arrangement patterns of dinosaur eggs in nests might have something to do with the
eggshell’s ability to resist external pressure.

The purpose of this paper is to discuss the relationship between the pattern of
egg arrangement in the nest and the critical pressure of its eggshell, and five types of
dinosaur eggshells are available.

1. Analysis of mechanical properties of dinosaur eggs buried evenly in sand

If dinosaur eggs were buried evenly in the ground, two breaking patterns would
appear under the external pressure. One 1s that eggshells were broken due to being
compressed. The other is eggs turned instable because of external pressure {i. ¢. subsi-
dence appeared on the eggshell surface). If eggs were filled with incompressible liquid,
the second breaking pattern was not easy to happen. But because the egg contains air
cell. a slight variation in volume of air cell would result in subsidence and breakage
on eggshell. Theoretical analysis and experiments showed that no matter which
breaking pattern happened eggs were most often broken in the middle portion (Zhao
et al., 1994). This portion may proximally be regarded as conical thin shell under
distributive external pressure. 1t has been demonstrated from bird eggshells that the
critical distributive pressure p,. . is mainly determined by the geometric data of
eggshells (radius, thickness. length and conical angle) and the nature of eggshell materi-
als (elastic modulus, Poisson’ s ratio). P, can be calculated by the following
formula:

K 2
Pocr™ 1_;"5:2 (—%) 3 (1)

Where 4 is the shell thickness. K is the critical load coefficient of external pressure
and can be obtained from figure 1. R is the conversion radius and:

R=(R_+R ) /(2o0sy), (2)
in which, R, and R are respectively radius of two ends of cone, y is the conical
angle. b in figure | is the axial length of the egg.

According to the membrane theory, the critical stress of the eggshell can be ob-
tained by:

ﬂ¢£r=pmrr§ n’fh * - (3)

Because v is very small, cosy approximates to 1. Like avian eggshells, dinosaur

£ OO0 http://www.cqvip.com|
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eggshells are mainly composed of calcitic crystallites and a small amount of organic
matrix. The structure of dinosaur eggshells available in this paper is very similar to
that of avian eggshells. Though E and o, of fresh dinosaur eggshells are unknown,
they can be referred to that of avian eggshells.

Here we take p=0.25, the same as avian eggshellé. Do.. a0 gy, of dinosaur eggs
available in this paper are shown in table 2. '

According to statistics. g, of avian eggshell equals to 0.023E. As shown in table
2, 6, of type A is (0.0399F greater than o, only when g, amounts to @, will
eggshells of this type be broken. As for types B, C. D and E, things are different.
Provided the stress amounts to o, . cggshells will be broken. If dinosaur eggs of
types B. C. D and E were buried evenly in sand. only little load would break them.

2. Analysis of mechanical properties of dinosawr eggs buried vertically in sand

If dinosaur eggs were buried vertically in sand. both ends of each egg turned to
be spherical shell under distributive external pressure and the middle portion of egg
turned to be conical shell under external pressure along the long axis.

(1) critical pressure of both ends of the egg

The critical external pressure p,.,, can be obtained from the following formula:

. po.=K KKEW|R? (4}
in which . # is the shell thickness. R is the radius. K, is the theoretic calculation
coefficient (Timoshenko & Gere, 19617 and : '

K=2 /30577 s)
K,. which decreases with the less of 4 /R, is called deviation coefficient of
the shape. It is introduced to account for that the eggshell is not an ideal sphere.
and can be gotten from figure 2. K, is introduced to consider the possibility of local
subsidenca on the eggshell due to being subjected to unequal load or not to being sub
jected to loading, and can be obtained from figure 3. In figure 3:
S As[20t=E) H (R A {6)
& expresses the level of subsidence:
S=A [k (7)
in which A is the maximum value of subsidence of the real eggshell.

As shown in formula (4). p, .. is in propertion to (4 /R)* . The blunt end of egg
is easier to be instable than the pointed end Therefore, we calculated only p, ., and
a,.;; at the blunt end. Table 3 shows the results. Here we take #=0.25. 6=0.2,

Toers=Prers R [2R). (8}

(2) critical external pressure and critical stress of the egg’s muddle portion along

the long axis

£ OO0 http://www.cqvip.com|
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The critical total load (Weingarten et af., 1965) is:

P =2rK hoosyE . (9)
In which:
K= ?/—311_” =0.54[1—exp (— -116- j% )]+0.9 (% )2(%) . (10)
The relevant external pressuse is: .
P =2K, (- [ R ) cos*yE (1)
and- the stress is:
6,,=P. . |QrRh}=K h Ecody |R. (12)

The results are shown in table 4.

As indicated in tables 2, 3 and 4, dinosaur eggs such as types B, C. D and E
had little capacity to resist instability. Only by putting them vertically .in sand could
they bear preater external pressure.

3. Analysis of mechanical properties of dinosaur eggs burjed obliguely in sand

If dinosaur eggs were buried obliquely in sand, the long axis forms angle § with
the ground. The axial pressure is:

pa=psinft (13)
The lateral pressure is: '
. py=pcosp (14}
According to the membrane theory, ‘the axial stress produced by p, is:
o.=p.R [(2h) =pRsing [(2h). . (15)
The lateral stress produced by pjg is:
5¢=P3E fh=FECDSB {he - (16}
The maximal axial (critical) stress under p, is:
0oei=P.. R (20 =K hEcos’y | R (17)
The maximal lateral (critical) stress under p, is:
Ty = l{{_‘iz (—%—)COS'}I. (18)
According to the breaking criterion of shell buckling when
(0, /0. +lo, [0, )=1, (19)

the shell would be instable and broken. Substituting {15) — (18) into (19}, taking
cosy=.1. we ¢an get
PEI' 1

E  (Gsnf+Hoos " - (20)

£ OO0 http://www.cqvip.com|
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_ 1 {RY _ =g [ RY (1)
i (B ()

Table 5 shows the critical stress when dinosaur eggs were buried in sand with differ-
ent angle B. Figure 4 indicates variation in the critical pressure with the angle § in
four types of dinosaur eggshells.

Where,

Discussion

From the foregoing results, we can see that the type A represented
by Oraloolithus has great compressive strength, because its o, was always greater than
@, . No matter what angle these egps were lving in nests with. they were not easy to
be broken. This is consistent with the previous found (Young. 1965). It also suggests
that dinosaurs represented by Ovaloolithus could lay eggs in nests irregularly.

However. types B, C, D and E such as Muacroolithus. Elongatoolithus. Nanhsiu-
ngoofithus and Prismatoolithus do not have enough strength. When they were laid evenly
in sand, if o, amounted to 1 /4 or 1 /5 of o,. the middle port-ion of egg might be
broken by external pressure: If they were burjed obliquely in sand, the ability to re
sist instability in the middle portion of egg would be sharpened. When f<45°. p,,
increases little. When f=60°. p. approximates twice as much as when f=0° When
$=75°, p_ is about threec times. If these eggs were buried vertically in sand (i. e.
=907 ), the ability to resist instability of two ends of the egg would be roughly the
same as that of the middle portion. o, would approximate g,. Hence, those dinosaur
eggs with low strength must be buried in sand with the long axis}'fonning certain an-
gle with the ground. their ability to resist the external pressure would be sharpened
and the chance of being broken by external pressure would be lowered.

Hypsilophodontid eggs were buried vertically or obliquely in sand (Horner, 1984
Zhao and Li. 1993). Based on the foregoing analysis, hypsilophodontid eggs
represented by type E would resist the maximum load when £ equaled 70 °— 90 °.
Regarded this as criterion. when $=45 ° — 75°. types B. C and D represented by
Elongatoolithidae would have the same ability to resist instability as hypsilophodontid
eggs buried with 75° — 90 ° angle.

The dinosaur egps represented by types B, C and D were found to be arranged
regularly in nests (Zhen and Wang, 1963 Young, 1965 Zhao, 1975). The present re-
suit shows no difference with this. Also it is reasonable to belicve that dinosaur
eggshells of types B. C and D represented by Elongatoolithidae and of
Hyposilophodontidae (type E} do not have enough strength, and could not provided
valid protect. The effective way to solve this problem was to arrange these eggs with
certain angle with the ground when they were laid. Therefore. in order to protect the
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developing embryoes efficiently during incubation. dinosaurs represented by these eggs
must adapt their reproductive behaviors. It was necessary and reasonable for
dinosaurs to lay eggs.regularly in nests. And this suggests that dinosaurs might be
more clever than what people have been thinking of them.
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A cluich of Macrootithus rigusius from Nanxong Basin., Guangdong Province: the eggs are arranging in three layers
in a circular manner. the wclnation of the eges at the outer layer is about 40 deprees, while those of inner circle
are more than A) degrees

2 B E Prmatoviithus gebiensis —F 3| AW L. FF 193 ERD. ERAECHFITERH
A cluch of hypsilophodontid eggs. Prismatoolithus gebiensis, (rom Bayan Manduhu, Nei Mongol: the eggs stand

vp vertcally in the nest
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