%3285 %41 w R KW ¥R pp. 249—257

1994 £ 10 A VERTEBRATA PALAsIATICA figs. 1—4

LRETHEMSFER (1)
I NDER N ERETRIFH
o BB IR
5 Ao

Gl TR IR K2, J6 5 100083)

B R

(hEMERG S DY 5E ARBR)

X@BIE BEE Wi MNE NS

n O EF R E
TESNFITERT LI Macroolithus yaotunensis, Macroolithus rugustus F1 Nanhsiungooli-
thus chuctienensis NINERI S E ET NI IME LM B R ; BL Ovaloolithus chinkangko-
uensis JIREFMN, HTIRAIMNEEBRK A REERLARIOTVRR LM, WFTTREEDR
ERREREERTEEE. X—RRNE—F IR ARL N EBEEER HARRIIHS]
773 WRH X B LA N BB LT VA BBIR S v fR ik o

- 51 &

RBEYM N ZNEABRNG TS ER RO ZLEREER SR EERRE T
=R, BEEF(IORN , ARAMNTEE, RREEREG &R, HAK EHHERE
MR, XEBNBEXREEZ/NTHAORE, /N FHzE2, Rk, TREf1ER
ABeRE =, TR AEZER R XER BB HON IR,
AXEE—RiRE(REES, 190048, BYNBEAEHUFARERRRLEER
X DB RN Z 50, T UE— S MR ER LR NEA ACREBRLLE
HEEZSHARNHEI T AUR R R EEXAIBNER; WHEREYEYI¥E SR
B I RE— A BRI PT S A

AXHROEMARALREEZE994)F L, HTHETRE B EETH
FRXEMBERMARARSWE Lo

) AT HBEGEHERELEYSHAREHERRERIIIHESORY,HS: 9118



250 &HOH M Y ¥R 32 %

£ 1 FXHRHEMLCGEFR

Table 1 The dinosaur eggs analyzed in this study

EihA Ovaloolithus Macroolithus Macroolithus Nanhsiungoo-
AR chinkangkosensis yaotunensis rugustus lithus chuetic-
om nensis
HERFER ?&‘-32
5 A B C D
AR ARG A0l BO1 col Do1
R A02 B02 co2 D02
Standard contour A03 B03 Co3 D03
of eggshell
ERA All BI1 cit D11
% % A12 B12 c12 D12
Real contour Al13 B13 c13 D13
of eggshell
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Fig. 1 Rotational thin shell model of dinosaur egg. /NTFHEEIR/NHEYER, EILTTDIME
WK H oL, BRI FH R R (Timoshenko %5,1959);
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R, S Yoo 2) 4 NyoR,cos® + XR,R, — 0,

O(NoRy) | p ONew _ N R cosd + YRR, = 0, (1)
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R RICON R T AR Ty, TRUAYXEE RN RSN HE
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2,UL ARG 614

y = 2665 — 0.868¢ — 6.25%° + 4.45%7, (2)
X ,‘ :
¥y =y/b, ' (3a)
*=x/a, (3b)
HtRR G R HERESANMNIR TREEZEWNET A% —r05Es &3 1T
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ay _ Yirr— ¥i l
4o 200 (42)
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R, = R,/sin®, (5b)
R, = |y (5¢)
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5, = 9ek — No (8b)
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Fig. 2 Diagram showing instability(buckling) Fig. 3 Diagram of breaking type of dinosaur
of dinosaur egg under external pressure egg
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Fig. 4 Curve of Ky coefficient
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Table 2 Critical pressure in the four types of dinosaur eggshell

E B A B c D

b(cm) 4.7 10.0 9.0 7.3

a(cm) 3.2 4.4 4.0 3.8

h(cm) 0.24 0.14 0.14 0.12

Z;(cm) 24.4 123.4 104.8 76.4

Ky(cm) 7.0 16.0 15.0 11.0

2.,(MPa) 6.01 0.44 0.56 0.41

Per(kg/cm?) 58.8 4.29 5.48 4.03
HkwEn

resistance to iR = Hxk BE
unstability

H,EGEMEE E =50 GP,, HEL p =025, FARMARXKXATLORE p, &, B

* 2

MR EREEFRROES b, EADTRINN L MBGEL, WZABT 4 6 B

Lk 8 15%] (3% 3)o

B ERIENIE ,LL Macroolithus yaotunensis, Macroolithus rugustus %1 Nanhsi-
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Table 3 Stresses in the four types of dinosaur eggshell

g M A B C D
§i 7 (MPa)
56.6 12.6 12.6 10.0
Stress
FJy (kg/em?)
555.0 123.0 123.0 98.3
Stress

ungoolithius chuetienensis X FKAY, M B.C.D B =FBFE, (CRICHIBIII TN, /T HER
FAEFEFAEINET RBMBIL (B TLL Ovaloolithus chinkangkouensis A fRFKH AR
BEEHRG, W TIEFRIMNERR, AHCEREOERRERT, RIEELIZER
WA R A B o] B
AT L SR S A L I R
(19945E 2 H24HIHS)
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BIOMECHANICAL PROPERTIES OF DINOSAUR EGGSHELLS
(II)—TWO BREAKING TYPES OF THE DINOSAUR
EGGSHELLS UNDER EXTERNAL PRESSURE

Ma Hezhong

(Beijing University of Aeronautics and Asironautics, Beijing 100083)

Zhao Zikui
(Insiitute of Vertebrate Paleontology and Paleoanthropology, Academia

Sinica, Beijing 100044)
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Summary

An attempt has been made to analyse mechanical properties of dinosaur eggshells
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with the basic theory and methods of biomechanics. Zhao et al. (1994) advanced
that the dinosaur eggshell can be considered as the rotational thin shell, that is to
say, it is formed by rotating a curve (generant line) moving around an axis (rota-
tional axis or symmetric axis). The distance between any point of the generant line
and the rotational axis is named parallel circle radius of this point, expressed by
R,. According to thin shell theory ('fimoshenko et al., 1959), the equilibrium
equations of the eggshell can be written as

6Ny O(NeoRy)

Ry 5 T NeoRicos® + XRiR, =0,
d(NsR AN,
(a; ) 4 R, ae"“’—NeRlcoscD+YRoRl= 0, (1

No 4 No 7,
RZ Rl
The dinosaurs bury their eggs in sand or earth for incubation. Assuming that
exerting external forces on these eggs within the nest are equal distribution pressure,
i. e. Ngg = Nyp = 0, After treating the statistical figures of the dinosaur eggshe-
lis, a non-dimensional contour curve forfnula can be obtained:

¥y = 2.66%° — 0.868x* — 6.25%° + 4.45%", (2)
in which
y=y/b, (3a)
¥r=ux/a, (3b)
Using numerical method substitutes the differential with central difference:
dy Yit1 7 Vi1
Y Vi1 = Vi 4
40 280 : (42)
dy _ d (cLy> = Yinn— 2yt yigy (4b)
d®* 4P \dd AQ? )
Thus the three difference expressions of curvature radius of the eggshell can be
obtained:
212
. 7 2 . . 2y+ Yi_
R, = ’1 —_ <y1+l yu_l) / Yi+1 i i—1 Sa
‘ 2A0 Ao? ’ (32)
R, = R,/sin @, (5b)
Ry = [yl (5¢)
and
g, = 240 (6)
Yivr — ¥Yi
Using nondimension parameters:
va - &, (7&)
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Ny=—*%, (7b)
pb

in which Ny and N, are nondimensional internal forces along the generant line
direction and the circumference direction, respectively; Ny and Ny are internal forces
per unit length along the two directions; p expresses pressure. The curves of Ng
and Ny in the different types of dinosaur eggshell can be obtained (Zhao et al.,
1994). Thus, the nondimension stresses Gy, 0 and stresses gp, ¢, in each point on
the eggshell can be calculated by the following formulae:

— (T¢h qu;,

= 22" _ Yo 8a)
(of ) b, 3 ’ ( a)
5 — Goh _ Ny 8b
Og b 3 s (8b)

where, ¢ and O express the direction of generant line and the circumference dire-
ction respectively; h is thickness of the eggshell.

From this, it can be seen that the stresses in the eggshell are in proportion to
the value of pb/h, and that both of NpmaxsNemax 304 GomaxsTemax 2rfise in the equato-
rial region of the egg (Fig. 2), and ¢4 > 64, Ng > Np, That is to say, cracks of
the eggshell caused by external pressure should first emerge in the equatorial region
along the direction of generant line. It subsides and breaks under its instability (bu-
ckling) condition, as shown in figures 2 and 3. From the crack patterns on the
better preserved dinosaur eggshells (see Plate III, V, VI, VII[,XI and XII of Young,
1965), it seems that the breaklines of the eggshells triggered by the external pressure
during their fossilization initially produced along the direction of generant line,
which are consistent with the present study.

The buckling formula of nondimensional value P,, under the critical external
pressure can be obtained:

- '= peab® K,n?
“ ER 12(1 — w?)’

(9

where, E 1s compressive elastic modulus; u is the ratio of material deformation in
one direction to material deformation in its vertical direction, called Poisson’s ratio;
K, is a coefficient which depends on geometric shape of the eggshell. It can be
read up from Figure 4 (Column Research Committee of Japan, 1971).

The abscissa Z, = bZ\/I — /ﬁ/x/a—b, in which a and b are the lengths of half
a short axis and half a long one, respectively. After calculating Z,, K, can be
found out from Figure 4. Finally, the critical pressure P, can be obtained from
the expression (9).

The dinosaur eggshell is not a homogeneous structure. It is compounded of two
quite different materials: calcitic crystallites and a small amount of organic matrix
composed of a collagen-like protein. Therefore, it can be regarded as the structure
of composite material. Taking its elastic modulus E = 5.0GPa, Poisson’s ratio u =
0.25, using the above expressions and curves, P, can be obtained (Table 2).
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If we take the pressure P, of the eggshell instability as the external distribu-
tion forces and exert them on the eggshell, the stress gp in it can be calculated from

the expression (8), as shown in Table 3.

From the foregoing results, we can see that in the low stress level, the eggs-
hell, represented by Macroolithus yaotunensis, Macroolithus rugusius and Nanhsiu-
ngoolithus chuetienensis, could be broken due to the instability under the external
pressure. But that of Ovaloolithus chinkangkouensis could have the possibility of

compressive damage.
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