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fE, HEELATARRES T ZEBBOHITES.

AXURMBREMAEIARME(SERRES, 199 S, BEE,
1994), EfIMJLMEREENERL iR, RPERMANE R G EENRE
Prismatoolithus gebiensis (%%, ZEgE, 1993),

Fx1 BMBREJVOTEEE(ER)
Table 1 Geometric data of five types of dinosaur eggs (cm)

BERAS
Egg type

A B C D E

BRRRE

Diameter at the pointed end

23 3.8 34 3.0 2.0

EHnRE

Diameter at the blunt end

2.6 44 4.5 3.8 2.5

ERKH
Long axis of the egg

9.4 20.0 18.0 14.5 12.0

EREE
Eggshell thickness

0.24— 026 | 0.14— 0.18 0.14— 0.17 | 0.12— 0.14 | 0.07— 0.09

= BB T PRI

MRBER VAR Lrh, WA ERN K SETT. EXMELT,. e
EHARMMBAL A —FRERZRETMHER, 75— MR B k8 (B iy M B
JEHR) . RPN AT A Y A, S R R R R R 2 B
BHETENARE, RESKEERRO/NEAT(NENEREDN), salfEE R EH W
PR, RIEEASZNIE 5L, SREWRERERBIABRIARKE -
i, —BERAEAENPBOBREESE, 1994), XA LULBIHE BUE %5106 S E
TERM SR #F, ASMNERBIE—HE A BB m N M EURR) . 74 MR 5
WA GEF A ES poe- BREERY, po. BA/NERSERILMBH(IZ. BE,
KEMHEER) KAPRHERCGEREER AR B, HERRNOZWEUN. HiE &7
ek E AT (Hyman & Healey, 1967) 1831 H T i3 M 5Ty i F 00 e 1 A5 0h:

K, E h\?
chr_ 1__#2 <K> o (I)

K h HFEERE, R WFEERZ, ThTR
R=(R_+R,) |2 cosy (2
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B8 X R K R, A ARG AR, BEEM. (DK rh EprR iy,
wRREOIAR L. K, WAMER R RS RE, AThE L &S, B b hriKE.

0.1

b/2r
0.01 L ! s : .
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W1 SRR ARG R K, Btz
Fig.1 Variations in K,
Fﬁ/ﬁ—:\‘o

FERAR P, Jii» ATARBRTOH R 1
SRAG I B s 2 Y SRR A
aq,”:pmﬁ /h (3)
mT%EMAy B, AEME cosy=1
(HAMRETE 5% LT ). BleEFRTHEAL
A, EEFEELTREERE E AR
NS o, ¥WIARKIE. AW, BRESTMEE
Tk, FTEMFBAMBELEANE
R, LHZEFRXHRMX S #A4R
A, HEFHKEASH AT —
BYESEAMWELRMM. BETUSEH
5 EFHIE RS v
BEFZHEE p—MH 025, BHA X
HRGZEEFTHE 1=025. FxX SR
HERBDUERT Poer K 0, FRIEIMK 2

£2 TREBBEBYETIE, ., RISRES o, B
Table 2 Representative parameters of different types of dinosaur eggshells

Y i .
R A B C D E
Egg type
K L .
i 9.4 20.0 18.0 14.5 12,0
Long axis (cm)
Yz R
re 2.95 410 3.96 3.40 225
Conversion radius (cm)
2 h .
el 0.24 0.14 0.14 0.12 0.07
Eggshell thickness (cm) .
hiR 0.081 0.034 0.035 0.035 0.031
L 2R 1.59 2.44 2.28 2.13 2.67
K, 0.46 0.17 0.175 0.19 0.15
p,., /B)x10¢ 2.5 211 2.33 2.52 1.55
(G, /[E)x10¢ 369.0 61.9 66.0 7.6 49.8
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WEXT S ERNEI, 7R 0,=0.025E, 2ANRK2ATUER, A BRI ERJE dh
W 7] Gpea=399E [10'=0.0399E>0, , KR, X—REWETECEHY LS 0,
AREWH. R, WTF B, C D, ENMFRRNBRERE, KOEFMR, LD
BREAB: 0,p=T1.6E [10°=0.00712E<0,, REAE, XPUFRBMZILET, HEHR
N 5158 0, X—JR MR HERERN. R, mEB, C, D, EWMmR e EE Y
BOBIRAE YD - ik AT BEAE AR /N T R il 7 SR

=, BREESIH TEED L PRy =2 ot

WNRAEA R F  ApBIp B AV L AR i1, B4, ATit
ERPREERAZNEAE AR ESRT, LB A R R 2 M R
R, Aot HEFESN.

1. XTFENRRZINERBHGRENITH

YER IS SNER IR BR 5T, e [ i S B A5 B i e A O o) I 57 51 [ 5
Prers BITHR AN

V. =K K,K,E(h |R)?, @)

X h HEEE, RIERER, K WELHESPERNITE ZH(Timoshenko & Gere,
1961):

K,=2//30-u%) . (5)

K, BB EELFHRTERA —C R EA Rk, EESATRY S5 KR RS
2B, EHi A /R EB/NTE/D, WTHE 2 ER. KRB BAERMAYTRAZ ST
AR T3 ARG REG MR 7T f T MBS A KT I R R K
AT g 3 A,

1.0 5 K3
K, [
1.0 - - - i
L 0.5}
0.8} | i
T h/R K
0.6 1 : ' " 1 - | A
0 0.02- 0.04 0.06 0.08 0.10
0 5 10
M2 BREERS KB A (R 3 BRI K B2 RO R
Fig.2 Variations in K, with the # /R Fig.3 Variations in K, with 4 and ¢
Bl 3 AR AL pR:

A=[12(0 =) * (R /W7, (6)
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o fRRFEHI M FEE

d=A /h, @)
P A NELRFEERKMBE. '

MARX(A) TR, EBEMAHG 7/ REB/N, I p,.. AN, BiRHEEHNE
RENIK, HERRWES K. BA SRR P K 0, fH, HITESERTE 3.
B p=0.25, 6=0.2. B TFRAKBIERN S

i =Drers R /2N, ®

*3 BEEHRERERMNE,,. REREA,,,
Table 3 Representative parameters at the blunt end of different types of dinosaur eggshells

4 4
&R a5 A B C D E
Egg type
\//){'R'
e 3.1 4.4 45 38 2.5
Conversion radius (cm)
EHEh
e 0.26 0.18 0.17 0.14 0.09
Eggshell thickness (cm)
h /R 0.084 0.041 0.038 0.037 0.036
K, 0.9 0.82 0.79 0.78 0.76
i 6.32 9.05 9.42 9.54 9.65
K, 0.61 0.77 0.80 0.81 0.82
(. 1B x10° 4.1 12,6 10.8 10.2 9.63
(o,.., | E) x10* 586 308 285 278 267

2. XTFENPREMELARERENSIEREZAITHE

Fw EEED, EENPHEER RS Z B AN RET, HARIER
B #fT( Weingarten et al., 1965) 3:

P =2nK hicos’y E , 9)
A -
_ ! _ cem[- L [R Ry
L INA: L bR
Pre:=2K,(h [R)*cos JE , (1

VAR
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0..=P,, |QnRh) =K h Ecos’y |R. (12)
M ESBIHESR ALK 4.
§4 ﬁﬁﬁ*ﬁﬂ%ﬁﬁ%mﬁ Px" ’ pxu&O.xcr

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

240 5
E A A B c D E
Egg type
NYs ?
e 2.95 410 3.9 3.40 2.25
Conversion radius (cm)
=k
s 0.24 0.14 0.14 0.12 0.07
Egghsell thickness (cm)
K, 0.489 0.440 0.442 0.442 0.433
(P,., /E) x 10° 17.1 5.42 5.44 4.00 1.33
P, [E)x10* 64.7 10.3 1.0 11.0 8.4
(., / E)x10* 398 150 156 156 135

A&E2, RIRRAPIIMMARLYBEEN pro. K o FHEH LB TLUE
. B, C, D, EFNMERMBEERIRREENRE. WRBENSIREEED L
B, P R AR YD+ T R AR SR AP,

. BRERMEAED PR 505
MRIEBRBERBAEY L b, XK SIS . MG

 pa=psing, (13)
i) 43 A Fe 4
pe=pcosf . (14)
RETIREBIRIS, p, FE R R S
o, =p,R |(2h) =pRsing | (2h), (15)
P PR R RS
' 0o=ps R /h=pRcosp | h. (16)
e po FEF o B Z R K (IR B A1
0. =p.. R |Qh) =K hEcos’y | R, (17)

FE pu A F ) BE AR Z M BRI
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Fig.4 Variations in the critical pressure with the angle

80

B in four types of dinosaur eggshells

S, FTEE 4P Hig.

1—p
WRIBT IR, 258 WA R
HRF, X4
(0,/0.)? +(a, [6,0°=1 (19)

B, Bia R REEIR. #(15)
—(18) PIRXACA(19) K, Hcosy=1,
Al {5

P

e 1 ,
E  (Gsin’B+ Hcos’p) ' 20)

Hr

=L (Ej

akz \ h )7
_a=e (RY
H__TF_"<7>

BAE(20) F 2D R AT LU & R
KBS BRI B R
LR, HESRNT %

Gper= KE2 <—%—>cosyo (18)

%5 RBEBUSRRENGA BIBED L PAHRSERES
Table 5 Values of break pressure caculated from different
inclination of five types of dinosaur eggs

Egg type
AR
Conver:i#c:)rflé radius (cm) 2.95 4.10 3.9 3.40 2.25
FJE .04 0.14 $0.14 0.12 0.07
Eggshell thickness (cm)
K, . 0.439 0.440 0.422 0.442 70433
K, , 0.46 0.17 0173 0.19 0.15
G /10° 2.39 95.0 81.9 82.5 142.3
H [10° . ' 9.49 237 1837 1569 4170
0° 2.5 211 233 2.52 1.55
15° 33 2.19 241 261 1.60
, 30 36.0 2.42 2.67 2.89 1.78
—Ei’— x 10¢ 450 41.1 2.93 3.23 3.48 215
60° 49.0 3.98 4.38 4.69 2.95
75° 9.1 6.48 7.08 7.40 4.93
90° 64.7 10.30 11.00 11.00 8.40.
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i

AT RA RGP RS, ABRRBESR. W Ovaloolithus B 1R & #) 5&
B, AR LR THRMMERESIAE, RARBRES o, WETE
BRI N o, H, UXRBENRENRBAEFE S, R e o0 LA fh A B
FHEEED, E-BRBATYASZERN. NEXRMX—LK-NELAKRE, B
 HEEBPRHERANMHES (e, 1965), XMERAT SR XHBIRS R
Xkt —4 U3, # Ovaloolithus AR RHZ I T HESRFEPL =L & P .

SRifi. B, C, D FI E PO R0 38 &Y, b gk &2 ¥ W Macroolithus, Elongatoolithus.
Nanhsiungoolithus } Prismatoolithus W) E 5, JOREEW B, MR ENT TR HE
U+, HORERIWRRIMK. SHERN S o, BB EHBEAN o, 1 /4% 1 /6
B, 7E%E N IRl BB 2SN E R R MBI, WR X A (R K S T
HE—EMAE)BEY b, WENPRRARENAFTES. YPMAESUT
B, XRREFAHE. %40 AKR 60° o, KREBIAES p., AT S B R T
B 2 6%, 76 B=75°BF, WInlEBTHETR 3 /5. REER KRR f=90° )18
Wi, W p., WTIEBERR 4— 565, BT ETRY P A AR R B PR R BB T KRB
&, BN NEWAR S o, HEE TR EFEN S o, X TREREN
T AR, REGEIINKESHER—ENAEEED b, RaUERAR
BRI, R EII R ERR SRR,

Btk e Re, RIEE AR T SR LE Y b (Horner, 1984 X ¥t 2,
2=, 1993). M ERMIMTEERKEE, U ERENREMNBEEEEET0°— 90 ° M
FESEV R a AR B B RPLERCR. R iR, BMAUKEER R EN B,
C, D=fMXREE, HEL4WS"— 75° HHFREEERS S, MTLLABIREEELT
75 °— 90 ° iR B AT PR AR BE S '

ERX—hERSCRANBRKIEER AREN B, C, DREESPAREERHE
SR AAH BB, EF L 1963 gohfd, 1965 M¥rZE, 1975). WATHHGIA
K, HTUKEERAAERN B, C DREMRN BE(ERE) WELRERMK, 6k
ﬁﬁﬂ@ﬁ?ﬁmoﬁ&ﬁ—H@%ﬁﬁﬁﬁz—ﬁ%ﬁﬁﬁﬂﬁﬁfﬁmﬁE,U%
BRENPNEAIRES . B, S T RUESRAESAL A E N RE A BOm B LB Z RS, M
R HARATILANEFT N ERBE IR RCR S, DUOERERSS
MA GRS FTUENITESRe, EpE e StE N —EMAEHIERETHE
EFELEMMEEN. XRATERH, DROFAIEREANTKBLCREE N ER.

it AFRABHEREA, HUERLEIER, EFR B,
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BIOMECHANICAL PROPERTIES OF DINOSAUR EGGSHELLS(VI)
—— THE STABILITY OF DINOSAUR EGGSHELL
UNDER EXTERNAL PRESSURE

ZHAO Zikui
_ Unstitute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences Beijing 100044)

MA Hezhong
(Beijing Unitersity of Aeronautics and Astronautics Beijing 100083)

Key words Dinosaur egg, Thin Shell, Critical pressure, Critical stress,
Instability, Breaking strength

Summary

It is well known that the patterns of dinosaur egg arrangement within the clutch
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 et al. (1994) advanced that dinosaur eggshells could be considered as
rotational " thin shell. When the dinosaur eggs were laid, and buried in sand for
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incubation, 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 is that eggshells were broken due to being
compressed. The other is eggs turned instable because of external pressure (i. e. 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. It 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,
formula:

K,E %
Poc:™ 1_(0#2 <?> (1)

can be calculated by the following

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,) /Qcosy), ()
in which, R, and R, are respectively radius of two ends of cone, y is the conical
angle. b in figure 1 is the axial length of the egg.

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

O.wcr'_'ptpcrE /h * (3)

Because y is very small, cosy approximates to 1. Like avian eggshells, dinosaur
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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 F and o, of fresh dinosaur eggshells are unknown.
they can be referred to that of avian eggshells.

Here we take u=0.25, the same as avian eggshells. p, . and g, of dinosaur eggs
available in this paper are shown in table 2. '

According to statistics, o, of avian eggshell equals to 0.025E. As shown in table
2, o, of type A is 0.0399E greater than ¢, only when o,
eggshells of this type be broken. As for types B, C, D and E, things are different.
Provided the stress amounts to ¢, , cggshells will be broken. If dinosaur eggs of

amounts to o, will

types B, C, D and E were buried evenly in sand. only little load would break them.
2. Analysis of mechanical properties of dinosaur eggs buried vertically in sand

If dinosaur eggs were buried vertically in sand, both ends of cach 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:

| Pe=K KK E(h | R’ @)
in which , % is the shell thickness, R is the radius. K, is the theoretic calculation
coefficient (Timoshenko & Gere, 1961) and :

K=2 V3T . )
K,, which decreases with the less of A /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
subsidence 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:
A=[120 )] (R )2 (6)

0 expresses the level of subsidence:

" 5=A |h VA
in which A is the maximum value of subsidence of the real eggshell.

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

O =Prers R JCH). ' (®

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

the long axis
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The critical total load (Weingarten et al., 1965) is:
P...=2nK h*cosyE . )]
In which:

K=-—ot 054 1—exp (- -1 /E w0 B Y (& (10)
NEET) P\7" 76 J % T\ L \R '

The relevant external pressuge is:
Pre:=2K, (B | R ) *cos yE (1)
and the stress is:

0. |@rRM) =K, h Ecosy | R. (12)

XCT

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 greater external pressure.

3. Analysis of mechanical properties of dinosaur eggs buried obliquely in sand

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

pa=psinf (13)
The lateral pressure is:
‘pa=pcosp (14)
According to the membrane theory, the axial stress produced by p, is:
o,=p,R | (2h) =pRsing /(2h). (19
The lateral stress produced by p, is:
do=py R /h=pRcosp [ h. (16)
The maximal axial (critical) stress under p, is:
0..=D.; R /@) =K hEcos?y | R (17
The maximal lateral (critical) stress under py is:
Oper= lliiz (—%—)cosy. (18)
According to the breaking criterion of shell buckling when
(0,/0,)?% +o, |6, )*=1, (19)

the shell would be instable and broken. Substituting (15) — (18) into (19), taking

cosy=1, we can get
P 1

~ (Gsif+Heosp) ' 7 (20)
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__t (RY _ G- (RY (1)
g () =S ()

Table 5 shows the critical stress when dinosaur eggs were buried in sand with differ-
ent angle f. 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 Ovaloolithus has great compressive strength, because its g, was always greater than
o, . No matter what angle these eggs were lying 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 Macroolithus, Elongatoolithus, Nanhsiu
ngoolithus and Prismatoolithus do not have enough strength. When they were laid evenly
in sand, if o, amounted to 1 /4 or 1 /5 of ¢,, the middle portion of egg might be
broken by external pressure: If they were buried obliquely in sand, the ability to re-
sist instability in the middle portion of egg would be sharpened. When $<45°, p,,
increases little. When f=60°, p  approximates twice as much as when f=0° When
B=175°, p., is about three times. If these eggs were buried vertically in sand (i. e.
B=90°), the ability to resist instability of two, ends of the egg would be roughly the
same as that of the middle portion. 6, would approximate o,. Hence, those dinosaur
eggs with low strength must be buried in sand with the long axis forming 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 B equaled 70 °— 90 °.
Regarded this as criterion, when f=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 eggs 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-
sult shows no difference with this. Also it is reasonable to believe that dinosaur
eggshells of types B, C and D represented by FElongatoolithidae 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.

AR 135iA8 (Explanations of plate I)

L. K B % B ( Macroolithus rugustus) —85( 5| B#p8h . 1965, B V). ShAERBRESRASN. £
R, BAMNEENEENBREAAN 0°— T0°
A clutch of Macroolithus rugustus from Nanxiong Basin, Guangdong Province; the eggs are arranging in three layers
in a circular manner. the inclination of the eggs at the outer layer is about 40 degrees, while those of inner circle
are more than 70 degrees

2 Hkby I Prismatoolithus gebionsis — (5| ABYEE, . 1993, EIRD. BhaE A TR b
A clutch of hypsilophodontid eggs. Prismatoolithus gebiensis, from Bayan Manduhu, Nei Mongol: the eggs stand

up vertically in the nest
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