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A Transversely Isotropic 
Biphasic Model for Unconfined 
Compression of Growth Plate 
and Chondroepiphysis 
Using the biphasic theory for hydrated soft tissues (Mow et at, 1980) and a trans
versely isotropic elastic model for the solid matrix, an analytical solution is presented 
for the unconfined compression of cylindrical disks of growth plate tissues compressed 
between two rigid platens with a frictionless interface. The axisymmetric case where 
the plane of transverse isotropy is perpendicular to the cylindrical axis is studied, 
and the stress-relaxation response to imposed step and ramp displacements is solved. 
This solution is then used to analyze experimental data from unconfined compression 
stress-relaxation tests performed on specimens from bovine distal ulnar growth plate 
and chondroepiphysis to determine the biphasic material parameters. The trans
versely isotropic biphasic model provides an excellent agreement between theory and 
experimental results, better than was previously achieved with an isotropic model, 
and can explain the observed experimental behavior in unconfined compression of 
these tissues. 

Introduction 
The growth plate (physis) of immature long bones is the thin 

( = 2 mm) cartilaginous plate that separates the shaft from the 
bony end (epiphysis). Proliferative and hypertrophic chondro
cytes are organized in columns whose orientation defines the 
axis of longitudinal bone grovyth (Brighton, 1978; Buckwalter 
et al., 1985; Hunziker et al., 1987), surrounded by collagen-
rich fibrous extracellular matrix (Speer, 1982). The pre-ossific 
cartilage adjacent to the growth plate in the epiphysis of imma
ture long bones is termed chondroepiphysis. Fig. 1. The form 
of the growth plate has been thought to follow a pattern most 
suited to produce primarily a state of compression within the 
tissue (Smith, 1962; Carter et al., 1987) under normal load 
bearing, which is considered vital for growth and development. 
Excessive compression, however, can be detrimental and lead 
to growth abnormalities (Letts, 1988). This has been the moti
vation for a number of biomechanical studies on the growth 
plate (Bright et al., 1974; Cohen et al., 1994; Moen and Pelker, 
1984). 

The mechanical behavior of hydrated soft tissues such as 
articular cartilage has been successfully described by the bipha
sic theory (Mow et al., 1980) where the tissue is modeled as a 
mixture of two distinct, homogeneous, immiscible, and intrinsi
cally incompressible phases: an elastic isotropic solid and an 
inviscid fluid. Fluid flow and solid deformation are coupled 
through a momentum exchange term, linearly proportional to 
the relative velocity of the two phases, which is responsible for 
the description of the time-dependent (viscoelastic) deforma-
tional behavior. The intrinsic biphasic material properties are 
determined by standard experimental procedures such as uniax
ial (confined) compression, unconfined compression and inden
tation (Armstrong et al., 1984; Mow et al., 1980; Mak et a l , 
1987). 

The unconfined compression test was used to study the me
chanical behavior and load effects of hydrated soft tissues such 
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as articular cartilage (Armstrong et al., 1984; Mizrahi et al., 
1986), growth plate and chondroepiphysis (Brown and Sing-
erman, 1986; Gray et al., 1988; Kim et al , 1995), and cardiac 
muscle (Yang and Taber, 1991). Armstrong et al. (1984) also 
obtained a theoretical solution (assuming infinitesimal deforma
tion, frictionless platen interfaces, and isotropic material proper
ties) and reported that a good agreement between the theoretical 
response and experimental data could not be obtained. They 
attributed this to confinement effects due to surface adhesion 
at the tissue-platen interface. Brown and Singerman (1986) 
reported obtaining only limited accuracy in curve-fitting the 
experimental data, which presented a much higher peak stress 
and more rapid relaxation time than the theoretical prediction 
of the Armstrong et al. (1984) solution. Spilker et al. (1990) 
studied the effects of friction at the tissue-platen interface in 
unconfined compression with use of the finite element formula
tion of the biphasic theory (Spilker and Suh, 1990) and showed 
that it can explain only part of the theory-experiment discrep
ancy reported by Armstrong et al. (1984) and observed by 
Brown and Singerman (1986). Another possible explanation 
could be the intrinsic bulk viscoelasticity of the solid matrix of 
the tissue (Mak, 1986). The analysis by Lanir (1987) of the 
unconfined compressive response of a transversely isotropic 
cartilage disk included the apparent effect of osmotic pressure, 
and was used to explain the ' 'instantaneous'' response described 
in the experiments of Mizrahi et al. (1986). 

In this study we propose that the dramatic stress-relaxation 
behavior (high peak stress and rapid relaxation time) observed 
experimentally in unconfined compression is due to the re
straining (confining) effect of extracellular matrix against lat
eral (radial) displacement producing tensile strains in the trans
verse plane (with a much higher tensile stiffness) and that 
this behavior can be described by a transversely isotropic bipha
sic model. 

Theoretical Formulation 

Basic Equations. In the biphasic theory (Mow et al., 
1980), the stress-strain relations for the solid matrix, the inter
stitial fluid, and the total stress are given, respectively, by 
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Fig. 1 Specimen preparation from the 4 month old bovine distal ulna, 
showing the two sections representing growth plate (columnar region) 
and chondroepiphysis 

or" = -ctf'pl + a", 

(rf=: -<i,fpl, 

a' = a-' + a-^ = -pi + a'' 

{la) 

{\b) 

( I c ) 

where p is the pressure, </>* and 4>^ are the volume fractions for 
the solid and fluid phases, respectively, and tr^ is the elastic 
stress tensor of the solid matrix. For the anisotropic, linearly 
elastic material the infinitesimal strain tensor, e, is related to 
o-^ by cr'' = C- e where C is a fourth-order stiffness tensor. 
For an isotropic material, the linear elastic stress-strain law 
becomes cr'^ = X^el + 2ij,,fi, where e — ire is the infinitesimal 
dilatation, and X̂  and p.^ are the Lame constants. For a material 
that is transversely isotropic about the e, axis and for axisymme-
tric problems about the e^ axis, the nonzero elastic stress and 
the strain tensors may be written in contracted vector forms 
related through a 4 X 4 stiffness matrix as (Jones, 1975) 

Cii Ci2 Ci3 0 
Cn Cu C\2 0 
Cu Ci3 C33 0 
0 0 0 C44. 

(2) 

where (r, 9, z) are cylindrical coordinates and the r-6 plane 
is the plane of isotropy. The five independent components of 
the stiffness matrix can be written in terms of Young's moduli 
and Poisson's ratios in the transverse plane (£, and v^•^ = Vn), 
and out-of-plane (£3 and VT.I = VuEi/Ei), and the out-of-plane 
shear modulus G31, as follows 

C„ = £ , (1 - iylEJE,)/[(l + i^2i)A,] (3a) 

C,2 = E,(u2i + vlE,/E,)/[il + i/a,)A,] (3b) 

C,3 = £;,i^3./A, (3c) 

C33 = EAl + 2UUEI/E,)/A,] (3d) 

C44 = G31, (3e) 

where Ai = 1 - (̂ 21 - 2vl,E,/E3. (Note that in this case, Pois
son's ratio is defined by the ratio of transverse strain êy to axial 
strain e,; in response to uniaxial stress CT,,-, i.e., i/y = -e,j/e„.) 

With both phases considered intrinsically incompressible and 
homogeneous in the undeformed state, the continuity equation 
is given by 

V-( ( / )V -t- (k^yf) = 0. (4) 

Neglecting inertia effects, the momentum equations for the solid 
and fluid phases are, respectively, 

-</)"Vp -I- V 

-(ji^Vp 

a" + K(¥ - r) = 0, 

-K(¥ - r) = 0, 

V o - ' = 0. 

(5a) 

{5b) 

(5c) 

where v* and v^ are the velocities of the solid and fluid phases, 
respectively, and K is the diffusive drag coefficient, related to 
the permeability khy K = ((i>^flk (Lai and Mow, 1980). 

Definition of the Unconfined Compression Problem. In 
unconfined compression tests, a thin cylindrical disk is com
pressed between two rigid impermeable and smooth platens, 
and is free to expand radially (Fig. 2) . Radial expansion is 
unconstrained, and free fluid flow is enabled across the cylindri
cal boundary surface. Either load (creep test) or displacement 
(stress-relaxation test) can be imposed in the axial direction. 
Here, we assume that the disk of tissue is transversely isotropic 
with El being Young's modulus (in tension) in the transverse 
plane and £3 Young's modulus (in compression) in the axial 
direction. Following Armstrong et al. (1984) we assume the 
solid displacement Ur,u^, the fluid velocity vl, and the pressure 
p to be of the form: Ur = u{r, t), i/{ = i/f(r,t), p = p(r, t), 
Mj = zc(t), where e(t) is the time-dependent uniform axial 
strain. The nonzero strain components are: £„ = duldr, eee 
= ulr, e^ = e. Under the specified conditions, the following 
differential equations can be obtained for the radial displace
ment and the pressure, respectively: 

d u 1 du 

dr^ r dr 
u I d r 

\ u -\— e 
Cnk dt\ 2 

dp 

dr 
= [ u + 

kdt 

(6) 

(7) 

N o m e n c l a t u r e 

a = disk radius 
C = stiffness matrix 
C, = constants 
Ei = Young's modulus 
/ = load intensity (applied force per 

unit undeformed area) 
H(t) = Heavyside step function 

HA = aggregate modulus 
/o, /] = modified Bessel functions of the 

first kind 
I = unity tensor 

JQ, J] = Bessel functions of the first kind 
K = diffusive drag coefficient 
k = permeability 
p = fluid pressure 
.5 = Laplace transform variable 

t = time variable 
tg = gel diffusion time 
u = displacement vector 
u = radial displacement 
V = velocity vector 
X - dummy variable 

a„ == roots of Eq. (16) 
Aj = constants 

e = strain tensor 
e = uniform axial strain 

£0 = constant strain 
£0 = constant strain rate 
4> = volume fraction 
\ = Lame constant 
\i = Lame constant 

Vij = Poisson's ratio 
a- - stress tensor 

Superscripts 
/ = fluid phase 
s = solid phase 
t = total 

Subscripts 
eq = equilibrium 

Notations 
( ) ' = dimensionless form of ( ) 

( ) = Laplace transform of ( ) 
r-Q-z = cylindrical coordinate system 

492 / Vol. 120, AUGUST 1998 Transactions of the ASME 

Downloaded From: https://biomechanical.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



to 
load 
cell 

where 

s 

imposed 
displacement 

s 
NaCI solution 

specimen^ 

^^S^^^^^M^^^:^:^^^ 
Fig. 2 Schematic of the unconflned compression test 

The stress-free boundary conditions at the outer surface yield 
(r'l,. = 0 andp = 0 at r = a, and the solution is required to be 
bounded at the axis of symmetry, i.e., M = 0 at r = 0. For the 
stress-relaxation case, e(t) is a prescribed time function. The 
load intensity (applied force per unit undeformed area) on the 

platen/(;) = [JJ cr[^it)2nrdr]/'Ka^, is given by 

rdr. (8) fit) = 1 [[--
Mathematical Solution. 

r 
- , u 
a 

' = - , r ' 
a 

cl 

Let 

c, 
a 

du 
dr 

kt 
1 ' 

*-) 

C = 

-V 

c, 

C-i^e 

2 Q 

1 - C 

„ _ C\\ C\2 _ 2Ci^ + C|i + C\2 — 4Ci3 

C„ ^ 1 1 ^ i : 

and 

Cj = 2 
C33(C„ - Cn) + Cu(C„ + Cn - 4C,3) + 2C?3 

(C„ - Cnf 

(13) 

It should be noted that for the case of an isotropic solid matrix 

C\\ = C33 = \s + 2fJ.s = H^, C]2 = C|3 = \ j , 

C44 = 5 ( C | | - C,2) = M,. (14) 

In this case, Q = IfiJHA, C] = 3 and C2 = 4, and the radial 
displacement, pressure, and load intensity Eqs. (10 ) - (12 ) re
duce to those given by Armstrong et al. (1984). 

In a stress-relaxation test, the applied axial strain time history, 
e (0 , is prescribed, and the transformed load intensity, f'{s), 
is obtained from its Laplace transform, eis), and Eq. (12). 
Alternatively, in a creep test,_aJoad intensity/ '(t)is prescribed, 
with a Laplace transform f'(s), and the transformed axial 
strain eis) \s calculated from Eq. (12). Inversion of Eqs. (10) -
(12) can be obtained with use of the residue theorem (Cohen, 
1992). 

Response to Step Displacement. For an imposed step dis
placement, e = eoH(t) (where H(t) is the Heavyside step func
tion), for which e = cnLs, the inversion of Eq. (12) for the 
load intensity /yields: 

^/,^ c _L J7 A V exp(-a,^Ci|fcf/a^) 
fit) = £360 + £ieoA3 1 —j—^ • ,,., , (15) 

where A2 = i\ - vliEi/Ei)/il + U21) and A3 = (1 
2i^3i) A2/A1. a„ are roots of the transcendental equation 

J,ix) 
1 u],E,/E^ 

V2\ Ivl^EJE^ 
xJoix) = 0, (16) 

2(Tu 

Cr Cn 
• P' = 

2p 
(9) 

Equations (6) and (7), together with the boundary conditions 
and the zero initial condition, can be easily solved by the method 
of Laplace transform with respect to the dimensionless time f'. 
The solutions of the transformed equations are given below: 

IL. 
2 

1 -
(C;, + Cn - 2CU)hiisr')/isr 

C'nlo(is) - 2hiis)/is 
(10) 

and 

Ci i (C j i + C12 — 2C13) loiisr') - Joiis) 

C'nioiis) - 2I,iis)/is. 

(11) 

where a superbar denotes a transformed variable (i.e., u'is) is 
the Laplace transform of M ' ) , and 7o and A are modified Bessel 
functions of the first kind. The load intensity (8) becomes 

CJoiis) - C2CoI,iis)/is' 

loiis) ~ CoIi(is)/is . 
(12) 

in which, Jo and / | are Bessel functions of the first kind. 
Following Armstrong et al. (1984), the short time response 

of the load intensity can be obtained with use of asymptotic 
expansions of Bessel functions for large arguments (i.e., s -» 
<») and the inverse Laplace transform of Eq. (12). Thus, the 
ratio of the peak load intensity (/peak, at / ^ 0 ̂ ) to the one at 
equilibrium (/,,, at f -> <») can be obtained as 

J, peak 1 2 ( 1 -1^21) + ( 1 -4u,^)E^/E, 

1 1̂21 - 2vliEJE^ 
(17) 

The maximum values obtained for the particular case of 1̂31 = 
0 are depicted in Fig. 3 for different values of 1̂21 and E^ lE-^. 
It should be noted that for the isotropic case, Eq. (17) reduces 
to 3/ [2( l + ! / ) ] , which attains a maximum value of 1.5 for v 
= 0, as given by Armstrong et al. (1984). The load intensity 
at equilibrium/,, and axial strain €0 in unconflned compression 
of the transversely isotropic case are related by the elastic modu
lus £3 as 

feq — E^EQ. (18) 

For comparison, this relation in the case of confined compres
sion is easily seen to be given by 

feq - ^3360 - £ 3 1 
2ryliEt/E3 

Uii - 2vliEilE^ 
£0. (19) 
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Fig. 3 The effect of p-,-, and E1/E3 on the peak to equilibrium ratio of the 
load intensity in the stress-relaxation response to a step displacement. 
Note the high values that this ratio can attain (much greater than 1.5). 

Response to Ramp Displacement. In a similar fashion, the 
load intensity response can be obtained for the case where a 
constant strain rate €0 is imposed until time to, i.e., e(t) = 
eo[tH(t) - (t - to)H(t - to)] (where H(t) is the Heavyside 
step function) as: 

fit) = E,tot 

+ E, 
Cuk {i 

y exp(- -aldikt/a^) 

A , / ( l + J^2l)], 
(20fl) 

was parallel to the metaphyseal-side surface. Second, the speci
men was inverted and slightly trimmed to obtain the final section 
with parallel surfaces and a thickness of 1 mm. Next, a circular 
disk, 6.35 mm in diameter, was cored from each section with 
a sharp tapered cutter (model 3427A11, McMaster Carr Supply 
Co., New Brunswick, NJ), Fig. 1. The diameter of the circular 
specimens was determined as an average of three measurements 
at 60 deg intervals using a stereomicroscope (model PP& 
E56939, Bausch and Lomb, Rochester, NY) equipped with a 
precision translation stage (model 203889, Olympus, New Hyde 
Park, NY) digital displacement indicator (model 1-645PX, IKL 
Inc., Newport Beach, CA). The thickness of each disk was 
measured to ±3 fxm accuracy using an apparatus that senses 
the conductivity of the tissue (Akizuki et al , 1986). Six mea
surements where taken and averaged. Each disk was subjected 
to two tests (order of the tests was randomized): (1) confined 
compression between two rigid-porous filters (Mow et al., 
1980), and (2) unconfined compression between two smooth 
glass plates. In each test, specimens were initially preloaded in 
compression up to 0.03 MPa (1.0 N) and then slowly unloaded 
to 0.01 MPa, which was set as the zero point. Constant strain-
rate (7.6 X lO""* s~') stress-relaxation tests were performed to 
10 percent compressive strain using a servo-hydraulic machine 
(model 858, MTS Corp., Minneapolis, MN). Compressive 
force was measured with a load cell whose sensitivity and range 
were 0.05 N and 50 N, respectively. Axial displacement was 
measured with a sensitive linear voltage displacement trans
ducer (LVDT) connected in parallel to the loading shaft. The 
sensitivity and range of the LVDT were 0.001 mm and 0.6 mm. 

for 0 < t < to, and 

f(t) = E^eoto -

exp(-
XA3 S 

•aldikt/a^) exp[-alCuk(t - to)/a^] 

al[AWn- A , / ( l + J.2i)] 

(20b) 

for ; > ô- At equilibrium (as r -» <»), the load intensity will 
be / , , = E^eoto-

The effect of 1̂21 on the stress-relaxation time history is shown 
in Fig. 4(a) for the special case in which v^^ = 0, Et/Ej = 5, 
and the ratio of the ramp time to the gel diffusion time (tg — 
a^/Cuk) is to/tg - 1. The effect of the toltg ratio on the stress 
relaxation time history is illustrated in Fig. 4(fo) for the special 
case of 1̂21 = 0.3, 1̂ 3, = 0, and EJE^ = 5. 
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Experimental Procedure 
Ten distal ulnae from 4-month-old calves were obtained 

within six hours of slaughter, and dissected free of all sur
rounding soft tissue. The epiphysis (including the physis and 
the chondroepiphysis) was separated from the diaphysis by sec
tioning along the physeal-metaphyseal interface with a sharp 
scalpel blade, Fig. 1. Two thin sections, about 2 mm thick each, 
were next obtained from the entire width of the cartilaginous 
region by consecutive sections. The columnar region of the 
bovine distal ulnar physis usually varies between 1 and 1.5 mm. 
Therefore, the first section (adjacent to the metaphysis) was 
used to obtain growth plate (GP) specimens (columnar re
gions), and the second section was used to obtain chondroepi
physis (CE) specimens (including reserve zone growth plate). 
The two sections were then trimmed to obtain parallel surfaces 
in the following procedure: First, the metaphyseal-side surface 
was placed flat on the freezing stage (Hacker Instruments, Fair
field, NJ) of a sledge microtome (Leitz, Rockleigh, NJ). The 
upper surface was then trimmed at 10 /xm increments until it 

1 o 
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nn 
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b 

• - - _ _ 

t / t 
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1 
10 

- - - v , , = 0.3 
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E^/E3=S 

0.0 1.0 2.0 3.0 
non-dimensional time t/t 

4.0 

Fig. 4 Stress-relaxation time history in response to a ramped displace
ment, where va, = 0: (a) The effect of vj, where Ei/Ea = 5 and tjtg = 1. 
(b) The effect of tjtg where i/ji = 0.3 and Ei/Es = 5. 
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Fig. 5 A typical stress relaxation load intensity time history from con
fined and unconfined compression tests on GP specimens. Note how 
the equilibrium responses coincide. 

respectively. Throughout the tests, all specimens were bathed in 
0.15 M unbuffered NaCl solution containing protease inhibitors 
(including phenylmethylsulfonyl fluoride). 

Results 

A typical time history of the load intensity in confined and 
unconfined compression stress relaxation tests of a GP specimen 
is shown in Fig. 5. The load intensities at equilibrium (means 
and standard deviations) are plotted in Fig. 6. A highly signifi
cant difference was found between the tissue levels (GP versus 
CE), but no significant difference was found between the two 
test types (confined versus unconfined). Furthermore, consider
ing jointly growth plate and chondroepiphysis specimens, suf
ficient statistical power (>90 percent) exists for an inference 
that the equilibrium load intensities in the confined and uncon
fined compression tests are unlikely to differ by more than one 
standard deviation (paired Mest, a = 0.05, n = 20). Assuming 
that the equilibrium load intensities are equal, an immediate 
consequence of Eqs. (18) and (19) is that v^ = 0 for both GP 
and CE. Thus, the following procedure was followed in the 
least-square optimization procedure: First, v^j = 0 was pre
scribed, and Ej was given the value/e,/eo froni the unconfined 
compression test. Next, the elastic moduli Ei and i/2>, and the 
permeability ki (in the transverse r-9 plane) were calculated 
from a three-parameter curve-fit of the unconfined compression 
results with use of Eqs. (20). The axial permeability k^ (in the 
z direction) was obtained from results of the confined compres
sion tests. It can be easily shown that the confined compression 
displacement field for the transversely isotropic solid matrix is 
governed by the same equation as that for an isotropic solid 

E 
• c 
ja 

3 
IT 
UJ 
B V 
.-e-s (0 •—' 
c B 
c 

•o 
tfl 
o 

1.4 

1.2 

1.0 

0.8 

OR 

0.4 

0.2 

0.0 

Table 1 Transversely isotropic biphasic properties of bo
vine distal ulnar growth plate and chondroepiphysis ob
tained from confined and unconfined compression tests 
(means ± std. dev.): (a) elastic moduli; (6) permeability 
coefficients 

(a) 

Growth plate 
Chondroepiphysis 

(b) 

Growth plate 
Chondroepiphysis 

E, [MPa] £, [MPa] 
compression tension 

0.47 ±0 .11 4.55 ±1 .21 
1.07 ± 0.27 10.63 ± 2.72 

k} axial 
[Xl0^'=m''/N-s] 

3.4 ± 1.6 
2.1 ± 1.0 

1̂ 21 1̂ 31 

0.30 ± 0.20 0.0 
0.30 ± 0.26 0.0 

k, radial 
[XlO"" mVN-s] 

5.0 ± 1.8 
4.6 ± 2.1 

matrix with H^ = C^. The elastic and permeability coefficients 
thus obtained for both GP and CE are provided in Table 1. 

Significant differences were found in both elastic moduli (£3 
and E\, p < 0.01) and permeability coefficients (p < 0.05) 
between GP and CE (multivariate ANOVA). Growth plate is 
half as stiff as chondroepiphysis and twice as permeable. Pois-
son' s ratio (i^ai) was not significantly different. For comparison, 
the isotropic model, Eqs. (39) and (40) in Armstrong et al. 
(1984), was also used to curve-fit the experimental data for 
one particular specimen. Curve-fits for both the isotropic and 
transversely isotropic models are given in Fig. 7, in which the 
biphasic parameters that provided the best fit were: £1 = 4.3 
MPa, £3 = 0.64 MPa, v^^ = 0, i/ji = 0.49, and fc, = 5.0 X 
10""" m''/N-s for the transversely isotropic model, and E = 
1.08 MPa, !v = 0, and ^ = 15.5 X 10"'^ mVN-s for the isotropic 
model. The results indicate that the transversely isotropic model 
provides a much better fit to the experimental data than an 
isotropic model. In addition, the optimized solution also yields 
the required value of the equilibrium load intensity, i.e.,/^, = 

Discussion 
The transversely isotropic biphasic model provides an excel

lent description of the stress-relaxation response in the uncon
fined compression test, where the tissue is under compression in 
the axial direction and tension in the transverse plane. Previous 
attempts to model this experiment with isotropic material prop
erties could not produce adequate results, as demonstrated by 
the inherent maximum theoretical limit of 1.5 on the ratio of 
the peak to equilibrium load intensity (Armstrong et al., 1984). 
Using the transversely isotropic model for unconfined compres-

I 
V9 

a 
4) 

1 

0.20 

0.10 

0.00 

• 
• 

L t ^ 

r ' 'T* 
r * ^ 
/ ' ^ 
L ( r' 

/ f 
L f 

LI 

* experimental 

transversely isotropic 

— isotropic 

200 400 600 800 
time (s) 

1000 

Fig. 6 The load Intensity at equilibrium for both growth plate (GP) and 
chondroepiphysis (CE) in confined and unconfined compression tests 
( * C E > G P , p < 0 . 0 1 , n = 10) 

Fig. 7 A typical stress-relaxation time history in response to a ramped 
displacement (10 percent compression at 131 s) with curve-fits of both 
isotropic and transversely Isotropic biphasic models 
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sion, where radial expansion (producing tensile strains) is re
sisted by the fibrous solid matrix, which is stiff in that direction, 
a high peak load intensity together with a fast stress-relaxation 
time constant can be attained (e.g.. Fig. 4 (a ) ) . This stress-
relaxation is evident in our own experiments, Fig. 5, as well as 
in those of Brown and Singerman (1986). The elastic modulus 
(£1) in tension (in the transverse plane) is about ten times 
greater then that in compression (£3) for both GP and CE, and 
is similar to the tensile modulus of articular cartilage obtained 
in specimens parallel to the articular surface (Akizuki et al., 
1986). 

The hnear transversely isotropic biphasic model requires alto
gether seven constitutive parameters: five elastic constants and 
two permeability coefficients (in- and out-of-plane). The elastic 
properties are Young's modulus and Poisson's ratio in the trans
verse plane (£1 and i^ji, respectively) and out-of-plane (£3 and 
v-ix respectively) and the out-of-plane shear modulus (G31). In 
the unconfined compression test, £3 is in compression, while 
£1 is in tension. No shear deformation occurs in our models of 
confined and unconfined compression; thus the out-of-plane 
shear modulus, G31, which is an independent material property 
in transverse isotropy, must be determined separately. 

In this study we undertook to limit as much as possible the 
number of variables determined by curve-fitting the theoretical 
predictions to the experimental data and thus provide a more 
robust and unique set of material parameters. Based on the 
experimental equivalence of the equilibrium stress intensities 
in confined and unconfined compression, we assumed !/3i = 0 
as would theoretically result from equating Eqs .(18) and (19). 
We note, however, that due to experimental variability VT,\ may 
range up to 0.2. Nonzero values for v-^x have been previously 
reported for articular cartilage (Woo et al., 1976; Hoch et al., 
1983; Mizrahi et al., 1986; Jurvelin et al., 1995). 

A significant difference in material properties exists between 
growth plate and chondroepiphysis of the bovine distal ulna, 
consistent with the ultrastructural difference between these two 
tissues. A strong anisotropy is also evident in both tissues. Thus, 
material inhomogeneity and anisotropy should be considered 
when analyzing the mechanical behavior in compression of 
growth plate and chondroepiphysis. 
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