
KSME International Journal, Vol. 12, No. 3, pp. 421-428, 1998 421 

Poroelastic Behavior of Trabecular Bone: The Effect of Strain Rate 

Jung Hwa Hong* and Sam Hong Song** 
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A one dimensional poroelastic model of trabecular bone was developed to investigate the pore 

pressure effect on mechanical behavior. The poroelastic properties were determined based upon 

the assumed drained Poisson's ratio of 0.3 and the experimental results reported in the literature. 

Even though the tree escape of the fluid through the loading end was allowed during delbrma- 

tion, model predictions showed that the pore pressure generation within the trabecular bone 

would cause significant variations in total stress. The total stress increase resulted in a stiffening 

of the trabecular bone, which supports the concept of hydraulic stiffening that has been 

advocated by several investigators. Model predictions showed a good agreement to the mechani- 

cal behaviors of trabecular bone specimens with marrow in a uniaxial strain condition observed 

in a previous study. These results support the hypothesis that the trabecular bone is poroelastic 

and the pore pressure effect on the mechanical behavior at the continuum level is significant. 

Thus, the incorporation of the fluid effect in future studies is recommended to improve our 

understanding of trabecular bone mechanics. 
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1. Introduction 

Bone is the primary structural element of the 

human body. It provides support for external and 

internal loading. Bone is a composite material 

composed of porous solid and fluid phases. 

Macroscopically, bone is characterized into two 

distinct structures: trabecular bone and cortical 

bone. Trabecular bone has a highly viscous fluid 

(67 times of water viscosity at 37~ while cor- 

tical bone is saturated with a less viscous fluid 

(approximately equal to water viscosity at 37~ 

(Bryant, 1988). The pore space of bone is known 
to be continuous to allow interstitial fluid flow in 

bone (Hughes et al., 1978). The porosity of 

trabecular bone is more than 0.7, while that of 

cortical bone shows a porosity of less than 0.2. 

Therefore, trabecular bone can be defined as a 

highly porous structure filled with a highly vis- 
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cous fluid, while cortical bone can be classified as 

a less porous structure with a less viscous fluid. 

Trabecular bone occupies the inner most parts 

of the bone to provide mechanical function for 

load bearing. However, aging and pathological 

conditions (osteoporosis, osteonecrosis, and 

osteoarthritis) can reduce stiflhess and strength of 

the trabecular bone. As a result, the reduction of 

mechanical properties of the trabecular bone 

causes increased frequencies of fracture 1:o the hip, 

spine, and wrist, which reflects tremendous socio- 

logical and economic implications (Keaveny and 

Hayes, 1993). To treat fracture, orthopaedic fixa- 

tion implants and arthroplasties have been placed 

primarily in trabecular bone sites. However, 

loosening and mismatch between trabecular bone 

and the devices have resulted in significant clini- 

cal problems after expensive orthopaedic surgical 

procedures (Snyder, 1991). Knowledge of the 

mechanical behavior of trabecular bone may 

enhance understanding of important orthopaedic 

problems. As a result, experimental and theoreti- 

cal biomechanical studies of trabecular bone have 
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been performed to characterize elastic behavior of 

t rabecular  bone. The inves t iga t ions  have 

contributed to prediction of  mechanical behavior 

of trabecular bone, and suggested better under- 

standing of effects of the aging and pathological 

conditions of trabecular bone on its changes of 

mechanical properties. 

Unlike elastic materials, however, trabecular 

bone exhibits t ime-dependent mechanical behav- 

ior such as stress relaxation, creep, influence of 

strain and loading rate input on its mechanical 

properties, and phase-shift  phenomena under 

dynamic loading input (Carter and Hayes, 1977; 

Ducheyne et al., 1977; Linde et aL, 1991; Luo et 

al., 1993; Nowinski, 1972; Ochoa et al., 1991~ 

Schoenfeld et aL, 1974: Tateishi, 1979). The the- 

ory of viscoelasticity has been used to explain the 

inelastic and time dependent behavior of 

trabecular bone (Deligianni, 1994; Kafka and 

Jirovfi 1983). However, the theory of viscoelas- 

ticity cannot characterize a mechanical role of 

interstitial fluid flow and pore pressure genera- 

tion due to the fluid phase occupying more than 

70% of  the volume of t rabecular  bone. As a theory 

comprising the fluid phase of bone, the theory of 

poroelasticity has been used to account for cou- 

pled interaction between the porous solid and 

viscous fluid. Zhang and Cowin (1994) inves- 

tigated the bending behavior of a cortical bone 

beam under axial compression and cyclic bending 

loads using the theory of poroelasticity (Rice and 

Cleary, 1976), . They demonstrated a significant 

role of the fluid phase in increasing the load-  

bearing capacity of cortical bone under dynamic 

loading. The authors suggested that the load 

bearing role of pore pressure would be even more 

significant in trabecular bone. Harrigan and 

Hamilton (1993) also employed the theory of 

poroelasticity (Rice and Cleary, 1976) to investi- 

gate the role of pore pressure in generating electri- 

cal potential and shear stress of cortical bone, that 

may be associated with its remodeling process. 

When trabecular bone is subjected to an external 

load, however, its t ime-dependent behavior has 

not been fully investigated using the theory of 

poroelasticity. Particularly, the strain rate effect 

(or loading rate) on changes of total stress behav- 

ior and mechanical properties of trabecular bone 

that is most likely due to the role of the intraos- 

seous fluid (Luo et al., 1993, Ochoa et al., 1991) 

has not been studied using poroelasticity. 

The purpose of this study is to understand the 

pore pressure effect in trabecular bone on its 

strain rate-dependent mechanical behavior. In 

this study, a one-dimensional  poroelastic model 

of trabecular bone was developed by solving the 

poroelastic constitutive and diffusion equations 

(Rice and Cleary, 1976) in a uniaxial strain 

condition. The model was used to investigate the 

effect of pore pressure generation on changes of 

total stress behavior and mechanical properties of 

trabecular bone with variation of the poroelastic 

properties. Model predictions were also validated 

using reported experimental data (Carter and 

Hayes, 1977). 

2. Poroelast ic  Model  of  Trabecular 

Bone in a Uniax ia l  Strain Condition 

2.1 Poroelastic theory 
Stress exerted on a control volume element of a 

fluid filled porous material (total stress) pro- 

duces both strains and changes in pore pressure in 

the control element. Rice and Cleary (1976) 

reformulated the relationship among the total 

stress, strain, and pore pressure using unique 

material parameters (Table 1). Assuming the 

isotropy of the poroelastic material, the con- 

stitutive equations were defined as: 

3p(u~- -u )  
a~+ B ( 1 - 2 u )  (1 + uu) ~ u : 2 G e ~  

2Gu _ ~. + ~ e k k u , ~  (1) 

where c~#=total stress tensor (MPa); eu=s t r a in  

Table 1 Model parameters in the governing equations 
used for the modeling of poroelastic material. 

Parameters 

G Drained shear modulus (MPa) 

Drained Poisson's ratio 

uu Undrained Poisson's ratio 

/3 Skempton's pore pressure coefficient 

x Permeability Coefficient (mz/MPa/sec) 
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tensor; p = p o r e  pressure (MPa); c~j=Kronecker 

delta (if i=j ,  then 8~=1,  if i ~ j  then &~=0); 

and i, j = l ,  2, 3 (the summation convention 

applies when repeated indices are used). 

The diffusion equation that governs pore pres- 

sure generation with volumetric deformation of 

the control element is (Detournay and Cheng,  

1993) : 

8p 2xGBZ(1-2v) (1 + v~)2_2 . . . . .  ~ n  v p  
at 9(v~--v)  (1-- v~) 

2GB(1 + v~) 3e,k 
= 3(1 -2v~)  at (2) 

a c~2 
where t =time; Vz= ~L~xT(the Laplacian oper- 

ator); and Ekk=the trace of the strain tensor or 

volumetric strain. 

When a poroelastic material deforms without 

generating pore pressure (p=0.0) ,  Eq. (1) 

becomes the constitutive equation for an isotropic 

elastic solid material: 

(Tii = 2Geij + 12@ekk~i3 (3) 

where G=shea r  modulus and v=Poisson ' s  ratio. 

Such a deformation with zero pore pressure gener- 

ation can occur when a quasi-static load is 

applied to poroelastic material in a drained con- 

dition in which the interstitial fluid can flow 

across the boundary with no resistance. Thus, this 

was called a drained deformation, and G and n 

were named the shear modulus and the drained 

Poisson's ratio, respectively. 

The other asymptotic behavior of poroelastic 

material is called undrained deformation, since it 

occurs in an undrained condition in which the 

interstitial fluid is totally prevented from flowing 

out of the control volume element across the 

boundary. During undrained deformation, a por- 

oelastic material can be treated as an elastic 

material with the same shear modulus (G) but 

different Poisson's ratio, i. e., the undrained 

Poisson's ratio (v,) .  The corresponding con- 

stitutive equations can be expressed as (Detour- 

nay and Cheng,, 1993): 

go = 2 Gs/i + ~ e h k S O  (4) 

The theoretical range of v, is v <  v~<0.5. 

Skempton's coefficient (B) was defined as the 

ratio of the pore pressure increment  (z/p) to 

the mean stress increment (z/C~kk/3) during an 

undrained deformation (Green and Wang, 1986): 

B=-3zJp/zlShh. Thus, B indicates the load bear- 

ing capability of the fluid constitue.nt that is 

caused by the restricted fluid flow across the 

boundary. In general, B varies from 0.0 to 1.0 

(Detournay and Cheng,, 1993). 

The relationship between B and vu is aB= [3 
( v ~ - v ) ] / [ ( l - 2 v )  (1+ v~)], where a is the Biot 

coefficient of effective stress and v is the drained 

Poisson's ratio. B and v~ are known to be related 

with the compressibility of both solid and fluid 

constituents. Their values represent the poroelas- 

tic effects such as the sensitivity of the volumetric 

response to the rate of loading and 1the rate of 

pore pressure generation. For example, B and uu 
values are 1.0 and 0.5, respectively, for a poroelas- 

tic material consisting of the incompressible solid 

and fluid constituents in which the poroelastic 

effects are strongest. When the fluid constituent 

becomes more compressible, some of the poroelas- 

tic effects disappear, and t3 and v~ become closer 

to 0.0 and v, respectively. 

The permeability coefficient (x) is a well 

known parameter which describes how the inter- 

stitial fluid can flow through the pores in a 

poroelastic material, x is known to be :sensitive to 

the viscosity of the fluid, as well as to the geomet- 

rical factors such as pore size and tortuosity 

(Scheidegger, 1957). However, the permeability 

coefficient is an intrinsic property that needs to be 

measured separately from the elastic property 

measurements. 

2.2 Poroelastic governing equations of 
trabecular bone 

The following assumptions needed to be made 

for the poroelastic modeling of trabecular bone: 

1) Trabecular bone is an isotropic elastic solid 

matrix saturated with a Newtonian fluid; and 2) 

Pores are uniformly distributed throughout the 

volume. With these assumptions and appropriate 

poroelastic property values, the poroelastic gov- 

erning Eqs. (1) and (2) were solved for various 

loading conditions to obtain a uniaxial strain 
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poroelastic model of trabecular bone. 

A uniaxial strain condition and uniform defor- 

mation throughout the control element were 

assumed to obtain an analytic solution. The cylin- 

drical t rabecular  specimen boundary  was 

assumed to be confined except for the single axial 

end where the load was applied. When a constant 

strain rate (g3) was used for axial compressive 

loading, axial strain (e3= d3t) and lateral strains 

(c~ and e2) vanished. Then, the stress- strain 

relationship (Eq. 1) became: 

- -  3 ( ~ - - u )  ~a = 2 G ( 1  ~) dat 
1 - -u  B ( l - 2 u )  (1 + u . )  p (5) 

and 

2Gu ; ~ 2(u~--u)  
~  ~3~ /3(1 u ) ( l + ~ )  p" (6) 

The diffusion equation (Eq. 2) became: 

c~p 2 x G B 2 ( 1 - 2 u ) ( l + u u )  2 c~2p 
3t 9 ( u -  u) ( 1 -2uu )  3x~ 

2 G B ( I  + u~) c~a3 
= 3 ( l - 2 u u )  3t " (7) 

Initial and boundary conditions required to solve 

the diffusion equation for the pore pressure (p) 

were: 1) no initial pore pressure (P(x3, 0 ) = 0 ) ;  

2), p(0, t) =0 ,  i. e., pore pressure is always zero 

at the loading end (x3=0);  and 3) Op(L, t)/Ox3 
=0,  i. e., no pressure gradient, suggesting that no 

fluid flow is allowed across the distal end (at x3 

= L ) ,  where L is the length of the fluid-saturated 

porous material. 

The diffusion Eq. (7) was solved under these 

boundary and initial conditions to predict pore 

pressure generation resulting from constant strain 

rate loading (~3) using the method of separation 

of variables. The solution for the pore pressure 
was 

P(x3, t) - ~  
6 ( u ~ -  u) ~3 

= x B L w ~ ( 1 - 2 u )  ( l + u , )  

(1 - e -  ~,,2t) s in (co,xa) (8) 

where eigenvalues w~= (2n- -  1) 7c/2L and con- 

stant ~ - -  2xGB2(I --2u~) (1 + u~)2. Substitution 
9(1- -2u)  (u~-- u) 

of Eq. (8) into Eq. (5) allowed an expression of 

the total stress in response to an applied strain in 

a uniaxial strain condition: 

2 G ( l - u )  
o 3 -  1 - 2 u  g3t 

- ~]-1 18 ( / "" -  u) 2 d'3 
= xB2Lco~(1-2u)2( l  + u , )  z 

( 1 - e -  v,o,2t) sin (c0,x~) (9) 

Whenever required for analysis purposes, the first 

five terms in the infinite summation in Eq. (8) or 

(9) were used to obtain the pore pressure or total 

stress values. 

2.3  E s t i m a t i o n  o f  p o r o e l a s t i e  p a r a m e t e r s  

Little experimental data for poroelastic prop- 

erties of trabecular bone are available at present. 

It is possible, however, to estimate various proper- 

ties on the basis of reported experimental results 

(Carter and Hayes, 1977; Ochoa and Hillberry, 

1992) with an assumed drained Poisson's ratio 

(u) of 0.3. This assumption has been used by 

others (Goel et al., 1978) in modeling trabecular 

bone, although wide variations of Poisson's ratio 

also have been reported in the literature. 

Carter and Hayes (1977) conducted confined 

compression tests (Fig. 1) of human trabecular 

bone specimens with and without marrow at 

uniaxial strain rates ranging from 0.001 to 10 per 

second. The compressive modulus of specimens 

with marrow was similar to that of  specimens 

without marrow (56.6 MPa vs. 54 MPa) at a 

strain rate of 0.001/sec. The loading with the 

slowest strain rate seemed to result in a drained 

deformation in which the marrow escaped freely 

through the porous loading platen without gener- 

Su~ Ri~i Porous 
[.o~[in8 Platen 

S p ~ n  

Fig. 1 

. . . . . . . . . . . . . . . .  i~ 1, 2 

R i ~  m,qar, d ~  

The experimental setup in a uniaxial strain 
condition (Carter and Hayes, 1977) 
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ating pore pressure. This suggested that the com- 

pressive modulus at the slowest strain rate re- 

presented the mechanical behavior of the solid 

constituent. From equation (3) and the reported 

compressive modulus of 56.6 MPa, 2G (1 - u) / ( l 

- 2 u ) = 5 6 . 6 .  Then, assuming u=0.3,  the esti- 

mated value of the shear modulus G was 16.17 

MPa. 

At the highest strain rate of 10/second, the 

compressive modulus of the specimens with mar- 

row in situ showed a 400% increase compared to 

those without marrow (211 MPa vs. 54 MPa) 

(Carter and Hayes, 1977). This compressive 

modulus increase seemed to result primarily from 

the restricted flow of marrow through the pores in 

the platen with a fast loading rate. Thus it was 

reasonable to assume that an undrained deforma- 

tion occurred in the specimen tested at a strain 

rate of 10 per second. From Eq. (4) and an 

estimated value of G =  16.17 MPa, the undrained 

Poisson's ratio, u~, was determined to be 0.459. 

The exact value of Skempton's coefficient (B) 

could not be determined due to the lack of experi- 

mental information. However, its range of 0.817 

to 1.0 could be predicted using the theoretical 

range of B and the Blot coefficient of effective 

stress (a) (from 0 to 1) and the relationship 

(Detournay and Cheng, 1993): aB--'7.3(~u 

-- u ) ] /E( I  - 2 u )  (1 - u~)]. Skempton's coefficient 

was assumed to be 0.91 (midpoint of the theoreti- 

cally possible range) whenever required for 

model predictions. 

The permeability coefficient (x) of bovine 

proximal tibial trabecular bone was measured by 

Ochoa and Hilberry (1992). The mean value o fx  

( •  was 3.54 (_+-l.76) • 10-5m2/MPa/sec. 

This mean value was used for our analysis which 

required values for k since it would be closer to 

the permeability of human trabecular bone than 

the known values of other materials such as 

cortical bone, cartilage, and rocks. A permeability 

range from 1.0• -r to 1.0• 

was used to additionally investigate the effect of 

permeability on the poroelastic characteristics of 

trabecular bone. The lower limit was determined 

from the assumption that trabecular bone has a 

larger permeability than bovine and canine cot- 

1.6 

1.4 

- ' '~ f 0.8 ........ ~..~.. ............... 

../.... ..... 
o.z ~ ~,~o.oo,~ 

. . . . . . . . . . . . . . . . . . . .  

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Strain (%) 

Fig. 2 Total stress-strain curves predicted from the 
poroelastic model at various strain rates 
when G=16.17 MPa; ~=0.3; ~u~0.459; B =  
0.91: and x=3.54• Time 
durations to reach the strain of I% were 10, 1, 
0.1, 0.01, and 0.001 second when strain rate 
inputs were 0.001, 0.01, 0.1, 1, and 10 per 
second, respectively. 

tical bone (Johnson et al, 1982; Li et al. , 1987). 

The upper limit was assumed to be 100 times 

larger than the measured permeability of bovine 

trabecular bone (Johnson et al, 1982). 

3. Results  and Discuss ion  

3 .1  P o r o e l a s t i c  b e h a v i o r  o f  t r a b e c u l a r  b o n e  

The poroelastic behavior of trabecular bone 

was investigated using Eq. (9). Poroelastic prop- 

erty values were estimated in terms of total stress 

changes resulting from the strain inputs. Figure 2 

illustrates the total stress-strain curves predicted 

from the poroelastic model at various strain rates. 

Almost linear relationship was expected at slower 

strain rates of 0.001 and 0.01/see due to the 

negligible effect of pore pressure (drained defor- 

mation). At the fastest strain rate, the total stress 

-strain relationship was also almost linear, which 

represented the undrained deformation. The non- 

linear deformation at the intermediate ,,;train rate 

1.0/see was predicted to result in the nonlinear 

total stress-strain relationship due to the pore 

pressure generation. 

In uniaxial strain conditions, the total stress 
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2 

1.78 

t 1.8 

I 1.25 

, 

0.75  

0 .5  

Fig. 3 

i i 

o o.oo~ o.ooo~ o.ood oooo,  o.~ 

Variation of total stress vs. (a) permeability 
when B=0. 91; and (b) Skempton's coeffi- 
cient when k=3.54• 10-Sm2/MPa/sec. The 
total stress values in response to a 1% strain 
deformation were used to obtain these plots. 

-strain behaviors were significantly affected by 

the applied strain rate as shown in Fig. 2 even 

though the fluid was assumed to escape from the 

control element with no restriction. These total 

stress variations resulted from pore pressure 

changes generated during deformation. The in- 

creased total stress values in response to the same 

strain deformation at the faster strain rate 

compared to those at the slow strain rate supports 

the concept of hydraulic strengthening that has 

been advocated by several investigators (Carter 

and Hayes, 1977; Downey et al., 1988; Ducheyne 

et al., 1977; Ochoa et al., 1991). 

3.2 The effects of poroelastic parameters on 

total stress behavior 

The effect of permeability on total stress was 

also investigated in this study since the amount of 

pore pressure generated by fluid constituent can 

vary as a function of the permeability coefficient. 

Total stress decreased with increasing permea- 

bility coefficient at all strain rate inputs (Fig. 3), 

and much greater effect was predicted in the 

permeability coefficient range of less than 2.0 • 10 -4 

rn2/MPa/sec.  Since the permeability coefficient 

of trabecular bone would be in this range of 

smaller values, the permeability changes in 

trabecular bone may affect pore pressure genera- 

tion substantially. 

.25 

I. ,?5 

1.;15 

o .?s 

0.6 

Fig. 4 

0 , 1 1 ~  

o,~ 0.4 0.5 

D ~  Pcx~eoe~ Fldo 

Variation of total stress (MPa) vs. drained 
Poisson's ratio when B=0.91 and x=3.54• 
10 5mZ/MPa/sec. 

Equations (8) and (9) also demonstrated that 

pore pressure generation and total stress can vary 

as functions of the undrained Poisson's ratio and 

Skempton's coefficient that are associated with 

the compressibility of both solid and fluid constit- 

uents. However, these two parameters are cor- 

related with each other, and it was impossible to 

perform a parametric study to investigate the 

effect of these parameter value changes on the 

pore pressure generation. 

The effect of varying drained Poisson's ratio 

(u) on total stress was also investigated because 

a large variation in measured values of u has been 

reported in the literature although u has been 

assumed to be 0.3 in a previous study (Goel et 

al., 1978). For this analysis, the values of G, u~, 

and B were changed corresponding to the various 

values of u to maintain the same elastic modulus 

reported in Carter and Hayes' study (1977), while 

the permeability coefficient value was fixed at 3. 

54 • 10 -5 (m2/MPa/sec). Figure 4 illustrates total 

stress behavior at various strain rates when u 

varies within the theoretically possible range from 

-1.0 to 0.5 for a linear elastic and isotropic 

material. As shown in Fig. 4, total stress de- 

creased with increasing u values, while the effect 

of varying u on total stress became greater at 

higher strain rates. However, variations in u 

values did not result in dramatic total stress 

behavior even at the highest strain rate 
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Variation of predicted compressive modulus 
vs. strain rate. 

3.3 H y d r a u l i c  S t i f f e n i n g  Ef fec t  

The enhancement of the compressive modulus 

(or stiffness) at faster strain rates has been obser- 

ved by Carter and Hayes (1977). Similar varia- 

tions in compressive modulus were predicted 

from the poroelastic model as shown in Figure 5 

when the previously estimated model parameter 

values were used for model predictions. An excep- 

tion was the increase in compressive modulus 

from the strain rate of 0.01 per second. The 

increases at strain rates of 0.01 and 0.1/sec seemed 

to occur primarily due to the use of different 

boundary conditions. Free fluid flow across the 

loading boundary was allowed in the model 

prediction, whereas the flow of  marrow through 

the loading platen was restricted in the experi- 

ment since the size of platen pores were much 

smaller than those of the trabecular bone (Carter 

and Hayes, 1977). Similar stiffening effects of 

faster loading also have been observed even in 

unconfined uniaxial stress tests conducted in 

other studies (Carter and Hayes, 1977; Linde et 

a/., 199l). 

4. Conclus ion 

In this study, the theory of poroelasticity was 

used to investigate the strain rate effect on the 

total stress behavior and changes of stiffness of 

trabecular bone caused by the pore pressure gen- 

eration. A one-dimensional  poroelastic model in 

a uniaxial  strain condition was developed to 

simulate the compressive tests of trabecular bone 

with and without marrow. The strain rate-depen- 

dent mechanical behavior of trabecular bone was 

described by either the total stress or the compres- 

sive modulus variations in response to the applied 

strain. The conclusions from the present investiga- 

tion can be summarized as follows: 

(1) The total stress-strain behavior of trabecular 

bone was greatly affected by the applied strain 

rate. The predicted total stress increased signifi- 

cantly as strain rate input increased. The in- 

creased total stress resulted from the pore pressure 

effect as predicted by Eq. (9). 

(2) The compressive modulus of trabecular 

bone linearly increased as applied strain rate 

increased. This stiffening behavior of trabecular 

bone showed good agreement to the mechanical 

behavior of  trabecular bone specimen,,; with mar- 

row in a uniaxial strain condition observed in a 

previous experimental study. 

(3) This study showed that the strain rate 

dependent stiffening of trabecular bone can be 

accurately simulated to understand the effect of  

pore pressure generation on the total stress and 

stiffening behavior using the theory of poroelas- 

ticity. Future experimental study is required to 

measure the five poroelastic properties for devel- 

oping a more detailed poroelastic model of 

trabecular bone. 
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