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Abstract

This note derives an approximate expression of the true Young’s modulus of a rectangular solid under
plane compression between two rough end blocks, provided that the Poisson’s ratio v of the solid is known.
The friction between the loading platens and the ends of the specimen is assumed to be large enough to
restrain slippage at the contact. By using the function space concept of Prager and Synge (1947), a correction
factor A with calculable error is obtained which can be multiplied to the apparent Young’s modulus (i.e.,
the one obtained by assuming uniform stress field) to yield the true Young’s modulus; it is evaluated
numerically for 0 < v < 0.49 and 0 < 5 < 3 (where n = b/h with b and & being the half width and half length
of the specimen). In general, 4 increases with v and # for both plane strain and plane stress compressions.
Within this range of v and #, A may vary from 0.37-1.0 for the plane strain case and from 0.84—1.0 for the
plane stress case. Thus, the assumption of uniform stress field may lead to erroneous interpretation of the
Young’s modulus. When the special case of v =1/3 and = 1 is considered, we obtain /4 = 0.9356, which
compares well with 0.9359 obtained by Greenberg and Truell (1948). © 1999 Elsevier Science Ltd. All rights
reserved.

1. Introduction

Although plane strain compression is not a standard laboratory test for geomaterials, its popu-
larity increases in recent years, partly because plane strain condition is more conducive to the
formation of strain localization in geomaterials (e.g., Rudnicki and Rice, 1975) and the prediction
of strain localization is a useful way to calibrate constitutive models, and partly because plane
strain states are commonly encountered in geotechnical engineering problems (e.g., Jaeger and
Cook, 1979). For examples, plane strain compression has been used in studying the problems of
strain localization or fracture formation in rocks by Brown (1974), Stavropoulou (1982), Wawersik
et al. (1990), Ord et al. (1991) and Tillard-Ngan et al. (1992), and in rock-like materials by Labuz
et al. (1996). The plane strain compression apparatus has also been developed for soil testing (e.g.,
Vardoulakis and Goldscheider, 1981; Drescher et al. 1990).
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Most of the previous theoretical studies for plane strain test have been on the instabilities of the
tested solids; they include the stability analyses for metal-like materials by Ariaratnam and Dubey
(1969), Dubey (1975), Hill and Hutchinson (1975) and Young (1976), for soil-like materials by
Vardoulakis (1981) and Bardet (1991), and for rock-like materials by Needleman (1979), Chau
and Rudnicki (1990) and Chau (1994). To make the problem mathematically tractable, all of these
analyses assume that the rectangular blocks are loaded by a uniform velocity with no end friction.
Although various experimental techniques have been proposed to reduce the end friction (e.g.,
Labuz and Bridell, 1993), end friction between the loading platens and the specimen inevitably
exists in most of the usual experimental set-up.

Friction between loading machines and the tested specimen has long been recognized to exist.
However, most of the previous attention has been paid to axisymmetric compression of cylinders,
frictional effect has not been considered thoroughly for the plane strain compression tests. For
example, Filon’s (1902) pioneering analysis for the nonuniform stress field inside a cylindrical solid
of finite length due to end friction has inspired a series of subsequent and more recent theoretical
analyses by Pickett (1944), Balla (1960a,b), Peng (1971, 1973), Brady (1971), Al-Chalabi (1972),
Al-Chalabi and Huang (1974), and Al-Chalabi et al. (1974). However, as discussed by Chau
(1997), except the original analysis by Filon (1902) none of these studies attempts to calculate the
correction factor for the true Young’s modulus. Extending the work by Edelman (1949) and
applying the function space concept of Prager and Synge (1947), Chau (1997) has re-considered
the frictional effect on the apparent Young’s modulus of cylindrical specimens and derived an
approximate solution for the correction factor A, which can be multiplied by the apparent Young’s
modulus to yield the true Young’s modulus.

The main purposes of this short paper is to derive a correction factor 4 for the true Young’s
modulus E of a rectangular block of dimension 2b x 2/, by employing the Prager—Synge (1947)
function space approach. When friction between the loading platens and the specimen is negligible
or the stress field inside the specimen is uniform, the true Young’s modulus E coalesces with the
apparent Young’s modulus E, which equals Fh(1—v?)/(2bd) for plane strain compression and
equals Fh/(2b9) for plane stress compression [where F is the applied force per unit thickness along
the x, direction (see Fig. 1), ¢ half of the axial deformation of the specimen along the direction of
F, and v the Poisson’s ratio of the specimen]. However, when friction appears at the contact
between the loading platens and the specimen, a correction factor / has to be multiplied by £ in
order to yield E (i.e., E = AF).

The analysis to be discussed here can be considered as an extension of the theoretical analysis
by Greenberg and Truell (1948), which only considers the case of Poisson ratio being 1/3 (i.e.,
v = 1/3) and the case of square specimen (i.e., b/h = 1). However, as mentioned previously, one
of the major reasons why plane strain test is adopted is to capture the onset of strain localization
or shear band formation, but, as mentioned in Needleman (1979) and Chau and Rudnicki (1990),
an additional kinematic constraint that tan 0 > /b has to be imposed (where 0 is the angle between
the normal of the shear band to the x, axis). Experimental studies on plane strain compression of
rock specimens suggest that 6 ranges from 55-72.5° (e.g., Wawersik et al., 1990; Ord et al., 1991;
Tillard-Ngan et al. 1992); this range of 0 together with the kinematic constraint, yields an aspect
ratio b/h of being smaller than 0.7 to 0.32. Thus, for practical purposes, the result by Greenberg
and Truell (1947) for the case of b/h = 1 is rather restrictive. Therefore, we will consider in this
paper the correction factor A for all combinations of b/h and v within the practical range. In
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Fig. 1. A sketch for the possible deformed shape (dotted lines) of a rectangular block of width 25 and height 2/ under
plane compression between two rough ends, comparing to the initial undeformed shape (solid lines). The origin of the
X, — X, coordinate is at the center of the block, the applied force per unit thickness is F, and the total vertical deformation
is 20.

addition, the present analysis considers both plane strain and plane stress compressions, whilst
Greenberg and Truell’s (1948) analysis applies only to plane strain case. However, only the cases
of sufficient large contact friction are considered here, that is, partial contact slippage is neglected
in our problem.

Note that another limitation of the present approach is that Poisson’s ratio of the solid has to
be known in advance. As discussed by Chau (1997), this limitation should not be too restrictive,
since the uniaxial compression tests by Peng (1971) on cylindrical specimens of steel and Chelms-
ford granite show that the axial and circumferential strains measured at the mid-level are insensitive
to the end friction and equal, without appreciable error, to those with zero end friction. Thus, the
Poisson’s ratio can simply be found from the circumferential and axial strains measured at the
mid-level, regardless of the end conditions.



4966 K.T. Chau | International Journal of Solids and Structures 36 (1999) 4963—4974

Since the analysis is analogous to that by Greenberg and Truell (1948), only the main differences
and the essential procedure of the analysis is summarized in here.

2. Governing equations for the problem

If no special treatment is applied to the loading platens of a compression machine, friction
inevitably exists at the contact between the rectangular specimen and the loading platens. Such
friction will lead to nonuniform deformation, and hence nonuniform stress field, inside the speci-
men. Consequently, the apparent Young’s modulus of £ obtained by assuming uniform stress field
inside the specimen may lead to erroneous estimation of the true Young’s modulus E. Figure 1
sketches a typical deformed shape of the rectangular block of original dimension of 2b x 2/ under
two-dimensional compression when the end friction is large enough to restrain contact slippage.

The solids considered here are assumed to be isotropic and elastic, and the Poisson’s ratio is a
known constant, as discussed in the Introduction. In particular, the following two-dimensional
Hooke’s law between the stress tensor (¢) and strain tensor (&) applies (e.g., Karasudhi, 1991):

0y = 20— 1)+ (3= 100,0], )

where i, j = 1, 2; and ¢ = ¢, +&,, is the in-plane volumetric strain, u is the shear modulus and k
equals 3—4v for plane strain and (3 —v)/(1+v) for plane stress. The Kronecker delta function d;;
equals zero if i # j and one if i = j. The apparent Young’s modulus [i.e., E = Fh(1—v?)/(2bJ) for
plane strain and £ = Fh/(2b6) for plane stress] given in the Introduction can be derived by assuming
a uniform axial stress field [i.e., g,, = F/(2b) and ¢,, = 0] and axial strain of &,, = d/h. Thus, (1)
can be used to yield

2_471?_& 2)
€y 1+v)(1+x) C20b° (

Therefore, it follows immediately from the second of (2) that £ = Fh(1 —v?)/(2bd) for plane strain
and E = Fh/(2b0) for plane stress. For the coordinate system shown in Fig. 1, the end displacement
conditions of our compression problem are:

u(xy, £h) = F0, u(x,, £h) =0; 3)
and the traction free boundary conditions on the vertical surfaces are
011(£b,x,) =0, 02(£b,x;)=0. C)

The total strain energy for our compression problem equals the external work done on the specimen
or is Fo. That is, %Fé on both the upper and lower ends of the specimen if the force F is applied
quasi-statically.

Now, our main task is to obtain an approximation for 4 such that the true Young’s modulus £
can be estimated by AF, where F is the apparent Young’s modulus obtained from the compression
test by assuming zero end friction.
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3. Prager—Synge (1947) function space concept

As illustrated by Greenberg and Truell (1948), the function space concept of Prager and Synge
(1947) provides a powerful tool to estimate the true Young’s modulus of a solid under plane
compression, even though nonuniform stresses may exist in the rectangular block. In particular,
Prager and Synge (1947) noticed that any state of stress for a particular problem of elastic solids
can be considered as a point or vector S in a function space of states. Since displacement boundary
conditions (3) are prescribed on the top and bottom of the specimen, the present problem cor-
responds to the so-called Displacement Boundary Conditions (DBC) cases discussed by Prager and
Synge (1947). An approximation of 4 with calculable error can be found since the strain energy
for the exact solution can be bounded by functions of sequences of fictitious states, as the unknown
solution S is located on a hypercircle with determinable center and radius. More specifically,
Prager and Synge (1947) showed that a fictitious state S* called the completely associated state,
which satisfies only the compatibility equation and the displacement boundary conditions (3), and
the actual solution S (or the natural state) will form a hypersphere such that vector S* would be
its diameter and vector S would be on the surface of the hypersphere. A sequence of fictitious
states called the homogeneous associated states S’, which satisfy the compatibility equation and the
homogeneous displacement boundary conditions (obtained by setting the right hand sides of (3)
zero) can always be added to S* such that the above observation remains valid. When another
sequence of fictitious states S” called the complimentary states, which satisfy the equations of
equilibrium and the stress boundary condition (4), is assumed, the natural state S will lie on a
hyperplane normal to S”. The intersection of these hypersphere and hyperplane then forms a
hypercircle on which the unknown S must lie. By purely geometrical consideration, Prager and
Synge (1947) showed that the strain energy of the solution S is bounded by the size of the
hypercircle in the function space as:

Y (S*I)2 <SP < 52— Y (S*1 1), ®)
g=1 p=1

where m and n are the numbers of the homogeneous associated states and complimentary states
used for S, and S/, with both of them should be chosen to be linearly independent. In addition,
the following definition for the scalar product between any two states (say S and S")

where ¢, is the stress tensor corresponding to the state S and ¢}, the strain tensor corresponding to
S’. The integration on the right-hand side is done over the entire volume. The orthonormal sets
for the states S” and S” are denoted by I, and I (p = 1,...mand ¢ = 1,...n), and defined by

L1 =0, I-1/=35, 7

Attractive features of the present approach include: the upper bound decreases whilst the lower
bound increases as more terms are added to (5) (i.e., m and »n increase); and, the maximum error
of the strain energy of any proposed approximation is measurable in terms of distance in the
function space. This function space concept is now applied to our problem of plane compression.
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4. The lower and upper bounds for 4

As remarked earlier, strain energy of our compression problem equals the external work done
F5, which also equals half of S°. Substitution of this result into (5) yields the following lower and
upper bounds for S?

L BB (N ops <y, PR (Y (8)
A+n\r) SO Tmaaew\n)

where L, and U,, are the normalized lower and upper bounds of the strain energy, and are defined
as:

L _L ﬁ 2i S*'I”)2 U _L ﬁ ’ S*2 i S*.I/)z (9)
" ubh\ o qzl( v I bbb\ 6 _pzl( v

Alternatively, if F and ¢ are known, (8) can be rearranged to obtain the upper and lower bounds
for the Young’s modulus:

AF(1+v) (h AF(1+v) (h
Ub <5> sE<— 5 6) (10)

Substitution of the apparent Young’s modulus given in (2) into (10) yields

A, = 32 </1—E</1 = 32 11
L= ST ES T LA (b

4.1. Approximation I

A simple estimation for the correction factor A is the average of the upper and lower bounds,
that is

where A, and A, are defined in (11). However, as will be shown later in Fig. 2, when the limit # —
0 is considered, this prediction for 4 does not approach 1; and it is obvious that (12) is only one
of the many possible estimations for 4 within the upper and lower bounds 4, and 4,. Therefore, a
more refined approximation is proposed next.

4.2. Approximation 11

Based upon the comparison with the analytical solution by Watanabe (1998), Chau (1998)
proposed the following more refined choice for A such that the appropriate limit at # = 0 can be
achieved:
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Fig. 2. The correction factor 1 = E/E vs the geometric ratio n = b/h for the Approximation I given in (12) for various
values of the Poisson’s ratio v under the plane strain (solid lines) and the plane stress (dotted lines) compressions.

A= Ip(l=m)+im 0<n<! (13)
n=

)\, = %(}VU + ;LL)

[SAC

4.3. Selection of S*, 8" and S"

Since the procedure in obtaining the appropriate states for S*, S’, and S” have been discussed
in Chau (1997), we only summarize the corresponding displacement fields for S* and S” and the
Airy stress function ¥ for S” being used here in Table 1. For the sake of completeness and easy
reference, Tables 2 and 3 also compile the scalar products between S* and S” and between S* and
S” respectively. With these scalar products, the upper and lower bounds for energy L, and U,, can
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Table 1
The displacements for the completely associated state S* and the homogeneous associated states S, (p = 1,2,...,5),
and the Airy stress function  for the complimentary states S; (q = 1,2,...,5)

State u u, State V/u

Si bEQ—=C) 0 St —1/2p2&

S5 0 —h{(1=0%) S5 — &2

S5 bE1-L) 0 S5 =gy
Sy 0 ==& S Lra=ey
S5 bEC(1-0) 0 S5 Xhra-e)ye
S* 0 —{o

be obtained (see the procedure discussed in Greenberg and Truell, 1948), which, in turn, also leads
to solution for A by using (11-13). The numerical results are discussed next.

5. Numerical results

Using Approximation I, Fig. 2 plots the correction factor 2 = E/FE vs the geometric ratio n = b/h
for v ranging from 0.1-0.49. The dotted lines are the prediction of 4 for plane stress compression
while the solid lines are for plane stress compression. Similar to the prediction for compression of
cylindrical specimens (Chau, 1997), the correction factor 4 drops with both geometric ratio n = b/h
and Poisson’s ratio v. That is, A decreases, or deviates farther away from unity, as the specimen
becomes shorter. Since the difference between 4 and unity for plane strain case is substantially
larger than that of the plane stress case, plane strain compression is more conducive to frictional
effect than plane stress compression. Similar to the case of axisymmetric compression considered
by Chau (1997), the correction factor 4 converges to 1 as the Poisson’s ratio approaches zero. As
shown in Fig. 2, the apparent Young’s modulus may lead to an error of up to 170% for thin and
nearly incompressible materials (i.e., v = 0.49 and # = 3). Note that when # — 0, the prediction by
Approximation I does not converge to the proper limit of one; that is, no correction factor should
be made for very long specimens, as the end friction effect becomes negligible.

Therefore, the more refined prediction for 4 by Approximation II given in (13), are plotted in
Fig. 3. Again, the solid and dotted lines are for the plane strain and plane stress cases respectively.
Asexpected A — 1 asn approaches zero. We believe that this prediction should provide an improved
estimation of A over those given by (12) or in Fig. 2.

To check the validity of the present prediction, the special case of v =1/3 and n =1 is also
considered, and we find that the correction factor 4 for the Young’s modulus is about 0.9356 with
a maximum error of 1.0087%, which agrees well with the result of 0.9359 obtained by Greenberg
and Truell (1948). For the case of plane strain compression, the maximum error for A given in
Figs 2 and 3 is always less than 2.5% for v up to 0.4, but increases to about 7% for v = 0.49 and
n = 3; and, for the cases of plane stress compression, the maximum error for A given in Figs 2 and



Table 2
The scalar products for S;-S/(ubh) and S} - S*/(ubh)

State S, S, S, S, S’ S*

S 32(1+xk\ 16 , 16/k—3 32(1+x +E ) 16/3k—5 32 (14x\ 16 , 8/Kk—3

! -1, 9T 15\e—i 15le—1) 715" a5\ k=1 105\—1)" 75" I\ k-1

S lj K+1 lj K—3 E K+1 li 3—k 0

2 5\k—1 15\k—1 15\k—1 105\k—1

S 96/1+x +E 5 16/5k—11 96 (1+x +£ ,  8(Kk=3\(o
3 25\—1) " 21" S\ k1 175\c—1)7 105" 3\k—1

< 1614w\ 128 16 (11— 5k .

4 5\k—1) " 315 525\ k—1
S 32 (1) 176, 8 (k=3) (0
s 175\k—1)7 735" 15\k—1

1+x\/0

*
S Sym. 4<K_1><
Table 3

The scalar products for S;-Sj/(ubh) and S+ S*/(ubh)

State S; Sy Sy Sy S! S*

S; +k) (1406 43@—w1)/15 43—x)/15 4 (3—x)/105 45/h

Sy (1+1)/10  —4B3rP(—3)+7(1 +x)]/ —2[7(k+ 1)+ 1072( —3)]/ 4PG—1)—(1+1)]/315 45/3h
(31572 (5251%)

Sy 8{40m2[2(1+1) + 11 —x] A{4PR20P2 (1 + 1) +3(53=TK)]  8(1+K)(405*+99)/(173251?) 0
+63(1+x)} /(15757 +45(141)}/(15757*)

S; 2[(1+x)(245+20161*) 4(141)(99+112¢%) /(242557 0

+24012(25—3K)]/(110254%)
S’ Sym. (641*/15015+24/175) (1 + 1) 0

+64n2(11 —x)/3465

PLOF—E96F (6661) 9 S2mionug puv spios fo jpuinop ppuonpuiaug | noy) L'y
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Fig. 3. The correction factor A = E/E vs the geometric ratio = b/h for the Approximation II given in (13) for various
values of the Poisson’s ratio v under the plane strain (solid lines) and plane stress (dotted lines) compressions.

3 is always less than 0.8%. Therefore, the numerical results for 4 given here should be reliably
accurate for practical purposes.

6. Conclusion

By extending the analysis by Greenberg and Truell (1948) and by applying the function space
concept of Prager and Synge (1947), we have obtained numerically the prediction for the correction
factor A, which can be multiplied by the apparent Young’s modulus to yield the true Young’s
modulus, for Poisson’s ratio (v) ranging from 0-0.49 and the geometric ratio # = b/h from 0-3
(where b and £ are the half width and half length of the rectangular solid). These ranges for 1 and
v should include most of the conditions that we may encounter in practice. Similar to the case of
axisymmetric compression (Chau, 1997), we find that the correction A is always less than one; that
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is, the Young’s modulus is always being overestimated if there is friction between the loading
platens and the specimen. For the parameters that we have used, 4 may vary from 0.37-1. Thus,
the usual assumption of uniform stress field may lead to erroneous value of the Young’s modulus
if end friction is not negligible. Generally speaking, 4 decreases with # and v. The prediction of 4
for the special case of v =1/3 and = 1 is obtained as 0.9356 with a possible maximum error of
1.0087%, which agrees well with the prediction of 0.9359 by Greenberg and Truell (1948). With
the present approach the maximum error can always be reduced if more terms of the homogeneous
associated states S;, and complimentary states S; are added.
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